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The mammalian body is a complex physiologic “ecosystem” in which cells compete
for calories (i.e., nutrient-energy). Axiomatically, cell-types with competitive advantages
acquire a greater number of consumed calories, and when possible, increase in
size and/or number. Thus, it is logical and parsimonious to posit that obesity is the
competitive advantages of fat-cells (adipocytes) driving a disproportionate acquisition
and storage of nutrient-energy. Accordingly, we introduce two conceptual frameworks.
Asymmetric Nutrient-Energy Partitioning describes the context-dependent, cell-specific
competition for calories that determines the partitioning of nutrient-energy to oxidation,
anabolism, and/or storage; and Effective Caloric Intake which describes the number
of calories available to constrain energy-intake via the inhibition of the sensorimotor
appetitive cells in the liver and brain that govern ingestive behaviors. Inherent in
these frameworks is the independence and dissociation of the energetic demands
of metabolism and the neuro-muscular pathways that initiate ingestive behaviors and
energy intake. As we demonstrate, if the sensorimotor cells suffer relative caloric
deprivation via asymmetric competition from other cell-types (e.g., skeletal muscle- or
fat-cells), energy-intake is increased to compensate for both real and merely apparent
deficits in energy-homeostasis (i.e., true and false signals, respectively). Thus, we
posit that the chronic positive energy balance (i.e., over-nutrition) that leads to obesity
and metabolic diseases is engendered by apparent deficits (i.e., false signals) driven
by the asymmetric inter-cellular competition for calories and concomitant differential
partitioning of nutrient-energy to storage. These frameworks, in concert with our
previous theoretic work, the Maternal Resources Hypothesis, provide a parsimonious
and rigorous explanation for the rapid rise in the global prevalence of increased body
and fat mass, and associated metabolic dysfunctions in humans and other mammals
inclusive of companion, domesticated, laboratory, and feral animals.
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INTRODUCTION

“Frustra fit per plura, quod potest fieri per pauciora” [It is futile to
do with more that which can be done with less].

William of Occam (Thorburn, 1918)

Although obesity is described as a complex phenomenon
of disputed etiology (Archer et al, 2018), the defining
characteristic is an excess of body-fat mass (Schwartz et al.,
2017) attributable to a greater number and/or size of fat-cells
(adipocytes) relative to other cell-types (Brook et al, 1972;
Salans et al., 1973; Knittle et al., 1979; Sjostrom and William-
Olsson, 1981). Thus, it is logical and parsimonious to posit
that the etiology of obesity is simply the result of physiologic
processes that increase fat-cell number, size, or both. Since
it is well-established that in utero development and positive
energy balance are two such processes (Greene, 1939; Ingle,
1949; Mayer et al., 1954, 1956; Hill and Peters, 1998; Hill
et al., 2003; Hill, 2006; Sun et al, 2011; Archer et al.,, 2013b,
2018; Archer, 2015a,b,c, 2018; Shook et al.,, 2015; Archer and
McDonald, 2017), in this paper we extend our previous theoretic
work, the Maternal Resources Hypothesis (Archer, 2015a,b,c,d;
Archer and McDonald, 2017), by introducing two conceptual
frameworks. The first, Asymmetric Nutrient-Energy Partitioning
describes the context-dependent, cell-specific competition for
calories that determines the partitioning of nutrient-energy
to oxidation, anabolism, and/or storage. The second, Effective
Caloric Intake describes the quantity of calories (i.e., nutrient-
energy) available to constrain energy-intake via the inhibition
of the sensorimotor cells that initiate ingestive behaviors (i.e.,
energy-sensing appetitive neuro-muscular networks in the liver
and brain) (Langhans, 1996; Schwartz et al., 2000; Friedman,
2008; Allen et al., 2009; Woods, 2009). These frameworks are
extensions of the ecological principles of exploitative and/or
interference competition (Case and Gilpin, 1974; Weiner, 1990;
Bourlot et al, 2014), and are founded upon well-established
physiologic principles.

Briefly, we posit that the context-dependent inter-cellular
competition for calories results in an asymmetric nutrient-energy
partitioning that reduces the effective caloric intake of each meal.
The relative lack of calories available to the energy-sensing,
sensorimotor cells in the liver and brain initiates ingestive
behaviors and energy intake. Inherent in this conceptualization
is the independence and dissociation of the energetic demands
of metabolism and the neuro-muscular networks that initiate
ingestive behaviors and concomitant energy intake. The de-
coupling of the initiation of ingestive behaviors from metabolic
demands explains why individuals with substantial amounts of
stored energy continue to chronically consume calories in excess
of metabolic demands (i.e., over-nutrition).

While there are numerous phenomena that reduce effective
caloric intake and lead to chronic increments in energy intake
(e.g., exercise, puberty, and pregnancy), we posit that excessive
fat-cell hyperplasia and physical inactivity are unique in that
they unbalance metabolic-flux (i.e., the flow of nutrient-energy
into and out cells) and by doing so, engender false signals of
short-term energy homeostasis that cause more energy to be

consumed and stored than expended. This leads to diminished
insulin sensitivity, and increments in both body and fat mass,
and metabolic diseases. Thus, our frameworks in concert with
the Maternal Resources Hypothesis provide a parsimonious and
physiologically rigorous explanation for the rapid rise in the
global prevalence of increased body and fat mass, and/or
metabolic dysfunction in humans and other mammalian species,
inclusive of companion, laboratory, farm, and feral animals
(Herberg and Coleman, 1977; Flather et al., 2009; Klimentidis
et al., 2011; Ertelt et al., 2014; Hoenig, 2014; Sandoe et al., 2014;
NEHS, 2015).

THE CONCEPTUAL FRAMEWORK OF
ASYMMETRIC NUTRIENT-ENERGY
PARTITIONING

Ecological Science

Competition is fundamental to the evolution of biological
organisms (Darwin, 1859), and the asymmetric acquisition of
energy and other resources via exploitative and interference
competition are well-established phenomena (Case and Gilpin,
1974; Weiner, 1990; Bourlot et al., 2014). For example, in
exploitation competition, organisms acquire and use (i.e., exploit)
resources directly so that they are no longer available for use by
other organisms. Thus, competitive advantages allow “individuals
[to] obtain a disproportionate share of the resources...and
suppress the growth of smaller individuals” (Weiner, 1990, p. 360).
Given this foundation, our framework of asymmetric nutrient-
energy partitioning extends the ecologic concept of resource
competition from individual organisms to the inter-cellular
competition for calories within the mammalian body.

To be precise, we do not use the competitive acquisition and
exploitation of resources in the natural world as a mere analogy;
rather, we posit that the cell-specific asymmetric competition and
concomitant partitioning of nutrient-energy resources is central
to understanding the rapid rise in global prevalence of obesity
and metabolic disease in human and non-human animals. The
essential element of this framework is the characterization of the
mammalian body as an “ecosystem” in which disparate cell-types
employ a diverse set of context-dependent competitive strategies
to meet their unique demands for nutrient-energy.

Body-as-Ecosystem and the
Competition for Calories

We posit that the mammalian body is a complex, physiologic
“ecosystem” in which survival and health are determined by
metabolic-flux (i.e., the flow of energy through living cells)
(Archer, 2015c¢, 2018; Archer and McDonald, 2017; Archer et al,,
2018). An organism’s metabolic-flux is determined primarily by
the energetic demands of the constituent populations of cells,
energy-intake behaviors, and the availability of nutrient-energy to
meet metabolic demands. Significant disturbances to metabolic-
flux such as starvation (i.e., insufficient energy-intake relative
to metabolic demands), exhaustion (i.e., excessive metabolic
demands relative to energy intake), and physical inactivity
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(i.e., insufficient metabolic demands relative to energy intake)
increase morbidity and mortality (Mayer, 1953; Mayer et al.,
1954, 1956; Archer and Blair, 2011; Shook et al., 2015; Archer
etal., 2017a, 2018; Archer, 2018).

Within each mammalian body, each cell must compete for
nutrient-energy, and cell-types with competitive advantages will
exploit (i.e., acquire, oxidize, and/or store) a greater percentage
of consumed calories and serum energy substrates (e.g., glucose,
amino and fatty acids) at the expense of less advantaged cell-
types. As a result of the enhanced acquisition, advantaged
cell-types (e.g., skeletal muscle- or fat-cells) will increase in
size and/or number when possible. As discussed in subsequent
sections, competitive strategies are context-dependent and
therefore contingent upon inter- and extra-cellular environments
[e.g., level of serum insulin and energy substrates, glycogen
saturation and/or cellular 5" adenosine monophosphate-activated
protein kinase (Baron et al., 1988; Claret et al., 2007; Jensen et al.,
2011; Friedrichsen et al., 2013; O’Neill, 2013)].

Furthermore, because the initial populations of the
mammalian ecosystem (i.e., type, number, and quality of
cells) are established during gestation, we posit that early
development (e.g., in utero through puberty) is the critical period
for the construction of the competitive milieu and concomitant
partitioning of nutrient-energy that determine body mass and
metabolic health trajectories from infancy to senescence (Archer,
2015¢; Archer and McDonald, 2017).

Asymmetric Competition and Partitioning

The asymmetric inter-cellular competition and concomitant
partitioning of nutrient-energy in mammals are well-established
(Bauman and Currie, 1980; Bell et al., 1987; Ivy, 1987; Baron
et al., 1988; Heymsfield et al., 2006; Halas et al., 2007; Thyfault
et al, 2007; Peters, 2011). Yet with notable exceptions [e.g.,
see (Peters, 2011; Archer, 2015a,b,c,d; Archer and McDonald,
2017)], energy metabolism is not recognized as a cell- and
context-specific competitive process. We argue that because
competition is an essential feature of all levels of biology (i.e.,
from cells to societies), our conceptualization is essential for the
understanding and treatment of obesity and energy-contingent
metabolic diseases (e.g., type 2 diabetes mellitus, T2DM).

The asymmetric competition and partitioning of nutrient-
energy in mammals follows from several physiologic facts. First,
all living cells exhibit metabolic-flux, and therefore require
energy intake to meet metabolic demands. Second, because the
availability of nutrient-energy in the mammalian body is finite,
undulating, and zero-sum (i.e., only one cell can dispose of
any given molecule of an energy substrate), all cells compete to
acquire the nutrient-energy necessary to meet their metabolic
demands. Third, because cells differ in metabolic activity (Elia,
1992), context-dependent cell-specific strategies evolved to meet
the unique energy demands of each cell type (e.g., insulin and
contraction-mediated processes) (Ivy, 1987, 2004; Baron et al,,
1988; DeFronzo, 1988; Ivy and Kuo, 1998; Jensen, 2003; Aas
et al., 2005; Jensen and Richter, 2011; Peters, 2011). Fourth,
because homeostasis and survival necessitated meeting the
energy demands of all cells, the evolution of complex organisms,
such as mammals required the development of sensorimotor (i.e.,

neuro-muscular) networks linking energy-sensing cells in the
liver and brain to the musculoskeletal system. These networks
maintain adequate levels of metabolic-flux by initiating energy-
intake behaviors to meet chronic whole-body metabolic demands
(i.e., the sum of cell-specific energy expenditures over time).
Fifth, a large body of research demonstrates that chronic whole-
body energy expenditure, which is comprised chiefly of the
energetic demands of basal metabolism and physical activity,
is the primary driver of habitual energy-intake (Mayer et al.,
1954; Edholm et al., 1955; Blundell et al., 2003, 2015; Shook
et al., 2015). Therefore, because both basal and physical activity
energy expenditures are driven by cell-specific metabolic activity,
it is logical to conclude that habitual energy-intake is driven
primarily by the asymmetric, cell-specific competition for calories
and the asymmetric partitioning of nutrient-energy to oxidation,
anabolism, and/or storage.

Thus, we posit that in mammals there is an evolutionarily
conserved relation between the sum of cell-specific metabolic
activity over time (i.e., chronic basal and physical activity energy
expenditure) and habitual energy intake. This relation was
implied over two thousand years ago when Aristotle wrote that
the defining characteristic of animals was the necessity of bodily
movement (i.e., physical activity) in order to eat (i.e., energy
intake), and contrasted the daily physical activity of animals with
that of plants, which have the luxury of energy acquisition and
survival despite stasis (Aristotle, 1943).

Cell-Specific Competitive Strategies

While all living cells require and compete for nutrient-
energy, herein we focus primarily on fat- and skeletal muscle-
cells because these cell-types have the greatest influence
on the competitive milieu and concomitant metabolic and
health trajectories of the mammalian body. First, the defining
characteristic of obesity is an excess of body-fat mass (Schwartz
et al, 2017) attributable to a greater number and/or size
of fat-cells (adipocytes) relative to other cell-types (e.g.,
myocytes) (Brook et al., 1972; Salans et al., 1973; Kanittle
et al,, 1979; Sjostrom and William-Olsson, 1981). Second, unlike
other cell-types, the storage of nutrient-energy in fat-cells is
independent of their metabolic demands. Third, fat-cell plasticity
(i.e., hypertrophic/hyperplastic potential) and capacity to store
nutrient-energy is greater than other cell-types. Fourth, in healthy
(i.e., physically active and insulin sensitive) individuals, the most
successful competitors for serum glucose in the post-prandial
period, and lipids in the post-absorptive period are skeletal
muscle-cells (Baron et al., 1988; Dube et al., 2008; DeFronzo
and Tripathy, 2009; Rabol et al, 2011). Fifth, the competitive
strategies and storage capacity of skeletal muscle-cells are variable
and dependent on the chronic metabolic demands induced via
physical activity (Ivy and Holloszy, 1981; Ivy, 1987; Jensen
et al., 2011). Sixth, skeletal muscles-cell metabolism is a major
determinant of resting energy expenditure (Zurlo et al., 1990)
and in confluence with cardiac myocytes, is responsible for
nearly 100% of physical activity energy expenditure. Seventh,
alterations in the competitive advantages in skeletal muscle-
cells (e.g., decrements in insulin sensitivity) are the major driver
of metabolic diseases (DeFronzo, 1988; DeFronzo et al., 1992;
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DeFronzo and Tripathy, 2009). Finally, we posit that socio-
environmental evolution over the past century induced the
greatest phenotypic changes in fat- and skeletal muscle-cells
compared with other cell-types (Archer and Blair, 2011; Church
etal.,, 2011; Archer etal., 2013b,c, 2018; Archer, 2015a,b,c,d, 2018;
Archer and McDonald, 2017).

Competitive Advantages of Skeletal
Muscle-Cells (Myocytes)

Insulin-Induced Competitive Advantages

Numerous context-dependent competitive strategies exist for the
acquisition and storage of nutrient-energy in mammalian skeletal
muscle-cells (myocytes) (Ivy, 1987; Baron et al., 1988; Jensen,
2003). For example, under hyperinsulinemia, the skeletal muscle-
cells of insulin-sensitive individuals dispose of 70-90% of serum
glucose at the expense of other tissues (Thiebaud et al., 1982;
Baron et al., 1988; DeFronzo, 1988; Shulman et al., 1990). In
fact, supra-physiologic doses of insulin (i.e., overdoses) induce
such extreme competitive advantages in skeletal muscle-cells
that neurons in the central nervous system cannot compete and
are deprived of serum glucose. This exploitation competition
results in neuroglycopenia, seizures, coma, and death (Cryer,
2007; Russell et al., 2009). Thus, insulin-dependent (i.e., context-
specific) competitive advantages allow skeletal muscle-cells to
exploit serum glucose at a rate that can deprive non-insulin
dependent cells of nutrient-energy. In the context of starvation,
this competitive advantage increases substantially (Goodman and
Ruderman, 1979; Brady et al., 1981).

Conversely, the skeletal muscle-cells of insulin-resistant
individuals fail to gain competitive advantages under
hyperinsulinemia and dispose of significantly less serum
glucose (DeFronzo, 1988; DeFronzo and Tripathy, 2009),
thereby increasing the availability of glucose to other cell-types.
These results demonstrate that the competitive advantages
and partitioning of nutrient-energy to skeletal muscle-cells are
context-dependent (e.g., serum insulin levels or dose of physical
activity), and exemplify the ecological principles of exploitation
and interference applied to the intercellular competition for
nutrient-energy.

Physical Activity-Induced Competitive Advantages

Physical activity is the major modifiable determinant of the
competitiveness and concomitant asymmetric partitioning of
nutrient-energy to both hepatic (liver) and skeletal muscle-
cells across mammalian species (Ivy and Holloszy, 1981; Ivy,
1987, 2004; Ivy and Kuo, 1998; Galassetti et al., 1999; Powell
et al,, 2002; Stewart-Hunt et al., 2006; Pratt et al., 2007; Krogh-
Madsen et al, 2014). Specifically, physical activity induces
contractions of skeletal muscle-cells that are metabolically costly
and deplete stored nutrient-energy (e.g., glycogen and lipids) in
a dose-dependent manner (i.e., frequency, intensity, duration,
and mode/type of activity). The decrement in stored nutrient-
energy causes increments in the uptake of serum glucose and
lipids by skeletal muscle-cells via insulin-dependent and insulin-
independent (e.g., contraction-induced) mechanisms (Ivy, 1987;
Jensen, 2003). The increased disposal of serum glucose by
skeletal muscle-cells stimulates hepatic-cell gluconeogenesis and

glycogenolysis to maintain blood sugar levels. These endogenous
glucose-producing processes are metabolically costly and reduce
hepatic nutrient-energy stores (e.g., glycogen and lipids). Note:
the metabolic costs of gluconeogenesis explain the effects of
exercise on non-alcoholic fatty liver disease (Magkos, 2010;
Chalasani et al., 2012).

Thus, the reductions in stored nutrient-energy due to physical
activity lead to competitive advantages in both skeletal muscle-
and hepatic-cells with concomitant increments in nutrient-
energy disposal in these cells during the post-prandial and post-
absorptive periods (Ivy and Holloszy, 1981; Ivy, 1987, 1991, 2004;
Ren et al.,, 1994; Friedman, 1995; Perseghin et al., 1996; Boulé
et al., 2001; Powell et al., 2002; Holloszy, 2005; Bergouignan
et al., 2006, 2009, 2010, 2013, 2014; Stewart-Hunt et al., 2006;
Thyfault et al., 2007; Dube et al., 2008; Krogh-Madsen et al.,
2010; Jensen and Richter, 2011; Jensen et al., 2011; Thyfault
and Krogh-Madsen, 2011; Davis et al.,, 2012; Friedrichsen et al,,
2013; O’Neill, 2013). There is a great deal of heterogeneity
in competitive strategies within skeletal muscle-cell sub-groups
[e.g., glycolytic and oxidative (James et al., 1985)]; therefore, the
effects of physical activity on metabolic-flux and partitioning
of nutrient-energy to oxidation, anabolism, or storage will be
dependent on the training status of the individual in concert with
the dose of physical activity (i.e., frequency, intensity, duration,
and mode).

All physical activity training protocols of sufficient dose
induce competitive advantages and attendant increments
in nutrient-energy disposal in both skeletal muscle- and
hepatic-cells (Krogh-Madsen et al, 2014). Furthermore,
exercise protocols of sufficient intensity and volume in
concert with nutritional support (Phillips, 2011) (e.g.,
“bodybuilding” training) also induce skeletal muscle-cell
hypertrophy and satellite cell activation with significant
increments in nutrient-energy (e.g., amino acids, lipids,
and glucose) disposal and oxidation, and metabolic control
(Frontera et al., 1988; Phillips et al., 2005; Phillips, 2014;
Snijders et al, 2015). Thus, exercise training increases the
competitive advantages of skeletal muscle-cells via multiple
mechanisms (e.g., insulin, contraction, and hypertrophic related
processes). Therefore, both increased physical activity and
greater muscle mass induce competitive advantages (Borghouts
and Keizer, 2000; Boulé et al.,, 2003; Van Der Heijden et al,
2010; Srikanthan and Karlamangla, 2011; Shih and Kwok,
2018).

Conversely, physical inactivity (ie., low whole-body
metabolic-flux) causes dose-dependent decrements in hepatic-
and skeletal muscle-cell metabolic-flux that drive decrements
in the competitiveness of these cells via reductions in insulin
sensitivity and total glycogen storage capacity (Ivy, 1991;
Ren et al, 1994; Dube et al, 2008; Bergouignan et al., 2009,
2013; Krogh-Madsen et al., 2010; Jensen and Richter, 2011;
Thyfault and Krogh-Madsen, 2011). Nevertheless, increases
in physical activity restore the competitiveness of insulin
resistant skeletal muscle cells (Devlin et al., 1987; Thyfault et al.,
2007). Even a single bout of exercise is sufficient to enhance
insulin sensitivity and the resultant competitiveness of skeletal
muscle-cells while limiting the fuel available for increments
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in fat mass, hepatic and adipose tissue de novo lipogenesis,
and ectopic fat deposition (Maehlum et al., 1978; Devlin et al.,
1987; Larson-Meyer et al., 2006; Thyfault et al., 2007; Dube
et al, 2008; Rabel et al, 2011; Krogh-Madsen et al., 2014).
Thus, the glycogen and lipid depletion-repletion cycles (i.e.,
metabolic-flux) induced via physical activity are essential for
the maintenance of insulin sensitivity, metabolic flexibility [i.e.,
the ability to alter substrate oxidation as substrate availability
changes (Galgani et al, 2008)], and concomitant metabolic
health across species (Devlin et al., 1987; Ivy, 1987; Perseghin
et al., 1996; Brooks, 1998; Ivy and Kuo, 1998; Powell et al., 2002;
Stewart-Hunt et al., 2006; Pratt et al., 2007; Dube et al., 2008;
Bergouignan et al., 2009, 2013; Jensen et al., 2011; Thyfault and
Krogh-Madsen, 2011; Egan and Zierath, 2013; Friedrichsen et al.,
2013; O’Neill, 2013; Hawley et al., 2014; Goodpaster and Sparks,
2017).

In summary, the ability of hepatic and skeletal muscle-cells
to compete for nutrient-energy is dependent on metabolic-flux
(i.e., substrate depletion-repletion cycles). Increments in physical
activity induce dose-dependent competitive advantages, whereas
physical inactivity decreases metabolic-flux, and concomitant
nutrient-energy disposal. Thus, our framework of asymmetric
nutrient-energy partitioning suggests that physical activity is the
key to the prevention and treatment of metabolic dysfunction,
and offers a comprehensive answer to the question of why
physically active individuals exhibit a reduced risk of T2DM and
other energy-contingent chronic non-communicable diseases
(e.g., cardiovascular disease and non-alcoholic fatty liver disease)
compared to inactive individuals (Irwin et al., 2003; Sigal et al.,
2006; Hallsworth et al., 2011; Davis et al., 2012; Keating et al,,
2012; Archer et al, 2013a; Fedewa et al., 2014; Krogh-Madsen
etal., 2014).

Competitive Strategies of Fat-Cells
(Adipocytes)

The primary role of fat-cells in the mammalian “ecosystem” is to
acquire and store nutrient-energy. While both fat- and skeletal
muscle-cells use context-dependent competitive strategies such
as insulin and gain substantial competitive advantages in the
context of negative energy balance (Goodman and Ruderman,
1979; Arner et al, 1981; Brady et al, 1981), hyperplasia
(i.e., increments in the number of a cell-type) is the main
competitive strategy of fat-cells. Thus, ceteris paribus, the amount
of energy partitioned to fat-cells will increase as a function of
the number of fat-cells. This argument is supported by several
facts. First, adipocyte number is the primary distinguishing
feature of obesity across species (Brook et al., 1972; Salans
et al,, 1973; Knittle et al, 1979; Hager, 1981; Sjostrom and
William-Olsson, 1981; Bjorntorp, 1996; Spalding et al., 2008;
McLaughlin et al., 2014; Archer, 2015c¢). Second, a strong inverse
relationship exists between the partitioning of dietary fat in
obese versus lean humans and other mammals (Hocquette et al.,
1999, 2007; Jackman et al., 2006; Westerterp, 2009). Third,
increments and decrements in fat mass are functions of existing
adiposity (i.e., fat-cell number and size) (Bell et al., 1987;
Elia et al., 1999; Forbes, 2000; Kozusko, 2002). Fourth, early
development is a major determinant of both fat-cell number

and obesity (Spalding et al., 2008; Chandler-Laney et al., 2011;
Adamo et al.,, 2012); and fifth, monozygotic twins concordant
for birth weight exhibit similar fat-cell numbers, while in
those discordant for birth weight, the smaller twin displays
both lower body mass and fat-cell number (Ginsberg-Fellner,
1981).

Yet, the strongest evidence for the cellularity-based
competitive strategy of adipocytes comes from experimental
studies across species (Higer et al, 1978; Yukimura and
Bray, 1978; Jackman et al., 2008). For example, after a dietary
intervention in prepubescent girls, Higer et al. (1978) found
that “obese girls who were most successfully treated had the
lowest increase in fat-cell number.” In other words, greater
increments in the number of fat-cells (i.e., hyperplasia) resulted
in asymmetric competition and an increase in the partitioning
of nutrient-energy to fat-cells with concomitant decrements in
treatment success. Higer et al.’s (1978) findings were consistently
replicated, and in a review of the literature, Arner and Spalding
(2010) stated, “hyperplastic obese individuals have a poorer
treatment outcome following diet-induced weight loss than
hypertrophic individuals...” Similarly, in rodents Jackman
et al. (2008) found that fat-cell “hyperplasia occurring early in
relapse persists throughout the regain process and that the small,
presumably new, adipocytes preferentially accumulate fat relative
to their large adipocyte counterparts.”

Mechanisms of Fat-Cell Hyperplasia

While a detailed discussion of the mechanisms of fat-cell
hyperplasia is beyond the scope of this paper, it plays a pivotal
role in the development of obesity and metabolic diseases.
Hyperplasia results from the recruitment and differentiation
of mesenchymal/progenitor cells and mitotic clonal expansion
(Asakura et al., 2001; Tang et al., 2003; Laharrague and Casteilla,
2010; Shoham and Gefen, 2012; Tang and Lane, 2012; Gavin
et al., 2016). Hyperplasia is both a normal component of fetal
development (Archer, 2015¢; Archer and McDonald, 2017), and a
compensatory mechanism in response to chronic positive energy
balance (i.e., overnutrition) (Archer et al., 2018). As described
in subsequent sections, excessive fat-cell hyperplasia during
gestation is principal phenomena leading to inherited obesity
(Archer, 2015¢; Archer and McDonald, 2017; Archer et al., 2018),
whereas the hyperplasia induced via physical inactivity-induced
positive energy balance (i.e., low metabolic-flux) is responsible for
acquired obesity, increments in visceral adiposity, and ectopic fat
deposition (Archer et al., 2018).

In our frameworks, ectopic fat deposition is a compensatory
mechanism in response to the inability of skeletal muscle-
cells and adipocytes within adipose tissue to dispose of excess
serum lipids at the rate at which they are supplied via
dietary fat consumption or de novo lipogenesis. As we posited
previously, chronic positive energy balance at any point from
gestation through senescence leads to a “training effect for fat
cell development” (Archer, 2015b) because as existing fat-cells
reach their hypertrophic potential (or maximum), hyperplasia is
induced (Shoham and Gefen, 2012; Tang and Lane, 2012). Ectopic
fat deposition is a serious manifestation because it exacerbates
the competitive dominance of fat-cells by limiting the number of
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stem cells available for differentiation to muscle or bone while
simultaneously increasing the number of fat-cells in non-adipose
tissues.

In summary, a large body of prior research into hyperplastic
obesity across species (Héger et al., 1978; Jackman et al., 2008)
supports the hypothesis that increased adipocyte cellularity is
the main competitive strategy of fat-cells, and that increments
in adipocyte cellularity result in increasingly asymmetric and
adipogenic nutrient-energy partitioning (Archer, 2015¢,d; Archer
and McDonald, 2017; Archer et al,, 2018). Thus, for any given
level of caloric intake, a larger number of fat-cells will acquire
and sequester a larger percentage of total energy intake, leading
to increments in both adiposity and body mass.

Cooperative Strategies

The survival of complex social organisms (e.g., humans,
canines, and rodents) required the evolution of both cooperative
and competitive strategies at all levels of socio-biological
organization (i.e., from cells to societies). In contrast to
competitive strategies, cooperative mechanisms increase
the availability of nutrient-energy to other cells, or at the
societal level, conspecifics. For example, societal-level strategies
allow the survival of the group by constraining dominant
individuals from monopolizing nutrient-energy resources to
the exclusion of conspecifics (e.g., preventing alpha males from
consuming all available food). These cooperative strategies
include both long and short term physiological signals (e.g.,
satiety hormones) such as leptin, cholecystokinin, and pancreatic
poly-peptides (Austin and Marks, 2009) that cause decrements
in ingestive behaviors as energy intake and energy storage
increase.

At the cellular level, we posit that insulin resistance is the
predominant cooperative strategy and operates by increasing
the availability of serum glucose to other cells. For example, as
the level of stored energy within hepatic- and skeletal muscle-
cells increases (e.g., glycogen saturation and lipid accumulation),
insulin sensitivity and the ability to store serum glucose as
glycogen decline (Devlin et al., 1987; Ivy, 1987, 2004; Roden
et al, 1996; Thyfault et al., 2007; Dube et al, 2008; Jensen
etal., 2011). The concomitant reduction in the competitiveness of
insulin-resistant cells increases the availability of nutrient-energy
substrates to other cells, especially those that remain insulin
sensitive.

Hepatic- and skeletal muscle-cell insulin resistance is induced
in numerous contexts including the elevated levels of fatty-acid
oxidation induced via hypo-caloric feeding, fasting, or starvation
(Newman and Brodows, 1983; Bjorkman and Eriksson, 1985;
Cigolini et al., 1985; Svanfeldt et al, 2003). This cooperative
strategy diverts nutrient-energy substrates to other cells (e.g.,
neurons), and allows for the survival of all cells in the body. As
we posited previously, the naturally occurring insulin resistance
of pregnancy is a cooperative strategy that drives nutrient-energy
to the fetus (Archer, 2015¢; Archer and McDonald, 2017; Archer
et al., 2018). Thus, in contrast to the current consensus on the
pathological nature of insulin resistance, we posit that insulin
resistance is an essential feature of mammalian metabolism, and
our frameworks of competitive and cooperative strategies explain

the evolutionary benefits of this cooperative strategy in the
mammalian ecosystem. Nevertheless, in the context of elevated
and incomplete fatty-acid oxidation due to obesity (Jensen et al.,
1989; Kelley et al., 1999) or physical inactivity (Bergouignan et al.,
2010, 2013, 2014), hepatic-insulin resistance leads to a decrement
in metabolic flexibility with subsequent declines in metabolic
health over time (Galgani et al., 2008; Goodpaster and Sparks,
2017).

With respect to fat-cell specific cooperative strategies, the
nutrient-energy stored in fat-cells (e.g., glycerol and fatty-acids)
is sequestered and not available to other cell-type until conditions
of negative energy balance (e.g., fasting or elevated physical
activity), hypoinsulinemia, and/or beta-adrenergic stimulation.
Thus, akin to the competitive strategies, the cooperative strategies
of fat-cells are also context-specific. Conversely, the nutrient-
energy stored in skeletal muscle-cells as glycogen is never
available to other cell-types due to the lack of glucose-6-
phosphatase (i.e., the glycogen molecule is too large to leave the
cell). Thus, the nutrient-energy partitioned to “selfish” skeletal
muscle-cells is “lost” to other cells in the body and is not
available to constrain ingestive behaviors. From an evolutionary
perspective, the sequestering of nutrient-energy in mammalian
skeletal muscle-cells is adaptive given the necessity of physical
activity for the survival of both the individual and the species
(e.g., fight-flight and mating behaviors, acquisition of nutrient-
energy).

In the following section, we introduce the conceptual
framework of effective caloric intake to explain how the
asymmetric inter-cellular competition and partitioning of
nutrient-energy drives increments in ingestive behaviors and
energy intake.

THE CONCEPTUAL FRAMEWORK OF
EFFECTIVE CALORIC INTAKE

The framework of effective caloric intake describes the amount
of nutrient-energy available to constrain energy-intake via
the inhibition of the sensorimotor cells that govern ingestive
behaviors (i.e., energy-sensing appetitive neuro-muscular
networks in the liver and brain) (Langhans, 1996; Schwartz et al.,
2000; Friedman, 2008; Allen et al., 2009; Woods, 2009). We posit
that the availability of nutrient-energy to each cell is constrained
not only by ingestive behaviors and total energy-intake, but also
by the context-dependent, asymmetric competition between
individual cells. Thus, when energy-sensing, appetitive cells
in the liver and brain are “outcompeted” by other cell-types
(e.g., fat and/or muscle-cells), the effective caloric intake of a
meal is diminished, and total energy-intake will be increased
to compensate for the deficit (Archer, 2015¢, 2018; Archer and
McDonald, 2017; Archer et al., 2018).

Inherent in this framework is the independence and
dissociation of the energetic demands of metabolism and the
sensorimotor (i.e., neuro-muscular) pathways that initiate
ingestive behaviors. We posit that eating and drinking
can be stimulated by either real or apparent deficits in
energy homeostasis (i.e., true or false signals). Thus, when
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ingestive behaviors are stimulated by real deficits, such as
those induced by starvation or increments in physical activity,
energy-intake will be increased to maintain homeostasis and
ensure survival. In contrast, when ingestive behaviors are
chronically initiated via merely apparent deficits in energy
homeostasis (i.e., false signals) induced via excessive fat-
cell hyperplasia or physical inactivity (ie., low metabolic
flux), energy-intake is increased above metabolic demands,
leading to positive energy balance, acquired obesity,
and/or metabolic diseases (Archer, 2015c¢c, 2018; Shook
et al., 2015; Archer and McDonald, 2017; Archer et al.,
2018).

The independence and dissociation of deficits in energy
homeostasis and the initiation of ingestive behaviors can be
illustrated by a simple example. If after fasting for 48 h, you
find several large insects crawling in your food, your ingestive
behaviors and energy intake will be diminished while your body’s
metabolic demand for nutrient-energy is unaffected. In time, the
deficit in nutrient-energy sensed by the sensorimotor appetitive
cells in the liver and brain will result in renewed eating and
drinking. There is a large body of literature delineating the
dissociation of ingestive behaviors and nutrient-energy surpluses
and deficits (Leibowitz et al., 1981; Elmquist et al., 1999). We
think the failure to distinguish these processes and speculations
based of non-observable phenomena (i.e., mental states; e.g.,
appetites, perceptions, drives, needs, wants, etc.) contributes to
the current confusion and lack of progress surrounding obesity
and metabolic diseases (Archer et al., 2018).

Physical Activity, Fat-Cell Hyperplasia,

and Effective Caloric Intake

Physical activity and fat-cell hyperplasia reduce the effective
caloric intake of meals because both lead to a reduction
in the nutrient-energy available to inhibit the sensorimotor
appetitive cells in the liver and brain that govern ingestive
behaviors. For example, as explained previously, physical activity
induces skeletal muscle-cells to exploit (i.e., acquire and use)
nutrient-energy at the expense of other less-advantaged tissues
(e.g., adipocytes, neurons, and hepatocytes). Thus, because
the nutrient-energy partitioned to skeletal muscle-cells is not
available to constrain ingestive behaviors, total energy-intake
will be increased to compensate for the real deficit in energy
homeostasis. Therefore, reductions in effective caloric intake from
physical activity lead to an increase in eating and drinking and a
necessary increment in total energy-intake over time.

Thus, decrements in effective caloric intake from physical
activity provide a true signal of deficits in energy homeostasis;
and because physical activity induced increments in energy-
intake are driven in parallel with dose-dependent increases in
skeletal muscle-cell energy expenditure, the overall effect on
whole body energy-balance is neutral. As such, and as explained
in detail in a later section, increments in exercise or physical
activity in active (i.e., non-sedentary) individuals will not lead
to significant long-term weight-loss because body mass will be
maintained at a higher level of metabolic-flux (i.e., greater caloric
intake and energy expenditure).

Conversely, increments in fat-cell hyperplasia lead to
reductions in effective caloric intake and increments in energy-
intake that are not matched by parallel increases in energy
expenditure. This occurs because, in contrast to muscle-cells,
the competitive advantages and storage capacity of fat-cells are
driven by number and size, and not their metabolic demands.
As stated, a larger number of fat-cells will acquire and store a
larger percentage of total energy-intake independent of their
metabolic demands. Therefore, in contrast to physical activity,
increments in fat-cell hyperplasia lead to apparent deficits (i.e.,
false signals) in short-term energy homeostasis that cause more
energy to be consumed and stored than expended. This leads to
increments in both body and fat mass with concomitant weight-
dependent decrements in physical activity and insulin sensitivity.
Our arguments are supported by research demonstrating
that appetitive processes are more sensitive to stimuli from
nutrient-energy metabolism and related hormones and cytokines
than total fat mass per se (e.g., serum glucose, insulin, leptin,
hepatic metabolic-flux and adenosine triphosphate/adenosine
diphosphate ratio, gut peptides) (Woods et al., 1985; Langhans,
1996; Friedman et al., 1999; Schwartz et al., 2000; Friedman,
2008; Allen et al., 2009; Woods, 2009).

In summary, physical activity and fat-cell hyperplasia lead
to the asymmetric competition and partitioning of nutrient-
energy to skeletal muscle- and fat-cells, respectively. The
disproportionate disposal of nutrient-energy reduces the effective
caloric intake of each meal by lessening the absolute amount of
nutrient-energy available to inhibit the sensorimotor cells in the
liver and brain that govern ingestive behaviors. This reduction in
available energy leads to compensatory increases in energy-intake
to overcome real or merely apparent deficits. While physical
activity engenders a real perturbation in energy homeostasis
(i.e., a true signal) that necessitates an increase in total energy-
intake to ensure survival, excessive fat-cell hyperplasia leads
to an apparent deficit (i.e., false signal) that drives increments
in ingestive behaviors and the overconsumption of calories.
This leads to chronic positive energy balance and subsequent
increments in body and fat mass, and metabolic diseases. Thus,
an individual’s nutrient-energy consumption over time will equal
or exceed the sum of chronic cell-specific metabolic activity (i.e.,
basal and physical activity energy expenditure) plus the nutrient-
energy sequestered in fat-cells and other low metabolically active
tissues.

To be precise, we do not argue that decrements in effective
caloric intake are the only mechanism that drives energy intake.
However, we argue that the asymmetric competition for nutrient-
energy and concomitant reductions in the inhibition of energy-
sensing appetitive cells in the liver and brain are the primary
drivers of habitual energy-intake above basal metabolic energy
requirements.

THE ETIOLOGIES OF INHERITED AND
ACQUIRED OBESITY

In the following sections, we provide empirical support for our
hypothesis that the habitual overconsumption of nutrient-energy
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and concomitant elevated serum energy substrates (e.g., glucose,
fatty-acids, and cholesterol) characteristic of both inherited
and acquired obesity and metabolic diseases (e.g., T2DM) are
caused by the asymmetric nutrient-energy partitioning driven
primarily via in utero engendered increments in fat- and beta-
cell hyperplasia and/or physical inactivity induced decrements in
metabolic-flux.

Inherited Obesity: Accumulative
Maternal Effects and the Maternal

Resources Hypothesis

In the Maternal Resources Hypothesis (Archer, 2015a,b,c,d;
Archer and McDonald, 2017), we posited that inherited obesity
was the result of the irreversible competitive dominance of fat-
cells engendered during gestation via non-genetic evolutionary
processes known as accumulative maternal effects (Archer, 2015¢;
Archer and McDonald, 2017). Briefly, we argued that the rapid
rise in the population prevalence of increased body and fat
mass, and metabolic dysfunction in the latter half of the 20th
century were engendered by the effects of socio-environmental
evolution over the past century (e.g., reduced pathogenic load,
decreased physical activity, and improved nutrition) (Church
et al., 2011; Archer et al,, 2013b,c). These phenomena led to
cumulative increments in maternal energy resources (i.e., body
mass and adiposity) and decrements in maternal physical activity.
When a mother’s physical activity fell below her “Metabolic
Tipping Point” (Archer et al., 2018), the competitive advantages
of her skeletal muscle-cells were reduced. This decrement altered
the competitive relation between mother and conceptus thereby
increasing the availability of nutrient-energy to the fetus. This
fetal “over-nutrition” induced several allometric, physiologic,
and behavioral inheritances that irreversibly engendered a
competitive dominance of fat-cells for the lifespan of the offspring
(Archer, 2015c¢).

First, the excess nutrient-energy caused increments in fetal
cellularity (Szabo and Szabo, 1974; Kalkhoff, 1991; Catalano and
Hauguel-De Mouzon, 2011), with disproportionate increments
in fetal fat- and pancreatic beta-cells (Szabo and Szabo, 1974;
Kervran et al., 1978; Kalkhoff, 1991; Herrera and Amusquivar,
2000; Martens and Pipeleers, 2009; Chandler-Laney et al., 2011;
Portha et al., 2011; Long et al., 2012) while negatively altering
skeletal muscle-cell development (e.g., decreased contractile
proteins with increased collagen accumulation and crosslinking)
(Tong et al., 2009; Huang et al., 2012). These latter alterations
permanently reduced the competitiveness of skeletal muscle-
cells by altering the quality of fetal skeletal muscle-cells (e.g.,
force production), leading to decrements in physical activity and
cardio-respiratory fitness from infancy to adulthood. These latter
arguments have strong support (Tomkinson et al., 2003, 2012;
Olds et al., 2006; Malina and Little, 2008; Archer and Blair, 2011;
Church et al., 2011; Archer et al., 2013b,c, 2017a).

Second, the intensified insulin response (via enhanced beta-
cell mass and function) and fat-cell hyperplasia in concert with
reduced competition from inactive and dysfunctional skeletal
muscle-cells exponentially increased the asymmetric partitioning
and sequestering of nutrient-energy in fat-cells (i.e., a larger

number of fat-cells acquiring and storing a larger percentage of
total energy intake). The asymmetric partitioning of nutrient-
energy to storage in fat-cells reduced the effective caloric intake of
meals and drove increased energy intake, positive energy balance,
and increments in both body mass and adiposity. The increased
body mass further reduced physical activity via diminished
strength-to-weight ratio [ie., bigger or weaker individuals
move less than smaller or stronger (Chirico and Stunkard,
1960; Archer et al., 2013a)] with additional decrements in the
competitiveness of skeletal muscle-cells. These permanent and
irreversible allometric, physiologic, and behavioral alterations
were critical to the etiology of the inherited (i.e., childhood)
obesity epidemic (Archer, 2015¢; Archer and McDonald, 2017;
Archer et al., 2018).

Racial and Socio-Economic Disparities in Obesity

The Maternal Resources Hypothesis suggests that disparities in
obesity in the US that vary by race and socio-economic status
are in fact driven by differences in matrilineal pre-conception
and pre-natal physical activity, body cellularity, and metabolic-
flux (Archer, 2015¢,d; Archer and McDonald, 2017; Archer et al.,
2018). For example, black girls decrease their physical activity to
a greater degree than white girls during adolescence (Kimm et al.,
2002) and black mothers as a group are less physically active,
less affluent, less well-educated (Evenson et al., 2004; Schmidt
et al., 2006; Haakstad et al., 2007; Archer et al., 2013b,c; Most
et al,, 2018), and have children with greater adiposity and risk of
metabolic diseases (Archer, 2015¢; Archer and McDonald, 2017).
Thus, what appears to be genetic or socially mediated processes,
are in fact driven by non-genetic evolutionary processes induced
via low levels of matrilineal/maternal physical activity and
concomitant loss of metabolic control and overconsumption.

Other Developmental Pathologies Related to
Maternal Effects

There are numerous developmental pathologies (e.g., increased
fetal mortality, congenital deformities, low birth-weight, and
reduced neonate survival) that we posit are caused by the negative
effects of excessive fat-cell mass and the overconsumption of
nutrient-energy induced by low-levels of physical activity and
concomitant low skeletal muscle- and hepatic-cell metabolic-
flux (Archer et al, 2018). For example, the physical space
constraints and increments in intrathoracic pressure engendered
via excessive fat-cell mass (i.e., fat mass compressing the
uterus, placenta, and/or supporting vasculature) and sedentary
behavior reduce blood flow to both the placenta and fetus
(i.e., placental and fetal ischemia). It was demonstrated
that both higher body mass and sitting generated greater
intraabdominal pressure (Cobb et al, 2005) and increased
pressure correlated with comorbidities (Sugerman et al., 1997).
Thus, we posit that a portion of obese, sedentary mothers
risk “starving” their fetuses of both oxygen and nutrient-
energy.

Similarly, if pregnancy fails to induce sufficient increments
in nutrient-energy intake, the fetus may be spontaneously
aborted, exhibit intrauterine growth restriction and/or
developmental defects. The mechanism is simple; if the
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naturally occurring insulin resistance of pregnancy is over-
whelmed by the preexisting insulin resistance and poor
metabolic control induced via low physical activity, low
metabolic-flux, and excessive fatty acid oxidation (Archer, 2015¢;
Archer and McDonald, 2017; Archer et al., 2018), ingestive
behaviors and energy intake will not be stimulated in parallel with
the increased nutrient-energy demands of fetal development.
Thus, the fetus receives an inadequate nutrient supply because
the mother’s cells outcompete the placenta and fetus ability to
compensate. This conceptualization is supported by a large body
of experimental evidence demonstrating that restrictions of the
nutrient supply to the intrauterine milieu induce numerous
fetal pathologies (Wallace, 2000; Hay, 2006; Long et al., 2012;
Limesand et al., 2013).

Thus, alterations in the competitive milieu (e.g., over-
nourished or restricted) may explain the high rate of negative
birth outcomes in populations that experience low physical
activity, low metabolic flux, and high levels of obesity (e.g.,
African-American women) (Hogue and Hargraves, 1995; Lu and
Halfon, 2003). Evidence suggest that these pathologies occur
in populations with similar socio-economic status (Schoendorf
etal., 1992), medical care (Barfield et al., 1996), and use of assisted
reproductive therapies (Feinberg et al., 2006; Seifer et al., 2008;
Mukherjee et al., 2013). Therefore, we contend that disparities in
obesity, metabolic diseases, and birth outcomes are not driven
primarily by genetic or socio-economic factors (Archer et al,
2018).

latrogenic Artificial Selection

In the Maternal Resources Hypothesis, we posited that the
increased use of Cesarean sections over multiple generations
led to the artificial selection for progressively larger, increasingly
physically inactive, and metabolically compromised offspring
predisposed to obesity and metabolic diseases (Archer,
2015¢; Archer and McDonald, 2017). Prior to the 20th
century, morbid and super-morbid obese individuals were
extremely rare, in part because macrosomic fetuses and
their metabolically compromised mothers were subject to
greater selection pressures (e.g., suffocation and hemorrhage)
from cephalo-pelvic disproportion (i.e., incongruity of fetal
head size and birth canal capacity) (Wells et al, 2012).
Stated simply, the fetuses were too large to exit the birth
canal. Thus, advances in obstetric care over the past century
were a primary driver of increments in the frequency of
larger humans in general but especially obese, inactive,
metabolically compromised phenotypes in populations
that had access to medicalized childbirth over multiple
generations.

The strongest evidence for this iatrogenic artificial selection
is the extremely rapid and disproportionate increases in severe
and morbid obesity (i.e., Class II and III) among children and
adolescents (Skelton et al.,, 2009), and adults varying by race,
sex, and socio-environmental contexts (Sturm, 2007; Skelton
et al., 2009). The Maternal Resources Hypothesis is the only
theory that offers a mechanistic and physiologically rigorous
explanation for the population shifts in both body and fat mass
distribution.

Accumulative Maternal Effects in Non-human
Animals

While the Maternal Resources Hypothesis focused principally on
the inheritance of obesity in humans (Archer, 2015¢; Archer
and McDonald, 2017), the non-genetic evolutionary mechanisms
of accumulative maternal effects are applicable to all mammals
that experienced a recent, rapid rise in the prevalence of
increased body mass, adiposity, and/or metabolic dysfunction
(Archer and McDonald, 2017; Archer et al.,, 2018) [e.g., dogs,
cats, horses, rodents, monkeys, deer, and elk (Herberg and
Coleman, 1977; Flather et al., 2009; Klimentidis et al.,, 2011;
Ertelt et al., 2014; Hoenig, 2014; Sandoe et al., 2014; NEHS,
2015; Montoya-Alonso et al, 2017)]. Accumulative maternal
effects in mammals for body cellularity (e.g., adiposity), body
mass, behavior (e.g., physical activity), and/or risk of disease
were demonstrated consistently over the last century. In the
1930s, Walton and Hammond (1938) demonstrated unequivocal
“maternal effects” for growth and body mass in horses and
ponies, and in the 1950s Falconer demonstrated accumulative
maternal effects for cellularity, body mass, and disease in
mice (Falconer, 1965, 1967, 1973; Falconer et al., 1978). These
non-genetic effects were replicated repeatedly across species
(Rossiter, 1996; Fox and Mousseau, 1998; Mousseau and Fox,
1998; Bonduriansky and Day, 2009; Mousseau et al., 2009)
inclusive of rodents (Garg et al, 2013), chickens (Liu et al,
1993), sheep (Maria et al., 1993), free-ranging cervids (Freeman
et al,, 2013), horses (Allen et al., 2002, 2004), and humans
(Brooks et al., 1995; Archer, 2015¢; Archer and McDonald,
2017).

Given the parallel increases in body mass, adiposity, and/or
metabolic disease across diverse species existing in disparate
environments, current anthropocentric theories positing diet-
centric influences (Bray et al., 2004; Swinburn et al, 2011),
thrifty genes (Neel, 1962) and predation release (Speakman,
2007) in the etiology of obesity and metabolic disease are
inadequate. Thus, our frameworks in confluence with the
Maternal Resources Hypothesis subsume or refute dietary
and genetic speculations and provide a comprehensive and
mechanistic evolutionary theory that explains the inheritance and
familial resemblance for body mass, adiposity, physical activity,
and metabolic dysfunction in both human and non-human
animals.

Obesity: A Homeorhetic Condition

Our frameworks in concert with the Maternal Resources
Hypothesis explain why inherited obesity is a homeorhetic and
not a homeostatic condition. As depicted in Figure 1, after a
dietary or “lifestyle” intervention the body and fat mass quickly
return to the initial trajectory engendered via the fat-cellularity
created during gestation and early development (i.e., in utero
through puberty) (Archer, 2015¢; Archer and McDonald, 2017).
Thus, body and fat mass trajectories are neither a set-point,
nor a settling point and the slope will be determined by the
initial populations of cell-types (e.g., ratio of fat-cells to skeletal
muscle cells) and physical activity. Importantly, our frameworks
explain the often-insurmountable physiological barriers to long-
term weight loss in those suffering from morbid or severe obesity.
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First, the negative energy balance induced via hypocaloric dieting
and/or exercise merely reduces the stored energy and size of
fat-cells without altering the competitive advantage of increased
fat-cell number. Second, smaller fat-cells have a competitive
advantage over larger fat-cells (e.g., greater surface area to
volume ratio). Third, as depicted in Figure 2, exercise merely
decreases the slope of body and fat mass trajectories (i.e., rate
of gain). Therefore, greater adipocyte cellularity increases the
rate of both weight gain and regain (as per Figure 1), and
increases the effort required to achieve and maintain weight
loss (as per Figure 2). Thus, both fat-cell number and the
physical activity-induced metabolic demands of skeletal muscle-
cells determine the percentage of calories partitioned to fat-
and muscle-cells, respectively. The reduction in the slope is
why exercise ameliorates the regain of both fat and body
mass after hypo-caloric interventions when compared to diet-
alone.

Thus, our frameworks explain why the majority of obese
children become obese adolescents and adults, and why greater
than 95% of individuals suffering from inherited obesity fail to
achieve and maintain a body-mass index (BMI) under 30 (Fildes
et al, 2015), despite extreme interventions (Fothergill et al.,
2016).

In summary, we posited that the fat and body mass trajectories
of inherited obesity were engendered by accumulative maternal
effects leading to metabolically compromised human (and non-
human) infants with intensified insulin secretion, excessive
adipocyte cellularity, and dysfunctional muscle-cell development
predisposing to physical inactivity. These alterations irreversibly
altered the competitive milieu of the body and permanently
established the dominance of fat-cells in the acquisition, storage,
and sequestering of nutrient-energy.

The Etiology of Acquired Obesity

Acquired obesity is the excessive hypertrophy of existing fat-
cells and recruitment of new fat-cells (hyperplasia) driven by the
chronic positive energy balance induced by physical inactivity.
This differs from inherited obesity in which the disturbance in
metabolic-flux is driven primarily by fat and beta-cell hyperplasia
and dysfunctional skeletal muscle-cells engendered in utero
via non-genetic evolutionary forces (i.e., accumulative maternal
effects) (Archer, 2015a,b,c; Archer and McDonald, 2017; Archer
et al,, 2018). As explained below, in contrast to the rapidity with
which inherited obesity develops (i.e., 9 months of gestation),
acquired obesity is incrementally instantiated over years and
decades.

Physical Inactivity, Low Metabolic-Flux, and the
“Metabolic Tipping Point”

In the 1950s, it established experimentally and
observationally in rodents and humans (Mayer, 1953; Mayer
et al., 1954, 1956), that the inter-relations between changes in
body mass, energy intake, and physical activity were curvilinear.
These results were replicated in a variety of settings (Stubbs
et al, 2004; Shook et al., 2015). As shown in the center of
Figure 3, there is a range of physical activity (denoted as
“Physically Active”), in which habitual appetitive processes

was

and energy-intake parallel physical activity energy expenditure
such that body mass is maintained (Mayer, 1953; Mayer et al.,
1954, 1956; Shook et al., 2015). For example, as Beaulieu et al.
(2017) found, “higher habitual PA [physical activity] improves
acute homeostatic appetite control.” Our frameworks render
the underlying mechanisms of these results unambiguous. As
explained previously, increments in physical activity induce
dose-dependent competitive advantages that allow skeletal
muscle-cells to exploit nutrient-energy resources at the expense
of less advantaged cells. This asymmetric partitioning leads to
reductions in the effective caloric intake of subsequent meals
with concomitant increments in energy-intake via reductions
in inter-meal periods and/or increased energy density per meal.
Yet, despite the increased energy intake, body mass remains
stable across a wide-range of doses of physical activity because
the increased skeletal muscle-cell energy expenditures are
compensated by parallel increments in energy intake. Thus,
increments in physical activity merely lead to greater metabolic-
flux with no changes in body mass. Importantly, if the increment
in physical activity is large, basal energy expenditures will
decrease because less energy is available to non-skeletal muscles
cells (e.g., neurons in the central nervous system) inducing
reductions in basal metabolic demands. These decrements in
basal energy expenditures reduce the increment in energy-intake
necessary to maintain energy homeostasis and body mass
(Westerterp, 1998; Speakman and Selman, 2003; Westerterp and
Plasqui, 2004).

Nevertheless, as depicted on the left side of Figure 3 when an
individual’s physical activity falls below their “Metabolic Tipping
Point” (Archer, 2015¢, 2018; Archer and McDonald, 2017; Archer
et al., 2018) (denoted as “Sedentary”), energy-intake becomes
dissociated from energy expenditure (Mayer, 1953; Mayer et al.,
1954, 1956; Stubbs et al., 2004; Shook et al., 2015; Beaulieu et al.,
2017). As Westerterp and Plasqui (2009) stated, “The change
from a physically active to a more sedentary routine does not
induce an equivalent reduction of energy intake.” Over time,
small increments in energy-intake coupled with low physical
activity lead to gains in fat mass and concomitant decrements
in insulin sensitivity. The increased body and fat mass lead
to further declines in physical activity from reduced strength-
to-weight ratio [i.e., bigger or weaker individuals move less
than smaller or stronger (Chirico and Stunkard, 1960; Archer
et al, 2013a)]. The lack of hepatic- and skeletal muscle-
cell metabolic-flux induced via physical inactivity initiates a
cascade of metabolic dysfunction that drives both peripheral
and central insulin resistance, positive energy balance, and
increments in both fat-cell number and size. Over time, these
physical inactivity-induced phenomena lead to acquired obesity
and/or metabolic disease (e.g., T2DM) (Archer, 2015¢; Archer
et al., 2017a, 2018; Archer and McDonald, 2017). Thus, there
is a minimum amount of physical activity-induced hepatic
and skeletal muscle-cell metabolic-flux (i.e., substrate depletion-
repletion cycles) necessary to maintain energy homeostasis and
metabolic health.

It is important to note that if the chronic positive
energy balance and reduced metabolic-flux characteristic of
acquired obesity continues over time, existing fat-cells eventually
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FIGURE 1 | Body and fat mass trajectories of individuals varying in adipocyte cellularity. Body and fat mass trajectories return to the initial slope (i.e., rate of gain)
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FIGURE 2 | Body and fat mass trajectories (i.., rate of gain) differ as a function of both fat-cell number and exercise.

reach their hypertrophic potential (or maximum) and there
will be a “training effect for fat cell development” (Archer,
2015b) via the enhanced recruitment of mesenchymal cells
(Sjostrom and William-Olsson, 1981; Archer and McDonald,
2017). The resulting fat-cell hyperplasia renders the distinction
between inherited and acquired obesity after sexual maturity
equivocal.

Individual Differences

Individuals vary in both inherited and acquired ratios of
skeletal muscle-cells to fat-cells. For example, during pubescence,
sexual dimorphism in adipogenesis and shifts in the ratio of
skeletal muscle-cell to fat-cell mass are well established. In

humans, as body-cell mass is increased, males gain a greater
proportion of skeletal muscle-cell mass relative to fat-cell mass,
whereas females exhibit the converse (Butte et al., 2007). In
adulthood, it is well-established that increments in fat mass
are a function of the individual’s existing adiposity (Bell et al.,
1987; Elia et al., 1999; Forbes, 2000; Kozusko, 2002). Thus, the
amount of physical activity necessary to inhibit chronic positive
energy balance and the asymmetric partitioning of nutrient-
energy to storage in fat-cells varies. Individuals with low fat-
cell numbers or high skeletal muscle- to fat-cell ratio (e.g.,
lean muscular males) require less physical activity to maintain
metabolic-flux and offset adipogenic nutrient partitioning and
weight gain (see Figure 2). Individuals born with an excessive
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FIGURE 3 | Relations between physical activity (PA), body mass, and energy intake (adapted from Archer, 2018). As physical activity declines below the “Metabolic
Tipping Point” (i.e., into the “Sedentary” range), energy intake and energy expenditure become dissociated due to insufficient metabolic-flux, and as a result, body
mass will begin to increase as energy balance becomes positive.

number of fat cells relative to skeletal muscle-cells will need
a dose of physical activity that may be beyond their capacity.
For these individuals, increments in body and fat mass are
inevitable because as energy-intake is stimulated by physical
activity induced decrements in effective caloric intake, the larger
number of fat-cells “outcompete” other cell-types and sequester
a larger amount of total energy intake. This conceptualization
provides a rigorous, mechanistic explanation for the ubiquitous
failure of non-surgical treatments of obesity. Nevertheless,
at some point, the absolute caloric intake is sufficient to
inhibit the sensorimotor appetitive cells and constrain energy
intake so that body and fat mass stabilize at a new, higher
level.

In summary, as individuals reduce their physical activity below
their “Metabolic Tipping Point” (Archer et al., 2018), reductions
in both hepatic and skeletal muscle-cell metabolic-flux engender
positive feedback loops that lead to increments in energy intake,
chronic positive energy balance, and the asymmetric competition

and partitioning of nutrient-energy. The ensuing “high storage
but low triglyceride removal promotes fat tissue accumulation and
obesity” (Arner et al., 2011).

TYPE-II DIABETES MELLITUS:
DIMINISHED METABOLIC-FLUX AND
THE COMPETITIVE FAILURES OF
SKELETAL MUSCLE AND FAT-CELLS

A large body of research over the past 50 years demonstrates
that the “primary defect” (DeFronzo and Tripathy, 2009) driving
T2DM is a decrement in skeletal muscle-cell insulin sensitivity
leading to both peripheral and central insulin resistance
(DeFronzo, 1988; Shulman et al., 1990; DeFronzo et al., 1992;
Holloszy, 2005; DeFronzo and Tripathy, 2009). While these
findings suggest that T2DM is simply the result of the inability
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of skeletal muscle-cells to dispose of excess serum glucose, our
frameworks instruct otherwise. Since all cell-types compete for
nutrient-energy and the main function of fat-cells is the storage of
excess energy, T2DM can be most precisely characterized as the
failure of both skeletal muscle- and fat-cells to compete for and
dispose of the nutrient-energy consumed in excess of metabolic
demands.

When physical activity falls below the “Sedentary” metabolic
tipping point (as per Figure 3), energy intake begins to
increase despite the decreasing energy expenditure (Mayer, 1953;
Mayer et al., 1954, 1956; Shook et al., 2015). We posit this
occurs because as hepatic-cell metabolic-flux declines, these cells
become saturated with glycogen and metabolites from fatty-
acid oxidation (Koves et al., 2008). This leads to decrements
in insulin sensitivity and metabolic flexibility [i.e., the ability to
alter substrate oxidation as substrate availability changes (Kelley
et al., 1999; Galgani et al., 2008; Bergouignan et al., 2011;
Goodpaster and Sparks, 2017)]. As discussed previously, the only
contexts in mammalian evolutionary history in which hepatic-
cells experienced elevated levels of fatty-acid oxidation would
be starvation and/or chronic elevated physical activity. Given
the fact that these contexts induce the initiation of ingestive
behaviors and energy intake and a reduction in basal energy
expenditure to ensure survival, we posit that physical inactivity
(i.e., low metabolic-flux) provides a false signal that drives
increments in energy intake with concomitant decrements in
energy expenditure (Mayer, 1953; Mayer et al., 1954; Stubbs et al.,
2004; Shook et al., 2015). The positive energy balance increases
the availability of serum energy substrates for hepatic and adipose
tissue de novo lipogenesis, increments in fat-cell mass, and ectopic
fat deposition (Strawford et al., 2004; Larson-Meyer et al., 20065
Dube et al., 2008; Rabel et al., 2011).

Nevertheless, as long as the capacity to expand fat-cell mass
and/or recruit new, smaller adipocytes from the mesenchymal
stem-cell pool is maintained, whole body insulin sensitivity
will not decline significantly. Thus, fat-cell hyperplasia and
hypertrophy allow for the disposal of excess serum glucose
and lipids (Heilbronn et al, 2004; Roberts et al., 2009).
This compensatory mechanism allows individuals to remain
metabolically healthy despite increasing body and fat mass.
This conceptualization suggests that skeletal muscle- and fat-
cells act as energy “sinks” that prevent the increase in serum
energy substrates that lead to metabolic diseases such as
T2DM. Nevertheless, because increments in body mass reduce
physical activity [i.e., heavier individuals move less than lighter
individuals (Chirico and Stunkard, 1960; Archer et al., 2013a;
Archer and McDonald, 2017)], many “metabolically healthy
but obese” individuals (Mathew et al, 2016) will progress
toward metabolic disease (Short and Joyner, 2002; Soriguer
et al, 2013) as physical activity declines over time. This is
especially true with older individuals whose strength-to-weight
ratio is already in decline (McGlory et al., 2017). Thus, when
individuals are physically inactive and have limited fat-cell
plasticity, serum energy substrates rise over time. This occurs
because as physical inactivity drives increased energy-intake
in concert with decrements in skeletal muscle-cell insulin
sensitivity, the ability of pancreatic beta-cells to compensate

for the reduced disposal of serum glucose declines. Over
time, this leads to T2DM as pancreatic-beta cells become
overloaded/exhausted and/or lose their sensitivity to serum
glucose (DeFronzo, 1988; DeFronzo et al., 1992; DeFronzo and
Tripathy, 2009).

In summary, our frameworks and existing evidence suggest
that there is a minimum amount of physical activity metabolic-
flux (e.g., glycogen and lipid depletion-repletion cycles) that
is necessary to maintain energy homeostasis and prevent
acquired obesity and metabolic diseases (Colberg et al., 2016). In
conclusion, T2DM is caused by habitual physical inactivity (i.e.,
low metabolic-flux) driving decrements in the competitiveness of
hepatic and skeletal muscle-cells in concert with the long-term
failure of fat-cell plasticity and beta-cell function (DeFronzo,
1988; DeFronzo et al., 1992; Heilbronn et al., 2004; Galgani et al.,
2008; DeFronzo and Tripathy, 2009).

THE LACK OF EXPLANATORY AND
PREDICTIVE POWER OF GENE- AND
DIET-CENTRIC PARADIGMS

Science can be defined as the discovery of valid knowledge of the
observable world. In contrast to other domains (e.g., philosophy
and religion), science is distinguished by the capacity to explain,
predict, and (where possible) control natural phenomena. Thus,
the true test of scientific theories is how well they explain
extant evidence. In this section we demonstrate that because the
processes that lead to mammalian obesity and metabolic diseases
are in fact well-established, anthropocentric speculations based
on dietary and genetic correlations are inadequate [e.g., gene- and
diet-centric models; see (Neel, 1962; Bray et al., 2004; Speakman,
2007; Swinburn et al., 2011)].

Gene-Centric Paradigms Versus

Non-genetic Evolutionary Processes

We posit that accumulative maternal effects are causal to variance
in obesity and metabolic diseases independent of genotype
(Archer, 2015¢; Archer and McDonald, 2017). And because these
non-genetic evolutionary processes mimic the alleged genetic
effects, they provide a rigorous, mechanistic explanation for
familial resemblance in metabolic and behavioral phenotypes
(Archer, 2015a,b,c; Archer and McDonald, 2017; Archer et al,,
2018). We previously commented on the lack of explanatory
and predictive power of gene-centric paradigms (Archer et al,
2018), inclusive of epigenetics (Archer, 2015a,b,c). We stated
that the “missing heritability. . .will not be found in the genome”
(Archer, 2015c) but is explained almost entirely by accumulative
maternal effects in the pre- and post-natal periods (Archer, 2015¢;
Archer and McDonald, 2017). These non-genetic evolutionary
processes have significant and unequivocal effects on body and
fat mass, and metabolic and behavioral phenotypes in offspring
across species (Walton and Hammond, 1938; Falconer, 1965,
1967, 1973; Falconer et al., 1978; Liu et al., 1993; Maria et al,,
1993; Brooks et al.,, 1995; Rossiter, 1996; Fox and Mousseau,
1998; Mousseau and Fox, 1998; Allen et al, 2002, 2004;
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Bonduriansky and Day, 2009; Mousseau et al., 2009; Freeman
et al, 2013; Garg et al, 2013; Archer, 2015¢; Archer and
McDonald, 2017).

To extend our previous commentaries (Archer, 2015a,b,c;
Archer and McDonald, 2017; Archer et al., 2018), we present
several arguments. First, while the presence and initial location
of mammalian fat-cells is clearly genetic (Raff, 2012), variation
in the initial population of fat-cells (i.e., body cellularity) is
determined almost exclusively by the amount of nutrient-energy
reaching the placenta, intrauterine milieu, and fetus; which
is controlled by the competition between maternal and fetal
metabolic demands (Archer, 2015a,b,c,d; Archer and McDonald,
2017). A large body of observational and experimental research
supports this argument. For example, monozygotic twins
concordant for birth weight exhibit similar fat-cell numbers,
while in those discordant for birth weight, the smaller twin
displays both lower body mass and fat-cell number (Ginsberg-
Fellner, 1981). Clearly, this effect is not genetic and is explained
by chorionic status (Ramos-Arroyo et al., 1988; Cordero et al,,
2005) and the intra-uterine competition for calories between the
twins. The effect of intrauterine competition for energy substrates
on fetal body and fat mass is extremely well-established in non-
human animals, and inter-fetus competition due to litter size
is the “single greatest influence on birth weight” (Gardner et al.,
2007).

Second, as presented herein, obesity, and insulin resistance
result from positive energy balance driven by fat-cell hyperplasia
and/or physical inactivity (i.e., low metabolic-flux). Thus, we
contend that the genes associated with obesity and metabolic
disease are necessary but are not causal or predisposing factors.
Association studies support our argument. For example, trends
in physical activity over the past 50 years (Church et al., 2011;
Archer et al.,, 2013b,c) explain cohort-specific associations of
the FTO gene and obesity (Kilpelainen et al., 2011; Ahmad
et al., 2013). Third, association studies are merely descriptive
and provide no evidence of causality, whereas numerous
experimental studies demonstrated the unequivocal and large
consequences of accumulative maternal effects on metabolic
outcomes (e.g., body and fat mass) and physical activity across
species (Walton and Hammond, 1938; Falconer, 1965, 1967,
1973; Falconer et al., 1978; Liu et al., 1993; Maria et al., 1993;
Brooks et al., 1995; Rossiter, 1996; Fox and Mousseau, 1998;
Mousseau and Fox, 1998; Allen et al., 2002, 2004; Bonduriansky
and Day, 2009; Mousseau et al., 2009; Freeman et al., 2013; Garg
et al., 2013; Archer, 2015¢; Archer and McDonald, 2017). For
example, ovum transfer, animal breeding, and cross-fostering
studies clearly demonstrated that the intrauterine milieu and
early post-natal periods can induce obesity and metabolic
dysfunction in a single generation, independent of genotype.
Embryo transfer studies demonstrate that the inheritance
of pathological metabolic phenotypes can be ameliorated or
potentially abolished when the embryo is transferred and
“gestated in a normal metabolic environment” (Garg et al., 2013).
There are no studies that demonstrate similar genetic effects.

Fourth, as demonstrated over the past century, intrauterine
exposure to reduced maternal metabolic control has significant
effects on the health and metabolic trajectories of offspring

(Freinkel and Goodner, 1962; Pedersen, 1967/1977; Whitelaw,
1977; Kervran et al., 1978; Catalano et al., 1998, 2003; Aerts
and Van Assche, 2006; Egeland and Meltzer, 2010; Catalano
and Hauguel-De Mouzon, 2011; Adamo et al, 2012; Cisse
et al., 2013; Ferraro, 2013). For example, in siblings discordant
for intrauterine exposure to T2DM, Dabelea et al. (2000,
p- 22208) demonstrated that exposure “conveys a high risk for
the development of diabetes and obesity in offspring in excess of
risk attributable to genetic factors alone”. Similarly, Kral et al.
(2006) showed that maternal weight-loss surgery reduced the
prevalence of obesity and severe obesity in offspring by 52 and
45%, respectively. These studies show that maternal effects via
altered maternal metabolism (i.e., altered metabolic-flux and
inter-cellular competition) are causal to both obesity and T2DM.
There are no similar studies demonstrating causal genetic effects.
Finally, there is “a great deal of biology” between a nucleotide
sequence and a phenotype, and there are myriad processes that
render the associations between any given DNA sequence and
a phenotype irrelevant [please see our prior work for a review
(Archer et al., 2018)]. For example, alternative splicing and post-
translational mechanisms can produce peptides with opposing
physiological properties [e.g., the “Ghrelin Gene” (Zhang et al.,
2005)].

In summary, these results support our contention that with
respect to obesity and T2DM, genetic/epigenetic research is an
incongruous level of analysis because “genes” are the “tools of
the [species-specific cell], and their use (i.e., expression) is strictly
environment-dependent” (Archer, 2015b, p. 556). Thus, we posit
that obesity and adult-onset metabolic diseases are exclusively
environmentally induced phenotypes. These phenotypes have
evolutionary consequences because in females, accumulative
maternal effects induce the progressive inheritance of acquired
characteristics, independent of changes to the genome.

Diet-Centric Paradigms
Diet-centrism is the tendency to attribute a wide-range of
negative health outcomes exclusively to dietary factors while
neglecting the essential role of individual differences (Archer,
2018; Archer et al, 2018). The fundamental error of “diet-
centrism” is the conflation of “diet” with nutritional status and
health, in concert with the failure to acknowledge that identical
diets consumed by different individuals result in divergent
metabolic effects (Krogh-Madsen et al., 2014; Zeevi et al,
2015). The explicit conflation of diet with nutritional status
and health contravenes the fact that the mammalian body is a
complex ecosystem in which the effects of dietary factors are
wholly dependent on the current state and compensatory fluxes
of that ecosystem (e.g., metabolic phenotype and nutritional
status). For clarity, an individual’s metabolic phenotype is
influenced by factors, such as body cellularity and composition,
nutritional status, physical activity and fitness levels, age, sex,
reproductive, and disease status, and the state of the cellular
systems responsible for metabolic control (i.e., skeletal muscle-,
hepatic-, and pancreatic beta-cells) (DeFronzo, 1988; Archer,
2018).

Thus, it is not what is eaten (i.e., diet) that engenders
health or disease, but what ones body does with what
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was eaten (i.e., nutrient metabolism). Therefore, macro- and
micronutrients cannot have health-effects independent of the
metabolic phenotype of the consuming individual, and dietary
components per se cannot be the determining factor in obesity
and metabolic health (Archer, 2018). Thus, obesity and T2DM are
not dietary concerns but are metabolic ones. Evidence in support
of our argument is found across disciplines.

First, most diet-centric speculations are based on associations
derived from data and methods previously demonstrated to
be wholly invalid and scientifically “inadmissible” for the
purposes of establishing causal relationships between dietary
intake and health (Archer et al., 2015a,c, 2017b). Second, simple
carbohydrates (e.g., dietary sugars and starches) and fats are often
presumed to be causal factors, yet there are populations that
consume substantial amounts of these macro-nutrients with very
low prevalence of obesity and metabolic diseases (Ichikawa, 1981;
Hill et al., 1984; WHO, 1995; Matsumura, 2001; Onywera et al.,
2004; Marlowe et al., 2014). Therefore, “diet” is merely necessary,
but not sufficient. Third, the prevalence of human obesity
increased significantly across the globe in populations displaying
dietary patterns differing in nutrient composition. Thus, dietary
patterns are not causal. Fourth, there is no evidence that chronic
positive energy balance is driven by the widespread availability
of inexpensive, highly palatable foods and beverages. If this
speculation was true, all humans in high income nations would
be obese because these foods and beverages were ubiquitous
for multiple generations. As such, fat-cell hyperplasia and/or
physical inactivity (i.e., low metabolic-flux) induced increments
in energy-intake behaviors provide a more rigorous, mechanistic
explanation for over-nutrition.

Fifth, some of the strongest evidence to support our
contention that dietary patterns and dietary components have no
causal effect on the prevalence of obesity and metabolic diseases
is inferential. Human dietary patterns cannot have caused the
parallel increases in body and fat mass, obesity, and metabolic
diseases in feral, laboratory, farm, and companion animals (i.e.,
rodents, horses, cats, and dogs) over the last half of the 20th
century. Given the disparate environments and dietary patterns
of these species, and the fact that all are placental mammals,
accumulative maternal effects provides a more mechanistically
rigorous explanation than diet-centric speculations based on
mere associations.

Sixth, the strongest evidence supporting our contention that
the diet-centric paradigm is mistaken is the well-established
finding that over several generations, both obesity and metabolic
diseases (e.g., T2DM, gestational diabetes) developed in non-
human primates living in highly controlled environments with
“little to no change in diet, particularly in the rhesus and
cynomolgus macaque species” (Bauer et al, 2010). The “close
genetic relatedness to humans” (Bauer et al., 2011), make these
species “excellent models for [obesity] in humans” (Bauer et al.,
2011). These results provide an unequivocal refutation of the diet-
centric paradigm with respect to obesity and metabolic diseases
(Archer et al., 2018).

Finally, diet-centric speculations cannot explain the rapid
and differential increases in severe and morbid obesity (ie.,
Class II and III) in adults and offspring during the late 20th

century that vary by race, sex, and socio-environmental contexts
(Sturm, 2007; Skelton et al., 2009). Conversely, the Maternal
Resources Hypothesis and our frameworks provide a detailed,
mechanistic, and parsimonious explanation for these population-
specific trends.

Unfounded and Unchallenged
Conjecture Impede Progress

Scientific progress necessitates bold conjectures coupled with
rigorous supporting evidence and comprehensive attempts
at refutation. Nevertheless, within the domains of obesity
and metabolic diseases, the sheer volume of unfounded and
unchallenged conjecture threatens to obscure well-established
evidence. Recently, we presented a review of the evidence
that is contrary to the major etiologic paradigms and stated
“that progress in the understanding, prevention, and treatment
of obesity and metabolic diseases requires moving beyond the
epidemiologic ‘association-game’ in which mere correlations are
cited as rigorous support for conjectures on causation” (Archer
et al, 2018). Nevertheless, there are hundreds of published
speculations on the etiology of obesity and metabolic diseases
ranging from air conditioning and vending machines, to
viruses, mosquitos, and microbiota (Downey, 2015). These
published putative “causes” rarely demonstrate any predictive or
explanatory value, and none offer biologically plausible and non-
trivial mechanisms in conjunction with rigorous experimental
support. In fact, many speculations rely upon “prescientific
thought” (Olesen and Alm, 2016) or tenuous correlations
generated from “pseudoscientific methods” (Archer et al., 2015a,c,
2018), and are often demonstrative of “physiologic illiteracy”
(Archer, 2018). Thus, we think the failure to distinguish between
established causal mechanisms and mere speculations based on
statistical associations continues to engender the proliferation of
misleading and demonstrably false research programs and failed
public health initiatives (Archer et al., 2017b, 2018; Archer, 2018).
In contrast, our novel frameworks in concert with our
prior theoretical work represent a detailed, mechanistic,
and comprehensive synthesis of rigorous experimental and
observational results that spans the continuum from proximate
to ultimate causation (i.e., physiologic and evolutionary,
respectively). As such, this paper is a productive, albeit
controversial step forward in constraining conjecture to
hypotheses supported by well-established mechanisms.

FUTURE DIRECTIONS

Our Maternal Resources Hypothesis and frameworks of
asymmetric nutrient-energy partitioning and effective caloric
intake are both retrodictive and predictive. Thus, unlike most
conjectures, the ideas presented herein can be used to re-interpret
and/or “predict” prior results while providing fodder for future
investigations across myriad domains. Since all theories should
be tested and have their foundational assumptions, background
knowledge, and predictions challenged, we are currently
planning a number of in vivo and in silico experiments to test
our “body-as-an-ecosystem” and “cell-centric” approaches.
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Furthermore, given that our work spans multiple levels of
analysis, we think empirical ventures targeting the evolutionary
consequences of accumulative maternal effects on offspring
cellularity and body mass over multiple generations are
warranted. Additionally, we think examinations of the effects
of body cellularity (e.g., ratio of high to low metabolically
active cells) on cell-specific partitioning of lipids and glucose are
potentially productive avenues for future research efforts.

CONCLUSION

In this paper we presented the conceptual frameworks of
asymmetric nutrient-energy partitioning and effective caloric
intake. These frameworks, in concert with our previous theoretic
work, the Maternal Resources Hypothesis, provide a parsimonious
and physiologically rigorous explanation for the rapid rise of the

REFERENCES

Aas, V., Rokling-Andersen, M., Wensaas, A. J., Thoresen, G. H., Kase, E. T., and
Rustan, A. C. (2005). Lipid metabolism in human skeletal muscle cells: effects
of palmitate and chronic hyperglycaemia. Acta Physiol. Scand. 183, 31-41.
doi: 10.1111/§.1365-201X.2004.01381.x

Adamo, K. B., Ferraro, Z. M., and Brett, K. E. (2012). Can we modify the
intrauterine environment to halt the intergenerational cycle of obesity? Int. J.
Environ. Res. Public Health 9, 1263-1307. doi: 10.3390/ijerph9041263

Aerts, L., and Van Assche, F. A. (2006). Animal evidence for the transgenerational
development of diabetes mellitus. Int. J. Biochem. Cell Biol. 38, 894-903.
doi: 10.1016/j.biocel.2005.07.006

Ahmad, S., Rukh, G., Varga, T. V., Ali, A., Kurbasic, A., Shungin, D., et al. (2013).
Gene x physical activity interactions in obesity: combined analysis of 111,421
individuals of European ancestry. PLoS Genet. 9:¢1003607. doi: 10.1371/journal.
pgen.1003607

Allen, M. S., Bradford, B. ]., and Oba, M. (2009). The hepatic oxidation theory of
the control of feed intake and its application to ruminants. J. Anim. Sci. 87,
3317-3334. doi: 10.2527/jas.2009-1779

Allen, W. R, Wilsher, S., Tiplady, C., and Butterfield, R. M. (2004). The influence
of maternal size on pre- and postnatal growth in the horse: ITI Postnatal growth.
Reproduction 127, 67-77. doi: 10.1530/rep.1.00024

Allen, W. R., Wilsher, S., Turnbull, C., Stewart, F., Ousey, J., Rossdale, P. D., et al.
(2002). Influence of maternal size on placental, fetal and postnatal growth in the
horse. I. development in utero. Reproduction 123, 445-453.

Archer, E. (2015a). In reply—epigenetics and childhood obesity. Mayo Clin. Proc.
90, 693-695. doi: 10.1016/j.mayocp.2015.02.013

Archer, E. (2015b). In reply—maternal, paternal, and societal efforts are needed to
“Cure” childhood obesity. Mayo Clin. Proc. 90, 555-557. doi: 10.1016/j.mayocp.
2015.01.020

Archer, E. (2015¢). The childhood obesity epidemic as a result of nongenetic
evolution: the maternal resources hypothesis. Mayo Clin. Proc. 90, 77-92.
doi: 10.1016/j.mayocp.2014.08.006

Archer, E. (2015d). The Mother of All Problems. London: New Scientist.

Archer, E. (2018). In defense of sugar: a critique of diet-centrism. Prog. Cardiovasc.
Dis. doi: 10.1016/j.pcad.2018.04.007. [Epub ahead of print].

Archer, E., Artero, E. G, and Blair, S. N. (2017a). “Sedentary behavior and
cardiovascular disease,” in Sedentary Behavior and Health: Concepts, Assessment
& Intervention - Human Kinetics, eds W. Zhu and N. Owen (Champaign, IL:
Human Kinetics), 203-225.

Archer, E., Marlow, M., and Williams, R. (2017b). Government Dietary Guidelines:
Uncertain Science Leads to Questionable Public Health Policy. Washington, DC:
Mercatus Center.

Archer, E., and Blair, S. N. (2011). Physical activity and the prevention of
cardiovascular disease: from evolution to epidemiology. Prog. Cardiovasc. Dis.
53, 387-396. doi: 10.1016/j.pcad.2011.02.006

global prevalence of obesity and metabolic diseases in human and
other mammalian species.

AUTHOR CONTRIBUTIONS

Each author contributed to the intellectual content and
organization of this paper. EA wrote the paper with assistance
from each of the co-authors.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Michael Joyner for his critiques
and comments on earlier drafts of this manuscript and the
reviewers who provided accurate, insightful, and productive
suggestions. Our paper was greatly improved as a result.

Archer, E., Hand, G. A., Hébert, J. R, Lau, E. Y., Wang, X., Shook, R. P,,
et al. (2013a). Validation of a novel protocol for calculating estimated energy
requirements and average daily physical activity ratio for the u.s. population:
2005-2006. Mayo Clin. Proc. 88, 1398-1407. doi: 10.1016/j.mayocp.2013.08.019

Archer, E., Lavie, C. J., and Hill, J. O. (2018). The contributions of ‘diet; ‘genes, and
physical activity to the etiology of obesity: contrary evidence and consilience.
Prog. Cardiovasc. Dis. doi: 10.1016/j.pcad.2018.06.002 [Epub ahead of print].

Archer, E., Lavie, C.J., Mcdonald, S. M., Thomas, D. M., Hébert, J. R., Taverno Ross,
S. E., et al. (2013b). Maternal inactivity: 45-year trends in mothers’ use of time.
Mayo Clin. Proc. 88, 1368-1377. doi: 10.1016/j.mayocp.2013.09.009

Archer, E., Shook, R. P., Thomas, D. M., Church, T. S., Katzmarzyk, P. T., Hébert,
J. R., et al. (2013c). 45-year trends in women’s use of time and household
management energy expenditure. PLoS One 8:e56620. doi: 10.1371/journal.
pone.0056620

Archer, E., and McDonald, S. M. (2017). “The maternal resources hypothesis and
childhood obesity,” in Fetal and Early Postnatal Programming and its Influence
on Adult Health, eds M. S. Patel and J. S. Nielsen (New York, NY: CRC Press),
17-32.

Archer, E., Pavela, G., and Lavie, C. J. (2015a). A discussion of the refutation of
memory-based dietary assessment methods (M-BMs): the rhetorical defense of
pseudoscientific and inadmissible evidence. Mayo Clin. Proc. 90, 1736-1738.
doi: 10.1016/j.mayocp.2015.10.003

Archer, E., Pavela, G., and Lavie, C. J. (2015b). The inadmissibility of what we eat
in America and NHANES dietary data in nutrition and obesity research and
the scientific formulation of national dietary guidelines. Mayo Clin. Proc. 90,
911-926. doi: 10.1016/j.mayocp.2015.04.009

Aristotle (1943). On the Generation of Animals. Cambridge: Harvard University
Press.

Arner, P, Bernard, S., Salehpour, M., Possnert, G., Liebl, J., Steier, P., et al. (2011).
Dynamics of human adipose lipid turnover in health and metabolic disease.
Nature 478, 110-113. doi: 10.1038/nature10426

Arner, P., Bolinder, J., Engfeldt, P., and Ostman, J. (1981). The antilipolytic effect of
insulin in human adipose tissue in obesity, diabetes mellitus, hyperinsulinemia,
and starvation. Metabolism 30, 753-760. doi: 10.1016/0026-0495(81)90020-2

Arner, P., and Spalding, K. L. (2010). Fat cell turnover in humans. Biochem. Biophys.
Res. Commun. 396, 101-104. doi: 10.1016/j.bbrc.2010.02.165

Asakura, A., Rudnicki, M. A., and Komaki, M. (2001). Muscle satellite cells are
multipotential stem cells that exhibit myogenic, osteogenic, and adipogenic
differentiation. Differentiation 68, 245-253. doi: 10.1046/j.1432-0436.2001.
680412.x

Austin, J., and Marks, D. (2009). Hormonal regulators of appetite. Int. . Pediatr.
Endocrinol. 2009:141753. doi: 10.1155/2009/141753

Barfield, W. D., Wise, P. H., Rust, F. P., Rust, K. J., Gould, J. B., and Gortmaker,
S. L. (1996). Racial disparities in outcomes of military and civilian births in
california. Arch. Pediatr. Adolesc. Med. 150, 1062-1067. doi: 10.1001/archpedi.
1996.02170350064011

Frontiers in Physiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1111/j.1365-201X.2004.01381.x
https://doi.org/10.3390/ijerph9041263
https://doi.org/10.1016/j.biocel.2005.07.006
https://doi.org/10.1371/journal.pgen.1003607
https://doi.org/10.1371/journal.pgen.1003607
https://doi.org/10.2527/jas.2009-1779
https://doi.org/10.1530/rep.1.00024
https://doi.org/10.1016/j.mayocp.2015.02.013
https://doi.org/10.1016/j.mayocp.2015.01.020
https://doi.org/10.1016/j.mayocp.2015.01.020
https://doi.org/10.1016/j.mayocp.2014.08.006
https://doi.org/10.1016/j.pcad.2018.04.007
https://doi.org/10.1016/j.pcad.2011.02.006
https://doi.org/10.1016/j.mayocp.2013.08.019
https://doi.org/10.1016/j.pcad.2018.06.002
https://doi.org/10.1016/j.mayocp.2013.09.009
https://doi.org/10.1371/journal.pone.0056620
https://doi.org/10.1371/journal.pone.0056620
https://doi.org/10.1016/j.mayocp.2015.10.003
https://doi.org/10.1016/j.mayocp.2015.04.009
https://doi.org/10.1038/nature10426
https://doi.org/10.1016/0026-0495(81)90020-2
https://doi.org/10.1016/j.bbrc.2010.02.165
https://doi.org/10.1046/j.1432-0436.2001.680412.x
https://doi.org/10.1046/j.1432-0436.2001.680412.x
https://doi.org/10.1155/2009/141753
https://doi.org/10.1001/archpedi.1996.02170350064011
https://doi.org/10.1001/archpedi.1996.02170350064011
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Archer et al.

Competition for Calories

Baron, A. D., Brechtel, G., Wallace, P., and Edelman, S. V. (1988). Rates and tissue
sites of non-insulin- and insulin-mediated glucose uptake in humans. Am. J.
Phys. Endo. Met. 255, E769-E774. doi: 10.1152/ajpendo.1988.255.6.E769

Bauer, S. A, Arndt, T. P, Leslie, K. E., Pearl, D. L., and Turner, P. V. (2011). Obesity
in rhesus and cynomolgus macaques: a comparative review of the condition and
its implications for research. Comp. Med. 61, 514-526.

Bauer, S. A, Leslie, K. E., Pearl, D. L., Fournier, J., and Turner, P. V. (2010). Survey
of prevalence of overweight body condition in laboratory-housed cynomolgus
macaques (Macaca fascicularis). . Am. Assoc. Lab. Anim. Sci. 49, 407-414.

Bauman, D. E., and Currie, W. B. (1980). Partitioning of nutrients during
pregnancy and lactation: a review of mechanisms involving homeostasis and
homeorhesis. J. Dairy Sci. 63, 1514-1529. doi: 10.3168/jds.S0022-0302(80)
83111-0

Beaulieu, K., Hopkins, M., Long, C., Blundell, J., and Finlayson, G. (2017).
High habitual physical activity improves acute energy compensation in
nonobese adults. Med. Sci. Sports Exerc. 49, 2268-2275. doi: 10.1249/MSS.
0000000000001368

Bell, A. W., Bauman, D. E., and Currie, W. B. (1987). Regulation of nutrient
partitioning and metabolism during pre-and postnatal growth. J. Anim. Sci. 65,
186-212. doi: 10.1093/ansci/65.suppl_2.186

Bergouignan, A., Kealey, E. H., Schmidt, S. L., Jackman, M. R., and Bessesen, D. H.
(2014). Twenty-four hour total and dietary fat oxidation in lean, obese and
reduced-obese adults with and without a bout of exercise. PLoS One 9:¢94181.
doi: 10.1371/journal.pone.0094181

Bergouignan, A., Momken, L, Lefai, E., Antoun, E., Schoeller, D. A., Platat, C.,
et al. (2013). Activity energy expenditure is a major determinant of dietary fat
oxidation and trafficking, but the deleterious effect of detraining is more marked
than the beneficial effect of training at current recommendations. Am. J. Clin.
Nutr. 98, 648-658. doi: 10.3945/ajcn.112.057075

Bergouignan, A., Momken, I, Schoeller, D. A., Normand, S., Zahariev, A,
Lescure, B., et al. (2010). Regulation of energy balance during long-term
physical inactivity induced by bed rest with and without exercise training.
J. Clin. Endocrinol. Metab. 95, 1045-1053. doi: 10.1210/jc.2009- 1005

Bergouignan, A., Rudwill, F., Simon, C., and Blanc, S. (2011). Physical inactivity
as the culprit of metabolic inflexibility: evidence from bed-rest studies. J. Appl.
Physiol. 111, 1201-1210. doi: 10.1152/japplphysiol.00698.2011

Bergouignan, A., Schoeller, D. A., Normand, S., Gauquelin-Koch, G., Laville, M.,
Shriver, T., et al. (2006). Effect of physical inactivity on the oxidation of
saturated and monounsaturated dietary Fatty acids: results of a randomized
trial. PLoS Clin. Trials 1:¢27. doi: 10.1371/journal.pctr.0010027

Bergouignan, A., Trudel, G., Simon, C., Chopard, A., Schoeller, D. A., Momken, I,
et al. (2009). Physical inactivity differentially alters dietary oleate and palmitate
trafficking. Diabetes Metab. Res. Rev. 58, 367-376. doi: 10.2337/db08-0263

Bjoérkman, O., and Eriksson, L. S. (1985). Influence of a 60-hour fast on insulin-
mediated splanchnic and peripheral glucose metabolism in humans. J. Clin.
Investig. 76, 87-92. doi: 10.1172/JCI111982

Bjorntorp, P. (1996). The regulation of adipose tissue distribution in humans. Int.
J. Obes. Relat. Metab. Disord. 20, 291-302.

Blundell, J. E., Finlayson, G., Gibbons, C., Caudwell, P., and Hopkins, M. (2015).
The biology of appetite control: do resting metabolic rate and fat-free mass
drive energy intake? Physiol. Behav. 152, 473-478. doi: 10.1016/j.physbeh.2015.
05.031

Blundell, J. E., Stubbs, R. J., Hughes, D. A., Whybrow, S., and King, N. A. (2003).
Cross talk between physical activity and appetite control: does physical activity
stimulate appetite? Proc. Nutr. Soc. 62, 651-661. doi: 10.1079/PNS2003286

Bonduriansky, R., and Day, T. (2009). Nongenetic inheritance and its evolutionary
implications. Annu. Rev. Ecol. Evol. Syst. 40, 103-125. doi: 10.1146/annurev.
ecolsys.39.110707.173441

Borghouts, L. B., and Keizer, H. A. (2000). Exercise and insulin sensitivity: a review.
Int. ]. Sports Med. 21, 1-12. doi: 10.1055/s-2000- 8847

Boulé, N. G., Haddad, E., Kenny, G. P., Wells, G. A., and Sigal, R. J. (2001). Effects
of exercise on glycemic control and body mass in type 2 diabetes mellitus: a
meta-analysis of controlled clinical trials. JAMA 286, 1218-1227. doi: 10.1001/
jama.286.10.1218

Boul¢, N. G., Kenny, G. P., Haddad, E., Wells, G. A., and Sigal, R. J. (2003). Meta-
analysis of the effect of structured exercise training on cardiorespiratory fitness
in Type 2 diabetes mellitus. Diabetologia 46, 1071-1081. doi: 10.1007/s00125-
003-1160-2

Bourlot, V. L., Tully, T., and Claessen, D. (2014). Interference versus exploitative
competition in the regulation of size-structured populations. Am. Nat. 184,
609-623. doi: 10.1086/678083

Brady, L. J., Goodman, M. N., Kalish, F. N, and Ruderman, N. B. (1981). Insulin
binding and sensitivity in rat skeletal muscle: effect of starvation. Am. J. Physiol.
Endocrinol. Metab. 240, E184-E190. doi: 10.1152/ajpendo.1981.240.2.E184

Bray, G. A., Nielsen, S. J., and Popkin, B. M. (2004). Consumption of high-fructose
corn syrup in beverages may play a role in the epidemic of obesity. Am. J. Clin.
Nutr. 79, 537-543. doi: 10.1093/ajcn/79.4.537

Brook, C. G. D,, Lloyd, J. K., and Wolf, O. H. (1972). Relation between age of
onset of obesity and size and number of adipose cells. Br. Med. ]. 2, 25-27.
doi: 10.1136/bmj.2.5804.25

Brooks, A. A., Johnson, M. R,, Steer, P. J., Pawson, M. E., and Abdalla, H. I. (1995).
Birth weight: nature or nurture? Early Hum. Dev. 42, 29-35.

Brooks, G. A. (1998). Mammalian fuel utilization during sustained exercise. Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 120, 89-107. doi: 10.1016/S0305-
0491(98)00025-X

Butte, N. F., Christiansen, E., and Sorensen, T. L. (2007). Energy imbalance
underlying the development of childhood obesity. Obesity 15, 3056-3066. doi:
10.1038/0by.2007.364

Case, T. J., and Gilpin, M. E. (1974). Interference competition and niche theory.
Proc. Natl. Acad. Sci. U.S.A. 71, 3073-3077. doi: 10.1073/pnas.71.8.3073

Catalano, P. M., and Hauguel-De Mouzon, S. (2011). Is it time to revisit the
Pedersen hypothesis in the face of the obesity epidemic? Am. J. Obstet. Gynecol.
204, 479-487. doi: 10.1016/j.2j0g.2010.11.039

Catalano, P. M., Thomas, A., Huston-Presley, L., and Amini, S. B. (2003). Increased
fetal adiposity: a very sensitive marker of abnormal in utero development. Am.
J. Obstet. Gynecol. 189, 1698-1704. doi: 10.1016/S0002-9378(03)00828-7

Catalano, P. M., Thomas, A. J., Huston, L. P., and Fung, C. M. (1998). Effect of
maternal metabolism on fetal growth and body composition. Diabetes Care
21(Suppl. 2), B85-B90.

Chalasani, N., Younossi, Z., Lavine, J. E., Diehl, A. M., Brunt, E. M., Cusi, K.,
etal. (2012). The diagnosis and management of non-alcoholic fatty liver disease:
practice guideline by the american association for the study of liver diseases,
american college of gastroenterology, and the american gastroenterological
association. Hepatology 55, 2005-2023. doi: 10.1002/hep.25762

Chandler-Laney, P. C., Bush, N. C., Rouse, D. J., Mancuso, M. S., and Gower, B. A.
(2011). Maternal glucose concentration during pregnancy predicts fat and lean
mass of prepubertal offspring. Diabetes Care 34, 741-745. doi: 10.2337/dc10-
1503

Chirico, A. M., and Stunkard, A. J. (1960). Physical activity and human obesity.
N. Engl. ]. Med. 263, 935-940. doi: 10.1056/NEJM196011102631902

Church, T. S., Thomas, D. M., Tudor-Locke, C., Katzmarzyk, P. T., Earnest, C. P.,
Rodarte, R. Q., et al. (2011). Trends over 5 decades in U.S. occupation-related
physical activity and their associations with obesity. PLoS One 6:¢19657. doi:
10.1371/journal.pone.0019657

Cigolini, M., Cavallo, E., Zancanaro, C., Micciolo, R, Benati, D., and
Bosello, O. (1985). Starvation-induced insulin resistance: influence on 3-O-
methylglucose transport. Acta Diabetol. Lat. 22, 351-355. doi: 10.1007/BF02
624754

Cisse, O., Fajardy, I, Dickes-Coopman, A., Moitrot, E., Montel, V., Deloof, S.,
etal. (2013). Mild gestational hyperglycemia in rat induces fetal overgrowth and
modulates placental growth factors and nutrient transporters expression. PLoS
One 8:€64251. doi: 10.1371/journal.pone.0064251

Claret, M., Smith, M. A, Batterham, R. L., Selman, C., Choudhury, A. I, Fryer,
L. G. D, etal. (2007). AMPK is essential for energy homeostasis regulation and
glucose sensing by POMC and AgRP neurons. J. Clin. Investig. 117, 2325-2336.
doi: 10.1172/JCI31516

Cobb, W. S., Burns, J. M., Kercher, K. W., Matthews, B. D., James Norton, H., and
Todd Heniford, B. (2005). Normal intraabdominal pressure in healthy adults.
J. Surg. Res. 129, 231-235. doi: 10.1016/j.js5.2005.06.015

Colberg, S. R, Sigal, R. J., Yardley, J. E., Riddell, M. C., Dunstan, D. W., Dempsey,
P. C., et al. (2016). Physical activity/exercise and diabetes: a position statement
of the american diabetes association. Diabetes Care 39, 2065-2079. doi: 10.2337/
dc16-1728

Cordero, L., Franco, A. Joy, S. D., and O’shaughnessy, R. W. (2005).
Monochorionic diamniotic infants without twin-to-twin transfusion syndrome.
J. Perinatol. 25, 753-758. doi: 10.1038/sj.jp.7211405

Frontiers in Physiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1152/ajpendo.1988.255.6.E769
https://doi.org/10.3168/jds.S0022-0302(80)83111-0
https://doi.org/10.3168/jds.S0022-0302(80)83111-0
https://doi.org/10.1249/MSS.0000000000001368
https://doi.org/10.1249/MSS.0000000000001368
https://doi.org/10.1093/ansci/65.suppl_2.186
https://doi.org/10.1371/journal.pone.0094181
https://doi.org/10.3945/ajcn.112.057075
https://doi.org/10.1210/jc.2009-1005
https://doi.org/10.1152/japplphysiol.00698.2011
https://doi.org/10.1371/journal.pctr.0010027
https://doi.org/10.2337/db08-0263
https://doi.org/10.1172/JCI111982
https://doi.org/10.1016/j.physbeh.2015.05.031
https://doi.org/10.1016/j.physbeh.2015.05.031
https://doi.org/10.1079/PNS2003286
https://doi.org/10.1146/annurev.ecolsys.39.110707.173441
https://doi.org/10.1146/annurev.ecolsys.39.110707.173441
https://doi.org/10.1055/s-2000-8847
https://doi.org/10.1001/jama.286.10.1218
https://doi.org/10.1001/jama.286.10.1218
https://doi.org/10.1007/s00125-003-1160-2
https://doi.org/10.1007/s00125-003-1160-2
https://doi.org/10.1086/678083
https://doi.org/10.1152/ajpendo.1981.240.2.E184
https://doi.org/10.1093/ajcn/79.4.537
https://doi.org/10.1136/bmj.2.5804.25
https://doi.org/10.1016/S0305-0491(98)00025-X
https://doi.org/10.1016/S0305-0491(98)00025-X
https://doi.org/10.1038/oby.2007.364
https://doi.org/10.1038/oby.2007.364
https://doi.org/10.1073/pnas.71.8.3073
https://doi.org/10.1016/j.ajog.2010.11.039
https://doi.org/10.1016/S0002-9378(03)00828-7
https://doi.org/10.1002/hep.25762
https://doi.org/10.2337/dc10-1503
https://doi.org/10.2337/dc10-1503
https://doi.org/10.1056/NEJM196011102631902
https://doi.org/10.1371/journal.pone.0019657
https://doi.org/10.1371/journal.pone.0019657
https://doi.org/10.1007/BF02624754
https://doi.org/10.1007/BF02624754
https://doi.org/10.1371/journal.pone.0064251
https://doi.org/10.1172/JCI31516
https://doi.org/10.1016/j.jss.2005.06.015
https://doi.org/10.2337/dc16-1728
https://doi.org/10.2337/dc16-1728
https://doi.org/10.1038/sj.jp.7211405
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Archer et al.

Competition for Calories

Cryer, P. E. (2007). Hypoglycemia, functional brain failure, and brain death. J. Clin.
Investig. 117, 868-870. doi: 10.1172/JCI31669

Dabelea, D., Hanson, R. L., Lindsay, R. S., Pettitt, D. J., Imperatore, G., Gabir,
M. M., et al. (2000). Intrauterine exposure to diabetes conveys risks for type
2 diabetes and obesity: a study of discordant sibships. Diabetes Metab. Res. Rev.
49, 2208-2211. doi: 10.2337/diabetes.49.12.2208

Darwin, C. (1859). On the Origin of Species by Means of Natural Selection, or the
Preservation of Favoured Races in the Struggle for Life. London: John Murray.

Davis, C. L., Pollock, N. K., Waller, J. L., Allison, J. D., Dennis, B. A., Bassali, R.,
et al. (2012). Exercise dose and diabetes risk in overweight and obese children:
a randomized controlled trial. JAMA 308, 1103-1112. doi: 10.1001/2012.jama.
10762

DeFronzo, R. A. (1988). Lilly lecture 1987. The triumvirate: beta-cell, muscle, liver.
A collusion responsible for NIDDM. Diabetes 37, 667-687. doi: 10.2337/diab.
37.6.667

DeFronzo, R. A., Bonadonna, R. C.,, and Ferrannini, E. (1992). Pathogenesis of
NIDDM. A balanced overview. Diabetes Care 15, 318-368. doi: 10.2337/diacare.
15.3.318

DeFronzo, R. A., and Tripathy, D. (2009). Skeletal muscle insulin resistance is the
primary defect in type 2 diabetes. Diabetes Care 32, S157-S163. doi: 10.2337/
dc09-S302

Devlin, J. T., Hirshman, M., Horton, E. D., and Horton, E. S. (1987). Enhanced
peripheral and splanchnic insulin sensitivity in NIDDM men after single bout
of exercise. Diabetes Metab. Res. Rev. 36, 434-439.

Downey, M. (2015). The Putative 104 Causes of Obesity Update. Available at:
http://www.downeyobesityreport.com/2015/10/the- putative- 104- causes- of-
obesity-update/ [accessed June 20, 2018].

Dube, J. J., Amati, F., Stefanovic-Racic, M., Toledo, F. G., Sauers, S. E., and
Goodpaster, B. H. (2008). Exercise-induced alterations in intramyocellular
lipids and insulin resistance: the athlete’s paradox revisited. Am. J. Physiol.
Endocrinol. Metab. 294, E882-E888. doi: 10.1152/ajpendo.00769.2007

Edholm, O. G,, Fletcher, J. G., Widdowson, E. M., and Mccance, R. A. (1955). The
energy expenditure and food intake of individual men. Br. J. Nutr. 9, 286-300.
doi: 10.1079/BJN19550040

Egan, B., and Zierath, J. R. (2013). Exercise metabolism and the molecular
regulation of skeletal muscle adaptation. Cell Metabol. 17, 162-184. doi: 10.
1016/j.cmet.2012.12.012

Egeland, G. M., and Meltzer, S. J. (2010). Following in mother’s footsteps? Mother-
daughter risks for insulin resistance and cardiovascular disease 15 years after
gestational diabetes. Diabet. Med. 27, 257-265. doi: 10.1111/j.1464-5491.2010.
02944.x

Elia, M. (1992). “Organ and tissue contribution to metabolic rate,” in Energy
Metabolism: Tissue Determinants and Cellular Corollaries, eds J. Kinney and H.
Tucker (New York, NY: Raven Press), 61-80.

Elia, M., Stubbs, R. J., and Henry, C. J. K. (1999). Differences in fat, carbohydrate,
and protein metabolism between lean and obese subjects undergoing
total starvation. Obes. Res. 7, 597-604. doi: 10.1002/j.1550-8528.1999.tb0
0720.x

Elmquist, J. K., Elias, C. F., and Saper, C. B. (1999). From lesions to leptin:
hypothalamic control of food intake and body weight. Neuron 22, 221-232.
doi: 10.1016/S0896-6273(00)81084-3

Ertelt, A., Barton, A. K, Schmitz, R. R, and Gehlen, H. (2014). Metabolic
syndrome: is equine disease comparable to what we know in humans? Endocr
Connect. 3, R81-R93. doi: 10.1530/EC-14-0038

Evenson, K. R, Savitz, D. A., and Huston, S. L. (2004). Leisure-time physical activity
among pregnant women in the US. Paediatr. Perinat. Epidemiol. 18, 400-407.
doi: 10.1111/j.1365-3016.2004.00595.x

Falconer, D. S. (1965). The inheritance of liability to certain diseases, estimated
from the incidence among relatives. Ann. Hum. Genet. 29, 51-76. doi: 10.1111/
j.1469-1809.1965.tb00500.x

Falconer, D. S. (1967). The inheritance of liability to diseases with variable age of
onset, with particular reference to diabetes mellitus. Ann. Hum. Genet. 31, 1-20.
doi: 10.1111/§.1469-1809.1967.tb02015.x

Falconer, D. S. (1973). Replicated selection for body weight in mice. Genet. Res. 22,
291-321. doi: 10.1017/S0016672300013094

Falconer, D. S., Gauld, L. K., and Roberts, R. C. (1978). Cell numbers and cell sizes
in organs of mice selected for large and small body size. Genet. Res. 31, 287-301.
doi: 10.1017/S0016672300018061

»
>

Fedewa, M. V., Gist, N. H., Evans, E. M., and Dishman, R. K. (2014). Exercise
and insulin resistance in youth: a meta-analysis. Pediatrics 133, el63-el74.
doi: 10.1542/peds.2013-2718

Feinberg, E. C., Larsen, F. W., Catherino, W. H., Zhang, J., and Armstrong,
A. Y. (2006). Comparison of assisted reproductive technology utilization and
outcomes between Caucasian and African American patients in an equal-
access-to-care setting. Fertil. Steril. 85, 888-894. doi: 10.1016/j.fertnstert.2005.
10.028

Ferraro, Z. M. (2013). An examination of maternal contributors and potential
modifiers of fetal growth in pregnancy. Appl. Physiol. Nutr. Metab. 38:360.
doi: 10.1139/apnm-2012-0426

Fildes, A., Charlton, J., Rudisill, C., Littlejohns, P., Prevost, A. T., and Gulliford,
M. C. (2015). Probability of an obese person attaining normal body weight:
cohort study using electronic health records. Am. J. Public Health 105, e54-e59.
doi: 10.2105/AJPH.2015.302773

Flather, C. H., Knowles, M. S., and Brady, S. J. (2009). Population and Harvest
Trends of Big Game and Small Game Species: A Technical Document Supporting
The USDA Forest Service Interim Update of the 2000 RPA Assessment. General
Technical Report RMRS-GTR-219. Fort Collins, CO: U.S. Department of
Agriculture.

Forbes, G. B. (2000). Body fat content influences the body composition response to
nutrition and exercise. Ann. N. Y. Acad. Sci. 904, 359-365. doi: 10.1111/.1749-
6632.2000.tb06482.x

Fothergill, E., Guo, J., Howard, L., Kerns, J. C., Knuth, N. D., Brychta, R,
et al. (2016). Persistent metabolic adaptation 6 years after “The Biggest Loser”
competition. Obesity 24, 1612-1619. doi: 10.1002/0by.21538

Fox, C. W.,, and Mousseau, T. A. (1998). “Maternal effects as adaptations
for transgenerational phenotypic plasticity (TPP),” in Maternal Effects as
Adaptations, eds T. A. Mousseau and C. W. Fox (New York: Oxford University
Press), 159-177.

Freeman, E. D., Larsen, R. T., Clegg, K., and Mcmillan, B. R. (2013). Long-lasting
effects of maternal condition in free-ranging cervids. PLoS One 8:¢58373. doi:
10.1371/journal.pone.0058373

Freinkel, N., and Goodner, C. J. (1962). Insulin metabolism and pregnancy.
Arch. Intern. Med. 109, 235-244. doi: 10.1001/archinte.1962.036201401
07014

Friedman, M. I. (1995). Control of energy intake by energy metabolism. Am. J. Clin.
Nutr. 62, 10965-1100S. doi: 10.1093/ajcn/62.5.1096S

Friedman, M. 1. (2008). An energy sensor for control of energy intake. Proc. Nutr.
Soc. 56, 41-50. doi: 10.1079/PNS19970008

Friedman, M. 1., Harris, R. B., Ji, H., Ramirez, 1., and Tordoff, M. G. (1999).
Fatty acid oxidation affects food intake by altering hepatic energy status. Am.
J. Physiol. 276, R1046-R1053. doi: 10.1152/ajpregu.1999.276.4.R1046

Friedrichsen, M., Mortensen, B., Pehmoller, C., Birk, J. B., and Wojtaszewski, J. F.
(2013). Exercise-induced AMPK activity in skeletal muscle: role in glucose
uptake and insulin sensitivity. Mol. Cell. Endocrinol. 366, 204-214. doi: 10.1016/
j.mce.2012.06.013

Frontera, W. R., Meredith, C. N., O’reilly, K. P., Knuttgen, H. G., and Evans, W. J.
(1988). Strength conditioning in older men: skeletal muscle hypertrophy and
improved function. J. Appl. Physiol. 64, 1038-1044. doi: 10.1152/jappl.1988.64.
3.1038

Galassetti, P., Coker, R. H., Lacy, D. B., Cherrington, A. D., and Wasserman, D. H.
(1999). Prior exercise increases net hepatic glucose uptake during a glucose load.
Am. J. Physiol. 276, E1022-E1029. doi: 10.1152/ajpend0.1999.276.6.E1022

Galgani, J. E., Moro, C., and Ravussin, E. (2008). Metabolic flexibility and insulin
resistance. Am. J. Physiol. Endocrinol. Metab. 295, E1009-E1017. doi: 10.1152/
ajpendo.90558.2008

Gardner, D. S., Buttery, P. ., Daniel, Z., and Symonds, M. E. (2007). Factors
affecting birth weight in sheep: maternal environment. Reproduction 133,
297-307. doi: 10.1530/REP-06-0042

Garg, M., Thamotharan, M., Dai, Y., Lee, P. W., and Devaskar, S. U. (2013).
Embryo-transfer of the F2 postnatal calorie restricted female rat offspring
into a control intra-uterine environment normalizes the metabolic phenotype.
Metabolism 62, 432-441. doi: 10.1016/j.metabol.2012.08.026

Gavin, K. M., Gutman, J. A., Kohrt, W. M., Wei, Q., Shea, K. L., Miller, H. L., et al.
(2016). De novo generation of adipocytes from circulating progenitor cells in
mouse and human adipose tissue. FASEB J. 30, 1096-1108. doi: 10.1096/fj.15-
278994

Frontiers in Physiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1172/JCI31669
https://doi.org/10.2337/diabetes.49.12.2208
https://doi.org/10.1001/2012.jama.10762
https://doi.org/10.1001/2012.jama.10762
https://doi.org/10.2337/diab.37.6.667
https://doi.org/10.2337/diab.37.6.667
https://doi.org/10.2337/diacare.15.3.318
https://doi.org/10.2337/diacare.15.3.318
https://doi.org/10.2337/dc09-S302
https://doi.org/10.2337/dc09-S302
http://www.downeyobesityreport.com/2015/10/the-putative-104-causes-of-obesity-update/
http://www.downeyobesityreport.com/2015/10/the-putative-104-causes-of-obesity-update/
https://doi.org/10.1152/ajpendo.00769.2007
https://doi.org/10.1079/BJN19550040
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1111/j.1464-5491.2010.02944.x
https://doi.org/10.1111/j.1464-5491.2010.02944.x
https://doi.org/10.1002/j.1550-8528.1999.tb00720.x
https://doi.org/10.1002/j.1550-8528.1999.tb00720.x
https://doi.org/10.1016/S0896-6273(00)81084-3
https://doi.org/10.1530/EC-14-0038
https://doi.org/10.1111/j.1365-3016.2004.00595.x
https://doi.org/10.1111/j.1469-1809.1965.tb00500.x
https://doi.org/10.1111/j.1469-1809.1965.tb00500.x
https://doi.org/10.1111/j.1469-1809.1967.tb02015.x
https://doi.org/10.1017/S0016672300013094
https://doi.org/10.1017/S0016672300018061
https://doi.org/10.1542/peds.2013-2718
https://doi.org/10.1016/j.fertnstert.2005.10.028
https://doi.org/10.1016/j.fertnstert.2005.10.028
https://doi.org/10.1139/apnm-2012-0426
https://doi.org/10.2105/AJPH.2015.302773
https://doi.org/10.1111/j.1749-6632.2000.tb06482.x
https://doi.org/10.1111/j.1749-6632.2000.tb06482.x
https://doi.org/10.1002/oby.21538
https://doi.org/10.1371/journal.pone.0058373
https://doi.org/10.1371/journal.pone.0058373
https://doi.org/10.1001/archinte.1962.03620140107014
https://doi.org/10.1001/archinte.1962.03620140107014
https://doi.org/10.1093/ajcn/62.5.1096S
https://doi.org/10.1079/PNS19970008
https://doi.org/10.1152/ajpregu.1999.276.4.R1046
https://doi.org/10.1016/j.mce.2012.06.013
https://doi.org/10.1016/j.mce.2012.06.013
https://doi.org/10.1152/jappl.1988.64.3.1038
https://doi.org/10.1152/jappl.1988.64.3.1038
https://doi.org/10.1152/ajpendo.1999.276.6.E1022
https://doi.org/10.1152/ajpendo.90558.2008
https://doi.org/10.1152/ajpendo.90558.2008
https://doi.org/10.1530/REP-06-0042
https://doi.org/10.1016/j.metabol.2012.08.026
https://doi.org/10.1096/fj.15-278994
https://doi.org/10.1096/fj.15-278994
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Archer et al.

Competition for Calories

Ginsberg-Fellner, F. (1981). Growth of adipose tissue in infants, children and
adolescents: variations in growth disorders. Int. J. Obes. 5, 605-611.

Goodman, M. N,, and Ruderman, N. B. (1979). Insulin sensitivity of rat skeletal
muscle: effects of starvation and aging. Am. J. Physiol. Endocrinol. Metab.
236:E519-E523. doi: 10.1152/ajpend0.1979.236.5.E519

Goodpaster, B. H., and Sparks, L. M. (2017). Metabolic flexibility in health and
disease. Cell Metabol. 25, 1027-1036. doi: 10.1016/j.cmet.2017.04.015

Greene, J. A. (1939). Clinical study of the etiology of obesity. Ann. Intern. Med. 12,
1797-1803. doi: 10.7326/0003-4819-12-11-1797

Haakstad, L. A., Nanna, V., Tore, H., and Kari, B. (2007). Physical activity level and
weight gain in a cohort of pregnant Norwegian women. Acta Obstet. Gynecol.
Scand. 86, 559-564. doi: 10.1080/00016340601185301

Hager, A. (1981). Adipose tissue cellularity in childhood in relation to
the development of obesity. Br. Med. Bull. 37, 287-290. doi: 10.1093/
oxfordjournals.bmb.a071716

Hager, A., Sjorstrom, L., Arvidsson, B., Bjérntorp, P., and Smith, U. (1978). Adipose
tissue cellularity in obese school girls before and after dietary treatment. Am. J.
Clin. Nutr. 31, 68-75. doi: 10.1093/ajcn/31.1.68

Halas, V., Dijkstra, J., Babinszky, L., Verstegen, M. W. A,, and Gerrits, W. J. J.
(2007). Modelling of nutrient partitioning in growing pigs to predict their
anatomical body composition. 2. model evaluation. Br. J. Nutr. 92, 725-734.
doi: 10.1079/BJN20041238

Hallsworth, K., Fattakhova, G., Hollingsworth, K. G., Thoma, C., Moore, S.,
Taylor, R, et al. (2011). Resistance exercise reduces liver fat and its mediators in
non-alcoholic fatty liver disease independent of weight loss. Gut 60, 1278-1283.
doi: 10.1136/gut.2011.242073

Hawley, J. A., Hargreaves, M., Joyner, M. ], and Zierath, J. R. (2014). Integrative
biology of exercise. Cell 159, 738-749. doi: 10.1016/j.cell.2014.10.029

Hay, W. W. Jr. (2006). Placental-fetal glucose exchange and fetal glucose
metabolism. Trans. Am. Clin. Climatol. Assoc. 117, 321-339; discussion
339-340.

Heilbronn, L., Smith, S. R., and Ravussin, E. (2004). Failure of fat cell proliferation,
mitochondrial function and fat oxidation results in ectopic fat storage, insulin
resistance and type II diabetes mellitus. Int. J. Obes. Relat. Metab. Disord.
28(Suppl. 4), S12-S21. doi: 10.1038/sj.ij0.0802853

Herberg, L., and Coleman, D. L. (1977). Laboratory animals exhibiting obesity and
diabetes syndromes. Metabolism 26, 59-99. doi: 10.1016/0026-0495(77)90128-7

Herrera, E., and Amusquivar, E. (2000). Lipid metabolism in the fetus and
the newborn. Diabetes Metab. Res. Rev. 16, 202-210. doi: 10.1002/1520-
7560(200005/06)16:3<202::AID-DMRR116>3.0.CO;2-#

Heymsfield, S. B., Fong, T. M., Gantz, I, and Erondu, N. (2006). Fat and energy
partitioning: longitudinal observations in leptin-treated adults homozygous for
a Lep mutation. Obesity 14, 258-265. doi: 10.1038/0by.2006.33

Hill, J. O. (2006). Understanding and addressing the epidemic of obesity: an energy
balance perspective. Endocr. Rev. 27, 750-761. doi: 10.1210/er.2006-0032

Hill, J. O., and Peters, J. C. (1998). Environmental contributions to the obesity
epidemic. Science 280, 1371-1374. doi: 10.1126/science.280.5368.1371

Hill, J. O., Wyatt, H. R, Reed, G. W., and Peters, J. C. (2003). Obesity and the
environment: where do we go from here? Science 299, 853-855. doi: 10.1126/
science.1079857

Hill, K., Hawkes, K., Hurtado, M., and Kaplan, H. (1984). Seasonal variance in
the diet of ache hunter-gatherers in Eastern paraguay. Hum. Ecol. 12, 101-135.
doi: 10.1007/BF01531269

Hocquette, J. F., Bas, P., Bauchart, D., Vermorel, M., and Geay, Y. (1999). Fat
partitioning and biochemical characteristics of fatty tissues in relation to plasma
metabolites and hormones in normal and double-muscled young growing bulls.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 122, 127-138. doi: 10.1016/
$1095-6433(98)10172-1

Hocquette, J. F., Tesseraud, S., Cassar-Malek, I,
Ortigues-Marty, 1. (2007). Responses to nutrients
implications for production and quality. Animal 1,
doi: 10.1017/81751731107000602

Hoenig, M. (2014). Comparative aspects of human, canine, and feline obesity and
factors predicting progression to diabetes. Vet. Sci. 1, 121-135. doi: 10.3390/
vetscil020121

Hogue, C. J. R, and Hargraves, M. A. (1995). Preterm birth in the African-
American community. Semin. Perinatol. 19, 255-262. doi: 10.1016/S0146-
0005(05)80039-4

Chilliard, Y., and
in farm animals:
1297-1313.

Holloszy, J. O. (2005). Exercise-induced increase in muscle insulin
sensitivity. J. Appl. Physiol. 99, 338-343. doi: 10.1152/japplphysiol.001
23.2005

Huang, Y., Zhao, J. X,, Yan, X., Zhu, M. J,, Long, N. M., Mccormick, R. J., et al.
(2012). Maternal obesity enhances collagen accumulation and cross-linking in
skeletal muscle of ovine offspring. PLoS One 7:€31691. doi: 10.1371/journal.
pone.0031691

Ichikawa, M. (1981). Ecological and sociological importance of honey to the Mbuti
net hunters, Eastern Zaire. Afr. Study Monogr. 1, 55-68.

Ingle, D. J. (1949). A simple means of producing obesity in the rat. Proc. Soc. Exp.
Biol. Med. 72, 604-605. doi: 10.3181/00379727-72-17513

Irwin, M. L., Yasui, Y., Ulrich, C. M., Bowen, D., Rudolph, R. E., and Schwartz,
R. S. (2003). Effect of exercise on total and intra-abdominal body fat in
postmenopausal women: a randomized controlled trial. JAMA 289, 323-330.
doi: 10.1001/jama.289.3.323

Ivy, J. L. (1987). The insulin-like effect of muscle contraction. Exerc. Sport Sci. Rev.
15, 29-51. doi: 10.1249/00003677-198700150-00005

Ivy, J. L. (1991). Muscle glycogen synthesis before and after exercise. Sports Med.
11, 6-19. doi: 10.2165/00007256-199111010-00002

Ivy, J. L. (2004). Muscle insulin resistance amended with exercise training: role of
GLUT4 expression. Med. Sci. Sports Exerc. 36, 1207-1211.

Ivy, J. L., and Holloszy, J. O. (1981). Persistent increase in glucose uptake by rat
skeletal muscle following exercise. Am. J. Physiol. Cell Physiol. 241, C200-C203.
doi: 10.1152/ajpcell.1981.241.5.C200

Ivy, J. L., and Kuo, C. H. (1998). Regulation of GLUT4 protein and glycogen
synthase during muscle glycogen synthesis after exercise. Acta Physiol. Scand.
162, 295-304. doi: 10.1046/j.1365-201X.1998.0302e.x

Jackman, M. R., Kramer, R. E.,, Maclean, P. S., and Bessesen, D. H. (2006).
Trafficking of dietary fat in obesity-prone and obesity-resistant rats. Am. J.
Physiol. Endocrinol. Metab. 291, E1083-E1091. doi: 10.1152/ajpendo.00159.
2006

Jackman, M. R, Steig, A., Higgins, J. A., Johnson, G. C., Fleming-Elder, B. K.,
Bessesen, D. H., et al. (2008). Weight regain after sustained weight reduction is
accompanied by suppressed oxidation of dietary fat and adipocyte hyperplasia.
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 294, R1117-R1129. doi: 10.1152/
ajpregu.00808.2007

James, D. E., Jenkins, A. B., and Kraegen, E. W. (1985). Heterogeneity of insulin
action in individual muscles in vivo: euglycemic clamp studies in rats. Am. J.
Physiol. Endocrinol. Metab. 248, E567-E574. doi: 10.1152/ajpendo.1985.248.5.
E567

Jensen, J., Rustad, P. I., Kolnes, A. J., and Lai, Y. C. (2011). The role of skeletal
muscle glycogen breakdown for regulation of insulin sensitivity by exercise.
Front. Physiol. 2:112. doi: 10.3389/fphys.2011.00112

Jensen, M. D. (2003). Fate of fatty acids at rest and during exercise: regulatory
mechanisms. Acta Physiol. Scand. 178, 385-390. doi: 10.1046/j.1365-201X.2003.
01167.x

Jensen, M. D., Haymond, M. W., Rizza, R. A,, Cryer, P. E., and Miles, J. M. (1989).
Influence of body fat distribution on free fatty acid metabolism in obesity.
J. Clin. Investig. 83, 1168-1173. doi: 10.1172/JCI113997

Jensen, T. E., and Richter, E. A. (2011). Regulation of glucose and glycogen
metabolism during and after exercise. J. Physiol. 59, 1069-1076.

Kalkhoff, R. K. (1991). Impact of maternal fuels and nutritional state on fetal
growth. Diabetes Metab. Res. Rev. 40(Suppl. 2), 61-65. doi: 10.2337/diab.
40.2.561

Keating, S. E., Hackett, D. A., George, J., and Johnson, N. A. (2012). Exercise
and non-alcoholic fatty liver disease: a systematic review and meta-analysis.
J. Hepatol. 57, 157-166. doi: 10.1016/j.jhep.2012.02.023

Kelley, D. E., Goodpaster, B., Wing, R. R., and Simoneau, J.-A. (1999). Skeletal
muscle fatty acid metabolism in association with insulin resistance, obesity,
and weight loss. Am. J. Physiol. Endocrinol. Metab. 277, E1130-E1141.
doi: 10.1152/ajpendo.1999.277.6.E1130

Kervran, A., Guillaume, M., and Jost, A. (1978). The endocrine pancreas of the
fetus from diabetic pregnant rat. Diabetologia 15, 387-393. doi: 10.1007/BF01
219648

Kilpelainen, T. O., Qi, L., Brage, S., Sharp, S. J., Sonestedt, E., Demerath, E., et al.
(2011). Physical activity attenuates the influence of FTO variants on obesity risk:
a meta-analysis of 218,166 adults and 19,268 children. PLoS Med. 8:¢1001116.
doi: 10.1371/journal.pmed.1001116

Frontiers in Physiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1152/ajpendo.1979.236.5.E519
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.7326/0003-4819-12-11-1797
https://doi.org/10.1080/00016340601185301
https://doi.org/10.1093/oxfordjournals.bmb.a071716
https://doi.org/10.1093/oxfordjournals.bmb.a071716
https://doi.org/10.1093/ajcn/31.1.68
https://doi.org/10.1079/BJN20041238
https://doi.org/10.1136/gut.2011.242073
https://doi.org/10.1016/j.cell.2014.10.029
https://doi.org/10.1038/sj.ijo.0802853
https://doi.org/10.1016/0026-0495(77)90128-7
https://doi.org/10.1002/1520-7560(200005/06)16:3<202::AID-DMRR116>3.0.CO;2-
https://doi.org/10.1002/1520-7560(200005/06)16:3<202::AID-DMRR116>3.0.CO;2-
https://doi.org/10.1038/oby.2006.33
https://doi.org/10.1210/er.2006-0032
https://doi.org/10.1126/science.280.5368.1371
https://doi.org/10.1126/science.1079857
https://doi.org/10.1126/science.1079857
https://doi.org/10.1007/BF01531269
https://doi.org/10.1016/S1095-6433(98)10172-1
https://doi.org/10.1016/S1095-6433(98)10172-1
https://doi.org/10.1017/S1751731107000602
https://doi.org/10.3390/vetsci1020121
https://doi.org/10.3390/vetsci1020121
https://doi.org/10.1016/S0146-0005(05)80039-4
https://doi.org/10.1016/S0146-0005(05)80039-4
https://doi.org/10.1152/japplphysiol.00123.2005
https://doi.org/10.1152/japplphysiol.00123.2005
https://doi.org/10.1371/journal.pone.0031691
https://doi.org/10.1371/journal.pone.0031691
https://doi.org/10.3181/00379727-72-17513
https://doi.org/10.1001/jama.289.3.323
https://doi.org/10.1249/00003677-198700150-00005
https://doi.org/10.2165/00007256-199111010-00002
https://doi.org/10.1152/ajpcell.1981.241.5.C200
https://doi.org/10.1046/j.1365-201X.1998.0302e.x
https://doi.org/10.1152/ajpendo.00159.2006
https://doi.org/10.1152/ajpendo.00159.2006
https://doi.org/10.1152/ajpregu.00808.2007
https://doi.org/10.1152/ajpregu.00808.2007
https://doi.org/10.1152/ajpendo.1985.248.5.E567
https://doi.org/10.1152/ajpendo.1985.248.5.E567
https://doi.org/10.3389/fphys.2011.00112
https://doi.org/10.1046/j.1365-201X.2003.01167.x
https://doi.org/10.1046/j.1365-201X.2003.01167.x
https://doi.org/10.1172/JCI113997
https://doi.org/10.2337/diab.40.2.S61
https://doi.org/10.2337/diab.40.2.S61
https://doi.org/10.1016/j.jhep.2012.02.023
https://doi.org/10.1152/ajpendo.1999.277.6.E1130
https://doi.org/10.1007/BF01219648
https://doi.org/10.1007/BF01219648
https://doi.org/10.1371/journal.pmed.1001116
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Archer et al.

Competition for Calories

Kimm, S. Y., Glynn, N. W, Kriska, A. M., Barton, B. A., Kronsberg, S. S., Daniels,
S. R, et al. (2002). Decline in physical activity in black girls and white girls
during adolescence. N. Engl. J. Med. 347,709-715. doi: 10.1056/NEJM0a003277

Klimentidis, Y. C., Beasley, T. M., Lin, H. Y., Murati, G., Glass, G. E., Guyton, M.,
etal. (2011). Canaries in the coal mine: a cross-species analysis of the plurality of
obesity epidemics. Proc. Biol. Sci. 278, 1626-1632. doi: 10.1098/rspb.2010.1890

Knittle, J. L., Timmers, K., Ginsberg-Fellner, F., Brown, R. E., and Katz, D. P. (1979).
The growth of adipose tissue in children and adolescents. Cross-sectional and
longitudinal studies of adipose cell number and size. J. Clin. Invest. 63, 239-246.
doi: 10.1172/JCI109295

Koves, T. R., Ussher, J. R., Noland, R. C,, Slentz, D., Mosedale, M., Ilkayeva, O., et al.
(2008). Mitochondrial overload and incomplete fatty acid oxidation contribute
to skeletal muscle insulin resistance. Cell Metabol. 7, 45-56. doi: 10.1016/j.cmet.
2007.10.013

Kozusko, F. P. (2002). The effects of body composition on setpoint based weight
loss. Math. Comput. Model. 35, 973-982. doi: 10.1016/S0895-7177(02)00064-X

Kral, J. G., Biron, S., Simard, S., Hould, F.-S., Lebel, S., Marceau, S., et al.
(2006). Large maternal weight loss from obesity surgery prevents transmission
of obesity to children who were followed for 2 to 18 years. Pediatrics 118,
e1644-e1649. doi: 10.1542/peds.2006-1379

Krogh-Madsen, R., Pedersen, M., Solomon, T. P., Knudsen, S. H., Hansen, L. S.,
Karstoft, K., et al. (2014). Normal physical activity obliterates the deleterious
effects of a high-caloric intake. J. Appl. Physiol. 116, 231-239. doi: 10.1152/
japplphysiol.00155.2013

Krogh-Madsen, R., Thyfault, J. P., Broholm, C., Mortensen, O. H., Olsen, R. H.,
Mounier, R., et al. (2010). A 2-wk reduction of ambulatory activity attenuates
peripheral insulin sensitivity. . Appl. Physiol. 108, 1034-1040. doi: 10.1152/
japplphysiol.00977.2009

Laharrague, P., and Casteilla, L. (2010). The emergence of adipocytes. Endocr. Dev.
19, 21-30. doi: 10.1159/000316894

Langhans, W. (1996). Role of the liver in the metabolic control of eating: what
we know—and what we do not know. Neurosci. Biobehav. Rev. 20, 145-153.
doi: 10.1016/0149-7634(95)00045-G

Larson-Meyer, D. E., Heilbronn, L. K., Redman, L. M., Newcomer, B. R,, Frisard,
M. 1, Anton, S., et al. (2006). Effect of calorie restriction with or without
exercise on insulin sensitivity, B-cell function, fat cell size, and ectopic lipid in
overweight subjects. Diabetes Care 29, 1337-1344. doi: 10.2337/dc05-2565

Leibowitz, S. F., Hammer, N. J, and Chang, K. (1981). Hypothalamic
paraventricular nucleus lesions produce overeating and obesity in the rat.
Physiol. Behav. 27, 1031-1040. doi: 10.1016/0031-9384(81)90366- 8

Limesand, S. W., Rozance, P. J., Macko, A. R., Anderson, M. ., Kelly, A. C,, Hay,
W. W. Jr,, et al. (2013). Reductions in insulin concentrations and beta-cell
mass precede growth restriction in sheep fetuses with placental insufficiency.
Am. J. Physiol. Endocrinol. Metab. 304, E516-E523. doi: 10.1152/ajpendo.004
35.2012

Liu, G., Dunnington, E. A., and Siegel, P. B. (1993). Maternal effects and heterosis
for growth in reciprocal cross populations of chickens. J. Anim. Breed. Genet.
110, 423-428. doi: 10.1111/j.1439-0388.1993.tb00755.x

Long, N. M,, Rule, D. C., Zhu, M. J., Nathanielsz, P. W., and Ford, S. P. (2012).
Maternal obesity upregulates fatty acid and glucose transporters and increases
expression of enzymes mediating fatty acid biosynthesis in fetal adipose tissue
depots. J. Anim. Sci. 90, 2201-2210. doi: 10.2527/jas.2011-4343

Lu, M. C,, and Halfon, N. (2003). Racial and ethnic disparities in birth outcomes:
a life-course perspective. Matern. Child Health ]. 7, 13-30. doi: 10.1023/A:
1022537516969

Maehlum, S., Felig, P., and Wahren, J. (1978). Splanchnic glucose and muscle
glycogen metabolism after glucose feeding during postexercise recovery. Am.
J. Physiol. 235, E255-E260. doi: 10.1152/ajpendo.1978.235.3.E255

Magkos, F. (2010). Exercise and fat accumulation in the human liver. Curr. Opin.
Lipidol. 21, 507-517. doi: 10.1097/MOL.0b013e32833ea912

Malina, R. M., and Little, B. B. (2008). Physical activity: the present in the context
of the past. Am. J. Hum. Biol. 20, 373-391. doi: 10.1002/ajhb.20772

Maria, G. A., Boldman, K. G., and Van Vleck, L. D. (1993). Estimates of variances
due to direct and maternal effects for growth traits of Romanov sheep. J. Anim.
Sci. 71, 845-849. doi: 10.2527/1993.714845x

Marlowe, F. W., Berbesque, J. C., Wood, B., Crittenden, A., Porter, C., and
Mabulla, A. (2014). Honey, Hadza, hunter-gatherers, and human evolution.
J. Hum. Evol. 71, 119-128. doi: 10.1016/j.jhevol.2014.03.006

Martens, G. A., and Pipeleers, D. (2009). Glucose, regulator of survival and
phenotype of pancreatic beta cells. Vitam. Horm. 80, 507-539. doi: 10.1016/
S0083-6729(08)00617-1

Mathew, H., Farr, O. M., and Mantzoros, C. S. (2016). Metabolic health and
weight: understanding metabolically unhealthy normal weight or metabolically
healthy obese patients. Metab. Clin. Exp. 65,73-80. doi: 10.1016/j.metabol.2015.
10.019

Matsumura, Y. (2001). Nutrition trends in Japan. Asia Pac. J. Clin. Nutr. 10(Suppl.),
$40-547. doi: 10.1046/j.1440-6047.2001.0100s1540.x

Mayer, J. (1953). Decreased activity and energy balance in the hereditary obesity-
diabetes syndrome of mice. Science 117, 504-505. doi: 10.1126/science.117.
3045.504

Mayer, J., Marshall, N. B, Vitale, J. J., Christensen, J. H., Mashayekhi, M. B.,
and Stare, F. J. (1954). Exercise, food intake and body weight in normal rats
and genetically obese adult mice. Am. J. Physiol. 177, 544-548. doi: 10.1152/
ajplegacy.1954.177.3.544

Mayer, J., Roy, P., and Mitra, K. P. (1956). Relation between caloric intake, body
weight, and physical work: studies in an industrial male population in West
Bengal. Am. J. Clin. Nutr. 4,169-175. doi: 10.1093/ajcn/4.2.169

McGlory, C., Von Allmen, M. T., Stokes, T., Morton, R. W., Hector, A. J., Lago,
B. A., etal. (2017). Failed recovery of glycemic control and myofibrillar protein
synthesis with 2 wk of physical inactivity in overweight, prediabetic older adults.
J. Gerontol. A 73, 1070-1077. doi: 10.1093/gerona/glx203

McLaughlin, T., Lamendola, C., Coghlan, N, Liu, T. C., Lerner, K., Sherman, A.,
et al. (2014). Subcutaneous adipose cell size and distribution: relationship to
insulin resistance and body fat. Obesity 22, 673-680. doi: 10.1002/0by.20209

Montoya-Alonso, J. A., Bautista-Castano, L, Pefia, C., Sudrez, L., Juste, M. C.,
and Tvarijonaviciute, A. (2017). Prevalence of canine obesity, obesity-related
metabolic dysfunction, and relationship with owner obesity in an obesogenic
region of spain. Front. Vet. Sci. 4:59. doi: 10.3389/fvets.2017.00059

Most, J., Gilmore, L. A., Altazan, A. D., St. Amant, M., Beyl, R. A,, Ravussin, E.,
et al. (2018). Propensity for adverse pregnancy outcomes in African-American
women may be explained by low energy expenditure in early pregnancy. Am. J.
Clin. Nutr. 107, 957-964. doi: 10.1093/ajcn/nqy053

Mousseau, T. A., and Fox, C. W. (1998). The adaptive significance of maternal
effects. Trends Ecol. Evol. 13, 403-407. doi: 10.1016/S0169-5347(98)01472-4

Mousseau, T. A., Uller, T., Wapstra, E., and Badyaev, A. V. (2009). Evolution
of maternal effects: past and present. Philos. Trans. R. Soc. B Biol. Sci. 364,
1035-1038. doi: 10.1098/rstb.2008.0303

Mukbherjee, S., Velez Edwards, D. R,, Baird, D. D., Savitz, D. A., and Hartmann,
K. E. (2013). Risk of miscarriage among black women and white women in a us
prospective cohort study. Am. J. Epidemiol. 177, 1271-1278. doi: 10.1093/aje/
kws393

Neel, J. V. (1962). Diabetes mellitus: a "thrifty" genotype rendered detrimental by
"progress"? Am. J. Hum. Genet. 14, 353-362.

NEHS (2015). Equine obesity levels continue to rise. Vet. Rec. 177:429.

Newman, W. P., and Brodows, R. G. (1983). Insulin action during acute starvation:
evidence for selective insulin resistance in normal man. Metabolism 32,
590-596. doi: 10.1016/0026-0495(83)90029-X

Olds, T., Tomkinson, G., Leger, L., and Cazorla, G. (2006). Worldwide variation
in the performance of children and adolescents: an analysis of 109 studies
of the 20-m shuttle run test in 37 countries. J. Sports Sci. 24, 1025-1038.
doi: 10.1080/02640410500432193

Olesen, S. W., and Alm, E. ]. (2016). Dysbiosis is not an answer. Nat. Microbiol.
1:16228. doi: 10.1038/nmicrobiol.2016.228

O’Neill, H. M. (2013). AMPK and exercise: glucose uptake and insulin sensitivity.
Diabetes Metab. J. 37, 1-21. doi: 10.4093/dm;j.2013.37.1.1

Onywera, V. O., Kiplamai, F. K., Boit, M. K., and Pitsiladis, Y. P. (2004). Food and
macronutrient intake of elite kenyan distance runners. Int. J. Sport Nutr. Exerc.
Metab. 14, 709-719. doi: 10.1123/ijsnem.14.6.709

Pedersen, J. (1967/1977). The Pregnant Diabetic and Her Newborn: Problems and
Management. Copenhagen: Munksgaard.

Perseghin, G., Price, T. B., Petersen, K. F., Roden, M., Cline, G. W., Gerow, K.,
etal. (1996). Increased glucose transport-phosphorylation and muscle glycogen
synthesis after exercise training in insulin-resistant subjects. N. Engl. J. Med.
335, 1357-1362. doi: 10.1056/NEJM199610313351804

Peters, A. (2011). The selfish brain: competition for energy resources. Am. J. Hum.
Biol. 23, 29-34. doi: 10.1002/ajhb.21106

Frontiers in Physiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1056/NEJMoa003277
https://doi.org/10.1098/rspb.2010.1890
https://doi.org/10.1172/JCI109295
https://doi.org/10.1016/j.cmet.2007.10.013
https://doi.org/10.1016/j.cmet.2007.10.013
https://doi.org/10.1016/S0895-7177(02)00064-X
https://doi.org/10.1542/peds.2006-1379
https://doi.org/10.1152/japplphysiol.00155.2013
https://doi.org/10.1152/japplphysiol.00155.2013
https://doi.org/10.1152/japplphysiol.00977.2009
https://doi.org/10.1152/japplphysiol.00977.2009
https://doi.org/10.1159/000316894
https://doi.org/10.1016/0149-7634(95)00045-G
https://doi.org/10.2337/dc05-2565
https://doi.org/10.1016/0031-9384(81)90366-8
https://doi.org/10.1152/ajpendo.00435.2012
https://doi.org/10.1152/ajpendo.00435.2012
https://doi.org/10.1111/j.1439-0388.1993.tb00755.x
https://doi.org/10.2527/jas.2011-4343
https://doi.org/10.1023/A:1022537516969
https://doi.org/10.1023/A:1022537516969
https://doi.org/10.1152/ajpendo.1978.235.3.E255
https://doi.org/10.1097/MOL.0b013e32833ea912
https://doi.org/10.1002/ajhb.20772
https://doi.org/10.2527/1993.714845x
https://doi.org/10.1016/j.jhevol.2014.03.006
https://doi.org/10.1016/S0083-6729(08)00617-1
https://doi.org/10.1016/S0083-6729(08)00617-1
https://doi.org/10.1016/j.metabol.2015.10.019
https://doi.org/10.1016/j.metabol.2015.10.019
https://doi.org/10.1046/j.1440-6047.2001.0100s1S40.x
https://doi.org/10.1126/science.117.3045.504
https://doi.org/10.1126/science.117.3045.504
https://doi.org/10.1152/ajplegacy.1954.177.3.544
https://doi.org/10.1152/ajplegacy.1954.177.3.544
https://doi.org/10.1093/ajcn/4.2.169
https://doi.org/10.1093/gerona/glx203
https://doi.org/10.1002/oby.20209
https://doi.org/10.3389/fvets.2017.00059
https://doi.org/10.1093/ajcn/nqy053
https://doi.org/10.1016/S0169-5347(98)01472-4
https://doi.org/10.1098/rstb.2008.0303
https://doi.org/10.1093/aje/kws393
https://doi.org/10.1093/aje/kws393
https://doi.org/10.1016/0026-0495(83)90029-X
https://doi.org/10.1080/02640410500432193
https://doi.org/10.1038/nmicrobiol.2016.228
https://doi.org/10.4093/dmj.2013.37.1.1
https://doi.org/10.1123/ijsnem.14.6.709
https://doi.org/10.1056/NEJM199610313351804
https://doi.org/10.1002/ajhb.21106
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Archer et al.

Competition for Calories

Phillips, S. M. (2011). The science of muscle hypertrophy: making dietary protein
count. Proc. Nutr. Soc. 70, 100-103. doi: 10.1017/S002966511000399X

Phillips, S. M. (2014). A brief review of critical processes in exercise-induced
muscular hypertrophy. Sports Med. 44, 71-77. doi: 10.1007/s40279-014-0152-3

Phillips, S. M., Hartman, J. W., and Wilkinson, S. B. (2005). Dietary protein to
support anabolism with resistance exercise in young men. J. Am. Coll. Nutr. 24,
1345-139S. doi: 10.1080/07315724.2005.10719454

Portha, B., Chavey, A., and Movassat, J. (2011). Early-life origins of type 2 diabetes:
fetal programming of the beta-cell mass. Exp. Diabetes Res. 2011:105076. doi:
10.1155/2011/105076

Powell, D. M., Reedy, S. E., Sessions, D. R., and Fitzgerald, B. P. (2002). Effect
of short-term exercise training on insulin sensitivity in obese and lean mares.
Equine Vet. J. 34, 81-84. doi: 10.1111/j.2042-3306.2002.tb05396.x

Pratt, S. E., Geor, R. J., Spriet, L. L., and Mccutcheon, L. J. (2007). Time course
of insulin sensitivity and skeletal muscle glycogen synthase activity after a
single bout of exercise in horses. J. Appl. Physiol. 103, 1063-1069. doi: 10.1152/
japplphysiol.01349.2006

Rabel, R., Petersen, K. F., Dufour, S., Flannery, C., and Shulman, G. L. (2011).
Reversal of muscle insulin resistance with exercise reduces postprandial hepatic
de novo lipogenesis in insulin resistant individuals. Proc. Natl. Acad. Sci. U.S.A.
108, 13705-13709. doi: 10.1073/pnas.1110105108

Raff, R. A. (2012). The Shape of Life: Genes, Development, and the Evolution of
Animal Form. Chicago, IL: University of Chicago Press.

Ramos-Arroyo, M. A., Ulbright, T. M., Yu, P. L., and Christian, J. C. (1988).
Twin study: relationship between birth weight, zygosity, placentation, and
pathologic placental changes. Acta Genet. Med. Gemellol. 37, 229-238. doi:
10.1017/50001566000003834

Ren, J. M., Semenkovich, C. F., Gulve, E. A., Gao, J., and Holloszy, J. O. (1994).
Exercise induces rapid increases in GLUT4 expression, glucose transport
capacity, and insulin-stimulated glycogen storage in muscle. J. Biol. Chem. 269,
14396-14401.

Roberts, R., Hodson, L., Dennis, A. L., Neville, M. J., Humphreys, S. M., Harnden,
K. E., etal. (2009). Markers of de novo lipogenesis in adipose tissue: associations
with small adipocytes and insulin sensitivity in humans. Diabetologia 52:882-
890. doi: 10.1007/s00125-009-1300-4

Roden, M., Price, T. B., Perseghin, G., Petersen, K. F., Rothman, D. L., Cline, G. W.,
etal. (1996). Mechanism of free fatty acid-induced insulin resistance in humans.
J. Clin. Investig. 97, 2859-2865. doi: 10.1172/JCI118742

Rossiter, M. (1996). Incidence and consequences of inherited environmental
effects. Annu. Rev. Ecol. Syst. 27, 451-476. doi: 10.1146/annurev.ecolsys.
27.1.451

Russell, K. S., Stevens, J. R., and Stern, T. A. (2009). Insulin overdose among
patients with diabetes: a readily available means of suicide. Prim. Care
Companion J. Clin. Psychiatry 11, 258-262. doi: 10.4088/PCC.09r00802

Salans, L. B., Cushman, S. W., and Weismann, R. E. (1973). Studies of human
adipose tissue. Adipose cell size and number in nonobese and obese patients.
J. Clin. Invest. 52, 929-941. doi: 10.1172/JCI107258

Sandoe, P., Palmer, C., Corr, S., Astrup, A., and Bjornvad, C. R. (2014). Canine and
feline obesity: a One Health perspective. Vet. Rec. 175, 610-616. doi: 10.1136/
vr.g7521

Schmidt, M. D., Pekow, P., Freedson, P. S., Markenson, G., and Chasan-Taber, L.
(2006). Physical activity patterns during pregnancy in a diverse population of
women. J. Womens Health 15, 909-918. doi: 10.1089/jwh.2006.15.909

Schoendorf, K. C., Hogue, C. . R, Kleinman, J. C., and Rowley, D. (1992). Mortality
among infants of black as compared with white college-educated parents.
N. E. ]. Med. 326, 1522-1526. doi: 10.1056/NEJM199206043262303

Schwartz, M. W., Randy, J., Seeley, R. J., Zeltser, L. M., Drewnowski, A.,
Ravussin, E., et al. (2017). Obesity pathogenesis: an endocrine society scientific
statement. Endocr. Rev. 38, 267-296. doi: 10.1210/er.2017-00111

Schwartz, M. W., Woods, S. C., Porte, D. Jr., Seeley, R. J., and Baskin, D. G.
(2000). Central nervous system control of food intake. Nature 404, 661-671.
doi: 10.1038/35007534

Seifer, D. B., Frazier, L. M., and Grainger, D. A. (2008). Disparity in assisted
reproductive technologies outcomes in black women compared with white
women. Fertil. Steril. 90, 1701-1710. doi: 10.1016/j.fertnstert.2007.08.024

Shih, K.-C., and Kwok, C.-F. (2018). Exercise reduces body fat and improves
insulin sensitivity and pancreatic $-cell function in overweight and obese male
Taiwanese adolescents. BMIC Pediatr. 18:80. doi: 10.1186/s12887-018-1025-y

Shoham, N., and Gefen, A. (2012). The influence of mechanical stretching on
mitosis, growth, and adipose conversion in adipocyte cultures. Biomech. Model.
Mechanobiol. 11, 1029-1045. doi: 10.1007/s10237-011-0371-6

Shook, R. P., Hand, G. A., Drenowatz, C., Hebert, J. R., Paluch, A. E., Blundell, J. E.,
et al. (2015). Low levels of physical activity are associated with dysregulation of
energy intake and fat mass gain over 1 year. Am. J. Clin. Nutr. 102, 1332-1338.
doi: 10.3945/ajcn.115.115360

Short, K. R,, and Joyner, M. J. (2002). Activity, obesity, and type ii diabetes. Exerc.
Sport Sci. Rev. 30, 51-52. doi: 10.1097/00003677-200204000-00001

Shulman, G. I, Rothman, D. L., Jue, T. Stein, P., Defronzo, R. A. and
Shulman, R. G. (1990). Quantitation of muscle glycogen synthesis in normal
subjects and subjects with non-insulin-dependent diabetes by 13c nuclear
magnetic resonance spectroscopy. N. E. J. Med. 322, 223-228. doi: 10.1056/
NEJM199001253220403

Sigal, R.J., Kenny, G. P., Wasserman, D. H., Castaneda-Sceppa, C., and White, R. D.
(2006). Physical activity/exercise and type 2 diabetes. a consensus statement
from the american diabetes association. Diabetes Care 29, 1433-1438. doi: 10.
2337/dc06-9910

Sjostrom, L., and William-Olsson, T. (1981). Prospective studies on adipose tissue
development in man. Int. J. Obes. 5, 597-604.

Skelton, J. A., Cook, S. R., Auinger, P., Klein, J. D., and Barlow, S. E. (2009).
Prevalence and trends of severe obesity among us children and adolescents.
Acad. Pediatr. 9, 322-329. doi: 10.1016/j.acap.2009.04.005

Snijders, T., Nederveen, J. P., Mckay, B. R., Joanisse, S., Verdijk, L. B., Van Loon,
L.J. C, et al. (2015). Satellite cells in human skeletal muscle plasticity. Front.
Physiol. 6:283. doi: 10.3389/fphys.2015.00283

Soriguer, F., Gutiérrez-Repiso, C., Rubio-Martin, E., Garcia-Fuentes, E., Almaraz,
M. C., Colomo, N., et al. (2013). Metabolically healthy but obese, a matter of
time? findings from the prospective pizarra study. J. Clin. Endocrinol. Metab.
98, 2318-2325. doi: 10.1210/jc.2012-4253

Spalding, K. L., Arner, E., Westermark, P. O., Bernard, S., Buchholz, B. A,
Bergmann, O., et al. (2008). Dynamics of fat cell turnover in humans. Nature
453, 783-787. doi: 10.1038/nature06902

Speakman, J. R. (2007). A nonadaptive scenario explaining the genetic
predisposition to obesity: the "predation release" hypothesis. Cell Metab. 6,
5-12. doi: 10.1016/j.cmet.2007.06.004

Speakman, J. R., and Selman, C. (2003). Physical activity and resting metabolic rate.
Proc. Nutr. Soc. 62, 621-634. doi: 10.1079/PNS2003282

Srikanthan, P., and Karlamangla, A. S. (2011). Relative muscle mass is inversely
associated with insulin resistance and prediabetes. findings from the third
national health and nutrition examination survey. J. Clin. Endocrinol. Metab.
96, 2898-2903. doi: 10.1210/jc.2011-0435

Stewart-Hunt, L., Geor, R. J., and Mccutcheon, L. J. (2006). Effects of short-
term training on insulin sensitivity and skeletal muscle glucose metabolism in
standardbred horses. Equine Vet. . Suppl. 38, 226-232. doi: 10.1111/j.2042-
3306.2006.tb05544.x

Strawford, A., Antelo, F., Christiansen, M., and Hellerstein, M. K. (2004). Adipose
tissue triglyceride turnover, de novo lipogenesis, and cell proliferation in
humans measured with 2H,O. Am. J. Physiol. Endocrinol. Metab. 286, E577-
E588. doi: 10.1152/ajpendo.00093.2003

Stubbs, R. J., Hughes, D. A., Johnstone, A. M., Horgan, G. W, King, N., and
Blundell, J. E. (2004). A decrease in physical activity affects appetite, energy, and
nutrient balance in lean men feeding ad libitum. Am. J. Clin. Nutr. 79, 62-69.
doi: 10.1093/ajcn/79.1.62

Sturm, R. (2007). Increases in morbid obesity in the USA: 2000-2005. Public Health
121, 492-496. doi: 10.1016/j.puhe.2007.01.006

Sugerman, H., Windsor, A., Bessos, M., and Wolfe, L. (1997). Intra-abdominal
pressure, sagittal abdominal diameter and obesity comorbidity. J. Intern. Med.
241, 71-79. doi: 10.1046/j.1365-2796.1997.89104000.x

Sun, K., Kusminski, C. M., and Scherer, P. E. (2011). Adipose tissue remodeling
and obesity. J. Clin. Invest. 121, 2094-2101. doi: 10.1172/JCI45887

Svanfeldt, M., Thorell, A., Brismar, K., Nygren, J., and Ljunggqvist, O. (2003). Effects
of 3 days of ‘postoperative’ low caloric feeding with or without bed rest on
insulin sensitivity in healthy subjects. Clin. Nutr. 22, 31-38. doi: 10.1054/clnu.
2002.0589

Swinburn, B. A, Sacks, G., Hall, K. D., Mcpherson, K., Finegood, D. T., Moodie,
M. L., et al. (2011). The global obesity pandemic: shaped by global drivers and
local environments. Lancet 378, 804-814. doi: 10.1016/S0140-6736(11)60813-1

Frontiers in Physiology | www.frontiersin.org

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1017/S002966511000399X
https://doi.org/10.1007/s40279-014-0152-3
https://doi.org/10.1080/07315724.2005.10719454
https://doi.org/10.1155/2011/105076
https://doi.org/10.1155/2011/105076
https://doi.org/10.1111/j.2042-3306.2002.tb05396.x
https://doi.org/10.1152/japplphysiol.01349.2006
https://doi.org/10.1152/japplphysiol.01349.2006
https://doi.org/10.1073/pnas.1110105108
https://doi.org/10.1017/S0001566000003834
https://doi.org/10.1017/S0001566000003834
https://doi.org/10.1007/s00125-009-1300-4
https://doi.org/10.1172/JCI118742
https://doi.org/10.1146/annurev.ecolsys.27.1.451
https://doi.org/10.1146/annurev.ecolsys.27.1.451
https://doi.org/10.4088/PCC.09r00802
https://doi.org/10.1172/JCI107258
https://doi.org/10.1136/vr.g7521
https://doi.org/10.1136/vr.g7521
https://doi.org/10.1089/jwh.2006.15.909
https://doi.org/10.1056/NEJM199206043262303
https://doi.org/10.1210/er.2017-00111
https://doi.org/10.1038/35007534
https://doi.org/10.1016/j.fertnstert.2007.08.024
https://doi.org/10.1186/s12887-018-1025-y
https://doi.org/10.1007/s10237-011-0371-6
https://doi.org/10.3945/ajcn.115.115360
https://doi.org/10.1097/00003677-200204000-00001
https://doi.org/10.1056/NEJM199001253220403
https://doi.org/10.1056/NEJM199001253220403
https://doi.org/10.2337/dc06-9910
https://doi.org/10.2337/dc06-9910
https://doi.org/10.1016/j.acap.2009.04.005
https://doi.org/10.3389/fphys.2015.00283
https://doi.org/10.1210/jc.2012-4253
https://doi.org/10.1038/nature06902
https://doi.org/10.1016/j.cmet.2007.06.004
https://doi.org/10.1079/PNS2003282
https://doi.org/10.1210/jc.2011-0435
https://doi.org/10.1111/j.2042-3306.2006.tb05544.x
https://doi.org/10.1111/j.2042-3306.2006.tb05544.x
https://doi.org/10.1152/ajpendo.00093.2003
https://doi.org/10.1093/ajcn/79.1.62
https://doi.org/10.1016/j.puhe.2007.01.006
https://doi.org/10.1046/j.1365-2796.1997.89104000.x
https://doi.org/10.1172/JCI45887
https://doi.org/10.1054/clnu.2002.0589
https://doi.org/10.1054/clnu.2002.0589
https://doi.org/10.1016/S0140-6736(11)60813-1
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Archer et al.

Competition for Calories

Szabo, A. J., and Szabo, O. (1974). Placental free-fatty-acid transfer and fetal
adipose-tissue development: an explantation of fetal adiposity in infants of
diabetic mothers. Lancet 2, 498-499. doi: 10.1016/S0140-6736(74)92020-0

Tang, Q. Q., and Lane, M. D. (2012). Adipogenesis: from stem cell to adipocyte.
Annu. Rev. Biochem. 81, 715-736. doi: 10.1146/annurev-biochem-052110-
115718

Tang, Q.-Q., Otto, T. C., and Lane, M. D. (2003). Mitotic clonal expansion: a
synchronous process required for adipogenesis. Proc. Natl. Acad. Sci. U.S.A.
100, 44-49. doi: 10.1073/pnas.0137044100

Thiebaud, D., Jacot, E., Defronzo, R. A., Maeder, E., Jequier, E., and Felber, J.-P.
(1982). The effect of graded doses of insulin on total glucose uptake, glucose
oxidation, and glucose storage in man. Diabetes Metab. Res. Rev. 31, 957-963.
doi: 10.2337/diacare.31.11.957

Thorburn, W. M. (1918). The myth of Occam’s Razor. Mind 27, 345-353. doi:
10.1093/mind/XXVII.3.345

Thyfault, J. P., Cree, M. G., Zheng, D., Zwetsloot, J. J., Tapscott, E. B., Koves, T. R.,
et al. (2007). Contraction of insulin-resistant muscle normalizes insulin action
in association with increased mitochondrial activity and fatty acid catabolism.
Am. ]. Physiol. Cell Physiol. 292, C729-C739. doi: 10.1152/ajpcell.00311.2006

Thyfault, J. P., and Krogh-Madsen, R. (2011). Metabolic disruptions induced
by reduced ambulatory activity in free living humans. J. Appl. Physiol. 111,
1218-1224. doi: 10.1152/japplphysiol.00478.2011

Tomkinson, G. R., Leger, L. A., Olds, T. S., and Cazorla, G. (2003). Secular trends
in the performance of children and adolescents (1980-2000): an analysis of 55
studies of the 20m shuttle run test in 11 countries. Sports Med. 33, 285-300.
doi: 10.2165/00007256-200333040- 00003

Tomkinson, G. R., Macfarlane, D., Noi, S., Kim, D. Y., Wang, Z., and Hong, R.
(2012). Temporal changes in long-distance running performance of Asian
children between 1964 and 2009. Sports Med. 42, 267-279. doi: 10.2165/
11599160-000000000-00000

Tong, J. F., Yan, X., Zhu, M. ], Ford, S. P., Nathanielsz, P. W., and Du, M.
(2009). Maternal obesity downregulates myogenesis and beta-catenin signaling
in fetal skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 296, E917-E924.
doi: 10.1152/ajpend0.90924.2008

Van Der Heijden, G.-J., Wang, Z. J., Chu, Z., Toffolo, G., Manesso, E., Sauer,
P. J. J., et al. (2010). Strength exercise improves muscle mass and hepatic
insulin sensitivity in obese youth. Med. Sci. Sports Exerc. 42, 1973-1980.
doi: 10.1249/MSS.0b013e3181df16d9

Wallace, J. M. (2000). Nutrient partitioning during pregnancy: adverse gestational
outcome in overnourished adolescent dams. Proc. Nutr. Soc. 59, 107-117. doi:
10.1017/50029665100000136

Walton, A., and Hammond, J. (1938). The maternal effects on growth and
conformation in shire horse-shetland pony crosses. Proc. R. Soc. Lond. B Biol.
Sci. 125, 311-335. doi: 10.1098/rspb.1938.0029

Weiner, J. (1990). Asymmetric competition in plant populations. Trends Ecol. Evol.
5, 360-364. doi: 10.1016/0169-5347(90)90095-U

Wells, J. C., Desilva, J. M., and Stock, J. T. (2012). The obstetric dilemma: an ancient
game of Russian roulette, or a variable dilemma sensitive to ecology? Am. J.
Phys. Anthropol. 149(Suppl. 55), 40-71. doi: 10.1002/ajpa.22160

Westerterp, K. R. (1998). Alterations in energy balance with exercise. Am. J. Clin.
Nutr. 68, 970S-974S. doi: 10.1093/ajcn/68.4.970S

Westerterp, K. R. (2009). Dietary fat oxidation as a function of body fat. Curr. Opin.
Lipidol. 20, 45-49. doi: 10.1097/MOL.0b013e3283186f6f

Westerterp, K. R, and Plasqui, G. (2004). Physical activity and human energy
expenditure. Curr. Opin. Clin. Nutr. Metab. Care 7, 607-613. doi: 10.1097/
00075197-200411000-00004

Westerterp, K. R, and Plasqui, G. (2009). Physically active lifestyle does not
decrease the risk of fattening. PLoS One 4:e4745. doi: 10.1371/journal.pone.
0004745

Whitelaw, A. (1977). Subcutaneous fat in newborn infants of diabetic mothers: an
indication of quality of diabetic control. Lancet 1, 15-18. doi: 10.1016/S0140-
6736(77)91654-3

WHO (1995). Dimensions of Need: An Atlas of Food and Agriculture. Rome: Food
and Agriculture organization of the United Nations.

Woods, S. C. (2009). The control of food intake: behavioral versus molecular
perspectives. Cell Metabol. 9, 489-498. doi: 10.1016/j.cmet.2009.04.007

Woods, S. C., Porte, D., Bobbioni, E., Ionescu, E., Sauter, J. F., Rohner-
Jeanrenaud, F., et al. (1985). Insulin: its relationship to the central nervous
system and to the control of food intake and body weight. Am. J. Clin. Nutr.
42, 1063-1071. doi: 10.1093/ajcn/42.5.1063

Yukimura, Y., and Bray, G. A. (1978). Effects of adrenalectomy on body weight and
the size and number of fat cells in the zucker (Fatty) rat. Endocr. Res. Commun.
5, 189-198. doi: 10.1080/07435807809083752

Zeevi, D., Korem, T., Zmora, N., Israeli, D., Rothschild, D., Weinberger, A., et al.
(2015). Personalized nutrition by prediction of glycemic responses. Cell 163,
1079-1094. doi: 10.1016/j.cell.2015.11.001

Zhang, J. V., Ren, P.-G., Avsian-Kretchmer, O., Luo, C.-W., Rauch, R., Klein, C,,
et al. (2005). Obestatin, a peptide encoded by the ghrelin gene, opposes
ghrelin’s effects on food intake. Science 310, 996-999. doi: 10.1126/science.11
17255

Zurlo, F., Larson, K., Bogardus, C., and Ravussin, E. (1990). Skeletal muscle
metabolism is a major determinant of resting energy expenditure. J. Clin. Invest.
86, 1423-1427. doi: 10.1172/JCI114857

Conflict of Interest Statement: Dr. EA is employed by EvolvingFX, a data analytics
company.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2018 Archer, Pavela, McDonald, Lavie and Hill. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org

22

August 2018 | Volume 9 | Article 1053


https://doi.org/10.1016/S0140-6736(74)92020-0
https://doi.org/10.1146/annurev-biochem-052110-115718
https://doi.org/10.1146/annurev-biochem-052110-115718
https://doi.org/10.1073/pnas.0137044100
https://doi.org/10.2337/diacare.31.11.957
https://doi.org/10.1093/mind/XXVII.3.345
https://doi.org/10.1093/mind/XXVII.3.345
https://doi.org/10.1152/ajpcell.00311.2006
https://doi.org/10.1152/japplphysiol.00478.2011
https://doi.org/10.2165/00007256-200333040-00003
https://doi.org/10.2165/11599160-000000000-00000
https://doi.org/10.2165/11599160-000000000-00000
https://doi.org/10.1152/ajpendo.90924.2008
https://doi.org/10.1249/MSS.0b013e3181df16d9
https://doi.org/10.1017/S0029665100000136
https://doi.org/10.1017/S0029665100000136
https://doi.org/10.1098/rspb.1938.0029
https://doi.org/10.1016/0169-5347(90)90095-U
https://doi.org/10.1002/ajpa.22160
https://doi.org/10.1093/ajcn/68.4.970S
https://doi.org/10.1097/MOL.0b013e3283186f6f
https://doi.org/10.1097/00075197-200411000-00004
https://doi.org/10.1097/00075197-200411000-00004
https://doi.org/10.1371/journal.pone.0004745
https://doi.org/10.1371/journal.pone.0004745
https://doi.org/10.1016/S0140-6736(77)91654-3
https://doi.org/10.1016/S0140-6736(77)91654-3
https://doi.org/10.1016/j.cmet.2009.04.007
https://doi.org/10.1093/ajcn/42.5.1063
https://doi.org/10.1080/07435807809083752
https://doi.org/10.1016/j.cell.2015.11.001
https://doi.org/10.1126/science.1117255
https://doi.org/10.1126/science.1117255
https://doi.org/10.1172/JCI114857
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Cell-Specific "Competition for Calories" Drives Asymmetric Nutrient-Energy Partitioning, Obesity, and Metabolic Diseases in Human and Non-human Animals
	Introduction
	The Conceptual Framework of Asymmetric Nutrient-Energy Partitioning
	Ecological Science
	Body-as-Ecosystem and the Competition for Calories
	Asymmetric Competition and Partitioning

	Cell-Specific Competitive Strategies
	Competitive Advantages of Skeletal Muscle-Cells (Myocytes)
	Insulin-Induced Competitive Advantages
	Physical Activity-Induced Competitive Advantages

	Competitive Strategies of Fat-Cells (Adipocytes)
	Mechanisms of Fat-Cell Hyperplasia

	Cooperative Strategies

	The Conceptual Framework of Effective Caloric Intake
	Physical Activity, Fat-Cell Hyperplasia, and Effective Caloric Intake

	The Etiologies of Inherited and Acquired Obesity
	Inherited Obesity: Accumulative Maternal Effects and the Maternal Resources Hypothesis
	Racial and Socio-Economic Disparities in Obesity
	Other Developmental Pathologies Related to Maternal Effects
	Iatrogenic Artificial Selection
	Accumulative Maternal Effects in Non-human Animals

	Obesity: A Homeorhetic Condition
	The Etiology of Acquired Obesity
	Physical Inactivity, Low Metabolic-Flux, and the "Metabolic Tipping Point"
	Individual Differences


	Type-Ii Diabetes Mellitus: Diminished Metabolic-Flux and the Competitive Failures of Skeletal Muscle and Fat-Cells
	The Lack of Explanatory and Predictive Power of Gene- and Diet-Centric Paradigms
	Gene-Centric Paradigms Versus Non-genetic Evolutionary Processes
	Diet-Centric Paradigms
	Unfounded and Unchallenged Conjecture Impede Progress

	Future Directions
	Conclusion
	Author Contributions
	Acknowledgments
	References


