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Abstract

Purpose of Review Since the mid-twentieth century, obesity and its related comorbidities, notably insulin resistance (IR)
and type 2 diabetes (T2D), have surged. Nevertheless, their underlying mechanisms remain elusive. Evolutionary medicine
(EM) sheds light on these issues by examining how evolutionary processes shape traits and diseases, offering insights for
medical practice. This review summarizes the pathogenesis and genetics of obesity-related IR and T2D. Subsequently, delv-
ing into their evolutionary connections. Addressing limitations and proposing future research directions aims to enhance our
understanding of these conditions, paving the way for improved treatments and prevention strategies.

Recent Findings Several evolutionary hypotheses have been proposed to unmask the origin of obesity-related IR and T2D,
e.g., the "thrifty genotype" hypothesis suggests that certain "thrifty genes" that helped hunter-gatherer populations efficiently
store energy as fat during feast-famine cycles are now maladaptive in our modern obesogenic environment. The "drifty
genotype" theory suggests that if thrifty genes were advantageous, they would have spread widely, but proposes genetic drift
instead. The "behavioral switch" and "carnivore connection" hypotheses propose insulin resistance as an adaptation for a
brain-dependent, low-carbohydrate lifestyle. The thrifty phenotype theory suggests various metabolic outcomes shaped by
genes and environment during development. However, the majority of these hypotheses lack experimental validation. Under-
standing why ancestral advantages now predispose us to diseases may aid in drug development and prevention of disease.
Summary EM helps us to understand the evolutionary relation between obesity-related IR and T2D. But still gaps and con-
tradictions persist. Further interdisciplinary research is required to elucidate complete mechanisms.

Keywords Insulin resistance - Evolutionary origin - Thrifty hypothesis - Metabolic disorders - Drifty hypothesis

Introduction

Obesity is a serious global health issue that affects over 500
million individuals across the world [1-3]. The incidence of
obesity has risen significantly since the mid-twentieth cen-
tury [4] (Fig. 1a). Even though recent studies have reported
that obesity rates in most economically advanced countries
have stabilized since 2000, low-income nations continue to
experience an uninterrupted rise in obesity rates. Also, an
escalating number of high- and middle-income nations are
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confronting an epidemic of severe obesity. Projections fore-
cast a twofold increase in severe obesity prevalence among
high-income populations by 2035, presenting a formidable
challenge to healthcare infrastructures. Even if there is a
temporary stabilization, global obesity prevalence persists
at unacceptably high levels, and there is no assurance of pro-
longed stability [5]. With the development of obesity in the
last decade, it is also observed an increase in the incidence
type 2 diabetes (T2D) (Fig. 1b). Apart from T2D, obesity
also serves as a significant risk factor for the development
of various human diseases, including cardiovascular dis-
eases (CVDs) [6, 7], and cancers [1-3, 8] (Fig. 1c). Earlier
studies have reported that the occurrence of these diseases
is mainly due to obesity-associated insulin resistance (IR)
[9]. IR is mainly influenced by insulin hormones secreted by
the pancreas. Insulin plays a crucial role in regulating blood
sugar (glucose) levels by aiding the absorption of glucose
into cells, where it can either be utilized for energy or stored

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13679-024-00572-1&domain=pdf

476

Current Obesity Reports (2024) 13:475-495

Region — World — High-income — Low-income — Lower-middle-income — Upper-middle-income

a Obesity (1975 to 2016)

b T2D (1980 to 2014)

25
20 8
g 18 g
c c
K L6
S S
010 ]
o o
5 4
0
o o o o o o o (=)
© > o - © > S -
o o =1 o o o) (=) o
-~ -— AN AN -~ A N N
Year Year
Risk of stroke
C
Heart :
attack Depression

Liver
disease

®

Cancer

Gallbladder
problems

>®

Gastroesophageal
reflux disease

Skin fold
rashes

Type 2 )
diabetes ‘ 'f(;ﬂzfz
Obesity
Weakened »
muscles and Infertility

bones
Joint
pain

for future use [10]. During IR, cells exhibit reduced respon-
siveness to insulin's signal to take up glucose. Consequently,
the pancreas increases its insulin production to compen-
sate, resulting in elevated insulin levels in the bloodstream
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(hyperinsulinemia). This in turn could potentially contribute
to the development of T2D [11-13].

Earlier studies suggest that a combination of genetic and
environmental factors influences the development of T2D
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«Fig. 1 Prevalence and consequences of obesity in different economic
regions of the world. a The percentage of adults with obesity, defined
as having a Body Mass Index (BMI) equal to or exceeding 30 kg/m?,
adjusted for age standardization in specified populations from 1975
to 2019 [27, 28]. b The percentage of individuals within a speci-
fied population who have either a fasting glucose level of 126 mg/
dl (7.0 mmol/1) or higher, a history of diagnosed diabetes or are cur-
rently using insulin or oral hypoglycemic drugs [29, 30] from 1980
to 2014. The survey data didn't differentiate between type 1 and type
2 diabetes, as distinguishing between these conditions in adults can
be challenging. However, the majority (85-95%) of diabetes cases in
adults are attributed to type 2 diabetes. Hence, the observed increase
in diabetes prevalence among adults is highly likely to be driven by
the rise in type 2 diabetes cases [29]. ¢ Health risks associated with
Obesity [31, 32]. Figure was generated using the rnaturalearth [33]
and ggplot2 [34] package of R v. 4.0.5 and https://app.biorender.com/

[14]. T2D genetics is very complicated [15]. This may be
caused by common variants with small effects and rare vari-
ants with bigger effects. However, approaches to understand-
ing disease's natural progression based on genetic factors are
underdeveloped, and the specific genetic factors underlying
T2D development remain largely unknown [16]. This, in turn,
may hinder the lack of discovery of effective drugs for T2D.
Thus, there is always a quest to understand the key reason
for developing obesity-associated IR and T2D and how they
affect human health. Recently developed evolutionary medi-
cine (EM), also known as Darwinian medicine, explores how
evolutionary forces have shaped human traits and diseases,
and how we can use evolutionary concepts in medical practice
[17e]. EM and conventional medicine have distinct perspec-
tives on time. In conventional medicine, the focus is primarily
on immediate causes, often referred to as "how" questions
[18]. Conversely, evolutionary theories try to figure out
"why" certain characteristics have changed through time. For
instance, when confronted with a cancer diagnosis, a patient
may wonder, "Why did I get cancer?" [18]. To this a physician
would say, "Because you have a certain mutation(s)". While
this addresses the proximate cause, it does not fully answer
the patient's underlying question of why cancer arises in the
first place. In contrast, EM may hypothesize that cancer is a
shared consequence of multicellular life. The same traits that
allow complex multicellular organisms to thrive also create
vulnerabilities that can lead to the development of cancer.
From this viewpoint, cancer is not an aberration, but rather
an inevitable byproduct of the evolutionary tradeoffs inherent
in the emergence of multicellular life. In these instances, the
proverb "timing is everything" becomes particularly relevant
in distinguishing the difference in perspective between con-
ventional medicine and EM.

To date, the evolutionary medicine approach has been
employed to understand the various human traits and dis-
eases, including mental health [19, 20], the immune system
evolution [21, 22], and T2D [23]. For example, in 1962, Neel

introduced the thrifty genotype theory to explain the increas-
ing occurrence of diabetes in developed countries. Since
then, it has been recognized as a potential explanation for
the worldwide rise in obesity and non-insulin-dependent dia-
betes mellitus (NIDDM) or T2D as societies rapidly adopted
Western lifestyles during the twentieth century [23, 24].
Subsequently, several evolutionary hypotheses, like Drifty
[25] and Behavioral Switch [26], have been proposed, focus-
ing on the origin and possible causes of obesity-associated
IR and T2D. Based on the aforementioned considerations,
our current studies initially aimed to summarize the patho-
genesis and genetic factors linked to obesity-associated IR
and T2D development. Subsequently, we sought to explore
the connection between obesity-related IR and T2D from
an evolutionary perspective. Later, we also described the
limitations associated with these evolutionary theories and
how the evolutionary approach can be improvised in the near
future to unmask the mechanisms associated with the IR,
which in the near future, can be used for treatments and
prevention strategies for the disease.

Pathogenesis Associated with Obesity
Associated IR and T2D

Adipose tissue plays a crucial role in maintaining the body's
energy and glucose homeostasis. Its primary function is to
store excess energy (glucose) in the form of lipids, particu-
larly triacylglycerols, when there is an excess of energy
intake [35]. When glucose is scarce, adipose tissue plays
a crucial adaptive role by increasing lipolysis and free fatty
acids (FFA)/glycerol release, modulating adipokine secre-
tion, and regulating thermogenesis. These mechanisms help
preserve the limited glucose supply through gluconeogen-
esis for use by glucose-dependent tissues, particularly the
brain, and maintain overall glucose homeostasis [36—40].
However, the adipocytes have a limited capacity for storing
calories. In the presence of large amounts of calories, they
become physiologically stressed, experiencing profound
hypoxia. This triggers the activation of inflammatory signal-
ing cascades, such as those mediated by hypoxia-inducible
factor-1 (HIF-1) [41] and c-Jun N-terminal kinase (JNK)
[42]. Activating these pathways leads to the upregulation
of pro-inflammatory cytokines, including tumor necro-
sis factor-alpha (TNF-a) and interleukin-6 (IL-6), fostering
chronic, low-grade inflammation within the adipose tissue
compartment. This inflammatory environment directly ham-
pers insulin signal transmission, resulting in systemic IR
affecting vital metabolic tissues like skeletal muscle, liver,
and adipose tissue [43] (Fig. 2).

The worsening of IR in both the liver and muscles is
primarily caused by the excessive accumulation of lipids
[44]. Fatty deposits in the liver lead to IR, triggering Kupffer
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cells to release inflammatory cytokines and activate NF-kB.
Elevated levels of fatty acids induce IR during euglycemic-
hyperinsulinemic conditions and increases DAG levels [44,
45] and ceramide accumulation [44, 46]. Simultaneously,
the elevated DAG levels activate protein kinase C epsilon
(PKCe), which impairs the function of the insulin receptor
tyrosine kinase, disrupting insulin signaling and leading to a
decrease in insulin-stimulated glycogen synthesis, primarily
due to reduced phosphorylation of glycogen synthase kinase
3 (GSK3). Additionally, DAG dampens glycogen synthase
activity, further contributing to impaired insulin signaling.
Moreover, DAG promotes hepatic gluconeogenesis by reduc-
ing the phosphorylation of FoxO, leading to increased trans-
location of FoxO into the nucleus and enhanced transcrip-
tion of gluconeogenic genes such as phosphoenolpyruvate
carboxykinase (PEP-CK) and glucose-6-phosphatase (G6P)
[47]. Likewise, the cytokines and adipocytokines released
during systemic inflammation activate NF-kB and JNK, fur-
ther upregulating the transcription of hepatic gluconeogenic
enzymes and contributing to increased glucose production
in the liver [48]. Furthermore, ceramide, a potent inflamma-
tory activator, can stimulate JNK and NF-kB/IKK pathways,
closely linked to IR [44]. In skeletal muscle, increased lipid
accumulation triggers the production of long-chain CoA
and elevates DAG levels. This surge in DAG is linked to
diminished fat oxidation due to mitochondrial dysfunction,

Fig.2 Pathogenesis of obesity
associated IR and T2D. Clini-
cally, T2D is characterized by
dysfunction of p cells and IR.

B cell dysfunction may develop
because of numerous envi-
ronmental as well as genetic
predisposition factors. During
the initial T2D phase, the B-cell
compensates for insulin defi-
ciency through increased insulin
secretion. Reduced plasma FFA
insulin increases glucose levels.
Glucose-sensitive tissues,
including the liver, muscle,

and adipocytes, are unable

to accommodate glucose's
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tent glucose release maintains
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hindering glucose uptake by muscle cells. Beyond its role in
facilitating triglyceride synthesis for cellular lipid storage,
increased DAG levels activate PKCO. This, in turn, enhances
IRS-1 phosphorylation, disrupting insulin signaling. Conse-
quently, the impairment of the PI3K/AKT pathway, crucial
for glucose transport and glycogen synthesis, results in dimin-
ished glucose transport and glycogen synthesis in muscle cells
[48-51].

As obesity-induced IR worsens, it contributes to inflam-
mation, impairs glucose transport in adipose tissue, and
triggers an increase in the volume of pB-cell mass. This is
a compensatory mechanism to meet the increased demand
for insulin secretion caused by the reduced effectiveness
of insulin due to IR. However, the increased insulin secre-
tion eventually leads to hyperinsulinemia, exacerbating the
accumulation of lipids in both the liver and throughout the
body (systemic lipid accumulation). Furthermore, during IR,
increased glycolysis due to high insulin levels leads to more
pyruvate and NADH production [52]. This excess pyruvate
can turn into lactate, especially when glycolysis is exagger-
ated during hyperinsulinemia. This lactate is then released
into the bloodstream and utilized as a substrate for hepatic
lipogenesis, contributing to further lipid buildup. Lastly, as
a consequence, the f3-cells undergo collapse, resulting in a
deficiency of insulin secretion, ultimately leading to hyper-
glycemia or high blood sugar levels [48].
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Genetic Overlap Between Obesity and T2D

Until 2007, genetic mapping of complex diseases such
as T2D and obesity relied primarily on genetic linkage
analyses or candidate gene association studies, limited by
design flaws and small sample sizes [15]. However, techno-
logical advancements in array-based genotyping facilitated
Genome-Wide Association Studies (GWASs), leading to
rapid progress in identifying common variants associated
with these diseases [53], including obesity [54, 55] and
T2D [56, 57] (Supp Tables 1.1 and 1.2). The first GWAS
for obesity traits, published in 2007, found that common
variations in the F7TO gene are linked to BMI [58]. To date,
GWAS has uncovered 78 obesity-related variants and 53
genes (Supp Table 1.1). By early 2014, 90 genetic loci were
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firmly established as T2D risk loci, with the TCF7L2 locus
showing the most significant association [59]. GWAS has
uncovered T2D related 780 variants and 434 genes [60, 61,
62¢] (Supp Table 1.2). Amongst these, 12 genes (Fig. 3a)
and 3 variants (Fig. 3b) are overlapping between T2D and
Obesity. Amongst three variants, rs1421085 of the FTO gene
are also associated with body mass index (BMI) [63], and
blood pressure (BP) [64]. Interestingly, rs1421085 is present
in highly conserved regions, thereby suggesting its potential
functionality [65].

Recent study [66] has also demonstrated that genetic
variations in the F7O gene are linked to obesity and dietary
habits. Using 71 adults in Jakarta, Indonesia, the authors
examined the association between rs1421085 and BMI,
macronutrients, and fatty acid intake using various genetic
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models. The results revealed a significant increase in BMI
only among individuals with the CC genotypes. Moreover,
those with the minor C allele exhibited higher fat intake
across different genetic models and increased consumption
of monounsaturated and saturated fatty acids for TC/CC gen-
otypes compared to TT genotype carriers. This underscores
the significant role of the F7TO gene in food preference and
its impact on body weight. The rs1421085 C allele of the
FTO gene has also been associated with an increased risk of
obesity and IR [67, 68]. Specifically, the rs1421085 variant
was positively associated with insulin sensitivity measures,
such as fasting insulin levels and HOMA-IR (a marker of IR)
[67, 68]. The influence of the rs1421085 variant on insulin
sensitivity appears to be mediated through its effects on adi-
posity, as the associations were attenuated after adjusting
for BMI. This suggests the variant may impact IR partly by
influencing body weight and fat accumulation [68]. Stud-
ies have also linked the rs1421085 C allele to an increased
risk of polycystic ovary syndrome (PCOS), which is often
accompanied by IR [69, 70]. This provides further evidence
for the potential role of rs1421085 in Obesity, IR, and T2D.

Recent studies have also shed light on population-specific
T2D loci, for instance, KCNQI and C2CD4A in Japanese
individuals [71-73]. Similarly, other studies have identified
obesity-specific risk variants in Asian or African popula-
tions, such as the PCSK1 [74, 75]. The protein encoded by
PCSK1 is crucial for cleaving peptide hormone precursors
in regulating food intake, glucose, and energy homeosta-
sis, such as proopiomelanocortin, proinsulin, proglucagon,
and proghrelin [76]. SNP rs155971, located in intron 6 of
PCSK1, was associated with obesity in the Chinese popu-
lation [77]. Another SNP, rs261967, was linked to BMI in
East Asians, while rs2570467 showed a weak association
with waist circumference in individuals of African ances-
try [74, 78]. While these SNPs didn't cause changes in the
protein sequence, mutations within introns could potentially
impact gene expression and splicing [79]. Thus, compar-
ing genetic associations across diverse ethnic backgrounds
may provide valuable insights into both shared and distinct
genetic susceptibilities [80]. However, most of the GWAS
studies were carried out in the European population [81].
Also, GWAS can explain only a small proportion of the herit-
ability of many complex traits, leaving a substantial portion
unaccounted for. This "missing heritability" could be due
to rare variants, gene-gene interactions, gene-environment
interactions, and epigenetic factors not captured by GWAS.
Recently developed evolutionary medicine offers a powerful
framework for understanding and addressing complex health
challenges by integrating evolutionary principles with bio-
medical knowledge and practice [82—85, 86e]. It has significant
potential to transform how we approach prevention, diagno-
sis, and treatment across a wide range of medical domains.
Evolutionary medicine may also offer a valuable framework
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for designing and interpreting rare variant association stud-
ies, leveraging insights into the genetic architecture of com-
plex diseases across different populations and the functional
consequences of rare variants to improve the detection and
clinical application of these important genetic factors [17,
871.

Evolutionary Hypothesis Proposing the Link
Between Obesity and Type 2 Diabetes

In 1962, Neel proposed the concept of the thrifty genotype
to explain the increasing occurrence of diabetes in developed
countries [23]. Since then, this concept has since been recog-
nized as a potential explanation for the worldwide surge in
obesity and T2D [23, 24]. Subsequently, several evolution-
ary hypotheses, like the Pima Paradox and Drifty hypothesis
(Table 1), have been proposed, focusing on the origin and
causes of obesity and T2D.

Thrifty Genotypes

In 1962, the American population geneticist, JV Neel, intro-
duced a novel theory to explain the increasing prevalence
of diabetes in the Western world [23]. He hypothesized that
individuals predisposed to diabetes possessed a "thrifty
genotype" that would have provided a survival advantage
under historical "feast-and-famine" conditions. Specifically,
Neel proposed that this thrifty genotype allowed for more
efficient fat storage during food abundance, providing an
energy reserve that could be utilized during periods of food
scarcity [23, 98]. As in the twentieth century, people around
the world transitioned towards the Westernized lifestyle,
such as less physically active lifestyles, consuming high-fat
& low-fiber diets, and intake of excess calories. This might
induce the thrifty genes to accumulate more fat. However,
since there is no food shortage or famine situation, this led
to obesity and obesity-associated disorders, including T2D
(Fig. 4). The hypothesis of Neel was subsequently used to
clarify the epidemics of obesity, diabetes, and associated con-
ditions that occurred in several population groups as they
produced the rapid shift from traditional (agriculturalist or
hunter-gatherer) to a Westernized lifestyle throughout the
twentieth century [99]. For instance, the ancestors of mod-
ern Polynesians undertook extensive open ocean voyages,
facing challenges such as cold stress and periods of starva-
tion during their migration across the Pacific. These harsh
conditions could have led to the proliferation of thrifty alleles
among Polynesians, potentially contributing to the elevated
rates of T2D and obesity observed in Polynesian populations
today [100-103]. Earlier one study [89] in the Samoan popu-
lation, indigenous Polynesian people of the Samoan Islands,
identified a genetic variant, rs373863828 (p.Arg457Gln) in
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Fig.4 Thrifty gene hypothesis: The hunter-gatherer’s food metabolism in feast and famine environment helps them to survive. Modern individu-
als following a western lifestyle with less physical activity are highly prone to obesity and T2D

the CREBRF gene, which is common among Samoans and
associated with increased fat storage and decreased energy
use. This variant may have been advantageous in the past
for Samoans facing periods of food scarcity, aligning with
the "thrifty gene" hypothesis. However, in the contemporary
obesogenic environment characterized by readily available
high-calorie foods and reduced physical activity, this genetic
predisposition contributes to the high prevalence of obesity
observed in Samoans today. Recently, the Gly482Ser variant
in the PARGCIA (Peroxisome Proliferator-Activated Recep-
tor Gamma Coactivator 1-Alpha) gene was also examined as
a potential "thrifty gene" in Pacific populations [88].

In addition to the thrifty genotype hypothesis focused on
efficient fat storage, other mechanisms by which IR could
have aided survival under historical "feast-and-famine" con-
ditions have also been suggested [26, 104]. While Neel's
thrifty gene hypothesis proposes that cycles of feast and fam-
ine led to the selection of a "quick insulin trigger" mecha-
nism characterized by postprandial hyperinsulinemia. This
mechanism was advantageous as it facilitated the storage
of fat during periods of food abundance and made it avail-
able during times of food scarcity. In contrast, Reaven [105]
hypothesized that muscle IR, rather than a "quick insulin
trigger," was the relevant physiological abnormality that
would have conferred a survival advantage. The rationale
behind Reaven's hypothesis is that muscle IR would have
helped conserve glucose by minimizing gluconeogenesis
(the process of producing glucose from non-carbohydrate
precursors) and redirected glucose utilization to prior-
itize the insulin-independent tissues like the brain, fetus, and
mammary gland, facilitating their survival during food
scarcity. Different tissues have varying degrees of depend-
ence on insulin for glucose uptake. By modulating insulin
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levels and sensitivity, the body can fine-tune the allocation
of energy resources to various organs. High IR or low insulin
levels would divert more glucose to the insulin-independent
brain, providing a survival advantage under starvation con-
ditions. Beyond just efficient fat storage, this differential
energy allocation mechanism has been proposed as another
potential way IR could have been advantageous in historical
"feast-and-famine" environments.

Sometimes, the thrifty genotype was also used an
umbrella term for a set of hypotheses about genes that may
have been selectively favored because of their effects in cer-
tain environments [106]. The best support for this concept
comes from the work of Kagawa et al. [107], who linked
single nucleotide polymorphisms to a broad range of local
ecological, climatic, and agricultural stress worldwide.
While this hypothesis may seem intuitive, it's crucial to note
that despite the widespread adoption of Western lifestyles
across the globe, only a minority of the population, approxi-
mately 20%—30%, actually experience obesity [108]. One
of the major criticisms of the thrifty gene hypothesis is the
lack of evidence supporting the notion that our ancestors
faced frequent, high-mortality famines required to drive the
selection of thrifty genes [109]. Consequently, discussions
surrounding thrifty genes remain debatable.

Pima Paradox

Pima Paradox refers to the stark contrast in obesity and
diabetes rates between the Pima Indians living traditional
lifestyles in Mexico versus those living a more Western-
ized lifestyle in the U.S [90-92]. The author notes in a 1998
report in the New Yorker magazine (http://www.mendosa.
com/ir_history.htm) stated that Pima Indians, who live in
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Arizona, are more prone to obesity in the world, and half of
them have diabetes above the age of 35 [110]. Pima Indians
of Arizona have limited European admixture [110], and their
diabetes tends to be predominantly T2D (with little proof
of the autoimmunity typical of T1D [111]). The absence of
T1D and low admixture in this population may also mean
that there is little genetic and environmental heterogeneity
in the etiology of T2D in Pima Indians, thereby allowing
T2D-associated susceptibility loci to be more easily identi-
fied. Diabetes is also familial in Pima Indians of Arizona,
and the degree of familiarity is higher at younger onset ages
relative to older onset ages [112]. Pima Indians diagnosed
with T2D exhibit typical clinical characteristics shared by
most populations affected by this disease [113], including
obesity, IR, impaired insulin secretion, and elevated rates of
endogenous glucose production [112]. Interestingly, Pima
Indians in the Mexican state of Sierra Madre do not strug-
gle with obesity or its related diseases, like T2D (https://
www.surgicalgroupofjc.com/morbid_obesity_causes.shtml)
[114, 115]. Thus, understanding of what makes these two
Pima populations, i.e., Pima Indians of Arizona (experience
obesity) and Mexico (experience no obesity), distinct from
each other may not only unmask the molecular mechanism
associated with the IR in Pima Indians but also in almost all
human populations across the globe [114].

According to the prevailing view [114], this contrast may
arise from the differing lifestyles embraced by the two Pima
groups: while the Mexican Pima uphold a traditional life-
style characterized by substantial physical activity, the Ari-
zona Pima have adopted a more sedentary, Westernized way
of living with decreased levels of physical activity. Moderate
to heavy physical activity levels were observed roughly 2.5
times higher among Mexican men and seven times higher
among Mexican women compared to their Arizona Pima
counterparts. The heightened levels of physical activity
observed among the Mexican Pima population seem to exert
a significant protective influence against IR and the onset of
T2D, regardless of their genetic predisposition.

Drifty Hypothesis

In 2008, Speakman critiqued the "thrifty gene" hypothesis as
an attractive yet flawed concept. He introduced an alternative
theory known as the "drifty gene" hypothesis. According to
Speakman's proposal, most mutations found in genes related
to obesity are likely neutral and have undergone genetic drift
over evolutionary time, rather than being positively selected
for as suggested by the thrifty gene theory. Speakman argued
that if the thrifty genes were genuinely advantageous, they
would have become more prevalent in the population over
extended evolutionary periods, even if they provided only
minimal benefits. Instead, he posited that alleles associ-
ated with obesity may have spread through genetic drift

mechanisms rather than being primarily driven by positive
selection for a "thrifty" phenotype [25].

Genetic drift [116] occurs when mutant alleles are
not under active selection but are selectively neutral.
For instance, our body's regulation of obesity typically
involves upper and lower intervention limits [117-120].
The risk of starvation determines the lower intervention
limit, while the upper intervention limit is influenced by
the risk of predation. Speakman proposed that approxi-
mately 2 million years ago, as humans adapted to social
life, developed arms, and controlled fire, our vulnerabil-
ity to predation decreased, leading to an increase in body
mass. Significant evidence also suggests that many wild
animals, including mammals and birds, regulate body
mass by balancing the risks of starvation (lower interven-
tion point) and predation (upper intervention point) [121,
122]. Thus, separating these intervention points may be a
key mechanism contributing to human predisposition to
obesity. One of the scenarios explaining the prevalence of
the obesity crisis, among many, is the predation release
hypothesis, which focuses on the drifting of unselected
genes.

Another possible explanation for the "drifty genotype"
is that historically, humans have not been exposed to such
high levels of dietary fat [25]. Consequently, mutations
impairing the function of genes controlling fat oxidation
could have occurred randomly and drifted in frequency.
As a result, individuals would have varied fat oxidation
capacities, which would not be problematic as long as
fat intake remained moderate. However, individuals with
these mutations would be at risk of obesity if dietary
fat levels were too high. This hypothesis aligns with the
observation that differences in baseline fat oxidation rates
strongly predict susceptibility to obesity in both humans
and animals [123-130].

In both scenarios, the underlying argument does not
rely on the belief that obesity was traditionally advanta-
geous. Instead, it suggests the opposite: that there was
no positive selection for genes predisposing to obesity.
Random mutations occur in these genes, and the frequen-
cies of mutant alleles drift randomly. These genes may
be considered "drifty genes" because their presence in
the gene pool predisposes individuals to conditions with
detrimental consequences in contemporary culture. Con-
versely, it is speculated that obesity-related genes were
not subject to positive selection. In this case, mutations
arise randomly in genes, and the frequency of resulting
mutant alleles fluctuates randomly. Some individuals
inherit a predisposition to diseases like obesity due to
the impact of these genes - genes that could be termed
"drifty" [25].

However, researchers have argued that none of the
aforementioned models adequately capture the complexity
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Fig.5 A behavioral switch
hypothesis: General relation-
ships amongst environmental
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associated with IR in industrialized countries [131, 132].
Furthermore, given the vastly different evolutionary
selection processes encountered by the ancestors of vari-
ous ethnic groups, a single evolutionary principle such
as genetic drift or selection for thrifty genes cannot fully
explain the genetic predisposition to obesity [131, 132].

A Behavioral Switch Hypothesis

If neither genetic drift nor natural selection for thrifty genes
can account for the prevalence of obesity in developed
nations, what else may be the reason? Earlier, Watve and
Yajnik proposed that IR is a "socio-ecological adaptation
that causes two phenotypic transitions, (i) a transition in
reproductive strategy from 't' (a large number of offspring
with little investment in each) to 'K' (smaller number of
offspring with more investment in each) and (ii) a transi-
tion from 'stronger to smarter' or 'soldier to diplomat,' i.e.,
from relatively more muscle dependent to brain dependent
lifestyle" (Fig. 5) [26]. In the first scenario, authors hypoth-
esized that the ideal environmental factors for the first two
transitions are largely overlapping and interdependent, a
common switch, e.g., the insulin signaling pathway, may
have evolved for the two transitions [26]. For instance, the
placenta is an organ that does not need insulin. Maternal IR
during pregnancy may lead to increased nutrient absorp-
tion by the placenta. This results in a larger infant size
at birth, independent of the mother's weight gain. This is
proposed as a potential adaptive mechanism facilitated by
IR during pregnancy [23, 133]. Additionally, it has been
discovered that overexpression of the Klotho gene, recog-
nized for extending lifespan, operates by enhancing IR [93].
Conversely, studies have also shown that IR may inhibit
ovulation [134-137] and cause polycystic ovary syndrome
(PCOS) [138, 139]. Thus, IR may act as a double-edged
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sword, decreasing fertility on one hand while boosting
fetal growth on the other. While this dual effect is widely
recognized, several crucial linkages in the process remain
unknown.

In the case of transitioning from a "stronger to smarter”
lifestyle, IR redirects energy resources from muscle to brain
tissues. This shift has significant implications, potentially
enhancing cognitive function, memory, and learning due
to increased glucose supply to the brain and the effects of
hyperinsulinemia associated with IR. In younger individu-
als, the cognitive benefits of IR may have been evolution-
arily selected for. Additionally, developmental factors, like
intrauterine malnutrition, can influence the balance between
physical and brain development, with IR possibly helping
to maintain a preference for brain growth. Furthermore, the
transition from a "soldier" to a "diplomat" lifestyle could be
an adaptive response to varying nutritional conditions, with
muscle strength prioritized during times of food scarcity and
brain development favored during times of abundance or
malnutrition [26].

Thus, the behavioral switch hypothesis attributes the
surge in metabolic diseases to intense environmental fac-
tors such as population density, urbanization, social rivalry,
easy access to high-calorie foods, and sedentary lifestyles,
unprecedented in human history. Like the "thrifty" hypoth-
esis, it suggests that physiological adaptations that were once
beneficial are now detrimental in modern settings. Conse-
quently, it advocates for a novel clinical and epidemiological
approach, emphasizing social reforms to address root causes.
It anticipates higher rates of obesity and diabetes in densely
populated regions with increased socioeconomic competi-
tion. Mitigating urban overcrowding, reducing wealth dis-
parities, and fostering social equality are proposed as strat-
egies to curb the escalating insulin-related issues driving
these metabolic disorders [140].
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Carnivore Connection

In 1994, Miller and Colagiuri postulated that the amount
and quality of carbohydrates in one's diet had a significant
influence on the development of T2D [141]. Prior to the
Pleistocene era, our prehuman ancestors in Africa lived in
a warm, moist environment where carbohydrate-rich fruits
and berries were an important energy source. However,
the onset of the first severe Ice Ages around 2.5 million
years ago dramatically altered the landscape, as the Afri-
can forests gave way to drier, open woodlands and savan-
nas. This environmental shift forced hominids to become
increasingly carnivorous, supplementing their vegetarian
diet with scavenged or hunted meat. The appearance of the
first stone tools around 2 million years ago, and the active
hunting and use of fire by Homo erectus 1.5 million years
ago, further indicate this transition to a diet low in carbo-
hydrates and high in protein. Even during warmer inter-
glacial periods, many regions remained cold, and humans
maintained a hunting and fishing existence with diets
almost devoid of readily absorbable carbohydrates. While
wild plant foods provided some carbohydrates, much of
it was unavailable and elicited a low glycemic response
due to high fiber content. This prolonged exposure to a
low-carbohydrate, high-protein diet may have facilitated
the development of IR as an adaptive mechanism, as the
body sought to maintain glucose homeostasis for critical
tissues like the brain and reproductive organs. The advent
of agriculture 12,000 years ago, with its increased cereal
consumption and high intakes of available starch, marked
a significant dietary shift for many human populations,
though some groups like the Australian Aborigines never
adopted agriculture, maintaining their traditional low-
carbohydrate, high-protein diets [94].

Considering this, the "Carnivore Connection Hypothesis"
by Brand-Miller and Colagiuri suggests that during the Ice
Ages, when human diets were low in carbohydrates and
high in protein, there was selective pressure for IR genes.
As agriculture increased carbohydrate intake, particularly
in populations like Europeans, who have had high-carbohydrate
diets for millennia, this selection pressure for IR genes may
have been relaxed [94]. Thus, the prevalence of genes pro-
ducing IR may be lower in the European population and
any other group exposed to high-carbohydrate intake for a
sufficiently long period of time. The prolonged consump-
tion of high carbohydrates throughout millennia might have
also led to increased positive selection for genes associated
with elevated p-cell mass. In populations such as Swedish
and Finnish, variants in 11 genes (TCF7L2, PPARG, FTO,
KCNJI11, NOTCH2, WFS1, CDKALI, IGF2BP2, SLC30AS,
JAZF I, and HHEX) have shown significant associations with
the risk of T2D independent of clinical risk factors [142].

Additionally, variants in eight of these genes have been
linked to impaired f-cell function.

The Carnivore Connection hypothesis was also examined
in sample populations from the Asian steppes [141]. Com-
parisons were made between traditional herders (pastoral-
ists with a high-protein diet) and farmers (agriculturalists
with a high-carbohydrate diet) regarding ten candidate genes
associated with IR, anthropometry, and physiological meas-
ures, including HOMA IR. While none of the genes tested
exhibited causal mutations with higher frequency in herders,
neutrality tests indicated that some genes (SLC30A8, LEPR,
and KCNQ1) might have been involved in past adaptations
to diet. In line with the Carnivore Connection hypothesis,
the prevalence of IR was significantly higher in herders
compared to farmers, despite no major differences in their
current diet. Environmental pressures such as geographic
isolation and/or starvation may have further contributed to
increases in the prevalence of IR gene(s) in specific popula-
tion groups. Genetic bottlenecks and reduced genetic diver-
sity have been observed in populations like the Nauruans and
Pima Indians, who have also experienced food shortages and
starvation in recent history [43]. Similar to low carbohydrate
intake, starvation necessitates increased gluconeogenesis
and peripheral IR [44], potentially selecting for individuals
with profound IR that subsequent generations could inherit.
Women with polycystic ovarian syndrome, known for excep-
tional IR, might also represent a group that was highly fertile
in a low-carbohydrate environment [45]. Specific mecha-
nisms for coping with low carbohydrate intake, rather than
total dietary energy, may likely conferred the greatest repro-
ductive and survival advantages. Thus, efforts to identify
the gene(s) associated with IR and T2D have focused on
genome-wide scans and other research avenues. However,
given the complexity of human metabolism, multiple gene
systems are likely involved, influencing insulin sensitivity
and p-cell function [51]. For instance, PC-1 interferes with
insulin receptor tyrosine kinase activity, thereby inhibit-
ing cellular signaling [52], while reduced expression of the
"susceptibility" gene CAPN10 has been linked to decreased
glucose uptake in skeletal muscle [54]. The ACADI10 gene,
associated with fatty-acid-induced IR, may catalyze mito-
chondrial fatty-acid oxidation [55].

The Adjustable Threshold Hypothesis

At the onset of 1871, Henry P. Bowditch observed that mus-
cles respond to electrical stimuli in an all-or-nothing man-
ner, where the stimulus either triggers the largest possible
muscular contraction or no contraction at all [97]. Subse-
quently, similar dynamics were noted in other processes,
such as nerve impulse propagation (action potential) along
nerve trunks and the bursting electrical activity within pan-
creatic beta cells [143], leading to significant discoveries.
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Therefore, it is plausible that the dynamical approach would
offer valuable insights into IR and T2D. Insights from such
dynamical viewpoints prompt questions such as "How does a
typical cell, the fundamental unit of life, respond to insulin?"
Is there a gradual increase in response intensity, or does it
surge abruptly, akin to muscle fiber contraction, when sub-
jected to electrical current? Previous findings have indicated
a gradual progression in our body's response to insulin [144],
suggesting that cells may exhibit a similar graded response
to insulin (the graded response view). In this context, the
adjustable threshold hypothesis, proposed by Wang, suggests
that in response to insulin, most cells either fully express or
completely suppress their sensitivity to the hormone. At two
threshold insulin concentrations, IRon and IRoff, hysteresis
is observed: a delayed switch-on to safeguard brain glucose
levels and a delayed switch-off to prevent hyperglycemia.
Hence, despite being a "pathologic" condition contributing
to T2D, IR serves a beneficial purpose.

Interestingly, under certain metabolic conditions, even
extreme IR (to the point of causing diabetes) may be essen-
tial. For example, many women without a history of diabetes
experience elevated blood glucose levels during pregnancy.
Gestational diabetes, a condition with many unresolved
questions [145], may be understood through the adjustable
threshold theory, which posits that insulin is designed to pro-
tect brain glucose levels. During pregnancy, there are effec-
tively two brains present—the mother's and the fetus's—
and in cases of multiple pregnancies, additional brains are
prepared [146]. As the fetal brain develops, the mother's
muscles require a higher IRon content to prevent damage.
The placenta may assist in this by secreting placental growth
factor, which inhibits IRS-PI3K interaction, thereby increas-
ing the threshold IRon. Since brain mass steadily increases
throughout pregnancy, it follows that IRon levels will also
progressively rise, resulting in a constant right-shift in the
body's insulin response, similar to the shift induced by obe-
sity. However, the right-shift often does not elevate plasma
glucose levels since the growing fetal brain utilizes any
additional glucose for its needs. Nonetheless, there exists a
potential mismatch between fetal development and the right-
shift, leading to the development of gestational diabetes if
fetal growth lags behind. In most cases, gestational diabetes
may be reversed after pregnancy, with placental growth fac-
tor levels returning to normal.

It could be argued that increasing dietary intake during
each meal would sufficiently meet the pregnant woman's
brain demands, with the expectation that the additional
glucose would solely benefit the baby. However, there are
three reasons why this strategy is unlikely to succeed. Firstly,
starvation has plagued humanity throughout history; even
in modern affluent civilizations, hunger persists. Secondly,
even with an abundant food supply, most of the additional
glucose would likely be absorbed by the mother's cells due
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to the higher overall insulin levels. Finally, a higher-carbohydrate
diet may exacerbate reactive hypoglycemia, posing a risk
of fetal death from severe hypoglycemia. Therefore, it
is crucial to further develop and evaluate the adjustable
threshold hypothesis, as emphasized by Wang. Subsequently,
Okoduwa also observed a similar pattern of IR in a rat model
[147]. They hypothesized that IR often accompanies a high-
fat diet (HFD), leading to hyperinsulinemia. Comparing the
pathophysiology between the water or fortified diet feed
(FDF) group and the normal-diet-feed (NDF) group, they
found that insulin levels in the blood were higher in an insu-
lin-resistant state compared to healthy control conditions.
This observation aligns with Wang's Hypothesis, suggesting
that IR prevents the brain from depleting its glucose supply
by limiting glucose absorption by muscles [97]. In another
study, Akhtar et al. [148] used a combination of cellular stud-
ies and mathematical models to investigate the bistability
(IRon and IRoff) hypothesis. Based on their findings, they
proposed that bistability enables the body to simultaneously
avoid hypoglycemia and hyperglycemia. Although the model
described by Akhtar et al. was significant [148], they high-
lighted the need for a more generalized mathematical model
of glucose-insulin homeostasis, as the one they used was too
narrowly focused. Several physiological processes influence
insulin dynamics, including insulin breakdown and pancre-
atic insulin production in response to glucose stimulation.
The latter is particularly intriguing in light of the discovery
of a new mechanism called "dynamic compensation" (where
regulated glucose dynamics reciprocally control pancreatic
cell mass) to account for the accuracy and stability of glu-
cose dynamics despite significant changes in physiological
parameters [149]. Unfortunately, including these complex
systems in their study would have introduced too many
unknowns, thus they were omitted from the modeling. This
limitation could be addressed by creating a more compre-
hensive mathematical model for glucose-insulin homeostasis
in the future, building upon the existing model (the bista-
ble insulin response) and incorporating the aforementioned
physiological processes [148].

Thrifty Phenotype

Hales and Barker also disputed the idea of a "thrifty gen-
otype" proposed by Neel [23, 96], and instead proposed
the "thrifty phenotype" hypothesis. The thrifty phenotype
hypothesis emphasizes the role of early-life environmental
factors and developmental plasticity in shaping metabolic
adaptations, in contrast to the thrifty genotype hypothesis,
which focused more on genetic predisposition. The thrifty
phenotype theory suggests that all individuals have the
potential for a range of metabolic outcomes shaped by the
interaction between genes and the environment during devel-
opment [54] (Fig. 6). In support of this, recently Li [150]



Current Obesity Reports (2024) 13:475-495

487

reported that early embryogenesis is the essential stage for
the re-establishment of genome-wide epigenetic patterns. A
single mismatch during embryogenesis may result in devel-
opmental malformations, embryonic lethality and increased
risk for certain diseases. On the contrary, a healthy rewriting
of the early-life epigenome may result in desirable effects
such as illness prevention. Thus, early epigenetic reprogram-
ming mechanisms can be influenced by maternal nutritional
status, resulting in adjustments in gene expression in adipo-
genesis and metabolisms contributing to altered phenotypes
like different vulnerabilities in adult life to overweight and
obesity-related metabolic disorders [150]. A recent animal
study discovered that consuming probiotics during preg-
nancy and lactation reduced the adverse nutritional pro-
gramming of offspring obesity induced by a high-fat diet
(HFD) in maternal obesity. This finding implies that modify-
ing maternal gut microbiota through additional microbiota
manipulations could potentially serve as an effective strategy
to enhance metabolic outcomes for both mothers and off-
spring [151]. Preliminary data from a human investigation
also suggests that prenatal probiotic supplementation might
influence the DNA methylation status of specific promot-
ers associated with genes related to obesity and weight gain
in both mothers and offspring [152]. These findings lend
support to the hypothesis that there is an interconnection
between gut microbiota composition, epigenetic regulation,
and the occurrence of obesity in humans [150].

Earlier, Venniyoor [95¢] proposes that the gene PTEN
(phosphatase and tensin homolog) may be a likely candidate
for a "thrifty gene" as it has functions spanning metabo-
lism, cancer, and reproduction - all of which are deranged
in obesity and IR. The activity of PTEN can be calibrated in
utero by the availability of nutrients, through the meth-
ylation arm of the epigenetic pathway. Deficiency of spe-
cific nutrients like protein and choline has been shown
to upregulate DNA methyltransferases (DNMT), which
can then suppress PTEN expression by methylating its
promoter region. This suggests that the "dose" of PTEN,
which negatively regulates the insulin-PI3K/AKT/mTOR
pathway, is tuned proportional to the availability of spe-
cific nutrients during early development. This "fixes" the
metabolic capacity of the organism to a specific postna-
tal level of nutrition. However, when this "fixed" meta-
bolic capacity is faced with a discordant, nutrient-rich
environment later in life, it can lead to the development
of obesity-related diseases. Overall, the thrifty pheno-
type hypothesis provides a framework for understanding
how developmental plasticity in response to early-life
conditions can shape an individual's long-term metabolic
health, with important implications for disease prevention
and management.

Therapeutic and Preventive Aspects Based
on EM and Obesity/T2D

By considering the evolutionary origins of human biology
and behavior, EM may provide novel insights that can signifi-
cantly transform healthcare approaches in tackling the obe-
sity-related disorders pandemic [153]. Also, this can guide
the development of targeted interventions to address the root
causes of obesity and T2D, along with treating the symptoms.

Population-Specific Drug Development

A key insight from EM is that susceptibility to conditions
like obesity and T2D can vary significantly across different
populations, often due to their unique evolutionary histo-
ries. Certain ethnic and racial groups appear more prone to
these metabolic disorders, likely originating from a com-
plex interplay between genetic adaptations and modern
lifestyle factors [132]. Thus, by considering an individu-
al's genetic makeup and evolutionary background [154],
healthcare providers can tailor treatment plans to address
specific needs and optimize therapeutic outcomes for con-
ditions like obesity and T2D. Earlier pharmacogenomic
studies have identified genetic variants that can influence
an individual's response to anti-obesity and anti-diabetic
medications [155-159]. The FTO gene is one such exam-
ple, where certain variants, particularly the rs9939609 SNP,
may increase obesity risk and alter the response to weight
loss interventions [58, 160, 161]. Individuals carrying the
alleles A and AA of the r$9939609 polymorphism tend
to consume approximately 1231 kilojoules more calories
than those with the TT allele [162]. Another study found a
correlation between the rs9939609 genotype and physical
activity, showing that passive carriers of the A allele had
a BMI 1.95 kg/m2 higher than TT carriers. This suggests
that low physical activity may worsen r$9939609's impact
on fat accumulation in the body [161]. However, adoles-
cents with high physical activity levels might mitigate the
negative impacts of the rs9939609 polymorphism [163].
Likewise, earlier, several population-specific T2D variants
were identified. Ng and his research team identified 13 SNPs
across seven genes-TCF7L2, CDKN2A/CDKN2B, SLC30AS,
CDKALI, HHEX, IGF2BP2, and FTO-as significant risk
factors for T2D among individuals of Asian descent from
Korea and Hong Kong [164]. Studies on SLC30A8 have
demonstrated that the rs13266634 polymorphism reduces
the activity of the ZnT8 zinc transporter. This reduction in
activity results in abnormal synthesis, maturation, and secre-
tion of insulin, leading to decreased efficiency in glucose
metabolism and ultimately contributing to the development
of diabetes [165]. Another GWAS has identified the rs5219
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Fig.6 Thrifty phenotype: The thrifty phenotype hypothesis highlights the influence of early-life environments on metabolic adaptations, sug-
gesting that genetic and environmental interactions during development shape individual metabolic outcomes

polymorphism in the KCNJI1 gene as a significant risk fac-
tor for T2D in Caucasians and Syrian populations but not
in Mongolian, Indian, or Ashkenazi Jewish populations.
KCNJ11, located at 11p15.1, encodes the inward-rectifier
potassium ion channel (Kir6.2), a component of the KATP
channel. This channel regulates insulin production and
secretion by modulating glucose metabolism. The rs5219
polymorphism disrupts KATP channel function, impair-
ing insulin production and secretion, thereby contributing
to T2D development in humans [166]. Recently, one study
aggregated genetic data from over 2.5 million individuals
across diverse ancestries, identifying 1,289 independent sig-
nals associated with T2D. Eight distinct clusters associated
with unique cardiometabolic trait associations and cell-
specific chromatin enrichments were identified. Cluster spe-
cific polygenic scores in~279,000 individuals revealed obesity-
related vascular outcomes across different ancestry group.
This in turn suggests potential optimizations for global dia-
betes care access by leveraging genetic insights and under-
standing the diverse etiological factors contributing to T2D
[167]. While this information provides a proximate view
of the population-specific risk variant, understanding how
nature has shaped the function of these variants throughout
human evolution and if these variants were advantageous or
deleterious in our ancestors may help us to understand what
happened during the course of time that certain contempo-
rary human population became prone to obesity and T2D
while others not.

Preventive Aspects
Considering the long human lifespan and inherent genetic
complexity, elucidating the evolutionary origins and mech-

anisms of complex traits like obesity and T2D is extremely
challenging. Model organisms like C. elegans, Drosophila,
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and zebrafish have significantly shorter lifespans and gen-
eration times compared to humans [168—172]. This facili-
tates researchers to rapidly investigate the impact of genetic
and environmental factors on phenotypes such as obesity
across numerous generations, offering vital insights into the
underlying evolutionary dynamics. Thus, studying model
organisms may facilitate a more comprehensive investiga-
tion of the evolutionary origins and mechanisms underlying
obesity. For example, earlier study has reported that Plutella
xylostella caterpillars raised on carbohydrate-rich diets, like
a chemically defined artificial diet or high-starch Arabidop-
sis mutant, learned to consume excess carbohydrates without
storing them as fat over generations, indicating a fitness cost
to excess fat storage. Conversely, those raised in carbohydrate-
deficient environments tended to store carbohydrates as fat.
Additionally, caterpillars from low-starch Arabidopsis mutants
preferred laying eggs on this plant, contrasting with no such
preference in those from high-starch mutants [173]. In a rat
model, the adaptive hypothesis that an obese-prone geno-
type offers a fitness advantage during food scarcity and loco-
motion challenges was tested. Obese-prone rats (cp/cp)
showed dramatically enhanced survival and endurance
compared to lean-prone counterparts (+/?) when exposed to
restricted meals and voluntary wheel running. Biochemical
measures revealed better energy maintenance in obese-prone
rats, suggesting a lower stress response. These findings sup-
port the idea that an obese-prone genotype is advantageous
in times of food scarcity but detrimental in food-abundant
environments [174]. Earlier, we also observed that T2D
genes in Drosophila are ancient and evolving under purify-
ing selection. However, some sites in membrane proteins
encoded by specific T2D genes, such as ZnT35C, continue
to evolve under positive selection in specific circumstances.
This may reflect adaptive responses to external factors like
disease and ecological changes and internal mechanisms like
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compensatory mutations and co-evolution [169]. Thus, EM
approached may also be utilized to develop preventive strate-
gies to address human diseases [175, 176], explicitly focus-
ing on understanding the evolutionary origins of human
metabolism and how modern environments may mismatch
these adaptations. One key preventive strategy is promot-
ing nutrition and physical activity consistent with our evo-
lutionary past, such as emphasizing whole foods, diverse
diets, and regular physical activity [177]. Previous evidence
suggests that consuming low-energy-dense (LED) foods,
such as fish, lean meat, fruits, and vegetables, may decrease
hunger sensations and energy intake, potentially aiding in
weight loss [178]. Sophie and her colleagues conducted a
randomized crossover study comparing low-energy-dense
ready meals (LEDRMs) with higher-energy-dense ready
meals (HEDRM) on satiety and food intake [179]. While
low-energy-dense ready meals (LEDRMs) did not result in
reduced energy intake, they did enhance feelings of fullness
and have the potential to enhance the nutritional quality of
meals by reducing the consumption of saturated fat. Simi-
larly, diets containing whole grains have been shown to pre-
vent obesity by regulating metabolic functions and reducing
pro-inflammatory states. Wei-Yi and colleagues conducted
another intervention study to assess the impact of consuming
Dehulled Adlay on lipid metabolism and inflammation in
overweight and obese individuals. After a 6-week interven-
tion, it was found that consuming 60 g of dehulled adlay
powder daily significantly improved body fat mass and blood
levels of total cholesterol, triglycerides, and inflammatory
markers [180].

Early life interventions targeting maternal nutrition,
breastfeeding, and childhood diet and activity levels can also
influence lifelong metabolic health [181, 182]. The offspring
of women exposed to famine during early gestation, despite
being born with normal birth weight, exhibited an elevated
risk of obesity and a threefold increase in the likelihood of
coronary heart disease as adults. Conversely, the offspring
of women exposed to famine in mid-and late gestation were
born smaller than unexposed babies and faced an increased
risk of impaired glucose tolerance in adulthood [183]. In a
cross-sectional study by Martha and colleagues [184], the
abundance of Bacteroidetes and Actinobacteria in human
milk was found to be directly and significantly associated
with the adiposity of women before pregnancy and during
lactation. This suggests that intestinal microbiota may play a
crucial role in mediating the impact of the nutritional status
of mothers on their offspring. Environmental modifications,
like creating walkable communities and improving access
to fresh foods, can also reduce exposure to obesogenic fac-
tors such as processed foods and sedentary behaviors. At
the population level, policies and interventions such as food
labeling regulations, and urban planning for physical activity

can address the obesity epidemic from a broader societal
perspective [185].

Limitation and Future Perspective
of the Evolutionary Hypothesis

The above-outlined evolutionary medical perspective not
only helps us to understand the ultimate reason why obesity
and T2D exists in humans but also its pathogenesis. There
are, however, certain limitations to this method. To begin
with, the theory of evolutionary medicine relies on several
fundamental concepts that are difficult to demonstrate experi-
mentally. As an example, to date, no specific thrifty genes
have been detected, which in turn limits the involvement of
the thrifty gene in the diagnosis and treatment of T2D. Also,
due to their long lifespans, mammals make it almost hard
to scientifically establish or witness the impacts of natural
selection as well as the trade-offs between early and later life
[186]. We may overcome this limitation by studying human
diseases in model organisms (e.g., Drosophila) and creating
a contrasting artificial environment. For instance, to under-
stand the thrifty genotype, we may expose Drosophila under
feast & famine condition and what happens if any of the
feast or famine condition is disrupted. Since Drosophila has
a very short life cycle, we have more power to capture the
situation, which may also help us understand how the change
in the human environment influences human diseases,
including T2D [169]. Furthermore, given that research in
EM encompasses human health, pharmacokinetics, vari-
ous temporal scales, cultural and population diversity, and
environmental science, interdisciplinary collaboration is
crucial for comprehensively understanding human diseases'
mechanisms, such as T2D. Additionally, it is imperative to
broaden our approach beyond population genomic studies,
which typically focus solely on humans, to include other
methodologies such as phylogenetic, co-evolutionary, and
sexual selection approaches. This holistic approach will
deepen our understanding of the pathophysiology of vari-
ous human diseases, including T2D, cancer, and immune
system disorders [187-189]. However, most of the other
EM approaches are still in infancy. Thus, more research and
funding may be required to grow this field [187]. Addition-
ally, most of the EM hypotheses are based on the compari-
son between two human groups, e.g., modern people vs.
ancestors or carnivorous vs. non-carnivorous. However, EM
studies of different ethnicities are very important to unmask
the disease pathogenesis more precisely. For instance, earlier
studies have reported that the genetic landscape and signa-
tures of selection in the genome are important for mapping
susceptibility variations and understanding the development
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of diseases/traits [190]. They reported that the variants in
genes like TCF7L2 show evidence of selection and that may
have helped Africans adapt to dietary stresses by influenc-
ing glucose and lipid metabolism. Similarly, the low visceral
adipose tissue (VAT) and high intermuscular adipose tissue
(IAT) in people of African descent, as well as the high VAT-
adiponectin connection, may reflect adaptive responses to
the dietary and infectious illness stresses of the African
environment. Thus, comparing different ethnicities using
EM approaches may help us unmask human diseases more
precisely. Additionally, it's crucial to study how IR affects
different organs. Recent research, like tweaking genes in spe-
cific tissues, is helping us learn more. Interestingly, while
IR in some organs like the liver and brain is bad, it seems
to be good for health and lifespan in fat cells. We need to
understand if the reasons behind IR affect organs differently.
Answering these questions could change how we view basic
biology and healthcare. Finally, while some universities have
achieved success in including EM in medical school cur-
ricula, now, EM is mostly taught to evolutionary biologists.
Only a small percentage of physicians learn about evolution
in their premedical or medical training and even fewer get to
really use it in their practice. If EM continues as it is, it will
become focused only on research, and doctors will only be
interested in the outcomes (or proximal causes). Thus, the
involvement of experts from various fields will help us to
understand the underlying mechanism associated with obe-
sity and T2D using the EM approach more precisely.

Conclusion

Obesity is a major cause of the development of IR, thereby
increasing the risk of chronic diseases such as type 2 diabe-
tes. However, complete mechanism how obesity causes T2D
remains elusive. Considering this, recently developed evo-
lutionary medicine examines the genetic, behavioral, envi-
ronmental, and microbial factors to understand how previous
evolutionary processes have shaped the present-day human
genome and made them vulnerable or protective against
diseases. To date, several hypotheses have been proposed
to understand the link between Obesity and T2D. However,
these hypotheses give a possible reason why one group of
individuals is prone to T2D. There are several points of
uncertainty and contradiction in each hypothesis. Most of
the hypotheses are developed on the theories and have not
been proved experimentally. Furthermost of the research
focused on ethnicity and cell/tissue-specific is still required,
along with participation from a wide range of researchers,
from medical practitioners to basic biology scientists. Since
obesity-associated IR is a significant cause of morbidity and
mortality worldwide currently, and evolutionary awareness

@ Springer

has the ability to revolutionize the line of disease preven-
tion and care, the information present in this article will be
a valuable illustration of evolutionary biology's approach
to medicine. In the near future, the information presented
in the article will be useful in understanding disease and its
management.
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