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Abstract

Obijective

Relaxed natural selection, measured by Biological State Index (Iys), results in unfavourable
genes/mutations accumulation in population. Obesity is partly heritable. We aim to exam-
ine and compare the effects of relaxed natural selection on male and female obesity
prevalence.

Methods

Data for 191 countries of the world were captured for this ecological study. Curvilinear
regressions, bivariate and partial correlations, linear mixed models and multivariate linear
regression analyses were used to examine the relationship between l,s and sex-specific
obesity prevalence. Per capita GDP, urbanization and caloric intake were controlled for as
the confounding factors. Fisher r-to-z transformation, R? increment in multivariate regres-
sion and F-test were used to compare the correlations.

Results

Curvilinear regressions, bivariate and partial correlations (controlled for GDP, urbanization
and calories) revealed that I, was significantly correlated to obesity prevalence of both
sexes, but significantly stronger to male than to female obesity prevalence. Curvilinear
regression models also showed strong correlations. Mixed linear models, with effects of
GDP, urbanisation and caloric intake controlled for, showed that male and female average
obesity prevalence rates were significantly higher in countries with greater I, value than
their equivalents in countries with lower l,s. Between higher and lower I, countries, the gap
of male obesity prevalence is 60% greater than the gap of female obesity prevalence. Step-
wise multiple regression identified that I,s was a significant predictor of obesity prevalence
of both sexes. Multivariate regression showed that, adding |, as an obesity predictor, R?
increment in male model was significantly greater than in female model.
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Conclusions

Relaxed natural selection may drive males and females to accumulate metabolic faulty
genes equally. Probably due to greater environmental, personal intervention in regulating
female body mass, relaxed natural selection shows less contributing effects to female obe-
sity prevalence than to male obesity prevalence. Gene therapy to prevent obesity may need
to be also taken into account.

Introduction

Being overweight was once considered a problem only of high-income countries, but now obe-
sity prevalence is rising worldwide and affects both economically developed and developing
countries [1]. Indeed, obesity and its sequelae are now so common that they are replacing
undernutrition and infectious diseases as the most significant causes of ill-health [2]. More-
over, people considered overweight or obese have been subject to discrimination and prejudice
(2,3].

The Body Mass Index (BMI) is a common tool to determine body weight status. In WHO
statistics [4-7], there are four body weight status definitions regarding individual adult’s BMI,
i.e. obesity (BMI >30 kg/m?), overweight (BMI > 25 kg/m?), normal (BMI > 18 kg/m?,
but < 25 kg/mz) and underweight (BMI < 18 kg/mz).).

During the past three decades, extensive studies explored how non-genetic factors, such as
excessive intake of energy, changes of food components, sedentary lifestyle and gut flora
imbalance, contributed to body weight increase [8-19]. However, the conclusions of these
studies are controversial and/or circumstantial. One of the underlying reasons might be that
the important role of genetics in obesity [20] was not considered in these studies.

Natural selection is a key mechanism of evolution. However, its effects in shaping humans
as a species may have been relaxed due to modern living conditions, and improved public
health and medicine [21, 22]. Natural selection, together with mutations controls the fre-
quency of genes, which determine human heritable traits. Population escaping from natural
selection over successive generations may make the prevalence of their heritable traits subject
to change due to the imbalance mutation/selection [20, 23]. A direct consequence of this pro-
cess is that de novo mutations, including those affecting energy balance and metabolism,
recently have accumulated at an unexpectedly significant pace [24-27]. Multiple mutations
may be accumulated in genomes quickly, which influence the phenotype [28-30] after only a
few generations.

The Biological State Index (I,s) measures the population level reproductive success [30-33].
Therefore, it can be used to measure the magnitude of relaxed natural selection at a population
level. The Iy calculation formula [31, 32] is:

=137 ds.

Where

dy = the frequency of deaths at age x

sx = the probability of not having completed fertility at age x

w: the age at death of the oldest member of the group

The Iy, expresses an opportunity for an average individual born into a population to pass
on genes to the next generation. The greater I, value is, the less opportunity for natural
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selection to act on the population through mortality because all individuals in that population
survive to and through their reproductive period (15-50 years old). Further explanation and
calculations of the I,,; are described in S1 Text and for the I, value of each country see S1
Table).

It was postulated that unfavourable genes may have been accumulating in human popula-
tions due to greatly relaxed natural selection in the past 100-150 years [30, 34-37]. This
hypothesis has been tested in several studies [30, 34, 35, 38] and a very recent study argued
that relaxation of natural selection may have been contributing to worldwide obesity preva-
lence due to accumulation of genes affecting metabolism in human populations [27]. The
rationale of the study into the relationship between relaxed natural selection and obesity preva-
lence increase is as follows:

The probable effect of de novo mutations is detrimental. Each population has a segment
who carry metabolism and energy balance fault genes. When members of this segment of a
population participate in the reproduction, they may pass their metabolic fault genes into
the next generation [27]. The frequency of metabolic fault genes will increase when a larger
fraction of total population have opportunity to participate in reproduction under a given
set of mortality conditions [31, 32]. However, only the contribution of relaxed natural selec-
tion to obesity prevalence in total population (both sexes) has been studied. No effects of
relaxed natural selection on obesity prevalence separately in males and females were
considered.

The topic of sex disparities in obesity remains largely underresearched, let alone addressed.
From the perspective of total population at the country level, males and females in the next
generation may share equal opportunities to inherit metabolic fault genes. However, world-
wide, obesity is more prevalent in females (23.28%) than in males (15.89%) [7]. Studies of sex
disparity in obesity considered differences in fat distribution [39, 40], body fat storage level
[41-43], the role of parental investment [44] and the role of estrogen effect on obesity [45].
The interaction between genetic factors and sex in identical twins’ BMI has been reported [46,
47]. However, the effects of relaxed natural selection on obesity in different sexes at the popula-
tion level have not been explored [48]. Due to obvious differences in body composition, fat dis-
tribution and hormonal regulation of metabolism, especially during pregnancy, lactation and
post-partum periods, expression of different genes in males and females may be differently
influencing energy balance of individuals.

Therefore, the objective of the present study was to evaluate and compare the role of the Iy,
contribution to male and female obesity prevalence from a global perspective using country
sex-specific obesity prevalence data.

Materials and methods

Data are freely available from the websites of the UN agencies (WHO, the World Bank and
FAO). Data sources were described in the manuscript and their specific URLs were indicated
in the section of Reference. No ethical approval or written informed consent for participation
was required.

Data collection and selection

The WHO Global Health Observatory (GHO) data (2014) on estimated sex-specific obesity
prevalence rates by country were obtained and used as the dependent variables [7]. The esti-
mates of sex-specific prevalence rates of obesity are expressed as the percentage of population
aged 18+ with BMI equal to or over 30 kg/m”.
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In order to investigate sex differences longitudinally, we also extracted data on I,s and on
obesity prevalence rates of Australian females and males for the years 1976, 1981, 1986, 1991,
1996 and 2009 [49].

Country specific I, values were used as the independent variable. The Iy, calculation [31,
32] was based on the fertility data of each country published by United Nations in 2008 [50]
and the mortality data of life tables (2009) published by World Health Organization (WHO) in
2012 [51]. These calculations were the same as in the previous study published by Budnik and
Henneberg [27]. Calculations and interpretations of Iy, are further described in S1 Text. Aus-
tralian longitudinal I was calculated using data published by the Commonwealth Bureau of
Census and Statistics. In terms of data availability and quality, for Australia we were only able
to calculate the Iy for the years of 1976, 1981, 1986, 1991, 1996 and 2009.

Urbanization (expressed as a percentage of the population living in urban areas in 2010)
[52], mean caloric intake in 2011-2013 (expressed in grand total calories per capita per day)
[53] and gross domestic product per capita (GDP, expressed in purchasing power parity in
2010 US dollars) [54] were considered and controlled for as the confounding factors. The rea-
sons of selecting potential confounding factors include: 1) Due to more affordability of the
increases in caloric intake [55], obesity has traditionally been considered as an affluence-
related medical condition [56]. 2) Living in an urban setting leads to sedentary lifestyle (less
physical activity) and poorer diets (more animal fats and sugar), which have been considered
an important factor to increase the risk of obesity [1, 20, 57-59]. Urban living setting also mir-
rors the Western lifestyle.

We aligned the I, with prevalence rates of obesity in females and males and then matched
them with GDP, caloric intake and urbanization. Country specific data for 191 countries were
put in a uniform format. Each country was treated as an individual subject and all of their
available information was analysed. For some countries an estimate of one or the other variable
was missing, thus specific analyses have sample sizes varying from 168 to 191.

We also aligned Australian I, with obesity prevalence of Australian females and males for
those years in which we were able to use the data for I, calculation in order to explore longitu-
dinal trend.

Although the WHO Global Health Observatory (GHO) data repository (2014) [7] defined
four levels of BMIs for males and females (obesity, overweight, normal and underweight), we
only chose obesity prevalence rates in females and males for modelling, analysing and report-
ing the correlation and regression results because the results for obesity can be compared with
the findings of the previous study conducted by Budnik and Henneberg [27].

Data robusticity check

The diagnostic test was run to check if there was a problem of multicollinearity between the
data we collected. All the tolerances were less than 0.20 and all the Variance Inflation Factors
(VIF) were above 5, which indicates there was not multicollinearity issue [60] (S2 Table).

The Kolmogorov-Smirnov and Shapiro-Wilk tests were performed with SPSS to test the
normality of distributions of variables used (Details see -S3 Table). All variables analysed here
were not normally distributed, thus various data transformations as described below were per-
formed for each method applied.

Scatter plots

Worldwide, the relationships between the I,; and each of the male and female obesity preva-
lence rates were explored and visualized in Microsoft Excel™ producing scatter plots. Scatter
plots were also used to explore longitudinal correlations between the Australia-specific I, and
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Australian sex-specific obesity prevalence rates. The best fit trendlines were reported
respectively.

Curvilinear correlation analysis

Due to non-normal data distribution detected in the Kolmogorov-Smirnov and Shapiro-Wilk
tests, partial correlation analysis was conducted using correlations of residuals, not the standard
SPSS procedure. Logarithmic, exponential, power and polynomial regression models were fitted
to the data and for each specific regression analysis the model producing the greatest fit by the
least squares criterion (greatest coefficient of determination—R?) was applied. First, best curvi-
linear regression between GDP and sex-specific obesity prevalence has been obtained, then
residuals of individual country points around that line were regressed on urbanisation. Residu-
als around the best regression of GDP-residuals on urbanisation were calculated (second-order
residuals). These second-order residuals were regressed on the caloric intake and then residuals
around this regression line calculated (third-order residuals). First order residuals (sex-specific
obesity prevalence standardised on GDP), second order (sex-specific obesity prevalence stan-
dardised on GDP and urbanization) residuals and third order residuals (sex-specific obesity
prevalence standardised on GDP, urbanization and caloric intake) were regressed on Iy, thus
obtaining correlations of Iy to sex-specific obesity prevalence corrected for effects of GDP only,
GDP and urbanisation, and GDP, urbanisation and caloric intake respectively.

Data analysis based on linear correlation models

When data were logarithmed, similar levels of Pearson r correlation and Spearman rho
between all variables were obtained. This allows us to consider that the logged data distribu-
tions, though not normal, provide homoscedastic distributions as required for linear correla-
tions. Therefore, the data analysis was performed in four steps:

1. Pearson correlation analysis was conducted to examine the strength and direction of the
correlations between all variables.
Considering the potentially abnormal data distribution, subsequently, nonparametric cor-
relation analysis was performed with the same set of data to examine the magnitude of the
potential differences between correlation coefficients between obesity prevalence and all
variables calculated in Pearson and nonparametric correlation analyses.

2. Partial correlation analysis was performed to explore the independent linear correlations of
I,s to male and female obesity prevalence rates respectively while we controlled for GDP,
urbanization and caloric intake.

Fisher’s r-to-z transformation was conducted to assess significance level of differences
between the Pearson’s r and partial correlation coefficients of Iy, to male and female obesity
prevalence rates.

Cohen’s f* was used to calculate and report the “effect size” in the partial correlation analy-
sis.

Partial correlation analysis was also performed to explore the independent linear correla-
tions of calories to male and female obesity prevalence rates respectively when we swapped
Is as a predicting variable with calories as the potential confounder.

3. Standard multivariate linear regression (Enter) was calculated on log-transformed data to
obtain and compare the Beta coefficients between sex-specific obesity prevalence and all
independent variables, which included Iy, calories, GDP and urbanization.

Standard multivariate linear regression (Stepwise) was performed to assess which non-I
predictor(s) made substantial contributions to variation in obesity, and then Iy, was added
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to the list of predictors to show improvement in model fits for males and females. The mag-
nitudes of improvements in the two model fits were firstly compared with the absolute
improvement values obtained from “the R* improvement in male prevalence due to adding
Ips” and “the R* improvement in female prevalence due to adding I,;” respectively. F-test
was used to compare and determine if there is significant difference between the magni-
tudes of the two improvements. We calculated the ratio (F value) of “the R? improvement
in male prevalence due to adding I,,” to “the R* improvement in female prevalence due to
adding I,;”. The calculated F value was compared with the value of p = 0.05 and p = 0.01 at
degrees of freedom used in regression analyses.

4. The linear Mixed Model Analysis was conducted to summarise the results allowing us to
intercept change at the country and regional levels after the data were nested within the
WHO regions.

For the application of mixed-effects models that are based on linear relations between vari-
ables, scales of GDP, urbanisation and caloric intake were transformed from interval to
ordinal. Values of each variable were ordered/ ranked from the smallest to the largest, and
the ranks standardised on numbers of observations because the numbers of countries for
which values of GDP, Urbanisation and Caloric intake available differed somewhat (from
168 to 191). This way the rank of the country with the maximum value became 100 while
the rank of the country with minimum value was 100*1/N that is a fractional number. This
procedure produced rectangular distributions of all variables, thus these distributions
became homoscedastic and as such acceptable for linear analyses. Averages of ordinally
measured variables in the entire sample are 50.0 and thus their averages in variously
grouped subsamples are easily interpretable. The mixed model with nested terms fixed and
random effects using the Restricted Maximum Likelihood method of estimation was run.

The Insurance Hypothesis hypothesized that perceived food insecurity due to economic
inequality may contribute to obesity in the economically developed world [61]. In order to
make our study constructive, we located the country specific Gini index [62] as the measure-
ment of the economic inequality to test its correlation with obesity in the economically devel-
oped world. It may take years for inequality to be exposed to humans before delayed obesity
representation is noticeable. Therefore, we calculated the mean Gini index over a 5-year period
(2008-2012) in each country to represent typical long-term exposure to the economic inequal-
ity. The Pearson’s r and non-parametric and partial correlation analyses were conducted to
identify the correlation between Gini index and obesity prevalence. Pearson’s r, Spearman’s
rho coefficient, partial correlation, the linear Mixed Model Analysis and multiple-linear
regression analyses were conducted using SPSS v. 24. The statistical significance was set at the
0.05 level, but the significance levels at 0.01 and 0.001 were also reported.

Results

Worldwide, I, was in strong and significant correlation (along exponential regression line) to
both male obesity (r = 0.70, p<0.001) and female obesity (r = 0.47, p<0.001). Fisher r-to-z
revealed that I, was in significantly stronger correlation to male obesity than to female obesity
(z = 3.46, p<0.001) (Fig 1). Similar longitudinal trends were revealed between Australia-spe-
cific I,s and Australian male and female obesity prevalence (Fig 2).

Curvilinear residual regressions revealed that I, was still significantly correlated to both
male and female obesity prevalence when corrected for effects of GDP (r = 0.23, p<0.001 and
r = 0.23 males and females respectively), GDP and urbanisation (r = 0.52, p<0.001 and
r = 0.61, p<0.001 respectively), and GDP, urbanisation and caloric intake (r = 0.23, p<0.01
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and r = 0.20, p<0.01 respectively). Fisher r-to-z transformation was conducted to compare the
correlations between I, and male and female obesity prevalence respectively at the first, sec-
ond and third order residuals, but there was no significant difference detected. This may sug-
gest that relaxed natural selection contributes to male and female obesity equally regardless of
the environmental intervention in regulating male and female body mass (Table 1).

In Pearson correlation analysis, worldwide, I, was significantly correlated to both male
(r=0.692, p<0.001) and female (r = 0.470, p<0.001) obesity prevalence rates at levels similar
to those for curvilinear regressions (Table 2). Similar values of correlation coefficients were
observed in Spearman’s rho analysis as well indicating that log-transformation is sufficient
to avoid substantial deviations from linear regressions in moment-product correlations
(Table 2).

Fisher’s r-to-z transformation revealed that, in Pearson correlation analysis, I,,s was corre-
lated to male obesity prevalence significantly stronger than to female obesity prevalence
(z=3.31,p<0.001) (Table 2).

Pearson correlation indicated that, worldwide, caloric intake was in significant correlation
to both male (r = 0.0.716, p<0.001) and female (r = 0.493, p<0.001) obesity prevalence rates at
levels similar to those for curvilinear regressions (Table 2). Fisher’s r-to-z transformation
revealed that in Pearson correlation analysis, calories were correlated to male obesity preva-
lence significantly stronger than to female obesity prevalence (z = 3.3, p<0.001) (54 Table).

Partial correlation analysis showed that, worldwide, the I,,s was still significantly correlated
to the male and female obesity prevalence (r = 0.332, p<0.001 and r = 0.147, p<0.05 respec-
tively) while we controlled for caloric intake, GDP and urbanization (Table 3). I ;s was, in
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partial correlation, significantly stronger to male obesity prevalence than to female obesity
prevalence (z = 1.76, p<0.05) (Table 2).

The effect size of I,; on male obesity prevalence is 0.124, which is much greater than on
female prevalence, 0.022 (Table 3).

Table 1. Curvilinear relationship between I, and male and female prevalence standardized on individual major obesity contributors in different combinations.

Prevalence % ‘ Regression equation ‘ r n Fisher r-to-z
Prevalence (Actual)

Male y = 0.0036¢%>*7 0.70 191 7 = 3.46, p = 0.0005
Female y = 0.5508¢> 3483 0.47 191

Prevalence Standardized on GDP

Male y = 0.1819x"4%%! 0.34 184 7 =-1.26,p = 0.2077
Female y= -360.53x> + 639.48x — 278.31 0.23 184

Prevalence Standardized on GDP and Urbanization

Male y= 694.64x°-1375.5%> + 901.83x — 97.211 0.52 184 Z=-1.31,P=0.1902
Female y = 8369%> — 19996x° + 15903x — 4192.6 0.61 184

Prevalence Standardized on GDP, Urbanization and Calories

Male y= -120.34x° + 373.64x°-339.93x + 93.492 0.23 168 Z=0.28,P=0.775
Female y= 2107.3x>-5332.6x* + 4524.5x — 1292.5 0.20 168

Sex specific obesity prevalence is the percentage of defined population segment with a body mass index (BMI) of no less than 30 kg/m?.
Data sources: Total calories data from the FAO’s FAOSTAT; BMI >30 data from the WHO Global Health Observatory; GDP data from the World Bank; Urbanization

data from WHO. Biological State Index (I,) was self-calculated with country specific fertility data published by the United Nations and the mortality data published by
World Health Organization (WHO).

https://doi.org/10.1371/journal.pone.0199594.t001
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Table 2. Pearson r correlation (above the diagonal) Spearman rho (below the diagonal) between all variables*.

Obesity %, Male Obesity %, Female Tps Calories GDP Urbanization
Obesity %, Male 1 0.903** 0.692%* 0.716** 0.761** 0.580**
Obesity %, Female 0.845"* 1 0.470%* 0.493** 0.517** 0.399%*
Tps 0.667"* 0.371** 1 0.639%* 0.710%* 0.513**
Calories 0.742** 0.451** 0.765** 1 0.759** 0.602**
GDP 0.758"* 0.504** 0.866** 0.756** 1 0.672
Urbanization 0.583"* 0.372** 0.666** 0.660** 0.736** 1

Pearson r and Spearman rho is reported. Number of countries included in the analysis ranges from 172 to 191.

*All correlations are significant at the 0.001 level (two-tailed).

Obesity % is percentage of defined population segment with a body mass index (BMI) of no less than 30 kg/m”.

Data sources: Total calories data from the FAO’s FAOSTAT; BMI >30 data from the WHO Global Health Observatory; GDP data from the World Bank; Urbanization
data from WHO. Biological State Index (I,;) was self calculated with country specific fertility data published by the United Nations and the mortality data published by
World Health Organization (WHO).

https://doi.org/10.1371/journal.pone.0199594.t1002

Partial correlation analysis showed that, worldwide, caloric intake was still significantly
correlated to the male obesity (r = 0.259, p<0.001), but not to female obesity prevalence
(r = 0.140, p = 0.073) while we controlled for I;,;, GDP and urbanization (54 Table). However,
the difference between the two correlation coefficients did not reach the significant level
(z=1.11, p=0.134) (54 Table).

The effect size of calories on male obesity prevalence is 0.072, which is much greater than
on female prevalence, 0.020 (54 Table).

Mixed linear models revealed that the male and female obesity prevalence rates were signifi-
cantly different between WHO regions (F = 11.59, P<0.001 & F = 12.18, P<0.001 respectively)
when GDP, urbanization and calories were controlled for. When the effects of GDP, urbanisa-
tion and calories were kept constant, mixed linear models revealed that male and female aver-
age obesity prevalence rates were significantly higher in countries with greater I, than their
equivalents in countries with lower Iy, and that between higher and lower I, countries, the
gap of male obesity prevalence (20.48%-9.54%) is 60% greater than the gap of female obesity
prevalence (25.68%-18.85%) (Table 4 and Further details see S5 Table.

Table 3. Correlation coefficients and Fisher’s r-to-z transformations of Pearson r and partial correlations between I, and male and female obesity prevalence.

Variable Pearson correlation Partial Correlation
Tps Ips

n r P Fisher’s r-to-z transformation df r P Effect Size | Fisher’s r-to-z transformation
Obesity %, Male 191 0.692 0.000 |z=3.31 163 0.332 0.000 0.124 z=1.76
Obesity %, Female | 191 | 0470 | 0000 |PZ00005 163 | 0147 | 0030 | 0022 \P=00%
GDP, USD 2010 184 0.710 0.000 - - - - -
Calories, mean 2011-13 172 0.639 0.000 - - - - -
Urbanization 191 0.513 0.000 - - - - -

Partial correlation (two-tailed) was run to examine the correlations between I, and male and female obesity prevalence respectively when GDP, Calories and
urbanization were controlled for, but both the results were only reported.

-, Controlled variable.

Obesity % is percentage of defined population segment with a body mass index (BMI) of no less than 30 kg/m’.

Data sources: Total calories data from the FAO’s FAOSTAT; BMI >30 data from the WHO Global Health Observatory; GDP data from the World Bank; Urbanization
data from WHO. Biological State Index (Iy,) was self calculated with country specific fertility data published by the United Nations and the mortality data published by
World Health Organization (WHO).

https://doi.org/10.1371/journal.pone.0199594.t003
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Table 4. Results of Mixed Model Analysis with the country specific data nested within WHO regions. Means of prevalence (%) of obesity (>30kg/m?) for males and
females in countries with Iy, values above and below median are shown.

Males
WHO Region Countries with I;,; >0.9658 Countries with I, <0.9658

N Mean Std Deviation N Mean Std Deviation
Africa 1 11.20 NA 39 5.19 3.97
Americas 24 20.72 4.59 11 14.95 4.71
Eastern Mediterranean 7 27.14 5.90 10 13.23 9.48
Europe 42 21.87 2.97 8 15.59 4.04
South-East Asia 3 4.70 1.18 6 2.78 1.35
West Pacific 9 14.46 11.68 8 17.76 14.28
Worldwide 86 20.48 6.60 82 9.54 8.23
Females
WHO Region Countries with I, >0.9658 Countries with I;,; <0.9658

N Mean Std Deviation N Mean Std Deviation
Africa 1 24.30 NA 39 15.33 7.55
Americas 24 31.21 5.07 11 27.33 6.62
Eastern Mediterranean 7 39.60 4.38 10 23.02 13.26
Europe 42 22.99 4.09 8 21.39 3.56
South-East Asia 3 10.47 0.85 6 6.05 2.12
West Pacific 9 17.86 13.69 8 26.24 19.92
Worldwide 86 25.68 8.77 82 18.85 11.11

The mixed model with nested terms fixed and random effects using the Restricted Maximum Likelihood method of estimation was run.
Dependent Variable: BMI>30 prevalence rates in Males and Females in 2014.

Ips Med: Cutoff point of 0.9658.

NA: Not available

https://doi.org/10.1371/journal.pone.0199594.t004

Multivariate regression model (Enter) revealed that I,,s was a significant (Beta = 0.287,
p<0.001) predictor of male obesity prevalence when Iy, calories, GDP and urbanization were
entered as the predicting variables. In contrast, I, was only a relatively weak and marginally
significant (Beta = 0.180, p = 0.06) predictor of female obesity prevalence (Table 5).

Stepwise multivariate regression model results indicated that I, was, after GDP, the second
strongest and significant predictor of both male and female obesity prevalence. The absolute
improvement of R? value due to adding I, in male model fit was 0.038 (from 0.642 to 0.680),
which was more than double the absolute improvement value 0.016 (from 0.268 to 0.284) due
to adding I, to female model fit (Table 5). This difference was significant (F value 2.375,
p<0.01).

Interestingly, in the Stepwise multivariate regression model, caloric intake was one of the
significant predictors of male obesity prevalence rate, but was not selected as one of the vari-
ables which had the greatest influence on female obesity prevalence (Table 5).

Table 6 represented the correlation between Gini index and obesity prevalence. No strong
or significant correlation between Gini index and male or female obesity prevalence was estab-
lished in the Pearson’s r and non-parametric and partial correlation analyses (Table 6).

Discussion

The worldwide trend of increased obesity prevalence is a multi-factorial phenomenon with
major contributions from the environmental factors and the genetics. By assessing the data
from 191 countries on the prevalence rates of the sex-specific obesity, we have shown that,
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Table 5. Results of enter and stepwise linear multivariate regression analyses to identify significant predictors of obesity prevalence in females and males.

Enter
Male obesity prevalence Female obesity prevalence
Iy,s excluded Iy, included Iy,s excluded Iy, included
Variable Beta Sig. Beta Sig. Variable Beta Sig. Beta Sig.
Ips - - 0.287 0.000 Ips - - 0.180 0.060
Calories 0.233 0.002 0.175 0.014 Calories 0.131 0.209 0.095 0.366
GDP 0.515 0.000 0.360 0.000 GDP 0.345 0.002 0.247 0.040
Urbanization 0.135 0.035 0.126 0.037 Urbanization 0.117 0.194 0.112 0.212
Stepwise
Male obesity prevalence Female obesity prevalence
I,s excluded Iy,s included Ty,s excluded I},s included
Model Variable Adjusted R Variable Adjusted R> Model Variable Adjusted R> Variable Adjusted R
1 GDP 0.606 GDP 0.606 1 GDP 0.268 GDP 0.268
2 Calories 0.635 Tis 0.657 2 Calories Removed Tis 0.284
3 Urbanization | 0.642 Calories 0.673 3 Urbanization | Removed Calories Removed
4 - - Urbanization | 0.680 4 - - Urbanization | Removed

Sex specific obesity prevalence is the percentage of defined population segment with a body mass index (BMI) of no less than 30 kg/m>.

All the selected predicting variables had the greatest influence on male and female obesity prevalence respectively at the significance level of p < 0.001.

Data sources: Total calories data from the FAO’s FAOSTAT; BMI >30 data from the WHO Global Health Observatory; GDP data from the World Bank; Urbanization
data from WHO. Biological State Index (I,,s) was self-calculated with country specific fertility data published by the United Nations and the mortality data published by
World Health Organization (WHO).

https://doi.org/10.1371/journal.pone.0199594.t005

globally, countries which had greater value of the I (less opportunity for natural selection)
have greater obesity prevalence rates in both males and females. These trends remained inde-
pendent of the commonly considered drives (total caloric intake, urbanization and GDP) of
obesity.

Through relaxing natural selection, the advanced technology and medicine may have had
the dual role on obesity in the past 100-150 years [30, 35]. They may have made modern
humans “well adapted” to their environment [30, 33, 35]. Meanwhile, they may have allowed
the deleterious genes/mutations to accumulate in human population [30, 33, 38] as the popula-
tion carrying deleterious genes/mutations would be able to reproduce and pass on the

Table 6. Correlation between Gini index and obesity prevalence in the developed world.

Pearson r Spearman’s rho Partial Correlation

r p n r P n r P Df
Male obesity prevalence -0.039 0.837 30 -0.063 0.742 30 -0.247 0.223 24
Female obesity prevalence 0.086 0.652 30 0.226 0.229 30 -0.124 0.548 24
Biological State Index (Ips) -0.272 0.145 30 -0.083 0.661 30 - - -
Calories 0.162 0.393 30 0.237 0.208 30 = = =
GDP -0.078 0.681 30 -0.078 0.682 30 - - -
Urbanization -0.190 0.314 30 -0.033 0.862 30 = = =

Sex specific obesity prevalence is the percentage of defined population segment with a body mass index (BMI) of no less than 30 kg/m?.

Data sources: Total calories data from the FAO’s FAOSTAT; BMI >30 data from the WHO Global Health Observatory; GDP data from the World Bank; Urbanization
data from WHO. Biological State Index (I,,s) was self-calculated with country specific fertility data published by the United Nations and the mortality data published by
World Health Organization (WHO). Gini index from the World Bank.

https://doi.org/10.1371/journal.pone.0199594.t006
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inheritable genes/mutations to their next generation. This hypothesis has been tested on popu-
lation obesity and thinness by Budnik and Henneberg [27] and by Staub and Henneberg et al
[63]. Theoretically, metabolic faulty genes/mutations may be cumulative in females and males
at the same pace in the process of relaxation of natural selection. The aetiology of how relaxed
natural selection (I,,s) contributes to obesity in males and females has been discussed in detail
elsewhere [27, 63].

The other important and new finding in this study was that, statistically, in Pearson analy-
sis, the I, was in significantly stronger correlation to male obesity prevalence (r = 0.692,
p<0.001) than to female obesity prevalence (r = 0.470, p<0.001). Fisher’s r-to-z transforma-
tion revealed that this difference was significant (z = 3.31, p<0.001). This relationship
remained when GDP, caloric intake and urbanization were controlled for in partial analysis.
The I, correlated to male obesity prevalence (r = 0.332, p<0.001) significantly stronger than
to female obesity prevalence (r = 0.147, p<0.05). Fisher’s r-to-z transformation also revealed
that this difference was significant (z = 1.76, p<0.05).

Considering the equal opportunities to inherit and accumulate metabolic faulty genes/
mutations in males and females, the I, should be correlated to the obesity prevalence equally
in females and males. The significantly weaker relationship between I;,; and female obesity
prevalence in our analyses may indicate that the effects of relaxed natural selection on obesity
are moderated by environmental factors more in females than in males. In other words, the
same magnitude of faulty metabolic genes/mutations accumulation in males and females does
not produce the same phenotypic outcomes at population level (i.e., different obesity preva-
lence rates). Multiple environmental factors that may influence the female obesity prevalence
in different countries or regions may explain the disparity of obesity prevalence in males and
females. Below is the listing of some possible environmental factors which may weaken effect
of I,s on obesity prevalence among females:

1. Fertility is a nutritionally expensive process for women due to gestation and lactation [44].

Therefore, women at reproductive age have been especially susceptible to excessive fat stor-
age from the perspective of evolutionary biology [44]. Birth rates are low in developed
countries, but high in developing countries [64, 65]. Nutrition stored in the form of fatness
in females of developed countries, which is supposed to be used for successful reproduction,
is simply kept without use, which increases body weight of females in the developed world.
This is a result of conscious birth control, unrelated to genetic variation.

. Toward the end of the 20" century, there has been a transition away from agricultural labor

(both for production and subsistence) to wage labor in many developing countries. This
transition has decreased the physical activity of women more than men [66, 67].

. Low birth rates in developed world [65] may make females exposed to more oestrogen due

to more menstrual cycles, which may increase fat storage [45, 68].

. Importantly, worldwide, different sociocultural beliefs and practices may also affect female

disparities in excessive weight gain [69-73]. In general, females are socialized to be more
appearance-focused than males [69], and they tend to adjust their personal environment
(including working, eating, dieting and exercising) to control their body weight gain.
Therefore, females’ natural genetic endowment for body weight may have less influence on
their actual phenotype. For instance, females have been overprotected and, due to cultural
[74] or religious [75] barriers, cannot publicly participate in physical activity in conservative
societies, such as in the developing countries in the Middle East [76] and North Africa [77]
region and the economically developed countries of Oman [78, 79], Kuwait [80, 81], and
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Saudi Arabia [82]. On the other hand, in the “Western” countries, the female body ideal has
been that of a thin person for the last 50 years.

In terms of the relationship between caloric intake and male and female obesity, our analy-
sis results indicated that: 1) caloric intake was in significantly stronger (z = 3.31, p<0.001) cor-
relation to male obesity (0.716, p<0.001) than to female obesity (r = 0.493, p>0.001) in
bivariate correlation analysis. 2) When we controlled for GDP, urbanization and I, caloric
intake was in stronger (but not reached significant level) correlation to male obesity (r = 0.259,
p<0.001) than to female obesity (r = 0.140, p = 0.073) in partial correlation analysis. 3) In Step-
wise linear regression model, caloric intake was selected as one of the significant predictors for
male prevalence (Adjusted R* = 0.673, p<0.001), but not for female obesity. These controver-
sial results may explain the finding in the study conducted by Budnik and Henneberg that
caloric intake was not one of the variables which had the greatest influence on obesity in total
population [27]. The underlying reason of these controversial results may be that females are
much more appearance-focused than males. It may suggest that females’ greater focus on
appearance may modify their natural genetic endowment for body weight more than males. It
seems that caloric intake alone, without taking into account other factors that influence energy
balance, for instance, food composition [18, 83, 84], may not be a strong predictor of obesity
levels. A separate new study to further investigate the sex disparity in obesity between caloric
intake and male and female obesity prevalence may be worth conducting.

Interestingly, female obesity prevalence, in general, correlates less strongly with country-
characteristic variables than male obesity (Table 2). It may reflect results of industrialisation
and economic situation because the ratio of male to female obesity per country shows linear
and strong correlation (r = 0.77, P<0.001) to GDP with male/female ratios being less than one
in countries with GDP below about 25,000 USD and above 1 in wealthier countries [45] There
may be two reasons: 1) Males are exposed to environmental estrogen-like substances, such as
dietary xenoestrogens (estrogens present in environment that may be ingested by people with
food or water) associated with affluence [45]. 2) In the “Western” countries, the female body
idol has been that of a thin person for the last 50 years. Therefore, individual female in the
Western world may concern her body mass to be driven by requirements of fashion to a larger
extent than those of males.

From evolutionary perspective, there are several hypotheses proposed to explain the
modern obesity issue. The “thrifty gene” hypothesis proposed that obesity predisposing
genes were advantageous in hunting and gathering period, but detrimental in the modern
world [85]. As an alternative to the thrifty gene hypothesis [86] [87], the “drifty gene” theory
postulated that obesogenic energy-efficient genes favoring fat storage are present in modern
humans because of the removal of predative natural selection pressures [87, 88]. Sellayah
et al. believed that poor adaptation to environmental factors in modern humans may con-
tribute to obesity after they emigrated from Africa around 70,000 years ago [89], if they ever
did.

All these three hypotheses would require thousands of years evolution to slowly accumulate
the genetic background of obesity. This makes these hypotheses irrelevant to our study as we
are advancing a hypothesis that metabolic faults caused by mutations have been accumulating
in human populations at previously unexpected speed [24-26, 30, 90] because natural selection
has been relaxed sharply in the last 100-150 years [27, 30, 38] [33]. Our hypothesis also implies
that modern humans may not be naturally well adapted to the current environment because
the advanced technologies and medical services may have been artificially modifying their
metabolic processes [27, 30, 33, 38]. This implication may not be inferred from the other three
hypotheses.
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Supported by the drifty gene theory, the Insurance Hypothesis (IH) advanced that food
insecurity, instead of food abundance, may contribute to obesity [61], and it was found that in
high income populations (also called Western countries in common practice), perceived food
insecurity due to social inequalities was associated more with obesity prevalence among adult
women than men [61]. Gini index, a common measurement of economic inequality, however,
did not show correlation with obesity.

In this study, the curvilinear correlation was applied as the Kolmogorov-Smirnov and Sha-
piro-Wilk tests detected that the data distributions are not normal. It is revealed that I, is cor-
related to sex-specific obesity prevalence residuals which were obtained by removing the
contributing effects of non-genetic (environmental) factors from obesity prevalence, but there
is no significant difference between the two correlations within the 1%, 2" and 3™ order resid-
uals. This finding may complement our hypothesis because this may imply that relaxed natural
selection has increased the frequencies of obesity genes/mutations in males and females
equally.

Population-based prevention strategies targeting “obesogenic” environments have been
advocated and adopted as a public health approach [91, 92]. However, unfortunately, no coun-
try has achieved their expected results in the past 30 years [93]. The process of natural selection
reduction which has driven the accumulation of the energy balance and metabolic faulty
genes/mutations in human populations may partially explain this phenomenon [30]. Random
mutations are as likely to affect metabolism to produce too much adipose tissue as not to and
reduce body mass excessively [27]. There is, however, a simple imbalance between the two
directions of metabolic faults—body mass of a living human being cannot be reduced much
below a certain level determined by the weight of musculo-skeletal, circulatory, urinary, repro-
ductive, nervous and integumentary systems, while it can be doubled, tripled, or even, perhaps,
quadrupled by increasing the amount of adipose and muscle tissue. This imbalance produces,
on average, increase in body mass and in prevalence of obesity over that of underweight.

Several generations of people in Europe and North America have had the access to
advanced medical care earlier and easier than those from the developing areas, such as Africa
and Asia. This may be one of the reasons that obesity has become a noticeable pressing issue
much earlier in the developed regions. For instance, Olshansky et al. reported that the life
expectancy in the USA may be reduced if obesity prevalence keeps rising in the future [94].

Several limitations in this study need to be acknowledged:

First, the relationship between I,,; and obesity prevalence reported here only shows coinci-
dence, not causality.

Second, we could only demonstrate the relationship between the I,,s and the obesity preva-
lence rate at country/population level, rather than at the individual level because both data ana-
lysed [31, 32] and the evolutionary approach [23] are population based.

Third, although we controlled for total caloric intake as one of the potential confounders,
due to the different diet/nutrition patterns between males and females, the different contribu-
tion of nutrition/diet to obesity levels in males and females should have been considered. How-
ever, we could not obtain the data for correlation analysis in this study.

Fourth, the changes in the genomes of human populations may be too slow to fully explain
the increasing obesity prevalence. Obesity is the result of an unfavourable interaction between
our genomes and our current environment which might play more important role in develop-
ing obesity in some circumstances.

Fifth, this study analysed the data across 191 countries. However, the results cannot be com-
plemented by the longitudinal data analysis in individual countries, with exception of Australia
and Poland [27] due to the fact that obesity only has been an issue in the last few decades. We
could not access the combined obesity and I,,; data which are older than 30 years.
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Finally, the female complexities, adaptation for fertility [44], more oestrogen [68] and dou-
ble X chromosomes in cells [95] may have confounded our analysis of correlation of the Iy, to
female obesity prevalence, but we could not obtain data to reduce or avoid such confounding
effects.

The natural selection has been universally relaxed, and this trend continues worldwide, the
medical services keep improving quickly. Recent advances in genome editing have made gene
therapy possible to knock out the genes/mutations in relation to obesity [96]. For instance,
Gendicine and Glybera have been used for treatment of head and neck squamous cell carci-
noma [97] and lipoprotein lipase deficiency [98] respectively. The obesity related genes/muta-
tions accumulation in human populations through the process of reduction of natural
selection may become more and more imperative. Advances in our knowledge of the molecu-
lar basis of obesity and obesity-associated diseases, and development of gene therapy may offer
an alternative long-term treatment modality in the near future.

Conclusions

Recently accumulated high frequency of genes related to metabolic faults in human popula-
tions may be one of the important contributors to the increasing prevalence of obesity world-
wide. The relaxed natural selection may have accumulated metabolic faulty genes in both
males and females over successive generations. Relaxed natural selection affecting less female
obesity prevalence than its male equivalent may be attributable to female-specific physiological
mechanisms and various socio-cultural practices. Public health approaches based solely on
consideration of energy balance to develop population-based strategies for the prevention of
excess weight gain may not be able to achieve expected results. Genetics may need to be also
taken into account.

Supporting information

S1 Table. Ibs values for 191 countries.
(DOCX)

$2 Table. Multicollinearity (diagnostic tests) among the predictors.
(DOCX)

S3 Table. Tests of normality of distributions of studied variables.
(DOCX)

S$4 Table. Correlation coefficients and Fisher’s r-to-z transformations of Pearson r and
partial correlations between calories and female and male obesity prevalence.
(DOCX)

S5 Table. Results of Mixed Model Analysis with the data nested within the WHO regions
and country groupings with greater and lower median of I.
(XLSX)

S1 Text. Calculation and significance of Biological State Index (Ibs).
(DOCX)

Author Contributions
Conceptualization: Wenpeng You, Maciej Henneberg.

Data curation: Wenpeng You, Maciej Henneberg.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199594  July 18,2018 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199594.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199594.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199594.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199594.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199594.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199594.s006
https://doi.org/10.1371/journal.pone.0199594

@° PLOS | ONE

Relaxed natural selection and sex-specific obesity

Formal analysis: Wenpeng You, Maciej Henneberg.
Investigation: Wenpeng You, Maciej Henneberg.
Methodology: Wenpeng You, Maciej Henneberg.

Project administration: Wenpeng You, Maciej Henneberg.
Resources: Wenpeng You, Maciej Henneberg.
Supervision: Maciej Henneberg.

Validation: Wenpeng You, Maciej Henneberg.
Visualization: Wenpeng You, Maciej Henneberg.

Writing - original draft: Wenpeng You.

Writing - review & editing: Wenpeng You, Maciej Henneberg.

References
1.  WHO. Obesity and overweight 2015. http://www.who.int.

2. WHO. Obesity: Preventing and Managing the Global Epidemic. Geneva World Health Organization
2000.2004.

3. PuhlR, Brownell KD. Bias, discrimination, and obesity. Obesity research. 2001; 9(12):788. https://doi.
org/10.1038/oby.2001.108 PMID: 11743063

WHO. Obesity: World Health Organization; 2015 [[11.26.2015]. http://who.int/topics/obesity/en/.
WHO. BMI Classification 2016 [18/05/2016]. http://apps.who.int.

WHO. Physical status: The use of and interpretation of anthropometry, Report of a WHO Expert Com-
mittee. 1995.

7. WHO. Global Health Observatory, the data repository: World Health Organization; 2015 [[11.26.2015].
http://www.who.int/gho/database/en/.

8. Bleich SN, Cutler D, Murray C, Adams A. Why |s the Developed World Obese. 2008. p. 273-95.

9. Astrup A, Brand-Miller J. Diet composition and obesity. Lancet (London, England). 2012; 379
(9821):1100. https://doi.org/10.1016/S0140-6736(12)60456-5

10. Drewnowski A, Popkin BM. The Nutrition Transition: New Trends in the Global Diet. Oxford, UK1997.
p. 31-43.

11. Luke A, Cooper RS. Physical activity does not influence obesity risk: time to clarify the public health
message. International Journal of Epidemiology. 2013; 42(6):1831-6. https://doi.org/10.1093/ije/dyt159
PMID: 24415616

12. Blair SN, Archer E, Hand GA. Commentary: Luke and Cooper are wrong: physical activity has a crucial
role in weight management and determinants of obesity. International Journal of Epidemiology. 2013;
42(6):1836-8. https://doi.org/10.1093/ije/dyt160 PMID: 24415617

13. HillJO, Peters JC. Commentary: Physical activity and weight control. International Journal of Epidemiol-
ogy. 2013; 42(6):1840-2. https://doi.org/10.1093/ije/dyt161 PMID: 24415619

14. Swinburn B. Commentary: Physical activity as a minor player in the obesity epidemic: what are the
deep implications? International Journal of Epidemiology. 2013; 42(6):1838—40. https://doi.org/10.
1093/ije/dyt162 PMID: 24415618

15. Prentice A, Jebb S. Energy Intake/ Physical Activity Interactions in the Homeostasis of Body Weight
Regulation. Nutrition reviews. 2004; 62:598-S104. https://doi.org/10.1111/j.1753-4887.2004.tb00095.x
PMID: 15387474

16. Jotham S, Tal K, David Z, Gili Z-S, Christoph AT, Ori M, et al. Artificial sweeteners induce glucose intol-
erance by altering the gut microbiota. Nature. 2014. https://doi.org/10.1038/nature 13793 PMID:
25231862

17.  You W, Henneberg M. Meat consumption providing a surplus energy in modern diet contributes to obe-
sity prevalence: an ecological analysis. BMC Nutrition. 2016; 2(1). https://doi.org/10.1186/s40795-016-
0063-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0199594  July 18,2018 16/20


http://www.who.int
https://doi.org/10.1038/oby.2001.108
https://doi.org/10.1038/oby.2001.108
http://www.ncbi.nlm.nih.gov/pubmed/11743063
http://who.int/topics/obesity/en/
http://apps.who.int
http://www.who.int/gho/database/en/
https://doi.org/10.1016/S0140-6736(12)60456-5
https://doi.org/10.1093/ije/dyt159
http://www.ncbi.nlm.nih.gov/pubmed/24415616
https://doi.org/10.1093/ije/dyt160
http://www.ncbi.nlm.nih.gov/pubmed/24415617
https://doi.org/10.1093/ije/dyt161
http://www.ncbi.nlm.nih.gov/pubmed/24415619
https://doi.org/10.1093/ije/dyt162
https://doi.org/10.1093/ije/dyt162
http://www.ncbi.nlm.nih.gov/pubmed/24415618
https://doi.org/10.1111/j.1753-4887.2004.tb00095.x
http://www.ncbi.nlm.nih.gov/pubmed/15387474
https://doi.org/10.1038/nature13793
http://www.ncbi.nlm.nih.gov/pubmed/25231862
https://doi.org/10.1186/s40795-016-0063-9
https://doi.org/10.1186/s40795-016-0063-9
https://doi.org/10.1371/journal.pone.0199594

@° PLOS | ONE

Relaxed natural selection and sex-specific obesity

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

You W, Henneberg M. Cereal Crops Are not Created Equal: Wheat Consumption Associated with Obe-
sity Prevalence Globally and Regionally. AIMS Public Health. 2016; 3(2):313-28. https://doi.org/10.
3934/publichealth.2016.2.313 PMID: 29546165

You W, Henneberg M. Meat in Modern Diet, Just as Bad as Sugar, Correlates with Worldwide Obesity:
An Ecological Analysis. J Nutr Food Sci. 6: 517(4). https://doi.org/10.4172/2155-9600.1000517

O’Rahilly S, Farooqi IS. Genetics of obesity. Philosophical transactions of the Royal Society of London
Series B, Biological sciences. 2006; 361(1471):1095—-105. Epub 2006/07/04. https://doi.org/10.1098/
rstb.2006.1850 PMID: 16815794

Courtiol A, Pettay JE, Jokela M, Rotkirch A, Lummaa V. Natural and sexual selection in a monogamous
historical human population. Proceedings of the National Academy of Sciences. 2012; 109(21):8044-9.

Byars SG, Ewbank D, Govindaraju DR, Stearns SC. Colloquium papers: Natural selection in a contem-
porary human population. Proceedings of the National Academy of Sciences of the United States of
America. 2010; 107 Suppl 1:1787-92.

Hall BK, Hallgrimsson B. Strickberger’s Evolution ( 4th ed.): Sudbury, MA: Jones and Bartlett Publish-
ers. ISBN 978-0-7637-0066-9. LCCN 2007008981. OCLC 85814089.; 2008.

Conrad DF, Keebler JEM, DePristo MA, Lindsay SJ, Zhang Y, Casals F, et al. Variation in genome-
wide mutation rates within and between human families. Nature Genetics. 2011; 43(7):712. https://doi.
0rg/10.1038/ng.862 PMID: 21666693

Crow JF. The origins, patterns and implications of human spontaneous mutation. Nature Reviews
Genetics. 2000; 1(1):40-7. https://doi.org/10.1038/35049558 PMID: 11262873

Henn BM, Botigué LR, Bustamante CD, Clark AG, Gravel S. Estimating the mutation load in human
genomes. Nature Reviews Genetics. 2015; 16(6):333—43. https://doi.org/10.1038/nrg3931 PMID:
25963372

Budnik A, Henneberg M. Worldwide increase of obesity is related to the reduced opportunity for natural
selection. PloS one. 2017; 12(1):e0170098. https://doi.org/10.1371/journal.pone.0170098 PMID:
28107497

Gale EAM. The rise of childhood type 1 diabetes in the 20th century. Diabetes. 2002; 51(12):3353-61.
PMID: 12453886

Medawar PB. Do advances in medicine lead to genetic deterioration? In: Bajema C. J., editor. Natural
Selection in Human Populations. New York: Robert E. Krieger Publishing Co.; 1971. p. 300-08.

Stephan CN, Henneberg M. Medicine may be reducing the human capacity to survive. Medical hypothe-
ses. 2001; 57(5):633-37. https://doi.org/10.1054/mehy.2001.1431 PMID: 11735325

Henneberg M, Piontek J. Biological state index of human groups. Przeglad Anthropologiczny. 1975;
XLI:191-201.

Henneberg M. Reproductive possibilities and estimations of the biological dynamics of earlier human
populations. Journal of Human Evolution. 1976; 5:41-8.

You W, Henneberg M. Type 1 diabetes prevalence increasing globally and regionally: the role of natural
selection and life expectancy at birth. BMJ Open Diabetes Research and Care. 2016; 4(1):e000161.
https://doi.org/10.1136/bmjdrc-2015-000161 PMID: 26977306

You W-P, Henneberg M. Type 1 diabetes prevalence increasing globally and regionally: the role of natu-
ral selection and life expectancy at birth. BMJ Open Diabetes Research & Care. 2016; 4(1):e000161.
https://doi.org/10.1136/bmijdrc-2015-000161 PMID: 26977306

Saniotis A, Henneberg M. Medicine could be constructing human bodies in the future. Medical hypothe-
ses. 2011; 77(4):560—64. https://doi.org/10.1016/.mehy.2011.06.031 PMID: 21783327

Ruhli F, Henneberg M. Biological future of humankind—ongoing evolution and the impact of recognition
of human biological variation. In: Tibayrenc M, Ayala FJ, editors. On Human Nature Biology, Psychol-
ogy, Ethics, Politics, and Religion 2016: Elsevier; 2016. p. 263-75.

Henneberg M. The rate of human morphological microevolution and taxonomic diversity of hominids.
Studies in Historical Anthropology. 2006; 4(2004):49-59.

You W, H M. Cancer incidence increasing globally: The role of relaxed natural selection. Evol Appl.
2017; 00:1-13. https://doi.org/10.1111/eva.12523 PMID: 29387151

Camhi SM, Bray GA, Bouchard C, Greenway FL, Johnson WD, Newton RL, et al. The relationship of
waist circumference and BMI to visceral, subcutaneous, and total body fat: sex and race differences.
Obesity. 2011; 19(2):402-8. https://doi.org/10.1038/0by.2010.248 PMID: 20948514

Schreiner PJ, Terry JG, Evans GW, Hinson WH, Crouse JR Ill, Heiss G. Sex-specific associations of
magnetic resonance imaging-derived intra-abdominal and subcutaneous fat areas with conventional
anthropometric indices: The Atherosclerosis Risk in Communities Study. American journal of epidemiol-
ogy. 1996; 144(4):335-45. PMID: 8712190

PLOS ONE | https://doi.org/10.1371/journal.pone.0199594  July 18,2018 17/20


https://doi.org/10.3934/publichealth.2016.2.313
https://doi.org/10.3934/publichealth.2016.2.313
http://www.ncbi.nlm.nih.gov/pubmed/29546165
https://doi.org/10.4172/2155-9600.1000517
https://doi.org/10.1098/rstb.2006.1850
https://doi.org/10.1098/rstb.2006.1850
http://www.ncbi.nlm.nih.gov/pubmed/16815794
https://doi.org/10.1038/ng.862
https://doi.org/10.1038/ng.862
http://www.ncbi.nlm.nih.gov/pubmed/21666693
https://doi.org/10.1038/35049558
http://www.ncbi.nlm.nih.gov/pubmed/11262873
https://doi.org/10.1038/nrg3931
http://www.ncbi.nlm.nih.gov/pubmed/25963372
https://doi.org/10.1371/journal.pone.0170098
http://www.ncbi.nlm.nih.gov/pubmed/28107497
http://www.ncbi.nlm.nih.gov/pubmed/12453886
https://doi.org/10.1054/mehy.2001.1431
http://www.ncbi.nlm.nih.gov/pubmed/11735325
https://doi.org/10.1136/bmjdrc-2015-000161
http://www.ncbi.nlm.nih.gov/pubmed/26977306
https://doi.org/10.1136/bmjdrc-2015-000161
http://www.ncbi.nlm.nih.gov/pubmed/26977306
https://doi.org/10.1016/j.mehy.2011.06.031
http://www.ncbi.nlm.nih.gov/pubmed/21783327
https://doi.org/10.1111/eva.12523
http://www.ncbi.nlm.nih.gov/pubmed/29387151
https://doi.org/10.1038/oby.2010.248
http://www.ncbi.nlm.nih.gov/pubmed/20948514
http://www.ncbi.nlm.nih.gov/pubmed/8712190
https://doi.org/10.1371/journal.pone.0199594

@° PLOS | ONE

Relaxed natural selection and sex-specific obesity

41.

42,

43.

44.

45.

46.

47.

48.
49.

50.
51.
52,

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Womersley J, Durnin J. A comparison of the skinfold method with extent of ‘overweight’and various
weight-height relationships in the assessment of obesity. British Journal of Nutrition. 1977; 38(2):271—
84. PMID: 911746

Jackson A, Stanforth P, Gagnon J, Rankinen T, Leon A, Rao D, et al. The effect of sex, age and race on
estimating percentage body fat from body mass index: The Heritage Family Study. International journal
of obesity. 2002; 26(6):789. https://doi.org/10.1038/sj.ij0.0802006 PMID: 12037649

Gallagher D, Visser M, Sepulveda D, Pierson RN, Harris T, Heymsfield SB. How useful is body mass
index for comparison of body fatness across age, sex, and ethnic groups? American journal of epidemi-
ology. 1996; 143(3):228-39. PMID: 8561156

Power ML, Schulkin J. Sex differences in fat storage, fat metabolism, and the health risks from obesity:
possible evolutionary origins. The British journal of nutrition. 2008; 99(5):931-40. Epub 2007/11/06.
https://doi.org/10.1017/S0007114507853347 PMID: 17977473.

Grantham JP, Henneberg M. The estrogen hypothesis of obesity. PLoS One. 2014; 9(6):e99776. Epub
2014/06/11. https://doi.org/10.1371/journal.pone.0099776 PMID: 24915457

Stunkard AJ, Harris JR, Pedersen NL, McClearn GE. The body-mass index of twins who have been
reared apart. New England journal of medicine. 1990; 322(21):1483-7. https://doi.org/10.1056/
NEJM199005243222102 PMID: 2336075

Schousboe K, Willemsen G, Kyvik KO, Mortensen J, Boomsma DI, Cornes BK, et al. Sex differences in
heritability of BMI: a comparative study of results from twin studies in eight countries. Twin Research
and Human Genetics. 2003; 6(5):409-21.

Darwin C. The descent of man, and selection in relation to sex. New ed. London: John Murray; 1901.

The World Health Organization. GHO | By category | Obesity (body mass index > 30),age-standardized
(%)—Estimates by country: World Health Organization; 05 January 2017 [updated MINERVA PUBLISH
DATE28 August 2017]. http://apps.who.int/gho/data/view.main.CTRY2450A.

The United Nations. World Fertility Data 2008 2012 [29.07.2015]. http://www.un.org.
WHO. World Health Statistics 2012. Geneva: World Health Organization; 2012.

WHO. Urbanization and health: World Health Organization; 2010 [updated 2010-12-07 15:20:052
November 2016]. http://www.who.int/bulletin/volumes/88/4/10-010410/en/.

FAO. Food Balance Sheets. A Handbook. Rome: Food and Agriculture Organization; 2001.

The World Bank: International Comparison Program database: World Development Indicators. GDP
(current US$) per capita per year 2010 [[11.26.2015]. http://data.worldbank.org.

Nestle M. Increasing portion sizes in American diets: More calories, more obesity. Journal of the Ameri-
can Dietetic Association. 2003; 103(1):39—40. https://doi.org/10.1053/jada.2003.50007 PMID:
12525791

Giskes K, van Lenthe FJ, Turrell G, Kamphuis CB, Brug J, Mackenbach JP. Socioeconomic position at
different stages of the life course and its influence on body weight and weight gain in adulthood: a longi-
tudinal study with 13-year follow-up. Obesity. 2008; 16(6):1377-81. Epub 2008/03/22. https://doi.org/
10.1038/0by.2008.54 PMID: 18356832.

Pirgon O, Aslan N. The Role of Urbanization in Childhood Obesity. J Clin Res Pediatr Endocrinol. 2015;
7(3):163—7. https://doi.org/10.4274/jcrpe.1984 PMID: 26831548

Fezeu L, Balkau B, Sobngwi E, Kengne AP, Vol S, Ducimetiere P, et al. Waist circumference and obe-
sity-related abnormalities in French and Cameroonian adults: the role of urbanization and ethnicity.
International journal of obesity. 2010; 34(3):446-53. https://doi.org/10.1038/ij0.2009.256 PMID:
20065972

Kijellstrdom T, Hakansta C, Hogstedt C. Globalisation and public health—overview and a Swedish per-
spective. Scand J of Public HIth. 2007; 35:2—68.

O’brien RM. A caution regarding rules of thumb for variance inflation factors. Quality & Quantity. 2007;
41(5):673-90.

Nettle D, Andrews C, Bateson M. Food insecurity as a driver of obesity in humans: The insurance
hypothesis. Behavioral and Brain Sciences. 2016; 40:1-34. https://doi.org/10.1017/
S0140525X16000947 PMID: 27464638

The World Bank. GINI index (World Bank estimate) 2017 [27 August 2017]. http://data.worldbank.org/
indicator/SI.POV.GINI.

Staub K, Henneberg M, Galassi FM, Eppenberger P, Haeusler M, Morozova |, et al. Increasing variabil-
ity of body mass and health correlates in Swiss conscripts, a possible role of relaxed natural selection?
Evolution, Medicine and Public health. 2018;(Accepted April 23, 2018).

PLOS ONE | https://doi.org/10.1371/journal.pone.0199594  July 18,2018 18/20


http://www.ncbi.nlm.nih.gov/pubmed/911746
https://doi.org/10.1038/sj.ijo.0802006
http://www.ncbi.nlm.nih.gov/pubmed/12037649
http://www.ncbi.nlm.nih.gov/pubmed/8561156
https://doi.org/10.1017/S0007114507853347
http://www.ncbi.nlm.nih.gov/pubmed/17977473
https://doi.org/10.1371/journal.pone.0099776
http://www.ncbi.nlm.nih.gov/pubmed/24915457
https://doi.org/10.1056/NEJM199005243222102
https://doi.org/10.1056/NEJM199005243222102
http://www.ncbi.nlm.nih.gov/pubmed/2336075
http://apps.who.int/gho/data/view.main.CTRY2450A
http://www.un.org
http://www.who.int/bulletin/volumes/88/4/10-010410/en/
http://data.worldbank.org
https://doi.org/10.1053/jada.2003.50007
http://www.ncbi.nlm.nih.gov/pubmed/12525791
https://doi.org/10.1038/oby.2008.54
https://doi.org/10.1038/oby.2008.54
http://www.ncbi.nlm.nih.gov/pubmed/18356832
https://doi.org/10.4274/jcrpe.1984
http://www.ncbi.nlm.nih.gov/pubmed/26831548
https://doi.org/10.1038/ijo.2009.256
http://www.ncbi.nlm.nih.gov/pubmed/20065972
https://doi.org/10.1017/S0140525X16000947
https://doi.org/10.1017/S0140525X16000947
http://www.ncbi.nlm.nih.gov/pubmed/27464638
http://data.worldbank.org/indicator/SI.POV.GINI
http://data.worldbank.org/indicator/SI.POV.GINI
https://doi.org/10.1371/journal.pone.0199594

@° PLOS | ONE

Relaxed natural selection and sex-specific obesity

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

You W, Symonds |, Riihli FJ, Henneberg M. Decreasing Birth Rate Determining Worldwide Incidence
and Regional Variation of Female Breast Cancer. Advances in Breast Cancer Research. 2018; 07
(01):1-14. https://doi.org/10.4236/abcr.2018.71001

Nargund G. Declining birth rate in Developed Countries_A radical policy re-think is required. Facts
Views Vis Obgyn. 2009; 1(3):191-3. PMID: 25489464

McGarvey ST. Obesity in Samoans and a perspective on its etiology in Polynesians. The American jour-
nal of clinical nutrition. 1991; 53(6 Suppl):15868S. https://doi.org/10.1093/ajcn/53.6.1586S PMID:
2031491

Snodgrass JJ, Leonard WR, Sorensen MV, Tarskaia LA, Alekseev VP, Krivoshapkin V. The Emergence
of Obesity among Indigenous Siberians. Journal of Physiological Anthropology (JPA). 2006; 25(1):75—
84. https://doi.org/10.2114/jpa2.25.75

Brown LM, Gent L, Davis K, Clegg DJ. Metabolic impact of sex hormones on obesity. Brain Research.
2010; 1350:77-85. https://doi.org/10.1016/j.brainres.2010.04.056 PMID: 20441773

Park LE, DiRaddo AM, Calogero RM. Sociocultural influence and appearance-based rejection sensitiv-
ity among college students. Psychology of Women Quarterly. 2009; 33(1):108—19.

McLaren L. Socioeconomic status and obesity. Epidemiologic reviews. 2007; 29(1):29-48.

Monteiro CA, Moura EC, Conde WL, Popkin BM. Socioeconomic status and obesity in adult populations
of developing countries: a review. Bulletin of the World Health Organization. 2004; 82(12):940-6.

Howe LD, Patel R, Galobardes B. Commentary: Tipping the balance: wider waistlines in men but wider
inequalities in women. International journal of epidemiology. 2010; 39(2):404—5. https://doi.org/10.
1093/ije/dyp366 PMID: 20038573

Kanter R, Caballero B. Global gender disparities in obesity: a review. Advances in Nutrition: An Interna-
tional Review Journal. 2012; 3(4):491-8.

WHO. WHO | Physical Activity and Women. WHO. 2009. /entity/dietphysicalactivity/factsheet_women/
en/index.html.

Miles C, Benn T. A case study on the experiences of university-based Muslim women in physical activity
during their studies at one UK higher education institution. Sport, Education and Society. 2016; 21
(5):723-40.

Kahan D. Adult physical inactivity prevalence in the Muslim world: Analysis of 38 countries. Preventive
medicine reports. 2015; 2:71-5. https://doi.org/10.1016/j.pmedr.2014.12.007 PMID: 26844051

GHO | By category | Insufficient physical activity [Internet]. World Health Organization. 2015 [cited 15
April, 2018]. http://apps.who.int/gho/data/node.main.A892?lang=en.

Al-Riyami AA, Afifi MM. Prevalence and correlates of obesity and central obesity among Omani adults.
Saudi medical journal. 2003; 24(6):641. PMID: 12847595

Al-Habsi A, Kilani H. Lifestyles of Adult Omani Women: Cross-sectional study on physical activity and
sedentary behaviour. Sultan Qaboos University Medical Journal. 2015; 15(2):e257. PMID: 26052460

Al-Kandari YY. Prevalence of obesity in Kuwait and its relation to sociocultural variables. Obesity
Reviews. 2006; 7(2):147-54. https://doi.org/10.1111/j.1467-789X.2006.00231.x PMID: 16629871

Mabry R, Reeves MM, Eakin EG, Owen N. Evidence of physical activity participation among men and
women in the countries of the Gulf Cooperation Council: a review. Obesity reviews. 2010; 11(6):457—
64. https://doi.org/10.1111/j.1467-789X.2009.00655.x PMID: 19793376

Al-Eisa ES, Al-Sobayel HI. Physical activity and health beliefs among Saudi women. Journal of nutrition
and metabolism. 2012; 2012.

You W, Henneberg M. Meat consumption providing a surplus energy in modern diet contributes to obe-
sity prevalence: an ecological analysis. BMC Nutrition. 2016; 2(1):22.

You W, Henneberg M. Meat in modern diet, just as bad as sugar, correlates with worldwide obesity: an
ecological analysis. Journal of Nutrition & Food Sciences. 2016; 6:517.

Neel JV. Diabetes mellitus: a “thrifty” genotype rendered detrimental by “progress”? American journal of
human genetics. 1962; 14(4):353.

Prentice AM, Rayco-Solon P, Moore SE. Insights from the developing world: thrifty genotypes and thrifty
phenotypes. Proceedings of the Nutrition Society. 2005; 64(2):153—-61. PMID: 15960860

Speakman JR. Thrifty genes for obesity, an attractive but flawed idea, and an alternative perspective:
the’drifty gene’hypothesis. International journal of obesity. 2008; 32(11):1611. https://doi.org/10.1038/
ij0.2008.161 PMID: 18852699

Speakman JR. A nonadaptive scenario explaining the genetic predisposition to obesity: the “predation
release” hypothesis. Cell metabolism. 2007; 6(1):5-12. https://doi.org/10.1016/j.cmet.2007.06.004
PMID: 17618852

PLOS ONE | https://doi.org/10.1371/journal.pone.0199594  July 18,2018 19/20


https://doi.org/10.4236/abcr.2018.71001
http://www.ncbi.nlm.nih.gov/pubmed/25489464
https://doi.org/10.1093/ajcn/53.6.1586S
http://www.ncbi.nlm.nih.gov/pubmed/2031491
https://doi.org/10.2114/jpa2.25.75
https://doi.org/10.1016/j.brainres.2010.04.056
http://www.ncbi.nlm.nih.gov/pubmed/20441773
https://doi.org/10.1093/ije/dyp366
https://doi.org/10.1093/ije/dyp366
http://www.ncbi.nlm.nih.gov/pubmed/20038573
https://doi.org/10.1016/j.pmedr.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26844051
http://apps.who.int/gho/data/node.main.A892?lang=en
http://www.ncbi.nlm.nih.gov/pubmed/12847595
http://www.ncbi.nlm.nih.gov/pubmed/26052460
https://doi.org/10.1111/j.1467-789X.2006.00231.x
http://www.ncbi.nlm.nih.gov/pubmed/16629871
https://doi.org/10.1111/j.1467-789X.2009.00655.x
http://www.ncbi.nlm.nih.gov/pubmed/19793376
http://www.ncbi.nlm.nih.gov/pubmed/15960860
https://doi.org/10.1038/ijo.2008.161
https://doi.org/10.1038/ijo.2008.161
http://www.ncbi.nlm.nih.gov/pubmed/18852699
https://doi.org/10.1016/j.cmet.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17618852
https://doi.org/10.1371/journal.pone.0199594

@° PLOS | ONE

Relaxed natural selection and sex-specific obesity

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

Sellayah D, Cagampang FR, Cox RD. On the evolutionary origins of obesity: a new hypothesis. Endo-
crinology. 2014; 155(5):1573-88. https://doi.org/10.1210/en.2013-2103 PMID: 24605831

Lynch M. Mutation and Human Exceptionalism: Our Future Genetic Load. Genetics. 2016; 202(3):869—
75. Epub 2016/03/10. https://doi.org/10.1534/genetics.115.180471 PMID: 26953265

WHO. Obesity: preventing and managing the global epidemic/report of a WHO Consultation. Geneva:
World Health Organization; 2000.

Aranceta J, Moreno B, Moya M, Anaddn A. Prevention of overweight and obesity from a public health
perspective. Nutrition reviews. 2009; 67:S83-S8. https://doi.org/10.1111/j.1753-4887.2009.00166.x
PMID: 19453686

Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and national
prevalence of overweight and obesity in children and adults during 1980-2013: a systematic analysis
for the Global Burden of Disease Study 2013. The Lancet. 2014; 384(9945):766—81. https://doi.org/10.
1016/s0140-6736(14)60460-8 PMID: 24880830

Olshansky SJ, Passaro DJ, Hershow RC, Layden J, Carnes BA, Brody J, et al. A Potential Decline in
Life Expectancy in the United States in the 21st Century. The New England Journal of Medicine. 2005;
352(11):1138-45. https://doi.org/10.1056/NEJMsr043743 PMID: 15784668

Chen X, McClusky R, Chen J, Beaven SW, Tontonoz P, Arnold AP, et al. The number of x chromo-
somes causes sex differences in adiposity in mice. PLoS genetics. 2012; 8(5):€1002709. Epub 2012/
05/17. https://doi.org/10.1371/journal.pgen.1002709 PMID: 22589744

Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient genome editing in zebra-
fish using a CRISPR-Cas system. Nature biotechnology. 2013; 31(3):227-9. https://doi.org/10.1038/
nbt.2501 PMID: 23360964

Pearson S, Jia H, Kandachi K. China approves first gene therapy. Nature Biotechnology. 2004; 22(3—
4). https://doi.org/10.1038/nbt0104-3 PMID: 14704685

Gallagher J. Gene therapy: Glybera approved by European commission 2012 [31 August 2017]. http:/
www.bbc.com/news/health-20179561.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199594  July 18,2018 20/20


https://doi.org/10.1210/en.2013-2103
http://www.ncbi.nlm.nih.gov/pubmed/24605831
https://doi.org/10.1534/genetics.115.180471
http://www.ncbi.nlm.nih.gov/pubmed/26953265
https://doi.org/10.1111/j.1753-4887.2009.00166.x
http://www.ncbi.nlm.nih.gov/pubmed/19453686
https://doi.org/10.1016/s0140-6736(14)60460-8
https://doi.org/10.1016/s0140-6736(14)60460-8
http://www.ncbi.nlm.nih.gov/pubmed/24880830
https://doi.org/10.1056/NEJMsr043743
http://www.ncbi.nlm.nih.gov/pubmed/15784668
https://doi.org/10.1371/journal.pgen.1002709
http://www.ncbi.nlm.nih.gov/pubmed/22589744
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1038/nbt.2501
http://www.ncbi.nlm.nih.gov/pubmed/23360964
https://doi.org/10.1038/nbt0104-3
http://www.ncbi.nlm.nih.gov/pubmed/14704685
http://www.bbc.com/news/health-20179561
http://www.bbc.com/news/health-20179561
https://doi.org/10.1371/journal.pone.0199594

