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Background: About 50 years ago, Chinese Great Famine (CGF) affected the entire
population in China, and its long-term influence on the offspring has attracted significant
attention for research. However, information on possible metabolic differences between
sexes is limited. This study explored whether there might be sex differences in the risks
of development of glucolipid metabolic dysfunction and fatty liver following prenatal
exposure to CGF.

Materials and Methods: There were 11,417 subjects around 55 years of age (6,661
women and 4,756 men). They were divided as the exposed group in which the fetal
stage was in CGF, and the unexposed group included those born after CGF. Analysis
focused on comparisons between sexes.

Results: Compared to the unexposed group, the BMI and triglyceride (P < 0.05)
in men were higher in exposed group, while waist circumference and blood sugar
(P < 0.05) in the exposed women were significantly higher. With the ages being properly
balanced, the risks of glycolipid metabolic dysfunction were significantly higher in both
men and women in the exposed than in the unexposed group (P < 0.001). Prenatal
exposure to CGF significantly increased risks of abnormal BMI (P < 0.001, 95% Cl:
2.305-2.93), blood sugar (P < 0.05, 95% CI: 1.050-1.401), triglycerides (P < 0.05,
95% Cl: 1.006-1.245), and fatty liver (P < 0.001, 95% CI: 1.121-1.390) in men, and
increased risks of abnormal blood sugar (P < 0.05, 95% CI: 1.024-1.689) and positive
urine sugar (P < 0.05, 95% Cl: 1.062-6.211) in women. Height and body weight were
either the same or higher in the exposed subjects compared with the unexposed ones,
regardless of sexes.

Conclusion: This study is the first to identify sex differences in the long-term effects
of CGF on metabolism and fatty liver. Importance of the findings include the benefits
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of prescribing medicine for the early prevention of certain diseases for each sex before
aging based on the differences revealed. This study also shows “catch-up growth” in
the offspring prenatally exposed to CGF as possible mechanisms underlying the long-

term effects.

Keywords: famine, glycolipd metabolism, sex differences, catch-up growth, aging offspring

INTRODUCTION

Progress has been significantly made in the past 35 years in
demonstration of adult diseases in fetal origins with the Barker’s
theory; increasing evidence has shown that nutritional status in
early life has a long-term impact on health or diseases in later
life (1). Malnutrition during pregnancy could cause metabolic
and molecular changes that may increase the risks of diseases
in the offspring (2-4). Multiple studies have demonstrated that
exposure to famine during fetal stages may increase risks of
the development of obesity, hypertension, diabetes, and other
diseases in adulthood (5-10). Notably, Chinese Great Famine
(CGF), also called “Three Year of Hungry” (1959-1961), has
become a special research model for the study of long-term
influence of malnutrition during pregnancy on the offspring
following “Dutch hungry” model in Europe (11-13). CGF
occurred 50 years ago when China terribly lacked medical
conditions; birth records at that time cannot be usually obtained
at present. However, CGF affected whole country and whole
populations. One report estimated that about 30 million people
died due to food shortage (14) and CGF was the largest famine
in human history. This tragedy also left a heritage for human
being with a large population of male and female offspring
who are at least 50 years of age (early stage of old) now, for
investigations of long-term influence of malnutrition in early
life periods. Although several studies reported the effects of
CGF on cardiovascular, metabolic, and mental diseases in the
offspring (5-10), there has been very limited information on
CGF's influence on possible metabolic differences between sexes.

A number of studies have shown that same adverse causes
can induce different consequences between sexes. For instance,
a previous study demonstrated that women are more susceptible
than men to autoimmune diseases (15), and there were
differences between men and women when they face the same
intrauterine malnutrition (16). Whether CGF may also affect the
male and female offspring at an early stage of old differently in
metabolic regulations and outcomes is largely unknown. Previous
studies have shown that famine during pregnancy increased the
risk of abnormal glucose and lipid metabolism in the offspring (7,
8, 10). Most of those studies did not pay attention on possible sex
differences. However, more and more studies have demonstrated
that the occurrence and development of some diseases would
be different due to sex difference (16-18). Therefore, this study
was conducted to explore whether exposure to CGF during
fetal stages may have sex differences in glucolipid metabolic
dysfunction in the offspring.

Since the Barker’s theory was introduced three decades ago,
multiple hypotheses have been proposed in explanation of
possible mechanisms underlying adult diseases in fetal origins.

Among them, “catch-up growth” is well known in interpreting
why poor nutrition during pregnancy could cause adult diseases
in later life (19, 20). Briefly, fetal growth restriction and low
birth weight (LBW) would face a possible catch-up growth later,
which may underlie the pathophysiological process of diseases.
Although it is impossible now to obtain birth records during
CGF, it should be certain that LBW did widely occur during
CGF because of a large amount of data. First, a large number
of epidemic and laboratory studies have confirmed that poor
nutrition or famine during pregnancy can definitely produce
LBW babies (13, 21, 22). Second, CGF caused poor nutrition
and hungry, which was much serious than that of Dutch-hungry,
because millions died due to food shortage (14). Thus, LBW
was inevitable. This gave us an idea that certain physiological
values of the offspring at an early stage of old, including their
weight, height, and BMI, could be obtained. These data provided
us opportunities to determine whether there might be a “catch-
up growth” for the offspring prenatally exposed to CGE and
analysis how catch-up growth was linked to possible metabolic
changes in both sexes, as the first time in scientific investigations
of long-term effects of CGF.

MATERIALS AND METHODS

Subjects

This was a cross-sectional study at The First Affiliated Hospital
of Soochow University, Suzhou, China. All subjects were divided
into exposed and unexposed groups based on whether fetal
stages were at the time of CGF (1959-1961). Age related to the
CGF was the inclusion criterion. Whole fetal stages must be
within the CGF period for the exposed group. For the unexposed
group, their fetal stages must be after the CGF but close to
the CGF. In this study, smoking (any kind of smoking, such
as cigarettes or e-cigarettes, etc.) and drinking alcohol were
the factors considered as exclusion criteria. After screening,
the number of participants who met theses criterion is 11,417.
Those who were born from the end of 1959 to the end of 1961
were defined as exposed population. Since CGF affected whole
populations in the whole country, it was hard to find unexposed
subjects who were born during 1959-1961. Thus, subjects born
after CGF were served in the unexposed group in Set 1. Notably,
this caused age differences between the exposed and unexposed
groups in Set 1. Thus, Set 2 study used additional years and two
steps for preparing data. The first step was collecting data first
for the exposed subjects who were born during 1959-1961. The
second step was waiting for several years, and then doing related
testing and preparing data for the unexposed subjects born after
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1961. Thus, the ages in Set 2 were properly balanced between the
exposed and unexposed groups.

Measurements of Weight, Height, Waist
Circumference, Body Mass Index, Blood,

and Urine Values

Weight, height, and waist circumference (WC) in both the
groups were measured by trained nurses or medical professionals.
Height and WC were measured to the nearest 0.1 cm, and
weight was recorded to the nearest 0.1 kg, while subjects were
wearing light clothing without shoes. WC was measured from the
distance around the umbilicus horizontally with participants in
a standing position. Waist circumference was categorized using
WHO cutoft points: abdominal obesity is defined as >102 cm for
men and >88 cm for women. Body mass index (BMI, kg/m?)
was calculated with the formula: weight (kilograms) divided by
height (meters squared). General obesity was determined by
the BMI, categorized using the cutoff values in China: normal:
BMI <25 kg/m?, overweight: BMI >25 kg/m? and obesity: BMI
>30 kg/mz. The BMI >25 kg/m2 was defined abnormal (23).

Blood and urine samples were collected in the morning after
8 h of fasting. Plasma samples were frozen at —80°C until
testing. Fasting plasma glucose (FPG) was measured using an
oxidized enzymatic method. Concentrations of total cholesterol
(TC) and triglycerides (TG) were assessed enzymatically using
an automatic biochemistry analyzer (Hitachi Inc., Tokyo, Japan)
and commercial reagents. Urine sugar (negative and positive)
was detected by professional urine sugar dipstick. Fatty liver was
detected with B-mode ultra-sonography by the professionals. The
normal critical values of blood glucose, TC, and TG were set as
6.1, 5.2, and 1.7 mmol/l, respectively, according to the standards.
The data were processed and analyzed in a blind manner.

The main diagnosis of medical conditions is based on the
final diagnosis given by doctors, which was also handled in
a blind manner to the analysis. The main diagnostic results
were divided into two parts, namely, glucose metabolism
related dysfunction and lipid metabolism related dysfunction,
classified as abnormal and normal, respectively. Those diagnosed
with diabetes and increased fasting glucose was classified as
abnormal glucose metabolism; those diagnosed with fatty liver,
hypercholesterolemia, and elevated triglyceride were classified
as abnormal lipid metabolism. In ultrasonography, fatty liver
disease was defined by the presence of at least two of three
abnormal findings, namely, high hepatorenal echo contrast,
sound attenuation, and echo reflectance increased.

Statistical Analysis

We compared two sets of data according to sexes. Data were
presented as mean =+ standard deviation (SD) for continuous
variables, and percentage for categorical variables. Analyses
were conducted using the SPSS 21. P < 0.05 was considered
statistically significant. Chi-square test and t-test were used
to compare the exposed group and unexposed group in Set
1 and Set 2, respectively. The data for normal distribution
were ensured before analysis. Logistic regression was used to

analyze correlation of the risk factor famine exposure to the
measured values.

Ethics

Subjects were given informed consent before examinations
by doctors/medical workers regarding their results may be
used for scientific analysis. Only those examination results
with the agreement of subjects were used for this study. The
details of this study were reviewed and approved by the
Ethics Committee of The First Affiliated Hospital of Soochow
University (ER0201601197).

RESULTS

Subject Characteristics

Tables 1, 2 summarize characteristics of the subjects.
Comparisons were done between the exposed and unexposed
groups with imbalanced ages in Set 1, and the balanced ages in
Set 2. There were 6,661 men in Set 1, including 4,298 exposed
and 2,363 unexposed, and 4,756 women, with 3,273 exposed and
1,483 unexposed. In Set 2, 5,628 men included 3,265 exposed and
2,363 unexposed, and 4,036 women included 2,553 exposed and
1,483 unexposed.

Comparisons Between the Exposed and
Unexposed in Both Men and Women in
Set 1

Statistical analysis of BMI and related indexes is summarized in
Table 1. The BMI in the exposed men was significantly higher
than the unexposed men (P < 0.05, 95% CI: 0.04-0.40), while no
significant differences were observed in women. In comparison
of height, weight, and waist circumference of the exposed and
unexposed between sexes, there was no statistical difference in
height of the male and female offspring between the exposed and
unexposed groups, the weight of the men in the exposed group
was significantly higher than that in the unexposed (P < 0.05,
95% CI: 0.11-1.31), and there was no significant difference in
female weight between the two groups. The mean of WC of
women in the exposed group was significantly higher than that of
the unexposed (P < 0.05, 95% CI: 0.35-3.40), while no statistical
differences were observed in men (Table 1).

Table 1 summarizes comparisons of related indexes of glucose
and lipid metabolism between the two groups in different sexes.
There were no statistical differences in blood glucose, TC, and TG
between the two groups in the men, while the blood glucose levels
(P < 0.001, 95% CI: 0.05-0.18) in the women were significantly
higher in the exposed group than those in the unexposed group
(Table 1). There was a significant difference in the incidence
of lipid metabolic dysfunction in both the men and women of
the exposed group compared with the unexposed (P < 0.05),
although there was no statistical difference in the incidence of
glucose metabolic dysfunction between the two groups in either
male or female group (Table 3).

Logistic regression analysis in Set 1 is summarized in Table 4,
and CGF exposure increased risks of abnormal BMI (P < 0.001,
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TABLE 1 | Physiological and biochemical values for Set 1 (t-test).

Male Female
Exposed (n = 4,298) Unexposed (n = 2,363) P value Exposed (n = 3,273) Unexposed (n = 1,483) P value
BMI (kg/m?) 25.26 +£2.73 25.04 +£2.82 0.017 23.56 + 3.00 23.67 +£2.99 0.424
Height (cm) 170.09 + 6.03 169.81 + 5.81 0.164 159.09 + 5.16 159.02 £+ 5.31 0.770
Weight (kg) 73.24 £9.22 72.52 +£9.20 0.021 59.43 + 7.90 59.84 + 8.01 0.235
Waist circumference (cm) 90.05 + 7.42 90.19 + 6.82 0.849 80.45 + 8.03 78.57 + 6.96 0.016
Blood glucose (mmol/L) 5.55 +1.34 5.58 +1.47 0.432 5.30 & 1.00 5.18 &+ 0.90 0.0005
Total cholesterol (mmol/L) 4.90 +0.93 4.90 £+ 0.89 0.986 5.03 + 0.85 5.04 +0.82 0.587
Triglyceride (mmol/L) 1.97 £1.72 1.95+1.62 0.625 1.45+1.13 1.41 +£0.84 0.199
TABLE 2 | Physiological and biochemical values for Set 2 (t-test).
Male Female
Exposed (n = 3,265) Unexposed (n = 2,363) P value Exposed (n = 2,553) Unexposed (n = 1,483) P value
BMI (kg/m?) 2527 £2.74 25.04 +£2.82 0.019 23.57 £2.94 23.67 +£2.99 0.478
Height (cm) 170.08 + 6.10 169.81 £+ 5.81 0.117 1569.32 +£ 5.13 159.02 £+ 5.31 0.206
Weight (kg) 73.34 £9.07 72.52 £9.20 0.012 59.61 £7.76 59.84 + 8.01 0.529
Waist circumference (cm) 87.63 +7.82 90.19 + 6.82 0.054 80.20 + 8.27 78.57 + 6.96 0.049
Blood glucose (mmol/L) 5.55 +1.36 5.58 +£1.47 0.501 5.24 £0.82 5.18 £ 0.90 0.038
Total cholesterol (mmol/L) 4.85 +0.90 4.90 +£0.89 0.065 4.99 +0.84 5.04 +£0.82 0.051
Triglyceride (mmol/L) 2.05+1.83 1.95 +1.62 0.039 1.35+0.94 1.41 +£0.84 0.051

OR = 2.641, 95% CI: 2.360-2.955) and blood sugar (P < 0.05,
OR=1.181,95% CI: 1.020-1.356) in the men and abnormal blood
sugar (P < 0.001, OR = 1.573, 95% CI: 1.241-1.993) and urine
sugar (P < 0.05, OR = 2.454, 95% CI: 1.017-5.924) in the women.

Comparisons Between the Exposed and
Unexposed in Both Men and Women in
Set 2

Table 2 summarizes the independent testing results of the gender-
specific exposed and unexposed after excluding age differences.
The BMI (P < 0.05, 95% CI: 0.04-0.43) and body weight
(P < 0.05, 95% CIL: 0.19-1.46) of the men in the exposed

TABLE 3 | Analysis using Pearson’s chi-square test.

Male (p value) Female (p
value)

Set 1
Urine sugar 0.179 0.075
Fatty liver 0.119 0.291
Lipid metabolic related disease (principal 0.015 0.044
diagnosis)
Glucose metabolic related disease (principal 0.117 0.143
diagnosis)
Set 2
Urine sugar 0.409 0.5687
Fatty liver P < 0.001 0.382
Lipid metabolic related disease (principal P < 0.001 P < 0.001
diagnosis)
Glucose metabolic related disease (principal 0.015 P < 0.001

diagnosis)

group were significantly higher than that in the unexposed
group. There were no statistical differences in BMI, height,
and weight between the exposed and unexposed women. Waist
circumference analysis showed significant difference in the
women but not in the men between the two groups (P < 0.05,
95% CI: 0.005-3.25).

As summarized in Table 2, blood glucose (P < 0.05, 95%
CI: 0.001-0.12) in the exposed women was significantly higher
than that in the unexposed women, although no statistical
difference was observed in blood glucose for men. TC and
TG was not increased in the exposed women compared with
the unexposed women, TG was increased significantly in the
exposed men compared with the unexposed men (P < 0.05,
95% CI: 0.005-0.19), and there was no statistical difference in
TC. Table 3 summarizes the results of diagnoses related to
glucose and lipid metabolism. The diagnosis of abnormal glucose
and lipid metabolism in both male and female exposed group
was significantly different from that in the unexposed group
(male: abnormal glucose metabolism P < 0.001, abnormal lipid
metabolism P < 0.05; female: abnormal glucose metabolism
P < 0.001, abnormal lipid metabolism P < 0.001). Chi-square
analysis showed that there was a statistical difference in fatty liver
in the men (P < 0.001) but not in the women (Table 3).

Table 4 summarizes the results by logistic regression analysis
in Set 2. Exposure to CGF increased risks of abnormal BMI
(P < 0.001, OR = 2.599, 95% CI: 2.305-2.930), blood sugar
(P < 0.05, OR = 1.213, 95% CI: 1.050-1.401), and triglycerides
(P < 0.05, OR = 1.12, 95% CI: 1.006-1.245), and increased risks
of fatty liver in the men (P < 0.001, OR = 1.248, 95% CI: 1.121-
1.39). For women, CGF exposure increased risks of blood sugar
(P < 0.05, OR = 1.315, 95% CI: 1.024-1.689) and urine sugar
(P < 0.05, OR =2.527,95% CI: 1.062-6.211).

Frontiers in Nutrition | www.frontiersin.org

June 2022 | Volume 9 | Article 913966


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Zhang et al.

Sex Differences in Metabolic Dysfunction by CGF

Comparisons Between Both Sexes in the

Exposed or Unexposed Populations

This study also made comparisons between the exposed men
and exposed women as well as between the unexposed men and
unexposed women. Figure 1 and Table 5 summarize that the
difference in mean of BMI between the men and women was 1.71
in the exposed population and 1.37 in the unexposed population,
that is, the difference in BMI between men and women in the
exposed population increased by 24.8% compared with that in
the unexposed population. Similarly, the mean of WC difference
between men and women in the exposed population was 36.8%
lower, blood sugar 22% lower, and triglycerides 36.5% higher
compared with the unexposed population.

DISCUSSION

The first research report of long-term influence of CGF in fetal
origins on cardiovascular systems was our study several years ago
(24). Since then, a number of studies reported that CGF has a
close link to increase incidence of cardiovascular and metabolic
diseases (25-28). However, it is noted that CGF affected whole
country and population 50 years ago, but the possibility is small
to have unexposed subjects as the control with the same ages
born during 1959-1961. Thus, most of the studies that used the
control as unexposed were subjects born after CGF. This resulted
in the exposed subjects in studies being older than the control.
Considering aging factors contributing significantly to metabolic
and lipid regulations, even differences of several years in the older
may cause significant differences in observed indexes between
groups. Therefore, this study was designed in comparisons using
two sets, i.e., (1) fetal exposure to CGF (1959-1961) vs. non-fetal
exposure born after CGE in which there were age differences
between the two groups as being reported by most of the studies
on CGF and (2) fetal exposure to CGF (1959-1961) vs. non-fetal
exposure born after CGF; however, the subjects in the unexposed

group were tested a few years later than the exposed group so that
the ages for both groups at testing and analysis were the same and
balanced. To the best of our knowledge, this study was the first to
balance aging factor in analysis of long-term effects of CGF.

Interestingly, while the numerous results in comparisons
between the exposed and unexposed were similar for the two
Sets, differences emerged indeed after adjusting aging factors.
For example, triglyceride levels in the exposed group were not
significantly different from the unexposed group in the Set 1
(ages were not balanced). However, after ages were balanced in
the Set 2, the exposed offspring showed increased triglycerides
compared with the control. A similar finding was also revealed in
comparisons of effects of CGF on fatty liver between the exposed
and unexposed in the two Sets. These findings demonstrate that
since most of the studies use CGF model recently, all exposed
subjects had been at ages over 50 years of age, and aging factor
may affect results in comparisons of certain physiological or
pathophysiological indexes, even after several years of differences
between the groups.

In the theory of “fetal origins of adult diseases,” Barker
hypothesized that “something early in life is branded for the
rest of a childs life” (1). That is, poor prenatal factors cause
abnormalities in the development of the embryo or fetus, leading
to an increased susceptibility to a variety of chronic diseases
after birth. As one of the adverse factors during pregnancy,
famine has attracted great attention in researching all over the
world since Barker’s hypothesis. From the 1994 Dutch famine
to the 1959-1961 CGEF, poor nutrition affected fetal growth
during the famine periods, and its effects impacted significantly
on the offspring in metabolism, cardiovascular, or nervous
systems in adulthood (24, 29-32). Previous studies demonstrated
that the effects of malnutrition on health or diseases could be
different between sexes (18, 33-35). Laboratory experiments also
showed different influence of malnutrition on cardiovascular or
metabolism consequences between men and women (36, 37).
However, in most of the previous studies on CGF, very few have

TABLE 4 | Logistic regression analysis of famine exposure and glucolipid metabolic indexes.

Male Female
OR 95% ClI OR 95% CI

Set 1

BMI 2.641 2.360 ~ 2.955 P < 0.001 1.020 0.844~ 1.232 -
Waist circumference (WC) 0.366 0.130 ~ 1.029 - 1.230 0.690~2.190 P < 0.001
Blood Glucose 1.181 1.029 ~ 1.356 P <0.05 1.573 1.241~1.993 -
Total cholesterol (TC) 0.981 0.883 ~ 1.090 - 0.890 0.785 ~ 1.009 -
Triglyceride (TG) 1.019 0.921 ~1.127 - 1.008 0.875 ~1.160 -
Urine sugar 0.802 0.5682 ~ 1.107 - 2.454 1.017 ~ 5.924 P <0.05
Fatty liver 1.083 0.979 ~ 1.199 - 1.079 0.937 ~ 1.243 -
Set 2

BMI 2.599 2.305 ~ 2.930 P < 0.001 1.023 0.838 ~ 1.250 -
Waist circumference (WC) 0.401 0.134 ~1.199 - 1.311 0.725 ~ 2.371 -
Blood glucose 1.213 1.050 ~ 1.401 P <0.05 1.315 1.024 ~ 1.689 P < 0.05
Total cholesterol (TC) 0.894 0.799 ~ 1.001 - 0.885 0.776 ~ 1.008 -
Triglyceride (TG) 1.12 1.006 ~ 1.245 P <0.05 0.874 0.753 ~1.014 -
Urine sugar 0.867 0.618 ~1.217 - 2.527 1.062 ~ 6.221 P <0.05
Fatty liver 1.248 1.121 ~ 1.390 P < 0.001 0.936 0.806 ~ 1.086 -
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FIGURE 1 | Comparisons between the exposed-M (male) and exposed-F (female) as well as between unexposed-M and unexposed-F (t-test).
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looked at possible sex differences in glucose and lipid metabolism
in the offspring. This study was the first to focus on that issue
in using the CGF model. The information gained will benefit

TABLE 5 | The results in the table were obtained by analysis from Figure 1 with
two steps.

Difference Difference Percentage
between men between men change (%)
and women and women
(Exposed) (Unexposed)
BMI (kg/m?) 1.71 1.37 24.8 1
Waist circumference (cm) 7.34 11.62 36.8 |
Blood glucose (mmol/L) 0.312 0.4 22.0
Triglyceride (mmol/L) 0.71 0.52 36.5 1

Step 1: When the exposed-M (male) was compared to the exposed-F (female)
and the unexposed-M compared to the unexposed-F, two differences (Avalues)
were obtained. Step 2: Using Avalues of the unexposed groups as a base to
calculate percentage changes for the exposed group between men and women.
Upward arrow presents the increased levels in percentage of men compared
to women; downward arrow presents the increased levels in percentage of the
women compared to men.

each sex in early prevention and treatments of the diseases in
fetal origins. Interestingly, the findings in this study revealed
that several critical indexes were different between the male
and female offspring following prenatal exposure to CGF. This
enriched the Barker’s theory that the same prenatal insult may
cause both the same and different consequences between men
and women at an early stage of old.

Body mass index, a standard to measure the degree of body fat
and fitness, is also closely related to diseases linked to glucose and
lipid metabolism. This study compared BMI between sexes in the
exposed and unexposed groups. Although not considering Set 1
and Set 2, the male BMI in the exposed group was significantly
higher than that in the unexposed group, although there was
no statistical difference in women. This result suggests that the
male offspring was more important than the female offspring at
an early stage of old to prenatal undernutrition. There was no
significant difference in height between the two groups for either
men or women, and the male weight in the exposed group was
significantly higher than that in the unexposed group, although
no significant difference in the female weight was observed.
Although there were no records of birth weight during CGF
that could be obtained, studies on Dutch famine and other
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models as well as animal studies have demonstrated that a major
consequence of famine or poor nutrition is LBW (13, 21, 22). The
new findings in this study are very interesting because of the fact
that height in the early stage of old was the same between the
exposed and the control regardless of different sexes, and their
weight was either the same or significantly increased in women
and men, which strongly indicates that there exists a “catch-up
growth” after birth for both the sexes following prenatal exposure
to CGF. This is also the first time to report that “catch-up growth”
occurred for the offspring prenatally exposed to CGF.

Body mass index is composed of weight and height; in the
case of no differences in height between the two groups, it can
be reasonably inferred that the increase in BMI of the men in
the exposed group was caused by significantly increased weight.
Waist circumference plays an important role in determining both
abdominal fat storage and central obesity, and several studies
have shown that increased WC is associated with increased risks
of cardiovascular and metabolic diseases, even early death (38). In
this study, WC of men in the exposed group was not significantly
increased compared with the unexposed group. It seems that the
weight gained and fat distribution in men may be generalized
over the body, instead of central obesity. However, regarding the
same ages of women, WC was significantly increased following
exposure to CGF.

This study also determined blood glucose and urine glucose
related to glucose metabolism, and examined TC and TG, as
well as occurrence of fatty liver, reflecting lipid metabolism.
Correlation analysis in both Set 1 and Set 2 showed that CGF
exposure was a significant risk factor for blood sugar in both
men and women. Moreover, urine sugar was also significantly
influenced by CGF in the female exposure group, but not
in the male exposure group. Although blood cholesterol was
not significantly increased following fetal exposure to CGF in
both the male and female groups, triglyceride in the men was
significantly enhanced in the male exposure group, but not in
the women. Furthermore, the occurrence of fatty liver in the
men, and not in the women, was significantly related to CGF
exposure. Notably, this study was the first to demonstrate a
long-term impact of CGF on increased risks of fatty liver with
sex differences. This also demonstrated that even after 50 years
from birth, prenatal exposure to CGF still could significantly
affect lipid metabolisms in the body. Those findings between
sexes also raised two questions, i.e., (1) what are the possible
mechanisms underlying the long-term influence of CGF on
observed abnormalities in metabolisms at early stage of old? and
(2) why the influence could be different between sexes?

In term of the mechanisms, “catch-up growth” could be one
possibility. Based on solid evidence from numerous studies that
poor nutrition or famine could definitely cause fetal growth
restriction and low-birth weight (13, 22), and millions died
due to food shortage during CGF (14), as well as the offspring
height and weight was either the same or higher between the
exposed and unexposed, it is reasonable to conclude that “catch-
up growth” should occur in the exposed subjects in this study,
regardless of sexes. It is known that catch-up growth as an
abnormal developmental process can affect metabolisms in the
body (19, 20) via inducing permanent changes in functions,

reducing insulin sensitivity, or increasing circulating insulin
levels, leading to insulin resistance (39-41). Another possible
underlying mechanism is that epigenetic changes during early
developmental periods can produce long-term risks of diseases
(42-45). There have been a number of experimental studies
that demonstrated DNA methylation induced by malnutrition
in early developmental stages could significantly increase risks
in cardiovascular and metabolic systems in the offspring (46-
49). Malnutrition-induced epigenetic changes could cause weight
and fat mass gain, glucose intolerance, hypertriglyceridemia,
abnormal adiponectin, and leptin levels in metabolisms in the
offspring (50-52). Notably, even there are many studies which
prove that the epigenetic mechanisms play critical roles in
prenatal insult-induced abnormal metabolic changes in later life,
almost all those studies used experimental animal models. Future
investigations are expected to determine epigenetic influence on
human subjects exposed to CGF during fetal periods.

Why the same famine could cause different consequences
between the sexes? In this study, an analysis showed that the CGF
exposure significantly increased risks for regulations of BMI,
triglyceride, and blood sugar in men at an early stage of old;
these critical changes were also associated with higher risks of
fatty liver. Regarding the same ages of women, CGF exposure
was also a risk factor for the blood sugar. However, analysis
did not reveal the same risks as the men in BMI, triglyceride,
and fatty liver. It appears that the female offspring might have
protective mechanisms in face of long-term challenges from
fetal exposure to famine. It is not strange that certain hormonal
mechanisms in women can serve in protection of cardiovascular
diseases (53-55). Estrogen has been demonstrated repeatedly
to affect fat distribution and carbohydrate metabolism against
pathophysiological processing in lipid metabolisms (56-58). That
is a major reason that risks and incidences of cardiovascular or
metabolic diseases are significantly lower in women than men.
After menopause, loss of female hormone acts as a privilege
against the risks of the diseases (56, 59, 60). Interestingly, new
findings in this study demonstrate that the risks of abnormal BMI,
triglyceride, and fatty liver still were relatively lower in the women
exposed to CGF in fetal stages compared with the men. Those
women were around 52-55 years of age who were included in the
study, reasonably after menopause for only a few years, supposed
to lose privilege of hormone protection. The results in this
study suggest that either there may exist additional mechanisms
in reducing risk factors from CGF exposure in women, or
those subjects were only a few years after menopause; previous
influence from hormone privilege has not gone completely. Thus,
it is worth noting for further 10-year or longer follow-up studies
on those subjects. Another important finding in sex analysis was
that besides the privilege, the women also have their weak point.
Although fetal exposure to CGF was a significant risk factor to
abnormal blood sugar for both the men and women, there was a
significant increase of blood sugar levels in the women than that
in the men. Moreover, the fetal exposure to CGF was a high risk
to urine sugar of women, not to the men. It seems that the women
might be more vulnerable than the men in glucose metabolisms
in face of long-term challenges from the famine. This Achilles
heel in the women and its underlying mechanisms also deserve
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further investigations. Notably, the findings in this study have
revealed both similar and different outcomes between sexes,
which provides important information for further investigating
and exploring precise medicine or approaches for each sex in the
early prevention of metabolic dysfunction and fatty liver.

Table 5 and Figure 1 show differences of means of testing
values between the men and women not only as aging factors
were balanced, but also with or without famine exposure factors
were equal, because the comparisons were performed between
the exposed men and exposed women, as well as between the
unexposed men and women. These comparisons will create
“quantitative figures or information” that may be helpful to
view differences in influencing levels of the famine between
sexes in quantification. The difference of mean levels of BMI
between the exposed men and exposed women was 1.71, while
the difference between the unexposed men and women was
1.37. This means that fetal exposure to CGF increased BMI in
the male offspring was 24.8% higher than the female offspring
at an early old stage. It would be reasonable that 24.8% of
the difference indicates quantitatively that men presented such
higher levels of risks in quantification for the increased BMI
compared with women under the same conditions. Similarly,
comparisons showed that CGF-related exposure demonstrated
an increase of TG, which was 36.5% higher in the male offspring
than the female offspring. However, increased levels of WC as
well as blood glucose following CGF exposure was 36.8 and 22%
higher in the women than the men at an early stage of old. It is
reasonable to assume that the changes in the differences between
men and women in the exposed versus unexposed groups could
be due to CGF during pregnancy.

CONCLUSION

This study proved that undernutrition during pregnancy had a
significant long-term impact on metabolic dysfunction in the
offspring; such influence could remain for a long time, even
50 years after CGF. Strengths of this study include that this
was the first study to identify sex differences in the long-term
effects on glycolipid metabolism. This is also the first study to
report the presence of a “catch-up growth” after fetal exposure to
CGF. Importantly, long-term impact of prenatal malnutrition on
metabolic changes and fatty liver could be quite different between

REFERENCES

1. Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in
infancy and death from ischaemic heart disease. Lancet. (1989) 2:577-80.

2. Venci RO, Ramos GB, Martins IP, Matiusso CCI, Saavedra LP]J, Ribeiro TA,
et al. Malnutrition during late pregnancy exacerbates high-fat-diet-induced
metabolic dysfunction associated with lower sympathetic nerve tonus in adult
rat offspring. Nutr Neurosci. (2020) 23:432-43. doi: 10.1080/1028415X.2018.
1516845

3. Wood-Bradley R], Henry SL, Vrselja A, Newman V, Armitage JA. Maternal
dietary intake during pregnancy has longstanding consequences for the health
of her offspring. Can J Physiol Pharmacol. (2013) 91:412-20. doi: 10.1139/cjpp-
2012-0352

sexes, as the new results showed. The importance of the findings
of the differences between sexes is that they provide new clues in
considering or exploring different strategies of precise medicine
for each sex in early prevention of metabolic dysfunction and
fatty liver after birth and before aging.

DATA AVAILABILITY STATEMENT

The data is available via the authors upon reasonable requests.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of The First Affiliated
Hospital of Soochow University (ER0201601197). The
patients/participants provided their written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

YZ and ZX designed the project and wrote the manuscript. ZX
and YG revised the manuscript. LW, YY, ZZ, JP, and DZ collected
and sorted data from annual medical examination records. YD
performed the statistical analysis. QZ, QH, TX, YH, and HS
assisted with data analysis. XZ, LL, and YXY assisted with critical
study and figure preparation. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was funded by the 2019YFA0802600, Wuxi
Taihurencai Project Fund, and Jiangsu Key Discipline/Laboratory
(Fetology) Fund. Health Care Issues for Cadres in Jiangsu
Province (BJ2009).

ACKNOWLEDGMENTS

We thank the colleagues of JP for the medical examinations
and records.

4. Martin-Gronert MS, Ozanne SE. Maternal nutrition during pregnancy and
health of the offspring. Biochem Soc Trans. (2006) 34:779-82.

5. Shi Z, Nicholls SJ, Taylor AW, Magliano DJ, Appleton S, Zimmet P. Early life
exposure to Chinese famine modifies the association between hypertension
and cardiovascular disease. J Hypertens. (2018) 36:54-60. doi: 10.1097/HJH.
0000000000001496

6. Zhang W, Luan R. Early-life exposure to the Chinese famine of 1959-61
and risk of hyperuricemia: results from the China health and retirement
longitudinal study. BMC Public Health. (2020) 20:15. doi: 10.1186/s12889-
019-8017-1

7. Qin LL, Luo BA, Gao E Feng XL, Liu JH. Effect of exposure to famine during
early life on risk of metabolic syndrome in adulthood: a meta-analysis. ]
Diabetes Res. (2020) 2020:3251275. doi: 10.1155/2020/3251275

Frontiers in Nutrition | www.frontiersin.org

June 2022 | Volume 9 | Article 913966


https://doi.org/10.1080/1028415X.2018.1516845
https://doi.org/10.1080/1028415X.2018.1516845
https://doi.org/10.1139/cjpp-2012-0352
https://doi.org/10.1139/cjpp-2012-0352
https://doi.org/10.1097/HJH.0000000000001496
https://doi.org/10.1097/HJH.0000000000001496
https://doi.org/10.1186/s12889-019-8017-1
https://doi.org/10.1186/s12889-019-8017-1
https://doi.org/10.1155/2020/3251275
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Zhang et al.

Sex Differences in Metabolic Dysfunction by CGF

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Qi H, Hu C, Wang S, Zhang Y, Du R, Zhang J, et al. Early life famine exposure,

adulthood obesity patterns and the risk of nonalcoholic fatty liver disease. Liver
Int. (2020) 40:2694-705. doi: 10.1111/1iv.14572

. Wang N, Chen Y, Ning Z, Li Q, Han B, Zhu C, et al. Exposure to famine in

early life and nonalcoholic fatty liver disease in adulthood. J Clin Endocrinol
Metab. (2016) 101:2218-25.

Zhang Y, Song C, Wang M, Gong W, Ma Y, Chen Z, et al. Exposure to Chinese
famine in fetal life and the risk of dysglycemiain adulthood. Int ] Environ Res
Public Health. (2020) 17:2210. doi: 10.3390/ijerph17072210

Roseboom T, De Rooij S, Painter R. The Dutch famine and its long-term
consequences for adult health. Early Hum Dev. (2006) 82:485-91. doi: 10.1016/
j.earlhumdev.2006.07.001

Kyle UG, Pichard C. The Dutch famine of 1944-1945: a pathophysiological
model of long-term consequences of wasting disease. Curr Opin Clin Nutr
Metab Care. (2006) 9:388-94. doi: 10.1097/01.mc0.0000232898.74415.42
Painter RC, Roseboom TJ, Bleker OP. Prenatal exposure to the Dutch famine
and disease in later life: an overview. Reprod Toxicol. (2005) 20:345-52.

Smil V. Chinas great famine: 40 years later. BMJ. (1999) 319:1619-21. doi:
10.1136/bm;j.319.7225.1619

Ngo ST, Steyn FJ, Mccombe PA. Gender differences in autoimmune disease.
Front Neuroendocrinol. (2014) 35:347-69. doi: 10.1016/j.yfrne.2014.04.004
Dearden L, Bouret SG, Ozanne SE. Sex and gender differences in
developmental programming of metabolism. Mol Metab. (2018) 15:8-19. doi:
10.1016/j.molmet.2018.04.007

Blaak E. Gender differences in fat metabolism. Curr Opin Clin Nutr Metab
Care. (2001) 4:499-502.

Verdoia M, Schaffer A, Barbieri L, Di Giovine G, Marino P, Suryapranata H,
et al. Impact of gender difference on vitamin D status and its relationship
with the extent of coronary artery disease. Nutr Metab Cardiovasc Dis. (2015)
25:464-70. doi: 10.1016/j.numecd.2015.01.009

Tang A, Slopen N, Nelson CA, Zeanah CH, Georgieff MK, Fox NA. Catch-up
growth, metabolic, and cardiovascular risk in post-institutionalized Romanian
adolescents. Pediatr Res. (2018) 84:842-8. doi: 10.1038/s41390-018-0196-4
Kay’s SK, Hindmarsh PC. Catch-up growth: an overview. Pediatr Endocrinol
Rev. (2006) 3:365-78.

Painter RC, De Rooij SR, Bossuyt PM, De Groot E, Stok W], Osmond C, et al.
Maternal nutrition during gestation and carotid arterial compliance in the
adult offspring: the Dutch famine birth cohort. ] Hypertens. (2007) 25:533-40.
doi: 10.1097/HJH.0b013e328012135b

Martorell R, Gonzalez-Cossio T. Maternal nutrition and birth weight. Yearb
Phys Anthropol. (1987) 30:195-220.

Wang L, Zhou B, Zhao Z, Yang L, Zhang M, Jiang Y, et al. Body-mass index
and obesity in Urban and rural China: findings from consecutive nationally
representative surveys during 2004-18. Lancet. (2021) 398:53-63. doi: 10.1016/
S0140-6736(21)00798-4

Wu L, Feng X, He A, Ding Y, Zhou X, Xu Z. Prenatal exposure to the great
Chinese famine and mid-age hypertension. PLoS One. (2017) 12:e0176413.
doi: 10.1371/journal.pone.0176413

LuJ,LiM, Xu Y, Bi ¥, Qin Y, Li Q, et al. Early life famine exposure, ideal
cardiovascular health metrics, and risk of incident diabetes: findings from the
4C study. Diabetes Care. (2020) 43:1902-9. doi: 10.2337/dc19-2325

Shi Z, Ji L, Ma RCW, Zimmet P. Early life exposure to 1959-1961 Chinese
famine exacerbates association between diabetes and cardiovascular disease. J
Diabetes. (2020) 12:134-41. doi: 10.1111/1753-0407.12975

Zhang Y, Ying Y, Zhou L, Fu J, Shen Y, Ke C. Exposure to Chinese famine in
early life modifies the association between hyperglycaemia and cardiovascular
disease. Nutr Metab Cardiovasc Dis. (2019) 29:1230-6. doi: 10.1016/j.numecd.
2019.07.004

Hidayat K, Du X, Shi BM, Qin LQ. Foetal and childhood exposure to famine
and the risks of cardiometabolic conditions in adulthood: a systematic review
and meta-analysis of observational studies. Obes Rev. (2020) 21:e12981. doi:
10.1111/0br.12981

Li C, Lumey LH. Exposure to the Chinese famine of 1959-61 in early life
and long-term health conditions: a systematic review and meta-analysis. Int
] Epidemiol. (2017) 46:1157-70. doi: 10.1093/ije/dyx013

Lumey LH, Stein AD, Susser E. Prenatal famine and adult health. Annu Rev
Public Health. (2011) 32:237-62.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

LiY, Li Y, Gurol ME, Liu Y, Yang P, Shi J, et al. In utero exposure to the great
Chinese Famine and risk of intracerebral hemorrhage in midlife. Neurology.
(2020) 94:€1996-2004. doi: 10.1212/WNL.0000000000009407

Van Abeelen AF, Elias SG, Bossuyt PM, Grobbee DE, Van Der Schouw YT,
Roseboom TJ, et al. Cardiovascular consequences of famine in the young. Eur
Heart J. (2012) 33:538-45. doi: 10.1093/eurheartj/ehr228

Pérez Cruz E, Lizarraga Sénchez DC, Martinez Esteves Mdel R. [Association
between malnutrition and depression in elderly]. Nutr Hosp. (2014) 29:901-6.
Almesri N, Das NS, Ali ME, Gumaa K, Giha HA. Gender-dependent
association of vitamin d deficiency with obesity and hypercholesterolemia
(LDLC) in adults. Endocr Metab Immune Disord Drug Targets. (2020) 20:425-
36. doi: 10.2174/1871530319666191009154528

Traissac P, E1 Ati ], Gartner A, Ben Gharbia H, Delpeuch F. Gender inequalities
in excess adiposity and anaemia combine in a large double burden of
malnutrition gap detrimental to women in an urban area in North Africa.
Public Health Nutr. (2016) 19:1428-37. doi: 10.1017/S1368980016000689
Sardinha FL, Telles MM, Albuquerque KT, Oyama LM, Guimaraes PA, Santos
OF, et al. Gender difference in the effect of intrauterine malnutrition on
the central anorexigenic action of insulin in adult rats. Nutrition. (2006)
22:1152-61. doi: 10.1016/j.nut.2006.07.002

Engelbregt MJ, Van Weissenbruch MM, Lips P, Van Lingen A, Roos JC,
Delemarre-Van De Waal HA. Body composition and bone measurements in
intra-uterine growth retarded and early postnatally undernourished male and
female rats at the age of 6 months: comparison with puberty. Bone. (2004)
34:180-6. doi: 10.1016/j.bone.2003.04.001

Cerhan JR, Moore SC, Jacobs EJ, Kitahara CM, Rosenberg PS, Adami HO,
etal. A pooled analysis of waist circumference and mortality in 650,000 adults.
Mayo Clin Proc. (2014) 89:335-45. doi: 10.1016/j.mayocp.2013.11.011

Dulloo AG. Thrifty energy metabolism in catch-up growth trajectories to
insulin and leptin resistance. Best Pract Res Clin Endocrinol Metab. (2008)
22:155-71. doi: 10.1016/j.beem.2007.08.001

Colle E, Schiff D, Andrew G, Bauer CB, Fitzhardinge P. Insulin responses
during catch-up growth of infants who were small for gestational age.
Pediatrics. (1976) 57:363-71.

Soto N, Bazaes RA, Pena V, Salazar T, Avila A, Ifiguez G, et al. Insulin
sensitivity and secretion are related to catch-up growth in small-for-
gestational-age infants at age 1 year: results from a prospective cohort. J Clin
Endocrinol Metab. (2003) 88:3645-50. doi: 10.1210/jc.2002-030031

Rosen ED, Kaestner KH, Natarajan R, Patti ME, Sallari R, Sander M, et al.
Epigenetics and epigenomics: implications for diabetes and obesity. Diabetes.
(2018) 67:1923-31. doi: 10.2337/db18-0537

Baskaran C, Kandemir N. Update on endocrine aspects of childhood obesity.
Curr Opin Endocrinol Diabetes Obes. (2018) 25:55-60. doi: 10.1097/MED.
0000000000000381

Vaziri A, Khabiri M, Genaw BT, May CE, Freddolino PL, Dus M. Persistent
epigenetic reprogramming of sweet taste by diet. Sci Adv. (2020) 6:eabc8492.
doi: 10.1126/sciadv.abc8492

Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, Susser ES, et al.
Persistent epigenetic differences associated with prenatal exposure to famine
in humans. Proc Natl Acad Sci USA. (2008) 105:17046-9. doi: 10.1073/pnas.
0806560105

Xu T, Fan X, Zhao M, Wu M, Li H, Ji B, et al. DNA methylation-
reprogrammed ang II (angiotensin IT) Type 1 receptor-early growth response
gene l-protein kinase C e axis underlies vascular hypercontractility in
antenatal hypoxic offspring. Hypertension. (2021) 77:491-506. doi: 10.1161/
HYPERTENSIONAHA.120.16247

Zhang Y, Tang J, Li N, Tao ], Zhang Y, Zhang Y, et al. Prenatal hypoxia induced
ET(B)R activation and abnormal ROS signalling in pulmonary artery cells of
rat offspring. Reprod Toxicol. (2021) 105:91-100. doi: 10.1016/j.reprotox.2021.
08.009

Zheng J, Zhang L, Liu J, Li Y, Zhang J. Long-term effects of maternal low-
protein diet and post-weaning high-fat feeding on glucose metabolism and
hypothalamic POMC promoter methylation in offspring mice. Front Nutr.
(2021) 8:657848. doi: 10.3389/fnut.2021.657848

Kawarazaki W, Fujita T. Kidney and epigenetic mechanisms of salt-sensitive
hypertension. Nat Rev Nephrol. (2021) 17:350-63. doi: 10.1038/s41581-021-
00399-2

Frontiers in Nutrition | www.frontiersin.org

June 2022 | Volume 9 | Article 913966


https://doi.org/10.1111/liv.14572
https://doi.org/10.3390/ijerph17072210
https://doi.org/10.1016/j.earlhumdev.2006.07.001
https://doi.org/10.1016/j.earlhumdev.2006.07.001
https://doi.org/10.1097/01.mco.0000232898.74415.42
https://doi.org/10.1136/bmj.319.7225.1619
https://doi.org/10.1136/bmj.319.7225.1619
https://doi.org/10.1016/j.yfrne.2014.04.004
https://doi.org/10.1016/j.molmet.2018.04.007
https://doi.org/10.1016/j.molmet.2018.04.007
https://doi.org/10.1016/j.numecd.2015.01.009
https://doi.org/10.1038/s41390-018-0196-4
https://doi.org/10.1097/HJH.0b013e328012135b
https://doi.org/10.1016/S0140-6736(21)00798-4
https://doi.org/10.1016/S0140-6736(21)00798-4
https://doi.org/10.1371/journal.pone.0176413
https://doi.org/10.2337/dc19-2325
https://doi.org/10.1111/1753-0407.12975
https://doi.org/10.1016/j.numecd.2019.07.004
https://doi.org/10.1016/j.numecd.2019.07.004
https://doi.org/10.1111/obr.12981
https://doi.org/10.1111/obr.12981
https://doi.org/10.1093/ije/dyx013
https://doi.org/10.1212/WNL.0000000000009407
https://doi.org/10.1093/eurheartj/ehr228
https://doi.org/10.2174/1871530319666191009154528
https://doi.org/10.1017/S1368980016000689
https://doi.org/10.1016/j.nut.2006.07.002
https://doi.org/10.1016/j.bone.2003.04.001
https://doi.org/10.1016/j.mayocp.2013.11.011
https://doi.org/10.1016/j.beem.2007.08.001
https://doi.org/10.1210/jc.2002-030031
https://doi.org/10.2337/db18-0537
https://doi.org/10.1097/MED.0000000000000381
https://doi.org/10.1097/MED.0000000000000381
https://doi.org/10.1126/sciadv.abc8492
https://doi.org/10.1073/pnas.0806560105
https://doi.org/10.1073/pnas.0806560105
https://doi.org/10.1161/HYPERTENSIONAHA.120.16247
https://doi.org/10.1161/HYPERTENSIONAHA.120.16247
https://doi.org/10.1016/j.reprotox.2021.08.009
https://doi.org/10.1016/j.reprotox.2021.08.009
https://doi.org/10.3389/fnut.2021.657848
https://doi.org/10.1038/s41581-021-00399-2
https://doi.org/10.1038/s41581-021-00399-2
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

Zhang et al.

Sex Differences in Metabolic Dysfunction by CGF

50.

51.

52.

53.

54.

55.

56.

57.

Fukuoka H. [Epigenetic changes caused by intrauterine malnutrition
as potential disease mediator and early prevention in developmental
stages]. Nihon Eiseigaku Zasshi. (2014) 69:82-5. doi: 10.1265/jjh.
69.82

Masuyama H, Mitsui T, Nobumoto E, Hiramatsu Y. The effects of high-fat diet
exposure in utero on the obesogenic and diabetogenic traits through epigenetic
changes in adiponectin and leptin gene expression for multiple generations
in female mice. Endocrinology. (2015) 156:2482-91. doi: 10.1210/en.2014-
2020

De Luca A, Hankard R, Borys JM, Sinnett D, Marcil V, Levy E.
Nutriepigenomics and malnutrition. Epigenomics. (2017) 9:893-917. doi: 10.
2217/epi-2016-0168

Zhao D, Guallar E, Ouyang P, Subramanya V, Vaidya D, Ndumele CE,
et al. Endogenous sex hormones and incident cardiovascular disease in post-
menopausal women. ] Am Coll Cardiol. (2018) 71:2555-66. doi: 10.1016/j.jacc.
2018.01.083

Palmisano BT, Zhu L, Eckel RH, Stafford JM. Sex differences in lipid and
lipoprotein metabolism. Mol Metab. (2018) 15:45-55.

Zhu D, Li X, Macrae VE, Simoncini T, Fu X. Extragonadal effects of follicle-
stimulating hormone on osteoporosis and cardiovascular disease in women
during menopausal transition. Trends Endocrinol Metab. (2018) 29:571-80.
doi: 10.1016/j.tem.2018.06.001

Kolovou GD, Kolovou V, Kostakou PM, Mavrogeni S. Body mass index, lipid
metabolism and estrogens: their impact on coronary heart disease. Curr Med
Chem. (2014) 21:3455-65. doi: 10.2174/0929867321666140901114515
Pellegrini M, Pallottini V, Marin R, Marino M. Role of the sex hormone
estrogen in the prevention of lipid disorder. Curr Med Chem. (2014)
21:2734-42.

58. Ashley CD, Kramer ML, Bishop P. Estrogen and substrate metabolism: a
review of contradictory research. Sports Med. (2000) 29:221-7. doi: 10.2165/
00007256-200029040-00001

Samaras K, Hayward CS, Sullivan D, Kelly RP, Campbell LV. Effects of
postmenopausal hormone replacement therapy on central abdominal fat,
glycemic control, lipid metabolism, and vascular factors in type 2 diabetes: a
prospective study. Diabetes Care. (1999) 22:1401-7. doi: 10.2337/diacare.22.9.
1401

Lizcano F, Guzmén G. Estrogen deficiency and the origin of obesity during
menopause. Biomed Res Int. (2014) 2014:757461. doi: 10.1155/2014/757461

59.

60.

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Pu, Ding, Wu, Yin, Sun, Gu, Zhang, Zhang, Zheng, He, Xu,
He, Su, Zhou, Li, Ye, Li and Xu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

10

June 2022 | Volume 9 | Article 913966


https://doi.org/10.1265/jjh.69.82
https://doi.org/10.1265/jjh.69.82
https://doi.org/10.1210/en.2014-2020
https://doi.org/10.1210/en.2014-2020
https://doi.org/10.2217/epi-2016-0168
https://doi.org/10.2217/epi-2016-0168
https://doi.org/10.1016/j.jacc.2018.01.083
https://doi.org/10.1016/j.jacc.2018.01.083
https://doi.org/10.1016/j.tem.2018.06.001
https://doi.org/10.2174/0929867321666140901114515
https://doi.org/10.2165/00007256-200029040-00001
https://doi.org/10.2165/00007256-200029040-00001
https://doi.org/10.2337/diacare.22.9.1401
https://doi.org/10.2337/diacare.22.9.1401
https://doi.org/10.1155/2014/757461
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles

	Sex Differences at Early Old Stage in Glycolipid Metabolism and Fatty Liver in Offspring Prenatally Exposed to Chinese Great Famine
	Introduction
	Materials and Methods
	Subjects
	Measurements of Weight, Height, Waist Circumference, Body Mass Index, Blood, and Urine Values
	Statistical Analysis
	Ethics

	Results
	Subject Characteristics
	Comparisons Between the Exposed and Unexposed in Both Men and Women in Set 1
	Comparisons Between the Exposed and Unexposed in Both Men and Women in Set 2
	Comparisons Between Both Sexes in the Exposed or Unexposed Populations

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


