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Effect of Prepregnancy Obesity on Litter Size in
Primiparous Minipigs

Hong-Quan Luo,"f Wei-Wang Gu,'* Li-Wen Huang,? Li-Hong Wu,? Yu-Guang Tian,! Chun-Hua Zheng,! and Min Yue'”"

Obesity is a public health problem in both developed and developing countries, and the negative effects of obesity on
reproductive physiology have been highlighted recently. We evaluated the effects of porcine obesity index, sex hormones,
and peptide hormones on litter size in various breeds of minipigs. Blood samples were collected from sedated 8-,10-, and
12-mo-old minipigs to measure preovulatory levels of sex hormones (follicle-stimulating hormone, luteinizing hormone,
estradiol, progesterone, testosterone, and prolactin) and peptide hormones (insulin-like growth factor, glucagon, cortisol,
growth hormone, free thyroxine, free triiodothyronine, insulin, and leptin). We also measured weight, abdominal circumfer-
ence, neck circumference, and body length and then calculated the porcine obesity index. Data were analyzed by one-way
ANOVA, and means were compared by least significance difference testing. Pearson correlation between parameters and litter
size was analyzed. Prepregnancy porcine obesity index and litter size were negatively correlated in primiparous minipigs.
Litter size was influenced by luteinizing hormone, estradiol, progesterone, testosterone, prolactin, follicle-stimulating hor-
mone, cortisol, insulin-like growth factor 1, growth hormone, free thyroxine, insulin, and leptin. In conclusion, prepregnancy
obesity reduces litter size in primiparous minipigs.

Abbreviations: FSH, follicle-stimulating hormone; FT3, free triiodothyronine; FT4, free thyroxine; GH, growth hormone;

IGF1,insulin-like growth factor 1; LH, luteinizing hormone; POI, porcine obesity index.

In recent years, minipigs have become widely accepted as
an alternative to rodent species for reproductive, metabolic,
pharmacologic, and toxicologic studies.>'> Compared with
NHP (age at sexual maturity, 3 to 4 y; duration of estrous cycle,
30 d),minipigs become sexually mature much earlier (age, 4 to
5 mo), and their estrous cycle is shorter (20 d). The gestation
period is also shorter in minipigs (4 mo) than NHP (5.5 mo),
with the major period of organogenesis occurring between 11
and 35 d in minipigs compared with 20 to 50 d in cynomolgus
macaques.'®

Litter size in swine breeds, including minipigs, varies due
to effects on the pituitary—ovarian axis during follicle develop-
ment.918 Several variables, including circulating sex hormones,
the month of parturition, and sow age and parity, exert marked
effects on minipig reproduction and litter size.>!> Primiparous
minipigs typically have small litters and few weaned piglets.'®
As lab animals, the litter size of minipigs is important for
production and reproducibility: a large litter size can increase
homogeneity and thus reduce the number of animals used.
To increase the litter size of minipigs, insight into factors that
disrupt reproductive physiology might provide important
therapeutic implications.

The negative effects of obesity on reproductive physiology
have been studied for many years. Obesity is a state of excess
adipose tissue, which plays critical roles in the regulation of sex
hormone availability due to its ability to store lipid steroids, such
as androgens.!® In addition, obesity is associated with increased
risk of pregnancy loss.® Obesity may interfere with various
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ovarian and extraovarian functions, reducing both ovulatory
and fertility rates in otherwise healthy women.!” Obesity during
pregnancy is problematic, not only due to the adverse effects
on maternal health and pregnancy outcome but also because of
growing evidence regarding persistent and deleterious effects
on the developing child.?

Prepregnancy or pregnancy obesity is associated with
multiple adverse reproductive outcomes,!® but the underly-
ing mechanisms in minipigs remain largely unknown. This
study primarily aimed to evaluate the effects of prepregnancy
obesity and obesity-related hormones (sex hormones and
peptide hormones) measured before ovulation—including
follicle-stimulating hormone (FSH), luteinizing hormone (LH),
estradiol, progesterone, testosterone, and prolactin, insulin-like
growth factor (IGF1), glucagon, cortisol, growth hormone (GH),
free thyroxine (FT4), free triiodothyronine (FT3), insulin, and
leptin—on litter size in 3 breeds of primiparous minipigs.

Materials and Methods

Animals and housing. In this study, 74 nulliparous female
minipigs (age, 8 to 12 mo) were obtained from the Lab Ani-
mal Center of Southern Medical University (approval nos.
SYXK[YUE]2016-0167, SCXK[YUE]2016-0041); the animals
were naturally bred and comprised 24 Tibet minipigs, 24 Bama
minipigs, and 26 Wuzhishan minipigs. The minipigs tested
free of swine pathogens (foot and mouth disease virus, swine
fever virus and so on). All animals were kept in groups of 4 to
6 per room in the same environment (temperature, 16 to 26 °C;
humidity, 40% to 70%), including drinking water and nutrient
levels. Animals were reared by free-choice feeding of commer-
cial chow (Keao Xieli Feed, Beijing, China).

Experimental design and materials. Experiments were per-
formed in accordance with the Guidelines for the Care and Use of
Laboratory Animals.'®> An experimental protocol was approved
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Figure 1. (A) Litter size, prepregnancy (B) body weight and (C) POI, and (D) the correlation between POI and litter size for different breeds of
minipigs at 8,10, and 12 mo of age. All values (mean * SEM) were calculated monthly. Significant differences between Tibet (n = 8 per group)
compared with Bama (1 = 8 per group; +, P < 0.05; ++, P < 0.005), Tibet compared with Wuzhishan (1 = 8 [8 mo], 9 [10 mo], and 9 [12 mo]; #, P <
0.05; ##, P < 0.005), and Bama compared with Wuzhishan ($, P < 0.05; $$, P < 0.005) are indicated.

by the IACUC of the Animal Experiment Center of Southern
Medical University (no. S-20121101-01). In this study, blood
samples were collected aseptically from the vena cava of anes-
thetized (3% pentobarbital sodium injected at a dose of 30 mg/
kg into a marginal vein) nulliparous minipigs before estrus (at
8,10, and 12 mo of age).

Levels of various sex hormones and peptide hormones were
measured before ovulation. A total volume of 10 mL of blood
was obtained from each animal and stabilized with heparin
sodium. Plasma was obtained for analysis of FSH, LH, estradiol,
progesterone, testosterone, prolactin, IGF1, glucagon, cortisol,
GH, FT4, FT3, insulin, and leptin by ELISA (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). After hormone test-
ing, all nulliparous minipigs in this study entered the breeding
program. All pigs became pregnant and gave birth when 12 to
16 mo old; litter sizes were calculated after the birth of piglets.

We also examined body mass index, weight, neck circum-
ference, and body length before ovulation to determine the
influence of these variables on and their correlation with litter

size. A porcine obesity index (POI) was used to quantitate obe-
sity in pigs and was calculated as follows:?

POI={r x [BS/3] x [(A) + (N + (A x N)J} x 10/BS,

where BS corresponds to body size (that is, length [in centim-
eters]), and A and N are the radii (in centimeters) of the abdomen
and neck, respectively.

Statistical analysis. To investigate the effects of breed
and age on each measured variable, data were analyzed by
ANOVA. Litter size was classified according to breed. In ad-
dition, descriptive statistics were determined for all variables
according to breed. We used the least significance difference
method for pairwise comparison and Pearson correlation to
analyze correlations between hormone levels and litter size.
All statistical analyses were performed by using SPSS version
13.0 (IBM, Armonk, NY), and a P value less than 0.05 defined
significance.
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Figure 2. Levels of prepregnancy sex hormones in different breeds of minipigs at 8, 10, and 12 mo of age. All values (mean + SEM) were calcu-
lated monthly. Significant differences between Tibet (1 = 8 per group) compared with Bama (1 = 8 per group; +, P < 0.05; ++, P < 0.005), Tibet
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Figure 3. Relationship of prepregnancy sex hormones to litter size in different breeds of minipigs at 8, 10, and 12 mo of age. The line represents
linear regression of data, with R? > 0.16 (Pearson r > 0.4) and P < 0.05 indicating significant correlation. Tibet, n = 8 per group; Bama, 1 = 8 per
group; Wuzhishan, n = 8 (8 mo), 9 (10 mo), 9 (12 mo).

Litter size, prepregnancy body weight, and POI. Prepregnancy
body weight (Figure 1 B) and POI (Figure 1 C) increased with
age in all 3 breeds of nulliparous minipigs. Bama nulliparous

Results

minipigs exhibited the highest prepregnancy body weight (32 +
1 kg at 8mo, 36 +£ 2 kg at 10 mo, and 38 = 2 kg at 12 mo) and POI
(x10% 3.8+ 0.2 at 8 mo, 4.3+ 0.3 kg at 10 mo, and 4.3 £ 0.3 kg at
12 mo). Tibet nulliparous minipigs had the lowest prepregnancy
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Figure 4. Prepregnancy (A) cortisol, (B) IGF1, (C) glucagon, and (D) insulin in different breeds of minipigs at 8, 10, and 12 mo of age. All values
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zhishan ($, P < 0.05; $$, P < 0.005) are indicated.

body weight (26 + 2 kg at 8 mo, 26 + 3 kg at 10 mo, and 31 +
2 kg at 12 mo) and POI (x10% 3.2+ 0.2 at 8 mo, 3.1 £ 0.2 at 10 mo,
and 3.4 £ 0.1 at 12 mo).

The litter size of Tibet minipigs rose by 53.9% at 10 mo (8.0 +
0.6 piglets) and 34.6% at 12 mo (7.0 + 0.4 piglets), compared
with that at 8 mo (5.2 + 0.7 piglets). By comparison, litter size
in Bama minipigs increased by16.7% at 10 mo (7.0 + 0.6 piglets)
and 40.0% at 12 mo (8.4 + 0.4 piglets), relative to that at 8 mo
(6.0 = 0.4 piglets). In contrast, litter size of Wuzhishan was
5.1 + 0.5 piglets at 8 mo, 4.9 + 0.7 piglets at 10 mo, and 5.7
0.4 piglets at 12 mo (Figure 1 A). Litter size differed signifi-
cantly between Wuzhishan and Tibet (P = 0.007) and Bama
(P = 0.048) minipigs at 10 mo of age and between Tibet and
Bama (P = 0.029), Tibet and Wuzhishan (P = 0.045), and Bama
and Wuzhishan (P = 0.001) minipigs at 12mo. Bama minipigs
had the largest litter size at 12 mo (7.1 + 0.4 piglets). Pearson
correlation analysis (Figure 1 D) showed a negative correlation
between litter size and prepregnancy POI in Tibet (Pearson
r = —0.529; P = 0.029), Bama (Pearson r = —0.442; P = 0.086),
and Wuzhishan (Pearson r = -0.552; P = 0.009) minipigs. How-
ever, this correlation was significant for Tibet and Wuzhishan
minipigs only.

Prepregnancy levels of sex hormones and their effects on lit-
ter size in minipigs. Tibet nulliparous minipigs had the highest
levels of prepregnancy LH and FSH (Figure 2 B and D), except
for FSH at 12 mo. Wuzhishan nulliparous minipigs manifested
the lowest levels of prepregnancy LH, FSH, and progesterone
(Figures 2 B, D, and E, respectively), except for LH at 8 mo.
Prepregnancy levels of LH, FSH, and progesterone differed
significantly (P < 0.05) between Wuzhishan minipigs and the
other 2 breeds, except for FSH at 8 mo between Wuzhishan and
Tibet (Figure 2 B, D, and E). Bama nulliparous minipigs had the
highest prepregnancy levels of FSH and progesterone and the
lowest prolactin level at 12 mo. Differences in prepregnancy
FSH, LH, and progesterone among all breeds paralleled those of
litter size. Prepregnancy FSH, LH, progesterone, and prolactin
did not differ between Tibet and Bama minipigs (Figure 2 B
through E). Neither prepregnancy estradiol nor testosterone
differed between any breeds (Figure 2 A and F).

Correlations between litter size and prepregnancy levels of
sex hormone were analyzed (Figure 3). Significant positive
correlations emerged between litter size and prepregnancy
estradiol, FSH, LH, or progesterone in all 3 breeds, except
for estradiol in Bama minipigs and FSH and progesterone in
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Figure 5. Prepregnancy level of (A) FT4, (B) FT3, (C) GH, and (D) leptin in different breeds of minipigs at 8, 10, and 12 mo of age. All values
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Wuzhishan ($, P < 0.05; $$, P < 0.005) are indicated.

Tibet minipigs (Figure 3 A, B, D, and E). Significant negative
correlation occurred between prepregnancy prolactin (Figure
3 C) and testosterone (Figure 3 F) and litter size in Tibet and
Wuzhishan minipigs. No significant relationship was observed
between litter size and either prolactin or testosterone in
Bama minipigs.

Prepregnancy levels of peptide hormones and their effects on
litter size. Prepregnancy levels of plasma cortisol (Figure 4 A)
and FT3 (Figure 5 A) decreased with age, whereas IGF1 (Figure
4 B), glucagon (Figure 4 C), GH (Figure 5 B), and leptin (Figure
5 D) increased in all 3 breeds of nulliparous minipigs. Tibet
minipigs had the highest prepregnancy levels of IGF1, GH,
insulin (Figure 4 D), and leptin, except for insulin at 10 mo,
GH at 12 mo, and IGF1 at 8 mo. Prepregnancy levels of IGF1,
GH, insulin, and leptin were similar between Tibet nulliparous
minipigs at different ages, but IGF1 increased from 8.3 + 0.4 to
13.3 + 1.3 (60.5%) at 10 mo. However, prepregnancy levels of
IGF1, GH, and insulin in Wuzhishan minipig were lowest (P <
0.05) among the 3 breeds, except for insulin and IGF1 at 8 mo.
The prepregnancy level of cortisol showed no significant dif-

ference among the 3 breeds. Prepregnancy levels of all peptide
hormones evaluated did not differ significantly between Tibet
and Bama nulliparous minipigs, except for IGF1 at 10 mo and
leptin at 8 and 10 mo.

The correlation of litter size with prepregnancy peptide hor-
mones was analyzed (Figure 6). All minipigs showed significant
negative correlation between prepregnancy cortisol and litter
size (Figure 6 A), whereas prepregnancy IGF1, GH, insulin, and
leptin were associated with significant positive effects (Figure 6
B, D, E and H). Litter size was not significantly correlated with
prepregnancy levels of glucagon, FT4, or FI3 in the minipig
breeds we evaluated.

Discussion
The characteristics of their reproductive system support
the use of minipigs as a large animal model for reproductive
system disease, obstetrics, neonatal disease, and other studies.
Obesity is assumed to reduce fertility.'”' In many lab animals
with obesity, particularly genetic forms, females show complete
infertility, whereas males demonstrate marked impairment of
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reproductive function.!%!16 Previous work has revealed that The majority of previous studies relating obesity to health risks
prepregnancy obesity poses risks to both pregnant womenand  has focused on chronic diseases. However, we are learning
their infants. Prepregnancy overweight or obesity is a risk factor =~ more about components of prepregnancy obesity that relate to
for diabetes, hypertension, and preeclampsia in pregnancy.?® reproductive risks.
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In our study, prepregnancy POI and litter size significantly
differed among the 3 evaluated breeds of primiparous minipigs.
In particular, Bama minipigs were the most obese but had the
largest litter size. Breed played a key role in prepregnancy POI
and litter size, given that all minipigs in our study program
were housed in the same conditions, including drinking water
and nutrient levels. Our study identified a significant negative
correlation between prepregnancy POI and litter size, indicating
that prepregnancy obesity reduced litter size in these 3 breeds
of primiparous minipigs. This study is the first to highlight the
relationship between prepregnancy obesity and litter size in
primiparous minipigs, and this finding has important implica-
tions for all stages of reproductive health care for nulliparous
minipigs.

Sex hormones are the primary physiologic hormones that
directly influence reproductive activity and the reproductive
process in animals. Changes in these substances markedly affect
reproductive performance. In our study, the prepregnancy levels
of sex hormones had significant correlations with litter size.
Within the appropriate physiologic ranges, high levels of FSH,
LH, estradiol, and progesterone before pregnancy and low levels
of prolactin and testosterone—which aid in the development
and maturation of follicles, during ovulation, and in implanta-
tion of the fertilized egg—increase litter size in minipigs. LH
is responsible for the release of eggs from follicles (ovulation)
and their development, maintenance, and function of the corpus
luteum or yellow body. Progesterone improves the synchroni-
zation of estrus, especially in primiparous sows.!* However,
litter size is determined by ovulation rate, fertilization rate,
and prenatal survival rate,?2 and the ovulation rate determines
the upper limit of litter size.'? Ovarian follicles depend on the
secretion of adenohypophyseal gonadotropins (FSH and LH)
for their growth and maturation. With the stimulation of FSH,
follicles develop and grow, and as FSH secretion reduces, the
secretion of LH can promote the ovulation of mature follicles.”
These events might help to explain why Wuzhishan nulliparous
minipigs had the smallest litter size, as they also had the lowest
levels of prepregnancy FSH and LH, whereas Bama minipigs
the largest litters at 12 mo.

Because obesity can reduce litter size, obesity-related peptide
hormones may exert effects on litter size. Our findings show
that prepregnancy levels of cortisol, IGF1, GH, insulin, and
leptin had strong effects on litter size. High prepregnancy levels
of circulating cortisol were associated with smaller litter size,
whereas high concentrations of IGF1, GH, insulin, and leptin
were associated with larger litter size. Prepregnancy levels of
IGF1, GH, and insulin were lowest and cortisol was highest
in Wuzhishan minipigs and perhaps resulted in their having
the smallest litter size among the 3 breeds. Prolonged stress or
prolonged elevation of cortisol reportedly impair reproductive
processes in sows.?! Downregulating cortisol levels in minipigs
and increasing their IGF1, GH, and insulin concentrations might
help to increase litter size under normal physiologic conditions.

Our study focuses on the effect of prepregnancy levels of
leptin on litter size, because a deficiency in this hormone leads
to obesity.2 Previous studies reported that female obese (ob/ob)
mice lacking leptin are infertile and have markedly impaired
reproductive function.* During the development and maturity
of the reproductive system, leptin transmits energy storage
signals to centers in the brain. Through the neuroendocrine
system, this hormone promotes reproductive system devel-
opment and maturation, maintains pregnancy, and supports
other reproductive functions. In recent years, leptin has been
suggested to be a metabolic signal in the reproductive system.!

This information supports our finding that prepregnancy lep-
tin deficiency decreased litter size in primiparous minipigs. If
higher prepregnancy leptin concentrations lead to a larger litter
size in primiparous minipigs, then manipulation of the leptin
level might provide an alternative means for treating delayed
primiparity.

In conclusion, prepregnancy obesity reduces litter size in
primiparous minipigs. Controlling body weight gain in mini-
pigs (for example, through appropriate pregnancy nutrition
or selective breeding) might consequently increase litter size
and thus provide an important animal model for obstetrics,
neonatology, and reproductive research.
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