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Abstract

Background—Nonhuman primate models of developmental programming by maternal
mismatch between pregnancy and lactation diets are needed for translation to human programming
outcomes. We present baboon offspring morphometry from birth-3 years, and blood cortisol and
adrenocorticotropin (ACTH) from 2-24 months.

Methods—Control mothers ate chow; mismatch mothers ate 30% less than controls during
pregnancy and high-fat high-energy diet through lactation.

Results—Mismatch mothers lost weight during pregnancy. At birth, there were trends toward
lower weight in Mismatch offspring of both sexes (p=0.06). From 0-3 years, catch-up growth
occurred. Mismatch offspring male and female body weight increased faster than controls
(p<0.001). Mismatch female offspring showed greater increase in BMI (p<0.001) and abdominal
circumference (p=0.008) vs controls. ACTH and cortisol slopes from 2—24 months of age were
similar between groups in both sexes. Cortisol and ACTH increased after weaning in all groups.

Conclusions—Mismatch produces sexually dimorphic postnatal growth phenotypes.
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Introduction
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Sub-optimal maternal nutrition during pregnancy and lactation has lifelong consequences for
offspring development. Fetal nutrition is often limited /n utero -- by decreased availability of
nutrients, placental insufficiency, maternal disease (e.g., hypertension and renal disease), and
maternal tobacco, alcohol, and recreational drug usel -- followed by overnutrition after birth.
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After weaning, nutrition may be available in great excess since the typical Western diet is
obesogenic. The Barker hypothesis predicts that offspring exposed to this mismatch of pre-
and post-natal nutrition will be predisposed to obesity and metabolic dysfunction.23 When a
fetus is exposed to low nutrition, the organism undergoes adaptive changes such as
enhancing gluconeogenesis and developing methods to conserve glucose and amino acids*
that increase its survival chances in uteroin the face of a reduced nutrient supply. These
changes give rise to a so-called “thrifty phenotype.” If food becomes plentiful after birth,
these programmed alterations in metabolism can predispose individuals to obesity, diabetes,
and cardiovascular disease.>8

We have developed a baboon model of pre- and post-natal nutritional mismatch. Mothers in
the mismatch group received 30% less global food than control mothers during pregnancy.
Mismatch mothers then received an obesogenic diet ad /ibitum during lactation while control
mothers ate normal primate center baboon chow ad /ibitum. \We present here offspring body
weight and morphometrics for the first three years of life. Since the fetal hypothalamo-
pituitary-adrenal (HPA) axis plays a fundamental role in balancing perinatal growth and
differentiation during gestation,® we also measured plasma adrenocorticotropin (ACTH) and
cortisol levels. The equivalent age in humans would be birth through an approximate age of
10 years.10

Materials and methods

Humane care guidelines

All procedures were approved by the Texas Biomedical Research Institute (TBRI)
Institutional Animal Care and Use Committee and conducted in AAALAC approved
facilities.11

Animal management and housing

Female baboons were housed with a proven breeder male in custom-built group cages
containing up to 16 females per cage and allowing normal physical and social interaction
and environmental enrichment in the Southwest National Primate Research Center (SNPRC)
at TBRI. Details of housing and breeding have been described previously.11:12 Animal
health was supervised by SNPRC veterinarians. Females of similar morphometric
characteristics were randomly assigned prior to breeding to the control group or the maternal
mismatch group.

Control mothers ate ad /ibitum SNPRC biscuits (Purina Monkey Diet and Monkey Diet
Jumbo, Purina LabDiets, St Louis, MO) containing 12% energy from fat, 0.29% from
glucose, 0.32% from fructose, and a metabolizable energy content of 3.07 kcal/g. During
pregnancy, mismatch mothers received 70% of the average daily ad /ib amount of global
feed eaten on a weight-adjusted basis by control animals at the same gestational stage.
Precise control of dietary intake was accomplished with an individual feeding system
previously described in detail.1314 The use of the individual feeding system allowed mothers
to live in group housing connected to a chute leading to individual cages in which they were
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housed at feeding time. Mothers were trained to run into the individual cages for feeding
time only, then released back to social cages after feeding.

Throughout lactation, mismatch mothers received ad /ib control diet + ad /ib Purina 5045-6
(Purina LabDiets, St Louis, MO, USA), a high fat and high energy diet containing 45%
energy from fat, 4.6% from glucose, 5.6% from fructose, and a metabolizable energy content
of 4.03 kcal/g. Mismatch mothers also had continuous access to a high fructose beverage
during lactation. They were provided with both diets because animals ate more when both
diets were available.1®

Lactating mothers and offspring remained on their assigned diets and continued to be housed
in the same group cages until all offspring were separated from their mothers and weaned
onto SNPRC biscuits (Purina Monkey Diet, Purina LabDiets, St Louis, MO) at
approximately 9 months of age. After weaning at 9 months of age, offspring were separated
into male (N = 8 mismatch, 20 control) and female (N = 6 mismatch, 20 control) juvenile
groups. Since dietary group was assigned before sex of offspring was known, we were
unable to control the exact number of males and females in each group.

Morphometrics

Offspring of control and mismatch mothers were weighed and body dimensions measured at
birth and at 2, 3, 6, 9, 12, 18, 24, 30, and 36 months of age. Additional timepoints for
offspring body weight were available from periodic veterinary health checks. Body weight
was measured with a digital scale. Body length, head circumference, abdominal
circumference, chest circumference, and hip circumference were assessed with a tape
measure by trained and experienced personnel according to details in Table 1. All
measurements were taken three times and the means used as final values. We have
demonstrated inter-observer reliability of these measurements.13 Body mass index (BMI)
was calculated as body weight (kg) / body length (cm)2. Sample sizes varied at different
timepoints (Table 2) due to animal availability (e.g., location and involvement in other
studies).

Blood sampling

Offspring blood samples were taken at 2, 3, 6, 9, 12, 18, and 24 months of age. Sample sizes
varied at different timepoints (Table 3) due to animal availability (e.g., location and
involvement in other studies). Blood samples were taken in the group cage area within 5
minutes of isolation and tranquilization with 10 mg/kg ketamine IM. We have shown that
ketamine administration does not affect ACTH and cortisol levels within 10 minutes of
administration.1® Serum ACTH;_39 was measured by a two-site ELISA and cortisol by
chemiluminescent immunoassay on an Immulite® 1000 Immunoassay System (Siemens
Healthcare Diagnostics). The intra-/inter-assay coefficients of variation for ACTH were 4.8 /
7.2. The intra-/inter-assay coefficients of variation for cortisol were 5.6/8.4.16

Statistical analyses

Maternal single timepoint variables pre-pregnancy weight, delivery weight, % weight gain,
and BMI were compared between controls and mismatch with two-tailed Student’s t-tests.

J Med Primatol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Results

Page 4

Maternal weight gain was divided by offspring birth weight to test whether mothers who
gained more weight had heavier neonates (offspring birth weight / Wt gain % (kg)), then
compared between groups with t-test. Birth weight and birth morphometrics were compared
between groups with one-tailed t-tests; the one-tailed approach was justified because
offspring were born under circumstances we have previously shown lead to a significantly
reduced body size.1® Postnatal morphometric variables, ACTH, and cortisol were regressed
against age, then control and mismatch slopes compared using ANCOVA. All ACTH and
cortisol data were In-transformed to attain normal distribution. Mean ACTH and cortisol
were also analyzed between mismatch and controls before and after weaning at age 9
months with two-way t-tests. Data are presented as mean + standard error of the mean
(SEM). Significance was set at p < 0.05.

Maternal morphometrics at delivery

There were no morphometric differences between control mothers that gave birth to females
versus control mothers that gave birth to males. Similarly, there were no morphometric
differences between mismatch mothers that gave birth to females versus mismatch mothers
that gave birth to males.

Mothers of males.—Mismatch and control mothers had similar pre-pregnancy weight, but
mismatch mothers lost weight during pregnancy, leading to lower weight gain and weight at
delivery in mismatch compared to controls (Table 4). BMI at delivery was similar among
mismatch and control mothers of males, as was the relationship of offspring birth weight to
maternal weight gain.

Mothers of females.—Prior to pregnancy mismatch mothers weighed more than control
mothers (Table 4). Weight and BMI at delivery were similar between mothers of females,
but as with mothers of males, mismatch mothers lost weight during pregnancy such that %
weight gain was lower in mismatch than controls. The relationship of offspring birth weight
to maternal weight gain was similar between maternal groups.

Offspring morphometrics at birth

Male offspring.—At birth, male mismatch tended to weigh less (p = 0.06) than male
controls (Table 5). Male mismatch had larger abdominal circumference (p = 0.05) and
tended to have lower BMI (p = 0.08) than male controls, with borderline lower ratio of
hip:abdominal circumference between groups (p = 0.11). Body length and circumferences of
the head, chest, and hip were similar between male mismatch and controls.

Female offspring.—At birth, female mismatch tended to weigh less (p = 0.06) than
female controls (Table 5). Female mismatch showed lower abdominal circumference (p =
0.03) and trends toward lower hip circumference (p = 0.06) and BMI (p = 0.10) than female
controls. Body length, ratio of hip:abdominal circumference, and circumferences of the head
and chest were similar between female mismatch and controls.
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Morphometrics from birth through 3 years of age

Male offspring.—Mismatch male body weight increased more steeply than controls (Fig
1; p < 0.0001). Mismatch males showed a trend toward steeper increase in BMI (p < 0.07)
than controls (Fig 2). At age 3 years, mismatch males weighed 18.3% more and had 14.2%
higher BMI than control males. Growth slopes of body length and circumferences of the
head, chest, abdomen, and hips were similar between groups.

Female offspring.—Mismatch female body weight grew more steeply than controls (Fig
1; p < 0.0001). Mismatch females showed steeper increase in BMI (p < 0.0001) and
abdominal circumference (p = 0.008) compared to control females (Fig 3). At age 3 years,
mismatch females weighed 16.5% more than control females, had 19% higher BMI, and had
10.3% higher abdominal circumference. Growth slopes of body length and circumferences
of the head, chest, and hips were similar between groups.

ACTH and cortisol

ACTH and cortisol slopes from 2—24 months of age were similar between groups in both
sexes (Fig 4). Groups of both sexes were also similar in mean cortisol and ACTH before and
after weaning at 9 months of age (Fig 5). Cortisol and ACTH increased after weaning in
males (p < 0.001) and females (p < 0.001) of both groups.

Discussion

Both under-nutrition /n utero”:18 and over-nutrition in early postnatal life1%20 are known to
have long-lasting developmental consequences. The combination of these two challenges
during development has the potential for life-long functional adverse impacts on health.
Fetuses exposed to under-nutrition tend to develop a thrifty phenotype, preparing for life in
an environment of potentially reduced food availability by adjusting metabolism.2:3=7 If the
prediction of reduced nutritional access is incorrect, and postnatally the individual
experiences nutritional abundance, the adjustments made, such as increased glucose
production and conservation, can be detrimental by predisposing to post-natal obesity and
insulin resistance with increased risk of development of cardiometabolic syndrome.>~7 The
occurrence of a mismatch in nutrition pre- and post-natally in human offspring is not
uncommon. Poor nutrition in the womb can be caused not just by low maternal intake, but
also by placental insufficiency, young or old maternal age, substance abuse, and maternal
disease.! Once the organism begins extra-uterine life, nutritional access may be greatly
improved or even excessive as a result of unlimited nutrient availability, often in excess in
western society.

In this study in our baboon model of mismatch between pre- and post-natal nutrition, we
provided mothers with an 30% reduced diet during pregnancy and an obesogenic diet after
delivery. Mismatch mothers lost weight during pregnancy while control mothers gained.
Mismatch offspring were born with a trend toward reduced BMI and body weight. The
profile of weight difference between groups changed direction and increased over the first
three years of life, with mismatch of both sexes showing steeper growth slopes of body
weight and BMI such that mismatch were eventually heavier with larger BMI. Interestingly,
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at birth mismatch males had larger abdominal circumference than control males, while in
mismatch females abdominal circumference was smaller than in controls. The smaller
abdominal circumference in mismatch females fits with changes seen in intrauterine growth
restriction (IUGR) in humans,21-23 but the increase in mismatch males is of interest. It
should be noted that the extent of IUGR, although statistically significant and thus meriting
the term growth restricted, is relatively small at ~11% reduced from controls. This would
correspond to about the 30t percentile in human newborns.24 We interpret this finding as
showing that in the presence of moderate growth restriction males and females respond
differently in their growth response and males show a resistance to a decrease in abdominal
circumference and asymmetric growth retardation. The situation will undoubtedly change in
the presence of a greater degree of growth restriction. At birth, mismatch males showed
borderline lower ratio of hip:abdominal circumference than controls, while mismatch
females showed smaller hip circumferences than controls with similar ratio of hip:abdominal
circumference between groups. Postnatally, male growth slope of chest circumference was
borderline steeper in mismatch compared to controls, while slopes of body length and
circumferences of the head, hips, and abdomen were similar between groups over the first
three years of life. In postnatal females, abdominal circumference of mismatch increased
more steeply than controls, with mismatch females eventually having larger abdominal
circumference despite starting out smaller at birth. Female growth slopes of body length and
circumferences of the head, chest, and hips were similar between groups. Strikingly, by age
3 years, MM of both sexes had surpassed controls in nearly every measure of body size.
Human and animal studies have shown that rapid postnatal catch-up growth following poor
intrauterine growth increases risk of age-associated diseases.2® In humans, studies have
documented that catch-up growth is associated with early indicators of type 2 diabetes and
obesity,26:27 endothelial dysfunction,2® hypertension,2? cardiovascular disease,30 and
nonalcoholic fatty liver disease.3! Similarly, experimental studies with rodents that were
protein or calorie restricted /n utero and then received obesogenic diets postnatally have
shown reduced longevity,32:33 obesity,34:35 fatty livers,3® insulin resistance,3’
hyperleptinaemia,3® and hepatic fibrosis and inflammation.38 Given the neonatal catch-up
growth trajectory documented in the current study, we hypothesize these mismatch baboons
will be predisposed to the same age-related diseases seen in humans and other animal
models developmentally programmed by nutritional mismatch.

In addition to catch-up growth, cortisol and ACTH changes are of considerable interest in
the mismatch model. The fetal hypothalamo-pituitary-adrenal axis plays a fundamental role
in driving late fetal differentiation and slowing growth as delivery approaches, thereby
balancing perinatal growth and differentiation during late gestation® in preparation for an
independent extra-uterine existence. In the baboons studied here, ACTH and cortisol
concentrations in mismatch and controls were similar. It is noteworthy that in both groups
cortisol increased after weaning at 9 months of age, confirming that weaning activates the
hypothalamo-pituitary-adrenal axis in young baboons regardless of maternal diet.13:39 In
another model of baboon maternal 30% nutrient reduction continuing through lactation,
leading to offspring IUGR, we showed increased ACTH and cortisol compared to CTR in
the second half of gestation, with similar ACTH and cortisol post-natally to those observed
here in the mismatch model.13 For practical reasons, we were unable to measure fetal
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hormones in the current study, in which mothers were subjected to the same 30% nutrient
reduction protocol during pregnancy, but we suggest based on prior findings there still could
have been hormonal differences between mismatch and controls during fetal life that would
have affected growth and development, even though post-natal hormonal levels were similar.
During late gestation, cortisol plays a pivotal role in preparing the fetus for birth and
adaptations needed for extra-uterine life, with maturational effects on the thyroid, lungs,
intestines, liver, kidney, and brain favoring cellular differentiation over proliferation.? Given
that our model of IUGR has produced life-long changes to neurodevelopment,*! behavior,
42-44 1ipid metabolism,17 and cardiovascular outcomes,*>-%0 it is important to investigate
these same life course functions in mismatch offspring, who may also have been exposed to
glucocorticoid levels inappropriate for the current stage of development. Comparison with
the extensive developmental programming in later life in IUGR offspring exposed to
continuing nutrient deprivation during lactation will provide useful insights into the relative
effects of pre- and postnatal challenges.

The baboon model of mismatch between pre- and post-natal nutrition sheds light on a cause
of human age-related disease predisposition. The influence of programming on health span
and life span have been well covered in a comprehensive review by Preston et al.8

Further study of the model will unveil mechanisms underlying common human diseases,
such as obesity, diabetes, hypertension, and cardiovascular disease. This translational
research is essential to forming the basic understanding required to develop therapeutic
interventions. For example, innovative studies with rats have demonstrated the effectiveness
of a simple intervention of postnatal supplementation of the antioxidant coenzyme Q10 in
attenuating or even preventing the negative effects of pre- and post-natal nutritional
mismatch.37:38 Animal models are uniquely situated to reveal ways to combat suboptimal
development, leading to improvement of human health. Baboons are particularly strong
models for human developmental outcomes because of their genetic similarity to humans,
precocial stage at birth, long gestational period, singleton births, large brains, hormonal
profile during gestation, and existence of wide-ranging data on maternal, fetal, juvenile, and
adult baboon physiology.
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Figure 1.
Body weight in control (CTR- blue) and mismatch (MM- green) offspring from birth

through age 3 years. (A) MM males (N = 4-17) had steeper growth slopes than CTR males
(N =14-20). (B) MM females (N = 4-15) had steeper growth slopes than CTR females (N =
13-20). Sample sizes details for each timepoint in Table 2.
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Figure 2.
Male offspring morphometrics from birth through age 3 years in controls (CTR- blue; N =

14-20) and mismatch (MM- green; N = 4-17). Sample sizes details for each timepoint given
in Table 2. Mean + SEM.
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Cortisol in males (A) and females (B) and ACTH in males (C) and females (D) from 2-24
months of age. There were no differences in slopes between controls (CTR- blue; N = 3-10
males, 2-5 females) and mismatch (MM- green; N = 4-8 males, 4-6 females). Sample size
details for each timepoint given in Table 3. Mean + SEM.
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Figure 5.
When compared before and after weaning at 9 months of age, mean cortisol and ACTH were

similar between controls (CTR- blue; N = 3-10 males, 2-5 females) and mismatch (MM-
green; N = 4-8 males, 4-6 females) of both sexes. In males and females of both groups,
cortisol (p < 0.001) and ACTH (p < 0.001) increased after weaning. Sample size details for
each timepoint given in Table 3. Mean + SEM.
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Table 1.

Morphometric measurement methods.

Measurement

Method

Body length (cm)

measured from the back of the head at the intersection of the parietal and lambdoidal sutures to the rump at
the largest protrusion of the coccyx to the heel of the right foot

Chest circumference (cm)

measured all the way around the chest at the level of the nipples

Head circumference (cm)

measured over the most prominent part on the back of the head (occiput) and just above the eyebrows
(supraorbital ridges), i.e., the largest circumference of the head

Hips circumference (cm)

measured all the way around the hips at the level of the greatest protrusion of the innominate/pelvic bone
(anterior superior iliac spine)

Abdominal circumference (cm) | measured all the way around the abdomen at the level of the umbilicus
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Table 2.

Sample sizes for F1 morphometrics taken at each timepoint.

Age (mo) Group Females Males Age (mo) Group Females Males

0 CTR 19 17-19 9 CTR 19 19-20
MM 57 16-17 MM 5-6 8

0.5 CTR 17-18 19-20 12 CTR 14-17 18—-20
MM 6 8 MM 6 8

1 CTR 18-20 19-20 18 CTR 15-17 20
MM 6 8 MM 6 7-8

2 CTR 16—-19 19-20 24 CTR 14-15 18—-20
MM 6 8 MM 5-6 5

3 CTR 19-20 19-20 30 CTR 14-16 14-15
MM 6 8 MM 5 4-5

6 CTR 19 20 36 CTR 13-15 14-16
MM 5-6 8 MM 4-5 4

Page 17

*
Sample size of MM group was higher at birth than at other ages because some animals continued to eat a reduced diet after birth for a separate

study,

12

while MM animals were switched to the high-fat high-energy diet after birth.
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Table 3.

Sample sizes for F1 ACTH and cortisol at each timepoint.

Age (mo) Group Females Males
2 CTR 5 9
MM 6 8
3 CTR 3 3
MM 4 4
6 CTR 4 8
MM 6 8
9 CTR 4 10
MM 6 8
12 CTR 4 10
MM 6 8
18 CTR 3 10
MM 6 6
24 CTR 2 5
MM 5 5
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Table 4.

Maternal variables in CTR and MM mothers, with separate analyses by F1 sex. Among both MM and CTR
mothers, for all variables, mothers who gave birth to females were similar to mothers who gave birth to males.

Weight at delivery BMI at delivery
Pre-pregnancy weight (kg) (kg) Weight gain (%6) (kg/cm2) Birth weight/weight gain
MALES
CTR 15.1+0.45 16.0 £ 0.43 40+1.67 155+041 0.51+0.61
N 16 19 16 18 16
* *
MM 149+0.44 146 £0.51 —21+251 14.6 £ 0.59 0.23+0.71
N 16 17 16 17 16
FEMALES
CTR 14.4 +0.47 15.1+0.46 41+294 14.8 +0.40 0.59+0.39
N 17 19 16 18 16
* *
MM 16.0+0.64 15.0 £ 0.62 —74+238 14.3 £0.50 2.6+1.94
N 14 15 14 15 14
Mean + SEM.

*
p <0.05 vs CTR of same sex.

J Med Primatol. Author manuscript; available in PMC 2020 August 01.



Page 20

Lietal.

'0T'05d>G00+:5005d
*

‘INTS F UesN
ST ST ST ST ST ST ST ST N
200F€60 +CE0FTVT LV90F VST 770+ .87 820+8T¢ +EE0F V'S 880F.9¢ +¥00¥2L0 WNIN
6T 6T 6T 6T 6T 67T 6T 6T N
200+ 060 0SS0+ T'ST S0+ 69T 9€'0+E€'6T 820+T¢¢C GE0FT9 TL0+99¢ €00¥6.0 d1D
saeway
91 91 91 9T 91 91 91 LT N
+20'0F .80 98’0 ¥ €'ST LBPOFLULT 820F L6T 620F8¢¢ +720F 09 [90F9/.8 +200F¥80 WNIW
61 61 6T 6T 8T LT JAS 6T N
€0'0¥¢60 9’0 F 0'GT ¢S'0¥S9T GE0FE6T 820F.'¢¢C 8T0+¥9 8G'0F¢C'LE €00+T60 d1O
safeN
‘winaA1o uswopae/diH  (wo) ‘wnaan diH - (W) "wnoad jeulwopqy  (Wo) ‘winaaisayd  (Wo) ‘winaao peaH  (zwo/By) (g (wd) yibua  (Bx) wybiapn

Author Manuscript

‘'S al|qeL

Author Manuscript

"S9eLUa) pue SafeL Ul yuIq e solnswoydiow T

Author Manuscript Author Manuscript

J Med Primatol. Author manuscript; available in PMC 2020 August 01.



	Abstract
	Introduction
	Materials and methods
	Humane care guidelines
	Animal management and housing
	Morphometrics
	Blood sampling

	Statistical analyses
	Results
	Maternal morphometrics at delivery
	Mothers of males.
	Mothers of females.

	Offspring morphometrics at birth
	Male offspring.
	Female offspring.

	Morphometrics from birth through 3 years of age
	Male offspring.
	Female offspring.

	ACTH and cortisol

	Discussion
	References
	Figure 1
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

