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Abstract Compelling data exist for programming of
chronic later-life diseases and longevity by perinatal
developmental programming challenges. Understand-
ing mechanisms by which life course health trajectory
and longevity are set is fundamental to understanding
aging. Appropriate approaches are needed to determine
programming effects on cellular function. We have de-
veloped a baboon model in which control mothers eat
ad libitum while a second group eat 70% of the global
diet fed controls, leading to male and female offspring
intrauterine growth restriction (IUGR). We have shown
that IUGR suffer from acceleration of several age-
related physiological declines. Here, we report on a
skin-derived fibroblast model with potential relevance
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for mechanistic studies on how IUGR impacts aging.
Fibroblasts were cultured from the skin biopsies taken
from adult baboons from control and IUGR cohorts.
TUGR-derived fibroblasts grew in culture less well than
controls and those derived from male, but not female,
TUGR baboons had a significant reduction in maximum
respiration rate compared to control-derived fibroblasts.
We also show that relative levels of several mitochon-
drial protein subunits, including NDUFB8 and cyto-
chrome ¢ oxidase subunit IV, were reduced in [TUGR-
derived fibroblasts even after serial passaging in culture.
The lower levels of electron transport system compo-
nents provide potential mechanisms for accelerated life
course aging in the setting of programmed [UGR. This
observation fits with the greater sensitivity of males
compared with females to many, but not all, outcomes
in response to programming challenges. These ap-
proaches will be powerful in the determination of
programming-aging interactions.
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Abbreviations

ECAR Extracellular acidification rate

FCCP  Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone

GH Growth hormone

IGF1  Insulin-like growth factor 1

IUGR Intrauterine growth restriction

OCR  Oxygen consumption rate
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Introduction

There are now compelling data for programming of
chronic diseases in later life by challenges during plastic
periods of perinatal development including pioneering
human epidemiological observations by investigators at
Southampton, England, and in the Harvard Nurses Study
(Barker 1998; Nathanielsz 1999), as well as more recent
well-controlled animal studies. Developmental program-
ming can be defined as responses to challenges in critical
plastic time windows in utero or neonatal life that alter
development and phenotype in ways that persist postna-
tally (Nathanielsz et al. 2013). Programming has been
shown to have profound implications on the entire life
course of health including longevity (Zambrano et al.
2015; Tarry-Adkins and Ozanne 2017). Understanding
the mechanisms by which developing organisms can set
their life course trajectory of health and longevity is then
fundamental to understanding aging and frailty.

Human epidemiological studies are always accompa-
nied by multiple confounds, presenting the need for
carefully controlled animal studies. The majority of de-
velopmental programming studies have been conducted
in rodents and have provided a body of highly significant
data. However, there are some fundamental differences in
perinatal development between polytocous, altricial ro-
dents and monotocous, precocial primate species that
greatly influence developmental programming outcomes.
To overcome these limitations and enable precise exper-
imental control, we have developed a baboon (Papio sp.)
model of intrauterine growth restriction (IUGR) as a
means to test effects of developmental programming.
Since studies are not permitted in great apes and chim-
panzees, the baboon is the nonhuman primate species
closest to humans for translational studies to human
programming challenges, mechanism, outcomes, and po-
tential development of effective interventions. A strength
of baboon studies is that their genetics and genome
sequence, physiology, and metabolism are closer to the
human than any other experimental nonhuman primate
species and thus stronger for translation to humans (Cox
et al. 2013). Finally, the baboon fetus is considerably
larger than the rhesus fetus providing more tissue for
in vitro studies. In our model, control mothers eat ad
libitum during pregnancy while mothers undergoing ma-
ternal nutrient reduction during pregnancy eat only 70%
of global food eaten by controls. Both male and female
offspring (F1) of undernourished mothers are [UGR with
term body weights ~12% less than controls (Li et al.
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2013a). Studies in the IUGR F1 have demonstrated
programming of metabolism (Choi et al. 2011), neuro-
endocrine (Li et al. 2013b), cardiovascular
(Muralimanoharan et al. 2017), brain (Antonow-
Schlorke et al. 2011), behavioral (Keenan et al. 2013),
and cognitive (Rodriguez et al. 2012) function.

In our studies, we have shown that age-related chang-
es appear earlier in [IUGR baboon F1 than the control F1
(Franke et al. 2017). We and others have shown similar
acceleration of aging phenotypes in rodent models
(Zambrano et al. 2015; Allison et al. 2016). To identify
associations with aging in a comprehensive manner, it is
necessary to make measurements across as much of the
life course as possible rather than at a restricted number
of discrete categorical life course time points (i.e., young
and old ages) (Zambrano et al. 2015). Multiple life course
time point studies can prove challenging in long-lived
species, particularly so in nonhuman primates, if they
involve recruiting new subjects for each time point for
new terminal studies. To remove this limitation, in the
studies reported here, we sought to evaluate the potential
of a primary fibroblast cell culture model to characterize
programmed metabolic changes that would, if validated,
enable longitudinal analyses in the same animals across
the life course. Successful development of such a model
will also contribute to the 3Rs by addressing reduction of
animal numbers in investigations.

Several previous studies have now shown that pri-
mary fibroblasts isolated from the skin of donor animals
can be used to probe fundamental mechanisms of aging
in an ex vivo model. For example, in a series of reports,
we and others showed that fibroblasts from long-lived
genetic mutant mice retain increased cellular resistance
to multiple forms of cytotoxic stress and metabolic
inhibition, elevated activity of DNA repair mechanisms,
increased proteostasis, and resistance to cellular senes-
cence (Murakami et al. 2003; Salmon et al. 2005;
Maynard and Miller 2006; Harper et al. 2007; Salmon
et al. 2008; Page et al. 2009; Wang and Miller 2012).
Importantly, these cellular phenotypes persist even after
culturing over weeks while maintained in standardized
cell culture conditions. Across mammalian species, fi-
broblasts isolated from the skin of mammalian species
that tend to live a very long time, including nonhuman
primates, tend to be much more resilient to cellular
stresses, proteostatic challenge, and metabolic inhibition
than are cells isolated from species with shorter maxi-
mum lifespan (Harper et al. 2007; Pickering et al. 2015a,
b). Importantly for this study, there is evidence that
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early-life endocrine intervention can significantly im-
pact both longevity and the cellular resilience phenotype
in mice (Panici et al. 2010). In this study, we directly test
whether the developmental challenges caused by IUGR
have similar sustained effects on cellular physiology that
can be determined using this fibroblast model.

Methods
Animal care

Animal care details are published in detail (Schlabritz-
Loutsevitch et al. 2004; Li et al. 2017). Briefly, baboons
(Papio species) were housed and maintained in a social
environment and fed using an individual feeding sys-
tem. Healthy gravid female baboons of similar age and
weight were randomized to an ad /ib diet during preg-
nancy and lactation (control) or maternal nutrient reduc-
tion by reducing diet to 70% globally of feed eaten by
controls on a weight-adjusted basis from 0.16 gestation
to the end of lactation (Li et al. 2017). F1 baboons were
fully weaned at 9 months of age and moved to juvenile
group housing, and fed ad lib with Monkey Diet 5038
(Purina LabDiets, St Louis, MO), containing 13% calo-
ries from fat; 18% calories from protein; 69% calories
from carbohydrates, mineral, and vitamin additives; and
a metabolizable energy content of 3.22 kcal/g.

Biopsy

A 2-mm diameter skin punch biopsy was taken from
behind the upper back portion of one ear on each animal
during an ancillary procedure in which baboons were
anesthetized (ketamine 10 mg/kg IM). F1 control (n
all=10, n males = 5, n females = 5) and IUGR (n all =
8, n males =4, n females =4) ranged in age from 7.3—
11.7 years at time of biopsy. A rough approximation of
age comparison is that 1 baboon year equates to 4
human years with differences at different stages of the
life course; i.e., these animals were roughly equivalent
to 29-47-year-old humans.

Isolation and growth of cell cultures

Primary fibroblasts were established and cultured using
modification of methods previously published (Salmon
et al. 2005; Harper et al. 2007). Skin biopsies were
sterilized in 70% ethanol then digested with Liberase

DH (Roche, Mannheim, Germany) for 150 min at 37 °C
as outlined by manufacturer’s instructions. Cells were
then passed through 100-uM sterile filter, stained by
Trypan Blue live-cell exclusion method, and counted.
Equal numbers of cells for each culture were plated in
24-well dishes in complete media (DMEM, 10% fetal
calf serum, antibiotics) and kept in humidified cell cul-
ture incubator at 37 °C, 5% CO,, and 3% O, in air. Upon
confluence, cells were split using 0.25% Trypsin-
EDTA, stained using Trypan Blue, and counted and
subcultured using standard cell culture methods with
replacement of complete media every 3 days and trypsin
subculturing when cell lines reached > 95% confluence
in given plastic ware. Following two subcultures (i.e.,
passage 3), expanded cell lines were cryopreserved for
future assays. For all subsequent cellular assays, cells
were studied at a similar state of passage (either passage
3 or4).

Cellular respiration

A Seahorse Bioscience XF24 Extracellular Flux Ana-
lyzer (North Billerica, MA, USA) was used to measure
cellular respiration. For each experiment, cells were
seeded at a density of 40,000 cells per well. After
overnight attachment, cells were washed, and media
was replaced with unbuffered DMEM medium +
4.5 g/L glucose and L-glutamine, with 1 mM sodium
pyruvate (Invitrogen, Carlsbad, CA). For mitochondrial
stress tests, cells were incubated in oligomycin at a final
concentration of 1 uM or FCCP at a final concentration
of 1 uM. Immediately following each assay, cells were
lysed to quantify and normalize respiration to total pro-
tein using Pierce BCA.

Protein expression

Passaged cells were plated in a 6-dish and allowed to
reach confluence at which time media was aspirated,
and cells were washed 3x with ice-cold PBS. Cells were
lysed in plasticware using modified RIPA buffer con-
taining protease and phosphatase inhibitors. Protein ho-
mogenates were centrifuged with supernatant removed
for further analysis by immunoblot. Primary antibodies
for electron transport complex units NDUFBS, UQCR2,
COX1, and ATP5x were assayed together as part of
OXPHOS antibody cocktail (Abcam, Cambridge, MA).
Primary antibodies for vinculin and COXIV were
sourced also from Abcam. Protein bands were
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visualized using alkaline phosphatase-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA) and ECL reagent. All immunoblots were
quantified using ImageJ (NIH).

Statistical analysis

Because we have reported [IUGR sex-specific effects in
various outcomes in control and IUGR F1, we analyzed
these data separately for males and females by two-way
ANOVA. Statistical significance is reported at p value of
0.05 or below. Post hoc analysis was performed by
Holm-Sidak method.

Results

This study tested primary fibroblast cell lines derived
from a small skin biopsy taken from the area behind the
ear of adult baboon F1 of ad lib-fed control mothers or
IUGR F1 of mothers fed 70% of global diet of controls
during pregnancy and lactation. From weaning, all ba-
boons ate the same normal primate chow ad /ib. Base-
line morphometric data of control and [IUGR males and
females are shown in Table 1. At time of study (adult-
hood ages 7.3—11.7 years), body weight as well as body
mass indices (BMI) were higher at time of biopsy in
male baboons compared to females (p <0.001), a
known physiologic difference. At time of biopsy, body
weight of control males was significantly higher than in
IUGR males; there was no effect of treatment in fe-
males. While birth weight did not differ between sexes
or treatments in this selection of animals, birthweight
was significantly reduced in both females and ITUGR
animals in the larger cohort of animals from which these

subjects were selected (see (Li et al. 2017)). Detailed
morphometric and other phenotypic data for juvenile (Li
etal. 2017) and adult (Kuo et al. 2017a, b, 2018) IUGR
are published elsewhere.

After enzyme-mediated digestion of skin biopsies,
we counted and seeded isolated fibroblasts in equal
numbers in cell culture flasks and cultured cells using
standard protocols. At the first passage of these cells, we
found significantly fewer cells in cultures isolated from
TUGR F1 donors relative to those isolated from control
F1 donors (Fig. 1a). There was no difference between
males and females in either control or [IUGR F1 groups.
Cell counts at subsequent passages (i.c., when cells
reached confluence) tended to be lower in IUGR-
derived lines though these differences did not reach
statistical significance (Fig. 1b). Similarly, the time re-
quired to reach confluence tended to be extended in
TUGR-derived cultures but did not reach statistical sig-
nificance by two-way ANOVA (Fig. 1c).

Cellular respiration was measured to assess its poten-
tial effect on the differences in growth rate between
control- and IUGR-derived cell lines. There was no
difference between IUGR and the control cell lines in
either basal respiration state or in the presence of
oligomycin, which blocks ATP synthase, effectively
blocking electron transport chain-mediated respiration
(Fig. 2a). However, treatment with the mitochondrial
uncoupler FCCP revealed that [UGR-derived cells have
a significant reduction in maximum respiration rate
compared to control-derived cells (Fig. 2a). For basal
respiration, we again found no significant effect of
IUGR in cells from either sex (Fig. 2b). However,
compared with same sex controls, maximum respiration
was significantly reduced in IUGR-derived cells from
male, but not female, baboons. Interestingly, maximum

Table 1 Baseline characteristics and vitals of subjects studied (mean + SEM)

Group CTL IUGR ANOVA

M F M F
N 6 5 5 6
Age (year) 84+05 9.7+0.6 8.5+0.5 8.7+£0.6 NS
Weight (kg) 30.2+1.0 18.14+0.8 269+1.1 18.1+£0.8 M > F#*

CTL M > IUGR M*

BMI (kg/m?) 20.7+0.8 17.2+0.7 21.0+0.7 16.2+0.7 M > F**
Birth weight (kg) 0.97+0.06 0.86+0.04 0.83+0.04 0.77+0.07 NS

ANOVA main effects reported. No significant sex-group interaction was found. *p <0.05; **p <0.001; NS not significant
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Fig. 1 Cell growth characteristics of baboon cells used in this
study. a Cell counts from cultures following trypsin digestion upon
reaching first confluence after isolation. Open circles indicate
counts from each cell line, i.e., fibroblasts derived from an indi-
vidual animal. Bars represent average for each treatment group +

respiration rate overall (i.e., independent of [IUGR) was
significantly higher in female-derived compared to
male-derived cell lines.

By measuring the ratio of oxygen consumption rate
(OCR) to extracellular acidification rate (ECAR) within
a cell line, an estimate of the ratio of oxidative phos-
phorylation to glycolysis can be determined (Zhang
et al. 2012). We found no difference in OCR/ECAR
ratio in our cell lines suggesting the reduced respiration
of TUGR-derived lines is not likely due to specific
changes in relative ratio of energy substrate preference
(Fig. 3). Moreover, we found no difference between
sexes in this cellular respiratory marker.

An alternative rationale for differences in cellular
respiration might be the content or composition of mi-
tochondria within cells. We tested this idea by immuno-
blot for key components of the electron transport chain
(ETC) that were then normalized to a protein found in
the cytosol (vinculin) as a general estimate of mitochon-
drial content. Protein levels of NDUFBS, a subunit of
ETC I, and cytochrome c oxidase subunit [V (COX4), a
component of ETC 1V, were significantly reduced in
cells derived from IUGR donors (Fig. 4). Similarly, we
found trends toward lower levels of subunits of ETC III
(UQCR2) and an additional subunit of complex IV
(COX1) in IUGR donors. Interestingly, we found no
difference in levels of complex V (ATP5«x) in IUGR
donors. We found no significant effect of sex for levels
of any ETC protein measured. Together, these data point
to persistent reduction of mitochondrial content in cells
derived from IUGR donors.
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for each + standard error of mean. Asterisks indicate p value < 0.05

Discussion

There is now considerable interest in the interaction of
developmental programming and biological aging
mechanisms. To determine the antecedents of aging
and frailty, it is necessary to begin investigations early
in life (Zambrano et al. 2015). In our baboon model, we
have reported persistent developmental programming
outcomes in multiple physiological systems in [IUGR
F1 in early life that relate to antecedents of aging. [IUGR
baboons had lower birth weights compared to control
baboons (Choi et al. 2011; Li et al. 2013a). With respect
to metabolic programming and aging, [UGR baboons
continued to have lower body weight and showed signs
of a pre-diabetic phenotype at 3.5 years of age, which
was evident through increased insulin resistance and [3-
cell responsiveness (Choi et al. 2011). Despite weighing
less at 3.5 years of age, female IUGR offspring had
caught up in weight to controls by the time of this study
(Table 1); male IUGR in this study remained lower in
weight than controls for the specific animals used in this
study. A rough approximation of age comparison is that
1 baboon year equates to 4 human years with differences
at different stages of the life course. By 9 years of life,
IUGR F1 baboons manifested a sex-dimorphic increase
in circulating low-density lipoproteins and increased
pericardial and liver fat compared to values in a norma-
tive life-course baboon cohort (Kuo et al. 2018). The
increase in male apical pericardial fat shown in this
previous study was equivalent to advancing age by
6 years and the increase in female low-density
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Fig. 2 Decreased oxygen consumption in fibroblasts from I[UGR
baboons. a Oxygen consumption rates of fibroblasts from indicat-
ed group under basal conditions (left), in the presence of
oligomycin (center), or in the presence of FCCP (right). b Oxygen
consumption rates from (A) separated by sex of donor under the
indicated conditions. For all, open circles indicate average rates

lipoprotein to an increase of 3 years (Kuo et al. 2018). In
addition, liver metabolism is altered by IUGR beginning
even at the fetal stage with evidence that protein abun-
dance for PEPCK, the rate-limiting enzyme in gluco-
neogenesis, is elevated, and PCK1 promotor methyla-
tion reduced in [UGR fetuses (Nijland et al. 2010).

We have provided evidence to show that [IUGR sig-
nificantly alters the programming of endocrine systems.
Previous reports show that the F1 fetal hypothalamic-
pituitary-adrenal axis is activated in [IUGR baboons (Li
et al. 2013a). In this regard, it is interesting that we have
previously reported a strong association between reduc-
tion in GH/IGF1 signaling and enhanced cellular resil-
ience in long-lived mutant mice (Murakami et al. 2003;
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derived from each cell line, i.e., fibroblasts derived from an indi-
vidual animal. For each line, average rate is calculated from
respiration rates from 4 to 5 replicate samples. Bars represent
average for each treatment group = standard error of mean. Aster-
isks indicate p value <0.05

Salmon et al. 2005, 2008). Perhaps most importantly,
GH supplementation during early-life developmental
stages significantly reduces the lifespan of these long-
lived mice as well as ablates the cellular resilience
phenotype (Panici et al. 2010). A recent report also
showed that early-life (perinatal) nutrient restriction also
reduces the long lifespan of GH/IGF1 mutant mice
(Fang et al. 2017). The precise mechanisms for this
relationship are not clear, but suggest that early life
changes in endocrine signaling can have profound ef-
fects on lifelong health. While we recognize that chang-
es in fibroblast resiliency are unlikely to be the driving
force for changes in aging in the animal overall, this
model system provides a useful platform for assessing
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Fig. 4 Fibroblasts from IUGR donors have reduced levels of
mitochondrial subunits. Bar graphs present average normalized
level of indicated mitochondrial subunit protein expression +
standard error of mean. Samples include both cell lines derived

from both male and female donors. Sample sizes for control (n =

10; SM/5F) and IUGR (n =6; 3M/3F). Blot is representative of
each indicated protein and presents samples from both control- and
TUGR-derived cell lines. M = male donor, F = female donor
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persistent changes in specific functions—as here with
energy metabolism—due to such programming events.

As discussed above, we have growing evidence that
TUGR drives aging across multiple organ systems that
might be regulated by metabolic function. For example,
age-dependent cardiovascular programming also occurs
in this model. In an MRI study, [UGR baboons showed
impaired diastolic and systolic cardiac function and right
ventricular changes suggestive of pulmonary hyperten-
sion (Kuo et al. 2017b, 2018). IUGR male and female
baboons at approximately 9 years of age showed a
decrease in distensibility in iliac but not carotid arteries
and increased carotid arterial blood flow velocity during
late systole and diastole was present in the [IUGR group
in the iliac but not the carotid arteries. The pattern of
alteration observed suggests vascular redistribution ef-
forts to preserve blood flow to the brain and heart,
organs critical to postnatal survival, initiated in fetal life
in response to hypoxic and metabolic challenges in the
perinatal period that may persist into adulthood (Kuo
et al. 2017a). We have identified biomarkers of pro-
grammed cardiovascular dysfunction in the breath me-
tabolite signature in IUGR F1 at 4.8 years (Bishop et al.
2018). It is unknown, but of extreme interest, to deter-
mine whether the fibroblast model might similarly pre-
dict physiological outcomes in these animals at both the
population and individual level. Future studies will be
required to validate the translatability of these findings
to programming of human systems.

In contrast to the accelerated aging phenotype of
IUGR, there is evidence from rodent models that
restricting nutrient intake during the perinatal period
promotes longevity. Ozanne and Hales first showed that
nutrient restriction during weaning by means of
restricting protein available to lactating mothers extend-
ed the lifespan of male mice relative to control mice
weaned normally (Ozanne and Hales 2004). Later stud-
ies from the Miller laboratory used a different experi-
mental paradigm to show that restricting nutrients dur-
ing weaning by artificially increasing litter size could
similarly increase longevity (Sun et al. 2009). Follow-up
studies using this model show persistent effects on
glucose metabolism, mTOR signaling and protein trans-
lation, hypothalamic regulation, and xenobiotic re-
sponse in these crowded litter mice (Steinbaugh et al.
2012; Drake et al. 2014; Sadagurski et al. 2014, 2015).
However, there are important distinctions between these
lines of study and the IUGR baboon model discussed
here. The design of our IUGR baboon study includes
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calorie/nutrient restriction during both developmental
and weaning periods of the offspring rather than only
during weaning. In the seminal study from Ozanne and
Hales, they showed that protein restriction of mothers
during development, i.e., in the womb, significantly
shortens the life of these offspring in contrast to the
longevity-promoting effect of nutrient restriction during
weaning (Ozanne and Hales 2004). Thus, the accelera-
tion of aging phenotypes in our [IUGR baboon cohort
and effects on cellular respiration shown here are in line
with these studies. While it would be interesting to
identify the effects of calorie restriction limited to the
weaning period on baboon aging, further resources will
be required to address this question.

As we have reported, the functional outcome of [TUGR
in our baboon cohorts has been acceleration of age-related
declines across multiple different systems including me-
tabolism (Choi et al. 2011), neuroendocrine (Li et al.
2013b), cardiovascular (Muralimanoharan et al. 2017),
brain (Antonow-Schlorke et al. 2011), behavioral
(Keenan et al. 2013), and cognitive (Rodriguez et al.
2012). These multiple phenotype changes show the value
of maintaining these baboon cohorts for life course studies.
To this end, the minimally invasive approaches described
here can be repeated at relatively short time intervals as
well as longitudinally across the lifespan of an individual
animal. The ability to assess metabolic endpoints such as
mitochondrial function as well as cellular signaling path-
ways and responses to drugs are powerful tools.

In summary, we have demonstrated the ability to
obtain fibroblast cultures from programmed IUGR ba-
boons which (1) grew in culture less well than cultures
from controls; (2) had a reduced maximum respiration
rate compared to control-derived cells; and (3) showed
differences in impairment of maximum respiration in
TUGR-derived cells from male, but not female, baboons.
This observation fits with the greater sensitivity of males
compared with females to many, but not all, outcomes in
response to programming challenges. We have shown
fetal sex-specific responses to this level of maternal
nutrient reduction in fetal baboon liver and adipose
tissue (Guo et al. 2013). Interestingly, maximum respi-
ration rate overall (i.e., independent of IUGR) was
higher in female-derived compared to male-derived cell
lines, an observation that may provide a mechanistic
explanation for studies showing that female offspring
are less susceptible to many programming challenges. In
one such study, in children of obese mothers at 2—6 years
of age, increased body fat was noted in males but not
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females (Andres et al. 2015). The lower levels of elec-
tron transport system components provide potential
mechanisms for accelerated life course aging in the
setting of programmed IUGR. These approaches will
be powerful in the determination of programming-aging
interactions.
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