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DISSERTATION ABSTRACT

Keenan Thomas Greyslak
Doctor of Philosophy in Human Physiology
Title: Maternal Health & Diet Programs Offspring Metabolism

Although adult sedentary behavior and poor dietary patterns can impact metabolic health
and disease outcomes, studies in animal models and human populations have generated a
convincing body of evidence to suggest that nutritional and hormonal insults during critical
windows of development in early life can redirect future metabolic health outcomes in offspring
independent of future lifestyle choices. Specifically, maternal phenotypes derived from chronic
consumption of high-fat, high-sugar, low fiber “Western-Style” diets (WD), the presence of
obesity, and/or the presence of maternal hyperandrogenemia (HA) during pregnancy place them
and their unborn child at higher risk for developing chronic metabolic diseases like Cardiovascular
Disease, Type 2 Diabetes, and Nonalcoholic Fatty Liver Disease.

To better understand the mechanisms that lay the groundwork for metabolic dysfunction
in offspring tissues beginning in utero, this dissertation has utilized a nonhuman primate model of
chronic maternal WD consumption with and without the development of obesity on the metabolic
health outcomes in juvenile and adolescent offspring. The added contributions introduced by
postweaning diet style was also examined in these offspring. Finally, this thesis builds upon
previous work tracking the reproductive and metabolic profiles associated with WD-induced
obesity with and without HA in young female primates beginning in prepubescent juveniles and
extending into adulthood. Finally, the independent and combined influence of HA with/without

obesity during pregnancy on key aspects of fetal metabolism was also assessed.

This dissertation includes previously published co-authored material.
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I. INTRODUCTION

SIGNIFICANCE

1 in 3 children in the U.S. have overweight or obesity (1; 2). Current growth trajectories
predict that almost 60% of children in the U.S. today will develop obesity by age 35 (3). While
excess adiposity alone is not inherently lethal, the presence of obesity has been implicated with a
constellation of degenerative metabolic disturbances — including dyslipidemia, hyperglycemia,
hypertension, and insulin resistance — that are involved in the etiology of the Metabolic Syndrome
(MetS) (4; 5). Individuals diagnosed with MetS are at an elevated risk of developing cardiovascular
disease (CVD), Type 2 Diabetes (T2D), and Nonalcoholic Fatty Liver Disease (NAFLD) (6).
Indeed, these chronic diseases previously thought to be “adult-onset” have become increasingly
prevalent among American youth (7; 8). Furthermore, the social, clinical, and economic burden of
these comorbidities cannot be overstated. CVD is the leading cause of mortality globally and in
the United States (9; 10) with a projected annual cost of $1.1 trillion within the next decade in the
U.S. alone (11). Therefore, in addition to therapies and interventions designed to slow the
progression and mitigate the severity of CVD-related illnesses, the prevention of these diseases
requires an improved understanding of how phenotypic shifts initiated in utero can result in such
dangerous pathological outcomes. To this end, an abundance of work in both animal models and
clinical cohorts of humans have identified an increased risk for MetS in individuals with early life
exposure to maternal obesity, maternal high-fat/high-sugar diet (i.e., “Western-style” diet, WD),
and hyperandrogenemia (12-16). Further investigation into causal mechanisms is needed to
adequately understand, effectively address, and ultimately prevent the propagation of

cardiometabolic maladies into future generations.
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REVIEW of the LITERATURE

Critical Windows of Development

There are periods of time in the earliest stages of growth and development — e.g.,
embryogenesis, gestation, lactation — when tissues, organs, and physiological systems become
increasingly plastic or malleable, placing them at a heightened sensitivity to adapt their physiology
in response to acute and chronic environmental signals (17). These impressionable intervals during
development are known as “critical windows” (18). While necessary or even advantageous for
embryonic and fetal tissues to adapt structurally and functionally to ensure their survival in utero,
retaining the subsequent phenotypes associated with such adaptations can result in irreversible,
maladaptive outcomes once the window of plasticity for the newly “reprogrammed” tissue, organ,
or system has closed (12; 19). This increased susceptibility to environmental insults for structures
like the spine, head, appendages (arms and legs), and select internal organs like the heart is present
throughout the first trimester (i.e., the first 13 weeks of human pregnancy) (20). During this time,
harmful exposures are most likely to result in major structural abnormalities, birth defects, or
embryonic/fetal demise (21). The growth of these structures occurs throughout the second and
third trimesters, when harmful exposures or restriction of nutrients result primarily in functional
abnormalities in the developing offspring (20). These potentially harmful exposures are strongly
influenced by maternal health and behavior patterns. Therefore, in addition to potential health
complications during and after pregnancy, the presence of adverse metabolic health in pregnant
individuals comes with the risk of unintentional, pathophysiological outcomes in their unborn child

(22).

Developmental Origins of Health and Disease

The Developmental Origins of Health and Disease (DOHaD) hypothesis, also known as
“Barker’s Hypothesis” or “Fetal Programming”, is a paradigm established by Dr. David Barker
and associates that laid the groundwork for our contemporary understanding of early life factors
that contribute to the development of noncommunicable diseases like CVD (23-25). DOHaD was

forged in epidemiological studies conducted across England and Wales, where a strong geographic
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association was observed between newborn death rates and adult coronary heart disease decades
later (23). At that time, low birthweight was the primary cause of neonatal mortality, suggesting
that prenatal/intrauterine stress caused by maternal undernutrition was not only responsible for
increased infant mortality but was also predictive of heart disease in similarly exposed middle-
aged adults who survived infancy (25; 26). Since its inception, DOHaD has grown to include a
battery of clinical, nutritional, pathological, and physiologically stressful conditions shown to
impact maternal and offspring health outcomes. These include, but are not limited to, maternal:
protein restricted diets (27; 28), Western-style diet (29-31), under/overnutrition (32-34), tobacco
and alcohol consumption (35; 36), exercise (37-39), acute and chronic inflammation (40; 41),
trauma and stress (42; 43), hyperandrogenemia (44; 45), insulin resistance (46; 47), and obesity
(48). While each of these conditions are associated with their own unique medley of metabolic and
hormonal elements, the mechanisms through which they reprogram offspring anatomy and

physiology are consistently observed and conserved across model species.

Mechanisms of DOHaD

Placental Insufficiency & Fetal Growth Restriction

The placenta is the lifeline distinguishing what is “fetal” from what is “maternal”, operating
to provide protection, nutrients, and waste management on behalf of the newly developing fetus
(49). Placental insufficiency is synonymous with poor placental function that may result from
instances of vascular abnormalities or other adverse circumstances that restrict the placenta’s
capacity to exchange oxygen, nutrients, and metabolic waste between maternal and fetal
circulations (50; 51). This loss of placental function induces Fetal Growth Restriction (FGR, a.k.a.
Intrauterine Growth Restriction or [IUGR), which is characterized by fetal hypoxia, acidosis, and
a dearth of anabolic substrates necessary for healthy growth and development (49). FGR is most
common in underweight pregnancies or pregnancies experiencing chronic nutrient
deprivation/micronutrient deficiency (52). Delayed growth during gestation results in low
birthweight/smaller babies, a neonatal phenotype strongly associated with development of CVD
and T2D in adulthood (53). Mice from pregnancies of chronic undernutrition experience
dysregulated insulin secretion from B-cells at 2 months old followed by severe glucose intolerance

in young adulthood (6 months old) (54). Similarly, a study in humans by Phipps and colleagues
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found that men and women at ~50 years old with impaired glucose tolerance or T2D had the lowest
birthweights of the 140 men and 126 women included in their sample (55). One hypothesis
connecting low birthweight to glucose intolerance and altered insulin dynamics in adulthood is the
“Thrifty” hypothesis (56). This hypothesis describes a resource management strategy executed by
the undernourished fetus that prioritizes critical tissues by redirecting nutrients to organs most
likely to ensure survival (57; 58). In this context, developing insulin resistance in utero would
ensure nutrients like glucose and lipid remain in circulation to spare brain growth from fuel
deprivation, albeit at the cost of growth in tissues like muscle (59-61). The long-term metabolic
repercussions of remaining insulin resistant postnatally would likely devolve into MetS and,
ultimately, CVD and T2D. This phenotype would be especially maladaptive if intrauterine
undernutrition is followed by lifestyle overnutrition in childhood and/or adulthood as this

mismatch in pre- and postnatal environments would exacerbate offspring risk of developing MetS

(12).

Epigenetic Modifications

In a monastery garden, Gregor Mendel and his pedigree of peas introduced humanity to
the tenets of familial inheritance and the laws of modern genetics (62). Mendelian Dogma dictates
a unidirectional transition of traits from parent to child through genes, thereby explaining the
transmission of similar traits observed among members of the same family. While genes have been
identified among cohorts of youth with diabetes (8) and obesity (63) that support the notion of
MetS inheritability, genetic inheritance alone cannot explain the 35% increase in T2D among
children and adolescents within a decade (64; 65). Therefore, potential influences formulated by
one’s surroundings presents a putative explanation for these alarming trends in T2D diagnoses in
the U.S. and around the world (66; 67).

This reprogramming in offspring phenotypes in response to internal and external stressors
is achieved through changes in the expression of genes. This code switching is managed by
modifications at the level of chromatin accessibility — i.e., via DNA methylation, histone
modification, and the activities of non-coding RNAs — which exerts control over the transcriptome
without revisions to the genetic code itself (68-70). Silencing genes can be executed through
cytosine methylation of CpG islands located within promotor regions of DNA (71; 72). DNA

accessibility by transcription factors is modulated through chemical modifications to histone
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proteins to alter how they bind and organize chromatin, thereby enhancing or repressing
transcription of certain genes/gene programs (72). Finally, non-coding RNAs, which are RNA
molecules that include long non-coding RNAs and micro RNAs, function in a wide variety of
cellular processes that extend beyond the traditional role of mRNA to transport information outside
the nucleus (73; 74). These epigenetic mechanisms operate at the intersection of routine
environmental stimuli, originating from sources like diet, and individual genetic configurations to
manufacture a kaleidoscope of possible phenotypic outcomes.

Dominguez-Salas et al., designed a creative study to assess the critical window when
offspring were most susceptible to epigenetic modifications resulting from maternal diet. To do
so, they leveraged ethnographically isolated, seasonally unique (maternal) diets that varied
significantly in their methyl-donor composition throughout the year (75). In infants born to these
rural Gambian mothers who participated, researchers noninvasively collected and compared DNA
methylation across multiple offspring tissues to the methyl content present in the maternal diet and
relating the associated season/time of year with the date the child was born. They discovered that
maternal nutrition in proximity to conception and early pregnancy associated strongest with
offspring DNA methylation patterns (75). While a creative approach to examining the gestational
timing and interaction of maternal diet and fetal epigenome, chronic exposure to WD and the
hormonal and chemical fluctuations associated with it across a genetically diverse population
establishes a quagmire of complications that challenge the conclusions drawn by human studies of

maternal diet.

Inheritance of Dysfunctional Mitochondria

It is widely accepted that mitochondria and mitochondrial DNA (mtDNA) are
homogeneous and maternally inherited (76). As every cell in a human results from a single cell
manifested upon conception, all mitochondria are therefore descended from a single population of
founder mitochondria occupying one primordial germ cell created during maternal embryogenesis
(77). Essentially, the entirety of an individual’s mitochondria (F2) can be traced back to a single
haploid cell generated in their grandmother’s (FO) womb. This small but mighty population of
mitochondria divide and amplify during maternal oogenesis (78) and folliculogenesis (79). Upon
fertilization, this vanguard of mitochondria is gifted to the newly established diploid cell that

serves as the precursor for every cell of the future offspring created by this union (80). Therefore,
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formation of the primordial (maternal) oogonium and early embryogenesis of the offspring
represent critical inflection points when mtDNA content is minimal and mitochondrial capacity to
buffer damage or correct mtDNA mutations is suppressed (81), thereby making them particularly
vulnerable to adverse environmental inputs (78; 81-83). Such insults during this time can have
multigenerational ramifications (13). Subsequent divisions, parceling, and amplification of
damage accrued by these predecessor pools of mitochondria transcend the female germline (84),
potentially complicating aspects of embryo implantation (83) and fetal growth (85). The variety
and magnitude of offspring metabolic outcomes caused by these dysfunctional mitochondria can
be augmented or exacerbated by features previously discussed, including hostile intrauterine

environments created by nutrient or hormonal stress (86-88).

Potential for Paternal Programming

The prospect of “paternal programming” is most convincingly portrayed by studies that
investigate the impact of paternal age (89) and paternal psychosocial and traumatic stress (42; 90;
91) on aberrant offspring neurodevelopment and acquisition of anxiety-like behaviors. The
proposed mechanisms through which this occurs involve epigenetic modifications to sperm (91-
94) and alterations to components of the seminal fluid that protects and nourishes them (90; 95;
96). While mitochondria in sperm are unable to be transmitted directly to the embryo (97), the
energetic investment provided by paternal mitochondria for spermatogenesis, sperm motility and
viability, and formulation of seminal fluid are influential factors that impact fetal outcomes (98),
albeit in a more indirect fashion (99).

In contrast to the influence of paternal stress on offspring mental health outcomes, strong
evidence supporting paternal programming of offspring cardiometabolic dysfunction in the
absence of maternal influence is more limited (100-102) and highly contested (103; 104). An
interesting study of chronic alcohol exposure in male mice found increased mtDNA copy number
and altered transcriptional regulation of mitochondrial oxidative phosphorylation (OXPHOS)
pathways in the epididymis of alcohol-exposed males (99). After four weeks of alcohol cessation,
mtDNA content remained elevated with ~100-fold increase in the abundance of an antioxidant-
specific microRNA (99). While concerning that alcohol-derived biological elements remain in the
male reproductive tract of mice one month after alcohol exposure, and while these mitochondrial-

related adaptations may diminish sperm quality and viability, the retention of these phenotypes
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and subsequent long-term metabolic repercussions following fertilization is unsubstantiated. In
contrast to these findings, there is much evidence to suggest that (i) sperm mitochondria are culled
by egg-derived mitophagy to prevent the transmission of paternal mitochondria to subsequent
generations (105-107) and (ii) the epigenome (nuclear DNA) is reset following fertilization (71).
Therefore, more evidence is needed to support the premise that these mitochondrial alterations in
sperm persist, in a more meaningful capacity, beyond fertilization to program future offspring
health and disease outcomes.

Another rodent study demonstrated that male mice (F1) exposed to maternal (FO)
gestational undernutrition can serve as conduits impacting male (F2) offspring body fat, glucose
tolerance, and insulin sensitivity (108). Important to note, these phenotypes required male sires
(F1) to be crossed with female dams (F1) that were also exposed to early life undernutrition (108).
Alternatively, exposure to maternal high-fat diet had a modest increase on female offspring (F3)
body weight and length strictly through the paternal F1/F2 lineage (all generations but FO fed chow
diets) (109). In an experiment by Ferey et al., F2 offspring born to male F1 mice from obesogenic
pregnancies (i.e., F1 males exposed to intrauterine obesogenic stress) displayed structural
abnormalities and mitochondrial defects in cardiac tissue without additional nutrient stress in either
F1 or F2 animals (110). In lieu of a direct or casual role in response to paternal programming, these
data suggest that paternal contributions to adverse metabolic outcomes in offspring originate from
the male’s exposure to early life stress, thereby making sires more akin to vectors than “fetal
programmers” per se. Regardless, more work is required before such findings can be applied

within a clinically relevant context.

Early Life Stress & Risk of Cardiometabolic Disease

Maternal Obesogenic Stress

Two-thirds of reproductive-aged U.S. females have overweight or obesity (111). The risk
of developing Gestational Diabetes Mellitus (GDM) is two, four, and eight times more likely with
overweight, obesity, and severe obesity, respectively (112; 113). Of concern, GDM and obese
pregnancies are at higher risk of cesarean delivery, preterm birth, and still birth (112; 114). In
contrast to FGR, pregnancies complicated by obesity, GDM, and WD are significantly more likely

to result in overgrowth of the fetus, i.e., macrosomia (birthweight greater than 4 kg) or Large for
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Gestational Age (LGA, birthweight above the 90" percentile) (115; 116). The presence of excess
glucose and lipids in maternal circulation — typical of gestational obesity, GDM, and WD - is
hypothesized to mediate this escalation in fetal growth (116). In fact, maternal triacylglyceride
(TG) content in early pregnancy has been shown to predict neonatal adiposity (117) which is a
strong predictor of childhood obesity and MetS in offspring (118; 119). Maternal TGs, which are
40-50% higher in obese and GDM pregnancies (120), are cleaved by placental lipases (116; 121)
prior to their entry into fetal circulation as free fatty acids (FFA). Once FFAs have crossed the
placenta, they are stored in the fetus due to insufficient fatty acid oxidation (FAO) capacity (122).
This storage of lipid is further exacerbated by the presence of fetal hyperinsulinemia from chronic
exposure to maternal hyperglycemia (123). This elevated lipid storage in adipose tissue depots is
believed to be responsible for the observed elevations in offspring adiposity (120). Furthermore,
this abnormal lipid accumulation also occurs in metabolic organs like fetal liver due to lack of
subcutaneous adipose tissue development, thereby promoting development of NAFLD in
neonates, infants, and children from obese and GDM pregnancies (124; 125).

Intrauterine metabolic and hormonal stress found in diabetic and obese pregnancies confer
an epigenetic fingerprint on fetal and placental tissues (126; 127). Methylation of genes regulating
fatty acid oxidation (FAO) and the nutrient stress sensor AMPK was observed in mesenchymal
stem cells isolated from umbilical cords (uUMSCs) of obese pregnancies (128). These methylation
patterns corresponded with functional deficits in FAO and AMPK activity (128). Similar findings
in cord blood show DNA methylation of genes involved in lipid metabolism and immune function
that correlated with maternal circulating triacylglycerides (TG) and offspring childhood adiposity
(129). In rodent models, poor nutrition during gestation also changes gene expression in adipose
tissue and skeletal muscle of exposed offspring by modifying chromatin architecture to reprogram
pathways involved in glucose uptake and lipid accumulation (130; 131). In baboon placenta and
fetal liver, exposure to maternal WD disrupted non-coding micro-RNAs with roles in lipid
handling, inflammation, and offspring growth and obesity (132). Notably, these epigenetic changes
that influence offspring phenotypic outcomes occurred in the absence of obesity in WD-consuming
dams (132).

While it is evident that maternal nutrition programs metabolic phenotypes of different cell
types during early life development, there is evidence that it can permanently reprogram cellular

identity. Of interest are multipotent stem cells like MSCs with the capacity to differentiate into
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different cell types including myocytes (skeletal muscle), adipocytes (fat), and connective tissues
(fibroblasts) (133). The fate of MSC commitment is orchestrated by hormonal, nutritional, and
inflammatory signals during embryonic and fetal development (133). An appropriate allocation of
MSCs toward myogenesis during prenatal development is critical for long-term offspring health.
This is because fibrosis and intramuscular lipid accumulation is common with aging (134; 135)
and adult obesity/T2D (136; 137). Therefore, redirecting MSCs away from myogenesis in early
life — a potential outcome observed in human MSCs from obese pregnancies with heightened
adipogenic potential (138) — would restrict the pool of myogenic progenitor cells available to
commit to myogenesis to improve future myogenic plasticity. This would restrict skeletal muscle’s
ability to adapt or mitigate future metabolic stressors, placing offspring at an increased risk of

earlier development of MetS.

Maternal Hyperandrogenemia

Polycystic Ovary Syndrome (PCOS) impacts 6-20% of reproductive-aged females, making
it the most common endocrinopathy among this demographic (139-141). A hallmark symptom of
PCOS is hyperandrogenemia (HA) (142). Importantly, HA is strongly associated with the presence
of obesity in pre/peripubertal girls (143; 144) and reproductive-aged women (145; 146). Even in
BMI-matched controls, women with HA are more insulin resistant (147; 148) and at a higher risk
for developing T2D (149) and CVD (150; 151). It is unknown whether obesity and/or MetS is a
cause or effect of HA and HA-associated dysfunction. Like maternal obesogenic exposure in early
life, maternal HA during fetal development has been shown to transmit adverse metabolic and
reproductive outcomes to offspring (152-157). Symptoms like hyperandrogenism and metabolic
dysfunction that are associated with PCOS tend to aggregate within families (158; 159), suggesting
a genetic element involved in the heritability of PCOS (160-162). While candidate genes have
been identified via family-based and genome-wide sequencing, these “risk” genes increase
susceptibility for PCOS but are not causal as they are estimated to account for less than 10% of
PCOS heritability observed (141; 163; 164). Therefore, the additional influence of epigenetic
modifiers and features of early life environment in combination with these genetic or polygenic
susceptibility genes are likely responsible for the reproductive and metabolic phenotypes
associated with PCOS (141; 165-167). However, a better understanding of the progression of

metabolic dysfunction in insulin sensitive tissues in populations with androgen excess is needed
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to understand the etiology of this complicated, heterogeneous endocrine, metabolic, and

reproductive disorder.

Skeletal Muscle Insulin Resistance

Insulin signaling determines systemic glucose and lipid homeostasis primarily through the
regulation of intermediate metabolism in liver, adipose, and skeletal muscle tissues (168). Loss of
insulin action/sensitivity to insulin in these target tissues, i.e., insulin resistance, is a defining
feature of obesity and MetS, making it a strong predictor of adult CVD (169-173). The presence
of insulin resistance is a predictor of all-cause and cardiovascular mortality in nondiabetic (174-
176) and non-overweight (177) populations prior to the development of overt metabolic illness.

In addition to systemic insulin resistance, there is evidence of “selective” or “partial”
insulin resistance (178; 179) pertaining to the inhibition of specific arms of the intracellular insulin
signaling cascade rather than a global loss of signal transduction. This partial insulin resistance
can vary by tissue and is documented in canonical insulin-targeted cells like hepatocytes (180;
181) and also noncanonical insulin-sensitive tissues like the microvasculature (182). This partial
insulin resistance has also been observed in human skeletal muscle (183). In a study by Cusi et al.,
signal transduction through PI3-kinase in response to insulin stimulation was significantly
decreased in nondiabetic, obese muscle and essentially absent in T2D muscle (183). Surprisingly,
insulin’s action through the MAP-kinase pathway in skeletal muscle was consistent across these
same groups. The significance of this finding is highlighted by the fact that skeletal muscle
accounts for ~80% of insulin-stimulated glucose uptake, a feat that is reduced by 50% with T2D
(184). Therefore, the specific loss of metabolic action, i.e., glucose uptake, due to insulin resistance
in skeletal muscle is a key contributor to the degeneration of systemic metabolic homeostasis and
subsequent development of cardiometabolic illnesses.

Putative mechanisms underlying this loss in muscle insulin signaling involve dysregulated
substrate utilization. Specifically, chronic exposure to excess intramuscular lipid content from
systemic dyslipidemia, obesity, or consumption of high-fat diets results in the accumulation of
toxic lipid intermediates and increased oxidative stress (185; 186). These lipotoxic, bioactive
molecules — namely diacylglycerols and ceramides — interfere with insulin signaling to inhibit

GLUT4 translocation and subsequent glucose uptake (187-190). This metabolic signature of
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elevated cellular stress/damage, loss of insulin signaling, and dramatic reduction in insulin-
stimulated glucose uptake seen in muscle from adults with obesity or T2D (184; 191-193) has been
replicated in fetal skeletal muscle of nonhuman primates exposed to obesogenic stress in utero
(194; 195). The mechanisms underlying this phenotype, and whether this programmed muscle

insulin resistance persists postnatally, requires further investigation.

Role of Mitochondrial Dysfunction in Metabolic Disease

In both the literal and colloquial sense of the term “powerhouse”, mitochondria occupy the
central bioenergetic hub of cellular metabolism (196; 197). The mitochondrion fulfills energetic
demands while integrating intracellular signals with environmental insults in almost every cell
from gametogenesis through the rigors of fertilization and mitosis until their eventual
dismemberment, retirement, or imprisonment via mitophagy, apoptosis, or cellular senescence,
respectively (77; 198; 199).

In skeletal muscle tissue, mitochondria determine glucose and lipid metabolism (200). The
ability of skeletal muscle mitochondria to respond to environmental cues and adapt to adverse
cellular conditions is critical for maintaining whole-body energetic flux (201). Diminished
mitochondrial abundance or function is intimately tied to the development of insulin resistance
and MetS (186; 202). Further elaboration of what “mitochondrial function/dysfunction” means is
necessary in describing its role in skeletal muscle insulin resistance. While mitochondrial
“oxidative capacity” (i.e., OXPHOS) and mitochondrial “function” are frequently used
interchangeably, this modest oversight neglects to acknowledge the battery of other critical
metabolic niches and responsibilities fulfilled by the mitochondrial compartment. These roles
include mitochondrial network: dynamics (203-205), morphology (206-208), and quality control
(209; 210); ROS generation (211; 212) and signaling (213); antioxidant buffering capacity (213;
214); redox balance (215; 216); and ATP production (217) — all features extending beyond the
boundaries of maximal OXPHOS capacity that are equally relevant to mitochondrial fitness,
vitality, and survival (198; 200).

Discussion surrounding whether mitochondrial insufficiencies, in either function or
content, precedes insulin resistance in skeletal muscle or vice versa is highly contested (202; 218-

221). The presence of both can be seen in skeletal muscle from adults with obesity or T2D (222-
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224). These findings are replicated within the context of DOHaD, as dysfunctional mitochondria
are present in skeletal muscle of young, lean human offspring born to parents with T2D (225-229).
While the argument could be made that such findings are indicative of genetic inheritance of
metabolic dysfunction at the level of insulin signaling and/or skeletal muscle mitochondria, the
abundance of confounding factors featured in human studies, e.g., nutrient, hormonal, genetic, and
epigenetic variabilities, complicate the interpretation of these findings. Therefore, further
investigation providing a more rigorously controlled, chronological timeline reflective of the
human lifespan using a model that prioritizes nutritional environment and consistency in nutrient
handling, gestational timing of development, and intrauterine environment relative to humans is

necessary.
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CURRENT GAPS in KNOWLEDGE

Chronic nutrient and hormonal stress during pregnancy generates an adverse intrauterine
environment that increases risk of prenatal complications for both the mother and their unborn
child. Metabolic dysfunction in offspring observed in utero can persist postnatally, increasing their
risk for cardiometabolic diseases previously thought to be adult-onset. Unfortunately, critical
insight into mechanisms that drive metabolic dysfunction during fetal, juvenile, and adolescent
timepoints in human development require invasive procedures, making these research pursuits
untenable. Even with the use of indirect, noninvasive approaches, this gap in knowledge is
deepened by the inability to regulate important aspects of human lifestyle choices and behaviors
in a controlled experimental setting over the exceedingly long period of time required for human
growth and development. Therefore, this dissertation aims to assist in bridging this gap in
knowledge using a clinically relevant, translational nonhuman primate (NHP) model with two
primary objectives: (1) to assess the persistence of metabolic dysfunction in juvenile and
adolescent offspring in response to maternal high-fat, high-sugar diet (Western Diet, WD)
consumption prior to and throughout pregnancy/lactation. The influence of a postweaning WD in
addition to, or in the absence of, maternal WD will also be evaluated. (2) To evaluate skeletal
muscle metabolism and insulin sensitivity in young females with chronic hyperandrogenemia with
and without diet-induced obesity. Preliminary assessment of how this physiological status

translates to fetal skeletal muscle metabolism will also be explored.

OVERARCHING HYPOTHESIS

The overarching hypothesis of this dissertation is that maternal WD will permanently alter
skeletal muscle metabolism and muscle mitochondrial function in juvenile and adolescent
offspring. These phenotypes will be exacerbated upon weaning to WD. Hyperandrogenemia will
diminish skeletal muscle function and drive insulin resistance in young female monkeys. This
deficit will be amplified with the addition of WD-induced obesity. Fetal offspring exposed to
excess androgens will have reduced muscle function that will be worsened with maternal diet-

induced obesity.
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SPECIFIC AIMS & HYPOTHESES

AIM #1. To investigate key points of regulation that govern mitochondrial efficiency in
offspring skeletal muscle exposed to maternal WD (Chapter III)

Rationale. Oxidative Phosphorylation (OXPHOS) complexes determine mitochondrial efficiency
and oxidative capacity. Reduced complex abundance, particularly in complex I (CI), and loss of
transporters that traffic metabolites and substrates into the mitochondrion decreases oxidative

capacity as seen in tissues from obese humans and rodents. Hypothesis. Maternal WD will reduce

oxidative capacity in offspring skeletal muscle and will correlate with decreased CI-CV gene

expression and complex abundance. Skeletal muscle from offspring exposed to maternal WD will

be compared to offspring of lean dams on a healthy control diet with offspring from both groups
weaned to either CD or WD. (a) Skeletal muscle mitochondrial function will be assessed as rate
of oxygen consumption in the presence of lipid or non-lipid substrates. (b) Abundance of (i)
individual respiratory complex (CI-CV) enzymes, (ii) rate-limiting substrate transporters, and (iii)
lipid subspecies and intermediates will be measured in whole muscle tissue. (¢) Nuclear- and
mitochondrial-encoded gene expression of CI-CV subunits will be measured in exposed offspring

skeletal muscle.

AIM #2. To investigate whether maternal obesity in utero further influences mitochondrial
network dynamics in skeletal muscle of offspring weaned to WD (Chapter IV)

Rationale. Mitochondrial network quality is maintained through tightly regulated fusion
(merging) and fission (dividing) events in response to environmental signals. Mitochondrial
networks also maintain interactions with the Endoplasmic Reticulum (ER) at Mito-ER associated
membrane (MAM) junctions where phospholipid precursors are integrated into the mitochondrial
membrane. Instances of mitochondrial damage from chronic oxidative stress and lipotoxicity
compromise MAM-contacts and fragment mitochondrial networks as seen in obese and diabetic
muscle. Skeletal muscle from offspring weaned to WD with and without exposure to maternal
WD-induced obesity will be compared to offspring of lean dams weaned to control diet.

Hypothesis. Maternal obesity will exaggerate mitochondrial network fission and reduce markers

of MAM junctions in muscle of offspring weaned to WD. (a) Protein abundance of mitochondrial

fission/fusion machinery and network quality control markers will be measured in offspring
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muscle. (b) MAM contacts will be determined by measuring: (i) markers localized at MAM
junctions, (i) mito DNA copy number and (iii) mitochondrial membrane lipids originating from

the ER.

AIM #3. To investigate how chronic hyperandrogenism with and without obesity impacts
skeletal muscle metabolism in young females and exposed fetal offspring (Chapter VI)

Rationale. Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder in
premenopausal females and is associated with increased rates of MetS and risk for CVD. Previous
work has shown that hyperandrogenemia (HA) and obesity, both phenotypes associated with
PCOS, impact metabolism in a tissue-specific manner. Fetal offspring exposed to maternal PCOS
display signs of altered metabolism. The additional impact of HA with and without WD-induced
obesity on skeletal muscle physiology in young females will be measured after 2-years of
treatment. The metabolic impact of these maternal phenotypes on fetal skeletal muscle will also

be investigated. Hypothesis. HA combined with obesity will decrease oxidative capacity and

insulin sensitivity in female skeletal muscle more than either treatment alone. Fetal muscle

oxidative capacity will be lowest in offspring of gestational HA+WD. (a) Skeletal muscle

metabolism in young females will be characterized by: (i) oxidative capacity and (ii) insulin
signaling in response to glucose in vivo. (b) Oxidative capacity will be measured in fetal offspring

skeletal muscle.
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II. EXPERIMENTAL PARADIGM:
MATERNAL WESTERN DIET

MODELS of MATERNAL NUTRIENT STRESS

Research on human pregnancy and embryonic, fetal, and neonatal development can be
sensitive. Necessary moral and ethical considerations prevent the use of invasive techniques on
pregnant individuals and their young, newborn, or unborn child. Relatedly, the inclusion of
necessary experimental controls over human lifestyle and behaviors is improbable for long-term,
scientifically rigorous studies — especially regarding nutrition and diet patterns. Participant
withdrawal from longitudinal studies further complicates these endeavors. For these reasons,
animal models have proven to be an indispensable tool to better understand human health and
disease.

Every animal model system is characterized by a unique combination of strengths and
limitations that determine whether it is the appropriate means to answer the question at hand. In
perinatal studies, rodents are relatively quick breeders, inexpensive, and manageable (230).
Transgenic manipulation of mouse models provides a powerful approach to determine the
importance of specific genes at the cellular, tissue, and physiological/systemic levels. Genetic
manipulation can be executed at specified periods during development (i.e., inducible) and in a
tissue(s)-specific manner. While transgenic rat models are less common, more ubiquitous rat
strains like Sprague-Dawley and Wistar are outbred, more docile, larger, and more resistant to
environmental insults than mice (231). Like rodents, rabbits are affordable, easy to breed, but have
lipid metabolisms (232; 233) and placentation that more closely resemble that of humans (234).
Unlike humans, rabbits and rodents are polytocous with multiple embryos/fetuses per pregnancy
(230). Sheep are closer in size to humans, have a longer gestational period (five months), and can
undergo invasive surgical catheterization during pregnancy that allow for repetitive sampling from
fetal and maternal circulation, making them the primary source of translatable knowledge in
placental development and function in its role on fetal physiology (e.g., [IUGR/FGR) (235).
Discrepancies in the anatomy of the digestive system and glucose metabolism in ruminant animals

like sheep limit their capacity to recapitulate maternal hyperglycemia and/or intrauterine
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obesity/ WD consumption on fetal developmental outcomes (230). Unlike sheep, pigs are
omnivorous with digestive tracts more akin to humans, making nutrition studies in pigs more
readily translatable to human health (236; 237). However, human placental development is more
accurately modeled by rabbits than pigs or sheep (230). In summary, while no animal perfectly
models all aspects of human development, health, or disease, the utilization of different models to
probe various aspects of human anatomy and physiology has promoted the advancement of human

biomedical sciences in a manner that would be unattainable via human research alone.

DEPICTION of the JAPANESE MACAQUE

To date, animal models have provided consistent and reliable insight into the epidemiology
of metabolic diseases resulting from early-life exposures to maternal WD, obesity, and GDM
(238). To build upon this knowledge, our group at the Oregon National Primate Research Center
(ONPRC) established a nonhuman primate (NHP), Japanese macaque model of fetal development
in response to maternal obesogenic diet consumption starting 2-8 years before mating, during
conception, and throughout pregnancy and lactation (239). Japanese macaques have similar
placental (240), pancreatic islet (241), and neural (242; 243) developmental trajectories relative to
humans, making them a readily translatable model of DOHaD (16). To this end, the Japanese
macaque mimics key aspects of human nutrient handling, gestational timing of development, and
intrauterine environment while allowing the necessary degree of nutritional control over an
extended period in both dams and their offspring. By characterizing maternal metabolic
phenotypes, as well as offspring physiology and anatomy in key tissues during fetal and juvenile
timepoints of development (~14-months and ~40-months, respectively), the Japanese macaque
allows critical, chronological insight into potential mechanisms that drive adverse cardiometabolic
outcomes in offspring exposed to early life obesogenic stress.

Important to note: approximately one-third of dams chronically consuming WD remained
lean and insulin sensitive (244-246). This resistance to diet-induced obesity and insulin resistance
is reflective of variations in human sensitivity/resistance to the development of obesity (247; 248),
making this NHP system a clinically relevant and translatable model of maternal WD stress,

independent of maternal obesity or insulin resistance, on offspring metabolic outcomes.
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Previous Findings in Japanese macaque

Prior work in this model support the observation that exposure to an obesogenic gestational
environment alters offspring metabolism (249-251), neural development (252) and behavior (242;
253;254). Tissues displaying altered structure or function in response to maternal obesity and WD
include the liver (239; 245; 255; 256), pancreas (241; 257-259), vasculature (260), and microbiome
(261). Previously, our lab has found decreased mitochondrial efficiency (194) and insulin
stimulated glucose uptake (195) in fetal muscle exposed to maternal WD and obesity. The loss in
mitochondrial function could not be reversed at the fetal stage of development by switching obese
mothers to a healthy control diet prior to pregnancy with exposure to WD in the absence of obesity
in utero displaying an intermediate phenotype in fetal muscle of these offspring (194). The
retention of these phenotypes seen in skeletal muscle mitochondrial function after gestation, i.e.,
during childhood, is unknown. Furthermore, the potential to reverse mitochondrial dysfunction in
fetal muscle by weaning offspring to a healthy postweaning CD has not been investigated in this

model.

PROJECT DESIGN

Adult Japanese macaques housed in indoor/outdoor pens were maintained on CD (Monkey
Diet no. 5000; Purina Mills) or WD (TAD Primate Diet no. SLOP, Test Diet, Purina Mills) fed ad
libitum for up to 7 years prior to pregnancy as previously described (29; 194; 195). WD represents
a typical Western diet with respect to percent of caloric contribution from fat and saturated fat
content (Table 2.1). Carbohydrate content differed between the two diets, with sugars (mainly
sucrose and fructose) constituting 19% of WD but only 3% CD (Table 2.1). Monkeys on the WD
were also given calorically dense treats (35.7% of calories from fat, 56.2% of calories from
carbohydrates, and 8.1% of calories from protein) once daily.

A subset of adult females consuming WD remained lean based on percentage body fat
obtained by dual-energy X-ray absorptiometry (DEXA). Lean (Ln) was defined as body fat less
than 25% (~2 SD above baseline mean) and obese (Ob) as body fat greater than 30%. Offspring
were born naturally to Ln/CD, Ln/WD, or Ob/WD mothers and remained in their home colony

until weaning. Infants begin independent ingestion of the maternal diet at ~4 months old and were
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consuming this diet as their primary food source by 6 months of age. At 7-8 months of age, juvenile
offspring were weaned to new group housing with 6—10 similarly aged juveniles from both
maternal diet groups and 1-2 unrelated adult females. Offspring either continued consuming the
same maternal diet after weaning or were switched to the other diet style. Offspring were
maintained on this postweaning (pw) diet for ~30-months (Aim #1) or ~7 months (Aim #2), at

which time skeletal muscle tissues were collected.

Aim #1

Aim #1 will investigate how maternal WD, independent of obesity or insulin resistance,
during pregnancy and lactation impacts adolescent 3-year-old offspring skeletal muscle
metabolism. Additionally, this study will assess whether a postweaning (pw)CD is a viable
intervention to improve disparate metabolic outcomes in the skeletal muscle of offspring exposed
to early life WD stress. Offspring measures of interest will include anthropometric and glucose
homeostatic outcomes, mitochondrial oxidative capacity (OXPHOS), OXPHOS gene

expression/protein abundance, skeletal muscle lipidome profile, and markers of oxidative stress.

Aim #2

Aim #2 will pursue the impact of pwWD with and without early-life obesogenic exposure
on underlying mitochondrial network dynamics in 1-year-old juvenile offspring skeletal muscle.
Anthropometric measures, glucose/insulin homeostasis, and mitochondrial lipidome and
networking dynamics will be interrogated in the pursuit of better understanding of how offspring
pwWD impacts metabolic predisposition for skeletal muscle mitochondrial dysfunction, both

independently and in conjunction with early life exposure to obesogenic stress.
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II1. AIM #1

A MATERNAL WESTERN-STYLE DIET IMPAIRS SKELETAL MUSCLE
LIPID METABOLISM in ADOLESCENT JAPANESE MACAQUES

Previously published material:

Greyslak KT, Hetrick B, Bergman BC, Dean TA, Wesolowski SR, Gannon M, Schenk S, Sullivan
EL, Aagaard KM, Kievit P, Chicco AJ, Friedman JE, McCurdy CE: A Maternal Western-Style
Diet Impairs Skeletal Muscle Lipid Metabolism in Adolescent Japanese Macaques. Diabetes
2023;72:1766-1780.

INTRODUCTION

Intrauterine exposure to maternal obesity, diabetes, or a poor-quality diet (i.e., Westernized
high-fat, high-sugar diet [WD]) during development is associated with increased risk for
cardiometabolic diseases in youth including insulin resistance, nonalcoholic fatty liver disease,
cardiovascular disease, and type 2 diabetes (16; 262). Skeletal muscle is a principal regulator of
insulin sensitivity and metabolic homeostasis, accounting for the majority of systemic fatty acid
oxidation and insulin-mediated glucose disposal (184; 263). As such, metabolic dysregulation in
muscle, in part due to reductions in mitochondrial mass and function, is a primary contributor to
the development and progression of metabolic diseases in adults (186; 202; 224; 264). Specifically,
skeletal muscle insulin resistance has been associated with reduced mitochondrial abundance, less
oxidative phosphorylation (OXPHOS) capacity, blunted lipid oxidation, increased de novo
synthesis of bioactive fatty acid species (e.g., diacylglycerides [DGs], ceramides) and/or greater
reactive oxygen species (ROS) production in adults (184; 212; 225) with reduced mitochondrial
function observed in overweight children (265). Similar markers of metabolic dysregulation
including reduced oxidative capacity, altered gene expression, and development of insulin
resistance have also been observed in skeletal muscle of adult offspring exposed to maternal
obesity in rodents (13; 266-268). Of concern, metabolic dysregulation is already found in

mesenchymal stem cells isolated from umbilical cords of infants born to women with obesity
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(128). However, few studies have evaluated whether maternal (m)WD in the absence of obesity or
insulin resistance induces changes in offspring skeletal muscle.

Previous studies in our established Japanese macaque model of WD-induced maternal
obesity identified metabolic dysregulation in multiple tissues of fetal and juvenile offspring (194;
239; 245; 255; 258; 261; 269) including reduced insulin sensitivity in skeletal muscle (195) and
decreased oxidative metabolism in fetal muscle (194). In this model, we have consistently
observed that chronic WD consumption induces obesity and insulin resistance in the majority of,
but not all, adult females (270). Leveraging this unique subset of lean and insulin- sensitive dams,
we tested whether a WD chronically fed to lean, insulin-sensitive dams during pregnancy and
lactation would result in a persistent impairment in offspring skeletal muscle OXPHOS capacity
and lipid metabolism. We also evaluated whether weaning offspring exposed to mWD onto a
healthy chow diet (postweaning [pw]CD) would attenuate programmed effects at 3 years of age

(i.e., early adolescence).

METHODS

Animals

All animal procedures were conducted under regulatory compliance at the Oregon National
Primate Research Center (ONPRC) and Oregon Health & Science University, which is accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
International. Experiments were designed and reported with reference to the Animals in Research:

Reporting In Vivo Experiments (ARRIVE) guidelines (271).

Experimental Design

Adult Japanese macaques were housed in indoor/outdoor pens and fed a CD (15% of calories from
fat primarily from soybeans and corn, monkey diet no. 5000; Purina Mills) or WD (37% of calories
from fat primarily from corn oil, egg, and animal fat, no. SLOP, TAD Primate Diet; Test-Diet and
Purina Mills) ad libitum. Carbohydrate content differed between diets, with sucrose and fructose
constituting 19% of WD but only 3% of CD. Females consumed WD for 1-3 years prior to and
during the pregnancy from which offspring were studied. Maternal prepregnancy demographics

are presented by offspring cohort in Supplementary Table 1. More extensive phenotyping of the
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adult female macaques has previously been described (272). All births were singleton and
delivered vaginally after spontaneous labor. Offspring remained in their home colony until
weaning at 7-8 months of age, when they were grouped with 610 similarly aged juveniles from
both maternal diet groups and 1-2 adult females. These new social housing groups were fed either
CD orWD.

Offspring from 17 mCD dams and 17 mWD dams were included in this study. The
offspring groups include 13 mCD/pwCD (8 female [F], 5 male [M]), 6 mCD/pwWD (2 F, 4 M),
13 mWD/pwCD (5 F, 8 M), and 9 mWD/pwWD (5 F, 4 M). No more than two offspring from the
same dam were included in any offspring group per analysis. If two offspring from the same dam
were included in the same group, offspring were of the opposite sex. Offspring sex is indicated in

figures with use of different symbols.

Offspring Anthropometric Measures

Nonfat mass, fat mass, lean mass, and bone mineral content were measured with DEXA in
offspring <1 month prior to necropsy as previously described (258). Offspring body mass,
retroperitoneal fat pad mass, crown rump length, and subscapular skin fold thickness were

measured at necropsy.

Offspring Intravenous Glucose Tolerance Testing

Intravenous glucose tolerance tests (i.v. GTT) were conducted within 2 months prior to offspring
necropsy (at 36 months of age) as previously described (195; 258). Baseline blood samples were
obtained prior to the infusion and at 1, 3, 5, 10, 20, 40, and 60 min after infusion. Glucose was
measured immediately with OneTouch Ultra blood glucose monitor (LifeScan), and the remainder
of the blood was kept in heparinized tubes on ice for insulin measurement. After centrifugation,
samples were stored at -80°C until assayed. Insulin measurements were performed by the
Endocrine Technologies Core at ONPRC using a chemiluminescence-based automatic clinical
platform (cobase 411; Roche Diagnostics, Indianapolis, IN). HOMA of insulin resistance (HOMA-
IR) was calculated from fasting insulin and glucose values with the following formula: (insulin

(mU/L) * glucose (mg/dL))/405.

Offspring Activity Monitoring
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Physical activity was continuously monitored in group housed offspring with Actical
accelerometers (Mini Mitter, Bend, OR) affixed to loose-fitting plastic collars (Primate Products,
Miami, FL) as previously described (252). These monitors record the total number of activity
counts, detected as changes in acceleration in all directions per minute. Activity count data over a
I-month period preceding necropsy are reported as average counts per hour for 24-h and 12-h day
and night activities. All data were collected in late spring or early summer to control potential

seasonal variability.

Offspring Necropsy Collection

Animals were sacrificed as previously described (252; 254; 256) between 37 and 40 months of
age. Blood was collected in appropriate tubes for later analysis of insulin, triglycerides, and
cholesterol and stored at -80°C for batch analysis by Endocrine Technologies Core at ONPRC.
Skeletal muscles including gastrocnemius (gastroc), soleus, vastus lateralis, and rectus femoris
were rapidly dissected of fascia and portions were either flash frozen in liquid nitrogen or
transferred to a biopsy preservation solution (BIOPS) and shipped overnight for respirometry

experiments. Frozen muscle was stored at -80°C until analysis.

Protein Analysis

Frozen gastroc and soleus muscles (50—100 mg) were homogenized mechanically in 0.6 mL buffer
(195) with six 2.8-mm ceramic beads (VWR International) in a Bead Ruptor (OMNI International,
Kennesaw, GA) at a rate of 6 m/s for 2 x 30 s intervals kept at 4°C with a cryo-cool instrument
adaptor. Homogenate was then rotated for 1 h at 4°C on an orbital platform and then centrifuged
at 13,000g for 15 min at 4°C. Protein concentration was determined with a BCA kit (Pierce and
Thermo Fisher Scientific). Protein abundance was analyzed by capillary immunoassay on a Wes
instrument per manufacturer instructions (ProteinSimple, Bio-Techne; San Jose, CA) with 3 mL
of 0.25 or 1.25 mg/mL of sample. Antibody concentrations were optimized and multiplexed with
target protein abundance quantified with Compass software (ProteinSimple, Bio-Techne) and
normalized to a loading control protein. For OXPHOS analysis, abundance of individual
complexes was normalized to an internal fluorescent loading control. Equal loading of total protein
in soleus and gastroc homogenate was also measured with Stain-Free technology (Bio-Rad

Laboratories, Hercules, CA) (Supplementary Figs. 1 and 2). Traditional Western blot was used to
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measure HADHA and was normalized to GAPDH, as previously described (194). Data were
analyzed with Image Lab 5.2 software (Bio-Rad Laboratories). Primary and secondary antibody

information can be found in Supplementary Table 2.

Citrate Synthase Activity Assay
Frozen gastroc and soleus muscles (20 mg) were homogenized in 0.7 mL buffer and enzyme

activity was measured by spectrophotometry as previously described (194).

Muscle Lipid Analysis

Frozen offspring gastroc (50 mg) was dissected of extramuscular adipose tissue and fascia,
lyophilized, weighed, and homogenized in 0.9 mL high-performance liquid chromatography—
grade water. Homogenate (0.75 mL) plus methyl tert-butyl, as an internal lipid standard, was added
to 0.9 mL methanol, and lipid species were serially extracted (194; 273; 274). Skeletal muscle lipid
abundance and composition were analyzed with liquid chromatography—tandem mass

spectrometry as previously described (273; 274).

Permeabilized Muscle Fiber Bundle Preparation & Respirometry

Mitochondrial respiratory function was measured in permeabilized muscle fiber bundles (PMFBs)
with high-resolution respirometry with an Oxygraph-2k system (Oroboros Instruments, Innsbruck,
Austria). Muscles fiber bundles (3—5 mg) were dissected from gastroc and soleus and then
permeabilized with 30 mg/mL saponin in BIOPS for 30 min, washed, blotted dry, and weighed.
All respirometry data were collected at 37°C in a super-oxygenated environment (200400
mmol/L 02), and two titration protocols were run in parallel to measure respiration with lipid and
nonlipid substrates as previously described (194). Mitochondrial integrity was confirmed by

measurement of respiratory responses to cytochrome c.

Gene Expression

RNA was isolated from frozen gastroc and soleus (25 mg) with Direct-zol RNA MiniPrep kits
(Zymo Research, Irvine, CA). cDNA was synthesized from extracted RNA with qScript cDNA
Synthesis Kit from Quantabio (Beverly, MA) in a thermal cycler (Eppendorf, Enfield, CT).

Expression of target genes were measured with PerfeCTa SYBR Green FastMix (Quantabio) using
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a CFX384 PCR Detection System (Bio-Rad Laboratories). Gene expression was normalized to the
geometric mean of three housekeeping genes, and fold change was calculated with DDCt analysis
(275). Primer sequence, efficiencies, genome of origin, and experimental conditions per

target/control genes can be found in Supplementary Table 3.

Lipid Peroxidation

Malondialdehyde (MDA) was measured in gastroc (50 mg) with a commercially available kit (no.
700870; Cayman Chemical) according to the manufacturer’s protocol and as previously described
(194). Briefly, sample reaction mixture was loaded in duplicate onto a 96-well plate with standards

and measured fluorometrically. MDA concentration is expressed relative to protein content.

Protein Carbonylation

Protein carbonyl content in gastroc (40 mg) was measured with a commercially available kit
(ab126287; Abcam) per the manufacturer’s instructions. Sample homogenate was loaded in
duplicate onto a 96-well plate, and data were normalized to total protein content of reaction mixture

with the BCA method.

Statistical Analysis

Individual-sample data points with group minimum, maximum, median, and interquartile range
are graphed. We calculated sample size using variance from previously published fetal muscle
respirometry data, a primary outcome for the current study. For detection of a medium effect size
with a = 0.05 and 80% power, this study requires 11 offspring (n) for main effects (i.e., m diet or
pw diet). Using a factorial design, we tested for interactions of sex by treatment [i.e., m or pw diet]
in main outcome measures as previously described (276)) (Supplementary Tables 4 and 5). Sexes
were combined when no interactive effect of sex was identified. In subsequent analysis, data were
analyzed with a two-way ANOVA for fixed effects of m diet and pw diet, and the interaction (m
diet X pw diet). When significant main effects or interactions were identified, a Sidak post hoc
analysis was used to test for significance within subgroups. Significant main effects (p < 0.05) are
listed above each graph. For post hoc analysis, carets () indicate significant differences between
m diets within the same pw diet group, while asterisks (*) indicate significant differences between

pw diets within the same m diet group. An unpaired t test was used to compare data sets with only
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two groups. OXPHOS and VDAC protein abundance were correlated to oxidative stress markers
(protein carbonylation and/or lipid peroxidation content) in the following groupings: all offspring,
all mCD offspring, and all mWD offspring. All P values for OXPHOS (CI-CV and CI+III) protein
abundance and lipid peroxidation were adjusted for multiple comparisons with Bonferroni
correction (Supplementary Table 6). All analyses were completed with Prism 9.2 software

(GraphPad).

RESULTS

Adolescent Offspring Physiology is Altered by mWD and pwWD

At 3 years of age, offspring body weight, nonfat mass, and crown-rump length were not different
by group (Table 3.1). Surprisingly, total fat mass was reduced in offspring consuming pwWD
(Table 3.1). Despite less total fat mass, retroperitoneal fat mass and subscapular skinfold thickness
were significantly higher with pwWD, mirroring shifts in body fat distribution typically associated
with poorer insulin sensitivity (277). Average daily activity in mWD offspring was significantly
greater than mCD, with mWD/pwWD having the highest activity counts (Table 3.1). There was
also an observed increase in activity with pwWD in both groups that did not reach statistical
significance (p = 0.08). These data suggest that greater physical activity levels may contribute to
reduced total fat mass but do not protect against metabolically unfavorable visceral fat
accumulation, especially in mWD offspring.

Insulin sensitivity and glucose metabolism were impacted by both m and pw diet. Fasting
glucose was not different, but fasting insulin was significantly increased by pwWD and to a greater
extent in mCD/pwWD offspring (Table 3.1). During an i.v. GTT, total insulin area under the curve
(AUC) was significantly higher in offspring consuming pwWD (main effect, pw diet, p = 0.008).
However, when accounting for higher fasting insulin concentrations, we observed a main effect of
m diet (p = 0.03) with higher insulin AUCs calculated from baseline in mWD offspring (Table
3.1), suggesting that mWD may increase peripheral insulin resistance as seen at younger ages (195)
requiring greater insulin response. The higher insulin AUC measured may also account for the
lower glucose AUC observed in offspring consuming the pwWD. Calculation of HOMA-IR
indicates increased insulin resistance with pwWD that is higher in offspring from mCD compared

with mWD. Lastly, fasting total cholesterol was significantly increased with pwWD, driven by
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increases in both HDL and LDL cholesterol (Table 3.1). There was no difference in offspring
fasting triglycerides by m or pw diet.

Persistent Reduction in Muscle Oxidative Capacity in Offspring Exposed to mWD
Skeletal muscle mitochondrial function and/or abundance is strongly associated with systemic
insulin sensitivity (202). We previously reported reduced OXPHOS in PMFBs and differentiated
myocytes isolated from fetal skeletal muscle exposed to maternal obesity and mWD (194). Here,
we examined whether these adaptations persist into adolescence. To address potential muscle-
specific differences, we interrogated substrate-specific respiration (i.e., with and without lipids) in
the presence of saturating ADP in both the soleus, a highly aerobic muscle with majority type I
fibers, and the gastroc, a mixed fiber—type muscle. In the soleus, rates of fatty acid oxidation with
palmitoylcarnitine were impacted by m and pw diet (interaction, p = 0.04) such that in the case of
mWD fatty acid oxidation was lower for pwCD versus pwWD—with the opposite pattern of
response in mCD offspring (Fig. 3.1A and Supplementary Fig. 3.3A). However, after the addition
of pyruvate (Fig. 3.1B), respiration was lower with mWD to a similar extent in both pw diet groups
(main effect, m diet, p = 0.002). Similarly, maximal CI- and CI+CII-linked respirations were also
lower in mWD offspring in the presence of palmitoylcarnitine, with greater reduction in
mWD/pwCD offspring (Fig. 3.1C and D). However, in the absence of palmitoylcarnitine, maximal
Cl-linked respiration was not different between mWD and mCD (Fig. 3.1E and Supplementary
Fig. 3.3B), indicating that the presence of long-chain acylcarnitine limited flux of convergent
substrate oxidation pathways at CI in mWD groups (Fig. 3.1C and D). Indeed, when succinate was
added (contributing electrons downstream of CI) the maximal CI+II-supported respiration rate in
the absence of fatty acids was similar between mCD and mWD offspring and higher in
mWD/pwWD than in mWD/pwCD (Fig. 3.1F). Finally, soleus citrate synthase activity, a marker
of mitochondrial content, was not different by group (Fig. 3.1G), further suggesting that mWD
impacts the capacity of skeletal muscle to integrate oxidation of fatty acids with other substrates
rather than suppressing total oxidative capacity.

In the gastroc, fatty acid oxidation capacity was again lower in mWD offspring on the
pwCD (Fig. 3.1H and Supplementary Fig. 3C). Like in the soleus, Cl-linked respiration rates in
the gastroc supported by subsequent titrations of pyruvate and glutamate were lower in mWD

compared with mCD offspring in the presence of palmitoylcarnitine (main effect, m diet [Fig. 3.11
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and J]) but similar across groups after addition of succinate (Fig. 3.1K), and with all substrates in
the absence of palmitoylcarnitine (Fig. 3.1L and M and Supplementary Fig. 3D). Again, citrate
synthase activity was also similar across groups (Fig. 3.1N). These data indicate that early-life
programming by mWD decreases the capacity of muscle to oxidize a combination of metabolic

substrates, particularly through CI, when high concentrations of fatty acid are present.

mWD Reduces OXPHOS Enzymes in Exposed Offspring

As a potential mechanism for reduced respiratory capacity in mWD-exposed offspring, we
measured the enzymes responsible for mitochondrial OXPHOS. In the soleus, mWD had a main
effect to reduce the abundance of subunits in all five OXPHOS complexes while pwWD had a
main effect to increase complex abundance. The increase in OXPHOS complexes in the soleus
parallels the observed increase in activity levels with pwWD. In pairwise comparisons, CI, CIV,
and CV abundance were significantly reduced with mWD compared with mCD in offspring on the
pwWD, while CII and CV were significantly reduced with mWD in both offspring pw diet groups
(Fig. 3.2A-G). In contrast, there was no main effect of mWD on expression of electron-
transferring flavoprotein (ETF) or ETF dehydrogenase (ETFDH), which coordinate electron
transfer from fatty acid b-oxidation to the respiratory chain downstream of CI (Fig. 3.2F and G).
In pairwise comparisons, pwWD increased CIV in mCD offspring and increased CV in both mCD
and mWD offspring (Fig. 3.2D and E). Additionally, there was a main effect of pw diet to increase
ETF and ETFDH, with a significant increase in ETF in the mWD group by pairwise comparison
(Fig. 3.2F and G).

Similar to the soleus, there was a main effect of mWD to decrease the expression of all five
OXPHOS complex proteins in the gastroc (Fig. 3.21-M) but not ETF or ETFDH (Fig. 3.2N and
O). Pairwise comparisons revealed lower expression of CII through CIV in mWD/pwCD groups
(Fig. 3.2I-L) and reduced CV in both pw diet groups (Fig. 3.2M). In contrast to the soleus, there
was no significant main effect of the pw diet on OXPHOS complexes or ETF/ETFDH proteins in
the gastroc. Taken together, these data indicate that mWD reduces offspring skeletal muscle
expression of respiratory chain complexes but not ETF/ETFDH. This shift may favor a greater
flow of electrons from fatty acid b-oxidation to ubiquinone relative to CI and CII in mWD versus
mCD offspring, perhaps explaining the partial inhibition of CI- and CI+II-dependent oxidative

capacity during convergent palmitoylcarnitine oxidation.
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Transcriptional Regulation of OXPHOS in Response to WD

To test whether reductions in OXPHOS proteins in mWD offspring were due to difference in gene
transcription, we evaluated the expression of genes that code for subunits of CI-CV from both the
mitochondrial and nuclear genomes in soleus and gastroc. In the soleus, COXII (CIV,
mitochondrial genome) and UQCRC?2 (CIII, nuclear genome) expression was greater with pwWD
with post hoc analysis showing a significant increase in UQCRC2 between pw diet in mWD
offspring (Fig. 3.3C and G). Only the nuclear encoded gene for CI, NDUFBS, had a main effect
of m diet with a significant decrease in expression in mWD compared with mCD offspring on
pwCD (Fig. 3.3E). In the gastroc, neither mitochondrial nor nuclear encoded OXPHOS genes are
significantly impacted by m or pw diets (Supplementary Fig. 4). Although modest, the alterations
in gene expression recapitulate patterns observed in the protein abundance of the mitochondrial
complexes but do not fully explain either the downregulation of OXPHOS abundance, particularly
in the gastroc, nor the subsequent reduction in oxidative capacities in offspring exposed to mWD

and pwWD.

m and pw Diets Alter Muscle Acylcarnitine Accumulation but Not Lipid Transport or
Oxidation Enzyme Abundance

Given the impact of m diet on lipid-associated oxidative capacity in offspring gastroc without
reduced ETF or ETFDH abundance (Fig. 3.2N and O), we next measured upstream regulators of
lipid trafficking and b-oxidation. There was no difference in the abundance of two key b-oxidation
enzymes, very-long-chain acyl-CoA dehydrogenase (VLCAD) or hydroxyacyl-CoA
dehydrogenase a (HADHA) (Fig. 3.4A and B), by m or pw diet. There was also no difference in
the abundance of the inner or outer mitochondrial membrane (OMM) long-chain fatty acid
transporters, CPT1b or CPT2, respectively (Fig. 3.4C and D). Although b-oxidation and lipid
transport enzymes were not different, the abundance of intramuscular acylcarnitines was
significantly different by pw and m diet, suggesting potential differences in activity and/or lipid
transport. Specifically, medium- and long-chain acylcarnitines, C10, C12, C14, C16:1, C18, and
C18:1, were much lower with a pwCD in mWD offspring (Supplementary Table 6). Short-chain

acylcarnitines, C4 and C6, (main effect, m diet) as well as the unsaturated long-chain
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acylcarnitines, C18:2 and C18:3 (interactive effect), were also less concentrated with pwCD in
mWD compared tomCD offspring.

AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC), key enzymes
involved in nutrient sensing and metabolic fuel use, showed a significant decrease in abundance
in mWD compared with mCD offspring when consuming pwWD (Fig. 3.4E and F).
Phosphorylation of AMPK and ACC were not different (Fig. 3.4G and H). Lastly, PGCla
abundance, a master regulator of mitochondrial metabolism and biogenesis, was not different

across groups (Fig. 3.41).

Prior Exposure to mWD Exacerbates Accumulation of Lipid Metabolites Associated with
Muscle Insulin Resistance

Since the shift in the abundance and composition of intramyocellular lipids is associated with
muscle insulin resistance (188; 273; 278), we examined the lipid composition and abundance in
offspring gastroc. As expected, the abundance of individual triacylglyceride (TG) species and total
TGs (Fig. 3.5A and B and Supplementary Table 7) increased with pwWD. The composition of the
TG pool also changed with pwWD with an increased accumulation of more saturated and shorter-
length TGs (Fig. 3.5A). This shift in TG saturation was exacerbated in mWD offspring with a
fivefold greater accumulation with pwWD relative to pwCD animals (Fig. 3.5C). The abundance
of total DGs, including both 1,3-DGs (derived from intramuscular TG lipolysis) and 1,2-DGs (a
product of de novo synthesis and phospholipid degradation) (Fig. 3.5K), was dependent on both
the m and pw diet (interaction, p = 0.04). Within mCD offspring, total DGs were lower with
pwWD, while the pattern was reversed for mWD offspring (Fig. 3.5D). However, the percent of
1,2-DGs (Fig. 3.5E) and the percent of saturated 1,2-DGs (Fig. 3.5F) was significantly elevated by
pwWD in both m groups. Interestingly, the greater difference in the pool of 1,2-AGs and saturated
1,2-DAGS in mWD offspring was not driven by greater accumulation with pwWD but, rather, was
due to reduced content in mWD/pwCD offspring, which have the lowest amount of these
intramuscular lipid species (Fig. 3.5C, E, and F). Total ceramide, saturated ceramide, and total
sphingomyelin (SPM) content were not different by m or pw diet (Supplementary Fig. 3.5A-C).
However, saturated SPM, specifically SPM C18:0, and the upstream metabolite ceramide C18:0,
a lipid species associated with insulin resistance (188), were most abundant in mWD offspring on

pwWD (Fig. 3.5G-I). The abundance of ceramide C16:0 was not increased with either diet,
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indicating specificity rather than global enrichment of saturated fatty acids (Fig. 3.5J). Together,
these data suggest that mWD leads to persistent change in lipid handling and metabolism in
offspring muscle that is dependent on pw diet; mWD/pwCD offspring have decreased content and
mWD/pwWD offspring have equal or higher amounts of saturated TGs and DGs relative to pw-
matched controls. The increased accumulation of specific bioactive lipid species—namely,
saturated SPM, SPM C18:0, and ceramide C18:0—in response to pwWD may contribute to an

earlier decline in skeletal muscle insulin sensitivity (Fig. 3.5K).

Oxidative Stress Linked to CI and VDACI Abundance in Muscle from Offspring with Prior
Exposure to mWD
Reduced mitochondrial function is often associated with greater oxidative damage and impaired
insulin sensitivity (212; 279). We previously observed elevated markers of oxidative stress in fetal
muscle from offspring of obese dams on mWD (194). Therefore, we assessed markers of oxidative
stress in adolescent offspring skeletal muscle. Surprisingly, MDA, a marker of lipid peroxidation,
was reduced with mWD (main effect, m diet) in gastroc (Fig. 3.6A). Similarly, protein
carbonylation, a marker of oxidative stress that is not influenced by membrane lipid saturation,
was also reduced with pwWD in mWD offspring (Fig. 3.6B). We next measured the voltage-
dependent anion channel (VDAC1/2) abundance, an outer mitochondrial membrane transporter
associated with ROS release (280). VDACI1/2 abundance was significantly lower in mWD
offspring compared with pw diet-matched mCD offspring (Fig. 3.6C and D). Indeed, VDAC
abundance was approximately fourfold lower in mWD/pwWD offspring relative to mCD/pwCD
offspring muscle despite no differences observed in citrate synthase activity (Fig. 3.1N). VDAC2
was not different, indicating a VDAC1-specific downregulation in mWD offspring (Fig. 3.6D).
Correlation analysis was performed for assessment of relationships between markers of
oxidative stress and VDAC and OXPHOS abundance in offspring muscle. We found a significant
positive linear relationship between VDAC1/2 and MDA (R2 = 0.3, p < 0.002) or protein
carbonylation concentration (R2 = 0.3, p < 0.009) across all offspring (Fig. 3.6E and G) with
significant relationships maintained in mWD offspring (Fig. 3.6F and H). We also found a positive
linear relationship between MDA and CI, CIII, and CI+CIII abundance, primary sites for ROS
generation, and CV in all offspring (Fig. 3.6G and Supplementary Table 8). Only CI remained
significant in analysis within the mWD offspring (Fig. 3.6J). These data suggest that reduced
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OXPHOS content and/or limiting ROS release via VDACI may reflect fetal adaptations to

elevated ROS in skeletal muscle during development.

DISCUSSION

Future risk for the development of obesity and cardiometabolic disease in youth, including
type 2 diabetes, is increased by exposure to maternal obesity and diabetes in utero (46; 281; 282).
These early exposures may “program” the offspring for metabolic dysfunction; however, the
mechanisms and cellular targets mediating these outcomes are not known. Here, we examined the
long-term metabolic impact of exposure to mWD during pregnancy and lactation, in the absence
of either maternal obesity or insulin resistance, on 3-year-old offspring body composition, glucose
homeostasis, and skeletal muscle metabolism. We also evaluated the efficacy of a healthy pw diet
intervention at ameliorating the effects of early-life exposure to mWD. In summary, offspring
exposed to mWD during gestation and lactation weaned to a healthy pw diet had elevated insulin
release during i.v. GTT despite a similar body composition compared to mCD offspring and higher
physical activity. In skeletal muscle, offspring had significant reductions in oxidative metabolism
in the presence of fatty acids concomitant with reduced OXPHOS complex abundance and
VDACI. Further exposure to the pwWD in mWD offspring revealed a greater change in the
accumulation of saturated lipids and some bioactive lipid species associated with insulin resistance
despite increases in visceral fat accruement similar to those of mCD offspring. The increased
accumulation of saturated ceramides in skeletal muscle coupled with reduced oxidative capacity
may contribute to worsening systemic insulin sensitivity and partitioning of lipids to adipose
stores.

The coordination of mitochondrial oxidation in response to nutrient availability and energy
demand (i.e., metabolic flexibility) decreases in parallel with the development of systemic insulin
resistance (283; 284) and metabolic dysfunction (264). We observed lower oxidative capacity in
isolated soleus and gastroc muscle fibers from mWD offspring, regardless of pw diet, when
provided a combination of fatty acid and pyruvate. Our data could not be explained by reduced
mitochondrial content or decreased abundance of critical lipid trafficking or b-oxidation enzymes
or ETF/ETFDH but may be linked to reduced OXPHOS complex abundance. Importantly, skeletal
muscle from mWD offspring, including mWD offspring switched to a healthy diet, contained
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approximately one-half the volume of OXPHOS complexes like CI relative to controls. We
propose that the observed loss in maximal CI- and CI+II-linked respiration in the presence of lipids
may be due, in part, to greater flow of electrons from fatty acid b-oxidation to ubiquinone via
ETF/ETFDH relative to electrons coming from CI and CII in mWD versus mCD offspring.
Additionally, patients with CI deficiency have reduced [NAD']-to-[NADH] ratios that also
coincide with impaired B-oxidation (285). As both pathways for lipid and pyruvate oxidation are
dependent on an adequate [NAD']-to-[NADH] ratio to proceed, insufficient CI abundance would
shift redox circuitry toward NADH excess and may also explain why flux is most limited when
both pathways converge at CI.

Interestingly, with the exception of the CI nuclear gene NDUFBS in soleus, reduced
OXPHOS protein abundance was not related to decreased nuclear or mitochondrial gene
expression. Furthermore, in soleus, a more oxidative muscle, pwWD increased the protein
abundance of OXPHOS complex, even in the mWD offspring, suggesting an ability to respond to
nutrient stresses, albeit starting at a lower baseline level. These baseline differences may be due to
posttranscriptional mechanisms related to higher mitochondrial protein turnover and/or less
synthesis.

Exposure to the pwWD revealed altered lipid handling in mWD offspring compared with
control offspring also on the pwWD. Increased saturated intramyocellular lipid content is a strong
predictor of muscle insulin resistance in sedentary adults and children with obesity (136; 188; 286)
and is often associated with impaired lipid oxidation or lipid trafficking in muscle (287). A
predominate and unexpected finding across our muscle lipid analysis was a reduction in lipid
species accumulation in mWD offspring weaned to pwCD, suggesting reduced uptake or altered
fatty acid metabolism. In both soleus and gastroc, reductions in fatty acid oxidation were greatest
in this group (i.e., mWD/pwCD) despite no difference in the abundance of key fatty acid oxidation
enzymes. However, the activity of CPT1b and/or the abundance of other fatty acid transporters
may be responsible for the lower accumulation of fatty acids and fatty acid metabolites in
mWD/pwCD muscle. At the molecular level, bioactive lipid metabolites, like 1,2-DG and
ceramide, activate signaling cascades that impede insulin signaling transduction (288). The
activation of canonical and/or atypical PKCs by elevated 1,2-DG to promote inhibitory
phosphorylation of IRS proteins or by ceramide to inhibit Akt activation (289; 290) and

suppression of insulin signaling is well described in human and animal models of insulin resistance
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(193). Specifically, in total and saturated 1,2-DGs, there was a greater difference between pw diet
treatments in mWD offspring driven by the lower baseline in pwCD muscle. However, whether
the magnitude of change in 1,2-DGs (or other lipid species) with pwWD is as important as the
total accumulation has not been investigated but may reflect a unique response associated with
developmental programming. In contrast to the 1,2-DGs, exposure to mWD led to a greater
accumulation of another saturated lipid species, ceramide C18:0, and its downstream metabolite
SPM C18:0, in muscle in response to pwWD. Indeed, increased mitochondrial ceramide
accumulation has been linked to reduced coenzyme Q levels and reduced electron transport system
components and, subsequently, impaired mitochondrial function similar to that seen in skeletal
muscle of mWD offspring (291). Importantly, our findings are consistent with an intracellular
environment characterized in obesity and type 2 diabetes (188; 273; 278; 292; 293).

Increased ROS production and elevated oxidative damage to intracellular molecules are
features of mitochondrial dysfunction (294; 295). We previously reported increased ROS damage
in fetal skeletal muscle, pancreas, and livers from obese mWD dams (194; 239; 257). Therefore,
the absence of elevated markers of lipid peroxidation or protein carbonylation in skeletal muscle
of mWD was unanticipated. Indeed, we observed lower levels of oxidative damage in mWD
offspring on the pwWD. Lower levels of oxidative damage may result from decreased VDACI1
abundance, which functions in the formation of the mitochondrial permeability transition pore to
allow ROS efflux and/or stimulate apoptosis (296). Thus, reduced VDAC may lower oxidative
damage by trapping ROS within the mitochondria. Reduced CI and overall lower OXPHOS flux
may also act as a countermeasure to ameliorate ROS production (297). Along these lines, we show
strong correlations between ROS damage and VDAC1 abundance driven by mWD offspring. We
also see a relationship between CI, CI+CIII, and CV and lipid peroxidation. Reduced VDACI and
OXPHOS abundance may be an adaptation that reprograms ROS handling as a strategy to mediate
the excessive oxidative stress previously observed in fetal skeletal muscle, albeit at the cost of
mitochondrial health and oxidative efficiency. A higher antioxidant system may also be induced
to sequester excess ROS, although this has not been explored here. Further work is required to
determine the mechanisms that underlie changes in ROS handling and mitochondrial integrity.

Overall, we show that exposure to an mWD during pregnancy and lactation, even in the
absence of maternal obesity and insulin resistance, is sufficient to reprogram offspring lipid

handling and impair oxidative metabolism in skeletal muscle, a phenotype typically associated
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with metabolic disease states or the functional decline in muscle health with aging (16; 298). Sex-
specific difference in metabolic outcomes including insulin resistance and obesity have been
identified in adult offspring exposed to maternal obesity (299). We postulate that these changes
observed in cellular metabolism in our peripubertal animals will be exacerbated by future
physiological stresses including weight gain, puberty, lack of physical activity, or a chronic
pwWD, revealing the elevated and sex specific risk of cardiometabolic diseases observed in adults
from pregnancies complicated by poor maternal nutrition and obesity. Future studies will be aimed
at interrogating regulators of cellular quality control processes contributing to downregulated

OXPHOS abundance and function with exposure to mWD or obesity.
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Anthropometrics CD/CD CD/WD WD/CD WD/WD m diet pwdiet mxpw
(n=10-11) (n=4-5) (n=11-12) (n=8-9)
Body mass (kg) 6.1+0.3 6.1£0.5 6.3£0.3 6.3£0.3 ns ns ns
Non-fat mass (kg) 5.1£0.2 5.0£0.3 5.24+0.3 5.3+0.3 ns ns ns
Fat mass (kg) 0.9+0.06 0.8+0.10 0.9£0.04 0.8+0.07 ns 0.04 ns
Crown rump (cm) 49+0.8 47+£1.3 48+1.0 48+0.8 ns ns ns
Subscapular skinfold thickness (mm)  3.5+0.3 3.9+0.4 3.1£0.2 4.0£0.3 ns 0.04 ns
Retroperitoneal fat mass (g) 0.8+0.1 2.5+1.0%* 0.940.1 2.54+0.4%%* ns 0.0001 ns
Activity CD/CD CD/WD WD/CD WD/WD m diet pwdiet mxpw
(n=8) (n=5) (n=9) (n=9)
Daily (24h) (counts/hr) 356+31 385+11 413+12 453+21 0.009 ns ns
Daytime (12h) (counts/hr) 299+26 315+7 331+17 385+22 0.03 ns ns
Nighttime (12h) (counts/hr) 57+6 60+5 66+6 66+10 ns ns ns
Glucose metabolism CD/CD CD/WD WD/CD WD/WD m diet pwdiet mxpw
(n=9-10) (n=5) (n=11-12) (n=9)
Fasting glucose (mg/dL) 54+4 63+6 49+2 5542 ns 0.04 ns
Fasting insulin (WU/mL) 4+1 254 8HHH* 4+1 1027 0.01 0.0001 0.01
Glucose AUC, zero (x10%; a.u.) 10.1+0.5 8.5+0.4 8.2+0.4™ 8.2+0.4 0.02 ns ns
Insulin AUC, zero (x103; a.u.) 1.6£0.2 2.4+0.3 1.740.2 2.3+0.2 ns 0.01 ns
Insulin AUC, baseline (x10%; a.u.) 1.0+0.3 1.0+£0.2 1.4+0.2 1.7£0.2 0.03 ns ns
HOMA-IR 0.7+0.1 4.2+].8%** 0.5+0.1 1.4+0.3/™ 0.009  0.0002 0.02
Plasma lipids ((:’ZICO])) C(I’:/z‘;;D (:ZII)(/)_CI?) “?n)i‘g)]]) m diet pwdiet mxpw
Triglycerides (mg/dL) 46+6 52+12 40+5 33+5 ns ns ns
Cholesterol (mg/dL) 129+5 160+6* 13448 170+9** ns 0.0003 ns
HDL (mg/dL) 5842 87+6%* 61+4 90-£4% %% ns 0.0001 ns
LDL (mg/dL) 67+5 73+4 72+7 83+10 ns ns ns

Table 3.1 — Adolescent offspring physiological measures and activity at 34 months.

Body composition, fasting serum values and activity data are shown as mean + SEM. Glucose area
under the curve was calculated either from zero or from fasting baseline during an i.v. GTT.
Statistical significance was determined by 2-way ANOVA. P-values are listed for main effects of
maternal (m) diet, postweaning (pw) diet and interactions (m x pw). Multiple comparisons
following Sidak’s post hoc analysis are represented by asterisks (*p<0.05, **p<0.01, ***p<0.001,
*#%%p<0.0001) for significant differences between postweaning diet within the same maternal diet
group and carets ('p<0.01) for differences between maternal diet within same postweaning diet.

ns, no significant difference; a.u., arbitrary units.
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Figure 3.1 — Substrate oxidation in skeletal muscle of adolescent offspring.

Average group oxygen flux (JO2; pmols/s*mg) was measured in permeabilized muscle fiber
bundles (PMFB) with or without lipid (palmitoyl-carnitine; LIP) and normalized to tissue wet
weight in soleus (orange figures, A-F) or gastrocnemius (blue figures, H-M). In soleus, rate was
measured in the presence of saturating ADP with serial additions of (A) LIP and malate, (B)
Pyruvate (PYR), (C) glutamate for CI OXPHOS capacity and (D) succinate for maximal CI+CII
OXPHOS capacity. Respiration rate without lipid was measured in the presence of saturating ADP
after titrations of (E) pyruvate and malate and (F) glutamate and succinate CI+CII OXPHOS
capacity. These measures were repeated, in the same order listed above, in the gastrocnemius (blue
figures, H-M). Citrate synthase activity (umols/min*g) is shown in soleus (G) and gastroc (N).
Respiratory flux and CS activity were analyzed by 2-way ANOVA with Sidak’s multiple
comparisons. P-values for significant main effects of maternal (m) or postweaning (pw) diet are
listed above each graph. For post-hoc analysis, carets (“p<.01, “p<.001) indicate significant
differences by maternal diet within the same postweaning diet group; asterisks (**p<.01) indicate
significant differences by postweaning diet within the same maternal diet group. Individual data
points with group mean and SEM (A-F, H-M) or with the minimum, maximum, median and
interquartile range (G and N) are shown. Male (M) offspring are indicated by circles and female
(F) offspring by triangles. Sample size for each group by sex: mCD/pwCD, 5-6F/4M;
mCD/pwWD, 2F/4AM; mWD/pwCD, 3F/5-6M; mWD/pwWD, 4-5F/4M.
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Figure 3.2 — Mitochondrial oxidative phosphorylation (OXPHOS) enzyme abundance in
offspring skeletal muscle.

Protein abundance of electron transport system (ETS) and OXPHOS complexes were measured
by Simple Western for CI (A), CII (B), CIII (C), and CIV (D), CV (E), ETF (F) and ETFDH (G)
in offspring soleus (orange bars). Individual protein abundance was normalized to an internal
fluorescent loading control and CI-CV abundance was normalized to total protein. These measures
were repeated in the gastrocnemius (blue figures, I-P). Representative immunoassay images for
soleus (H) and gastroc (P) are shown. Dashed horizontal lines indicate different contrast levels.
Data were analyzed by 2-way ANOVA for significant main effects of maternal or postweaning
diet or interactions with Sidak’s multiple comparisons test. P-values for significant main effects
are listed above each graph. For post-hoc analysis, carets ("p<.05, p<.01) indicate significant
differences by maternal diet within the same postweaning diet group and asterisks (*p<.05,
*#p<.01) indicate significant differences by postweaning diet within the same maternal diet group.
Individual data points for offspring on pwCD (open bars) or pwWD (closed bars) are shown along
with group minimum, maximum, median and interquartile range. Male (M) offspring are indicated
by circles and female (F) offspring by triangles. Sample size for each group by sex: mCD/pwCD,
6F/3M; mCD/pwWD, 2F/3M; mWD/pwCD, 3F/6M; mWD/pwWD, SF/3M. For ETF and ETFDH
n=mCD/pwCD, 4F/3-4M; mCD/pwWD, 2F/3M; mWD/pwCD, 3F/3-4M; mWD/pwWD, 3-5F/2-
3M.
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Figure 3.3 — OXPHOS gene expression in offspring soleus.

Gene expression of key mitochondrial and nuclear encoded OXPHOS proteins were measured by
qPCR in offspring soleus (orange bars). Mitochondrial encoded genes measured were (A) ND2 for
CI, (B) CYTB for CIII, (C) COXII for CIV and (D) ATPS8 for CV. Nuclear encoded genes measured
were (E) NDUFBS for CI, (F) SDHB for CII, (G) UQCRC?2 for CIII, (H) COX54 for CIV and (I)
ATP5F1A4 for CV. Individual gene expression was adjusted to the geometric mean for the
expression of housekeeper genes, RPS15, 285 and RPL13A4, and are presented as fold-change. Data
were analyzed by 2-way ANOVA for significant main effects of maternal or postweaning diet or
interactions using Sidak’s multiple comparisons test. The p-values for significant main effects are
listed in each graph. For post-hoc analysis, carets (""p<.01) indicate significant differences by
maternal diet within the same postweaning diet group and asterisks (*p<.05) indicate significant
differences by postweaning diet within the same maternal diet group. Individual data points for
offspring on pwCD (open bars) or pwWD (closed bars) are shown along with group minimum,
maximum, median, and interquartile range. Male (M) offspring are indicated by circles and female
(F) offspring by triangles. Sample size for each group by sex: mCD/pwCD, SF/3M; mCD/pwWD,
2F/3M; mWD/pwCD, 4F/3M; mWD/pwWD, 3F/3M.
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Figure 3.4 — Lipid oxidation and signaling enzymes in offspring gastroc.

Protein abundance of key regulators of lipid metabolism, including (A) VLCAD, (B) HADHA,
(C) CPT1B and (D) CPT2, upstream signaling kinases, (E) AMPKa2, (F) ACCao/B, (G)
phosphorylated (p)AMPK (T172) and (H) pACC (S79), and (I) PGCla were measured by
immunoassay in offspring gastrocnemius. Individual protein abundance was adjusted to GAPDH,
vinculin, or a-tubulin and ratios expressed relative to the mCD/pwCD group. (J) Representative
immunoassay images with loading controls. Dashed horizontal lines indicate different contrast
levels. Data were analyzed by 2-way ANOVA for significant main effects of maternal or
postweaning diet or interactions with Sidak’s multiple comparisons test. P-values for significant
main effects are listed in each graph. For post-hoc analysis, carets (“p<.05, ~p<.01) indicate
significant differences by maternal diet within the same postweaning diet group. Individual data
points for offspring on pwCD (open bars) or pwWD (blue bars) are shown along with group
minimum, maximum, median, and interquartile range. Male (M) offspring are indicated by circles
and female (F) offspring by triangles. Sample size for each group by sex: mCD/pwCD, 5-6F/4M;
mCD/pwWD, 2F/3M; mWD/pwCD, 3F/5-6M; mWD/pwWD, 5F/3M.

61



A

Most unsaturated

m: CD CDWDWD
pw: CDWDCD WD

TG48:0+

TG50:0+

TGS52:04
TG48:1
TG50:1
TGS52:1

TG54:1
TG48:2
TG50:2

TG52:2+
TG54:2

TG48:3+

TG50:34

TGS52:3+

TG54:3+
TG56:3
TG50:4+

TG52:4 -

TG54:4+
TG56:4
TG52:5+

TG54:5-

TG56:54
TG54:6
TG56:6

TG56:7 4

0 1 2 3

e

H spm1s:0

mXpw, p=0.01
*

of

nmol/mg protein

B Total TGs

umol/mg protein

E

% of total DGs

nmol/mg protein

pw, p=0.03
5

— pwCD

n
1

= pwWD

148 @

C sat.TGs
pw, p<0.0001
6=

*k*x

nmols/mg protein

g8

mCD mWD

1,2-DGs
pw, p=0.003
*%*

ﬁl_l

100

98 —

96 =

94 =

mCIJD m\;VD

F Sat. 1,2-DGs
pw, p=0.001

%1&

15—

% of total 1.2-DGs

92 T T
mCD mwWD

| Ceramide 18:0 J Ceramide 16:0
mXpw, p=0.01
*

X

mCD mwD

0.3+
0.2

0.1

nmol/mg protein

?

0.0

m(IJD mVIVD
K

palm
CoA

endoplasmic reticulum

mCD mWD

P

cer

mCD mwD

ide . insulin

a5 ) q

62

/ resistance

D Total DGs
mXpw, p=0.04

15—

'E

2 10

£

2

£ 57

mCD mwWD

G Sat. SPMs
pw, p=0.04

a@

o7

mCD mWD

nmol/mg protein




Figure 3.5 — Measurement of intramuscular lipids in offspring skeletal muscle.

Saturated triacylglycerol (TG) species (A), total TG content (B) and saturated TG abundance (C)
were measured in gastroc of 3Y offspring. Diacylglycerol (DG) abundance (D), percent of 1,2-
DGs of total DGs (E), percent of saturated 1,2-DGs out of total 1,2-DGs (F), saturated
sphingomyelin (SPM) abundance (G) 18:0 SPM (H), 18:0 ceramide (I) and 16:0 ceramide (J)
content were also measured in the same samples. Data were analyzed by 2-way ANOVA with
Sidak’s multiple comparisons test. P-values for significant effects are listed in each graph. For
post-hoc analysis, asterisks (*p<.05, **p<.01, ***p<.001) indicate significant differences between
postweaning diets within the same maternal diet group. Individual data points for offspring with
minimum, maximum, median and interquartile range per group are shown. Male (M)offspring are
indicated by circles and female (F) offspring by triangles. Sample size for each group by sex:
mCD/pwCD, 5F/3M; mCD/pwWD, 2F/3M; mWD/pwCD, 2F/6M; mWD/pwWD, 5F/3M. An

illustration summarizing offspring intramuscular lipid metabolism (K).

63



- N
=] w
1 |

MDA (nmal/mg protein)
o
[6,]
1

o [ g
o
1 ] 1

MDA (nmol/mg protein) M

o
3

@

)
~ [e1]
T T

DNPH (umol/mg protein

MDA (nmol/mg protein) ==

Lipid Protein VDAC1/2
peroxidation B carbonylation C m, p<0.0001 D m:CDCDWDWD
m, p=0.03 pw, p=0.04 pw, p<0.0001 pw: CDWD CDWD
MXpw, p=0.02' | \ypp /2 I I s
3 pwCD | _ 8o+ * T ANAA FHEK vinculin -
= pwWD| S S v
o 704 £ i
@ s 2 11 VDAC2
é; % 60 E- i vinculin: S B B e
£ ©
= £
T 50 3
Pz =]
[m] Qo
B — 40 T T <o T T
mCD mWD mCD mwWD mCD mwD
O mCD/CD o mWD/CD F
All O mCD/WD @ mWD/WD VDAC1/2:MDA VDAC1/2:MDA
. mCD mWD
offspring ° = =003, R2=0.3
p=0.002 s s :
R?=0.3 A s o
°f "o g \
A % 1.0 ﬁ%Ap 1.0 ‘o
E a4 &
T T T g 05— —7—T1 O5ST—T T
0 1 2 3 = o 1 2 3 o 1 2 3
VDAC1I2 abundance (relative) VDAC1/2 (relative) VDAC1/2 (relative)
All VDAC1/2:DNPH VDAC1/2:DNPH
. mCD mWD
offspring ) A© 5 p=0.009, R?=0.5
p=0.009 o A A 2 &0 80
2 o
i R“=0.3 [o) o % 70 AO A 70 ooo
©° o S 60 &% e ’/:
] o £ s a%0 4 2
I I 1 E 40 40
0 1 2 3 Z 0o 1 2 3 o 1 2 3
VDAC1/2 abundance (relative) VDAC1/2 (relative) VDAC1/2 (relative)
All J
p=0.001 o — mCD mWD
R?=0.3 g 15 15— p=0.005, R?=0.5
A g o
g A A 10
M, 3 10 oa®, © ' AAD
Ta D £ Al gf%d
T T T T 1 S ST T T T T ¢ TT T T T
0 1 2 3 4 5 S 01 2 3 45 01 2 3 45
Cl (relative) Cl (relative)

Cl abundance (relative)

64



Figure 3.6 — Intramuscular oxidative stress is lower in mWD offspring.

Lipid peroxidation (MDA, A), protein carbonylation (DNPH, B) and the protein abundance of
VDAC1/2 (C) and VDAC?2 (D) were measured in 3Y offspring gastroc. Protein abundance data
was collected using Simple Western and adjusted to vinculin. Representative immunoassay images
are shown (D). Data were analyzed by 2-way ANOV A with Sidak’s multiple comparisons test. P-
values for significant effects are listed in each graph. For post-hoc analysis, carets (*p<.01,
AMANP<.0001) indicate significant differences between maternal diets within the same postweaning
diet group while asterisks (*p<.05, ****p<.0001) indicate significant differences between
postweaning diets within the same maternal diet group. Male (M)offspring are indicated by circles
and female (F) offspring by triangles. Sample size for A-C: mCD/pwCD, 5-6F/4M; mCD/pwWD,
2-3F/3M; mWD/pwCD, 2-3F/5-6M; mWD/pwWD, 4-5F/2-4M.Simple regression analysis was
run for VDAC1/2 abundance and MDA across all offspring, n=28 (E) and within maternal groups
(F) or DNPH across all offspring, n=26 (G) or within maternal groups (H). Correlations were also
run between MDA and Complex I abundance in all offspring, n=28 (I) or within maternal groups
(J). Individual data points for offspring are shown with minimum, maximum, median and
interquartile range per group (A-C). Statistically significant correlations are indicated by red lines

(E-J) with p-value and correlation coefficient (R?) listed.
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IV. AIM #2

EXPOSURE to WESTERN-STYLE DIET DISRUPTS MITOCHONDRIAL
ARCHITECTURE & FUNCTION in MUSCLE of JUVENILE
JAPANESE MACAQUES

Greyslak KT, Sharma A, Hetrick B, Meza C, Carey K, Dean TA, Aagaard KM, Gannon M,
Wesolowski SR, Friedman JE, Kievit P, Funai K, McCurdy CE. Manuscript in preparation.

INTRODUCTION

The first 1,000 days of life represent a critical window of development when nutrient and
hormonal stress can redirect future health and disease in the exposed offspring. This is seen in
children of obese or diabetic pregnancies who are more likely to develop obesity and diabetes
themselves (112; 300). Importantly, these chronic metabolic illnesses develop in the presence of
systemic insulin resistance (301). Skeletal muscle is a primary target tissue for insulin and is
responsible for up to 80% of insulin-stimulated glucose uptake, thereby making it a driver of
systemic insulin resistance (184; 301). Furthermore, the loss of skeletal muscle insulin sensitivity
has been implicated in the pathogenesis of metabolic diseases in offspring exposed to early life
obesogenic stress (302). In skeletal muscle, insulin resistance is strongly associated with reduced
mitochondrial abundance and function (221; 279). Mitochondria are highly dynamic organelles
with critical roles extending beyond their bioenergetic niche. As a network, mitochondria buffer
intracellular stress through coordinated functional and structural adaptations that ensure
homeostasis and, ultimately, cellular survival (303). There are several mechanisms that contribute
to these necessary adaptations, including: fission and fusion events (199), mitochondrial
biogenesis (304), endoplasmic reticulum (ER) tethering (305; 306), mitochondrial-specific
autophagy (i.e., mitophagy) (307), and global redox balance (215). Studies in humans and animals

have demonstrated that reduced mitochondrial abundance, increased network fission, and loss of
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MAM contacts are metabolically unfavorable and develop in tandem with insulin resistance (203;
302; 308) and obesity (224).

To this end, our group has previously reported that insulin resistance and mitochondrial
dysfunction are present in skeletal muscle of offspring chronically exposed to maternal high-fat,
high-sugar diet (i.e., Western Diet, WD) during early life (29; 194; 195). However, other features
associated with mitochondrial physiology, including mitochondrial network dynamics and quality
control, remain incompletely understood in offspring skeletal muscle in our model of maternal
nutrient and obesogenic stress. Therefore, the purpose of the present study is to better understand
how offspring diet with and without maternal WD-induced obesity corresponds with altered

parameters of mitochondrial network dynamics in skeletal muscle of juvenile offspring.

METHODS

Experimental Design

Adult Japanese macaques were fed a high-fiber chow diet (CD, 15% calories from fats; Monkey
Diet #5000, Purina Mills) or Western-style diet (WD, 37% calories from fat; TAD Primate Diet,
SLOP; TestDiet) ad libitum as previously described (29). WD is high in sucrose and fructose
content, together accounting for 19% of WD and less than 3% of CD. Offspring from 47 dams are
included in this study. 32 of these animals remained lean (Ln) while consuming CD prior to and
throughout pregnancy and lactation. 18 dams developed obesity (Ob) after switching to WD for a
minimum of 2 years prior to and throughout pregnancy, giving two maternal phenotypes: LnCD
and ObWD.

All births were singleton and delivered vaginally as described (29). Offspring remained in
their home colony until weaning at ~7-8 months of age. Of the 36 offspring born to LnCD dams,
20 were weaned to WD while the remaining 16 were maintained on a postweaning (pw)CD. To
better address how maternal adiposity and diet further contribute to pwWD phenotypes in
offspring, all ObWD offspring (n = 20) were weaning to WD and none to CD. Juvenile offspring
were maintained on their assigned pw diet until studied at 14 months-old. 56 juvenile offspring
were included in this study. No more than two offspring from the same dam were included in the

same offspring group. Groups and sample size include: 16 LnCD/pwCD (8 female [F], 8§ male
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[M]), 20 LnCD/pwWD (9 F, 11 M), and 20 ObWD/pwWD (8 F, 12 M). All animals were not used
for every experiment, however all three offspring groups were equally represented and balanced
by sex for each experiment and subsequent analysis. Group size and offspring sex for each

experiment can be found in its corresponding figure legend.

Offspring Anthropometrics & Glucose Tolerance Testing

Nonfat mass, fat mass, lean mass, and bone mineral content were measured by DEXA within one
month prior to necropsy (258). Intravenous glucose tolerance tests (i.v. GTT) occurred 1-2 months
before necropsy (~12 months-old) as previously reported (29; 258). In short, baseline blood
samples were collected prior to glucose infusion and at 1, 3, 5, 10, 20, 40, and 60 min after infusion.
Data generated after processing of these samples as described in detail here (29) provide measures
of offspring fasting blood glucose and insulin concentrations, HOMA-IR, and glucose and insulin

AUC.

Offspring Necropsy Collection

Juvenile animals were necropsied at 14 mon-old as previously described (252; 309). Juvenile
skeletal muscles, including gastrocnemius (gastroc), were rapidly dissected of fascia and were
either flash frozen or placed in biopsy preservation solution (BIOPS) and shipped overnight for
mitochondrial analysis by flow cytometry. Frozen muscle was stored at -80°C for future

experiments.

Protein Analysis

Frozen gastroc muscle (50-100 mg) were chemically and mechanically homogenized as described
previously (29; 194). Protein concentration was determined via BCA kit (Pierce and Thermo
Fisher Scientific). To measure protein abundance by Western blot, equal amounts of protein (40
pg unless otherwise indicated) was prepared and loaded onto 10% or 12% TGX Stain-Free
FastCast acrylamide gels per manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA).
Following electrophoresis (150V for 40-60 min or until dye front runs out), gels were activated for
45 sec before being transferred to PVDF membrane. Images of activated proteins successfully
transferred from gel to membrane were then acquired prior to blocking. Primary antibody staining

occurred overnight at 4°C with gentle agitation. After washing, membranes were stained with
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secondary antibody made in 2% milk dissolved in 1X TBST and rocked for 2 hours at room temp.
Membranes were then washed and incubated for 5 min with ECL substrate and data collected via
chemiluminescence. Gel activation, total protein imaging, and chemiluminescence detection was

accomplished using a ChemiDoc MP Imaging System (Bio-Rad Laboratories, Hercules, CA).

Mitochondrial DNA Copy Number

DNA was extracted from frozen gastroc (<25 mg) with Quick-DNA Miniprep kits (Zymo
Research, Irvine, CA). DNA was quantified with a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). Genes (CYTB and HBB) were measured in triplicate with SsoAdvanced
Universal SYBR Green Supermix and gene amplification detected using a CFX384 real-time PCR
instrument (Bio-Rad Laboratories). Mitochondrial DNA copy number was calculated as the ratio

of CYTB (mitochondrial genome) to HBB (nuclear genome).

Mitochondprial Lipidome

Enrichment of crude mitochondria from frozen gastroc (100-200 mg) was processed for lipidomic
analysis using glass/Teflon Potter Elvehjem homogenizers (Kontes Glass Co., Vineland, NJ).
Briefly, frozen gastroc was weighed into glass homogenizer with 1 mL of ice-cold Mito Isolation
Buffer (MIM, 300 mM sucrose, 10 mM HEPES, 1 mM EGTA and 1 mg/mL fatty-acid free BSA
added fresh day of tissue processing). Samples were always kept on ice. Tissue was homogenized
at 500 rpm in a final volume of 2 mL MIM for 25 passes on ice. Homogenate was spun at 800*g
for 10 min at 4°C and supernatants was collected into fresh tubes before spinning again at 12,000*g
for 10 min at 4°C. After careful removal of the supernatant, pellets were resuspended in 200 pL
fresh MIM and spun again (12,000*g, 10 min, at 4°C). After removing supernatant again, mito
enriched pellets were resuspended one more time in 100 pL fresh MIM. 10 uL were aliquoted for
future protein quant before freezing both aliquots at -80°C. After measuring protein conc., equal
amount of protein (50 pg) from each sample were shipped overnight for lipidomic analysis via

mass spectroscopy as previously described (310).

Isolation & Processing of Mitochondria for Flow Cytometry Analysis
Crude mitochondria from fresh gastroc (60-160 mg) shipped overnight in BIOPS were isolated

using a Mitochondria Isolation Kit for Tissue (Thermo Scientific) and further processed and
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analyzed as previously described (311). In short, fresh mitochondria were stained with MitoSpy
Green FM, per manufacturer’s instructions, for 30 min at room temperature before being washed,
fixed, and analyzed by flow cytometry. Samples were run on a 3 laser, 10 color Gallios flow
cytometer (Beckman Coulter) and analyzed using Kaluza acquisition software v. 1.0. Flow data

were processed and analyzed by Kaluza analysis software v. 2.1.

Statistical Analysis

Individual data points with group median, minimum, maximum, and interquartile range are shown
in each graph. Sample sizes were calculated a priori with variance from previously published data
in 3-year-old offspring (29) using G*Power software v.3.1.9.7. To detect a similar (large) effect
with a = 0.05 and 80% power, the current study required ~14-16 animals (n) per group. This
corresponded with number of females/males needed to detect sex specific differences by treatment
(e.g., m diet or pw diet) with a = 0.05 and 80% power, which is n = 7 females/males, 14 offspring
total, per group.

Data were analyzed by two-way ANOVA for main effects of offspring group (m diet/pw
diet) and sex, and interactive effects (offspring group by biological sex). Significant main or
interactive effects (p < 0.05) are listed above each figure. If significant main/interactive effects
were identified, post hoc analysis using unpaired Student’s #-test was used to determine

significance between subgroups and is represented by asterisks (*).

RESULTS

Markers of Mitochondrial Network Dynamics in Adolescent Offspring Muscle

We have previously characterized the metabolic profile of adolescent (3Y) offspring exposed to
mWD =+ further WD stress after weaning (29). In adolescent offspring gastrocnemius, abundance
of mitochondrial oxidative phosphorylation (OXPHOS) enzymes and abundance of saturated lipid
species were decreased or increased, respectively, in both groups of offspring consuming pwWD
(Fig. 3.2 and 3.5). Importantly, pwWD offspring with prior mWD exposure demonstrated a more
dramatic phenotype than mCD/pwWD offspring in a manner consistent with elevated risk for
eventual development of metabolic disruption. As changes in mitochondrial network structure are

shown to correspond with changes in metabolic health and oxidative metabolism (312-316) as
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previously demonstrated in this model, we next measured components of mitochondrial network
dynamics, i.e., components governing mitochondrial fusion and fission events. Optic atrophy 1
(OPA1) abundance, a dynamin-related protein required for inner mitochondrial membrane fusion
and maintaining cristae integrity, was decreased in offspring of mWD with pairwise comparisons
showing significant reductions in mWD compared to mCD offspring on the pwWD (Fig. 4.1A).
Similarly, for mitofusin-2 (MFN2), required for outer mitochondrial membrane (OMM) fusion,
there was a significant interactive effect of maternal and postweaning WD such that MFN2
abundance was decreased with pwWD in mWD but not mCD offspring (Fig. 4.1B). The abundance
of dynamin-related protein 1 (DRP1), a GTPase essential in mitochondrial fission, was not
different by maternal or postweaning diet (Fig. 4.1C); however, there was a significant main effect
of maternal diet on phosphorylation of DRP1 at serine-616 (pDRP15¢!%), which stimulates
mitochondrial fission, is significantly reduced with pairwise comparisons to suggest significantly
reduced stimulation of fission in mWD/pwWD (Fig. 4.1D).

In addition to fission and fusion dynamics, mitochondrial networks rely on membrane
interactions at the endoplasmic reticulum (ER) to facilitate transfer of ions (e.g. Ca*?, Fe'?) (317-
319) and phospholipids (320; 321). MitoNEET, an OMM protein, and MFN2 tether mitochondrial
membranes to the ER (318; 320; 322), the disruption of which is associated with metabolic
dysfunction (306; 323; 324). In addition to the reduced MFN2 (Fig. 4.1B), there was a significant
main effect of maternal diet and a maternal and postweaning diet interaction on MitoNEET
abundance (Fig 4.1E). Specifically, in response to pwWD, MitoNEET was reduced in muscle from
mWD but not mCD offspring (Fig. 4.1B). PTEN-induced putative kinase 1 (PINK1) is a kinase
that accumulates in depolarized or damaged mitochondrial membranes to initiate PINK1/PARK?2-
mediated mitophagy. There was a main effect of postweaning diet on PINK1 with pairwise
comparisons showing increased PINK1 abundance in with pwWD in mWD offspring (Fig. 4.1F).
While not significant, mitochondrial DNA copy #, indicative of mito-ER associated membranes
where mitochondrial DNA biosynthesis occurs (325), appears to be reduced in the majority of a
small subset of pwWD offspring from mWD compared to mCD (Fig. 4.1G). Together, these data
suggest that mWD moderately impacts mitochondrial fission/fusion dynamics, ER-tethering, and
network quality control in offspring skeletal muscle in a way that is significantly amplified with

pwWD.
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Mitochondrial Fission & Fusion Profile in Younger Juvenile Skeletal Muscle

In contrast to what was observed in adolescent 3Y offspring muscle, fetal gastroc from obese
pregnancies collected earlier in this study had increased mitochondrial Electron Transport System
(ETS) activity — specifically Complex (C)I, CI+III, and CIV — but no difference in MFN2 gene
expression (194). Therefore, 1 yr-old juvenile offspring (roughly age 4 in humans (326)) present
a unique opportunity to investigate subtle changes in muscle mitochondrial structure and function
potentially implicated in the pathogenesis of metabolic disease with mWD exposure. Due to the
relatively minor change in abundance of mitochondrial networking proteins in pwCD animals from
mWD, they were not included in this study.

Mitochondrial dynamics were measured in gastroc of 1Y juveniles consuming CD or WD
born to lean dams on a CD (LnCD/CD and LnCD/WD) and postweaning WD animals born to
dams with obesity and WD (ObWD/WD) during pregnancy/lactation. In contrast to what was
observed in 3Y offspring, both short and long isoforms of the IMM protein OPA1 were increased
with postweaning WD independent of maternal diet (Fig. 4.2A and B). Similarly, MFN2 was
slightly, but statistically insignificantly, also increased in pwWD animals relative to LnCD/CD
controls (Fig. 4.2C). FIS1 content, a mitochondrial fission factor that regulates mitochondrial
morphology, was no different across groups (Fig. 4.2D). Lastly, while total DRP1 abundance is
increased in LnCD/WD offspring relative to controls, stimulation of DRP1-mediated fission by
phosphorylation at S616 is no different (Fig. 4.2 E and F). Taken together, postweaning WD
influences markers of mitochondrial fusion/fission independent of early life environment in
skeletal muscle at this timepoint in development. Interestingly, these data — particularly in OPA1
abundance — seem to oppose what was observed in these proteins in 3Y gastroc, presenting a

possible role for aging in the dysregulation of mitochondrial fission/fusion dynamics.

Abundance of Enzymes Implicated in Cellular Stress

Given the dynamic nature of mitochondria in response to environmental cues and intracellular
stress that could explain this unanticipated phenotype in juvenile skeletal muscle, we measured the
abundance of OMAL, the protease that cleaves long (L)-OPA1 to short (S)-OPAL1 in response to
mitochondrial membrane depolarization. To this end, we find no difference in OMA1 abundance
in offspring muscle (Fig 4.3A). However, the calcium-dependent protease activated by calcium

stress associated with the ER is significantly elevated only with ObWD in pwWD gastroc
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compared to LnCD/WD offspring (Fig. 4.3B). Calpain 1 is the only enzyme whose abundance is
significantly influenced by sex with female ObWD/WD offspring driving this increase in
abundance relative to males (data not shown). A downstream target susceptible to proteolytic
cleavage by Calpain 1 following activation by calcium stress is mitochondrial Complex I (315),
which is significantly decreased in ObWD animals on WD relative to LnCD/WD animals (Fig.
4.3C). Neither MitoNEET, an iron-sulfur protein with roles in redox sensing and ER-interactions,
nor the mitochondria-specific antioxidant Manganese Superoxide Dismutase (MnSOD?2) different

in offspring muscle (Figure 4.3D and E).

Maintenance of Mitochondrial Network Quality Control & Protein Turnover

Abundance of PINK1 and Parkin were not different in response to WD consumption or maternal
ObWD in juvenile gastroc (Fig. 4.4A and B). Ubiquitin content, a downstream substrate in
PINK1/PARK2-mediated mitochondrial turnover, was similarly unchanged (Fig. 4.4C). The
OMM transporter Voltage Dependent Anion Channel 1 (VDACI1), a protein that shown to
regulated flux of metabolites, ions, and Reactive Oxygen Species (ROS) in/out of the
mitochondrion is significantly reduced in ObWD/WD juvenile muscle relative to LnCD/WD
offspring (Fig 4.4D). Too determine whether this observation was unique to VDACI1, we also
measured the abundance of Adenine Nucleotide Translocator (ANT1) and part of the OMM
protein translocase complex (TOM40), neither of which different by postweaning diet or maternal
phenotype in offspring muscle (Fig. 4.4E and F). These data support the notion that VDACI
abundance is sensitive to the combination of offspring WD and maternal ObWD exposure in
juveniles prior to other markers previously observed to be impacted by pwWD and mWD in the

gastroc of adolescent-age offspring (Fig. 4.1).

Mitochondprial Lipidome & Mitochondrial Coupling Efficiency in Gastroc of pwWD Juveniles

To improve the sensitivity of our investigation into the architecture and functional outcomes of the
mitochondrial network described in these studies, we enriched for the mitochondrial fraction in
the gastroc of these offspring to ascertain the composition of their mitochondrial membrane lipids
(327). Initial Principal Component Analysis (PCA) of the entire mitochondrial lipidome in these
three groups show that both pwWD groups cluster together in a manner that suggests minimal

influence, or the masking of any potential phenotype, created by maternal metabolic phenotype
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(Fig. 4.5B). Importantly, this analysis regards each lipid species as a separate and equally
important entity associated with the mitochondrial membranes in the muscle of these animals.
Upon closer examination into specific species of interest like cardiolipin, a phospholipid that is
exclusive to mitochondrial membranes whose abundance most accurately reflects “mitochondrial
abundance” in lieu of microscopy or imaging/visual techniques. Similar to L-OPA1 and S-OPA1
content, cardiolipin (CL) abundance presented as a percentage of total mitochondrial lipids was
significantly higher in ObWD/WD offspring relative to controls and, uniquely, also significantly
higher in ObWD/WD offspring relative to LanCD/WD animals (Fig. 4.5C). Another mitochondria-
specific phospholipid, phosphatidylglycerol (PG) content relative to total mito lipids recapitulates
this observation with a higher % of PG in ObWD/WD offspring compared to controls (Fig. 4.5D).
Of particular interest is abundance of phosphotidylserine (PS), which is synthesized exclusively in
the ER junctions and is trafficked to the mitochondria via mito-ER junctions (328). In contrast to
CL and PG patterns across offspring groups, the fraction of PS is significantly reduced in both pw
WD groups relative to controls (Fig. 4.5E). This could contribute further to the theory that mito-
ER junctions and or calcium stress may be present in WD offspring muscle.

Next, we sought to determine whether these findings in protein abundance of enzymes
regulating mitochondrial morphology and in the mitochondrial lipidome translated to functional
ramifications in the muscle of these animals. Mitochondrial function was assayed via high-
resolution respirometry in living PMFBs freshly isolated from the gastroc of these offspring. Of
particular interest were functional discrepancies existing between the two pwWD groups that were
associated with early life ObWD exposure per our initial hypothesis. Mitochondrial function is
presented here as Coupling Efficiency, or proton “leak” relative to maximal oxidative
phosphorylation capacity in the presence of saturating ADP concentrations with a value of 1.00
representing 100% efficiency in the coupling of protons that are pumped into the intermembrane
space to rate of oxygen flux specific to ATP synthesis. While there is no significant differences in
the coupling efficiency between these groups during carbohydrate (CHO) oxidation (Fig. 4.5F),
ObWD/WD offspring demonstrate a significant reduction in coupling efficiency in the context of
lipid-specific substrate oxidation (Fig. 4.5G). When separated and plotted independently, this
difference in coupling efficiency with lipid substrate is driven, significantly, by elevations in
LEAK respiration (Fig. 4.5H) in muscle mitochondria from WD offspring exposed to maternal

ObWD and not by any significant differences in maximal respiration with lipid substrate at
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saturating amounts of ADP between these same two groups (Fig. 4.51). Altogether, these data
provide compelling indicators that markers of mitochondrial network dynamics do not directly
reflect mitochondrial or skeletal muscle physiology in offspring exposed to both maternal ObWD

as well as postweaning WD consumption.

DISCUSSION

Studies in humans and animals have shown reduced mitochondrial abundance and network
integrity develop in tandem with insulin resistance (302; 308) and obesity (224). Mitochondrial
network adaptation to acute and chronic stress is mediated by fission and fusion events and
activation of quality control pathways that result in mitophagic pruning of dysfunctional network
components. The interaction between mitochondrial network’s structure and function is evident in
distinct subpopulations of mitochondria that redirect lipid and glucose metabolism depending on
network structure (329-331). Loss of mitochondrial fusion through depletion of MFN or OPAI
leads to swollen, spherical mitochondria with collapsed cristae and reduced membrane polarization
(332). Excessive mitochondrial fission promotes fragmentation of the mitochondrial network
(333) and negatively correlates with markers of insulin sensitivity and fatty acid oxidation in
muscle (334; 335). In our model, mWD offspring challenged with a pwWD shifts mitochondrial
network dynamics toward suppression of mitochondrial fusion and increased fission in offspring
skeletal muscle. In rodents, maternal obesity is associated with reduced OXPHOS protein
abundance and skewed mitochondrial fission/fusion machinery in offspring skeletal and cardiac
muscle and persisted into subsequent generations in both male and female progeny (13). One
explanation for elevated fission in mWD offspring in response to pwWD may be due to
mitochondrial calcium stress and oxidative stress. Decreased mitoNEET, VDAC1 and MFN2
abundance would correspond with calcium-induced loss of mitochondrial-associated membrane
(MAM) interactions and redox imbalance (317; 336; 337). Consistent with reductions in CI
abundance, CI respiration, and reduced markers of network quality control in mWD offspring in
the present study, calcium stress has been shown to activate mitochondrial and cytosolic calpains
that degrade CI and inhibit the clearance of damaged mitochondria by depleting substrates
necessary for mitophagy (315).
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Figure 4.1 — Protein abundance of enzymes regulating mitochondrial network dynamics and
represent mitochondrial homeostasis were measured by Simple Western for OPA1 (A), MFN2
(B), DRP1 (C), phosphorylated (p)-DRP1 at S616 (D), mitoNEET (E), PINK1 (F), and mitoDNA
copy # (G) in 3Y offspring gastroc. Individual protein abundance was normalized to housekeeping
protein GAPDH. Data were analyzed by 2-way ANOVA for significant main effects of maternal
or postweaning diet or interactions with Sidak’s multiple comparisons test. P-values for significant
main effects are listed above each graph. For post-hoc analysis, carets ("p<.05, ~p<.01) indicate
significant differences by maternal diet within the same postweaning diet group and asterisks
(*p<.05) indicate significant differences by postweaning diet within the same maternal diet group.
Individual data points for offspring are shown with group minimum, maximum, median, and
interquartile range. Male (M) offspring are indicated by circles and female (F) offspring by
triangles. Sample size for each group by sex: mCD/pwCD, 5-6F/4M; mCD/pwWD, 2F/3M;
mWD/pwCD, 3F/5-6M; mWD/pwWD, 5F/2-3M. For mitoDNA copy #, n = mCD/pwCD, 4F/3M,;
mCD/pwWD, 2F/3M; mWD/pwCD, 3F/4M; mWD/pwWD, 3F/2M.
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Figure 4.2 — Regulators of mitochondrial fusion and fission were measured by Western blot in
gastroc of juvenile (1Y) offspring weaned to a WD = early life obesogenic exposure (ObWD).
Protein abundance of OPA1, including short (A) and long (B) isoforms, MFN2 (C), FIS1 (D),
DRP1 (E), and phosphorylated (p)-DRP1 at S616 (F) were measured and normalized to total
protein abundance (TGX Stain-free technology, Bio-Rad). Data were analyzed by 2-way ANOVA
for significant main effects of offspring group or sex or interactions with Tukey’s multiple
comparisons test. P-values for significant main or interactive effects are listed above each graph.
For post-hoc analysis, asterisks (*p<.05, **p<.01) indicate significant differences by offspring
group. Individual data points for offspring are shown with group minimum, maximum, median,
and interquartile range. Male (M) offspring are indicated by circles and female (F) offspring by
triangles. Sample size for each group by sex: LnCD/CD, 7F/7M; LnCD/WD, 6-7F/7M;
ObWD/WD, 7F/TM.
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Figure 4.3 — Enzymes involved in cellular stress responses and redox balance — OMA1 (A),
Calpain I (B), Complex 1 (C), mitoNEET (D), and MnSOD?2 (E) — were measured by Western blot
in juvenile gastroc. Individual proteins were normalized to total protein abundance. Data were
analyzed by 2-way ANOVA for significant main effects of offspring group or sex or interactions
with Tukey’s multiple comparisons test. P-values for significant main or interactive effects are
listed above each graph. For post-hoc analysis, an asterisk (*p<.05) indicate significant differences
by offspring group. Individual data points for offspring are shown with group minimum,
maximum, median, and interquartile range. Male (M) offspring are indicated by circles and female
(F) offspring by triangles. Sample size for each group by sex: LnCD/CD, 7F/7M; LnCD/WD, 6-
7F/6-TM; ObWD/WD, 5-7F/6-7TM.
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Figure 4.4 — Protein content of proteins involved in mitophagy, like PINK1 (A), Parkin (B), total
ubiquitin (C), and VDACI (D), in addition to mitochondrial transporters ANT1 (E) and TOM40
(F) were measured by Western blot in juvenile gastroc. Data were analyzed by 2-way ANOVA for
significant main effects of offspring group or sex or interactions with Tukey’s multiple
comparisons test. P-values for significant main or interactive effects are listed above each graph.
For post-hoc analysis, an asterisk (*p<.05) indicate significant differences by offspring group.
Individual data points for offspring are shown with group minimum, maximum, median, and
interquartile range. Male (M) offspring are indicated by circles and female (F) offspring by
triangles. Sample size for each group by sex: LnCD/CD, 7F/7M; LnCD/WD, 6-7F/6-7TM;
ObWD/WD, 6-7F/6-TM.
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Figure 4.5 — Mitochondrial (mito)DNA relative to nuclear DNA, or mito copy # (A), was assessed
in juvenile gastroc. Mitochondrial phospholipid content was measured as % of total mito lipids in
crude mitochondria enriched from juvenile gastroc. Principle Component Analysis shows overlap
of all mito lipidome subspecies by group (B). Phospholipids specific to mitochondrial membranes,
cardiolipin (C) and PG (D), as well as ER-specific phospholipid PS (E), are shown. Mitochondrial
coupling efficiency ratios with both carbohydrate (F) and lipid (G) substrates are shown in PMFB
from gastroc of pw WD offspring from LnCD or ObWD. Oxygen flux (JO2) with lipid substrate
at LEAK (H) and maximal OXPHOS (I) states are presented normalized to tissue weight.
MitoDNA copy # and individual phospholipid data were analyzed by 2-way ANOVA for
significant main effects of offspring group or sex or interactions with Tukey’s multiple
comparisons test. P-values for significant main or interactive effects are listed above each graph.
For post-hoc analysis, an asterisk (*p<.05, **p<.01) indicate significant differences by offspring
group. Respirometry data analyzed by Student’s t-test with significant effects by ObWD
represented as *p<0.05. Individual data points for offspring are shown with group minimum,
maximum, median, and interquartile range. Male (M) offspring are indicated by circles and female

(F) offspring by triangles.
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V. EXPERIMENTAL PARADIGM:
MATERNAL HYPERANDROGENEMIA

MODELS of MATERNAL ANDROGEN STRESS

Within the context of DOHaD, experiments in animal models have demonstrated that the
timing of androgen exposure during fetal development dictates the degree and extent of adverse
reproductive and metabolic outcomes in offspring. Prenatal androgen exposure during early- to
mid-gestation in sheep results in reduced ovarian reserve (338), FGR, altered insulin sensitivity,
and catch-up growth during early life in female offspring with minimal to no alterations to insulin
sensitivity by adulthood (14; 339). Prenatal exposure to excess androgens during late gestation in
rodents resulted in complicated fetal development — i.e., smaller embryos and fetuses (340) — and
reduced cardiomyocyte proliferation in fetal hearts resulting in cardiac hypertrophy in adulthood
(341). Female mice exposed to maternal HA in late gestation demonstrated neuroendocrine
abnormalities, dysfunctional pancreatic islets, visceral adipocyte hypertrophy, and impaired
glucose tolerance as adults (342). Rodent studies of fetal exposure to maternal HA provide
evidence of adverse, multigenerational consequences to fetal growth and glucose and lipid
metabolism in subsequent generations (155; 343). These models suggest that the added metabolic
complications introduced by maternal WD/obesity in combination with prenatal androgen
exposure have a more dramatic impact on adverse outcomes in offspring than either treatment
alone (340; 344).

The reproducibility, reliability, and translatability of findings in these pre-clinical models
is challenged by variations in the source of exogenous testosterone (T) and the timing/duration of
HA induction/exposure (141). These challenges are compounded by the metabolic and hormonal
milieu of obesity, glucose intolerance, and insulin resistance, metabolic abnormalities that may
result from blunted glucose uptake due to loss of insulin sensitivity in skeletal muscle (345; 346).
Much work remains in understanding the independent and interactive impact of chronic androgen
exposure and diet-induced obesity over time on the metabolic integrity of skeletal muscle in

reproductive-aged females and their offspring.
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DEPICTION of the RHESUS MACAQUE

Rhesus macaques are one of the most genetically similar models available for human
biomedical research (347). Homo sapiens share ~93% of their DNA sequence (348), and 97% of
their exomes, with Rhesus macaques (347; 349). Similar susceptibility to environmental
obesogenic pressures as humans (350), and the natural occurrence of hyperandrogenemia in female
Rhesus macaques who present with phenotypes observed with human PCOS (351), make them an
attractive model of PCOS and female health, fertility, and offspring outcomes (352).

In addition to naturally occurring HA in female rhesus macaques, experimental induction
of HA has been studied chronologically in this animal model to understand the etiology of PCOS
(141). Prenatal exposure to excess androgens during early and/or late gestation altered female
reproductive anatomy (353), neuroendocrine development and function (353-355), behavior
patterns (355), and increases adult abdominal fat deposition (356) in exposed females. A single
dose of T administered to neonates within 24-hours of delivery did not impact ovarian function
(357). Short-term exposure to HA (3-10 days) in adult females was sufficient to induce
polyfollicular ovaries (358). While long-term (13-16 months) administration of low- or high-dose
T (80 ng/dL or 115 ng/dL serum, respectively) was not observed to have an effect on ovarian
morphology, high T reduced menstrual cycle frequency in these females (359). To build upon this
line of investigation requires the design of a primate model able to capture the complexities of
chronic androgen excess with and without dietary metabolic adversity observed in human

pathogenesis of T2D and CVD.

Previous Findings in Rhesus macaque

Extensive work by R.L. Stouffer and colleagues at the Oregon National Primate Research
Center over the last decade has characterized the reproductive and metabolic impacts of elevated
androgens (i.e., testosterone, T) with and without additional WD stress in young female macaques.
Initial investigations assessed the outcome of chronic T prior to and throughout puberty on
neuroendocrine patterns and insulin sensitivity in adulthood. T implants were placed
subcutaneously in juvenile female macaques at 1-year of age (360). While LH response to GnRH

and pulse frequency was increased in T-treated animals at ages 4 and 5, respectively, insulin
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sensitivity remained unchanged (360). To determine the combined effect of T with diet-induced
obesity, these animals were maintained on a WD beginning at 5.5 years old. After consuming WD
for 16-months, body fat increased >13% in controls and >17% in T-treated females. Importantly,
central or visceral fat, a marker associated with reduced insulin sensitivity (361), was increased by
15.7% in WD controls and 21.2% in T+WD animals, suggesting augmented WD-induced weight
gain in the presence of androgen (326). Similarly, after 12 months on WD, only the combination
of T with WD show signs of insulin resistance, suggesting that the addition of androgen with
obesity was more deleterious than obesity alone at this timepoint (326). Visceral white adipose
tissue (WAT) collected at this timepoint is prone to lipid storage and resistant to lipolysis in T-
treated WD females, indicating an exaggerated phenotype with a propensity for visceral fat
accumulation with the combination of T+WD (362). Exacerbated adipose tissue dysfunction after
3 years of T, WD, and T+WD have been confirmed (363) in parallel with accelerated fat mass
accumulation and insulin resistance (364). In addition to adverse metabolic signatures, this group
has also shown that WD-induced obesity and HA impedes reproductive outcomes through
impaired fertility (365-369), decreased oocyte quality (370), and pregnancy complications (371;

372) in these female rhesus monkeys.

PROJECT DESIGN

Study 1: Hyperandrogenemia & Obesity Impact on Young Female Monkey Metabolism

To determine how chronic T impacts female systemic and skeletal muscle insulin sensitivity with
and without diet-induced obesity, young (2 to 2.5 years-old) female rhesus macaques were
assigned to one of four groups (n=10/group). These groups include 1) control, 2) T-treated, 3) WD,
and 4) T+WD-treated. No animals had reached menarche at time of assignment but were expected
to in Year (Y)1. Animals were maintained on their assigned hormonal and/or diet treatment for 4

years (from age 2 to 6 years-old).

Chronic Testosterone Treatment
Exogenous Testosterone (T) treatment was initiated at time of assignment in half (#=20) of study
animals via subcutaneous implant of T-releasing capsules as previously reported (360). Initially,

T was mixed with cholesterol at a 1:10 ratio and concentration adjusted, along with capsule length,
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until target T in serum was achieved/maintained in all female monkeys in Groups #2 and #4. T
concentration was between 1.0 and 1.5 ng/mL. This target amount is 3-4 times higher than what is
normal for young female monkeys and reiterates the modest elevation in androgens observed in
pubertal girls with PCOS (373; 374). Remaining control animals (n=20) not assigned to T
treatment — i.e., Groups #1 and #3 — received an identical subcutaneous Vehicle (V) implant
containing only cholesterol following group assignment. T implants were changed if serum T fell
below the 1.2 ng/mL threshold in T-treated animals (approx. every 4-8 weeks). Cholesterol control

implants (Vehicle, V) were replaced at a matching rate for the duration of the study.

Chronic Western-style Diet Treatment

10 females from the T-treated group and 10 non-T-treated controls will be placed on a fiber-
balanced monkey chow/control diet (CD) (Primate Diet no. 5000; Purina LabDiet, St. Louis, MO).
These groups — Groups #1 and #2 — will be fed twice a day with meals supplemented with fresh
fruits and vegetables. The remaining 20 animals will be placed on a high fat, calorically dense
Western-style Diet (WD) (SLOP; Purina LabDiet, St. Louis, MO) and fed ad libitum. WD was also
supplemented with calorically dense peanut butter treats and high fructose (20%) beverages were

also provided.

Study 2: Gestational HA & Obesity on Fetal Muscle Metabolism

The second part of this study was a fertility study. During the first half of Y4, all female animals
were paired with fertile males. Pregnancy was confirmed as previously described (375). Animals
that did not become pregnant during this first round were re-mated during the second half (6
months) of Y4. A subset of fetal skeletal muscle tissues were collected after caesarian section on

gestational day (G) 130.
Aim #3
The first part of Aim #3 will investigate the impact of chronic androgen (T) exposure
starting pre-puberty with and without WD-induced obesity on young female skeletal muscle

function. Oxidative metabolism and insulin signaling will be assessed in conjunction with the

development of systemic glucose dynamics and obesity after two years of treatment. The second
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part of Aim #3 will investigate how T +/- WD impact offspring skeletal muscle metabolism in late
gestation. Altogether, these experiments will provide evidence of how skeletal muscle function
responds to HA and obesity, how these alterations may contribute to development of MetS in
exposed females, and how these stressors are translated to fetal muscle function toward the end

(third-term) of gestation.
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VI. AIM #3

CHRONIC HYPERANDROGENEMIA IMPAIRS SKELETAL MUSCLE
INSULIN SENSITIVITY and MITOCHONDRIAL METABOLISM in the
ABSENCE of OBESITY in FEMALE RHESUS MACAQUES

Greyslak KT, Campodonico-Burnett W, Hetrick B, Carey K, True C, Takahashi DL, Spangenburg
EE, Gertsman I, Stouffer RL, Roberts CT, McCurdy CE. Manuscript in preparation.

INTRODUCTION

To date, this group has not investigated the independent and combined impacts of chronic
exposure to T and WD on skeletal muscle function. Therefore, the final aim of this dissertation
will characterize aspects of skeletal muscle physiology to identify potential mechanisms
underlying metabolic dysfunction and how it contributes to the broader picture of this NHP
collaboration. Furthermore, the influence of these environmental stressors on the programming of
fetal skeletal muscle function in a small cohort of offspring will be assessed and interpreted

through the lens of potential contributions to future T2D or CVD development.

METHODS

Animals
All animal procedures were conducted under regulatory compliance at the Oregon National
Primate Research Center (ONPRC) and Oregon Health & Science University, which is accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
International. Experiments were designed and reported with reference to the Animals in Research:
Reporting In Vivo Experiments (ARRIVE) guidelines (271).

To determine how chronic T impacts female systemic and skeletal muscle insulin

sensitivity with and without diet-induced obesity, young (2 to 2.5 years-old) female rhesus
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macaques were assigned to one of four groups (n=10/group). These groups include 1) control, 2)
T-treated, 3) WD, and 4) T+WD-treated. No animals had reached menarche at time of assignment
but were expected to in Year (Y)1l. Animals were maintained on their assigned hormonal and/or

diet treatment for 4 years (from age 2 to 6 years-old).

Chronic Testosterone Treatment

Exogenous Testosterone (T) treatment was initiated at time of assignment in half (n=20) of study
animals via subcutaneous implant of T-releasing capsules as previously reported (360). Initially,
T was mixed with cholesterol at a 1:10 ratio and concentration adjusted, along with capsule length,
until target T in serum was achieved/maintained in all female monkeys in Groups #2 and #4. T
concentration was between 1.0 and 1.5 ng/mL. This target amount is 3-4 times higher than what is
normal for young female monkeys and reiterates the modest elevation in androgens observed in
pubertal girls with PCOS (373; 374). Remaining control animals (#=20) not assigned to T
treatment — i.e., Groups #1 and #3 — received an identical subcutaneous Vehicle (V) implant
containing only cholesterol following group assignment. T implants were changed if serum T fell
below the 1.2 ng/mL threshold in T-treated animals (approx. every 4-8 weeks). Cholesterol control

implants (Vehicle, V) were replaced at a matching rate for the duration of the study.

Chronic Western-style Diet Treatment

10 females from the T-treated group and 10 non-T-treated controls will be placed on a fiber-
balanced monkey chow/control diet (CD) (Primate Diet no. 5000; Purina LabDiet, St. Louis, MO).
These groups — Groups #1 and #2 — will be fed twice a day with meals supplemented with fresh
fruits and vegetables. The remaining 20 animals will be placed on a high fat, calorically dense
Western-style Diet (WD) (SLOP; Purina LabDiet, St. Louis, MO) and fed ad libitum. WD was also
supplemented with calorically dense peanut butter treats and high fructose (20%) beverages were

also provided.
Anthropometric Measures

Nonfat mass, fat mass, lean mass, and bone mineral content were measured with DEXA in young

female macaques as previously described (258).

90



Intravenous Glucose Tolerance Testing

Intravenous glucose tolerance tests (i.v. GTT) were conducted as previously described (195; 258).
Baseline blood samples were obtained prior to the infusion and at 1, 3, 5, 10, 20, 40, and 60 min
after infusion. Glucose was measured immediately with OneTouch Ultra blood glucose monitor
(LifeScan), and the remainder of the blood was kept in heparinized tubes on ice for insulin
measurement. After centrifugation, samples were stored at -80°C until assayed. Insulin
measurements were performed by the Endocrine Technologies Core at ONPRC using a
chemiluminescence-based automatic clinical platform (cobase 411; Roche Diagnostics,
Indianapolis, IN). HOMA of insulin resistance (HOMA-IR) was calculated from fasting insulin
and glucose values with the following formula: (insulin (mU/L) * glucose (mg/dL))/405.

Adult Glucose-Stimulated Muscle Biopsy, Biological Measures & Tissue Collection
All 40 female animals underwent metabolic profiling via intravenous Glucose/Insulin Tolerance
Testing (i.v. GTT and i.v. ITT, respectively) and Dual Energy X-Ray Absorptiometry (DEXA)
scans twice a year through Y4. Pre- and post-stimulated muscle biopsies were collected from
female monkeys in Y2. In short, skeletal muscle biopsies (~30 mg) were collected from
gastrocnemius muscle before (basal) and 10 minutes after (post-stim) administering a glucose
bolus (0.6 g/kg) in anesthetized animals. ~10 mg of basal biopsy tissue was shipped fresh in ice-
cold BIOPS (biopsy preservation solution) to measure substrate metabolism by high-resolution
respirometry (HRR). The remaining basal biopsy (20 mg) and post-stim biopsy were flash-frozen
and saved for (i) measurement of intramuscular insulin signaling and (ii) metabolomics.

In the fetal programming study, anthropometric fetal data including weight, crown-rump
length, head circumference, etc. was recorded at time of necropsy (G130). Gastroc and soleus
muscles (10-15 mg) were placed in ice-cold BIOPS and shipped overnight for next-day

respirometry analysis using HRR.

Fetal Necropsy Collection
As previously reported (194; 239).

Permeabilized Muscle Fiber Bundle Preparation & Respirometry
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Mitochondrial respiratory function was measured in permeabilized muscle fiber bundles (PMFBs)
with high-resolution respirometry with an Oxygraph-2k system (Oroboros Instruments, Innsbruck,
Austria). Muscles fiber bundles (3—5 mg) were dissected from gastroc and then permeabilized with
30 mg/mL saponin in BIOPS for 30 min, washed, blotted dry, and weighed. All respirometry data
were collected at 37°C in a super-oxygenated environment (200400 mmol/L O2), and two
titration protocols were run in parallel to measure respiration with lipid and nonlipid substrates as
previously described (194). Mitochondrial integrity was confirmed by measurement of respiratory

responses to cytochrome c.

Protein Analysis

Frozen gastroc (50—100 mg) were homogenized mechanically in 0.6 mL buffer (195) with six 2.8-
mm ceramic beads (VWR International) in a Bead Ruptor (OMNI International, Kennesaw, GA)
at arate of 6 m/s for 2 x 30 s intervals kept at 4°C with a cryo-cool instrument adaptor. Homogenate
was then rotated for 1 h at 4°C on an orbital platform and then centrifuged at 13,000g for 15 min
at 4°C. Protein concentration was determined with a BCA kit (Pierce and Thermo Fisher
Scientific). Protein abundance was analyzed by capillary immunoassay on a Wes instrument per
manufacturer instructions (ProteinSimple, Bio-Techne; San Jose, CA) with 3 mL of 0.25 or 1.25
mg/mL of sample. Antibody concentrations were optimized and multiplexed with target protein
abundance quantified with Compass software (ProteinSimple, Bio-Techne) and normalized to a

loading control protein.

RESULTS

Baseline Characteristics of Female Juveniles

40 juvenile (prepubertal) female Rhesus Macaques ~2.5 years-old were assigned to one of four
groups. 10 young females were assigned a chow diet (CD) with a vehicle control implant
containing cholesterol (group “C”); 10 were assigned to chow diet with exogenous testosterone
(T) treatment (i.e., group “T”); 10 were assigned to a high fat, high sugar Western Diet (WD, group
“W”); and the remaining 10 females were assigned to WD with exogenous testosterone implant
(group “T+W?”). There was a main effect by T-treatment on age and % body fat such that females

assigned to T or T+W conditions were significantly younger and leaner (Table 6.1). Importantly,
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there was no difference in glucose tolerance or systemic insulin resistance across groups at the

start of this study (Table 6.1).

Adiposity & Development of Insulin Resistance in Young Females

After 2 years on their assigned treatment, body fat distribution and glucose/insulin dynamics were
assessed in these adolescent females. As intended, both groups treated with exogenous T had a
statistically similar average circulating T conc. between 1.0 and 1.5 ng/mL (Table 6.2). While
increased body mass was not statistically significant in T+W females, these animals were >1.0 kg
heavier, on average, than the other 3 groups (Table 6.2 and Fig. 6.1A). Indeed, % fat mass in
animals consuming WD was significantly higher than females consuming CD and is driven by
T+W females (Table 6.2, Fig. 6.1B). Android body fat distribution, typically observed in male
obesity development, is associated with poorer insulin sensitivity relative to gynoid body fat
distribution, which is typical of female overweight and obesity development. With the addition of
another year of treatment (i.e., at Year 3), females chronically consuming WD had significantly
more android fat relative to total body fat which was exacerbated with the addition of T
supplementation (Fig. 6.1C). Interestingly, both T groups had significantly less gynoid fat relative
to total body fat in this third year of treatment (Fig 6.1D). The combined significant increase in
android fat and significant decrease in gynoid fat in T+W females in Year 3 would suggest a
pronounced loss in insulin sensitivity in these female animals at this timepoint. By Year 2, this
phenotype in adipose tissue deposition was far less robust, however there was a significant increase
in android fat in both WD groups (Table 6.2).

In contrast to these modest shifts in body fat at Year 2, WD groups were significantly more
hyperinsulinemic and insulin resistant per i.v. GTTs (Table 6.2). While glucose tolerance is able
to be maintained in Year 2 relative to baseline across groups, it is clear this is the result of insulin
hypersecretion in response to a glucose load predominantly seen in T+W females (Fig. 6.1E and
F). Per the Homeostatic Model Assessment for Insulin Resistance, or HOMA-IR, this development
of systemic insulin resistance with WD was significantly amplified upon addition of exogenous T
after only 2 years (Fig. 6.1G). Due to the minute changes in regional adipose tissue accruement
and burgeoning loss in insulin sensitivity at this earlier timepoint and given skeletal muscles

primary role in glucose uptake in response to insulin, we chose to evaluate skeletal muscle’s role
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in the pathogenesis of metabolic dysfunction after only 2 years of hyperandrogenemia and

obesogenic diet.

Insulin Signaling in Skeletal Muscle of Young Females After Years of HA and/or Obesity

To better understand skeletal muscle’s contribution to systemic insulin resistance in vivo, skeletal
muscle response to insulin stimulation was determined using biopsies taken from the gastroc of
these animals in Year 2 of treatment. In scenarios of insulin sensitivity/successful response to
insulin signaling, the binding of insulin to its receptor transmits its signal across the cell membrane,
triggering the autophosphorylation of insulin receptor substrate 1 (IRS1) at tyrosine residues like
Y 687. While there was no difference in total IRS1 abundance across groups, there was a significant
increase in phosphorylation (p) of IRS1 @Y 687 observed in W+T muscle that rivaled what was
observed in controls but was absent in WD females with no T (Fig. 6.2A and B). Similarly, while
there is no significant difference in total abundance of Akt, its activation via phosphorylation at
S473 downstream of pIRS@Y 687 are seen in T and T+W gastroc, albeit to a lesser extent than
that of C females (Fig. 6.2C and E). While trending in controls, the contribution of Akt activation
by the additional phosphorylation of Akt @T308 following glucose bolus was not significant in
any group (Fig. 6.2D). While the response to insulin in vivo in skeletal muscle from T+W females
initially seemed to rival the degree of insulin sensitivity observed in control female gastroc,
subsequent analysis of blood insulin concentration in these animals at time of biopsy show that
WD groups, namely T+W, animals were hyperinsulinemic prior to glucose bolus (Fig, 6.2F).
Therefore, skeletal muscle insulin sensitivity in T+W females was not comparable to healthy

control females but rather conflated by preexisting metabolic dysfunction.

Mitochondrial Function in Females at Year 2

In skeletal muscle from adult patients with Type 2 Diabetes or obesity, mitochondrial dysfunction
is associated with loss of insulin sensitivity. Therefore, to see how mitochondrial function in
skeletal muscle corresponds with the previous findings in skeletal muscle in vivo insulin
sensitivity, we measured oxidative capacity in PMFB partitioned from the “basal” biopsy of these
females. While there are some minor nuances in how T or W independently result in decreased

oxidation rates for both lipid (Fig. 6.3A) and carbohydrate (Fig. 6.3B) substrates, both lipid and
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carbohydrate oxidation in T+W muscle mirror our findings in skeletal muscle insulin sensitivity

within this same group (Fig. 6.3).

Mitochondrial Function in Fetal Skeletal Muscle of T & W Pregnancies

To determine how maternal hyperandrogenemia (HA) and metabolic health translate to fetal
skeletal muscle function, we measured lipid oxidation (Fig. 6.4A-C) and nonlipid oxidation (Fig.
6.4D-I) in fetal gastroc at gestational day (G)130. In all offspring, there is a significant interactive
effect by sex and diet on proton leak normalized to maximal ADP-stimulated phosphorylation
capacity (Leak/OXPHOS) in the presence of lipid substrate (Fig. 6.4A). Smaller Leak/OXPHOS
values represent better coupling efficiency between the proton gradient generated by lipid
oxidation to phosphorylation capacity at saturating concentrations of ADP. Upon separation of
these groups by sex, it appears that this effect is driven by female offspring muscle exposed to
maternal hyperandrogenemia (HA) who have reduced Leak/OXPHOS that is not observed in the
other female groups nor in male fetuses (Fig. 6.4B and C).

Regarding carbohydrate oxidation in the gastroc of these animals, there appears to be a
similar interactive effect between fetal sex and maternal diet observed with fetal lipid oxidation.
These ratios include maximal Complex (C)I-linked (CI-flux) OXPHOS (Fig. 6.4D-F) or maximal
ADP-stimulated OXPHOS (Fig. 6.4G-I) both normalized by maximally uncoupled Electron
Transport System (ETS) capacity in the presence of nonlipid substrate. Smaller values of CI-
flux/ETS capacity could result from reduced CI contribution to mitochondrial oxygen consumption
and/or an increased reserve in maximal ETS ability to pass electrons. To this end, it appears that
offspring exposed to maternal T+W rely more on CI and/or have decreased maximal ETS capacity
(Fig. 6.4D). When analyzing these data independently by sex, this phenotype is not driven by
females (Fig. 6.4E) but by males exposed to mWD (Fig. 6.4F). This observation is maintained
with OXPHOS/ETS such that fetal offspring exposed to mWD appear to have a larger response to
saturating concentrations of ADP and/or have less spare ETS capacity (Fig. 6.4G). This phenotype
in the gastroc of exposed fetal offspring is not caused by females (Fig. 6.4H) but by males from
mWD independent of maternal androgen treatment (Fig. 6.41).

DISCUSSION
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Hyperandrogenemia (HA) is a hallmark of Polycystic Ovary Syndrome (PCOS), the most
common endocrinopathy in individuals during their childbearing years (142). HA is often present
alongside the development of obesity and is a leading cause of infertility worldwide (376). To
better understand how the addition of HA in the presence of obesity impact fetal physiology and
skeletal muscle phenotypes, we first sought to better understand how maternal metabolic health is
impacted by chronic HA (testosterone, T) with and without chronic Western (WD) diet
consumption in young, healthy females prior to pregnancy. We find that the difference made by
one year —i.e., from two to three years of treatment — was enough to shift adipose tissue distribution
in a pattern associated with amplified resistance to insulin (i.e., abdominal fat) only in W+T treated
females (361). Previous work on adipocyte dysfunction in these animals show a more robust
phenotype at year 3 of treatment relative to year 2 (363). However, after two years of treatment,
WD consuming females were hyperinsulinemic, glucose intolerant, and insulin resistant — the
presence of which was driven by W+T group (Table 6.2). As skeletal muscle accounts for up to
80% of glucose uptake in response to insulin, we were curious if subtle shifts in insulin sensitivity
and oxidative capacity were present at year 2 in biopsies from these females in response to a
glucose bolus. We see that insulin signaling is suppressed in animals consuming WD at the level
of IRS1 (upstream) and Akt (downstream) activation that, unexpectedly, appears to be rescued by
the addition of T in T+W animals (Fig. 6.2). However, at time of biopsy, this is due to
hyperinsulinemia in T+W females, who had ~2-times the concentration of insulin compared to
control females (Fig. 6.2F). Chronic hyperinsulinemia is a primary feature of MetS and is
implicated in the pathogenesis of insulin resistance and eventual T2D and CVD. Therefore, this
seemingly intact insulin signaling in T+WD animals at 2 years of treatment is likely driven by
compensatory hyperinsulinemia in response to systemic insulin resistance, an adaptation able to
maintain muscle insulin response at this early timepoint but unlikely to be maintained indefinitely,
ultimately resulting in more severe metabolic dysfunction upon aging.

We also find that mitochondrial oxidative capacity in skeletal muscle ex vivo corresponds
with markers of insulin signaling such that the addition of T appears to rescue reduced oxidation
by chronic WD consumption to that of controls. Of interest is the reduction in mitochondrial
respiration (i.e., oxidative capacity) in T-treated females at this timepoint independent of WD with
lipid or non-lipid substrates. WD alone appears to impact lipid oxidation more significantly than

non-lipid oxidation, a phenotype that is revealed upon maximal stimulation of coupled and
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uncoupled CI+II respiration with non-lipid fuels. Although subtle, mitochondrial dysfunction is
present by year 2 of T treatment prior to dysregulated insulin signaling in this group. While not
enough to confirm that mitochondrial dysfunction precedes insulin resistance in skeletal muscle of
HA females at this timepoint, these data support this possibility. These data confirm prior studies
in rodent models of PCOS and insulin resistance that show impaired mitochondrial function,
decreased autophagy, and increased activation of mTORCI1 in skeletal muscle of PCOS-induced
females in vivo and in vitro (377). Human women with PCOS present with mitochondrial DNA
variants that may contribute to or induce mitochondrial dysfunction (378). Oxidative stress may
underly these mitochondrial impairments, as gender-affirming testosterone therapy for individuals
born with ovaries induces mitochondrial dysfunction and elevated oxidative stress in isolated
leukocytes (379). Additional support for the implication of ROS in development of mitochondrial
dysfunction can be seen in a rat model of PCOS treated with the antioxidant MitoQ, upon which
mitochondrial ATP production, markers of oxidative stress, and antioxidant proteins were rescued
relative to those not receiving MitoQ treatment (380). While not a mechanistic explanation of how
androgen alters mitochondrial function, there is evidence to suggest the steroid hormone 17-
estradiol improves mitochondrial respiration and ROS generation in skeletal muscle (381) through
a mechanism involving mitochondrial membrane viscosity (382). A similar direct or indirect
mechanism may describe the phenotype caused by excess androgens in these young females,
however more work is still needed.

We have previously demonstrated that early life exposure to obesogenic stress redirects
offspring skeletal muscle: oxidative capacity, substrate utilization, insulin sensitivity and glucose
uptake, lipid handling, oxidative stress dynamics, mitochondrial lipidome composition and
network dynamics. These phenotypes are observed at fetal, juvenile, and/or adolescent timepoints
of offspring development. However, how the addition of maternal hyperandrogenemia (HA), a
hallmark of PCOS, contributes to these phenotypes in fetal skeletal muscle in this model was
lacking. To this end, we find an interactive effect of offspring sex by maternal diet in offspring
skeletal muscle. Unexpectedly, our results demonstrate that exposure to maternal HA did not
significantly influence offspring respirometry and that the effect of maternal WD was driven by
male offspring rather than female offspring. This phenotype appears to be more sensitive in
conditions reliant upon non-lipid oxidation and at higher rates of coupled electron flux when

normalized to maximal uncoupled electron transport. While a preliminary assessment of fetal
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muscle metabolism, these are novel findings, to our knowledge, that demonstrate maternal WD
significantly alters maximal coupled-to-uncoupled electron flux with non-lipid metabolism in male
offspring. How these shifts in male gastroc oxidation, or lack of metabolic shift in females, evolves
during childhood, adolescence, and early-adulthood may reflect an entirely different phenotype
requiring further investigation.

This study was originally intended to be a fertility study with these fetal experiments
supplemented for the purpose of maximizing potential findings from this longitudinal study.
Within this context, the reduced number of fetal offspring from T+W dams reflects subfertility
complications previously described in detail in this model (369; 371) and also observed in clinical
populations with PCOS (376). However, the small sample size of this group (T+W fetuses) shown
to have exacerbated metabolic dysfunction — further truncated after separating by fetal sex for the
purpose of testing for sex-specific differences — reduces the statistical power needed for these
analyses. However, the presence of sex specific differences in males with only 2-3 additional
offspring in W or T+W cohorts speaks to the magnitude that these metabolic and hormonal insults
may have on fetal muscle metabolism by the end of gestational development. Further investigation
using more sensitive techniques that measure markers of oxidative stress, OXPHOS proteins,
insulin signaling regulators, and ER-mito dynamics in these prenatal tissues may provide insight
that is replete with data better able to support or refute the phenotypes of fetal muscle function

previously observed in other animal models (383).
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C T W T+W .
(n = 10) (n = 10) (n = 10) (n=10) Diet treatment dxt
Age (yrs) 24+01 23+002 26401 23+005 | ns 002  ns
Body mass (kg) | 33001 3201 33x01 30£01 | ns  0.04  ns
I 105+03 113405 103+04 103+03 ns ns ns
(% total mass)
Fasting glucose | ¢, 3 65+ 3 66 + 3 61 +4 ns ns ns
(mg/dL)
Fastinginsulin | 135, 44 93112 64207 85+25 | ns ns ns
(uU/mL)
Glucose AUC, 13091046 821+£029 893+036 847+038| ns  ns  ns
from zero (x10°)
Insulin AUC, | 566057 2824033 193+031 241+024 |0.08(ns) ns ns
from zero (x10°)
HOMA-IR 1.9+0.6 1.5+£0.2 1.1£0.2 1.5+£0.5 ns ns ns

Table 6.1 — Baseline phenotypic data in young females.

Young, 2-yr-old females were assigned to one of two treatments, either a cholesterol vehicle implant
or testosterone implant, and one of two diets, fiber-balanced chow or a high fat, high sugar Western
diet, creating four groups: chow + vehicle control (C), chow + testosterone (T), Western diet + vehicle
(W), and Western diet + testosterone (W+T). Age, body composition, fasting glucose and insulin
serum values, AUC, and HOMA-IR presented as group mean + SEM. Glucose and insulin AUC
calculated from zero during an i.v. GTT. Data were analyzed by 2-way ANOVA for main effect by

diet (d), testosterone treatment (t) or interactions with Sidak’s multiple comparisons test. P-values

are listed and bolded for main or interactive effects.
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C T W T+W
(n=10) (n=10) (n=10) (n=10)

diet treatment dxt

Testosterone

P - 1.31+0.06 - 134+005 | - ns -
Body mass (kg) | 6.1£04  63+04  62+0.3 7.5+0.6 ns  0.08 (ns) ns
Fat mass 205+£32 219+27 249419 33.3+3.8 0.01 ns ns
(% total mass)
Android fat 9.9+06 98+07 106+05 117406 | 0.04 ns  ns
(% total fat)
Gynoid fat 169+0.6 17.5+09 179+1.0  18.6+0.6 ns ns ns
(% total fat)
Fasting glucose 50+2 49 +2 57+2 52+3 0.05(ns) ns ns
(mg/dL)
Fasting insulin | 15155 206+44 228+33 380+7.0% | 001 003 ns
(WU/mL)
Glucose AUC, | (991036 6.86+026 7.74+047 824+049% | 001 ns  ns
Zero (x10%)
Insulin AUC, =\ 5114133 5844122 596£092 1137£3.14 | ns ns  ns
Zero (x10°)
HOMA-IR 19403  25+06 33+05  46+08% | 0.005 ns  ns

Table 6.2 — Female phenotypic data at year 2 of treatment.

Young females AFTER 2-years on assigned diet + testosterone treatment, i.e., chow + vehicle control
(C), chow + testosterone (T), Western diet + vehicle (W), or Western diet + testosterone (W+T).
Testosterone concentration, body composition, fasting glucose and insulin serum values, AUC, and
HOMA-IR presented as group mean = SEM. Glucose and insulin AUC calculated from zero during
an i.v. GTT. Differences between testosterone concentration in T and T+W females were analyzed
using Student’s ¢-test. Data were analyzed by 2-way ANOVA for main effect of diet (d), testosterone
treatment (t), or interactions (d x t). P-values are listed and bolded for main or interactive effects. An
asterisk (*p<0.05) represents significant differences by testosterone treatment within the same diet

using Sidak’s multiple comparisons test.
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Figure 6.1 — Body composition and i.v. glucose tolerance test metrics in young females from
baseline to year 3 of study.

Body mass (A) and fat mass (B) over 3-yr time course shown in control (“C”), testosterone
supplemented (“T”), Western Diet (“W?), testosterone with Western Diet (““W+T"”) animals. Ratio
of android (C) and gynoid (D) fat depots to total fat presented after year 3 of treatment. Glucose
AUC (E), insulin AUC (F), and HOMA-IR (G) from baseline (open symbols) to year 2 (Y2, closed
symbols) shown across groups. Android and gynoid fat ratios were analyzed by 2-way ANOVA
for significant main effects of diet or treatment (* testosterone) or interactions with Tukey’s
multiple comparisons test. P-values for significant main or interactive effects are listed above each
graph. For post-hoc analysis of fat depots (C and D), an asterisk (*p<.05) indicate significant
differences by diet within testosterone treated animals. i.v. GTT analyses were analyzed by 2-way
ANOVA with repeated measures for significant main effects by time (baseline to year 2) or
treatment/diet group or interactive effects with Sidak’s multiple comparisons test. P-values for
significant main or interactive effects are listed above each graph. For post-hoc analysis of i.v.
GTT data (E-G), asterisks (*p<.05, **p<.01, ***p<.001, ****p<.0001) indicate significant

differences by study duration (time) within each group. Individual data points are shown.
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Figure 6.2 — Skeletal muscle signaling in response to insulin stimulation.

Protein abundance of key markers of insulin signaling were measured in muscle biopsies taken
both before (basal) and 10 min after insulin bolus (insulin) in young females after 2-yrs of
treatment with testosterone (T) and/or Western Diet (W). Phosphorylated (p)IRS1 at Y687 (A),
total IRS1 (B), pAkt at S473 (C) and T308 (D), and total Akt (E) were measured by Wes
immunoassay and normalized to housekeeping protein actin. Serum insulin concentration (F) was
also taken at time of biopsies. Total IRS1, total Akt, and serum insulin were analyzed by 2-way
ANOVA for significant main effects of diet or treatment (% testosterone) or interactions with
Tukey’s multiple comparisons test. P-values for significant main or interactive effects are listed
above each graph. For post-hoc analysis, asterisks (**p<.01) indicate significant differences by
testosterone within diet. Pre/post bolus biopsy data were analyzed by 2-way ANOVA with
repeated measures for significant main effects by time (basal or insulin) or treatment/diet group or
interactive effects with Sidak’s multiple comparisons test. P-values for significant main or
interactive effects are listed above each graph. For post-hoc analysis, asterisks (*p<.05,
**%%p<.0001) indicate significant differences by insulin stimulation (insulin) within each group.
Individual data points are shown. Group minimum, maximum, median, and interquartile range are

shown in B, E, and F.
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Figure 6.3 — Lipid and carbohydrate oxidative capacity in young female skeletal muscle at
year-2 of treatment.

Average group oxygen flux (JOz; pmols/s*mg) was measured in permeabilized muscle fiber
bundles (PMFB) with lipid (A) or without lipid (B) and normalized to tissue wet weight in
gastrocnemius of females at year 2 of treatment. Rate was measured in the presence of saturating
ADP with serial additions of lipid and malate (FAOp), glutamate (G) for CI OXPHOS capacity
(ClIp), succinate (S) for maximal CI+CII OXPHOS capacity (CI+IIp), and FCCP for uncoupled (U)
capacity (CI+lIg). Respiration rate without lipid (carbohydrate oxidation) was measured in the
presence of saturating pyruvate (Pyr) and malate (M) (PMvr), ADP (Pyrp), G, S, and FCCP.
Respiratory flux data were analyzed by 3-way ANOVA with Sidak’s multiple comparisons. P-
values for significant main effects of treatment or diet or interactive effects are listed above each
graph. For post-hoc analysis, asterisks (*p<.05, **p<.01) indicate significant differences by
testosterone treatment within the same diet group; octothorps (*p<.01) indicate significant
differences by diet within the same treatment group. Group average + SEM at each titration stage

1s shown.
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Figure 6.4 — Lipid and carbohydrate oxidative capacity in fetal muscle exposed to obesity
and hyperandrogenemia during gestation.

Oxygen flux (JO2; pmols/s*mg) was measured in permeabilized muscle fiber bundles (PMFB)
with lipid (A-C) or without lipid (D-E) and normalized to tissue wet weight in gastrocnemius of
fetal offspring at gestational day (G) 130. O, flux rates were normalized within each run per
offspring to generate the following ratios: Non-adenylated lipid oxidation to ADP-stimulated lipid
oxidation (Leak/OXPHOS) in all offspring (A) and analyzed by fetal sex, female (B) and male
(C). Maximal CI-flux with non-lipid substrate in the presence of ADP normalized to maximal ETS
capacity (CI-flux/ETS) was measured in all offspring (D) and analyzed by sex (females, E; males,
F). Maximal ADP-stimulated OXPHOS capacity normalized to maximal ETS capacity with
nonlipid substrates (OXPHOS/ETS) was measured in all offspring (G) and further analyzed by sex
(females, H; males, I). Combined male and female ratios were analyzed by 3-way ANOVA (diet
X treatment x sex) with significant p-values for interactive effects listed above each graph (A, D,
G). Ratios were separated by sex and data analyzed by 2-way ANOVA for main effect of diet or
treatment or interactive effect in females and males with Sidak’s multiple comparisons. P-values
for significant main effect of diet is listed above each graph. For post hoc analysis, octothorps
(*p<0.05, *p<.01) represent significant different by maternal diet within treatments
(*testosterone). Individual data points with group minimum, maximum, median, and interquartile
range are shown. Male (M) offspring are indicated by circles and female (F) offspring by triangles.
Sample size for each fetal group (i.e, maternal exposure) by sex: C, 3-5F/5M; T, 7F/5M; W4-
6F/5M; T+W, 2F/4M.
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VII. PROJECT SUMMARY
& FUTURE DIRECTIONS

This dissertation has addressed the objectives outlined at the onset of this body of work in

the following ways...

...regarding early-life exposure to obesogenic stress:

In lean, active adolescent offspring (3Y), a postweaning Western-Style diet (pwWD) leads to
shifts in body fat distribution that are associated with poorer insulin sensitivity independent of
exposure to mWD.

Adolescent offspring weaned to WD had increased amounts of intramuscular saturated lipid
and bioactive lipid molecules, like ceramide and sphingomyelin, which are associated with
insulin resistance and are exacerbated upon prior exposure to mWD.

Fatty acid oxidative metabolism was reduced in skeletal muscles from 3Y offspring exposed
to maternal Western-style diet even when weaned to a healthy control diet for years.
Furthermore, this reduction in mitochondrial oxidative capacity was present in these offspring
even though they were significantly more active than offspring born to mCD dams. Finally,
the mCD dams were also significantly younger than mWD dams, further emphasizing the
magnitude of this offspring muscle phenotype resulting from mWD.

Like previous work from our lab measuring insulin-stimulated glucose uptake ex vivo, 1Y
juvenile skeletal muscle appears to have a milder metabolic phenotype than fetal muscle
glucose uptake (195). In these studies, markers of mitochondrial network morphology and
protein turnover/network quality control via PINK1/Parkin-mediated mitophagy appear less
robust than that seen in adolescent offspring at 3-years-old. This may be caused by differences
in duration of time offspring spent consuming WD (i.e., ~7 months in juveniles v. ~30 months
in adolescent offspring). Alternatively, this juvenile timepoint may represent a developmental
window of metabolic transition. Specifically, ETS complex activities were significantly higher
in fetal gastroc from ObWD pregnancies (a phenotype corroborated by this thesis as fetal
gastroc of WD pregnancies had elevated OXPHOS/ETS capacity that was driven primarily in

males independent of maternal HA (Chapter VI, Aim #3)). However, in mWD exposed animals
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aged to adolescence, we observe markers of reduced substrate flexibility and OXPHOS
capacity — primarily through CI (Chapter III, Aim #1). In short, this phenotypic flip following
early life obesogenic stress occurred between ~GD 135 and 3 years-old and may be represented
by this 1Y juvenile timepoint.

pwWD appeared to mask potentially subtle differences in the protein abundance of
mitochondrial morphology markers in 1Y offspring muscle born to ObWD mothers.
Importantly, this did not translate to similar mitochondrial coupling efficiency with lipid
substrates. Even though both pwWD groups demonstrated an increase in short and long OPA1
content and CL content, which typically correspond with higher oxidative capacity in skeletal
muscle, they showed modest but significant differences in mitochondrial function between
these pwWD groups in a manner suggesting that the addition of maternal ObWD in early life
decreases mitochondrial function in the muscle of these offspring. This marks a significant
timepoint during primate development and skeletal muscle function as it relates to
mitochondrial physiology and associated insulin sensitivity in the pathogenesis of metabolic
diseases like CVD and T2D.

Reduced content of oxidative phosphorylation complexes I-V and VDAC1 abundance partially
explains decreased skeletal muscle respiration in 3Y offspring exposed to early life mWD.
Relatedly, two of the only proteins whose abundance in 1Y juveniles were consistent with 3Y
juveniles following exposure to mWD and pwWD are CI and VDACI, both of which were
reduced following exposure to early life obesogenic stress. This supports the premise that these

proteins, or the roles that they fulfill, are differentially programmed by at least 1 year of age.

...regarding female/maternal hyperandrogenemia * diet-induced obesity:

Juvenile females had increased % body fat as early as 1.5 years after switching to WD with or
without the addition of HA. However, from 1.5 years of consuming WD and on, % body fat
was dramatically exacerbated with the additional presence of HA (testosterone [T] treatment
resulting in hyperandrogenemia [HA] induced at the same time as induction of WD).

After 2 years in their assigned group, both WD groups had increased android adiposity without

further accruement with high T. Only a year later, android fat storage was most severely
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elevated in T+W group. This suggests a relatively rapid change in body composition at this
young age in response to these metabolic and hormonal factors.

At Year 2 of treatment, young females consuming WD show signs of systemic insulin
resistance and glucose intolerance that is amplified with the addition of T.

Contrary to what was initially hypothesized, the least insulin sensitive group, T+W, appear to
respond to insulin stimulation in vivo as effectively as control females and significantly better
than females exposed to either T or WD alone over the same two years. However, this was the
result of sustained hyperinsulinemia in T+W females, suggesting an earlier manifestation of
metabolic dysfunction in this group relative to either condition alone. This likely expedites
development of MetS and ultimately CVD or T2D in these young female animals.

Skeletal muscle oxidative capacity mirrors this observation in skeletal muscle insulin
signaling. Maximal oxidation is elevated with both lipid and nonlipid substrates in T+W
comparable to what is seen in controls while groups with T or W exposure alone have
consistently lower rates of oxidative flux. It is unlikely that this increased mitochondrial flux
can be sustained indefinitely without functional consequences in the form of oxidative stress,
mitochondrial damage, etc.

Oxidation of nonlipids in fetal gastroc muscle appears to be more sensitive to maternal WD
consumption and not HA during the third term of gestation. These respirometry studies also
indicate that there is a sex-specific impact by sex such that male fetal muscle drives the
observed changes in rates of nonlipid oxidation among offspring groups. Better representation
by sex and maternal T+W exposure is needed to draw more definitive conclusions in the

muscle of these fetal offspring groups.

FUTURE DIRECTIONS

In offspring exposed to early life obesogenic stress, there appears to be shifts in systemic and
skeletal muscle metabolism that is age- and/or time-dependent. Future studies should
investigate how these phenotypes continue to transform throughout puberty and into later life.
This would also assist in better understanding the evolution of sex-specific differences caused
by this early life stress. Importantly, sex-specific differences have little to no impact on the

outcomes of these studies conducted at these young stages of offspring development.

111



Given the highly dynamic nature of mitochondrial functional and morphological adaptations
in response to metabolic and energetic stress, future assessment of mitochondrial networking
and stress response similar to those addressed in Aim #2 would greatly benefit from the
introduction of nutrient or hormonal stress into a living system. Specifically, the presence of
exogenous stress may better tease out the mitochondrial network discrepancies initially
hypothesized but ultimately not present in the muscle of 1Y juveniles consuming WD with or
without early life maternal ObWD exposure.

Additionally, with evidence suggesting a lack of mito-ER interactions and or calcium stress
response in these animals, future work should consider how these relationships between
intramuscular organelles contribute to the development of metabolic diseases at this timepoint
and moving forward. Important to note is how unique skeletal muscle is regarding the
populations of mitochondria it contains (intermyofibrillar and subsarcolemmal) as well as its
specialized ER (i.e., sarcoplasmic reticulum). More work that takes these unique aspects of
skeletal muscle anatomy and physiology in these offspring into account as it relates to the
development of insulin resistance and mitochondrial dysfunction is lacking yet warranted.
Skeletal muscle insulin signaling is likely constitutively activated in skeletal muscle of young
females after 2 years of being assigned to T+W. Hyperinsulinemia is a hallmark of MetS and
is featured in the pathogenesis of chronic metabolic diseases like T2D. For this reason, future
work should focus on how these phenotypes — both in skeletal muscle insulin signaling and in
oxidative capacity — continue to change over time with maintained WD-induced obesity and
HA in these young females.

The decrease in VDACI and CI abundance in 3Y muscle also seen in juveniles at 1Y warrants
future research into earlier (and later) timepoints of development to elucidate the importance
or contribution of these proteins in programing offspring metabolic dysfunction and future

health outcomes.

112



APPENDIX A:
SUPPLEMENTAL TABLES

Supplemental Table 1. Pre-pregnancy characteristics of adult female dams

Variable mCD/pwCD mCD/pwWD mWD/pwCD  mWD/pwWD  m diet pw diet
Dams (n) 9 4 9 7 - -
Offspring (n) 12 (7F, 5M) 5 (2F, 3M) 12 (4F, 8M) 9 (5F, 4M) - -
Maternal age (years) 11.3 (8-13) 10.5 (9-12) 71MM (6-8) 7.5" (6-8) <0.0001 ns
Parity 5.6 (4-8) 4.4 (4-6) 2.5 (2-3) 237 (1-4) <0.0001 ns
Time on WD (years) - - 2.3 (1-3) 2.3 (2-3) - ns
Body weight (kg) 7.1+£0.2 7.0+£0.6 6.6+0.2 74+0.6 ns ns
Adiposity (% fat) 20+2 15+2 20+2 14+2 ns 0.02
Fasting glucose (mg/dL) 50+2 50+2 56+3 49+5 ns ns
Fasting insulin (pU/mL) 21.5+5.9 123+5.5 335+94 14.6+2.4 ns ns
Glucose AUC 6180 + 398 5685 + 694 5290 + 245 5974 + 385 ns ns
Insulin AUC 2310 + 382% 2138 + 531 3917 £797 3135+429 ns ns

Adult females are separated by offspring group indicated in columns (maternal diet/postweaning diet). Data were
analyzed by 2-way ANOVA with Sidak’s multiple comparisons test or a Student’s #-test. P values are listed for main
effects. Carets (*p<0.05, ~*p<0.0001) indicate significant differences between maternal diet within same postweaning
diet using Sidak’s multiple comparisons test. ns, no significant difference. Data for maternal age, parity and time on diet
are presented as mean with interquartile range in parentheses. All other data are the mean + SEM. No more than two
offspring per dam were included in each group. Insulin and glucose AUC was calculated from baseline. (#) missing n=1.
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Supplemental Table 2. Description of primary and secondary antibodies used to measure
relative protein abundance via Wes immunoassay or traditional immunoblotting

Target Species  Manufacturer Catalogue Multiplex Afltib.‘)dy Protein Conc.
ID Group(s) Dilutions (mg/mL)
OXPHOS (CI-CV) Ms 1(\21}225 Irr(l’)ﬁle MS601 A* 1:100 1.00
GAPDH Ms Santa Cruz Biotech sc-47724 B*# 1:40004B 1.00
AMPKoa2 Rb Cell Signaling 2757 C 1:100 1.00
GAPDH Rb Santa Cruz Biotech sc-25778 C,D,E,F 1:3000° 0.20%F 1.00¢P
1:1000EF

%ﬁgga Rb  Cell Signaling 2535 D 1:100 1.00
VLCAD Rb abcam ab155138 E 1:100 0.20
CPT2 Rb abcam ab181114 G 1:50 1.00
Vinculin Rb Cell Signaling 4650 G, HY, I;’I KM, 1'11():(?:1);1\41\1 1.00QGHIKMN
ACCa/B ¥ Rb Cell Signaling 3676 Hf 1:100 1.00
E'ACC“/ B @ser79 Rb  Cell Signaling 3661 It 1:100 1.00
a-tubulin Rb Thermo Fisher PAS516891 J 1:1 1.00
PGCla Rb EMD Millipore AB3242 J 1:50 1.00
ETFo Rb Thermo Fisher PAS5-28201 K 1:20 1.00
ETFDH Rb Thermo Fisher PAS5-72484 L 1:20 1.00
GAPDH Rb Cell Signaling 2118 L 1:4000 1.00
VDAC1/2 Rb abcam ab154856 M 1:20 1.00
CPT1pB Rb Thermo Fisher PAS5-79065 N 1:200 1.00
VDAC2 Rb abcam ab126120 N 1:20 1.00
anti-Ms HRP (2°)* Gt Bio-Rad 170-5047 T# 1:20,000 n/a
HADHA # Ms Santa Cruz Biotech sc-515278 T# 1:1000 2.50

(*) data in multiplex A normalized to loading control (GAPDH) for each animal in multiplex group B
(1) immunoassay conducted on High Molecular Weight (66-440 kDa) Wes separation module
(#) antibodies used for traditional western blot analysis
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Supplemental Table 3. Description of OXPHOS and housekeeping primers

Annealing . .
Gene name Symbol | Genome Ax temp (°C) Forward primer Reverse primer
NADH
dehydrogenase nd2 mito 90 64.5 ACAACCGCCCTCGCC AGGGGTGTTCCTTGG
subunit 2 ) ’ ATAAAAC GTGACT
. ACCTCCACGCCAATG GCCGTAGTAAAGGC
Cytochrome B cyth mito .94 64.5 GTGCC CCCGACC
Cytochrome C coxii mito 04 61.6 ACTAAGCCTGCAAG GTGAGCGTTGAGAG
oxidase subunit 2 ’ ’ ACGCCACA CAGGGCATA
ATP synthase ain8 mito 03 61.6 TGCCCCAGTTAGACA GGGGTGGTTGGTAGT
subunit 8 P ) ) CATCGACA GGTTCGT
NADH
dehydrogenase 1 ndufb8* nuclear .96 64.5 TGGGACCAACCGGA  GCCAGGAAACCGAA
beta subcomplex 8 CCTGAG GAGGTGC
Succinate
TGTGGCCCCATGGTA TGTTCATTGCACAAG
#
;iz?g};dlz(;gsel?;snem 5 sdhb nuclear .101 64.5 TTGGAT AGCCAC
Ubiquinol-
cytochrome C wacred? nuclear 90 64.5 TCAACATGAGGGGT CCTCTGCACTTCCCG
reductase core a ’ ’ GGGTTTGGT CGACA
protein 2
Cytochrome C 50 nuclear 90 645 CCAGAGGAACTGGG  GCAGTGTCAATAAAT
oxidase subunit 5a co uele : : CCTTGACA CCGTGGGGAA
ATP synthase F1 i5fla* nuclear 9] 61.6 ATCCACTGTTGCCCA TGAAGTGGGGCAGC
subunit alpha apoyta u : : GTTGGTGA ATCCGAG
Ribosomal protein sl 5* nuclear 73 64.5 TTTCTGAGCATCCGG CATCAGCTGCTCGTA
S15 P ’ ’ CAAGA GGACAT
. GAGGGTGTAAATCTC TCCGGCTTGCCGACT
*
28s ribosomal RNA 28s nuclear .96 61.6 GCGCCGG TCCCTTA
Ribosomal protein roll3a* nuclear 9 616 CCTGGAGGAGGAGA  TTGAGGACCTCTGTG
Li3a P uele : : GGAAAGA TATTTG
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Supplemental Table 4. Sex-specific differences by maternal diet in key outcome measures.

Anthropometrics

mDiet Sex Interaction
n 16 mCD/21 mWD 17 F20 M ~
Body mass 0.99 0.001 0.28
Fat mass 0.38 0.14 0.44

Oxidative capacity

mDiet Sex Interaction
n 14 mCD/15 mWD 12F/17M ~
Lipid+pyr (D-state) 0.0004 0.11 0.50
CI 0.0001 0.08 0.54
ClI 0.01 0.99 0.90

Lipids

mbDiet Sex Interaction
n 13 mCD/16 mWD 14 F/15 M ~
TAG saturation 0.87 0.75 0.92
Sphingomyelin (18:0) 0.80 >(0.05 0.12
Ceramide (18:0) 0.69 0.43 0.50

Oxidative stress

mDiet Sex Interaction
n 14-15 mCD/16-17

mWD 14-15 F/16-17M ~
VDAC1/2 0.00001 0.46 0.89
Lipid peroxidation 0.03 0.32 0.52
Protein carbonylation 0.24 0.54 0.46

Main and interactive effects of sex and maternal diet (mDiet) were tested by 2-way ANOVA for
primary outcome variables from the current study. Sample size for mDiet (CD/WD) and sex (F/M)

are provided with p-values per measure listed beneath. Significant p-values are in bolded.
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Supplemental Table S. Sex-specific differences by postweaning diet in key outcome measures.

Anthropometrics

pwDiet Sex Interaction
n 23 pwCD/14 pwWD 17 F/20 M ~
Body mass 0.82 0.002 0.6
Fat mass 0.03 0.15 0.95

Oxidative capacity

pwDiet Sex Interaction
n 17 pwCD/12 pwWD 12F/17TM ~
Lipid+pyr (D-state) 0.64 0.41 0.31
CI 0.49 0.39 0.19
CII 0.46 0.84 0.49

Lipids

pwDiet Sex Interaction
n 16 pwCD/13 pwWD 14 F/15M ~
TAG saturation 0.00005 0.86 0.27
Sphingomyelin (18:0) 0.24 0.06 0.39
Ceramide (18:0) 0.38 0.40 0.30

Oxidative stress

pwDiet Sex Interaction
n 18-19 pwCD/12-13 pwWD 14-15 F/16-17M ~
VDACI1/2 0.002 0.82 0.73
Lipid peroxidation 0.53 0.55 0.92
Protein carbonylation 0.03 0.60 0.76

Main and interactive effects of sex and postweaning diet (pwDiet) were tested by 2-way ANOVA
for primary outcome variables from the current study. Sample size for pwDiet (CD/WD) and sex
(F/M) are provided with p-values per measure listed beneath. Significant p-values are bolded.
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Compound mC(];/i);v)C D mC(]I)l /=p V;;VD m\’}’lll)/=p ;‘;CD m“;ll?/i)gv)w D mDiet pwDiet m xpw
Acyl-C4 129+2 8.1+0.8 6.2 £0.8™ 6.00£0.7 0.01 ns ns
Acyl-Cé 125+1.5 13.0+£2.3 7.8+1.1 9.61+1.6 0.02 ns ns
Acyl-C8 29.7+5.1 38+8 18.8£4.3 306 ns ns ns
Acyl-C10 36.2+5.9 54+12 19.6 £4.3 55+ 13* ns 0.006 ns
Acyl-C12 247+3.4 38+11 12.1+3.1 41 £ 10** ns 0.004 ns
Acyl-C14 88+ 15 118 +35 34+ 10 130 £ 32% ns 0.01 ns
Acyl-C16 642 + 147 709 £236 213 +£56 732 £ 183 ns ns ns
Acyl-C16:1 114 £21 179 £55 39+9 198 £ 51%* ns 0.004 ns
Acyl-C18 350+ 63 422 £120 150 +£29 412 + 77* ns 0.03 ns
Acyl-C18:1 697 £ 163 1044 + 380 191 +£40 1113 £264** ns 0.007 ns
Acyl-C18:2 558 £ 158 277 + 103 135 £ 297\ 331+£80 ns ns 0.03
Acyl-C18:3 41413 1243 13+£27 16+3 ns ns 0.04

Acylcarnitine (AC) concentration in offspring gastrocnemius was normalized to protein amount. Data in pmols are expressed as the
mean + SEM. Data were analyzed by a 2-way ANOVA for main effects of maternal (m) diet and postweaning (pw) diet and interactions
(m x pw). P values are listed for significant main effects or interactions. (*) indicates significant differences between postweaning diet
within same maternal diet group (*p<0.05, **p<0.01) and carets indicate significant differences between maternal diet within same
postweaning diet group (*p<0.05, ~p<0.01) using Sidak’s multiple comparisons test. ns, no significant difference.

Supplemental Table 6. Adolescent offspring intramuscular acylcarnitine abundance
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Compound mC_D/CD mCP/WD mV&iD/CD mW_D/WD mDiet  pwDiet m X pw
(n="7-8) (n =4-5) (n = 6-8) (n = 6-8)

TG 48:0 472 + 89 911 + 147* 252+ 24 762 £ 135%* ns <0.0001 ns
TG 48:1 500 + 74 1663 + 418%* 335+ 58 1355 +298%* ns <0.0001 ns
TG 48:2 554 +98 1156 + 336* 448 + 87 1055 + 197* ns 0.001 ns
TG 48:3 339 £ 65 709 + 163 270 + 49 973 £ 306** ns 0.008 ns
TG 50:0 455+ 81 861 + 122% 256 + 40 923 £ 160%** ns <0.0001 ns
TG 50:1 2525 + 480 7728 + 1122%#* 1617 +228 5977 £ 1246%* ns <0.0001 ns
TG 50:2 3606 £ 689 6699 + 1486 2932 + 547 5790 + 1306 ns 0.006 ns
TG 50:3 1483 + 348 2098 + 661 1208 + 262 1724 £ 410 ns ns ns
TG 50:4 527+ 114 457£110 524+ 138 394 + 145 ns ns ns
TG 52:0 131429 225+ 18 70+ 11 307 + 49k ns <0.0001 0.04
TG 52:1 1543 + 300 4429 £ 601 *** 913+ 135 3447 + 610%** ns <0.0001 ns
TG 52:2 5563 + 1037 13145 + 1604%* 4116 + 812 11353 + 1976%* ns <0.0001 ns
TG 52:3 8562 + 1761 12689 + 2329 7155 + 1566 8749 + 1491 ns ns ns
TG 52:4 4950 + 731 4177 + 657 6201 + 1494 4061 + 1213 ns ns ns
TG 52:5 1167 £ 165 553+ 119 1055 + 326 553+213 ns 0.02 ns
TG 54:1 135+ 25 671 + 113%%%% 118 +26 406 + 83%*/ 0.03 <0.0001 ns
TG 54:2 1050 + 177 3564 + 354%% %% 859 + 183 2576 + 506%** ns <0.0001 ns
TG 54:3 3383 £ 714 8620 + 6727%** 3045 + 729 5606 = 980" 0.048  <0.0001 ns
TG 54:4 6092 + 1363 8222 +209 5741 + 1348 5689 + 930 ns ns ns
TG 54:5 5104 =790 4459 + 196 6327 + 1527 2911 +530 ns ns ns
TG 54:6 2637 £ 426 748 + 62% 2623 + 652 1095 + 417* ns 0.001 ns
TG 56:3 37£11 202 + 48%kk 46+ 16 137 £ 20%* ns <0.0001 ns
TG 56:4 142 + 49 486 £ 52%** 122+ 37 337 + 55%% ns <0.0001 ns
TG 56:5 327 +£55 635 £ 53%** 306 £79 416 £ 55 ns 0.005 ns
TG 56:6 625+ 152 1228 + 78%* 451+ 79 1077 + 206* ns 0.0005 ns
TG 56:7 1008 + 188 1511 £ 156 706 + 96 1233 +£246 ns 0.01 ns

Triacylglyceride (TG) concentration was normalized to protein amount. Data in pmols are expressed as the mean + SEM. Data for TG
species were analyzed by 2-way ANOVA for main effects of maternal (m) diet, postweaning (pw) diet and interactions (m x pw). P
values are listed for significant main effects or interactions. (*) indicates significant differences by postweaning diet within same
maternal diet group (¥*p<0.05, **p<0.01, ***p<0.001 ****p<(0.0001) and carets indicate significant differences by maternal diet within

same postweaning diet group ("p<0.05) using Sidak’s multiple comparisons test. ns, no significant difference.

Supplemental Table 7. Triacylglyceride subspecies abundance in offspring gastrocnemius
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Supplemental Table 8. Adolescent offspring complex abundance correlations with lipid peroxidation

OXPHOS Complex(es) Rfu oS r;livalue I;;WD Offsrzue
Complex I (CI) 0.3 0.006 0.5 0.005
Complex II (CII) 0.2 0.02 0.4 0.02
Complex I1I (CIII) 0.3 0.005 0.3 <0.05
Complex I+ (CI+III) 0.3 0.003 0.3 0.03
Complex IV (CIV) 0.1 <0.05 0.3 n.s.
Complex V (CV) 0.3 0.003 0.4 0.02

A simple linear regression was used to determine the relationship between individual OXPHOS complexes and CI+III
abundance and lipid peroxidation (MDA) content in offspring gastroc. Correlation coefficient (R?) and statistical
significance (p-values) are shown for all offspring (LnCD/CD, n=10; LnCD/WD, n=5; LnCD/CD, n=8; LnCD/CD,
n=6) and for LanWD offspring only. OXPHOS complexes with values in bold remained statistically significant after
correcting for multiple comparisons using Bonferroni’s test (six families, adjusted p-value < 0.008).
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Supplemental Figure 1. Total protein of soleus homogenate from 3Y offspring.

Absolute protein abundance (A) was adjusted for background (B) and calibrated (made relative)
to the same “loading control” homogenate (C) run in every gel to ensure consistency across assays
(D). Loading control homogenate is combined soleus homogenate from multiple offspring in
different treatment groups. Box-and-whisker plots displaying group minimum, maximum, median
and interquartile range (A-C) are shown. Method: in short, 15 pL of skeletal muscle homogenate
was mixed with 15 pL 2X Tris-Glycine SDS Sample Buffer (Novex), heated for 3 minutes at 85°C,
and cooled on ice for 5 minutes. 25 uL was loaded per well from animals with OXPHOS
abundance data presented in Figure 2. Samples were run in hand-cast Stain-free TGX gels (10%)
per manufacturer instructions (Bio-Rad Laboratories; Hercules, CA, USA). Following
electrophoresis, gels were activated and imaged using a ChemiDoc MP Imaging System (Bio-Rad
Laboratories; Hercules, CA, USA). Total protein was quantified from gel images using Image Lab
5.2 Software (Bio-Rad Laboratories; Hercules, CA, USA) and statistical significance was testing

by 2-way ANOVA.
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Supplemental Figure 2. Total protein of gastroc homogenate from 3Y offspring.

Absolute protein abundance (A) was adjusted for background (B) and calibrated (made relative)
to the same “loading control” homogenate (C) run in every gel to ensure consistency across assays
(D). Loading control homogenate is combined soleus homogenate from multiple offspring in
different treatment groups. Box-and-whisker plots displaying group minimum, maximum, median
and interquartile range (A-C) are shown. Method. in short, 15 pL of skeletal muscle homogenate
was mixed with 15 pL 2X Tris-Glycine SDS Sample Buffer (Novex), heated for 3 minutes at 85°C,
and cooled on ice for 5 minutes. 25 pL was loaded per well from animals with OXPHOS
abundance data presented in Figure 2. Samples were run in hand-cast Stain-free TGX gels (10%)
per manufacturer instructions (Bio-Rad Laboratories; Hercules, CA, USA). Following
electrophoresis, gels were activated and imaged using a ChemiDoc MP Imaging System (Bio-Rad
Laboratories; Hercules, CA, USA). Total protein was quantified from gel images using Image Lab
5.2 Software (Bio-Rad Laboratories; Hercules, CA, USA) and statistical significance was testing
by 2-way ANOVA.
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Supplemental Figure 3. Full respirometry SUITs in offspring soleus and gastroc.

Average group oxygen flux (JOz; pmols/s*mg) was measured in permeabilized muscle fiber
bundles (PMFB) and normalized to tissue wet weight in soleus (orange figures, A and B) or
gastrocnemius (blue figures, C and D). In soleus, maximal rate of oxygen consumption was
measured with (A) or without (B) lipid (palmitoylcarnitine; PC). Oxygen consumption in the
gastrocnemius (blue figures, C and D) was also measured with (C) or without (D) PC substrate.
Oxygen flux was analyzed by 3-way ANOVA with post hoc 2-way ANOVA analyzed
independently per titration state. P-values for significant main effects of titration state (s), maternal
(m, hatched bars) and postweaning (pw, colored bars) diets and interactive effects (s x m x pw)
are listed above each graph. For post-hoc analysis, titration states with a caret ("p<.05) and an
asterisk (*p<0.05) indicate a significant interactive effect; asterisks alone (*p<.05, **p<.01,
*#%p<.001) indicate significant differences by maternal diet. Individual data points with group

mean are shown.
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Supplemental Figure 4. OXPHOS gene expression in offspring gastroc.

Gene expression of mitochondrial and nuclear encoded proteins of ETS complexes were measured
by qPCR in offspring gastroc. Mitochondrial encoded genes measured were (A) nd2 for CI, (B)
cytb for CIII, (C) coxii for CIV and (D) atp8 for CV. Nuclear encoded genes measured were (E)
ndufb8 for CI, (F) sdhb for CII, (G) uqcrc for CIII, (H) cox5a for CIV and (I) atp5fla for CV.
Individual gene expression was adjusted to the geometric mean of expression for housekeeper
genes rpsl5, 28s and rpll3a expression and presented as fold-change. Data were analyzed by 2-
way ANOVA for significant main effects of maternal or postweaning diet or interactions using
Sidak’s multiple comparisons test. Individual data points for offspring on pwCD (open bars) or

pwWD (closed bars) are shown along with group minimum, maximum, median and interquartile

range.
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Supplemental Figure 5. Lipid accumulation in offspring gastroc.

Total ceramides (A), saturated ceramides (B) and total SPM (C) were measured in gastroc of 3Y
offspring using LC-MS. Data were analyzed by 2-way ANOVA with Sidak’s multiple
comparisons test. Individual data points for offspring on pwCD (open bars) or pwWD (closed bars)
are shown along with group minimum, maximum, median and interquartile range. Male (M)
offspring are indicated by circles and female (F) offspring by triangles. Sample size for each group

by sex: mCD/pwCD, 5F/3M; mCD/pwWD, 2F/3M; mWD/pwCD, 2F/6M; mWD/pwWD, 5F/3M.
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