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ABSTRACT

THE INFLUENCE OF EARLY LIFE UNDERNUTRITION ON MOUSE MAXIMAL
TREADMILL RUNNING CAPACITY IN ADULTHOOD

By

Logan Alan Pendergrast
Introduction: Undernutrition during early life causes chronic disease with specific impairments
to the heart and skeletal muscle. Purpose: To determine the effects of early-life undernutrition on
adult exercise capacity as a result of cardiac and skeletal muscle function. Methods: Pups were
undernourished during gestation (GUN) or lactation (PUN) using a cross-fostering nutritive
mouse model. At postnatal day 21 (PN21), all mice were weaned and refed a control diet. At
PN67, mice performed a maximal treadmill test. Echocardiography and Doppler velocity
analysis was performed at PN72, following which skeletal muscle cross-sectional area (CSA)
and fiber type were determined. Results: Maximal running capacity was reduced (Diet:
P=0.0002) in GUN and PUN mice. Left ventricular mass (Diet: P=0.03) and posterior wall
thickness during systole (Diet*Sex: P=0.03) of GUN and PUN mice was reduced, causing PUN
mice to have reduced (Diet: P=0.04) stroke volume (SV). Heart Rate (HR) of GUN mice showed
a trend (Diet: P=0.07) towards greater resting values than other groups. PUN mice had greater
CSA of SOL fibers. PUN had a reduced (Diet: P=0.03) proportion of type-1IX fibers in the EDL
and a greater (Diet: P=0.008) percentage of type-IIB fibers in the EDL. Conclusion: Gestational

and Postnatal undernourishment impairs exercise capacity.
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INTRODUCTION

More than 30 years ago, Dr. David Barker elucidated a positive correlation between low
birth weight and death from ischemic heart disease in adulthood (Barker et al. 1993; Barker et al.
1986; Barker et al. 1989). Following further epidemiological investigation , the “Developmental
Origins of Health and Disease” (DOHaD) hypothesis was proposed, stating that brief exposure to
a suboptimal nutritive environment in early life can yield physiological programing effects that
increase the incidence of chronic disease. While initial observations centered on ischemic heart
disease and later type II diabetes, evidence shows that hypertension, sarcopenia, and
atherosclerosis risks are elevated among growth restricted individuals (Hennington et al. 2013;
Menendez-Castro et al. 2018; Sayer et al. 2008). Some evidence also indicates that growth
restriction increases cognitive impairments and cancer risk (Hartkopf et al. 2018; Milne et al.
2009) as well.

High Cardiorespiratory fitness (CRF) has been consistently linked to short- and long-term
reductions of cardiovascular disease risk (Gupta et al. 2011). Substrate provisions (oxygen,
amino acids, calories, etc.) during pre- and post-natal life is an important regulator of
cardiovascular and muscular development, as restriction of vital metabolic components
compromises function in adulthood. The function of these contractile tissues is essential to
cardiorespiratory fitness (CRF), as they contribute in the delivery and uptake of oxygen to meet
demands. In particular, CRF relies on proper maintenance of heart rate (chronotropy), stroke
volume (contractility), and muscular function (oxygen uptake and force production). High
resting heart rate negatively affects exercise capacity, as maximal heart rate is fixed as a function
of age—thus limiting chronotropic increase capacity during exercise (Laukkanen et al. 2009;
Nauman et al. 2012); undernutrition during the gestational period elicits high resting heart rate
and stress sensitivity in offspring (Augustyniak et al. 2010; Johansson et al. 2007; Ozanne et al.
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1999; Petry et al. 2000; Phillips et al. 1997; Tonkiss et al. 1998). Stroke volume is influenced by
inotropic strength from left ventricular mass, which is reduced in female mice subjected to
postnatal undernutrition (Ferguson et al. 2019). Fiber type and cross-sectional area (CSA) are
central factors that are associated with oxygen uptake for a myofiber, with type-I fibers and low
CSA associated with increased oxygen uptake capacity (Liu et al. 2012b). Skeletal muscle mass
has shown to be reduced with undernourishment during early postnatal life (Fiorotto et al. 2014);
however, there is a paucity of research on the effects of early life undernutrition on skeletal
muscle fiber type.

Taken together, the combination of cardiovascular and muscular impairments from early
life undernutrition could reduce exercise capacity. This reduction in exercise capacity may
translate to an additional risk for chronic disease in adulthood. Therefore, understanding the
parameters that reduce exercise capacity in the growth restricted population will allow for the
development of therapeutic countermeasures to reduce chronic disease risk. These
countermeasures may include development of exercise protocols to consider cardiac and
muscular limitations in growth-restricted individuals or pharmaceutical interventions to mitigate
growth-restricted induced impairments. Prior to deployment of these countermeasures, the
crucial first step is to evaluate primary parameters (heart and skeletal muscle) influencing
exercise capacity in growth-restricted mice.

We hypothesize that exercise capacity will be reduced in mice that experience growth
restriction caused by early life undernutrition. To test our hypothesis we have developed the

following aims with specific sub-hypotheses:



Aim 1: to determine the influence of gestational and postnatal undernutrition on exercise
capacity. We hypothesize that undernutrition (gestation and postnatal) will cause a reduction in
exercise capacity as compared to control mice. Furthermore, postnatally undernourished mice

will have a lesser exercise capacity as compared to gestationally undernourished mice.

Aim 2: to determine the influence of gestational and postnatal undernutrition on left ventricular
structure and function as measured by echocardiography and Doppler velocity analysis. We
hypothesize that postnatally undernourished mice will have a reduction in left ventricle (LV)
mass, which will impair diastolic filling and stroke volume as compared to control mice. Mice
undernourished during gestation will not have an impairment in LV mass, but will have
increased left ventricular stiffness thereby reducing preload and diastolic function leading to

reduced stroke volume.

Aim 3: to determine the influence of gestational and postnatal undernutrition on skeletal muscle
fiber type and CSA. We hypothesize that undernutrition (gestation and postnatal) will have a
smaller cross-sectional area with more Type 1 fibers in the soleus, Extensor Digitorum Longus
(EDL), and diaphragm as compared to control mice. The reduced cross-sectional area and
resultant muscle mass will reduce skeletal muscle pump function thereby reducing cardiac

preload.

Aim 4: to determine if gestational and postnatal undernutrition presents sex-specific differences
in treadmill running, cardiac structure/function, or skeletal muscle fiber type and cross sectional

area. We hypothesize that female PUN mice will experience decreased maximal treadmill



performance compared to male PUN mice due to reductions in LV mass and posterior wall

thickness, as well as a compensatory increase in fiber CSA.

Successful completion of these aims will determine mechanisms by which undernutrition
during gestation and postnatal life reduces exercise capacity. As growth restricted individuals
have elevated risk for chronic disease, knowledge from this thesis will eventually lead to the
development of protocols to promote exercise capacity and reduce mortality from chronic

disease.



LITERATURE REVIEW

The following literature review will focus on cardiac and skeletal muscle structure and
function as influenced by early life undernutrition in mice. This commentary will describe the
role undernutrition has with respect to cardiorespiratory fitness and exercise capacity and thus
will lay the foundation for the rationale of this thesis. Fick’s equation states that heart rate, stroke
volume, and A-vO; difference influences exercise capacity (Fick 1870). As undernutrition
during early life impairs the heart and skeletal muscle (Ferguson et al. 2019; Fiorotto et al.
2014), the literature review will comment on exercise capacity through the lens of the Fick

Equation.

Cardiorespiratory Fitness and Exercise Capacity in Mice

Cardiorespiratory fitness (CRF) is positively associated with short- and long-term
reductions in risk of cardiovascular disease for men and women(Jiang et al. 2013; Martins et al.
2011) (Gupta et al. 2011). Typically, CRF is assessed through measurement of maximal oxygen
consumption (VO2max) during a graded exercise test. According to Fick’s Equation, VO,max is
a product of cardiac output (Q) and arteriovenous oxygen difference (A-vO; diff); this considers
both delivery of oxygenated blood and uptake of oxygen (Fick 1870). Cardiac output increases
with increasing exercise intensity through increases in heart rate and/or stroke volume in order to
circulate oxygen and match the ATP (energy) demands of contracting skeletal muscle
(Nystoriak et al. 2018).

In order to utilize appropriate methods to test our hypothesis, it is crucial to understand
the strength and limitations in assessing CRF in mice. Assessment of human CRF involves

incremental increases in exercise intensity (typically on a treadmill) with continuous



measurement of oxygen consumption to establish VOxmax. In mice, this can be measured using
an enclosed metabolic treadmill; however, research published by Knab et. al. showed that
measures of VO2max on sealed metabolic treadmills are not repeatable within the same mouse
(Knab et al. 2009). This is due to the discontinuity between the mouse’s ventilatory stream and
the gas sampling sensor, stress responses to shock administration, inability to use tail tapping for
motivation, or due to rodent refusal to participate in the test (Knab et al. 2009).

Through the use of deconvolution equations or direct sampling from the mouse, the
moment-to-moment values of VO can be extrapolated accurately (Ferguson et al. 2019; Knab et
al. 2009); however, these methods retain the issue of high equipment costs and difficulty of
operation (Fernando et al. 1993). Through comparison with these equation-derived metabolic
chamber VO>max measurements, Fernando and colleagues were able to confirm that body
weight and running speed could be used to predict VO; with a low prediction error (2.4 +
2.9%)(Fernando et al. 1993). Additionally, Schefer and colleagues found that mouse VO>
increased linearly with work intensity as measured by the treadmill belt speed(Schefer et al.
1996).

Both body weight and running speed are used in the calculation of work:

Work (Joules) = 9.8 * maximal speed (m-min™') * grade (radians) * time (min) * weight (Kg)

Combined with an incremental treadmill test to failure, this calculation can be utilized as
a reliable means of estimating VO,max. This logic has been repeatedly applied in the literature
(Barbato et al. 1998; Ferguson et al. 2019; Knab et al. 2009; Lightfoot et al. 2001; Massett et al.

2005; Oydanich et al. 2019; Platt et al. 2015), with repeatable within-mouse work results being



observed by Knab and colleagues (Knab et al. 2009). Knab and colleagues additionally found
that direct sampling of VO,max was significantly correlated with maximal work in mice (Knab
et al. 2009). Thus, the use of maximal work equations will allow for determination of mouse

CRF and exercise capacity as influenced by early life undernutrition.

Early Life Undernutrition and Heart Rate

Heart rate is affected by a variety of intrinsic and extrinsic factors (Parati et al. 2003); this
section will focus on the modulation of heart rate by intrinsic biological variations brought forth
through undernutrition. Blood flow demands of the body (i.e., cardiac output) are centrally met
through chronotropic regulation with action of the sympathetic nervous system, parasympathetic
nervous system, and circulating catecholamines (White et al. 2014). The importance of these
factors in relation to exercise capacity was indicated by Lehmann et. al. who showed that
sedentary individuals display lower work capacity alongside a heightened catecholamine
response (alongside heart rate) to exercise (Lehmann et al. 1981).

Maximization of heart rate is especially important for high-intensity exercise, as
exercise-mediated tachycardia shortens diastolic filling time and causes a plateau in stroke
volume sooner in the incremental exercise bout for sedentary individuals as compared to
individuals with lower catecholamine release (i.e. athletic populations) (Magder 2016; Vella et
al. 2005). Similar to sedentary humans—a variety of studies have indicated heightened
sensitivity to stressful stimuli among growth-restricted humans and rodents (Augustyniak et al.
2010; Johansson et al. 2007; Ozanne et al. 1999; Petry et al. 2000; Phillips et al. 1997; Tonkiss et
al. 1998). In a study by Lister et. al., restraint stimuli induced a significantly greater stress

response in rats exposed to gestational undernutrition (Lister et al. 2004). This trait was also



observed among humans in a study published by Johansson et al., where children born small for
gestational age or preterm showed higher secretion of catecholamines than control subjects—an
effect that was associated with a higher resting heart rate among these children (Johansson et al.
2007). These previous studies indicate that undernourishment during the gestational period
induces a higher resting heart rate, a trait which hastens maximization of cardiac output and

potentially impairs CRF and exercise capacity.

Early Life Undernutrition and Stroke Volume

Stroke volume is regulated by a multitude of factors including preload (Ilebekk et al.
1979), afterload (Ross 1983), heart rate (Higginbotham et al. 1986; Magder 2016), LV size, and
contractility (Solaro 2011). A compromised heart structure is among the most common
cardiovascular impairments in the DOHaD literature (Beauchamp et al. 2015; Cheema et al.
2005; Corstius et al. 2005; Ferguson et al. 2019; Kwong et al. 2000; Muaku et al. 1997; Nutter et
al. 1979; Thornburg et al. 2011; Visker et al. 2018; Vranas et al. 2017). In a recent example,
Ferguson et al. showed reductions in left ventricular mass, wall thickness, and stroke volume
with postnatal undernourishment in mice (Ferguson et al. 2019).

Preload describes the end-diastolic pressure in the ventricles and is reflective of venous
return via increased skeletal muscle pump action, increased ventricular compliance, increased
sympathetic tone (described above), increased blood volume, and respiratory pump action (La
Gerche et al. 2010). The skeletal muscle pump relies on rthythmic contraction of skeletal muscle
to generate intravenous pressure and venous return (Joyner et al. 2015; Masterson et al. 2006).
Considering this, a lifelong reduction in muscle size has been consistently observed with

postnatal undernutrition (Desai et al. 1996; Fiorotto et al. 2014; Ontell et al. 1984). The



interaction between low muscle mass and muscle pump function was evaluated by Mondal et al.
who showed that greater muscle mass as a percentage of body weight positively correlates with
muscle pump function (Mondal et al. 2017). Thus, low skeletal muscle mass from postnatal
undernutrition may reduce muscle pump function, which may compromise venous return and
lead to a reduction of end-diastolic volume and thereby stroke volume. Preload can also be
influenced by the reduced elasticity of the ventricle, which can increase filling pressures and
cause exercise intolerance (Pislaru et al. 2014). Ferguson and colleagues showed that postnatal
undernutrition reduced ventricular elasticity and preload in adult female mice (Ferguson et al.
2019). Catecholamine-mediated increases in venous pressure (from sympathetic tone) lead to a
higher venous return. Previous literature shows that gestational undernutrition increases
catecholamine sensitivity (Aihie Sayer et al. 2001; Chan et al. 2009; Hughson et al. 2003;
Johansson et al. 2007); however, any venous return advantage that would accompany this (none
have been reported) is likely counteracted by the co-occurance of increased afterload with
gestational undernutrition (Aihie Sayer et al. 2001; Bertram et al. 2001; Chan et al. 2009;
Hughson et al. 2003; Ozaki et al. 2001). Total blood volume is an additional positive regulator of
preload. Some work shows that small for gestational age (SGA) infants have significantly greater
blood volume than healthy infants due to high plasma volume (Maertzdorf et al. 1991).
Regardless of this, there is no evidence that undernourished rats experience 1) and increase in
stroke volume or 2) that this is accompanied by an increase in oxygen carrying capacity which
would translate to an increase in VOmax (Coyle et al. 1990; Kanstrup et al. 1982). From these
studies, growth restriction during gestation or lactation is likely to reduce cardiac preload;
however, this is likely to occur through impairment of skeletal muscle pump function and

ventricular compliance.



Cardiac afterload is the impedance to ventricular emptying by aortic pressure, with high
measures typically reflecting the presence of systemic hypertension (Mason 1978). In many
cases of early life undernutrition, the presence of high afterload is related to kidney development.
Gestational undernourishment causes a reduction in nephron number and subsequent increase in
systemic blood pressure (Aihie Sayer et al. 2001; Bertram et al. 2001; Chan et al. 2009; Hughson
et al. 2003; Ozaki et al. 2001). Previous literature indicates cardiac impairment associated with
other body tissues whereby gestationally undernourished rats and mice show higher
sympathoadrenal sensitivity alongside impaired nephron development and increased mean
arterial pressure—traits which indirectly reduce stroke volume through either early maximization
of heart rate with exercise or by the increased afterload (Aihie Sayer et al. 2001; Chan et al.
2009; Hughson et al. 2003; Johansson et al. 2007). This is supported by data from Zohdi and
colleagues which showed offspring from low-protein diet rat dams (gestation and lactation) had
higher arterial resistance and lower stroke volumes than offspring from normal-protein diet dams
(Zohdi et al. 2014). This occurs because reduction in nephron count or function can decrease
clearance of fluid and solutes (Na*, CI', urea, etc.) from the bloodstream, leading to high blood
viscosity and total peripheral resistance (Chmielewski 2003). Moreover, the impaired nephron
development in growth-restricted subjects does not recover with refeeding, thus causing an
increased workload on the prevailing nephron pool, subsequently greater cell turnover, and
eventual decreases in functional capacity with aging (Satomura 2014; Simeoni et al. 2008; Tain
et al. 2017). These studies indicate that an increase in afterload arises due to undernourishment
during gestation; this may cause a decrease in stroke volume, especially with limitation of Left
Ventricular (LV) contractility due to postnatal undernutrition (Mazic et al. 2015). Further,

cardiac contractility is an important variable in the maintenance of stroke volume; this is
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illustrated with the use of inotropic agents, which increase stroke volume through raising
contractility (Tariq et al. 2015). Postnatal undernutrition in mice reduces ventricular mass
through a limitation of cardiomyocyte binucleation and size (Ferguson et al. 2019) which serves
to reduce contractility, as myocardial thickness is a positive inotropic trait (Nakamura et al.
2018).

Taken together growth restriction caused by either gestational or postnatal undernutrition
compromises cardiac output and likely exercise capacity. The other component to exercise
capacity is the ability of the skeletal muscle to utilize oxygen for ATP production, which will be

discussed below.

Early Life Undernutrition and A-vO: Difference

Arteriovenous oxygen difference (A-vO2 diff; mL/dL) describes the difference in blood
oxygen content between the arterial (C.O2) and venous blood (C,O>), serving to elucidate
somatic oxygen utilization. This value can be determined through spectrophotometry and
spirometry (Kiel et al. 1983); however, skeletal muscle fiber type distribution is used as a
reliable proxy for A-vO; Diff (Barstow et al. 1996). Myosin ATPase expression (fiber type) in a
particular muscle determines central metabolic tendency. For instance, type-I fibers show greater
mitochondrial content and lower fiber cross-sectional area—both of which positively influence
the extraction and utilization of oxygen (Kushmerick et al. 1992; Liu et al. 2012b). Thereby, if
cardiovascular traits are identical, individuals with greater type-I fiber representation in the
musculature will show greater aerobic exercise capacity (Barstow et al. 1996). There is a paucity
of work elucidating the role of early life nutritive status on muscle fiber type. Some work

showed that gestational undernutrition reduces glycolytic and increase slow-oxidative fiber
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distribution in pigs (Bee 2004). Postnatal nutrition can also affect fiber distribution; however,
this has only been documented in pigs and with overnutrition prompting an increase in glycolytic
fiber distribution (L. Hu et al. 2018). Due to the limited work surrounding fiber type and early

life undernutrition, this area warrants further investigation.

Early Life Undernutrition and Skeletal Muscle Mass

Myofiber number and size are positive predictors of muscle mass and strength (Miljkovic
et al. 2015; Vaughan et al. 1979). The specific number of myofibers is determined prenatally
(humans) or within the first week of life (rodents), indicating that skeletal muscle growth in mice
and humans is constrained to hypertrophy rather than hyperplasia in adulthood (Li et al. 1996).
Previous work showed that undernourishment during gestation will reduce myofiber number in
mice, rats, and sheep (Bedi et al. 1982; Costello et al. 2008; Quigley et al. 2005; Wilson et al.
1988; Woo et al. 2011). Interestingly, this restriction in size from gestational undernourishment
is not permanent as compensatory growth occurs with ad libitum feeding of a non-restricted diet
during postnatal life (Desai et al. 1996; Fiorotto et al. 2014).

Postnatal undernutrition consistently shows lifelong reductions in muscle mass (Desai et
al. 1996; Fiorotto et al. 2014; Ontell et al. 1984). Unlike gestational undernourishment however,
compensatory growth does not occur in postnatally undernourished subjects (Desai et al. 1996;
Fiorotto et al. 2014). According to Fiorotto et. al., compensatory growth is lacking in these mice
due to diminished Upstream-Binding Factors which regulate rRNA synthesis and ribosomal

amount thereby reducing muscle protein synthesis (Fiorotto et al. 2014; Hannan et al. 2003).
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Early life growth restriction can potentially impair the skeletal muscles ability to utilize
oxygen during exercise, but there is limited information in the peer reviewed literature. To
appropriately address these gaps in the literature an animal model for growth restriction is ideal

due to 1) the invasiveness of testing and 2) shortened lifespan compared to humans.

Modeling Early Life Undernutrition

Animal models are consistently utilized in growth restriction research due to practical
advantages such as short developmental lifespan, well-established comparative databases, and
ability to control environmental stimuli. Among research animals, the mouse has particular
advantages for research involving an exercise variable as mice have similar physical activity
levels (Letsinger et al. 2019), responses to exercise stimuli (Petrosino et al. 2016), and training
adaptations (Garton et al. 2016) to humans. The structure of the mouse heart varies from that of a
human in shape (the mouse heart is similar to a “rugby ball”’), freedom within the pericardial sac
(greater), resting heart rate (greater), and atrial dimensions (smaller), and axis of ejection
(Kusunose et al. 2012; Wessels et al. 2003). In particular, the axis is an important factor in the
sensitivity of human hearts to LV loading (Demontis et al. 2017; Huttin et al. 2017); this
suggests that structural and functional impairments in the LV of the mouse heart may be
exacerbated when applied to the human heart. Despite these differences, the use of a mouse
model in cardiac research is validated by similarities in cardiac morphogenesis and chamber-to-
chamber communication (Krishnan et al. 2014; Wessels et al. 2003). While obvious differences
in biomechanics and muscle shape exists, comparisons of muscular transcriptome and metabolic
function between human and mice shows similarities and warrants the use of a mouse model

(Kho et al. 2006; Schiaffino et al. 2011).
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Methods to induce undernutrition in the mouse mode include placental ablation (Krishna
et al. 2011), manipulation of liter size (Horton et al. 2016), or dietary restriction (Dickinson et al.
2017; Ferguson et al. 2019; Visker et al. 2018). While all methods are successful in the
restriction of organ growth, dietary restriction mimics the natural state of reduced in-utero
nutrient availability through restricting amino acid intake (Dunlap et al. 2015). Amino acids are
critical to the developing fetus, as they contribute not only to protein synthesis, but also growth
signaling and hormonal secretion (Dunlap et al. 2015). Further, the restriction of maternal protein
intake also limits lactation, with Sampson et al. showing that amino acid-restricted feeds will
reduce milk production (Sampson et al. 1986). Hypoxic models of growth restriction (artery
ligation) also reduce amino acid delivery to the fetus; however, this model only applies to the
intrauterine period and is accompanied by neuroendocrine effects on the fetus that are not
observed with undernourishment alone (Vuguin 2007). Litter size manipulation methods also
induce global undernutrition, but are limited to only the postnatal period and induce unequal
weight distribution among offspring (Yuan et al. 2015). Given that maternal protein restriction
affects both the gestational and postnatal nutrient environment for offspring, this method is
practical for targeting distinct windows of mouse development.

Use of echocardiograph and Doppler velocity analyses in mice is a well-established
cardiac evaluation tool (Gao et al. 2011). Similar to humans, echocardiography in mice can
utilize parasternal long- and short- axis views (Scherrer-Crosbie et al. 2008). Additionally,
Doppler analysis of mitral flow and strain rate have been validated in mice (Schaefer et al. 2003;
Sebag et al. 2005). The heart rates of mice (500-700 bpm necessitates proper adjustment of
frame rate for reliable data (Scherrer-Crosbie et al. 2008). Preference for use of M-mode images

in mice has emerged, as B-mode images can be difficult to obtain; however, B-mode
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measurements of stroke volume and ejection fraction remain essential, as calculations derived
from M-mode rely on geometric assumptions (such as heart shape) which can vary (Lindsey et
al. 2018; Scherrer-Crosbie et al. 2008). Assessment of stroke volume can be calculated using
endocardial systolic and diastolic areas (LV tracing; done during (B-mode) with the following

software and equation (VisualSonics, Vevo® 2100 Imaging System)(VisualSonics 2008):
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3 2
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The merits of Doppler imaging are most pronounced in evaluation of diastolic function
such as E- (early) and A- (late) wave velocity for evaluation of valvular function. Overall,
outcomes derived from use of this technique in mice are considered to be externally valid and
reliable to humans (Scherrer-Crosbie et al. 2008).

In addition to in-vivo cardiac functional assessment, ex-vivo working heart modeling
using the Langendorff perfusion is a reliable method for cardiac function (Eberli et al. 1998;
Ferguson et al. 2019; Stampfl et al. 2011); however, the small heart size of growth-restricted
mice, and removal of differences in afterload/neuronal regulation during dissection, which is
important in analysis of early-life undernutrition, makes in vivo echocardiography the preferred
method over the ex-vivo working heart model (Bertram et al. 2001; Johansson et al. 2007; Ozaki

et al. 2001; Schechter et al. 2014; Skrzypiec-Spring et al. 2007; Tonkiss et al. 1998).

Sex-Specific Considerations in Mice
Male and female mice show a variety of differences in physiological parameters. Female

mice have increased exercise capacity versus males, even when controlling for muscle mass and
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body weight (Oydanich et al. 2019). This may result from a more oxidative muscle phenotype
among female mice(Oydanich et al. 2019). Additionally, estrogen provides a positive effect on
nitric oxide-synthase, resulting in increased blood flow. Resting heart rate of females is greater
than that of male counterparts; this exists as a compensation mechanism for smaller heart size
among females (Ramacekers et al. 1998). In female mice, postnatal undernutrition reduces reduce
heart weight, resting stroke volume, and increases isovolumic contraction time; while there is no
effect to of postnatal undernutrition on male mice (Ferguson et al. 2019). Maternal
undernutrition shows sex effect on the adrenal gland of adult male offspring (Khorram et al.
2011). Additionally, male rats exposed to gestational undernutrition show greater rates of
adipocyte hypertrophy and carcass lipid content—suggesting that males are at increased risk of
obesity from maternal undernutrition (Jones et al. 1984). These sex-specific considerations with
growth restriction and exercise capacity warrant the use of sex as a covariate in statistical

modeling for mouse research.

Conclusion

Much of the research on developmental programming has focused on disease risk and
associated physiological mechanisms; however, research considering exercise performance has
been largely neglected in the DOHaD realm. Maximal exercise capacity (and thus
cardiorespiratory fitness) can be influenced by both cardiac and muscular impairments.
Gestational undernourishment causes high resting heart rate, and increased afterload (which
reduces stroke volume). Similarly, postnatal undernutrition reduces LVmass, diastolic function,
cardiac contractility, stroke volume, and skeletal muscle mass. In principle, these tissues

contribute to cardiorespiratory performance; thus, it is warranted to investigate their
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developmentally-programmed impairment on maximal exercise performance. This data will
inform the application of exercise and pharmaceutical prescriptions to improve exercise capacity

and reduce chronic disease risk, respectfully, in growth-restricted populations.
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INTRODUCTION (manuscript)

The Developmental Origins of Health and Disease (DOHaD) hypothesis, which was first
championed by Dr. David Barker (Barker et al. 1986), showed that growth restriction (induced
by early life undernutrition) during the early stages of development caused negative health
outcomes in adulthood that include an increased risk of cardiovascular disease, type Il diabetes,
hypertension, and sarcopenia (Barker et al. 1986; Thornburg et al. 2011; Wadhwa et al. 2009;
Zardini et al. 1994). Undernutrition during gestation has been documented to reduce skeletal
muscle fiber number via a reduction in myogenic cells which participate in initiation of
secondary myotube formation (Woo et al. 2011). Moreover, undernourishment during the
postnatal period leads to reduced skeletal muscle mass due to a reduction in ribosomal content
which decreases protein synthesis rate (Fiorotto et al. 2014). Interestingly—even with refeeding
a healthy diet—permanent correction to normal growth pattern is not observed in postnatally
undernourished mice; leading to a lifelong reduction in muscle mass. Cardiac function as a result
of early life undernutrition is impaired by a reduction cardiomyocyte number and size with a
corresponding increase in LV stiffness and reduced cardiac output (Thornburg et al. 2011;
Vranas et al. 2017).

From the perspective of the Fick Equation (Fick 1870) [Oxygen Consumption (VOy) =
Heart Rate (HR) x Stroke Volume (SV) x Arterial-Venous Oxygen Difference (A-vO; Dif)], we
hypothesize maximal oxygen consumption—and subsequently exercise capacity—may be
compromised in growth restricted individuals due to the associated cardiac and skeletal muscle
impairments. The clinical significance of our hypothesis is that regular participation in exercise
reduces the risk of chronic disease (Booth et al. 2012); if exercise capacity is compromised by

developmental programming, then understanding of the associated impairments will aid
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healthcare practitioners in development of efficient therapeutic countermeasures for growth
restricted individuals. Thus, the purpose of this study was to evaluate exercise capacity in mice
that were growth restricted during gestation and lactation. Furthermore, we evaluated cardiac
function via echocardiography and Doppler velocity analysis and skeletal muscle fiber type and

cross-sectional area.
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METHODS AND MATERIALS
Animal Model
Animal Model

This study was approved by the Michigan State University Institutional Animal Care and
Use Committee (IACUC) in accordance with the Guide for the Care and Use of Laboratory
Animals. FVB (Charles River Laboratories, Wilmington, MA, USA) genetically homogeneous
mice were used due to tendency of dams to willingly accept pups from separate nests, allowing
for use of cross-fostering models (Ferguson et al. 2019; Fiorotto et al. 2014; Leszczynski et al.
2019). Mice were exposed to 12-hour light/dark cycles and allowed access to food and water ad

libitum.

Nutritive Model

Two weeks prior to breeding dams were allocated to either a control (CON; 20% protein;
Research Diets, New Brunswick, NJ, USA), or an isocaloric low-protein (LP) diet (8% protein;
Research Diets, New Brunswick, NJ, USA). The macronutrient breakdown of these diets are
shown in Table 1. Male mice were introduced to the female cages for a 24-hour period. Thus, all
pups studied were the same age. At birth, (PN1) pups were pooled and distributed to one of three
experimental groups (Figure 1; N=3 litters per group). Control (CON) pups were born to dams
fed a CON diet and cross-fostered to a different dam fed the CON diet. Gestationally
undernourished pups (GUN) were born to dams fed the LP diet throughout gestation, then at PN1
cross-fostered and suckled to dams fed the CON diet. Postnatally undernourished pups (PUN)
were born to dams fed the CON diet during gestation, then at PN1 suckled from dams fed the LP

diet. This study did not include a group exposed to both GUN and PUN. We have observed from
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previous pilot experiments that mouse pups exposed to gestational and postnatal
undernourishment show high rates of maternal neglect and low rates of survivability which
complicates maintenance of a sample population. Thus, undernourishment only during gestation
or early postnatal life was evaluated.

All litters were standardized to equal number of pups and sex ratio (4 males and 4
females per litter). Pups were identified with a unique tattoo and litter size was maintained by
donor pups, which were never studied. At PN21 all mice were weaned and fed the control diet,

thus isolating undernutrition to gestation or lactation only.

Grams Protein Grams Fat Grams Grams
Diet (% of kcals) (% of kcals) Carbohydrate Fiber
(% of kcals)
CON 196.6 (20%) 70 (16%) 609.4 (63%) 50
LP 80.6 (8%) 70 (16%) 728.8 (75%) 60

Table 1: Macronutrient composition of diets. Diets were a casein and cornstarch base with fat
content consisting solely of soybean oil. Both Diets contained identical fatty acid content (70g)
and composition (10.3g palmitic, 22.8g oleic, 51g linoleic, 6.8¢g linolenic). CON: Control diet.
LP: low-protein diet.
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Figure 1: Cross-Fostering Nutritive Model. 20% Protein Dam: Dam fed 20% protein feed. 8%
Protein Dam: Dam fed 8% protein feed. PN: postnatal day. CON: control group. GUN:
gestational undernourished group. PUN: postnatal undernourished group.

8% Protein Dam Pups

Maximum Exercise Capacity

At PN61, mice began a 5-day treadmill acclimation protocol to allow for familiarization
with the procedure. This was not adequate to produce a training effect (Baldwin et al. 1977).
Following one day of rest, the maximal treadmill test was performed at PN67. Mice were
weighed and placed on a treadmill with a warmup speed of 10 m-min™ at a 10% grade with a
0.75mA shock for 10 minutes. Following warmup, the treadmill speed was increased by 5
m-min”! every two minutes until the mouse either remained on the shock grid for more than 20
seconds or touched the shock grid 5 times in a 30 second period, at which point the test was
terminated. Maximal treadmill speed did not exceed 30 m-min™! throughout data collection.
Treadmill testing time (start of warm up to test termination) (minutes) and time spent running at

maximal speed (minutes) were recorded for each mouse.
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Work performed at maximal speed was calculated with the following equation:
Joules = 9.8 * maximal speed (m-min™') * grade (radians) * time at maximal speed (min)
* weight (Kg)
Total work performed for the whole treadmill test was calculated with the following equation:
Joules =[ 9.8 * 20 (m'min™') * 0.1 (radians) * time spent at speed (min) * weight (Kg) ] +
[9.8 * 25 (m'min™!) * 0.1 (radians) * time spent at speed (min) * weight (Kg) ]+ [ 9.8 * 30

(m-min™) * 0.1 (radians) * time spent at speed (min) * weight (Kg) ].

Echocardiography and Doppler Velocity Analysis

At PN72, echocardiography (Vevo 2100 high frequency ultrasound unit; Toronto,
Canada) and Doppler velocity analysis (Visualsonics MS550D; 40MHz) were performed. Mice
were briefly anesthetized with 2% isoflurane in oxygen. Hair was removed from the trunk area
via clippers followed by Nair hair removal gel. Isoflurane concentration was then reduced and
mice were maintained at 1% isoflurane throughout the measurement. Body temperature was
maintained at 37(] using a supplemental heat lamp. Two-dimensional echocardiographic images
(parasternal long axis and short axis B-mode images at 233 frames-second!, and M-mode short
axis views at mid-papillary level) were collected along with Pulsed-wave Doppler mitral valve
waveforms. Anesthesia time was less than 10 minutes (including induction and hair removal).
All image measurements were performed at a separate workstation by a single technician blinded
to the treatment groups. Cardiac mass variables were standardized to body weight while cardiac
function measures were standardized to body surface area using Meeh’s Formula (Gouma et al.
2012):

Body Surface Area = 9.662 x (body weight)®¢%
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Mice were allowed a 24-hour recovery period, after which they were euthanized by
cervical dislocation while under 1.5% isoflurane anesthesia. Tibia lengths of each hind leg were

measured to estimate body composition (Lang et al. 2005).

Measurement of Skeletal Muscle Fiber Type and Cross-Sectional Area

Following euthanasia, the soleus (SOL) was collected to represent the predominantly-
oxidative locomotor musculature, extensor digitorum longus (EDL) to represent the
predominantly-glycolytic locomotor musculature, and diaphragm to represent the respiratory
musculature (Bedi et al. 1982; Pette et al. 2000). Weight of each muscle was collected and
reported as absolute and relative to body weight.

Fiber typing was conducted as previously described with methods utilized to limit cross
binding of antibodies (Leszczynski et al. 2019). In concordance with previous research, no
antibodies were administered for type-1IX Myosin Heavy Chain due to low binding reliability;
this fiber was accounted for through counts of non-immunofluorescent cells (Bamman et al.
1998; Leszczynski et al. 2019; Wu et al. 2017).

Samples were imaged using an Olympus Fluoview 1000 inverted confocal laser
microscope. A PlanFluor UPLFN 20X NA.50 objective was used to collect images using a 488
nm Argon Laser or 543/643 HeNe laser for excitation of fluorescence. Single XY confocal
images were taken using sequential excitation, and no changes were made to the images post
acquisition. Cross-sectional area and type were assessed using ImageJ analyzer software.
Samples were only analyzed if they contained 300 or more cells per section per animal. All

values of cross-sectional area were scaled to body weight as is the standard when conducting
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growth restriction studies (Leszczynski et al. 2019; Nakada et al. 2016; Nonaka et al. 2018;

Wang et al. 2018; You et al. 2015).

Statistics

All analysis was performed in JMP Pro 13 software (SAS, Cary, NC). Growth and
maximal treadmill running capacity, and skeletal muscle fiber data were analyzed using a two-
way ANOVA (3x2 factorial design) with the main comparison effects of diet group (CON, GUN,
PUN) and sex (male or female) with alpha level set at 0.05. Echocardiograph measures were
analyzed using a two-way ANCOVA with sex and diet group being used as the independent
variable and heart rate and body surface area used to standardize functional parameters, while
body weight was used to standardize measures related to LV structure (Inoue et al. 2017;
Popovi¢ et al. 2005). A Tukey’s HSD post hoc test was performed on analyses for which

significance was observed. All values are presented as mean+standard deviation (SD).
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RESULTS
Growth and Tibia Length

The growth rate during PN1-PN21 showed the PUN mice grew at a slower rate (Diet:
P<0.0001) as compared to the CON and GUN mice (Fig. 2A). During PN22-70, there was a sex
effect where growth rate was significantly greater in (Sex: P<0.0001) male versus female groups,
but there was no diet effect (Fig. 2B).

At PN1, a trend towards significant difference (Diet: P=0.15) was observed with GUN
mice being smaller than CON and PUN mice (Fig. 2C). Following birth the GUN mice
experienced catch up growth to match the weight of CON mice. At weaning (PN21), PUN mice
were significantly (Diet: P<0.0001) smaller than CON and GUN mice (Fig. 2C).

While there was a trend (Diet*Sex: P=0.103) for diet group x sex interaction, body weight
measured at PN70 only showed a diet effect (Diet: P=0.0002) where PUN mice weighed
significantly less than CON and GUN mice (Fig. 2D). Assessment of mouse tibia length did not

indicate significant differences (Diet: P=0.23) between groups (Fig. 2E).
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Figure 2: Body weight (g) and Growth. Values are expressed as mean + SD. A) Growth rate
(PN1-PN21) for PUN (male, female) was significantly less (Diet: P<0.0001) than CON (male,
female) and GUN (male, female). B) During PN22-PN70, there was a sex effect where growth
rate was significantly greater (Diet: P<0.0001) in male versus female groups. C) Bodyweight
growth from PN1-PN21. Upon birth at PN1, GUN mice showed a trend towards significantly
smaller (Diet: P=0.15) body weight than PUN and CON mice. At weaning (PN21), PUN (male,
female) mice were significantly (Diet: ¥*P<0.0001) smaller than CON (male, female) and GUN
(male, female) mice. D) Body weight growth from PN21-PN70. At final weight (PN70), PUN
mice (male, female) weighed significantly less (Diet: AP=0.0002) than CON (male, female) and
GUN (male, female) mice. E) Mouse tibia length. Values are expressed as mean = SD. No
significant difference (Diet: P=0.23) in tibia length was observed among diet groups.
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Treadmill Running

Running time to exhaustion on the treadmill showed a non-significant trend (Diet*Sex:
P=0.09) where GUN male mice reached exhaustion sooner as compared to GUN female mice; no
other differences were observed between groups (Fig. 3A). CON female mice sustained maximal
speed for a significantly (Diet*Sex: P=0.012) longer time than PUN male, PUN female, GUN
male, GUN female, and CON male mice (Fig. 3B).

A diet effect was observed where work performed at maximal speed was significantly
(Diet: P=0.0002) greater in CON mice as compared to GUN and PUN mice (Fig. 3C). Results of
total work performed throughout the test were not significantly different (Diet: P=0.32) between

groups (Fig. 3D).
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Figure 3: Treadmill running parameters. Values are expressed as mean + SD. A) Time (in
minutes) to exhaustion including the 10-minute warm up. Time to exhaustion during treadmill
running showed a trend (Diet*Sex: P=0.09) for significantly quicker time to exhaustion among
GUN male mice relative to GUN female mice. B) Time (in minutes) at maximal running speed.
CON female mice sustained maximal speed for a significantly (Diet*Sex: P=0.012) longer time
than all other groups. C) Work (in Joules) load at maximal speed on the treadmill. Work
performed when at maximal speed was significantly (Diet: P=0.0002) greater in CON mice as
compared to PUN and GUN mice. D) Total work (in Joules) completed throughout the treadmill
test. There was no difference (Diet: P=0.32) between the groups or sexes.

Echocardiography and Doppler Velocity Analysis

Heart rate showed a trend (Diet: P=0.07) of greater BPM among GUN mice versus CON
and PUN (Table 2). Left ventricular (LV) mass of CON mice was larger (Diet: P=0.03) than
GUN and PUN mice; this was no longer present when corrected values were obtained from the
echocardiography software (LVmasscorr) (Table 2). The posterior wall of the LV during systole
(LVPW:;s) was 18.6% thinner in PUN female and 8.5% thinner in GUN female relative to CON

female mice (Diet*Sex: P=0.03; Table 2). For the males, LVPW;s was 12.3% thinner in PUN

male and 10.6% thinner in GUN male in relation to CON male mice (Diet*Sex: P=0.03; Table
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2). Similarly, measures of LV anterior wall thickness during diastole (LVAW:;d) showed a trend
towards significance (Diet: P=0.09; Table 2) with an 8.8% thinner wall in PUN females and
GUN females relative to CON females, while LVAW;d was 13.6% thinner in PUN males and
only 1.1% thinner in GUN male mice relative to CON male. There was no other significant
differences in left ventricular structure of the diet groups (Diet: P=0.09; Table 2).

There was no difference in systolic function as evaluated by echocardiography (Table 2).
However, diastolic function had significant differences in Aortic Ejection Time (AET) and the
ratio of early (MV E) to late (MV A) aortic filling velocity (Table 2). CON female mice had a
significantly longer (Diet*Sex: P=0.047) AET as compared to GUN male mice (Table 2). No
other differences were observed between groups with respect to AET (Table 2). The MV E/A
ratio was significantly greater (Diet*Sex: P=0.045) among GUN female in comparison to PUN
male mice, with no other differences being observed between groups (Table 2).

Global cardiac function showed stroke volume (SV) was significantly less (Diet: P=0.04)
among PUN mice in comparison to CON mice; GUN mice were not significantly different than
CON and PUN (Table 2). Myocardial Performance Index (MPI) trended towards significance
(Diet*Sex: P=0.16) with CON male, CON female, and GUN female being less than GUN male,

PUN male, and PUN female mice (Table 2).
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Male Female P

Parameter CON GUN PUN CON GUN PUN Diet Sex Diet*Sex
Heart Rate (BPM) 40450 42650 36550 39160 41650 36350 0.07 NS NS
Diameter;s (mm) 2.72+0.34 2.50+0.36 2.43+0.36 2.39+0.35 2.39+0.36 2.45+0.36 NS NS NS
Diameter;d (mm) 4.07+0.26 3.89+0.28 3.76+0.26 3.76+0.26 3.65+0.26 3.71x0.27 NS NS NS
Area;s (mm?) 12.65+2.38 12.35+2.68 10.56+1.78 8.26+2.22 10.55+1.85 8.65£2.77 NS NS NS
Area;d (mm?) 19.37+2.38 18.96:2.70 18.33+1.78 16.04+2.23 17.46+1.85 16.66+2.78 NS NS NS
LV Mass (mg) 118.9£4.20" 107.37.74° 103.9+5.72° 114.6£5.02* 99.9+3.72° 102.5£12.75° 0.03 NS NS
LV Mass 95.1249.2 85.81+9.3 83.15+9.2 91.6646.5 79.99+11.3 82.02+10.3 NS NS NS
Corrected (mg:g")
LV Anterior 0.88+0.14 0.87+0.14 0.76+0.14 0.910.13 0.83+0.14 0.83+0.13 0.09 NS NS
Wall;d (mm)
LV Anterior 1.35+0.24 1.27+0.24 1.26£0.24 1.38+0.22 1.22+0.24 1.27+0.25 NS NS NS
Wall;s (mm)
LV Posterior 0.8120.08 0.77+0.08 0.8+0.08 0.82:0.07 0.790.08 0.77+0.09 NS NS NS
Wall;d (mm)
LV Posterior 1.2220.12% 1.090.08" 1.07£0.1° 1.18+0.07* 1.080.1° 0.96+0.09 NS NS 0.03
Wall;s (mm)
Mitral Valve 6.54+13.08 6.84:13.68 6.76+13.52 7.53+13.04 6.68+13.36 6.14+13.73 NS NS NS
Area (MVA)
Ejection 62.1248.4 65.6+8.78 64.938.68 66.6+8.37 64.28+8.56 63.68+8.81 NS NS NS
Fraction (%)
Fractional 33.136.3 35.8146.6 35.27+4.48 37.346.25 34.446.4 34.24£6.6 NS NS NS
Shortening (%)
LVID;s (mm) 2.68+0.34 2.52+0.36 2.44+0.34 2.38+0.35 2.43+0.34 2.45+0.36 NS NS NS
Volume;s (uL) 27.95+7.64 22.83+7.98 21.61+7.88 22.037.60 20.14+7.72 22.298.0 NS NS NS
AET (ms) 52.35+4.86"" 46.57+5.08" 50.315.02*" 58.52+4.83* 49.65+4.96*" 52.745.1*° NS NS 0.047
MV E (mm's?) 630.18+103 627.42+108 551.94+106 705.5+102 726.22+105 669.34108 NS NS NS
MV A (mm's’) 336.28+81 368.79+84 353.2483 464.63+80 310.79+82 346.84:+84 NS NS 0.1
MV E/A 1.92£0.44"° 1.73£0.46"" 1.5120.46" 1.5120.45"" 2.61x0.46" 1.95£0.47"" NS NS 0.045
MVDT (mm-s) -2613£1417 -2872+1479 -2794:1460 -3452+1409 -3928+1443 -3627+1484 NS NS NS
IVCT (ms) 10.7+2.56 10.71+2.68 13.24+2.64 8.77£2.55 11.13£2.6 11.43+2.68 NS NS NS
IVRT (ms) 16.70+2.18 15.94+2.94 15.84+2.26 16.53+2.18 15.16+2.22 19.6+2.28 NS NS NS
LVID (d) (mm) 4.04+0.28 3.88+0.3 3.82+0.3 3.79+0.29 3.65+0.3 3.75+0.29 NS NS NS
Volume;d (uL) 73.43+10.36 65.8310.82 60.94:£10.68 61.18+10.31 56.63+10.56 59.56:£10.84 NS NS NS
Stroke Volume (uL) 45.47£6.04* 43+6.3"° 35.3£6.22° 39.15+6.01* 36.48£6.14"" 32.26+6.33" 0.04 NS NS
Cardiac Output 19.96+2.32 17.09+2.42 14.3242.38 15.8+2.3 14.39+0.36 13.7422.41 NS NS NS
(mL-min™)
Cardiac Output-LV 17.96+2.32 17.09+2.42 15.3242.38 15.38+2.3 14.39+2.36 14.7422.41 NS NS NS
Tracing in B-mode
(mL-min™)
Myocardial 0.52+0.08 0.570.09 0.58+0.09 0.43+0.08 0.53+0.09 0.59:0.09 NS NS 0.16

Performance Index

Table 2: Echocardiography and Doppler Velocity Results. Difference in superscripted letters
across a row indicates statistical significance. LV: left ventricle. s: systole. d: diastole. LVID;s:
LV internal diameter (systole). IVCT: LV isovolumetric contraction time. AET: ejection time
from opening to closing of the aortic valve. MV E: Mitral Valve E (early) wave velocity. MV A:
Mitral Valve A- (late) wave velocity. MVDT: Mitral valve deceleration time. IVRT:
Isovolumetric relaxation time. LVID d: LV internal diameter (diastole).

Skeletal Muscle Weight, Muscle Fiber Type Distribution, and Cross-Sectional Area (CSA)
A representative image of skeletal muscle fiber type and cross-sectional area is shown in

Figure 4.
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Figure 4: Representative images of skeletal muscle histology. A). CON male diaphragm
cross-section. B) CON male SOL cross-section. C) CON male EDL cross section. D) CON
female diaphragm cross-section. E) CON female SOL cross-section. F) CON female EDL cross-
section. G) GUN male diaphragm cross-section. H) GUN male SOL cross-section. I) GUN male
EDL cross-section. J) GUN female diaphragm cross-section. K) GUN female SOL cross-section.
L) GUN female EDL cross-section. M) PUN male diaphragm cross-section. N) PUN male SOL
cross-section. O) PUN male EDL cross-section. P) PUN female diaphragm cross-section. Q)
PUN female SOL cross-section. R) PUN female EDL cross-section.
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Diaphragm

Absolute and relative weight of the diaphragm was not significantly different between
diet groups (Table 3; Appendix). Type-I fiber distribution was not significantly different
(Diet*Sex: P=0.88) between groups (Fig. 5SA). PUN female mice had a significantly greater
(Diet*Sex: P=0.009) percent of type-IIA fibers in the diaphragm as compared to CON male,
CON female, GUN female, and PUN male; GUN males were not significantly different from any
group (Fig. 5B). No significant difference (Diet*Sex: P=0.21; Diet*Sex: P=0.70) between groups
was found in diaphragm type-I1IX (Fig. 5C) or type-IIB fibers (Fig. 5D).

CSA of type-I fibers (Diet*Sex: P=0.0004; Fig. 5SE), type-11A fibers (Diet*Sex:
P=0.0007; Fig. 5F) in the diaphragm was significantly larger among CON female mice compared
to the other groups. Diaphragm type-IIX fiber CSA showed a sex effect (Sex: P=0.03) where the
females had a larger CSA as compared to the males (Fig. 5G). Diaphragm Type-IIB fiber CSA

was not significantly different (Diet*Sex: P=0.3) among groups (Fig. SH).
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Figure 5: Fiber type distribution of the DIA of mice exposed to gestational and postnatal
undernutrition. Values are expressed as mean + SD. Differing letters within each panel
represent statistical difference. A) Percentage of type-I fibers in the DIA. Distribution of type-I
fibers was not significantly different (Diet*Sex: P=0.88) between groups. B) Percentage of type-
ITA fibers in the DIA. PUN female mice showed a significantly greater percent (Diet*Sex:
P=0.009) of type-IIA fibers in the DIA than CON male, CON female, GUN female, and PUN
male mice; GUN males were not significantly different from either group. C) Percent of type-1IX
fibers in the DIA. Type-IIX fiber distribution was not significantly different (Diet*Sex: P=0.21).
D) Percent of type-1IB fibers in the DIA. Percent of type-IIB fibers in the DIA was not
significantly different (Diet*Sex: P=0.70). E) CSA of type-I fibers in the DIA. CSA was
significantly larger (Diet*Sex: P=0.0004) among CON female mice than PUN male, GUN
female, and CON male. PUN female and GUN male CSA was only significantly larger than
CON male. F) CSA of type-IIA fibers in the DIA. CSA was significantly larger (Diet*Sex:
P=0.0007) in CON female than in GUN female, PUN male, and CON male. GUN male CSA
was only larger than CON male and PUN male. G) CSA of type-1IX fibers in the DIA. DIA type-
IIX fiber CSA showed a sex affect (Sex: P=0.03) where the females (CON,GUN, PUN) had a
larger CSA as compared to the males (CON, GUN, PUN). H) CSA of type-IIB fibers in the DIA.
No significant difference (Diet*Sex: P=0.3) was found in CSA of type-IIB fibers in the DIA.

Soleus
Absolute SOL weight was significantly greater (Diet*Sex: P=0.003) among CON male as
compared to CON female mice, no other differences were observed (Table 3; Appendix).

Relative SOL weight was significantly greater (Diet*Sex: P=0.02) among CON male and PUN
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female versus CON female mice (Table 3; Appendix); no other differences were observed
between groups. Type-I fiber (Diet*Sex: P=0.62; Fig. 6A), Type-IIA fiber (Diet*Sex: P=0.89;
Fig. 6B), Type-IIX fiber (Diet*Sex: P=0.30; Fig. 6C), and Type-IIB fiber (Diet*Sex: P=0.55,
Fig. 6D) distribution in the SOL was not significantly different between groups.

In the SOL, CSA of type-I (Diet: P=0.02; Fig. 6E), type-1IA (Diet: P=0.01, Fig. 6F), and
type-1IX (Diet: P<0.0001; Fig. 6G) fibers was larger among PUN mice compared to GUN and
CON mice. CSA of SOL type-IIB fibers was significantly larger (Diet*Sex: P=0.05) among
PUN males and PUN females than CON females, CON males, and GUN males; GUN females

were not significantly different from any group (Fig. 6H).
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Figure 6: Fiber type distribution from the SOL of mice exposed to gestational and
postnatal undernutrition. Values are expressed as mean + SD. A) Percentage of type-I fibers in
the SOL. Type-I fiber percentage was not significantly different (Diet*Sex: P=0.62). B) Percent
of type-IIA fibers in the SOL. Fiber distribution was not significantly different (Diet*Sex:
P=0.89) between groups. C) Percent of type-IIX fibers in the SOL was not significantly different
(Diet*Sex: P=0.30) between groups. D) Percent of type-IIB fibers in the SOL. Distribution of
type-1IB fibers was not significantly different (Diet*Sex: P=0.55). E) CSA of type-I fibers in the
SOL. There was a significant diet effect (Diet: P=0.02) with CSA of PUN mice being
significantly larger than GUN and CON. F) CSA of type-IIA fibers in the SOL. There was a
significant diet effect (Diet: P=0.01) where CSA in PUN mice was larger than GUN and CON.
G) CSA of type-1IX fibers in the SOL. There was a significant effect of diet (Diet: P<0.0001) on
CSA as PUN was significantly larger than GUN and CON. H) CSA of type-IIB fibers in the
SOL. CSA of SOL type-IIB fibers was significantly different (Diet*Sex: P=0.05), with the larger
fibers in PUN male mice and PUN females versus CON females, CON males, and GUN males.
GUN female CSA was not different from any group.

Extensor Digitorum Longus

Absolute EDL weight was significantly greater (Diet*Sex: P=0.02) in CON male and
female mice versus GUN males (Table 3; Appendix). Relative EDL weight was significantly
greater (Diet*Sex: P=0.002) among PUN male and CON female mice versus GUN males (Table
3; Appendix). Type-I and type-IIA fiber distribution in the EDL was not significantly different

(Diet*Sex: P=0.14; Diet*Sex: P=0.46) between groups (Fig. 7A-B). Distribution of type-IIX
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fibers in the EDL showed a diet effect with significantly greater (Diet: P=0.03) percent of Type-
IIX fibers among CON versus PUN; the GUN group was not different from either group (Fig.
7C). Type-1IB fiber distribution in the EDL showed a diet effect with significantly greater (Diet:
P=0.008) percent of Type IIB fibers in PUN versus CON; the GUN mice were not significantly
different from either group (Fig. 7D).

Type-I (Sex: P=0.01, Fig. 7E) and Type-IIA (Sex: P=0.0002, Fig. 7F) fibers in the EDL
had a sex effect with significantly larger CSA in females than in males. Cross-sectional area of
EDL type-IIX (Diet*Sex: P=0.67; Fig. 7G) and type-1IB (Diet*Sex: P=0.83; Fig. 7H) fiber CSA

was not significantly different among groups.
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Figure 7: Fiber type distribution from the EDL of mice exposed to gestational and
postnatal undernutrition. Values are expressed as mean + SD. A) Percentage of type-I fibers in
the EDL. Type-I fiber distribution in the EDL was not significantly different (Diet*Sex: P=0.14)
between groups. B) Percent of type-IIA fibers in the EDL. Percentage of type-IIA fibers in the
EDL was not significantly different (Diet*Sex: P=0.46) between groups. C) Percent of type-11X
fibers in the EDL. Type-IIX fiber distribution in the EDL showed a diet effect with significantly
greater (Diet: P=0.03) percent among CON versus PUN; GUN was not different from either
group. D) Percent of type-IIB fibers in the EDL. Distribution of type-IIB fibers showed a diet
effect as percent in PUN mice was significantly greater (Diet: P=0.008) than CON; GUN was not
different from either group. E) CSA of type-I fibers in the EDL. A sex effect was observed as
female mouse CSA was significantly larger (Sex: P=0.01) than male. F) CSA of type-IIA fibers
in the EDL. A sex effect was observed as female mouse CSA was significantly greater (Sex:
P=0.0002) than male. G) CSA of type-IIX fibers in the EDL. No significant difference
(Diet*Sex: P=0.67) was found in CSA of type-1IX fibers in the EDL. H) CSA of type-IIB fibers
in the EDL. No significant difference (Diet*Sex: P=0.83) was found in CSA of type-I fibers in
the EDL.
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DISCUSSION

The DOHaD hypothesis asserts that low birth weight and growth restriction during
postnatal life increases the risk of chronic disease in adulthood (Barker et al. 1986). A
therapeutic countermeasure to mitigate the incidence of chronic disease is regular participation in
exercise (Booth et al. 2012). However, growth restriction influences a variety of physiological
processes that can affect exercise capacity; therefore it is necessary to document exercise
capacity in a growth restricted model through the lens of Fick’s equation to determine if and how
exercise capacity is compromised. Surprisingly, there is a gap in literature regarding the
influence of growth restriction on exercise capacity.

We showed that our nutritive model trended to reduce the weight of the GUN group at
birth; yet once refeeding occurred, GUN mice experienced catch-up growth. This ability of GUN
mice to regain weight to match CON has been observed previously (Fiorotto et al. 2014;
Leszczynski et al. 2019). The PUN group however, did not experience catch-up growth
following refeeding (Fig. 2).

In order to evaluate exercise capacity we performed a maximal treadmill running test
(surrogate for oxygen consumption), assessed cardiac function via echocardiography & Doppler
velocity analysis (i.e. oxygen delivery to working muscle), and determined skeletal muscle fiber
type & cross-sectional area via immunohistochemistry (ability of muscle to utilize oxygen for
work) in adulthood.

Measurement of oxygen consumption during exercise in mice using metabolic treadmills
does not yield repeatable measures of maximal VO,, whereas calculated work obtained during
maximal graded treadmill elicits repeatable measures of exercise capacity (Brock et al. 2010;

Knab et al. 2009). With enclosed treadmills, oxygen consumption readings reach a peak early in
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the test and decline over time. This occurs because the mouse moves towards the back of the
treadmill as the test proceeds, reducing the continuity between the mouse’s ventilatory stream
and the gas sampling airstream on the enclosed treadmill (Knab et al. 2009). A maximal work
test is highly correlated with aerobic capacity (VO>) and thus exists as an appropriate measure of
exercise capacity in mice (Barbato et al. 1998; Fernando et al. 1993).

Our results showed that both GUN and PUN mice were unable to withstand high running
intensities to the degree of CON mice (work at max speed; Fig. 3C), partly due to an inability to
sustain running at max speed (Fig. 3B). Maximal exercise capacity is cardiac-limited (Andersen
et al. 1985; Levine 2008). As such, we evaluated echocardiography and Doppler velocity.

LV chamber size was not significantly different among groups for this study (Table 2).
However, the PUN and GUN groups had a reduced LV mass, LV posterior wall thickness, and
LV anterior wall thickness in relation to CON (Table 2). Myocardial thickness in the LV is a
positive regulator of ventricular inotropy (Nakamura et al. 2018). Our data agree with previous
work in humans which shows a reduced wall thickness with exposure to growth restriction
(Bjarnegard et al. 2013; Lewandowski et al. 2013). Thus, it appears that postnatal undernutrition
reduces LV myocardium inotropy and contractility through myocardial size deficit leading to
reduced SV, whereas gestationally undernourished mice experienced a restored LV wall
thickness with refeeding such that SV was not impaired. Research has shown that increases in
posterior wall thickness are associated with an increase in VO2 max (Adamopoulos et al. 2003),
likely as a function of greater SV from inotropic strength. Thus, we conclude that the thinner LV
wall in PUN mice acted as a negative inotropic trait, leading to a reduced SV and exercise

capacity.
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The GUN group in this study showed a reduction in LV wall thickness and mass without
accompanying reduction in SV. In GUN mice, LV posterior wall at systole (LVPW;s) was not
affected as greatly (female: 8.5% thinner; male: 10.6% thinner) as in PUN mice (female: 18.6%
thinner; male: 12.3% thinner) with respect to CON values. Furthermore, the GUN mice
displayed a higher Mitral Valve E-to-A filling velocity ratio (MV E/A) and faster aortic ejection
time as compared to PUN. Ratio of early-to-late filling velocity reflects both the compliance and
the relaxation capacity of the ventricle during diastole; thus, a greater MV E/A would indicate a
diastolic advantage for GUN mice relative to PUN. A shorter aortic ejection time indicates a
more effective ventricular systole (Cakmak et al. 2007); this also may explain the preserved
stroke volume in GUN mice. As such, we conclude that the timing of refeeding in the GUN mice
restored LV functional capacity to a degree that stroke volume impairment was not present.

Despite the preservation of stroke volume, GUN mice showed impairment in maximal
running capacity. This observation is important, as it indicates a phenomenon where GUN mice
are similar to CON mice at rest (body weight and stroke volume), yet impairment becomes
evident when a stressor is presented. It was observed that GUN mice had higher resting heart
rates relative to other groups. Previous growth restriction literature showed that maternal protein
restriction induces stress hyperresponsiveness that manifests as increased heart rate and
circulating catecholamines in offspring (Augustyniak et al. 2010; Johansson et al. 2007; Tonkiss
et al. 1998). As higher resting heart rate compromises maximal cardiac output and reduces
maximal exercise capacity (Laukkanen et al. 2009; Nauman et al. 2012), we conclude that the
greater proximity to maximal heart rate reduced cardiac output during maximal exercise, thus

limiting maximal exercise capacity for GUN mice.
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Fiber type expression and fiber CSA serve as independent regulators of O» uptake at the
fiber level, with type-I fibers showing the highest oxygen utilization capacity due to greater
capillarization, myoglobin content, mitochondrial abundance, and oxygen transit (Liu et al.
2012a). Additionally, high fiber CSA leads to a greater Oz transit time, decreasing the oxidative
capacity of a given fiber (Liu et al. 2012a). Models of postnatal undernourishment are typically
associated with a decrease in muscle mass due to reduced translational capacity from lower
ribosome content (Fiorotto et al. 2014). Absolute muscle wet weight differences were only
observed in CON male and females for the soleus and EDL (data not shown). When
standardizing muscle wet weights to body weight the soleus of PUN female and CON males
were larger than CON females, while the EDL of CON female and PUN males were larger than
GUN males. There were no differences in relative or absolute wet weights of the diaphragm.
According to standard practices (Leszczynski et al. 2019; Nakada et al. 2016; Nonaka et al.
2018; Wang et al. 2018; You et al. 2015), to more closely evaluate muscle mass differences our
experiment normalized muscle CSA to body weight and showed type-I, type-11A, and type-1IX
fibers of the SOL were significantly larger in PUN mice than CON and GUN. We suspect that
the loading frequency of the SOL—due to primary locomotive reliance (X. Hu et al. 2017)—Ied
to a preservation of the muscle in PUN mice despite their restriction of body weight. Previous
growth restriction research has indicated that postnatal undernourishment affects the SOL muscle
to a lesser degree (Ward et al. 1993), which supports our observation.

The EDL of mice from the PUN group showed a significantly greater percent of type-I11B
fibers compared to CON—who in turn showed a greater percent of type-I1IX fibers than PUN.
Type-1IB fibers fatigue more quickly at maximal intensity than type-I1IX, due mostly to lower

mitochondrial content (Schiaffino et al. 2011). We conclude that the shift towards the more
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highly-fatiguing type-IIB fibers in the EDL of PUN mice contributed to earlier fatigue and
subsequent exercise impairment at maximal speed. This finding is supported by findings in
previous models, which indicate increased glycolytic activity at the expense of oxidative
capacity in rats undernourished from birth (Raju 1974).

PUN female mice showed an increased percent of type-IIA fibers in the diaphragm. This
increased percent appears to arise at the expense of type-IIB fiber distribution. Given the
contractile demands of the diaphragm, this would suggest a positive adaptation in PUN female
mice allowing for a greater ability to delay diaphragmatic fatigue (Pette et al. 2000). In isolation,
this may be true; however, as VO, increases with exercise, the relative contribution of the
diaphragm to ventilation decreases and accessory inspiratory musculature involvement rises
(Laroche et al. 1988). As such, diaphragm weakness only subtly affects exercise capacity
(Johnson et al. 1993). While diaphragm differences minimally affect exercise, these fiber
differences may be of interest for future research on respiratory dynamics in PUN mice.

Skeletal muscle of GUN mice did not show marked variation from that of CON with respect to
fiber distribution or CSA in the diaphragm, SOL, or EDL (Fig.5-7). These data confirm previous
literature on gestational undernourishment with refeeding at birth, where skeletal muscle
phenotype “catches up” to that of control groups (Fiorotto et al. 2014; Leszczynski et al. 2019).
Thus, impairment in maximal running performance among GUN mice is isolated to chronotropic
dysregulation—while PUN mice show both cardiac and skeletal muscle impairment.

Muscle fiber distribution of the DIA and EDL muscles in this experiment were similar to
those observed in previous studies (Baan et al. 2013; Greising et al. 2015; Guido et al. 2010).
However, the type-I fiber distribution in the SOL was atypical. There are limited data available

on the fiber distribution of this muscle in the FVB strain; however, some researchers have
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observed a reduction in type-I fibers in the FVB strain (Ferguson et al. 2019; Leszczynski et al.
2019). Furthermore, these investigators confirmed low type-I fiber expression using both SDS

Page and confocal imaging, thus given this support we conclude are results are accurate.

Limitations

There is a paucity of literature related to growth restriction and exercise capacity, which
is alarming, as exercise could attenuate the incidence of chronic disease in this population. We
demonstrate maximal exercise capacity is cardiac-limited in gestational undernourished mice,
while undernutrition during lactation impairs treadmill running via cardiac and skeletal muscle
impairment. It should be noted that our echocardiography and Doppler velocity measurements
were performed with the animal at rest. While we were able to elucidate differences, future
studies could couple cardiac imaging with pharmacological stimulants to evaluate cardiac
function under similar loads of maximal treadmill running. This experiment did not utilize stress
echocardiography, as previous literature shows that resting measures of cardiac structure are
predictive of maximal functional capacity (Arbab-Zadeh et al. 2014; Dini 2011; Mihl et al. 2008;
Pluim et al. 2000). We showed skeletal muscle differences using histology, the next step in
future studies could implement functional measures such as mitochondrial function via high-
resolution respirometry or force fatigue measures of isolated skeletal muscles. Our objective in
this investigation was to determine the developmental programming of exercise capacity through
cardiac and skeletal muscle function as they have been consistently validated as the primary
variables associated with maximal exercise capacity (Fick 1870). However, future studies should
evaluate the role of other tissues (lungs and vasculature) on exercise capacity. Furthermore, we

showed exercise capacity differences that were not due to a pathological state (strength of this
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study); however, as mice age cardiovascular disease could contribute to exercise capacity
impairments and the cause of them occur should be studied. We did not observe any statistical
differences in myocardial performance index (indicator of global cardiac health), but with greater
aging this variable could become significant, so the logical next step in this investigation is to

evaluate mice at advanced ages rather than adulthood alone.
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undernutrition reduces maximum treadmill running capacity in adulthood in mice. Appl.
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A reviewer for this document has requested data regarding the individual weights of

muscles for the mice in this study. This table was not included in the original manuscript.

Male Female P
Muscle CON GUN PUN CON GUN PUN Diet Sex Diet*Sex
DIA wt. (mg) 21.2+6.41 20.87+13.42 21.97+12.48 16.16+4.45 22.87+17.06 17.33+9.85 NS NS NS

SOL wt. (mg) 33.4+12.88* 26.27+18.68*%  14.3+2.98*8 9.95+5.42% 24.27+18.294% 23.73+27.024% NS NS 0.0034

EDL wt. (mg) 31.37+11.62* 15+7.23% 29.05+20.58" 3149.12%  23.07+15.834%  16.25+9.1748 0.004 NS 0.02

Rel. DI]A wt 0.76+0.22 0.76+0.49 1.07+0.6 0.79+0.27 1.14+0.81 0.94+0.5 NS NS NS
(mg - g~ BW)
Rel. SOIL we. 1.2+0.474 0.94+0.674%  0.75+0.1148 0.5+0.3%  1.16+0.82*% 1.35+1.48* NS NS 0.02
(mg - g~ BW)
Rel. El_)lL wt. 1.13+£0.434%  0.54+0.26"® 1.49+1.02*4 1.48+0.34*  1.13+0.74*8 0.9+0.5248 0.02 NS  0.002
(mg - g” BW)

Table 3: Absolute and Relative Muscle Weights. Difference in superscripted letters across a row
indicates statistical significance
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