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Key points

� Impaired growth during fetal life can reprogramme heart development and increase the risk
for long-term cardiovascular dysfunction.

� It is uncertain if the developmental window during which the heart is vulnerable to
reprogramming as a result of inadequate nutrition extends into the postnatal period.

� We found that adult female mice that had been undernourished only from birth to 3 weeks of
age had disproportionately smaller hearts compared to males, with thinner ventricle walls and
more mononucleated cardiomyocytes.

� In females, but not males, cardiac diastolic function, and heart rate responsiveness to adrenergic
stimulation were limited and maximal exercise capacity was compromised.

� These data suggest that the developmental window during which the heart is vulnerable to
reprogramming by inadequacies in nutrient intake may extend into postnatal life and such
individuals could be at increased risk for a cardiac event as a result of strenuous exercise.

Abstract Adults who experienced undernutrition during critical windows of development are at
increased risk for cardiovascular disease. The contribution of cardiac function to this increased
disease risk is uncertain. We evaluated the effect of a short episode of postnatal undernutrition
on cardiovascular function in mice at the whole animal, organ, and cellular levels. Pups born
to control mouse dams were suckled from birth to postnatal day (PN) 21 on dams fed either
a control (20% protein) or a low protein (8% protein) isocaloric diet. After PN21 offspring
were fed the same control diet until adulthood. At PN70 V̇O2,max was measured by treadmill
test. At PN80 cardiac function was evaluated by echocardiography and Doppler analysis at rest
and following β-adrenergic stimulation. Isolated cardiomyocyte nucleation and Ca2+ transients
(with and without β-adrenergic stimulation) were measured at PN90. Female mice that were
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undernourished and then refed (PUN), unlike male mice, had disproportionately smaller hearts
and their exercise capacity, cardiac diastolic function, and heart rate responsiveness to adrenergic
stimulation were limited. A reduced left ventricular end diastolic volume, impaired early filling,
and decreased stored energy at the beginning of diastole contributed to these impairments. Female
PUN mice had more mononucleated cardiomyocytes; under resting conditions binucleated
cells had a functional profile suggestive of increased basal adrenergic activation. Thus, a brief
episode of early postnatal undernutrition in the mouse can produce persistent changes to cardiac
structure and function that limit exercise/functional capacity and thereby increase the risk for the
development of a wide variety of cardiovascular morbidities.
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Introduction

There is increasing evidence that, in addition to genetic
predisposition or lifestyle factors, a suboptimal nutritional
environment in early life can modulate developmental
processes to produce permanent changes that increase the
risk for the development of chronic diseases, including
heart disease (Barker, 1999; Osmond & Barker, 2000;
Thornburg, 2015). An increased incidence of cardio-
vascular anomalies that parallel those observed in humans
also occurs in a variety of animal models (mouse, rat,
sheep, guinea-pig, and primate) subjected to under-
nutrition during gestation and/or early postnatal life
(Briscoe et al. 2004; Louey et al. 2007; Morrison et al.
2007; Botting et al. 2012; Goyal & Longo, 2013; Zohdi et al.
2014; Kuo et al. 2017). Thus, affected individuals would
not only be at increased risk for cardiovascular disease
in adulthood, but are likely to have limited functional
capacity that restricts their tolerance for exercise and,
thereby, exacerbates the development of other chronic
morbidities.

By full-term birth in mammals, structural development
of the heart, including the acquisition of most cardio-
myocytes, is largely complete although the extent of this is
species-dependent. Postnatal growth is primarily through
hypertrophy of existing cardiomyocytes accompanied by
varying degrees of cell division, nuclear division, and/or
polyploidization depending on species. The capacity
of cardiomyocytes for division is retained until the
cells undergo terminal differentiation, and is associated
with the cells becoming binucleated and/or polyploid
(Patterson et al. 2017). In humans, cardiomyocyte
numbers increase until 20 years of age by some studies
(Mollova et al. 2013), albeit at low rates after the first
year of life; the number of mononucleated cells remains
relatively constant, whereas the number of polyploid
nuclei increases into adulthood (Mollova et al. 2013).
In sheep, left ventricular (LV) cardiomyocyte division is
largely complete by birth, but persists for a short while
in the right ventricle; nuclear division continues in both

ventricles for 2–3 weeks (Burrell et al. 2003; Jonker et al.
2015). In rodents, myocyte proliferation continues for a
few days postnatally with nuclear division extending into
the second week of life (Li et al. 1996; Soonpaa et al.
1996; Ikenishi et al. 2012) coincident with attainment of
functional maturity (Li et al. 1996; Soonpaa et al. 1996; Leu
et al. 2001; Hamaguchi et al. 2013; Foglia & Poss, 2016).
During this terminal phase of cardiomyocyte development
when the loss of functionally impaired mononucleated
cardiomyocytes also occurs, there is maturation of the
sarcoplasmic reticulum and t-tubule membrane systems
(Hamaguchi et al. 2013) which, together with the increase
in cell mass, contribute to the attainment of mature
cardiac function, especially diastolic function (Chen et al.
2007). Thus, perturbations to the growing organism’s
environment during the prenatal versus the postnatal
period will impact on distinct cellular processes in the
heart and, as a result, the long-term effects incurred may
differ.

In humans, the cardiac dysfunction with altered heart
size and shape in term fetuses that experience intra-
uterine growth retardation (IUGR) suggests that some
aspects of heart development are vulnerable to the adverse
environment they have experienced (Perez-Cruz et al.
2015). These functional deficits persist into childhood
and early adulthood (Crispi et al. 2010; Tennant et al.
2014). Recently, there also has been increasing awareness
that premature infants, which comprise 5–18% of births
(Blencowe et al. 2012) and where cardiac maturation
occurs postnatally, are at a greater risk of early onset heart
failure regardless of growth status (Carr et al. 2017). Thus,
the extent of cardiac maturation that occurs after birth
will depend on the degree of prematurity, which could
be substantial, and subject to the postnatal nutritional
state. In sheep and rodents, newborns that experienced
prenatal growth impairment have fewer cardiomyocytes
(Corstius et al. 2005; Stacy et al. 2009; Master et al. 2014)
and their capacity to recover appears to depend on the
developmental stage at recovery (Bai et al. 1990; Lim et al.
2010; Black et al. 2012; Botting et al. 2012; Vranas et al.
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2017). However, the extent to which alterations in cardiac
cell size, number and nucleation/ploidy are impacted when
a nutritional deficit occurs only after birth, i.e. during
the terminal phase of maturation, and whether these are
recoverable or contribute to cardiac dysfunction in later
life has received less attention.

From the functional perspective, physiological
adaptations may compensate for differences in heart
size and cardiomyocyte function under conditions of
low cardiovascular demand. Thus, consequences of a
reduction in cardiac functional capacity are more likely
to be manifested acutely when there is an increased
demand for blood flow to the peripheral tissues, as
occurs with exercise (Powers & Howley, 2015), or
chronically when there is increased afterload, as occurs
with hypertension. During acute exercise, cardiac output
increases through increases in stroke volume and heart
rate. These chronotropic, inotropic and lusitropic
responses, driven in large part by β-adrenergic pathways,
are dependent on the excitation-contraction coupling
mechanisms mediated by calcium cycling in response
to action potentials. Thus, we hypothesized that if
developmental anomalies in cardiovascular function
incurred by inadequate nutrition during the terminal
phase of cardiac maturation are not reversible following
nutritional rehabilitation, exercise capacity would be
compromised into adulthood even after full nutritional
rehabilitation. To test the hypothesis, we assessed cardiac
function in vivo and cardiomyocyte structure and
function in vitro in nutritionally rehabilitated adult mice
that experienced normal intrauterine development, but
were undernourished from birth to weaning by suckling
them on dams fed a protein-restricted diet. Global

cardiovascular fitness was assessed from performance
on a treadmill maximal exercise-stress test, whereas at
the organ and cellular levels, cardiac and cardiomyocyte
parameters of function were measured under baseline
conditions and following β-adrenergic stimulation. We
established that in females there were effects of postnatal
undernutrition on cardiac function, especially diastolic
function. These differences incurred adaptive responses to
maintain cardiovascular function under basal conditions,
but they served to limit the capacity to respond to
increases in cardiovascular demand and resulted in the
development of exercise intolerance.

Methods

Ethical approval

All experiments were conducted according to the National
Research Council’s Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care
and Use Committee at Baylor College of Medicine.

Experimental design and nutritional model

The study was designed to evaluate the long-term effects
of global postnatal undernutrition during the suckling
period following a normal intrauterine growth experience.
To induce postnatal undernutrition we used a model that
we and others have described previously (Langley-Evans,
2000; Fiorotto et al. 2014) in which mouse pups born
to well-nourished dams are cross-fostered at birth and
nursed until 21 days of age on dams fed a low protein (LP)
diet (Fig. 1). This intervention results in the production

Figure 1. A schematic representation of the experimental design showing the number of litters
generated and mice used for each set of measurements
Mice born to well-nourished control dams were cross-fostered at 1 day of age to dams fed either a control diet
(CON) or an isocaloric low protein diet (LP) to induce postnatal undernutrition (PUN) until weaning. All mice were
weaned at 21 day of age to the control diet, thus limiting the period of undernutrition from day 1 to 21 days of
age. During adulthood (70–90 days of age) mice were subjected to several tests to assess cardiac function via a
maximal V̇O2 test, echocardiography and Doppler measurements, and cardiomyocyte calcium transient analysis.
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of less milk that contains slightly less protein and more
fat. Thus, pups principally experience protein-energy
malnutrition with a marginally greater deficit in protein
intake (Sampson et al. 1986; Grimble & Mansaray, 1987;
Pine et al. 1994; Derrickson & Lowas, 2007; Agnoux et al.
2015).

Second and third parity FVB (FVB/N; Charles River
Laboratories, Wilmington, MA, USA) mouse dams were
fed a control diet (20% protein, 7% fat; Research
Diets, New Brunswick, NJ, USA) based on AIN93G,
or an isocaloric low-protein (LP) diet (8% protein, 7%
fat) throughout gestation and lactation. The diets were
identical other than the replacement of casein with an
equicaloric amount of the carbohydrate mix (starch, sugar
and maltodextrins) (Fiorotto et al. 2014). Mating was
timed by introducing males for a 24-h period. On post-
natal day (PN) 1 pups born on the same day to dams
fed the control diet were pooled, and then reassigned in
litters of seven pups (males and females) to either control
(n = 17 litters) or LP dams (n = 17 litters) to generate the
two experimental groups: controls (CON), i.e. pups born
to and suckled by well-nourished control dams; postnatal
undernutrition (PUN), i.e. pups born to control dams and
cross-fostered to and suckled by LP dams. All offspring
were weaned at PN21 to the control diet which they then
consumed for the rest of the experiment (Fig. 1).

Mice were housed on wood-chip bedding in a single
room maintained at 23°C with a 12 h light/dark cycle.
Body weight was measured weekly. Starting at PN70
mice were subjected to functional measurements detailed
below. Exercise testing and in vivo cardiac function
measurements were performed on only one pup of
each sex from each litter; cardiomyocyte isolation and
measurements were performed on a separate female
littermate. The number of mice for which measurements
were completed is summarized in Fig. 1. The experiments
met the recommendations set out by ARRIVE guidelines
for executing research with experimental animals. For all
measurements the individuals performing the tests and
analysing the data were blinded to the animals’ treatment
group (PUN vs. CON).

Body composition

At PN70 (adulthood) mice undergoing the treadmill test
were weighed and body composition was measured by
quantitative magnetic resonance (EchoMRI, Houston, TX,
USA). Body fat and lean masses were estimated using the
supplied software.

V̇O2max treadmill test

A graded treadmill test with oxygen consumption
(V̇O2 ) and carbon dioxide production (V̇CO2 ) monitoring
(Metabolic Modular Treadmill, Columbus Instruments,

Columbus, OH, USA) was performed. At PN61, mice were
randomly selected from each litter and a 5-day treadmill
acclimation protocol was initiated to familiarize the mice
with the test procedure, but insufficient to produce a
training effect. The treadmill test was performed at PN70.
On testing day mice were weighed and placed in the
metabolic treadmill for 5 min, followed by a 10 min
warm-up at 10 m/min at 0 gradient. After the warm-up
the incline was raised to 10 deg and the speed increased
5 m/min every 2 min until voluntary exhaustion when
the mouse sat on the shock grid for greater than 15 s
or touched the shock grid 5 times in a 30 s period.
V̇O2 and V̇CO2 were measured every 30 s. V̇O2,max was
measured at the time point prior to the mouse touching
the shock grid to terminate the test. Instantaneous V̇O2

and V̇CO2 production rates were derived mathematically
by deconvolution of the measured chamber values of
V̇O2 and V̇CO2 using the first order differential equation
that describes the flow characteristics of the chamber
(per Columbus Instruments). Maximal work performed
was calculated at the point of test termination using the
equation (Pederson et al. 2005):

Work (J) = 9.8 × speed (m/min) × grade (radians)

× time (min) × weight
(
kg

)

Echocardiography/Doppler blood flow

On PN78 mice were transferred to the DeBakey Heart
Center Research Core at Methodist Hospital (Houston,
TX, USA) and allowed 2 days to acclimate to mini-
mize potential stress effects before evaluation of cardio-
vascular function. Echocardiography and Doppler blood
flow analyses were performed at PN80 as described pre-
viously (Milner et al. 1999; Chintalgattu et al. 2010).
Mice were maintained under 1% isoflurane anaesthesia
on an ECG/heated board with the limbs taped to the
four electrodes. Echocardiography (Vevo 770 ultrasound,
with 30 MHz transducer; Visualsonics, Toronto, Canada)
measurements were performed in 2D and M-modes with
images taken in the short axis position at the level of the
papillary muscles, and used to determine left ventricle
(LV) systolic and diastolic dimensions. Mitral and aortic
blood flow velocities were measured by Doppler from the
apical view (10 MHz pulsed Doppler probe with real time
Doppler spectrum analyser; Indus Instruments, Webster,
TX, USA). Doppler and echocardiograph recordings were
stored for offline analysis; all analyses were done with
observer blinded to the animal’s treatment group. After
obtaining a set of baseline measurements, dobutamine
(dobutamine hydrochloride (1.5 μg/g BW); Hospira,
Lake Forest, IL, USA) was administered I.P. and the
measurements were repeated. The mice recovered for 48 h,
after which they were deeply anesthetized (4% isoflurane),
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the hearts dissected quantitatively, and weighed. Heart
weight was normalized for lean mass or body surface area
(BSA) calculated using the formula (Cheung et al. 2009):

BSA
(
cm2

) = 9.662 × (
body weight, g

)0.667
.

The parametrized diastolic filling (PDF) parameters
and derivatives that describe a spring model of diastolic
filling (Kovacs et al. 1987) were computed as pre-
viously described (Trial et al. 2017). The E-wave envelope
acquired by Doppler was fitted to a curve that describes
a damped harmonic oscillator described by the following
formula:

Fit (t) =
⎛
⎝ −xk√

4k − c2

2

⎞
⎠× exp

( −c

2 (t − h)

)

× sin

(√
4k − c2

2 (t − h)

)
.

The fit for the E-wave was accepted when the goodness
of fit (r²) was >0.99. Five beats were analysed per mouse.
The derived parameters represent ventricular stiffness (k),
visco-elasticity (c), and volumetric load (x0); h is a time
offset and t is time. From these, we computed the stored
elastic strain energy preceding valve opening (1/2kx2

0),
and the maximum damping slowing filling (cEpeak).

Isolation of cardiomyocytes and Ca2+ transient,
and spontaneous spark and wave analysis

At PN90 cardiomyocytes were isolated from 7 CON
and 8 PUN female littermates of mice described
above (Reynolds et al. 2016). Briefly, under deep
anaesthesia with 4% isoflurane, the heart was removed,
the aorta cannulated, and the heart was secured to
a Langendorff apparatus and perfused retrograde with
a zero calcium, collagenase-containing Tyrode buffer,
pH 7.4 (Sigma-Aldrich, St Louis, MO, USA). Released
cardiomyocytes were re-introduced to calcium through
successive centrifugations and resuspensions in Tyrode
buffer to a final concentration of 1.8 mM Ca2+. An
aliquot of cells was incubated with 10 μM Fura-4 AM
(Sigma-Aldrich) for Cai

2+ release analysis. Cells measured
were selected based on structure (clearly visible sarcomeres
using bright field microscopy) and contractile properties
(contracted in in response to field stimulation, but were
quiescent in the absence of pacing) (n = 20 cells per mouse
heart). To record Ca2+ transients, a line scan through
the midline of the Fura-4 AM-loaded cardiomyocytes was
performed with confocal microscopy (LSM 510 META).
Transients were recorded at room temperature without
field stimulation for 20 s and then paced for 120 s at 1 Hz;
transients were recorded for the last 20 s (Fig. 6A). To
assess spontaneous Ca2+ activity, the recording continued

for an additional 20 s after pacing had ceased as described
elsewhere (Reynolds et al. 2016). To simulate an adrenergic
response, cells were incubated for 5 min in Tyrode
buffer with 500 nM isoproterenol (isoprenaline; Sigma)
(n = 20 cells/mouse heart). Ca2+ transients were analysed
using the Peak Analysis module in LabChart software
(ADInstruments). For a subset of mice (n = 4 CON; n = 5
PUN), Ca2+ spark frequency was measured after pacing
(either at 1 Hz or 2 Hz) had ceased, and analysed using
SparkMaster in ImageJ (Picht et al. 2007). Ca2+ wave rates
were determined by counting unstimulated increases in
internal calcium that propagated in a wave-like manner
after pacing had ceased. A separate aliquot of cells from
the same mouse heart was analysed for each measurement
condition.

Isolated cardiomyocyte morphology

An aliquot of cardiomyocytes from each mouse also was
fixed in 10% zinc-formalin (Fisher Scientific, Waltham,
MA, USA) and stored in phosphate buffered saline with
1 mM 5-bromo-5-nitro-1,3-dioxane (Sigma-Aldrich) to
preserve the integrity of the sample during staining
and imaging procedures and to optimize measurement
of nucleation and cardiomyocyte cross-sectional area
(CSA). Following washing and permeabilization, cells
were positively identified by staining with an antibody
to myosin heavy chain (MF20; Developmental Studies
Hybridoma Bank, Iowa City, IA, USA) followed by an
AlexaFluor 647 tagged-secondary antibody. Nuclei were
visualized by staining with Sytox Green (Invitrogen,
Waltham, MA, USA). Images were captured with a
confocal fluorescence microscope and using Image Pro
software (MediaCybernetics, Rockville, MD, USA), cell
CSA, and the number of nuclei per cardiomyocytes was
assessed; for each mouse 75–100 cells were analysed.

Statistics

In general, data were analysed with a two-way ANOVA
with diet group (CON and PUN) and sex as main effects
(MINITAB, release 14, State College, PA, USA). Inter-
actions were first evaluated and where P � 0.1, the
main effects were examined individually; when P � 0.1
for an interaction, it was removed from the model.
Post hoc analysis was done using Tukey’s method for
multiple comparisons. Because pups within a litter are not
statistically independent, litter was used as the statistical
unit; thus, where the same variable was measured for
more than one offspring in the same litter (e.g. body
weight, composition, heart weights), data were averaged
within the litter for each sex. Exercise testing results were
analysed by ANCOVA using resting V̇O2 as covariate. For
in vivo and in vitro cardiac function analysis, an ANOVA
was used comparing the main effects of diet (CON or

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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PUN), sex (male or female), and β-adrenergic stimulation
(baseline or dobutamine/isoproterenol). Because each
mouse was measured both at baseline and upon adrenergic
stimulation, mouse was treated as a repeated measure
within dietary treatment. For assessment of Ca2+ sparks
and waves, baseline activity was used as a covariate.
Differences with P � 0.05 were considered significantly
different. Values are expressed as least square means ± SE.
All tests were performed in MINITAB with an alpha level
set a 0.05.

Results

Growth and body composition

By PN4, PUN mice weighed less than CON (P < 0.001)
and by PN21 body weight differed by 30% (Fig. 2A);
there was no sex difference over this time (diet × sex,
n.s.; sex, n.s.). On refeeding PUN mice underwent some
catch-up growth, and weighed approximately 80% of CON
mice at PN70. Sex differences were evident by PN28 (sex,
P < 0.05), but there was no sex difference in the extent
of recovery. The body weight differences in PUN mice
reflected deficits in both fat and lean masses (diet effect
for both, P < 0.001; Fig. 2B); the deficits in fat and lean
were approximately 45% and 15%, respectively in male
and female PUN mice.

Absolute heart weight was lower in both male and
female PUN mice (diet, P < 0.001), with a greater deficit
in female mice (sex × diet, P < 0.05; sex, P < 0.001;
Fig. 3A). The difference was proportional to the difference
in body weight. When normalized for metabolic (lean)
mass or BSA, heart weight was disproportionately small
in the PUN females (sex × diet, P < 0.03; diet effect in
females, P < 0.001, Fig. 3B). For PUN males, the smaller
hearts were proportional to their smaller lean mass or BSA
(diet effect in males, n.s.).

Exercise tests

There was a significant effect of baseline O2 consumption
on V̇O2max (V̇O2 over 1 min before the treadmill was
started vs. V̇O2max, r = 0.85, P < 0.001). Thus, to assess
the effects of the postnatal undernutrition on V̇O2max

independently of baseline differences, V̇O2 at baseline was
included as a covariate in the statistical analysis. The effects
of diet on parameters of exercise capacity measured by
the treadmill-stress test were sex-dependent. Both total
work performed over the entire test (Fig. 4A) and the
maximal work achieved before exhaustion (Fig. 4B) were
approximately 20% less in the PUN than CON females
(P < 0.001). These parameters did not differ between
PUN and CON male mice. V̇O2max, normalized for basal
V̇O2 was still lower in PUN than CON female but not male
mice (P < 0.01; Fig. 4C).

Echocardiography and Doppler blood flow

In vivo cardiac function assessments were performed in
female mice and a subset of male mice (Tables 1, 2 and 3).
Calculated LV mass of both male and female PUN mice
was less than for CON (Table 1), although when corrected
for lean mass there was no longer a difference. Posterior
and anterior LV walls in diastole were 25% thinner in
female (P < 0.05) but not male PUN mice (diet × sex,
P = 0.1 and 0.04, respectively; Table 1).

Baseline measurements. LV end-diastolic and stroke
volume were smaller in male and female PUN compared
to CON mice. Fractional shortening (FS) was lower in

Figure 2. Body weight growth curves and body composition
of CON and PUN female and male mice
A, average body weight of individual male and female mice from
birth to 70 days of age (PN70). Body weight was reduced in PUN
mice compared to CON starting at PN4, with no sex difference until
PN28, after which males were significantly heavier than females
within each dietary group; n = 17 litters/group; values are
means ± SE. B, body weight, lean mass, and fat (% of body weight)
at PN70 of male and female CON and PUN mice. Values are
mean ± SEM. ∗P < 0.001 for CON vs. PUN; †P < 0.001 for male vs.
female; diet × sex, n.s.).

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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PUN females than CON (P < 0.05), whereas the opposite
was true for males (P = 0.04; diet × sex, P = 0.001).
Thus, the female PUN hearts compensated for the lower
stroke volume to maintain cardiac index (mean aortic
velocity by Doppler, which is already corrected for the
CSA of the aorta) by maintaining a higher heart rate
at baseline (Table 2). PUN males, however, maintained
stroke volume and cardiac index by increasing FS without
a change in heart rate compared to CON males.

The effect of PUN on baseline diastolic function differed
for males and females. In PUN female mice, isovolumic
contraction (P < 0.01) and relaxation (P < 0.05) times
were longer even after correcting for heart rate (Table 2,
P < 0.001 and P < 0.01, respectively), whereas there were
no differences between PUN and CON males (diet × sex,
P < 0.01–0.09). These differences contributed to a poorer
myocardial performance index (MPI) in PUN females,

suggesting that overall cardiac function at rest is somewhat
impaired compared to CON females (P = 0.003); this was
not the case for males (diet × sex, P = 0.07). Peak LV early
diastolic filling velocity (Epeak velocity) was decreased by
15% in females (P < 0.001), with the late component (left
atrial systole, A) contributing a greater proportion of the
LV filling, as indicated by a lower E/A peak ratio compared
to CON female mice (Table 2). In males, differences
between PUN and CON in LV filling were less than in
females, but there was an overall sex effect on the E/A ratio
(P<0.05). Of the systolic function indices at baseline, peak
aortic flow velocity and stroke distance were significantly
lower in PUN compared to CON mice (Table 2), and the
differences were greater for females than males.

To further explore the differences in diastolic function,
we used the PDF formalism that models LV filling as a
spring (Kovacs et al. 1987). At the start of diastole, energy

Figure 3. Heart weight of female and male CON and PUN mice at PN80
Data are presented in absolute terms (A), or normalized to body weight (BW), lean mass, or body surface area
(BSA) (B). Values are mean ± SEM; sex × diet P < 0.05; ∗P < 0.001 for CON vs. PUN; †P < 0.001 for male vs.
female)

Figure 4. Exercise responses of male and female CON and PUN mice at PN70
A, total work (joules (J)) performed; B, maximal work (J/min) performed in the last stage of the exercise test; C,
maximal oxygen consumption (V̇O2 , mL/min, corrected for V̇O2 at the start of the test) during the last stage of the
exercise protocol. Values are means ± SEM; diet × sex P < 0.001–0.07; ∗P < 0.001 for CON vs. PUN; †P < 0.05
for male vs. female.

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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Table 1. Cardiac parameters obtained by echocardiography at baseline and after dobutamine treatment of CON and PUN female and
male mice at PN80

Female Male P

CON PUN CON PUN
n 9 8 6 (3)2 6 (3)2 Diet × Sex1 Diet Sex

LV mass (mg) 67.9 ± 5.2 51.9 ± 5.5 101.9 ± 6.3 84.6 ± 6.3 n.s. 0.01 <0.001
LV mass (mg/g lean) 3.80 ± 0.29 3.37 ± 0.31 4.45 ± 0.36 4.16 ± 0.36 n.s. n.s. 0.04
LV posterior wall (mm) 0.66 ± 0.05a 0.48 ± 0.05b 0.87 ± 0.06c 0.87 ± 0.06c 0.1
LV anterior wall (mm) 0.71 ± 0.05a 0.53 ± 0.05b 0.64 ± 0.05a 0.68 ± 0.05a 0.04
LV diastole vol (μL) B 67.6 ± 2.8 59.1 ± 3.0 84.3 ± 3.5 68.5 ± 3.5 n.s. 0.001 <0.001

+Db 59.1 ± 2.4 50.2 ± 2.5 59.4 ± 4.1 51.8 ± 4.1 n.s. 0.04 n.s.

Stroke volume (μL) B 42.7 ± 1.7 36.9 ± 1.8 47.7 ± 2.1 45.4 ± 2.1 n.s. 0.05 0.002
+Db 43.6 ± 1.8 37.8 ± 1.9 45.1 ± 3.1 42.8 ± 3.1 n.s. 0.04 n.s.

FS (%) B 37.6 ± 1.7b 31.6 ± 1.7ab 29.5 ± 2.0a 37.4 ± 2.0b 0.001
+Db 44.4 ± 2.4 42.4 ± 2.6 44.1 ± 4.2 53.0 ± 4.2 n.s. n.s. n.s.

Cardiac index3 (cm/s) B 27.6 ± 1.2 25.7 ± 1.2 30.4 ± 1.4 31.4 ± 1.3 n.s. n.s. 0.01
+Db 39.2 ± 1.5a 33.7 ± 1.5b 49.6 ± 2.4c 47.9 ± 2.4c 0.1

Values are means ± SEM for mice at baseline (B) and when stimulated with 1.5 μg dobutamine/g BW (+Db).
1Where P � 0.1 for diet × sex interaction, post hoc analysis was performed to test for the effect of sex within diet, or diet within sex; significance
is indicated by superscripts a, b, and c, such that P < 0.05 when means do not share the same superscript; n.s., not significant.
2Dobutamine injections were successful in only 3 male mice/dietary treatment.
3From mean aortic velocity (by Doppler).

is stored in the ventricle and aids in LV filling as it unwinds.
The initial stored elastic strain energy (1/2kx0²) was 40%
lower in PUN females compared to CON (P < 0.01),
with no difference between males (Table 3; diet × sex,
P < 0.09). The PDF parameter-based comparison showed
that, compared to CON mice, in female PUN mice there
was a 25% decrease in preload (x0), a trend for a small
increase in stiffness (k; P = 0.1), and a 16% decrease in
the viscoelasticity parameter (c; P < 0.001). In males,
only c was lower in PUN mice. As x0 represents the
spring’s displacement, the smaller ventricle in females has
a negative impact on diastolic function. The damping
needed to stop mitral filling (cEpeak) was also lower in
both male and female PUN mice.

Stimulated measurements. Adrenergic stimulation
increased heart rate to attain a similar value in PUN and
CON, but with a larger change in males (sex, P = 0.003,
Table 2). However, because baseline values were higher in
the PUN females, both absolute and percentage increases
in heart rate were smaller than for CON females (CON,
20 ± 3%; PUN, 13 ± 4%; P = 0.02). In both CON and
PUN mice there was little change in stroke volume with
dobutamine, which was lower for PUN mice (Table 1).
Dobutamine increased FS in all groups, but the change
from baseline was greater in males than females (52 ± 8%
and 30 ± 4%, respectively, P < 0.001 vs. baseline; sex,
P < 0.05, sex × diet, n.s.). The increase in cardiac index
with dobutamine was largely due to the change in heart
rate and was greater in males than females (62 ± 8%
and 33 ± 4%, respectively, P < 0.001 vs. baseline; sex,
P < 0.001; sex × diet, n.s.).

Both Epeak and Apeak velocities increased with
dobutamine in all groups, but values were lower for PUN
than CON hearts and in females compared to males
(Table 2). Thus, the E/A peak ratios were similar for
PUN and CON in the stimulated state, but lower in males
than females. In all groups, peak aortic flow velocity and
stroke distance increased (P < 0.001) and ejection time
decreased (P = 0.002) with adrenergic stimulation and
there was no sex or diet effect on the absolute amount
of change. For peak velocity, the difference between PUN
and CON mice became less evident, but was still higher
in males. The changes in stroke distance and ejection time
with dobutamine were equivalent across all groups so that
the sex and diet effects present at baseline were retained
(Table 2).

Cardiomyocyte morphology

Because exercise capacity and corrected heart weight
were similar in male PUN and CON mice, cardio-
myocyte measurements were performed only in females.
In female CON, 80 ± 5% of cardiomyocytes were
binucleated, 3 ± 5% had more than two nuclei, and
16 ± 5% were mononucleated (Fig. 5A). PUN progeny had
approximately 175% more mononucleated cells (a total of
41 ± 3%), and proportionally fewer binucleated cardio-
myocytes (Fig. 5A), but no difference in the proportion of
polynucleated cells between groups. Cardiomyocyte CSA
was primarily determined by the number of nuclei/cell,
with mononucleated cells being smallest, and poly-
nucleated cells largest (Fig. 5B and C). The CSA of
PUN cardiomyocytes tended to be smaller than for CON
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Table 2. Cardiac parameters obtained by Doppler blood flow measurements at baseline and after dobutamine treatment of CON
and PUN female and male mice at PN80

Female Male P

CON PUN CON PUN
n 9 8 6 (3)2 6 (3)2 Diet × Sex1 Diet Sex

Mitral inflow (diastole)
Heart rate (beats/min) B 405 ± 8a 435 ± 8b 428 ± 10b 417 ± 10b 0.05

+Db 511 ± 17 504 ± 18 588 ± 30 577 ± 30 n.s. n.s. 0.007

Isovolumic contraction (ms) B 9.76 ± 0.48a 11.92 ± 0.51b 10.17 ± 0.62a 10.17 ± 0.62a 0.09
+Db 7.72 ± 0.28 7.92 ± 0.29 6.38 ± 0.51 7.01 ± 0.51 n.s. n.s. 0.01

Isovolumic contractioncorr
3 B 0.065 ± 0.004a 0.085 ± 0.004b 0.071 ± 0.004a 0.069 ± 0.004a 0.01

+Db 0.065 ± 0.002 0.64 ± 0.003 0.062 ± 0.004 0.067 ± 0.004 n.s. n.s. n.s.

Isovolumic relaxation (ms) B 14.81 ± 0.74a 17.29 ± 0.79b 16.98 ± 0.97b 16.00 ± 0.97b 0.006
+Db 13.22 ± 0.80 15.51 ± 0.76 12.61 ± 1.30 11.59 ± 1.30 n.s. n.s. 0.05

Isovolumic relaxationcorr
3 B 0.099 ± 0.005a 0.124 ± 0.006b 0.121 ± 0.006b 0.111 ± 0.006b 0.006

+Db 0.112 ± 0.005a 0.124 ± 0.005b 0.123 ± 0.008b 0.108 ± 0.008b 0.05

Epeak velocity (cm/s) B 81.0 ± 2.0a 66.7 ± 2.1b 86.3 ± 2.6a 83.9 ± 2.1a 0.02
+Db 85.1 ± 1.8 79.6 ± 1.9 97.9 ± 3.1 91.1 ± 3.1 n.s. 0.03 <0.001

Apeak velocity (cm/s) B 52.0 ± 1.6a 47.7 ± 1.7b 54.5 ± 2.0a 55.5 ± 2.0a 0.1
+Db 66.9 ± 2.4 60.3 ± 2.6 84.1 ± 4.2 79.3 ± 4.2 n.s. 0.05 <0.001

E/A peak velocity B 1.56 ± 0.04 1.38 ± 0.05 1.64 ± 0.06 1.54 ± 0.06 n.s. 0.01 0.05
+Db 1.27 ± 0.03 1.33 ± 0.03 1.17 ± 0.05 1.15 ± 0.05 n.s. n.s. 0.004

Aortic Outflow (systole)
Peak velocity (cm/s) B 111.4 ± 2.7 98.5 ± 2.7 130.1 ± 3.4 124.3 ± 3.1 n.s. 0.005 <0.001

+Db 133.4 ± 5.8 131.1 ± 5.8 164.8 ± 9.4 159.7 ± 9.4 n.s. n.s. 0.001

Stroke distance (cm) B 3.91 ± 0.11 3.47 ± 0.11 4.24 ± 0.13 4.18 ± 0.13 n.s. 0.05 <0.001
+Db 4.35 ± 0.14 4.14 ± 0.13 5.02 ± 0.25 4.36 ± 0.25 n.s. 0.05 0.04

Ejection time (ms) B 49.7 ± 0.9 47.3 ± 1.0 44.7 ± 1.1 45.90 ± 1.1 n.s. n.s. 0.004
+Db 46.4 ± 2.1 45.3 ± 2.2 40.8 ± 3.6 38.4 ± 3.6 n.s. n.s. 0.05

LV MPITEI
4 B 0.50 ± 0.03a 0.60 ± 0.03b 0.59 ± 0.03b 0.59 ± 0.03b 0.07

+Db 0.47 ± 0.02a 0.53 ± 0.02b 0.49 ± 0.04ab 0.48 ± 0.04ab 0.1

Values are means ± SEM for mice at baseline (B) and when stimulated with 1.5 μg/g BW of dobutamine (+Db).
1Where P � 0.1 for the diet × sex interaction, post hoc analysis was performed to test for the effect of sex within diet, or diet within sex; the
significance is indicated by superscripts a and b, such that P < 0.05 when means do not share the same superscript; n.s., not significant.
2Dobutamine injections were only successful in 3 male mice/dietary treatment group.
3Isovolumic contractioncorr and isovolumic relaxationcorr, values divided by R-R interval to correct for heart rate;
4MPITEI, calculated as (IVRT+IVCT)/ejection time.

but attained significance only for mononucleated cells
(P < 0.05).

Ca2+ transient analysis

Only binucleated cardiomyocyte met the selection criteria
for analysis. Under basal conditions, when paced at 1 Hz,
differences in the time from external stimulation to peak
maximum (0–100%) (Fig. 6D) and the peak height of
the transient relative to baseline (Fig. 6E) were not
significantly different between CON and PUN. The full
duration at half-maximum (FDHM) of the PUN trans-
ient (Fig. 6F), however, was 25% shorter than that of
CON (P < 0.01; diet × stimulation, P = 0.03) and the
rate of Ca2+ decay (from maximal peak height to base-
line), as indicated by the decay constant, tau (Fig. 6G),
was approximately 20% faster in PUN compared to CON
(P = 0.05; diet × stimulation, P = 0.03). The total area
under the Ca2+ signal curve, therefore, was lower in PUN
cells.

Isoproterenol reduced time to peak by 20% in both
CON and PUN mice, (Fig. 6D; P < 0.005) and increased
transient height by 60% (Fig. 6E; P < 0.001). In CON mice,
FDHM decreased (Fig. 6F; P < 0.001) to values similar to
those in the PUN group under basal conditions, whereas in
the PUN mice there was no further change. In both groups
isoproterenol accelerated Ca2+ reuptake (tau) (P < 0.001)
to similar values (Fig. 6G).

There was no difference in Ca2+ spark frequency
between PUN and CON at baseline or when paced at
1 or 2 Hz (Fig. 6C); an increase in spark frequency
was observed at 2 Hz in both groups with isoproterenol
(Fig. 6H; P = 0.055). There was no difference in Ca2+
waves between PUN and CON at baseline. In CON, the
frequency did not increase with isoproterenol either at
1 or 2 Hz. For PUN, the Ca2+ waves increased with
isoproterenol treatment and values were significantly
higher than in CON after pacing at 1 or 2 Hz (Fig. 6I;
P = 0.05).
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Table 3. Left ventricular parametrized diastolic filling (PDF) parameters for a spring model of diastolic filling obtained from baseline
echocardiographic analysis of CON and PUN female and male mice at PN80

Female Male P

CON PUN CON PUN
n 9 8 6 6 Diet × Sex1 Diet Sex

x0 (cm) 0.021 ± 0.001a 0.014 ± 0.001b 0.019 ± 0.002a 0.020 ± 0.002a 0.02
k (g/s2) 10247 ± 373a 11041 ± 373a 9971 ± 456ab 9249 ± 456b 0.08
c (g/s) 194 ± 10 145 ± 10 173 ± 11 157 ± 11 n.s. 0.006 n.s.
1/2kxo

2 (mJ) 2.14 ± 0.21a 1.22 ± 0.21b 1.89 ± 0.25a 1.80 ± 0.25a 0.09
cEpeak (N) 157.0 ± 11.2 114.5 ± 11.2 145.4 ± 13.7 129.7 ± 13.7 n.s. 0.03 n.s.

Values are means ± SEM; PDF Parameters: x0, load; k, chamber stiffness; c, viscoelasticity; 1/2kx2
0, stored elastic strain energy preceding

valve opening; cEpeak, maximum damping slowing filling.
1Where P � 0.1 for the diet × sex interaction, post hoc analysis was performed to test for the effect of sex within diet, or diet within
sex; the significance is indicated by superscripts a and b, such that P < 0.05 when means do not share the same superscript; n.s., not
significant.

Discussion

Exposure to suboptimal nutrition during critical stages of
development can increase the risk for the development of
several chronic diseases including cardiovascular disease
(Barker, 1999). Anomalies of the coronary and general
vasculature and haemodynamic parameters have been
documented extensively, but less is known about the
long-term effects on the heart. In humans, follow-up
studies on the effects of IUGR on heart size or LV mass
report positive correlations with birth weight (Hietalampi
et al. 2012; Toemen et al. 2016), no difference in children
and adolescents (Jiang et al. 2006), or increases in adults
(Arnott et al. 2015). Adults born prematurely, and who
probably experienced extrauterine growth retardation,
have a larger LV mass and potentially pathological LV
hypertrophy (Lewandowski et al. 2013a). In adults born
at term who experienced postnatal growth delays, no
differences (Tennant et al. 2014) or hypertrophy in older
males (Vijayakumar et al. 1995) have been reported.
Whether nutritional inadequacies were responsible for
the observed anomalies is difficult to ascertain because
numerous factors can either modulate the nutrient effects
or independently affect the response. These include the
stage of development of the growth delay, the age at
follow-up, the presence of insulin resistance, hyper-
tension, and/or obesity, the assessment techniques used,
and the method of data normalization. Additionally, the
plane of nutrition during rehabilitation can influence the
long-term outcomes (Toemen et al. 2016). Thus, studies
with animal models provide a means to isolate the role of
individual factors.

Numerous studies in animal models have focused on
the long-term cardiovascular effects of IUGR (reviewed
in Kuo et al. 2017). In utero, however, factors in
addition to nutrient supply are likely to contribute to the
outcomes, such as hypoxia, high catecholamine levels or

other stress hormones, and adverse changes to maternal
and feto-placental physiology (Morrison et al. 2007;
Bjarnegard et al. 2013; Cohen et al. 2016; Aljunaidy
et al. 2017; Limesand & Rozance, 2017). Less is known
about the consequences of postnatal undernutrition and
growth retardation during the later stages of cardiac
maturation, and if deficiencies incurred during this time
are recoverable. To address this gap in our knowledge, we
studied in mice the effect of a brief episode of exclusively
postnatal undernutrition on adult cellular, organ and
whole-body responses using exercise performance as
a global measure of cardiovascular fitness following
complete nutritional rehabilitation. Our findings are likely
to translate to understanding the consequences of under-
nutrition and growth retardation in the human during
the third trimester of gestation or the immediate postnatal
period in preterm births when many of the maturational
changes correspond to those occurring in the early post-
natal period in the mouse.

Heart size

Despite consuming the control diet ad lib. from weaning,
a reduction in body weight, lean mass and fat mass of both
male and female PUN mice persisted. Although absolute
heart weight was smaller for PUN than CON mice in
both sexes, in PUN males the deficit was proportionate
to their smaller lean mass and BSA, but in females the
deficit was proportionately greater and persisted after
normalization for lean mass or BSA. The observation of
a disproportionate reduction in heart weight has been
reported previously in some animal models of under-
nutrition (Desai et al. 1996, 2005), but not always (Lim
et al. 2010; Kuo et al. 2017). The discrepancies probably
are attributable to differences in the nutritional models
studied (protein vs. global restriction of the dams, altered
litter size), the stage of development during which under-
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nutrition and refeeding occurred (intrauterine vs. post-
natal), the species (rats, mice, sheep, primates), and sex
(Kuo et al. 2018). Results are further confounded by how
data are normalized to adjust for differences in metabolic
mass. Indeed, as shown by our own data, when there are
differences in body composition, normalization of heart
size to body weight instead of lean mass or BSA can lead
to different conclusions.

The smaller heart weight in PUN mice was manifested
in the smaller LV mass derived by echocardiography,
although when normalized for lean mass the differences
in LV mass were less evident. This discrepancy could be
attributed to a smaller effect of postnatal nutrition on the
LV mass compared to the other heart chambers, although
Bai et al. found this not to be the case (Bai et al. 1990).
Alternatively, the geometry of the LV may have been altered
so that assumptions inherent in the estimation of LV mass
from echocardiography-derived dimensions would be less

Figure 5. Cardiomyocyte morphometry of female CON and
PUN mice at PN90
A, relative proportion of mono-, bi- and poly-nucleated
cardiomyocytes; ∗P < 0.05 for CON vs. PUN. B, cross-sectional areas
of cardiomyocytes according to the number of nuclei/cell. Values are
means ± SEM; n = 6 female mice per group with 75 cells measured
per mouse; ∗P < 0.05 for CON vs. PUN; †P < 0.05 between
nucleation number. C, representative image of mono-, bi-, and
poly-nucleated cardiomyocytes stained for myosin heavy chain (grey)
and nuclei (white).

accurate for PUN than CON. Indeed, we confirmed that in
PUN females the hearts were more spherical compared to
CON (data not shown). Similar findings were reported for
young adult baboons malnourished during gestation and
lactation (Kuo et al. 2017) and in children who were small
at birth (Crispi et al. 2010) compared to their counterparts
who experienced normal growth. Importantly, however
(and consistent with the normalized heart weight) PUN
females, but not males, had thinner LV posterior and
anterior walls compared to CON.

The smaller hearts of the adult PUN female mice could
be attributable to fewer and/or smaller cardiomyocytes.
In rats, postnatal undernutrition induced by suckling
pups in large litters decreased cardiomyocyte proliferation,
resulting in fewer cardiomyocytes at weaning (Hollenberg
et al. 1977; Bai et al. 1990). This deficit persisted after
nutritional rehabilitation, consistent with the fact that
cardiomyocyte proliferation is minimal after PN21. Sheep,
in which cardiomyocyte maturation occurs prenatally,
developed smaller hearts with fewer cardiomyocytes when
there was IUGR and these differences persisted postnatally
even with adequate nutrition (Stacy et al. 2009; Vranas
et al. 2017). Thus, although we did not measure cell
number, it probably was reduced in the PUN hearts and
contributed to the smaller hearts.

The average CSA of PUN cardiomyocytes also was
smaller than for CON and was accounted for by both a
higher proportion of the smaller mononucleated myo-
cytes, and an independent effect of PUN on the CSA
of mononucleated cells, as observed previously for rats
(Hollenberg et al. 1977). The reciprocal decrease in the
proportion of binucleated cardiomyocytes in PUN hearts
suggests that nuclear division and karyokinesis is sensitive
to inadequacies in postnatal nutrient intake and that it is
not entirely recoverable when nutritional rehabilitation
is delayed to weaning. In contrast, differences in
nucleation were not observed in either newborns of
protein malnourished rat dams (Corstius et al. 2005) or
after 2 weeks of postnatal undernutrition followed by
nutritional rehabilitation (Lim et al. 2010). The latter study
differed from ours in the age of nutritional rehabilitation
(PN14 vs. PN21, respectively). It suggests that nuclear
proliferation in the mouse may extend beyond PN14,
but before PN21, thereby enabling deficits incurred before
PN14 to be recuperated. This conclusion is supported by
recent observations that in the mouse there is a limited,
thyroid hormone-regulated burst in nuclear proliferation
at PN14–15 (Naqvi et al. 2014, 2015). Malnutrition during
the suckling period, either because the dams are suckling a
large litter (Fiorotto & Davis, 1997) or are fed a low-protein
diet (Ramos et al. 1997), results in reduced T3 levels
in the pups, which could mitigate the extent of nuclear
proliferation at this age. Thus, the higher proportion of
mononucleated cardiomyocytes, their smaller size, and a
strong likelihood of fewer cells in total, would account for
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Figure 6. Calcium transient analysis of isolated binucleated cardiomyocytes from CON and PUN females
at PN90 before (basal) and after stimulation with isoproterenol
A, pacing and recording protocol; B, representative line scan images of CON and PUN cardiomyocytes in the
presence of isoproterenol; C, representative Ca2+ spark in a CON cardiomyocyte in the presence of isoproterenol;
D, time from external stimulation to transient peak; E, peak height of transient measured as the relative change
in fluorescence intensity; F, full duration of Ca2+peak at half-maximum (FDHM); G, rate of Ca2+ decay from
maximal peak height to baseline as indicated by the decay constant, tau. Values are means ± SEM; n = 7 CON
and 8 PUN female mice per dietary group with 20 cells measured per basal and isoproterenol treatment per
mouse; diet × isoproterenol P < 0.05–0.1; ∗P < 0.05 CON vs. PUN; †P < 0.001 baseline vs. +isoproterenol. H,
quantification of Ca2+ spark rate (CON, n = 4 mice, 24 cells 1 Hz, 20 cells 1 Hz +isoproterenol, 18 cells 2 Hz, 20
cells 2 Hz +isoproterenol; PUN, n = 5 mice, 20 cells 1 Hz, 22 cells 1 Hz +isoproterenol, 19 cells 2 Hz, 20 cells 2 Hz
+isoproterenol; †P = 0.055 for 1 Hz vs. 2 Hz stimulation. I, quantification of spontaneous Ca2+ wave frequencies
rate (CON, n = 4 mice, 24 cells 1 Hz, 20 cells 1 Hz +isoproterenol, 18 cells 2 Hz, 20 cells 2 Hz +isoproterenol;
PUN, n = 5 mice, 20 cells 1 Hz, 22 cells 1 Hz +isoproterenol, 19 cells 2 Hz, 20 cells 2 Hz +isoproterenol); diet ×
isoproterenol P < 0.05–0.1; ∗P < 0.05 CON vs. PUN.
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the smaller heart mass and thinner LV wall thickness of
adult PUN females.

Sex differences

Our data suggest that the terminal postnatal phase
of cardiac maturation and/or its subsequent hyper-
trophy are influenced by sex. In PUN males, the lighter
hearts were proportional to lean body mass or BSA,
suggesting that their smaller size was a physiological
adaptation to the diminished functional demand. The
sex-specific differences in heart size were corroborated
by the interaction between sex and postnatal under-
nutrition on cardiovascular function. These sex differences
implicate a role of sex hormones that are known to
affect cardiovascular physiology including the effects on
the autonomic nervous system and excitation-contraction
coupling (Parks & Howlett, 2013; Salerni et al. 2015).
Studies have demonstrated that a maternal low protein diet
during lactation reduces oestrogen and progesterone levels
in female rat offspring, but with no effect on testosterone
levels in either male or female progeny (Zambrano et al.
2005; Guzman et al. 2006). These alterations in the
hypothalamic-pituitary-gonadal axis persist into adult life
after the restoration of a normal diet. Sex differences have
also been documented following IUGR, with most studies
demonstrating more severe long-term consequences for
males (Aiken & Ozanne, 2013; Intapad et al. 2014;
Dasinger & Alexander, 2016), although in primates effects
are seen in both males and females (Kuo et al. 2017).
Future studies will need to establish the extent to which
the observed responses are consequences of the direct
effects of sex hormones on the cardiac structures vs.
indirect consequences on the physiological systems that
regulate and modulate the cardiac response to growth
stimuli.

In vivo cardiac function

The in vivo assessment of cardiac function identified
persistent adverse effects of the postnatal nutritional
experience on diastolic function at baseline and was more
prominent in females. Several indices of LV diastolic
function including Epeak velocity, E/A ratio, IVRT, MPI
and PDF parameters indicated that this was impaired and
probably contributed to the decrease in exercise tolerance
(Little et al. 2000). Consistent with their smaller LV mass,
the PUN female mice tended to have a reduced end
diastolic volume and, at rest, stroke volume was less than
in CON. This response correlates with a lower value of
x0 (volumetric load) in the PUN group, another possible
consequence of smaller hearts. Furthermore, the lower
1/2kx0 value in PUN females, but not males, suggests that
LV recoil energy at the start of diastole was reduced. Over-
all, the characterization of the female PUN hearts using

the PDF kinematic model correlates with their impaired
diastolic function.

At rest, PUN females functionally compensated for the
smaller hearts and achieved a cardiac index appropriate for
metabolic mass by maintaining a higher heart rate than
CON females. However, the blunted response in heart rate
and cardiac index following dobutamine suggests that at
rest they were operating at a higher percentage of their
maximum cardiac output. We deduce from these results
that if the ‘resting’ parameters are a higher proportion
of the ‘maximum’ attainable value, then limitations may
be more easily reached with exertion. While we do not
know if the mice experienced dyspnoea, in humans with
diastolic dysfunction, exercise haemodynamics predicts
the decreased peak V̇O2 and workload that is achieved
(Abudiab et al. 2013). These findings, therefore, also
provide a potential mechanism for the reduced V̇O2max

and exercise tolerance observed in the PUN females.
These observations reproduce findings in children who
experienced IUGR in whom altered cardiac morphometry
and function have been identified, including a reduced
stroke volume accompanied by an increased heart rate
to maintain cardiac output at rest (Crispi et al. 2010).
Increased resting heart rates have also been documented in
some studies of adults who were low birth weight (Phillips
& Barker, 1997), although this is not a consistent finding
(de Rooij et al. 2016).

Despite the effect of PUN on some parameters, unlike
females, male PUN mice did not exhibit the same
difference relative to CON in resting heart rate, the
cardiac index response to dobutamine, and exercise
tolerance. Under basal conditions, the males were able
to increase FS to sustain stroke volume, and retained the
full chronotropic response to dobutamine stimulation.
This contrasts with a report of higher resting heart rate
and reduced responsiveness to β-adrenergic stimulation
in adult male offspring of rat dams fed a low protein
diet during pregnancy and lactation (Fernandez-Twinn
et al. 2006). The increased resting heart rate was
attributed to higher basal epinephrine (noradrenaline)
levels, whereas a decreased response to dobutamine
was related to a compensatory decrease in cardiac
β1-adrenergic receptor levels in response to chronic
persistent adrenergic stimulation or desensitization. Zohdi
et al. (2011), however, found a reduced response in cardiac
output to adrenergic stimulation in both adult males
and females, albeit more severe in females, which they
attributed to an increase in LV afterload rather than
any change in adrenergic sensitivity. While an increased
sympathetic activity at rest (de Oliveira et al. 2012; Brito
Alves et al. 2015) and circulating catecholamine levels
(Petry et al. 2000; Tenhola et al. 2002) appear to be
a common long-term effect of perinatal nutrition on
the autonomic nervous system, the rate and extent of
desensitization are likely to vary depending on factors
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that differ among studies. These factors include the
animal model, the timing, duration and severity of the
nutritional/growth perturbation with respect to stage of
development, and the methodology. These variables are
affected by sex hormones and, therefore, would contribute
to sex differences in the functional outcomes noted by us
and others.

Cardiomyocyte Ca2+ flux

Under basal conditions, binucleated cardiomyocytes from
PUN and CON showed similar Ca2+ release kinetics (as
indicated by time to maximum peak height and peak
height), but the rate of Ca2+ uptake was significantly
faster in the PUN group, as demonstrated both in FDHM
and tau values. The abbreviated rate of Ca2+ decline in
the PUN cardiomyocytes under basal conditions might
enable a faster relaxation rate, but is consistent with
enhanced diastolic function rather than the impairments
we measured in situ. The anticipated response in Ca2+
release with adrenergic stimulation was observed in both
CON and PUN cells, i.e. a faster time to peak maximum
and an increase in peak height, and the changes were of
similar magnitude in both groups. However, the degree of
change in the rate of uptake upon stimulation was not
as marked in PUN cells as in CON, possibly because
they were already accelerated. These data suggest that
at the standard slow stimulation rates used to study
cardiomyocytes in vitro (relative to in vivo rates), the
responsiveness of binucleated PUN cells to adrenergic
stimulation probably is not blunted. Moreover, the activity
of the mechanisms regulating Ca2+ uptake are already
upregulated under baseline conditions and would pre-
clude responses of the same magnitude as CON upon
stimulation. The discordance between this and the in vivo
LV response, probably reflects the contribution of multiple
factors to LV function in the intact heart including the
contribution of the mononucleated cell population which
is discussed below.

We did not observe effects of postnatal nutrition on
the frequency of Ca2+ sparks even at higher pacing,
suggesting no differences in Ca2+ leaks between PUN and
CON cardiomyocytes. However, by increasing the rate of
Ca2+ flux in the presence of isoproterenol, the Ca2+ wave
frequency was greater in PUN cardiomyocytes suggesting
enhanced propagation of spontaneous Ca2+ spikes. While
arrhythmias were not seen with dobutamine during the in
vivo studies, the results suggest that PUN mice may have
an enhanced risk of incurring arrhythmias.

Limitations

These measurements of Ca2+ kinetics were performed
on binucleated cells because small, mononucleated
cardiomyocytes often did not meet established prior

criteria that identify a ‘healthy’ cell for calcium trans-
ient analyses (detailed in Methods). However, previous
reports indicate that mononucleated cardiomyocytes have
prolonged Ca2+transients at lower amplitudes, as well
as desynchronized Ca2+release due to underdeveloped
T-tubular systems and sarcoplasmic reticulum (Chen
et al. 2007). The female PUN hearts had at least
twice as many mononucleated cells. Thus, measurements
performed at the whole organ level would reflect the
altered Ca2+ flux of both the binucleated and the
greater proportion of mononucleated cells. Moreover,
because diastole happens at lower pressure, it may be
more sensitive to the heterogeneity in function from
the mixture of mononucleated and binucleated myo-
cytes. Given the persistence of the mononucleated cells in
PUN hearts, studies to evaluate Ca2+ transients of mono-
nucleated cardiomyocytes and measurements on male
cardiomyocytes are warranted. Because the phenotype
was observed in females, future studies should explore the
role of oestrogens following growth restriction on cardiac
function. For logistical reasons, in these studies we did
not attempt to control for oestrus, which is known to
influence some of the outcomes we assessed. However,
because the data were collected from several repetitions
of the experiment, differences in oestrus among females
would be captured by the variance in the data. Additional
time course studies that examine the response to varying
doses of β-adrenergic agonist, ideally without the use
of anaesthesia, are necessary to better understand the
functional implications of our observations at the whole
body level. Lastly, as there is evidence that the right
ventricular function is susceptible to reprogramming
when growth is compromised during early development
(Lewandowski et al. 2013b; Kuo et al. 2017, 2018), in
vivo measures of the effect of postnatal undernutrition on
right ventricular function and its contribution to exercise
capacity merit examination.

In conclusion, we have shown that in the mouse
a brief period of suboptimal nutrition in the post-
natal period when the heart is undergoing terminal
maturation can produce long-term changes in cardiac
structure and function. While there are extensive data
that have demonstrated the deleterious consequences
of intrauterine insults to the fetus, our results extend
the developmental window during which the heart is
vulnerable to reprogramming by inadequacies in nutrient
intake. In females, this resulted in differences in resting
diastolic function. Adaptive mechanisms enabled the PUN
heart to meet the needs of the body under sedentary
conditions, but in females they restricted the heart’s ability
to meet the increased demand of strenuous exercise.
The cardiac impairment is attributable in part to a
disproportionate reduction in cardiac size and structure,
and possibly differences in cardiomyocyte nucleation.
There were also changes in contractile function at the
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cellular level, possibly due to programmed changes in gene
expression in the cardiomyocyte directly, and/or indirectly
via changes to the hypothalamic-pituitary-gonadal axis
and the autonomic system that regulate cardiac function.
With this evidence, it is critical to establish if our results
are translatable to humans, as those who experience
growth restriction could be at risk of a cardiac event as
a result of strenuous exercise. Further studies to under-
stand the molecular mechanisms (genetic, proteomic and
epigenetic) responsible for the cardiac impairment are
also essential to enable the development of therapeutic
countermeasures to reduce the risk of cardiac mortality.
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