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Maternal obesity impairs fetal cardiomyocyte
contractile function in sheep
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ABSTRACT: Obesity is a major public health problem worldwide. In the United States, one-third of women of
reproductive age are obese. Human studies show that maternal obesity (MO) predisposes offspring to cardiovas-
cular disease. However, the underlying mechanisms remain unclear. Given the similarities between pregnancy in
sheep and humans,we studied sheep to examine the impact ofMOon fetal cardiomyocyte contractility at term.We
observed thatMOimpairedcardiomyocyte contractilityby reducingpeak shorteningandshortening/relengthening
velocity, prolonging time to relengthening. MO disrupted Ca2+ homeostasis in fetal cardiomyocytes, increasing
intracellular Ca2+ and inducing cellular Ca2+ insensitivity. The Ca2+-release channel was impaired, but Ca2+ uptake
was unaffected byMO. The upstream kinases that phosphorylate the Ca2+-release channel—ryanodine receptor-2,
PKA, and calmodulin-dependent protein kinase II—were activated in MO fetuses. Contractile dysfunction was
associated with an increased ratio of myosin heavy chain (MHC)-b to MHC-a and upregulated cardiac troponin
(cTn)-T and tropomyosin, as well as cTn-I phosphorylation. In summary, this is the first characterization of the
effects of MO on fetal cardiomyocyte contractility. Our findings indicate that MO impairs fetal cardiomyocyte
contractility through altered intracellular Ca2+ handling, overloading fetal cardiomyocyte intracellular Ca2+ and
aberrant myofilament protein composition. Thesemechanismsmay contribute to developmental programming by
MOofoffspring cardiac function andpredisposition to later life cardiovascular disease in theoffspring.—Wang,Q.,
Zhu, C., Sun, M., Maimaiti, R., Ford, S. P., Nathanielsz, P. W., Ren, J., Guo, W. Maternal obesity impairs fetal
cardiomyocyte contractile function in sheep. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Obesity is an exponentially increasing public health epi-
demic and economic burden worldwide (1–3). Currently,
;18–35% of pregnant women in the United States are
obese (4, 5). Epidemiologic studies suggest that maternal
obesity (MO) during pregnancy exhibits intergenerational
effects by programming offspring (F1) to increased risk of
obesity and cardiometabolic problems (6–9), including in-
sulin resistance, heart disease, hypertension, and vascular
dysfunction (10–14). Both maternal under- and over-
nutrition play important roles in programming fetal heart
development and function (15–18). Several studies have

shown that MO increases the risk of congenital heart de-
fects and impairs F1 fetal diastolic function (19–23). Fur-
thermore, impaired myocardial function, increased septal
thickness, and lower left ventricle (LV) Doppler velocity
have been reported in fetuses of humanmothers withMO
(24). In addition, MO has been shown to program F1 car-
diac structure (25–27).

Multiple studies of fetal cardiovascular programming
have been performed in rodent models (18, 25, 28–33). In
addition to their many strengths, rodent models of fetal
programming have some limitations related to differences
between precocial and altricial species in the timing of de-
velopmental mechanisms that result in programming. A
good example is the timing of the peripartal increase in the
circulating glucocorticoids that are responsible for terminal
differentiation of multiple organs (34). With reference to
the cardiovascular system, rodent heart rates are much
higher than those in sheep and primates, including humans.
Therefore, studies in precocial species are necessary to en-
able translation to programming in human development.
Sheep share many similarities with human pregnancy (i.e.,
singleton gestation being themost common litter size,which
is important in terms of the nutritional burden placed on the
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mother; comparable maternal size and adiposity; mater-
nal:fetal weight ratio; length of gestation, important in the
duration of nutritional challenges; birth weight; similar
organogenesis formajor body systems; equivalent rates of
prenatal protein accretion and fat deposition; and relative
maturity at birth) (35–43). Thus, a sheep MO model has
unique potential for the study of the effects of MO pro-
gramming on the fetal heart.

Wehavedevelopedandcharacterizedadiet-based sheep
modelofMO.Nulliparouseweswere fedanobesogenicdiet
at 150% National Research Council (NRC) recommenda-
tions (44) or a control diet at 100% NRC recommendations
from 60 d before conception throughout gestation. To the
best of our knowledge, this is the only sheep model of
overnutrition programming by obesity that begins before
pregnancy and thus parallels obesity, which is almost al-
ways present in women before pregnancy. This model has
been well characterized. During the entire period of preg-
nancy,MOewes gain amean of 65–70%of their initial body
weight, whereas control ewes gain only 15–20% (16, 45–47).
At midgestation, fetuses of obese mothers exhibit a weight
gain 30% greater than controls, altered organ growth and
development, and increased adiposity in combination with
elevated plasma glucose and insulin levels (47, 48). From
mid to late gestation, ventricular weight, LV and right ven-
tricle free wall weights, and LV wall thickness of fetuses of
obese ewes increase compared with fetuses of control ewes
(15,49,50).By lategestation, fibrosisandincreasedfetalheart
connective tissue accumulation, associated with an upreg-
ulated TGF-b/p38 signaling pathway, are obvious in the
MOfetal sheepmyocardium(50). Furthermore,MOinduces
irregular myofiber orientation, increases interstitial space,
and increases lipid droplet accumulation in fetal ventricular
tissue, with upregulated levels of proinflammatory media-
tors (51). Despite the thickerwall andmorphologic changes,
MO fetal heart function is compromised, with impaired
cardiac reserve when afterload is increased (16).

Despite the extensive characterization of this model, the
molecular and cellular mechanisms causing compromised
heart function in fetuses ofMOmothers remain unclear. To
rectify this deficiency,we studied the impact ofMOon fetal
cardiomyocyte contractile function and the underlying
molecular mechanisms. We assessed contractility and in-
tracellular Ca2+ handling in isolated LV cardiomyocytes
from fetuses of normal-weight ewes (control group) and
MO ewes (obese group). Cellular and molecular mecha-
nisms that potentially govern contractile function were ex-
amined with a focus on intracellular Ca2+ handling and
contractile and regulatory proteins in the sarcomere.

MATERIALS AND METHODS

Experimental animals

Nulliparous Rambouillet/Columbia crossed ewes obtained from
theUniversity ofWyomingAnimal Science flockwere fed either a
highly palatable diet at 100% of NRC (44) recommendations
(control) or 150%ofNRCrecommendations (MO) from60dbefore
and throughout pregnancy. Water was available at all times. At
gestational d135 (0.9 gestation; term 145 d), fetuses were delivered
by C-section from ewes under general anesthesia initiated with

ketamine (10 mg/kg) followed by isoflurane inhalation general
anesthesia (2.5%) and euthanized by exsanguination, while the
ewes and fetuses were still under general anesthesia. Ewes were
theneuthanizedwithanoverdoseofpentobarbital sodium(Abbott
Laboratories, Abbott Park, IL, , USA) (45). Fetal hearts were per-
fused for cardiomyocyte isolation, andheart tissueswere collected,
snap frozen, and stored at 280°C. The fetuses studied were
obtained from 11 control ewes and 14 MO ewes. Among those, 5
control and 7 MO fetuses were used for cardiomyocyte isolation,
and 6 fetuses from control ewes and 7 fetuses fromMOeweswere
used for Western blot analysis. All animal procedures were ap-
provedbytheAnimalUseandCareCommitteeat theUniversityof
Wyoming (Laramie, WY, USA), and the sheep were housed in
facilities accredited by the Association for Assessment and Ac-
creditation of Laboratory Animal Care International.

Isolation of fetal sheep cardiomyocytes

The protocol for isolating cardiomyocytes was modified from
previous reports (52–55). The fetal hearts were dissected and per-
fusedwithheparin (20,000 IU in10ml saline) through the coronary
vessels via the ascending aorta followed by 10ml of saturated KCl
(34%) at room temperature. The ascending aorta was cannulated,
and the fetal heart was mounted in a temperature-controlled
(37°C) perfusion apparatus. After perfusion with oxygenated
Ca2+-free Tyrode buffer (in mM) [NaCl 125, KCl 4.5, MgSO4 1.2,
NaH2PO4 2, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) 25, pyruvate 5, and glucose 10 (pH 7.4)] and gassedwith
5% CO2 and 95% O2 for 5 min, the fetal heart was digested for
15 min with an enzyme solution (Ca2+-free Tyrode buffer with
200 U/ml collagenase and 0.1 mg/ml protease). The fetal heart
was then perfused with Ca2+-free Kraft-Brühe (KB) solution (in
mM) [glutamic acid 74, KCl 30, KH2PO4 30, taurine 20, MgSO4 3,
EGTA 0.5, HEPES 10, and glucose 10 (pH 7.37)] and gassed with
5% CO2 and 95% O2 for 10 min (;300 ml) to eliminate any
remaining enzyme.After the digestion process, the fetal heartwas
removed fromthe cannula, and theLV freewallwasdissectedand
washedwithKBsolutionat37°C. Individualcardiomyocyteswere
dispersed by cutting the LV free wall into small pieces in KB so-
lution and filtering them through a cell strainer with a pore size of
200 mm (Thermo Fisher Scientific, Waltham, MA, USA).

Extracellular Ca2+ recovery

Isolated cardiomyocytes were pelleted by centrifugation at 500
rpm for 5 min. The supernatant was removed and the pellet
resuspended in Ca2+-free Tyrode solution. The extracellular Ca2+

level was gradually raised to 3, 9, 21, 45, 93, 189, 381, and 616mM
to a final concentration of 1 mM with a 10-min interval between
each concentration. Cardiomyocytes were then left at 1 mM at
room temperature for ahalf-hour, afterwhich theywere ready for
mechanical and intracellular Ca2+ assessment.

Fetal cardiomyocyte shortening/relengthening

Rod-shaped fetal sheep cardiomyocytes with clear edges were se-
lected for measurement of mechanical properties with a SoftEdge
Myocam system (IonOptix, Milton, MA, USA). IonWizard soft-
warewasused to capture changes in cardiomyocyte lengthduring
shortening and relengthening by using the SoftEdge and SarcLen
acquisition modules to record cell and sarcomere length. Car-
diomyocytes were placed in a C-Stim Cell MicroControls super-
fusion chamber system (IonOptix) on the stage of an inverted
microscope (Olympus, Tokyo, Japan) and were superfused with
the contractile buffer containing (inmM)NaCl 131,KCl 4,MgCl2 1,
glucose 10,HEPES 10, andCaCl2 2 (pH7.4). Cardiomyocyteswere
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field stimulated with an acute MyoPacer field stimulator (Ion-
Optix) to electrically pace cellular contractions. The MyoPacer
frequency setting for cardiomyocyte contractility measurement
was 0.5 Hz, stimulation pulse durationwas 3ms, and voltagewas
40 V. The cardiomyocyte being measured was displayed on the
computer monitor via a MyoCam-S (IonOptix) digital acquisition
camera, and the amplitude and velocities of shortening and
relengthening were recorded.

Cell shortening and relengthening were assessed by using
the following indices: peak shortening (PS), the shortest cell/
sarcomere length of cardiomyocytes contracted on electrical
stimulation, which is indicative of peak ventricular contractility;
time-to-PS (TPS), the duration of myocyte shortening, which is
indicative of contraction duration; time to 90% relengthening
(TR90), the time to reach 90% relengthening, which represents
cardiomyocyte relaxation duration (90% rather than 100%
relengthening was used to avoid the noisy signal present at
baseline contraction); and maximum velocities of shortening
(+dl/dt) and relengthening (2dl/dt), maximum slope (de-
rivative) of the shortening and relengthening phases, which are
indicators ofmaximumvelocitiesofventricularpressure increase
and decrease (56, 57).

Intracellular Ca2+ handling

A separate cohort of cardiomyocytes was loaded with Fura-2/
AM(0.5mM) for 15min, and fluorescence intensitywas recorded
with a dual-excitation fluorescence photomultiplier system
(IonOptix). Cardiomyocytes were placed on an IX-70 inverted
microscope (Olympus) and imaged with a Fluor 340 oil objec-
tive. Cardiomyocytes were exposed to light emitted by a 75-W
lamp and passed through either a 360- or 380-nm filter, while
being stimulated at 0.5 Hz for contraction. Fluorescence emis-
sions were detected between 480 and 520 nm, and qualitative
change in Fura-2 fluorescence intensity (FFI) was inferred from
the FFI ratio of the fluorescence intensity at the 2 wavelengths
(360/380nm). Fluorescencedecay time (single exponential decay
rate) was measured as an indicator of intracellular Ca2+ clearing
rate (57, 58).

Wheat germ agglutinin staining

LV sections (5 mm) were stained with FITC-conjugated wheat
germ agglutinin (WGA;MilliporeSigma, Burlington, MA,USA),
and cardiomyocyte cross-sectional areas were calculated from
randomly selected cells on a digital microscope with ImageJ
(v.1.51K) software [National Institutes ofHealth (NIH), Bethesda,
MD, USA; https://imagej.nih.gov/ij/] (59, 60).

Immunofluorescence staining

Paraffin-embedded sections of ventricular tissues (5 mm) were
deparaffinized, and the antigen was retrieved in citrate buffer
[90 mM sodium citrate, 9 mM citrate acid, and 0.5% Tween 20
(pH 6.0)]. The tissue sections were blocked in 5% bovine serum
albumin for 1hbefore incubationwith antibodies againstmyosin
heavy chain (MHC)-a and -b (4 mg/ml; Developmental Studies
Hybridoma Bank at University of Iowa, Iowa City, IA, USA) at
4°C overnight, followed by incubation in a goat anti-mouse IgG1
Alexa Fluor 555 antibody (1:500; Thermo Fisher Scientific) at
room temperature for 90 min. Tissues were visualized under a
confocal microscope (Zeiss, Jena, Germany). The mean fluores-
cence intensity was calculated on the whole-section image with
ImageJ software (NIH) (60, 61).

Western blot analysis

Fetal heart tissues were homogenized in urea-thiourea buffer [8 M
urea, 2M thiourea, 75mMDTT, 3%SDS, 0.05%bromophenol blue,
and0.05MTris (pH6.8)] asdescribedbyGuo et al. (62).Totalprotein
was separated by SDS-PAGE gel and transferred onto a PVDF
membrane. The membrane was probed with the following anti-
bodies: anti-phospho-cardiac troponin I (p-cTn-I) (Ser23/24), anti-
tropomyosin, anti-sarco/endoplasmic reticulum Ca-ATPase
(Serca)-2, anti-PKA, anti-phosphorylated PKA (Thr197), anti-Ca2+/
calmodulin–dependent protein kinase II (CaMKII), anti-
phosphorylated CaMKII (Thr286), anti-phospholamban (PLN),
andanti-b-actin (loadingcontrol) (1:1000;CellSignalingTechnology,

Figure 1. LV biometric properties in 0.9
gestation fetuses of control and MO mothers.
A) LV weight (n = 5 control fetuses and n = 4
MO fetuses). B) LV thickness (n = 7 control
fetuses and n = 7 MO fetuses). C) cardiomyocyte
cross-sectional area, ;1000 cells (;178–258 per
animal) randomly selected from 5 control and 5
MO fetal hearts. D) Representative images with
WGA staining of cardiomyocyte cross-sectional
area of LV tissues. Means 6 SEM. *P , 0.05,
**P , 0.01, ***P , 0.001 vs. control.
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Danvers, MA, USA); anti-ryanodine receptor (RyR), anti-MHC-a,
anti-MHC-b, anti-cTn-T, and anti-cTn-I (1:300; Developmental
Studies Hybridoma Bank); anti-phosphorylated RyR-2 (Ser2808 and
Ser2814) (1:1500; Badrilla, Leeds, United Kingdom); and anti-
FKBP12.6 and anti-phosphorylated PLN (Ser16) (1:500; Santa Cruz
Biotechnology, Dallas, TX, USA). Horseradish peroxidase–coupled
secondary antibodies were used for membrane incubation. After
immunoblot, the films were developed with ECL Western blot
substrate (Bio-Rad,Hercules,CA,USA)andexposed toCL-Xposure
film (Thermo Fisher Scientific). Density analysis of immunoblot
bands was performed with NIH ImageJ by normalizing to loading
control b-actin or pan proteins for phosphorylated proteins (60).

Statistical analysis

Prism software (GraphPad, La Jolla, CA, USA) was used for
statistical analysis. Results are expressed as means 6 SEM. Sta-
tistical significance was determined with an unpaired 2-sided
t test analysis of differences between the 2 specified groups:
control and MO. Significance was set at values of P, 0.05.

RESULTS

MO changes in fetal heart LV biometrics at
late gestation

MOincreased fetal LV freewallweight and thickness (Fig.
1A, B). To determine hypertrophy at the cellular level,

immunostaining of paraffin-embedded sections with
WGA staining was performed. The cross-sectional area of
LV cardiomyocytes was increased in fetuses of mothers
withMO(Fig. 1C,D). These results reveal thatMO leads to
fetal heart hypertrophy by late gestation, suggesting that
cardiac dysfunction in F1 of obese mothers later in life
could originate from changes in cardiac geometry during
early heart development.

MO impairs fetal cardiomyocyte
contractile properties

To determine the nature of changes in cellular contractile
properties,we isolated fetal cardiomyocytes from the control
and MO groups. MO increased fetal cardiomyocyte resting
cell length from 67.36 1.3 to 72.76 1.3 mm (Fig. 2A), with
little effect on cardiomyocyte sarcomere length (Supple-
mental Fig. S1A). Cardiomyocyte contractility based on cell-
length measurements indicated that MO decreased PS and
Vmax of shortening and relengthening (6dL/dt) associated
with prolonged TR90 (Fig. 2B–G). Contractile dynamics
based on sarcomere length measurements of MO fetal car-
diomyocytes showedchanges similar to thoseobtained from
cell-length measurements (Supplemental Fig. S1). These re-
sults indicate thatMOincreased the restingcell lengthof fetal
cardiomyocytes, although it suppressedcardiac contractility,

Figure 2. Mechanical contractile properties
based on cell-length measurement of LV
cardiomyocytes from 0.9 gestation fetuses of
control and MO mothers. Resting cell length
(A); PS (B); representative contractile trace
(C); maximum velocity of shortening (D);
maximum velocity of relengthening (E); TPS
(F); and TR90 (G). Means 6 SEM (n = 140 cells:
13–33 cells/animal from 5 control fetal hearts;
n = 100 cells: 11–32 cells/animal from 7 MO
fetal hearts). **P , 0.01, ***P , 0.001 vs.
control.

Figure 3. Intracellular Ca2+ transient properties
of LV cardiomyocytes from 0.9 gestation
fetuses of control and MO mothers. Resting
FFI (A); peak FFI (B); electrically stimulated
rise in FFI (ΔFFI) (C); and intracellular Ca2+

decay rate (single exponential) (D). Means 6
SEM (n = 69 cells: 11–23 cells/animal, from 4
control fetal hearts; n = 103 cells: 12–30 cells/
animal, from 5 MO fetal hearts). *P , 0.05,
***P , 0.001, ****P , 0.0001 vs. control.
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as evidenced by a reduction of 30% in PS. Decreased PSwas
observed, along with slower speed of shortening and
relengthening (6dL/dt) and prolonged TR90. On the other
hand, the duration of shortening, indicating the time from
resting cell length to the maximum cell shortening of fetal
cardiomyocytes,wasunaffectedbyMO(Fig.2F).Durationof
TPS was shown to be unaffected, according to both the cell
and sarcomere measurements (Supplemental Fig. S1E).

MO impairs intracellular Ca2+ homeostasis in
fetal cardiomyocytes

To explore the possible mechanisms responsible for the im-
paired fetal cardiomyocyte contractile properties in response
toMO, intracellularCa2+ levelswere assessedwith the Fura-
2 fluorescence technique. MO elevated resting intracellular
Ca2+ levels from1.316 0.02 to 1.366 0.01. Peak intracellular

Figure 4. Western blot of Ca2+ pump proteins in SR from control and MO 0.9 gestation fetal heart LVs. SDS-PAGE gel image of
pRyR2(Ser2808), pRyR2(Ser2814), RyR(pan), FKBP12.6, Serca-2, pPLN(Ser16), and PLN(pan) (A); pRyR2(Ser2808) expression (B);
pRyR2(Ser2814) expression (C); RyR (pan) expression (D); pRyR2(Ser2808)-to-RyR(pan) ratio (E); pRyR2(Ser2814)-to-RyR(pan)
ratio (F); FKBP12.6 expression (G); Serca2 expression (H); pPLN(Ser16) expression (I); PLN(pan) expression (J ); and pPLN-to-
PLN(pan) ratio (K). Means 6 SEM.(B–D and G–J, n = 6 control fetal hearts and n = 7 MO fetal hearts, normalized to b-actin
expression; E, F, and K normalized to relative pan protein expression). *P , 0.05 vs. control.
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Ca2+ ratios increased from1.346 0.03 to 1.446 0.01. FFI rose
(DFFI) from 0.039 6 0.002 to 0.080 6 0.004 (Fig. 3A–C).
However, the intracellular Ca2+ clearance rate was un-
affectedbyMO(Fig. 3D). These results revealed thatMO led
to elevated resting intracellular Ca2+ and a greater release
of Ca2+ in response to electric stimulation (DFFI) in fetal
cardiomyocytes, but that intracellular Ca2+ uptake rate
was similar in MO compared with control fetal car-
diomyocytes. These findings suggest that intracellular
Ca2+ is overloaded in MO fetal cardiomyocytes, which
could be a mechanism leading to impaired fetal car-
diomyocyte contractile properties.

Changes in Ca2+-handling proteins in fetal
cardiomyocytes of obese mothers

Western blot analysis (Fig. 4A) revealed similar levels in total
RyR between MO and control fetal hearts. However, phos-
phorylation of RyR2 at Ser2808 and Ser2814 was significantly
enhanced in MO fetal myocardium (Fig. 4B–F). Increased
expression of the RyR2 binding protein FK 506 binding pro-
tein 12.6wasobserved (Fig. 4G). Serca-2 andPLNare2major
proteins in the Ca2+-uptake pump, and changes in these

proteins may impair Ca2+ uptake (63). Expression of Serca-2
andphosphorylated PLN (Ser16)were unchanged (Fig. 4H, I,
K). However, expression of pan PLN was increased in MO
fetalmyocardium (Fig. 4J). These results suggest that Ca2+

was leaking from the Ca2+-release channel, but because
there was no change in the Ca2+ uptake pump, the in-
tracellular Ca2+ level in MO fetal cardiomyocytes was
elevated.

Next, we examined the upstream kinases CaMKII and
PKA that phosphorylate Ser2808 and Ser2814 of RyR2. MO
did not affect expression of total PKA and CaMKII in the
fetal myocardium, but phosphorylation of both kinases
was elevated in MO fetal hearts (Fig. 5), suggesting that
MOleads to activationof bothPKAandCaMKII butnot to
altered total expression of these 2 kinases.

Changes in contractile and regulatory
proteins in the MO fetal myocardium

To explore the effect of MO on the contractile protein
Myosin and the regulatory proteins troponin and tropo-
myosin, we performed immunofluorescent staining with
specific antibodies: anti-MHC-a and -b. MO reduced

Figure 5. Western blot of kinases active in Ca2+

signaling in control and MO 0.9 gestation fetal
heart LVs. SDS-PAGE gel image of pPKA
(Thr197), PKA(pan), pCaMKII(Thr286) and
CaMKII(pan) (A); pPKA(Thr197) expression
(B); PKA(pan) expression (C); pPKA(Thr197)-
to-PKA(pan) ratio (D); pCaMKII(Thr286) ex-
pression (E); CaMKII(pan) expression (F);
and pCaMKII(Thr286)-to-CaMKII(pan) ratio
(G). Means 6 SEM. (B, C, E, and F, n = 6
control fetal hearts and n = 7 MO fetal hearts,
normalized to b-actin expression; D, and G to
relative pan protein expression). *P , 0.05 vs.
control.
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MHC-a fluorescence intensity but increased that of
MHC-b (Fig. 6A–D). Furthermore, Western blot results
confirmed the reduced MHC-a and elevated MHC-b
protein expression in theMO fetal heart (Fig. 6E–H). These
results suggest that MO decreases the levels of high-ATP
hydrolysis MHC-a associated with fast twitch and in-
creases the levels of low-ATP hydrolysis MHC-b associ-
ated with slow twitch. These changes indicate that MO
slows fetal heart contraction, in agreement with our find-
ings in single cardiomyocytes.

We next examined the expression and phosphorylation
status of the regulatory proteins, troponin complex and
tropomyosin. Western blot analysis (Fig. 7A) revealed that
expression of cTn-T was increased by ;60%, phosphoryla-
tion of cTn-I was increased by ;130%, and cardiac tropo-
myosinwas increasedby110%in fetalmyocardiumfromthe
MOgroup (Fig. 7B–F).No changeswere observed for cTn-C
expression in the fetal myocardium (Fig. 7G). These results
indicated that MO affected the composition of the myofila-
ment regulatory troponin-tropomyosin complex.

DISCUSSION

The findings of this study indicate that MO impairs fetal
myocardial contractile function, and intracellular Ca2+

homeostasis. The compromised cardiomyocyte contractile

function and intracellular Ca2+ handling seen in fetuses from
MO ewes were accompanied by changes in contractile and
regulatory proteins. Previous studies suggested that MO
programs cardiac remodeling and disrupts cardiac homeo-
stasis in fetal sheep heart (16, 18, 25, 33, 51), although little
information is available relating to activity of individual
cardiomyocytes. Maternal overfeeding during early to
midgestation has been reported to increase ventricular free
wall weights and wall thickness in fetal sheep (49, 50).
Moreover, MO induces cardiac hypertrophy in the mouse,
human, and sheep fetal heart (25–27). Our findings are con-
sistent with these earlier findings. We provide further ev-
idence of cardiac remodeling and hypertrophy indicated
by elongated single cardiomyocyte length and enlarged
cardiomyocyte cross-sectional area. In vitro, whole-heart
Langendorff studies indicated that contractile function in
theMO fetal heart is compromised under highworkloads
(16). However, contractile profiles of individual fetal sheep
cardiomyocytes have not been studied. Our results
revealed that MO-reduced contractile function in fetal
cardiomyocytes decreased cell shortening and slowed the
speed of contraction. These findings provide important
new cellular evidence of the nature ofMO-induced cardiac
dysfunction in single cardiomyocytes.

Intracellular Ca2+ release and uptake play essential
roles in contractile function of the normal mammalian
cardiac muscle cell (63). Two major Ca2+-dependent

Figure 6. MHC expression in control and MO 0.9 gestation fetal heart LVs. Representative images of immunofluorescence
staining of cardiac MHC-a (red), MHC-b (red) in fetal LV tissue, nucleus stained by DAPI (blue) (A); mean fluorescence
intensity of MHC-a (B); mean fluorescence intensity of MHC-b (C); fluorescence intensity of MHC-b:MHC-a ratio (D); SDS-
PAGE gel image of MHC-a and -b (E ); MHC-a expression (F); MHC-b expression (G); MHC-b:MHC-a expression ratio (H).
Means 6 SEM. (F and G, n = 6 control fetal hearts and n = 7 MO fetal hearts, normalized to b-actin expression; H, normalized to
MHC-a protein expression). *P , 0.05 vs. control.
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mechanisms—the availability of Ca2+ to themyofilaments
and myofilament responsiveness to activation by in-
tracellular Ca2+—are key regulators of the cardiac con-
tractile state (64, 65). Ca2+ availability is regulated by the
sarcoplasmic reticulum (SR). Imbalance between release
and uptake of Ca2+ results in altered intracellular Ca2+

levels. When Ca2+ release exceeds its uptake, cells will
eventually become overloaded with Ca2+, leading to car-
diomyocyte contractile dysfunction (64, 66–69). The cel-
lularmeasurement ofCa2+ showed that the resting and the
peak levels were both higher in MO fetal cardiomyocytes
because of increased Ca2+ release. However, the Ca2+

clearance rate was unaffected by MO. The higher in-
tracellular Ca2+ would increase the time needed for Ca2+

reuptake into the SR in MO cardiomyocytes, which is
consistent with prolonged cell relengthening time. In-
creased intracellular Ca2+ levels suggest Ca2+ overload in
MO fetal cardiomyocytes, which may be associated with

impaired activity of theCa2+-release channel. Studies have
shown that phosphorylation by PKA of RyR2 at Ser2808

and phosphorylation by CaMKII of RyR2 at Ser2814 can
reduce the stability of the Ca2+ release channel RyR2 and
lead to a Ca2+ leak from the SR associated with cardiac
contractility dysfunction and heart failure (70–74). Our
data show increasedactivityofPKAandCaMKII andhigh
phosphorylation levels at both Ser2808 and Ser2814 of RyR2,
which further confirm impairedcontractile function inMO
fetal cardiomyocytes at the molecular level.

Cardiomyocyte contractility is also regulated by the
sensitivity of myofilaments to Ca2+. Evidence has in-
dicated a role for MHC isoform composition and cardiac
troponin in myocardial contractile dysfunction (75–80). It
has been shown that the specific pattern of cardiac MHC
isoform expression significantly affects cardiomyocyte
contractile properties (81–85). In particular, isoform
switching from MHC-a to -b has been reported as being
associated with suppressed cardiac contractile function in
failing hearts (75, 77, 79, 80, 82, 83). Therefore, the down-
regulated MHC-a and up-regulated MHC-b seen in MO
fetal hearts could lead to reduced and slower car-
diomyocyte contractility. Cardiac troponin proteins play a
critical role in transducing Ca2+ binding to initiate cardiac
muscle contraction (86–88). McAuliffe and Robbins (89)
have identified only 1 cTn-T isoform in the fetal sheep
heart. Although several studies have been conducted on
the Ca2+ sensitivity and cTn-T, these studies have shown
that variations in isoforms of cTn-T affect Ca2+ sensitivity
and cardiac contractility (90–92). However, there are no
reports of how various conditions affect contractility in
fetal sheep in thepresence of only 1 formof troponin.Data
presented herein, show that increased expression of cTn-T
is associated with reduced cardiomyocyte contractility.
Further studies areneeded todeterminehowMO-induced
upregulation of cTn-T affects the function and structure of
the troponin complex, and thereby, cardiac contractility.
Increased phosphorylation of cTn-I increases the Ca2+

necessary to achieve half-maximum myofibrillar ATPase
and decreases the amount of Ca2+ available to myofila-
ments (93). Althoughwe failed to note any change in cTn-
C, themajor element in the troponin complexbindingCa2+

to transduce mechanosensing to the myofilament, the in-
creased phosphorylation of cTn-I in MO fetal heart could
help to explain the reduced contractility, potentially by
reducing enzyme activity of myofibrillar ATPase. Further
studies are necessary to determine the mechanisms of
MO-induced fetal cardiomyocyte Ca2+ insensitivity.

Another major goal of our study was to establish a
reliable method to assess fetal cardiac mechanistic func-
tion at the level of the individual fetal cardiomyocyte. The
challenge in mechanical assessment of single fetal car-
diomyocyte function is the ability to isolate viable fetal
cardiomyocytes and buffer the cells in optimal conditions
to respond to field electric stimulation. Fetal sheep car-
diomyocyte isolation methods have been established for
over 15 yr (52), and several elegant studies have demon-
strated endocrine control of the cell cycle and growth in
fetal sheep cardiomyocytes (94–97). However, our data
are the first, to our knowledge, on contractility of indi-
vidual fetal cardiomyocytes.

Figure 7. Western blot of troponin complex protein markers in
control and MO 0.9 gestation fetal heart LVs. SDS-PAGE gel
image of cTn-T, p-cTn-I, cTn-I, cardiac tropomyosin and cTn-C
(A); cTn-T expression (B); p-cTn-I expression (C); cTn-I
expression (D); p-cTn-I:cTn-I ratio (E); tropomyosin expres-
sion (F); and cTnC expression (G). Means 6 SEM. (B–D, F, and
G, n = 6 control fetal hearts and n = 7 MO fetal hearts,
normalized to b-actin expression and E, normalized to relative
pan protein expression). *P , 0.05 vs. control.
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There is a need to develop and refinemethods to evaluate
mechanisms that control fetal sheep cardiomyocyte contrac-
tility. Reported methods maintain cardiomyocytes in a Ca2+

free environment (52, 54, 94–96). Calciumplays a critical role
incardiaccontraction(98,99).Therefore, the isolatedCa2+-free
fetal sheep cardiomyocytes could not contract in response to
electric stimuli. To assess the contractile function and in-
tracellular Ca2+ handling, normal Ca2+ levels have to be re-
stored in the fetal sheep cardiomyocyte (58, 100–102). In
published studies on cardiomyocyte contractility in adult
mice and rats, the concentration of extracellular Ca2+ in-
creased to 1.25 mM (57–59, 103). However, different extra-
cellular Ca2+ concentrations have been used in different
studies: Thompson et al. (101) used 1.8 mM in isolated car-
diomyocytes from guinea pigs, Chandrashekhar et al. (100)
used 0.2 mM in rat cardiomyocytes, and Griffiths et al. (102)
raised the extracellular Ca2+ to 2 mM in isolated rat car-
diomyocytes. In our study, we first followed the Ca2+ re-
covery steps asdescribed inRenandWold (58),with initial
Ca2+ concentration as 100 mM and raised to 1.25 mM in
5 steps of double increments. However, the viability of
fetal sheep cardiomyocytes decreased dramatically from
;70–20%, which indicates that the fetal sheep car-
diomyocytes are very sensitive to extracellular Ca2+. Be-
cause there are no reports investigating isolated fetal
cardiomyocytes in other species, it remains to be de-
termined whether there is similar sensitivity to Ca2+ con-
centrations in other experimental species, both precocial
and altricial. Based on these observations of the sensitivity
of the fetal sheep cardiomyocyte to Ca2+, we modified the
Ca2+ recovery procedure to start with 3 mM and ended
with 1 mM with 9 gradual incremental steps. This ap-
proach helped to maintain fetal sheep cardiomyocyte vi-
ability at;60%. The levels of Ca2+ in the contractile buffer
also affectedmyocyte contractility. The conventional level
of 1 mMCa2+ in the contractile solution did not stimulate
fetal sheep cardiomyocytes; however, in this study, 2 mM

Ca2+ was determined to be the ideal concentration for the
contraction solution.Higher Ca2+ concentrations ($4mM)
in the contraction solution may reduce viability and result
in the death of fetal sheep cardiomyocytes during the
measurement of contractility. The Ca2+ concentration in
the contraction solution determines the extracellular
Ca2+ concentrationduring themeasurement of contractile
function. In our case, the working concentration of extra-
cellular Ca2+ was 2 mM, which is the normal extracellular
concentration of Ca2+ (104, 105). The methods we de-
veloped for Ca2+ recovery and assessment of contractility
in fetal sheep cardiomyocytes showed that an extracellular
Ca2+ level of 1 mM in the fetal myocyte maintains cell vi-
ability. In addition, we showed the effects of a working
concentration of extracellular Ca2+ of 2 mM, which is the
normal physiologic condition of cardiomyocytes. These
guidelines will be of value in future studies.

In summary, our study represents a characterization of
MO effects on fetal cardiomyocyte contractility. The data
suggest that MO induces cardiac functional and geometric
anomalies in fetal sheep hearts via alteration of myofilament
proteins and the SRCa2+ channel. In fetuses ofmotherswith
MO,there isafetalmyocardialMHCisoformswitchfromthe
high-ATPase activity MHC-a isoform to the low-ATPase
activity MHC-b, along with an altered cTn complex. This
switch could be one mechanistic cause of reduced contrac-
tility in MO fetal sheep cardiomyocytes. Our results also
suggest that MO disrupts intracellular Ca2+ homeostasis in
fetal hearts by elevating phosphorylation of the SR Ca2+-
release channel RyR2, whereas the SR Ca2+uptake channel
was not affected. This conclusion is supported by our ob-
servation of intracellular Ca2+ transience in fetal sheep car-
diomyocytes. That upstream Ca2+ signaling molecules of
RyR2, PKA, and CaMKII were activated in the MO fetal
myocardium suggests a vital role for dysfunctional cellu-
lar Ca2+ signalingmechanisms in theMO fetal heart (Fig. 8).
Althoughfurtherstudiesareneededtounderstandmechanisms

Figure 8. The signaling pathways linking MO to
fetal heart contractile dysfunction. MO acti-
vates phosphorylation of PKA and CaMKII
which further activate SR Ca2+ release channel
RyR2 at Ser2808 and Ser2814, resulting in
intracellular Ca2+ overload. On the other hand,
MO decreases MHC-a and increases MHC-b.
Meanwhile, MO increases cTn-T, phosphoryla-
tion of cTn-I, and tropomyosin, which lead
to Ca2+ insensitivity of the myofilament. We
conclude that intracellular Ca2+ overload and
insensitivity are major causes of fetal cardiomyo-
cyte contractile dysfunction and intracellular Ca2+

mishandling. Up arrows: up-regulation; down
arrows: down-regulation.
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underlying MO-induced changes in fetal cardiac contractile
function, our data provide additional mechanistic evidence at
both the cellular and molecular levels which, if they persist,
would contribute to programming of life course adult cardio-
vascular disease in F1 offspring of obesemothers.
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