
Citation: Marcella, B.M.; Geromella,

M.S.; Mohammad, A.;

Sweezey-Munroe, J.; MacPherson,

R.E.K.; Fajardo, V.A. Characterizing

the Effects of Voluntary Wheel

Running on Cardiac SERCA Function

in Ovariectomized Mice. Muscles

2022, 1, 152–161. https://doi.org/

10.3390/muscles1030016

Academic Editor: Corrado Angelini

Received: 1 November 2022

Accepted: 8 December 2022

Published: 10 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Communication

Characterizing the Effects of Voluntary Wheel Running on
Cardiac SERCA Function in Ovariectomized Mice
Bianca M. Marcella 1,2, Mia S. Geromella 1,2, Ahmad Mohammad 3, Jacob Sweezey-Munroe 3,
Rebecca E. K. MacPherson 3 and Val A. Fajardo 1,2,*

1 Department of Kinesiology, Brock University, St. Catharines, ON L2S 3A1, Canada
2 Centre for Bone and Muscle Health, Brock University, St. Catharines, ON L2S 3A1, Canada
3 Department of Health Sciences, Brock University, St. Catharines, ON L2S 3A1, Canada
* Correspondence: vfajardo@brocku.ca

Abstract: The sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA) actively transports Ca2+ into the
sarcoplasmic reticulum to facilitate cardiac muscle relaxation. Phospholamban (PLN) allosterically
inhibits SERCA, and an imbalance of SERCA2a, dominant cardiac isoform, and PLN content disrupts
Ca2+ homeostasis and cardiac contractility. A previous study has shown that ovariectomized (OVX)
rats have reduced SERCA activity due to lowered SERCA2a and increased PLN content. Furthermore,
it was found that forced treadmill running in OVX rats restored SERCA activity and protein content
levels. Here, we investigated whether voluntary wheel running (VWR) would produce similar effects
on cardiac SERCA function in OVX mice. Female mice were divided into the following groups for
8 weeks: SHAM; OVX; SHAM + VWR; and OVX + VWR (n = 10/group). SERCA activity and Ca2+

uptake assays were performed in cardiac muscle homogenates. Protein levels of SERCA2, PLN,
and pPLN were determined via Western blot analysis. We found statistical interactions for Ca2+

uptake, maximal SERCA activity, and SERCA2a content where VWR increased these parameters
in SHAM mice but not in OVX mice. We detected a main effect of OVX on PLN content, and main
effects of OVX and VWR on pPLN content. The OVX mice ran significantly less than the SHAM mice,
suggesting that estrogen deprivation and lack of regular exercise may blunt the effects of voluntary
aerobic exercise on cardiac SERCA function.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in
women and is responsible for approximately one in three female deaths per year [1–3].
Previous studies suggest that during their reproductive years, females have a lower risk for
CVD compared to age-matched males and typically develop CVD 7–10 years later than
males [4–6]. However, this advantage disappears following menopause as the risk for CVD
increases substantially [1,2,4,6]. Menopause and the deprivation of sex hormones such as
estrogen is associated with the presentation of CVD [1]. The dramatic decline in estrogen
levels during the menopausal transition coincides with increased CVD incidence and risk
for disease [1,7,8]. Previous studies have reported significantly more cardiovascular events
in postmenopausal women compared to age-matched premenopausal women, further
suggesting that estrogen deficiency is a leading determinant of increased CVD risk [2,5,7,9].

Results from previous studies suggest that long-term estrogen deficiency damages
cardiac Ca2+-handling proteins and intracellular Ca2+ homeostasis, leading to systolic
and diastolic dysfunction [2,10]. The sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA)
pump is the primary enzyme involved in regulating intracellular Ca2+ homeostasis and
cardiac contractility [1,11–13]. SERCA is a P-type ATPase that catalyzes the active transport
of Ca2+ ions from the cytosol into the sarcoplasmic reticulum (SR), which initiates muscle
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relaxation and ensures a sufficient Ca2+ load for subsequent contractions [10]. In the
heart, SERCA2a is the most abundant isoform and is responsible for 70% of cytosolic
Ca2+ removal in human hearts and 92% in rodent hearts [12–14]. Phospholamban (PLN)
is a key regulator of SERCA function and cardiac contractility [9]. This 52 amino-acid
protein allosterically inhibits SERCA activity, which reduces the rate of Ca2+ uptake into
the SR [9,15,16]. Phosphorylation of PLN at Ser16/Thr17 by protein kinase A (PKA) and
Ca2+/calmodulin-dependent protein kinase II (CAMKII), respectively, relieves SERCA
inhibition by PLN and restores Ca2+ uptake [15,16]. Previous studies have demonstrated
that failing hearts have reduced SERCA2a content and activity levels as well as increased
inhibition of SERCA activity by PLN [16–18]. Thus, an imbalance between SERCA2a and
PLN content in cardiac muscle can disrupt Ca2+ homeostasis and cardiac contractility,
ultimately leading to cardiomyopathies and heart failure.

It has been well documented that ovariectomized (OVX) rodents, an experimental
model for studying the effects of estrogen deficiency, have significantly reduced cardiac
SR-Ca2+ uptake, SERCA activity, and SERCA2a content levels compared to controls [19–23].
Additionally, a previous study reported that total PLN and phosphorylated PLN (pPLN)
content levels were elevated and reduced, respectively, in the hearts of OVX rats compared
with controls, suggestive of increased SERCA inhibition mediated by PLN [23]. Estrogen
supplementation was found to restore cardiac SERCA activity, as well as SERCA2a, PLN
and pPLN content in OVX rats, suggesting that estrogen may play a critical role in the
regulation of Ca2+ homeostasis and SR-Ca2+ uptake [23]. Additionally, Bupha-Intr et al. [24]
showed that regular exercise through forced treadmill running restored the OVX-induced
effects on SR-Ca2+ uptake, SERCA activity, SERCA2a content, and PLN content. In the
present study, we sought to investigate the effects of voluntary wheel running (VWR), a
less stressful form of exercise, on cardiac SR-Ca2+ uptake and SERCA function in OVX mice.
We hypothesized that VWR would produce similar beneficial effects as forced treadmill
running on cardiac SERCA function in OVX mice by increasing SR-Ca2+ uptake, SERCA
activity, and SERCA2a content and reducing total PLN content.

2. Results
2.1. Animal Characteristics

The effects of OVX and VWR on body mass, left ventricle mass (absolute and relative
to body mass), and cagewheel running distance are shown in Figure 1. A main effect
of OVX was found on body mass (g) (Figure 1A, p < 0.0001). We found a significant
interaction between the effects of OVX and VWR on left ventricle mass (Figure 1B, p = 0.004).
In the SHAM condition, the VWR mice had greater left ventricle mass compared with
SED mice (Figure 1B, p = 0.01). Left ventricle mass was greater in SHAM + VWR mice
compared with OVX + VWR mice, though this approached statistical significance (Figure 1B,
p = 0.07). We also detected a main effect of OVX and a significant interaction between the
effects of OVX and VWR on the ratio of left ventricle mass to total body mass (Figure 1C,
p = 0.0001; p = 0.002). SHAM + VWR mice had a greater ratio of left ventricle mass to total
body mass compared with SHAM + SED mice, OVX + SED mice, and OVX + VWR mice
(Figure 1C, p = 0.04; p = 0.006; p < 0.0001). The SHAM + VWR mice ran a greater average
cagewheel distance (km/day) compared with OVX + VWR mice, which was calculated
over the 8-week exercise protocol (Figure 1D, p < 0.0001) [25].

2.2. Ca2+ Uptake

The effects of OVX and VWR on [Ca2+]free, Ca2+ uptake over time, and total Ca2+

uptake in LV homogenates are shown in Figure 2. We found that SHAM + VWR mice had
the greatest amount of SR-Ca2+ uptake and OVX + VWR mice had the least amount of
SR-Ca2+ uptake (Figure 2A–C). When analyzing the AUC, we detected a main effect of OVX
(p = 0.01) and a significant interaction between the effects of OVX and VWR (Figure 2B,
p = 0.04). In the SHAM condition, VWR decreased the AUC, though this only approached
statistical significance (Figure 2B, p = 0.07). Conversely, in the OVX condition, VWR had no



Muscles 2022, 1 154

effect on the AUC (Figure 2B). We also conducted a fold-change analysis on the AUC in the
SHAM + VWR group and OVX + VWR group relative to their sedentary counterparts and
found that the AUC was significantly higher in OVX + VWR mice compared with SHAM +
VWR mice (Supplemental Figure S1A, p = 0.01). Likewise, a significant interaction between
the effects of OVX and VWR on total Ca2+ uptake was found (Figure 2C, p = 0.03). In this
case, we found a reduction that approached statistical significance in the OVX + VWR group
compared with OVX + SED group; and the SHAM + VWR group had significantly higher
levels of total Ca2+ uptake compared with the OVX + VWR group (Figure 2C, p = 0.10;
p = 0.03). Further, using a fold-change analysis relative to the sedentary groups we found
that total Ca2+ uptake was significantly reduced in OVX + VWR mice compared with
SHAM + VWR mice (Supplemental Figure S1B, p = 0.0003).
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Figure 1. Animal characteristics. (A) Body mass (g). (B) Left ventricle mass (mg). (C) Left ventricle to
body mass ratio (g). (D) Average cagewheel distance ran (km/day) collected over the 8-week study.
For (A–C) a two-way ANOVA with OVX and VWR as main effects and Fisher’s Least Significant
Difference test were used. For (D) an unpaired t-test was used. For (A–C) a main effect of OVX was
found. For (B,C) a significant interaction between OVX and VWR was detected. For (D) a significant
difference between SHAM + VWR mice and OVX + VWR mice on average daily wheel running
distance was found. *,**,****—p < 0.05, p < 0.01, p < 0.0001; p = 0.05–0.10; n = 10 per group.
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Figure 2. VWR reduced SR-Ca2+ uptake in LV homogenates of OVX mice. (A) [Ca2+]free (nM) over
time. (B) AUC (per mg of protein). (C) Total Ca2+ uptake (nmol/g of protein). For (A–C) a two-way
ANOVA with OVX and VWR as main effects and Fisher’s Least Significant Difference test were used.
For (B) a main effect of OVX was detected. For (B,C) a significant interaction was found between
OVX and VWR. *,**—p < 0.05 and p < 0.01; p = 0.05–0.10; n = 10 per group.
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2.3. SERCA ATPase Activity

The effects of OVX and VWR on Ca2+-dependent SERCA activity, maximal SERCA
activity, and pCa50 in LV homogenates are shown in Figure 3. Ca2+-dependent SERCA
activity was measured at both submaximal and maximal Ca2+ concentrations ranging
from a pCa of 6.8 to 5.5 (Figure 3A). Similar to our Ca2+ uptake experiments, we found
an interaction between the effects of OVX and VWR on maximal SERCA activity to be
approaching significance (Figure 3B, p = 0.07). According to the results of the fold-change
analysis on maximal SERCA activity in the SHAM + VWR group and OVX + VWR group
relative to their respective sedentary groups, we found that SHAM + VWR mice had higher
maximal SERCA activity compared with OVX + VWR mice (Supplemental Figure S1C,
p = 0.002). There were no differences in pCa50 between groups (Figure 3C).
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Figure 3. Maximal SERCA activity is reduced in LV homogenates of OVX + VWR mice. (A) SERCA
activity (µmol/g of protein/min) over pCa. (B) Maximal SERCA activity (µmol/g of protein/min).
(C) Measure of pCa50 among the groups. For (A–C) a two-way ANOVA with OVX and VWR as main
effects and Fisher’s Least Significant Difference test were used. For (B) a trending interaction between
OVX and VWR was detected. p = 0.05–0.10; n = 10 per group.

2.4. SERCA and PLN Protein Content

SERCA2a, PLN and pPLN protein content are shown in Figure 4. A significant inter-
action was found between the effects of OVX and VWR on SERCA2a content (Figure 4A,
p = 0.03). The OVX + VWR group had lower content of SERCA2a compared with the OVX
+ SED group and SHAM + VWR group, though only approaching statistical significance
(Figure 4A, p = 0.05; p = 0.07). Additionally, with a fold-change analysis relative to sedentary
groups, we found that OVX + VWR mice had significantly lower content levels of SERCA2a
compared with SHAM + VWR mice (Supplemental Figure S1D, p = 0.01). A main effect of
OVX was found on PLN content, where PLN content was elevated in OVX mice compared
with SHAM mice (Figure 4B, p = 0.03). A main effect of OVX was detected on absolute and
relative (to total) pPLN, in which pPLN content was lower in OVX mice compared with
SHAM mice (Figure 4C, p = 0.018; Figure 4D, p = 0.01). Further, a main effect of VWR was
found on absolute and relative (to total) pPLN, where pPLN content was lower in VWR
mice compared with SED mice (Figure 4C, p = 0.004; Figure 4D, p = 0.0006).
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(A) SERCA2a content. (B) PLN content. (C) pPLN content. (D) Ratio of pPLN:PLN content. For
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was detected. For (B) a main effect of OVX on PLN content was found. For (C,D) main effects of OVX
and VWR were detected. p = 0.05–0.10; n = 10 per group.

3. Discussion

In the present study, we tested the hypothesis that VWR would produce beneficial
effects on cardiac SERCA function in OVX mice with a specific increase in SR-Ca2+ uptake
and SERCA activity caused by an elevation in SERCA2a and a reduction in PLN content.
Our findings were inconsistent with our hypothesis as various statistical interactions
detected across our analyses showed that these expected benefits of VWR on cardiac
SERCA function were only apparent in SHAM mice and not in OVX mice. That is, Ca2+

uptake trended to be higher in SHAM + VWR mice compared with SHAM + SED mice,
whereas we observed the opposite effect in OVX mice. Furthermore, the OVX + VWR
group had significantly less Ca2+ uptake compared with SHAM + VWR mice, which
was associated with lower SERCA2a content; however, the latter effect only approached
statistical significance. Finally, PLN content and pPLN (Ser16/Thr17) content were higher
and lower, respectively in OVX mice vs. SHAM mice regardless of exercise condition.
Notably, we also found that OVX mice ran less than SHAM mice when given access to
the cagewheel. Collectively, our findings show that in the absence of estrogen and with
significantly reduced levels of VWR, OVX mice do not experience improvements in cardiac
SERCA function.

As expected, we found a main effect of OVX on the AUC where OVX mice had reduced
Ca2+ uptake over time compared with SHAM mice. These findings are consistent with
previous literature that found higher cytosolic [Ca2+] and impaired SR-Ca2+ uptake in
the hearts of OVX rodents [23,26]. However, we did not observe a reduction in SERCA2
content levels in OVX rodents vs. SHAM rodents as found previously [24]. Though we do
not know the exact cause for this discrepancy, this could present a species or age-related
difference, as the study done by Bupha-Intr et al. [24] used young rats (8–9 weeks) rather
than adult-aged mice (26 weeks), which were used in the present study. We also identified
a main effect of OVX on total PLN content, where OVX mice had elevated PLN content
compared with SHAM mice. This finding is in accordance with previous findings that
detected higher PLN content in OVX mice [23]. PLN reduces the affinity of SERCA for
Ca2+ by binding to the transmembrane domain of the pump [27]. Phosphorylation of
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PLN at Ser16/Thr17 inhibits PLN activity and restores SERCA activity [15,16]. We found
main effects of OVX on absolute and relative (to total) pPLN content where OVX mice had
reduced pPLN content, which is indicative of overactive PLN. Though we did not find any
differences in pCa50 which provides an indirect measure of SERCA’s apparent affinity for
Ca2+, the overall increase in dephosphorylated PLN could contribute to the impairments
found on Ca2+ uptake over time in OVX mice as previously shown in PLN overexpressing
mice [28,29].

Regular exercise has been found to benefit cardiac Ca2+-handling in OVX rodents.
Bupha-Intr et al. [24] used a 9-week five times per week forced treadmill running protocol,
which restored levels of SR-Ca2+ uptake, SERCA activity, and SERCA2a, PLN, and pPLN
content levels in OVX rats to be the same as in healthy SHAM rats [24]. We sought to
recapitulate the same results using a voluntary exercise protocol and found improvements
in cardiac SERCA function in SHAM + VWR mice and impairments in OVX + VWR mice.
We detected significant interactions between the effects of OVX and VWR on the AUC and
total Ca2+ uptake, where VWR increased SR-Ca2+ uptake in SHAM mice and decreased
SR-Ca2+ uptake in OVX mice. In fact, the OVX + VWR group had the lowest level of Ca2+

uptake. In accordance with this finding, SERCA ATPase activity was also assessed and
an interaction that approached significance was found between the effects of OVX and
VWR. Based on this trend, it can be suggested that maximal SERCA activity was reduced
in the OVX + VWR group compared with the OVX + SED group. We speculate that an
increase in sample size would be sufficient to detect a significant interaction. Nonetheless,
the trending interaction in SERCA activity corresponds well and likely contributes to
the significant interactions found in our measures of Ca2+ uptake, as SERCA must first
hydrolyze ATP to drive Ca2+ movement into the SR [11–13]. Moreover and consistent with
these findings, a significant interaction between the effects of OVX and VWR was found
on SERCA2a protein content. Indeed, the OVX + VWR group had the lowest levels of
SERCA2a. Previous literature suggests that SERCA pump density is the main determinant
of maximal SERCA activity and SR-Ca2+ uptake [30]. Thus, the decreased SR-Ca2+ uptake
and maximal SERCA activity in OVX + VWR mice may be attributed to reduced SERCA2a
density [30]. As SERCA2a content is reduced and PLN content is elevated in OVX + VWR
mice, this suggests that the ratio of pump-to-inhibitor may be negatively altered, further
contributing to impairments in SERCA function as seen in previous studies that found
overexpression of PLN to reduce SERCA activity and SR-Ca2+ uptake [31–33]. Interestingly,
we also found a main effect of VWR on absolute and relative (to total) pPLN content,
which indicates that in response to VWR there was a decline in PLN phosphorylation and
highlights the potential for increased inhibitory action of PLN. This is inconsistent with
a recent study that showed VWR increased Ser16 phosphorylation of PLN in male and
female wildtype mice [34]. However, it is important to consider the duration of the exercise
protocol as Morissette et al. [34] conducted a 5-month training protocol and our study was
a 6-week protocol. Furthermore, this apparent activation of PLN observed with VWR in the
present study did not lead to any changes in SERCA’s apparent affinity for Ca2+ with VWR.

Our findings provide novel insight into how low and irregular amounts of voluntary
exercise in OVX mice may have prevented any improvements in cardiac SERCA function.
VWR is not a controlled form of exercise and the OVX + VWR mice ran six times less
than the SHAM + VWR mice. This limitation was expected as numerous studies have
reported significant reductions in running distance and spontaneous daily physical activity
in rodents following ovariectomy [35–37]. In humans, previous literature has characterized
menopause as a barrier of exercise for women and found that during the menopausal
transition women spend more time being sedentary and less time being active [38,39].
A recent study that surveyed postmenopausal women found that 64% have a sedentary
lifestyle, which was associated with severe menopausal symptoms such as weight gain
and obesity, depression, fatigue, and hot flushes; and was negatively associated with
hormone replacement therapy [40]. A study in rodents found that estrogen regulates
motivation to exercise [41,42]. Importantly, this reveals another avenue for future research
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that can investigate ways to amplify the effects of seemingly limited VWR in OVX mice
such that these mice will receive the benefits of VWR while performing lower exercise
volume. Studies that match exercise, use estrogen supplementation, or other alternative
treatments combined with VWR will be important for investigating the benefits of VWR
in murine cardiac muscle and in finding viable preventative strategies against CVD in
postmenopausal women.

4. Materials and Methods
4.1. Animals

Forty female C57BL6/J mice at 26 weeks of age were used in this study (Jackson
Laboratory, Bar Harbor, ME). Before arriving to Brock University’s Animal Facility, half of
the mice underwent a bilateral ovariectomy (n = 20) and the other half underwent a sham
ovariectomy (n = 20) at 24 weeks of age at the Jackson Laboratory. The mice were housed
in pairs and acclimated to the animal facility for 1-week before the exercise intervention
commenced. Following acclimation, the mice were assigned to a sedentary (SED; n = 10
for SHAM and OVX) or voluntary wheel running (VWR; n = 10 for SHAM and OVX)
group for 8 weeks. The VWR groups were housed in the Techniplast DVC80 caging system
throughout the entire protocol which has GYM500 software to track daily distance travelled.
The mice had ad libitum access to food and water and followed a standard 12-h light and
dark schedule. Following the 8-week VWR intervention, the mice were anesthetized with a
weight-adjusted bolus intraperitoneal injection of sodium pentobarbital (5 mg/100 g body
mass) before being euthanized via exsanguination. The left ventricles were then dissected,
weighed, homogenized (250 mM sucrose, 5 mM HEPES, 0.2 mM PMSF, 0.2% NaN3; pH 7.5),
and frozen in liquid nitrogen to be stored at −80 ◦C. All experimental procedures were
preapproved by the Brock University Animal Care Committee (AUP: No. 17-12-01) and
followed the guidelines of the Canadian Council on Animal Care.

4.2. Ca2+ Uptake Assay

A Ca2+ uptake assay with Indo-1 was performed to quantify SR-Ca2+ uptake in LV
homogenates. SR-Ca2+ uptake measurements are based on the difference in Ca2+-bound
Indo-1 and Ca2+-free Indo-1 [43]. Indo-1 is impermeable to the SR membrane, thus as Ca2+

uptake occurs, the amount of Ca2+-bound Indo-1 will decrease and the amount of Ca2+-free
Indo-1 will increase [43]. A M2 Molecular Devices MultiMode plate reader measured the
fluorescence of Ca2+-bound Indo-1 at 450 nm and Ca2+-free Indo-1 at 485 nm at 37 ◦C [44].
To first measure the amount of starting [Ca2+]free, LV muscle homogenate and 2 mM Indo-1
(57180, Sigma-Aldrich, Burlington, MA, USA) were added to Ca2+ uptake buffer (200 mM
KCl, 20 mM HEPES, 10 mM NaN3, 5 µM TPEN, 5 mM Oxalate, 15 mM MgCl2). Each
sample was plated in duplicate on an all-black 96-well plate and placed into the plate reader.
The plate was then removed and 250 mM ATP was added to initiate the uptake reaction,
and was placed in the plate reader for 15–30 min. The plate was removed again and 50 mM
EGTA and 100 mM CaCl were added to each well and placed back in the plate reader to
measure intracellular [Ca2+]f. Total Ca2+ uptake along with area under the curve (AUC)
analysis was completed to assess the amount of Ca2+ uptake over a period of time using
GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). All measures
were normalized to protein content using a bicinchoninic acid (BCA) protein assay.

4.3. SERCA Activity Assay

An enzyme-linked spectrophotometric assay was used to measure SERCA activity in
LV homogenates over various [Ca2+] ranging from pCa 6.8 to 5.5 using ionophore (A23187,
C7522, Sigma-Aldrich, Burlington, MA, USA). The ATPase activity of SERCA was linked to
the rate of disappearance of NADH. 10 mM CaCl2 was added to a master mix in varying
amounts of [Ca2+] and added to a 96-well plate. The master mix contained ATPase reaction
buffer (100 mM KCl, 20 mM HEPES, 10 mM NaN3, 1 mM EGTA, 10 mM MgCl2, 5 mM ATP
and 10 mM phosphoenolpyruvate; pH 7.0), 18 U• mL−1 LDH, 18 U• mL−1 PK, 1 mg•mL−1
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ionophore and LV homogenate sample. An amount of 1.9% NADH was then added to each
well and placed in the M2 Molecular Devices Spectrophotometric Plate Reader. The plate
was read for 30 min at a wavelength of 340 nm and a temperature of 37 ◦C. The data was
then fit onto a sigmoidal dose-response curve to calculate the pCa50 (concentration of Ca2+

required to elicit 1⁄2Vmax) using GraphPad Prism 8 software (GraphPad Software Inc., San
Diego, CA, USA). All rates of SERCA activity across the various Ca2+ concentrations were
normalized to protein content using a BCA assay.

4.4. Western Blotting

Western blots were performed for SERCA2a and total PLN using TGX BioRad Pre-
Cast 4–15% gradient gels (4561086; BioRad, Hercules, CA, USA). LV homogenate protein
samples were solubilized in 4× in Laemelli buffer (#161-0747, BioRad, Hercules, CA, USA),
loaded for gel electrophoresis, and then transferred to polyvinylidene difluoride (PVDF)
membranes using the BioRad Transblot Turbo. The membranes were then blocked with
milk (5% (w/v) in tris-buffered saline tween [TBST]) at room temperature for 1 h with
their respective primary antibodies (1:2000 dilution). The primary antibodies for SERCA2a
(MA3-919) and PLN (MA3-922) were obtained from ThermoFisher Scientific (Walktham,
MA, USA). The primary antibody for pPLN (Ser16/Thr17; 8496) was obtained from Cell
Signaling Technology (Danvers, MA, USA), and for panMHC (MF 20-s) was obtained from
Developmental Studies Hydrobioma Bank (Iowa City, IA, USA). After incubation was
complete, membranes were washed 3 times in 5 min intervals with TBST. The membranes
were then incubated with anti-mouse secondary antibody for 1 h at room temperature
(1:2000 dilution). After the secondary incubation, membranes were washed again 3 times
in 5 min intervals with TBST. Millipore Immobilon (WBKLS0500) or ThermoFisher Super-
signal Femto West (PI34096) chemiluminescent substrate was added for detection, and then
visualized using a BioRad ChemiDoc Imager. Optical densities were normalized to total
protein visualized on PVDF membranes with GAPDH (#2118S, Cell Signaling Technology)

4.5. Statistical Analysis

All data are expressed as mean ± SD, with significance reported as p ≤ 0.05, and
values approaching significance were reported as p = 0.06–0.10. All comparisons between
SHAM + SED, OVX + SED, SHAM + VWR, and OVX + VWR were conducted using a
two-way ANOVA with VWR and OVX as main effects and a Fisher’s Least Significant
Difference test. Comparisons between SHAM + VWR and OVX + VWR were performed
using an unpaired t-test. All statistical analysis was performed using GraphPad Prism 8
software (GraphPad Software Inc., San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/muscles1030016/s1, Figure S1: Fold-change analysis for SR-Ca2+
uptake, SERCA activity, and SERCA2a content.
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