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1   |   INTRODUCTION

Cardiovascular diseases continue to be the leading cause 
of mortality globally, with aging, ischemic heart disease, 

hypertension, obesity, diabetes mellitus, and smok-
ing being the leading causes of heart failure (Bozkurt 
et  al.,  2023; Vaduganathan et  al.,  2022). Dysregulation 
of the metabolic enzyme glycogen synthase kinase 3 
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Abstract
Six weeks of low-dose lithium (Li) supplementation has been shown to improve 
the activity of cardiac sarco(endo)plasmic reticulum calcium (Ca2+)-ATPase 
(SERCA) in C57BL/6J wild-type (WT) male mice. Improvements in myocardial 
SERCA function can lead to improvements in systolic and diastolic function in 
various rodent models. In this study, we tested the hypothesis that 12 weeks of sub-
therapeutic Li supplementation (10 mg/kg/day) would enhance SERCA function 
and positively influence cardiac contractility and morphology. Cardiac function 
and morphology were assessed using high-frequency ultrasound in the final week 
of Li treatment. Subsequently, SERCA activity, Ca2+ uptake assays, and Western 
blotting for glycogen synthase kinase-3β, SERCA2, and its inhibitor phospholam-
ban (PLN) were performed on isolated left ventricle tissue. After 12 weeks of 
subtherapeutic Li supplementation, the heart underwent eccentric remodeling, 
exhibited by increased left ventricle internal diameter and volumes during sys-
tole and diastole, ultimately leading to greater stroke volume. However, we did 
not find any specific alterations in systolic or diastolic functional measures; nor 
were there any changes in SERCA activity and its content relative to PLN after Li 
supplementation. Thus, while Li supplementation appears to positively influence 
cardiac morphology to increase stroke volume, these changes are independent of 
changes to SERCA function.
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(GSK3), particularly the GSK3β isoform, has been shown 
to contribute to cardiac dysfunction and progressive 
heart failure, making it a potential therapeutic target 
(Michael et al., 2004). One of the mechanisms in which 
dysregulated GSK3β contributes to cardiac dysfunction 
is through its negative regulation of the sarco(endo)plas-
mic reticulum calcium (Ca2+)-ATPase (SERCA) in the 
myocardium (Flepisi et al., 2013). SERCA lies embedded 
within the membrane of the sarcoplasmic reticulum (SR) 
of cardiomyocytes and is responsible for over 70% of the 
reuptake of Ca2+ from the cytosol after each muscle con-
traction. In doing this, SERCA is a key regulator of mus-
cle relaxation and thus, diastolic function in the heart. 
Additionally, by ensuring sufficient SR Ca2+ concentra-
tions for subsequent contractions, SERCA also contrib-
utes to systolic function (MacLennan & Kranias, 2003). 
In human failing myocardium, abnormal intracellular 
calcium handling is seen with prolonged contractions 
and a diminished ability to restore resting low cytoso-
lic Ca2+ concentrations during diastole (Gwathmey 
et al., 1987). Reduction in mRNA expression of SERCA2 
has also been documented in failing human myocar-
dium with various cardiomyopathies (Hasenfuss, 1998). 
SERCA2 has also been a well-studied target for heart 
failure. Gene therapies aimed at increasing SERCA2 
in the myocardium have shown promise in preclinical 
models (Byrne et al., 2008; Kawase et al., 2008; Sakata 
et  al.,  2007) however, these benefits did not trans-
late to clinical trials in humans (Yla-Herttuala,  2015). 
Therefore, finding alternative methods of maintaining 
or improving SERCA function in the heart would be im-
portant for the treatment and prevention of heart failure 
caused by systolic or diastolic dysfunction.

Given the relationship between GSK3 and car-
diac SERCA function, developing strategies to inhibit 
GSK3 presents a promising alternative for enhanc-
ing SERCA performance and activity. In a study by 
Michael et al.  (2004) they found that treating neonatal 
rat ventricular myocytes with LiCl (5 mM) alleviated the 
negative regulation of dysregulated GSK3β, thereby in-
creasing SERCA2 mRNA expression. Li is a monovalent 
cation that is capable of inhibiting GSK3 both directly, 
via competition with its cofactor magnesium, and indi-
rectly, via activation of the PI3K/Akt pathway, which 
phosphorylates GSK3 at the Ser 21 (GSK3α) and Ser 9 
(GSK3β) sites, preventing substrate binding to the GSK3 
isoforms (Hamstra, Whitley, et al., 2020). In our previ-
ous study, we demonstrated that treating 4–6 month-old 
WT C57BL/6J male mice with low-dose Li (10 mg/kg/
day) for 6 weeks resulted in GSK3 inhibition in the left 
ventricle. Further, Li resulted in higher cardiac muscle 
SERCA2 content and apparent affinity of SERCA for 

Ca2+—the latter of which we attributed to an effect of 
Li on lowering the protein content of phospholamban 
(PLN) (Hamstra, Kurgan, et  al.,  2020). PLN is a small 
peptide, consisting of 52 amino acids, which physi-
cally interacts with SERCA to regulate its function by 
lowering its sensitivity for Ca2+ (Kimura et  al.,  1996; 
MacLennan & Kranias, 2003). This aligns well with our 
previous work using another GSK3 inhibitor, SB216763 
(SB2), where treating Desmoglein-2 mutant mice—a 
preclinical model of arrhythmogenic cardiomyopathy—
preserved maximal ATPase activity by restoring SERCA2 
and PLN levels to those of wild-type mice (Hamstra 
et al., 2022). In that study, we also found that maximal 
SERCA activity positively correlated with ejection frac-
tion and fractional shortening, further highlighting the 
benefits of GSK3 inhibition on cardiac contractility. 
However, whether such benefits to cardiac function and 
structure can also be observed with Li supplementation 
in mice remains unknown.

The aim of this study was to examine whether 12 weeks 
of subtherapeutic LiCl supplementation could affect car-
diac structure and function in male C57BL/6J mice based 
on our previous results showing improvements in cardiac 
SERCA function with subtherapeutic LiCl supplemen-
tation for 6 weeks. Specifically, we hypothesized that the 
increased Ca2+ sensitivity and rise in the SERCA2:PLN 
ratio observed after 6 weeks of Li treatment would result 
in structural and functional changes linked to enhanced 
systolic and diastolic function with extended 12-week 
treatment.

2   |   MATERIALS AND METHODS

2.1  |  Animals and study design

The hearts from this study were obtained from a pre-
viously published study from our lab, and full details 
on animal procedures can be reviewed in Geromella 
et  al.  (2022). To briefly summarize, male wild-type 
C57BL/6J mice (16 weeks of age, n = 12) were sup-
plemented for 12 weeks with low-dose Li treat-
ment (10 mg/kg/day dose in drinking water, serum 
[Li+] = 0.02 mM ± 0.004) (Hamstra, Kurgan, et al., 2020). 
Mice were housed individually and given free access to a 
chow diet (2014 Teklad global, 14% protein rodent main-
tenance diet, Harlan Teklad). For lithium supplementa-
tion, mice were randomly divided into control (n = 12) 
and lithium groups (n = 12). A stock bottle of 50 mg/mL 
lithium chloride (L4408; Sigma-Aldrich; St. Louis, MO, 
USA) in distilled water was prepared for the lithium 
treatment group. Water bottles were filled twice a week, 
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and stock lithium chloride (LiCl) solution was added 
to 200 mL of water to achieve a daily dose of 10 mg/kg 
body mass/day based on an average 5 mL consumption 
of water per day. The mice had free access to their water, 
and supplementation occurred for 12 weeks. Control 
water bottles contained 200 mL of water that was not 
supplemented with LiCl. Body mass, food intake, and 
water intake were measured twice a week. Mice were 
kept on a 12 h light/dark cycle and had ad  libitum ac-
cess to food and water. All procedures were approved 
by the Brock University Animal Care Committee (File 
#17-06-03) and were in compliance with the Canadian 
Council on Animal Care. Euthanasia was performed 
after 12 weeks of treatment by exsanguination under the 
administration of 5% isoflurane in oxygen.

2.2  |  High-frequency ultrasound

To assess cardiac function and structure, all mice were 
subjected to high-frequency ultrasound (HFU) analy-
sis using a Prospect T1 high-frequency ultrasound (S-
Sharp, Taiwan). Mice were given 3% isoflurane gas at 
an oxygen flow rate of 1 mL/min. Hair on the superior 
ventral surface was removed with a depilatory cream. 
Once the hair was removed, the mouse was placed on 
the HFU platform, with limbs taped to electrocardio-
gram (ECG) electrodes covered with ECG cream. A rec-
tal probe was placed to monitor body temperature, and 
the heart rate was monitored and maintained at 400–
500 bpm by adjusting the isoflurane gas delivery. The 
ventral surface was then covered with ultrasound gel to 
form an acoustic coupling with the ultrasound probe. 
Short-axis M-mode imaging was used to measure and 
calculate cardiac morphology and systolic function, in-
cluding the left ventricle internal diameter (LVID), rela-
tive wall thickness (RWT), end-diastolic volume (EDV), 
end-systolic volume (ESV), stroke volume (SV), uncor-
rected and corrected left ventricular mass (LV Mass (U) 
and LV Mass (C), respectively), percent ejection frac-
tion (%EF), percent fractional shortening (%FS), and 
cardiac output (CO). Pulse-wave doppler of the mitral 
valve inflow from an apical 4-chamber view was used to 
assess diastolic function, systolic function, and cardiac 
compliance, specifically measuring E wave velocity, A 
wave velocity, deceleration time, isovolumic relaxation 
time (IVRT), isovolumic contraction time (IVCT), and 
myocardial performance index (MPI) which is the sum 
of IVRT and IVCT divided by ejection time. Upon com-
pletion, mice were then removed from the platform, and 
the isoflurane gas was placed in a recovery cage on top 
of a warm heating pad until they woke up.

2.3  |  Tissue collection

After 12 weeks of treatment, mice were euthanized, and 
hearts were harvested and frozen in liquid N2 immediately 
to be stored at −80°C. Left ventricles were isolated from 
the frozen tissue and homogenized in a 10:1 ratio with 
homogenizing buffer (250 mM sucrose, 5 mM HEPES, 
0.2 mM phenylmethylsulfonyl fluoride, 0.2% [w/v] NaN3 
in distilled H2O, and pH 7.5).

2.4  |  Calcium uptake assay

Calcium uptake assay was run as described previously 
(Geromella et al., 2023). To summarize, Ca2+ uptake was 
measured in left ventricle homogenates using Ca2+ indica-
tor Indo-1 (50041; Biotum) measuring the difference be-
tween Ca2+-bound Indo-1 and Ca2+-free Indo-1. As Indo-1 
cannot cross the SR membrane, the amount of Ca2+-
bound Indo-1 decreases as Ca2+-free Indo-1 increases. 
This is measured at two fluorescence emissions (450 nm 
for Ca2+-bound Indo-1 and 485 nm for Ca2+-free Indo-1) at 
37°C. Each sample was plated in duplicate in an all-black 
96-well plate with 1 μL of 2 mM Indo-1 and Ca2+ uptake 
buffer (200 mM KCl, 20 mM HEPES, 10 mM NaN3, 5uM 
TPEN, 5 mM Oxalate, and 15 mM MgCl2) to read start-
ing calcium concentrations in each sample. Then 4 μL of 
250 mM ATP (A2383; Sigma) was added to each well to 
initiate Ca2+ uptake by activating the SERCA pump, and 
this reaction was read for 30 min. Subsequently, to cal-
culate free intracellular Ca2+ concentration, we used a 
two-point calibration system with the addition of 50 mM 
EGTA (E3889; Sigma) (low calcium), followed by 100 mM 
CaCl2 (C4901; Sigma) (high calcium) to each well. Free in-
tracellular Ca2+ concentration was then calculated using 
the following formula:

where Kd is the dissociation constant of Indo-1 at 250 nm. 
R is the ratio of Ca2+-bound fluorescence (405 nm) to 
Ca2+-free fluorescence (485 nm) for each timepoint. Rmin 
is the ratio of bound: unbound Indo-1 in the presence 
of EGTA. Rmax is the ratio of bound: unbound Indo-1 
in the presence of high [Ca2+]. Sf2 is the fluorescence 
emission of Ca2+-free Indo-1 at 485 nm. Sb2 is the fluo-
rescence emission of Ca2+-free Indo-1 in the presence of 
high [Ca2+] at 485 nm.

Rates of Ca2+ uptake were measured as a tangent or 
instantaneous velocity when the Ca2+ curve crossed 
1500 nM free intracellular Ca2+ by plotting the calibrated 
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kinetic data in LoggerPro (Vernier Software, Beaverton, 
OR, USA). All data was normalized to protein content 
using the BCA assay (B9643; Sigma).

2.5  |  ATPase activity assay

SERCA-specific ATPase activity was measured using 
an ionophore (A23187; Sigma)-supported spectropho-
tometric assay across a range of Ca2+ concentrations 
(pCa 7.2 to 6.0). This assay is an enzyme-linked spectro-
photometric assay fitted onto a 96-well plate (Hamstra, 
Kurgan, et al., 2020). ATP hydrolysis was measured as 
a 1:1 ratio of NADH disappearance using LDH (18 U/L) 
(10127230001; Sigma) and PK (18 U/L) (0128155001; 
Sigma). Kinetic activity is read over 30 min at 340 nm 
using an M2 Molecular Devices MultiMode plate reader. 
SERCA-specific ATPase activity was calculated, correct-
ing for pathlength, using the extinction coefficient of 
NADH (6.22 mM) (10107735001; Sigma) after subtract-
ing activity with the SERCA-specific inhibitor cyclopi-
azonic acid (40 mM) (239805; Sigma) from all values. 
Data was normalized to grams of protein determined by 
a bicinchoninic acid assay. Kinetic data was fitted onto 
a sigmoidal dose–response curve to measure maximal 
ATPase activity and normalized to %Vmax to compare 
pCa50, the amount of calcium required to reach 50% 
Vmax, using GraphPad Prism 8 software (GraphPad 
Software Inc., La Jolla, CA, USA).

2.6  |  Western blotting

Sample prep was prepared at 2 μg/μL protein in 4× 
Laemmli buffer (1610747; BioRad; Hercules, CA, USA) 
based on protein concentrations of each sample meas-
ured using a bicinchoninic acid (BCA) assay. Protein 
content was assessed by performing Western blotting 
for SERCA2, PLN, phosphorylated (Ser9) GSK3β, and 
total GSK3β. TGX BioRad Precast 4%–15% gradient gels 
(4561086; BioRad) were used for all proteins. Protein 
was transferred to PVDF membranes for SERCA2 and 
total GSK3β and nitrocellulose for pGSK3β and PLN 
using a BioRad Transblot Turbo. All membranes were 
blocked with EveryBlot blocking buffer (12010020; 
BioRad). SERCA2 (MA3-919; ThermoFisher Scientific; 
Waltham, MA, USA), PLN (MA3-922; ThermoFisher 
Scientific), and total GSK3β (9315; Cell Signaling 
Technology; Beverly, MA, USA) antibodies were in-
cubated with 5% milk, while pGSK3β (Ser9; 9336; Cell 
Signaling Technology) antibody was incubated with 3% 
BSA. After primary incubations and Tris-buffered saline 

with Tween-20 (TBST) washes, membranes were incu-
bated for1 h at room temperature with corresponding 
secondary antibodies (Anti-mouse (SERAC2 and PLN—
7076; Cell Signaling Technology); Anti-rabbit (pGSK3β 
and tGSK3β—7074; Cell Signaling Technology)). 
After TBST washes, membranes were visualized with 
Millipore Immobilon chemiluminescent HRP substrate 
(WBKLS0500; Sigma-Aldrich) on a BioRad Chemi Doc 
Imager. Images were analyzed using ImageLab (BioRad) 
to quantify optical densities, which were normalized to 
total protein visualized with ponceau stain (59803; Cell 
Signaling Technology).

2.7  |  Statistical analysis

To examine the effects of low-dose LiCl treatment on 
cardiac function compared to control-treated mice, a 
two-tailed Student's t-test was used for cardiac func-
tional and morphological measures as well as protein 
content analysis with Welch's correction when neces-
sary. A p value of p ≤ 0.05 was used to define statistical 
significance. A 5% ROUT test was used to identify outli-
ers for all analyses. When identified, outliers were re-
moved from statistical analyses. All statistical tests were 
conducted using GraphPad Prism 8 Software, and all 
data is presented as mean ± SD.

3   |   RESULTS

3.1  |  Subtherapeutic lithium causes 
eccentric hypertrophy of the left ventricle 
without altering systolic or diastolic 
function

Previous work has shown that 6 weeks of low-dose LiCl 
can improve the SERCA2:PLN ratio and SERCA Ca2+ 
sensitivity in mouse cardiac tissue (Hamstra, Kurgan, 
et al., 2020). Improved cardiac SERCA function and the 
SERCA2:PLN ratio have been shown to affect systolic 
and diastolic function and promote physiological hyper-
trophy in disease conditions (Kranias & Hajjar,  2012; 
Makarewich et al., 2018); therefore, cardiac morphology, 
systolic, and diastolic function were assessed. Table  1 
demonstrates that 12 weeks of subtherapeutic LiCl sup-
plementation resulted in a higher internal diameter of 
the left ventricle at both peak systole and diastole. This 
higher internal diameter was not due to any change in 
anterior or posterior wall thickness, though LiCl treated 
mice tended to have lower relative wall thickness at peak 
systole (p = 0.06). Uncorrected and corrected LV Mass 
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was also higher in LiCl supplemented mice compared to 
control. Corresponding well with the greater internal di-
ameter, the LiCl group had higher ESV and EDV when 
compared to controls (Table  2). These changes led to a 
higher stroke volume for the LiCl group; however, no dif-
ferences in cardiac output were detected. With respect to 
systolic function, there were no changes in ejection frac-
tion or fractional shortening between groups (Table  2). 

Additionally, there were no differences in any diastolic 
parameters (Table 3). Collectively, these data suggest that 
12 weeks of subtherapeutic LiCl treatment in male mice 
results in greater stroke volume by increasing LV chamber 
size, without affecting systolic or diastolic function.

3.2  |  SERCA2:PLN ratio increases with 
subtherapeutic LiCl

As LiCl is an inhibitor of GSK3β, a key regulator of car-
diac hypertrophy, it was important to assess its activ-
ity through Western blot measurement of total and Ser9 
phosphorylation (inhibited) state (Hamstra, Whitley, 
et  al.,  2020; Michael et  al.,  2004). It was also important 
to confirm whether the greater SERCA2:PLN ratio ob-
served in our previous 6-week study with subtherapeu-
tic LiCl (Hamstra, Kurgan, et al., 2020) was still present 
after 12 weeks of treatment. Figure 1 shows no differences 
in GSK3β content or Ser9 phosphorylation of GSK3β 
between control and LiCl (Figure  1a–d). When assess-
ing SERCA2 content, no differences are shown between 
groups (Figure  1e,f); however, the protein content of 
the SERCA2 inhibitor, PLN, is trending lower with sub-
therapeutic LiCl supplementation compared to the con-
trol group (Figure 1g). This led to a significantly greater 
ratio of SERCA2:PLN in the LiCl group versus the control 
group (Figure 1h). In summary, 12-week subtherapeutic 
LiCl did not change GSK3β phosphorylation status but did 
lead to a greater SERCA2:PLN ratio through reductions in 
PLN protein content.

T A B L E  1   Eccentric remodeling occurs with 12-week low-dose 
lithium supplementation.

Measures Control (n = 12) LiCl (n = 10)

LVAW;d (mm) 1.05 ± 0.19 1.00 ± 0.09

LVAW;s (mm) 1.51 ± 0.23 1.47 ± 0.12

LVID;d (mm) 3.99 ± 0.27 4.32 ± 0.17**

LVID;s (mm) 2.74 ± 0.25 3.00 ± 0.25*

LVPW;d (mm) 0.85 ± 0.04 0.86 ± 0.07

LVPW;s (mm) 1.23 ± 0.06 1.20 ± 0.09

RWT;d (mm) 0.42 ± 0.03 0.40 ± 0.04

RWT;s (mm) 0.89 ± 0.09 0.80 ± 0.10#

LV Mass (U) (mg) 144 ± 18.35 164 ± 16.28*

LV Mass (C) (mg) 115 ± 14.68 131 ± 13.03*

Note: Morphological measures were taken in M-mode imaging with a 
short axis view. Wall thickness of the anterior (AW) and posterior walls 
(PW) of the left ventricle was measured at peak systole (LVAW;s and 
LVPW;s, respectively) and diastole (LVAW;d and LVPW;d, respectively). 
Left ventricle internal diameter was also measured at peak systole (LVID;s) 
and diastole (LVID;d). Relative wall thickness during systole (RWT;s) and 
diastole (RWT;d) was calculated using the corresponding LVPW and LVID 
measures. Left ventricle mass was measured by ultrasound (uncorrected—
LV Mass (U) and corrected—LV Mass (C)). All data is shown as mean ± SD.
#p < 0.10, *p < 0.05, **p < 0.01 using a Student's t-test.

T A B L E  2   Low-dose lithium supplementation increases left 
ventricular capacity without altering systolic function.

Measures Control (n = 12) LiCl (n = 10)

HR (bpm) 491 ± 43.59 475 ± 26.52

FS (%) 31.5 ± 3.69 30.7 ± 4.70

EF (%) 59.7 ± 5.33 59.7 ± 5.94

EDV (μL) 70.1 ± 10.64 84.4 ± 8.06**

ESV (μL) 28.3 ± 5.87 33.2 ± 4.11*

SV (μL) 41.8 ± 6.94 49.6 ± 7.48*

CO (mL/min) 20.5 ± 4.10 23.4 ± 3.86

Note: Systolic measures were also taken in M-mode imaging with a 
short-axis view. End-systolic and end-diastolic volumes (ESV and EDV, 
respectively) were calculated using the corresponding LVID measures. 
Fractional shortening (FS) was also calculated using LVID. ESV and EDV 
were used to calculate ejection fraction (EF) and stroke volume (SV). Heart 
rate (HR) and SV were used to calculate cardiac output (CO). All data is 
shown as mean ± SD.
*p < 0.05, **p < 0.01 using a Student's t-test.

T A B L E  3   Low-dose lithium supplementation does not alter 
diastolic function.

Measures Control (n = 12) LiCl (n = 10)

A wave velocity (mm/s) 439 ± 116.8 475 ± 80.52

Acceleration (m/s2) 66.2 ± 9.76 76.2 ± 28.13

Deceleration time (ms) 25.9 ± 7.62 26.4 ± 7.49

E wave velocity (mm/s) 531 ± 74.52 525 ± 123.2

E/A 1.26 ± 0.24 1.11 ± 0.20

Ejection time (ms) 39.7 ± 7.02 39.0 ± 4.02

IVCT (ms) 11.9 ± 3.82 13.8 ± 5.06

IVRT (ms) 17.1 ± 2.46 15.5 ± 2.61

MPI 0.76 ± 0.19 0.77 ± 0.18

Note: Pulse-wave Doppler imaging with an apical view was used to measure 
blood flow from the mitral valve into the left ventricle. Peak velocity of the 
early (E wave) and late (A wave) phases of ventricular filling along with 
the deceleration time of the E wave and acceleration of the A wave were 
measured. The E/A ratio was calculated using the E and A wave velocities. 
Myocardial performance index (MPI) was measured using the isovolumic 
contraction time (IVCT) and isovolumic relaxation time (IVRT). All data is 
presented as mean ± SD.
*p < 0.05, **p < 0.01 using a Student's t-test.
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3.3  |  Subtherapeutic LiCl does not alter 
SERCA-mediated Ca2+ uptake or ATPase 
function after 12 weeks

Given the increase in the SERCA2:PLN ratio, we next 
wanted to assess SERCA-mediated Ca2+ uptake and 
ATPase activity to determine if SERCA function would be 
improved after 12 weeks of LiCl treatment. Furthermore, 
improvements to SERCA activity and its Ca2+ sensitivity 
via alterations in the SERCA2:PLN ratio can play a role 
in the regulation of cardiac hypertrophy and remodeling 
(Grote Beverborg et  al.,  2021; Makarewich et  al.,  2018). 
Figure  2 shows that SERCA-mediated calcium uptake 
assays revealed no differences in the rate of Ca2+ up-
take at 1500 nM Ca2+ or starting calcium concentration 
(Figure 2a–c). There was also a trending lower maximal 
ATPase activity in the LiCl group compared to control 
(Figure 2d,e) but there are no differences seen in SERCA 
pCa50 (Figure  2f,g). Thus, although changes were seen 
in the amount of SERCA2 relative to its inhibitor PLN, 

12 weeks of subtherapeutic LiCl did not have an effect on 
SERCA-mediated Ca2+ uptake, activity, or its apparent af-
finity for Ca2+.

4   |   DISCUSSION

This study aimed to expand upon our laboratory's previous 
findings, which demonstrated that 6 weeks of low-dose Li 
feeding increases SERCA2 content and its apparent af-
finity for Ca2+ (Hamstra, Kurgan, et al.,  2020). The cur-
rent investigation examined the effects of 12 weeks of 
LiCl feeding on cardiac morphology and function in male 
C57BL/6J mice, in addition to assessing SERCA function. 
We hypothesized that a longer-term treatment of 12 weeks 
would be enough to elucidate any cardiac structural or 
functional changes that may be caused by the results of 
our treatment. Partly consistent with our hypothesis, we 
found that LiCl supplementation altered cardiac morphol-
ogy, with an increase in LV mass, LVID, EDV, ESV, and 

F I G U R E  1   GSK3, SERCA, and PLN content are unchanged with 12 weeks LiCl treatment. Representative Western blots of 
phosphorylated (Ser9) GSK3β (pGSK3β) and total GSK3β (tGSK3β) (a). Optical density analysis of pGSK3β (b), tGSK3β (c), and their ratio 
(d). Representative blots of SERCA2 and PLN (e). Optical density analysis of SERCA2 (f), PLN (g), and their ratio (h). For (b–d) and (f–h), 
a two-tailed Student's t-test was used with exact p values shown for statistically significant (p < 0.05) or trending (p < 0.10) comparisons. All 
values represented as mean ± SD, n = 5–6 per group.
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SV; however, these effects were not met with any changes 
in SERCA activity.

Previous studies have demonstrated that GSK3 in-
hibition in muscle (both cardiac and skeletal muscle) 
can increase muscle size (Baranowski et al., 2023; Haq 
et al., 2000; Morisco et al., 2000; Pansters et al., 2015). 
Consistent with this literature, Table  1 shows higher 
LV mass in the LiCl group, suggesting hypertrophic re-
modeling. Along with higher LV mass, internal diame-
ter during systole and diastole was also higher with LiCl 
supplementation without any differences in anterior or 
posterior wall thickness (Table 1), which leads us to con-
clude that 12 weeks of LiCl supplementation could be 
causing eccentric hypertrophy of the heart in mice. This 
apparent eccentric hypertrophy was not met with any 
alterations in systolic function (Tables 1 and 2) or dia-
stolic function (Table 3). The lack of changes to systolic 
measures at rest, such as %FS, %EF, or CO (Table  2), 
is similar to the cardiac functional differences seen in 
endurance-trained athletes at rest (Cumming,  1975; 
Fernandes et  al.,  2011, 2015; Vella & Robergs,  2005; 
Weeks & McMullen, 2011). Athletes have been shown to 
have greater ventricular dimensions and stroke volume 
at rest, which gives them the ability to have a greater in-
crease in cardiac output during exercise when heart rate 
is also increased to meet the greater oxygen demands of 

the body (Cumming, 1975; Degens et al., 2019). In our 
previous study looking at the metabolic activity of these 
mice, we saw a greater level of energy expenditure (both 
absolute and relative to lean mass) during the 11th week 
of treatment in these LiCl-supplemented mice without 
any significant changes in daily food intake, cage ambu-
lation, or body mass (Geromella et al., 2022). It is pos-
sible that the changes in metabolic demand of the body 
caused by low-dose Li supplementation for 12 weeks 
could cause these cardiac morphological changes. 
That is, an increase in metabolic activity heightens 
the demand for blood supply, leading to morphologi-
cal changes that support an increase in stroke volume 
and cardiac output (Young,  2010); though the latter 
was not significantly elevated with LiCl supplementa-
tion (p = 0.1128). The lack of statistical significance is 
attributed to the LiCl group having a lower, albeit not 
statistically significant, heart rate compared with the 
control (491 bpm control vs. 475 bpm LiCl, p = 0.32). 
However, it is important to note that these measures 
were conducted at rest, and since endurance athletes 
have greater cardiac reserve and ability to increase car-
diac output during exercise (Baggish & Wood,  2011), 
future experiments should consider assessing exercise 
performance in mice treated with subtherapeutic LiCl. 
Combined with our previous findings demonstrating 

F I G U R E  2   ATPase and Ca2+ uptake of the cardiac SERCA protein. Representative calcium uptake traces of Ctrl and LiCl-treated left 
ventricle homogenates showing reductions in cytosolic calcium concentrations over time (a). Rate of SERCA-mediated calcium uptake 
measured at 1500 nM Ca2+

free (b). Free calcium concentrations in both groups at the start of the assay (c). SERCA-specific ATPase activity 
in left ventricle homogenates over increasing calcium concentrations represented as pCa (−log[Ca2+]) (d). Maximal activity achieved by 
SERCA (e). ATPase activity represented as a percent of maximal activity (%Vmax) (f). Calcium concentration required for SERCA to reach 
50% of maximal activity represented as pCa50 (g). For (b–c) and (e–f), a two-tailed Student's t-test was used with exact p values shown for 
statistically significant (p < 0.05) or trending (p < 0.10) comparisons. All values are represented as mean ± SD, n = 5–6 per group.
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that LiCl supplementation enhanced skeletal muscle 
endurance (Whitley et al., 2020) in mice, the eccentric 
hypertrophy seen here may also contribute to enhanced 
endurance performance in mice.

With respect to our Western blot analysis and simi-
lar to our previous results in the 6-week study (Hamstra, 
Kurgan, et al., 2020), we did not see any changes in GSK3β 
content or its Ser9 phosphorylation status (Figure 1a–d). 
Importantly, Li is able to inhibit GSK3 both indirectly by 
activating the PI3K/Akt pathway to phosphorylate the 
Ser9 site of GSK3β and directly by competing with the co-
factor magnesium given its similar ionic radius compared 
to Li (Freland & Beaulieu, 2012). Therefore, no differences 
in Ser9 phosphorylation do not necessarily mean GSK3 
activity is not inhibited with our treatment as our previ-
ous work showed no changes in Ser9 phosphorylation but 
a 47% reduction in the ATPase activity of GSK3 measured 
using an enzymatic activity assay (Hamstra et  al.,  2023; 
Hamstra, Kurgan, et  al.,  2020; Hamstra, Whitley, 
et al., 2020). When looking at SERCA2 and PLN content, 
we see no changes in SERCA2 content; however, a trend-
ing reduction in PLN content (p = 0.0861) led to a signif-
icant increase in the SERCA2:PLN ratio (Figure 1e–h), a 
known determinant of cardiac contractility (MacLennan 
& Kranias, 2003). In our previous study, we saw a signifi-
cant increase in SERCA2 and a decrease in PLN, leading 
to an increase in this ratio (Hamstra, Kurgan, et al., 2020), 
which can contribute to improvements in cardiac contrac-
tility and relaxation (Kranias & Hajjar,  2012). However, 
the increase in SERCA2 relative to its inhibitor PLN also 
explained the improvements we saw previously in SERCA 
Ca2+ sensitivity, as PLN normally reduces SERCA's affin-
ity for Ca2+ (Hamstra, Kurgan, et al., 2020). Here, despite 
seeing a significant increase in the SERCA2:PLN ratio, 
we found no changes in SERCA-mediated Ca2+ uptake 
or Ca2+ sensitivity (Figure 2). This could suggest that the 
SERCA pump has adapted to the LiCl in this 12-week 
treatment period. Thus, our findings are only partly con-
sistent with our previous work and suggest that the trend-
ing reduction in PLN content ultimately had no influence 
on SERCA function. Our results also revealed a trending 
reduction in maximal SERCA activity with LiCl supple-
mentation (p = 0.0628) (Figure 2e); however, this did not 
have any negative effect on left ventricle diastolic func-
tion (Table 3). Overall, this data suggests that the changes 
observed in cardiac morphology must be independent of 
changes to SERCA function.

In any event, the results from this study suggest that 
low-dose Li treatment for 12 weeks in C57 male mice 
does not appear to cause any detriment to SERCA2 con-
tent, the rate of Ca2+ uptake in the heart, or cause any 
negative changes to diastolic or systolic function. These 
findings are important as we do see positive effects of this 

dose of LiCl in other tissues such as bone (Kurgan, Bott, 
et  al.,  2019), skeletal muscle (Geromella et  al.,  2022; 
Kurgan, Whitley, et  al.,  2019; Whitley et  al.,  2020), 
and adipose while also increasing absolute energy ex-
penditure (Geromella et  al.,  2022). Additionally, while 
lithium is recognized as the most effective mood stabi-
lizer for bipolar disorder, its usage has decreased due 
to the emergence of other mood-stabilizing medica-
tions and concerns over lithium toxicity, particularly 
beyond its limited therapeutic range of 0.5–1.2 mM in 
serum (Hamstra et al., 2023; Kessing, 2024; Richardson 
& Macaluso,  2017). In fact, L'Abbate et  al. show that 
12 weeks of supplementation with lithium carbonate 
(Li2CO3) at a therapeutic dose (43 mg/kg body weight; 
1.73 mEq/L serum concentration) led to reductions in 
stroke volume and fractional shortening, increased car-
diomyocyte cross sectional area (CSA) and alterations 
to cardiac electrical activity and arrhythmia susceptibil-
ity (L'Abbate et al., 2023). However, other studies have 
shown that subtherapeutic doses of Li can be cardio-
protective by promoting physiological hypertrophy and 
recovery of ventricular function after ischemia/reperfu-
sion injury (Chen et al., 2019; Faghihi et al., 2008) and 
reducing atherosclerotic lesions in a mouse model of 
high-fat diet-induced atherosclerosis (Choi et al., 2010). 
Thus, our data is more aligned with previous studies 
that demonstrate the beneficial effects of subtherapeutic 
Li treatment on cardiac function and morphology.

In conclusion, our findings indicate that low-dose LiCl 
supplementation over a 12-week period can induce an in-
crease in left ventricular dimensions and stroke volume, 
resembling physiological eccentric hypertrophy. These 
changes could be due to increases in energy expenditure 
seen in these mice from our previously published study 
and not due to any changes in SERCA function or content 
as originally hypothesized. Future studies should confirm 
whether this remains true for C57BL/6J female mice and 
investigate any long-term effects of this subtherapeutic 
treatment and its potential effects on exercise perfor-
mance in mice.
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