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A B S T R A C T   

Background: Menopause leads to estradiol (E2) deficiency that is associated with decreases in muscle mass and 
strength. Here we studied the effect of E2 deficiency on microRNA (miR) signaling that targets apoptotic 
pathways. 
Methods: C57BL6 mice were divided into control (normal estrous cycle, n = 8), OVX (E2 deficiency, n = 7) and 
OVX + E2 groups (E2-pellet, n = 4). Six weeks following the OVX surgery, mice were sacrificed and RNA isolated 
from gastrocnemius muscles. miR-profiles were studied with Next-Generation Sequencing (NGS) and candidate 
miRs verified using qPCR. The target proteins of the miRs were found using in silico analysis and measured at 
mRNA (qPCR) and protein levels (Western blot). 
Results: Of the apoptosis-linked miRs present, eleven (miRs-92a-3p, 122-5p, 133a-3p, 214-3p, 337-3p, 381-3p, 
483-3p, 483-5p, 491-5p, 501-5p and 652-3p) indicated differential expression between OVX and OVX + E2 
mice in NGS analysis. In qPCR verification, muscle from OVX mice had lower expression of all eleven miRs 
compared with OVX + E2 (p < 0.050). Accordingly, OVX had higher expression of cytochrome C and caspases 6 
and 9 compared with OVX + E2 at the mRNA level (p < 0.050). At the protein level, OVX also had lower anti- 
apoptotic BCL-W and greater pro-apoptotic cytochrome C and active caspase 9 compared with OVX + E2 (p <
0.050). 
Conclusion: E2 deficiency downregulated several miRs related to apoptotic pathways thus releasing their targets 
from miR-mediated suppression, which may lead to increased apoptosis and contribute to reduced skeletal 
muscle mass.   

1. Introduction 

Levels of estrogens decline during menopause and this is associated 
with decreases in muscle mass and strength (Juppi et al., 2020; Maltais 
et al., 2009; Bondarev et al., 2020). We and others have shown that 
estrogen replacement therapy partially offsets these unfavorable 
changes in skeletal muscle mass and function in postmenopausal women 
(Sipila et al., 2001; Taaffe et al., 2005; Ronkainen et al., 2009; Greising 
et al., 2009). Similarly, estrogen deficiency in animal models has been 

shown to mediate decrements in muscle strength (Greising et al., 2009; 
Moran et al., 2006; Collins et al., 2019a) and treatment with estradiol 
(E2) reverses or prevents strength loss (Greising et al., 2009; Moran 
et al., 2007; Schneider et al., 2004). Furthermore, it was found that 
ovarian hormones have a critical role in the regrowth of atrophied 
skeletal muscle and in the regulation of muscle stem cell function and 
regeneration in female mice (Collins et al., 2019a; Sitnick et al., 2006; 
McClung et al., 2006; Moore et al., 2019). Yet the mechanistic role of 
estrogens in the loss of muscle mass has not been established. 

Abbreviations: AIF, Apoptosis inducing factor; BCL2, B-cell lymphoma-2 regulator protein; BCL-XL, B-cell lymphoma-extra-large regulator protein; BCL-W, B-cell 
lymphoma-like protein 2; CASP, Caspase; cytC, Cytochrome C; E2, Estradiol; FasL, Fas ligand; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; HSP, Heat shock 
protein; miR, microRNA; NGS, Next-generation sequencing; OVX, Ovariectomy. 
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The degenerative loss of skeletal muscle mass, quality, and strength 
associated with ageing is termed sarcopenia (Doherty, 2003). Both 
muscle mass and fiber number decrease significantly with ageing 
(Brown et al., 1992; Evans, 1995). Programmed cell death termed 
apoptosis is a highly coordinated signaling cascade leading to elimina
tion of cells. Apoptosis is a key mechanism in normal development of 
multicellular organisms and is involved in cell turnover and ontogenesis 
(Steller, 1995). Apoptosis has been proposed to be a key signaling route 
also in skeletal muscle homeostasis, including muscle ageing and sar
copenia (Dirks and Leeuwenburgh, 2002; Marzetti and Leeuwenburgh, 
2006). 

There are two major apoptotic signaling pathways: the extrinsic 
(death receptor) and intrinsic (mitochondrial) apoptotic pathways 
(Fig. 1) (Hassan et al., 2014). The extrinsic pathway of apoptosis is 
mediated via the tumor necrosis factor (TNF) family receptors, such as 
Fas ligand (FasL), initiated by external stimuli that leads to activation of 
caspases (CASP) 8 and 10 (Hassan et al., 2014; Locksley et al., 2001). 
Consecutively, the intrinsic apoptotic pathway can be triggered by a 
variety of intracellular stimuli, such as oxidative stress and DNA damage 
(Wu and Bratton, 2013). In the intrinsic pathway, apoptosis is induced 
via release of cytochrome C (cytC) from mitochondria into the cytosol 
leading to assembly of a multiprotein complex termed apoptosome 
(Green and Kroemer, 2004). Apoptosome is composed of procaspase 9, 
apoptotic protease activating factor 1 and cytC. In addition, several B 
cell lymphoma-2 (BCL2) family members including BCL2, BCL-W and B- 
cell lymphoma-extra-large (BCL-XL) act as anti-apoptotic proteins by 
controlling the release of cytC to the cytosol and regulating 

mitochondrial membrane permeabilization (Green and Kroemer, 2004). 
Downstream, both intrinsic and extrinsic apoptotic pathways are 
mediated through CASPs, a family of proteases that provide critical links 
in cell signaling networks and cell death (McIlwain et al., 2015). In 
addition, apoptosis can be initiated independent of CASPs via apoptosis 
inducing factor (AIF) that triggers DNA fragmentation (Joza et al., 
2009). Upstream, tumor protein p53 serves as a regulator that can 
modulate key control points in both the extrinsic and intrinsic apoptotic 
pathways (Fridman and Lowe, 2003). 

Estrogen has been shown to protect against apoptosis in non-skeletal 
muscle tissues as well as in muscle progenitor cells (Hou et al., 2010; 
Ruan et al., 2014; La Colla et al., 2013). Furthermore, it has been sug
gested that estrogens possess a protective role against cellular damage in 
heart muscle by increasing the expression of the protective heat shock 
proteins (HSPs) (Knowlton and Korzick, 2014). In muscle biopsies from 
human twins, E2 deficiency has been associated with cell death, 
apoptosis, and cell survival with E2 being the predicted upstream 
regulator of these processes (Laakkonen et al., 2017). However, the 
possible mechanistic role of E2 deficiency in skeletal muscle apoptosis 
contributing to sarcopenia has not been elucidated. 

One possible route through which E2 may coordinate skeletal muscle 
apoptosis involves microRNAs (miRs). miRs are a small non-coding RNA 
molecules that function in post-transcriptional regulation of gene 
expression either by targeting mRNAs for degradation or inhibiting 
transcription initiation (Krol et al., 2010). miRs have been shown to alter 
gene expression in skeletal muscle in response to various external 
stimuli such as exercise (Krol et al., 2010; Sapp et al., 2017) and estrogen 

Fig. 1. Schematic of apoptotic pathways. Key proteins of extrinsic and intrinsic apoptotic pathways that are possibly regulated by miRs are shown. TNF = tumor 
necrosis factor, FasL = Fas ligand, CASP = caspase, BCL2 = B-cell lymphoma-2 regulator protein, BCL-XL = B-cell lymphoma-extra-large regulator protein, BCL- 
W=B-cell lymphoma-like protein 2, BID=Protein of the B-cell lymphoma-2 regulator family, AIF = Apoptosis inducing factor, p53 = tumor protein, cytC = cyto
chrome C, HSP=Heat shock protein, miR = microRNA. Figure was created in BioRender.com. 
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status (Olivieri et al., 2014). To date several miRs have been identified to 
regulate apoptosis at many steps leading to programmed cell death (Su 
et al., 2015a). In the apoptosis field, the vast majority of miR studies 
have concentrated on cancer biology. These studies revealed divergent 
roles of miRs along the apoptosis pathways, mainly by acting as tumor 
suppressors by inhibiting the function of key proteins inducing cell 
death (Dar et al., 2013; Bai et al., 2009; Sun et al., 2017). 

Here we studied the effect of E2 deficiency on miR signaling coor
dinating the initiation of skeletal muscle apoptosis to determine if miRs 
associate with E2 and activation of apoptotic signaling cascades in 
skeletal muscle. In the present study we utilized C57BL6 mice with three 
study groups; control (normal estrous cycle), OVX (E2 deficiency due to 
ovariectomy) and OVX + E2 (E2 supplemented by pellet). The aim of our 
study was to determine the link between E2 and the initiation of skeletal 
muscle apoptosis. Our hypothesis was that E2 deficiency is associated 
with lower expression of apoptosis-linked miRs, which leads to 
increased expression of proteins along apoptotic pathways. 

2. Methods 

2.1. Animal experiment 

Female C57BL/6J mice aged 3–4 months were obtained from The 
Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed in groups 
of four to five and had phytoestrogen-free rodent feed (Harlan-Teklad 
no. 2019; Indianapolis, IN, USA) and water ad libitum. The housing 
room was maintained on a 14:10 h light:dark cycle with controlled 
temperature and humidity. 

Mice were randomly divided into three groups: control (n = 8), OVX 
(n = 7) and OVX + E2 (n = 4). At 4–6 month of age surgical procedures 
were conducted as described previously (Moran et al., 2007) with the 
exception that 2 h prior to surgery, mice were given a subcutaneous 
injection of slow-release buprenorphine (2 mg/kg) in the hindlimb area. 
Briefly, mice were then anesthetized with isoflurane and ovariectomy 
was performed under aseptic conditions through two small dorsal in
cisions between the iliac crest and the lower ribs. In OVX + E2 mice, a 
slow-release 17β-estradiol-containing pellet (E2 pellet) was placed sub
cutaneously in the neck area immediately following OVX while still 
under anesthesia. The E2 pellets used in this study had 0.18 mg of 17β- 
estradiol released over a 60-day period (Innovative Research of Amer
ica, Sarasota, FL, USA) resulting in physiological serum E2 levels (Moran 
et al., 2007; Le et al., 2018). Half of the mice (n = 4) in the control group 
underwent the same surgery as the OVX mice without removal of the 
ovaries (~sham surgery), while four mice had no surgery. For all vari
ables measured, there were no differences between sham mice and mice 
that had no surgery (p > 0.05) and therefore, data for these two groups 
of mice were collapsed to constitute the control group. Mice were 
sacrificed 5–8 weeks later and at this time successful OVX and E2 
treatment were verified by vaginal cytology or uterine mass. Body mass 
at the time of sacrifice was (mean ± SD); control = 23.9 ± 2.0 g, OVX =
26.5 ± 2.4 g, and OVX + E2 = 23.8 ± 1.4 g. 

Mice were sacrificed by an overdose of pentobarbital sodium (200 
mg/ kg) and skeletal muscles from the hind limbs were harvested, snap 
frozen in liquid nitrogen, and stored at − 80 ◦C. 

2.2. Skeletal muscle sample processing 

2.2.1. miR and mRNA isolation 
miRs and mRNA were isolated from frozen gastrocnemius muscles by 

miRNeasy Mini Kit (Qiagen, cat. no. 217004) according to manufac
turer’s instructions. 40–50 mg of the muscle sample was used for the 
procedure. Briefly, frozen muscle sample was homogenized in 700 μl of 
Qiazol lysis reagent in TissueLyser with magnetic beads. Homogenate 
was incubated at room temperature (RT) for 5 min and 140 μl chloro
form was added. Tubes were shaken 15 s, incubated at RT for 3 min and 
centrifuged for 15 min at 12000 xg at 4 ◦C. The upper aqueous phase was 

transferred to a new collection tube and the protocol was followed ac
cording to the manufacturer’s instructions until RNA was eluted from 
the column. 

2.2.2. Protein isolation 
Remaining gastrocnemius muscle samples were homogenized by a 

TissueLyser with metallic beads in a lysis buffer that contained Tissue 
extraction Reagent I buffer (TERI, Invitrogen, FNN0071) supplemented 
with 10 μl/ml of the following protease inhibitors: Halt Protease and 
Phosphatase Inhibitor Cocktail with EDTA (Pierce 78444) and pepstatin 
A (Sigma P5318). 15 μl/mg of the lysis buffer mix was used for each 
muscle sample. Samples were mixed for 30 min in end-over-end rotation 
at +4 ◦C. Thereafter, samples were centrifuged for 10 min at 10000 g at 
+4 ◦C. Total protein of the supernatant was measured using a BCA 
protein assay (Pierce™ BCA Protein Assay Kit #23227). 

2.3. miR analysis by NGS 

Total RNA samples were prepared for explorative NGS analysis with 
pooled samples of the studied groups; control(pool), OVX(pool) and 
OVX + E2(pool). The control(pool) was comprised of ovary-intact mice 
(both sham-operated mice and mice that did not undergo any surgery). 
From each individual sample, 1000 ng of RNA was used for making the 
pool. Thereafter, pooled samples from the control, OVX and OVX + E2 
groups were diluted according to manufacturer’s instructions to 20 ng/ 
μl, of which 5 μl was used for the miR-library (total 100 ng of sample). 

For the miR library, QIAseq miRNA Library Kit (Cat no. 331502) 
with QIAseq miRNA index kit (Cat no 331592) was used. MiR 
sequencing was performed using the NextSeq 500/550 high Output v2 
kit (75 cycles) (FC-404-2005, Illumina) run with NextSeq500 equip
ment. The raw data was processed using the Secondary QIASeq miRNA 
Library Kit Data Analysis Software that analyzes the Unique Molecular 
Index (UMI) counts to calculate changes in the miR expression. For the 
analysis, control was set as control group with Trimmed mean selected 
as a normalization method. The differential expression of miRs between 
OVX(pool) and OVX + E2(pool) samples were reported as fold change 
relative to control group. Cut point for target miR selection was set at 
>100 reads (i.e., at least one group had to have had >100 reads of the 
target miR). 

2.4. In silico analysis of miR target genes 

The search for miR target genes on apoptotic pathways was per
formed using four different miR target databases: TargetScan, Diana, 
PicTar and miRWalk as well as Ingenuity Pathway Analysis (IPA, version 
57662101, Qiagen). Utilizing these four miR databases together with 
IPA enabled analyses of a more comprehensive atlas of predicted and 
validated miR targets than by using only a single database. 

2.5. miR analysis by qPCR 

Expression of the miRs selected from the NGS miR-library based on 
in silico analysis were confirmed with qPCR using the following primers 
from Qiagen: miR-92a-3p (MS00005971), miR-122-5p (MS00003416), 
miR-133a-3p (MS00031423), miR-214-3p (MS00031605), miR-337-3p 
(MS00011844), miR-381-3p (MS00004116), miR-483-3p 
(MS00007693), miR-483-5p (MS00012264), miR-491-5p 
(MS00004326), miR-501-5p (MS00032935) and miR-652-3p 
(MS00010451). Samples were run as triplicates. qPCR results were 
analyzed with the ΔΔCt method and are expressed as fold change 
relative to control samples. 

2.6. Gene expression analysis by qPCR 

MiRs targeted proteins on the apoptosis pathways were measured by 
mRNA expression levels using the following primers from Qiagen: 
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GAPDH (NM_008084), CASP3 (NM_00981), CASP6 (NM_009811), 
CASP8 (NM_009812), CASP9 (NM_015733), BCL2 (NM_009741), BCL-W 
(official name: Bcl2l2, NM_007537), BCL-XL (official name: Bcl2l1, 
NM_009743), cytC (official name: Cycs, NM_007808) and p53 (official 
name: Trp53, NM_011640). Samples were run as triplicates. qPCR re
sults were analyzed with the ΔΔCt method and are expressed as fold 
change relative to OVx + E2 samples. 

2.7. Protein expression analysis by Western blotting 

The level of several proteins on the apoptotic pathways were quan
tified using Western blot. Briefly, 30 μg of isolated protein from 
gastrocnemius muscle was used from each sample. Samples were first 
heated for 10 min at 95 ◦C in sample buffer (1:1 in 20:1 Laemmli and 5% 
β-mercaptoethanol) and run for 35 min in a Stain Free gradient gel 
(4–20%, BioRad) at 270 V. Proteins were blotted onto nitrocellulose 
membrane and total protein was visualized after protein transfer. 
Thereafter, membranes were blocked for 2 h at RT in blocking buffer 
(Odyssey) and incubated with primary antibody in 1:1 TBS and blocking 
buffer +4 ◦C overnight. The following antibodies were used: CASP3 
(active) (#9661, 1:1000, Cell Signaling) CASP6 (inactive and active) 
(ab185645, 1:1000, Abcam), CASP8 (inactive) (ab25901, 1:1000, 
Abcam), CASP9 (active) (#9509, Cell Signaling, 1:1000), CASP9 (inac
tive) (ab202068, 1:2000, Abcam), BCL2 (ab692, 1:500, Abcam), BCL-W 
(#2724, 1:1000, Cell Signaling), BCL-XL (ab32370, 1:1000, Abcam), 
cytC (ab90529, 1:2000, Abcam), p53 (official name: Trp53, ab26, 1:500, 
Abcam), AIF (Sc-13,116, 1:200, Santa Cruz), CRYAB (official name: 
Hspb5, #45844S, 1:1000, Cell Signaling), HSP27 (official name: HSPB1, 
CPTC-HSPB1-1, 1:500, Hybridoma Bank) and HSP60 (official name: 
Hspd1, #4870, 1:500, Cell Signaling). Membranes were then washed 
and incubated with secondary antibody for 1 h at RT (1:1 TBS-T and 
blocking buffer), washed and visualized. Proteins were quantified using 
Image Lab software. First, the results were normalized to the average 
signal of the membrane and thereafter to corresponding total protein 
amount obtained from the whole membrane blotted from a stain free gel 
(whole protein lane). Results are expressed as fold change relative to 
OVx + E2 samples. 

2.8. Statistical analyses 

Results are presented as mean and standard error of means (SEM). 
The normality of variables was assessed using Shapiro-Wilks tests fol
lowed by Levene’s test for examining the equality of the variances. First, 
the extreme outliers were excluded from the analysis (>3× interquartile 
range). When the normality criteria were met, differences between the 
groups (OVX and OVX + E2) were examined using Student’s t-test 
(Western blot protein expression levels). When the normality criteria 
were not fulfilled, differences between the groups were examined using 
Kruskal-Wallis test followed by Mann-Whitney U test (qPCR results for 
miRs) or Mann-Whitney U test (mRNA levels). Data analyses were car
ried out using IBM SPSS Statistics software version 24 (Chicago, IL, US), 
and the level of significance was set at p ≤ 0.050. 

3. Results 

3.1. NGS identification of miRs 

NGS analysis was done to first verify the most abundant miRs and 
second to explore the specific miRs that respond to E2 in skeletal muscle. 
The two most abundant miRs in all groups of mice, miR-1a-3p and miR- 
133a-3p, are muscle specific miRs (Table 1). 

3.2. E2 responsive miRs that target apoptotic pathways 

To investigate the possible link between E2 deficiency and miR- 
mediated regulation of apoptotic signaling, we focused on apoptosis- 

linked miRs. In silico analysis with four different databases and IPA 
showed that eleven miRs identified to be responsive to E2 (Table 2) have 
several targets on apoptotic pathways (Table 3). NGS analysis of the E2 
sensitive miRs was run comparing OVX and OVX + E2 each to the 
control group and indicated differential expression patterns between 
OVX and OVX + E2 mice. These apoptosis-linked, differentially 
expressed E2-responsive miRs were used as candidate signaling modu
lators of apoptosis. 

Results of in slico analysis were not completely consistent between 
the databases (Table 3). For example, only miRs-133a-3p and 214-3p 
were found to target apoptosis-linked proteins in all four of the miR 

Table 1 
Twenty most abundant miRs according to reads in NGS analysis in muscle from 
control, OVX and OVX + E2 groups.  

Rank Control OVX OVX + E2 

miR Reads miR Reads miR Reads  

1 
miR- 
1a-3p  21,097,106 

miR- 
1a-3p  17,434,920 

miR- 
1a-3p  19,618,500  

2 

miR- 
133a- 
3p  2,616,739 

miR- 
133a- 
3p  2,469,748 

miR- 
133a- 
3p  3,176,871  

3 

miR- 
126a- 
3p  585,076 

miR- 
126a- 
3p  727,958 

let-7f- 
5p  738,205  

4 
let-7f- 
5p  574,105 

let-7f- 
5p  701,060 

miR- 
126a- 
3p  586,756  

5 
miR- 
143-3p  504,622 

miR- 
16-5p  563,935 

miR- 
16-5p  500,677  

6 
miR- 
26a-5p  481,154 

miR- 
26a- 
5p  522,538 

miR- 
26a-5p  490,611  

7 
miR- 
16-5p  443,756 

miR- 
143- 
3p  518,288 

let-7a- 
5p  476,089  

8 
let-7a- 
5p  316,171 

let-7a- 
5p  419,319 

miR- 
143-3p  409,992  

9 

miR- 
125b- 
5p  302,611 

miR- 
125b- 
5p  349,376 

miR- 
125b- 
5p  320,767  

10 
miR- 
30a-5p  296,285 

miR- 
206- 
3p  328,095 

let-7i- 
5p  300,807  

11 
miR- 
206- 
3p  

259,993 
let-7c- 
5p  323,725 

let-7c- 
5p  294,044  

12 miR- 
1b-5p  

251,335 let-7i- 
5p  

289,413 
miR- 
206- 
3p  

288,776  

13 
let-7i- 
5p  238,688 

miR- 
30a- 
5p  

254,499 
miR- 
378a- 
3p  

269,323  

14 
let-7c- 
5p  

233,160 
miR- 
378a- 
3p  

236,223 
miR- 
30a-5p  

268,885  

15 
miR- 
378a- 
3p  

232,999 miR- 
1b-5p  

231,988 miR- 
1b-5p  

247,180  

16 
miR- 
29a-3p  211,195 

miR- 
29a- 
3p  

209,769 
miR- 
29a-3p  206,621  

17 miR- 
26b-5p  

164,072 
miR- 
26b- 
5p  

186,750 miR- 
26b-5p  

172,737  

18 
miR- 
126a- 
5p  

156,207 let-7b- 
5p  

162,794 let-7b- 
5p  

159,892  

19 
miR- 
101a- 
3p  

143,259 
miR- 
126a- 
5p  

158,968 
miR- 
126a- 
5p  

134,825  

20 
miR- 
199a/ 
b-3p  

127,357 
miR- 
101a- 
3p  

145,617 
miR- 
199a/ 
b-3p  

132,129 

Muscle specific miRs are bolded. 
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databases as well as IPA and only miRwalk and IPA found putative 
apoptosis-linked target proteins for each of the studied miRs. Table 3 
shows also experimentally validated associations between miR and its 
target protein. 

3.3. qPCR – expression levels of putative E2 sensitive miRs 

The expression of the potential target miRs found from NGS were 
confirmed by qPCR (Fig. 2). In Fig. 2, the triangles for control group 
represent the mice that did not undergo any surgery and black dots 
represent sham-operated mice. Because data from sham-operated mice 
and those that had no surgery did not differ (p ≥ 0.072), these sub
populations were combined to form one control (ovary-intact) group for 
further statistical analyses. Due to an extreme value that was not 
detected as a true outlier found in miR-122-5p data in group OVX + E2 
(Fig. 2B), the analysis was run excluding that highest data point. 
Excluding the one data point did not change the results between the 
groups (see Supplementary Fig. 1). Kruskal-Wallis test showed signifi
cant difference between the groups for each of the eleven miRs (p ≤
0.044). Post hoc analyses showed that muscles from OVX mice had 
lower expression of all eleven of the studied miRs compared with OVX +
E2 (p ≤ 0.017, Fig. 2). OVX muscles also had lower miRs 122-5p and 
214-3p expression compared with control (p ≤ 0.028, Fig. 2B, D). OVX 
+ E2 muscles had higher expression of miRs 92a-3p, 133a-3p, 214-3p, 
381-3p, 483-3p, 483-5p and 491-5p than controls (p ≤ 0.042, Fig. 2A, 

C-D, F-I). 

3.4. qPCR – mRNA expression of miR targets 

To concentrate on the extremes of systemic E2 level, we continued 
the analysis with the group of the lowest systemic E2 level (OVX) and the 
constantly high E2 level (OVX + E2) to avoid the possible confounding 
effect of the cyclic nature of systemic E2 level in the control group. The 
mRNA expression of predicted miR targets on apoptosis pathways were 
measured using qPCR (Figs. 3 and 4). OVX muscles had higher expres
sion of CASPs 6 and 9 compared to OVX + E2 muscles (p ≤ 0.023; 
Fig. 3B, D) but not CASP3 or CASP8 (p = 0.571, p = 0.072, respectively, 
Fig. 4A, C). 

OVX muscles had higher cytC and p53 mRNA expressions compared 
to OVX + E2 (p ≤ 0.038; Fig. 4D-E) whereas no changes were observed in 
BCL2, BCL-XL or BCL-W. 

3.5. Western blot - protein expression of miR targets 

The protein levels of key CASPs are presented in Fig. 5. Muscles from 
mice in the OVX group had a lower inactive CASP8 level (p = 0.028, 
Fig. 5B) and higher active CASP9 compared with OVX + E2 muscles (p =
0.046, Fig. 5F). There were no significant findings in the other CASPs 
measured (p ≥ 0.140). 

The Western blot results from additional apoptosis-linked proteins 
are presented in Fig. 6. OVX muscles had lower BCL-W and higher cytC 
levels compared to OVX + E2 (p = 0.010, p = 0.023, respectively; 
Fig. 6C, F). There were no significant findings in the other proteins 
studied (p ≥ 0.108). 

The Western blot results from HSPs are presented in Fig. 7. OVX 
muscles had lower levels of CRYAB and HSP60 and a higher level of 
HSP27 compared to OVX + E2 (p ≤ 0.008; Fig. 7). 

4. Discussion 

Our results were in line with our hypothesis, that E2 deficiency was 
associated with lower expression of apoptosis-linked miRs. Conse
quently, E2 deficiency led to higher mRNA expression of pro-apoptotic 
cytC, p53 and CASPs 6 and 9 and greater protein abundance of cytC 
and active CASP9. However, we also discovered lower protein abun
dance of anti-apoptotic BCL-W, CRYAB and HSP60 and greater abun
dance of HSP27. Our data suggests that E2 deficiency may play a role in 

Table 2 
Estradiol-responsive, apoptosis-linked miRs that showed differential expression 
between muscle from OVX and OVX + E2 mice (expressed as fold change relative 
to control).  

miR ID OVX OVX + E2 

miR-92a-3p  0.99  1.42 
miR-122-5p  0.78  2.64 
miR-133a-3p  0.85  1.21 
miR-214-3p  0.91  1.28 
miR-337-3p  0.95  1.63 
miR-381-3p  0.80  2.18 
miR-483-3p  0.78  2.53 
miR-483-5p  1.04  2.11 
miR-491-5p  1.37  1.95 
miR-501-5p  1.39  0.48 
miR-652-3p  1.20  0.94  

Table 3 
In silico analysis of miR target genes via four miR target databases, IPA and experimentally validated associations between miR and target protein.  

miR TargetScan Diana miRwalk PicTar IPA Experimentally shown miR-target associations 

miR-92a- 
3p 

FasL – CASP3, CASP8, CASP9, HSP60, CytC – p53 CASP3, BCL2 (Li et al., 2019) 

miR-122- 
5p 

– – CASP3, CASP8, BCL-XL, BCL-W, HSP60, 
CytC 

BCL-W BCL-W CASP8, BCL2, BCL-XL, p53 (Yin et al., 2011; Zhang et al., 
2017) 

miR- 
133a- 
3p 

BCL-XL, BCL- 
W 

BCL- 
XL 

CASP3, CASP8, CASP9, BCL2, BCL-XL, 
BCL-W, HSP60, CytC 

BCL-XL, 
BCL-W 

BCL-XL, BCL- 
W 

CASP3, CASP9, BCL-XL (Chen et al., 2016; Ji et al., 2013) 

miR-214- 
3p 

HSP27, 
Casp2 

HSP27 CASP3, CASP6, CASP8, BCL-W BCL-XL, 
HSP60 

HSP27 BCL-W, HSP70 (Bai et al., 2020; Fan and Wu, 2017) 

miR-337- 
3p 

– – CASP9, BCL-XL, BCL-W – BCL-XL, BCL- 
W 

CASP3, CASP7, BCL2 (Xia et al., 2019; Park et al., 2018) 

miR-381- 
3p 

– – CASP3, CASP8, CASP9, BCL2, BCL-XL, 
BCL-W, CytC 

– CASP6 CASP3, CASP8, CASP9, BCL2 (Zhao et al., 2020; Qiao et al., 
2019; Shang et al., 2019) 

miR-483- 
3p 

– – CASP3, CASP6, CASP8, BCL-XL, BCL-W, 
HSP60, CytC 

– FasL CASP3, BCL2, p53 (Veronese et al., 2010; Lu et al., 2020) 

miR-483- 
5p 

– – CASP3, CASP6, CASP8, CASP9, BCL-XL, 
BCL-W, CytC 

– CASP3, CASP8 CASP3, BCL2 (Wu et al., 2016; Liu et al., 2019) 

miR-491- 
5p 

– – CASP3, CASP6, CASP8, CytC, FasL, 
BCL2, BCL-W 

– p53, CRYAB BCL-XL, p53 (Guo et al., 2012) 

miR-501- 
5p 

– – CASP3, CASP6, CASP8, CASP9, BCL2, 
BCL-XL, BCL-W, CytC 

– p53, HSP60, 
cytC 

BCL2 (Sanches et al., 2018) 

miR-652- 
3p 

– – CASP3, CASP8, CASP9, BCL2, BCL-XL, 
BCL-W, CytC 

– p53, CASP3, 
CASP6 

CASP3, BCL2 (Wang et al., 2017)  
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Fig. 2. miR expression in skeletal muscle measured by qPCR. OVX mice had lower expressions of all of the studied miRs compared with OVX + E2 group (A-K). OVX 
mice had also lower miR-122-5p and miR-214-3p expression compared with control (B, D). Compared with control, OVX + E2 group had higher expression of miRs 
92a-3p, 133a-3p, 214-3p, − 381, 483-3p, 483-5p and 491-5p (A, C, D, F, G, H, I). The control group is comprised of ovary-intact mice with triangles representing mice 
that did not undergo any surgery and black dots representing sham-operated mice. Results are expressed as mean ± SEM. *p < 0.050, **p < 0.010. 
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the initiation of skeletal muscle apoptosis through miRs coordinating the 
intrinsic apoptotic pathway although downregulation of miRs was also 
measured contributing to a concomitant upregulation of some of anti- 
apoptotic agents. Our data suggests that E2 deficiency may play a role 
in the initiation of skeletal muscle apoptosis through miRs coordinating 
the intrinsic apoptotic pathway. 

4.1. Estradiol deficiency in skeletal muscle is associated with decreased 
expression of several miRs linked to apoptosis 

We found that the eleven apoptosis-linked miRs, miR 92a-3p, 122- 
5p, 133a-3p, 214-3p, 337-3p, 381-3p, 483-3p, 483-5p, 491-5p, 501-5p 
and 652-3p were less abundant in mice with E2 deficiency (OVX) 
compared to those mice treated with E2 (OVX + E2) (Fig. 2). The miRs 
investigated in this study participate in posttranscriptional regulation of 
several key proteins in apoptosis and highlight the intrinsic apoptotic 
pathway (Su et al., 2015b). 

Previously, transfecting cells with miR-92a-3p mimic decreased cell 
apoptosis via BCL2 and CASP3 pathways, suggesting an anti-apoptotic 
role in cell homeostasis (Li et al., 2019). In our results E2 deficiency 
was associated with low miR-92a-3p level in muscle. In turn, miR-122 
upregulation has been shown to induce apoptosis in cardiomyocytes 
and liver cells (Wu et al., 2009; Zhang and Jing, 2018). Supporting this 
observation, miR-122 inhibition led to increased expression of anti- 
apoptotic protein BCL-XL together with lower expression of pro- 
apoptotic CASP3 (Zhang and Jing, 2018). Similarly, upregulation of 

miR-133a induced apoptosis in osteosarcoma cell lines, whereas its 
downregulation strongly correlated with tumor progression (Ji et al., 
2013). Furthermore, restoring miR-133a/b has been proposed to be a 
key therapeutic target for gastric cancer treatment in humans (Liu et al., 
2015). It seems that miR-133a acts as a tumor-suppressor in cancer cells 
by targeting BCL-XL and CASP9 (Liu et al., 2015; He et al., 2011). 
Similarly, with miRs 122-5p and 133a-3p, upregulation of miR-214-3p is 
associated with downregulation of BCL-W and vice versa, suggesting a 
pro-apoptotic role of miR-214-3p (Fan and Wu, 2017). In our study, E2 
deficiency led to low levels of miRs 122-5p, 133a-3p and 214-3p in 
muscle, which according to previous literature could lead to decreased 
apoptosis (e.g., [45, 47, 61,]). However, the high levels of these miRs in 
OVX + E2 mice was not associated with low levels of their anti-apoptotic 
target proteins BCL-2 or BCL-XL or a higher CASP8 level (Table 3), but 
lower p53 transcript and higher BCL-W protein levels. These results 
indicate that these miRs may share an anti-apoptotic role in skeletal 
muscle. 

Cell experiments with miR-337-3p have yield contradicting results. 
Experiments with PANC-1 cells show that overexpression of miR-337-3p 
downregulates CASPs 3 and 7 (Park et al., 2018) yet ectopic expression 
of miR-337 malignant T cells resulted in increased CASP3 and 7 activity 
while decreasing BCL2 expression and increasing apoptosis (Xia et al., 
2019). miR-381-3p shares similar story: studies show that miR-381-3p 
acts as an oncogenic miRNA that counteracts apoptotic signaling path
ways in renal cancer cells (Zhao et al., 2020). However, in different 
cancer cell lines miR-381 mimics have found to increase CASP3 and 

Fig. 3. mRNA expression of caspases 3, 6, 8 and 9 in skeletal muscle measured by qPCR. OVX mice had higher expression of CASP6 and CASP9 compared with OVX 
+ E2 (B, D). Results are expressed as mean + SEM. *p < 0.050, **p < 0.010. 
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CASP9 and decrease BCL2 levels whereas its inhibitors have opposing 
effect (Qiao et al., 2019; Shang et al., 2019). It seems that miR function is 
sensitive to the cell line used. In our study, E2 deficiency lead to low 
level of miR337-3p and 381-3p together with higher protein level of 
active CASP9 in muscle, supporting the anti-apoptotic function of these 

miRs. 
miR-483-3p inhibits apoptosis in breast cancer as well as in renal 

malignancy tumor cells by regulating SOX3, BAX and BCL2 expressions 
(Che et al., 2019; Cui et al., 2019). miR-483-5p in turn upregulates 
CASP3 protein in a kidney cell line (Liu et al., 2019) whereas miR-483- 

Fig. 4. mRNA expression of BCL2, BCL-XL, BCL-W, cytC and p53 in skeletal muscle measured by qPCR. OVX mice had higher expression of cytC and p53 compared 
with OVX + E2 (D, E). Results are expressed as mean + SEM. *p < 0.050, **p < 0.010. 
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Fig. 5. Protein levels of caspases in skeletal muscle measured by Western Blot with representative blot and total protein images. OVX mice had a lower level of 
CASP8 (inactive) and higher CASP9 (active) compared with OVX + E2 (B, F). Results are expressed as mean + SEM. *p < 0.050, **p < 0.010. 
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5p overexpression in gastric cancer cells causes significant upregulation 
of BCL2 protein (Wu et al., 2016). In contrast, miR-491 induces 
apoptosis through BCL-XL in human colorectal cancer cells, having 
therapeutic potential for treating colorectal cancer (Nakano et al., 
2010). Experiments with cervical cancer (HeLa) cells shows that miR- 
501 increase BCL2 expression promoting cervical cancer by inhibited 

apoptosis (Sanches et al., 2018). In lung cancer cells miR-652 mimic 
decreased BCL2 and increased the level of CASP3, whereas miR-652 
inhibitor induced the opposite changes addressing the pro-apoptotic 
functions of miR-652 (Wang et al., 2017). Our findings showed lower 
expression levels of miR 483-3p, 483-5p and 501-5p to be associated 
with E2 deficiency, which according to previous literature would 

Fig. 6. Protein levels of apoptosis-linked proteins in skeletal muscle measured by Western Blot with representative blot and total protein images. OVX mice had 
higher levels of BCL-W and cytC compared with OVX + E2 (C, F). Results are expressed as mean + SEM. *p < 0.050, **p < 0.010. 
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promote apoptosis. Yet low expression of miR 491-5p and 652-3p were 
also associated with E2 deficiency, indicating lower apoptosis. 

Our data uniquely shows that miRs that regulate apoptosis in tumor 
growth in other tissues and cell lines may also coordinate skeletal muscle 
homeostasis. However, to confirm the direction of the signaling in 
skeletal muscle (pro- vs. anti-apoptotic) additional comprehensive 
analysis of the apoptosis signaling pathways together with confirmation 
of skeletal muscle apoptosis are warranted in the future. Another chal
lenge to consider is that some miRs may regulate both pro- and anti- 
apoptotic targets (Table 3). According to our results, however, down
regulation of the miRs studied here was largely associated with proa
poptosis in skeletal muscle tissue. 

4.2. Estradiol deficiency is associated with higher expression of mRNA 
and apoptosis-linked proteins in skeletal muscle 

Several proteins in the intrinsic apoptotic pathway had increased 
mRNA expression in gastrocnemius muscle from mice in an E2 deficient 
state. CASPs 6 and 9 were two of these target proteins (Fig. 3). CASPs are 
a family of endoproteases whose overexpression and/or increased ac
tivity promotes apoptosis (McIlwain et al., 2015). Active CASP6 has 
shown activity in the cytC-induced apoptosis pathway and is one acti
vator of CASP8 (Cowling and Downward, 2002). Downstream, both 
intrinsic and extrinsic apoptotic pathways are interconnected via 
CASP9. Similar to the mRNA results, our data revealed that E2 deficiency 

was associated with higher abundance of active CASP9 as well as greater 
cytC protein levels indicating that the intrinsic apoptotic signaling route 
has been activated in skeletal muscle of E2 deficient mice. Furthermore, 
E2 deficiency was associated with lower anti-apoptotic BCL-W protein. 
Consistent with our results, Chung et al. found that in male rats, skeletal 
muscle ageing led to increased cleaved CASP9, although the level of 
cleaved CASP3 remained unchanged (Chung and Ng, 2006). 

Our previous study showed that serum concentration of FasL was 
lower in postmenopausal women using hormone replacement therapy 
compared with non-users, yet did not reveal corresponding differential 
expression of FasL in muscle (Kangas et al., 2014). FasL belongs to the 
TNF family and its main function is the induction of extrinsic apoptotic 
pathway through CASPs 8 and 10 (Hassan et al., 2014; Locksley et al., 
2001; Justice et al., 2019). In our present study, replacement of E2 in 
ovariectomized mice was associated with increased CASP8 protein in 
muscle (Fig. 5B) suggesting that E2 may activate the extrinsic apoptotic 
pathway. Mechanistically this result is contradicting, as high levels of 
miRs targeting CASP8 should lead to lower levels of CASP8 mRNA and 
ultimately protein. However, cell experiments have revealed that miR 
function may not be as straightforward. In cardiomyocytes over
expression of miR-122 mimic is associated with increased CASP8 
expression both at mRNA and protein levels and induced apoptosis 
(Zhang et al., 2017) consistent with our findings. As miRs may regulate 
several genes on a specific signaling cascade, it is challenging to predict 
the ultimate effect of a single miR. Furthermore,the protein measured 

Fig. 7. Protein expression of HSPs in skeletal muscle measured by Western Blot with representative blot and total protein images. OVX mice had lower levels of 
CRYAB and HSP60 and a higher level of HSP27 compared with OVX + E2 (A, C). Results are expressed as mean + SEM. *p < 0.050, **p < 0.010. 
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here only included the inactive form of CASP8, and it might not correlate 
with the active form of the protein, as in the case of CASP9 in the present 
study (Fig. 5E, F). Unfortunately, we were not successful in assaying for 
active CASP8 protein. 

The BCL2-family of proteins act as anti-apoptotic proteins by 
inhibiting the release of cytC to the cytosol, which in turn activates 
CASPs. p53 in turn is known to be a pro-apoptotic regulator, which in
hibits the activity of BCL2-family members (Hemann, 2006). In our 
study the only difference in BCL2-proteins was lower BCL-W protein 
expression in E2 deficient mice (Fig. 6C) while higher expression of p53 
(mRNA level only, Fig. 4E) and higher expression of cytC (both the 
mRNA and protein levels, Figs. 4D, 6F) were observed in muscle from E2 
deficient mice. In rat skeletal muscle, ageing was associated with higher 
p53, BCL2 whereas cytC and AIF levels remained unchanged (Chung and 
Ng, 2006). It seems that E2 deficiency results in some, yet not all 
apoptosis-related changes similar to the ageing process. 

Previous studies have found a link between estrogen and HSP 
expression in skeletal muscle (Lee et al., 2007; Vasconsuelo et al., 2010). 
These studies indicate that estrogen may protect skeletal muscle tissue 
against apoptosis through HSPs. HSP20-protein family, of which we 
studied CRYAB and HSP27, consists of the small heat shock proteins, 
that act as molecular chaperones by preventing misfolding of proteins 
(Benjamin and McMillan, 1998). In addition, small HSPs inhibit 
apoptosis by binding and inhibiting CASP function (Kamradt et al., 
2001). Similar to small HSPs, HSP60 participates to maintain protein 
homeostasis and correct folding (Marino Gammazza et al., 2018; 
Kirchhoff et al., 2002). Ageing results in increased HSP27 and HSP60 in 
rat skeletal muscle (Chung and Ng, 2006) whereas the effect of estrogen 
status on HSP27 is still unclear (Collins et al., 2019b). In our study E2 
deficiency was associated with lower levels of CRYAB and HSP60 
(Fig. 7). Hence, our data indicates that E2 deficiency is associated with 
lower capacity of the muscle tissue to fight against misfolded proteins. 
However, HSP27 did not follow the trends of the two other HSPs studied 
here having higher expression in E2-deficient mice (Fig. 7). Studies done 
in C2C12 cell line have shown that estrogen treatment protects the cells 
against apoptosis induced by hydrogen peroxide through upregulation 
of HSP27 (Vasconsuelo et al., 2010). It seems that HSP27 responds to 
estrogen in cell injury-related apoptosis signaling, yet the response is not 
the same when E2 is diminished systemically. 

4.3. Study strengths and limitations 

This study investigated apoptosis signaling networks at miR, mRNA 
and protein levels including key steps in the apoptosis signaling cascade. 
In the apoptosis variables measured, our study groups of gastrocnemius 
muscles from female mice with estrogen manipulations represented very 
modest standard error of means, indicating that our study groups were 
homogenous and represented well the phenotype desired. In the OVX 
mice, vaginal cytology confirmed successful ovariectomy and in addi
tion, mice in OVX group were heavier than mice in OVX + E2 group, 
which is natural and demonstrated in several publications (see for 
example (Moran et al., 2007; Rogers et al., 2009)). One limitation of our 
study is that estrous cycle was not controlled for at the sacrification of 
the control mice. To avoid possible confounding effect of the cyclic 
nature of systemic E2 level in our results, we investigated expression 
levels of miR-targets by focusing on the mice groups of the lowest sys
temic E2 level (OVX) and the constantly high E2 level (OVX + E2). It 
would have been ideal to measure serum E2 to confirm physiological 
levels in the OVX + E2 mice but reproducible, sensitive measurements 
were not available at the time of this study. We are confident that levels 
were in the physiological range because we have used the exact same 
pellets in previous studies (e.g., (Moran et al., 2007)) and in a study 
subsequent to this study (Le et al., 2018). Another limitation is that we 
did not have muscle samples available for TUNEL staining which would 
have been useful in estimating the rate of apoptosis. Recently, we re
ported that 8 weeks of E2 deficiency resulted in nearly 4-fold more 

apoptotic cells in tibialis anterior muscles of ovariectomized mice than 
controls and E2 treatment to OVX mice protected cells from apoptosis 
(Collins et al., 2019a). In that study as in the current study, we did not 
expect to observe muscle fiber loss nor loss of muscle mass as the 
duration of the experiments were limited. Here we report the beginning 
of the apoptosis signaling cascades that are activated in response to 
estradiol deficiency, which in the long term may affect muscle mass and 
function. 

5. Conclusions 

In skeletal muscle from E2 deficient mice, several apoptosis-linked 
miRs were downregulated concomitant with higher mRNA expression 
of the target proteins. Furthermore, E2 deficiency was associated with 
lower anti-apoptotic BCL-W and higher pro-apoptotic cytC and active 
CASP9 protein levels. To conclude, E2 deficiency downregulated several 
miRs related to apoptotic pathways that may represent a mechanism 
that results in increased apoptosis and reduced skeletal muscle mass in 
estrogen-deficient females including postmenopausal women. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.exger.2021.111267. 
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