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Abstract

People with obesity are often dyslipidemic and prescribed statins to prevent cardiovascular events.
A common side effect of statin use is myopathy. This could potentially be caused by the reduction
of selenoproteins that curb oxidative stress, in turn, affecting creatine metabolism. We determined
if statins regulate hepatic and muscular selenoprotein expression, oxidative stress and creatine
metabolism. Mice lacking selenocysteine lyase (Scly KO), a selenium-provider enzyme for
selenoprotein synthesis, were fed a high-fat, Se-supplemented diet and treated with simvastatin.
Statin improved creatine metabolism in females and oxidative responses in both sexes. Male Scly
KO mice were heavier than females after statin treatment. Hepatic selenoproteins were unaffected
by statin and genotype in females. Statin upregulated muscular GpxZ in females but not males,
while Scly loss downregulated muscular GpxZ in males and Selenon in females. Osginl was
reduced in statin-treated Scly KO males after AmpliSeq analysis. These results refine our
understanding of the sex-dependent role of selenium in statin responses.

Keywords
selenium; selenocysteine lyase; obesity; statin

"Corresponding author: Iseale@hawaii.edu, Tel.: (808) 692-1541.

Author contributions

Conceptualization, LAS, LMW, and MJB; data collection and analysis, LMW, LAS, NA, RP, RS, ACH, and DJT; bioinformatics, RS
and AM; writing, LMW and LAS; review and editing, all authors; funding acquisition, MJB, LAS, DJT, AM and LMW.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
The authors declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Watanabe et al.

Page 2

1. Introduction

Over the last decades, the prevalence of obesity has increased worldwide, reaching epidemic
proportions [1]. Obesity currently affects 78.6 million people (33%) in the United States and
is expected to increase to over 50% of the population by 2030 [2]. Dyslipidemia is
frequently found in patients with obesity and often one of the first signals that metabolic
dysfunction is taking place, doubling their heart disease risk [3].

Statins are the most commonly prescribed and effective pharmacological therapy for treating
dyslipidemia and preventing cardiovascular events [4,5]. Despite their favorable overall
safety profile, statins evoke distinct side-effects whose molecular origins have remained
unsettled [5]. Muscle disorders are the most commonly reported adverse effects of statins,
ranging from muscle weakness, fatigue, and pain to more severe conditions like
rhabdomyolysis [6]. Individuals with obesity were shown to be predisposed to new or
worsening muscle symptoms both while using statins, and after stopping treatment [7].

Statin-induced adverse events in the muscle may be triggered by a reduction in the
expression and activity of selenium (Se)-containing selenoproteins. This reduction occurs
due to the inhibition of the 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA)
reductase step in the mevalonate pathway targeted by statins. HMG-CoA reductase
inhibition reduces cholesterol synthesis and also curbs the production of downstream
products such as the isoprenoid isopentenyl pyrophosphate [8], required for the post-
transcriptional maturation of tRNAs such as the selenocysteine (Sec) tRNA, and
consequently for selenoprotein synthesis [4,5,9,10].

Complete loss of selenoproteins is embryonically lethal [11]. However, mice lacking the
gene for selenocysteine lyase (Sc/y), which encodes a Sec-decomposing enzyme that
participates in selenoprotein synthesis, develop obesity with strong hypercholesterolemia
and display differential impacts on selenoprotein levels, particularly in the liver [12-14].
This phenotype is aggravated by a Se-deficient diet [15,16] or by exposure to a Se-adequate,
high-fat diet [16] and is not curbed after Se supplementation [17]. Interestingly, dietary Se
supplementation mitigates statins’ side effects in individuals with obesity displaying an
adequate Se intake [18], but in a Se-supplemented context, as is common in a significant
portion of the American population, the regulatory factors responsible for triggering statin
side effects are not fully clarified.

We utilized the Scly knockout (Scly KO) mouse as a model of obesity caused by a defect in
Se metabolism and treated them with statins to further elucidate the role of Se metabolism
and selenoproteins in statin-induced side effects in the liver and skeletal muscle.

2. Materials and Methods

2.1. Chemicals

All reagents are from Sigma-Aldrich/MilliporeSigma (Burlington, MA, USA) unless
otherwise noted.
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2.2. Animals

Age-matched, littermate homozygous C57BL/6N wild-type (WT; The Jackson Laboratory)
and Scly KO mice of both sexes were born and raised in our vivarium and used in
experiments after weaning following the Institutional Animal Care and Use Committee of
the University of Hawaii (protocol n. 17-2616). Generation of the Scly KO mouse line has
been previously described [19]. Body weights were recorded every two weeks after weaning.
Animals were euthanized by CO, asphyxiation at the same time of the day before collecting
serum, liver, gonadal white adipose tissue (WAT), interscapular brown adipose tissue (BAT),
soleus, and gastrocnemius skeletal muscles for further analyses.

2.3. Diets and drug treatment

Animals were fed a customized high-fat diet containing 45 kcal% fat as lard and 35 kcal%
carbohydrates as a mixture of sucrose and corn starch (Research Diets, Inc., New
Brunswick, NJ) supplemented with a blend of sodium selenite plus selenomethionine
(previously described in [17]) for eight weeks. Diet was customized to mimic caloric intake
of the American population with obesity, with additional Se supplementation. Mice received
vehicle (\ehicle-Treated Mice — VTM) or simvastatin (Statin-Treated Mice - STM) (Enzo
Life Sciences International, Farmingdale, NY) at a dose of 5 mg/kg body weight/day by oral
gavage once daily for 21 days. Figure 1 describes the experimental design of the present
study. Simvastatin was selected for this study because of its well-established link to adverse
effects on skeletal muscle, along with its highest prescription rate among all statin drugs in
the U.S. The selected simvastatin dose was both clinically relevant and physiologically
appropriate to mice [5]. Simvastatin is insoluble in water; therefore, it was first dissolved in
ethanol 100%, then diluted 60 times in water. VTM received a solution with the same
concentration of ethanol.

2.4. Serum and liver assays

Serum cholesterol and triglycerides were assayed by commercial kits (Cayman Chemical
Company, Ann Harbor, MI; and Abcam, Cambridge, MA) using colorimetry. Oxidative
stress was gauged by measuring lipid peroxidation end products with an OxiSelect 4-
hydroxynonenal (HNE)-His Adduct ELISA kit (Cell Biolabs, Inc., San Diego, CA). Creatine
(Cr) and creatine kinase (CK) activity were determined using colorimetric assay kits (Sigma-
Aldrich/MilliporeSigma). Total serum or liver glutathione peroxidase (GPX) activity was
measured using a colorimetric assay kit (Abcam), where GPX oxidizes glutathione (GSH) to
produce GSH dissulfide (GSSG) as part of the reaction in which it reduces cumene
hydroperoxide. GSH reductase (GR) then reduces the GSSG to produce GSH, and in the
same reaction, consumed NADPH. The decrease of NADPH measured at OD=340 nm is
proportional to GPX activity. For all assays, we followed the manufacturer’s protocol.

2.5. RNA Extraction

Liver and soleus were disrupted with disposable probes using the Qiagen TissueRuptor
(Qiagen, Germantown, MD, USA). Total RNA for AmpliSeq and real-time semi-quantitative
PCR (gPCR) was extracted using Qiagen AllPrep RNA Kit and EZNA Total RNA kit |
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(Omega Biotek, Norcross, GA), respectively. RNA sample quality was evaluated on an
Agilent BioAnalyzer using the Nano RNA Kit (Agilent, Santa Clara, CA, USA).

2.6. Targeted Transcriptome Profiling

2.7. gPCR

We used the lon AmpliSeq Transcriptome Mouse Gene Expression panel (Thermo Fisher
Scientific, Waltham, MA) for gene expression profiling of liver samples. The panel is
designed to target 20,802 RefSeq genes. 100 ng of total RNA was used to construct
sequencing libraries according to the manufacturer’s instructions. Indexed sequencing
libraries were constructed using the Mouse Transcriptome AmpliSeq kit and quantified
using the lon Library Quantification kit on a StepOnePlus Real-Time PCR system (Thermo
Fisher Scientific). Twenty-four multiplexed samples were templated using the lon 540 Kit-
Chef with a Chef Instrument (Thermo Fisher Scientific), enriched, loaded on two lon 540
semiconductor sequencing chips (12 samples per chip), and analyzed on the lon GeneStudio
S5 System Sequencer using the lon 540 Chip-Kit (Thermo Fisher Scientific). An lon
TorrentSuite was used for signal processing and base calling, and the lon ampliSegRNA
plugin was used to obtain read counts for each targeted gene for each sample.

One microgram of total RNA was reverse-transcribed using High-Capacity cDNA Reverse
Transcription Kits (Thermo Fisher Scientific), with ten ng of resulting cDNA used for gPCR
with PerfeCTa SYBR Green FastMix (Quantabio, Beverly, MA, USA) and 45 amplification
cycles in a 384-well plate platform of a LightCycler 480 Il (Roche, Basel, Switzerland).
Samples ran in duplicates. Relative quantification used the A=CT method, normalized to
hypoxanthine-guanine phosphoribosyltransferase (Hprt) expression levels. All primers
were used at 10 nM and evaluated for their efficiency before use in experiments according to
MIQE guidelines [20]. Primer sequences used for gPCR can be found in Supplementary
Table 1.

2.8. Western blotting

Liver and gastrocnemius tissues were pulverized and resuspended in CelLytic MT (Sigma-
Aldrich/ MilliporeSigma) with protease inhibitors (ThermoFisher Scientific), sonicated, and
centrifuged for 15 minutes, 12,000 x gat 4°C, and protein supernatant collected. Samples
consisting of 10 pg of total protein were separated in 4-20% SDS-PAGE (Bio-Rad,
Hercules, CA), transferred to Immobilon-FL polyvinylidene difluoride (IPFL) membranes
(Sigma-Aldrich/MilliporeSigma), and probed for 1.5 h or overnight with 1:1,000 dilution of
rabbit polyclonal anti-SQS (Acris Antibodies, San Diego, CA), rabbit polyclonal anti-
CYP3a4 (Proteintech, Rosemont, IL), mouse monoclonal anti-beta-actin (Sigma-Aldrich),
rabbit polyclonal anti-SelenoN (LifeSpan Biosciences, Seattle, WA), rabbit polyclonal anti-
Txnrd1 (Novus Biologicals, Littleton, CO), rabbit polyclonal anti-Osgin1, rabbit polyclonal
anti-IGFBP2, rabbit polyclonal anti-NGAL, and mouse monoclonal anti-CaMKI|I beta
(Thermo Fisher Scientific). The protein expression levels were visualized using secondary
infrared IRDyes antibodies (Li-Cor Biosciences, Lincoln, NE) incubated for 45 minutes at
1:10,000 dilution. Detection and analysis of Western blots were performed using an Odyssey
CTx Infrared Imager (Li-Cor Biosciences), and bands were quantified using the
ImageStudioLite software (Li-Cor Biosciences).
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2.9. Bioinformatics analysis

Differential gene expression analysis of AmpliSeq was performed. The read counts were
assigned to each amplicon for all samples using the R statistical programming language
package DESeq2, which estimates variance-mean dependence in count data tests for
differential expression using a model based on the negative binomial distribution. Significant
expression differences were tested between the groups of samples. The ‘apeglm’ method
was employed for log-fold change shrinkage and the Wald test to detect the differential
expression of genes and 0.05 as a significance threshold for the adjusted P-values.
Furthermore, functional and pathway analyses and gene ontology (GO) were done using the
online Enrichr tool [21,22].

2.10. Statistical analyses

Data were plotted in GraphPad Prism software version 8.0 (GraphPad Software Inc., San
Diego, CA). We analyzed males and females separately. Two-way analysis of variance
(ANOVA) was carried out and followed by Bonferroni’s post fioc test. Comparisons were
between genotypes, and vehicle or statin treatment. Differences were considered statistically
significant if reaching P<0.05.

3. Results

3.1. Effectiveness of statin treatment

Reduction in circulating cholesterol is the direct outcome of statin therapy in people.
However, cholesterol levels in mice are notoriously resistant to robust decreases after statin
use, and hepatic expression of squalene synthase (SQS) has been suggested as a more
suitable biomarker of statin treatment effectiveness [23], as SQS is downstream the HMG-
CoA reductase step in the cholesterol biosynthesis pathway that is the direct target of statins
[8,24]. Treatment with statin reduced hepatic SQS levels in both WT and Scly KO mice
(Figure 2), however a more substantial decrease occurred in females than in males. We also
assessed for serum cholesterol before the start of the statin treatment and after three weeks
on simvastatin and observed a decrease of 21% (males) and 27% (females) in the WT mice
and 28% (males) and 20% (females) in the Scly KO mice (Supplementary Table 2A).
Triglyceride levels were also lower in Scly KO mice treated with statins, while not affecting
levels in WT mice (Supplementary Table 2B).

3.2. Effect of statin treatment in body and adipose tissue weights

Mice were on a high-fat diet, a classic the paradigm to develop obesity in mice. We
monitored their body weight throughout the experiment and did not observe differences in
for WT mice with or without statin use, males or females. As previously reported [17], Scly
KO mice fed a high-fat, Se-supplemented diet gained more weight than WT (Figure 3). This
phenotype was aggravated by the use of simvastatin in male Scly KO mice (Figure 3A).
Gonadal WAT weights were considerably higher in male Scly KO versus WT mice (Figure
3B). BAT mass was enlarged in male Scly KO mice, with further enlargement after statin
treatment (Figure 3C). Interestingly, female Scly KO body weights were decreased by statin
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treatment (Figure 3D), but this reduction was not reflected in their WAT weights, which
remained heavier (Figure 3E), or in their BAT mass in comparison to WT mice (Figure 3F).

3.3. Effect of statin treatment in oxidative stress parameters

Statins are known to improve responses to oxidative stress [25], an effect that is partially
dependent on the GPX class of selenoproteins. We observed that Scly KO mice had about
9% higher circulating GPX activity than WT mice. Statin treatment reduced circulating GPX
activity for female, but not male, Scly KO mice (Table 1), but no reduction was detected in
males. Hepatic GPX activity was unchanged in all tested conditions. Interestingly, when
assessing lipid peroxidation levels using the HNE-adduct protocol, we observed that statin
treatment improved hepatic oxidative status in WT and Scly KO mice for both sexes, while
circulating oxidative stress was increased in the Scly KO mice. However, this increase was
independent of statin treatment (Table 1).

3.4. Effect of statin treatment in the hepatic transcriptomic profile

We first opted to examine a broad overview of the transcriptomic changes occurring in the
liver following treatment with statin. Ampli-Seq analysis revealed differentially expressed
genes in WT or Scly KO mice’s liver after statin treatment (Supplementary Tables 3A-3F).
Three genes were differentially expressed in male mice (Supplementary Table 3A) and 12
genes in female mice (Supplementary Table 3B). Genes differentially expressed in male
mice were cytochrome P450, family 3, subfamily a, polypeptide 11 (Cyp3ali), cytochrome
P450, family 3, subfamily a, polypeptide 44 (Cyp3a44), insulin-like growth factor-binding
protein 2 (/gfbp2), transcript variant 1. In female mice, genes differentially expressed
included calcium/calmodulin-dependent protein kinase Il beta (Camk2b), AT-rich interactive
domain 5B (MRF1-like) (Arid5b), transcript variant X3, and lipocalin 2 (Lcn2).

Interestingly, we found a downregulation of oxidative stress-induced growth inhibitor 1
(Osginl) in WT males (Supplementary Table 3C) and females (Supplementary Table 3E)
after statin treatment. Male WT mice also had upregulation of cytochrome P450, family 3,
subfamily a, polypeptides 11 (Cyp3all) and 44 (Cyp3a44), while WT females did not show
variations in the expression of these genes, having instead an upregulation of alcohol
dehydrogenase 4 (class Il), pi polypeptide (Adh4), and downregulation of WD repeat and
SOCS bhox-containing 1 (Wsb1) and connective tissue growth factor (Ctg#). Genes
downregulated by statin treatment in Scly KO mice included insulin-like growth factor-
binding protein 2 (/gfp2) in males (Supplementary Table 3D) and lipocalin 2 (Lcn2) in
females (Supplementary Table 3F).

Correspondent protein levels of top differentially regulated genes were then validated by
Western Blot analysis. We selected these genes to validate as they presented the highest
effect between experimental groups. We found that levels of NGAL, the product of Lcn2
gene, were higher in male Scly KO than WT mice, but not female (Figure 4A and F). For
Osginl, changes were influenced by genotype (P=0.04) and statin treatment (P=0.04) in
male (Figure 4B), while in female only a genotype effect was observed (Figure 4G).
CaMK2b (Figure 4C and 4H) was significantly higher in Scly KO female mice than WT
when treated with vehicle and, interestingly, these differences disappeared after statin
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treatment. Igfbp2 was unchanged in male mice (Figure 4E), while only an interaction effect
was found in female, with higher levels in the Scly KO mice restored after statin treatment
(Figure 4J).

Based on the fold-change differences observed for up- or downregulated genes found using
the Ampli-Seq approach, enrichment analysis of gene ontologies and pathways was
performed. For males, WT, and Scly KO mice, gene ontology (GO) of the biological process
revealed regulation of insulin-like growth factor receptor signaling pathway to have the
highest score between vehicle and statin-treated mice. GO of molecular function indicated
insulin-like growth factor 11 binding with the highest score between these same groups
(Table 2). For females, both WT and Scly KO mice, GO of biological process revealed
negative regulation of glucocorticoid receptor signaling pathway and GO of molecular
function indicated phosphorylase activity to have the highest score between vehicle and
statin-treated mice (Table 2).

3.5. Statin effect on the hepatic expression of genes for selenoproteins and enzymes of
the creatine metabolism

As statins are postulated to impact selenoprotein expression, particularly in the liver, we
surprisingly uncovered that statin alone had no effect on gene expression of Selenop, Gpx1,
and Txnrd1 (Table 3), both in male and female mice. An effect of the interaction between
genotype and statin treatment in the expression of the same genes occurred in males only.
Further measurement of Txnrd1 protein levels in the liver showed no changes in this
selenoprotein (Supplementary Figure 1).

We additionally observed no changes in the expression of cysteine desulfurase NfsZ and
cysteine conjugate beta lyase 2 Ccb/2, involved in the metabolism of sulfur aminoacids. The
gene for selenium-binding protein 2 (Selenbp2), found previously to be downregulated in the
liver of Scly KO mice [15], was again downregulated in Scly KO mice, with statin only
affecting its expression in female WT mice (Table 3). Expression assessment of creatine
kinase (CK) isoform b (Ck-b), sodium- and chloride-dependent creatine transporter 1
(S/c6a8), guanidinoacetate N-methyltransferase (Gami), and glycine amidinotransferase
(Gatm) genes, known to participate in creatine metabolism in the liver [26], revealed that
neither genotype nor statin alone affected the regulation of these genes (Table 3). An
interaction effect of genotype and statin was found for the expression of Ckb, Gamtand
Gatm in male Scly KO mice, while in female only Gamtwas affected. We also found that
genotype affected the expression of nuclear transcription factor and lipid metabolism
regulator peroxisome proliferator-activated receptor-gamma (Pparg), previously shown to be
upregulated in Scly KO mice [15], was also upregulated in this genotype after high-fat diet,
but not altered by statin treatment.

3.6. Gene expression changes in the skeletal muscle after statin treatment

Appealing selenoprotein candidates for participation in statin adverse effects are SelenoN, a
selenoprotein, whose loss-of-function is linked to skeletal muscle disorders, such as myalgia
and weakness [4,27]; SelenoP, produced in the liver and responsible to distribute Se to extra-
hepatic tissues [28,29]; and GPX1, that detoxifies hydrogen peroxide (H,0,) and organic
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peroxides, protecting cells against oxidative injury [28]. Soleus mRNA expression of
selenoprotein genes Selenon, Selenop, and GpxI revealed that statin treatment upregulated
GpxI expression in females of both genotypes. GpxZ was also upregulated in male Scly KO
mice treated with vehicle, and this effect was abrogated after treatment with statin (Table 4).
Selenop expression was unchanged in male mice, while female Scly KO mice upregulated
Selenop in response to statin. Both male and female mice had an interaction effect of statin
and genotype on Selenon expression, with female Scly KO mice upregulating its expression
after statin treatment, while male Scly KO mice maintained its expression (Table 4). As
SelenoN has been hypothesized as a primary candidate for the muscular side effects of
statin, we further measured its levels in the gastrocnemius of mice and found that SelenoN
levels were similar between WT and Scly KO mice treated with statin (Supplementary
Figure 1).

Moreover, we assessed the soleus for the gene expression of the homodimeric muscle CK
isozyme (Ckm) that resides within the myocyte cytosol [30]. We found that Ckm was
upregulated in female, but not male mice treated with statin (Table 4).

3.7. Effect of statin treatment in the creatine metabolism

Creatine metabolism is altered in people taking statins and displaying muscular side effects
[31]. To determine whether statin treatment was affecting whole-body creatine metabolism
in our experimental model, we measured CK activity in the serum, liver and skeletal muscle,
and creatine levels in the liver and skeletal muscle of mice. Statin treatment differentially
affected creatine metabolism in male and female skeletal muscle (Table 5). After statin
treatment, a reduction of CK activity was observed in the soleus of male mice (~40% in WT
and ~25% in Scly KO) without changes in CK activity in the liver or in the serum. Female
mice displayed an elevation of CK activity in the serum after statin treatment without
significant changes in the soleus. Interestingly, female Scly KO mice presented lower
hepatic CK activity than WT animals. Hepatic creatine levels were unchanged in male mice,
while female Scly KO mice displayed higher creatine levels at baseline than WT mice, with
statin treatment restoring it back to similar levels. In the gastrocnemius, creatine levels were
also unchanged in male mice, while statin reduced creatine levels in female mice of both
genotypes (Table 5).

4. Discussion

In the present study, we determined the consequences of statin treatment using an animal
model of obesity related to disruptions of Se metabolism and in the context of a high-fat diet
with Se supplementation, which mimics a significant part of the American population’s
dietary pattern. As Se and selenoproteins are known to participate in antioxidant
mechanisms, it is notable that statin effects on oxidative stress are conflicting [32]. Hence,
Se supplementation used in our study helps to rule out increased oxidative stress due to this
micronutrient deficits. Interestingly, we previously demonstrated that Scly KO mice were
more susceptible to oxidative stress after a high-fat diet with Se supplementation [17], and
now we uncovered that the use of statin mitigates hepatic oxidative stress not only in the WT
mice but also in this mouse model, regardless of sex. Mitigation of oxidative stress after

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Watanabe et al.

Page 9

statin treatment is likely triggered by downregulation of Osginz, particularly in males, and
this transcript has been positively correlated with improved oxidative stress responses in
hepatic ischemic postconditioning recovery [33].

We also uncovered a genetic basis for the side effects of statin in obese, Se-supplemented
mice, findings that can inform future research in human populations. For example, male
mice, but not females, had a differential expression of Cyp3alland Cyp3a44 after treatment
with a statin. CYPs are a superfamily of phase-l enzymes that play a leading role in drug
metabolism and detoxification. Of all CYP enzymes, CYP3A4 (Cyp3all in mice) catalyzes
the initial step of many foreign compounds’ detoxification pathway, including statin drug
simvastatin [34-36]. In the present study, upregulation of Cyp3alland Cyp3a44 expression
could represent activation of statin detoxification pathways by the liver. Nevertheless, the
lack of differences in the levels of Cyp3a4 between WT and Scly KO mice indicate, in fact,
that statin is possibly being detoxified at similar rates, and its effects on skeletal muscle were
not due to slower clearance by the liver.

Mice overexpressing human /GFBPZhad reduced susceptibility to obesity and improved
insulin sensitivity [37]. Concentration of IGFBP-2, a protein that binds with high affinity to
the IGFs, correlate inversely with body mass index and lower adiposity in humans [38]. We
did observe male WT mice upregulating /gfbp2 expression in response to statin. However,
protein levels did not follow this elevation, suggesting that either /gfbp2transcript is
decayed, or the excess protein is preferentially targeted to degradation. This study reiterated
our previous findings that mice lacking Sc/y become obese after a high-fat diet [23], with Se
supplementation exacerbating obesity [17], particularly in males. Yet, we paradoxically
observed an upregulation of /gfp2in male Scly KO mice at baseline, despite the phenotype
of this mouse model. Furthermore, statin treatment led to a downregulation of /gfbp2that
could be connected with the worsened obesity state observed. The GO analyses also
confirmed the biological activity of IGF, possibly leading to the observed metabolic
differences after statin administration, and future studies may be required to untangle the
relationship between Igfbp2 and the consequences of Sc/y loss.

We previously demonstrated that loss of Sc/y led to downregulation of Lcn2only in female
mice fed normocaloric diet [15]. Interestingly, female Scly KO mice fed a high-fat, Se-
supplemented diet upregulated Lcn2in comparison to WT mice, an effect reversed by statin
treatment. LCN2, also known as neutrophil gelatinase-associated lipocalin (NGAL), is an
osteoblast-derived, iron-carrier hormone recently revealed as a biomarker of liver cirrhosis
[39], with anorexigenic properties in primates, and abolished regulation in obesity [40].
Female Lcn2 KO mice are resistant to diet-induced obesity with larger BAT and improved
thermogenic capacity [41]. In our studies, BAT of female Scly KO mice were larger at
baseline without affecting its susceptibility to high-fat diet, and statin treatment reduced
BAT and body weight while also downregulating LcnZ2. Notably, while male Lcn2 KO mice
were not affected by high-fat diet, male Scly KO mice were more susceptible to high-fat
diet, with higher levels of NGAL at baseline, with statin treatment in fact worsening obesity
and maintaining NGAL levels. As statin treatment enhances selenoprotein type 2 deiodinase
(Dio2) activity in BAT of male mice [42], an indicator of improved thermogenic responses,
it is puzzling that male Scly KO mice are even more susceptible to diet-induced obesity,
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which reflects impaired BAT responses. The relationship between phenotypical responses of
these two mouse models to hypercaloric diets can be correlational only, however it is also
possible that Se metabolism may directly interfere in the effects of this hormone, particularly
to BAT thermogenesis, in a sex-dependent manner.

Regarding creatine metabolism, CK catalyzes the reversible reaction of creatine and ATP
forming phosphocreatine and ADP [43], playing a significant role in energy homeostasis of
cells with intermittently high energy demand, such as myocytes. It is known that decreased
CK activity in the muscle and higher serum CK activity after statin treatment could reduce
energy generation and muscle contractility [46]. While we only observed reduced CK
activity in the muscle of male mice treated with statins, this effect was absent in female
skeletal muscle, which contained similar creatine levels. Notably, female serum CK activity
was elevated after statin treatment, but not in males. As statin possibly first affects creatine
metabolism in the liver, which cascades then into the serum and skeletal muscle CK and
creatine changes, the observed compartmentalized responses to statin in each sex reflect
either a temporal difference, with a delayed muscular response in females, or a difference in
statin clearance rate in the liver, which is a possibility not corroborated by the hepatic
Cyp3a4 results herein obtained. Such differential creatine metabolism may also point to
molecular mechanisms that lead being female as a risk factor for statin-triggered myopathies
[44]. 1t is also possible that impairment in another factor regulating the creatine-
phosphocreatine (Cr-PCr) system, such as coenzyme g10 [45], may play a role in the
differential statin responses.

Selenoprotein expression depends on tRNAI[SeTISeC [46-49]. Mammalian tRNALSerISec
population consists of two major isoforms [49]. One isoform contains
methylcarboxymethyl-5"-uridine (mcm5U) at position 34 and is the precursor of mem5Um
[47]. The addition of this methyl group marks the final step in tRNAISEr1SeC maturation [47].
Efficient methylation of mecm5U requires prior synthesis of each modified base within the
anticodon loop, including isopentenyladenosine at position 37 [47,48]. Changes in the
anticodon loop of tRNAISeTISEC a5 promoted by statins for the supply of the isopentenyl
adduct to the tRNAISeTISeC could affect efficiency of selenoprotein expression [47,48].
Interestingly, Se status influences both the steady-state levels and distributions of the two
Sec tRNAISeTISeC jsoforms [46-49]. The presence of Se elevates the levels of the Sec
tRNAISerISec population with the mecm5Um form, while the reverse is true under conditions
of Se deprivation [47,48]. Our results highlight that statin, when taken in combination with a
Se supplemented diet, does not affect selenoprotein expression equally. In this study,
supplementation with higher doses of Se, simulating a Se-rich diet of the United States
population, possibly influenced the enrichment of the Sec tRNA[SerISec population towards
predominance of a methylated isoform. Thus, selenoprotein expression was likely not
disrupted. Furthermore, we uncovered sex differences in the selenoprotein expression
response. Statin or loss of Scly did not affect hepatic selenoprotein expression in female
mice; however, in male Scly KO mice, statin treatment significantly downregulated hepatic
selenoproteins GpxI1, Txnrdl1, and Selengp, while slightly increasing GPX activity and not
affecting 7xnrd1 levels. This suggests that the GpxZ transcript may be more prone to be
targeted to nonsense-mediated decay (NMD) mechanisms, while its expression is favored by
the presence of methylated tRNASeTISec jsoform due to the supplementation with Se. Se
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deficiency preferentially targets GpxZ mRNA degradation, reducing its levels, however Se
supplementation may be contributing to stabilization of the protein, slowed degradation or
increased activity rates, explaining the paradoxal pattern [50]. It also suggests that members
of the GPX system are actively involved in the statin response, possibly to alleviate oxidative
stress. Nevertheless, there are considerable limitations of using the Scly KO mice, with its
lower hepatic Se levels [13], to tackle a mechanism involving selenoprotein synthesis that
relies on the downstream tRNA[SerISec jntegrity. Yet, we have previously showed that, under
similar Se supplementation, GPX activity in the Scly KO mice is restored, while
downregulating the GpxZ transcript in females, but not males [17]. In this study, the increase
in GPX activity observed in male Scly KO mice suggests the GPX system is responding
preferentially to statin in these mice, but not to the Se supplementation.

Notably, maintenance of Sefenop expression in the liver may indicate that Se distribution to
other tissues is unaffected. Assuming that adequate Se is reaching the skeletal muscle, it is
intriguing that male Scly KO mice lowered GpxZ expression, while in females the opposite
occurred. Moreover, muscular Sefenon was downregulated by statin in female WT mice,
while downregulated at baseline, but upregulated by statin in female Scly KO mice, which
suggests statin regulation of its expression is impaired when Scly-dependent Se delivery is
compromised, and independent of dietary Se levels, since mice are Se-supplemented.
SelenoN regulates the replenishment of endoplasmic reticulum (ER) calcium stores
mediated by sarcoplasmic/ER calcium ATPase, a crucial mechanism for excitation-
contraction coupling in skeletal muscle [51]. Se/enon KO mouse model presented redox and
calcium storage impairment, sensitizing skeletal muscle to oxidative insult and leading to
chronic ER stress [51]. Selenon deficiency in mice could also lead to oxidation of various
proteins, promote aggregation or degradation, and corrupt several cellular functions,
contributing to the replacement of muscle cells by connective tissue [27]. As SelenoN has
been speculated to be involved in statin responses [52], the downregulation of Selenon
observed in male Scly KO mice could suggest muscular injury mechanisms are at play,
while female upregulation of the same transcript in female Scly KO mice may indicate
protective responses against muscular injury. Nevertheless, SelenoN levels were unaffected
by statin treatment regardless of genotype, potentially ruling out its participation in muscle
disorders driven by statin treatment, at least due to its protein levels.

Interestingly, the upregulation of Selenop expression in the muscle of female Scly KO mice
after statin treatment may indicate a detrimental role of statin even in a repleted Se
condition. It is possible that Sefennop upregulation is a compensatory response to due to
impairment in the processing of the several Se-containing residues present in SelenoP
reaching the muscle, compromising intracellular Se homeostasis. SelenoP has an essential
role in maintaining Se concentrations in muscular tissues of mice, while inhibiting resistance
to exercise despite its antioxidative capacity [53,54]. Se supplementation could ensure the
synthesis of SelenoN or other unrecognized selenoproteins to improve muscular responses to
statin regardless of the disruption in Scly, but compensatory increases in SelenoP synthesis
could compromise muscular physiology by acting upon other pathways, such as controlling
AMPK phosphorylation [54].
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Our findings using an animal model of obesity treated with statins resonate with the clinical
setting, given the widespread use of statins and the prevalence of obesity in humans.
Supplementation with one unit of Brazil nut was sufficient to increase the Se status and
contribute to the improvement of oxidative stress parameters in populations with an already
adequate Se intake [18], which has been directly associated with decreased serum CK
activity that could benefit the muscle homeostasis of patients using statins. However, Se
supplementation still did not improve statin side effects in Se-deficient people [55]. In the
present study we demonstrated that, in fact, statin responses are strongly sex-dependent,
with a refined regulation between expression of selenoproteins in the liver and skeletal
muscle, particularly Selenon, Gpx1 and Selenop. It should be noted, though, that Scly
mutations have not yet been connected with obesity in humans, and this poses a limitation to
the translational applicability of our study model. Currently, only one single nucleotide
polymorphism (SNP) of the human SCLY gene has been associated with low-density
lipoprotein, apolipoprotein B, total cholesterol and atherosclerosis prevalence in Mexican-
Americans [12], however whether this SNP confers improved resistance to statin side-effects
remains untested.

In conclusion, mice fed a high-fat, Se-supplemented diet and lacking Sc/y treated with statin
revealed that male mice were more susceptible to obesity, with enhanced responses to
oxidative stress, while females improved creatine metabolism. We also revealed genes
involved in hepatic statin clearance and metabolic homeostasis related to statin treatment in
these animals. Our results emphasize and improve our understanding of sex differences in
the response to a widely used therapy in humans and may serve as basis to refine future
guidelines of protocols of patient’s prescription.
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Highlights

. Male mice lacking Sc/y fed a high-fat, Se-supplemented diet and statin-
treated were more susceptible to obesity and oxidative stress.

. Female mice lacking Sc/y submitted to the same diet and treatment improved
creatine metabolism.

. Statin treatment affected the selenoproteins expression in different tissues in a
sex-dependent manner.

. A genetic basis for the side effects of statin in obese, Se-supplemented mice
was uncovered and can assist future research in human populations.
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Treatment protocol.
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Interaction 0.407 0.678
Statin 0.003 0.061
Genotype 0.820 0.116

Figure 2: Hepatic squalene synthase (SQS) expression measured by Western blot and normalized

by expression levels of B-actin.

n = 3-4 per group. Two-way ANOVA was applied, considering the differences between
treatments (VTM x STM) and/or between genotypes (WT x KO), for males and females
separately, and P values are displayed in the inset table. VTM: vehicle-treated mice; STM:

statin-treated mice; WT: wild type; KO: knockout.
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monitored biweekly. Male white gonadal (B) and brown adipose tissue (C), and female
white gonadal (E) and brown adipose tissue (F) weights were measured after the end of
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. WT
Scly KO

P value

Interaction | 0.6936

Statin 0.0229

Genotype | 0.0008

. wT
Scly KO

P value

Interaction | 0.0397

Statin 0.1154

Genotype | 0.0001

experiment. Values are mean + SEM and in (B), (C), (E), and (F) were normalized by total

body weight at 12 weeks for each mouse. Two-way ANOVA was applied, followed by
Bonferroni’s post-hoc test, considering the differences between treatments (VTM x STM)
and/or between genotypes (WT x Scly KO), for males and females separately. *, P < 0.05;

** P <0.01; ***, P <0.001, n=9-11 per genotype. gWAT, gonadal white adipose tissue;
BAT, brown adipose tissue, VTM: vehicle-treated mice; STM: statin-treated mice; WT: wild
type; KO: knockout. Black bars, WT; gray bars, Scly KO.
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Figure 4: Hepatic protein levels in male (A-E) and female (F-J) mice.

Levels of (A, F) NGAL, (B, G) Osginl, (C, H) Camk2b, (D, I) CYP3a4, (E, J) lgfbp2 were
assessed by Western Blot, with results normalized by the expression of p-actin. Data are
mean + SEM. Two-way ANOVA (2WA) was performed and *, ** and *** represent P<0.05,
P<0.01, and P<0.001 respectively, after Bonferroni’s post-test; n=4 per group. Black bars,
WT; gray bars, Scly KO.

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Watanabe et al.

Table 1.

Page 21

Serum and hepatic oxidative stress markers in WT and Scly KO mice fed a high-fat, Se-supplemented diet,
and treated with vehicle or statin.

Vehicle Statin 2-way ANOVA
MALES
WT SCly KO WT SCly KO Pint PStatin PGen
GPX act serum (nmol/mL™1) ~ 40.7£1.5 43.0+2.4 41.0£1.0 41.9+10 0.342 0.6052 0.0399
GPX act liver (nmol/mg?) 1.24+0.04 1.20+0.04 1.17+#0.03 1.23+0.05 00132 0.2036 0.6066

HNE serum (ug/mL) 3.4+1.6 85+82% 2.6+1.6 5.043.4 # 04234 02151 00322
HNE liver (pg/mL) 12.815.4# 18.9+10.9 6.2+3.5 7.314.1# 0.3531 0.0023 0.1874
Vehicle Statin 2-way ANOVA
FEMALES
WT Scly KO WT Scly KO Pint Pstatin Pgen
GPX act serum (nmol/mL~%)  49.4+1.2 52.0+1.0 46.7£0.9 gggs19* 01945 00053 <0.0001
GPX act liver (nmol/mg?) 1.33+0.11 1.25+0.04 1.26+0.07 1.23+0.04 0.3226 0.1726 0.093

HNE serum (ug/mL)

3.9+14 7.7i4.4*

3.4+0.8 5.612.2*#

0.4948 0.2437 00157

HNE liver (ug/mL)

145+142 31 74167"

LIL8T g 44367

0.0504 0014 0.1148

Values are mean + SEM. Two-way analysis of variance (ANOVA) was applied, followed by a Bonferroni post hoc test. Italicized numbers represent

P<0.05 after 2-way ANOVA.

9
#

represents P <0.05 between Scly KO and WT, and

represents within the same genotype groups after post ioc test. P-values under 0.05 deemed significant; n = 5-8 per group. WT: wild type, KO:

knockout; GPX: glutathione peroxidase, HNE: 4-Hydroxy-Trans-2-Nonenal; Act: activity; Int: interaction; Gen: genotype.
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Pathways exhibiting the highest transcript enrichment between vehicle- and statin-treated WT and Scly KO
mice unveiled by online Enrichr tool.

Males - WT and Scly KO (Vehicle x Statin)

GO Biological Process

Term Overlap Gene P-adj Oddsratio Combined score

Ecgg!ggggsog;sulin-like growth factor receptor signaling pathway 119 Igfop2 1 392.1568 23421

GO Molecular Function

Term Overlap Gene P-adj Oddsratio Combined score

insulin-like growth factor 11 binding (G0O:0031995) 1/7 Igfbp2 1 952.3810 6532.7
Females - WT and Scly KO (Vehicle x Statin)

GO Biological Process

Term Overlap Gene P-adj Oddsratio Combined score

?éggt;\é%(r)%gztgl)ation of glucocorticoid receptor signaling pathway 16 Perl 1 277.77778 1563.3921

GO Molecular Function

Term Overlap Gene P-adj Oddsratio Combined score

phosphorylase activity (GO:0004645) 1/6 Tymp 1 277.77778 1563.3921

WT: wild type, KO: knockout.
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Hepatic expression of genes for selenoproteins and enzymes involved in Se, creatine, or energy metabolism in
WT and Scly KO mice after vehicle or statin treatment.

Vehicle Statin 2-way ANOVA (P-value)

MALES

WT Scly KO WT Scly KO Interaction  Statin  Genotype
Gpx1 400£11.1  54ge75* 48577 0 . #0000 0062 02543
Txnrd1 1.8+0.13 2.2+0.7 2.1+0.4 1.7+0.2 0.0116 0.5111 0.9703
Selenop 332.4465.7 438.7£125.8  366.7+74  315.0+74.4 0.0321 0.2075 0.4348
Nfsl 0.5+0.06 0.6+0.1 0.4£0.1 0.6+0.1 0.1354 0.3523 0.0627
Ceblz 2.74+0.16 3.51+0.95 2.67£1.3 2.26+0.2 0.1674 0.1264 0.6602
Selenbp2 9.7£3.1 3840.7% 7.9+4.8 3.9+1.4% 05188 05401  0.0016
Ck-b 0.10+0.04 0.13+0.03 0.14+0.03 0.07+0.02 0.0015 0.3496 0.1708
Gamt 44+£1.0 6.2407% 6.0+1.3 43+12% 0.0019 0.8037  0.9861
Gatm 0.22+0.04  025:0.03  0.25:0.02 (q74002% 00002 00611  0.0895
Slc6a8 0.04+0.01 0.06+0.02 0.04+0.01  0.045+0.02 0.2253 0.2253 0.1858
Pparg 015£0.02  g39401* 02009  grig1* 0.902 01206  <0.0001

Vehicle Statin 2-way ANOVA (P-value)

FEMALES

WT Scly KO WT Scly KO Interaction  Statin  Genotype
Gpx1 66.8+11.5 63.7£15.2 72.4+20.2 76.9+22.8 0.6367 0.2431 0.9308
Txnrd1 22404 2.8+0.8 2.3+x0.7 2.1+04 0.2105 0.2478 0.4508
Selenop 642.8468.8  586.1+141  510.9+74.8 573.5%134 0.2384 0.1572 0.9496
NFfs1 0.8+0.3 0.9+0.2 0.8+0.2 0.8+0.2 0.6895 0.9824 0.8083
Ccbl2 4715 4.3+0.8 3.1+0.6 4.4+0.6 0.0664 0.0827 0.3379
Selenbp2 5.1£0.3 33106%  gps05t  4l1xl1* 00022 02602 005
Ck-b 0.2+0.03 0.3£0.1 0.2+0.04 0.3+0.1 0.8664 0.7909 0.0783
Gamt 9.7+2.8 71+1.7% 65421  qpge18* 00002 02045  0.0646
Gatm 0.5+0.2 0.4+0.2 0.3+0.04 0.4+0.1 0.1441 0.1151 0.8755
Slc6a8 0.07+0.02 0.05+0.01 0.06+0.01 0.05+0.02 0.3279 0.4441 0.1639
Pparg 0.3:0.07  04%0.08 02005 (44017 01350 08019  0.0006

Values are mean + SEM and were normalized to HprtI mRNA levels. Two-way ANOVA was applied followed by Bonferroni’s post hoc test. P-

values under 0.05 were deemed significant. Italicized numbers represent P<0.05 after 2-way ANOVA.

*
) represents P<0.05 between Scly KO and WT, and

*

represent P<0.05 between vehicle and statin treatment after post hoc test; n = 4-6 per group. WT: wild type; KO: knockout.
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Expression of genes for selenoprotein and creatine metabolic enzymes in soleus muscle of wild-type (WT) and
Scly KO mice as assessed by gPCR.

Vehicle Statin 2-way ANOVA (P-value)
MALES
WT Scly KO WT Scly KO Interaction  Statin  Genotype
Selenon 0.097+0.03  0.138+0.06 0.162+0.03  0.125+0.04 0.0497 0.1697 0.9106
Selenop 6.6+1.3 8.2+3.0 8.6+1.7 8.7£02.2 0.4367 0.1910 0.3785
Gpx1 0.55+0.08 g gg+01* 0.77+0.1 059+0.1 # <0.0001 0.1738 0.0464
Ck-m 142.1+23.4 203.5+42.3 177.5#50.1  180%45.7 0.1351 0.7538 0.1074
Vehicle Statin 2-way ANOVA (P-value)
FEMALES
WT Scly KO WT Scly KO Interaction  Statin  Genotype
Selenon 0.12+0.02 0.10+0.02 * 0.09+0.01 0.15+0.01 * 0.0003 0.2436 0.0115
Selenop 10.3+2.1 6.2+41.0% 9.0+2.8 10_4t2.0# 00112 0.1379 0.1841
Gpx1 0.54+0.14  0.48+0.07 0_74410.30# 0.7310.24# 0.7524 0.0269  0.6926
Ck-m 126.7+15.6  128.5+28.1 144.9+39.7 1874427 *# 0.1363 0.0087  0.1067

Values are mean + SEM and were normalized to AHprtZ mRNA levels. Two-way ANOVA was applied and P-values under 0.05 deemed significant.
Bonferroni’s post hoc test was performed. Italicized numbers represent P<0.05 after 2-way ANOVA.

*
) represents P<0.05 between Scly KO and WT mice, and

#

knockout.

represents P<0.05 between vehicle and statin treatent within the same genotype group after post hoc test; n = 4-6 per group. WT: wild type, KO:
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Creatine Kinase (CK) activity and creatine (Cr) levels in WT and Scly KO mice treated with vehicle or statin.

Vehicle Statin 2-way ANOVA
MALES
WT Scly KO WT Scly KO Pint Pstatin Pgen
CKactserum (U/L) 102.3+69.8 11g0+43.7* 101.0+44.8 165.1+31.2 «# 02471 0.2738 0.0637
CK act liver (U/L) 236.3+t15.2  225.6+37.1  228.4+36.0 248.5+20.8  0.1878 0.5154 0.6809
*
CKactsoleus (U/L)  224.0#31.1 99324341 138.3:62.0# 150 6+36.3 «# 03999 00015 0.7799
Cr liver 129.2+13.1  131.4+151  139.5+27.1 1425+23.1  0.9685 0.2577 0.7766
Cr gastrocnemius 205.2475.8  174.9451.0  174.9+20.7 252.5£66.5  0.0521 0.3707 0.3719
Vehicle Statin 2-way ANOVA
FEMALES
WT Scly KO WT Scly KO Pint Pstatin Pgen
*
CKactserum (U/L)  92.5%56.2 101 6+66.2 185.7160.5# 203.2+48.2 «# 0.8739 00016 0.6174
CK act liver (U/L) 154.1+34.4 82.7457.7 167.2456.5 80.2+43.0 0.7214 0.808 0.0019
CKactsoleus (U/L) 240.9+31.9  192.2+34.8  206.1+44.0 205.5£68.3  0.2395 0.5918 0.2288
Cr liver 119.3+17.4 138.5+13.9 * 137.1+9.9 131.946.6 0.0461 0.335 0.2331
Cr gastrocnemius 203.7+¢25.9  166.6+49.3  147.4+36.4 152.1+#39.8  0.2449 0.05 0.3638

Values are mean + SEM. Two-way analysis of variance (ANOVA) was applied with Bonferroni’s post hoc test, and P-values under 0.05 were
deemed significant. Italicized numbers represent P<0.05 after 2-way ANOVA.

)
*,

represents P <0.05 between Scly KO and WT, and

int: interaction; gen: genotype.
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