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Editorial on the Research Topic

Animal models for pharmacological investigation of treatments and

diagnostics for diseases

In the last decades, interdisciplinary science has been shaping modern science to

understand life, health, and disease (Erskine et al., 2013; Zhang et al., 2017; Mazzocchi,

2019). Along this path, animal models played a fundamental role in building knowledge

from basic to applied science and diseases (Robinson et al., 2019; Mukherjee et al., 2022)

including more recently in SARS-CoV-2 studies (Caldera-Crespo et al., 2022). In vitro and

in silico studies are undoubtedly relevant, however, animal models in research are still

essential and their use has been largely accepted in the scientific community. These

debates led to the ethical improvement of animal welfare rules in many countries, which

avoids unnecessary use of animals and animal cruelty (review Robinson et al., 2019).

Therefore, much of the pharmacological investigation and other fields of science benefit

from animal models.

In this Research Topic, mostly murine and fish models were used to introduce new

studies to understand not only diseases but normal development and homeostasis

(Figure 1). In the case of fish models, Ladisa et al. presented the goldfish as a great

model to study energy attribution related to reproduction and growth, through

metabolomics. More specifically, they demonstrated that changes in metabolism may

affect the development and growth of gonads in oviparous fish. Gonadotropin Inhibitory

Hormone (GnIH) would play a role in this regulation, including lipid yield as preparation

for egg production. Although goldfish is a seasonal response animal, GnIH signaling

might be a conserved pathway among vertebrates. Increased GnIH levels in mice for

example affect adiposity and reproduction (review Bédécarrats et al., 2022). In the light of

hormone crosstalk with metabolism and gonad maturation, Rodrigues et al. showed that
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thyroid hormones had an effect on zebrafish spermatogenesis.

The impairment of thyroid hormone production and activity

through methimazole directly impacted sperm production and

genes related to the control of spermatogenesis Ladisa et al. and

Rodrigues et al. studies demonstrated that the endocrine system,

reproduction, and metabolism are intimately related. The

understanding of the connections among those pathways is

fundamental to assessing the impact of endocrine disruptors

in the organism of vertebrates.

A classic substance for human control of

hypercholesterolemia, simvastatin, was revisited for drug

safety using zebrafish embryos and chicken cell culture.

Campos et al. group used the zebrafish embryos and chicken

muscle culture as models to investigate the unwanted side effects

of simvastatin on the muscles of human patients. The authors

indicated that simvastatin could affect muscle formation and

inhibit cell proliferation in vivo and in vitro. Campos et al.

presented their results, provided a small review of the

literature, and opened an important discussion on the use of

simvastatin in clinics. They highlighted that when dealing with

muscle degenerative diseases, simvastatin reduction of cell

proliferation in muscle regeneration should be considered.

The genes and proteins do not only act in the normal

development and differentiation of organs but can play a

protective role in pathological events, such as kidney acute or

chronic injury. Acute kidney injury (AKI) is defined as a sudden

decay in the capacity of glomerular kidney filtration (Han and

Thomas Lee, 2019). AKI can evolve into chronic kidney disease

and/or death of the patient and some of the causes include sepsis

and renal ischemia-reperfusion injury (IRI) (Murugan and

Kellum, 2011; Han and Thomas Lee, 2019). IRI may happen

after the interruption of renal blood flow followed by subsequent

reperfusion that leads to renal dysfunction (Han and Thomas

Lee, 2019). In the literature, it has been described that the severity

of the injuries has a sex-related trait. Males were more sensitive to

renal IRI than females (Kang et al., 2014). The following studies

used mice as the main animal model. Huang et al. studied renal

IRI in mice and found a differential expression of androgen

receptor (AR) and microRNA-21 (miR-21) expression. The AR

and miR-21 could inhibit the expression of caspase-induced

apoptosis and were more greatly expressed in females than

males, and show a protective effect on renal IRI. The role of

AR has been extensively studied in the literature related to sex

differentiation and male maturation, but the role in other organs

such as kidney still need elucidation. In chronic diseases such as

diabetic nephropathy (DN), differently from AKI, rarely present

histological changes, the parenchyma of the glomerulus is

compromised and leads to the disorder’s progression

(Akchurin, 2019). Cao et al. revealed that high glucose (HG)

increased oxidative stress and podocyte cell death through

increased activity of cyclin-dependent kinase 5 (CDK5). This

enzyme has multiple functions in cell homeostasis including

FIGURE 1
Animals used as experimental models in pharmacology research. (A–C) Representative pictures of the animal models and the respective
research papers related to them. (A) goldfish (Carassius auratus), (B) zebrafish (Danio rerio); and (C) mouse (Mus musculus). A C57BL/6J mouse
picture is shown.—In some studies published in this Research Topic, the Balb-c (picture not shown) species was used.
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survival. The authors found that TFP5, a specific inhibitor of

CDK5, was able to decrease inflammatory cytokines and

oxidative stress protecting the kidney of the diabetic mice

model. These data, together with cell culture and RNAseq

analyses, emphasized two other Sirt1 and nerve growth factor

(NGF) players that could prevent DN progression. Therefore,

Cao et al. pointed out the importance of CDK5-NGF/

Sirt1 regulating axis in DN and suggested the TFP5 for drug

therapy.

Other research groups used an omic approach to investigate

new target genes related to the metabolism of parasite infection

(Liu et al.) or apnea-induced cardiac injury (Lai et al.). Both

groups studied the pathogenesis of public health interest diseases

and used mice as a model organism. Liu et al. focused on the liver

transcriptomic maps of mice infected with the parasite that

causes echinococcosis. This disorder can also be passed from

dogs and foxes to humans by food and water intake

contaminated with the parasite eggs (Kotwa et al., 2019). Liu

et al. suggested several potential lncRNA-mRNA-miRNA axes

during Echinococcus multilocularis infection that might be

important for understanding the disease mechanisms. Long-

non coding RNAs (lnRNAs), micro-RNAs (miRNAs), and

ncRNAs reportedly play important roles in regulating

chromatin remodeling, participating in mRNA transcription,

modulating cell differentiation, apoptosis among other

functions (Mercer et al., 2009; O’Brien et al., 2018). Lai et al.

studied a new class of non-coding RNA, the circular-RNAs

(cicRNAs) in the mice model with obstructive sleep apnea

(OSA). OSA is a disorder that affects millions of people

worldwide and is an important risk factor for cardiac

morbidities (Lebkuchen et al., 2021). In this publication, they

performed microarray and qPCR analyses, which showed two

differentially expressed circRNAs and a circ-miRNA-mRNA

regulation network, suggesting that these findings could unveil

the pathophysiological mechanisms on OSA-associated

cardiovascular disease. Both the studies of Liu et al. and Lai

et al. reaffirm the importance of interdisciplinary work to elicit

possible new therapeutic targets for diagnostic and treatment of

diseases.

Interestingly, nutrients in the human diet such as caffeine

and kefir have value in the possible treatment of disorders. Alves-

Martinez et al. studied the benefits and the neuroprotective effect

of caffeine in germinal matrix-intraventricular hemorrhage

(GM-IVH) in mice. GM-IVH is a disease that is most

frequently found intracranially in preterm infants. The

authors presented multiple results suggesting that caffeine

diminished brain complications related to GM-IVH.

Furthermore, Yen et al. analyzed the properties of Kefir

peptides (KP) on a mice model that mimics hemophilia.

Hemophilic patients experience osteoporosis as a prevalent

comorbidity. KP treatment could ameliorate the inflammatory

levels of IL-6 and osteoclastogenesis. Their results suggest the use

of KP as a complementary therapy for osteoporosis in hemophilic

patients.

In summary, each study add knowledge about signaling

pathways that protect or enhance the severity of diseases,

leading to a more accurate choice of new targets for

diagnostics and future therapies.
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Circular RNAs (circRNAs) participate in the development of various kinds of diseases.
However, the function and roles of circRNAs in obstructive sleep apnea (OSA)-induced
cardiovascular disease remain poorly understood. Therefore, we sought to explore the
circRNA expression profiles and predict their functions in OSA-induced cardiac injury with
the use of bioinformatics analysis. The model of OSA was established in mouse treated by
chronic intermittent hypoxia (CIH) exposure. Then, we screened the circRNA profile using
circRNA microarray. By comparing circRNA expression in three matched pairs of CIH-
treated cardiac tissues and controls, differentially expressed circRNAs were identified in
the CIH groups. Comparison of the selected circRNAs expression levels was performed
between qRT-PCR and microarray. Meanwhile, we employed Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses to predict the
functions of these selected circRNAs. Finally, we constructed a circRNA-miRNA-mRNA
network based on the target prediction. It was found that a total of 124 circRNAs were
differentially expressed in CIH-treated cardiac tissues (p ≤ 0.05, fold-change ≥ 1.5). Among
them, 23 circRNAs were significantly down-regulated, and the other 101 were up-
regulated. Then, ten circRNAs were randomly selected to validate the reliability of the
microarray results by using qRT-PCR. Next, we conducted the GO and KEGG pathway
analysis to explore the parental genes functions of differentially expressed circRNA. Finally,
two significantly differentially expressed circRNAs (mmu_circRNA_014309 and
mmu_circRNA_21856) were further selected to create a circRNA-miRNA-mRNA
regulation network. Our study did first reveal that the differentially expressed circRNAs
played a vital role in the pathogenesis of OSA-induced cardiac damage. Thus, our findings
bring us closer to unraveling the pathophysiologic mechanisms and eliciting novel
therapeutic targets for the treatment of OSA-associated cardiovascular diseases.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a complex, multifactorial
disorder defined by chronic intermittent hypoxia (CIH), which
affected millions of people worldwide. OSA has been established
as an important risk factor for cardiovascular mortality and
morbidity (Dobrosielski et al., 2017; de Vries et al., 2018;
Lebkuchen et al., 2021). OSA contributes to cardiovascular
diseases such as myocardial infraction (Porto et al., 2017),
cardiac arrhythmias (May et al., 2017), coronary artery disease
(Belaidi et al., 2016), and heart failure (Sanderson et al., 2021).
Meanwhile, OSA is also associated with various conditions that
increase the risk of cardiovascular diseases (CVD) themselves,
such as hyperlipidemia (Gunduz et al., 2019) and atherosclerosis
(Xue et al., 2017). Thus, a better understanding of OSA-associated
cardiovascular disease is urgently needed, which will be helpful
for improving the diagnosis and treatment of this disease.

Circular RNAs (circRNAs), a class of newly discovered
noncoding RNAs, are reported to be extensively expressed
across different species (Cai et al., 2019). Recently, emerging
number of studies have focused on the function of circRNAs,
indicating that circRNAs can modulate the function of certain
miRNA by directly binding at its specific miRNA (Abbaszadeh-
Goudarzi et al., 2020; A. ; Huang A. et al., 2020). Dysregulation of
circRNAs has been found to be associated with multiple human
diseases, including diabetes (Yang et al., 2020). For example, Zhao
et al. reported that circRNAs were differentially expressed in type
2 diabetes mellitus (T2DM) and hsa_circ_0054633 may be served
as a diagnostic biomarker of T2DM (Zhao et al., 2017).
Furthermore, increasing studies have uncovered that some
circRNAs exhibit a critical role in cancer development and
progression. In non-small cell lung cancer, circNDUFB2
inhibits cancer progression and metastasis via the degradation
of IGF2BPs (Li et al., 2021). To date, very little is known about the
expression profile and potential role of circRNAs in OSA-induced
cardiac injury.

In the current research, we first utilized circRNAmicroarray to
investigate circRNA expression profiles in the mouse model of
OSA-induced cardiac injury. Subsequently, we performed GO
and KEGG enrichment analyses to annotate the biological
functions of the differentially expressed circRNAs. To better
understand the pathogenesis of OSA-induced cardiac injury,
the functional circRNA-miRNA-mRNA regulatory modules
were also constructed. Together, our findings indicated that
circRNAs dysregulation may be associated with initiation and
progression of OSA-induced cardiac injury and provide more
potential biomarkers and new insights for OSA-related
cardiovascular disease.

MATERIALS AND METHODS

Animal
Male balb/c mice (17–21g, 6 weeks old) were supplied by Beijing
Weitong Lihua Experimental Animal Technology Co., Ltd.,
Animal experiments were performed in accordance with the
NIH Guide for Laboratory Animals. All mice were provided

with standard mouse diet and tap water. The Experimental
Animal Ethics Committee of the Second Affiliated Hospital of
Fujian Medical University approved the animal protocol of
this study.

Myocardial CIH Injury Protocol
The animal model of CIH was established as previously described
(Chen et al., 2019). Briefly, mice with CIH treatment were placed
in the intermittent hypoxia system. The oxygen and nitrogen flow
into the chamber was regulated by a gas control system. Ambient
oxygen was servo-controlled to create an intermittent hypoxia
condition. During a 2-min cycle, nitrogen was delivered to the
chamber at a steady rate to reach 6% O2 for 60 s. After then,
compressed air was pumped into the chamber to achieve 21% O2

for another 60 s. Mice were placed daily in the chamber for 30
cycles per h, 8 h/day for 7 days/week, for eight consecutive weeks.
For the control group, mice were housed in the chamber with 21%
O2 during the entire experiment. The oxygen concentration was
calculated automatically with the help of an oxygen analyzer. All
mice were euthanized at the end of CIH exposure. Their left
ventricular tissues were collected.

CircRNA Microarray Hybridization
A NanoDrop ND-1000 was utilized to quantify total RNA from
each sample. Based on the Arraystar’s standard protocols, the
sample preparation and microarray hybridization were
conducted. In brief, we first digested total RNAs with Rnase R
(Epicentre, Inc.) to eliminate linear RNAs and enrich circular
RNAs. Then, with the use of a random priming method
(Arraystar Super RNA Labeling Kit), the enriched circular
RNAs were amplified and transcribed into fluorescent cRNA.
Subsequently, the labeled cRNAs were then hybridized to the
Arraystar Mouse circRNA Array V2. At last, the arrays were
scanned by the use of the Agilent Scanner G2505C after having
washed the slides.

Microarray Data Analysis
The collected array images were analyzed by using Agilent
Feature Extraction software (version 11.0.1.1). The R software
limma package was further used by us for quantile normalization
and subsequent data processing. CircRNAs exhibiting fold
changes (FC) ≥1.5 and p-values ≤0.05 were considered
statistically significant. Volcano plots was performed to show
all differentially expressed circRNAs between the CIH and
control groups. Fold change filtering was conducted to
determine the differentially altered circRNAs between the two
groups. Hierarchical clustering was also applied to display the
distinguishable circRNA-expression patterns among the samples.

Bioinformatic Analyses
Gene Ontology (GO) analysis was carried out to determine
functional annotations of differentially expressed circRNAs
and their target genes, which mainly included three
independent ontologies (cellular component, molecular
function and biological process). Moreover, Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis was
further performed to clarify the functions and interactions

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 7672832

Lai et al. circRNAs in OSA-Induced Cardiac Injury

9

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


among these differentially expressed genes. In addition, Fisher’s
exact test was performed to calculate the p-value. Data analysis
was based on the KEGG database (https://www.genome.jp/kegg/)
and GO database (http://geneontology.org). The p-value
threshold was <0.05 and the count number >2. The top 10
enrichment GO entries and KEGG pathways of the
dysregulated circRNAs were ranked and selected by
enrichment score [-log10 (p-value)].

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
qRT-PCRwas conducted to verify the differential expression level
of 10 selected circRNAs.We extracted the total RNA from cardiac
tissues by using the TRIzol Reagent (Takara, Dalian, China). All
primers were designed to span the distal ends of circRNAs using
Primer 5 software (Table 1). We utilized the PrimeScript™ RT
Reagent Kit (Takara, China) to synthesize cDNA. The qRT-PCR
analyses were further carried out with the use of a TB Green™
Premix Ex Taq™ II (Takara, China) and an ABI Q2Real-time
PCR system (Applied Biosystems, USA). β-actin was served as an
internal control. Relative circRNAs expression was calculated by
the 2−ΔΔCt method.

Construction of a circRNA-miRNA-mRNA
Regulatory Network
The two significant differentially expressed circRNAs were
selected to build up a circRNA-miRNA-mRNA network by a
software (Arraystar’s home-made miRNA target prediction
software), which was based on miRanda and TargetScan.
What’s more, the software that we used should consider the

binding capacity of circRNA and microRNA, as well as the
capacity and number of microRNA-mRNA binding sites.
Finally, we visualized the established competing endogenous
RNA (ceRNA) network by use of Cytoscape (Version 3.7.2).

Statistical Methods
All data in this study were from at least three independent
repeated experiments. Data were expressed as the means ±
standard deviation. Student’s t-test was applied for
comparisons between the CIH and control groups. Differences
were deemed statistically significant at p < 0.05.

RESULTS

Overview of CircRNA Expression
We performed circRNA microarray for screening dysregulated
circRNAs with six samples (3 samples from the CIH group and
3 from the control group).With a threshold of FC ≥ 1.5 and p< 0.05,
a total of 124 differentially expressed circRNAs were found in our
mouse model of OSA-induced cardiac injury. Among them, 23
circRNAs were significantly downregulated while 101 were
obviously upregulated. The box plot demonstrated that the
circRNA median of the six samples was not different after
quantile normalization (Figure 1A). Meanwhile, hierarchical
clustering revealed a distinguishable circRNA expression profiling
between CIH and control tissues (Figure 1B). Furthermore, scatter
plot showed the variation of circRNA expression between groups
(Figure 1C). Volcano plots was also used for visualizing differentially
expressed circRNAs (Figure 1D).

Classification of the dysregulated circRNAs was listed in the
Figure 2A. The results found 101 upregulated circRNAs

TABLE 1 | Primers used for qRT-PCR.

Genes Forward
and reverse sequence

Product length (bp)

β-actin F:5′ GTACCACCATGTACCCAGGC3′ 247
R:5′AACGCAGCTCAGTAACAGTCC3′

mmu_circRNA_006185 F:5′GTTACCACAAAGCAGAGAACACT 3′ 65
R:5′GCACATTCTTCATAACATCTGG 3′

mmu_circRNA_014309 F:5′GTGAGAGACCTGAGAGGGATAG 3′ 92
R:5′TTCACTAACTTCCTTACGCTAATC 3′

mmu_circRNA_014583 F:5′ TATAGCGCCAAGGGAAGCA 3′ 57
R:5′ AGGTCCGGACAGCTGAGTTG 3′

mmu_circRNA_21856 F:5′CACTTTTTGGCTACTTTGTGCC 3′ 99
R:5′GTGAAGACACTCACGATGGGG 3′

mmu_circRNA_26948 F:5′AGTATAGGCAGCTCTGGGATGA 3′ 117
R:5′ TGCAACGATCAAAGCTGATG 3′

mmu_circRNA_35821 F:5′ GCAGAGTCAGAGTTCACCCAC 3′ 85
R:5′ CCCTCACTTATTTCCTCCAAA 3′

mmu_circRNA_36076 F:5′ TTTGTATTGACAACTGGAGCG 3′ 103
R:5′CCAAAGTCATAGACCATTGCCT 3′

mmu_circRNA_23696 F:5′ CCTAAGTGCCGTACCAGCT 3′ 82
R:5′ TGCAGGTTATTAATGCCTCAT 3′

mmu_circRNA_43432 F:5′TCCATAAAGATTATTGAACTCTGA 3′ 101
R:5′GCCTCCTGTAGTGTTGTGAAA 3′

mmu_circRNA_32974 F:5′ACAAAGAGGAGGAAGTCGGTC 3′ 82
R:5′ GGTGATTTTCATCGCCAATAAT 3′
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containing 79 exonic, 6 sense-overlapping, 9 intronic, 2 antisense,
and 5 intergenic regions, whereas the 23 downregulated circRNAs
comprised 8 sense-overlapping, 10 exonic, 2 intergenic, 0
antisense, and 3 intronic in CIH-tissue samples. In addition,
chromosomal distribution analysis revealed that most circRNAs
were located at chromosome 4, while few located at the X
chromosome and chromosome 13 (Figure 2B).

Validation of circRNA Expression
To verify the microarray data, we randomly selected 10
dysregulated circRNAs from the microarray including 5
upregulated circRNAs (mmu_circRNA_006185, 014583, 32974,
23696, and 35821) and 5 downregulated circRNAs
(mmu_circRNA_ 014309, 21856, 26948, 43432, and 36076) for
further verification by qRT-PCR in samples. A general
consistency was demonstrated between the microarray and

qRT-PCR results. That is, four selected downregulated
circRNAs and four selected upregulated circRNAs were
validated (Figure 3). Our findings were in agreement with
microarray results.

GO and KEGG Analyses
To investigate the role of circRNAs on the expression of target
genes, five circRNAs (2 of them were downregulated and 3 were
upregulated) were further selected from the validated circRNAs
to carry out GO and KEGG pathway analyses. GO analysis
annotated genes targeted by the five altered expressed
circRNAs, which included multiple biological processes,
cellular components and molecular functions (Figures 4A–C).
The most significant GO functions of mmu_circRNA_014309
and _21856 were related to intracellular organelle, metal ion
binding, biological regulation, cation binding, regulation of

FIGURE 1 | Overview of the microarray signatures. (A) The box plot was performed to show the profile distributions of the normalized intensities. (B) Hierarchical
clustering revealed the differentially expressed circRNAs between the CIH groups and control tissues. (C) The scatter plot demonstrated the variation of the differentially
expressed circRNAs between the two groups. The green lines represented 1.5-fold changes. circRNAs below or above the green lines indicated >1.5-fold
downregulation or upregulation between the two compared groups. (D) Differentially expressed circRNAs were displayed by using volcano plot. The vertical green
lines represented a 1.5-fold down or up, respectively. The horizontal green line exhibited a p value of 0.05 (-log10-scaled). The red squares indicated the dysregulated
circRNAs with significant difference. CIH, chronic intermittent hypoxemia.
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biological process, intracellular, regulation of cellular process,
cellular anatomical entity, cellular metabolic process, and
nitrogen compound metabolic process. Additionally, KEGG
pathway analysis suggested that numerous pathways involved
in OSA-induced cardiac injury were associated with the
dysregulated circRNAs. Our study found that enrichment of
multiple key biological functions was engaged with OSA-
induced cardiac damage. The results for
mmu_circRNA_014309 and _21856 were listed in Figure 4D.
The host genes of the altered expressed circRNAs were
significantly associated with Pentose phosphate pathway,
Cushing syndrome, the Hippo signaling pathway, Ferroptosis,
and Melanogenesis.

Construction an Interaction Network of
ceRNA
In order to explore the ceRNA network, the targets of
dysregulated circRNAs and downstream genes were predicted

by TargetScan and miRanda. In addition, to elucidate the bio-
function of circRNAs took part in OSA-induced cardiac injury,
we used Cytoscape software to construct a ceRNA network, based
on the underlying effect of two selected circRNAs
(mmu_circ_014309 and mmu_circ_21856), and their targeted
miRNA and downstreammRNAs. The circRNA-miRNA-mRNA
regulatory network was presented in Figure 5. The data indicated
potential roles for the identified circRNAs as ceRNA ability of
altering the expression of target genes. As shown in the picture, a
total of 7 miRNAs (miR-326–5p, miR-298–5p, miR-3098–5p,
miR-3086–3p, miR-6954–5p, miR-1955–5p, and miR-7088–5p)
and corresponding target mRNAs were further predicted to have
correlation with mmu_circRNA_21,856 in our current study.
Meanwhile, a number of 20 miRNAs (mmu-miR-26b-3p, mmu-
miR-26a-2-3p, mmu-miR-7039–3p, mmu-miR-7092–5p, mmu-
miR-7067–5p, mmu-miR-7024–3p, mmu-miR-5107–3p, mmu-
miR-6966–3p, mmu-miR-6918–5p, mmu-miR-7649–3p, mmu-
miR-3473c, mmu-miR-1960, mmu-miR-7232–3p, mmu-miR-
7090–5p, mmu-miR-1906, mmu-miR-1839–5p, mmu-miR-
7092–5p, mmu-miR-6981–5p, mmu-miR-674–3p, and mmu-
miR-7215–3p) and corresponding target mRNAs were further
revealed to have correlation with mmu_circ_014309. Our finding
provides us with innovative research strategy to uncover the
underlying mechanism of mmu_circRNA_21,856 by revealing its
associated miRNAs and investigating whether it can regulate its
certain associated mRNAs expression.

DISCUSSION

To the best of our knowledge, this study is the first study
reporting the specific circRNA expression profiles in the
mouse model of OSA-induced cardiac injury. Additionally, we
provide some potential targets and pathways of the circRNAs
involved in OSA-induced cardiac damage. Our findings offer

FIGURE 2 | Classification and distribution of the differentially expressed
circRNAs. (A) Classification of the altered expressed circRNAs was listed. (B)
The number of altered expressed circRNAs was determined in each
chromosome.

FIGURE 3 | Relative fold changes of 10 randomly selected circRNAs by
qRT-PCR and microarray. The downwards indicates downregulation, while
upwards indicates upregulation.
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valuable clues to find the critical roles of circRNAs in the
pathologic process of OSA-related cardiovascular disease.

As a novel heterogeneous class of ncRNAs, circRNAs have
gained increased attention owing to their involvement with
various forms of disease (Zhong et al., 2018). CircRNAs are
abundant, endogenous, stable, conserved, and cell-type specific
molecules, which could participate in regulating cell function
(Kristensen et al., 2019). Increasing attention has focused on
functions for circRNAs in human diseases, such as neurological
diseases (W. Han et al., 2018; Chen et al., 2020a), cardiovascular
disease (Zhang et al., 2020a; Tang et al., 2021), diabetes mellitus
(Zhang et al., 2020b; Zaiou, 2020), and tumorigenesis (Goodall
and Wickramasinghe, 2021; G. ; Huang et al., 2020b), especially
cardiovascular diseases. For instance, Garikipati et al. found that
circRNAs were altered expressed in the mouse model of post

myocardial infarction (MI) (Garikipati et al., 2019). Furthermore,
Ge et al. first revealed that a total of 185 circRNAs were
significantly differentially expressed in the pathological process
of ischemia/reperfusion (I/R) induced cardiac injury (Ge et al.,
2019). Based on the high-throughput circRNA microarray data,
we also found 101 upregulated circRNAs and 23 downregulated
circRNAs in the CIH group compared with the control group.
However, their roles in OSA-induced cardiac injury remain
largely unknown.

To investigate the possible roles of circRNAs on OSA-induced
cardiac injury, 124 differentially expressed circRNAs were
identified. qRT-PCR of the 10 differentially expressed
circRNAs confirmed that 8 of them were statistically
significant and concordant with microarray assay results (p <
0.05). The main reasons for these discrepancies are: Firstly, owing

FIGURE 4 |GO and Pathway analysis of mmu_circRNA_014309 and 21856. (A) Top 10 GO terms in BP. (B) Top 10 GO terms in CC. (C) Top 10 GO terms in MF.
(D) Top 6 enrichment pathways. GO, Gene Ontology; CC, cellular components; BP, biological processes; MF, molecular functions.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 7672836

Lai et al. circRNAs in OSA-Induced Cardiac Injury

13

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


to the high cost of circRNAmicroarray chips, a limited number of
samples were performed for screening of circRNAs. Secondly, the
microarray chip technology is highly dependent on
computational analyses, there is a certain false positive rate.
Thirdly, different results are likely to occur due to the
inherent differences among mice, such as the degree of
pathological alterations. Finally, the difference detected
between the two groups may be due to the small sample size
used for verification by qRT-PCR.

To unveil new insight into the potential roles of the
dysregulated circRNAs in the development of OSA-induced
cardiac damage, both GO and pathway analysis were further
performed to predict the biological functions and underlying
mechanisms of the targeted genes. The most important GO
functions were associated with cellular metabolic process,
regulation of biological process, biological regulation, cellular

anatomical entity, and regulation of cellular process.
Meanwhile, to gain more credible biological functions, KEGG
pathway analysis was also carried out to identify the significant
pathways. It was found that the dysregulated transcripts were
related to the Hippo signaling pathway, Cushing syndrome, and
Ferroptosis. Furthermore, Chen et al. demonstrated that the
Ferroptosis pathway was involved in the animal model of
CIH-induced liver injury (Chen et al., 2021; L. D. ; Chen
et al., 2020b). Therefore, it was indicated that the Ferroptosis
pathway might play an important role in the development of
OSA-induced injury. Further investigations are still in urgent
need to confirm these findings.

In recent years, a large number of circRNAs have been
discovered. Mounting evidence has shown that circRNAs have
emerged as a novel special class of endogenous noncoding RNAs.
To date, more and more studies have reported strong associations

FIGURE 5 | Establishment of circRNA-miRNA-mRNA network for two candidate circRNAs.
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between circRNAs and cardiovascular disease (Li et al., 2020;
Zhang and Wang, 2020; Yu et al., 2021). What is more,
circRNAs can regulate parent gene expression or function as
miRNA sponges to affect disease initiation and progression. For
example, the silence of circHIPK3 could ameliorate MI-induced
cardiac dysfunction via targeting miR-93–5p and inhibiting the
Rac1/PI3K/Akt pathway (Wu et al., 2021). Recently, more studies
demonstrated that circRNAs can function mainly as miRNA
sponges (Misir et al., 2020). In our study, we first found many
differentially expressed circRNAs in the heart tissue after CIH
exposure. Meanwhile, we also predicted a putative circRNA/
microRNA/mRNA interaction with the use of miRanda and
TargetScan software. To our interest, we revealed that
mmu_circRNA_21856 can tightly bind to miR-326–5p, which
may be a potential sponge of miR-326–5p. Meanwhile, Li et al.
reported that miR-326–5p could enhance the angiogenic ability of
endothelial progenitor cells (EPCs) and promote functional cardiac
repair of EPCs through targeting Wnt1 in an acute MI model (Li
et al., 2019). mmu_circRNA_21,856 is likely to represent a novel
mediator of OSA-induced cardiac injury. Therefore, we propose a
hypothesis that circRNA_21,856 may act as an efficient sponge of
miR-326–5p and then influence the downstream mRNAs
expression. However, due to the limited available data on
functions of miRNAs and circRNAs, more circRNA/microRNA
interaction should be further investigated in the future research.

The present study was the first to characterize the circRNA
expression profile in the process of OSA-associated
cardiovascular diseases. However, several limitations should be
acknowledged in this study. Firstly, due to the relatively small
sample size the generalizability of the present results is difficult to
establish. Secondly, the exact mechanisms of these candidate
circRNAs in OSA-induced cardiac injury pathogenesis were
not explored in our study. Thus, further studies will be
required to investigate the function and regulatory
mechanisms of these dysregulated circRNAs. Thirdly, although
mice exhibit a high degree in sequence homology with humans,
whether these results can also be successfully applied to humans
needs further confirmation. Last, a well performed
characterization of nullified and/or down-regulated
mmu_circ_014,309 and mmu_circ_21856 circRNA mouse,
would greatly improve the quality of the manuscript.

In conclusion, our study has provided the first evidence of
differentially-expressed circRNAs in the occurrence and
development of OSA-induced cardiac injury. We also have

made preliminary predictions about the potential functions of
these circRNAs by bioinformatics analysis and a ceRNA network.
These findings may yield new insight into the underlying
mechanisms of OSA-induced cardiac damage, and might
present novel molecular targets for treatment of OSA-related
cardiovascular disease.
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Osteoporosis is a clinically prevalent comorbidity in patients with hemophilia. A
preventive effect of kefir peptides (KPs) on postmenopausal osteoporosis has been
proved. The aim of this study was to evaluate the therapeutic effect of KPs for the
treatment of osteoporosis in coagulation factor VIII (FVIII) gene knockout mice (F8KO), a
model of hemophilia A. In this study, male F8KO mice at 20 weeks of age were orally
administered different doses of KPs for 8 weeks. The therapeutic effects of KPs were
shown in the femoral trabeculae and the 4th lumbar vertebrae, which increased the
trabecular bone mineral density (BMD), bone volume (Tb.BV/TV), and trabecular
number (Tb.N) and decreased the trabecular separation (Tb.Sp), and they were
also observed in the femoral cortical bones, in which the mechanical properties
were enhanced in a dose-dependent manner. Characterization of receptor activator
of nuclear factor κB ligand (RANKL), osteoprotegerin (OPG), and interleukin 6 (IL-6)
demonstrated that the serum RANKL/OPG ratio and IL-6 levels were significantly
decreased in the F8KO mice after the KP treatment. Tartrate-resistant acid
phosphatase (TRAP) staining of mature osteoclasts indicated that the therapeutic
effect of KPs in F8KO mice was associated with the functions of KPs to inhibit RANKL-
induced osteoclastogenesis by reducing serum RANKL/OPG ratio and IL-6 secretion.
The present study is the first to address the potentials of KPs for the treatment of
hemophilia-induced osteoporosis in mice and it also provides useful information for the
application of KPs as a complementary therapy for the treatment of osteoporosis in
hemophilic patients.
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1 INTRODUCTION

Hemophilia is a mostly X-linked genetic disease in which
bleeding cannot be stopped normally. The incidence of
hemophilia is approximately 1 in 10,000 births, and more than
400,000 estimated patients are affected worldwide based on the
World Federation of Hemophilia survey (www.wfh.org). There
are two main types of hemophilia: hemophilia A, which is caused
by a deficiency of coagulation factor VIII (FVIII) and accounts for
80–85% of the total hemophilia population, and hemophilia B,
which is caused by a deficiency of coagulation factor IX
(Srivastava et al., 2013). With proper treatment and improved
medical management, the mortality rates for hemophilic patients
have declined substantially. However, some underestimated
comorbidities, such as osteoporosis, arthropathy, and
sarcopenia, have made the prognosis of hemophilia more
difficult.

Osteoporosis is a systemic bone disorder characterized by low
bone mineral density (BMD) and deteriorated bone
microarchitecture, and it leads to increased risks of bone
fragility and fracture. Many studies have indicated that
osteopenia (low BMD) and osteoporosis are prevalent in
patients with hemophilia (PWH). In a previous study of
young children with hemophilia, Tlacuilo-Parra et al. reported
that 35% of them were diagnosed with low lumbar spine BMD
(Tlacuilo-Parra et al., 2011). In a recent cross-sectional study of
adult PWH, Kiper et al. reported that 34.8% of patients younger
than 50 years had low BMD and 66.6% of patients older than
50 years had osteoporosis (Kiper Unal et al., 2017). In a
retrospective study of PWH ≥18 years, Ulivieri et al. found
that 74 and 54% of the patients exhibited reduced BMD at the
femur and the lumbar spine, respectively (Ulivieri et al., 2018).
These studies suggested that osteoporosis in PWH is
underestimated and that the bone health of PWH should be
properly managed because it may aggravate the diseases
associated with hemophilia and affect the physical and mental
health of patients.

Prophylaxis with factor VIII replacement therapy, regular
weight-bearing exercise, adequate calcium and vitamin D
supplementation, and fall prevention are usually
recommended to promote bone health and prevent low
BMD in PWH (Kempton et al., 2015). If pharmacological
treatment of osteoporosis in PWH is needed, then the
treatment approach is guided by medications to treat
osteoporosis in the general population. Most current
medications to treat osteoporosis fall into the category of
antiresorptives. Bisphosphonates (BPs) (alendronate,
ibandronate, etc.) are the first-line antiresorptive agents to
prevent and treat osteoporosis in postmenopausal women.
However, only one clinical trial using ibandronate has been
reported in PWH thus far, and the results demonstrated that
ibandronate was well tolerated and that oral administration of
monthly 150 mg ibandronate for 12 months led to an increase
in lumbar BMD and reduced bone resorption in a cohort of
PWH (mean age 43.5 years) (Anagnostis et al., 2013).
Teriparatide, a recombinant human parathyroid hormone
1–34, is an expensive, and active anabolic agent to treat

patients with severe osteoporosis. Treatment with
teriparatide has been shown to stimulate the maturation of
circulating osteoblast precursors (D’Amelio et al., 2012) and
reduce vertebral fracture risks (Napoli et al., 2018; Díez-Pérez
et al., 2019). Long-term use of BPs is associated with an
increased risk of osteonecrosis of the jaw (ONJ) (Lee et al.,
2013; Chiu et al., 2014), and BP can reside in the bone with an
estimated half-life of 10–20 years; however, whether any
adverse effects occur has not been clarified (Khan et al.,
1997). Furthermore, the incidence of medication-related
ONJ in patients with underlying malignant diseases (cancer)
taking BPs can reach 15%, whereas this value is only 0.01% in
patients with osteoporosis (Mücke et al., 2016). The choice and
decision of which medication to use depends mostly on its side
effect profile and should be undertaken by consulting with an
experienced clinician.

Kefir is a fermented dairy product that can be traced back
to ancient Caucasus tribes, and it is produced from complex
symbiotic grains that mainly contribute lactic acid bacteria,
yeasts, and their metabolic products. Kefir-derived products,
such as peptides, polysaccharides, and short-chain fatty acids,
are subjects of great interest in Western scientific
communities due to their health-promoting properties,
including antimicrobial, anticancer, antiallergenic,
immunomodulation, lactose and cholesterol metabolism,
gastrointestinal health, and wound healing properties
(Bourrie et al., 2016; Fiorda et al., 2017; Rosa et al., 2017).
Our previous investigations using mouse and rat models of
postmenopausal osteoporosis revealed the bone-protective
efficacy of kefir peptides (KPs) (Chen et al., 2015). We
found that the loss of bone mass was prevented and the
skeletal microarchitecture and mechanical properties were
improved in ovariectomized mice or rats after 12 weeks of oral
administration of KPs at different dosages (164, 328, and
648 mg/kg/day), and the bone-protective extent of KPs
displayed a dose-dependent effect and was comparable to
that of the first-line antiresorptive agent alendronate (Chen
et al., 2015; Tu et al., 2020). In a controlled, parallel, double-
blind clinical trial of 65 osteoporosis patients, we
demonstrated that the baseline turnover and the 6-month
BMD change were significantly improved among the patients
receiving KPs (1,600 mg KPs +1,500 mg CaCO3) compared to
those receiving the placebo (1,500 mg CaCO3) (Tu et al.,
2015).

Based on our previous success in OVX models and clinical
trials, the present study used an animal model of FVIII
knockout (F8KO)-induced hemophilia to evaluate the
therapeutic efficacy of KPs in the treatment of osteoporosis
in PWH. Initially, we analyzed the femoral bones of the F8KO
mice at the age of 20 weeks to confirm the incidence of
osteoporosis and then orally administered different doses of
KPs for 8 weeks. Microcomputed tomography (µ-CT) for bone
microarchitecture (BMD, Tb.BV/TV, Tb.N, and Tb.Sp),
nanoindentation for mechanical properties (hardness and
elastic modulus), and serum markers for bone remodeling
(IL-6, RANKL/OPG ratio) were applied for extensive
evaluations.
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2 MATERIALS AND METHODS

2.1 Kefir Peptide Preparation
The KPs powder (KEFPEP®) used in this study was provided by
Phermpep Biotech. Co., Ltd. (Taichung, Taiwan) as described
previously (Chen et al., 2015). The peptide content was
determined to be 23.1 g/100 g by the O-phthalaldehyde (OPA)
method using triglycine as a standard of calibration (Tu et al.,
2015; Chen et al., 2020; Tung et al., 2020).

2.2 Animals and Experimental Design
The experimental procedures and animal handling were
approved by the Institutional Animal Care and Use
Committee of National Chung Hsing University, Taiwan
(IACUC 103–100). A total of 11 male wild-type (WT) mice
(C57BL/6J) and 37 male FVIII knockout (F8KO) mice (129S4-
F8tm1Kaz/J) with FVIII levels of <1% were used in this study.
WT and F8KO mice were purchased from BioLASCO Taiwan
Co., Ltd. (Taipei, Taiwan) and Jackson Laboratory
(Farmington, CT, USA), respectively. During the
experimental period, all mice were housed in a room with
an individual ventilation cage system (IVC) and maintained at
24–25°C and 50–60% humidity with a 12-h light/dark cycle,
and a standard SPF chow diet (#1324–10SPF, Altromin,
Germany) and sterile drinking water were provided ad libitum.

At the age of 20 weeks, blood was collected from WT and
F8KO mice (each n = 5) to measure the FVIII activity and
coagulation time and then sacrificed first to obtain the femoral
bones for histopathological and μ-CT analyses. The other WT
mice (n = 6) and F8KO mice (n = 32) were divided into five
groups according to the different treatments: 1) WT (H2O; n =
6), 2) mock (H2O; n = 8), 3) KL (low-dose of KPs, 164 mg/kg
body weight per day; n = 8), 4) KM (medium-dose of KPs,
328 mg/kg body weight per day; n = 8), and 6) KH (high-dose
of KPs, 656 mg/kg body weight per day; n = 8). KPs were
dissolved in H2O and administered through oral gavage for
8 weeks. Mouse body weight and food intake were recorded
every week. At the end of the study, mice were anesthetized by
intraperitoneal injection of 2.5% avertin (2,2,2-
tribromoethanol; Sigma–Aldrich, St. Louis, MO, USA),
blood was collected by orbital sinus sampling, and then the
lumbar vertebrae and bilateral femoral bones were removed.
The lumbar vertebrae and left femoral bones were immersed in
10% formalin for further characterization, and the right
femoral bones were used for the isolation of bone marrow cells.

2.3 Measurement of FVIII Activity and Blood
Coagulation Time
Mice were anesthetized and 90 μl of blood was collected and
mixed with 10 μl of 3.2% sodium citrate. Citrated blood was
added to a Coag Dx Analyzer (IDEXX, Westbrook, Maine, USA)
for the activated partial thromboplastin time (aPTT) test. FVIII
activity was measured by an FVIII Chromogenic Assay kit
(Siemens, Marburg, and Germany) according to the
manufacturer’s manual instructions.

2.4 Histopathological Analysis
To prepare femur tissue sections for hematoxylin and eosin
(H&E) staining, the femur bones were decalcified in
Decalcifier I® solution (Leica Microsystems Inc., Buffalo Grove,
IL, USA), dehydrated in a series of 50, 60, 70, 80, 90 and 100%
ethanol, embedded in paraffin and longitudinally sectioned at
2–3 μm (Chen et al., 2021; Wang et al., 2021). The femur tissue
sections were submitted to H&E staining using a Sakura model
DRS-60A automatic slide stainer (Tissue-Tex DRS, Sakura, and
Japan). The area of trabecular bones in the H&E stain images
were quantified using ImageJ software. In addition, TRAP
staining was also performed using a Leukocyte Acid
phosphatase kit (#387A, Sigma–Aldrich) according to the
manufacturer’s instructions.

2.5 Microcomputed Tomography
The 4th lumbar vertebrae and left femur bone were used to
analyze the trabecular and cortical bone parameters with a
high-resolution μ-CT scanner (SkyScan 1,174, SkyScan,
Aartselaar, and Belgium). Each sample was scanned at a
resolution of 8 μm, rotation step of 0.3°, voltage of 50 kV,
amplitude of 800 μA, exposure of 2,500 milliseconds, and
reconstruction angular range of 182.7° (Chen et al., 2015). The
mineralized bone phase of each resulting image was extracted
using a fixed threshold and a low-pass filter to remove noise. A
total of 487 two-dimensional (2D) images in each sample (a
thickness of 4 mm of lumbar vertebrae or distal femur epiphysis)
were reconstructed to obtain its three-dimensional (3D) image. In
each 2D image, the trabecular bone was isolated from the cortical
bone by manual contouring analysis. From the volume of interest
(VOI), the bone mineral density (BMD), bone volume/total
volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and trabecular separation (Tb.Sp) were
obtained (Tu et al., 2020).

2.6 Nanoindentation
Nanoindentation was used to evaluate how KPs change the
mechanical properties of cortical bones. To prepare the
samples for nanoindentation, the bones were embedded in
epoxy resin (Struers Inc., Cleveland, OH, USA), and then the
surfaces of the embedded bone samples were polished by a
milling machine. Nanoindentation was performed using a
nanoindenter (Tribolab, Hysitron Inc., Eden Prairie, MN,
USA) equipped with a Berkovich diamond indenter (tip radius
50 nm). Each bone was indented from the outer side to the inner
side (near the bone marrow), with a total of 10 indents. The
parameter settings of the instrument were obtained from our
previous studies (Chang et al., 2011; Wang et al., 2013). The
mechanical elasticity and hardness of the cortical bones were
calculated according to the indentation load-depth curves and the
Oliver-Pharr relation.

2.7 Measurements of Serum Bone Markers
and Cytokines
The following bone markers and proinflammatory cytokines in
mouse serum were measured using commercially available kits
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according to the manufacturer’s manual instructions: alkaline
phosphatase (ALP) (Catalog #K412–500, BioVision, Milpitas,
CA, USA), osteocalcin (OC) (Catalog #SEA471Mu, USCN Life
Science Inc., Wuhan, China), cross-linked C-telopeptide of type I
collagen (CTX1) (Catalog #CEA665Mu, USCN Life Science Inc.),
osteoprotegerin (OPG) (Catalog #MOP00, R&D Systems Inc.,
Minneapolis, MN, USA), receptor activator of nuclear factor κ-B
ligand (RANKL) (Catalog #MTR00, R&D Systems Inc.),
interleukin-1α (IL-1α) (Catalog #ab113344, Abcam,
Cambridge, MA, USA), IL-1β (Catalog #ab108866, Abcam),
IL-6 (Catalog #ab100712, Abcam) and tumor necrosis factor-α
(TNF-α) (Catalog #ab208348, Abcam). The measurements were
conducted by an automated microplate reader (Tu et al., 2021).

2.8 In vitro Osteoclast Differentiation
The right femoral bone was used for the isolation of bone
marrow cells. Briefly, the removed bones were washed with
70% ethanol for a few seconds and then immersed in
Dulbecco’s phosphate-buffered saline (D-PBS) (Grand
Island, NY, USA). The two ends of the epiphysis were cut
off, and the cells were flushed from the bone marrow cavity
with α–MEM (Sigma–Aldrich). The marrow content was
passed through a 70-μm mash and sequentially suspended
in RBC lysis buffer (0.15 M NH4Cl, 10 mM NaHCO3, 0.1 mM
EDTA, pH 7.2–7.4), D-PBS, and complete α–MEM growth
media (α-MEM containing 10% fetal bovine serum, 100 U/ml
penicillin, 100 mg/ml streptomycin). The cells (8 × 105 cells/
cm2) were inoculated and incubated at 37°C and 5% CO2 for
24 h. Nonadherent cells were removed, and adherent bone
marrow cells were cultured in fresh complete α–MEM growth
media supplemented with RANKL (50 ng/ml) and M-CSF
(25 ng/ml) for osteoclast differentiation. The cultural media
were replaced every 3 days. On the 15th day, the differentiated
osteoclasts were assessed by TRAP staining.

In addition, the effect of KPs was also tested in the culture of
bone marrow macrophages (BMMs) (Weischenfeldt and Porse,
2008), which were prepared from the femurs of 5-week-old wild-
type mice. The marrow contents of femurs were flushed and
cultured overnight in complete α–MEM growth media
containing M-CSF (25 ng/ml). Nonadherent cells were
transferred to new tissue plates to culture stroma-free bone
marrow cells. After 3 days, the adherent cells were harvested
as BMMs, which were cultured on 96-well culture plates with
fresh medium containing M-CSF and RANKL (50 ng/ml) and
various concentrations of KPs. The culture mediumwas refreshed
once on the 3rd day. On the 5th day, TRAP staining was
performed. The TRAP-positive multinucleated cells (≥3 nuclei)
were considered as mature osteoclasts.

2.9 Statistical Analysis
The results are presented as the mean ± SEM (n = 6–8) and were
graphed using GraphPad Priam software version 6.0. Statistical
analysis was performed using IBM SPSS Statistics software
version 20. Group differences were examined based on a one-
way ANOVA and Duncan’s post hoc test, and significant
differences (p < 0.05) are indicated by * vs. WT group, # vs.
mock group.

3 RESULTS

3.1 F8KO Mice Develop Osteoporosis at the
Age of Twenty Weeks
Initially, blood was collected from 5WT and 5 F8KOmice at the
age of 20 weeks to measure the FVIII activity and coagulation
time and then sacrificed to obtain the femoral bones for
histopathological and μ-CT analyses. As shown in Figure 1,
FVIII activity was significantly reduced to <1% in the F8KO
mice compared with the normal WT mice (p < 0.001;
Figure 1A), and the blood coagulation time of the F8KO
mice significantly increased from 102 to 300 sec (p < 0.01;
Figure 1B). Histopathological H&E staining (Figure 1C) and
femoral μ-CT images (Figure 1D) revealed a significant loss of
trabecular bone in the F8KO mice compared with the WT mice.
The average trabecular BMD of the F8KO mice was 0.239 g/
cm3, thus accounting for a 15.8% reduction compared to the
WT mice (0.284 g/cm3) (p < 0.001) (Figure 1E). With regard to
the changes in the bone microarchitecture, the average bone
volume (Tb.BV/TV) was reduced by 56.1% in the F8KO mice
(F8KO: 6.28% vs. WT: 14.31%) (p < 0.001) (Figure 1F), and the
average bone number (Tb.N) was reduced by 60% in the F8KO
mice (F8KO: 1.4 mm−1 vs. WT: 2.9 mm−1) (p < 0.001)
(Figure 1G), and the average bone thickness (Tb.Th) was
reduced by 10.2% in the F8KO mice (F8KO: 0.044 mm vs
WT: 0.049 mm) (p < 0.01) (Figure 1H); in contrast, the
average bone separation (Tb.Sp) increased 38.8% in the
F8KO mice (F8KO: 0.29 mm vs WT: 0.21 mm) (p < 0.001)
(Figure 1I). These data confirmed that the F8KO mice
developed osteoporosis at the age of 20 weeks.

3.2 Effects of KP Treatment on Bone
Histopathological and Architectural
Changes
As shown in Figure 2A, histological examination of the femur
bones revealed no histopathological changes in the WT group
while bone specimens from the F8KO mice without treatment
showed significant trabecular bone loss. After 8 weeks of KP
treatment, specimens from F8KO mice that received different
doses of KP treatment showed significant recovery of trabecular
bones and exhibited a comparable morphology with those of
normal WT mice. The quantitative data of the areas of trabecular
bones in the H&E images from each group were consistent with
these findings (Figure 2A). In the μ-CT 3D image observation, we
also demonstrated that the loss of trabecular bone in the femur of
the F8KO mice was successfully recovered after 8 weeks of KP
treatment in a dose-dependent manner (Figure 2B). These results
demonstrated that oral administration of KPs inhibited
osteoporosis and recovered the lost bone structure in the
F8KO mice.

3.3 Effects of KP Treatment on BoneMineral
Density and Bone Parameters
To investigate whether KPs can improve bone mass and cause
changes in the microarchitecture of the distal femur in the F8KO
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mice, a μ-CT analysis was performed, as shown in Figure 3A for
the femoral front view and the cross-section of trabecular images.
Compared to the WT mice that had dense cancellous bone, the
F8KO mice that received mock treatment had relatively less
cancellous bone. However, the F8KO mice that received
different dosages of KPs exhibited a recovered trabecular bone
network, which seemed to be positively correlated with the given
dosage of KPs (Figure 3A).

The mock group had a markedly reduced trabecular BMD
(0.146 g/cm3) compared with the normal WT group (0.195 g/
cm3). After 8 weeks of treatment with KPs, the trabecular BMD
was 0.154 g/cm3 in the KL group, 0.143 g/cm3 in the KM group,
and 0.183 g/cm3 in the KH group. The results showed that high-
dose KP treatment significantly increased the trabecular BMD of
the distal femur by 125% compared to that of the mock group
(p < 0.05; Figure 3B).

Consistent with Figure 1, after 8 weeks of treatment, the
trabecular microarchitecture in the mock group showed
significant changes in the levels of Tb. BV/TV, Tb.N, Tb.Sp,
and Tb.Th (1.19%, 0.27 mm−1, 0.54 mm, and 0.042 mm,
respectively) compared with the WT group (4.61%,
1.02 mm−1, 0.30 mm, and 0.045 mm, respectively, p < 0.05
or p < 0.001) (Figures 3C–F). Treatment with different doses
of KPs in the KL, KM, and KH groups increased the levels of
Tb.BV/TV (2.13, 1.99, and 2.82%, respectively, Figure 3C) and
Tb.N (0.53, 0.47, and 0.67 mm−1, respectively, Figure 3D),
decreased the levels of Tb.Sp (0.41, 0.44, and 0.36 mm,
respectively, Figure 3E), and caused slight changes in Tb.Th
(0.042, 0.043, and 0.043 mm, respectively, Figure 3F). Thus,
treatment with KPs restored the F8KO-induced changes in the
trabecular microarchitecture, and the changes in the KH group
reached statistical significance.

FIGURE 1 | Comparison of blood coagulation activity and femoral structures between FVIII knockout mice (F8KO) and C57BL/6J wild-type mice (WT) at 20 weeks
of age. (A) Blood FVIII activity measurements of male F8KO (n = 5) and WT (n = 5) mice were performed using an FVIII Chromogenic Assay kit. (B) Activated partial
thromboplastin time (aPTT) tests of male F8KO (n = 5) andWT (n = 5) mice were performed using a Coag Dx Analyzer. (C)Hematoxylin and eosin (H&E) staining of femur
tissue sections of male F8KO and WT mice for bone histopathological analysis. (D) Microcomputed tomography (μ-CT) analysis was performed to characterize
femoral architectural structures. Representative images of femur trabecular morphology plotted in red. The quantitative μ-CT results of (E) trabecular bone mineral
density (Tb.BMD), (F) trabecular bone volume/total volume (Tb.BV/TV), (G) trabecular number (Tb.N), (H) trabecular thickness (Tb.Th), and (I) trabecular separation
(Tb.Sp) were shown as indicated (**p < 0.01, ***p < 0.001 vs. WT group).
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3.4 Effects of KP Treatment on the
Mechanical Properties of Cortical Bones
Figure 4 shows the change in the mechanical properties of
cortical bone in different groups by nanoindentation analysis.
Distal femoral bones were embedded in resin, and a diamond
indenter was used to indent the polished cortical surfaces
from the outer to the inner side (Figure 4A). The cortical
hardness (Figure 4B) and elastic modulus (Figure 4C) in the
F8KO mice receiving mock treatment were dramatically

reduced to 0.52 and 21.8 GPa, respectively, compared to
the WT mice (1.00 and 29.8 GPa, respectively, p < 0.001).
After 8 weeks of treatment with different dosages of KPs, the
cortical hardness and elastic moduli in the F8KO mice
significantly increased to 0.74/25.2 GPa in the KL group
(p < 0.05), 0.81/26.8 GPa in the KM group (p < 0.05), and
0.89/28.2 in the KH group (p < 0.01). Thus, oral
administration of KPs significantly improved the
mechanical properties of cortical bone in the F8KO mice.

FIGURE 2 | Femur bone histopathological and microarchitectural changes in osteoporotic F8KO mice after kefir peptide (KP) treatment. (A) Representative H&E
staining images of femur vertical sections of male F8KOmice after treatment with different dosages of KPs for 8 weeks (n = 8). C57BL/6J wild-type (WT) mice were used
as a normal control. The area of trabecular bone in the H&E images were quantified using ImageJ software as indicated. Tb, trabecular bone; C, cortical bone; P, growth
plate. *p < 0.05 vs WT group. (B) Representative μ-CT 3D images of distal femur vertical sections of male F8KO mice after different dosages of KP treatment for
8 weeks (n = 8). The C57BL/6J wild-type (WT) group indicates normal trabecular bone morphology in the distal femur, and the F8KO mock group indicates server
trabecular bone loss as a hemophilia-induced osteoporotic mouse. KL: low-dose KP-treated group, 164 mg/kg/day; KM: medium-dose KP-treated group, 328 mg/kg/
day; KH: high-dose KP-treated group, 656 mg/kg/day.
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3.5 Effects of KP Treatment on the Lumbar
Vertebrae
A µ-CT analysis was performed on the 4th lumbar vertebrae of the
mice. As shown in Supplementary Figure S1A, the mock F8KO
mice had fewer trabeculae than the WT mice. Although not
obvious in appearance, the trabeculae were improved in the

F8KO mice treated with KPs. Morphometric results showed
that the KP treatments did not cause significant change in
lumbar Tb.BV/TV ratio (Supplementary Figure S1B) but
resulted in 4.6, 6.3, and 7.4% increases in lumbar Tb.N
(Supplementary Figure S1C) and 6.9, 7.9, and 10.1%
reductions in lumbar Tb.Sp (Supplementary Figure S1D) in

FIGURE 3 | Effects of KP treatment on femoral trabecular bone. F8KOmice at 20 weeks of age were orally administered different dosages of KPs for 8 weeks (n =
8). At the end of treatment, the mice were sacrificed and left femur bones were analyzed by μ-CT to characterize the changes in bone microarchitectural parameters. (A)
Representative trabecular morphological images of transverse-sectional distal femur bone. The quantitative μ-CT results for (B) Tb.BMD, (C) Tb.BV/TV, (D) Tb.N, (E)
Tb.Sp, and (F) Tb.Th. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. WT group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. mock group.
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the KL, KM, and KH groups, respectively, compared to the mock
group. The changes with high-dose KP treatment were
statistically significant (p < 0.05) and comparable to theWTmice.

3.5.1 Effects of KP Treatment on SerumBone Turnover
Markers
Serum biochemical markers of bone formation (ALP and OC) and
bone resorption (CTX-1) were analyzed in this study. As shown in
Figure 6, a significant decrease in ALP (p < 0.01) and significant
increases in OC (p < 0.05) and CTX-1 (p < 0.001) were measured in
the mock F8KO mice compared to the WT mice. The treatments
increased theALP (Figure 5A) and reduced theOC (Figure 5B) in the
groups of F8KOmice receiving different doses of KPs, although these
changes did not reach statistical importance compared to the mock
group. CTX-1 in the F8KOmice receiving KPs decreased, but only the

treatment with a high dose of KPs led to statistically significance
difference compared to the mock group (p < 0.01; Figure 5C).

3.5.2 Effects of KP Treatment on the Serum RANKL/
OPG Ratio
At 20 weeks of age, oral administration of KP or mock (H2O)
treatment was provided to the WT and F8KO mice. As shown in

FIGURE 4 | Effects of KP treatment on the mechanical properties of
femoral cortical bone. (A) Transverse-dissected distal femur bones were
embedded in resin (left), and a diamond indenter was used to microindent the
polished surfaces of the cortical bone from the outer side to the inner
side for 10 points by nanoindentation, as shown in a scanning electronic
microscopy image (right). The quantitative results exhibited the mechanical
properties of (B) hardness and (C) elastic modulus. *p < 0.05, **p < 0.01, and
***p < 0.001 vs. WT group; #p < 0.05, ##p < 0.01 vs. mock group.

FIGURE 5 | Effects of KP treatment on serum bone turnover markers.
F8KO mice at 20 weeks of age were orally administered different dosages of
KPs for 8 weeks (n = 8). At the end of treatment, mouse blood was collected
for bone turnover marker detection. The quantitative data revealed the
levels of (A) alkaline phosphatase (ALP), (B) osteocalcin (OC), and (C)
C-telopeptide of type I collagen (CTX1) for the KP-treatment groups with
different dosages. *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT group; #p < 0.05,
##p < 0.01 vs. mock group.
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Figure 6, at the end of treatment, the mock F8KO mice exhibited
an increased serum RANKL (p < 0.01) along with a decreased
serum OPG (p < 0.01), which caused a significant increase of the
serum RANKL/OPG ratio in the F8KOmice compared to theWT
mice (p < 0.05). With the KP treatment, the serum RANKL
decreased (Figure 6A) and OPG increased (Figure 6B) in F8KO
mice receiving different doses of KPs, and the combined effect led
to a significant reduction in the serum RANKL/OPG ratio
compared to the mock (p < 0.05; Figure 6C).

3.5.3 Effects of KP Treatment on Serum
Proinflammatory Cytokines
As shown in Figure 6D, the serum IL-6 increased significantly in the
mock F8KOmice compared to the WT at the end of treatment (p <
0.01). Oral administration of KPs reduced the IL-6 level in the F8KO
mice, especially for the group with high-dose KP treatment (p < 0.05
vs mock, Figure 6D). Other proinflammatory cytokines, such as IL-
1α, IL-1β, and TNF-α, were also measured, but the changes were not
significant (data not shown).

3.5.4 Effects of KP Treatment on Osteoclastogenesis
TRAP staining was performed to examine the contents of mature
osteoclasts in the paraffin-embedded femur sections from each
group. As shown in Figures 7A,B, the TRAP-positive mature
osteoclasts were stained in a purple-colored appearance, which
were found abundant in the metaphyseal regions of the distal

femur sections from the mock F8KOmice, but not apparent in the
femur sections from theWT and the KP-treated groups, suggesting
that KP treatment caused the inhibition of osteoclastogenesis. We
performed in vitro osteoclast differentiation using flushed bone
marrow cells from each group by stimulating with M-CSF and
RANKL. As shown in Figure 7C, the TRAP-positive stained areas
accounted for approximately 4.24% in the mock group, which
represented an increase of 84.2% compared to the WT group
(0.69% on average) (p < 0.01; Figure 7D). With the KP treatments,
the TRAP-positive areas were significantly reduced to 2.06% in the
KL group (p < 0.05), 2.54% in the KM group (p < 0.05), and 1.05%
in the KH group (p < 0.01), which corresponded to 51.6, 40.7, and
73.1% reductions compared to the mock group (Figure 7D),
respectively, suggesting that oral administration of KPs
significantly inhibited osteoclastogenesis. Furthermore, we also
performed a similar experiment using primary BMMs to verify
the inhibitory effect of KPs on in vitro RANKL-induced
osteoclastogenesis (Figure 7E). As shown in Figure 7F for the
quantitative data, KPs dose-dependently inhibited the formation of
mature osteoclasts from bone marrow cells of macrophage lineage.

4 DISCUSSION

In the present study, the potential therapeutic effects of KPs on
hemophilia-induced osteoporosis were investigated in an F8KO

FIGURE 6 | Effects of KP treatment on the serum RANKL/OPG ratio and proinflammatory IL-6 cytokine levels. F8KO mice at 20 weeks of age were orally
administered different dosages of KPs for 8 weeks (n = 8). At the end of treatment, mouse blood was collected for bone resorption and bone formationmarker detection.
The quantitative data show the levels of (A) receptor activator of nuclear factor κ-B ligand (RANKL), (B) osteoprotegerin (OPG), (C)RANKL/OPG ratio, and (D) interleukin-
6 (IL-6) in the KP-treated groups at different dosages. *p < 0.05, **p < 0.01 vs. WT group; #p < 0.05 vs. mock group.
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mouse model. The results revealed that KP treatment restored the
femoral trabecular BMD, the trabecular architecture of the femoral
bone and the 4th lumbar vertebrae, and the mechanical properties of
cortical bone in a dose-dependent manner. In addition, oral
administration of KPs inhibited bone resorption by reducing the
serum RANKL/OPG ratio and proinflammatory IL-6 levels in the
F8KO mice and inhibiting osteoclastogenesis from femoral
mesenchymal stem cells in an in vitro culture. Therefore, this study
suggests that KPs can be used as a complementary or adjuvant therapy
for the treatment of osteoporosis resulting from hemophilia.

F8KO mice, which contain only <1% coagulation activity, are
an ideal animal model for examining the direct effect of factor VIII
deficiency on bone regeneration and are also useful for the
assessment of potential anti-osteoporotic therapies in PWH.
Previous studies demonstrated that F8KO male mice exhibited

lower femoral BMD and cortical thickness than their WT
littermates at the age of 18–20 weeks, and these biological
changes led to a weakened bone strength to resist fracture (Liel
et al., 2012; Recht et al., 2013). Before treatment with KPs, we
analyzed the femur bones of the F8KO andWTmalemice, and our
results confirmed that F8KO mice spontaneously developed
osteoporosis at 20 weeks of age (Figure 1). Moreover, a recent
study compared the bone status of total FVIII gene knockout mice
(F8TKO), a new animal model of severe hemophilia, with their WT
littermates (Weitzmann et al., 2019). This study also demonstrated
that F8TKO mice exhibited significant bone loss at 6 months of age
and revealed a sexual dimorphism in the mechanism driving bone
loss in male and female F8TKO mice.

Low BMD or osteoporosis and the resultant bone fractures are
prevalent age-related comorbidities in PWH, both in adults and

FIGURE 7 | Effects of KP treatment on osteoclast differentiation. (A) TRAP staining of the paraffin-embedded femoral tissue sections from each group. The purple-
colored TRAP-positive osteoclasts were indicated with red arrows in mock group. Scale bar = 30 µm. (B) TRAP-positive stained areas in each group were quantitated
and compared using ImageJ software. *p < 0.05 vs WT group; #p < 0.05 vs mock group. (C) TRAP-staining of mature osteoclasts differentiated from the flushed bone
marrow cells with the stimulation of M-CSF and RANKL for 14 days. The multinucleated osteoclasts in squares were magnified and indicated by red arrows. (D)
TRAP-positive stained areas in each group were quantitated and compared using ImageJ software. *p < 0.05, **p < 0.01 vs WT group; #p < 0.05, ##p < 0.01 vs. mock
group. (E) KP treatment inhibits RANKL-induced osteoclastogenesis in the culture of bonemarrowmacrophages (BMMs). To stimulate osteoclast differentiation, BMMs
were stimulated with M-CSF (25 ng/ml) and RANKL (50 ng/ml) in the presence of various concentrations of KPs. TRAP staining was performed at the 5th day of
incubation. (F) The TRAP-positivemultinucleated cells with the number of nucleus ≥3were considered asmature osteoclasts. **p < 0.01, ***p < 0.001 vs. 0 μg/ml of KPs;
Scale bar = 1 mm.
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children (Barnes et al., 2004; Wallny et al., 2007; Iorio et al., 2010). A
10-year single institutional retrospective cohort study (n = 382 PWH)
exhibited a significantly higher relative risk (RR) of bone fracture in
PWH than in the general population (p < 0.0001; RR: 10.7, 95%
confidence interval (CI): 8.2–14.1) (Gay et al., 2015). Additionally, this
retrospective study also indicated that the RR of fracture was positively
correlated with the severity of hemophilia, with patients with severe
hemophilia showing an increased RR of fracture compared to those
with mild or moderate hemophilia (p < 0.05). An earlier single
institutional cross-sectional study (n = 88) indicated that low BMD
became more prevalent with the increasing severity of hemophilia in
PWH <50 years, and a large proportion of PWH ≥50 years (no
association with the severity of hemophilia) had osteoporosis; thus,
adult PWH ≥50 years should receive routine osteoporosis detection
(Kempton et al., 2014). Immune tolerance induction (ITI) is routinely
used for the treatment of hemophilia with an inhibitor in PWH;
however, such a therapeutic regimen has been reported to facilitate the
reduction of BMD in patients with an inhibitor (Rezaieyazdi and
Mansouritorghabeh, 2020). Few studies have evaluated the effects of
anti-osteoporotic treatment in PWH, except ibandronate, a common
bisphosphonate used for the treatment of postmenopausal
osteoporosis (Anagnostis et al., 2013). This finding urges us to
evaluate the effect of KPs on the treatment of hemophilia-induced
osteopenia or osteoporosis in an F8KO murine model.

In our previous study, we demonstrated the potential of KPs in
the prevention of postmenopausal osteoporosis in ovariectomized
(OVX) rats (Chen et al., 2015). To further understand the
therapeutic effect of KPs on the treatment of hemophilia-induced
osteoporosis, male F8KO mice at 20 weeks of age were orally
administered with low-, medium-, and high-dose KPs for
8 weeks. At the end of the experiment, the lost bone mass in the
F8KO mice, as indicated by histological and 3D μ-CT images, was
partially or completely restored by the KP treatment, especially in the
high-dose KP-treated group (Figures 2, 3). The morphological
alterations in femoral trabeculae in response to the KP treatment
were consistent with the improved BMD and microarchitecture
parameters, with the treatment increasing trabecular bone volume
(Tb.BV/TV) and trabecular number (Tb.N), and reducing trabecular
separation (Tb.Sp).We also examined the effect of KP treatments on
the morphological and mechanical changes of the femoral cortical
bone. By mid-shaft femur analysis (Supplementary Figure S2), we
found that the thickest region of the transverse cortical bone
increased significantly in all F8KO mice, but the median and the
thinnest parts remained indifferent in all mice. In addition, the x-axis
width of the transverse cortical bones (x-axis) decreased in all F8KO
mice, but the y-axis width of the transverse cortical bones and the
lengths of longitudinal cortical bones remained indifferent in all
mice. Although KP treatment did not cause significant changes in
cortical bones, it significantly improved the mechanical properties of
hardness and elastic modulus in femoral cortical bones (Figure 4).
Furthermore, we also identified anti-osteoporotic effect of KPs on
the 4th lumbar vertebra, which exhibited increased Tb.N and
decreased Tb.Sp (Supplementary Figure S1). These data suggest
that KP treatment can enhance bone quality and thus reduce the risk
of fracture in F8KO mice or patients with hemophilia.

Biochemical biomarkers of bone turnover can be used to reflect
the metabolic status of bone remodeling and provide useful

information for therapy monitoring purposes during
osteoporosis treatments. These biomarkers are generally divided
into two categories representing bone formation and bone
resorption. CTX-1 is a biomarker of bone resorption and its
serum level is highly correlated with osteoclastic activity. In the
present study, we found that CTX-1 elevated in untreated male
F8KOmice, suggesting the lack of coagulation Factor VIII promote
bone resorption, while the treatment of KPs resists the conversion
of serum CTX-1.Moreover, previous study of compared the serum
CTX-1 of F8TKO mice with their WT littermate and indicated that
CTX-1 elevated significantly only at elder female F8TKO mice but
remained unchanged at both young and elder male F8TKO mice
(Weitzmann et al., 2019). ALP and OC are two biomarkers of bone
formation. Present study exhibited that the untreated F8KO mice
(28 weeks old) showed a higher serum OC along with a lower
serum ALP than WT mice; however, those mice treated with KPs
showed a significant seroconversion of OC and ALP at the end of
treatment. ALP andOC have been compared between 20-week-old
F8KO and WT mice previously (Recht et al., 2013), but no
significant differences have been reported. Different to the
present study, all F8KO mice used in previous study were male
offspring of WT males and F8KO heterozygote females (Recht
et al., 2013). Another earlier study reported that 14-week-old
female F8KO mice exhibited decreased OC in the collected
bone marrow serum from flushed femur and tibia compared
with the WT mice of the same age (Aronovich et al., 2013).
These contradictory results may be caused by differences in
ages, gender and genetic background of F8KO mice.

To further understand the effects of KPs on the regulation of
bone metabolism in the F8KO mice, the serum levels of RANKL
and OPG were measured. It has been largely reported that the
RANKL/RANK/OPG signaling pathway plays a key role in the
control of osteoclastogenesis (MafiGolchin et al., 2016; Kenkre and
Bassett, 2018). RANKL is the ligand of RANK on osteoclast
precursors. RANKL/RANK binding induces downstream
signaling pathways to regulate the expression of osteoclast genes
and to drive further differentiation of osteoclast precursors into
mature osteoclasts. OPG, a soluble decoy receptor of RANKL, can
inhibit osteoclast differentiation by preventing the binding of
RANK to its ligand RANKL. Thus, the circulating RANKL/
OPG ratio reflects osteoclast activities during bone metabolism.
In this study, we found that the RANKL level increased along with
a decrease in OPG, which resulted in a higher RANKL/OPG ratio
in the mock F8KO mice than the WT mice, suggesting that
increased osteoclastogenesis was activated and that the bone
remodeling balance was inclined toward bone resorption in
F8KO mice. However, the KP treatment led to decreased
RANKL and elevated OPG levels, and the combined effect
eventually resulted in a decrease in the RANKL/OPG ratio.

Osteoclastogenesis is also regulated by circulating
proinflammatory cytokines, such as TNF-α, IL-1, and IL-6.
We did not identify significant alterations in TNF-α and IL-1
levels, although we found that the KP treatment tended to
decrease the IL-6 levels in the F8KO mice. IL-6 is secreted by
peripheral macrophages and osteoblasts, stimulates osteoclast
formation and induces bone resorption (Ishimi et al., 1990).
Additionally, we also found that the KP treatment resulted in
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decreased TRAP activity in primary osteoclast cultures, as
indicated by the decreased TRAP-stained areas shown in
Figure 7. These data suggested that KP treatment inhibited
osteoclastogenesis in F8KO mice and thus resulted in the
inhibition of bone resorption. The underlying molecular
mechanisms of KPs in regulating the activities of
osteoblasts and osteoclasts during bone remodeling require
more detailed cellular experiments to understand the full
picture.

5 CONCLUSION

In summary, we demonstrated that oral administration of KPs
can elicit a therapeutic effect on osteoporosis treatment in
hemophilic mice due to FVIII deficiency. The therapeutic
effect of KPs is associated with their ability to inhibit
osteoclastogenesis and bone resorption by decreasing the
serum RANKL/OPG ratio and the secretion of
proinflammatory cytokines such as IL-6. Oral administration
of KPs is generally safe and more cost-effective than many
anti-osteoporotic agents. Therefore, the use of KPs may have
potential as a complementary or adjuvant therapy for the long-
term management of bone health in patients with hemophilia.
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Metabolic Changes During Growth
and Reproductive Phases in the Liver
of Female Goldfish (Carassius auratus)
Claudia Ladisa, Yifei Ma and Hamid R Habibi *

Department of Biological Sciences, University of Calgary, Calgary, AB, Canada

Hormones of the brain-pituitary-peripheral axis regulate metabolism, gonadal maturation,
and growth in vertebrates. In fish, reproduction requires a significant energy investment to
metabolically support the production of hundreds of eggs and billions of sperms in females
and males, respectively. This study used an LC-MS-based metabolomics approach to
investigate seasonally-related changes in metabolic profile and energy allocation patterns
in female goldfish liver. We measured basal metabolic profile in female goldfish at three
phases of the reproductive cycle, including 1) Maximum growth period in postovulatory
regressed phase, 2) mid recrudescence in fish with developing follicles, and 3) late
recrudescence when the ovary contains mature ovulatory follicles. We also investigated
changes in the liver metabolism following acute treatments with GnRH and GnIH, known to
be involved in controlling reproduction and growth in goldfish. Chemometrics combined
with pathway-driven bioinformatics revealed significant changes in the basal and GnRH/
GnIH-induced hepatic metabolic profile, indicating that metabolic energy allocation is
regulated to support gonadal development and growth at different reproductive cycles.
Overall, the findings support the hypothesis that hormonal control of reproduction involves
accompanying metabolic changes to energetically support gonadotropic and
somatotropic activities in goldfish and other oviparous vertebrates.

Keywords: seasonal reproductive cycle, targeted metabolomics, LC-MS, chemometrics, growth and reproduction,
gonadotropin releasing hormone (GnRH), gonadotropin-inhibitory hormone (GnIH)

1 INTRODUCTION

A number of oviparous species, including many fishes, are seasonal breeders and follow cycles of
predominantly reproductive and growth phases. Integrated control of reproduction, growth and
metabolism is multifactorial, involving neurohormones, the pituitary gonadotropins (LH and FSH),
growth hormone (GH), gonadal hormones, and thyroid hormones (Zohar et al., 2009; Yaron, 2011;
Habibi et al., 2012; Plant, 2015; Ma et al., 2020a; Ma et al., 2020b; Rajeswari et al., 2020; Somoza et al.,
2020; Trudeau and Somoza, 2020). Ovarian follicular development starts with the growth of many
small early-stage transparent oocytes accumulating neutral lipids in the ooplasm as lipid droplets
(early recrudescence). The growing follicles increase in size progressively by taking up
glycolipophosphoproteins termed vitellogenin (Vtg) which is the precursor molecule for the yolk
proteins during mid recrudescence (Reading and Sullivan, 2011), and eventually form the
preovulatory follicles (late recrudescence). A surge of LH and FSH at the end of the ovarian
cycle leads to resumption of meiosis, ovulation and spawning, followed by a regressed gonadal phase,
which corresponds to a period of maximum growth (Marchant and Peter, 1986; De Leeuw et al.,
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1989). Changes in metabolism accompany seasonal variation in
the reproductive cycle to sustain this energy-demanding process
specific to the stage of gonadal development or period of growth.
Vitellogenesis requires a significant metabolic energy allocation
(Schneider, 2004; Fernandez-Fernandez et al., 2006; Shahjahan
et al., 2014; Ladisa et al., 2021) to support the production of
hundreds of mature eggs filled with lipoprotein-filled yolk
(Jalabert, 2005). This is critical in oviparous species since
embryonic development and early larval stages depend entirely
on energy molecules stored in the egg during the maturation
(Reading and Sullivan, 2011). For example, in rainbow trout,
ovaries grow from 0.5% to approximately 20% of the bodyweight
prior to ovulation, and during gametogenesis, the oocyte
diameter increases from less than 1–5 mm (Tyler et al., 1990).
At the end of the vitellogenic period, yolk proteins derived from
Vtg contribute to 80–90% of the dry mass of a mature egg
(Reading and Sullivan, 2011). Estrogens stimulate the
production of Vtg in the liver, which is transported through
the bloodstream to the ovaries, and processed into yolk proteins
in the oocytes (Jalabert, 2005; Lin et al., 2006; Reading and
Sullivan, 2011; Mcbride et al., 2015). In the blood, Vtg also
functions as a carrier for various molecules, including calcium,
magnesium, iron, vitamins, steroids and thyroid hormones
(Reading and Sullivan, 2011). It is well established that
dramatic changes occur in the liver of fish related to the
gonadal maturation and vitellogenesis (Rinchard and
Kestemont, 2003). The reproductive cycle begins, in part, with
the production of the hypothalamic gonadotropin-releasing
hormone (GnRH) in response to environmental and metabolic
cues (Zohar et al., 2009; Plant, 2015). GnRH stimulates the
synthesis and release of LH and FSH from the anterior
pituitary, promoting gonadal hormones and gametogenesis
(Zohar et al., 2009; Yaron, 2011). The reproductive process is
integrated with the growth response controlled by GH, which is
regulated by a complex network of hormonal and nutritional
factors, including GnRH ((Chang et al., 2000; Canosa et al., 2007;
Chang and Wong, 2009). All vertebrate species have multiple
isoforms of GnRH (Lethimonier et al., 2004; Okubo and
Nagahama, 2008; Chang and Pemberton, 2018). The two
endogenous GnRH isoforms in goldfish, GnRH-II [chicken
GnRH-II] and GnRH-III [salmon GnRH] (Peter et al., 1985;
Yu et al., 1988; Kim et al., 1995; Chang and Pemberton, 2018), are
involved in the control of pituitary gonadotropin and GH
production (Peter et al., 1985; Chang et al., 2000; Klausen
et al., 2001) and regulation of seasonal reproductive cycle in
goldfish (Omeljaniuk et al., 1989; Gamba and Pralong, 2006;
Moussavi et al., 2013; Moussavi et al., 2014; Ma et al., 2020a; Ma
et al., 2020b). There is now evidence that gonadotropin-
inhibitory hormone (GnIH) is also involved in the
multifactorial regulation of growth and reproduction, together
with GnRH and thyroid hormones (Ma et al., 2020a; Ma et al.,
2020b). In birds and mammals, GnIH inhibits the release of
gonadotropins (Tsutsui et al., 2000; Ubuka et al., 2006; Kriegsfeld
et al., 2010; Pineda et al., 2010; Tsutsui et al., 2013). However, in
other vertebrates like fish, GnIH can exert both inhibitory and
stimulatory actions on the production of gonadotropins in a
seasonally dependent manner (Amano et al., 2006; Moussavi

et al., 2012; Moussavi et al., 2013; Ma et al., 2020a; Ma et al.,
2020b). In goldfish, the presence of three GnIH variants has been
demonstrated (LPXRFa-1, -2, and-3), although only LPXRFa-3
was identified as a mature peptide (Sawada et al., 2002). In several
vertebrates, GnRH and GnIH are also involved in the regulation
of growth by modulating GH production (Chang and Wong,
2009). Studies conducted on several fish species, including
goldfish, have shown the presence of GnRH receptors on
somatotroph cells and demonstrated its stimulatory action on
the synthesis and release of GH (Melamed et al., 1995; Klausen
et al., 2001; Klausen et al., 2002; Bhandari et al., 2003).
Additionally, GnIH can influence growth and metabolism by
regulating food intake and GH secretion (Clarke, 2014). GnIH
orthologs stimulate GH release in frogs (Koda et al., 2002; Ukena
et al., 2003), sockeye salmon (Amano et al., 2006) and rat
(Johnson et al., 2007). In goldfish, GnIH regulates GH
synthesis and release in vivo and in vitro in a seasonally-
dependent manner (Moussavi et al., 2014; Ma et al., 2020a;
Ma et al., 2020b). There is evidence that GnRH receptor level
changes between reproductive stages. In goldfish, GnRH
receptors undergo seasonal variation, and the highest pituitary
content is found during the late recrudescence (Habibi et al.,
1989). Similarly, treatments with GnIH and GnRH alone or
combined influence pituitary GnIH receptor expression in a
seasonally dependent manner (Moussavi et al., 2013; Moussavi
et al., 2014). Thus, variation in GnRH and GnIH receptor levels is
likely to influence the hormone-mediated seasonal changes.
Goldfish undergo a distinct seasonal cycle and provide a
suitable model organism to study energy allocation associated
with reproduction and growth. We used an LC-MS-based
metabolomics approach to investigate the hepatic metabolic
profile of adult female goldfish during three stages of the
reproductive cycle, including maximum growth period in
postovulatory regressed phase, mid recrudescence in fish with
developing follicles, and late recrudescence when the ovary
contains mature ovulatory follicles. We also investigated
seasonally related changes in the liver metabolism following
acute treatments with GnRH and GnIH, known to be involved
in controlling reproduction and growth in goldfish. Most
metabolic pathways and cellular regulatory mechanisms are
common among vertebrates, and metabolomics data can be
interpreted similarly in different species. However, significant
differences in metabolic energy allocation exist when comparing
oviparous and viviparous species such as fish and humans,
respectively, at different stages of reproduction. The present
study provides an insight into the metabolic changes
accompanying seasonal variation in the reproductive cycle in
fish and other seasonally reproducing vertebrates.

2 MATERIALS AND METHODS

2.1 Experimental Animals
In all studies, we used sexually mature (post-pubertal) 4–6 inch
(average weigh 34.6 g) goldfish (Carassius auratus). Fish were
imported by a local supplier (Aquatic Imports, Calgary, AB,
Canada) from a fish farm in Pennsylvania (Mercersburg, PA,
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United States), where they were reared under the natural daylight
and temperature cycles. Each experimental group was assigned 20
fish to ensure that a minimum of six female fish could be used in
this study. We used fish at three stages of the annual reproductive
cycle, including regressed/maximal growth phase (July-August),
mid recrudescence (December- January) and late recrudesce
(March-April). At arrival, fish were acclimatized for 4–7 days
in a flow through system in 25 L tanks kept under the daylight
and temperature corresponding to the environmental conditions.
Fish were fed a commercial fish diet once a day to satiation
(Nutrafin floating pellets; Hagen, Baie d’Urfé, QC, Canada). A
buffered MS-222 solution (tricaine methanesulfonate, 160 mg/L,
Sigma Aldrich St Louis, MO, United States) was used to
anesthetize the fish before intraperitoneal injection and
euthanization following the protocols approved by the
University of Calgary animal care committee (protocol
#AC19-0161) under the guidelines of the Canadian Council of
Animal Care. Ovarian stages were assessed by visual inspection
after euthanization before tissue collection. Photographs of
ovaries used at different gonadal stages are shown in Figure 4.
Immediately after collection, liver tissue samples were snap-
frozen in liquid nitrogen to arrest the metabolism and stored
at −80°C until further analysis.

2.2 Hormones and Injection Treatments
GnRH-III (salmon GnRH) (Pyr-HWSYGWLPG-NH2) was
purchased from Bachem (Torrance, CA, United States).
Goldfish GnIH (LPXRFa-3; SGTGLSATLPQRF-NH2) was
synthesized by the University of Calgary Peptide Services
(Calgary, AB, Canada). Before injection, hormones were
dissolved in phosphate-buffered saline (PBS). GnRH-III,
GnIH, and PBS (control) were administered intraperitoneally
twice, at 9 am (T-0 h) and 9 pm (T-12 h; Table 1). Fish were
euthanized, and tissue samples were collected 24 h after the final
injection. The control group (Group 1) received a sham injection
of PBS at T-0 and T-12 h. The injection protocol was chosen
based on previous studies demonstrating that double injection
with GnRH or GnIH had a more significant stimulatory effect on
GH and LH release in goldfish, compared to single injection
indicating that the first injection serves as a primer for tissue
response (Klausen et al., 2001; Klausen et al., 2002; Moussavi
et al., 2012; Klausen et al., 2014; Ma et al., 2020a; Ma et al., 2020b).
Doses of GnRH-III and GnIH were chosen based on previous
studies conducted on goldfish (Moussavi et al., 2012; Moussavi
et al., 2013; Moussavi et al., 2014; Ma et al., 2020a; Ma et al.,

2020b). In particular, GnRH-III: 100 ng/g of fish, and GnIH:
50 ng/g of fish were injected based on the weight of fish in the
three experimental seasons.

2.3 Extraction of Metabolites and LC-MS
Several preparation protocols have been developed for the
extraction of small molecules from tissue samples, and most
involve the addition of organic solvents (Li and Bartlett, 2014). In
the present study, we used a water-methanol extraction protocol.
This process allowed the extraction of polar metabolites while
maintaining the biophysical characteristics of the metabolites
present in the sample (Wu et al., 2008; Li and Bartlett, 2014).
The metabolites extraction protocol involved homogenizing liver
samples in a 50% cold water-methanol solution using a bead-
beating homogenizer (TissueLyser II, QIAGEN). Samples
(~50 mg) were extracted with methanol [ratio of 1:20 sample
(mg): methanol (μl)]. After homogenization, samples were
centrifuged at 13,500 rpm for 20 min, and the supernatant was
stored at −80°C until further analysis. A Quality control (QC)
group was generated by pooling ~20 mg from five random
samples, extracted and analyzed in five statistical replicates
together with the investigated groups (Vuckovic, 2012).
Metabolite extracts were analyzed using Ultra-High-
Performance Liquid Chromatography (UHPLC) mass
spectrometry (MS) coupled with a Thermo Fisher Scientific
Q-Exactive HF mass spectrometer. A hydrophilic interaction
liquid chromatography column (Syncronis HILIC, Thermo
Fisher) was used to separate the metabolites. High-resolution
full-scan MS data were acquired using negative-mode
electrospray ionization, and data were analyzed with MAVEN
freeware (Melamud et al., 2010) based on retention times andm/z
of standards in a targeted profiling approach. MAVEN’s feature
detection algorithm extracts peak groups with retention times
and m/z matching specified standards (Clasquin et al., 2012).
Relative quantification of metabolites is estimated based on the
intensity of the analyzed peaks. Area top was used to measure
peak intensity, representing the average intensity of the top three
points of the peak.

2.4 Statistical Analysis
We used normalization by median, log transformation and
Pareto scaling approach described previously (Katajamaa and
Orešič, 2007) to eliminate noise and artifact. To reduce the innate
complexity of metabolomics data, multivariate analysis and
dimensionality reduction tools such as Principal Component
Analysis (PCA) and Partial Least Squared—Discriminant
Analysis (PLS-DA) were used to identify significant differences
in the metabolic profile of the groups investigated. PCA was
performed on treatment groups and the QC group to validate the
LC-MS analysis’s accuracy and identify the presence of outliers
(Sangster et al., 2006). Moreover, PLS-DA was performed on the
treatment groups to highlight differences in metabolic profiles
and identify important metabolites (Lee et al., 2018).

R2 and Q2 parameters estimate the “goodness of fit” and
“goodness of prediction” for each model, respectively (Triba
et al., 2015). PLS-DA models with R2 and Q2 > 0.5 were
deemed good fitting and good predictability, respectively.

TABLE 1 | Injection design of GnRH-III (100 ng/g fish wet weight) and gGnIH
(50 ng/g fish) treatments, dissolved in PBS solution. Double injection with PBS
(Group 1) served as control group. Intraperitoneal injections were administered at
T0 and T12 h followed by samples collection at 24 h post first injection.

Group T0 h T12 h

1 PBS PBS
2 PBS GnRH
3 GnRH GnRH
4 PBS GnIH
5 GnIH GnIH
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Furthermore, a cross-validation process (CV-ANOVA) based on
a 7-fold cross-validation permutation testing method was used to
assess the significance of the PLS-DA models. Models with a
p-value <0.05 were considered significant.

We used Variable Importance in Projection (VIP) > 1 as a
variable selection method and threshold to identify significant
metabolites in the PLS-DA models. Metabolites with VIP score
>1 were selected for each model to generate heatmaps and
pathway analysis (MetPA; MetaboAnalyst 4.0). The clustered
heatmaps display the relative concentration of metabolites and
an overview of the metabolic profile for various treatment groups
to visualize changes in metabolite concentrations. Hierarchical
clustering was conducted on the rows/variables of the data matrix
and the dendrograms cluster metabolites that undergo similar
changes in abundance. Finally, differences in the levels of
metabolites in various groups were tested by one-way
ANOVA, followed by Tukey’s post-hoc analyses that identify

differences between groups (Table 2). To further investigate
differences between seasons, we conducted multiple t-tests,
and the p-values are also shown in Supplementary Table S5.
The effect of single and double injection with GnRH and GnIH
on basal metabolism was also analyzed with ANOVA and
multiple t-tests (Supplementary Tables S6–S13).

p-value adjusted for multiple comparisons using False
Discovery Rate (FDR) < 0.05 indicates a significant difference
between groups.

2.5 Pathway Analysis
The concentration levels of the VIP > 1 metabolites identified for
every PLS-DA model were used to conduct pathway analysis and
determination of metabolic pathways involved in different
treatment groups. In the present study, we used the MetPA
metabolomics pathway analysis offered by the Metaboanalyst
4.0 platform as an analytical tool (Xia et al., 2010). Pathway

TABLE 2 | One-way ANOVA results of all the VIP > 1 metabolites identified for the three PLS-DA models investigating the metabolic changes between reproductive phases
(Regressed, Mid and Late). Tukey’s post-hoc test was used for multiple comparisons following ANOVA.

VIP metabolites p-value FDR Tukey’s HSD

Taurine 1.55 × 10−5 0.00041 Late-Regressed; Late-Mid
Glutamic acid 2.16 × 10−5 0.00041 Late-Regressed; Late-Mid
GMP 2.36 × 10−5 0.00041 Mid-Regressed; Late-Mid
Asparagine 3.75 × 10−5 0.00046 Mid-Regressed; Late-Mid
Uridine 4.44 × 10−5 0.00046 Mid-Regressed; Late-Mid
Acetylglutamine 0.00011 0.00092 Mid-Regressed; Late-Mid
Ophthalmic acid 0.00019 0.0014 Mid-Regressed; Late-Regressed
Acetoacetic acid 0.00028 0.0017 Late-Regressed; Late-Mid
Uric acid 0.00029 0.0017 Mid-Regressed; Late-Mid
Glucose 1-phosphate 0.0005 0.0026 Late-Regressed; Late-Mid
Adenine 0.0006 0.0026 Mid-Regressed; Late-Mid
Pantothenic acid 0.0008 0.0033 Late-Regressed; Late-Mid
CMP 0.0009 0.0036 Late-Mid
Glutathione 0.0012 0.0044 Late-Regressed; Late-Mid
Glycogen 0.0014 0.0048 Mid-Regressed
Glucose 0.0017 0.0054 Late-Regressed
Inosinic acid 0.0028 0.0081 Mid-Regressed; Late-Mid
Histidine 0.0028 0.0081 Late-Regressed; Late-Mid
Guanosine 0.0058 0.015 Mid-Regressed; Late-Regressed
Adenosine 0.0060 0.015 Mid-Regressed
Fructose 0.0061 0.015 Late-Regressed
Allantoin 0.0078 0.018 Late-Mid
Arginine 0.0081 0.018 Late-Regressed
EAP 0.0088 0.019 Late-Mid
Ornithine 0.011 0.022 Late-Mid
Citrulline 0.011 0.023 Late-Mid
Creatine 0.013 0.024 Late-Regressed; Late-Mid
Aminoadipic acid 0.015 0.028 Mid-Regressed; Late-Mid
AMP 0.016 0.028 Late-Mid
UMP 0.016 0.028 Late-Regressed; Late-Mid
Alanine 0.017 0.029 Late-Regressed; Late-Mid
Valine 0.021 0.032 Late-Regressed
Inosine 0.021 0.032 Mid-Regressed
Tyrosine 0.022 0.032 Late-Regressed
Phenylalanine 0.022 0.032 Late-Regressed
Malonate 0.022 0.032 Late-Mid
Lysine 0.029 0.040 Late-Regressed
Pterin 0.030 0.040 Late-Mid
Leucine 0.030 0.040 Late-Regressed
Ciliatine 0.035 0.045 Late-Regressed

p-value <0.05 indicates statistically significant differences between groups. False Discovery Rate (FDR) indicates the p-value adjusted for multiple comparisons.
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analysis in MetPa combines quantitative enrichment analysis
based on the metabolite concentration values and topological
analysis that measures the importance of a metabolite in the
metabolic pathway. The nodes importance value (pathway
impact) is calculated from centrality measures, normalized by
the sum of the importance value of metabolites in the pathway
(Xia et al., 2010). In this regard, the impact value of zero indicates
a relatively low number of connections of one node to others. This
suggests that the matched metabolites for a specific pathway have
a marginal role concerning the “length” and complexity of the
pathway. The global test and Relative-betweenness Centrality
were selected as algorithms for the enrichment and topological
analysis, respectively (Chong et al., 2019). In the present study, we
used the zebrafish (Danio rerio) KEGG pathway library as a
reference.

3 RESULTS

3.1 Characterization of Fish Hepatic
Metabolism at Different Stages of the
Seasonal Cycle
Female liver samples collected at different stages of the
reproductive cycle were analyzed using LC-MS for relative
quantification of metabolites. Samples were analyzed using
negative-mode electrospray ionization, and complementary
analysis using positive-mode was not carried out in the
present study. A targeted metabolomics profiling approach
using an m/z and retention times standard library led to the
identification of 71 metabolites in the aqueous phase of liver
extracts. Examples of peak detection and measurements are
shown in Supplementary Figure S1. Furthermore, the average
peak intensity (±SEM) of the VIP > 1metabolites during the three
investigated reproductive stages is provided in Supplementary
Table S1. In this study, we used both univariate and multivariate
statistical and visualization techniques to comprehensively
characterize the metabolic profile of different reproductive
stages and investigate seasonal variations in metabolism.
Chemometrics tools such as PLS-DA and PCA were used to
reduce the dimensionality of the dataset and to visualize
similarities (cluster formation) and dissimilarities (cluster
separation) between the investigated groups. PCA was
conducted on the metabolic data obtained from the Control
samples collected from female goldfish at three stages of
reproduction. The three groups included fish at regressed
gonadal phase/somatotropic phase (n = 10), mid
recrudescence (n = 10), and late recrudescence (n = 10). We
also used a quality control group (QC, n = 5) (Supplementary
Figure S2). The PCA scatter plot shows a strong cluster
formation for the QC group, confirming the reliability of our
dataset and the absence of outliers as all samples fall within the
95% confidence area. We performed PLS-DA on the dataset to
further explore the shift seen in the PCA analysis. In the
supervised multivariate modelling method, the PLS-DA
algorithm combines dimensionality reduction and discriminant
analysis, using the group ID of samples. Hence, PLS-DA provides

a robust predictive and descriptive regression model (Lee et al.,
2018). The score scatter plot obtained from PLS-DA analysis
revealed a significant shift in the metabolic profile of the three
gonadal stages (Regressed, Mid and Late; Figure 1). Statistical
significance of the identified shift was assessed by the R2 and Q2

parameters (R2 = 0.842,Q2 = 0.658) and by CV-ANOVA (p = 2.75 ×
10−5) (Figure 1). To further investigate the observed metabolic
shift, we performed pairwise analysis for each group and obtained
significant differences for all PLS-DA models: Regressed/Mid:
0.0011; Mid/Late: 0.0009; Late/Regressed: 4.91 × 10−5 (Figure 1).
In the present study, each season was compared with the other
two. We identified the dominant metabolites in each PLS-DA
model by selecting the metabolites with VIP score >1 to
characterize the phenotypes at the three recrudescence stages
investigated (Figure 2). Given the large number of variables
provided by LC-MS analysis, data sets are often difficult to
interpret and feature selection prior to pattern recognition
becomes a critical step in the metabolomics studies (Lê Cao
et al., 2011). Thus, metabolites with a VIP score >1 can be
regarded as molecular markers that indicate the status of a
given condition and differences among the treatment groups
(Gorrochategui et al., 2016). The stacked bar graph shown in
Figure 2 compares the VIP score (>1) of the identified
metabolites in each model as a contribution to the whole
dataset (Figure 2). Furthermore, Figure 2 shows similarities
between models and highlights differences in the contribution
of variables, suggesting that the hepatic metabolic profile of the
three stages of reproduction is considerably different. Figure 3
illustrates the relationship between the three built models by
showing the number of overlapping variables. The Venn diagram
can directly compare models, determine the number of identified
VIP > 1 metabolites in each model, and highlight the number of
unique and shared variables. In the Regressed/Mid models, we
identified 30 VIP > 1 metabolites where 15 metabolites were
similar to the Late/Regressed model and 11 with the Mid/Late
model. We also identified 30metabolites with VIP > 1 in the Late/
Regressed model and 31 in the Mid/Late-model, with 14 common
metabolites between these two. The three metabolites with a VIP
score >1 common in all groups were Acetoacetic acid, Guanosine
monophosphate (GMP) and Uric acid. We combined the
metabolites with VIP > 1 of each model for heatmap
generation among the 52 distinguishing metabolites. The
clustered heatmap presented in Figure 4 shows the group-
average concentration of all VIP > 1 metabolites, providing
insight into the relationship between metabolites in the three
reproductive stages, facilitating the visualization of their relative
abundance (Figure 4). Additionally, the hierarchical clustering
analysis accompanying the heatmap revealed the presence of
three primary metabolites clusters since three main branches
occur at similar distances (Figure 4). The interpretation of the
heatmap is further facilitated by one-way ANOVA results
(Table 2) and multiple t-test comparisons (Supplementary
Table S5). Finally, to fully characterize the changes in basal
metabolism related to the three reproductive stages, we
conducted a pairwise pathways analysis to investigate the
differences. Metabolites with VIP > 1 obtained in the three
built models were submitted to the Metaboanalyst 4.0
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platform for the pathway analysis (Xia et al., 2010). The analysis
of the biochemical processes data in this study was based on the
zebrafish (Danio rerio) pathway library of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al.,
2019). Pathway analysis used in this study integrates quantitative
pathway enrichment analysis (QEA) that measures differences in
metabolites concentration between groups (p-value), and
network topology analysis that estimates the relative
importance of metabolites based on their relative position in a
given pathway (pathway impact). The results of the pairwise
pathway analysis shown in Figure 5 describe differences in
metabolic activities and patterns of energy allocation between
the seasons. The detailed results of the pathways impacted in each
comparison are presented in Supplementary Tables S2–S4. Our
results demonstrate that purine and pyrimidine metabolism are
among the main pathways contributing to the differences
observed between the fish at regressed phase and mid
recrudescence, and between mid and late recrudescence groups
(Figure 5). Changes in the concentration of metabolites such as
guanosine, inosine, adenine, and adenosine suggest increased
activity of the purine salvage pathway during the regressed
phase compared to mid recrudescence (Figure 4). On the
other hand, the high levels of inosinic acid, AMP and GMP
suggest an increased de novo purine synthesis during mid
recrudescence, compared to regressed and late recrudescence
(Figure 4). On the contrary, elevated concentration of
allantoin, hypoxanthine and xanthine in late compared to mid
recrudescence suggests an enhanced purine degradation in the
late recrudescence stage (Figure 4). Pathway analysis comparing
regressed and mid recrudescence and regressed and late
recrudescence indicate changes in the metabolism of several
amino acids, including taurine, arginine, tyrosine, lysine,
methionine, valine, leucine, histidine, alanine, threonine and
phenylalanine (Figure 5). The heatmap, supported by
ANOVA and multiple t-test analysis (Table 2; Supplementary
Table S5), indicates that these amino acids have significantly
higher concentrations during the regressed phase than mid and
late recrudescence. Thus, the results suggest higher levels of
amino acid turnover to support protein synthesis during the
stage of maximal growth (gonadal regressed phase; Figure 4). The
glycogen concentration was significantly higher in the regressed
than the mid and late recrudescence groups, as shown in the
heatmap (Figure 4) and the ANOVA and t-test analysis (Table 2;
Supplementary Table S5). In fish, the liver is the main site for
glycogen buildup, and lower concentrations occur in the brain
and the skeletal muscle (Soengas et al., 1993). Our results
demonstrate an enhanced glycogen synthesis during the
regressed phase, consistent with previous studies in brackish-
water fish, common roach R. rutilus (Rinchard and Kestemont,
2003) and flounder (Petersen and Emmersen, 1977). Finally,
taurine, hypotaurine and tyrosine metabolism are enhanced
during the regressed phase, as shown in the heatmap and
pathway analysis comparing regressed to mid and late
recrudescence (Figures 4, 5). The functional amino acid
taurine and thyroid hormones (derived from tyrosine) are
essential for normal growth (Power et al., 2001; Andersen
et al., 2016). The results demonstrate enhanced anabolic

pathways such as protein and glycogen synthesis during the
regressed gonadal phase, corresponding to the stage of the
maximal growth period. Pathway analysis comparing mid and
late recrudescence metabolic profiles demonstrate significant
differences in lipid metabolism (Figure 5). Based on the
results of distinguishing VIP metabolites and enriched
pathways, fatty acid biosynthesis, sphingolipid, and
glycerophospholipid metabolism were more active in the liver
of mid recrudescence fish than late (Figure 4). This is
corroborated by the ANOVA results of
O-Phosphoethanolamine (a metabolite of the phospholipid
synthesis pathway; EAP in the heatmap) and malonate (first
step product of fatty acids synthesis) that indicate a significant
increase of these metabolites in mid compared to late
recrudescence (Table 2). Consistent with previous studies,
these results indicate an enhanced lipid production and
mobilization in the liver supporting the vitellogenesis process
during mid recrudescence (Rinchard and Kestemont, 2003).
Validated by the ANOVA results, mid recrudescence is
characterized by high levels of ornithine and citrulline,
metabolites derived from arginine metabolism (Table 2).
Results of pathway analysis confirm the different activity of
the arginine biosynthesis pathway when comparing regressed
and mid recrudescence fish (Figure 5). Arginine metabolism is
associated with the reproductive system and can affect fecundity
by regulating vitellogenesis and egg quality (Waters et al., 1992).
Pathway analysis comparing Mid and late recrudescence
highlights changes in the metabolism of several amino acids,
including arginine, cysteine, methionine, taurine, hypotaurine,
histidine, leucine, tyrosine, phenylalanine, and glutamine
(Figure 5). The heatmap in Figure 4 demonstrates lower
concentrations of these and other amino acids during the late
recrudescence than regressed and mid, suggesting a lower activity
of amino acids and protein metabolism in the final stages of
gonadal recrudescence. The late recrudescence is also
characterized by significantly lower levels of the ketone bodies
acetoacetic acid and hydroxybutyric acid compared to regressed
and mid recrudescence as shown in the heatmap and ANOVA
analysis (Figure 4;Table 2). In male fish, however, late recrudesce
was characterized by significantly higher levels of ketone bodies
than those at regressed and mid recrudescence (Ladisa et al.,
2021). Furthermore, late recrudescence is characterized by
significantly higher glutathione levels (Figure 4; Table 2),
indicating an enhanced glutathione metabolism as
demonstrated by the pathway analysis results comparing late
to both regressed and mid recrudescence (Figure 5).

3.2 Effects of Acute Treatments With
Gonadotropin-Releasing Hormone and
Gonadotropin-Inhibitory Hormone on
Metabolism
GnRH and GnIH can regulate both gonadotropic and
somatotropic activities and are involved in the multifactorial
regulation of growth and reproduction in goldfish. We injected
GnRH and GnIH in adult female goldfish at three stages of the
gonadal cycle to investigate their potential effects on liver
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metabolism. GnRH-III, one of the two native isoforms in goldfish
(Yu et al., 1991), and goldfish GnIH (gGnIH) were used in the
present study. Fish received a single or double injection of GnRH-
III or GnIH at T0 and T12 h and sacrificed 24 h after the first
injection, as shown in Table 1. Injections with PBS (PBS + PBS)
served as the control (Ctrl) in the present study. The time-course
of the treatments was based on previous studies with GnRH on
goldfish in which the first injection served as a priming treatment.
Multiple GnRH injections were shown to enhance subsequent LH
production (Omeljaniuk et al., 1989; Moussavi et al., 2012,
Moussavi et al., 2013, Moussavi et al., 2014). However, it is
likely that the acute nature of GnRH and GnIH treatments
used in the present study may not be sufficient to elicit
changes seen in different seasons. The metabolomics data
collected for GnRH (Ctrl, PBS + GnRH, GnRH + GnRH) and
GnIH (Ctrl, PBS + GnIH, GnIH + GnIH) treatments were
analyzed independently to reduce the impact of artifacts and
maximize the predictive ability of multivariate analysis. A
standard library of retention times and m/z, with Maven
software, led to the identification of 64 metabolites in the
GnRH treated and 59 metabolites in the GnIH treated groups.
PLS-DA was performed on the three treatment groups (control,

single and double hormone injection) for each reproductive phase
to investigate differences in the metabolic profiles of the three
groups tested (Figure 6). PLS-DA models built for GnRH
treatments show a statistically significant difference in the
metabolic profile of the three treatment groups in the
regressed (p-value = 0.001) and mid recrudescence (p-value =
0.046; Table 3) stages. On the other hand, GnRH treatment in the
late recrudesce and GnIH treatment in all reproductive stages did
not result in a statistically significant PLS-DA model for various
treatment groups (Table 3). Variable selection based on the VIP
score >1 criterion identified 26 metabolites in the regressed stage,
25 in the mid and 24 in the late recrudescence for the GnRH
treatment groups (Figure 7A). For the GnIH treated groups,
variable selection based on the VIP score >1 criterion identified
23 metabolites in the regressed stage, and 16 and 18 for the mid
and late recrudesce, respectively (Figure 7B). The stacked bar
graphs presented in Figure 7 show differences between models in
terms of metabolite importance (VIP score >1), indicating
different metabolic actions of hormones at different stages of
gonadal recrudescence and providing a basis for comparing
GnRH and GnIH effects. We employed multivariate and
univariate statistical and visualization methods for each

FIGURE 1 | Score scatter plot of the built Partial-Least Squares—Discriminant analysis (PLS-DA) models. The “All groups” model investigate the change in liver
metabolism of the three groups corresponding to the three reproductive stages (A). Groups were also analyzed in a pair-wise manner: Regressed/Mid (B), Mid/Late (C)
and Late/Regressed (D). Each axis represents a component that is a source of variation between samples (shown as percentage in parenthesis). Each point represents
normalized concentrations of the complete metabolite set of a liver sample. Regressed: regressed gonadal phase/somatotropic phase (n:10); Mid: mid gonadal
recrudescence (n:10); Late: late gonadal recrudescence (n:10). The table shows results for statistical analysis obtained for the built models. R2 assess the “goodness of
fit” and Q2 asses the “goodness of prediction”. p-values were measured via CV-ANOVA based on a 7-fold cross validation permutation testing method. p-value <0.05
indicate significant difference.
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model’s VIP > 1 metabolites to investigate differences between
treatment groups. To analyze the acute effect of GnRH and GnIH
on seasonally-dependent basal metabolism, one clustered
heatmap was built for each PLS-DA model highlighting the
impact of single and double injection treatment (six in total,
Figure 8). One-way ANOVA accompanied by multiple t-tests
identified significant changes between experimental groups
(Supplementary Tables S6-S13). Pathway analysis performed
on the Metaboanalyst 4.0 platform identified metabolic pathways
and physiological processes altered by treatments with GnRH and
GnIH (Table 4). Within each reproductive phase, single and
double hormone injected groups were compared independently

to their respective control groups as the pathway analysis tool
only allows the comparison between two groups at a time. The
metabolic pathways impacted by single and double injection with
GnRH or GnIH in the three stages of gonadal recrudescence are
summarized in Table 4. Supplementary Tables S14, S15
provides more details on pathways analysis results.

3.2.1 Regressed Gonadal Phase—Growth Phase
During the regressed phase corresponding to the period of
maximal growth, a single injection with GnRH significantly
impacted purine and pyrimidine metabolism (Table 4). As
shown in the heatmap (Figure 8) and confirmed by ANOVA

FIGURE 2 | Stacked bar graph comparing the VIP > 1metabolites the three PLS-DAmodels: Reg/Mid (blue), Mid/Late (burgundy), Late/Reg (orange). Colored bars
represent the VIP score (>1) in each model as contribution to the whole. The VIP score estimates the importance of each metabolite in the PLS-DA models providing
useful insight on the differences between models.
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results (Supplementary Table S6), hypoxanthine, xanthine, and
uric acid were significantly increased following a single GnRH
injection, compared to the control, suggesting elevated purine
degradation. Interestingly, in the regressed phase, purine
metabolism was also significantly altered by double injection
with GnIH (Table 4). Single GnRH injection and single and
double injections with GnIH increased purine degradation by
inducing higher hypoxanthine, xanthine, and uric acid levels than
the control (Figure 8). It should be noted that basal
hypoxanthine, xanthine and uric acid levels were also higher
in the late recrudescence than regressed and mid recrudescence,
indicating that GnRH and GnIH treatment in the regressed phase
can alter the pathways to resemble that observed during late
recrudescence. As shown in the heatmap, a single injection with
GnRH decreased the concentration of several carbohydrates such
as glycogen, raffinose, oligomaltose, sucrose, fructose, glucose and
glucose 6-phosphate (Figure 8). However, based on ANOVA,
only differences for sucrose, fructose and glucose were statistically
significant (Supplementary Table S6), and starch, sucrose and
galactose metabolism were not significantly impacted (Table 4).
Furthermore, single injection with GnRH enhanced ketone
bodies metabolism resulting in a higher concentration of 3-
hydroxybutyric acid than the control, as highlighted by the
heatmap (Figure 8). Unlike single injection, double injection
with GnRH did not change the metabolic pathways (Table 4),
and the level of metabolites shown in the heatmap are similar to
the control (Figure 8). Single injection with GnIH during the

regressed phase also altered the metabolism of several amino
acids, including alanine, aspartate, glutamate, glycine, serine and
threonine metabolism, while double injection with GnIH
significantly impacted the metabolism of carbohydrates,
including galactose (Table 4). Accordingly, sucrose
concentration was decreased by both single and double
injection with GnIH (Figure 8). Single and double GnIH
injection increased creatine level (Figure 8), suggesting the
involvement of GnIH in the energy homeostasis. Creatine and
its phosphorylated form function as an energy buffer facilitating
ATP recycling to support the cellular energy balance (Borchel
et al., 2019).

3.2.2 Mid Recrudescence
Pathway analysis during mid recrudescence revealed different
metabolic pathways affected following single and double injection
with GnRH (Table 4). This is supported by the VIP > 1
metabolites’ heatmap, also showing a significantly different
profile between single and double GnRH-injected groups
(Figure 8). Single GnRH injection significantly altered
metabolic pathways connected to the lipid metabolism
(glycerophospholipid and glycerolipid metabolism; Table 4),
which correlated with significantly lower levels of
O-phosphoethanolamine (EAP) compared to the control
(Figure 8; Supplementary Table S6). Single injection with
GnRH also altered the purine and pyrimidine metabolism
(Table 4). In this context, changes in the concentration of
relevant metabolites indicate decreased purine and pyrimidine
synthesis and increased purine degradation (Figure 8). Double
injection with GnRH altered pathways connected to the
carbohydrate metabolism. We observed significant changes in
starch, sucrose, galactose, ketone bodies metabolism as well as the
metabolism of several amino acids, including taurine, valine,
leucine, isoleucine and tyrosine (Table 4). As for GnIH, single
injection during mid recrudescence did not significantly change
metabolic pathways annotated in the KEGGDanio rerio database
(Table 4). However, double injection with GnIH significantly
altered the metabolism of purine and pyrimidine, pantothenate,
and the metabolism of several amino acids (Table 4). As shown in
the heatmap, double injection with GnIH also increased the
glucose and glucose 6-phosphate and decreased glutamine
levels, compared to control (Figure 8; Supplementary
Table S10).

3.2.3 Late Recrudescence
Single injection with GnRH in late recrudescence altered
pathways related to carbohydrate and energy metabolism such
as fructose and mannose metabolism, glycolysis/gluconeogenesis
and TCA cycle (Table 4). On the other hand, double injection
with GnRH impacted the metabolism of amino acids such as
alanine, aspartate, glutamate, and arginine (Table 4). Also shown
in the heatmap of VIP > 1metabolites, single and double injection
with GnRH decreased the levels of carbohydrates such as
glycogen, raffinose, oligomaltose and sucrose, while increasing
the levels of glucose, fructose, dihydroxyacetone phosphate
(DHAP) and succinic acid (Figure 8). These results suggest
that GnRH promotes the degradation of carbohydrate storage

FIGURE 3 | Venn diagram displaying the number of unique and common
VIP > 1 metabolites between PLS-DA models. The Regressed/Mid PLS-DA
model has 30metabolites with VIP score >1 and share 15metabolites with the
Late/Regressed model and 11 with the Mid/Late model. The Late/
Regressed and the Mid/Late model have 30 and 31 VIP > 1 metabolites,
respectively and 14 are in common between the two models. Three
metabolites are shared by the three models: Acetoacetic acid, Guanosine
monophosphate (GMP) and Uric acid.
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to be used as an energy source via glycolysis and the TCA cycle. In
the case of GnIH, both single and double injections affected
similar pathways, although double injection exerted greater

effects than single injection (Figure 8). As shown in the
heatmap of VIP > 1 metabolites, the concentrations of several
metabolites, including raffinose, fumaric acid and succinic acid,

FIGURE 4 | Photographs of ovaries used at different gonadal stages (A). Clustered heatmap of the VIP > 1 metabolites identified in the three models. Shades of
blue and red indicate decreases and increases in the concentrations of metabolites in each reproductive phase, respectively (B).
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were progressively reduced following single and double treatment
with GnIH (Figure 8). In this context, pathways related to energy
metabolism (propanoate and pyruvate metabolism, TCA cycle)
were impacted to a greater extent by double injection than single
injection with GnIH (Table 4). Double injection with GnIH
significantly affected lipid metabolism by altering pathways
such as biosynthesis of unsaturated fatty acids, glycerolipid
and sphingolipid metabolism (Table 4). Changes in the
concentration of relevant metabolites such as docosahexaenoic
acid (DHA) and O-phosphoethanolamine (EAP) suggest a
stimulatory action of GnIH on these metabolic pathways
(Figure 8). Furthermore, double injection with GnIH
significantly inhibited ketone bodies metabolism as the levels
of 3-hydroxybutiric acid are decreased by single and double
injections (Figures 8).

4 DISCUSSION

In the present study, we used an LC-MS-based targeted
metabolomics approach to investigate the hepatic metabolic
profile of sexually mature female goldfish in three stages of the
reproductive cycle, including the regressed gonadal stage
corresponding to the period of maximal growth as well as mid
and late gonadal recrudescence. Moreover, we investigated the
effects of acute injections with GnRH and GnIH on liver
metabolism to explore the potential involvement of these
hormones in the control of energy allocation during growth
and reproduction in goldfish. The liver was chosen as a tissue
of interest since it is the primary energy hub and is responsive to

hormonal and metabolic signals, influencing the whole-body
metabolism (Rui, 2014). Furthermore, the liver is the site of
Vtg synthesis, which is a precursor molecule for yolk proteins
(Reading and Sullivan, 2011).

4.1 Metabolic Changes During Growth and
Reproductive Phase
The multivariate and univariate analysis allowed the
identification of significant changes in the hepatic metabolic
profile of female goldfish during different stages of the
reproductive cycle. Based on the observed changes in the
levels of metabolites and active metabolic pathways, we were
able to identify changes in amino acid, carbohydrate, lipid,
nucleotide, and energy metabolism during growth and
reproductive cycles.

4.1.1 Regressed Gonadal Phase is Characterized by
Growth-Promoting Processes
Maximal growth is observed during the regressed gonadal phase
in fish, and our results demonstrate an enhanced nucleotide and
protein metabolism during this period. Higher concentrations of
amino acids including tyrosine, arginine, alanine, lysine, leucine,
valine, methionine, histidine, tryptophan and phenylalanine
indicate an increased amino acids metabolism and turnover
possibly in support of enhanced protein synthesis (Figure 4;
Table 2). The observed higher concentration of tyrosine in
regressed, compared to mid and late recrudescence, is
correlated with higher circulating thyroid hormones (T3 and
T4) in the regressed goldfish (Sohn et al., 1999). Our results

FIGURE 5 |Results summary of pathway analysis showing themain altered metabolic pathways in each comparison. Pathways with p-value < 0.05 are considered
significantly altered between the investigated phases. The detailed results of pathway analysis for each comparison are shown in Supplementary Tables S2–S4.
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combined with observed higher thyroid hormone receptor (TRβ)
mRNA level in the regressed female goldfish liver (Ma et al.,
2020b), provide further support for the hypothesis that thyroid
hormones are essential components of growth response during
the regressed gonadal phase in fish. It should be noted that the
role of thyroid hormones in the control of growth is widely
recognized (Cabello and Wrutniak, 1989; Nelson and Habibi,
2009). Thyroid hormones regulate GH and IGF-1 production as
well as liver GH receptor synthesis in several vertebrates (Tsukada
et al., 1998; Schmid et al., 2003). Besides interacting with the
somatotropic axis, thyroid hormones can directly stimulate
growth by enhancing protein synthesis and regulating glucose
homeostasis. T3 was shown to increase protein synthesis at a pre-
translational level through stimulation of ribosomal and nuclear
RNA synthesis (Müller and Seitz, 1984). We hypothesize that the
enhanced amino acid metabolism demonstrated during the
regressed phase results from increased protein synthesis

FIGURE 6 | PLS-DA score scatter plots of the models investigating the acute effect of GnRH and GnIH in the three investigated reproductive phases: regressed
phase/growth phase, mid recrudescence and late recrudescence. Each graph shows the shift in liver metabolism between Control (PBS + PBS), single injection with
GnRH or GnIH (PBS + GnRH/GnIH) and double injection with GnRH or GnIH (GnRH/GnIH + GnRH/GnIH). Each point represents concentrations of the complete
metabolite set of a liver sample of the respective group. Axes represent the first and second component that is a source of variation between samples.

TABLE 3 | Statistical values for the Partial Least Squares—Discriminant Analysis
(PLS-DA) models investigating the effect of GnRH and GnIH in the three
investigated reproductive stages (Regressed, Mid and Late). Each model
represents the comparison of three groups: control, single and double injection
withGnRH orGnIH.R2 andQ2 parameters measure the “goodness of fit” and
“goodness of prediction” respectively for each model. Statistical significance
(p-value < 0.05) of models was assessed via Cross Validated—ANOVA (CV-
ANOVA) based on a 7-fold cross validation permutation testing method.

GnRH

Model R2 Q2 p-value

Regressed 0.39 0.296 0.001
Mid 0.393 0.279 0.046
Late 0.395 0.117 0.097

GnIH

Regressed 0.618 0.195 0.579
Mid 0.306 0 0.99
Late 0.626 0.282 0.99

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83468812

Ladisa et al. Metabolic Profiling of Growth/Reproduction

41

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


stimulated by thyroid hormones and GH. These hormones are
present at higher levels during the regressed phase (Marchant and
Peter, 1986; Sohn et al., 1999). Thyroid hormones stimulate
enzymes of the gluconeogenic pathway, resulting in increased
plasma glucose levels in several fish species (Deal and Volkoff,
2020). The hyperglycemic effect of thyroid hormones may be a
contributing reason for higher concentrations of glucose and
fructose observed in the present study during the regressed phase,
compared to late recrudescence (Figure 4; Table 2). Increased
glucose utilization would support protein synthesis by enhancing
energy metabolism and synthesis of amino acids from
intermediates of the TCA cycle. This is validated by the
pathway analysis results comparing regressed and mid-
recrudescent fish that show a significant impact on pathways
related to energy metabolism, such as pyruvate metabolism and
the TCA cycle (Figure 5). We hypothesize that the observed
increases in taurine and hypotaurine metabolism in the growth
stage result from increased anabolic pathways activity (Figure 5).
The sulphur-containing amino acid taurine plays a crucial role in
supporting growth-related processes by modulating metabolism

and nutrient utilization (Salze and Davis, 2015; de Moura et al.,
2018). Taurine effects on growth and reproductive performances
have been widely explored in fish nutrition. In several teleost
species, dietary taurine supplementation improved glucose
metabolism by increasing gene expressions and activity of
enzymes involved in glycogen synthesis and anabolic pathways
(Sampath et al., 2020). Thus, taurine may contribute to the
enhanced glycogen synthesis observed during the regressed
phase (Figure 4; Table 2).

4.1.2 Metabolic Profile During Mid and Late
Recrudescence
The investigation of the metabolic profile of mid and late
recrudescence highlighted differences concerning amino acid,
nucleotide, lipid and carbohydrate metabolism. In accordance with
previous studies conducted on goldfish (Delahunty et al., 1978),
common roach, white bream (Rinchard and Kestemont, 2003), singi
fish (Dasmahapatra and Medda, 1982) and flounder (Petersen and
Emmersen, 1977), our results demonstrate a significantly lower
concentration of glycogen in mid recrudescence compared to

FIGURE 7 | Stacked bar graph showing the metabolites with VIP score >1 identified in the PLS-DA models of GnRH (A) and GnIH (B) treatments in the three
investigated reproductive phases: regressed phase/growth phase (black), mid recrudescence (grey) and late recrudescence (white). Colored bars represent the VIP
score of the metabolite as contribution to the whole. For each reproductive phase, the model represents the comparison between three groups: control, single and
double injection with GnRH or GnIH.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83468813

Ladisa et al. Metabolic Profiling of Growth/Reproduction

42

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


FIGURE 8 | Clustered heatmap showing the metabolites with VIP score >1 of the PLS-DA models for GnRH (A) and GnIH (B) treatments in the three investigated
reproductive phases (Regressed, Mid and Late). For each reproductive phase, the effect of hormones on metabolites was investigated comparing the corresponding
control group, single and double injection with GnRH or GnIH groups. Each column represents the group-average concentration of all VIP > 1 metabolites. Decrease or
increase of metabolites concentration is indicated by shades of blue and red, respectively. The heatmap was constructed using Ward’s algorithm and the
accompanying clustering analysis measures Euclidean distance.
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regressed phase. This result suggests an elevated breakdown of
glycogen as an energy source to support the vitellogenic process.
This is consistent with the observed higher glucose 1-phosphate in
mid compared to late recrudescence (Figure 4; Table 2).
Furthermore, the elevated degradation of glycogen can be
correlated to the higher circulating estrogen and liver estrogen

receptor levels measured in mid recrudescence compared to other
reproductive stages (Nelson and Habibi, 2013; Ma et al., 2020b).
Accordingly, injections of estrogen in singi fish reduced glycogen and
increased liver lipid content of vitellogenic female fish (Dasmahapatra
and Medda, 1982). Our results also demonstrate enhanced lipid
metabolism, particularly glycerophospholipid and sphingolipid

TABLE 4 | Summary of the main altered metabolic pathways resulted from pathway analysis investigating the effect of single and double injection with GnRH (above) and
GnIH (below) during the three investigated reproductive stages (Regressed, Mid and Late).

GnRH

Regressed Mid Late

Metabolic
pathway

PBS +
GnRH

GnRH
+

GnRH

Metabolic
pathway

PBS +
GnRH

GnRH
+

GnRH

Metabolic
pathway

PBS +
GnRH

GnRH
+

GnRH

Purine metabolism 2.71
×10−7

0.1783 Glycerophospholipid
metabolism

0.0005 0.4777 Citrate cycle (TCA cycle) 0.0006 0.3684

Ketone bodies metabolism 0.0175 0.1322 Glycerolipid metabolism 0.0011 0.4256 Nucleotide sugar metabolism 0.0258 0.2765
Butanoate metabolism 0.0175 0.1322 Histidine metabolism 0.0038 0.3139 Fructose and mannose metabolism 0.0274 0.1099
Pyrimidine metabolism 0.0257 0.1479 beta-Alanine metabolism 0.0038 0.3139 Glycolysis/Gluconeogenesis 0.0274 0.1099
Nucleotide sugar metabolism 0.0347 0.8826 Nucleotide sugar metabolism 0.0100 0.7549 Ala, Asp and Glu metabolism 0.0332 0.0354
Starch and sucrose
metabolism

0.0548 0.3393 Aminoacyl-tRNA biosynthesis 0.0247 0.5035 Arginine biosynthesis 0.0699 0.0461

Cys and Met metabolism 0.0591 0.7977 Ala, Asp and Glu metabolism 0.0269 0.7510 Ketone bodies metabolism 0.3557 0.0519
Gly, Ser and Thr metabolism 0.0591 0.7977 Pyrimidine metabolism 0.0282 0.8588 Val, Leu and Ile degradation 0.3557 0.0519
Galactose metabolism 0.0653 0.3897 Arginine biosynthesis 0.0382 0.7014 Tyrosine metabolism 0.3557 0.0519
Ala, Asp and Glu metabolism 0.2830 0.1446 Purine metabolism 0.0422 0.3811 Butanoate metabolism 0.1174 0.0520
Arginine biosynthesis 0.2830 0.1446 Pentose phosphate pathway 0.1051 0.0397 Purine metabolism 0.0785 0.0639
Gln and Glu metabolism 0.2830 0.1446 Tau and hypotaurine metabolism 0.1557 0.0297 Starch and sucrose metabolism 0.1230 0.1476
Pentose phosphate pathway 0.2939 0.1893 Ketone bodies metabolism 0.3316 0.0166 Galactose metabolism 0.1179 0.1502

Butanoate metabolism 0.3316 0.0166 Glycerophospholipid metabolism 0.0682 0.2940
Starch and sucrose metabolism 0.5779 0.0405 Glycerolipid metabolism 0.0682 0.2940
Galactose metabolism 0.5779 0.0405 Tau and hypotaurine metabolism 0.1665 0.3996
Val, Leu and Ile degradation 0.6408 0.0142
Tyrosine metabolism 0.6408 0.0142

GnIH

Regressed Mid Late

Metabolic
pathway

PBS +
GnIH

GnIH
+

GnIH

Metabolic
pathway

PBS +
GnIH

GnIH
+

GnRH

Metabolic
pathway

PBS +
GnIH

GnIH
+

GnIH

Aminoacyl-tRNA
biosynthesis

0.0306 0.2793 Ala, Asp and Glu metabolism 0.1954 0.0124 Histidine metabolism 0.0287 0.4272

Ala, Asp and Glumetabolism 0.0310 0.1733 Aminoacyl-tRNA biosynthesis 0.2608 0.0121 beta-Alanine metabolism 0.1954 0.4272
Gly, Ser and Thr metabolism 0.0358 0.2188 Pyrimidine metabolism 0.3752 0.0230 Purine metabolism 0.0307 0.2047
Galactose metabolism 0.4527 0.0286 Gln and Glu metabolism 0.3617 0.0216 Pyrimidine metabolism 0.0046 0.0061
Purine metabolism 0.5252 0.0009 Arginine biosynthesis 0.3617 0.0216 Arginine biosynthesis 0.461 0.0356
Arg and Pro metabolism 0.0628 0.3981 Nitrogen metabolism 0.3617 0.0216 Propanoate metabolism 0.1462 0.0277
Phe, Tyr and Trp
biosynthesis

0.0944 0.4458 Pantothenate and CoA
biosynthesis

0.5322 0.0084 Synthesis of unsaturated fatty
acids

0.1842 0.0186

Tyrosine metabolism 0.0944 0.4458 Purine metabolism 0.6246 0.0133 Butanoate metabolism 0.2504 0.0108
Arginine biosynthesis 0.1445 0.2148 Gly, Ser and Thr metabolism 0.0502 0.1918 Ketone bodies metabolism 0.2841 0.0279
Starch and sucrose
metabolism

0.2016 0.0522 Arginine and proline metabolism 0.0695 0.2354 Citrate cycle (TCA cycle) 0.5722 0.0083

Pentose phosphate
pathway

0.2138 0.9407 Starch and sucrose metabolism 0.5782 0.0852 Glycerophospholipid metabolism 0.7752 0.0101

Glutathione metabolism 0.2604 0.5881 Tyrosine metabolism 0.7836 0.0166
Citrate cycle (TCA cycle) 0.3507 0.2370 Pyruvate metabolism 0.7836 0.0166

Gly, Ser and Thr metabolism 0.8491 0.0496
Cys and Met metabolism 0.8491 0.0496
Sphingolipid metabolism 0.9411 0.0078

Values indicate the p-value obtained from the independent comparison between control and single injection groups (PBS + GnRH or PBS +GnIH) and control and double injection groups
(GnRH + GnRH or GnIH +GnIH). p-values in red indicate significantly altered metabolic pathways (p-value < 0.05). The detailed results of pathway analysis for each comparison are shown
in Supplementary Tables S14, S15.
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metabolism and fatty acids biosynthesis, in mid compared to late
recrudescence (Figure 5). This is consistent with elevated levels of
O-phosphoethanolamine and malonate in mid compared to late
recrudescence (Table 2). Lipovitellin, a major product of Vtg
degradation, is the main component in fish egg yolk and has a
lipid content of about 20% by mass, primarily consisting of
phospholipids and triglycerides (Hara et al., 2016). The lipid
content of ovaries from wild Tilapia nilotica ranged from 12.2%
to 25.5% of the wet weight (James Henderson and Tocher, 1987).We
hypothesize that the enhanced lipid metabolism in the liver of mid-
recrudescent fish characterizes the peak vitellogenic period, during
which the mobilization of lipid from the liver is essential to support
gonadal maturation. Accordingly, transcript levels of vitellogenin in
goldfish liver in significantly higher inmid compared to regressed fish
(Ma et al., 2020b). Furthermore, the serum levels of total lipids and
phospholipids were elevated during flounder vitellogenesis (Petersen
and Emmersen, 1977). Significantly higher ornithine and citrulline
levels were also observed in mid compared to late recrudescence
(Figure 4; Table 2). These metabolites derive from arginine and
proline catabolism and are precursors in the synthesis of polyamines
such as spermidine and spermine, known to be essential for the
success of several reproductive functions in mammals (Lefèvre et al.,
2011). Polyamine synthesis seems necessary for the function and
differentiation of the somatic cell component of the ovary (Lefèvre
et al., 2011). Furthermore, studies on Xenopus oocytes indicate that
polyamines are essential for cytoplasmic maturation and protect the
oocyte in themetaphase II stage fromROS-induced apoptosis (Bassez
et al., 1990). In line with this, our results demonstrate enhanced
polyamine synthesis during mid recrudescence, indicating the
importance of these molecules in the reproductive cycle of female
goldfish. The heatmap andmultiple t-test results indicate significantly
lower concentrations of several essential amino acids, including
histidine, tryptophan, arginine, lysine, leucine, valine, methionine,
phenylalanine and threonine in late recrudescence compared to the
regressed phase (Figure 4; Table 2). Studies investigating the
composition of marine pelagic fish eggs showed an abrupt
increase in free amino acids content shortly before ovulation,
reaching a total amino acid content of 40–60% of dry mass in
newly spawned eggs (Rønnestad et al., 1999). In another study by
Qari et al. (2013) higher concentrations of essential amino acids were
observed in the ovaries of ripe goldlined seabream compared to
nearly ripe fish. The lower liver content of amino acids in late
compared to the regressed phase described in this study suggests
protein mobilization from the liver to the ovaries as the fish reaches
maturation and highlights the importance of essential amino acids in
the reproductive phase of the annual cycle. Pathway analysis results
indicate that late recrudescence is also characterized by significantly
altered purine metabolism compared to mid recrudescence
(Figure 5). Accordingly, the heatmap shows higher levels of
hypoxanthine, xanthine, uric acid and allantoin (Figures 4, 5) that
are metabolites of the degradation pathway of purine metabolism. In
fish, purine degradation ends with the oxidation of uric acid to
allantoin by the enzyme urate oxidase (Kinsella et al., 1985). Uric acid
is an important antioxidant in humans, and several studies have
demonstrated its potent ability as a scavenger of oxygen singlet and
hydroxyl radicals (Kand’ár et al., 2006). In the liver of mildly diabetic
rats, uric acid and xanthine concentration were threefold and sixfold

higher than control, respectively, revealing the role of these molecules
in the homeostatic response to the oxidative stress (Kristal et al.,
1999). Studies on the inclusion of nucleotides in fish diet have
demonstrated they may increase oxidative stress tolerance in part
by offsetting the inhibitory effect of cortisol on the fish immune
system (Li and Gatlin, 2006). Furthermore, red sea bream fed diets
with different content of guanosine monophosphate (GMP) resulted
in a lower intensity of oxidative stress and higher antioxidant capacity
against the oxidative stress (Hossain et al., 2016). Glutathionewas also
shown to have significantly higher concentration levels in late than
regressed and mid recrudescence (Figure 4; Table 2). Accordingly,
glutathione metabolism was found to be significantly different in
mid/late and late/regressed pathway analysis results (Figure 5).
Glutathione is the most abundant and important intracellular
antioxidant, produced mainly in the liver from glutamate, glycine
and cysteine (Wu, 2009). Reproduction is an energy-demanding
process resulting in changes in the balance between pro-oxidant and
antioxidant molecules due to increased metabolic rates (Alonso-
Alvarez et al., 2004). Gonadotropins, testosterone and estrogen
directly interact with energy metabolism and influence oxidative
balance and glutathione metabolism (Lamartiniere, 1981; Norris and
Hobbs, 2011). Indeed, total antioxidant capacity and antioxidant
enzymes activity in the liver of sea trout were higher in the adult and
spawner stages than post-spawning fish (Kurhaluk, 2019). Although
elevated oxidative stress can impair reproduction, reactive oxygen
species (ROS) are important signalling molecules in oocyte
maturation. In vivo and ex vivo studies on mice ovaries show that
ROS present in the preovulatory ovarian follicles are essential for
ovulation and are most likely caused by the preovulatory LH surge
induced inflammatory response (Shkolnik et al., 2011). Similarly,
follicular ROS generated byNADPHoxidase is essential for ovulation
inDrosophila and suggests a conserved role in regulating ovulation in
other species (Li et al., 2018). Based on our results, we hypothesize
that elevated liver content of antioxidant molecules such as uric acid
and glutathione in late recrudescence compared tomid and regressed
female fish is necessary to protect the liver from the potential
oxidative damage induced by the preovulatory surge of LH. In
contrast to what was measured in the liver of male goldfish
(Ladisa et al., 2021), the concentration of acetoacetic acid is
significantly lower in late compared to regressed and mid
recrudescence (Table 2). This is accompanied by lower levels of
3-hydroxybutyrate in mid and late recrudescence, compared to
regressed (Figure 4). Accordingly, ketone bodies metabolism and
butanoate metabolism were found to be different in our pathway
analysis comparisons (Figure 5). Our results indicate that the
synthesis of ketone bodies is downregulated in mid and late
recrudescence compared to the regressed stage. Little information
is available regarding the involvement of ketone bodiesmetabolism in
fish growth and reproduction. In mammals, high ketone bodies are
typical during starvation since they function as energy sources
derived from accelerated fatty acid degradation (Fukao et al.,
2004). Previous studies on mammals have demonstrated the role
of ketone bodies in regulating food intake and energy homeostasis by
showing that central infusion of β-hydroxybutyrate increased food
intake in rats (Iwata et al., 2011b) and mice (Carneiro et al., 2016).
However, starvation of carp (Segner et al., 1997) bass (Zammit and
Newsholme, 1979), and rainbow trout (Jonas and Bilinski, 1965) did
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not affect food intake or ketogenesis. Together these results suggest
that in fish ketone bodies metabolism might be less important in the
regulation of food intake when compared to mammals and might
have a significant role in other physiological processes. Injection of β-
hydroxybutyrate in the brain of female rats suppressed the pulsatile
secretion of LH (Iwata et al., 2011a). Finally, higher than normal
serum and milk levels of β-hydroxybutyrate during lactation in dairy
cows results in a delayed start of the postpartum ovarian cycle (Koller
et al., 2003). Based on our results, we hypothesize that low levels of
ketone bodies as a consequence of reduced liver ketogenesis in late
recrudesce compared to the regressed phase is a permissive/
stimulating mechanism for the pre-spawning surge of LH. This
hypothesis can be linked to the significantly higher levels of
circulating LH recorded in female goldfish during late
recrudescence than regressed and mid recrudescence (Ma et al.,
2020b).

4.2 Acute Effect of Gonadotropin-Inhibitory
Hormone and Gonadotropin-Releasing
Hormone on Liver Metabolism of
Regressed, Mid and Late Recrudescence
Fish
Metabolomics results presented in this study indicate that treatments
with GnRH induced significant changes during regressed and mid
recrudescence but not during late recrudescence, as measured by the
PLS-DA regression models (Table 3). On the other hand, PLS-DA
models for GnIH treatments did not indicate significant changes
between groups in any investigated reproductive stages (Table 3). In
this study, we did not investigate the time-related effects of GnRH
and GnIH on metabolism, and the acute nature of the treatments
may have affected metabolic pathways to a lesser extent than that
observed at different periods of the reproductive cycle. It is possible
that the PLS-DA models constructed on control, single and double
injected groups may not have identified all the changes that would be
induced by more prolonged exposure to GnRH and GnIH
treatments. However, variable selection based on the criteria of
VIP score >1 is still a robust method for identifying variables that
influence the separation between groups and characterize changes in
the metabolic profile (Gromski et al., 2014).

4.2.1 Regressed Gonadal Phase Corresponding to
Maximal Growth Phase
During the regressed gonadal stage, single and double injections with
GnRH had different effects on liver metabolism. Pathway analysis
identified significant changes in metabolic pathways after a single
injection with GnRH (Table 4). However, double injection with
GnRH did not affect pathways noted in the zebrafish KEGGdatabase
(Table 4). Accordingly, the metabolic profile following double
injection in the heatmap is similar to the control (Figure 8). A
similar study in goldfish demonstrated that single but not double
injectionwithGnRH significantly increased circulatingGH levels and
decreased Erα, ERβ1 TRα and TRβ mRNA liver transcript levels in
the regressed female goldfish (Ma et al., 2020b). In the present study,
single injection with GnRH significantly altered purine and
pyrimidine metabolism due to decreased levels of guanosine,
adenosine, uridine, cytidine and inosine and increased levels of

hypoxanthine, xanthine and uric acids (Figure 8; Table 4).
Moreover, the clustered heatmap shows lower levels of several
carbohydrates such as glycogen, raffinose, sucrose, oligomaltose,
fructose, glucose and glucose 6-phosphate in the single GnRH
injected group, compared to the control (Figure 8). Similar
changes in purine and carbohydrates metabolism were observed
in fish at late recrudesce, compared to regressed and mid
recrudescence (Figure 4). Single and double GnIH injection
treatments affected different pathways than the control (Table 4).
According to the heatmap results, single and double injection with
GnIH progressively increased the concentrations of several
metabolites, including hypoxanthine, xanthine, uric acid and
sucrose (Figure 8). This is consistent with a previous study that
demonstrated that single and double GnIH injection significantly
altered the liver ERα, ERβ1, TRβ and IGF-I transcript levels (Ma et al.,
2020b). Double injection with GnIH at the regressed phase
significantly inhibited purine and carbohydrate metabolism
(Table 4), resulting in increased hypoxanthine and xanthine levels
and decreased concentration of sucrose and glucose 6-phosphate
(Figure 8). Together, our results indicate that GnIH affects
reproduction, in part, by influencing metabolic pathways related
to the late recrudescence stage.

4.2.2 Mid Recrudescence
Pathway analysis revealed significant differences between single
and double injection effects with GnRH. Single injection with
GnRH inhibited amino acid and lipid metabolism pathways and
enhanced purine degradation and ketone bodies metabolism
(Figure 8; Table 4). However, double injection with GnRH
stimulated ketone bodies synthesis and increased the
concentrations of several amino acids, including asparagine,
aspartic acid and serine, and inhibited carbohydrates
metabolism (Figure 8; Table 4). In general, single GnRH
injection inhibited metabolic pathways related to reproductive
processes, whereas double injection enhanced the pathways
related to reproduction at mid recrudescence (Table 4). This
is consistent with the observation that single GnRH injection
decreased Vtg and IGF-I mRNA levels, which was increased
following double injection with GnRH in goldfish at mid
recrudescence (Ma et al., 2020b). In the present study, double
injection with GnRH also enhanced taurine and hypotaurine
metabolism (Figure 8; Table 4). Previous studies identified
taurine as an essential component of broodstock diets for
Japanese yellowtail (Matsunari et al., 2006) and greater
amberjack (Sarih et al., 2019), necessary to improve fecundity,
egg viability and fertilization rates. Thus, our results demonstrate
a potential role of GnRH in stimulating metabolic pathways
favouring reproductive processes. Furthermore, double
injection with GnIH also altered metabolic pathways related to
amino acid, pyrimidine and purine metabolism (Table 4). The
clustered heatmap suggests that the effect of GnIH is dose-
dependent and double injection with GnIH potentiates the
effect induced by single injection treatment (Figure 8). Similar
results were obtained after treatments with GnIH during the
regressed phase (Figure 8). The metabolic changes induced by
GnIH treatments characterize the basal metabolic profile of
regressed fish, compared to mid and late recrudescence
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(Figures 4, 8). The results suggest that treatments with GnIH in
mid recrudescence inhibit reproductive processes and stimulate
metabolic pathways related to the growth phase.

4.2.3 Late Recrudescence
The pathway analysis demonstrates that GnRH injections alter
carbohydrate and energy metabolism in late recrudescence
(Table 4). Single and double injection with GnRH resulted in
lower levels of carbohydrates such as glycogen, raffinose,
oligomaltose and sucrose and higher levels of glucose, fructose,
dihydroxyacetone phosphate (DHAP) and succinic acid.
Injection with GnRH stimulated carbohydrate mobilization
and energy production during late recrudescence (Figure 8).
Observed changes in late recrudescence indicate that GnRH
stimulates metabolic processes related to vitellogenesis and
gonadal maturation. Our results are consistent with reported
stimulation of circulating LH concentration and increased
expression of ERα and ERβ1 mRNA following injection with
GnRH in female goldfish at late recrudescence (Ma et al., 2020b).
Similarly, GnIH stimulated metabolic pathways related to the mid
recrudescence stage. The clustered heatmap demonstrates a
progressive decrease in glycogen, raffinose, fumaric acid, succinic
acid, and 3-hydroxybutyrate stimulated following GnIH treatments.
Single and double injection with GnIH also reduced the levels of
O-phosphoethanolamine (EAP) and docosahexaenoic acid (DHA;
Figure 8; Supplementary Table S10).

5 CONCLUSION

Results from this study characterize the liver metabolic profile of
female goldfish at three stages of the reproductive cycle. In the
regressed gonadal phase, carbohydrate and amino acid
metabolism were enhanced, possibly supporting anabolic processes
related to growth. On the other hand, the liver metabolism of mid-
recrudescent fish is characterized by elevated lipid synthesis during
the peak of vitellogenesis and lipid mobilization from the liver to
support maximal gonadal maturation. The metabolic profile of
goldfish during late recrudescence revealed a high concentration
of antioxidant molecules such as uric acid and glutathione and
reduced ketone bodies. These molecules may play a vital role in
the final stages of the gonadal cycle. In the present study, we also
demonstrated that GnRH and GnIH are involved in the
multifactorial regulation of metabolism in supporting growth and
reproduction in female goldfish. Results indicate that acute treatment
with GnRH and GnIH induce metabolic changes depending on the
season and mode of administration. GnRH treatments had similar
effects during the regressed phase and mid recrudescence. Double
injection with GnRH enhanced pathways related to growth and
reproduction in regressed and mid recrudescence, respectively. On
the other hand, GnRH treatments during late recrudescence
stimulated pathways supporting vitellogenesis and gonadal
maturation. GnIH showed an additive effect of single and double
injections and changed the metabolic profile resembling the previous
reproductive stage. During the regressed phase, GnIH treatments
stimulated metabolic pathways related to the final stages of
reproduction. In contrast, GnIH promoted a shift toward growth

processes during mid recrudescence. Finally, during late
recrudescence, GnIH stimulated metabolic pathways characteristic
of the mid recrudescence metabolic profile. Overall, our results
provide new information on the metabolic changes that
accompany the growth and reproductive processes during the
annual reproductive cycle of female goldfish and provide an insight
into the role of GnRH and GnIH in the multifactorial control of
growth and reproduction in goldfish and other oviparous species.
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Simvastatin and Muscle: Zebrafish
and Chicken Show that the Benefits
are not Worth the Damage
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Janeiro, Rio de Janeiro, Brazil, 5Universidade do Grande Rio (UNIGRANRIO), Duque de Caxias, Rio de Janeiro, Brazil

Simvastatin is one of the most common medicines prescribed to treat human
hypercholesterolemia. Simvastatin acts through the inhibition of cholesterol synthesis.
Unfortunately, simvastatin causes unwanted side effects on muscles, such as soreness,
tiredness, or weakness. Therefore, to understand the mechanism of action of simvastatin, it
is important to study its physiological and structural impacts onmuscle in varied animalmodels.
Here we report on the effects of simvastatin on two biological models: zebrafish embryos and
chicken muscle culture. In the last years, our group and others showed that simvastatin
treatment in zebrafish embryos reduces fish movements and induces major structural
alterations in skeletal muscles. We also showed that simvastatin and membrane cholesterol
depletion induce major changes in proliferation and differentiation of muscle cells in chick
muscle cultures. Here, we review and discuss these observations considering reported data on
the use of simvastatin as a potential therapy for Duchenne muscular dystrophy.

Keywords: simvastatin, muscle, cholesterol, embryo, zebrafish

INTRODUCTION

High cholesterol levels in the blood are associated with an increased risk of cardiovascular disease in
humans. Therefore, statins have been the number one choice of physicians to control blood cholesterol
levels since these drugs inhibit 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA), a key
enzyme of the cholesterol biosynthetic pathway. Simvastatin effectively decreases blood cholesterol
levels and the risk of heart problems in those at high risk. Unfortunately, simvastatin can induce
myalgia, myopathy, and rhabdomyolysis (Nikolic et al., 2020; Turner and Pirmohamed, 2019). To
further analyze the effects of statins in muscle at the cellular level, our group has been studying the
effects of simvastatin treatment in zebrafish (Danio rerio) embryos. Zebrafish is a vertebrate biological
model with several advantages, such as a well-characterized genome, easy of maintenance in laboratory
conditions, and fast growth (Horzmann and Freeman, 2018).

MATERIALS AND METHODS

Zebrafish Husbandry and Simvastatin Treatment
Adult, wild-type zebrafish (Danio rerio) were maintained in aquaria with recirculating water system
at 28 ± 1°C on a 14:10 light/dark cycle in a vivarium localized at the Institute of Biomedical Sciences,
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Federal University of Rio de Janeiro (Rio de Janeiro, Brazil).
Embryos were collected after breeding. Animals were handled
and experimented according to Institutional Animal Care and
Use Committee protocols under the number 039/20.

Simvastatin Treatment
Embryos were dechorionated at 6 hpf and 11 hpf (hours post-
fertilization) and placed in 100-mm Petri dishes filled with 50 ml
of egg water (60 mg/L sea salts and 0.15% methylene blue).
Embryos were treated with simvastatin (University Pharmacy,
UFRJ) at low concentrations (from 3 to 6 nM) or higher
concentrations (from 0.375 to 1 mM). Embryos were treated
with simvastatin for 18 hs at 28°C until they completed 24 hpf
and then were processed as necessary. Simvastatin was dissolved
in ethanol (final concentration of 0.02%).

Antibodies and Probes
Rabbit polyclonal antibody against desmin (code # D-8281) was
from Sigma-Aldrich (United States). DNA-binding probe 4,6-
Diamino-2-phenylindole dihydrochloride (DAPI) and Alexa
Fluor 546-goat anti-rabbit IgG antibody was from Molecular
Probes (United States).

Immunofluorescence
Dechorionated zebrafish embryos were fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS) for 1 h
at room temperature. Embryos were then permeabilized with
0.5% Triton-X 100 in PBS (PBS/T) three times for 30 min and
incubated overnight at 4°C with primary antibodies (diluted 1:100
in PBS/T). Then, embryos were washed for 30 min with PBS/T
and incubated for 1 h at 37°C with Alexa Fluor-conjugated
secondary antibodies (diluted 1:200 in PBS/T). Nuclei were
labeled with 0.1 μg/ml of DAPI in 0.9% NaCl. Embryos were
mounted on #1.5 24 × 60-mm glass coverslips (with spacers)
using Prolong Gold (Molecular Probes). Experiments were
repeated four times.

Image Acquisition and Processing
Zebrafish embryos were examined with brightfield microscopy in
an Axiovert 100 microscope (Carl Zeiss, Germany) coupled to an
Olympus DP71 high-resolution camera and with fluorescence
microscopy in a DSU Spinning Disk confocal scanner mounted
on an inverted fluorescent microscope (Olympus, Japan). Control
experiments with only secondary antibodies showed only a faint
background staining (data not shown). Image processing
(brightness and contrast adjustments) was performed using
Fiji software (Schindelin et al., 2012) and figure panels were
produced with Adobe Photoshop software (Adobe Systems Inc.,
San Jose, CA, United States).

Transmission Electron Microscopy
Dechorionated embryos were washed gently in warm PBS, pH
7.2, and fixed overnight in 2.5% glutaraldehyde, 4% formaldehyde
and 5 mM CaCl2 in 0.1 M cacodylate buffer (pH 7.2), and were
then post-fixed for 90 min in 1% OsO4 in 0.1 M cacodylate buffer
containing 5 mM CaCl2 and 0.8% potassium ferricyanide.
Embryos were then dehydrated in acetone and embedded in

Epon. Ultra-thin sections were cut and stained with uranyl acetate
and lead citrate, and analyzed using a JEOL 1210 transmission
electron microscope (Jeol, Japan). Experiments were repeated
four times.

RESULTS

Zebrafish Embryo as a Robust Model to
Study Structural Muscle Alterations After
Simvastatin Treatment
Zebrafish is an ideal system to analyze somite development. It
allows the study and comparison of different stages of muscle/
somite development (anterior-posterior axis) within the same
embryo (Stickney et al., 2000); while the anterior somites are
older, the posterior somites are younger. Our lab has been
exploring the optical transparency of the zebrafish embryo by
using high-resolution fluorescence microscopy, which enables us
to do a thorough structural analysis of the distribution of key
muscle proteins during somite formation (Costa et al., 2002,
2008). After this characterization of normal myogenesis, we
showed that simvastatin causes several alterations in zebrafish
embryos, such as body shortening and bending, depending on the
dose (Campos et al., 2015, 2016). In these papers, we reported that
low concentrations (from 3 to 6 nM) had mild structural and
important physiological changes, including decrease in
intermediate filaments, myofibrils and adhesion structures, and
reduction in heart beat and body movement. We also observed
that higher concentrations (from 0.375 to 1 mM) caused
extensive structural and physiological alterations, including
almost complete absence of intermediate filaments, myofibrils,
adhesion structures, heart beat and body movement (Campos
et al., 2015, 2016). The dose range and accompanying alterations
was about the same for embryos treated at 6 and 11 h post-
fertilization (hpf) (Campos et al., 2015, 2016).

In our earlier work we analyzed several aspects of the
distribution of actin, desmin, vinculin, and laminin in
simvastatin-treated embryos (Campos et al., 2015). To evaluate
the specificity of simvastatin-induced alterations to cholesterol
withdrawal, we treated embryos with simvastatin together with
cholesterol, obtained from human blood in the form of low-
density lipoprotein-LDL (Campos et al., 2015, 2016). Here we
further explored the effects of simvastatin in zebrafish embryos.
Using confocal microscopy analysis of the distribution of the
muscle-specific protein desmin, it is possible to observe mild
alterations in embryos treated with lower doses (3 nM) of
simvastatin (Figure 1). While in control embryos desmin is
concentrated in the septa (arrow in Figure 1A) and
distributed in sarcomeres (arrow in Figure 1B), the protein is
restricted to aggregates in simvastatin treated embryos (arrows in
Figure 1G). The concomitant treatment of simvastatin and
cholesterol preserved the concentration of desmin in the septa
adhesion region (arrow in Figure 1J). We also observed structural
alterations (extreme body shortening) in zebrafish embryos
treated with high concentrations of simvastatin (Figures
1M,N), which could again be reverted to a certain degree by
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cholesterol (Figure 1O). While the whole-body development is
affected with simvastatin treatment, we show using transmission
electron microscopy that, compared to control (Figures 2A–C),
there is extensive muscle-specific damage, particularly in the

organization of sarcomeres and in mitochondria, both with
low simvastatin doses (Figures 2D–F) and with high
simvastatin doses (Figures 2G–I). Simvastatin induces
alterations in myofibril alignment, vacuoles formation, and

FIGURE 1 | Cholesterol rescues the simvastatin-affected phenotype. The distribution of desmin (green) and nuclei (blue) in four consecutive focal planes of control
(A–D), 0.3 nM (low-dose) simvastatin-treated 48 hpf embryos (E–H), and simvastatin combined with cholesterol (I–L) show that simvastatin causes important
alterations that are rescued with cholesterol. Note that in control [non treated embryos, (A–D)] and in embryos treated with simvastatin together with cholesterol (I–L),
desmin concentrates in the septa between adjacent somites [arrows in (A) and (J)] and in sarcomeres along the somites [arrow in (B)]. Conversely, desmin
accumulates in aggregates in somites [arrows in (G)] in simvastatin treated embryos (E–H). In embryos treated with 0.75 μM simvastatin (high-dose), an important body
compression is observed (N), while 24 hpf control embryos have a long straight body (M). Note that the addition of exogenous cholesterol can partially rescue the effects
of simvastatin on body compression (O). Scale bars: (A–L) = 20 μm, (M–O) = 200 μm.
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increased number of mitochondria. The effects of different doses
of simvastatin treatment and/or treatment with simvastatin and
exogenous cholesterol have not been previously described in the
conditions we are showing here, and are in agreement with
previous results of our group (Campos et al., 2015, 2016).

Interfering With Cholesterol Availability in
Chicken Muscle Cell Cultures
To address the mechanism of action and compare the impact of
simvastatin in a different model, we also analyzed 24 h-chick
primary myogenic cells treated with simvastatin (0.5 mM for
30 min). Our previous results showed a 20% decrease in cell
number after simvastatin treatment (Portilho et al., 2012), in
accordance with other studies in cultured human myoblasts (Van
Vliet et al., 1996). It is interesting to point out that simvastatin, as
we have shown before, reduces the number of cells compared to
control zebrafish embryos (Campos et al., 2016). One possible
mechanism of action of simvastatin is its effect on cell membrane
stability. Cholesterol is a sterol lipid involved in the maintenance
of plasmamembrane fluidity and the formation and maintenance
of lipid rafts. Lipid rafts are specialized membrane microdomains
that contain high concentrations of cholesterol and

glycosphingolipids and are involved in different cellular
processes, such as signal transduction, endocytosis, and cell
fusion and adhesion (Sezgin et al., 2017). Our lab has studied
the consequences of membrane cholesterol depletion during
chick myogenesis using primary cultures of embryonic chick
muscle cells (Mermelstein et al., 2005; Mermelstein et al., 2007;
Portilho et al., 2007; Costa et al., 2021). We showed that
cholesterol depletion by MbCD (methyl-beta-cyclodextrin)
induces an increase in the proliferation of myoblasts and the
formation of myotubes (Portilho et al., 2012). These processes
involve the release of Wnt3a molecules from chick muscle cells.
The Wnt/beta-catenin pathway is involved in the proliferation of
myoblasts, and we showed that cholesterol depletion by MbCD
leads to an increase in the expression of cell cycle regulators and
the master switch gene MyoD1 in chick myoblast cells (Portilho
et al., 2012). The collection of these results supports the view that
alterations in the amount of membrane cholesterol can lead to
profound changes in muscle proliferation and differentiation
(Possidonio et al., 2014). Curiously, the above-described data
shows that MbCD and simvastatin have opposite effects in
muscle cells: while cholesterol depletion (by MbCD) induces
increased muscle cell proliferation, inhibition of cholesterol
synthesis resulted in a reduction of muscle cell proliferation.

FIGURE 2 | Transmission electron microscopy of zebrafish embryos treated with simvastatin. Control untreated zebrafish embryos (A–C) present organized
bundles of myofibrils and exhibit well-preserved mitochondria (green). Note that the Z lines (red) are aligned and periodically spaced. The sarcomeric organization is
better visualized in figure (C). In the mild phenotype of simvastatin-treated embryos (D–F), myofibrils are well-organized, and the alignment of Z lines is preserved. In the
severe phenotype of simvastatin-treated embryos (G–I), myofibrils are not aligned, vacuoles are observed (G), as well as a higher number of mitochondria (green).
Scale (A,D) 2 μm; (B,E,G,H) 1 μm; (C), 200 nm; (F,I), 500 nm.
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These results point to a complex intracellular network of events
associated with cholesterol in muscle cells and the importance of
further investigations on the role of this lipid in muscle.

DISCUSSION

Simvastatin is used in treatment of human adult cholesteremia,
and it is not recommend during pregnancy. Here we presented
studies on the effects of simvastatin during myogenesis in
zebrafish embryos and chick embryonic cultured cells.
Therefore, a valid criticism of these models is that they are
not equivalent to simvastatin effects in adult human muscle,
and that adult tissues would be a better model. The advanges of
using zebrafish embryos and cultured cells is that they are more
susceptible to treatments and they allow a better visualization of
muscle response at the molecular and cellular levels, which
contribute to the understanding of mechanisms of action of
drugs. Some of these processes, such as muscle proliferation
and differentiation, also happen in adult muscle, during
regeneration or in response to exercise. However, to correlate
our current data with adult muscle, we are planning future
experiments on the effects of simvastatin in adult zebrafish.

Our results show that simvastatin, depending on the dose, can
induce major muscle alterations according to the work from
several other groups using different statins and different animal
or cell models. Hanai et al. (2007) reported that lovastatin
promotes muscle fiber damage in zebrafish embryos and that
atrogin-1 knockdown prevented these effects. These results
suggest that atrogin-1 may be a critical mediator of the muscle
damage induced by statins. Yu et al. (2009) showed that treatment
of mouse C2C12 myotubes with simvastatin resulted in
significant changes in gene expression, suggesting that
alterations in the expression of some statin-regulated genes
could be causative factors for statin toxicity in muscle. Wagner
et al. (2011) used a small-molecule screening strategy to identify
statin myopathy suppressors. They found one compound that
attenuated the muscle side effects of statin toxicity, likely by
influencing Rab prenylation. Huang et al. (2011) showed that the
effects of statins on muscle were dependent on both the dosage
and the duration of treatment. Piette et al. (2016) reported that a
short-term statin treatment induced significant changes in the
contractile profile of mice fast-twitch muscle EDL. In contrast, no
effects were observed in the slow-twitch muscle Soleus.
Furthermore, Pasha and Moon (2017) showed that statin-
induced reduction in zebrafish larval response to tactile stimuli
was reversed with coenzyme Q10, contributing to the
understanding of the mechanisms of action of statin-induced
myopathies.

The collection of our results shows that in zebrafish embryos,
simvastatin treatment induces 1) a significant cholesterol
reduction, 2) several dose-dependent alterations, 3) extensive
changes in the distribution of microfilaments (actin),
intermediate filaments (desmin), adhesion structures (vinculin)
and extracellular matrix (laminin), 4) a reduction in cell number,
and that 5) exogenous cholesterol is capable of recovering, at least
in part, embryos treated with both low and high simvastatin

doses. Furthermore, in chick muscle cultures, simvastatin induces
a decrease in the number of cells while MbCD induces an increase
in cell proliferation and muscle differentiation. These results
provide a detailed characterization of the simvastatin-induced
effects in muscles of zebrafish embryos and chicken muscle in
culture. Since simvastatin reduces cell proliferation this may inhibit
muscle regeneration. Future experiments are needed to study the
possible consequences of simvastatin-induced reduction in cell
proliferation during muscle regeneration. Also, it will be
important in the future to analyse if these same effects occur
when human muscle cells cultures are treated with simvastatin.

We suggest that these results should be considered in the
discussion of the medical use of simvastatin, particularly in
muscle degenerative diseases. Several studies were conducted in
the last years aiming to understand the impact of simvastatin in
the treatment of Duchenne muscular dystrophy (DMD), since
statins have been shown to improve skeletal muscle health in
ischemic limb diseases (Cowled et al., 2007; Köksoy et al., 2007;
El-Azab et al., 2012). Whitehead and colleagues (2015) reported
that simvastatin reduced plasma creatine kinase (CK) activity,
muscle inflammation, and muscle damage while enhancing
physiological function of skeletal muscle in dystrophic mdx
mice. In contrast with these results, Mucha et al. (2021) and
Verhaart et al. (2021) have recently shown that simvastatin does
not alleviate muscle pathology in DMD mdx mice. Mucha et al.
(2021) suggested that these conflicting results might be related
to several divergences in methodology, including age and
genetic background of the mdx mice, type and dose of the
statin, route of administration, and length of time the drug was
given to the animals. Whitehead and coworkers published a
rebuttal letter (Whitehead et al., 2021) arguing that the
conflicting results could be explained by the fact that neither
Mucha et al. (2021) nor Verhaart et al. (2021) were able to
achieve in their studies the therapeutic levels of plasma
simvastatin, that Whitehead et al. (2015) attained. According
to Whitehead and colleagues, low plasma levels of simvastatin
are not sufficient to improve mdx muscle health and function.
Aartsma-Rus et al. (2021) published another rebuttal
corroborating that the differences in the result of the studies
could be related to plasma levels of simvastatin. More studies are
necessary to unravel the molecular and cellular mechanisms
involved in statin-induced effects in different experimental
models (animals and 3D muscle cell cultures) of degenerative
muscle diseases, and zebrafish is among the most promising
vertebrate models for these studies.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The use of zebrafish embryos was approved by the Ethics
Committee for Animal Care and Use in Scientific Research

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7789015

Campos et al. Simvastatin and Muscle

55

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


from the Federal University of Rio de Janeiro and received the
approval number 039/20. The use of chick embryos was approved
by the Ethics Committee for Animal Care and Use in Scientific
Research from the Federal University of Rio de Janeiro and
received the approval number: 069/19.

AUTHOR CONTRIBUTIONS

CM and MLC wrote the draft and revised it. CG, CM, LG, LMC,
MB, MLC and VM collected the data. CM, MB, MLC and VM
prepared the figures. All authors approved the submitted version.

REFERENCES

Aartsma-Rus, A., Verhaart, I., andWells, D. (2021). Author's Response to: Rebuttal
to: Simvastatin treatment does not ameliorate muscle pathophysiology in a
mouse model for Duchenne muscular dystrophy. J Neuromuscul. Dis. 8,
867–868. doi:10.3233/JND-219004

Campos, L. M., Rios, E. A., Guapyassu, L., Midlej, V., Atella, G. C., Herculano-
Houzel, S., et al. (2016). Alterations in Zebrafish Development Induced by
Simvastatin: Comprehensive Morphological and Physiological Study, Focusing
on Muscle. Exp. Biol. Med. (Maywood) 241, 1950–1960. doi:10.1177/
1535370216659944

Campos, L. M., Rios, E. A., Midlej, V., Atella, G. C., Herculano-Houzel, S.,
Benchimol, M., et al. (2015). Structural Analysis of Alterations in Zebrafish
Muscle Differentiation Induced by Simvastatin and Their Recovery with
Cholesterol. J. Histochem. Cytochem. 63, 427–437. doi:10.1369/
0022155415580396

Costa, M. L., Escaleira, R. C., Jazenko, F., and Mermelstein, C. S. (2008). Cell
Adhesion in Zebrafish Myogenesis: Distribution of Intermediate Filaments,
Microfilaments, Intracellular Adhesion Structures and Extracellular Matrix.
Cell Motil. Cytoskeleton 65, 801–815. doi:10.1002/cm.20301

Costa, M. L., Escaleira, R. C., Rodrigues, V. B., Manasfi, M., and Mermelstein, C. S.
(2002). Some Distinctive Features of Zebrafish Myogenesis Based on
Unexpected Distributions of the Muscle Cytoskeletal Proteins Actin,
Myosin, Desmin, α-actinin, Troponin and Titin. Mech. Dev. 116, 95–104.
doi:10.1016/s0925-4773(02)00149-1

Costa, M. L., Jurberg, A. D., and Mermelstein, C. (2021). The Role of Embryonic
Chick Muscle Cell Culture in the Study of Skeletal Myogenesis. Front. Physiol.
12, 668600. doi:10.3389/fphys.2021.668600

Cowled, P. A., Khanna, A., Laws, P. E., Field, J. B. F., Varelias, A., and Fitridge, R. A.
(2007). Statins Inhibit Neutrophil Infiltration in Skeletal Muscle Reperfusion
Injury. J. Surg. Res. 141, 267–276. doi:10.1016/j.jss.2006.11.021

El-Azab, M. F., Hazem, R. M., and Moustafa, Y. M. (2012). Role of Simvastatin
And/or Antioxidant Vitamins in Therapeutic Angiogenesis in Experimental
Diabetic Hindlimb Ischemia: Effects on Capillary Density, Angiogenesis
Markers, and Oxidative Stress. Eur. J. Pharmacol. 690, 31–41. doi:10.1016/j.
ejphar.2012.06.002

Hanai, J., Cao, P., Tanksale, P., Imamura, S., Koshimizu, E., Zhao, J., et al. (2007).
The Muscle-specific Ubiquitin Ligase atrogin-1/MAFbx Mediates Statin-
Induced Muscle Toxicity. J. Clin. Invest. 117, 3940–3951. doi:10.1172/JCI32741

Horzmann, K. A., and Freeman, J. L. (2018). MakingWaves: New Developments in
Toxicology with the Zebrafish. Toxicol. Sci. 163, 5–12. doi:10.1093/toxsci/
kfy044

Huang, S.-H., Hsiao, C.-D., Lin, D.-S., Chow, C.-Y., Chang, C.-J., and Liau, I.
(2011). Imaging of Zebrafish In Vivo with Second-Harmonic Generation
Reveals Shortened Sarcomeres Associated with Myopathy Induced by Statin.
PLoS One 6, e24764. doi:10.1371/journal.pone.0024764

Köksoy, C., Oziş, E., Çakmak, A., Yazgan, U., Okcu-Heper, A., Köksoy, A., et al.
(2007). Simvastatin pretreatment reduces the severity of limb ischemia in an
experimental diabetes model. J. Vasc. Surg. 45, 590–596. doi:10.1016/j.jvs.2006.
10.048

Mermelstein, C. S., Portilho, D. M., Mendes, F. A., Costa, M. L., and Abreu, J. G.
(2007). Wnt/β-catenin Pathway Activation and Myogenic Differentiation Are
Induced by Cholesterol Depletion. Differentiation 75, 184–192. doi:10.1111/j.
1432-0436.2006.00129.x

Mermelstein, C. u. S., Portilho, D. b. M., Medeiros, R. B., Matos, A. R., Einicker-
Lamas, M., Tortelote, G. G., et al. (2005). Cholesterol Depletion by Methyl-β-
Cyclodextrin Enhances Myoblast Fusion and Induces the Formation of
Myotubes with Disorganized Nuclei. Cell Tissue Res. 319, 289–297. doi:10.
1007/s00441-004-1004-5

Mucha, O., Podkalicka, P., Kaziród, K., Samborowska, E., Dulak, J., and Łoboda, A.
(2021). Simvastatin Does Not Alleviate Muscle Pathology in a Mouse Model of
Duchenne Muscular Dystrophy. Skeletal Muscle 11, 21. doi:10.1186/s13395-
021-00276-3

Nikolic, D., Banach, M., Chianetta, R., Luzzu, L. M., Citarrella, R., Montalto, G.,
et al. (2020). An Overview of Statin-Induced Myopathy and Perspectives for the
Future. Expert Opin. Drug Saf. 19, 601–615. doi:10.1080/14740338.2020.
1747431

Pasha, R., andMoon, T.W. (2017). Coenzyme Q10 Protects against Statin-Induced
Myotoxicity in Zebrafish Larvae ( Danio rerio ). Environ. Toxicol. Pharmacol.
52, 150–160. doi:10.1016/j.etap.2017.03.021

Piette, A. B., Dufresne, S. S., and Frenette, J. (2016). A Short-Term Statin
Treatment Changes the Contractile Properties of Fast-Twitch Skeletal
Muscles. BMC Musculoskelet. Disord. 17, 449. doi:10.1186/s12891-016-
1306-2

Portilho, D. M., Martins, E. R., Costa, M. L., and Mermelstein, C. S. (2007). A
Soluble and Active Form of Wnt-3a Protein Is Involved in Myogenic
Differentiation after Cholesterol Depletion. FEBS Lett. 581, 5787–5795.
doi:10.1016/j.febslet.2007.11.047

Portilho, D. M., Soares, C. P., Morrot, A., Thiago, L. S., Butler-Browne, G., Savino,
W., et al. (2012). Cholesterol Depletion by Methyl-β-Cyclodextrin Enhances
Cell Proliferation and Increases the Number of Desmin-Positive Cells in
Myoblast Cultures. Eur. J. Pharmacol. 694, 1–12. doi:10.1016/j.ejphar.2012.
07.035

Possidonio, A. C., Miranda, M., Gregoracci, G. B., Thompson, F. L., Costa, M. L.,
and Mermelstein, C. (2014). Cholesterol Depletion Induces Transcriptional
Changes during Skeletal Muscle Differentiation. BMCGenomics 15, 544. doi:10.
1186/1471-2164-15-544

Schindelin, J., Arganda-Carreras, I., Frise, E., et al. (2012). Fiji: an Open-Source
Platform for Biological-Image Analysis. Nat. Methods 9, 676–682. doi:10.1038/
nmeth.2019

Sezgin, E., Levental, I., Mayor, S., and Eggeling, C. (2017). The Mystery of
Membrane Organization: Composition, Regulation and Roles of Lipid Rafts.
Nat. Rev. Mol. Cel Biol. 18, 361–374. doi:10.1038/nrm.2017.16

Stickney, H. L., Barresi, M. J. F., and Devoto, S. H. (2000). Somite Development in
Zebrafish. Dev. Dyn. 219, 287–303. doi:10.1002/1097-0177(2000)9999

Turner, R. M., and Pirmohamed, M. (2019). Statin-related Myotoxicity: A
Comprehensive Review of Pharmacokinetic, Pharmacogenomic and Muscle
Components. Jcm 9, 22. doi:10.3390/jcm9010022

Van Vliet, A. K., Negre-Aminou, P., Van Thiel, G. C., Bolhuis, P. A., and Cohen, L.
H. (1996). Action of Lovastatin, Simvastatin, and Pravastatin on Sterol
Synthesis and Their Antiproliferative Effect in Cultured Myoblasts From
Human Striated Muscle. Biochem. Pharmacol. 52, 1387–1392.

Verhaart, I. E. C., Cappellari, O., Tanganyika-de Winter, C. L., Plomp, J. J.,
Nnorom, S., Wells, K. E., et al. (2021). Simvastatin Treatment Does Not
Ameliorate Muscle Pathophysiology in a Mouse Model for Duchenne
Muscular Dystrophy. Jnd 8, 845–863. doi:10.3233/JND-200524

Wagner, B. K., Gilbert, T. J., Hanai, J.-i., Imamura, S., Bodycombe, N. E., Bon, R. S.,
et al. (2011). A Small-Molecule Screening Strategy to Identify Suppressors of
Statin Myopathy. ACS Chem. Biol. 6, 900–904. doi:10.1021/cb200206w

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7789016

Campos et al. Simvastatin and Muscle

56

https://doi.org/10.3233/JND-219004
https://doi.org/10.1177/1535370216659944
https://doi.org/10.1177/1535370216659944
https://doi.org/10.1369/0022155415580396
https://doi.org/10.1369/0022155415580396
https://doi.org/10.1002/cm.20301
https://doi.org/10.1016/s0925-4773(02)00149-1
https://doi.org/10.3389/fphys.2021.668600
https://doi.org/10.1016/j.jss.2006.11.021
https://doi.org/10.1016/j.ejphar.2012.06.002
https://doi.org/10.1016/j.ejphar.2012.06.002
https://doi.org/10.1172/JCI32741
https://doi.org/10.1093/toxsci/kfy044
https://doi.org/10.1093/toxsci/kfy044
https://doi.org/10.1371/journal.pone.0024764
https://doi.org/10.1016/j.jvs.2006.10.048
https://doi.org/10.1016/j.jvs.2006.10.048
https://doi.org/10.1111/j.1432-0436.2006.00129.x
https://doi.org/10.1111/j.1432-0436.2006.00129.x
https://doi.org/10.1007/s00441-004-1004-5
https://doi.org/10.1007/s00441-004-1004-5
https://doi.org/10.1186/s13395-021-00276-3
https://doi.org/10.1186/s13395-021-00276-3
https://doi.org/10.1080/14740338.2020.1747431
https://doi.org/10.1080/14740338.2020.1747431
https://doi.org/10.1016/j.etap.2017.03.021
https://doi.org/10.1186/s12891-016-1306-2
https://doi.org/10.1186/s12891-016-1306-2
https://doi.org/10.1016/j.febslet.2007.11.047
https://doi.org/10.1016/j.ejphar.2012.07.035
https://doi.org/10.1016/j.ejphar.2012.07.035
https://doi.org/10.1186/1471-2164-15-544
https://doi.org/10.1186/1471-2164-15-544
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1002/1097-0177(2000)9999
https://doi.org/10.3390/jcm9010022
https://doi.org/10.3233/JND-200524
https://doi.org/10.1021/cb200206w
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Whitehead, N. P., Kim,M. J., Bible, K. L., Adams,M. E., and Froehner, S. C. (2015). ANew
Therapeutic Effect of Simvastatin Revealed by Functional Improvement in Muscular
Dystrophy. Proc. Natl. Acad. Sci. USA 112, 12864–12869. doi:10.1073/pnas.1509536112

Whitehead, N. P., Kim,M. J., Bible, K. L., Adams,M. E., and Froehner, S. C. (2021). Rebuttal
to: Simvastatin Treatment Does Not Ameliorate Muscle Pathophysiology in a Mouse
Model for Duchenne Muscular Dystrophy. Jnd 8, 865–866. doi:10.3233/JND-219005

Yu, J.-G., Sewright, K., Hubal, M. J., Liu, J.-X., Schwartz, L. M., Hoffman, E. P., et al.
(2009). Investigation of Gene Expression in C2C12Myotubes Following Simvastatin
Application and Mechanical Strain. Jat 16, 21–29. doi:10.5551/jat.e551

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Campos, Guapyassu, Gomes, Midlej, Benchimol, Mermelstein and
Costa. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7789017

Campos et al. Simvastatin and Muscle

57

https://doi.org/10.1073/pnas.1509536112
https://doi.org/10.3233/JND-219005
https://doi.org/10.5551/jat.e551
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Integrative Analysis of RNA
Expression and Regulatory Networks
in Mice Liver Infected by
Echinococcus multilocularis
Tingli Liu1, Hong Li1, Yanping Li1, Liqun Wang1, Guoliang Chen1, Guiting Pu1, Xiaola Guo1,
William C. Cho2, Majid Fasihi Harandi 3, Yadong Zheng4* and Xuenong Luo1*

1State Key Laboratory of Veterinary Etiological Biology, Key Laboratory of Veterinary Parasitology of Gansu Province, Lanzhou
Veterinary Research Institute, CAAS, Lanzhou, China, 2Department of Clinical Oncology, Queen Elizabeth Hospital, Hong Kong
SAR, China, 3Research Center for Hydatid Disease in Iran, Kerman University of Medical Sciences, Kerman, Iran, 4Key Laboratory
of Applied Technology on Green-Eco-Healthy Animal Husbandry of Zhejiang Province, Zhejiang International Science and
Technology Cooperation Base for Veterinary Medicine and Health Management, Zhejiang Provincial Engineering Laboratory for
Animal Health Inspection and Internet Technology, Zhejiang International Science and Technology Cooperation Base for
Veterinary Medicine and Health Management, China-Australia Joint Laboratory for Animal Health Big Data Analytics, College of
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The larvae of Echinococcus multilocularis causes alveolar echinococcosis, which poses a
great threat to the public health. However, the molecular mechanisms underlying the host
and parasite interactions are still unclear. Exploring the transcriptomic maps of mRNA,
miRNA and lncRNA expressed in the liver in response to E. multilocularis infection will help
us to understand its pathogenesis. Using liver perfusion, different cell populations including
the hepatic cells, hepatic stellate cells and Kupffer cells were isolated from mice
interperitoneally inoculated with protoscoleces. Their transcriptional profiles including
lncRNAs, miRNAs and mRNAs were done by RNA-seq. Among these cell populations,
the most differentially-expressed (DE) mRNA, lncRNAs and miRNAs were annotated and
may involve in the pathological processes, mainly including metabolic disorders, immune
responses and liver fibrosis. Following the integrative analysis of 38 differentially-expressed
DEmiRNAs and 8 DElncRNAs, the lncRNA-mRNA-miRNA networks were constructed,
including F63-miR-223-3p-Fbxw7/ZFP36/map1b, F63-miR-27-5p-Tdrd6/Dip2c/Wdfy4
and IFNgAS1-IFN-γ. These results unveil the presence of several potential lncRNA-
mRNA-miRNA axes during E. multilocularis infection, and further exploring of these
axes may contribute to better understanding of the pathogenic mechanisms.

Keywords: Echinococcus multilocularis, hepatic cells, hepatic stellate cells, kupffer cells, regulatory network

INTRODUCTION

Alveolar echinococcosis (AE), a zoonosis with an increasing concern, is caused by a canine parasite
Echinococcus multilocularis (Eckert and Deplazes, 2004). At which human beings are infected by
intake of food or water contaminated with the eggs shed by definitive hosts, such as dogs and foxes
(Conraths et al., 2017; Liu et al., 2018; Wang et al., 2018; Kotwa et al., 2019). Once infected, the eggs
penetrate the small intestine wall, finally reach the liver and lung and then grow in an infiltrative
pattern (Czermak et al., 2008; Mueller et al., 2020). The clinical manifestations of human AE are
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diverse, including jaundice, weight loss, fever, anaemia, and
abdominal pain (Kolářová et al., 2015; Massolo et al., 2019).

The main treatment strategies for AE are surgery and anti-
echinococcal drugs, such as albendazole (ABZ) and mebendazole
(MBZ) (Craig et al., 2007; Gottstein et al., 2015; Wang S. et al.,
2021; Huang et al., 2021). However, both strategies have
limitations. For surgical treatment, it is prone to recurrent due
to diffuse and undetected parasite infiltration into host tissues
(Huang et al., 2021). In terms of drug treatment, the poor
intestinal absorption and some side effects are concerned
(Gottstein et al., 2015; Craig et al., 2017). Some other
treatment strategies such as traditional Chinese medicines and
new formulation drug have limited treatment efficacy (Maggiore
et al., 2015; Almalki et al., 2017; Pensel et al., 2017; Torabi et al.,
2018). Therefore, it is urgent to study the genome-scale
transcriptional background of the liver in response to the
infection for discovering the potential molecular target for the
effective therapeutics.

lncRNAs, with the length of more than 200 bp, have been
confirmed as a momentous regulatory factor in many cellular
processes, such as genomic imprinting, post transcriptional
regulation, and cell differentiation (Kallen et al., 2013; Myant
et al., 2013; Yang Q. et al., 2018). lncRNAs show a competing
endogenous effect by acting as miRNA sponges, which is helpful
to decipher the miRNA-lncRNA regulatory networks (Li et al.,
2020; Zheng et al., 2020). Another non-coding RNAs, miRNAs,
are members of endogenous small RNA with the length of about
18–24 nucleotides, involved in the regulation of mRNA
expression. By binding to the 3′-untranslated region, miRNAs
block the translation or induce the degradation of the target
mRNA, thus modulating cell differentiation, growth,
proliferation and apoptosis (Li et al., 2021; Mohammadi et al.,
2021; Xiang et al., 2021). miRNAs have been reported as
diagnostic markers and therapeutic targets for the control of
diseases (Broermann et al., 2020; Tombolan et al., 2020). For
instance, miR-155 was exploited as the potential target for
treatment of the disease by Toxoplasma gondii (Xu et al.,
2021). Another study found that the novel-miR-1 derived
from Cysticercus pisiformis was released into host serum,
which could be exploited for diagnosis of C. pisiformis
infection (Chen et al., 2021).

Clinically, the intrahepatic lesions are the most common
clinical trait of AE (Woolsey and Miller, 2021). The liver is
comprised of a number of specialized cells, e,g, hepatocytes
(HCs) as the hepatic parenchyma are the most abundant cell
population, performing the fundamental functions in endocrine
homeostasis and metabolism (Wang et al., 2015). Besides, there is
a small proportion of nonparenchymal cells (NPCs), including
hepatic stellate cells (HSCs), Kupffer cells (KCs), and hepatic
sinusoidal endothelial cells (LSECs). Among these cells, HSCs
reside in the perisinusoidal space (space of Disse) filled with thin
permeable connective tissues, which have been recognized as the
major source of type I and III collagens and fibronectin. Under
normal condition, quiescent HSCs (qHSCs) are characterized by
enrichment of vitamin A in cytoplasm, responsible for tissue
homeostasis by involving in proliferation and differentiation
signaling (Balmer and Blomhoff. 2002). Upon stimuli, they

transfer into activated HSCs (aHSCs) that secret a-SMA and
extracellular matrix (ECM) components (type I and III collagens
and fibronectin). As a result, the persisting increase of ECM
components will trigger liver fibrosis, possibly leading to liver
cancer. However, once the stimuli disappear, the aHSCs gradually
return back to the quiescent ones and the degree of fibrosis
decreases (Kisseleva et al., 2012; Khomich et al., 2019). Another
important component of NPCs, KCs, is the major immune cells
that reside in the liver, responsible for clearing foreign materials
under the normal conditions. Moreover, KCs protect liver from
injury by releasing cytokines, reactive oxygen and others, playing
a key role in the acute and chronic responses in the liver injury
(Roberts et al., 2007).

Various liver cell populations perform distinct biological
functions, and thus it is important to elucidate their role
during E. multilocularis infection. In this study, we defined the
transcriptomes of HCs, HSCs and KCs at two time points (2 and
3 months) post infection (p.i.) of E. multilocularis. Besides, the
potential interaction networks among differentially expressed
mRNAs, miRNAs and lncRNAs were identified. The current
results provide the transcriptional expression of three liver cell
populations in response to E. multilocularis infection and a clue
for further investigation of a role of the networks in the
pathogenesis.

MATERIALS AND METHODS

Parasites
The protoscolices used in this study were obtained from
Mongolian gerbil infected with E. multilocularis as previously
described (Spiliotis and Brehm, 2009). In brief, cysts were
dissected from infected Mongolian gerbil under sterile
conditions. After cutting the cysts into pieces, the protoscolices
were collected by gravity and washed several times in cold PBS.
The purity and activity of protoscolices were checked using
optical microscopy and trypan blue exclusion, respectively.

Animal Infection
100 six-week old BALB/c mice were purchased from Laboratory
Animal Center of Lanzhou Veterinary Research Institute and
were randomly divided two groups: experimental (E) group (60
mice) and control (C) group (40 mice). In E group, 600
protoscolices were injected into the abdominal cavity. In C
group, the same volume of phosphate buffer saline (PBS) was
injected. In E group, whose cysts in the liver were considered as
infected, otherwise not. In order to obtain enough cells at two
timepoints 2 m p.i. and 3 m p.i., by the cause of a few HSCs and
KCs in the liver, we mixed cells from six mice for RNA-seq and
qRT-PCR, and three batches of samples were concluded in two
groups. All mice were reared under standard feeding conditions,
free access to food and water.

Isolation of HCs, HSCs and KCs
We collected the HCs, HSCs and KCs samples from mice 2 m p.i.
and 3 m p.i. in E and C groups, accordingly named as HC-2M-E,
HC-2M-C, HC-3M-E, HC-3M-C, HSC-2M-E, HSC-2M-C, HSC-

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7985512

Liu et al. lncRNA, miRNA and mRNA Regulatory Networks

59

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


3M-E, HSC-3M-C, KC-2M-E, KC-2M-C, KC-3M-E and KC-3M-
C. In each group, the cells of six mice were mixed together to
obtain enough HSCs and KCs. The perfusion procedure for
mouse liver was strictly followed as previously reported
(Mederacke et al., 2015). In detail, 10 ml of 0.019% EGTA and
30 ml of 0.04% collagenaseⅣ solution were sequentially perfused
into every liver, followed by further liver digestion using 80 ml of
0.08% collagenaseⅣ solution with 1％DNase. The digested liver
tissues were filtered into a 50 ml tube through a 70 μm cell
strainer. The mixture was centrifuged at 50 ×g for 4 min at
4°C, and the cell pellet was washed three times in the DMEM
with 5% FBS to obtain HCs. The supernatant was sequentially
centrifuged at 600 ×g and 500 ×g for 10 min at 4°C to obtain
NPCs. The NPC-containing solution was mixed with 5 ml Gey’s
Balanced Salt Solution (GBSS), then the mixture was gently
overlaid onto the Optiprep solutions at different
concentrations, which contained 8 ml of 11.5% Optiprep in
the upper layer and 4 ml of 20% Optiprep in the bottom,
followed by centrifugation at 1,400 ×g for 17 min at 4°C
without break. The cells in the upper layer (HSCs) and the
lower layer (KCs and ECs) were transferred into two
centrifuge tubes, respectively, and washed three times in GBSS.
Then, KCs and ECs were cultured in RPMI 1640 medium with
10% fetal bovine serum (FBS). After 4 h, KCs were adhered
completely and collected after 0.25% trypsin digestion, while
ECs were not adhered and abandoned after PBS washed
(Zheng et al., 2008). The HCs, HSCs and KCs were
immediately stored at −80°C for later use.

RNA-Seq
Following the manufacturer’s instructions, total RNA was
extracted using TRIzol reagent. After evaluation of RNA
concentration and integrity, these samples were used to
construct the libraries for sequencing (BGI, Wuhan, China).
For construction of the lncRNA + mRNA library, rRNA-
depleted RNA was fragmented by adding first strand master
mix (Invitrogen, United States), and the first-strand and second-
strand cDNA was generated separately by using random primers
reverse transcription. Then, the cDNA was subjected to end-
repair and was 3′ adenylated, the adapters were ligated to the end
of 3′ adenylated cDNA. After PCR amplification, the cDNA
fragments (lncRNA + mRNA library) were enriched and
purified with Ampure XP beads.

For small RNA library, the 18–30 nt bands were excised and
recovered from total RNA by using 15% urea denaturing
polyacrylamide gel electrophoresis (PAGE) gel. Subsequently,
the 18–30 nt small RNAs were ligated to adenylated 3′ and 5′
adapters separately and transcripted into cDNA by SuperScript
Reverse Transcriptase (Invitrogen, United States). After PCR
amplification, the cDNA fragments was enriched and
110–130 nt fragments (small RNA library) were selected by
agarose gel electrophoresis. Last, the BGISEQ-500 platform
(BGI, Wuhan, China) was used to sequence. In order to get
clean reads, the reads with low quality and adaptor contaminants
were removed from the raw data using SOAPnuke software
(v1.5.2; -l 15 -q 0.2 -n 0.05) and the Q20, Q30 and GC
content were calculated to assess the quality of the clean reads.

Data Analysis
Using HISAT2 software (v2.0.4; http://www.ccb,jhu.edu/software/
hisat/index.shtml), the clean reads were aligned against the Mus
musculus genome (GCF_000001635.26_GRCm38.p6). Bowtie2 (v2.
2.5; http://bowtiebio.sourceforge.net/%20Bowtie2%20/index.shtml)
was used to align the clean reads to known and novel, coding
and noncoding transcripts. Subsequently, the expression levels of
mRNA and lncRNAs were calculated by using RESM (v1.2.12;
http://github.com/deweylab/RSEM) with the FPKM standardized
method. After analyzing the results of the relative expression of genes
in this study, we found the genes was mainly enriched near 2 in fold
change. Besides, we used multiple hypothesis test correction for the
p-value of the difference test, and False Discover Rate (FDR) ≤ 0.001
was considered as statistically different. Based on these, the
differentially expressed lncRNAs (DElncRNAs) and differentially
expressed mRNA (DEmRNAs) with a fold change ≥2 and FDR ≤0.
001 were screened out.

Functional Enrichment Analysis
We predicted the potential targets of DElncRNAs by analyzing
the position between genes in the genome as previously reported
(Ren et al., 2018). If the relative position between genes was less
than 10 kb, we defined it as cis-regulation. Otherwise, we defined
it as trans-regulation. Besides, for constructing the lncRNA-
mRNA-miRNA networks, target prediction of miRNAs to the
DEmRNAs and DElncRNAs was performed using RNAhybrid,
miRanda and TargetScan databases.

Gene Ontology (GO) was used to describe the genetic attributes
with terms under the biological process, cellular component, and
molecular function categories. By comparing the DElncRNAs,
DEmRNAs and the targets of DEmiRNAs with the genes of
mouse, the significantly enriched GO terms were determined.
Similarly, the significantly enriched pathway terms were obtained
using the KEGG pathway database. The GO and pathway terms with
Q value≤0.05 was defined as a termwhich was significantly enriched.

qRT-PCR Assay
For evaluation of the purity of liver cell populations and the
expression of DEmRNAs, DElncRNAs and DEmiRNAs, qRT-
PCR was performed. The genes for the cell markers (Alb, F4/80,
α-SMA, Col1α1, Col3α1 and GFAP), DElncRNAs and their
nearby genes located within the 10 kb upstream and downstream
in the genome, and the metabolism- and inflammation-related
DEmRNAs were selected for validation. 1 μg of total RNA was
reversely transcribed to cDNA using HiScript Ⅲ First-strand
cDNA Synthesis Kit (Vazyme, Munich, Germany) as
recommended by the manufacturer. qRT-PCR was performed
using All-in-OneTM qPCR Mix (GeneCopoeia) with an ABI 7500
Thermal Cycler (ThermoFisher Scientific, United States) according to
the standard method. Specific primers for the selected DElncRNAs
and DEmRNAs were obtained from TSINGKE (Xi’an, China)
(Supplementary Table S1), and specific primers for miRNAs
were purchased from GeneCopoeia (United States). The relative
expression level was normalized to GAPDH for DEmRNAs and
DElncRNAs or to U6 for DEmiRNAs. The 2−ΔΔCt algorithm was
used to calculate the relative expression levels represented as relative
fold-change (FC). All experiments were performed in triplicate.
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Statistical Analysis
The statistical analysis was conducted using Prism 6 (GraphPad)
software. The comparison between E and C groups was analyzed
using Student’s t-test. The results were presented as mean ±
standard deviation (SD). Significant differences were indicated as
*p < 0.05, **p < 0.01 and ***p < 0.001.

RESULTS

Primary HC, HSC and KC Isolation and
Characterization
The primary HCs, HSCs and KCs were isolated from liver of
anesthetized mice by using 0.04% collagenase Ⅳ solution, with
the largest number of HCs, followed by KCs and then HSCs. By
comparing the relative expression levels of cell markers (HCs:
Alb, HSCs: α-SMA, GFAP, Col1α1 and Col1α3; KCs: F4/80), the
results showed that Alb was predominantly expressed in HCs,
with the percentage of 69.44, F4/80 predominantly expressed in
KC with 73.19, and α-SMA, GFAP, Col1α1 and Col1α3
predominantly expressed in HSC (Supplementary Figure S1)
with 83.09, 87.70, 93.36 and 89.55, respectively, suggesting each
type of cell was enrichment.

Sequencing Data
As shown in Table 1, after removal of the low quality reads,
112M–115M total reads were produced in mRNA + lncRNA
libraries and 24–25M in miRNA libraries. In mRNA + lncRNA
libraries, the mapped percent was ranged from 95 to 96 with
the average mapped rate of 96% and a total of 43,183 genes
were identified. In miRNA libraries, 88–96% clean reads were
mapped with the average mapped rate of 93% and a total of
1,201 small RNAs were predicted. Additionally, a total of
33,065 genes were detected in HCs, 37,637 in HSCs and
39,174 in KCs.

LncRNA, mRNA and miRNA Profiles in HCs,
HSCs and KCs
As shown in Figure 1, in 2m p.i. HC samples, 274 upregulated and
219 downregulated mRNA were identified. Simultaneously, 1,111
upregulated and 119 downregulated mRNA were identified in 3m

p.i. samples. Additionally, 65 upregulated and 97 downregulated
lncRNAs, and 12 upregulated and 23 downregulated miRNAs were
found in 2m p.i. samples, while 136 upregulated and 82
downregulated lncRNAs, and 93 upregulated and 6
downregulated miRNAs in 3m p.i. samples (Figure 1A,
Supplementary Table S2). Furthermore, DEmRNAs, DElncRNAs
and DEmiRNAs of two time point were identified, with the
commonly shared 151 DEmRNAs (9.6%), 28 DElncRNAs (8%)
and 14 DEmiRNAs (11.7%) (Figure 1B).

In 2 m p.i. HSC samples, total 293 upregulated and 335
downregulated mRNAs, 98 upregulated and 127
downregulated lncRNAs, and 11 upregulated and 20
downregulated miRNAs were found, while total 241
upregulated and 142 downregulated mRNAs, 66 upregulated
and 63 downregulated lncRNAs, and 56 upregulated and 21
downregulated miRNAs were found in 3 m p.i. HSC samples
(Supplementary Figure S2A, Supplementary Table S2). The 80
(8.6%), 22 (6.6%) and 18 (20%) common differentially-expressed
genes (DEGs) were identified as DEmRNAs, DElncRNAs and
DEmiRNAs, respectively (Supplementary Figure S2B).

In 2 m p.i. KC samples, total 102 upregulated and 1,291
downregulated mRNAs, 85 upregulated and 177
downregulated lncRNAs, and 5 upregulated and 38
downregulated miRNAs were found, while total 79
upregulated and 205 downregulated mRNAs, 69 upregulated
and 32 downregulated lncRNAs, and 9 upregulated and 12
downregulated miRNAs were found in 3 m p.i. KC samples
(Supplementary Figure S3A, Supplementary Table S2). The
111 (7.1%), 18 (5.2%) and 3 (4.9%) common DEGs were
identified as DEmRNAs, DElncRNAs and DEmiRNAs,
respectively (Supplementary Figure S3B).

GO and KEGG Analyses of DElncRNAs and
DEmiRNAs
Of the 195 DEmiRNAs identified, the most was functionally
annotated, such as miR-7a-5p, miR-223-3p, miR-22-3p, miR-
146a-5p, miR-378a-3p, miR-467a-5p, miR-532-5p, miR-652-3p,
miR-871-3p and miR-96-5p (Coffey et al., 2019; Ota et al., 2019;
Chu et al., 2020; Du et al., 2020; Liang et al., 2020; Yan et al., 2020;
Wang X. et al., 2021; Gajeton et al., 2021; Han et al., 2021;
Kinoshita et al., 2021). Unlike the DEmiRNAs, most of the

TABLE 1 | The statistics of sequencing data.

Cell Genes Group 2 m p.i. 3 m p.i.

mRNA + lncRNA miRNA mRNA + lncRNA miRNA

Total
reads
(M)

Clean
reads
(M)

Mapped
percent

(%)

Total
reads
(M)

Clean
reads
(M)

Mapped
percent

(%)

Total
reads
(M)

Clean
reads
(M)

Mapped
percent

(%)

Total
reads
(M)

Clean
reads
(M)

Mapped
percent

(%)

HC 33,065 Control 112.4 111.2 96.2 25.2 23.6 91.6 111.9 113.9 96.3 23.7 22.1 89.9
Infected 112.4 111.7 95.9 25.2 24.1 93.4 111.9 113.9 96.3 25.2 23.6 88.2

HSC 37,637 Control 114.9 113.7 96.3 25.2 24.5 94.8 114.9 113.8 95.6 25.2 24.6 92.1
Infected 112.4 111.8 96.0 25.2 24.5 92.6 114.9 113.8 96.0 25.2 24.6 94.4

KC 39,174 Control 112.4 111.7 94.9 25.2 24.6 95.7 114.9 113.8 95.0 25.2 24.6 94.5
Infected 112.4 111.8 95.0 25.2 24.6 95.9 112.4 111.4 95.3 25.2 24.5 94.4
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DElncRNAs were not annotated with unknown functions. Based
on this, this study focused on the biological function of
DElncRNAs, with the most enriched biological processes of
DEmRNAs and DElncRNAs in HCs were immune system
process, innate immune response, inflammatory response and
cell adhesion (Figures 2A,B, Supplementary Table S4), and the
enriched pathways included pancreatic secretion, protein
digestion and absorption, fatty acid biosynthesis, ECM-
receptor interaction and PI3K-Akt signaling pathway (Figures
2C, D, Supplementary Table S3).

In HSCs, the enriched biological processes included immune
system process, adaptive immune response, negative regulation of
lipid biosynthetic and receptor-mediated endocytosis
(Supplementary Figures S4A, B, Supplementary Table S5),
and the enriched pathways included T cell receptor signaling
pathway, Th1 and Th2 cell differentiation, IL-17 signaling
pathway, Toll-like receptor signaling pathway and NF-κB
signaling pathway (Supplementary Figures S4C, D,
Supplementary Table S4), indicating that HSCs may play an
immune regulatory role after E. multilocularis infection.

While in KCs, the enriched biological processes included
immune system process, acute-phase response, cellular
response to IFN-β and exogenous drug catabolic process
(Supplementary Figures S5 A, B, Supplementary Table S6),
and the enriched pathways included complement and
coagulation cascades, TNF signaling pathway, cytokine-
cytokine receptor interaction, IL-17 signaling pathway and
PPAR signaling pathway (Supplementary Figures S5C,D,
Supplementary Table S5).

LncRNA-mRNA-miRNA Networks
It has been demonstrated that lncRNAs function as miRNA
“sponges”, which competitively suppress the activity of
miRNAs (Alkan and Akgül, 2022). Since lncRNAs interact
with miRNAs through miRNA Response Elements (MREs),
combined using the free energy and score of RNAhybrid,
miRanda and TargetScan databases, the potential MREs
were predicted and 38 DEmiRNAs that putatively targeted 8
DElncRNAs were then identified (Supplementary Table S6).
Based on these, partial lncRNA-mRNA-miRNA networks were
obtained (Figure 3). In this network, some DElncRNAs were
predicted to bind multiple DEmiRNAs, and DEmiRNAs were
predicted to bind multiple DEmRNAs, such as
F630028O10Rik (abbreviated as F63)-miR-223-3p-Fbxw7/
ZFP36/map1b and F63-miR-27-5p-Tdrd6/Dip2c/Wdfy4.
Considering these RNAs are differentially expressed in
various cells, some important roles may play by these
lncRNAs and miRNAs through these regulatory pathways,
which provide some clues for further studies of DElncRNAs
and DEmiRNAs.

qRT-PCR Validation
To verify the lncRNA-mRNA-miRNA networks and the data
of RNA-seq, qRT-PCR was used to examine the expression of 9
DElncRNAs (IFNgAS1, GM39584, F63, GM32721, GM11747,
GM41107, BGIG10090-47695, BGIG10090-39612 and
BGIG10090-34058) (Figure 4), 12 DEmRNAs (IFN-γ, IL-4,
IL-12, IL-10, a-SMA, COL1a1, TGF-β1, ZFP36, VDR, EGFR,
Fbxw7 and map1b) (Figure 5) and 5 DEmiRNAs (miR-143-3p,

FIGURE 1 | Comparisons of DElncRNAs, DEmRNAs and DEmiRNAs differentially expressed in HCs at 2 m p.i. and 3 m p.i (A) The number of DElncRNAs,
DEmRNAs and DEmiRNAs at two infection stages. Sky blue represents the total number of DEgemes, red and violet represents upregulated and downregulated genes,
respectively. (B) Veen diagrams showing the common and unique DElncRNAs, DEmRNAs and DEmiRNAs at two infection stages.
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miR-451a, miR-146b-5p, miR-222-3p and miR-342-3p)
(Figure 6). The overall expression patterns of these
DElncRNAs, DEmRNAs and DEmiRNAs between qRT-PCR
and RNA-seq was consistent, suggesting the reliability of
RNA-seq. It was worth mentioning that the expression of
inflammation related genes (IFN-γ and IL-4) were
remarkably upregulated in HSCs at 2 m p.i. and 3 m p.i.
However, in KCs, the IFN-γ was remarkably downregulated
and IL-4 still upregulated at 2 m p.i. and 3 m p.i. Additionally,
the fibrosis related factors including α-SMA and Col1α1
showed a sharp increase in 3 m p.i., suggesting the
persistence of inflammatory responses in the infection and
the occurrence of fibrosis. Additionally, some lncRNA-mRNA
pairs in the network were identified with a similar expression
trend, such as GM39584-Egfr, F63-Fbxw7/map1b and
IFNgAS1-IFN-γ, suggesting the potential regulatory role of
these DElncRNAs.

In addition, we identified some potential markers for HCs,
HSCs and KCs (Figure 7). For instance, the expression of
BGIG10090-47695, miR-146b-5p, miR-222-3p and EGFR was
remarkably abundant in HCs comparing HSCs and KCs, while
F63, GM41107 and GM32721 were remarkably abundant in
HSCs, and BGIG10090-39612, map1b and VDR in KCs.

DISCUSSION

E. multilocularis is one of zoonotic tapeworms with public health
concern. Elucidating the pathogenic mechanisms of the parasite
in the liver will help us to take better prevention and treatment
measures. It is known that HCs, HSCs, KCs together with others
constitute the liver and play divergent roles. Exploring the specific
biological processes of these cells after E. multilocularis infection
will systematically clarify the pathogenic mechanisms.
Therefore, the current study focuses on the transcriptomic
maps of mRNA, miRNAs and lncRNAs expressed in HCs,
HSCs and KCs in the liver after infection, which aims to
provide clues for further investigation of the pathogenic
mechanisms to better control AE.

The current results showed that, after the infection, the
expression of a number of mRNAs, lncRNAs and miRNAs in
HCs, HSCs and KCs was changed. One of our interests is the
genes related to metabolism in HCs. For example, the F-box
family member F-box- and WD repeat domain-containing 7
(Fbxw7) was up- and downregulated in 2 m p.i. and 3 m p.i.,
respectively. A previous study showed massive lipid deposition
and increasing proliferation of hepatocytes in Fbxw7-deficient
mice (Onoyama et al., 2011). Therefore, the changes in the

FIGURE 2 | The top twenty enriched biological process and pathways of DElncRNAs and DEmRNAs in HCs at 2 m p.i. and 3 m p.i.. (A) Predicted biological
process terms of DElncRNAs and DEmRNAs in HCs at 2 m p.i.. (B) Predicted biological process terms of DElncRNAs and DEmRNAs in HCs at 3 m p.i.. (C) Predicted
pathways of DElncRNAs and DEmRNAs in HCs at 2 m p.i.. (D) Predicted pathways of DElncRNAs and DEmRNAs in HCs at 3 m p.i..
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expression of Fbxw7 may reflect the host’s response to
eliminate the parasite in 2 m p.i. and the parasite’s strategy
for persistent infection in 3 m p.i. Consistent with the lncRNA-
mRNA-miRNA networks constructed, the qRT-PCR results

suggested that Fbxw7 might be the potential target gene of
miR-223-3p, which was regulated by F63 (lncRNA). It was
reported that in Cryptosporidium parvum infection, cirs-7 was
upregulated and promoted C. parvum propagation by

FIGURE 3 | The lncRNA-mRNA-miRNA network. The relationships of lncRNAs-miRNAs-mRNAs were constructed based the results of predicted targets using
Cytoscape software (v3.6.1). Different colors were used to show different genes, with green for DElncRNAs, purple for DEmiRNAs and red for DEmRNAs.
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regulating the miR-1270-RelA axis, which provided a control
strategy against C. parvum infection (Yin et al., 2021).
Therefore, elucidating the regulatory mechanism of F63-
miR-223-3p-Fbxw7 may provide a potential target for the
development of anti-E. multilocularis drugs. Another gene
enriched in HCs, epidermal growth factor receptor (EGFR),
was found to be highly expressed and was predicted to
participate in the PI3K/AKT signaling pathway in 3 m p.i.,
suggesting an essential role in host defense against the
infection. It is worth mentioning that EGFR was located
upstream within 10 kb of GM39584 (lncRNA). Interestingly,
their expression trend was consistent, suggesting that
GM39584 play a cis-regulation role. It is worth exploring
whether and how the EGFR-GM39584 axis plays a role
during E. multilocularis infection.

For HSCs, we focused on the expression patterns of
fibrosis-related genes, such as α-SMA, Col1α1 and Col1α3.
As expected, E. multilocularis infection induced these genes to
be upregulated, suggesting the tendency of liver fibrosis.
Besides, Col1α1, one of the target genes of F63, was most
enriched in HSCs. F63 acts as a competing endogenous RNA

(ceRNA) for the miR-1231-5p/Col1α1 axis, involved in
regulating post-spinal cord injury pyroptosis by activating
the PI3K/AKT pathway (Xu et al., 2020). It is therefore
hypothesized that F63 regulate the expression of Col1α1
indirectly and be involved in the apoptosis of hepatocytes.
By analyzing the DEgenes of HSCs at 2 m p.i. and 3 m p.i., we
found the inflammation-related pathways were enriched
significantly, including cytokine-cytokine receptor
interaction, chemokine signaling pathway, IL-17 signaling
pathway, NF-kappa B signaling pathway, T cell receptor
signaling pathway and Th1, Th2 and Th17 cell
differentiation. Consistently, IFN-γ, IL-4 and IL-12 were
remarkable upregulated in HSCs at 1 m p.i., 2 m p.i. and
3m p.i, suggesting that HSCs may be involved in immune
regulation together with KCs. However, the level of IFN-γ in
HSCs was higher than that of KCs and its expression trend in
both cells was just opposite during the course of infection.
Previous studies identified IFNgAS1 involved in IFN-γ-
mediated host defense as an important regulator of IFN-γ
expression and AW112010 promoted pro-inflammatory
pathways by suppressing IL10 expression, which reduced

FIGURE 4 | The relative expression levels of 9 lncRNAs in 2M-HC, 3M-HC, 2M-HSC, 3M-HSC, 2M-KC and 3M-KC were determined by qRT-PCR. The number of
biological replicates for each experiment was 3 and the relative expression levels were normalized to the expression levels of GAPDH. Data are presented as means with
SD. p-values were analyzed by Student’s t-test. ***p < 0.001, **p < 0.01 and *p < 0.05.
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the number of IFN-γ expression after knocked the expression
of AW112010 (Petermann et al., 2019; Peng et al., 2020; Yang
et al., 2020). In this work, the expression of IFN-γ in HSCs and
KCs was positively correlated with AW112010 and IFNgAS1.
Considering the similar expression pattern between IFNgAS1,
AW112010 and IFN-γ, we guess that the similar role be played
in HSCs after E. multilocularis infection. Therefore, whether
the expression of IFN-γ is regulated by both AW112010 and
IFNgAS1 is worthy of further exploration. Besides, it was
reported that miR-155 positively regulates IFN-γ expression

via the Tim-3 pathway in NK cells, and miR-29b/142-5p also
induces IFN-γ upregulation by targeting DNMTs (Cheng
et al., 2015; Yang Y. et al., 2018). In our work, we found
that both miR-155 and miR-29b were downregulated
expressed in HSCs at 3 m p.i., which provides a clue for
investigation of the mechanism of IFN-γ regulation.

It is known that the liver resident macrophages, KCs, are
the first line of defense against inflammation/infections in the
liver. It has been shown that the activation of vitamin D
receptor (VDR), expressed on KCs, decreases hepatic

FIGURE 5 | The relative expression levels of 12 mRNAs in 2M-HC, 3M-HC, 2M-HSC, 3M-HSC, 2M-KC and 3M-KCwere determined by qRT-PCR. The number of
biological replicates for each experiment was 3 and the relative expression levels were normalized to the expression levels of GAPDH. Data are presented as means with
SD. p-values were analyzed by Student’s t-test. ***p < 0.001, **p < 0.01 and *p < 0.05.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 7985519

Liu et al. lncRNA, miRNA and mRNA Regulatory Networks

66

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


inflammation in diet-induced model of NASH (Dong et al.,
2020). In this study, the expression of VDR was
downregulated continuously, suggesting that KCs may be
active against E. multilocularis infection. Previous studies
identified that miR-125b and miR-351-5p involved in the
pathological process by targeting VDR (Mohri et al., 2009;
He et al., 2018). It is possible that miR-125b and miR-351-5p
may play a similar regulatory role in KCs. Moreover, the
expression of IFN-γ was decreased, while IL-4 and IL-10 were
increased in KCs, implying that E. multilocularis infection
cause a Th2 immune response rather than Th1 immune
response. Additionally, the KEGG pathway analysis

revealed that the DEgenes were significantly enriched in
the IL-17 signaling pathway, TNF signaling pathway and
cytokine-cytokine receptor interaction. We found some
metabolism-related pathways were also enriched, such as
ascorbate and aldarate metabolism, steroid hormone
biosynthesis, glycine, serine and threonine metabolism,
tryptophan metabolism, biosynthesis of secondary
metabolites, arginine biosynthesis and fatty acid
biosynthesis, indicating that KCs also play a role in
metabolism regulation during E. multilocularis infection.

In summary, the present study revealed the transcriptomic
maps of mRNA, miRNAs and lncRNAs expressed in HCs,

FIGURE 6 | The relative expression levels of 5 miRNAs in 2M-HC, 3M-HC, 2M-HSC, 3M-HSC, 2M-KC and 3M-KC were determined by qRT-PCR. The number of
biological replicates for each experiment was 3 and the relative expression levels were normalized to the expression levels of U6. Data are presented as means with SD.
p-values were analyzed by Student’s t-test. ***p < 0.001, **p < 0.01 and *p < 0.05.

FIGURE7 | The relative expression level of DElncRNAs, DEmRNAs, and DEmiRNAs in different cells at 2m p.i.. Sky blue represents the expression of genes in HCs,
red and purple represents HSCs and KCs, respectively.
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HSCs and KCs during E. multilocularis infection. Additionally,
by integrate analyzing the RNA-seq data, we found some
potential regulatory axis, such as F63-miR-223-3p-Fbxw7,
GM39584-EGFR, F63-miR-1231-5p-Col1α1, IFNgAS1/
AW112010-IFN-γ, and miR-125b/miR-351-5p-VDR. The
future studies need to insight into clarify these regulatory
axis and provide potential treatment targets for AEs.
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Gender Differential Expression of AR/
miR-21 Signaling Axis and Its
Protective Effect on Renal
Ischemia-Reperfusion Injury
Gaomin Huang, Qiu Yao, Zhenfeng Ye, Yawei Huang, Chiyu Zhang, Yi Jiang and Xiaoqing Xi*

Department of Urology, Second Affiliated Hospital of Nanchang University, Nanchang, China

Objective: The aim of this study was to investigate gender differences after renal
ischemia-reperfusion injury in mice and the effects of androgen receptor (AR) and
microRNA-21 (miR-21) on apoptosis in renal ischemia-reperfusion injury.

Methods: Renal ischemia-reperfusion injury model was induced by 45 min of bilateral
renal artery ischemia and reperfusion. BALB/c mice were randomly divided into groups
according to different experimental protocols. The levels of renal function were evaluated
by serum creatinine and blood urea nitrogen. TUNEL staining was used to analyze the
pathological changes and apoptosis levels of renal tissue, and western blotting and qPCR
were used to detect the expressions of miR-21, AR, PDCD4 and caspase3.

Results: After renal ischemia-reperfusion injury in mice with different genders, the levels of
plasma urea nitrogen and creatinine in female and male mice increased, the
histopathological score increased, and TUNEL staining in renal tissue indicated
increased apoptosis. The expressions of miR-21, PDCD4, and active caspase-3
protein were up-regulated. The above trend was more pronounced in male mice, and
a significant decrease in AR mRNA expression was detected. Silencing the expression of
AR aggravated the decline of renal function and renal tubular injury after renal ischemia in
mice. The expression of PDCD4 and active caspase-3 increased, while the level of miR-21
was correspondingly decreased. Up-regulation of miR-21 expression by pre-miR-21
could negatively regulate PDCD4, reduce the expression level of active caspase3, and
yet induce AR expression accordingly. MiR-21 alleviated renal ischemia-reperfusion injury
by inhibiting renal tubular epithelial cell apoptosis. The effect of antagomiR-21 was the
opposite, which aggravated renal ischemia-reperfusion injury.

Conclusion: There are gender differences in renal ischemia-reperfusion injury. Male mice
are more susceptible to renal ischemia-reperfusion injury than female. Silencing AR
expression or down-regulating the level of miR-21 can promote the expression of
PDCD4 and apoptosis protein caspase3, thereby aggravating ischemia-reperfusion
injury in mice. The protective effect of AR and miR-21 in renal ischemia-reperfusion
injury has a certain synergy.
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INTRODUCTION

Renal ischemia-reperfusion (renal IR) injury is a common
pathophysiological process in clinical practice and the main
cause of acute renal failure (Murugan and Kellum, 2011). At
present, the mechanism of renal IR is not fully recognized. It
usually involves a variety of pathophysiological processes such as
oxidative stress, inflammatory response, and apoptosis of renal
tubular epithelial cells (Lee et al., 2019). In the early stage of renal
ischemia, the interaction between damaged renal tubular
epithelial cells, activated endothelial cells and macrophages
induces oxidative stress and complement activation,
aggravating the process of cell damage. Acute inflammation
occurs after blood flow reperfusion, including the production
of many pro-inflammatory factors, such as tumor necrosis factor-
alpha (TNF-α), interleukin-1beta (IL-1β), and induces a large
amount of apoptosis of renal tubular epithelial cells (Mulay et al.,
2016). The pathophysiological mechanism of renal IR is definite
complicated, and the molecular mechanism of IR-induced renal
tubular cell death has not yet been fully elucidated. Therefore, the
research on the protection strategy and pathogenesis of renal IR is
of great significance.

In recent years, studies have found that in acute ischemic
injury, there are gender differences between male and female
individuals. According to reports, androgens protect male mice
from ischemia-induced castration-related damage by regulating
angiogenesis in cardiovascular diseases, and rely on the
transcriptional activation of androgen receptors (Lam et al.,
2016). Some scholars have found through animal experiments
and clinical cases that there are obvious gender differences in the
sensitivity and tolerance of the kidney to ischemia-reperfusion
injury. The animals show that female rats are more resistant to
ischemic kidney injury than male rats (Mehta et al., 2002; Kim
et al., 2006; Kang et al., 2014), we also observed this phenomenon
in the experiment of sex difference in mice. According to reports,
acute ischemic diseases may reduce androgen levels (Wagner
et al., 2011). Further studies by researchers have shown that renal
ischemia-reperfusion injury leads to a decrease in androgen
levels, and androgen supplementation can protect renal
ischemic injury, and castration can promote renal injury and
renal failure (Robert et al., 2011; Soljancic et al., 2013). The effects
of androgens on target organs are mainly mediated by nuclear
androgen receptor (AR) transcriptional control of target genes.
Androgens also interact with a variety of signaling pathways
independent of transcriptional control through AR in the
cytoplasm, thereby inducing rapid activation of the kinase
signaling cascade (Baron et al., 2004). In order to clarify the
role of AR in the gender difference of renal IR, we detected the AR
transcription level of the mouse kidney 24 h after IR in the mouse
ischemia-reperfusion injury model, and found that the AR level
in the kidney tissue of male mice decreased significantly.
However, it is not clear whether AR plays a unique
pathophysiological role in renal ischemia.

MicroRNAs (miRNAs) are a type of endogenous non-coding
RNA found in eukaryotes, with a size of about 20 nucleotides in
length. miRNAs inhibit gene expression after transcription by
targeting the 3′UTR of mRNA, and participate in a variety of

regulatory pathways, including immune response, metabolic
processes, tumorigenesis and development, organ formation,
cell proliferation, and apoptosis (Hwang and Mendell, 2006;
Tavazoie et al., 2008; Lu et al., 2011; Rottiers and Näär, 2012;
Lu and Rothenberg, 2018). More and more studies have found
that microRNA can regulate IR-induced kidney damage by
regulating the expression of target genes (Hao et al., 2017; Jia
et al., 2020). Studies have shown that miR-21 participates in
ischemia-reperfusion injury of a variety of tissues and organs,
including the heart, kidney, intestine, and brain through the
regulation of apoptosis, inflammation, and oxidative stress (He
et al., 2016; Yang et al., 2016; Jia et al., 2017). We have previously
reported that miR-21 can reduce renal ischemia-reperfusion
injury by reducing the expression of its target gene PDCD4
and inhibiting apoptosis (Hu et al., 2014). Here, we found that
the expression of miR-21 in kidney tissues of mice of different
genders has obvious gender differences after renal IR. The
mechanism of miR-21 involved in renal ischemia-reperfusion
is still worth studying. In addition, some researchers recently
found that AR can positively regulate the expression of miR-21 in
prostate cancer, and there is a positive feedback loop between the
regulation of AR and miR-21 (Mishra et al., 2014). However,
whether miR-21 could interact with AR to participate in gender
differences in renal IR injury remains unknown. In order to
clarify this question, this study used a mouse ischemia-
reperfusion injury model to explore the role of AR and miR-
21 in renal ischemia-reperfusion injury.

MATERIALS AND METHODS

Experiment Animals
A total of 90 male and female BALB/c mice (6–8 weeks old,
weighing about 20–25 g) were purchased from the Animal
Experimental Center of Nanchang University. Animals are
kept in a 12/12 h light/dark cycle environment, where food
and water are freely available. The experimental protocol in
this study was approved by the Animal Care and Use
Committee of Nanchang University.

Renal Ischemia-Reperfusion Injury Model
Based on our previous work, mouse renal ischemia-reperfusion
model was established. The mice were fasted for 8 h before the
operation, injected with sodium pentobarbital (50–60 mg/kg, ip)
into the abdominal cavity to induce anesthesia, fixed the limbs
and disinfected with iodophor before the operation. The renal
pedicles were exposed through an abdominal incision, and the
bilateral renal arteries were clamped for 45 min. During
reperfusion, loosen the hemostatic clip, observe the color
change of the kidney, confirm that the blood flow is normal,
and suture the incision. The sham operation group performed the
same operation without clamping the renal artery. We used a
heating pad to maintain the mouse’s body temperature at
35–37°C to ensure that the operation was performed at a
constant temperature and promote the recovery of the mouse
after surgery. The kidney was obtained 24 h after the operation
and the serum was collected. Two weeks before surgery, the
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kidney was exposed through an incision in the subcostal renal
region. Then 50 ul lentivirus constructs containing AR-shRNA
(3*10E7 TU/ml, Genechem, Shanghai, China) was injected into
the upper and lower poles of the renal, while equal concentration
lentivirus of scrambled shRNA was used as negative control. Pre-
miR-21 (RiboBio, Guangzhou, China) was used as an activator of
miR-21 overexpression at a concentration of 5 mg/kg, and
AntagomiR-21 (RiboBio, Guangzhou, China) was used as an
inhibitor of miR-21 at 10 mg/kg. Activators and inhibitors were
injected intraperitoneally 24 and 1 h before renal IR surgery.

Grouping
According to the experimental protocol, the mice were divided into
several groups, n≥ 5 in each group.We tested the effects of IR onAR
and miR-21 in renal tissues of different genders, and divided them
into four groups: 1) male renal IR, 2) female renal IR, 3) male sham
operation, and 4) female sham operation. We studied the effect of
interfering with AR expression on IR injury and divided male mice
into six groups: 1) AR-shRNA+ IR, 2) AR-NC+ IR, 3) Control + IR,
4) AR-shRNA + sham operation, 5) AR-NC + sham operation, and
6) Control + sham operation. We explored the role of miRNA in
protecting renal IR injury. Male mice were randomized into six
groups: 1) pre-miR-21 + IR, 2) AntagomiR-21 + IR, 3) Control + IR,
4) pre-miR-21 + sham operation, 5) AntagomiR-21 + sham
operation, and 6) Control + sham operation.

Serum Creatinine and Blood Urea Nitrogen
Determination
Serum creatinine (Cr) and blood urea nitrogen (BUN) were
measured using Cr determination kit and BUN determination
kit (Rayto, Shenzhen, China). Collect blood samples from the
animal’s tail or at the time of execution. After standing at room
temperature for 2 h, the serumwas collected by centrifugation. The
samples were analyzed on a fully automatic biochemical analyzer
(Rayto, Chemray 240, Shenzhen, China), and the corresponding
parameters followed the manufacturer’s instructions.

Histopathological Analysis
Kidney tissues were separated from mice and fixed with 4%
paraformaldehyde, embedded in paraffin, and sliced at 4 um.
Tissue sections were stained with hematoxylin and eosin (HE)
using standard procedures. Observe the tissue sections under an
optical microscope (Olympus, Tokyo, Japan), and score the
pathology according to the percentage of necrosis or necrotic
fragments in the proximal tubules of the cortex and outer
medulla: 0, normal kidney; 1, <10%; 2, 10–25%; 3, 26–75%; 4, >75%.

TUNEL Staining
TUNEL method was used to detect renal tissue apoptosis.
According to the manufacturer’s instructions, use TUNEL
detection kit (Servicebio, Wuhan, China) to detect 4 um tissue
sections. First, the paraffin-embedded tissue sections were
deparaffinized and transparent, and then the sections were
repaired with proteinase K working solution for 30 min, and
0.1% triton was added dropwise to the sections and incubated
at room temperature for 20min. Then, the sections were incubated

in a mixed buffer containing TDT enzyme-dUTP at 37°C for 2 h.
DAPI staining solution was added dropwise and incubated at room
temperature in the dark for 10min. The sections were washed with
PBS, and finally mounted with anti-fluorescence quenching
mounting tablets, and the sections were observed through a
fluorescence microscope to estimate the number of TUNEL-
positive staining cells.

Quantitative PCR
Total RNA was extracted from the tissues using TransZol Up kit
(Transgen, Beijing, China). Use Easyscript kit with gDNA Remover
(Transgen, Beijing, China) to reverse transcribe the extracted RNA
into cDNA, and then use Green qPCR Supermix kit (Transgen) to
perform qPCR in real-time fluorescence quantitative PCR Detection
System (Applied Biosystems, 7900, United States). PCR primers are
synthesized by Sangon (Shanghai, China), using to obtain the
expression level of mRNA. The primers (5′-3′) used were listed
as follows: AR (mice) forward primer: TCCAAGACCTATCGA
GGAGCG, reverse primer: GTGGGCTTGAGGAGAACCAT;
PDCD4 (mice) forward primer: AAAGACGACTGCGGAAAA
ATTCA, reverse primer: CTTCTAACCGCTTCACTTCCATT;
GAPDH (mice) forward primer: AGGTCGGTGTGAACGGAT
TTG, reverse primer: TGTAGACCATGTAGTTGAGGTCA; U6
(mice) forward primer: CTCGCTTCGGCAGCACA, reverse
primer: AACGCTTCACGAATTTGCGT. For the detection of
miR-21 expression, use the mmu-miR-21a-5p bulge-loop RT
primer designed by RiboBio (Guangzhou, China) for reverse
transcription, and then use the mmu-miR-21a-5p specific primer
pair for qPCR. MiRNA uses U6 as an internal reference, andmRNA
uses GADPH as an internal reference. Use the 2-ΔΔCt value to
quantify the fold change and determine relative gene expression.

Western Blot
The western blot analysis was performed according to the
standard protocol. The tissue was lysed with RIPA buffer
(Solarbio, Beijing, China) containing 1 mM PMSF. After high-
speed centrifugation, use the loading buffer to collect the tissue
lysate. An equal amount of protein samples is separated on a 10%
SDS-PAGE gel and then transferred to a PVDF membrane. And
sealed in 5% skimmed milk for 1 h. PDCD4 antibody, cleaved
caspase-3 antibody, Caspase-3 antibody, and GAPDH antibody
were diluted by 1:500, 1:1000, 1:1000, and 1:5000, respectively.
The membrane was incubated with the primary antibody
overnight at 4°C, and then incubated with the horseradish
peroxidase (HRP) secondary antibody (1:10,000) for 1 h at
room temperature, and finally the detection strip was
incubated with ECL working solution (Us Everbright, Suzhou,
China). Antibodies were purchased from the following sources:
anti-PDCD4 (catalogue number: ab80590) from Abcam, anti-
cleaved-caspase-3 (catalogue number: 9661) from Cell Signaling
Technology, anti-caspase-3 (catalogue number: 66470-2-Ig) and
anti-GAPDH (catalogue number: 60004-1-Ig) from Proteintech.

Statistical Analysis
The data are expressed as mean ± standard deviation (SD) (n > 5),
and the difference between the two groups was tested by t test. A
two-way ANOVA multiple-comparisons test is used to estimate
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how two factors affect a response variable. p < 0.05 is considered
to reflect a significant difference between the two sets of data.

RESULTS

Effect of Sex Difference on Renal Function
and Histological Changes After Renal
Ischemia-Reperfusion Injury
We detected the changes in serum creatinine and serum urea nitrogen
levels in female and male mice after renal ischemia for 45min and
reperfusion for 24 h. The serum creatinine level of the control group
animals was 12–16 umol/l, and the BUN value was about 17mg/dl.
There was no significant difference between male and female
individuals. Compared with the control group, serum creatinine
and serum urea nitrogen levels increased significantly after IR

injury. However, compared with female mice, male mice had a
more significant decline in renal function caused by IR injury
(Figures 1A,B). The HE staining of kidney tissue is as shown in
Figure 1C. There was no significant change in the kidney histology of
mice in the control group. After ischemia-reperfusion, both male and
female mice showed renal tubular injury, and many renal tubular
atrophy and dilation were seen in the renal tissue, but the degree of
injury inmale animals was significantly higher. In order to quantify the
kidney tissue damage in mice, the renal tissue pathological damage
score was used to determine the percentage of renal tubular necrosis
and dissolution. The results showed that the pathological score of the
renal tissue ofmalemice was close to three and that of femalemice was
approximately 2. The pathological score increased after IR injury, but
the increase in male mice was more obvious (Figure 1D). Tubular
damage and necrosis under ischemic conditions are closely related to
cell apoptosis. In order to study the effect of gender on renal
tubular cell apoptosis after IR injury, the TUNEL method was

FIGURE 1 |Gender differences in renal ischemia-reperfusion injury. (A,B) Serum creatinine levels (A) and serum urea nitrogen levels (B) of male and female mice in
renal ischemia for 45 min and 24 h after reperfusion. (C) HE staining of renal tissue (original magnification ×200). Renal tubule injury is characterized by renal tubular
atrophy and dilation, accompanied by tubular type. (D) Corresponding renal tissue pathological damage score. (E) Representative photograph for TUNEL staining
section of renal tubular epithelial cells (green) in each group. Original magnification: ×400. Scale bar: 20 µm. (F) Quantitative evaluation of TUNEL-positive cells in
renal tissue. The data displayed are mean ± SEM (n > 5). Compared with sham operation group, *p < 0.05. Compared with female renal IR group, #p < 0.05.
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used to detect renal tissue in our experiment. After ischemia-
reperfusion, a large number of TUNEL-positive cells appeared in
the kidney tissue of male mice, while TUNEL-stained cells were
relatively few in female mice. TUNEL-positive cells were not
found in the control group. TUNEL staining of renal tissues
indicated that the renal cell apoptosis in the IR group was
significantly increased, and the male renal cell apoptosis in the
IR group was more severe than that of the female (Figures 1E,F).

The Influence of Gender Differences on the
Expression Levels of Androgen Receptor
and miR-21 After Ischemia-Reperfusion
injury
The AR expression of male and female mice after IR injury was
evaluated. Compared with the control group, the levels of AR
mRNA in male mice decreased to varying degrees, and the

decrease of AR in female mice was not significant
(Figure 2A). Male mice may be more sensitive to AR decline
than female mice, causing renal ischemia-reperfusion injury more
severe than female mice. Compared with the sham group, the
expression of PDCD4 mRNA and protein in the IR group was
significantly increased, and male mice were more significant than
female mice (Figures 2C–E). Compared with the control group,
the expression of miR-21 was significantly increased after IR
injury, while the expression of miR-21 between male and female
mice was also significantly different. Compared with male mice,
the expression of miR-21 in female mice risen more significantly
(Figure 2B). Caspase-3 is an important part of the caspase-
dependent apoptosis pathway. In the experiment, we used
western blotting to detect the expression of caspase-3 protein
in kidney tissue. Compared with the sham group, the expression
of apoptotic factor caspase-3 was increased after IR injury, while
the expression of caspase-3 in the renal tissue of male mice was

FIGURE 2 |Gender difference expression of AR andmiR-21 after renal IR injury. (A–C) qPCR showing AR (A), miR-21(B), and PDCD4 (C)mRNA levels of male and
female mice in renal ischemia for 45 min and 24 h after reperfusion. (D) The expression of cleaved caspase-3 and PDCD4 protein in renal tissue after renal ischemia-
reperfusion was detected by Western blot. (E) Quantitative evaluation of PDCD4 protein levels in renal tissue. (F) Quantitative evaluation of cleaved caspase-3 protein
levels in renal tissue. Data presented are mean ± SEM (n > 5). Compared with sham operation group, *p < 0.05. Compared with female renal IR group, #p < 0.05.
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significantly higher than that of female mice, which is consistent
with the TUNEL results (Figures 2D,F).

Silencing Androgen Receptor Expression
Aggravates Renal Ischemia-Reperfusion
Injury
In order to study the role of AR in ischemia-reperfusion injury,
AR was used to interfere with the lentiviral vector to silence the
expression of AR in male mice, to observe the changes in renal
function and histology after renal ischemia-reperfusion injury,
and to detect changes in renal tissue. The effect of apoptosis.
Compared with the sham group, the serum creatinine and
serum urea nitrogen levels of the IR groups were significantly
increased; In the IR group, compared with the Control + IR, the
serum creatinine and serum urea nitrogen levels of the AR-
shRNA + IR group were significantly increased, while there was
no significant difference between the AR-NC group and the

Control group (Figures 3A,B). Kidney HE staining showed that
many renal tubules were atrophied and dilated in the renal
tissues of the IR group, accompanied by vacuoles and edema of
epithelial cells, but there were no obvious changes in the renal
tissues of the sham groups. In the IR group, the renal tissue
damage in the AR-shRNA + IR group was more severe than that
of the other two groups (Figure 3C). The renal tissue
pathological damage score showed that compared with the
Control + sham operation group, the degree of renal tissue
damage in each IR group was aggravated. Compared with
Control + IR, the degree of renal tissue damage in the AR-
shRNA + IR group was aggravated, but there was no significant
difference in the degree of renal tissue damage in the NC + IR
group (Figure 3D). As can be seen in TUNEL staining,
compared with Control + Sham operation group, renal cell
apoptosis in each IR group increased; compared with Control +
IR, renal cell apoptosis increased in AR + IR group, but no
significant difference in NC + IR group (Figures 3E,F). After

FIGURE 3 | Silencing AR expression aggravates renal ischemia-reperfusion injury in male mice. (A,B) Effects of AR-shRNA silencing AR expression on the level of
serum creatinine (A) and serum urea nitrogen (B) in male mice. (C) HE staining of renal tissue in each group (original magnification ×200). (D) Corresponding renal tissue
pathological damage score. (E) Representative photograph for TUNEL staining section of renal tubular epithelial cells (green) in each group. Original magnification: ×400.
Scale bar: 20 µm. (F)Quantitative evaluation of TUNEL-positive cells in renal tissue. Data displayed are mean ± SEM (n > 5). Compared with sham operation group,
*p < 0.05. Compared with Control + IR group, #p < 0.05.
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down-regulating the expression of AR, renal cell apoptosis
significantly increased.

The Effect of Silencing Androgen Receptor
Expression on Renal Tubular Cell Apoptosis
and miR-21 Expression Level
After silencing the expression of AR in male mice, compared with
the control group and the NC group, the AR expression of the AR
interference group decreased, and there was no difference
between the control group and the NC group. Compared with
the sham group, AR expression in each IR group showed different
degrees of decline (Figure 4A). After AR interference, the
expression of miR-21 in the AR interference group also
decreased compared with the control group (Figure 4B).
Compared with the sham group, the mRNA level of PDCD4
in each IR group was significantly increased (Figure 4C). We

detected and quantified the expression of PDCD4 and caspase-3
protein in kidney tissue and found that the expression of PDCD4
protein was consistent with mRNA. Compared with the Control
+ sham operation group, the expression of caspase-3 in each IR
group increased; compared with the Control + IR group, the
expression of caspase-3 protein increased in the AR-shRNA + IR
group (Figures 4D–F). These results suggest that apoptosis is
more serious after renal ischemia-reperfusion injury, and the
down-regulation of AR increases the degree of apoptosis, thereby
aggravating renal ischemia-reperfusion injury.

Effects of AntagomiR-21 and
Pre-MicroRNA-21 on the Renal Function
and Histological Changes in Mice
In each IR group, compared with the control group, pre-miR-
21 significantly inhibited the increase in serum BUN and

FIGURE 4 | Effect of silencing AR expression on miR-21 level and renal tubular cell apoptosis. (A) qPCR showing knocking down AR decreased AR mRNA level
after renal ischemia-reperfusion injury in male mice. (B) Silencing AR decreased miR-21 level after renal ischemia-reperfusion injury. (C) Silencing AR increased PDCD4
mRNA level renal after ischemia-reperfusion injury. (D)Western blot showing knocking down AR increased cleaved caspase-3 and PDCD4 protein levels in renal tissue
after renal ischemia-reperfusion. (E)Quantitative evaluation of PDCD4 protein levels in renal tissue. (F)Quantitative evaluation of cleaved caspase-3 protein levels in
renal tissue. Data presented are mean ± SEM (n > 5). Compared with sham operation group, *p < 0.05. Compared with Control + IR group, #p < 0.05.
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creatinine levels after IR, while the increase in serum BUN
and creatinine levels in the antagomiR-21 + IR group was
more significant (Figures 5A,B). Histopathology of the
kidney showed that there was no obvious damage and
necrosis in the renal tissue of the sham-operated mice.
Compared with the Control + IR group, pre-miR-21
treatment can reduce renal tubular atrophy, dilation and
swelling, accompanied by a significant reduction in tubular
necrosis (Figure 5C). Renal tissue pathological damage score
confirms the protective effect of pre-miR-21 on the kidney,
while renal tubular injury was not significantly improved in
the antagomiR-21 + IR group (Figure 5D). TUNEL staining
was used to evaluate the degree of apoptosis of kidney tissue.
The results showed that pre-miR-21 pre-treatment can

significantly reduce the number of positive cells stained
by TUNEL, while the effect of antagomiR-21 is opposite
(Figures 5E,F). After ischemia-reperfusion 24 h, cell
apoptosis in each IR group was obvious. The
supplementation of exogenous miR-21 can effectively
reduce renal tubular injury and renal tissue cell apoptosis.

MicroRNA-21 Reduces Renal Tubular Cell
Apoptosis After IR by Targeting PDCD4
The expression of endogenous miR-21 was increased in male
mice 24 h after ischemia-reperfusion. Pre-miR-21 treatment up-
regulated the level of miR-21, while antagomiR-21 treatment
down-regulated the expression of miR-21. However, the

FIGURE 5 |MiR-21 ameliorated the decline of renal function and tubular damage in mice. (A,B) pre-miR-21 reduces serum creatinine (A) and serum urea nitrogen
(A) levels after renal ischemia-perfusion, while antagomiR-21 intervention aggravated the decline of renal function. (C) HE staining of renal tissue in each group (original
magnification ×200). (D) Corresponding renal tissue pathological damage score. (E) Representative photograph for TUNEL staining section of renal tubular epithelial
cells (green) in each group. Original magnification: ×400. Scale bar: 20 µm. (F) Quantitative evaluation of TUNEL-positive cells in renal tissue. Data displayed are
mean ± SEM (n > 5). Compared with sham operation group, *p < 0.05. Compared with Control + IR group, #p < 0.05.
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expression level of miR-21 did not change significantly after
renal IR injury in the antagomiR-21 group (Figure 6A). Pre-
miR-21 can increase the expression of AR mRNA, and
antagomiR-21 can decrease the expression of AR mRNA
(Figure 6B). The expression level of AR in mouse kidney
tissue shows the same trend as the expression of miR-21.
Compared with the IR group, the PDCD4 mRNA and
protein expression levels in the kidney tissue of the pre-miR-
21 + IR group mice were reduced, while the PDCD4 mRNA and
protein expression levels in the antagomiR-21 + IR mice were
increased. The expression level of PDCD4 was negatively

correlated with the change of miR-21 expression (Figures
6C–E), which had also been confirmed in other studies (Pan
et al., 2019). The expression of pro-apoptotic protein caspase-3
was significantly increased in mice with renal ischemia
reperfusion for 24 h. Compared with the control + IR group,
pre-miR-21 reduced the expression level of caspase-3, and the
up-regulation of miR-21 could alleviate cell apoptosis under the
condition of renal ischemia-reperfusion in mice. While the
antagomiR-21 + IR group was the opposite, indicating that
miR-21 has a protective effect on renal ischemia-reperfusion
injury (Figures 6D,F).

FIGURE 6 | MiR-21 reduces renal tubular cell apoptosis by targeting PDCD4 after ischemia-reperfusion injury. (A) qPCR showing pre-miR-21 treatment up-
regulated miR-21 level, whereas antagomiR-21 down-regulated the expression of miR-21. (B) The expression of AR mRNA in the renal tissue by qPCR. (C) PDCD4
mRNA level was negatively correlated with the expression of miR-21 in mice with ischemia-reperfusion injury. (D) pre-miR-21 induced the expression of cleaved
caspase-3 and PDCD4 protein after renal ischemia-reperfusion, yet antagomiR-21 reduced. (E) Quantitative evaluation of PDCD4 protein levels in renal tissue. (F)
Quantitative evaluation of cleaved caspase-3 protein levels in renal tissue. Data displayed are mean ± SEM (n > 5). Compared with sham operation group, *p < 0.05.
Compared with Control + IR group, #p < 0.05.
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DISCUSSION

Our research results show that there are obvious gender
differences in renal ischemia-reperfusion injury in
animals. Male mice are more sensitive to IR than female
mice and are more susceptible to renal ischemia-reperfusion
injury. What mechanism causes gender differences in renal
IR? We found that the expression of androgen receptor in the
kidney tissues of female and male mice was similar before
renal ischemia-reperfusion in the female and male mice with
renal ischemia for 45 min and reperfusion for 24 h, but the
expression of AR in male mice was obvious after ischemia-
reperfusion injury. Decrease, which indicates that the higher
expression of AR helps to improve the renal function of
female mice after renal ischemia-reperfusion. Our further
experiments showed that silencing the expression of AR
would aggravate the decline of renal function and renal
tubular damage after renal ischemia in mice, and
activation of caspase3, a key factor for apoptosis in the
Caspase family, was also significantly increased. These
results suggest that the down-regulation of AR in animals
will increase the degree of apoptosis, thereby aggravating
renal ischemia-reperfusion injury. This may be explained by
the decline of androgen receptors in the body that makes
male mice more sensitive to renal ischemia-reperfusion
injury.

A large amount of evidence indicates that
hypoandrogenemia is associated with an increased risk of
ischemic disease (Yeap, 2018), and androgen is mediated
through the transcriptional control of target genes by
androgen receptor (AR). Sumiko et al. found in the skeletal
muscle ischemia model that the blood flow recovery of male and
female AR knockout mice was impaired, apoptosis increased,
and the incidence of autologous amputation after ischemia was
higher. In in vitro studies, AR was silent of vascular endothelial
cells showed reduced angiogenesis (Yoshida et al., 2013).
Another study showed that the loss of AR in vascular
smooth muscle, rather than the loss of AR in endothelial
cells, led to ischemia-reperfusion injury in the hind limbs of
androgen receptor knockout mice (Wu et al., 2016). After
transient middle cerebral artery occlusion in male and female
adult rats, a decrease in androgen receptor expression can be
detected in the ischemic ipsilateral cerebral hemisphere of male
rats (Acaz-Fonseca et al., 2020). These findings suggest the role
of androgen receptors in the development of acute ischemic
diseases.

MiR-21 is generally up-regulated in several different animal
models of kidney disease, as well as human acute kidney injury
and chronic kidney disease (Lorenzen, 2015; Loboda et al.,
2016; Kölling et al., 2017). From the perspective of miRNA, we
analyzed the levels of miR-21 in the kidney tissues of mice of
different genders under renal ischemia-reperfusion injury,
and found that the expression of miR-21 in the kidney
tissues has obvious gender differences. Compared with male
mice, the level of miR-21 in female mice increased more
significantly after IR injury. The expression of miR-21 in
kidney tissue increases after IR, which is considered to be a

self-protection mechanism against ischemic injury in animals
(Li et al., 2013).

We further analyzed the effect of miR-21 on renal ischemia-
reperfusion injury. Up-regulating the expression of miR-21 in
male mice by pre-miR-21 treatment can reduce renal IR, while
the effect of antagomiR-21 is the opposite. The results of qPCR
and Western Blot suggest that miR-21 mainly negatively
regulates PDCD4 and reduces the expression level of
caspase3, thereby inhibiting renal tubular epithelial cell
apoptosis. Programmed cell death 4 (PDCD4) was first
thought to be a tumor suppressor gene, which played an
anti-tumor effect by promoting apoptosis and inhibiting
tumor cell proliferation, invasion, and metastasis
(Matsuhashi et al., 2019). As an important downstream
target of miR-21, PDCD4 is a pro-apoptotic protein that
plays an important role in cell apoptosis. miR-21 directly
targets the 3′-UTR region of PDCD4 and down-regulates
the expression of PDCD4 to inhibit cell apoptosis
(Asangani et al., 2008; Pan et al., 2019).

It has been reported that AR can positively regulate the
expression of miR-21 in prostate cancer. On the contrary, AR
mRNA level is significantly up-regulated after overexpression
of miR-21 using miR-21 mimic, and there is a positive
feedback loop between the regulation and expression
(Mishra et al., 2014). Similarly, in a study of clear cell renal
cell carcinoma, AR enhanced miR-185-5p expression by
binding to an androgen response element located on the
miR-185-5p promoter, thereby affecting the metastatic
pathway, which is dependent on Molecular regulation of AR
signaling is also accompanied by sex differences (Huang et al.,
2017). Our study preliminarily explored the interaction
between AR and miR-21 in vivo, the expression level of
miR-21 is up-regulated in renal ischemia-reperfusion injury,
and silencing AR can reduce the expression of miR-21 and
aggravate renal tubular epithelial cell apoptosis. When miR-21
was overexpressed or inhibited, AR mRNA expression showed
the same trend of change. These results indicated that AR and
miR-21 had a certain synergy in the protection of renal
ischemia-reperfusion injury.

CONCLUSION

In our experiments, we found that there are obvious gender
differences in the sensitivity and tolerance of the kidney to
ischemia-reperfusion injury, showing that male mice are more
susceptible to renal ischemia-reperfusion injury than female
mice. Male mice after ischemia-reperfusion injury can detect a
significant decrease in AR expression and an increase in miR-
21 level. Silencing the expression of AR can aggravate renal
ischemia-reperfusion injury in mice and promote the
expression of apoptotic protein caspase3. After in vivo
application of pre-miR-21 up-regulates endogenous miR-21,
it can inhibit the expression of PDCD4 gene and the expression
level of apoptotic protein caspase three to play an anti-
apoptotic effect, while the effect of antagomiR-21 is
opposite. These results prove that protective effect of miR-
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21 for renal IR is mediated by inhibiting the apoptosis of renal
tubular epithelial cells. In the renal ischemia-reperfusion
injury model, interference with AR expression will reduce
the expression level of miR-21, and up-regulation of miR-21
can promote AR expression. The protective effects of AR and
miR-21 on renal ischemia-reperfusion injury have a certain
degree of synergy, and there is a feedback loop. Inhibiting this
feedback loop will aggravate IR-induced apoptosis of renal
tubular epithelial cells. Therefore, AR and miR-21 are expected
to become the crucial “keys” for studying the pathogenesis of
IR, so as to discover new therapeutic targets for renal IR in the
clinic.
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Thyroid Hormones Deficiency Impairs
Male Germ Cell Development: A Cross
Talk Between Hypothalamic-Pituitary-
Thyroid, and—Gonadal Axes in Zebra
fish
Maira S. Rodrigues1,2†, Aldo Tovo-Neto1,2†, Ivana F. Rosa2, Lucas B. Doretto2,
Hamideh P. Fallah3, Hamid R. Habibi 3 and Rafael H. Nóbrega2*

1Aquaculture Program (CAUNESP), São Paulo State University (UNESP), São Paulo, Brazil, 2Reproductive and Molecular Biology
Group, Department of Structural and Functional Biology, Institute of Biosciences, São Paulo State University (UNESP), Botucatu,
Brazil, 3Department of Biological Sciences, University of Calgary, Calgary, AB, Canada

In vertebrates, thyroid hormones are critical players in controlling different physiological
processes such as development, growth, metabolism among others. There is evidence in
mammals that thyroid hormones are also an important component of the hormonal system
that controls reproduction, although studies in fish remain poorly investigated. Here, we
tested this hypothesis by investigating the effects of methimazole-induced hypothyroidism
on the testicular function in adult zebrafish. Treatment of fish with methimazole, in vivo,
significantly altered zebrafish spermatogenesis by inhibiting cell differentiation andmeiosis,
as well as decreasing the relative number of spermatozoa. The observed impairment of
spermatogenesis by methimazole was correlated with significant changes in transcript
levels for several genes implicated in the control of reproduction. Using an in vitro
approach, we also demonstrated that in addition to affecting the components of the
brain-pituitary-peripheral axis, T3 (triiodothyronine) also exerts direct action on the testis.
These results reinforce the hypothesis that thyroid hormones are an essential element of
multifactorial control of reproduction and testicular function in zebrafish and possibly other
vertebrate species.

Keywords: hypothyroidism, methimazole, thyroid hormones, spermatogenesis, zebrafish, germ cell

1 INTRODUCTION

The production of thyroid hormones in fish and other vertebrates is under the control of the
hypothalamic-pituitary–thyroid (HPT) axis (Cooke et al., 1994; Tousson et al., 2011; Duarte-
Guterman et al., 2014; Kang et al., 2020). The thyrotropin-releasing factor [thyrotropin-releasing
hormone (TRH)/corticotropin-releasing hormone (CRH)] stimulates the pituitary to release the
thyrotropic hormone (TSH), which in turn, promotes the synthesis and release of thyroid hormones,
thyroxine (T4) and triiodothyronine (T3), by thyroid follicles (Larsen et al., 1998). Of the two, T3 is
the more biologically active thyroid hormone owing to its affinity for the nuclear thyroid hormone
receptor (Carr and Patiño, 2011). The HPT axis acts parallel to the hypothalamic-pituitary–gonadal
(HPG) axis, which involves a large number of hormones, including the gonadotropin-releasing
hormone (GnRH) that promotes the secretion of gonadotropin hormones, follicle-stimulating
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hormone (FSH) and luteinizing hormone (LH) (Schulz et al.,
2010; Pankhurst, 2016) which are crucial for testis development
and spermatogenesis in fish (Schulz et al., 2010; for a review see
Xie et al., 2020). There is evidence for interaction between HPT
and HPG axes in vertebrates (Teerds et al., 1998; Ariyaratne et al.,
2000; Matta et al., 2002; Wagner et al., 2009; Morais et al., 2013;
Kang et al., 2020), although this subject remains poorly
investigated in fish, particularly, in the male reproductive
system (Habibi et al., 2012; Castañeda-Cortés et al., 2014;
Tovo-Neto et al., 2018; Ma et al., 2020a; Ma et al., 2020b). In
mammals, it has been shown that T3 regulates the growth and
maturation of testis by inhibiting immature Sertoli cell
proliferation and stimulating their terminal differentiation
(Cooke and Meisami, 1991; Hess et al., 1993; Cooke et al.,
1994). Furthermore, in postnatal rat testis, an important action
of thyroid hormones is to initiate the onset of Leydig cell
differentiation and stimulation of steroidogenesis (Ariyaratne
et al., 2000), in part, by stimulating the expression of
steroidogenic acute regulatory protein (StAR) (Mendis-
Handagama and Ariyaratne, 2005). The presence of thyroid
hormone receptors in the mammalian testis, particularly in
Leydig cells, suggests both direct and indirect actions of
thyroid hormones on testicular function (Hernandez, 2018).
The regulatory role of thyroid hormones is complex, species
specific, and dependent on developmental stages. Neonatal
hypothyroidism was shown to impair testicular growth and
sperm production in rats (França et al., 1995), hamsters
(Mesocricetus auratus) (Jansen et al., 2007), and juvenile
teleost fish (Oreochromis niloticus) (Matta et al., 2002).

A number of researchers have investigated the role of thyroid
hormones in fish embryogenesis, larval development, and
growth (Blanton and Specker, 2007; Mukhi et al., 2007;
Orozco et al., 2012). With regards to fish male reproduction,
there are some evidence that thyroid hormones can affect
spermatogenesis (Cyr and Eales, 1996; Wagner et al., 2009;
Nelson et al., 2010; Habibi et al., 2012; Morais et al., 2013; Safian
et al., 2016; Tovo-Neto et al., 2018). In adult catfish, Clarias
gariepinus, treatment with thiourea (a thyroid disruptor)
decreased 11-ketostestosterone (11-KT) and testosterone (T)
production (Swapna et al., 2006), leading to male reproductive
system disruption. Morais and collaborators (2013)
demonstrated the influence of thyroid hormones on zebrafish
spermatogenesis using an ex vivo approach. In the same study,
the authors revealed that T3 stimulated the increase in mitotic
index of type A undifferentiated spermatogonia (Aund) and
Sertoli cells through Igf3 (Insulin-like growth factor like 3), a
Sertoli cell stimulatory growth factor (Morais et al., 2013).
Moreover, the same authors showed that T3 potentiated FSH
actions on steroid release and enhanced Fsh-stimulated cyp17a1
(17α-hydroxylase/17, 20 lyase) and ar mRNA levels in adult
zebrafish testis (Morais et al., 2013). There is also evidence that
thyroid hormones interact with other reproductive peptides
such as GnRH and gonadotropin-inhibitory hormones
(GnIH) in vivo (Ma et al., 2020a, Ma et al., 2020b) and
in vitro in the zebrafish testis (Rodrigues et al., 2021). Other
studies have demonstrated that GnRH stimulates thyroid
activity in a freshwater murrel, Channa gachua, and two carp

species, Catla and Cirrhinus mrigala (Roy et al., 2000). GnRH
injection increases plasma T4 levels in different species (Jacobs
et al., 1988; Roy et al., 2000; Chiba et al., 2004), suggesting an
effect of endogenous pituitary gonadotropin release due to the
heterothyrotropic activities of GnRH on the thyroid
(Mackenzie, 1982, Mackenzie et al.,1987). In general, these
findings support the hypothesis that normal thyroid hormone
action is critical for HPG axis function and normal gonadal
function. However, significant gaps remain regarding exact
physiological significance of thyroid hormones on male fish
reproductive function.

The aim of this research was to further explore the influence of
thyroid hormones on male zebrafish reproduction adopting in
vivo and ex vivo approaches. We first evaluated the effect of
hypothyroidism induced by methimazole and co-treatment with
T4 on zebrafish spermatogenesis by histomorphometrical
measurement and measured testicular transcript levels for
genes related to reproduction, as well as 11-KT plasma levels
and basal and FSH-induced 11-KT release in vitro. Subsequently,
we investigated the hypothyroidism induced by methimazole
treatment and T3 injection on zebrafish brain and pituitary by
transcript measurement. Finally, we investigated long-term
effects of T3 on zebrafish spermatogenesis by
histomorphometrical analysis, and transcript levels of a
selected genes. The results provide a framework for
understanding of the influence of thyroid hormone in the
control of male reproduction in adult zebrafish.

2 MATERIALS AND METHODS

2.1 Animals
Sexually mature male zebrafish (outbred) (4–5 months-old) were
maintained in the aquarium facility of the Department of
Structural and Functional Biology, Institute of Biosciences,
Botucatu, São Paulo State University (UNESP) in 6-L tanks in
the recirculating system under constant temperature conditions
(28°C), and proper photothermal conditions (14-h light/10-h
dark). The following water parameters were monitored in all
tanks every other day: pH, salinity, dissolved oxygen, and
ammonia concentration. The animals were fed twice a day
with commercial food (Sera Vipan Flakes®). Handling and
experimentation were performed according to the Brazilian
legislation regulated by National Council for the Control of
Animal Experimental (CONCEA) and Ethical Principles in
Animal Research (Protocol n. 1031-CEUA) and University of
Calgary animal care committee and in agreement with the
procedures of the Canadian Council of Animal Care (Protocol
#AC19-0161).

2.2 Treatment Solutions:
Methimazole-Induced Hypothyroidism and
Reversal Treatment With T4
In this study, we used methimazole (1-methyl-3H-imidazole-2-
thione) (CAS 60-56-0; MW, 114.17 g/mol; purity, ≥99%; Sigma-
Aldrich, St. Louis, MO, United States) to chemically generate

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 8659482

Rodrigues et al. Hypothyroidism Impairs Zebrafish Spermatogenesis

84

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


hypothyroidism in adult zebrafish males. Exposure concentration
of 1 mM was prepared following the methodology described in
Rodrigues et al. (2021). The working concentration of 1 mM
methimazole and 100 μg/L T4 (L-Thyroxine) (CAS 51-48-9;
MW, 776.87 g/mol; purity ≥98%; Sigma-Aldrich, St. Louis,
MO, United States) were chosen based on previous studies
(Sharma and Patiño, 2013; Sharma et al., 2016; Rodrigues
et al., 2021). In this study, adult male zebrafish (n = 144) were
divided into four replicate tanks per experimental group: control
[only filtered water (n = 36)]; group I [filtered water with T4
(100 μg/L) (n = 36)]; group II [filtered water with methimazole
(1 mM) (n = 36)]; group III [1 mM of methimazole followed by
addition of T4 (100 μg/L) (n = 36) as reversal treatment group
(methimazole + T4)]. In the T4 group, males were exposed to T4
(100 μg/L) from the second week until the end of treatment. In
the methimazole group, males were exposed to 1 mM
methimazole for 21 days. In addition, zebrafish males were
exposed to 1 mM methimazole for 21 days, and T4 (100 μg/L)
was added in the water from the second week until the end of
treatment. The reversal treatment was performed to assess
whether the apparent effects were due to lowering thyroid
hormone levels. After euthanasia, plasma T3 levels were
measured on the treatments and the heads were sampled for
histology (control, methimazole and methimazole + T4), while
the testes were dissected and immediately used for in vivo
experiments (histomorphometric analysis and gene
expression); androgen plasma levels and ex vivo organ culture
experiment [short-term (18 h) incubation for androgen release by
zebrafish testicular explants] were available on the treatments
(control, T4, methimazole and methimazole + T4 groups). The
brain and pituitary from the control and methimazole groups
were sampled for gene expression.

2.3 Thyroid Hormone Extraction and
Measurement
Blood from adult male zebrafish were collected in different
conditions (control, methimazole and methimazole + T4) (n =
5 per condition) to confirm the hypothyroidism status. Animals
were euthanized, and the caudal peduncle was cut for blood
sampling using heparinized syringes and tubes. Plasma fractions
were isolated after blood centrifugation at 4°C for 10 min at 800 ×
g (Eppendorf Centrifuge 5424 R) for thyroid hormone analysis.
Plasma Triiodothyronine (T3) levels were measured by Enzyme-
Linked Immunosorbent Assay (Competitive ELISA kit)
(Invitrogen, TX061-1 EA, Carlsbad, CA, United States). This
assay is designed to detect and quantify the levels of T3 in
different sample types such as serum, urine, and plasma. Here,
we prepare plasma sample according to the manufacturer’s
procedure. Briefly, high binding 96-well strip-well plate was
coated with donkey anti-sheep IgG. Plasma samples were
extracted with ethyl acetate (5:1) (v/v) solvent: sample ratio.
Samples were frozen and solvent solution was collected (this
step was repeated for maximum extraction); and dry pooled
solvent extracts down in a speedvac for 2–3 h. Then, samples
were reconstituted at room temperature in the 1X Assay Buffer,
and 100 μl of either standards or samples were added to the wells

in duplicate. 25 μl of T3 conjugated and T3 antibody were added
to each well. Plate was incubated for 2 h, shaking, at room
temperature. The plate was washed with 1X Wash Buffer,
followed by the addition of the detection reagent (TMB
substrate solution). After, 30 min, the reaction was stopped
with 1 M HCL, CAUSTIC and read at 450 nm using a
microplate reader (Epoch, Agilent, Santa Clara, CA,
United States). Data were evaluated as nanograms of
Triiodothyronine (T3) per milliliter of plasma.

2.4 Thyroid Follicles Histology
Thyroid follicles from the different experimental groups were
analyzed histologically. As thyroid follicles in fish appear
distributed among the afferent branchial arterioles (Patinõ et
a., 2003; Van der Ven et al., 2006), head was separated from the
trunk and fixed in 2% glutaraldehyde and 4% paraformaldehyde
in Sorensen buffer [0.1 M, pH 7.2] for at least 24 h at room
temperature. The material was dehydrated, embedded in glycol
methacrylate (GMA) resin (Technovit 7100 - Heraeus Kulzer,
Wehrheim, Germany), and serial sections (3 μm thickness) were
stained with 0.1% toluidine blue in 1% sodium borate and
examined and documented using a Leica DMI6000 microscope
(Leica, Heidelberg, Germany).

2.5 Histomorphometrical Evaluation of
Zebrafish Spermatogenesis
After exposure tomethimazole ormethimazole +T4, zebrafish testes
(n = 8 per treatment) were dissected and immediately fixed in 2%
glutaraldehyde and 4% paraformaldehyde in Sorensen buffer [0.1M,
pH 7.2] at 4°C overnight. Subsequently, testes were dehydrated,
embedded in GMA resin (Technovit 7100—Heraeus Kulzer,
Wehrheim, Germany), sectioned at 3 μm thickness, and stained
with 0.1% toluidine blue. The slides were evaluated, and the
proportion of section surface area of spermatogenic cysts
containing different germ cell types were determined: type A
undifferentiated spermatogonia (Aund* and Aund), type A
differentiated spermatogonia (Adiff), type B spermatogonia
(SpgB), spermatocytes (Spc), and spermatids (Spt). Intersection
points were counted on the histologic fields, for which five fields
per slide (n = 8 slides per treatment) were quantified using a grid of
540 (54 × 10) intersections under 100x objective lens. The
proportion of section area occupied by spermatogenic cysts
containing different germ cell types were represented as fold-
change of control value.

For the quantification of the relative number of spermatozoa,
twenty different histological fields were captured at 100x objective
lens and analyzed by IMAGEJ Software (available at http://
imagej.nih.gov/ij/index.html) according to Fallah and
collaborators (2019, 2020), Tovo-Neto and collaborators
(2020) and Rodrigues and collaborators (2021).

2.6 Transcript Analysis by Quantitative
Real-Time PCR (qPCR)
Total RNA from testes (control, methimazole, and methimazole +
T4 groups) was extracted using TRIzol™ (Invitrogen, Carlsbad, CA,
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United States), according to the manufacturer’s instructions, and
quantity and purity were checked with a NanoDrop™ One
Spectrophotometer (Thermo Scientific, Madison, WI,
United States). cDNA synthesis was performed as described
previously (Nóbrega et al., 2010). qPCR reactions were conducted
using 5 μL of 2x SYBR-Green UniversalMasterMix, 1 μL of forward
primer (9mM), 1 μL of reverse primer (9 mM), 0.5 μL of DEPC
water, and 2.5 μL of cDNA. The relative mRNA levels of thrα and
thrβ (thyroid hormone receptors), fshr (follicle-stimulating hormone
receptor), cyp17a1 (17α-hydroxylase/17,20 lyase/17,20 desmolase),
insl3 (insulin-like peptide 3), cx43 (testicular connexin), igf3 (insulin-
like growth factor 3), amh (anti-Müllerian hormone), gsdf (gonadal
somatic cell derived factor), nanos2 (marker of undifferentiated
spermatogonia), dazl (deleted in azoospermia-like), sycp3l
(synaptonemal complex protein 3) and odf3a (outer dense fiber
protein 3) were measured in the different treatments.

Brain (n = 8) and pituitary (n = 4 pools of 4 pituitaries for each
pool) were collected from control and methimazole groups. Brain
of each fish was kept separate. Total RNA was extracted from the
brain using TRIzol™ (Invitrogen, Carlsbad, CA, United States)
method. At least four pituitary glands were pooled per group (n =
4 pools per treatment), and total RNA was extracted using a
commercial kit (PureLinkTM RNA Mini Kit, Ambion, Life
Technologies, Carlsbad, CA, United States). After RNA
extraction, the usual downstream methods were followed
according to procedures described above. The relative mRNA
levels of gnrh2 and gnrh3 (gonadotropin-releasing hormones),
gnih (gonadotropin-inhibitory hormone), and crf (corticotropin-
releasing hormone) were analyzed in the brain, and the lhb
(luteinizing hormone), fshb (follicle-stimulating hormone), and
tsh (thyroid-stimulating hormone) mRNA levels were
determined in the pituitary gland. mRNA levels of the targets
(Cts) were normalized by the transcript levels of β-actin and
expressed as relative values of the control group. Primers were
designed according to zebrafish sequences (Supplementary
Table S1).

2.7 11-KT Plasma Levels
Blood from adult male zebrafish in different conditions (control, T4,
methimazole, and methimazole + T4 groups) were collected (n = 8
per condition). Fish were euthanized, and the caudal peduncle was
cut for blood sampling using heparinized syringes and tubes.
Subsequently, blood was centrifuged at 4°C for 10min at 800 ×g
(Eppendorf Centrifuge 5424 R), and 11-Ketotestosterone (11-KT)
plasma levels were quantified by ELISA (582751, Cayman Chemical,
Ann Arbor, MI, United States), following the manufacturer’s
instructions. The results were evaluated as nanograms of 11-KT
per milliliter of plasma.

2.8 Testis Tissue Culture
An ex vivo testis culture system described previously (Leal et al.,
2009) was used to culture zebrafish testes. For short-term
incubations (18 h for 11-KT release analysis), testes were
submerged in a culture medium, whereas for long-term
exposure (7 days for histomorphometrical analysis and gene
expression), testes were placed on a nitrocellulose membrane
on top of a cylinder of agarose (1.5% w/v, Ringer’s solution, pH

7.4) and exposed to 1 ml of medium culture in 24-well flat-
bottom plates, as described by Leal and collaborators (2009).

2.9 Short-Term (18h) Incubation
Zebrafish testes were collected from eight animals per condition
(control, T4, methimazole, methimazole + T4) post-dissection.
One testis was cultivated in the Lebovitz medium (L-15), whereas
its contra-lateral one in L-15 containing recombinant zebrafish
Fsh (rzfFsh; 100 ng/ml). The rzfFsh protein was obtained from
ImmunoPrecise Antibodies (Europe) B.V. Science Park Utrecht,
Netherlands. Following incubation, testes were individually
weighed, and the medium was collected and stored at −20°C
for androgen release (11-KT) assay (see Sub-Section 2.9).

2.10 In Vitro 11-KT Release by Zebrafish
Testicular Explants in Short-Term
Incubation
This technique was used to examine whether treatment conditions
(T4, methimazole, methimazole + T4) modulated rzfFsh (100 ng/
ml)-induced androgen release by zebrafish testis. The androgen
(11-KT) release capacity of zebrafish testes into culture medium
was measured after 18 h incubation as described previously
(García-López et al., 2010). The levels of 11-KT released by
zebrafish were quantified by ELISA using a commercial kit
(Cayman Chemical) following manufacturer’s instructions.

2.11 Long-Term (7days) Incubation
To examine the effects of 100 nM T3 (3,3’,5- Triiodo-L-Thyronine)
(CAS 6893-02-3; MW, 650.97 g/mol; purity ≥95%; Sigma-Aldrich,
St. Louis, MO, United States) (n = 8) on zebrafish spermatogenesis,
long-term incubations were performed according to Leal and
collaborators (2009). For that, one testis was incubated in the
presence of T3 alone and its contralateral one in a basal culture
medium. The proportion of section area occupied by different germ
cell types were represented as fold-change of basal value. The relative
number of spermatozoa per area was quantified as described above
(see Sub-Section 2.4). Also, this technique was used to analyze if
different concentrations of T3 and T4 (10, 100 and 1,000 nM)
modulate expression of selected genes in zebrafish testis. For that,
total RNA from testis explants (n = 8) was extracted and the relative
mRNA levels of nanos2, sycp3l, 3β-HSD (3-beta (β)-hydroxysteroid
dehydrogenase), and cyp17a1were evaluated as described above (see
Sub-Section 2.5) (Supplementary Table S1).

2.12 T3 Injections
In this study, we used T4 for the long-term experiments as the
hormone is converted into T3 over time (see above), while to assess
the rapid effects of thyroid hormones (short-term experiments), we
used the active hormone (T3). Therefore, adult zebrafish were
intracelomically injected with 0 and 250 ng of T3 per fish (n =
16). The dose was selected according to its ability to stimulate
deiodinase type 3 mRNA levels as described previously (Nelson and
Habibi, 2008; Nelson et al., 2010). A stock solution of T3 was
dissolved in sodium hydroxide (0.02M) and further diluted in
physiologic saline. The control group was injected only with the
physiologic saline solution. After 12 h, the animals were euthanized,
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and brain and pituitary glands were sampled. Brain of each fish (n =
8) was kept separate. The pituitaries were pooled (n = 4 pools of 4
pituitaries per condition) for RNA extraction. mRNA levels of gnrh2
and gnrh3, gnih, and crf were quantified in the brain, and lhb, fshb,
and tsh were quantified from pituitary glands (Supplementary
Table S1). RNA extraction and downstream procedures were
followed as described in Sub-Section 2.5 (see the Figure below).

2.13 Statistical Analysis
All data were subjected to normality Shapiro-Wilk test followed
by the Bartlett homogeneity variance test. Significant differences
between two groups were identified using unpaired or paired
t-tests, while for three or more groups, one-way ANOVA
followed by the Student–Newman–Keuls or Dunnett’s tests
was used. Significance level (p) was considered ≤0.05 in both
cases. Data are represented as mean ± SEM (Standard Error of
Mean). All statistical analysis was performed using Graph Pad
Prism software 7.04 (Graph Pad Software, Inc., San Diego, CA,
United States, http://www.graphpad.com).

3 RESULTS

3.1 Plasma Thyroid Hormone (T3) Levels
To confirm that basal thyroid hormone levels were affected after
methimazole or methimazole + T4 treatment, plasma samples
were collected and T3 levels were measured in the different
experimental groups (Figure 1). The analysis showed that
plasma T3 levels were significantly decreased following
methimazole treatment (approximately 59 ng/ml) when

compared to control group (approximately 182 ng/ml)
(Figure 1B). In contrast, the observed effect on T3 levels after
methimazole treatment was recovered by co-treatment with T4,
and plasma T3 levels (approximately 137 ng/ml) were
significantly similar to the levels found in control animals
(Figure 1B).

3.2 Thyroid Follicles Analysis
Thyroid gland follicles were examined histologically in the
control group and following treatments with methimazole and
methimazole + T4 (Figures 1A,C,D,E). The control group
thyroid follicles consisted of squamous or cuboidal epithelial
cells filled with colloid (Figure 1C). The results demonstrate a
significant modification in the histological condition of thyroid
follicles in fish treated with methimazole. Three-week exposure
to 1 mM methimazole resulted in thyroid gland follicles with
colloid depletion, columnar epithelium and follicle cell
hypertrophy (Figure 1D). These morphological changes were
consistent with previous studies in which adult male zebrafish
were exposed to methimazole (Rodrigues et al., 2021), and other
goitrogens, such as perchlorate (Patiño et al., 2003) and 6-n-
propyl-2-thiouracil (PTU) (Van der Ven et al., 2006). The
observed effect of methimazole was reversed by co-treatment
with T4, in which the thyroid follicles were found to be
morphologically similar to the control group (Figure 1E). The
results demonstrate that methimazole-induced hypothyroidism
in zebrafish had altered thyroid function following treatment
with the goitrogen. Also, the results demonstrate that co-
treatment with T4 restored the zebrafish thyroid follicular
structure.

FIGURE 1 | (A) Experimental design representation of treatments: control (non-treated fish), methimazole (1 mM) and methimazole (1 mM) co-treated with T4
(100 μg/L) groups. Zebrafish adult males were exposed to reconstituted water containing 1 mMmethimazole (goitrogen) for 21 days or 1 mMmethimazole following T4
(100 μg/L) added in the water from the second week until the end of exposure. The control group received the same volume of vehicle solution. T3 levels (ng/mL plasma)
and thyroid follicles were evaluated after treatments. (B) Levels of Triiodothyronine (T3) in the plasma of adult male zebrafish following methimazole induced-
hypothyroidism and methimazole co-treated with T4. Bars represent the mean ± SEM (n = 5 per condition). ANOVA followed by Dunnett’s multiple comparison tests.
Distinct letters denote significant differences (p < 0.05) between different treatment conditions with the control group. After 3 weeks headswere dissected for histological
analysis of thyroid follicles (C–E). Control group (C) have thyroid follicles typical of euthyroid animals. These thyroid follicles display squamous or cuboidal epithelial cells
and are totally filled with colloid. However, animals treated with methimazole (D) revealed disturbed thyroid follicles with columnar epithelium, follicle cell hypertrophy and
colloid depletion, while fish co-treated with T4 (E) showed follicles similar to the control animals. Staining: Toluidine blue with sodium borate. Scale bar = 20 μm.
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3.3 Methimazole-Induced Hypothyroidism
and Reversal Treatment With T4:
Histomorphometrical Analysis of the
Zebrafish Testis
Methimazole-induced hypothyroidism promoted
histomorphometrical alterations in the proportion of germ
cell cysts compared to the control (Figures 2A–D). There was a
significant increase in the proportion of the area occupied by
type A undifferentiated spermatogonia (Aund*), type A
differentiated (Adiff) and spermatogenic cysts containing
type B spermatogonia (SpgB) in the methimazole group as
compared to control (Figure 2D). The number of meiotic cells
(Spc) and post-meiotic haploid cell population (Spt) did not
change between control and methimazole-induced
hypothyroidism group (Figure 2D). However, the relative
number of spermatozoa reduced drastically when compared
to control as clearly evidenced in the photomicrographs and
analysis of spermatozoa number by field (Figures 2A,B,E). Co-
treatment with T4 rescued the proportion of Aund*, Adiff and
SpgB types returned to its basal values, while the proportion
area occupied by Spc and Spt significantly increased
(Figure 2D). Remarkably, the production of spermatozoa
was recovered in the co-treatment with T4 (as viewed in the
fields of Figures 2A,C,E).

3.4Methimazole and Co-TreatmentWith T4:
Testicular Transcript Levels
Transcript levels of selected genes involved in reproduction were
measured by qPCR in the testis from methimazole-induced
hypothyroidism and rescued groups (methimazole + T4)
(Figure 3). In this study, we measured transcript levels of two
thyroid hormone receptor subtypes (thrα, thrβ). The thrα
transcript level was higher in the methimazole-treated group
than control, but the difference was not statistically significant
(Figure 3A). The thrα transcript level was further increased
significantly in the methimazole + T4 treated group
(Figure 3A). Similarly, the thrβ was increased in the
methimazole and methimazole + T4 treated groups, compared
to the control (Figure 3B).

We also measured mRNA levels of fshr which was not altered in
the methimazole treated group, but considerably increased in the
methimazole + T4 treated fish, compared to the control (Figure 3C).

In the present research, we quantified transcript levels for
cyp17a1 and insulin-like peptide 3 (insl3) genes. Treatment with
methimazole significantly reduced the cyp17a1 and insl3
transcript levels compared to control (Figure 3D,E). Co-
treatment with T4 did not influence the methimazole induced
response on the expression of these transcripts (Figure 3D,E).
We also observed significant reduction in the testicular connexin

FIGURE 2 | Histomorphometrical evaluation of zebrafish testes after in vivo exposure to methimazole and co-treatment with T4 for 3 weeks. Control group (non-
treated fish) (A). Methimazole-treated group (B). Methimazole co-treated with T4 (C). Asterisks in (A), (B) and (C) indicate the testicular lumen with spermatozoa that
appeared reduced in the methimazole group. (D) Proportion of section area occupied by different spermatogenic cysts: type A undifferentiated spermatogonia (Aund*,
Aund), type A differentiated spermatogonia (Adiff), type B spermatogonia (SpgB), spermatocytes (Spc), and spermatids (Spt). Bars (mean ± SEM; n = 8) are
expressed as fold-change relative to the no-treated fish (control group) (dotted black line set at 1). (E) Spermatozoa number per field generated by using IMAGEJ
Software from control and treatments. ANOVA followed by Dunnett’smultiple comparison tests. Distinct letters denote significant differences (p < 0.05) between different
treatment conditions with the untreated group. Asterisks denote statistical significance differences between control, methimazole and methimazole + T4 groups; *p <
0.05; **p < 0.01 (Student unpaired t-test; n = 8). Staining: Toluidine blue. Scale bar = 50 µm.
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(cx43) mRNA levels in the methimazole treated group, compared
to control (Figure 3F). Co-treatment with T4 in this case
increased the cx43 mRNA to a level not significantly different
from the control (Figure 3F).

Among others, igf3, amh, and gsdf genes are known to be
expressed in the Sertoli cells. Treatment with methimazole or
methimazole + T4 were without significant effects on igf3 and
amh transcript levels (Figure 3G,H). The gsdf mRNA level,
however, was higher in the methimazole and methimazole +
T4 treated groups (Figure 3I).

With regard to germ cell marker genes, such as marker for type
A undifferentiated spermatogonia, nanos2 mRNA level was
considerably higher in the methimazole-treated group
compared to control (Figure 3J). Co-treatment with T4,
significantly reduced the methimazole-induced response to a
level higher than the basal control (Figure 3J). The dazl
(deleted-in azoospermia-like) transcript level expressed by Adiff

and SpgB, increased in the methimazole treated group compared
to the control (Figure 3K). Co-treatment with T4 did not
influence the methimazole-induced response (Figure 3K). In

FIGURE 3 | Relative mRNA levels of selected genes expressed in zebrafish testis after in vivo exposure to methimazole and methimazole co-treated with T4 for
3 weeks. The selected genes thrα and thrβ (thyroid hormones receptor) (A,B); fshr (follicle-stimulating hormone receptor) (C); genes expressed by somatic cells (Leydig
and Sertoli cells) (D–I); cyp17a1 (17α-hydroxylase/17,20 lyase) (D); insl3 (insulin-like peptide 3) (E); cx43 (testicular connexin) (F); igf3 (insulin-like growth factor 3) (G);
amh (anti-Müllerian hormone) (H); gsdf (gonadal somatic cell derived factor) (I); and germ cell markers (J–M); nanos2 (J); dazl (deleted-in azoospermia-like) (K);
sycp3l (synaptonemal complex protein 3) (L); odf3a (outer dense fiber of sperm tails 3B) (M) were evaluated. Ct values were normalized with β-actin and expressed as
relative values of control levels of expression. Bars represent themean ± SEM fold change (n = 8) relative to the control, which is set at 1. Student unpaired t-test. Different
letters denote significant differences (p < 0.05) between different treatment conditions with the control.
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our study, synaptonemal complex protein 3 (sycp3l) which is a
marker for spermatocytes was not significantly affected by
methimazole or methimazole + T4 treatments (Figure 3L).
However, the transcript level of the outer dense fiber protein 3
(odf3a) which is a marker for spermatids was increased following
treatment with methimazole (Figure 3M). Co-treatment with T4
reduced the methimazole-induced response to a level not
significantly different from the basal control (Figure 3M).

3.5 Measurement of 11-KT Levels
In the present research, we measured the 11-KT concentration to
partially assess the effect of methimazole-induced hypothyroidism
on steroidogenesis, in vivo and in vitro (Figure 4A). Four treatment
groups were studied in this experiment, including control, control +
T4, methimazole and co-treatment (methimazole + T4) groups
(Figure 4A). Animal exposure with T4 (control + T4)
significantly reduced the plasma 11-KT level as compared to
control levels (Figure 4B). Also, treatment with methimazole
significantly reduced the plasma 11-KT concentration to almost
undetectable level compared to the control level of over 40 ng/ml
(Figure 4B). However, co-treatment with T4 significantly increased
and nullified the methimazole-induced response to a level not
significantly different from the control (Figure 4B).

We also measured the androgen (11-KT) release capacity of
zebrafish testicular tissue using the ex vivo culture system

(Figure 4A). In this experiment, we compared testis taken from
control and those exposed to T4 (100 μg/L), methimazole (1 mM)
and methimazole co-treated with T4. We tested the 11-KT release
response into culture media following in vitro treatment for 18 h to
recombinant zebrafish Fsh (100 ng/ml) (Figure 4A). In the basal
medium condition, the treatments (T4, methimazole and
methimazole + T4) did not change the basal androgen (11-KT)
release capacity of zebrafish testicular tissue (Figure 4C). However,
as expected, treatment with Fsh significantly increased the 11-KT
level in the control group (Figure 4C). Also, treatment with T4 was
responsive to Fsh but to a level not significantly different from the
control (Figure 4C). In comparison, the isolated testis from
methimazole-treated zebrafish was completely unresponsive to
Fsh (Figure 4C). However, co-treatment with T4 restored the
Fsh-induced response by increasing the 11-KT concentration to
the level observed following treatment of the control group with Fsh
alone (Figure 4C).

3.6 Transcript Levels of Selected Genes in
the Brain and Pituitary
In this experiment, we measured brain transcript levels of a
number of neurohypothalamic peptides, including gnrh2 and
gnrh3, gnih, and crf, as well as pituitary gonadotropin
hormone subunits, fshb, lhb, and tshb in the methimazole-

FIGURE 4 | (A) Experimental design. 11-Ketotestosterone (11-KT) plasma levels (ng/mL plasma) was evaluated in zebrafishmales exposed to different treatments:
Control (non-treated fish), T4 (100 μg/L), methimazole (1 mM) andmethimazole (1 mM) + T4 (100 μg/L). Amounts of 11-KT (ng/mg of testis weight) released by zebrafish
testes were measured in the incubation media after 18 h (short-term exposure) in the presence or absence of Fsh (100 ng/ml) from control, T4, methimazole and
methimazole + T4 groups. (B) Effect of T4, methimazole and combination of methimazole and T4 on 11-KT plasma levels. (C) Androgen (11-KT) release from
zebrafish testicular explants previously treated with T4, methimazole or methimazole co-treated with T4. Bars represent the mean ± SEM (n = 8). ANOVA followed by
Tukey’s test. Different letters denote significant difference (p < 0.05) between different treatments compared to the respective control group.
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induced hypothyroidism in fish (Figure 5A,C). As shown in
Figure 5C, we observed a significant increase in the gnih
transcript level compared to the control shown as the dotted
line. Transcript levels of the other neuropeptides measured
including gnrh2, gnrh3 and crf remained unchanged. In the
same group of methimazole-treated fish, the results the
pituitary glycoprotein hormone subunits, demonstrate
significant increase in fshb mRNA and a massive increase in
tshb transcript levels in the methimazole-induced hypothyroid
fish (Figure 5C). No change was observed in the lhb transcript
level (Figure 5C).

We also measured the same transcript levels following 12 h
acute treatment with 250 ng of T3/fish in vivo (Figures 5B,D). In
this experiment T3 injection did not significantly alter gnih, gnrh2
and crf, but significantly increased the gnrh3 transcript level
(Figure 5D). In the same group of fish, acute treatment with
250 ng of T3/fish significantly reduced the pituitary lhb but was
without effect on the fshb and tshb transcript levels (Figure 5D).

3.7 In Vitro: Effects of T3 on Zebrafish
Spermatogenesis
In this research, we also examined the direct action of T3 at 100 nM
on ex vivo culture of zebrafish testis for 7 days (Figure 6A) and
results provide information on the proportion of germ cells in the
cultured testis. Histomorphometrical evaluation of zebrafish testis

revealed that treatment with T3 significantly stimulated the type A
undifferentiated spermatogonia (Aund) abundance with no effect on
type A differentiated spermatogonia cells as compared to basal
medium incubation (Figure 6B). In the same tissue, we observed
a reduction in type B spermatogonia (SpgB) abundance (Figure 6B).
As for meiotic and post-meiotic cells, treatment with T3 reduced the
proportion of area occupied by Spc and Spt when compared to basal
condition (Figure 6B). Interestingly, the number of spermatozoa
was stimulated in zebrafish testis treated with T3 as clearly shown by
the analysis of spermatozoa number by field (Figure 6C). In addition
to these results, the effect of thyroid hormones on testicular gene
expression was analyzed (Figures 6D–G) (Supplementary Figure
S1). Several concentrations of T3 and T4 (10, 100 and 1,000 nM)
were tested in zebrafish testis. T4 did not change the expression of
any transcript (nanos2, sycp3l, 3β-HSD and cyp17a1)
(Supplementary Figure S1). On the other hand, expression
analysis revealed that T3 (100 and 1,000 nM) increased nanos2
(Figure 6D), and up-regulated sycp3l transcript levels at 100 nM
(Figure 6E). Levels of 3β-HSD and cyp17a1were also quantified and
did not change within any levels of T3 (Figures 6F,G).

4 DISCUSSION

This study demonstrated the importance of thyroid hormones as
a factor controlling zebrafish spermatogenesis, using

FIGURE 5 | (A) Experiment 1: zebrafish adult males were exposed to methimazole-induced hypothyroidism for 3 weeks. (B) Experiment 2: zebrafish adult males
were injected with 0 or 250 ng of T3/fish and tissue were collected 12 h post-injection. Relative mRNA levels of selected genes, including gnrh2 and gnrh3
(gonadotropin-releasing hormones), gnih (gonadotropin-inhibitory hormone), and crf (corticotropin-releasing hormone), expressed in the brain (n = 8), and lhβ (luteinizing
hormone), fshβ (follicle-stimulating hormone), and tshβ (thyroid-stimulating hormone) expressed in the pituitary (n = 4 pools of 4 pituitaries for each pool) from the
methimazole group (C) and 12 h post-injection with 0 and 250 ng of T3/fish (D). Ct values were normalized with β-actin and expressed as relative values of control (no-
treated fish) levels of expression. Bars represent mean ± SEM fold-change relative to the control, which is set at 1. Student unpaired t-test, *p < 0.05, **p < 0.01 and ***p <
0.001.
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methimazole-induced hypothyroidism in fish as a model
organism. Methimazole is a thionamide antithyroid drug, and
it is known to block thyroid hormone synthesis by affecting the
iodination process of tyrosine residues in the thyroglobulin
(Abraham and Acharya, 2010; Carvalho and Dupuy, 2017).
Methimazole acts through suppressing the thyroid peroxidase

(TPO) activity which is responsible to catalyze the conversion of
iodide to iodine for the production of T4 and T3. In addition to
this effect, methimazole is rapidly metabolized by the liver and
may cause hepatotoxicity and other potent side effects (Heidari
et al., 2015). In this study, we could not rule out or monitor the
side effects caused by methimazole treatment. However, the

FIGURE 6 | (A) Experimental design of histomorphometrical analysis of zebrafish testicular explants incubated for 7 days (long-term exposure) with T3 (100 nM)
compared to the control (basal) and gene expression of relative mRNA levels of several selected genes in zebrafish testis incubated to different concentrations of T3 (0,
10, 100 e 1,000 nM) for 7 days. (B) Histomorphometrical analysis of testicular explants containing types A undifferentiated spermatogonia (Aund*, Aund), type A
differentiated spermatogonia (Adiff), type B spermatogonia (SpgB), spermatocytes (Spc), and spermatids (Spt). Bars (mean ± SEM; n = 8) are expressed as fold-
change relative to the untreated group (control) (dotted black line set at 1). (C) Spermatozoa number per field generated by using IMAGEJ Software from zebrafish
explants incubated for 7 days with basal (L-15) and T3 (100 nM). Bars (mean ± SEM; n = 8). Student paired t-test, *p < 0.05 and ***p < 0.001 denote significant
differences between control and treated fish. The selected genes nanos2 (D), sycp3l (synaptonemal complex protein 3) (E), 3β-HSD (3-beta (β)-hydroxysteroid
dehydrogenase) (F), and cyp17a1 (17α-hydroxylase/17,20 lyase/17,20 desmolase) (G)were evaluated. Ct values were normalized with β-actin and expressed as relative
values of basal levels of expression. Bars represent themean ± SEM fold change (n = 8), relative to the control (basal), which is set at 1. Paired t -test, *p < 0.05, **p < 0.01.
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effects observed in zebrafish spermatogenesis are caused by
thyroid hormone deficiency, and not due to methimazole side
effect. We demonstrated that the defects observed in zebrafish
spermatogenesis after methimazole treatment were completely
recovered by adding T4 in the last week of methimazole treatment
(see below). In addition, we confirmed that plasma T3 levels were
significantly decreased following methimazole treatment when
compared to control, and restored in the methimazole + T4 co-
treatment. This data was also supported by histological analysis of
thyroid follicles which displayed disturbed structure and less
colloid production following methimazole exposure, while
normal thyroid follicle histology and colloid production were
found after co-treatment with T4. Another evidence is the
testicular connexin (cx43), as it is the potential target for
thyroid hormones (Poguet et al., 2003; Gilleron et al., 2006).
Gilleron and collaborators (2006) demonstrated that
propylthiouracil (PTU; another thyroid disruptor) decreases
cx43 mRNA levels in rat testes. In our study, the lower
expression of cx43 in the methimazole group indicates that
methimazole treatment led to hypothyroidism in the male
zebrafish. Altogether, this evidence confirmed that zebrafish
testicular function and spermatogenesis are affected when
lowering thyroid hormone levels, and the observed defects
were nullified when plasma thyroid hormone levels were
recovered to their basal levels.

Histomorphometric evaluation of zebrafish spermatogenesis
demonstrated that methimazole-induced hypothyroidism
remarkably increased the proportion area occupied by type Aund*

(the most undifferentiated spermatogonia), type Adiff and type B
spermatogonia, while the number of spermatozoa was decreased.
Furthermore, our results demonstrate that the proportion of Spc and
Spt were not affected in hypothyroid testis compared with the
control animals. It has been well-established that spermatogenesis
development is supported and regulated by gonadotropic hormones,
FSH and LH which mainly target actions on somatic testicular cells
such as Sertoli and Leydig cells (Planas et al., 1993; Campbell et al.,
2003; Huhtaniemi and Themmen, 2005; García-López et al., 2010;
Schulz et al., 2010; Flood et al., 2013). Likewise, thyroid hormones
have also been shown to play an essential role in testicular physiology
(Chiao et al., 2002; Cooke et al., 2004; Holsberger and Cooke, 2005;
Wagner et al., 2008, 2009;Morais et al., 2013; Tovo-Neto et al., 2018).
In rats, previous studies have reported that hypothyroidism
decreases plasma levels of gonadotropins and reduces the number
and size of gonadotrophs (Bruni et al., 1975; Ruiz et al., 1988),
suggesting that the absence of thyroid hormones is associated with
gonadal dysfunctions (Amin and El-Sheikh, 1977; Hernandez,
2018). Further, the level of relevant androgen (11-KT) that
stimulates spermatogenesis decreased significantly in the plasma
of zebrafish following treatment with methimazole. These results, in
part, could explain the observed increase in different populations of
spermatogonia (Aund*, Adiff and B) and decrease in spermatozoa
number, demonstrating the impact of thyroid hormone depletion on
germ cell development and testicular function. Similar findings have
been reported for male Japanese quail, wherein treatment with
methimazole decreased body and testes weight as well as plasma
levels of LH and testosterone (Weng et al., 2007). In this same study,
the data showed decreased spermatogenesis in seminiferous tubules

of the treatment group (Weng et al., 2007). Altogether, these results
demonstrate that gonadal function is associated with normal thyroid
action. Fluctuations in thyroid hormone levels can directly modulate
gonadotropin actions and affect Sertoli and Leydig cell proliferation
(Castañeda-Cortés et al., 2014), resulting in the impairment of
spermatogenesis, which may be caused by low FSH level and
delay of Sertoli cell maturation (Hernandez, 2018).

We also examined the effects of methimazole co-treated with T4.
Our results demonstrate that co-treatment with T4 partially restored
zebrafish spermatogenesis and spermatozoa production in the
methimazole-induced hypothyroid fish. Interestingly, the
administration of T4 to the hypothyroid group increased the
proportion of meiotic (Spc) and post-meiotic (Spt) cells compared
with the control and methimazole groups. These results support the
hypothesis that thyroid hormones are involved, directly or indirectly,
with meiosis entry in the zebrafish testis.

The observed transcript analysis in zebrafish testis is to some
extent in agreement with histomorphometric results.With respect to
the germ cell markers genes of zebrafish spermatogenesis, the results
indicated that mRNA levels of nanos2 (marker of type A
undifferentiated spermatogonia) (Aoki et al., 2009) and dazl
(marker of differentiation) (Chen et al., 2013) were greater in the
methimazole-treated group, in agreement with the
histomorphometry showing an accumulation of pre-meiotic cells
(Aund*, Adiff and B). The observed upregulation of these transcripts in
themethimazole treated group suggest that euthyroid conditionmay
be important for normal spermatogonial cell development in
zebrafish. However, the level of odf3a (marker of spermatids)
(Yano et al., 2008) was upregulated in the methimazole group,
although the proportion of spermatids was not affected in the
present study. The affected testicular functions did not always
recover following co-treatment with T4 to counter hypothyroidism.

Other essential components of the thyroid hormones axis are the
thyroid receptors (TRs), which are crucial for testis development and
function (Valadares et al., 2008; Lema et al., 2009;Wajner et al., 2009;
Dittrich et al., 2011). According to Habibi and collaborators (2012),
TRs are expressed by some different cell types, and thyroid
hormones have pleiotropic effects, including effects on the
gonads. In the latter study in goldfish, in vivo and in vitro,
thyroid hormones were shown to exert both direct and indirect
actions on gonadal steroid synthesis, and steroid receptor expression
in a seasonally dependent manner (Allan and Habibi, 2012; Habibi
et al., 2012). In zebrafish testis, thrαwas shown to be expressed in the
Sertoli and Leydig cells, whereas thrβ expression was only observed
in the Leydig cell (Morais et al., 2013). In the present study,
methimazole-induced hypothyroidism stimulated thrβ transcript
level, but increase in thrα was only significant in presence of T4
compared to control. Other investigators also reported that T3
treatment only elevated thrβ in the ovary and testis of Pimephales
promelas (Lema et al., 2009). Similarly, fshr mRNA levels were also
upregulated in hypothyroid co-treated with T4. These results suggest
that chronic hyperthyroidism may alter thyroid hormone sensitivity
and possibly alter other parameters not clear at the present time.
Similarly, in rats, higher FSH-R mRNA levels were detected in
hypothyroidism. It was suggested that the upregulated FSH-R
mRNA level may have resulted from the elevated proportion of
Sertoli cells in rats (Rao et al., 2003). Likewise, in zebrafish, the
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increase of fshr transcripts following co-treatment with T4 could be
due to Sertoli cell proliferation. Morais and collaborators (2013)
revealed that T3 stimulates in vitro Sertoli cell proliferation in
zebrafish testes. Moreover, the same study showed that Sertoli
cells express both thrα and fshr, and treatment with T3
potentiates Fsh in vitro actions in the zebrafish testis (Morais
et al., 2013). This is also consistent with the observation that fshr
transcript levels was stimulated by methimazole-induced
hypothyroid fish co-treated with T4. These results support the
view that thyroid hormones and gonadotropins stimulate
spermatogenesis by stimulating gonadal androgen production,
which in turn mediate the start of spermatogenesis.

Interestingly, mRNA expression of other key gonadal growth
factors as igf3 (Wang et al., 2008) and amh (Miura et al., 2002) did not
change in the methimazole or methimazole co-treated with T4
groups. However, gsdf (Gautier et al., 2011) was upregulated in
both groups. gsdf is expressed by Sertoli cells and exerts an
essential role in the control of spermatogenesis, including germ
cell proliferation and differentiation (Gautier et al., 2011; Yan
et al., 2017).

Decreased thyroid hormones levels by methimazole in male
zebrafish are associated with decreased 11-KT plasma levels.
Previous reports have demonstrated that PTU treatment also
decreases serum testosterone concentrations in other vertebrate
species, such as rats (Chiao et al., 2000). In another study,
exposure of Clarias gariepinus to thiourea, reduced androgen levels
leading to testicular regression (Swapna et al., 2006; Swapna and
Senthikumaran, 2007). This is consistent with the present study
demonstrating lower 11-KT plasma levels in the methimazole
group, in addition to lower levels of steroidogenic enzyme
(cyp17a1) and androgen-sensitive gene (insl3) mRNA levels. These
transcript levels remained the same even after co-treatment with T4.
However, treatment of methimazole-induced hypothyroid fish
effectively rescued 11-KT levels in the plasma which was
correlated with the revival of spermatozoa number in zebrafish
testis. Thus, impairing thyroid action within the physiological limit
of restoration is a valid approach to explain the role of thyroid
hormones in male zebrafish reproduction. Interestingly, Houbrechts
et al. (2019) demonstrated the Dio2-knockout (KO) zebrafish
(dio2−/−) significantly reduced androgen (11-KT and testosterone)
levels in the testis, and steroidogenesis and steroid signaling were
similarly disturbed when compared with control group. This indicates
that absence of thyroid hormones by goitrogen treatment or DIO2
KO, which suppresses thyroid hormone production, may act directly
on the testis to repress steroidogenesis. These data also reveal that
normal thyroid hormone levels are fundamental to normal
reproduction in zebrafish. On the other hand, Song et al. (2021)
have recently reported that knockout of tshba in zebrafish resulted in
defective development of secondary sex characteristics, but did not
affect the spermatogenesis, indicating that thyroid hormones may be
not necessary to male germ cell development. According to our
knowledge, we cannot compare the methimazole exposure with
the knockout of tshba in zebrafish. These two models represent
thyroid loss of function in different stages of life of zebrafish. Our
model is a chronic exposure (21 days) in sexually mature males
(3months of age), while tshb knockout took place from
fertilization until sexual maturation, i.e., along the entire

development of zebrafish. In addition to that, we believe that our
results are similar to the ones obtained in the knockout of tshb in
zebrafish. Song and collaborators (2021) reported reproductive
performance defects, but normal gonadal histology. However, no
histomorphometry data (e.g., germ cell cyst composition) was
performed in their study, and detailed analysis of the gonadal
histology (Song et al., 2021) showed a reduced testicular lumen
and apparently less spermatozoa in the tshba−/− as compared to
wild type (tshba+/+). Histomorphometric analysis of zebrafish
tshba−/− testis should be investigated to address whether thyroid
hormones are necessary for zebrafish spermatogenesis.

To address whether thyroid hormones can affect the expression of
regulatory players of HPG axis in long-term or acute treatments, we
performed two experiments: experiment 1 (methimazole exposure for
21 days—lowering of thyroid hormones) and experiment 2
(intracoelomic injection of T3 for 12 h) (Figure 5). In experiment
1, while transcript levels of gonadotropin-releasing hormones, gnrh2
and gnrh3 did not change, gnih mRNA levels were significantly
elevated in the brain of animals after methimazole exposure. GnIH
is a gonadotropin-inhibitory hormone and it has been shown to block
gonadotropin secretion and reduce its plasma levels, therefore
affecting reproduction (Tsutsui et al., 2017). In fish, GnIH
orthologs have been described to exert either stimulatory or
inhibitory actions on gonadotropin secretion depending on the
species studied, season, and mode of treatment (Amano et al.,
2006; Zhang et al., 2010; Moussavi et al., 2012; 2013; 2014; Branco
et al., 2018; Fallah et al., 2019; Ma et al., 2020a, Ma et al., 2020b). In
cyprinids, Zhang and collaborators (2010) have shown that zebrafish
GnIH decreases plasma gonadotropin levels in goldfish. In mammals,
Tsutsui et al. (2017) remarkably showed that hypothyroidism induced
by PTU increases GnIH expression and reduces gonadotropins and
plasma steroid levels in female mice. Altogether, this evidence can
support that the decrease in plasma androgen level observed after
methimazole treatment might be mediated by GnIH. As shown
previously in goldfish, GnIH mediated inhibition of reproduction
does not always correlate closely by inhibition of gonadotropin
transcript levels due to uncoupling of release and synthesis. In this
context, it was demonstrated that GnIH can increase gonadotropin
subunit mRNA levels while reducing secretion of the hormones
(Moussavi et al., 2012; Moussavi et al., 2013; Moussavi et al., 2014;
Ma et al., 2020a, Ma et al., 2020b). Thus, the inhibition may be at the
protein level, since fshb transcript level was increased in the pituitary of
the methimazole-treated group as a compensatory/feedback
mechanism. Similarly, Yoshiura et al. (1999) showed in goldfish
that thiourea exposure for 2 weeks increased Fsh mRNA levels. A
contributing factor could be due to feedback exerted by lower plasma
11-KT levels seen in these animals (Rojdmark et al., 1988; Trudeau
et al., 1993; Habibi andHuggard-Nelson, 1998; Huggard-Nelson et al.,
2002). There is increasing evidence that the effects of thyroid
hormones as well as brain-pituitary-gonadal hormones are diverse,
and change with season, mode of action, time-course, and
concentration (Nelson and Habibi 2006, Nelson and Habibi 2008,
Nelson and Habibi 2009; Nelson et al., 2011; Habibi et al., 2012;
Moussavi et al., 2012, Moussavi et al., 2013, Moussavi et al., 2014;
Nelson and Habibi 2016; Ma et al., 2020a, Ma et al., 2020b). This is
reflected in the experiment 2 in which the acute treatment for 12 h
with T3 injection resulted in a different effect than the ones observed

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 86594812

Rodrigues et al. Hypothyroidism Impairs Zebrafish Spermatogenesis

94

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


in the chronic treatment withmethimazole. In Experiment 2, injection
of T3 increases gnrh3mRNA levels, which indicates that theHPG axis
is stimulated/activated. As a consequence of the BPG stimulation, a
negative feedback on gonadotropin mRNA levels is expected. This
explains the reduced lh levels following T3 injection in Experiment 2.
This is coherent with earlier study in goldfish showing reduction in
gonadotropins and synthesis of gonadal steroids following 12 h
injection with T3 (Nelson et al., 2010). Altogether these results
demonstrate that the HPG axis is affected when altering thyroid
hormone levels in long or acute treatments. However, we were not
able to explain the differences of lh and fsh expression between the two
Experiments/conditions. We believe that this difference might be due
to distinct regulatory mechanisms between the two gonadotropins.

In addition to these data, we examined the actions of thyroid
hormones on zebrafish spermatogenesis. Histomorphometrical
analysis revealed an increase of type A undifferentiated
spermatogonia (Aund) proportion in T3 in vitro exposure
(100 nM), which may reflect the up-regulation of nanos2
(marker of type A undifferentiated spermatogonia) (100 and
1,000 nM of T3). The number of spermatozoa also increased.
This data corroborates the histomorphometry of the zebrafish
testes from in vivo exposures using methimazole and
methimazole co-treated with T4, indicating, therefore, a direct
action of thyroid hormones in the zebrafish spermatogenesis.
Previously, Morais et al. (2013) reported that the mitotic indices
of Aund and Sertoli cells were stimulated after T3 treatment.
Likewise, Safian and collaborators (2016) reported that T3
improved the formation of new cysts of Aund, accumulation of
differentiated spermatogonia (Adiff) and reduction of
spermatogonia Morais et al. (2013) using lower dose of T3
(50 ng/ml) also demonstrated an increase of type A
undifferentiated spermatogonia, which was corroborated by
higher BrdU mitotic index of this cell type in T3-treated tissue.
In this study, we also investigated the effects of T3 and T4 on gene
expression. Several concentrations of T3 and T4 (10, 100 and
1,000 nM) were tested in zebrafish testis. Interestingly, T3 also
stimulated sycp3l (meiotic marker) mRNA levels at 100 nM. Levels
of 3β-HSD and cyp17a1 were also quantified and did not change
within any level of T3 exposure. Another interesting result is that
T4 does not exert any change on testicular gene expression,
indicating that thyroid hormones act via T3 in zebrafish testis.
In sum, this data support that thyroid hormone T3 stimulates
zebrafish spermatogenesis by proliferation, differentiation, and
meiosis. These results provide important data about the roles of
thyroid hormones on brain-pituitary-testis and reinforce the
interaction between reproductive and thyroid axes.

5 CONCLUSION

The present study clearly demonstrated that hypothyroidism
induced by methimazole significantly impair zebrafish germ cell
development by delaying differentiation andmeiosis, and decreasing
the number of spermatozoa as well as impairing the
hypothalamic–pituitary axis. We also provide evidence that
testicular function is dependent on thyroid hormones. Taken

together, these results provide support for the hypothesis that
thyroid hormones are essential for spermatogenesis and
maintaining normal function of the hypothalamic–pituitary-
gonadal axis in adult zebrafish.
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TFP5-Mediated CDK5 Activity
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Diabetic nephropathy (DN) is one of the leading causes of chronic kidney disease (CKD),
during which hyperglycemia is composed of the major force for the deterioration to end-
stage renal disease (ESRD). However, the underlying mechanism triggering the effect of
hyperglycemia on DN is not very clear and the clinically available drug for hyperglycemia-
induced DN is in need of urgent development. Here, we found that high glucose (HG)
increased the activity of cyclin-dependent kinase 5 (CDK5) dependent on P35/25 and
which upregulated the oxidative stress and apoptosis of mouse podocytes (MPC-5).
TFP5, a 25-amino acid peptide inhibiting CDK5 activity, decreased the secretion of
inflammation cytokines in serum and kidney, and effectively protected the kidney
function in db/db mouse from hyperglycemia-induced kidney injuries. In addition, TFP5
treatment decreased HG-induced oxidative stress and cell apoptosis in MPC-5 cells and
kidney tissue of db/db mouse. The principal component analysis (PCA) of RNA-seq data
showed that MPC-5 cell cultured under HG, was well discriminated from that under low
glucose (LG) conditions, indicating the profound influence of HG on the properties of
podocytes. Furthermore, we found that HG significantly decreased the level of NGF and
Sirt1, both of which correlated with CDK5 activity. Furthermore, knockdown of NGF was
correlated with the decreased expression of Sirt1 while NGF overexpression leads to
upregulated Sirt1 and decreased oxidative stress and apoptosis in MPC-5 cells, indicating
the positive regulation between NGF and Sirt1 in podocytes. Finally, we found that K252a,
an inhibitor of NGF treatment could undermine the protective role of TFP5 on
hyperglycemia-induced DN in db/db mouse model. In conclusion, the CDK5-NGF/Sirt1
regulating axis may be the novel pathway to prevent DN progression and TFP5 may be a
promising compound to improved hyperglycemia induced DN.
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INTRODUCTION

Chronic kidney disease (CKD) is a prevalent and irreversible
syndrome of kidney disease (Ammirati, 2020). Clinically, CKD
patients present a reduced glomerular filtration rate (GFR),
increased urinary albumin excretion, and creatinine (Vega and
Huidobro E., 2019). Usually, the patient was diagnosed as CKD
when GFR <60 ml/min/1.73 m2, and the content of albumin was
>30 mg in the 24 h urine, or isolated urine sample, rectified by
urinary creatinine (Ammirati, 2020).

CKD often results in a sustained damage of renal parenchyma,
and finally promotes deterioration of renal function (Akchurin,
2019). Among the pathogenic factors, diabetic nephropathy (DN)
is one of the primary causes of end-stage renal disease (ESRD)
world-wide (Lo et al., 2018). Fifty percent of type 2 diabetes (T2D)
patients and 33% of type 1 diabetes (T1D patients) finally develop
CKD (Thomas et al., 2015). The different morbidity may result
from different causes, such as obesity, intrarenal vascular disease,
atherosclerosis, or renal ischemia in T2D (Anders et al., 2018).
CKD is correlated with the dysfunction of glomerular basement
membrane composed of fenestrated endothelial cells and
interdigitating cell derived from podocytes. The filtration
barrier exerts its function by allowing just small molecules that
are without a high negative charge to pass through (Jefferson
et al., 2008). Evidence showed that excessive podocyte damage
will eventually result in extensive podocyte loss, and the number
of podocytes exhibited a gradual decrease as the disease
deteriorated. Podocytes lacked the ability to renew, and
excessive loss of podocytes will finally leads to large-scale
replacement of glomerular basement membrane by the parietal
epithelial cells and the Bowman capsule, which accelerates the
progression segmental glomerulosclerosis (Nakamura et al., 2000;
Langham et al., 2002). Therefore, the intact podocytes are
necessary for the renal function in diabetic kidney disease. A
number of studies showed that high intracellular glucose level
could produces advanced glycation end products which could
result in the expression of transforming growth factor (TGFβ1) in
podocytes, promoting apoptosis and GBM thickening by
stimulating extracellular matrix production (Nowotny et al.,
2015; Rabbani and Thornalley, 2018). Furthermore, TGFβ
inhibited the expression of integrin in podocytes, leading to
podocyte detachment and podocytopenia under
hyperglycemia. Except for podocytes, the increased oxidative
stress and inflammation caused by hyperglycemia were also
reported for its contribution to DN (Elmarakby and Sullivan,
2012; Yaribeygi et al., 2019).

CDK5 is a proline-directed Ser/Thr protein kinase that plays
an important role in many cellular functions including cell
motility and survival which could be activated by binding to
regulatory subunit, p35, p39, or p25 (a proteolytic fragment of
p35) (Lew et al., 1994). CDK5 phosphorylation regulates the
function of various regulatory proteins, including members of the
Bcl-2 family of pro- and anti-apoptotic proteins. Previous
evidence showed that p35 and p39 are thought to be necessary
and sufficient for both CDK5 activities (Ko et al., 2001). CDK5
activity can also be inhibited by the purine-based compounds
Olomoucine and Roscovitine (Vesely et al., 1994; Meijer et al.,

1997). However, neither of the two compounds are selective
inhibitors of CDK5. For example, CDK1/2/5 and Erk1/2 could
be inhibited by Olomoucine and Roscovitine, and Roscovitine
could also inhibit pyridoxal kinase (Meijer et al., 1997; Knockaert
et al., 2002; Bach et al., 2005). Currently, Liebl et al. (2011) are
developing more specific CDK5 inhibitors. Furthermore,
diabetes-associated hyperglycemia increased the CDK5 levels
(Cai et al., 2020). Recent studies suggest that CDK5 plays
crucial roles in physiological functions in glucose-stimulated
insulin secretion in pancreatic cells, indicating that CDK5
might be a potential drug target for diabetes mellitus and
subsequent DN progression (Wei and Tomizawa, 2007).
Therefore, specific CDK5 inhibitor and the effect of CDK5 on
DN is urgently required to be explored.

Podocytes are highly specialized cells with a key role in kidney
physiology. Destruction of their structure caused by injury could
result in severe renal diseases. Previous study reported the
capability of podocytes to produce and secrete the nerve
growth factor (NGF) in an in vitro model (Caroleo et al.,
2015). Studies have found that the increased secretion of NGF
in a high glucose (HG) environment can protect nerve cells and
pancreatic islet β cells from HG-induced oxidative stress and
inflammatory factors damage, confirming that NGF is a new
biological target for podocyte regulation (Guo et al., 2011;
Caroleo et al., 2015; Skaper, 2017). However, the role of NGF
in diabetes-induced CKD is not very clear. In diabetics, there was
an early length-dependent dysfunction of small-diameter sensory
fibers, with depletion of skin NGF and the sensory neuropeptide
substance P (Anand, 1996).

Sirt1 has been reported to affect oxidative stress and apoptosis
via deacetylation of its substrates (Yu and Auwerx, 2010).
Intriguingly, the inhibition of Sirt1 with pharmacological
agents leads to an elevation of ROS levels and NOX
production (Wosniak et al., 2009; Benard et al., 2014). It was
demonstrated that Sirt1 agonist SRT1720 upregulated eNOs and
superoxide dismutase (SOD) levels to ameliorate endothelial
oxidative stress (Chen et al., 2012). Previous studies showed
that HG stress triggers the initial changes in proximal tubules
and subsequent epigenetically irreversible glomerular damages
which could be rescued by proximal tubular Sirt1 overexpression.
Reduction of Sirt1 expression in proximal tubules leads to the
decrease of glomerular Sirt1, and affects Sirt1 expression in
podocytes (Hasegawa et al., 2016). Studies on diabetic animals
had shown overexpression of Sirt1 in both podocytes and renal
tubular cells attenuated proteinuria and kidney injury in the
animal model of diabetic nephropathy through deacetylation of
NF-lB, Smad3, FOXO, and p53 (Ji et al., 2021).

Furthermore Sirt1 is one of the substrates of CDK5 (Bai et al.,
2012), which plays an important protective role in cell
differentiation, survival, and anti-oxidation in diabetic
nephropathy (Dong et al., 2014; Kong et al., 2015). Especially
in a HG environment, CDK5 has a protective effect on the
structure, function, and apoptosis of podocytes (Nakatani and
Inagi, 2016; Chuang et al., 2017; Rogacka et al., 2018). The
hyperphosphorylation of Sirt1 by CDK5 in HG environment
makes it lose the above effect (Bai et al., 2014). The latest study
revealed that the NGF/Sirt1 axis may become a new therapeutic
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target for intervening cell damage (Tsai et al., 2018). Therefore,
we propose the scientific hypothesis: The CDK5 activity in
diabetic nephropathy causes podocyte injury and apoptosis by
regulating the NGF/Sirt1 axis and oxidative stress inflammatory
factors in podocytes.

Previous study has reported a 24-aa peptide (termed P5),
which has shown the ability to inhibit CDK5/p25 activity in
transfected human embryonic kidney 293 cells. Thereafter, TFP5
(modified as P5) was designed to penetrate the blood–brain
barrier after intraperitoneal injections, which inhibited
abnormal Cdk5/p25 hyperactivity and significantly rescued AD
pathology in AD model mice (Shukla et al., 2013). In this study,
we found that TFP5, a specific inhibitor of CDK5, efficiently
protected the kidney function from the damage of diabetes. TFP5
promoted the survival of podocytes by inhibiting apoptosis and
oxidation caused by hyperglycemia in db/db mice. TFP5-
mediated CDK5 inhibition upregulated Sirt1 expression, and
NGF was necessary for the regulating axis. In conclusion,
TFP5 treatment protects the kidney from hyperglycemia-
induced damage by CDK5-NGF-Sirt1 regulation axis, and
NGF and Sirt1 may be the novel target for DN.

MATERIALS AND METHODS

Animal
The male C57BLKS/J db/db diabetic mice at the age of 7 weeks
and age-matched db/m mice were purchased from Southern
Model Animal Co., Ltd. (Nanjing, China). All mice were
raised in a SPF IVC cage with a 12 h light–dark cycle at a
temperature of 25°C. Before treatment, all mice were
acclimatized to the raising environment for 1 week, and the
glucose level and urinary albumin level were measured and all
mice were randomly divided into different groups. The mice were
administrated with 150 μl TFP5 peptide (200 μM) or 150 μl
scramble peptide (200 μM) by intraperitoneal injection every
3 days. Totally, the mice were treated for 16 times (from week
8 to week 16). All the experimental procedures were approved by
the Institutional Animal Care and Use Committee of Ningxia
Medical University (NO. 2018-026).

Biochemistry Analysis
The level of fasting blood glucose of all mice was monitored 4 h
post feeding by using blood glucose meter (Roche, Basel,

FIGURE 1 | HG-promoted oxidative stress-induced apoptosis in podocytes. (A) The effect of HG treatment on protein level of CDK5, p35/25 and apoptosis-
related cleaved caspase-3 in MPC-5 cell lines. The cells were treated for 24, 48, and 72 h with LG and HG conditions, respectively. LaminB was regarded as the loading
control. (B) The change of mRNA of CDK5 after 24, 48, and 72 h treatment with LG and HG in MPC-5 cells. (C) The detection of CDK5 expression in MPC-5 cells after
HG treatment by flow cytometry. The cells were treated for 24 h under HG and LG conditions, and the goat anti-rabbit 488 secondary antibody was used. (D) The
effect of HG treatment on the activity of CDK5 at different timepoints. Cdk5 was harvested by C-8 antibody by immunoprecipitation. The immunoprecipitate was then
subjected to in vitro histone H1 kinase assays. (E,F) The effect of HG treatment on the level of (E)H2O2 and (F) ROS after 24 h culture. H2O2 wasmeasured by hydrogen
peroxide test kit, and ROS level was assessed using the probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) following TFP5 treatment. (G,H) The change of the
mRNA level of IL-6 (G) and NFKB (H) expression in MPC-5 under HG culture condition. The cells were treated for 24 h under LG and HG conditions. GAPDH was
regarded as the reference gene. (I–K). The mRNA level of Bax (I), Bcl-2 (J) and caspase 3 (K) under HG treatment in MPC-5 cells. The cells were treated for 24 h under
LG and HG conditions. GAPDHwas regarded as the reference gene. (L) The effect of TFP5 treatment on the HG-induced apoptosis in MPC-5 cell lines. Propidium Iodide
(PI) was used to separate the viable cells, and Annexin-FITC was used to identify the apoptotic cells. *p < 0.05, **p < 0.01. A p value less than 0.05 was considered as
statistically significant.
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Switzerland). Urinary albumin excretion was detected by the
enzyme-linked immunosorbent assay (Bethyl Laboratories,
Montgomery, United States) according to the manufacturer’s
instructions.

Plasmids and Cell Lines
MPC-5 cell line was purchased from ATCC. NGF overexpressed
MPC-5 cells were constructed by pHBLV-CMV-MCS plasmid
purchased from Hanheng biology. SiRNAs of NGF were
purchased from Hanheng biology.

Antibodies and Inhibitors
Antibodies for P35/P25 (#2680S, Clone: C64B10; Cell signaling
technology), CDK5 (#14145; Clone: D1F7M; Cell signaling
technology). Anti-NGF, (#ab52918; clone: EP1320Y; abcam).
Anti-Sirt1 (#ab189494; clone: EPR18239; abcam). Anti-Cleaved

Caspase-3 (#ab32042: clone: E83-77, abcam). Anti-Sirt1
(#ab76039, EPR2849Y, abcam). K252a (MedChemExpress;
CAS No.: 99533-80-9). TFP5 and scrambled peptide (SCB)
were produced by Nanjing Peptide Industry Biotechnology
Co., LTD. (Sequences: TFP5, FITCGGGKEAFWDRCLSVINLM
SSKMLQINAYARAARRAARR;
SCB: FITCGGGGGGFWDRC
LSGKGKMSSKGGGINAYARAARRAARR). SCB peptide was a
designed peptide without specific effect on physiological function
as we identified previously.

Cell Culture
Immortalized mouse podocytes MPC-5 were cultured in
Dulbecco’s modified Eagle medium (DMEM) composed of
10% fetal bovine serum, 2 mmol/L glutamine, 1 mmol/L
sodium pyruvate, 1% penicillin and streptomycin in 37°C with

FIGURE 2 | TFP5-mediated CDK5 suppression reduces HG-induced oxidative stress, inflammatory cytokines, and apoptosis in podocytes. (A) The effect of TFP5
on the level of H2O2 under 24 h HG treatment. H2O2 was measured by hydrogen peroxide test kit. (B) The detection of ROS after TFP5 treatment. ROS Level was
assessed using the probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) following TFP5 treatment. (C–E) The effect of TFP5 of the mRNA level of (A) H2O2, (B)
ROS, (C) Caspase-3, (D) Bax, and (E) Bcl-2 expression of MPC-5 after 24 h HG treatment. (F) The effect of TFP5 on the protein level of CDK5, p35/25 and
apoptosis-related cleaved caspase-3 in MPC-5 after 24 h HG treatment. (G) The effect of TFP5 on HG-induced apoptosis of MPC-5 cells. PI was used to separate the
viable cells and Annexin-FITC was used to identify the apoptotic cells. *p < 0.05, **p < 0.01, ***p < 0.001. A p value less than 0.05 was considered as statistically
significant.
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5% carbon dioxide (CO2) incubator and 95% air. The
concentration of glucose in LG and HG mediums, respectively,
were 1 g/L and 4.5 g/L.

RNA Extraction and Real-Time PCR
In cell lines, the total RNA was extracted by TRIzol reagent
according to established protocol. Briefly, 2 × 106 cells were
washed by 5 ml ice-cold PBS. 1 ml TRIzol was added and
sufficiently pipetted with the cell pellet. 200 μl Chloroform was
added and immediately shaken for 45 s, and then, the samples
were centrifuged at 12,000 g for 15 min at 4°C. The top layer was
collected into RNase free tube, and equal volume of isopropanol
were added and mixed sufficiently. The samples were centrifuged
at 12,000 g for 50 min. The RNA pellet was washed twice with
RNase-free 75% ethanol. RNA was suspended in diethyl
pyrocarbonate-treated (DEPC) water. For tissue, a 0.2 g tissue
was cut off from the frozen sample, and was homogenized in

liquid nitrogen. The sample was then crushed with a mortar, and
the RNA extraction was continued as that for cell line. 1 μg
mRNA was used for cDNA synthesis with PrimeScript RT
reagent Kit (Takara, Cat. No., RR037A). Quantitative-PCR was
performed in triplicates with SYBR Green Master Mix (Applied
Biosystems, Carlsbad, CA, United States), with ABI PRISM 7500
facility. The expression of target genes was normalized to
GAPDH expression. The 2−ΔCT method was used to calculate
the relative expression of targeted genes. All experiments were
performed in triplicate. Primer sequences were as follows: NGF-F:
5′-CCAGTGAAATTAGGCTCCCTG-3′, NGF-R: 5′-CCTTGG
CAAAACCTTTATTGGG-3′; CDK5-F: 5′-CTGTCCCTATCC
CCCAGCTAT-3′, CDK5-R: 5′-GGCAGCACCGAGATGATG
G-3′; Sirt1-F: 5′-TGATTGGCACCGATCCTCG-3′, Sirt1-R: 5′-
CCACAGCGTCATATCATCCAG-3′; Caspase 3-F: 5′-TGG
TGATGAAGGGGTCATTTATG-3′, Caspase 3-F: 5′-TTCGGC
TTTCCAGTCAGACTC-3′; Bax-F: 5′-AGACAGGGGCCTTTT

FIGURE 3 | HG altered the transcriptome and suppressed Sirt1 and NGF levels in podocytes. (A) The correlation analysis between MPC-5 cells treated with 24 h
HG and LG treatments. n = 3. The clustering analyses were evaluated by the gene expression condition of mRNA level. (B) PCA analysis of MPC-5 cells treated under HG
and LG conditions n = 3. (C) The number of differentially expressed genes between HG and LG groups. The threshold was set as the fold change ≥2. (D–H) The effect of
24 h HG treatment on the mRNA level of (D) caspase-3 (E) Cdk5r, (F) NGF, (G) Sirt1, (H) NGFR. FPKM: fragments per kilobase of transcript per Million reads. *p <
0.05, **p < 0.01. A p value less than 0.05 was considered as statistically significant.
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TGCTAC-3′, Bax-R: 5′-AATTCGCCGGAGACACTCG-3′; Bcl-
2-F:5′-GAGAGCGTCAACAGGGAGATG-3′, Bcl-2-R: 5′-CCA
GCCTCCGTTATCCTGGA-3′.

RNA Sequence
MPC-5 cells cultured under LG and HG were collected. RNA was
extracted and cDNA was then produced by Takara’s Reverse
Transcriptase kit. Then, the amplification of all cDNA samples
was performedwith the KAPA LibraryQuantification kit for 22–25
cycles. The samples were sequenced on the computer to obtain
image files, whichwere converted by the software of the sequencing
platform to generate the raw data of FASTQ. We counted the raw
data of each sample separately, used Cutadapt to remove the linker
at the 3′ end, and removed the Reads with an average quality score
lower than Q20. Then, we assessed sequencing data quality by
taking base quality distribution, base content distribution, and
reads average quality distribution. Finally, the amplified cDNA
library was sequenced and analyzed. The FPKM (fragments per
kilobase of transcript per M) was calculated and used to estimate
the abundance of gene expression.

Flow Cytometry
We detected the expression of CDK5 (Second antibody goat anti-
mouse Alexa Fluor 488) on MPC-5 cells under HG and TFP5
treatment. Annexin V (AV) and propidium Iodide (PI) were used

to detect the apoptosis by flow cytometry. Briefly, MPC-5 cells
were washed with ice cold PBS twice. We then added PI (10 μl)
and AV-FITC (AV-FITC, 10 μl) to a cell suspension of 100 μl and
incubated them at room temperature in the dark for 15 min. For
CDK5 staining, 2 × 106MPC-5 cells were resuspended by staining
buffer, and 5 μl antibodies were added to the sample. The cells
were incubated at 4°C for 30 min in darkness. Then, 5 μl goat anti-
mouse Alexa Fluor 488 was added and incubated at 4°C for
another 30 min in darkness. Finally, the cells were washed with
PBS twice and analyzed with BD Fortessa equipment. Finally, the
data was analyzed by FlowJo software (V10).

ROS Detection
Intracellular ROS production was measured using 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime,
Shanghai, China). Seed fibroblasts were kept in 60 mm dishes.
After incubation, cells were harvested using trypsin-EDTA
solution. The cell suspension was then centrifuged at room
temperature for 5 min and the supernatant was removed. The
fluorescence intensity of DCFH-DA was measured and calculated
using a flow cytometer (Fortessa, BD).

H2O2 Detection
The cells were collected in a centrifuge tube and the supernatant
was discarded. 100–200 μl hydrogen peroxide detection lysis

FIGURE 4 | The effect of TFP5 on the oxidative stress and apoptosis resulted fromHG treatment in podocytes. (A) The effect of HG treatment on the protein level of
NGF of MPC-5 cell lines. The cells were treated for 24, 48, and 96 h, respectively. LaminB was regarded as the loading control. (B,C) The effect of 24 h HG treatment on
the mRNA level of Sirt1 (B) and NGF (C) in MPC-5 cell lines. GAPDHwas regarded as the reference gene. (D) The effect of TFP5 treatment on the protein level of P35/25,
cleaved-caspase 3, Cdk5, NGF, and Sirt1 under 24 h LG and HG in podocytes. (E,F) The effect of TFP5 treatment on themRNA level of NGF (E) and Sirt1 (F) under
24 h LG and HG in MPC-5 cell lines. *p < 0.05, **p < 0.01. A p value less than 0.05 was considered as statistically significant.
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solution was added into per 1 × 107 cells and then fully
homogenized to disrupt and lyse the cells. Centrifuge was at
about 12,000 g for 3–5 min at 4°C, and the supernatant was taken
for subsequent determination by using hydrogen peroxide test kit
(Beyotime, cata# S0038).

Evaluation of CDK5 Activity
CDK5 activity were measured according to a previous study
(Zheng et al., 2016). Briefly, the CDK5 complex was obtained
by immunoprecipitation from tissue lysates. Then, the extracted
CDK5 complex was incubated with histone H1 for 1 h at a
temperature of 30°C. After the incubation was completed, a
moderate volume of SDS loading buffer was added and then
boiled for 5 min. The phosphorylation levels of histone H1 were
regarded as a reflection of CDK5 kinase activity.

Immunocytochemistry
The mouse kidney was harvested and fixed with 4%
paraformaldehyde overnight. The fixed tissues were cut into
4 μm sections. The sections were warmed at 80°C for 2 h and
immediately dewaxed in xylene. Then, the sections were serially
rehydrated with 100% ethanol, 85% ethanol, 75% ethanol, and
50% ethanol. The samples were incubated by target primary

antibody at 4°C for 12 h. After the antigen retrieval with pH =
6.0 sodium citrate buffer in microwave oven, the sections were
incubated in 3% H2O2 (diluted with methanol) to block
endogenous peroxidases and was blocked in normal goat
serum. The sections were then incubated with CDK5, Sirt1,
NGF, P35/25 overnight at 4°C, followed by incubation with an
instant biotinylated corresponding lgG antibodies. Finally, the
sections were incubated with SABC reagents and staining with
DAB and hematoxylin. Finally, sections were imaged under a
microscope and six different fields were randomly captured to
evaluate the intensity of staining. Expression of the CDK5, NGF,
Sirt1, and P35/25 proteins was assessed by the positive signal for
the staining intensity (0, negative; 1, light; 2, moderate; 3, strong).
The representative pictures are shown in the figures.

Histological Evaluation Score
The fresh renal tissue specimens isolated from mice were fixed
and cut in 4 μm, and was stained with HE according to standard
procedures. Three sections per kidney were evaluated under a
light microscope. All samples were independently calculated by at
least two experienced renal pathologists in a blinded method.
Pathological scoring (0–5) was used to assess the degree of
glomerulosclerosis scores. Eight random areas were selected.

FIGURE 5 | NGF overexpression overcame the HG-induced oxidative stress and apoptosis in podocytes. (A) The effect of NGF knockdown on Sirt1 expression
level under 24 h HG treatment in mouse podocytes. LaminB was regarded as the loading control. (B) The effect of NGF knockdown on the mRNA level of Sirt1 and in
mouse podocytes. GAPDH was regarded as the reference gene. (C) The verification of NGF mRNA level in NGF overexpressed MPC-5 cells. (D) The effect of NGF
expression and TFP5 treatment on themRNA level of Sirt1 in MPC-5 cells. (E) The effect of NGF expression on the protein level of caspase-3 and Sirt1 MPC-5 cells.
(F) The effect of NGF overexpression and TFP5 treatment on the level of H2O2. (G) The effect of NGF overexpression and TFP5 treatment on the level ROS. ROS level was
assessed using the probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) following TFP5 treatment. (H) The effect of NGF overexpression on the mRNA level of
caspase-3 after 24 h HG treatment. (I) The detection of MPC-5 cells apoptosis under NGF overexpression and TFP5 treatments by C-flow cytometry. PI was used to
separate the viable cells and Annexin-FITC was used to identify the apoptotic cells. *p < 0.05, **p < 0.01, ***p < 0.001. A p value less than 0.05 was considered as
statistically significant.
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Pathological scoring ranged from 0 to 5 points of injury area (IA):
0, normal; 1, IA < 10%; 2, 10% < IA < 25%; 3, 25% < IA < 50%; 4,
50% < IA < 75%; 5, IA > 75%.

Statistical Analysis
The unpaired Student’s t-test (two-sided) was used to calculate
the statistical difference of two groups, and two-way ANOVA
analysis was performed for multiple comparisons. All results in
figures are the representative results of at least three independent
experiments. The values in graphs are exhibited as mean ± SD.
Analyses and figures were obtained by using GraphPad 7.0
software.

RESULTS

HG Increased the Expression and Activity of
CDK5 and in Mouse Podocytes
To investigate the effects of HG treatment on CDK5 expression
and activity, we cultured the mouse podocytes MPC-5 cells,
respectively, under LG and HG conditions at multiple
timepoints. We found that MPC-5 cells treated with HG
exhibited higher level of CDK5 expression in transcriptional

and translational levels compared with that under LG (Figures
1A,B). Consistently, we also detected the higher CDK5
expression under HG by flow cytometry (Figure 1C;
Supplementary Figure S1). Furthermore, we measured the
effect of HG on CDK5 activity, and we found CDK5 activity
significantly increased under HG culture conditions (Figure 1D).
Taken together, HG upregulates CDK5 activity and expression
levels in mouse podocytes.

HG Leads to High Oxidative Stress,
Inflammatory Cytokines, and Apoptosis of
Podocytes
Previous studies have closely correlated CDK5 activity with
oxidative stress-induced cell death (Sahlgren et al., 2006; Guo
et al., 2018). To investigate the influence of HG treatment on the
properties of MPC-5 cells, we conducted the detection of the
oxidative stress, and apoptosis-related genes in MPC-5 cells
under HG condition. HG treatment significantly upregulated
the levels of H2O2 and ROS compared to that under LG
condition, indicating the enhanced oxidative stress after HG
treatment (Figures 1E,F). Furthermore, IL-6 and NFKB, two
important inflammatory cytokines, exhibited obvious increases

FIGURE 6 | TFP5 treatment alleviated renal function in db/dbmouse with diabetic nephropathy. (A) The detection of serum glucose level in C57/BL6J and db/db
mouse model, n = 5. (B) HE staining and PAS staining were performed in all four groups. The C57BL/6J mouse was used as control group. C57BL/6J, n = 5; db/db, n =
5; db/db + TFP5, n = 5; db/db + TFP5 + K252a, n = 5. (C) The glomerular size was measured and analyzed for all four groups. C57BL/6J, n = 5; db/db, n = 5; db/db +
TFP5, n = 5; db/db + TFP5 + K252a, n = 5. (D) The glomerulosclerosis score was evaluated in all four groups. C57BL/6J, n = 5; db/db, n = 5; db/db + TFP5, n = 5;
db/db + TFP5 + K252a, n = 5. (E) The detection of urinary albumin excretion rate (AER) over 24 h in all four groups. C57BL/6J, n = 5; db/db, n = 5; db/db + TFP5, n = 5;
db/db + TFP5 + K252a, n = 5. (F) The counting of renal podocyte number in four groups. WT1 was used as the positive marker of podocytes by IHC staining. C57BL/6J,
n = 4; db/db, n = 4; db/db + TFP5, n = 4; db/db + TFP5 + K252a, n = 4. (G) The mRNA level of WT1 gene in kidney. C57BL/6J, n = 4; db/db, n = 4; db/db + TFP5,
n = 4; db/db + TFP5 + K252a, n = 4. (H) The mRNA level of SOD1 gene in the kidney of four groups. C57BL/6J, n = 4; db/db, n = 4; db/db + TFP5, n = 4; db/db +
TFP5 + K252a, n = 4. *p < 0.05, **p < 0.01. A p value less than 0.05 was considered as statistically significant.

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 8290678

Cao et al. TFP5 Improves Diabetic Nephropathy

106

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


after 48 h under HG condition (Figures 1G,H). Finally, HG led to
higher Bax and caspase 3 and decreased Bcl-2 level (Figures
1I–K). Consistently, the apoptosis staining with PI and Annexin
assay exhibited the higherMPC-5 apoptosis under HG conditions
(Figure 1L). Therefore, the increased expression level of CDK5
induced by HG may be correlated with podocyte injury in
diabetes.

TFP5-Mediated CDK5 Activity Suppression
Reduced HG-Induced Oxidative Stress,
Inflammatory Cytokines, and Podocyte
Apoptosis
To demonstrate whether CDK5 is necessary for the podocyte
injury under HG, we suppressed CDK5 activity and expression
by TFP5, a truncated 24 amino acid peptide derived from the p35
protein. TFP5 significantly decreased the level of H2O2 (Figure 2A)
and ROS (Figure 2B) level, indicating the reduced oxidative stress
in MPC-5 cells after TFP5 treatment under HG treatment. In
addition, we also detected the decreased cleaved-caspase-3
(Figure 2C) and Bax (Figure 2D) and increased Bcl-2
(Figure 2E) level after TFP5 treatment, indicating the decreased
apoptoticMPC-5 cell after TFP5 treatment under HG. The western
blot assay showed that HG significantly increased the levels of P35,
P25, and C-caspase 3, and TFP5 treatment decreased the levels of
CDK5, p35, P25, and cleaved-caspase 3 under HG condition

(Figure 2F). Furthermore, TFP5 treatment strongly inhibited
MPC-5 apoptosis under HG culture condition (Figure 2G).
Taken together, TFP5 may be a novel CDK5 inhibitor, and
attenuates podocytes injury under HG condition.

HG Altered the Transcriptome and
Suppresses Sirt1 and NGF Levels in Mouse
Podocytes
To study the underlying mechanism, we performed RNA
sequencing for MPC-5 cell cultured under LG and HG
condition. The results showed that the three repeats in low
or high group exhibited good intra-clustering. Meanwhile, the
LG and HG groups have different expression panels
(Figure 3A). The Principal Component Analysis (PCA)
showed that LG- and HG-treated MPC-5 cells showed
statistically different expression spectrums (Figure 3B).
Totally, 1,343 genes increased and 785 genes decreased with
the change threshold of 1.5 times compared with the LG group
(Figure 3C). In the differentially expressed genes, we indeed
observed the upregulation of casepases-3 (Figure 3D) and
CDK5r1 (Figure 3E) under HG condition. Meanwhile, NGF,
Sirt1 and NGFR were significantly decreased after HG
treatment (Figures 3E,F,G). Interestingly Sirt1 is one of the
most important substrates of CDK5. Taken together, HG alters
the transcriptome of mouse podocytes.

FIGURE 7 |NGF inhibitor undermined the function of TFP5 on diabetic nephropathy in db/dbmousemodel. (A) The level of P35/25, CDK5, NGF and Sirt1 in kidney
tissue after TFP5 treatment or NGF inhibition by Western blot. (B) IHC staining of P35/25, CDK5, NGF and Sirt1 in kidney tissue after TFP5 treatment or NGF inhibition.
(C–J) The mRNA level of (C) NGF, (D) Sirt1, (E) caspase 3, (F) Bax, (G) Bcl-2, (H) ROS, (I) H2O2, (J) SOD1 in kidney tissue after TFP5 treatment, or NGF inhibition, or
both. *p < 0.05, **p < 0.01. A p value less than 0.05 was considered as statistically significant.
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TFP5 Counteracted HG Induced Sirt1 and
NGF Decrease in Mouse Podocytes
To confirm the correlation between TFP5 treatment and Sirt1 and
NGF expressions, we detected the expression of NGF and Sirt1
after TFP5 treatment. The Western blot showed that HG
decreases the expression level of NGF and Sirt1 at 24, 48, and
72 h (Figure 4A). Consistently, we observed the significant
decrease of Sirt1 and NGF at transcriptional level (Figures
4B,C). TFP5 treatment significantly inhibited the expression of
C-caspase-3 and CDK5 and increased Sirt1 and NGF levels
(Figures 4D,E,F). Taken together, TFP5 could rescue HG-
induced decrease of Sirt1 and NGF in mouse podocytes.

NGF Overexpression Overcomes the
Oxidative Stress and Apoptosis Under HG in
Mouse Podocytes
To identify the necessity of NGF in HG-induced podocytes
apoptosis, we knockdown NGF by siRNA. We found that NGF
knockdown significantly decreased the mRNA and protein level of
Sirt1 (Figures 5A,B). Furthermore, TFP5 treatment-rescued NGF
knockdown induced Sirt1 decrease (Figures 5A,B). On the other
hand, we overexpressed NGF in MPC-5 cell (Figure 5C). We
found that NGF overexpression significantly upregulated Sirt1
expression level and under HG condition (Figures 5D,E).

Furthermore, the combination of TFP5 and NGF
overexpression exhibited even higher Sirt1 expression than NGF
overexpression alone under HG treatment (Figures 5D,E). k252a,
an NGF-specific inhibitor, significantly decreased Sirt1 expression
in TFP5 treatment and NGF overexpressed MPC-5 under HG
condition, indicating the dominant role of NGF on the regulation
of Sirt1. Meanwhile, we found that NGF overexpression and TFP5
treatment decreased the expression level of cleaved caspase-3
which was upregulated by K252a treatment (Figures 5D,E). In
addition, we also observed the obvious decrease of H2O2 and ROS
after NGF overexpression, and k252a treatment counteracted the
function of NGF overexpression and TFP5 treatment (Figures
5F,G). Finally, we found that NGF overexpression inhibited HG-
induced MPC-5 cell apoptosis, and TFP5 exhibited the synergistic
effect with NGF overexpression (Figures 5H,I). In conclusion,
NGF plays an important role in HG-induced MPC-5 apoptosis.

NGF Inhibitor Undermines the Function of
TFP5 on Diabetic Nephropathy in db/db
Mouse Model
To identify the effect of TFP5 and NGF on renal function damage
caused by hyperglycemia in db/db mouse model, we treated mice
with TFP5 peptides, K252a, or both. Firstly, we observed that the
db/db mice showed a higher level of glucose level in serum

FIGURE 8 | TFP5 treatment decreased the level of proinflammatory factor levels in db/dbmouse. (A–C) The detection of the level of IL-6, (A) IL1-β, (B) TNFα (C) by
Elisa in the plasma of db/dbmice treated with TFP5, or K252a, or both. C57BL/6J, n = 4; db/db, n = 4; db/db + TFP5, n = 4; db/db + TFP5 + K252a, n = 4. (D–F) The
detection of mRNA level of IL-6, (D) IL1-β, (E) TNFα (F) by RT-PCR in the kidney tissue of db/dbmice treated with TFP5 or K252a or both. C57BL/6J, n = 3; db/db, n = 3;
db/db + TFP5, n = 3; db/db + TFP5 + K252a, n = 3. *p < 0.05, **p < 0.01. A p value less than 0.05 was considered as statistically significant.
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compared to the control group (Figure 6A). As TFP5 and K252a
had a profound effect on podocytes survival, we subsequently
explored its influence upon glomerulus using histological staining.
HE and Periodic acid–Schiff staining of kidney showed that
hyperglycemia increased the glomerular size and
glomerulosclerosis scores (Figures 6B–D). TFP5 treatment
efficiently decreased the glomerular size and glomerulosclerosis
scores whichwas upregulated byK252a treatment (Figures 6B–D).
We also measured the urinary albumin excretion rate (AER)
during the experiment. We found that hyperglycemia led to
increased AER while TFP5 treatment led to decreased AER in
db/dbmouse. In addition, K252a reversed the function of TFP5 and
led to severe AER (Figure 6E). In addition, we counted the number
of podocytes under different treatments. We observed the
decreased podocytes and TFP5 counteract hyperglycemia-
induced podocytopenia (Figure 6F). Meanwhile, we used the
podocytes-specific marker, WT1, by IHC assay. Consistently,
WT1 positive podocytes decreased under hyperglycemia, which
increased after TFP5 treatment (Figure 6G). We also measured the
oxidative stress in kidney under different treatments. The results
showed that the SOD1 decreased under hyperglycemia in db/db
mouse (Figure 6H). TFP5 treatment upregulated SOD1, whichwas
decreased by K252a treatment (Figure 6H). In addition, we also
detected the expression level of P35/25, NGF, Sirt1, apoptosis and
oxidative stress-related gene in the tissue after TFP5 or K252a
treatment. We found that TFP5 treatment obviously decreased
apoptosis (Figures 7A,B,E–G; Supplementary Figure S2) and

oxidative stress- (Figures 7H,I) related genes while significantly
upregulated NGF (Figures 7A–C; Supplementary Figure S2),
Sirt1(Figures 7A,B,D; Supplementary Figure S2), Bcl-2
(Figure 7G) and SOD1 (Figure 7J) level in the kidney tissue of
db/dbmouse, which was undermined by k252a treatment (Figures
7A–J). In conclusion, NGF inhibitor undermines the function of
TFP5 on DN in db/db mouse model.

TFP5 Improved the Inflammatory Cytokines
Under Hyperglycemia
To investigated the effect of TFP5 on the inflammatory cytokines in
serum and kidney of db/dbmice. We found that TFP5 significantly
upregulated IL-6, IL-1β, and tumor necrosis factor (TNF-α) in
serum (Figures 8A–C) and kidney tissue (Figures 8D–F). TFP5
treatment decreased hyperglycemia-induced IL-6, IL-1β, and TNF-
α upregulation. Furthermore, K252a treatment counteracted the
effect of TFP5 and led to the upregulation of IL-6, IL-1β, and TNF-
α in the serum and kidney of db/db model mice.

DISCUSSION

DN is a major long-term complication, which affects about 30%
of patients with T1D, and 40% of patients with T1D (Alicic et al.,
2017), is the major cause of kidney failure worldwide and the
single strongest predictor of mortality in diabetic patients. Today,
about 40% of patients need renal replacement therapy (Ritz et al.,
2011). These classic descriptions indicate that patients with T1D
develop DN within 10 years after the onset of diabetes.

Previous evidence has shown that strict glycemic control could
improve the progression of DN. Although DN is considered to be a
microvascular complication of diabetes, there is increasing
evidence that podocyte loss and epithelial dysfunction play an
important role. White et al. (2002) demonstrated that although
mesangial dilatation and GBM thickening are the most common
DN lesions, careful cell analysis using samples from patients with
T1D and T2D showed that the number of podocytes is highly
correlated with proteinuria and seems to be one of the best
predictors of disease. Podocyte loss may be due to apoptosis or
abscission of podocytes caused by hyperglycemia-induced ROS
production (Susztak et al., 2006), indicating podocytes may be the
“weakest link” in DN development. Here, we found that MPC-5
cells presented obvious apoptosis induced by oxidative stress under
HG condition. TFP5, a peptide-inhibiting CDK5, efficiently
inhibited HG-induced podocytes cells apoptosis and DN in the
mouse model by decreasing NGF level and upregulating Sirt1 level.
Therefore, our work illuminated a novel and targetable TFP5-
CDK5-NGF-Sirt1 regulating axis, which may be the promising
targets for diabetic kidney disease therapy in future.

TFP5may be a promising oligopeptide drugs for diabetic kidney
disease. Our previous study showed depletion of CDK5 causes
significant depressed expression of WT1 and apoptosis of
podocytes. Reducing ciliary body length by drug or gene
inhibition of CDK5 can reduce polycystic kidney disease in
renal tuberculosis model (Husson et al., 2016). Guevara et al.
(2014) found that CDK5 and its regulator p35/P25 and cyclin I

FIGURE 9 | The regulatory network in mouse renal podocytes.
Roscovitine: CDK5 inhibitor; TFP5: a 25 amino acid peptide that inhibiting
CDK5 activity; K252a: NGF inhibitor; DN: diabetic nephropathy.

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 82906711

Cao et al. TFP5 Improves Diabetic Nephropathy

109

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


were also expressed in renal tubular cells. We show that treatment
with CDK5 inhibitors can promote the formation of survival-
promoting CDK5/cyclin I complex and improve cell survival in the
case of ischemia-reperfusion Pro apoptotic injury, support the
benefits of renal preservation treated with CDK5 inhibitors, and
contribute to renal tubular protection. Although we previously
reported that CDK5 deletion resulted in decreasedWT1 expression
and podocyte apoptosis, the CDK5 activity down regulated by p35
had no effect on the expression of cleaved caspase 3. On the
contrary, increased apoptosis can be detected in p35 deregulated
podocytes by TUNEL analysis and immunofluorescence staining
of cleaved caspase 3 antibody. Podocyte viability of CDK5 and p35
knockout cells decreased (Zheng et al., 2016). In addition, Liu,
2013. reported that intermediate filament protein nestin is related
to the occurrence of DN. Blocking CDK5 can increase nestin level
and reduce renal damage, which will provide a useful target for the
treatment ofDN, indicating the crucial role of CDK5 activity on the
treatment of diabetic kidney disease. In this study, we found that
TFP5 effectively rescued HG-induced MPC-5 cells apoptosis and
oxidative stress. In hyperglycemia-caused kidney function damage
of db/db mouse model, TFP5 treatment increased the number of
podocytes and improved the kidney function indexes.

TFP5 may regulate kidney function by effect of Sirt1 activity.
Zhang et al. (2018) reported that CDK was also involved in the
ubiquitin-proteasome pathway-mediated degradation of Sirt1
expression in Parkinson’s disease models, which could be
efficiently blocked by the inhibition of CDK5. The
phosphorylation of S47 is closely related to the nuclear
retention of Sirt1, but not to telomere repeat binding factor 2-
interacting protein 1. CDK5 was identified as a Sirt1 kinase that
regulates s47 phosphorylation. Knockout, or inhibition of CDK5,
can reduce the number of aging endothelial cells, promote the
nuclear output of Sirt1, and reduce the expression of inflammatory
genes in porcine aortic endothelial cells, accompanied by the
accumulation of truncated regulatory subunits of CDK5, and
P25 in aging porcine aortic endothelial cells and active arteries
of atherosclerosis. Long-term treatment with Roscovitine blocked
the development of cell senescence and atherosclerosis in the aorta
of hypercholesterolemic apolipoprotein E-deficient mice (Bai et al.,
2012). In vivo and in vitro, inhibition of CDK5 can reverse
sevoflurane-induced neuronal apoptosis, while inhibition of
CDK5 activity can promote the expression of Sirt1, which plays
an important role in inducing autophagy activation. Yang et al.
(2020) found that Sirt1 inhibition inhibited the protective effect of
ROSC on sevoflurane-induced nerve injury by inhibiting
autophagy activation. In addition, CDK5 is responsible for the
phosphorylation of Sirt1 on serine 47 residue. This modification
blocks the anti-aging activity of Sirt1 and plays a key role in the loss
of Sirt1 function during vascular aging. Therefore, Sirt1 function
can be improved by inhibiting CDK5 so as to prevent the
development of atherosclerosis and slow down the process of
vascular aging (Bai et al., 2012; Bai et al., 2014). Conversely,
Sirt1 also regulates the expression of CDK5 through epigenetic
modification. Acetylation of CDK5 at k33 (ac-CDK5) resulted in
loss of ATP binding and impaired kinase activity. We identified
GCN5 and Sirt1 as key factors controlling ac-CDK5 levels. Ac-
CDK5 reached the lowest level in rat fetal brain, but increased

significantly after birth. Interestingly, nuclear ac-CDK5 levels were
negatively correlated with neurite length in embryonic
hippocampal neurons, which was inhibited by Sirt1 inhibitor
EX527 or acetyl simulant. The ectopic expression of (K33Q)
CDK5 is inhibited, indicating that the positive regulation of
Sirt1 is positively regulating the growth of neurite through the
deacetylation of nuclear CDK5 (Lee et al., 2018). Consistently, we
observed the significant decrease of Sirt1 under HG condition in
MPC-5 cells, which was reversed by TFP5 treatment. Therefore,
TFP5 may protect podocytes and improve diabetes nephropathy
via affecting the level of Sirt1.

NGF may mediate the upregulation of Sirt1 after TFP5
treatment. NGF is one of the most common neurotrophic
factors. It is found that neuronal apoptosis induced by the
decline of NGF secretion ability of brain neuronal cells leads to
neurodegenerative diseases. Previous evidence showed that during
the process of apoptosis of PC12 cells (Rat neuronal cell) induced
by NGF withdrawal, the activation of CDK5/p35, the protein
catalyzing the phosphorylation of Sirt1, plays an important
mediating role. Furthermore, Roscovitine, a specific inhibitor of
CDK5, had the potential to protect neuronal cells. Apart from the
regulation of the neuronal cell of NGF, Tatsuo Hata et al. reported
that NGF is closely related to diabetic pathology and insulin
homeostasis, indicating the potential role of NGF in
hyperglycemia-induced diseases (Hata et al., 2015). Similarly,
NGF withdrawal resulted in pancreatic cancer β Cell apoptosis.
Recent studies on podocyte model in vitro found that podocytes,
like neurons, have the ability to synthesize and secrete NGF,
suggesting that NGF may be a novel target of glomerular
podocytes (Caroleo et al., 2015). In our study, we found that
NGF positively regulated the expression of Sirt1 in MPC-5 cells,
and TFP5 significantly upregulated NGF expression. The
overexpression of NGF effectively rescued HG-induced decrease
of Sirt1. In addition, the k252a, the inhibitor of NGF, blocked the
function of TFP5 on Sirt1 regulation (Figure 9). In conclusion,
CDK5-NGF-Sirt1 axis may be a novel regulating mechanism in
podocytes and db/db mouse models.
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Caffeine Restores Neuronal Damage
and Inflammatory Response in a
Model of Intraventricular Hemorrhage
of the Preterm Newborn
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Maria Jose Carranza-Naval1,2,3, Carmen Infante-Garcia1,2, Isabel Benavente-Fernandez2,4,5,
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Germinal matrix-intraventricular hemorrhage (GM-IVH) is the most frequent intracranial
hemorrhage in the preterm infant (PT). Long-term GM-IVH-associated sequelae include
cerebral palsy, sensory and motor impairment, learning disabilities, or neuropsychiatric
disorders. The societal and health burden associated with GM-IVH is worsened by the fact
that there is no successful treatment to limit or reduce brain damage and
neurodevelopment disabilities. Caffeine (Caf) is a methylxanthine that binds to
adenosine receptors, regularly used to treat the apnea of prematurity. While previous
studies support the beneficial effects at the brain level of Caf in PT, there are no studies that
specifically focus on the role of Caf in GM-IVH. Therefore, to further understand the role of
Caf in GM-IVH, we have analyzed two doses of Caf (10 and 20mg/kg) in a murine model of
the disease. We have analyzed the short (P14) and long (P70) effects of the treatment on
brain atrophy and neuron wellbeing, including density, curvature, and phospho-tau/total
tau ratio. We have analyzed proliferation and neurogenesis, as well as microglia and
hemorrhage burdens. We have also assessed the long-term effects of Caf treatment at
cognitive level. To induce GM-IVH, we have administered intraventricular collagenase to P7
CD1 mice and have analyzed these animals in the short (P14) and long (P70) term. Caf
showed a general neuroprotective effect in our model of GM-IVH of the PT. In our study,
Caf administration diminishes brain atrophy and ventricle enlargement. Likewise, Caf limits
neuronal damage, including neurite curvature and tau phosphorylation. It also contributes
to maintaining neurogenesis in the subventricular zone, a neurogenic niche that is severely
affected after GM-IVH. Furthermore, Caf ameliorates small vessel bleeding and
inflammation in both the cortex and the subventricular zone. Observed mitigation of
brain pathological features commonly associated with GM-IVH also results in a significant
improvement of learning and memory abilities in the long term. Altogether, our data
support the promising effects of Caf to reduce central nervous system complications
associated with GM-IVH.
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1 INTRODUCTION

Very low birth weight infants (VLBWIs) are those preterm
infants (PT) born at or under 32 weeks of gestational age.
There are more than 15 million premature births worldwide
every year, and preterm birth is the leading cause of death in
children (Walani, 2020). Although in recent years survival rates of
PT have increased due to advances in neonatal intensive care and
perinatal medicine, this is also accompanied by an increase in
morbidities associated with prematurity (for review (Atienza-
Navarro et al., 2020)). Therefore, this preterm population is at
high risk for complications such as germinal matrix-
intraventricular hemorrhage (GM-IVH), which is not only one
of the most common pathologies associated with prematurity but
also the most frequent intracranial hemorrhage in the PT (da
Silva et al., 2018). Although incidences may vary depending on
the studies and populations assessed, approximately 20%–30% of
all PT may suffer GM-IVH of any grade, and severe GM-IVH
may affect between 6% and 16% of all PT (Stoll et al., 2010;
Bolisetty et al., 2014; Radic et al., 2015a; Khanafer-Larocque et al.,
2019). Moreover, severe GM-IVH is the leading cause of death in
PT with a gestational age at birth under 28 weeks (Harkin et al.,
2019).

The germinal matrix (GM) is a highly vascularized region that
fully covers the ventricle. It is also a source of neuronal and glial
cells in the immature brain that will maturate and migrate to their
final destinations along development (Segado-Arenas et al., 2017;
Cerisola et al., 2019). The immaturity of the central nervous
system (CNS) of the PT, its hemodynamic instability (Szpecht
et al., 2016), and the difficulty to autoregulate cerebral blood flow
(Rellan Rodríguez et al., 2008) make the fragile GM vasculature
prone to bleed (Atienza-Navarro et al., 2020; Lampe et al., 2020).
Since GM commences to involute by 28 gestational weeks until it
disappears in full-term kids (Mukerji et al., 2015; Segado-Arenas
et al., 2017), GM-IVH affects almost exclusively VLBWIs (da
Silva et al., 2018). GM-IVH–associated morbidities (Christian
et al., 2016) include cerebral palsy, sensory and motor
impairment, and learning disabilities among others (for review
(Atienza-Navarro et al., 2020)). Although the harmful effects of
severe GM-IVH seem unquestionable (Bolisetty et al., 2014;
Mukerji et al., 2015), previous studies have also reported that
any degree of GM-IVH may predispose to suffer these
complications (Radic et al., 2015b; Iyer et al., 2015). GM-IVH
patients also have a higher risk to develop psychiatric disorders
such as autism spectrum disorders, anxiety, depression, or altered
social behaviors (You et al., 2019; Chung et al., 2020).

The societal and health burden associated with prematurity
and GM-IVH concretely, is worsened by the fact that there is no
successful treatment to limit or reduce brain damage and
neurodevelopment disabilities. Different options, such as
prophylactic vitamin K, coagulating factors, angiogenic
inhibitors, COX-2 inhibitor celecoxib, or endothelial
growth factor R2 inhibitors, might have beneficial effects in

the GM-IVH management by stabilizing the GM at different
levels, but more studies are required before use in clinical care (for
review (Deger et al., 2021)). Other approaches have focused on
caffeine (Caf), regularly used to treat the apnea of prematurity
(Long et al., 2021). Caf has antioxidant, neuroprotective, and
anti-inflammatory properties, and studies in newborn and young
animals have shown its capacity to reduce brain hypoxic damage
(Yang et al., 2021). Similarly, studies in patients have reported
that Caf treatment in VLBWI with apnea of prematurity may
improve neurodevelopmental outcomes (Schmidt et al., 2007;
Maitre et al., 2015). Nevertheless, to our knowledge, the direct
effect of Caf on GM-IVH remains undetermined, and there is
only one study assessing the role of Caf in GM-IVH (MRI and
Neurodevelopment in PT Following Administration of High-
Dose of Caf. ClinicalTrials.gov. Identifier: NCT00809055)
reporting beneficial long-term effects of Caf treatment
(Mürner-Lavanchy et al., 2018). Therefore, we have used an
animal model of GM-IVH to specifically assess the effect of
two doses of Caf (10 and 20 mg/kg/day) on brain pathology
and cognitive performance. We have observed that both in the
short term (P14) and in the long term (P70), Caf reduces brain
atrophy. Also, mature neurons population and neuron curvature
are significantly improved. Likewise, reduced proliferation and
neurogenesis in the subventricular zone (SVZ) are ameliorated by
Caf treatment. Furthermore, cortical and SVZ bleeding and
inflammation are reduced, altogether resulting in better
learning and memory capabilities in the long term, in line
with previous observations in other models of perinatal insult
(Endesfelder et al., 2017a; Yang et al., 2022). Ultimately, our
results may help better understand the pathological features
associated with GM-IVH in the PT and to elucidate the beneficial
effects associated with Caf treatment.

2 METHODS

2.1 Animals and Treatments
For the experiment, 7-day-old (P7) CD1 mice received 0.3 IU of
collagenase (Col) (purified collagenase VII, batch SLBG8830V,
Sigma-Aldrich, St Louis, MO, United States) in 1 µl of TESCA
(TES buffer 50mM and calcium chloride anhydrous 0.36 mM)
administered intracerebroventricularly, as previously described
(Segado-Arenas et al., 2017). Briefly, mice were anesthetized with
isoflurane, immobilized in a stereotactic frame (David-Kopf, CA,
United States), and Col was administered at 0.1 μl/min for 10 min
using a 10-μl Hamilton syringe (Hamilton Company,
United States) in the right ventricle (AP −3 mm, ML −1 mm,
and DV +4 mm, using Bregma as reference). The needle was left
in the lesion site for 5 min after completing the injection. Sham
animals underwent the same surgical procedures but received 1 µl
of TESCA. Animals were allowed to recover and were returned to
the home cages with their mothers. A naïve group of animals did
not undergo any surgical procedures. Animals were treated with

Frontiers in Cell and Developmental Biology | www.frontiersin.org August 2022 | Volume 10 | Article 9080452

Alves-Martinez et al. Caffeine Ameliorates Intraventricular Hemorrhage Pathology

114

http://ClinicalTrials.gov
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Caf (Sigma-Aldrich, St Louis, MO, United States) (10 or
20 mg/kg/day) intraperitoneally (i.p.) (Kaindl et al., 2008; Fan
et al., 2011) for 3 consecutive days, commencing immediately
after the lesions (P7–P9), and untreated animals received filtered
phosphate buffer (PBS) instead. A first set of animals were
analyzed at P14, and a second set of mice were analyzed at
P70 to assess the effects of Caf in the short and long terms.

Body weight was measured before the lesions and before
sacrifice at P14 and P70. All experimental procedures were
approved by the Animal Care and Use Committee of the
University of Cadiz, in accordance with the guidelines for care
and use of experimental animals (European Commission
Directive 2010/63/UE and Spanish Royal Decree 53/2013).

2.2 Morris Water Maze (MWM)
The MWM test commenced at P56, and it was performed as
previously described (Segado-Arenas et al., 2017). Briefly, the
pool consisted of a round tank 90 cm in diameter surrounded by
external clues, with a platform hidden under the water. Water
temperature was 21 ± 2 °C. The acquisition phase included four
trials per day for 4 consecutive days. The time limit was 60 s/trial,
with a 10-min inter-trial interval. If the animal did not find the
platform, it was placed on the platform for 10 s. The retention
phase was performed 24 and 72 h after the completion of the
acquisition phase and consisted in a single trial with the platform
removed. Time required to locate the platform in the acquisition
phase, the number of entrances in quadrant 2, where the platform
was located, during the retention phase, and swimming speed
were analyzed by Smart software (Panlab, Barcelona, Spain).

2.3 Actimetry and the New Object
Discrimination (NOD) Test
Spontaneous motor activity was analyzed the day after
completing the MWM test by measuring the walking distance
for 30 min in a rectangular box (44 cm long × 22 cm width ×
40 cm high). The NOD test was commenced 24 hours later to
analyze episodic memory. Animals were exposed to two objects
for 5 min for habituation purposes, which were not used again
during the test. The next day each mouse received two sample
trials and a test trial. On the first sample trial, mice were allowed
to explore for 5 min, with four copies of a novel object (navy balls)
arranged in a triangle-shaped spatial configuration. After a 30-
min delay, mice received a second sample trial with four novel
objects (red cones) arranged in a quadratic-shaped spatial
configuration, for 5 min. After 30 min, the mice received a test
trial with two copies of the object from sample trial 2 (“recent”
objects) placed at the same position, and two copies of the object
from sample trial 1 (“familiar” objects) with one of them being
placed at the same position (“old non displaced” object) and the
other in a new position (“familiar displaced” object). An
integrated episodic memory for “what,” “where,” and “when”
paradigms were analyzed are shown, as previously described
(Dere et al., 2005). “What” was defined as the difference in
time exploring familiar and recent objects, “where” was
defined as the difference in time exploring displaced and
nondisplaced objects, and “when” was defined as the

difference between time exploring familiar nondisplaced and
recent nondisplaced objects.

2.4 Rotarod
Motor skills and motor coordination were also evaluated by the
rotarod (Panlab Harvard Apparatus, Barcelona, Spain), as
described (Segado-Arenas et al., 2017). The animal was placed
for 3 min at 4 rpm for habituation purposes on the horizontal rod
(3 cm in diameter and 5.7 cm wide). During the test, the speed
was increased from 4 to 40 rpm within 1 min. The time spent on
the rod and the velocity when the animal fell were recorded.

2.5 Tissue Processing
Animals were sacrificed by an overdose of pentobarbital (Richter
Pharma, Wels, Austria) (120 mg/kg) administered i.p. Brains
were harvested and weighed. While the ventricle provides
complete access to the brain, our previous characterization of
the model revealed that the right hemisphere was more severely
affected after Col administration in the right ventricle (Segado-
Arenas et al., 2017). Therefore, all of our postmortem analyses
were performed on the brain structures of the right hemisphere
(the cortex, SVZ, and hippocampus), as described (Segado-
Arenas et al., 2017). The brains from half of the animals were
fixed in 4% paraformaldehyde (PFA) for 3 weeks and
cryoprotected in 30% sucrose, and serial coronal sections of
30 μm were cut on a cryostat (Thermo-Scientific, Microm HM
525, Germany). The sections were stored at −20°C in PBS and
glycerol (1:1) until ipsilateral hemispheres were used. The brains
from the remaining animals were dissected, and the ipsilateral
cortex, striatum, and hippocampus were immediately frozen at
−80°C for biochemical studies.

2.6 Cresyl Violet Staining
Six coronal sections of 30 μm at 1.5, 0.5, −0.5, −1.5, −2.5, and
−3.5 mm from Bregma were selected (Segado-Arenas et al., 2017;
Infante-Garcia et al., 2018). Sections were mounted on
Superfrost™ slides (Thermo-Fisher Scientific, Waltham, MA,
United States), dehydrated in 70% ethanol for 15 min, and
incubated in 0.5% cresyl violet solution for 10 min. Tissues
were fixed in 0.25% acetic acid in ethanol for 7 min, followed
by ethanol for 2 min and xylol for 2 more minutes. Sections were
mounted with DPX medium (Sigma Aldrich, St Louis, MO,
United States). Images were photographed with a ×4 objective
on an Olympus B×60 fluorescence microscope (Olympus, Tokyo,
Japan) coupled to an Olympus DP71 camera, by MMIcellTools
software (Olympus, Hamburg, Germany). Adobe Photoshop
Elements software was used to photomerge all images and
build complete sections. ImageJ was used to measure the total
hemisection size, cortex, hippocampus, and ventricle areas.
Quantifications were carried out in blind experiments for the
person performing the measurements.

2.7 Prussian Blue Staining
Contiguous sections to those used for cresyl violet staining were
selected to analyze small vessel bleeding, as described (Desestret
et al., 2009) with minor modifications. Sections were dehydrated
and incubated in Prussian blue solution (20% HCl and 10%
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potassium ferrocyanide) for 30 min. They were rinsed with
distilled water and rehydrated in PBS for 5 min. Sections were
counterstained with neutral red (1% neutral red, 1% acetic acid)
for 5 min. Sections were washed and dehydrated for 2 min with
increasing concentrations of ethanol (95%, 99% + 1% of acetic
acid, and 100%) and xylol. Sections were covered with DPX and
photographed with an Olympus DP71 camera attached to an
Olympus Bx60 microscope (Olympus, Tokyo, Japan) with a ×6.4
objective. Adobe Photoshop Elements software was used to
photomerge all images and build complete sections. ImageJ
software was used to quantify the hemorrhage burden (area
occupied by hemorrhages) in the cortex and the SVZ.

2.8 NeuN/DAPI/Iba-1 Staining
Six coronal sections of 30 µm contiguous to those previously used
were selected and incubated overnight at 4 °C with the anti-NeuN
antibody (MAB377, Sigma, St. Louis, MO, United States) (1:200)
to label mature neurons, and anti-Iba-1 (019-19741, Wako,
Osaka, Japan) (1:1,000) as a microglia marker (Infante-Garcia
et al., 2017a). Sections were incubated with anti-IgG-mouse Alexa
Fluor 488 (1:1,000) (Thermo Fisher Scientific, Waltham, MA,
United States) and anti-IgG-goat Alexa Fluor 594 (1:1,000)
(Thermo Fisher Scientific, Waltham, MA, United States) for
1 h, followed by counterstaining with DAPI 1 mg/ml (Sigma,
St. Louis, MO, United States) (1:3,000) for 10 min. Sections were
photographed using an Olympus Bx60 fluorescence microscope
(Olympus, Tokyo, Japan) coupled to an Olympus DP71 camera
with a ×16 objective.

Twenty ROIs (7,451.062 µm2/ROI) were selected in each
cortical section, and eight ROIs were also selected in three
sections 1 mm apart (1.5 to −0.5 mm from Bregma) which
comprised the SVZ. The percentage of NeuN-positive cells
(normalized by total cells stained with DAPI) was quantified
in the cortex and the SVZ by ImageJ software (Ramos-Rodriguez
et al., 2017).

Microglia burden (% covered area by Iba-1 immunostaining)
in the cortex and the SVZ was also quantified by analyzing 20
ROIs/section in the cortex and eight ROIs/section in the SVZ by
ImageJ software, as described (Infante-Garcia et al., 2016).

2.9 SMI-312 Immunostaining
The axonal curvature was analyzed with the anti-neurofilament
marker SMI-312 antibody (Infante-Garcia et al., 2017b) in
contiguous sections to those previously used. Sections were
pretreated with 3% hydrogen peroxide and 0.5% Triton-X for
10 min and blocked with 3% bovine serum albumin (BSA) for 3 h.
Thereafter, the sections were incubated with anti-SMI-312 (1:
1,000) (837904, BioLegend, San Diego, CA, United States)
overnight at 4°C. Anti-IgG-mouse Alexa Fluor 594 was used as
a secondary antibody (Thermo Fisher Scientific, Waltham, MA,
United States) (1:200). Images were acquired with an Olympus
Bx60 fluorescence microscope (Olympus, Tokyo, Japan) coupled
to an Olympus DP71 camera with a 40X objective and
MMIcellTools software. The axon curvature ratio was
calculated by dividing the end-to-end distance of a neurite
segment by the total length between the two segment ends.
Neurites had at least 20 µm of length (Infante-Garcia et al.,

2017b). At least 150 neurites in the cortex and 45 neurites in
the SVZ of each animal were analyzed by ImageJ software.

2.10 Ki67 and Doublecortin (DCX)
Immunostaining
Proliferation and neurogenesis were analyzed in the SVZ. Three
sections 1 mm apart (1.5 to −0.5 mm from Bregma) were selected.
To analyze proliferation and neurogenesis, the anti-Ki67
antibody (ab15580, Abcam, Amsterdam, Netherlands) (1:200)
and anti-DCX antibody (sc-271390, Santa Cruz Biotechnology,
Inc., Texas, United States) (1:50) were used as described in
Hierro-Bujalance et al. (2020a). Sections were pretreated with
citrate formamide (1:1) for 2 h at 65°C. Thereafter, sections were
incubated in 2N HCL for 30 min at 37°C and placed in a 0.1M
borate buffer at pH 8.5. After blocking with 3% BSA and 0.5%
TritonX-100 for 1 h, sections were incubated with primary
antibodies overnight at 4 °C. Secondary antibodies anti-IgG-
rabbit Alexa Fluor 488 (Thermo Fisher Scientific, Waltham,
MA, United States) (1:1,000) and anti-IgG-mouse Alexa Fluor
594 (Thermo Fisher Scientific, Waltham, MA, United States) (1:
1,000) were used. Confocal images of 30 µm in depth were
acquired with a Z-step size of 2 μm. A ×20 objective on a
Zeiss LSM 900 Airyscam 2 confocal microscope (Zeiss,
Oberkochen, Germany) was used.

ImageJ software was used to analyze DCX burden (percentage
of area covered by DCX+ cells), density of Ki67+ cells, and
overlapping DCX+ area/Ki67+ cells in the SVZ, as described in
Ramos-Rodriguez et al. (2014), considering the SVZ area
comprised in the first 100 μm adjacent to the ventricle lumen.

2.11 Total-Tau and Phospho-Tau Levels
Total-tau (10736333, Invitrogen, Thermo-Fisher Scientific,
Waltham, MA, United States) and phospho-tau levels [pS199]
(10272883, Invitrogen, Thermo-Fisher Scientific, Waltham, MA,
United States) were measured in the cortex and striatum samples
by colorimetric ELISA kits, following the manufacturer’s
instructions. Briefly, 10 mg of tissue were homogenized in
50 µl of homogenization buffer (5 M guanidine-HCl diluted in
50 mM Tris) with protease and phosphatase inhibitor cocktail for
20 min on ice. The homogenate was centrifuged at 14,500×g for
5 min at 4 °C, and the supernatant was collected for ELISA assay.
Absorbances were measured at 450 nm in a spectrophotometer
(MQX200R2, BioTek Instruments, Burlington VT,
United States). Phospho-tau/total-tau ratios in pmol/g tissue
were calculated, and results are expressed as a percentage of
control values.

2.12 Statistical Analysis
Two-way ANOVA (group × treatment) followed by the post hoc
Tukey b test was used. No statistical differences were detected
between sham and naïve groups, and therefore, these animals
were combined in a single control group. Three-way ANOVA
(group × treatment × day) was used to analyze the acquisition
phase of the MWM test. Statistical data are collected in
Supplementary Table S1. SPSS v.24 software was used for all
statistical analyses.
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3 RESULTS

3.1 Caf Treatment Restores Cognitive
Deficits in Mice With GM-IVH
We analyzed episodic memory in the NOD test and while we did
not detect significant differences among groups for “where”
paradigm, we observed a compromise for “what” and “when”
paradigms in animals with GM-IVH. Nevertheless, Caf treatment
(10 mg/Kg/day) significantly improved the performance in the
“what” paradigm, while both doses of Caf (10 and 20 mg/Kg/day)
restored the impairment observed for “when” paradigm
(Figure 1A).

When analyzing learning and memory in the MWM, we did
not detect a significant group × treatment × day effect in the
acquisition phase [F(61,196) = 1.18; p = 0.350]. However, the
individual day assessment revealed a progressive compromise
in mice with GM-IVH that was partially restored by Caf
treatment. On day 2, both doses of Caf under study (10 and
20 mg/kg/day) significantly improved the performance in the
MWM, and no differences were detected on the following
days between control animals and animals with GM-IVH
treated with Caf (Figure 1B). Memory impairment was also
observed in animals with GM-IVH when the numbers of
entrances in quadrant 2, where the platform was located along

the acquisition phase, were compared. Animals treated with both
doses of Caf treatment (10 and 20 mg/kg/day) reached control
values 24 and 72 h after completing the acquisition phase, and Caf
(10 mg/Kg/day) significantly improved the performance 24 h
after completing the acquisition phase (Figure 1C).

The motor activity was not affected in any of the groups under
study when we compared the total distance traveled in the open
field, swimming speed in the MWM, time, and speed in the
rotarod test (Table 1), suggesting that all observed behavioral
outcomes are indeed due to learning and memory alterations and
not due to motor alterations.

3.2 Brain Atrophy Is Reduced in GM-IVH
Animals After Caf Treatment
When we compared brain/body weight in all groups under study,
we observed a significant reduction of this ratio in mice with GM-
IVH in both the short (P14) and the long (P70) term. Our
observations are in accordance with previous studies in a
similar model (Jinnai et al., 2020), and also, patients with GM
hemorrhage showed ventriculomegaly on the side of the
hemorrhage with mild atrophy (Fusch et al., 1997). By P14, no
differences were observed between control animals and those
with GM-IVH treated with Caf. In the long term (P70), brain/

FIGURE 1 |Caf treatment limits cognitive impairment after GM-IVH. (A)Col-treated mice were compromised in the NOD test for “what” and “when” paradigms. Caf
treatment reverted this situation (“what” [F(2,200) = 2.32 and p = 0.038; †p = 0.014 vs. Control + Caf10, Control + Caf20, and Col + Caf10]; “where” [F(2,213) = 1.28 and p =
0.278]; “when” [F(2,209) = 3.97 and p = 0.002; ‡‡p < 0.001 vs. Control, Control+ Caf10, Col + Caf10, and Col + Caf20]. Data are representative of 10–16 animals (Control
n = 16, Control + Caf10 n = 15, Control + Caf20 n = 15, Col n = 10, Col + Caf10 n = 10, and Col + Caf20 n = 13). (B) Individual day assessment in the acquisition
phase of the MWM revealed that GM-IVH impairs learning in the acquisition phase while Caf treatment limits this situation (day 1 [F(5,305) = 1.72 and p = 0.128], day 2
[F(5,307) = 0.315 and **p = 0.009 vs. rest of the groups], day 3 [F(5,310) = 2.52 and ††p = 0.029 vs. Control, Control + Caf10, and Control+ Caf20], day 4 [F(5,270) = 5.050
and ‡‡p < 0.01 vs. Control and Control+ Caf10]. Data are representative of 10–16 animals (Control n = 16, Control + Caf10 n = 16, control + Caf20 n = 16, Col n = 10, Col
+ Caf10 n = 10, and Col + Caf20 n = 12). (C) In the retention phase of the MWM, we analyzed the number of times that mice entered the quadrant where the platform
used to be located (quadrant 2), and we observed that Col-injured mice entered a significantly lower number of times, while Caf reversed this situation during retention 1
(24 h) [F(2,67) = 5.88 and p = 0.004; T−T−p = 0.003 vs. Control, Control + Caf10, Control + Caf20, and Col + Caf10]. A similar profile was observed in retention 2 (72 h) [F(2,65)
= 4.60 and p = 0.013; ‡p = 0.047 vs. Control + Caf10 and Control + Caf20]. Data are representative of 9–16 animals (Control n = 16, Control + Caf10 n = 15, Control +
Caf20 n = 15, Col n = 9, Col + Caf10 n = 9, and Col + Caf20 n = 13).

TABLE 1 | Motor activity was not affected in any of the groups under study.

Treatment Distance travelled (cm) Time rotarod (s) Speed rotarod (rpm) Swimming velocity (cm/s)

Control 11,487.05 ± 865.02 14.06 ± 2.30 19.12 ± 2.02 27.53 ± 2.80
Control + Caf10 14,100.55 ± 840.67 12.73 ± 2.58 15.00 ± 1.72 22.79 ± 1.28
Control + Caf20 13,996.44 ± 1,688.70 13.66.1.80 20.13 ± 2.33 23.71 ± 1.03
Col 9,081.58 ± 1,085.24 10.37 ± 1.68 14.50 ± 2.40 25.57 ± 1.14
Col + Caf10 10,102.61 ± 1737.52 13.50 ± 2.70 17.80 ± 1.89 28.06 ± 2.95
Col + Caf20 11,489.95 ± 1,502.97 15.25 ± 1.54 20.07 ± 1.40 26.30 ± 2.92

Distance travelled in the motor activity test was not affected in any of the groups under study [F(2,70) = 1.59; p = 0.211]. Similarly, time [F(2,73) = 1.60; p = 0.209] and speed [F(5,72) = 0.906;
p = 0.482] in the rotarod test were similar in all groups under study. No differences were observed in the swimming velocity in the MWM test [F(2,73) = 2.70; p = 0.074].
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body ratios were significantly improved by Caf (10 and 20 mg/Kg/
day) when treated animals were compared with untreated GM-
IVH mice (Figure 2A).

Further assessment of brain morphology revealed a
compromise in animals with GM-IVH when we analyzed the
cortical size. A significant reduction of the cortex size was
observed, and Caf treatment limited this effect when animals
were analyzed at P14. By P70, Caf treatment (10 and 20 mg/kg/
day) significantly improved the cortical size when compared with
those from untreated animals (Figures 2B,C). No significant
differences among groups were observed when we compared the
hippocampus size (Figure 2D). Nevertheless, brain atrophy was
also supported by a significant ventricle enlargement detected in
mice with GM-IVH both in the short (P14) and in the long term
(P70), as previously described (Segado-Arenas et al., 2017). No
differences were observed between control animals and GM-IVH
mice treated with Caf in the short term (P14). Also, Caf 10 and
20 mg/kg/day significantly reduced ventricle enlargement at P70,
when treated mice were compared with animals with GM-IVH,
supporting the neuroprotective effect of the treatment
(Figures 2E,F).

3.3 Caf Treatment Restores Neuron Density
and Curvature
We also characterized the neuron density and neuritic curvature
as a marker of neuron wellbeing, as previously described (Stern
et al., 2004; Meyer-Luehmann et al., 2008). Mature neuron

density was quantified by measuring the NeuN/DAPI ratio.
We observed that this ratio was significantly compromised in
the cortex both in the short (P14) and the long (P70) term, after
inducing a GM-IVH, while Caf treatment (10 and 20 mg/kg/day)
significantly improved this situation at both time points, reaching
control values for both 10 and 20 mg/kg/day (Figures 3A,B) and
suggesting a role in protecting neuronal integrity after the lesions.
When we analyzed the SVZ, we observed a reduced NeuN/DAPI
ratio in animals with a lesion that was significantly improved in
the short term (P14) after 10 and 20 mg/kg/day Caf was
administered. Differences were not statistically significant in
the long term (P70) (Figure 3C).

We also analyzed neuron wellbeing by measuring the neurite
curvature since increased curvature ratios are observed in
neurons under other insults (Meyer-Luehmann et al., 2008;
Infante-Garcia et al., 2017b). At P14, the neurite curvature was
severely compromised in the cortex from animals with GM-IVH
when compared with the rest of the groups. A significant
improvement was observed after Caf treatment at both doses
under study (10 and 20 mg/kg/day) when compared with
untreated mice with GM-IVH, although they did not reach
control values (Figures 3D,E). Differences in the neurite
curvature were no longer detected among groups when the
cortex was analyzed in the long term (P70) (Figures 3D,E). At
P14, neurite curvature was significantly affected in the SVZ from
animals lesioned with Col, and Caf (10 and 20 mg/kg/day)
completely reversed this limitation (Figure 3F). On the other
hand, as observed in the cortex, differences among groups were

FIGURE 2 | Brain atrophy was improved by Caf treatment. (A) Brain/body weight ratio was reduced in mice with GM-IVH, and this effect was limited by Caf
treatment, at both 10 and 20 mg/kg/day in the short term [F(2,87) = 4.24 and †p = 0.017 vs. Control, Control + Caf10 and Control + Caf20]. Data are representative of
9–21 mice (Control n = 16, Control + Caf10 n = 19, Control + Caf20 n = 18, Col n = 13, Col + Caf10 n = 13, and Col + Caf20 n = 17). Brain/body weight ratio was still
reduced at P70 and Caf treatment restored this situation [F(2,93) = 8.38 and **p < 0.01 vs. rest of the groups]. Data are representative of 10–21mice (Control n = 21,
Control + Caf10 n = 17, Control + Caf20 n = 19, Col n = 10, Col + Caf10 n = 15, and Col + Caf20 n = 17). (B) At P14, we detected a reduction of cortical size after Col
lesions [F(2,236) = 3.30 and p = 0.038, **p < 0.001 vs. rest of the groups, and ┴┴p < 0.001 vs. Control + Caf10], which was limited by Caf treatment, and a similar profile
was observed at P70 [F(2,187) = 3.32 and p = 0.038, #p = 0.007 vs. Control + Caf20, Col + Caf10, and Col + Caf20]. Data are representative of 6–8 mice (Control n = 8,
Control + Caf10 n = 7, Control + Caf20 n = 6, Col n = 7, Col + Caf10 n = 7, and Col + Caf20 n = 8). (C) Representative cresyl violet staining images showing cortical size
reduction after inducing GM-IVH and the restorative effect of Caf treatment at P14 and P70. Scale bar = 100 µm. (D) We did not observe any significant differences
among groups when we compared the hippocampus size at P14 [F(2,117) = 0.117 and p = 0.890]. Data are representative of 5–8mice (Control n = 8, Control + Caf10 n =
7, Control + Caf20 n = 5, Col n = 7, Col + Caf10 n = 7, and Col + Caf20 n = 8). Differences did not reach statistical significance at P70 either [F(2,83) = 0.779 and p = 0.453].
Data are representative of 4–7 mice (Control n = 6, Control + Caf10 n = 7, Control + Caf20 n = 4, Col n = 6, Col + Caf10 n = 4, and Col + Caf20 n = 7). (E)We detected
ventricle enlargement after Col lesions, and Caf treatment limited this situation, reaching statistical significance in the long term: P14 [F(2,107) = 0.198 and p = 0.5]. Data are
representative of 6–8 mice (Control n = 8, Control + Caf10 n = 6, Control + Caf20 n = 6, Col n = 7, Col + Caf10 n = 7, and Col + Caf20 n = 8); P70 [F(2,163) = 3.12 and p =
0.046; T−T−p = 0.005 vs. Control, Control + Caf10, Control + Caf20, and Col + Caf20]. Data are representative of 4–7mice (Control n = 6, Control + Caf10 n = 7, Control +
Caf20 n = 4, Col n = 6, Col + Caf10 n = 4, and Col + Caf20 n = 7). (F) Representative cresyl violet staining images showing ventricle enlargement after inducing GM-IVH
and the restorative effect of Caf treatment at P14 and P70. Scale bar = 100 µm.
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no longer observed when the neurite curvature was analyzed in
the long term (P70) in the SVZ.

3.4 Caf Treatment Limits Cortical Tau
Hyperphosphorylation
When we analyzed the cortex from GM-IVH, we observed an
increase in [pS199] tau phosphorylation by 14 days of age.
Abnormal tau phosphorylation is observed in different
neuropathological situations as a marker of neuronal damage,
and interestingly, even early tau alterations might significantly
worsen cognitive function (Hochgräfe et al., 2013). The reduction
observed in the phospho tau/total tau ratio after the Caf treatment
was not statistically significant when compared with untreated
animals, although differences were no longer detected when Caf-
treated mice were compared with control animals (Figure 3G).
By P70, tau hyperphosphorylation was no longer observed in the
cortex from animals with a lesion, and no differences were
detected among groups (Figure 3G). When we analyzed the
striatum, we did not observe any significant differences in tau
phosphorylation in the short (P14) or the long (P70) term
(Figure 3H).

3.5 Neurogenesis Impairment Is Improved
by Caf Treatment After Inducing GM-IVH
We analyzed proliferation and neurogenesis (by Ki67 and DCX
immunostaining respectively) in the SVZ, a major neurogenic
niche in the mouse. We detected an overall reduction in the
number of Ki67+ cells and DCX+ area from P14 to P70, as
previously described in other models (Hierro-Bujalance et al.,
2020a), since both processes are reduced with age. We did not
observe significant differences in the number of proliferating cells
after GM-IVH lesions or after Caf treatment in the short (P14) or
in the long (P70) term (Figures 4A,D). However, we observed a
compromise in neurogenesis, and the DCX burden was severely
reduced in the SVZ at P14 after Col lesions, probably as a
consequence of the damage in the area induced by Col
administration, as previously described (Segado-Arenas et al.,
2017). Nevertheless, Caf treatment at the highest dose (20 mg/kg/
day) improved this situation in the short term (P14) reaching
control values, suggesting that beneficial effects mediated by Caf
might be related to its capacity to preserve brain neurogenesis.
While a similar profile was observed in the long term (P70),
differences did not reach statistical significance (Figures 4B,D).
We also observed a compromise when we analyzed DCX area/

FIGURE 3 |Caf reduces neuronal compromise after GM-IVH. (A)NeuN/DAPI ratio was significantly reduced in the cortex fromCol-treated mice, and Caf treatment
reverted this situation at P14 [F(2,271) = 9.53 and p < 0.001; **p < 0.01 vs. rest of the groups]. Data are representative of 3–5 mice (Control n = 4, Control + Caf10 n = 5,
Control + Caf20 n = 5, Col n = 3, Col + Caf10 n = 4, and Col + Caf20 n = 4). Similar differences were observed at P70 [F(22,983) = 4.45 and p = 0.012; **p < 0.01 vs. rest of
the groups]. Data are representative of 3–6mice (Control n = 6, Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 4, Col + Caf10 n = 4, and Col + Caf20 n = 3). (B)
Representative images of cortical NeuN (red) and DAPI (blue) staining showing that the reduced NeuN/DAPI ratio in GM-IVH animals improves in Caf-treated animals at
P14 and P70. Scale bar = 50 µm. (C) NeuN/DAPI ratio was affected in the SVZ at P14 [F(2,420) = 11.82 and p < 0.01; **p < 0.01 vs. rest of the groups]. Data are
representative of 3–5 mice (Control n = 4, Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 3, Col + Caf10 n = 3, and Col + Caf20 n = 3). Differences were no longer
detected at P70 [F(2,559) = 0.351 and p = 0.704]. Data are representative of 3–6mice (Control n = 6, Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 4, Col + Caf10 n
= 4, and Col + Caf20 n = 3). (D)Cortical curvature ratio was significantly affected by Col lesions, and Caf treatment improved this situation at P14 [F(24,048) = 16.79 and p <
0.01; **p < 0.01 vs. rest of the groups, ††p < 0.01 vs. Control, Control + Caf10, and Control + Caf20]. Data are representative of 5–6 mice (Control n = 5, Control +
Caf10 n = 5, Control + Caf20 n = 5, Col n = 6, Col + Caf10 n = 6, and Col + Caf20 n = 5). No differences were observed in any of the groups under study when the
curvature ratio was analyzed in the cortex at P70 [F(23,645) = 2.65, p = 0.071]. Data are representative of 4–5mice (Control n = 5, Control + Caf10 n = 5, Control + Caf20 n
= 4, Col n = 5, Col + Caf10 n = 5, and Col + Caf20 n = 5). (E) Illustrative example of cortical SMI-312 staining at P14 and P70. Representative neurites are labeled in yellow
to highlight neuronal curvature in all groups under study. Scale bar = 15 µm. (F) Curvature ratio was also significantly affected in the SVZ at P14 [F(21,129) = 7.27 and p =
0.001; **p < 0.01 vs. rest of the groups]. Data are representative of 4–5mice (Control n = 5, Control + Caf10 n = 5, Control + Caf20 n = 4, Col n = 5, Col + Caf10 n = 5, and
Col + Caf20 n = 5). Neuron curvature ratio was no longer affected in the SVZ at P70 [F(21,016) = 0.269 and p = 0.765]. Data are representative of 4–5 mice (Control n = 5,
Control + Caf10 n = 5, Control + Caf20 n = 3, Col n = 5, Col + Caf10 n = 5, and Col + Caf20 n = 5). (G) Tau phosphorylation was significantly increased in the cortex from
P14mice after Col lesions, and Caf treatment improved this situation when compared with Control mice [F(2,30) = 3.33 and p = 0.49; ┴┴p = 0.006 vs. Control and Control
+ Caf10]. Data are representative of 5–7 animals (Control n = 7, Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 7, Col + Caf10 n = 6, and Col + Caf20 n = 6).
Differenceswere no longer detected in the long term [F(2,26) = 0.016 and p = 0.984]. Data are representative of 4–7 animals (Control n = 5, Control + Caf10 n = 5, Control +
Caf20 n = 4, Col n = 7, Col + Caf10 n = 6, and Col + Caf20 n = 5). (H) Tau phosphorylation was not significantly affected in the striatum from P14mice [F(2,27) = 0.031 and
p = 0.970]. Data are representative of 5–6 animals (Control n = 5, Control + Caf10 n = 5, Control + Caf20 n = 6, Col n = 6, Col + Caf10 n = 5, and Col + Caf20 n = 6). No
differences were observed among groups at P70 [F(2,25) = 0.768 and p = 0.474]. Data are representative of 5–6 animals (Control n = 5, Control + Caf10 n = 5, Control +
Caf20 n = 5, Col n = 5, Col + Caf10 n = 5, and Col + Caf20 n = 6).
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Ki67+ cells in the SVZ, although differences were not statistically
significant (Figures 4C,D).

3.6 Bleeding Is Reduced by Caf Treatment
After GM-IVH
As previously shown, induction of GM-IVH results in an
overspread increase in small vessel bleeding in the brain
(Segado-Arenas et al., 2017; Hierro-Bujalance et al., 2020b),
supporting the idea that vascular damage is not only limited to
the site of the injection but also showing alterations in more

distant regions. In our hands, Caf reduced vascular damage
analyzed by the presence of hemorrhages in the brain. When
we analyzed the cortex, we observed that hemorrhage burden
was significantly increased at P14, while no differences were
observed when Caf-treated animals were compared with
control mice. Cortical hemorrhage burden was also
significantly increased in the long term (P70) in animals
with GM-IVH, whereas Caf treatment effectively reduced
the presence of cortical hemorrhages when administered at
10 and 20 mg/kg/day (Figures 5A,B). As expected, the SVZ
was the most severely affected area due to its proximity to the

FIGURE 4 | Caf treatment improves neurogenesis in the SVZ after GM-IVH. (A) Proliferating cells were not significantly affected in the SVZ when we analyzed the
density of Ki67+ cells in the short (P14) [F(2,94) = 1.74 and p = 0.181] or the long (P70) [F(2,85) = 0.023 and p = 0.977] term. (B)DCX burden was significantly reduced in the
SVZ after GM-IVH induction. The highest dose of Col (20 mg/kg/day) counterbalanced this situation at P14 [F(2,95) = 5.86 and p = 0.003; ##p = 0.004 vs. Control and col
+ Caf20], and a similar profile was observed at P70, although differences were not statistically significant [F(2,83) = 0.694 and p = 0.503]. (C)DCX area/Ki67+ cell ratio
was also reduced after Col lesions, although differences were not statistically significant at P14 [F(2,96) = 0.00 and p = 1.00] or P70 [F(2,84) = 0.00 and p = 1.00]. Data are
representative of 6–7 animals (P14: Control n = 7, Control + Caf10 n = 6, Control + Caf20 n = 6, Col n = 7, Col + Caf10 n = 6, and Col + Caf20 n = 6. P70: Control n = 7,
Control + Caf10 n = 6, Control + Caf20 n = 6, Col n = 7, Col + Caf10 n = 6, and Col + Caf20 n = 6). (D) Illustrative example of Ki67 (green) and DCX (red) immunostaining in
the SVZ from mice with GM-IHV treated with Caf at P14 and P70. Scale bar = 125 µm.
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ventricle, and Caf treatment successfully reduced hemorrhage
burden at P14. A similar profile was observed at P70,
although statistical differences with GM-IVH animals were only
observed at the highest dose of Caf under study (20mg/kg/day)
(Supplementary Table S2) (Figures 5C,D).

3.7 Caf Treatment Reduces Inflammation in
Animals With GM-IVH
Microglia burden, analyzed by Iba-1 staining, was significantly
higher in the cortex from animals with GM-IVH, at both P14 and
P70, and Caf (10 and 20 mg/kg/day) reduced cortical microglial

FIGURE 5 | Caf reduces bleeding and inflammation in the brain from animals with GM-IVH. (A) Hemorrhage burden was increased in the cortex from animals with
Col lesions, and Caf treatment limited this situation in the short term (P14) [F(2,150) = 4.27 and p = 0.016; T−T−p = 0.001 vs. Control, Control + Caf20, and Col + Caf20] and
completely reversed it in the long term (P70) [F(2,153) = 12.02 and p < 0.001; **p = 0.001 vs. rest of the groups]). Data are representative of 4–6 animals (P14: Control n = 6,
Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 6, Col + Caf10 n = 6, and Col + Caf20 n = 6. P70: Control n = 5, Control + Caf10 n = 5, Control + Caf20 n = 4,
Col n = 6, Col + Caf10 n = 4, and Col + Caf20 n = 5). (B) Illustrative example of Prussian blue staining in the cortex from animals with GM-IVH lesions and after treatment
with Caf. Green arrows point at hemorrhages. Scale bar = 100 µm. (C) Increased hemorrhage burden in the SVZ was also reduced after Caf treatment at P14 [F(2,73) =
5.93 and p = 0.004; **p = 0.003 vs. rest of the groups] and P70 [F(2,71) = 4.74 and p = 0.012; ††p = 0.010 vs. Control, Control + Caf10, Control + Caf20, andCol + Caf20].
Data are representative of 4–6 animals (P14: Control n = 6, Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 6, Col + Caf10 n = 5, and Col + Caf20 n = 5. P70: Control
n = 5, Control + Caf10 n = 5, Control + Caf20 n = 4, Col n = 6, Col + Caf10 n = 4, and Col + Caf20 n = 5). (D) Illustrative example of Prussian blue staining in the SVZ from
animals with GM-IVH lesions and after treatment with Caf. Green arrows point at hemorrhages. Scale bar = 100 µm. (E) Microglial burden was significantly increased
after Col lesions, and Caf treatment reverted this situation at P14 in the cortex [F(21,814) = 87.42 and p < 0.001; **p < 0.01 vs. rest of the groups and ┬┬p < 0.01 vs. Control
+ Caf20]. A similar profile was observed at P70 in the cortex [F(22,914) = 6.22 and p = 0.002; ††p < 0.01 vs. Control, Control + Caf10, Col + Caf10, and Col + Caf20]. Data
are representative of 3–5 animals (P14: Control n = 3, Control + Caf10 n = 5, Control + Caf20 n = 5, Col n = 3, Col + Caf10 n = 3, andCol + Caf20 n = 4. P70: Control n = 5,
Control + Caf10 n = 6, Control + Caf20 n = 5, Col n = 4, Col + Caf10 n = 4, and Col + Caf20 n = 3). (F) Illustrative images of cortical Iba-1 staining in the cortex from all
groups under study at P14 and P70. Scale bar = 100 µm. (G)GM-IVH also increased microglial burden in the SVZ, and Caf reversed this situation at both P14 [F(2,335) =
12.11 and p < 0.001; **p < 0.01 vs. rest of the groups and ┬┬p < 0.01 vs. Control + Caf20] and P70 [F(2,547) = 7.14 and p = 0.001; **p < 0.01 vs. rest of the groups]. (H)
Illustrative images of cortical Iba-1 staining in the SVZ from all groups under study at P14 and P70. Scale bar = 100 µm.
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burden (Figures 5E,F). Similarly, microglial burden was also
increased in the SVZ from animals with Col lesions in the short
(P14) and the long (P70) term, and both doses of Caf effectively
reduced the presence of activated microglia (Figures 5G,H). Our
observations are in line with previous studies showing the Caf
anti-inflammatory activity (Yang et al., 2022).

4 DISCUSSION

GM-IVH is one of the most relevant brain complications of the
PT (Radic et al., 2015b; Valdez Sandoval et al., 2019), responsible
for severe disabilities in the majority of these patients (Segado-
Arenas et al., 2017), including cognitive and motor impairments
(Morita et al., 2015; He et al., 2019), developmental delay
(Bolisetty et al., 2014; Holwerda et al., 2016; Matijevic et al.,
2019), or cerebral palsy (Bolisetty et al., 2014; da Silva et al., 2018).
Even though the consequences are devastating GM-IVH has no
successful treatment, and patients are in a tremendous need of
new therapeutic opportunities.

Caf is commonly used in the clinic to treat the apnea of
prematurity (Abdel-Hady et al., 2015), and previous studies have
reported the beneficial effects of Caf treatment not only at the
pulmonary level but also on the CNS. Caf treatment is not
associated with improved survival rates without disabilities in
VLBWI at 5 years (Schmidt et al., 2012). However, developmental
coordination disorders are reduced by this age (Doyle et al.,
2014). Also, Caf has been shown to have positive effects at an
earlier age (18–21 months) with lower mean costs for these
patients and better survival rates without neurodevelopmental
disabilities, including reduced incidence of cerebral palsy and
cognitive delay (Schmidt et al., 2007; Dukhovny et al., 2011).
Moreover, long-term analysis reveals that by 11 years of age, kids
treated with Caf for apnea of prematurity had better visuomotor,
visuoperceptual, and visuospatial abilities or fine motor
coordination (Maitre et al., 2015; Schmidt et al., 2017;
Mürner-Lavanchy et al., 2018). In line with these observations,
early Caf treatment to PT improves white matter microstructural
development (Doyle et al., 2010; Liu et al., 2020). These data
support that Caf has a direct neuroprotective effect apart from
improving respiratory function (Yang et al., 2021). Since Caf is
used to treat respiratory dysfunction, most of the studies focus on
secondary outcomes, and the work specifically addressing the role
of Caf on GM-IVH is limited in patients and animal models.

We have analyzed the direct effect of Caf in brain
complications and cognitive function in a murine model of
GM-IVH, generated by intracerebroventricular administration
of 0.3 IU of Col. Previous studies have established this murine
model of GM-IVH based on Col administration to P7 rodents
(Lekic et al., 2015), and later studies have also used this approach
(Segado-Arenas et al., 2017; Tang et al., 2017; Li et al., 2018;
Scheuer et al., 2018; Almeida et al., 2019; Hierro-Bujalance et al.,
2020b). Since P7 mice might be considered in the limit of
prematurity (Semple et al., 2013), other approaches have also
used younger mice (Alexander et al., 2014; Ko et al., 2018; Del
Pozo et al., 2022) that might resemble a more severe aspect of
prematurity, and therefore, it is also important to bear in mind

that the actual outcomes might differ depending on the actual
postnatal day in which the lesions are induced.

Earlier investigations have already shown that neonatal mice
and PT express receptors for Caf (adenosine receptors 1 and 2) in
the brain (Li et al., 2019), supporting the direct effect of Caf on the
CNS (Li et al., 2019). We observed that Caf treatment, at both 10
and 20 mg/kg/day, had a neuroprotective effect in the short (P14)
and the long (P70) term. The brain/body weight ratio was
significantly reduced after Col administration, and Caf
treatment restored control values in animals with GM-IVH.
Direct brain examination revealed an overall compromise that
preferentially affected the cortex at P14 and P70. Caf treatment
successfully restored cortical atrophy and reduced ventricle
enlargement, classically observed in GM-IVH patients (Goeral
et al., 2021; Szentimrey et al., 2022), as well as in this (Segado-
Arenas et al., 2017; Hierro-Bujalance et al., 2020b), and in other
models resembling brain complications of the PT (Alexander
et al., 2013; Di Martino et al., 2020).

Neuron wellbeing was further assessed by analyzing neurite
curvature, as previously performed in other pathologies (Serrano-
Pozo et al., 2010; Mizutani et al., 2021). Neurite curvature was
significantly affected in the cortex and the SVZ at P14 in mice
with GM-IVH, while both doses of Caf successfully limited this
effect. We also observed an increase in tau phosphorylation in the
cortex as it occurs in neurodegenerative disorders, indicative of
alterations in the axonal microtubule assembly (Johnson and
Stoothoff, 2004; Segado-Arenas et al., 2017; Trushina et al., 2019),
and Caf treatment reduced tau hyperphosphorylation, in line
with previous observations (Laurent et al., 2016; Zhao et al.,
2017). Likewise, neuron population assessed by the NeuN/DAPI
ratio was reduced after GM-IVH in the cortex and the SVZ from
mice with GM-IVH, and Caf treatment counterbalanced this
situation. These data support the capacity of Caf to limit neuronal
loss, in line with previous studies showing that Caf may promote
neuron survival after an hypoxic situation (Li et al., 2019;
Soontarapornchai et al., 2021) or other insults (Stazi et al.,
2021; Xie et al., 2021).

Since GM-IVH directly affects the SVZ, a main neurogenic
niche in mice, we also analyzed cell proliferation and
neurogenesis after Caf treatment. Previous studies have
revealed a compromise in neurogenesis in this model (Segado-
Arenas et al., 2017), and we also observed a reduction in DCX
labeling in the SVZ. Interestingly, Caf treatment at the highest
dose (20 mg/kg/day) successfully restored neurogenesis
impairment, suggesting that Caf effects might not be
circumscribed to limiting neuronal loss, but it may also
promote neurogenesis. Whereas some studies have shown that
Caf may compromise proliferation of human hippocampal
progenitor cells (Houghton et al., 2020), neurogenesis seems to
improve after Caf treatment in different animal models (Mao
et al., 2020; Stazi et al., 2021).

We further analyzed the effect of Caf on small vessel
bleeding observed after the induction of GM-IVH (Segado-
Arenas et al., 2017; Hierro-Bujalance et al., 2020b). As
expected, Col lesions increased the presence of
hemorrhages in the cortex and more severely in the areas
surrounding the injection site, as the SVZ. Previous studies in
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patients have shown that early Caf administration improves
hemodynamics (Katheria et al., 2015), and given the fragility
of the preterm vasculature, this may account for the protective
effects observed. While both doses of Caf reduced hemorrhage
burden, Caf 20 mg/kg/day had a more robust effect. At this
point, it should be taken into consideration that the doses
used in this study (10 and 20 mg/kg/day) are in the range of
previous studies using Caf in other models showing beneficial
effects (Kaindl et al., 2008; Fan et al., 2011), but high-dose Caf
treatment might have a negative impact on brain development
and associated complications and therefore, Caf effects might
entirely depend on the actual dose and pathologies under
study (McPherson et al., 2015; Vesoulis et al., 2016; Saroha
and Patel, 2020; Soontarapornchai et al., 2021). Importantly,
Caf might not only have a positive effect in limiting the
pathological complications associated, but it may also
reduce the incidence of GM-IVH itself, when administered
early to patients at risk (Borszewska-Kornacka et al., 2017;
Helwich et al., 2017).

Antioxidant and anti-inflammatory properties of Caf have
been largely addressed in different animal models, including
neonatal hypoxia-ischemia or neonatal hyperoxia models
(Endesfelder et al., 2017b; Di Martino et al., 2020),
downregulating pro-inflammatory cytokines or limiting
the presence of amoeboid microglia. Caf also suppresses
pro-inflammatory mediators and their regulatory genes
after lipopolysaccharide insult to microglial cells (Kang
et al., 2012). However, to the best of our knowledge, no
previous studies have addressed the anti-inflammatory
effects of Caf after GM-IVH. Our study shows a
significant increase in microglial burden in the cortex, and
more importantly in the SVZ, after lesions, in both the short
and the long term, whereas Caf treatment effectively
counterbalances this inflammatory phenotype. In line with
this, previous studies have reported that activation of
adenosine A2a receptors might modulate microglial
activation in animal models of perinatal brain injury
(Colella et al., 2018). Following this idea, it is feasible that
reduction of the inflammatory process might contribute to
observed neuroprotection after Caf treatment, as previously
described in hypoxic-ischemic damage in neonatal rats
where Caf, through A2a receptors, inhibits the activation
of NLRP3 inflammasome, reduces microglial activation, and
regulates the release of inflammatory factors (Yang et al.,
2022). However, we cannot exclude that other mechanisms
may also contribute to the observed positive effects of Caf on
neuron stability and wellbeing and previous studies in other
models of neonatal insults have shown that Caf successfully
reduces apoptosis markers (Endesfelder et al., 2017a;
Soontarapornchai et al., 2021). On the other hand, other
studies have pointed out that Caf neuroprotective effects
might also be mediated by the regulation of autophagy in
different models of neurodegeneration (Moon et al., 2014;
Luan et al., 2018).

Cognitive impairments were observed in mice after GM-
IVH. Although it might be possible that hippocampus is
affected by Col administration, similar outcomes have been

reported in other models of GM-IVH (Li et al., 2018), and our
results are also in accordance with cognitive alterations
observed in patients (Vohr, 2022). Episodic and spatial
memory were improved after Caf treatment, and although
no previous studies have addressed the role of Caf on
cognitive impairment associated with GM-IVH lesions, our
results are in line with other observations showing the
beneficial effects of Caf and other methylxanthines after
hypoxic-ischemic insults in newborn animals (Kumral
et al., 2010; Potter et al., 2018). Although we cannot point
toward a specific pathological feature responsible for
cognitive impairment in our mouse model, it is feasible
that the combination of all alterations might result in
learning and memory disabilities observed since previous
studies have shown independent beneficial effects for Caf
that result in cognitive improvement after different
insults (Alexander et al., 2013; Zhao et al., 2017; Potter
et al., 2018).

Caf is a commonly used drug to treat the apnea of
prematurity, and although it may also improve brain-
associated complications to GM-IVH (Helwich et al.,
2017), no previous study has addressed the role of Caf in
brain pathology and cognitive impairment at this level. We
showed that Caf counterbalances brain atrophy and neuronal
damage while limiting small vessel bleeding and
inflammation, ultimately ameliorating cognitive impairment
and supporting a feasible role for Caf to reduce complications
associated with GM-IVH of the VLBWI.
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