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Abstract

Bone homeostasis requires a balance between the bone formation of osteoblasts and bone
resorption of osteoclasts to maintain ideal bone mass and bone quality. An imbalance in bone
remodeling processes results in bone metabolic disorders such as osteoporosis. Hydrogen sulfide
(H2S), a gasotransmitter, has attracted the focus of many researchers due to its multiple
physiological functions. It has been implicated in anti-inflammatory, vasodilatory, angiogenic,
cytoprotective, anti-oxidative and anti-apoptotic mechanisms. H,S has also been shown to exert
osteoprotective activity through its anti-inflammatory and anti-oxidative effects. However, the
underlying molecular mechanisms by which H,S mitigates bone diseases are not completely
understood. Experimental evidence suggests that H,S may regulate signaling pathways by directly
influencing a gene in the cascade or interacting with some other gasotransmitter (carbon monoxide
or nitric oxide) or both. MicroRNAs (miRNASs) are short non-coding RNAs which regulate gene
expression by targeting, binding and suppressing mRNAs; thus controlling cell fate. Certainly,
bone remodeling is also regulated by miRNAs expression and has been reported in many studies.
MicroRNAs also regulate H,S biosynthesis. The inter-regulation of microRNAs and H,S opens a
new possibility for exploring the H,S-microRNA crosstalk in bone diseases. However, the
relationship between miRNAs, bone development, and H5S is still not well explained. This review
focuses on miRNAs and their roles in regulating bone remodeling and possible mechanisms
behind H,S mediated bone loss inhibition, HoS-miRNAs crosstalk in relation to the
pathophysiology of bone remodeling, and future perspectives for miRNA-H-S as a therapeutic
agent for bone diseases.
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1. Introduction

Bone is dynamic tissue and its constant rebuilding occurs via the combined action of
“osteoblasts” that generate bone and “osteoclasts” that reabsorb it. Bone metabolic disorder
increased bone resorption and decreased bone formation, always lead to low bone mass,

"Corresponding author at: Department of Physiology, Health Sciences Center, A-1201, University of Louisville, Louisville, KY 40202,
USA. nOtyagO1@louisville.edu (N. Tyagi).

Conflict of interest
The authors have declared no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhai et al.

Page 2

deteriorated bone structure, and increased bone fractures, which are responsible for calling
osteoporosis a “silent disease”. It is mostly prominent in postmenopausal individuals due to
the cessation of ovarian function and estrogen deficiency [1]. Hydrogen sulfide (H,S) is a
gas transmitter released endogenously by mammalian cells. It has been found to be a
protective agent against oxidative stress and inflammatory response [2]. It is well known that
oxidative stress and inflammatory factors can induce an imbalance in osteoblast and
osteoclast activity. Recent studies suggest that H,S is also involved in the process of bone
remodeling by increasing bone formation, and thereby preventing the trabecular bone loss in
ovariectomized (OVX) mice through Wnt signaling [3]. MicroRNAs (miRNAs) are small,
single-stranded noncoding RNAs that regulate gene expression through the binding and
inhibition of target MRNAs. Several miRNAs modulate bone development through their
regulation of osteoblasts and osteoclasts, suggesting a contribution to bone formation,
resorption, and bone remodeling. miR-133 and miR-135 collectively suppress the
transcriptional activity of Runx-2 and Smad5 [4] whereas miR-21, miR-155 and miR-223
are involved in the differentiation of osteoclasts [5]. In this review, we focus on regulation
mediated by miRNAs and physiological effects of H,S during bone remodeling. We also
hypothesize the possible molecular mechanisms during the H,S mediated inhibition process
of bone loss. Lastly, we discuss miRNA therapy and potential solutions to bone-loss
disorders. In summary, this review evaluates how future investigations could be used in
miRNA biology to understand, prevent, and treat bone loss and to explore the in-depth
osteoprotective mechanisms of H,S.

2. MiRNAs: treatment and main problems

miRNAs are short (approximately 22 nucleotide bases or less), single-stranded noncoding
RNA molecules which act to inhibit the expression of target mMRNAs (in Fig. 1). Biogenesis
of canonical microRNAs (miRNAs) involves multiple steps: nuclear processing of primary
miRNA (pre-miRNA) by DROSHA, nuclear export of precursor miRNA (pre-miRNA) by
Exportin 5 (XPO5), and cytoplasmic processing of pre-miRNA by DICER, however,
DROSHA and DICER are essential for the miRNA maturation during the canonical miRNA
pathway, but XPOS5 can be complemented by alternative mechanisms [6]. In some
pathological conditions, there has a dysregulation of this miRNA processing machinery
components, such as the expression levels of Drosha and Dicer are down-regulated in
ovarian cancer and neuroblastomas, while Exportin-5 is also down-regulated in bladder
cancer [7]. When these matured miRNAs are processed and expressed, they bind to partially
complementary sites in target mMRNAs, leading to mRNA degradation or protein translation
interference causing translational repression, mRNA destabilization, and/or mRNA cleavage
for post-transcriptional regulation of protein synthesis [8,9]. Furthermore, this interaction
between the miRNA and target mRNA resulted in decreased target protein levels without
affecting the stability of the mRNA. This profile of a significant reduction in protein level
without a proportionate reduction in target mMRNA levels became a hallmark of miRNA
function [10]. miRNAs serve important regulatory roles in various developmental,
physiological, and pathological conditions, such as cell function and differentiation,
tumorigenesis and viral infection. More than 1000 miRNAs were encoded in the human
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genome and regulate up to 60% of human genes. A single gene can be targeted by a cluster
of miRNAs, and a single miRNA also can target many protein-coding genes.

The usage of miRNA has numerous advantages for cell behavior controlling when paralleled
to other nucleic acid-based approaches, however the main hindrances in miRNA therapy is
that they have coulomb repulsion and not able to easily cross the cell membrane to exert
their effects, which caused by the negatively charged of miRNAs (their mimics or inhibitors)
and also cell membrane, so “naked” miRNAs always are degraded rapidly /n vivo[11]. How
to deliver miRNAs across the cell membrane to the cytoplasm and then lead specific mMRNA
degradation or translational inhibition become more and more important. Although
oligonucleotides can be delivered into the cytoplasm, the limitations also obviously.
Transfection can deliver small RNAs into cytoplasm but still have some obvious limitations,
such as electroporation is not practical /7 vivo, immune responses to viral vectors are of
concern; nano-carrier is less toxic than viral vectors, however, their efficiency is still low and
also unstable. So promoting transfection efficiency and decreasing the toxicity of nano-
carriers is of up-most importance in establishing effective miRNA treatment, meanwhile,
elevating oligonucleotides stability also played a pivotal role in oligonucleotide therapeutics
developments. Zhang et al. designed a hyper branched polymer (HP) vector for miRNA
delivery, they using polyethylene glycol (PEG) chains and molecular weight cationic poly-
ethylenimine (PEI) attached to the outer shell, then miR-26a self-assembled into the nano-
sized spherical shell sandwiched between the inner and outer hydrophilic PEG layers and
can be delivered steadily and efficiently [12]. Another non-toxic, arginine-rich, CPP peptide
(VSRRRRRRGGRRRR) were developed and called low molecular weight protamine
(LMWP), also be used for miRNA-29b delivery in the application of bone regeneration [13].
Both this two miRNA delivery system offer plausible strategies for miRNA therapy because
of their high transfection efficiency and negligible toxicity.

3. miRNAs regulation during the bone remodeling

Bone homeostasis is altered dramatically in physiological and pathological conditions,
including injury and metabolic diseases. miRNASs are important regulators of gene
expression, also could as a possible biomarker and potential novel therapeutic targets to
against bone disorders, such as bone fracture healing and osteoporosis treatment. However,
the distinct regulatory roles of individual miRNAs in skeletal development and osteogenic
differentiation have not been well characterized, so we summarized regulation effects during
bone remodeling which shown in Table 1 and Fig. 2. As we know, mechanical stimulation
plays a pivotal role during the process of skeletal development. Deficient of mechanical
stimulation will produce a rapid bone loss, while tension force and fluid shear stress could
affect bone remodeling and also miRNA changes. 9 miRNAs have been identified as core
miRNAs of tension force-induced bone formation [14]. Fluid shear stress (FSS) across the
surface of bone cells is another potent regulator of bone cell behavior, enhances cell
proliferation and osteogenic differentiation. One hour of FSS at 12dyn/cm? could induce
actin stress fiber formation and rearrangement, up-regulate osteogenic differentiation,
meanwhile decrease the expression levels of miR-20a, —21, —19b, —34a, -34c, —140, and
—200b [15]. Microgravity during spaceflight which has no mechanical stimulation could be
the main cause of bone loss, and the molecular mechanism may relate to miR-132-3p which
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suppress Ep300 protein expression and in turn decreases the activity and acetylation of
Runx-2, then inhibit osteoblast differentiation [16].

MSCs are intensively studied because they exhibit unique biological properties /n vivo that
can be exploited for the treatment of many pathological conditions, most notably bone
disease, and degenerative illnesses. MSCs are the main source of osteoblasts, chondrocytes,
and adipocytes, all these phenotypes affects stabilize of bone microenvironment and bone
health. MSCs could isolate from bone marrow, umbilical cord blood, muscle and adipose
tissue etc., also miRNAs controls the differentiation of MSCs and then promise for the
skeletal tissue related cell-based therapies. Hence the investigation of miRNA expression in
osteogenic differentiation of MSCs and osteoblasts may offer opportunities for the
clarification of osteogenesis. Down-regulate of miR-27a, miR-489 and up-regulate
miR-148b are essential for regulating osteogenesis in human MSCs cells [17]. BMPs/Runx2
signaling plays a crucial role in the osteogenesis of MSCs, and Osterix which acts
downstream to Runx2 is essential for embryonic osteoblast differentiation and bone
formation. Whereas PPARYy, activated by C/EBPs, stimulates adipogenesis of MSCs and
prohibits osteogenesis. miR-20a was proved as a positive regulator of bone formation, such
as elevated BMPs, Runx2, Osterix, osteocalcin, and osteopontin, whereas decrease adipocyte
markers PPAR~y and osteoblast antagonist, Bambi and Crim1 [18]. MiR-204 and its
homolog miR-211 also were reported as an important endogenous negative regulator of
Runx2 in mesenchymal progenitor cell lines and bone marrow-derived mesenchymal stem
cells (BM-MSCs) [19].

Ovariectomy (OVX)-induced bone loss is the gold standard to mimic postmenopausal
osteoporosis (PMOP) and also in osteoporotic fracture researches. 8 miRNAs were
identified (miR-127, —133a, —133a*, —133b, —136, 206, —378, —378*) upregulated but
miR-204 was downregulated in OV X mice; they also confirmed that miR-127 and —136 as
negative regulators for bone formation in UAMS-32 and MLO-Y4 cells /n vitro [20].
Meanwhile, miR-21, miR-23a, miR-24, miR-25, miR-100 and miR-125b are upregulated in
osteoporotic fracture patients in a clinical study [21]. Remarkably, although the regulated
miRNAs in vitro, in mice or human, are not a coincidence, all studies confirmed that
miRNAs involved in osteoporotic physiopathology.

Biomaterials have been widely used in several bone regeneration procedures during oral and
orthopedic surgery, such as Bio-Oss (Geistlich) and Peptide-15 (P-15), miRNAs also were
confirmed involve in these process. 9 miRNAs (miR-423, miR-492, miR-191, miR-23a,
mMiR-377, miR-494, miR-214, miR-193b, miR-320) up-regulated and 4 miRNAs (miR-27a,
miR-24, miR-188, let-7c) down-regulated when osteoblast-like cell line (MG63) exposed to
Bio-Oss [22]. Peptide-15 (P-15), an analog of the cell-binding domain of collagen that can
alter osteoblast activity to promote bone formation /n vitro, up-regulated 11 miRNAs but
down-regulated 6 miRNAs when supplemented into MG-63 cell line [23]. Although so
many miRNAs have been identified related to osteoporosis, only miR-21, miR-133a and
miR-146a can be detected in plasma. Lower miR-21 and higher miR-133a levels in plasma
of osteopenia and osteoporosis than normal patients, and can be used as sensitive plasma
biomarkers for clinical PMOP diagnosis [24].
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4. H,S formation, oxidation, toxicity, and physiological functions

4.1. H,S formation, metabolism and its toxicity

Hydrogen sulfide (H,S) is a colorless, flammable and water-soluble gas characterized by a
peculiar smell of rotten eggs. Its toxic actions have been well established long back, but it
was proposed as an endogenously generated modulator until recent years. H,S have been
known as the third ‘Gasotransmitter’ in addition to nitric oxide and carbon monoxide.
Because H5S is unstable in solution and easily oxidized in the presence of oxygen, so almost
50% of H,S usually gets lost from open cell culture wells within 5 min and difficult to make
the precise measurement of H,S concentration [25]. Endogenously, H,S is mainly produced
from L-cysteine by these enzymes; cystathionine-p-synthase (CBS), cystathionine-y-lyase
(CSE), cysteine aminotransferase (CAT) and 3-mercapto-pyruvate sulfurtransferase (3-MST)
(in Fig. 3). CBS catalyzes the condensation of homocysteine (Hcy) and serine, giving rise to
cystathionine while CSE catalyzes the conversion of cystathionine to cysteine (Cys). While
CAT catalyzes the reaction between L-cysteine and a-ketoglutarate, leading to the synthesis
of 3-mercaptopyruvate and L-glutamate, 3-MST transfers sulfur from 3-mercaptopyruvate to
sulfurous acid, pyruvate, and thiosulfate. Subsequently, thiosulfate is reduced to H»S and
glutathione disulfide in the presence of reduced glutathione [26].

Quinone oxidoreductase (SQOR) is an ancient flavoprotein of the disulfide oxidoreductase
family that is present in nearly all domains of life (from archaea to humans but not plants),
and classified into six types (types I-V1) based on its sequence and structural analyses [27].
SQOR proteins with a molecular mass of about 50 kDa, and associated with the prokaryotic
cytoplasmic membrane or the mitochondrial inner membrane [28]. SQOR avidly consume
sulfide as a fuel in the mitochondria isolated from mouse kidneys, liver, heart and brain
[29,30], so it is a key enzyme during the metabolism of H,S to maintain the sulfide
homeostasis and bioenergetics. SQOR in mitochondrial catalyzes a two-electron oxidation
of H,S to sulfane sulfur using coenzyme Qas the electron acceptor and the sulfane sulfur
produced in the SQOR reaction is a metabolic precursor of substrates for better-
characterized down-stream enzymes, such as sulfite oxidase [31]. Human SQOR can use
multiple thiophilic acceptors, including sulfide, sulfite, and glutathione, to form as products,
hydrodisulfide, thiosulfate, and glutathione persulfide, respectively [32]. Moreover, H,S is
also consumed by mitochondrial oxidation mediated by sulfide quinone reductase-like
protein (SQRDL)-the vertebrate homolog of SQOR [29,30]. Jin et al. found that
overexpression of the SQRDL 1264T variant in the preosteoblast MC3T3-EL1 cells
significantly increased osteogenic differentiation and mineralization, whereas the SQRDL
wild type had no effect or a negative effect on osteoblast differentiation. In addition,
overexpression of the SQRDL 1264T variant also did not affect osteoclastic differentiation of
the primary-cultured monocytes. They believed the functional role of the H,S-catalyzing
enzyme SQRDL 1264T nsSNP may be a significant susceptibility variant for osteoporosis in
Korean postmenopausal women that is involved in osteoblast differentiation [33].

H,S has long been considered as a toxic pollutant, but recent studies suggest H,S has
multiple biological actions, although therapeutic and toxic effects of H,S depend on the
inhaled concentrations. After exposure to 20-100 ppm of H5S, eye irritation, respiratory
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tract irritation and headache may occur, approximately 500ppm may cause unconsciousness,
collapsing and pulmonary edema, higher than 700 ppm will cause loss of consciousness
(syncope), paralysis of the respiratory system and may lead to death [34]. In general, H,S in
blood and tissues is physiologically beneficial under 1 mM, however, 20 to 300mM in blood
also been reported as a safety range [35].

4.2. H,S donors

Sodium hydrogen sulfide (NaHS) and sodium sulfide (Na,S) are the two most commonly
used sources of H,S. They are easily soluble in water and cost efficient too, however, the
limitation of NaHS and Na,S is that they have very short half-lives. There also have some
slow and steady release sulfide donors such as GYY4137, SG1002, AP39 and S-propargyl-
cysteine can be adopted as potential H,S supplement options in the future [36]. ATB-346 [2-
(6-methoxynapthalen-2-yl)-propionic acid 4-thiocarbamoyl phenyl ester], an H,S-releasing
donor with COX inhibition effects, offers superior anti-inflammatory and anti-nociceptive
activity, meanwhile, ATB-346 also has better chondroprotective effects than naproxen but
without detrimental effects [37]. Diallyl disulfide and diallyl trisulfide are organosulfur
compounds found in members of allium species such as garlic (Allium sativum), onion
(Allium cepa), chives (Allium schoenoprasum) etc., that act as H,S donors and also have
antioxidant, anti-inflammatory, cytoprotective, and cardioprotectionproperties [38]. HoS-
releasing diclofenac derivatives (ACS15 and ACS32) inhibit osteoclast formation and its
activity subsequently prevents the process of osteolysis, can be a potential candidate for the
clinical treatment of osteolytic bone disease [39]. These donors mentioned above with
continuous, low level and steady H,S release, can be ideal as a physiological mediator and
potentially therapeutic tool in future clinical studies.

4.3. Physiological functions of H,S

H,S can reduce the levels of IL-1p, IL-6 and tumor necrosis factor-alpha (TNF-a.) in the
serum of myocardial ischemia rat model, and also decrease the expression of intercellular
adhesion molecule-1 (ICAM-1) and nuclear factor kappa-light-chain-enhancer of activated B
cell (NF-xB) to exert anti-inflammatory effects [40]. H,S also exerts chondroprotective
effects by markedly decrease the level of IL-1 B and inhibit the activation of the extracellular
signal-regulated kinase (ERK)/IxBa/NF-xB pathways [41]. Na,S supplementation
significantly reduced the production of TNF-a and IL-8 in human U937 monocytes which
induced by high glucose via activation of phosphatidylinositol-3,4,5-trisphosphate (P1P3)/
AMP-activated protein kinase (AMPK)/peroxisome proliferator activated receptor-y
(PPAR-vy) signaling [42]. An anti-inflammatory consequence of exogenous H,S also been
found in chemical hypoxia-stimulated PC12 cells, which is partially due to inhibition of
reactive oxygen species (ROS)/p38MAPK/inducible nitric oxide synthase (iNOS) pathway
[43].

Oxidative stress is a form of cellular injury caused by excessive formation of ROS, such as
superoxide anion (O,7), hydroxyl radical (OH™), peroxynitrite (ONOQO™) and hydrogen
peroxide (H,0,), that leads to an imbalance between pro-oxidant and antioxidant systems.
While HsS can act as an antioxidant gasotransmitter and thereby protectant against oxidative
stress in smoking rats via P13 K/Akt-dependent activation of Nrf2 signaling [44]. H,S could
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readily scavenge the production of free radicals (O,~, H,O,, and ONOO™) which induced by
Hcy in rat VSMCs cultured /n vitro [45] and also enhance AP-1 binding activity with the
SIRT3 promoter then upregulate SIRT3 expression to reduce oxidant-provoked vascular
endothelial dysfunction [46]. In additional, H,S inhibits mitochondrial ROS production via
the sulfhydration of Cys-59 residue, which in turn prevents the phosphorylation of p66Shc
and activation of mitochondrial redox signaling [47]. Collectively, these findings
recommend that H,S is competent of preventing and scavenging the ROS and consequently
strengthening the endogenous antioxidant system, while future studies still are required to
promote the prospective therapeutic benefits of the antioxidant properties of H,S.

High salt and high glucose always induce cell apoptosis, while H,S can reverse these
processes and protect the cell from apoptosis. High-salt treatment could increase generation
of oxygen free radicals, decrease mitochondrial membrane potential, activate cytoplasmic
caspase-9 and caspase-3, and then induced vascular endothelial cell (VEC) apoptosis,
however, H,S markedly reversed oxidative stress and also mitochondria-related VEC
apoptosis [48]. S-propargyl-cysteine (SPRC), a novel donor of H,S, activated Nrf2 via CSE
and Akt pathways, and up-regulated expression of antioxidant enzyme superoxide dismutase
(SOD), then extraordinarily attenuated ROS generation and apoptosis in HOC2 cells which
induced by high glucose [49]. Diallyl trisulfide (another H,S donor) increased CSE
expression and reduced apoptosis in H9C2 cells, via a mechanism involving IGF1R/pAkt
signaling and modulation of ROS-mediated enzyme expression [38]. H,S exert an anti-
apoptotic effects in the myocardium of smoking rats by inhibiting INK and p38 MAPK
pathways and activating P13 K/Akt signaling [50], meanwhile, H,S attenuated p38
phosphorylation, decreased IL-6 secretion and showed protective effects against oxygen-
glucose deprivation/reoxygenation (OGD/R)-induced cell death in PC12 cells [51].

H,S rapidly moves through cell membranes without involving any specific transporter/
receptor and promotes a number of cellular signals that exert a classical pleiotropic
physiological profile with anti-inflammatory, vasodilatory, angiogenic, cytoprotective, and
anti-oxidative and anti-apoptotic action which we have mentioned above (shown in Fig. 4).

5. Osteoprotective effects of H,S

H,S as an endogenous gasotransmitter not only provides anti-inflammatory, anti-oxidative
and anti-apoptotic effects but also associates closely with skeletal and bone development, so
the osteoprotective effects of H,S have appealed many researchers’ attention in recent years.
Oxidative damage is a significant contributor to the morphological and functional changes in
the development of osteoporosis. S-DCF derivatives ACS15 and ACS32 as H,S donors
could inhibit RANKL-induced osteoclast formation and resorption and caused caspase-3
activation and apoptosis in mature osteoclasts which depended on IKK/NFxB inhibition and
then inhibit bone loss [39]. MMPs function is critical for bone development and
regeneration, so alterations in MMPs function may also modify bone quality, for instance
increasing of H,S (16 uM to 40 uM) could decrease the MMPs expression and osteoclasts
activity [52]. H,S has been proved as a potential therapeutic reagents for the treatment of
periodontal and inflammatory bone diseases, including prohibited cytotoxicity and
osteoclastic differentiation in mouse bone marrow cells (such as decreasing RANKL, TRAP,
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M-CSF, MMP-9 and cathepsin K mRNA levels) and also recovered osteoblastic
differentiation (including ALP, osteopontin, and osteocalcin, and mineralized nodule
formation) in human periodontal ligament cell (h(PDLC) model which stimulated by nicotine
and periodontopathogens [53]. H»S always have duplex protective effects during the bone
remodeling as mentioned above, not only inhibit the bone absorption of osteoclastic cells,
but also make more bone formation of osteoblastic cells. Bone marrow mesenchymal stem
cells (BM-MSCs) are the original source of osteoblasts for bone formation, while H,S
deficiency causes decreased intracellular Ca2* influx and then downregulates PKC/ERK-
mediated Wnt/p-catenin signaling which controls osteogenic differentiation of BM-MSCs
[54]. In hMSCs GY'Y4137 treatment has shown to increase murine osteo blastogenesis by
H,S-induced activation of Wnt signaling, through increased production of the Wnt ligands
(Wnt16, Wnt2b, Wnt6, and Wnt10b) in the bone marrow, thus inducing osteogenic
differentiation in hMSCs [3]. H,S also increased the viability and reduced apoptosis of
MC3T3-E1 osteoblastic cells caused by H>O, and also stimulated osteoblast differentiation
by enhancing both transcription and activity of alkaline phosphatase and osteocalcin, it
demonstrated that H,S protects osteoblastic cells against oxidative stress via an MAPK (p38
and ERK1/2)-dependent mechanism [55]. H,S inhibit dexamethasone (Dex)-induced
viability reduction and cell apoptosis in MC3T3-EL1 cells, via activated AMP-activated
protein kinase (AMPK) signaling and inhibited ROS production [56].

An Hj,S-releasing derivative like ATB-346 treatment resulted in significant inhibition of
bone defects and other histological characteristics [57]. OVX are known as a golden
standard to simulate the PMOP and always accompanied with a lower H,S level, while
GY'Y4137 could normalize serum H»S and increase bone formation and then completely
prevented OV X-induced trabecular bone loss. Although many studies have proved the
osteoprotective effects of H,S, however, there have some contradictory results regarding the
calcification of osteoblasts and bone resorption of osteoclasts. Three different doses (14, 28
and 70 uM/kg/day) of NaHS were administered systemically but shown no effects on
alveolar bone loss in a rat model [58]. NaHS application caused a transient increase of
osteoclast proliferation and differentiation with up-regulation of RANKL, TNF-a, and NF-
kB expression, suggesting that H,S may contribute to alveolar bone resorption through
RANKL expression [59], and similar results also were obtained in GY'Y4137 treatment [60].
In addition, H,S also was found to inhibit calcium deposition in the extracellular matrix and
to suppress the induction of the genes (alkaline phosphatase, osteocalcin, and Cbfal)
involved in osteoblastic transformation and mineralization of vascular smooth muscle cells
[61].

Osteoarthritis (OA) is another kind of bone disease with mechanical abnormalities by
involving degradation of joints, including articular cartilage and subchondral bone. While
H,S exhibited chondroprotective effects in clinical patients via activated the extracellular
signal-regulated kinase (ERK)/IxBa/NF-xB pathway and MAPK and P13 K/Akt pathways,
meanwhile, H,S inhibited the expression of COX-2, iNOS, IL-6, IL-8 and reduce the
production of MMPs (MMP-2, MMP-13, and MMP-14), PGE2 and NO, then relieve
symptoms of patients who suffering from OA [41].
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6. Effects of H,S on miRNA expression

Although the physiological functions of H,S have been reported extensively in the literature,
only a few publications document that miRNAs may regulate enzymes that control H,S
biosynthesis and H,S also have a regulatory effect on miRNAs.

6.1. miRNASs regulate H,S biosynthesis

Gene expression of CSE which produces endogenous H,S is controlled by miR-21, miR-22
and miR-30 [62]. Upregulated miR-30 family members downregulate the CSE level in the
infarct and border zones following myocardial infarction (M) in rat hearts [63]. Silencing of
miR-30 /n vivo confirmed that miR-30 targets CSE and inhibition of miR-30 could protect
the MI heart by upregulating CSE expression [63]. We know that estrogen (E2) can
rebalance the bone formation and bone resorption, and then inhibit the bone loss in PMOP
patient, it was called hormone replacement therapy (HRT), meanwhile, Estrogen also
induces CSE expression through estrogen receptor alpha (ERa), which upregulates
transcription of specificity protein-1 (SP1), then binds to the promoter region of the CSE
gene to stimulate CSE transcription and enhance H,S biosynthesis [64]. In the same study,
deficient estrogen increased levels of miR-22 which inhibit the transcription of SP1 and
CSE, then decrease the H,S level, but all these effects were normalized by E2 supplement
and miR-22 mimic inhibition [64]. Although there have no direct study reported miR-21,
miR-22 and miR-30 change H5S level in bone-related research, the above results already
suggested that all these three miRNAs downregulate CSE expression to decrease HpS
production, could be the novel targets for bone disease treatment.

6.2. H>S regulates miRNAs

miRNASs can regulate the biosynthesis of H,S, and H5S also can influence the expression of
miRNAs. It was demonstrated that NaHS and Na,S released H5,S can up-regulate miR-133a
level in cultured cardiomyocytes /n vitro and exhibited cardioprotective effects in
cardiomyocytes hypertrophy [65,66]. These studies suggest that H,S supplementation could
provide insight on H,S-mediated cardioprotection in the failing heart. miR-1 have been
reported as a pro-apoptotic marker and directly suppresses anti-apoptotic proteins including
Bcl-2, HSP 60, and HSP 70, however, H,S decreases miR-1 mediated apoptosis in
myocardial I/R [67]. miR-221 always is upregulated in patients with coronary artery disease,
while DATS, as an H,S donor, subsequently downregulates miR-221 in a dose-dependent
manner, so H,S supplementation could be a potential therapeutic strategy for coronary artery
diseases by reducing miR-221 levels [68]. Rho-associated protein kinase 2 (ROCK?2) is
activated to promote neurodegeneration during the progression of Parkinson’s disease, while
H,S increase the expression of miR-135a-5p which targeted the 3’-UTR of ROCK2 mRNA
to inhibit its translation in neuronal cells, and then played neuroprotective effects in the
neural injury of Parkinson’s disease [69]. Another study also confirmed the neuroprotective
of H,S, while the molecular mechanism is that H,S enhance the expression of miR-485-5p
which can prohibit the level of tumor necrosis factor receptor type 1-associated DEATH
domain protein (TRADD), thus protecting against the apoptosis of neuronal cells [70].
Anyway, above studies have proved that H,S also regulated the expression of miRNAs and
then exert its cardioprotective, anti-apoptotic and neuroprotective effects in vitroand in vivo.
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6.3. Cross-talk of H,S and miRNA

Inter-regulation of miRNAs and H»S opens a new avenue for exploring the HoS-microRNA
cross-talk in many kinds of diseases. An example of HoS-miRNA cross-talk is that HpS
downregulates miR-21 to mitigate phenylephrine-induced cardiomyocyte hypertrophy [66]
and miR-21 targets SP1 to decrease CSE transcription and H,S production [71]. Although
some studies represented that miR-21 may have a negative impact as it reduces H5S levels,
the beneficial effects of miR-21 were also observed in cardiac cells, including inhibition of
apoptosis and protection of cardiomyocytes from H,O, damage [72]. Na,S, an H,S donor,
induced miR-21 in primary cardiomyocytes and heart tissue, attenuated inflammation
activity, inhibited apoptosis and necrosis in cardiomyocytes /n vitro. It also reduced
myocardial infarct size after ischemia/reperfusion (I/R) injury /n vivo[73]. Conversely, these
protective effects were lacking after silencing miR-21 expression [73]. These findings put
forward that the cross-talk of HoS-miRNA may diverge and have diverse roles in different
diseases.

7. Discussion and future research directions

H,S and miRNA are two relatively new research areas during the bone research, but the
molecular mechanism still not well clarified. Major view of researchers is that H,S have
osteoprotective effects during the bone remodeling, including decreased MMPs level in bone
tissue homogenates [52] and inhibited bone loss in OV X-induced osteoporotic mice [3],
while H,S deficiency can cause aberrant intracellular Ca2* influx and decreased Ca2* flux
downregulates PKC/ERK-mediated Wnt/B-catenin signaling which controls osteogenic
differentiation of BM-MSCs [54]. However, contrast results also represented that HoS
supplementation increased alveolar bone resorption through RANKL expression and
osteoclast differentiation, so the detailed mechanism of H,S is still unknown for such
contrary results in bone remodeling. Whether the in conformity results related to the
difference in bone type (long bone and alveolar bone) or difference in animal model and
cells still needs to be more explored.

In addition, our previous research findings have also proven that Hey, a sulfur-containing
amino acid and also the H,S precursor, can induce bone loss, but in most studies, H,S shown
prohibits bone loss. It has been already well demonstrated that Hcy and H,S play opposite
roles during endothelial dysfunction and hepatic microcirculation diseases, so how about the
metabolic cycle of Hey and H,S working during bone remodeling is still unclear? The exact
molecular mechanisms remain uncertain and need to be continued study. MiR-21, miR-22,
and miR-30 are demonstrated to modulate CSE gene expression and then regulate H,S
production, there is still a lack of knowledge as for whether other miRNAs are involved in
H,S modulations. Meanwhile, we have summarized that H,S regulated the miRNAs in Part
6.2, such as miR-221, miR-1, miR-133a, miRNA-135a-5p and miRNA-485-5p, but all these
results were obtained from other disease research, whether these miRNAs related to bone
disease? Some reports also found that downregulation of miR-221 can trigger osteogenic
differentiation of in human stem cells [74], downregulation of miR-1 during BMP-2-induced
osteogenesis [75], miR-133a was upregulated in osteoblast-like periodontal ligament stem
cells and inhibit osteoclastogenesis in circulating monocytes [76], miRNA-135a-5p and

Biomed Pharmacother. Author manuscript; available in PMC 2017 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhai et al.

Page 11

miRNA-485-5p also involved in the process of bone remodeling. However, whether H,S
regulate above miRNAs and then maintain the bone health still need more evidence.

In summary, we have reviewed that many kinds of miRNASs are involved in the process of
bone remodeling, have different targets and that H,S inhibits bone loss in OV X animal
model. Despite this, there is no study elucidating why HS inhibits bone loss and what kinds
of miRNASs are mediating this process. We have summarized miR-17 and miR-140 target
BMP-2, miR-26a and miR-155 target SMADs, miR-23a, miR-34c and miR-204 target
Runx-2 while miR-31 and miR-93 target Osterix, all these miRNAs found to regulate one of
the most significant pathways during bone development, the BMP-2/SMADs/Runx-2/
Osterix pathway; although H,S already been proved can increase the expression of Runx-2
and Osterix [3,55], whether H,S is involved in this process or these miRNASs regulate H,S
production and then modulate bone remodeling still remains ambiguous and needs
additional exploration. Lastly, two upstream regulators of miRNAs, long non-coding RNAs
(IncRNASs) and circular RNAs (circRNAS) are emerging and bring a great prospect in the
field of bone research studies. So potential research, exploring the cross-talk among
IncRNAsS, circRNAs, miRNAs, and H,S could elucidate novel regulatory mechanisms for
bone turnover and thereby provide new strategies for the treatment of bone disorders.
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Fig. 1.
The biogenesis of miRNAs. Pri-miRNAs are transcribed from intergenic genes and

processed into a pre-miRNA by the Drosha/DGCR8 complex, creating a 70-80 nts, hairpin-
looped molecule, which is then shuttled out of the nucleus via the exportin-5 mediated
transportation. Cytoplasmatic digestion of the pre-miRNA is facilitated by Dicer, resulting in
double-stranded mature miRNAs. Mature miRNAs modulate gene expression by RNA-
induced silencing complex (RISC) which composed by the dicer, argonaute 2, and TRBP. If
miRNAs perfectly base pairing with sequences in the target mMRNAs, mRNA will
deadenylation and decapping and then cleavage; alternatively, miRNAs could repressing the
transcription of target mMRNAs when the miRNAs incomplete matching with target mMRNAs.
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Fig. 2.
miRNAs regulate the key signal molecules during the osteoblast differentiation and

osteoclastogenesis. PPARy: peroxisome proliferator-activated receptor gamma; DIx5: distal-
less homeobox 5; BMPs: bone morphogenetic proteins; M-CSF: macrophage-colony
stimulating factor; RANKL.: receptor activator of NF-xB ligand.
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Fig. 3.
Sulfide metabolism and transsulfuration pathways. Cystathionine p (CBS) and cystathionine

v-lyase (CSE) govern the flow of sulfur through homocysteine, cystathionine, and cysteine
for the generating H»S in the cytosol. While the third way for H,S production via cysteine
aminotransferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-MST). sulfide quinone
oxidoreductase (SQOR) oxidizes H,S to glutathione persulfide (GSSH) with GSH as the
electron acceptor or directly to thiosulfate (SO327) using co-enzyme Q (Co-Q) as the
electron acceptor. Both the production and oxidation of H,S were processed in the
mitochondrion.
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Fig. 4.

Phg;/siological functions of H,S. Including anti-inflammatory, cytoprotective, anti-oxidative,
anti-apoptosis, ATP generation, vasodilatation, and osteoprotective effects, even about
crosstalk of miRNAs and H,S. During its osteoprotective processing, H,S stimulate the
osteogenic differentiation markers (ALP, BGP, osteopontin) but inhibit osteoblast apoptosis,
whereas, H,S could promote apoptosis of osteoclast, and inhibit osteoclast differentiation
and maturation.
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miRNAs profile in the process of bone remodeling.

Page 23

miRNA Target Main Mechanism Cell line/animal model
miR-17 BMP-2 Enhanced miR-17 expression inhibits osteogenic mesenchymal progenitor cell
pathways through the repression of BMP-2 [19]
Smurfl Down-regulation of miR-17 activates Smurfl PDLSCs
expression and inhibits its osteogenic differentiation
7
miR-20a PPARY Promotes osteogenic differentiation of hMSCs by hMSCs
Bambi up-regulation of BMP/Runx-2 signaling [18]
Criml
miR-21 TGFBR2 Inhibits cell proliferation and collagen synthesis by palatal mesenchymal cells (PMCs)
targeting TGFp pathway [78]
PDCD4 miR-21 expression in BM-MSCs increases BM-MSCs
osteoblast differentiation [79]
BMPRII Down-regulates BMPRII protein level [80] PC3 and Lncap cells
Fas ligand Down-regulation of miR-21 could contribute to osteoclasts
osteoclast apoptosis via target gene (Fas-L) [81]
PLAP-1 Upregulates PLAP-1 protein levels during PDLCs
osteogenic differentiation [82]
ACVR2B Induces osteogenic differentiation of PDLSCs by PDLCs
regulating ACVR2B protein expression [83]
Spryl miR-21 promotes MSC osteogenesis by repressing MSCs/OVX mice
Spry1 and promotes bone formation by blocking
TNFa in OVX mice [79]
miR-23a Runx-2 Represses Runx2 in mature osteocytes [84] Osteocytes
Fas Lowered or depleted miR-23a significantly MC3T3-E1
enhances TNF-a induced MC3T3-E1 apoptosis [85]
miR-26a GSK-3p Targets Gsk-3p to activate the osteoblastic activity mouse MSCs
of endogenous stem cells in osteoporotic mice [12]
SMAD1 Inhibition of miR-26a could increase SMAD1 C57BL/6 mice with critical-sized bone
transcription, up-regulate bone marker genes and defects hADSCs
thus enhance osteoblast differentiation [86]
miR-27 Apc Promotes osteoblast differentiation through hFOB1.19 cells
modulation of Wnt signaling [87]
miR-29a SPARC Inhibits osteoclast formation and increases the pro- MSCs; bone marrow macrophages
osteoblast gene Runx2, related with Wnt signaling
and phosphorylation of ERK1/2 and AKT [88]
miR-29b COL1A1, COL3A1 Positive regulator of osteoblast differentiation [89] HOBs
HDAC4, TGF3, Promotes osteogenesis and increases levels of rat and mouse cells
AcVvR2A, CTNNBIP1, osteogenic markers (Runx2, ALP, and bone
DUSP2 extracellular matrix protein) [13]
miR-29¢ SPARC Represses synthesis of osteonectin and DKk-1, MC3T3-E1; Primary osteoblasts
increases osteoblastic differentiation [90]
miR-31 Osterix miR-31 decreases osterix and its targets genes MCF-7, Sa0S2, MG-63, U20S
(BGLAP and COL1A1) levels, inhibits osteoblastic
differentiation [91]
miR-34a EphA5 Promotes cell migration and condensation on Chicken limb mesenchymal cells
collagen substrate [92]
miR-34c Notch1, miR-34c inhibits osteoblast differentiation and C2C12 cells
increases osteoclastogenesis /n vitro, contributes to
aged-related osteoporosis /n7 vivo [75]
Notch2, Jagl Runx-2 Impedes osteoblast differentiation through MC3T3-E1

inhibition of Runx2 protein expression [93]
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miRNA Target Main Mechanism Cell line/animal model
miR-93 Osterix/Sp7 miR-93 reduces Sp7 protein expression and primary mouse osteoblasts
attenuates osteoblast mineralization [94]
miR-101 PLAP-1 Targets and inhibits PLAP-1 transcription and Primary human PDLC
suppresses the osteogenic differentiation process of
PDLCs [82]
miR-103-3p Cavl.2 protein Inhibits MC3T3-E1 proliferation mainly by MC3T3-E1
suppressing the expression of Cav1.2 protein [95]
miR-126-3p SOST Inhibits SOST protein production and promotes the ~ TMOBD cells
mineralization through WNT signaling [96]
miR-127 Inhibition of miR-127 could enhance osteoblastic UAMS-32 cells
differentiation, osteocyte-like morphological MLO-Y4 cells
changes, and survival [20]
miRNA-132-3p  Ep300 Decreases Ep300 protein expression, suppresses the  hind limb unloading rats; primary rat
activity and acetylation of Runx2, inhibits osteoblasts
osteoblast differentiation and induces bone loss [16]
miR-133 Runx-2 Down-regulates Runx-2 expression, an inhibitor of C2C12 mesenchymal cells
bone remodeling [97]
miR-135 Smad5 Down-regulates Smad5 expression, an inhibitor of C2C12 mesenchymal cells
bone remodeling [97]
miR-136 Upregulated in OVX rats, miR-136 precursor UAMS-32 cells
suppresses osteoblastic differentiation while its MLO-Y4 cells
inhibitors enhance osteocyte-like morphological
changes and survival [20]
miR-138 FAK miR-138 expression suppresses FAK translationand ~ hMSCs
then suppression of MSC differentiation into
osteoblasts and reduced the formation of aberrant
bone in mice [98]
miR-140 HDAC4/ADA Accumulates in cartilage and down-regulated in Mouse embryos
Osteoarthritis [99]
MTS5 Induces osteogenic gene expression [100] Primary chondrocytes
BMP-2
miR-141 DIxX5 miR-141 modulates BMP-2-induced pre-osteoblast MC3T3-E1 cells
differentiation through the repression of DIx5 [101]
miR-145-5p Osterix/Sp7 Inhibits the osteogenic differentiation of C2C12 and  C2C12 cells, MC3T3-EL1 cells;
MC3T3-EL1 cells and odontoblast differentiation odontoblast
during tooth development [102]
miR-148b miRNA-148b expression results in a rapid and hMSCs
robust induction of ALP activity and calcium
deposition [17]
miR-155 SMAD2 Targets BMP-2 signaling and dampens TGFB THP-1, HelLa cell, RAW264.7,
signaling, inhibits osteoclast differentiation and KUSA-A1, hMSCs
enhances osteocytes differentiation [103]
miR-182 FoxO1 Increases cell apoptosis and hinders osteoblast C3H10T1/2; MC3T3-E1
proliferation and differentiation by inhibiting the
expression of FoxO1 [104]
miR-199a BMP-2 miR-199a increases after BMP4 stimulation of PASMCs
DIx5 human primary pulmonary artery smooth muscle MC3T3-E1
cells (PASMCs) [105]
miR-200a miR-200a modulates BMP-2-induced pre-osteoblast
differentiation through the translational repression
of DIx5 [101]
miR-200b Zebl, Zeb2 Induces cell migration and palatal fusion [106] Mouse palate
Smad2, Snail Induces palatogenesis and palate fusion [107] Mammalian palate
miR-204 Runx-2 Inhibits osteoblastic differentiation and stimulates ST2, C2C12, C3H10T1/2, hMSCs
adipogenesis of mesenchymal progenitor cells [19]
miR-206 Connexin 43 Inhibits osteogenesis in mice by targeting Cx43, and  transgenic mice with miR-206

is upregulated in OV X rats [108]
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miRNA Target Main Mechanism Cell line/animal model

miR-210 ACVR1B Positive regulator of osteoblastic differentiation by bone marrow derived ST2 stromal
inhibiting the TGF-B/activin signaling pathway cells
through inhibition of AcvR1b [109]

miR-211 Runx-2 Down-regulation of RUNX2 antagonizes BMSCs
osteogenesis and promotes adipogenesis [19]

miR-214 ATF4 miR-214 directly targets ATF4 to inhibit osteoblast aged patients with fractures, OV X or
activity and inhibits bone formation in hind limb mice
ovariectomized and hind limb-unloaded mice [110]

miR-218 Runx-2 Decreases RUNX2 expression in undifferentiated PDLSC, DPSC, GSC, BMSCs
PDLSC, DPSC, GSC, and BMSCs [111]

miR-223 NFI-A; M-CSFR miR-223 plays an essential role during osteoclast RAW 264.7 cells
differentiation [112]

miR-320a CTNNB1 Regulates RUNX2 and LEPR, over-expressed in the  trabecular bone from osteoporotic
osteoporotic samples and expressed in primary women; Human osteoblast
osteoblasts [113]

miR-378 GaINT-7 Upregulated in OVX rats and inhibits osteoblastic OV X mice; MC3T3-E1, Hek293 cells
differentiation by modulating nephronectin
expression [20]

miR-424-5p miR-424-5p was found to be downregulated in PDLC; hMSCs
tension force-induced osteogenesis in PDLCs and
human mesenchymal stromal cells [14]

miR-483-5p IGF2 Over-expressed in osteoporotic samples and trabecular bone from osteoporotic
expressed in primary osteoblasts [113] women; Human osteoblast

miR-637 Osterix/Sp7 miR-637 is repressed during osteogenesis and BM-MSCs lineage
increased during adipogenesis [114]

miR-2861 HADC5 Loss of miR-2861 leads to increased expression of ST2 stromal cells
the miR-2861 target HDACS5 (suppressor
ofRUNX2) [115]

Let-7 HMGA2 Let-7 represses HMGAZ2 expression, promotes MSCs

osteogenesis and suppresses adipogenesis of MSCs
in vitro, and promotes ectopic bone formation /n
vivo [116]
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