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Abstract: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla) is a protein
that promotes transcription of numerous genes, particularly those responsible for the regulation of
mitochondrial biogenesis. Evidence for a key role of PGC1a in bone metabolism is very recent. In vivo
studies showed that PGC1o deletion negatively affects cortical thickness, trabecular organization and
resistance to flexion, resulting in increased risk of fracture. Furthermore, in a mouse model of bone
disease, PGCl«x activation stimulates osteoblastic gene expression and inhibits atrogene transcription.
PGCl«x overexpression positively affects the activity of Sirtuin 3, a mitochondrial nicotinammide
adenina dinucleotide (NAD)-dependent deacetylase, on osteoblastic differentiation. In vitro, PGClx
overexpression prevents the reduction of mitochondrial density, membrane potential and alkaline
phosphatase activity caused by Sirtuin 3 knockdown in osteoblasts. Moreover, PGCl« influences the
commitment of skeletal stem cells towards an osteogenic lineage, while negatively affects marrow
adipose tissue accumulation. In this review, we will focus on recent findings about PGClx action on
bone metabolism, in vivo and in vitro, and in pathologies that cause bone loss, such as osteoporosis
and type 2 diabetes.
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1. Introduction

The peroxisome proliferator-activated receptor y (PPARY) and coactivator-1s (PGC-1s)
are members of a family of transcriptional coactivators consisting of PGC1c, Peroxisome
proliferator-activated receptor gamma coactivator 1-beta (PGC1), and PGC-1 related
coactivator (PRC), all of which play key roles in the regulation of mitochondrial biogenesis
in all tissues [1]. PGCle, upon activation through phosphorylation or deacetylation,
coordinates the regulation of the nuclear respiratory factors 1 and 2 (Nrfl and Nrf2) activity,
along with mitochondrial transcription factor A (Tfam) expression [2].

Genome-wide association studies (GWAS) in humans and studies in mice carrying
mitochondrial DNA (mtDNA) mutations have suggested that defective mitochondria or
damaged mtDNA are associated with osteoporosis [3,4]. Along these lines, mitochondrial
dysfunction increasingly appears to be one of the most important cellular features driving
the aging process [5]. Mitochondria play a key role in the differentiation of bone precursor
cells. During osteogenesis, osteoblasts significantly increase their mitochondrial biogenesis,
the activity of complex I in the mitochondprial electron transport chain and the content of
adenosine triphosphate (ATP) [6]. Bone marrow macrophages and mature osteoclasts also
show increased mitochondrial protein content [7].

Although the role of PGCl« in high-energy expenditure tissues has been well docu-
mented, its activity on bone tissue has long remained unknown. However, considering
the importance of the mitochondrial biogenesis process also in bone metabolism, great
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efforts have been made in recent years to decipher the effects of PGCla activity in bone
cells. The first study, demonstrating that PGCl«, stimulated by parathyroid hormone
(PTH), synergizes with nuclear related receptor-1 (Nurrl) to transactivate target genes in
osteoblastic cells, dates back to 2006 [8]. Several studies both in vitro and in vivo on mouse
models with PGClx deletion in the whole-body or with conditional deletion in skeletal
stem cells or osteoblasts have since been performed (Table 1).

Table 1. PGCl«x activity on bone metabolism in vitro and in vivo.

PGCl«x Activity on Bone Metabolism
In Vitro In Vivo

PGClo deletion causes a reduction in cortical
thickness and in osteocalcin and collagen type I «
1levels [12]

PGCla/ 3 deficiency results in cortical and
trabecular parameter reduction [11]

PGCl«x absence induces marrow adipose tissue
accumulation [13]

PGCl«x activation in leptin receptor-deficient
diabetic mice increases osteoblastic gene
expression and inhibits atrogene transcription
[14]

Increases Osteocalcin expression together with
Nuclear related receptor-1 [8]

Enhances Osteocalcin promoter activity
interacting with Estrogen-related receptor
alpha [9]

Restores the inhibition of osteogenic
differentiation and mitochondrial activity
Sirtuin 3 knockdown-induced [10]
Upregulates many key factors involved in
osteoblast and osteocyte differentiation [11]

In this review, we aim to summarize the current knowledge of the role of PGCl«x as
an anabolic factor in bone metabolism in both physiological condition and bone related
pathologies, with the focus on paving the way for further studies in the future.

2. The Bone Phenotype of PGClo Knock-Out Mice

Global deletion of PGCle has a pronounced impact on bone phenotype, particularly
in adulthood. PGCl« deficient mice aged 12 months showed lower bone mass and strength
than wild-type littermates [12]. PGClx loss compromised long bones, especially the tibia,
causing a reduction in cortical bone mass and strength [12]. While trabecular thickness (Tb.
Th) decreased in PGC1x knock-out mice, trabecular number (Tb. N) increased compared
to wild-type mice, thus enhancing anisotropy degree [12]. The anisotropy, notably in bone
tissue, is a parameter also used in humans to detect the degree of material organization,
thus defining the relationship between architectural structure and mechanical properties
of bone [15]. Increased degree of anisotropy was observed in postmenopausal women
with vertebral fracture compared with age-matched control cases, suggesting that fracture
risk assessment can be improved after acquiring information related to the organization of
trabecular bone architecture [16]. Moreover, PGCla deficiency resulted in modification of
the trabecular pattern and reduction of cortical thickness (Ct. Th) (Figure 1A). Furthermore,
the deficiency also reduced resistance to flexion (~48.4%), implying PGClx importance
in preventing the risk of fracture [12]. Furthermore, the absence of PGClw in vivo caused
a reduction of the bone-matrix protein Osteocalcin (Ocn) (Figure 1B) [12], in accordance
with a previous in vitro study, which showed that PGC1la contributed to the activity of
osteoblasts, inducing together with Nurrl the expression of Ocn [8]. Notably, Ocn promoter
contains three Estrogen-related receptor alpha (ERR«) response elements, and ERRo was
thought to cooperate with PGCl« to regulate gene expression involved in mitochondrial
pathways and oxidative phosphorylation [17]. In addition, ERRe interacts with PGClx to
ameliorate the Ocn promoter functionality [9].

Moreover, bone marrow precursors of PGCla deficient mice expressed a lower mRNA
level of collagen type I o« 1 (Collal), the most abundant bone matrix protein [18], than
wild-type mice (Figure 1B) [12]. Consistently, bone marrow cells from PGClx knock-out
mice cultured ex vivo displayed a delayed differentiation of osteoblasts [12]. Interestingly;,
osteoclasts from PGClo deficient mice, differentiated from pure monocyte cultures, also
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showed delay in the differentiation process [12]. In contrast, when osteoclasts from PGC1lx
null mice were differentiated from a culture of whole bone marrow, an increased formation
of multinucleated osteoclasts was observed [12]. This result suggested that the elevated
Receptor activator of nuclear factor kappa-B ligand (RANKL) levels observed in bone
marrow of knock-out mice could be the indirect mechanism through which osteoblasts
increase osteoclast formation and activity in vivo.

Effect of PGC1a deficiency on bone

PGC1a +/+ PGC1a -/-

. . Ct Th

PCCla%
W

soieialse |D

Osteoblasts

Figure 1. PGCla deletion affects bone. (A) Representative images of micro-CT-generated sections of
the tibia midshaft of PGCla+/+ and PGClx—/— mice show a reduction in cortical thickness (Ct.
Th) in the absence of PGClo. Adapted from [12]. (B) Schematic representation of the effect of PGClo
deletion in osteoblasts consisting of the reduction of Ocn and Col1al levels.

Moreover, in agreement with Lin and colleagues’ study of 2004 [19], PGC1« knock-
out mice had 30% lower weight than control mice, lower ratio of inguinal white adipose
tissue (iWAT)/body weight and strong decrease (~75%) in adipocyte area [12]. Colaianni
and colleagues also evaluated, in iWAT, the uncoupling protein 1 (Ucpl) expression,
considering its importance as a master gene involved in the trans-differentiation program
from white adipocytes to adipocytes with a brown adipose tissue (BAT)-like phenotype [20].
PGCl1oa deficiency negatively affected Ucpl expression also in iWAT and not only in the
interscapular brown fat, as previously shown [12,21].

Although the overall results of this study highlight for the first time that PGClx plays
a critical role in the regulation of bone mass, one limitation may be that the characterization
of the bone phenotype may have been masked by other secondary systemic effects due to
whole-body PGC1a deletion. Similarly, it is plausible that the 30% reduction in body weight
in PGCla knock-out mice affected the mechanical loading on their skeleton. Therefore, the
generation of conditional PGC1o knock-out models, with specific deletion in osteoblasts or
osteoclasts, will be required to provide further understanding of the contribution of this
transcription factor to bone metabolism.

3. PGC1a/f3 Role in Modulating Osteoblast and Osteocyte Gene Expression

Ding and colleagues, in 2017, published a study on the effect of PGClx overex-
pression on Sirtuin 3 (SIRT3) knockdown in murine osteoblast cell line (MC3T3-E1) [10].
The Sirtuins (SIRTs), which are characterized by a sirtuin core domain, are the family of
NAD+-dependent deacetylase proteins that regulate numerous cellular processes including
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proliferation, apoptosis, autophagy and DNA repair [22]. Among the members of this
family of proteins, SIRT3-5, expressed in mitochondria, influence the metabolic activity of
these organelles. In particular, SIRT3 acts by deacetylating many proteins and regulating
mitochondrial biogenesis and reactive oxygen species homeostasis. Of note, SIRT3 is in-
volved in the control of ATP production in mitochondria by acting on the respiratory chain,
suggesting a key role of SIRT3 as a crucial mediator for cellular energy production [22].

SIRT3 exhibits deacetylase activity and affects the regulation of many proteins with a
key role in osteoblastic differentiation, maintaining bone homeostasis [22]. SIRT3 knock-
down negatively affected alkaline phosphatase (ALP) activity and expression of the major
gene involved in osteoblastic differentiation, Runt-related transcription factor 2 (Runx2),
Collal and Ocn [10]. Moreover, in differentiated MC3T3-E1, SIRT3 knockdown inhibited
mitochondrial function, evaluated by Complex I, II, III, IV, and V activity measurements,
oxygen consumption and mitochondrial membrane potential level [10]. In addition, the
expression of two key factors of mitochondrial biogenesis, Nrfl and Tfam, was negatively
affected by the absence of SIRT3 [10]. Of note, mitochondrial size increased, and mito-
chondrial density decreased by SIRT3 deletion [10]. This study also demonstrated that
SIRT3 knockdown reduced the expression, at both mRNA and protein levels, of superoxide
dismutase 2 (SOD2), an efficiently mitochondrial molecule with antioxidant activity that
converts superoxide to the less reactive hydrogen peroxide (H202) [10,23]. Overexpres-
sion of SOD2 markedly reverted reduction of oxygen consumption, ALP staining and
Runx2, Colla1, and Ocn mRNA level [10]. These findings indicated a key role of SOD2
in SIRT3 knockdown-induced inhibition of osteogenic differentiation and mitochondrial
activity [10].

PGClo overexpression restored the reduction of mitochondrial density, mitochondrial
membrane potential, Nrfl and Tfam mRNA expression and ALP activity [10]. Moreover,
PGClax overexpression inverted the increase of mitochondrial size, highlighting a key
role of PGCla in SIRT3 activity on osteoblastic differentiation [10]. These findings were
relevant to the most recent evidence confirming that the SIRT3-PGC1x-SOD?2 interaction is
the central pathway used by SIRT3 to regulate bone homeostasis [24].

Unlike SIRT3, SIRT4, and SIRT5, which are localized in the mitochondria, SIRT1, SIRT6,
SIRT? are localized predominantly in the nucleus. Specifically, SIRT1 deacetylates histones
H3, H4, and H1, and modifies nonhistone proteins, such as the transcription factors p53,
nuclear factor-«B (NF-«B), and the members of the class O of forkhead box transcription
factors (FoxOs) [25]. The effects of SIRT1 on the skeleton have been extensively studied,
and results obtained in mouse models have shown that SIRT1 increases trabecular bone
mass by stimulating Wnt signaling in osteoblasts and osteocytes. During differentiation of
these bone cells, SIRT1 deacetylates FoxOs by preventing FoxO association with 3-catenin
and potentiates Wnt signaling [25].

In a recent study, the role of PGCl«/ 3 and its activators 5" adenosine monophosphate-
activated protein kinase (AMPK) and SIRT1 in osteocyte differentiation and reprogramming
was investigated [11]. Preosteocytic cells (IDG-SW3), differentiated for 14 days in the pres-
ence of glucose, and femur-derived bone organotypic cultures, maintained in glucose
media, were treated with 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) and
SRT2104, two chemical factors activating AMPK and SIRT1 pathway, respectively [11].
AMPK activation via AICAR treatment upregulated Runx2 and Osterix in IDG-SW3 cells
and the osteocyte genes Dentin matrix acidic phosphoprotein 1 (Dmp1), Fibroblast growth
factor 23 (Fgf23), and Sclerostin (Sost) in both IDG-SW3 cells and bone organotypic cul-
tures [11]. In parallel, treatment with SRT2104 activating SIRT1 stimulated the expression of
late osteocyte markers. All together, these results suggested that activation of AMPK/SIRT1
plays a key role in osteocyte differentiation [11].

To evaluate PGCla/ 3 role in modulating osteoblast and osteocyte gene expression,
retroviral pMSCV-PGClx was used for PGClx overexpression in primary osteoblasts and
IDG-SW3 cells [11]. PGC1x/ 3 deletion was performed using retroviral pMSCV-puro-Cre-
ERT2, pMSCV-puro and pMSCV-GFP virus in primary osteoblasts and primary osteocytes
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derived from control mice [11]. Real-time quantitative polymerase chain reaction (qRT-
PCR) analysis showed that PGClx overexpression upregulated many key factors involved
in osteoblast and osteocyte differentiation both in IDG-SW3 cells and primary osteoblasts,
while PGCle/ 3 deletion strongly caused their reduction [11]. Moreover, micro-computed
tomography analysis (LCT) of femurs from 8 week-old mice with specific deletion of
Ppargcla/ B in osteoblasts (Ppargclo/Bf/f;Col1al-Cre) showed a reduction of both cortical
and trabecular parameters compared to control mice [11]. PGCla/ 3 deletion in osteoblasts
decreased cortical bone volume (BV), bone area (B.Ar) and Ct. Th, while bone perimeter
(B.Pm) was not affected [11]. In addition, BV /total volume (TV), Tb. N and Tb. Th were
lower in the absence of PGCloa/ 3, while trabecular space increased [11].

Although a limitation of this study was that Pgclo/ 3 was deleted in both osteoblasts
and osteocytes, and therefore the relative contribution of each transcription factors in the
two bone cell types could not be deciphered, the overall results suggested a central role of
PGCl1s in bone metabolism and osteoblast and osteocyte differentiation.

4. PGC-1x Regulates Skeletal Stem Cell Fate and Its Deletion Increases Marrow
Adipose Tissue (MAT) Accumulation

Yu and colleagues, in 2018, investigated PGClx role in the commitment of skele-
tal stem cells (SSCs) and thus its involvement in the balance between bone tissue and
adipose tissue associated with osteoporosis [13]. SSCs are bone marrow stromal cells char-
acterized by the ability to self-renew and to differentiate, if properly stimulated, towards
both the osteoblastic and adipocytic cell lineage [26-28]. In addition, several pieces of
evidence, in both animal and human data, demonstrated an inverse association between
MAT and bone density and strength [29]. In humans, MAT was negatively associated
with bone mineral density (BMD) in healthy Caucasian women [30] and in a group of
healthy Caucasian and African-American men and women aged 38-52 [31]. In animals,
in two mouse models of type 1 diabetes mellitus, the adipocyte markers, Peroxisome
proliferator-activated receptor y2 (PPARY?2), adipocyte Protein 2 (aP2) and Resistin (RETN)
were upregulated in tibia, while Ocn mRNA and osteocalcin serum level decreased [32,33].
Yu and colleagues’ study showed that PGCla deficiency increased bone loss and MAT
accumulation, in skeletal tissue during aging [13], supported by findings showing the
increase of CCAAT/enhancer-binding protein alpha (C/EBP«), a key transcription fac-
tor involved in adipocyte differentiation [34], by bone marrow precursors from PGClx
deficient mice (Figure 2A,B) [12].

Pgcla levels decreased in older subjects compared to those younger, both in bone
marrow SSCs of 3- and 18-month-old mice and in human skeletal stem cells (hSSCs) of
two age groups (2040 and 70-90 years) [13]. Inmunohistochemical staining and integral
optical density analysis confirmed the lower expression of PGCl« in femurs of aged mice
compared to younger mice [13]. Femurs of 18-month-old wild-type mice, analyzed by uCT,
displayed a loss of ~40% of BMD and 50% of BV /TV compared to 3-month-old wild-type
mice [13]. This bone loss was exacerbated in 18-month-old PGC1« knock-out mice, which
showed higher reduction of BMD (~58%) and BV/TV (~60%) compared to the younger
mice [13].

To understand the mechanisms underlying this bone loss, the authors showed that
PGC1l«x deletion caused a downregulation in osteoblast number, osteoblast surface, circu-
lating osteocalcin (67%), bone formation rate (BFR) and mineral apposition rate (MAR),
while the number of osteoclasts increased [13]. On the other hand, PGC1« deficiency, as
well as the process of aging, induced MAT accumulation, with a significant increase in
adipocyte number and adipocyte area [13]. In addition, Yu et al. conditionally deleted
PGCl1oa in SSCs using Prx1-Cre (Prx1;Pgcl «f/f) and evaluated whether this deletion in-
fluenced osteoporotic bone loss and MAT accumulation in mice after ovariectomy, which
mimics post-menopausal osteoporosis [13]. In ovariectomized mice with specific deletion
of PGCla in skeletal stem cells (Prx1 ;chlaf/ f mice), BMD (60%) and BV /TV (54%) were
significantly decreased compared to sham mice [13]. Bone mass was impaired in the
absence of PGCl«x after ovariectomy due to an exacerbated defect in bone formation as
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demonstrated by reduced serum levels of osteocalcin as well as rates of bone formation and
mineral apposition [13]. At the same time, PGCl«x deletion associated with ovariectomy
promoted estrogen deficiency-induced MAT accumulation [13]. Moreover, by decreas-
ing the expression of the pro-inflammatory cytokine, the interleukin-6 (I1-6), PGClx also
controls osteoclast activity and bone resorption through inhibition of NF-«kB activation [13].

Effect of PGC1a deficiency on marrow
adipose tissue (MAT)

A
PGC1a -/

PGC1a 4
B WA

Adipocytes

Figure 2. PGCloa deletion affects marrow adipose tissue (MAT). (A) Photomicrographs of hema-
toxylin and eosin-stained sections of MAT from PGCla +/+ and PGCla —/— (magnification: 20x)
show an increased number of adipocytes in the absence of PGCla (unpublished data). (B) Schematic
representation of the effect of PGClx deletion in bone marrow adipocytes consisting of the increase
of C/EBPu expression.

The effects of PGClx deletion on osteoblast and adipocyte differentiation were also
confirmed in in vitro study using SSCs derived from PGC1la knock-out mice [13]. These
cells, cultured in vitro, showed reduced ALP activity and mineralized nodule formation,
while adipogenesis was enhanced [13]. Interestingly, PGClo deletion in SSCs significantly
decreased the expression of the transcriptional coactivator with a PDZ-binding domain
(TAZ), during osteogenic differentiation [13]. TAZ modulates hSSCs commitment toward
an osteogenic lineage, coactivating osteoblastic gene expression with Runx2, while inhibit-
ing PPARy-related gene transcription [35-37]. However, PGC1lo deletion did not affect the
induction of yes-associated protein 1 (YAP1), another co-effector with TAZ of the tumor
suppressor Hippo pathway [13].

Although the role of PGCl«x in osteoclastogenesis remains unclear, data indicate
that deletion of PGCla in SSCs could indirectly promote osteoclastogenesis and bone
resorption by increasing the expression of pro-inflammatory cytokines. The existence of
a connection between PGCl«x loss and inflammation-induced dysregulation of SSC fate
suggests that induction of PGCla would be a promising potential therapeutic approach
for the prevention of osteoporosis. It is desirable that future studies will investigate mouse
models with conditional deletion of PGCl« in osteoclast precursors to determine whether
protection from ovariectomy-induced bone loss following PGClx induction depends on
suppression of osteoclastic bone resorption.
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5. PGC1« Role in Bone-Related Pathologies

Since PGCl«x expression in skeletal muscle is suppressed in diabetes [38,39], its role
has been also evaluated in type 2 diabetes, a pathological condition that increases bone loss
and fracture risk [14,40,41]. Expectedly, pCT analysis in femur epiphyses of leptin receptor-
deficient diabetic mice showed an age- and genotype-dependent compromised trabecular
network compared to control mice [14]. BMD, BV/TV, Tb. N, Tb. Th, and connectivity
density (Conn.D) decreased, while trabecular separation (Tb. Sp) increased [14]. In addition,
all cortical parameters measured in diabetic mice were negatively affected compared to
control group [14]. Interestingly, leptin receptor-deficient diabetic mice displayed lower
levels of Ocn, Adiponectin (AdipoQ), Runx2 and PGC1e, than wild-type mice [14]. Both
diabetes and obesity increase atrogenes involved in protein catabolism, which negatively
affects muscle health [42], whereas PGCl activation downregulates atrogene expression
and prevents muscle atrophy under different stresses [43]. Indeed, Muscle RING-finger
protein-1 (Murfl), cathepsin L (Ctsl) and Atrogin-1 were upregulated in leptin receptor-
deficient diabetic mice during aging compared with control mice [14]. AdipoQ), an anti-
diabetic adipokine, and adiponectin receptor 1 (AdipoR1) modulate PGC1lx expression [44].
Khan and colleagues treated leptin receptor-deficient diabetic mice with an AdipoR1
agonist, 6-C-p-d-glucopyranosyl-(2S,3S)-(+)-5,7,3' 4’-tetrahydroxydihydroflavonol (GTDF),
for 4 weeks [14]. They observed an increase in femurs of BV/TV, Tb. N, Tb. Th and a
decrease in Conn.D and Tb. Sp compared to untreated mice [14]. In addition, femurs
of leptin receptor-deficient diabetic mice treated with GTDF displayed a strong decrease
in Murfl and increase in resistance to bending. The increased periosteal bone lining cell
number, along with Runx2 and Ocn upregulation was accompanied by an increase of
PGCla level and phosphorylated AMPK (pAMPK), a key mediator of AdipoR1 pathway,
which in turn activates PGClw [14]. By silencing PGC1« in mouse calvarial osteoblasts, the
GTDF-mediated induction of ALP activity was drastically inhibited [14]. These findings
suggested that bone loss in leptin receptor-deficient diabetic mice could be suppressed by
GTDEF through the activation of PGCl«x, which stimulates osteoblastic gene expression and
inhibits transcription of atrogenes [14].

Of note, this study demonstrated that, as in skeletal muscle, a reciprocal relationship
between Murfl and PGCla also exists in osteoblasts. Future studies should investigate
the possible interaction of Murfl with the transcription factors Runx2 and PGCl«x to
understand whether the reduction in osteoblast function in leptin receptor-deficient diabetic
mice occurs because of suppression of PGCla and induction of atrogenes.

6. Conclusions

Although several studies have investigated the role of PGCl«x in various cellular
processes, especially in tissues with high energy expenditure, its action on bone metabolism
has not yet been fully investigated. However, great efforts have been made in the last
decade to decipher the effects of PGClo on bone, both in vitro and in vivo. In vitro, PGCla
positively stimulates SIRT3 activity on osteogenic differentiation [10] and increases the
expression of osteocyte master genes [11]. Moreover, PGCl«x regulates SSC fate and its
deletion increases MAT accumulation [13]. Furthermore, PGC1 absence in ovariectomized
mice caused a reduction in BFR and MAR, as well as in Ocn serum levels, thus indicating a
severe defect in bone formation [13]. In vivo, in aged mice, PGC1la deficiency negatively
regulates bone mass and strength [12], while in diabetic mouse model, PGC1e activation
reverses osteopenia resulting from diabetic phenotype [14].

However, many aspects still need to be investigated regarding the PGCl role as an an-
abolic factor in bone metabolism, in both physiological conditions and bone-related pathologies.

Author Contributions: Manuscript design and final revision, M.G. and G.C.; Data collection, C.B.,
M.D., PP. and EG.; Manuscript editing, C.B.; Figure design, C.B.; Critical discussion and revision,
S.C. All authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2021, 22, 4670 80of9

Funding: This work was supported by the grant “Tecnopolo per la Medicina di Precisione” D.G.R. n.
2117 of 21.11.2018 to Maria Grano.

Acknowledgments: We thank Servier Medical Art (https://smart.servier.com/, accessed on 24 April
2021) for providing free image software to build the figure.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Gleyzer, N.; Vercauteren, K.; Scarpulla, R.C. Control of mitochondrial transcription specificity factors (TFB1M and TFB2M) by
nuclear respiratory factors (NRF-1 and NRF-2) and PGC-1 family coactivators. Mol. Cell. Biol. 2005, 25, 1354-1366. [CrossRef]
Scarpulla, R.C. Transcriptional activators and coactivators in the nuclear control of mitochondrial function in mammalian cells.
Gene 2002, 286, 81-89. [CrossRef]

Guo, Y; Yang, T.L,; Liu, Y.Z.; Shen, H.; Lei, S.F; Yu, N.; Chen, J.; Xu, T.; Cheng, Y.; Tian, Q.; et al. Mitochondria-wide association
study of common variants in osteoporosis. Ann. Hum. Genet. 2011, 75, 569-574. [CrossRef]

Finsterer, ].; Zarrouk-Mahjoub, S. Mitochondrial multiorgan disorder syndrome score generated from definite mitochondrial
disorders. Neuropsychiatr. Dis. Treat. 2017, 13, 2569-2579. [CrossRef]

Lane, RK,; Hilsabeck, T.; Rea, S.L. The role of mitochondrial dysfunction in age-related diseases. Biochim. Et Biophys. Acta 2015,
1847, 1387-1400. [CrossRef] [PubMed]

Gao, J.; Feng, Z.; Wang, X.; Zeng, M,; Liu, J.; Han, S.; Xu, J.; Chen, L.; Cao, K,; Long, J.; et al. SIRT3/SOD2 maintains osteoblast
differentiation and bone formation by regulating mitochondrial stress. Cell Death Differ. 2018, 25, 229-240. [CrossRef] [PubMed]
Miyazaki, T.; Iwasawa, M.; Nakashima, T.; Mori, S.; Shigemoto, K.; Nakamura, H.; Katagiri, H.; Takayanagi, H.; Tanaka, S.
Intracellular and extracellular ATP coordinately regulate the inverse correlation between osteoclast survival and bone resorption.
J. Biol. Chem. 2012, 287, 37808-37823. [CrossRef]

Nervina, ].M.; Magyar, C.E.; Pirih, EQ.; Tetradis, S. PGC-lalpha is induced by parathyroid hormone and coactivates Nurrl-
mediated promoter activity in osteoblasts. Bone 2006, 39, 1018-1025. [CrossRef] [PubMed]

Wang, H.; Wang, J. Estrogen-related receptor alpha interacts cooperatively with peroxisome proliferator-activated receptor-gamma
coactivator-lalpha to regulate osteocalcin gene expression. Cell Biol. Int. 2013, 37, 1259-1265. [CrossRef] [PubMed]

Ding, Y,; Yang, H.; Wang, Y.; Chen, J.; Ji, Z.; Sun, H. Sirtuin 3 is required for osteogenic differentiation through maintenance of
PGC-1x-5OD2-mediated regulation of mitochondrial function. Int. J. Biol. Sci. 2017, 13, 254-264. [CrossRef]

Sanchez-de-Diego, C.; Artigas, N.; Pimenta-Lopes, C.; Valer, J.A.; Torrejon, B.; Gama-Pérez, P; Villena, J.A.; Garcia-Roves, PM.;
Rosa, ].L.; Ventura, F. Glucose Restriction Promotes Osteocyte Specification by Activating a PGC-1x-Dependent Transcriptional
Program. iScience 2019, 15, 79-94. [CrossRef] [PubMed]

Colaianni, G.; Lippo, L.; Sanesi, L.; Brunetti, G.; Celi, M.; Cirulli, N.; Passeri, G.; Reseland, J.; Schipani, E.; Faienza, M.E,; et al.
Deletion of the Transcription Factor PGC-1x in Mice Negatively Regulates Bone Mass. Calcif. Tissue Int. 2018, 103, 638—652.
[CrossRef] [PubMed]

Yu, B.; Huo, L.; Liu, Y,; Deng, P; Szymanski, J.; Li, ].; Luo, X.; Hong, C.; Lin, J.; Wang, C.Y. PGC-1x Controls Skeletal Stem Cell
Fate and Bone-Fat Balance in Osteoporosis and Skeletal Aging by Inducing TAZ. Cell Stem Cell 2018, 23, 193-209. [CrossRef]
Khan, M.P; Singh, A.K,; Joharapurkar, A.A.; Yadav, M.; Shree, S.; Kumar, H.; Gurjar, A.; Mishra, J.S.; Tiwari, M.C.; Nagar,
G.K,; et al. Erratum. Pathophysiological Mechanism of Bone Loss in Type 2 Diabetes Involves Inverse Regulation of Osteoblast
Function by PGC-1« and Skeletal Muscle Atrogenes: AdipoR1 as a Potential Target for Reversing Diabetes-Induced Osteopenia.
Diabetes 2015;64:2609-2623. Diabetes 2017, 66, 3142-3143. [CrossRef]

Kersh, M.E.; Zysset, PK.; Pahr, D.H.; Wolfram, U.; Larsson, D.; Pandy, M.G. Measurement of structural anisotropy in femoral
trabecular bone using clinical-resolution CT images. J. Biomech. 2013, 46, 2659-2666. [CrossRef]

Chappard, C.; Brunet-Imbault, B.; Lemineur, G.; Giraudeau, B.; Basillais, A.; Harba, R.; Benhamou, C.L. Anisotropy changes in
post-menopausal osteoporosis: Characterization by a new index applied to trabecular bone radiographic images. Osteoporos. Int.
2005, 16, 1193-1202. [CrossRef]

Zhang, Y.; Ma, K.; Sadana, P.; Chowdhury, E; Gaillard, S.; Wang, F; McDonnell, D.P.; Unterman, T.G.; Elam, M.B.; Park,
E.A. Estrogen-related receptors stimulate pyruvate dehydrogenase kinase isoform 4 gene expression. J. Biol. Chem. 2006, 281,
39897-39906. [CrossRef]

Schlesinger, P.H.; Blair, H.C.; Beer Stolz, D.; Riazanski, V.; Ray, E.C.; Tourkova, L.L.; Nelson, D.]J. Cellular and extracellular matrix
of bone, with principles of synthesis and dependency of mineral deposition on cell membrane transport. Am. J. Physiology. Cell
Physiol. 2020, 318, C111-C124. [CrossRef]

Lin, J.; Wu, PH,; Tarr, PT,; Lindenberg, K.S.; St-Pierre, J.; Zhang, C.Y.; Mootha, V.K.; Jager, S.; Vianna, C.R.; Reznick, R-M,;
et al. Defects in adaptive energy metabolism with CNS-linked hyperactivity in PGC-1alpha null mice. Cell 2004, 119, 121-135.
[CrossRef]

Bostrom, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Bostrom, E.A.; Choi, ].H.; Long, ].Z.; et al. A
PGC1-a-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463-468.
[CrossRef] [PubMed]


https://smart.servier.com/
http://doi.org/10.1128/MCB.25.4.1354-1366.2005
http://doi.org/10.1016/S0378-1119(01)00809-5
http://doi.org/10.1111/j.1469-1809.2011.00663.x
http://doi.org/10.2147/NDT.S149067
http://doi.org/10.1016/j.bbabio.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26050974
http://doi.org/10.1038/cdd.2017.144
http://www.ncbi.nlm.nih.gov/pubmed/28914882
http://doi.org/10.1074/jbc.M112.385369
http://doi.org/10.1016/j.bone.2006.04.023
http://www.ncbi.nlm.nih.gov/pubmed/16765661
http://doi.org/10.1002/cbin.10148
http://www.ncbi.nlm.nih.gov/pubmed/23788330
http://doi.org/10.7150/ijbs.17053
http://doi.org/10.1016/j.isci.2019.04.015
http://www.ncbi.nlm.nih.gov/pubmed/31039455
http://doi.org/10.1007/s00223-018-0459-4
http://www.ncbi.nlm.nih.gov/pubmed/30094757
http://doi.org/10.1016/j.stem.2018.06.009
http://doi.org/10.2337/db17-er12b
http://doi.org/10.1016/j.jbiomech.2013.07.047
http://doi.org/10.1007/s00198-004-1829-5
http://doi.org/10.1074/jbc.M608657200
http://doi.org/10.1152/ajpcell.00120.2019
http://doi.org/10.1016/j.cell.2004.09.013
http://doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/22237023

Int. J. Mol. Sci. 2021, 22, 4670 90f9

21.

22.

23.
24.

25.
26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Puigserver, P.; Wu, Z.; Park, C.W,; Graves, R.; Wright, M.; Spiegelman, B.M. A cold-inducible coactivator of nuclear receptors
linked to adaptive thermogenesis. Cell 1998, 92, 829-839. [CrossRef]

Hubh, J.E; Shin, J.H,; Jang, E.S.; Park, S.]J.; Park, D.R.; Ko, R; Seo, D.H.; Kim, H.S.; Lee, S.H.; Choi, Y,; et al. Sirtuin 3 (SIRT3)
maintains bone homeostasis by regulating AMPK-PGC-1§ axis in mice. Sci. Rep. 2016, 6, 22511. [CrossRef]

Flynn, ].M.; Melov, S. SOD2 in mitochondrial dysfunction and neurodegeneration. Free Radic. Biol. Med. 2013, 62, 4-12. [CrossRef]
Wang, ].S.; Yoon, S.H.; Wein, M.N. Role of histone deacetylases in bone development and skeletal disorders. Bone 2021, 143,
115606. [CrossRef]

Almeida, M.; Porter, R.M. Sirtuins and FoxOs in osteoporosis and osteoarthritis. Bone 2019, 121, 284-292. [CrossRef]

Bianco, P,; Cao, X.; Frenette, P.S.; Mao, ].].; Robey, P.G.; Simmons, PJ.; Wang, C.Y. The meaning, the sense and the significance:
Translating the science of mesenchymal stem cells into medicine. Nat. Med. 2013, 19, 35-42. [CrossRef]

Bianco, P; Robey, P.G. Skeletal stem cells. Development 2015, 142, 1023-1027. [CrossRef]

Zhou, B.O; Yue, R.; Murphy, M.M_; Peyer, ].G.; Morrison, S.J. Leptin-receptor-expressing mesenchymal stromal cells represent the
main source of bone formed by adult bone marrow. Cell Stem Cell 2014, 15, 154-168. [CrossRef] [PubMed]

Fazeli, PK.; Horowitz, M.C.; MacDougald, O.A.; Scheller, E.L.; Rodeheffer, M.S.; Rosen, C.J.; Klibanski, A. Marrow fat and
bone-new perspectives. J. Clin. Endocrinol. Metab. 2013, 98, 935-945. [CrossRef]

Shen, W.; Chen, ]J.; Punyanitya, M.; Shapses, S.; Heshka, S.; Heymsfield, S.B. MRI-measured bone marrow adipose tissue is
inversely related to DXA-measured bone mineral in Caucasian women. Osteoporos. Int. 2007, 18, 641-647. [CrossRef] [PubMed]
Shen, W.; Scherzer, R.; Gantz, M.; Chen, J.; Punyanitya, M.; Lewis, C.E.; Grunfeld, C. Relationship between MRI-measured bone
marrow adipose tissue and hip and spine bone mineral density in African-American and Caucasian participants: The CARDIA
study. . Clin. Endocrinol. Metab. 2012, 97, 1337-1346. [CrossRef]

Botolin, S.; Faugere, M.C.; Malluche, H.; Orth, M.; Meyer, R.; McCabe, L.R. Increased bone adiposity and peroxisomal proliferator-
activated receptor-gamma?2 expression in type I diabetic mice. Endocrinology 2005, 146, 3622-3631. [CrossRef]

Botolin, S.; McCabe, L.R. Bone loss and increased bone adiposity in spontaneous and pharmacologically induced diabetic mice.
Endocrinology 2007, 148, 198-205. [CrossRef] [PubMed]

Ren, W.; Guo, J; Jiang, E; Lu, J.; Ding, Y.; Li, A.; Liang, X.; Jia, W. CCAAT/enhancer-binding protein « is a crucial regulator
of human fat mass and obesity associated gene transcription and expression. Biomed Res. Int. 2014, 2014, 406909. [CrossRef]
[PubMed]

Hong, ].H.; Hwang, E.S.; McManus, M.T.; Amsterdam, A.; Tian, Y.; Kalmukova, R.; Mueller, E.; Benjamin, T.; Spiegelman, B.M.;
Sharp, PA.; et al. TAZ, a transcriptional modulator of mesenchymal stem cell differentiation. Science 2005, 309, 1074-1078.
[CrossRef] [PubMed]

Park, HW.,; Kim, Y.C.; Yu, B.; Moroishi, T.; Mo, ].S.; Plouffe, SW.; Meng, Z.; Lin, K.C.; Yu, EX; Alexander, C.M; et al. Alternative
Wnt Signaling Activates YAP/TAZ. Cell 2015, 162, 780-794. [CrossRef] [PubMed]

Zhu, Y.; Wu, Y,; Cheng, J.; Wang, Q.; Li, Z.; Wang, Y.; Wang, D.; Wang, H.; Zhang, W.; Ye, J.; et al. Pharmacological activation
of TAZ enhances osteogenic differentiation and bone formation of adipose-derived stem cells. Stemn Cell Res. Ther. 2018, 9, 53.
[CrossRef]

Liang, H.; Ward, W.F. PGC-1alpha: A key regulator of energy metabolism. Adv. Physiol. Educ. 2006, 30, 145-151. [CrossRef]
[PubMed]

Coll, T.; Jové, M.; Rodriguez-Calvo, R.; Eyre, E.; Palomer, X.; Sanchez, R.M.; Merlos, M.; Laguna, J.C.; Vazquez-Carrera, M.
Palmitate-mediated downregulation of peroxisome proliferator-activated receptor-gamma coactivator lalpha in skeletal muscle
cells involves MEK1/2 and nuclear factor-kappaB activation. Diabetes 2006, 55, 2779-2787. [CrossRef]

Bonds, D.E.; Larson, J.C.; Schwartz, A.V.; Strotmeyer, E.S.; Robbins, J.; Rodriguez, B.L.; Johnson, K.C.; Margolis, K.L. Risk of
fracture in women with type 2 diabetes: The Women’s Health Initiative Observational Study. J. Clin. Endocrinol. Metab. 2006, 91,
3404-3410. [CrossRef]

Viégas, M.; Costa, C.; Lopes, A.; Griz, L.; Medeiro, M.A.; Bandeira, F. Prevalence of osteoporosis and vertebral fractures
in postmenopausal women with type 2 diabetes mellitus and their relationship with duration of the disease and chronic
complications. J. Diabetes Its Complicat. 2011, 25, 216-221. [CrossRef] [PubMed]

Akhmedov, D.; Berdeaux, R. The effects of obesity on skeletal muscle regeneration. Front. Physiol. 2013, 4, 371. [CrossRef]
[PubMed]

Sandri, M.; Lin, J.; Handschin, C.; Yang, W.; Arany, Z.P.; Lecker, S.H.; Goldberg, A.L.; Spiegelman, B.M. PGC-1alpha protects
skeletal muscle from atrophy by suppressing FoxO3 action and atrophy-specific gene transcription. Proc. Natl. Acad. Sci. USA
2006, 103, 16260-16265. [CrossRef]

Iwabu, M.; Yamauchi, T.; Okada-Iwabu, M.; Sato, K.; Nakagawa, T.; Funata, M.; Yamaguchi, M.; Namiki, S.; Nakayama, R.; Tabata,
M.; et al. Adiponectin and AdipoR1 regulate PGC-1lalpha and mitochondria by Ca(2+) and AMPK/SIRT1. Nature 2010, 464,
1313-1319. [CrossRef] [PubMed]


http://doi.org/10.1016/S0092-8674(00)81410-5
http://doi.org/10.1038/srep22511
http://doi.org/10.1016/j.freeradbiomed.2013.05.027
http://doi.org/10.1016/j.bone.2020.115606
http://doi.org/10.1016/j.bone.2019.01.018
http://doi.org/10.1038/nm.3028
http://doi.org/10.1242/dev.102210
http://doi.org/10.1016/j.stem.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24953181
http://doi.org/10.1210/jc.2012-3634
http://doi.org/10.1007/s00198-006-0285-9
http://www.ncbi.nlm.nih.gov/pubmed/17139464
http://doi.org/10.1210/jc.2011-2605
http://doi.org/10.1210/en.2004-1677
http://doi.org/10.1210/en.2006-1006
http://www.ncbi.nlm.nih.gov/pubmed/17053023
http://doi.org/10.1155/2014/406909
http://www.ncbi.nlm.nih.gov/pubmed/24877091
http://doi.org/10.1126/science.1110955
http://www.ncbi.nlm.nih.gov/pubmed/16099986
http://doi.org/10.1016/j.cell.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26276632
http://doi.org/10.1186/s13287-018-0799-z
http://doi.org/10.1152/advan.00052.2006
http://www.ncbi.nlm.nih.gov/pubmed/17108241
http://doi.org/10.2337/db05-1494
http://doi.org/10.1210/jc.2006-0614
http://doi.org/10.1016/j.jdiacomp.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21458300
http://doi.org/10.3389/fphys.2013.00371
http://www.ncbi.nlm.nih.gov/pubmed/24381559
http://doi.org/10.1073/pnas.0607795103
http://doi.org/10.1038/nature08991
http://www.ncbi.nlm.nih.gov/pubmed/20357764

	Introduction 
	The Bone Phenotype of PGC1 Knock-Out Mice 
	PGC1/ Role in Modulating Osteoblast and Osteocyte Gene Expression 
	PGC-1 Regulates Skeletal Stem Cell Fate and Its Deletion Increases Marrow Adipose Tissue (MAT) Accumulation 
	PGC1 Role in Bone-Related Pathologies 
	Conclusions 
	References

