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Abstract
Peroxisome proliferator-activated receptor-gamma coactivator (PGC1α) is a transcription coactivator that interacts with 
a broad range of transcription factors involved in several biological responses. Here, we show that PGC1α plays a role in 
skeletal homeostasis since aged PGC1α-deficient mice (PGC1α−/−) display impaired bone structure. Micro-CT of the tibial 
mid-shaft showed a marked decrease of cortical thickness in PGC1α−/− (− 11.9%, p < 0.05) mice compared to wild-type lit-
termate. Trabecular bone was also impaired in knock out mice which displayed lower trabecular thickness (Tb.Th) (− 5.9% 
vs PGC1α+/+, p < 0.05), whereas trabecular number (Tb.N) was higher than wild-type mice (+ 72% vs PGC1α+/+, p < 0.05), 
thus resulting in increased (+ 31.7% vs PGC1α+/+, p < 0.05) degree of anisotropy (DA), despite unchanged bone volume 
fraction (BV/TV). Notably, these impairments of cortical and trabecular bone led to a dramatic ~ 48.4% decrease in bending 
strength (p < 0.01). These changes in PGC1α−/− mice were paralleled by a significant increase in osteoclast number at the 
cortical bone surface and in serum level of the bone resorption marker, namely, C-terminal cross-linked telopeptides of type 
I collagen (CTX-I). We also found that in cortical bone, there was lower expression of mRNA codifying for the key bone-
building protein Osteocalcin (Ocn). Interestingly, Collagen I mRNA expression was reduced in mesenchymal stem cells 
from bone marrow of PGC1α−/−, thus indicating that differentiation of osteoblast lineage is downregulated. Overall, results 
presented herein suggest that PGC1α may play a key role in bone metabolism.

Keywords  Peroxisome proliferator-activated receptor-gamma coactivator · Bone · Osteocalcin · Osteoclast · Osteoblast · 
Mitochondria

Introduction

Peroxisome proliferator-activated receptor-γ coactivator 1-α 
(PGC1α) has emerged as a vital regulator of several cel-
lular processes, as well as adaptive thermogenesis, glucose 
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metabolism, and skeletal muscle fiber-type specialization. 
Considered to be predominantly involved in the regulation 
of mitochondrial content and function [1–5], the expression 
of PGC1α is greatly tuned in response to nutritional, hor-
monal, and environmental stimuli across a variety of tissues 
[6–8] to meet increased cellular energetic requirements. 
PGC1α mRNA expression increases in brown fat follow-
ing cold exposure, in skeletal muscle by bouts of physical 
activity [3, 9, 10] and in the liver by short-term fasting [11]. 
Pups lacking PGC1α were born at the expected Mendelian 
ratio, suggesting that PGC1α is dispensable for embryonic 
development; however, approximately 50% of homozygotes 
exhibit postnatal lethality [12]. Mice homozygous for this 
targeted mutation are fertile and do not display any abnor-
malities in several tissues, such as heart, skeletal muscle, 
pancreas, and liver. However, knockout mice display abun-
dant accumulation of large lipid droplets in the brown fat and 
are unable to survive after exposure to 4 °C for more than 
6 h. Studies on mice with whole-body deletion of PGC1α 
reveal that null mice are surprisingly lean and insulin sen-
sitive when fed on a high fat diet [12]. This observation 
suggests the existence of a PGC1α-mediated feedback path-
way from muscle to the pancreas, but the identity of this 
pathway remains uncertain. Current evidences indicate that 
PGC1α is a parathyroid hormone (PTH)-induced, cAMP-
dependent primary response gene that directly synergizes 
with the NR4A/NGFI-B orphan nuclear receptor (Nurr1) 
to transactivate target genes in osteoblasts [13]. Beyond a 
broadly documented role of PGC1α in high energy-demand 
tissues, the effect of PGC1α absence on bone has not yet 
been described. We show here that PGC1α-deficient mice 
display impaired bone structure, revealing that the absence 
of one of the master regulators of mitochondrial biogenesis 
can influence the microstructural and mechanical properties 
of bone. The defect appears evident in aged mice, whereas 
3-months-old PGC1α−/− mice display a bone phenotype 
comparable to wild type littermates, with only few excep-
tions in trabecular bone. Elucidation of the role of PGC1α 
in bone remodeling could reveal novel insights into skeletal 
homeostasis for future development of drug targets and thus 
the prevention or treatment of skeletal involution.

Methods

Experimental Design and Animal Model

PGC1α knockout, heterozygous and wild-type mice of 
mixed C57BL6/J-BALB/cOlaHsd background were gener-
ated as previously described [14]. 12-months-old male and 
female mice (total n = 26) representative of the three geno-
types (male mice = 5 wild type, 5 heterozygous, 5 knockout; 
female mice = 4 wild type, 4 heterozygous, 3 knockout) and 

3-months-old male and female mice (total n = 13) repre-
sentative of the two genotypes (male mice = 4 wild type, 
3 knockout; female mice = 3 wild type, 3 knockout) were 
housed in standard rodent cages, maintained under standard 
conditions on a 12/12-h light/dark cycle and with access 
to water and regular chow diet ad libitum (Harlan Teklad 
2019, SDS, England). Mice were weighed after being eutha-
nized and their tissues were surgically excised. Spines, right 
femurs, and tibiae were harvested and stored in 70% etha-
nol to be employed for µCT and histological analysis. Left 
femurs and tibia were subjected to trabecular bone removal 
by passing a needle to open the medullary canal and allow 
the bone marrow flushing. Both bone marrow and bone were 
then stored in liquid nitrogen for quantitative PCR analysis. 
The femurs and the tibia were cut transversally, and the two 
halves were mixed and used for quantitative PCR analysis.

Microcomputed Tomography Analysis of Femur

MicroCT (µCT) scanning was performed to measure 
morphological indices of metaphyseal regions of femurs. 
Femurs were rotated around their long axes and images 
were acquired using Bruker Skyscan 1172 (Kontich, Bel-
gium) with the following parameters: pixel size = 5 µm; 
peak tube potential = 59 kV; X-ray intensity = 167 µA; 0.4° 
rotation step. Raw images were reconstructed by the Sky-
Scan reconstruction software (NRecon) to 3-dimensional 
cross-sectional image data sets using a 3-dimensional 
cone beam algorithm. Structural indices were calculated 
on reconstructed images using the Skyscan CT Analyzer 
(CTAn) software (Bruker). A set of three hydroxyapatite 
(HA) phantoms were scanned and used for calibration and 
to compute volumetric BMD. Cortical and trabecular bone 
were separated using a custom processing algorithm in 
CTAn, based on the different thicknesses of the structures. 
Cortical bone was assessed at the femoral midshaft. The 
scan volume of the femoral midshaft is centered on the 
midpoint of the bone, determined as half the distance from 
the distal condyle to the proximal point of the femoral 
head for all mice. Cortical bone was analyzed by a region 
of 150 slices, starting 9 mm distal to the metaphysis. Cor-
tical parameters included cortical thickness (Ct.Th) and 
polar moment of inertia (pMOI). Trabecular bone was ana-
lyzed in the proximal metaphysis region, starting proxi-
mal to the distal growth plate and continuing distally for 
200 slices. Trabecular parameters included bone mineral 
density (BMD), bone volume fraction (BV/TV), number 
(Tb.N), thickness (Tb.Th), and degree of anisotropy (DA).
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Microcomputed Tomography Analysis of Tibiae

Tibiae were rotated around their long axes and images 
were acquired using Bruker Skyscan 1172 (Kontich, Bel-
gium) with the following parameters: pixel size = 5 µm; 
peak tube potential = 59 kV; X-ray intensity = 167 µA; 0.4° 
rotation step. A set of three hydroxyapatite (HA) phantoms 
were scanned and used for calibration to compute volumet-
ric BMD. For cortical bone properties, tibiae were scanned 
at the mid-diaphysis starting 5.5 mm from proximal tibial 
condyles and extending for 200 6-µm slices (1.2 mm). For 
trabecular bone, tibiae were scanned starting 1.9 mm from 
the proximal tibial condyles, just distal to the growth plate, 
in the direction of the metaphysis, and extending for 200 
slices (1.2 mm).

Microcomputed Tomography Analysis of Spine

The fifth lumbar (L5) vertebrae of the spine were rotated 
around their long axes and images were acquired using 
Bruker Skyscan 1172 (Kontich, Belgium) with the fol-
lowing parameters: pixel size = 5 µm; peak tube poten-
tial = 59 kV; X-ray intensity = 167 µA; 0.4° rotation step. 
The trabecular region of the vertebral body (excluding 
posterior elements) was designated using manually drawn 
contours inside the cortical shell surrounding the entire 
vertebral body enclosed by the growth plates and extend-
ing for 450 6-µm slices (2.7 mm).

3‑Point Bending Test of Mouse Femurs and Tibiae

The tests were run on a Zwick tensile test machine (Zwick 
Roell, Ulm, Germany) with a 200 N load cell and the 
following test parameters: distance of lower supports: 
12 mm; pre-load: 0.1 N; speed until pre-load: 20 mm/min; 
test speed: 10 mm/min.

The bones were stored in 70% ethanol at 4 °C before 
testing and taken out to be rehydrated and stored at room 
temperature in good time before the mechanical test 
(> 30 min).

Length and diameter at mid shaft in the direction of the 
break force were measured for all the samples before test-
ing. The samples were placed in a similar manner on the 
supports, with the distal end to the right and the proximal 
side to the left. The posterior surface was facing down. The 
bones were freed from any soft tissue and for the tibia the 
fibula removed on those samples where it was still attached.

Histological Analysis of Bone and Adipose Tissues

For dynamic bone-formation indices, mice were injected 
with calcein (10 mg/kg body weight) and xylenol orange 
(90 mg/kg body weight), 20 and 8 days before sample collec-
tion, respectively. Freshly dissected tibiae were immediately 
fixed in ice-cold 4% paraformaldehyde solution for 4 h. After 
decalcification, performed with 0.5 M ethylenediaminetet-
raacetic acid (EDTA) at 4 °C, bones were immersed into 
20% sucrose and 2% polyvinylpyrrolidone (PVP) solution 
for 24 h. Tibiae were then embedded and frozen in opti-
mal cutting temperature (OCT) compound (VWR Chemi-
cals). For histological analyses, sections were generated 
by using a SLEE MEV Semi-Automatic Cryostat (SLEE 
medical GmbH). To quantify the mineral apposition rate 
(MAR), bone formation rate (BFR), and mineralizing sur-
face per bone surface (MS/BS), non-decalcified tibiae were 
immersed into 20% sucrose and 2% PVP solution for 24 h, 
then embedded in OCT and sections were generated by using 
a SLEE MEV Semi-Automatic Cryostat. Tartrate-resistant 
acidic phosphatase (TRAP) and Alkaline Phosphatase (ALP) 
positive cells were detected by using the Leukocyte Acid 
Phosphatase Kit and the Alkaline Phosphatase Kit (Sigma 
Aldrich), respectively. After TRAP staining, sections were 
counterstained with methyl green. For the analysis of bone 
marrow adipocytes, histological sections were washed with 
60% isopropanol and let dry completely, then stained with 
freshly prepared oil red O working solution for 10 min. 
After removal of oil red O solution, sections were rinsed 
in distilled water and tap water, then counterstained with 
hematoxylin for 10 s and mounted with a aqueous mounting 
medium. Histological sections were viewed under a Nikon 
Eclipse 80i light microscope (Nikon) using a ×40 objective 
lens. Images were taken at 150 dpi (3840 × 3072 pixels) and 
analyzed by using Image-J software, by manually outlining 
bone surface. Three sections per sample and five high power 
fields for each section were analyzed.

Inguinal white adipose tissues were fixed overnight, then 
dehydrated, cleared, and embedded in paraffin. 5 µm thick 
histological sections were cut and stained with hematoxylin 
and eosin (H&E). All observations were performed with a 
Nikon Eclipse 80i light microscope (Nikon). The area of adi-
pocytes was measured on pictures from H&E stained slides 
at ×40 magnification by using the NIS-Element BR 4.10.00 
software (Nikon, Japan).

Enzyme‑Linked Immunosorbent Assay (ELISA)

Mice were fastened for 12 h before the sacrifice. Sera were 
collected at the time of sacrifice and assayed for circulating 
levels of procollagen type I-N-terminal propeptide (P1NP) 
and C-terminal telopeptide of type I-collagen (CTX-I) by 
ELISA kits (Immunodiagnostic Systems, Boldon, UK) 
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following the manufacturer’s protocol. Standard curves were 
generated using serial dilutions of the P1NP or CTX-I cali-
bration standards supplied in the ELISA kit.

Peroxidase Immunohistochemistry

Immunohistochemistry was performed on 5  µm-thick 
OCT-embedded transverse sections of tibiae. Sections were 
reacted with 1% H2O2 (in PBS; 30 min) to block endogenous 
peroxidase, rinsed with PBS and incubated with 5 mg/mL 
Proteinase K solution at 37 °C for 5 min. Then, sections 
were incubated with the mouse anti-Ocn primary antibody 
(Santa Cruz Biotechnology) overnight at 4 °C. After a thor-
ough rinse in PBS, sections were incubated with secondary 
antibody (MATCH 1 mouse probe, Biocare) at room tem-
perature for 15 min. Histochemical reaction was performed 
using HRP-polymer and DAB Chromogen (Biocare). Sec-
tions were counterstained with hematoxylin and mounted. 
Staining was never observed when the primary antibody was 
omitted. For morphometric analysis, immunostained bone 
sections were observed with a Nikon Eclipse 80i light micro-
scope (Nikon) using a ×40 objective. The percentage of Ocn 
protein stain was determined by the Nikon Lucia IMAGE (v. 
4.61) image analysis software.

Real Time‑PCR

Total RNA from mouse tissues was extracted using spin 
columns (RNeasy, Qiagen) according to the manufacturer’s 
instructions. DNase I treatment was performed to remove 
genomic DNA contamination (Qiagen) and RNA integrity 
was assessed on agarose gels. Reverse transcription was per-
formed using iScript Reverse Transcription Supermix (Bio-
Rad). The resulting cDNA (20 ng) was subjected to quanti-
tative PCR (qPCR) using the SsoFast EvaGreen Supermix 
(Bio-Rad) on an iCycler iQ5 Cromo4 (Bio-Rad) for 40 
cycles (denaturation 95 °C for 5  s; annealing/extension 
60 °C 10 s) after an initial 30 s step for enzyme activation at 
95 °C. To confirm the specificity of amplification products, 
melting curve was performed between 65 and 96 °C, with 
0.5 °C incrementing every 10 s. Primers were designed by 
using Primer Blast (https​://www.ncbi.nlm.nih.gov/tools​/
prime​r-blast​/). Primer sequences are listed in Supplementary 
Table S2, where it is also indicated the accession number 
(NM_) and the product length for each primer. All primers 
span an exon–exon junction. Three housekeeping genes were 
chosen because they are normally stably expressed in bone 
and adipose tissues. Each transcript was assayed in tripli-
cate and cDNA was normalized to murine Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), β2-microglobulin. 
and β-actin. Quantitative measures were obtained using the 
ΔΔCT method.

Cell Cultures

Whole bone marrow cells were plated at a density of 
4 × 105 cells/cm2 in 96 multiwell plates and cultured in 
200 µL per well of alphaMEM 10% FBS in the presence 
of 5 ng/mL macrophage colony-stimulating factor (M-CSF) 
and 3 ng/mL RANKL. After 96 h of culture, cells were fixed 
with 10% formalin and stained for leukocyte acid phos-
phatase with TRAP kit (387A-1KT Sigma Aldrich). TRAP-
positive multinucleated mature osteoclasts (> 3 nuclei < 10 
and > 10 nuclei) were then counted.

Bone marrow stromal cells were separated from mono-
cytes through an overnight adhesion, then cultured in osteo-
genic medium with α-MEM/10% FBS, supplemented with 
50 µg/mL ascorbic acid and 10−2 M β-glycerophosphate for 
10 or 21 days. At the end of the culture period, ALP posi-
tive cells were detected by using ALP Kit (Sigma Aldrich) 
at day 10 and mineralized nodules were detected by using 
Von Kossa Staining at day 21. Bone marrow-derived mac-
rophages were obtained from the non-adherent fraction of 
bone marrow cells and cultured with α-MEM/10% FBS, sup-
plemented with 5 ng/mL M-CSF, until confluence. Then, 
macrophages were detached by 0.25% Trypsin–EDTA solu-
tion, seeded at 100,000/cm2 and cultured in α-MEM/10% 
FBS, supplemented with 5 ng/mL M-CSF and 3 ng/mL 
RANKL for 7 days. At the end of the culture period, TRAP-
positive multinucleated mature osteoclasts (> 10 nuclei) 
were detected by using TRAP Kit (Sigma Aldrich).

Statistical Analysis

One-way analysis of variance (ANOVA) was used for evalu-
ating the existence of differences among the groups. When 
significant difference was detected, Bonferroni’s post hoc 
analysis was used to determine the significance between 
every two groups. Values of p < 0.05 were considered sta-
tistically significant.

Results

To determine whether PGC1α deficiency leads to skeletal 
abnormalities, we examined long bones of PGC1α wild 
type (PGC1α+/+), heterozygous (PGC1α+/−) and knock out 
(PGC1α−/−) mice. Bone defects were identical in male and 
female mice, therefore, data for both genders have been 
pooled.

To assess changes in bone structure, we performed micro-
CT analysis on cortical and trabecular bone at midshaft 
and proximal tibia, respectively. Although no defects were 
observed in young mice (S1 Table), except for a significant 
reduction of BMD and Conn. Density in the trabecular bone 
of the tibia, PGC1α−/− aged mice showed a defective bone 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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phenotype, more prominent in the tibia. As showed by rep-
resentative microCT-generated section images (Fig. 1a), 
measurement of cortical thickness (Ct.Th.) was lower in 
PGC1α+/− (− 8.4%, p < 0.05) and PGC1α−/− (− 11.9%, 
p < 0.05) mice compared to wild type littermate (Fig. 1a). 
In knockout mice, the length of the tibia was significantly 
lower, whereas the diameter was higher than wild type 
mice. However, this impairment of cortical structure was 
not accompanied by a change of polar moment of inertia 
(pMOI), an index of resistance to torsional forces. Interest-
ingly, trabecular bone, although unaffected in heterozygous 
mice, was defective in knock out mice which displayed 
lower trabecular thickness (Tb.Th) (− 5.9% vs PGC1α+/+, 
p < 0.05), whereas trabecular number (Tb.N) was higher 
than wild type mice (+ 72% vs PGC1α+/+, p < 0.05), thus 

resulting in increased (+ 31.7% vs PGC1α+/+, p < 0.05) 
degree of anisotropy (DA), despite unchanged bone vol-
ume fraction (BV/TV) (Fig. 1b). Although there was no 
change of bone volume fraction, PGC1α−/− showed a sig-
nificant increase of trabecular BMD, a defect opposite to that 
observed in the trabecular bone of 3-months-old knock out 
mice. Notably, these impairments of cortical and trabecular 
bone in PGC1α knock out mice led to a dramatic ~ 48.4% 
decrease in bending strength (p < 0.01) compared with wild 
type and heterozygous mice (Fig. 1c). Moreover, also the 
energy to fracture, albeit not significantly, showed a ten-
dency to decrease by 20% (Fig. 1d).

The bone defect was also evident in the femurs, although 
to a lesser extent compared to the tibia. By microCT analysis 
of femurs, we found that Ct. Th. was lower in femurs from 

Fig. 1   Effect of PGC1α whole 
body deletion on cortical and 
trabecular bone of tibia. Repre-
sentative micro-CT-generated 
section images of cortical 
(midshaft, a) and trabecular 
(metaphyseal, b) bone in tibia 
harvested from PGC1α+/+, 
PGC1α+/− and PGC1α−/− mice. 
Cortical bone parameters 
included cortical thickness (Ct.
Th), polar moment of inertia 
(pMOI), tibia length (t. length) 
and diameter (t. diameter). 
Trabecular bone parameters 
included bone volume/total vol-
ume (BV/TV), trabecular thick-
ness (Tb.Th), trabecular number 
(Tb.N), degree of Anisotropy 
(DA) and bone mineral density 
(BMD). c 3-Point bending test 
showing bending strength (M), 
namely bending elasticity of 
long bones, decreased in null 
mice compared to wild type 
mice. d 3-Point bending test 
showing force at break (W), 
namely resistance of long bones 
to breakage. Data are presented 
as mean ± SEM. n = 7–8 mice 
per group. *p ≤ 0.05, **p ≤ 0.01
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PGC1α+/− (− 11.25%, p < 0.05) and PGC1α−/− (− 20.7%, 
p < 0.05) mice compared to wild type littermates (Fig. 2a). 
Furthermore, femurs from PGC1α−/− mice showed decreased 
resistance to torsional forces, quantified as pMOI (− 20.88% 
vs PGC1α+/+, p < 0.05). Although it was observed the same 
trend seen in the tibia, trabecular bone in femurs from either 
knock out or heterozygous mice was unaffected, showing 
no significant variations respect to wild type mice, and also 
the bending strength and the force at break were unchanged 
(Fig. 2b, c). However, given that femur cortical thickness is 
reduced by 20%, this is mostly reflected in a reduction of tor-
sional strength, as demonstrated by the significant reduction 
in pMOI, rather than bending strength. In addition, by ana-
lyzing the trabecular bone of the spine, we found that knock 
out mice displayed the same defect observed in the tibia, 
namely decreased Tb.Th. (− 8.5% vs PGC1α+/+, p < 0.05) 
and increased Tb.N (+ 42% vs PGC1α+/+, p < 0.05), despite 
unchanged BV/TV (Fig. 2d).

To determine whether the dramatic reduction in corti-
cal thickness observed in PGC1α−/− mice is associated with 
increased bone resorption or with a deficit in bone forma-
tion or both, we stained decalcified sections of tibiae to 
identify osteoclasts by TRAP (Fig. 3a) or to identify osteo-
blasts by ALP (Fig. 3b). As shown in Fig. 3a, osteoclast 
number (OCs Nr) per bone perimeter (BP) was 2.5 times 
higher in PGC1α+/− (p < 0.05) and three times higher in 
PGC1α−/− mice (p < 0.01) compared to wild type littermate. 
The same result was obtained by measuring the osteoclast 
surface area (OCs S) on bone surface area (BS) (p < 0.01). 
On the contrary, either the number of osteoblasts or their 
surface did not differ among genotypes (Fig. 3b). We sought 
to further characterize osteoclast activity in PGC1α−/− mice 
in vivo, therefore, we assayed serum markers of collagen 
type 1 crosslinked C-telopeptide (CTX-I) which was sig-
nificantly increased in PGC1α−/− mice (+ 42%, p < 0.05) 
compared with WT littermates (Fig. 3c). Furthermore, in 
agreement with the unchanged osteoblast number, serum 
levels of procollagen type 1 amino terminal propeptide 
(P1NP) were not significantly different in PGC1α−/− mice 
compared with WT mice (Fig. 3d). Furthermore, dynamic 
histomorphometry assessed by timed injections of xylenol 
orange and calcein in mice showed no significant difference 
in bone formation parameters between wild type and knock 
out mice (Fig. 3e).

Despite bone formation markers were unaffected, we 
found a lower positivity for osteocalcin (Ocn), the most 
abundant non-collagenous protein of bone matrix, at the 
periostal surface of tibiae from PGC1α−/− mice (− 70%, 
p < 0.05) compared with WT littermates (Fig. 3f).

Since cortical bone consists mainly of osteocytes, we 
investigated if there were any changes in their number and 
activity. As showed in Fig. 4a, osteocyte number (OYs Nr) 
per bone surface (BS) did not differ among genotypes, as 

well as sclerostin (Sost) (Fig. 4b) and Dickkopf-related pro-
tein 1 (Dkk1) (Fig. 4c) mRNAs expression. However, we 
found a significant increase in the number of TRAP positive 
osteocytes located close to the bone-resorbing surface, in 
both PGC1α+/− and PGC1α−/− mice compared to wild type 
littermate (Fig. 4d, e).

Given that PGC-1 α is a major regulator of mitochondrial 
biogenesis, we aimed to investigate whether it could also 
regulate in bone the transcription of nuclear genes encod-
ing mitochondrial proteins, as well acknowledged in skeletal 
muscle [15]. We found that expression of the mitochondrial 
transcription factor A (Tfam) mRNA was significantly 
down-regulated in cortical bone of both PGC1α+/− and 
PGC1α−/− mice (Fig. 5a). This reduction was paralleled by 
a decrease, albeit not significant, of osterix (Osx) mRNA 
expression (Fig. 5b). As already observed for protein levels 
(Fig. 3f), mRNA levels of Ocn, were significantly decreased 
by 54 and 48% in PGC1α+/− and PGC1α−/− mice, respec-
tively (Fig. 5c).

To investigate whether mesenchymal stem cell com-
mitment was influenced by PGC1α deletion, we ana-
lyzed bone marrow isolated from long bones in vivo. The 
expression of CCAAT/enhancer-binding protein alpha 
(C/EBPα), which is mainly involved in cell fate to drive 
toward adipocytes differentiation, was slightly increased 
in bone marrow from PGC1α−/− (Fig.  5d). Peroxisome 
proliferator-activated receptor γ (Pparγ) mRNA was not 
changed either in PGC-1α+/− or PGC-1α−/− mice (Fig. 5e). 
Instead, a lower expression of collagen I (Coll I) mRNA was 
observed in bone marrow harvested from PGC1α+/− (− 42% 
vs PGC1α+/+, p < 0.05) and from PGC1α−/− (− 40% vs 
PGC1α+/+, p < 0.05), indicating decreased precursor dif-
ferentiation toward an osteoblast lineage (Fig. 5f). Ex vivo 
cultures of whole bone marrow cells, showed that PGC1α 
deficiency led to higher osteoclast formation than wild type 
mice (Fig. 5g), as already observed in vivo (Fig. 3a). Spe-
cifically, we observed an increase in the number of oste-
oclasts with more than 10 nuclei, whereas the number of 
smaller mature osteoclasts (3 < nuclei < 10) was unchanged. 
By analysing osteoblast differentiation in cultures of bone 
marrow stromal cells depleted from the non-adherent frac-
tion, we found a significant reduction in the number of ALP 
positive cells and mineralized nodules in PGC1α−/− mice 
with respect to wild type (Fig. 5h–i). Surprisingly, the same 
reduction was observed in the number of TRAP positive 
osteoclasts differentiated from PGC1α−/− monocyte depleted 
from the adherent fraction of bone marrow stromal cells 
(Fig. 5j). Searching for an osteoblast-mediated indirect 
mechanism regulating osteoclast differentiation in vivo, we 
found that the receptor activator of NF-kB ligand (Rankl)/
osteoprotegerin (Opg) ratio was strongly increased in bone 
marrow isolated from long bones of both heterozygous and 
knockout mice (Fig. 5k). The increased ratio was dependent 
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Fig. 2   Effect of PGC1α whole body deletion on cortical and tra-
becular bone of femur and trabecular bone of spine. a Representa-
tive micro-CT-generated section images of cortical (midshaft) and 
trabecular (metaphyseal) bone in femur harvested from PGC1α+/+, 
PGC1α+/− and PGC1α−/− mice. Cortical bone parameters included 
cortical thickness (Ct.Th), polar moment of inertia (pMOI), femur 
length (f. length) and diameter (f. diameter). Trabecular bone param-
eters included bone volume/total volume (BV/TV), trabecular thick-

ness (Tb.Th), trabecular number (Tb.N), degree of Anisotropy (DA) 
and bone mineral density (BMD). b 3-Point bending test showing 
bending strength (M), namely bending elasticity of long bones. c 
3-Point bending test showing force at break (W), namely resistance of 
long bones to breakage. d Representative micro-CT-generated section 
images of L5 vertebra and calculated trabecular parameters (BV/TV, 
Tb.Th., Tb.N.). Data are presented as mean ± SEM. n = 7–8 mice per 
group. *p ≤ 0.05
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on raised levels of Rankl mRNA rather than Opg decline, 
whose expression was indeed unchanged among genotypes.

As previously showed by others [12], we found that 
PGC1α−/− mice weigh approximately 30% less than wild 
type littermates (p < 0.01), as well as heterozygous mice 

(− 23% vs PGC1α+/+, p < 0.01) (Fig. 6a). Of note, these 
mice displayed a lower ratio of inguinal WAT (iWAT)/
body weight (Fig. 6b). Expectedly, histological analysis of 
iWAT revealed profound ~ 75% decrease in adipocyte area 
in both PGC1α+/− and PGC1α−/− mice (p < 0.001) (Fig. 6c). 
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Although already evident from morphology, to exclude that 
adipocyte size was dependent from a “browning” activa-
tion, we measured the expression of uncoupling protein 1 
(Ucp1), master gene regulator of this trans-differentiation 
program wherein white adipocytes shift from a WAT to a 
brown adipose tissue (BAT)-like phenotype [16]. In both 
PGC1α+/− and PGC1α−/− mice, Ucp1 mRNA was lower that 
wild type littermates (Fig. 6d). Moreover, in iWAT from 
PGC1α+/− and PGC1α−/− mice, we found a lower expression 
of adiponectin (AdipoQ) mRNA (Fig. 6e), whereas mRNA 
codifying for Leptin, the other major adipocyte-derived hor-
mone, was fourfolds higher than wild type mice (Fig. 6f). 
Interestingly, by analysing bone marrow adipocytes in his-
tological sections of long bones, we found a very similar 
phenotype observed in iWAT, namely ~ 66% (PGC1α+/−, 
p < 0.05) and ~ 43% (PGC1α−/−, p < 0.01) decrease in 

Fig. 3   PGC1α deficiency increases TRAP-positive osteoclast num-
ber and concentration of serum bone resorption marker CTX-I. a 
Representative images (magnification: ×40) of TRAP-stained osteo-
clasts and b ALP-stained osteoblasts in tibial diaphyseal sections of 
PGC1α+/+, PGC1α+/− and PGC1α−/− mice, together with cell counts 
(OCs and OBs, respectively) per bone perimeter (BP) and cell surface 
(S) per bone surface (BS). Concentrations of serum bone resorption 
marker CTX-I (c) and serum bone formation marker P1NP (d) were 
determined by ELISA. e Dynamic histomorphometry on tibial sec-
tions after timed injections (8 and 20  days before death) of xylenol 
orange and calcein, respectively. Representative images are shown 
for PGC1α+/+ and PGC1α−/− mice, together with calculated indices 
of bone formation, including mineralized mineral apposition rate 
(MAR), bone formation rate (BFR), and mineralized surface/total 
bone surface (MS/BS), magnification ×20. f Representative images 
of immunohistochemistry staining of Ocn protein on tibial sections 
(magnification: ×40) and quantitative assessment of percentage of 
Ocn staining. Data are presented as mean ± SEM. n = 5–6 mice per 
group. *p ≤ 0.05, **p ≤ 0.01

◂

Fig. 4   PGC1α deletion increases number of TRAP positive osteo-
cytes. a Osteocytes (OYs) count per bone surface (BS). b, c Gene 
expression of proteins secreted by osteocytes (Sost and Dkk1) were 
evaluated (qPCR) in bone (depleted of bone marrow) isolated from 
femurs and tibiae of PGC1α+/+, PGC1α+/− and PGC1α−/− mice. d 

TRAP-stained osteocytes in bone sections of PGC1α+/+, PGC1α+/− 
and PGC1α−/− mice, together with cell counts per bone surface 
(BS). Data are presented as mean ± SEM. n = 5–6 mice per group. 
*p ≤ 0.05, ***p ≤ 0.001
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adipocyte area/bone marrow area, despite unchanged num-
ber (Fig. 6g, h).

Discussion

This work shows for the first time that PGC1α deficiency 
negatively regulates bone mass and strength in aged mice. 
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Our study arises from the new evidence showing that 
PGC1α, master regulator of mitochondrial biogenesis, 
is broadly involved in functions of several tissues, thus 
becoming a crucial factor on whole body metabolism [3, 
17]. Among all functions, it is well acknowledged that 
PGC1α expression is strongly up-regulated in skeletal mus-
cle after exercise [18], thereby driving the expression of 
mitochondrial genes [19]. Since an existing intimate rela-
tionship between skeletal muscle and bone has been well-
recognized [20], particularly during physical activity [21, 
22], we aimed to investigate whether PGC1α also plays a 
role in bone metabolism. Here we report that PGC1α defi-
ciency profoundly impaired cortical bone mass and strength 
in long bones, primarily at the tibia, in 12-months-old mice. 
PGC1α deficiency led to reduction in cortical thickness and 
trabecular thickness (Tb.Th), whereas trabecular number 
(Tb.N) was higher than wild type mice, thus resulting in 
increased degree of anisotropy (DA). The micro-architec-
tural anisotropy parameter measures the degree of direc-
tional organization of a material and, regarding bone, it is of 
particular interest for the mechanical-architecture relations 
[23]. Several reports in humans showed higher values of 
DA parameter in vertebral fracture cases [24] and the pro-
gressive preferential loss of oriented trabeculae, leading to 
higher degree of anisotropy, has been observed in long bones 
of osteoporotic patients [25, 26]. In our hand, this altera-
tion of the trabecular micro-architecture, accompanied by 
reduction of cortical thickness, suggested a possible impair-
ment of mechanical properties of the tibia, which was indeed 
confirmed by ~ 48.4% decrease of bending strength, thus 

implying that PGC1α deficiency could lead to increased risk 
of fracture, despite the increase of BMD in trabecular bone.

The bone defect observed in PGC1α−/− mice appears 
mainly dependent on increased osteoclast formation and 
activity. However, the number of osteoblasts, stained for 
ALP, was double in PGC1α deficient mice with respect to 
wild type littermates. Albeit not significant, this result could 
partially explain why the number of trabeculae and BMD are 
increased in knock out mice.

Furthermore, despite unchanged levels of the bone for-
mation marker P1NP, there seems to be a contribution of 
PGC1α the osteoblast function, considering that its dele-
tion results in a dramatic reduction of Ocn expression in 
cortical bone. Importantly, previous in vitro study reported 
that PGC1α directly synergizes with Nurr1 to induce Ocn 
expression in osteoblasts [13], thus supporting our in vivo 
data showing a dramatic reduction of Ocn mRNA in long 
bone from PGC1α deficient mice.

The Estrogen-related receptor alpha (ERRα), first identi-
fied orphan nuclear receptor, was primarily thought to syner-
gize with PGC1α to solely regulate the transcription of genes 
involved in the oxidative phosphorylation and mitochondrial 
pathways [27]. However, it has been recently shown that 
three ERRα response elements (ERR response element, 
ERRE) are present in the osteocalcin promoter, and ERRα 
interacts with PGC1α to improve the osteocalcin promoter 
activity [28].

Consistent with the impaired synthesis of this bone-key 
protein [29], we investigated whether early genes involved 
in osteoblast differentiation were also affected by PGC1α 
deletion. Therefore, we analyzed the expression of marker 
genes in bone marrow precursors demonstrating that mRNA 
for Coll I, the most abundant bone protein [29], was down-
regulated in PGC1α mutant mice. Although the bone phe-
notype observed in vivo does not seem attributable to an 
osteoblast defect, given there were no variations in the MAR 
or in the serum level of P1NP, ex vivo differentiation assay 
showed that osteoblasts from PGC1α−/− mice have a cell 
autonomous defect characterized by delays of differentia-
tion and activity. Surprisingly, also PGC1α−/− osteoclasts, 
differentiated from monocyte cultures depleted from bone 
marrow stromal cells, showed the same delay in the dif-
ferentiation process. This result was in contrast with those 
observed in vivo, as the increased number and surface of 
osteoclasts on cortical bone, as well as the elevated levels of 
the serum marker CTX-I. In addition, when osteoclasts were 
differentiated starting from a culture of non-pure monocytes, 
i.e. from the whole bone marrow, cells derived from mutated 
mice showed increased formation of multinucleated osteo-
clast. Although speculative, this suggested that it may exist 
an osteoblast-mediated indirect mechanism which leads to 
high formation and activity of osteoclasts in vivo, resulting 
in cortical thickness reduction in long bones of mutant mice. 

Fig. 5   PGC1α deletion affects mitochondrial and osteoblast marker 
gene expression in cortical bone and osteoblast/adipocyte lineage 
master genes in bone marrow. a Mitochondrial transcription factor 
A Tfam mRNA expression (qPCR) in bone (depleted of bone mar-
row) isolated from femurs and tibiae of PGC1α+/+, PGC1α+/− and 
PGC1α−/− mice. b, c Osteoblast marker genes (Oxs and Ocn) were 
evaluated (qPCR) in bone (depleted of bone marrow) isolated from 
femurs and tibiae of PGC1α+/+, PGC1α+/− and PGC1α−/− mice. d–f 
C/EBPα, Pparγ and Coll1 mRNA expression (qPCR) in whole bone 
marrow isolated from femurs and tibiae of PGC1α+/+, PGC1α+/− and 
PGC1α−/− mice. g Whole bone marrow cells were grown in osteo-
clast differentiation medium. Representative wells and the percent-
age of TRAP-positive cells versus PGC1α+/+ are shown. h, i Rep-
resentative wells of bone marrow stromal cells from PGC1α+/+ and 
PGC1α−/− mice cultured in osteogenic medium (50  µg/mL ascorbic 
acid and 10− 2 M β-glycerophosphate). The percentage of ALP-posi-
tive colonies (10 days) (h) and von Kossa-positive mineralized nod-
ules (21 days) (i) versus PGC1α+/+ are shown. j Representative wells 
of mature osteoclasts differentiated from bone marrow non-adherent 
fraction of PGC1α+/+ and PGC1α−/− mice and cultured in osteo-
clast differentiation medium. The percentage of TRAP-positive cells 
(> 10 nuclei) versus PGC1α+/+ are shown. k Rankl/Opg ratio was 
evaluated (qPCR) in bone marrow isolated from femurs and tibiae 
of PGC1α+/+, PGC1α+/− and PGC1α−/− mice. Data are presented as 
mean ± SEM. n = 5–6 mice per group. *p ≤ 0.05, **p ≤ 0.01

◂
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Fig. 6   PGC1α deletion affects body weight, iWAT distribution and 
morphology along with expression of genes involved in the browning 
response and hormonal secretion. a Measured body weight. b iWAT 
weight normalized to total body weight from PGC1α+/+, PGC1α+/− 
and PGC1α−/− mice. c Photomicrographs of hematoxylin and eosin 
stained sections of iWAT from PGC1α+/+, PGC1α+/− and PGC1α−/− 
mice (magnification: ×40) showing a significant decrease of mean 

adipocyte area in mutant mice compared to wild type. d–f Ucp1, 
AdipoQ and Leptin mRNA expression (qPCR) in iWAT harvested 
from PGC1α+/+, PGC1α+/− and PGC1α−/− mice. g, h Adipocytes 
(ADs) number and area count per bone marrow area (BM area). Data 
are presented as mean ± SEM. n = 5–6 mice per group. *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001
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Searching for an osteoblast-mediated indirect mechanism 
stimulating osteoclast differentiation in vivo, we found that 
Rankl/Opg ratio was strongly increased, due to elevated lev-
els of Rankl in the bone marrow of knock out mice.

Moreover, it is well known that adipocytes and osteo-
blasts originate from a common mesenchymal precursor 
within bone marrow and while mesenchymal stem cells acti-
vate their differentiation process toward adipo- or osteogenic 
cell fate, specific transcription factors become up-regulated 
[30]. Although PPARγ expression was unchanged, we found 
increased levels of C/EBPα mRNA in PGC1α knock out 
mice. Further studies are required to understand if PGC1α 
deletion leads to increased marrow adiposity which may 
contribute to the detrimental effect on bone health [31–33].

In addition to the decrease of body weight, we also 
observed that both PGC1α+/− and PGC1α−/− mice 
had lower ratio of iWAT/body weight, consistent with 
decreased adipocyte size. Recent evidence has shown 
that certain WAT depots have a higher propensity to 
form inducible brown fat [34], such as the inguinal WAT, 
whereas epididymal WAT is less prone to browning [34]. 
PGC1α has been extensively studied in the classical brown 
fat (intrascapular), where it coactivates PPARγ to up-reg-
ulate Ucp1 and consequently activates the thermogenesis 
[3]. To our knowledge, here we show for the first time that 
the lack of PGC1α negatively regulated Ucp1 expression 
also in inguinal WAT.

Several evidences claimed the existence of a reciprocal 
regulation between bone and energy metabolism [35, 36]. 
The hormone osteocalcin, in addition to its primary role as 
bone-building protein, also regulates energy metabolism, 
either by promoting insulin secretion by pancreatic β-cells 
or signaling in adipocytes where it induces the synthesis 
of adiponectin, the fat-specific hormone, and increases 
insulin sensitivity [37]. On the other hand, leptin, another 
adipocyte-derived hormone, inhibits bone mass accrual via 
sympathetic nervous system [38] and this action is partially 
counteracted by adiponectin [39]. Our data showed that 
these two hormones are influenced by PGC1α deficiency in 
an opposite manner. Further studies could demonstrate if the 
lower expression of AdipoQ and, at the same time, the higher 
expression of Leptin, may contribute to the impairment of 
bone mass observed in PGC1α knock out mice. One limita-
tion of our study is that, although the whole-body deletion 
of PGC1α gives rise to viable off-spring [12], the charac-
terization of their bone phenotype could have been masked 
by other systemic effects [40]. Therefore, the generation of 
PGC1α conditional knockout models, with specific deletion 
in osteoblasts or osteoclasts, could provide in future a better 
understanding into the contribution of this transcription fac-
tor to bone metabolism. In addition to unexplored secondary 
systemic effects, the bone mass of PGC1α knock out mice 
may have been affected by the 30% reduction of body weight 

respect to wild type littermates, thus resulting in a lower 
“load” on the skeleton. However, despite the high body mass 
has traditionally been considered positive to bone for the 
beneficial effect of mechanical loading on bone formation, 
several studies have achieved a clear consensus, suggest-
ing instead that high fat mass could rather be detrimental 
to bone [41]. In parallel, several reports have ascertained 
that low body weight, as observed in animal and human 
models of caloric restriction and anorexia nervosa, often 
correlates with low bone mass and reduced BMD [32, 33]. 
Furthermore, we found that differentiation of osteoblasts and 
osteoclasts is affected in mutant mice, providing evidence for 
a cell-autonomous role of PGC1α in bone cells. Although 
future studies will be needed to better define if there are cou-
pling factors, other than Rankl, which exacerbate osteoclast 
activity in vivo, overall results presented herein highlight for 
the first time that PGC1α has a critical role in the regulation 
of bone mass.
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