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Induced global deletion of glucocorticoid receptor
impairs fracture healing
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ABSTRACT: Although endogenous glucocorticoids (GCs) are important regulators of bone integrity and the im-
mune system, their role in bone repair after fracture—a process highly dependent on inflammation and bone
formation—is unclear. Because most effects of GCs are mediated by the glucocorticoid receptor (GR), we used an
inducible global GR knockout (GREROSACERT2) 135use model to eliminate endogenous GC action in all cells con-
tributing to bone repair. The healing process was analyzed by cytokine/chemokine multiplex analysis, flow cytometry,
histology, gene-expression analysis, microcomputed tomography, and biomechanical analysis. We observed in-
creased early systemic and local inflammatory responses, as well as a significantly higher number of T cells infiltrating
the fracture callus. Later in the healing process, we found impaired endochondral ossification in the absence of the GR,
leading to persistent cartilage in the calli of the GRS™OSACERT2 pice, decreased bending stiffness, and a significantly
lower proportion of healed bones. Collectively, our data show that the absence of the GR significantly impairs fracture
healing associated with a defective cartilage-to-bone transition, underscoring an important role of GCs during fracture
healing—Rapp, A. E., Hachemi, Y., Kemmler, J., Koenen, M., Tuckermann, J., Ignatius, A. Induced global deletion of

glucocorticoid receptor impairs fracture healing. FASEB ]. 32, 2235-2245 (2018). www.fasebj.org
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Endogenous glucocorticoids (GCs) as major components
of the stress response and circadian rhythms control
multiple physiologic processes, in particular glucose and
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energy metabolism, the immune system, organ integrity,
and bone metabolism (1, 2). Upon stimulation of the
hypothalamic—pituitary—adrenocortical axis by stress, in-
jury, or cytokines, GCs are released by the adrenal cortex.
Most effects of GCs are mediated by the glucocorticoid
receptor (GR), a member of the nuclear receptor super-
family that is almost ubiquitously expressed (3). The GR
functions primarily as a ligand-dependent transcription
factor that translocates into the nucleus after hormone
binding. In the nucleus, the GR can act in different man-
ners: as a homodimer, the GR binds to palindromic GR
binding sites; as a monomer, it binds to so-called GR-
binding half sites in the vicinity of lineage-specific tran-
scription factors to transactivate or repress genes (4). In
addition, the GR can influence gene expression as a
monomer by a mechanism termed tethering via binding to
transcription factors, including activator protein 1, NF-«B,
and signal transducer and activator of transcription (5, 6).

An excess of exogenous GCs is known to negatively
influence bone integrity because long-term medication
leads to glucocorticoid-induced osteoporosis (GIO) (2, 7),
whereas low-dose GC replacement therapy does not result
in a significant reduction of bone mineral density (BMD)
(8). GIO occurs mostly because of direct effects on cells of
the osteoblast lineage, including a reduction of the osteo-
blast number and differentiation, as well as impaired os-
teoblast function. In addition, cells of the osteoclast lineage
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are affected in a complex manner: osteoclastogenesis is
decreased, whereas the life span and resorptive capacity
are enhanced (9, 10). Additionally, the RANKL/OPG ratio
is altered in GIO (11). The role of endogenous GCs on bone
is less clear; furthermore, investigation of the role of en-
dogenous GCs on bone is complicated by the fact that a
constitutive knockout of the GR is postnatally lethal be-
cause of atelectasis of the lung (12). However, analysis of
GR™" fetuses revealed that embryonic skeletal develop-
ment is normal in the absence of the GR (13). Postnatally, it
was shown that GR signaling is necessary for physiologic
bone metabolism because disruption of signaling specifi-
cally in osteoblasts resulted in decreased trabecular bone
mass in GRR*™?“ mice (13). Similarly, overexpression of
the GC-nactivating enzyme 118 hydroxysteroid de-
hydrogenase 2 (113-HSD?2) in osteoblasts and osteocytes in
Col2.3-113-HSD2 transgenic mice led to diminished tra-
becular and cortical bone mass (1, 14, 15) and delayed
cranial bone development (16).

Notably, although investigation of the role of endoge-
nous GCs during bone-defect repair is limited, it is known
that GCs are released upon traumatic insult and that the
hypothalamic—pituitary—adrenocortical axis is stimulated
by proinflammatory cytokines that are up-regulated dur-
ing the early phase of fracture healing, including IL-6, IL-
18, and TNF-a (17). Knowledge of the role of GCs is
predominantly derived from animal studies investigating
the effect of exogenous GC. Here, the effects appear to
depend on the duration of GC administration because
long-term medication results in impaired healing (18),
whereas short-term administration of synthetic GCs leads
only to moderate, transient effects (19, 20). In contrast to
the effects on bone development, intramembranous bone
regeneration of a drill-hole defect was unaffected in Col2.3-
11B-HSD2 mice (21). However, in mice with targeted
tamoxifen-induced postnatal deletion of the GR in chon-
drocytes, endochondral bone healing was delayed (22).

Because the general role of endogenous GCs during
fracture healing remains unclear, we aimed to unravel the
effect of GR-mediated action of GCs. We discovered that
the absence of the GR moderately affects systemic and
local inflammation and furthermore impairs endochon-
dral ossification in the late phase of fracture healing.

MATERIALS AND METHODS
Animal model and husbandry

Animal experiments were performed according to national
and international guidelines for the Care and Use of Laboratory
Animals, and were approved by the local Ethics Committee
(Regierungsprasidium Tiibingen, Germany).

Homozygous Nr3c1™2 mice (23) were cross-bred with
hemizygous Gt(ROSA)26Sor™?(cre/ESRDATte 1506 6 obtain
Nr3c1™2C<GHROSA )26Sor™(cre/ESRDATe nyi00 (hereafter re-
ferred to as GR"**when Cre negative and GREROSACTERT2 yyhen
Cre positive). All mice were maintained on a C57BL/6 back-
ground. Genotypes were determined by PCR using DNA from
tail biopsy samples as previously described (13). The mice were
housed in groups of up to 5 animals with a 14 h light-10 h dark
cycleat23°Cand 55 + 10% humidity. Standard rodent chow and
water were available ad libitum. Six-week-old GREROSACTeERT2
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and GR™™ littermate controls were injected intraperitoneally
with tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) in corn oil
on 5 consecutive days (10 mg/kg per day).

When 14 wk old, the mice received a unilateral femur osteot-
omy as described previously (24). Briefly, under general anesthesia
(2 vol%isoflurane, Forene; Abbott Laboratories, Chicago, IL, USA)
the right femur was exposed, and the midshaft was osteotomized
with an oscillating saw (0.4 mm thick). The osteotomy was stabi-
lized using an external fixator (axial stiffness 3.2 N /mm; RISystem,
Davos, Switzerland) that was fitted to the bone with 4 mini-Schanz
screws. An analgesic was administered via the drinking water
from 1 d before to 3 d after surgery (tramadol-hydrochloride,
25 mg/L; Griinenthal, Aachen, Germany). Before surgery,
the mice received a single dose of antibiotics (clindamycin-
2-dihydrogenphosphate, 45 mg/kg; Ratiopharm, Ulm, Germany).

Mice were euthanized by intracardial blood withdrawal un-
der deep isoflurane anesthesia after 6 or 24 h, and after 3,7, 14, or
28 d. After euthanasia, the tamoxifen-induced recombination of
the loxP locus of the GR was confirmed by PCR. The following
primers were used: GR 5'-GGCATGCACATTACTGGCCTTCT-
3’; GR flox 5'-GTGTAGCAGCCAGCTTACAGGA-3’; and GR
wild-type 5'-CCTTCTCATTCCATGTCAGCATGT-3'.

Cytokine and chemokine analysis

Blood serum and fracture hematomas collected 6 h after osteot-
omy were used for cytokine analysis. Blood was collected in
microvettes (Sarstedt, Niimbrecht, Germany), then centrifuged at
800g for 5 min at 4°C, followed by a second centrifugation at
13,000g for 2 min. The obtained serum was stored at —80°C until
use. The fracture hematoma was directly transferred into lysis
buffer (10 mM Tris pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 0.5 mM
Triton X-100, 0.2 mM PMSF, all from Sigma-Aldrich) with protease
inhibitor cocktail (Halt Protease and Phosphatase Inhibitor Cock-
tail; Thermo Fisher Scientific, Waltham, MA, USA) and minced.
After 30 min incubation on ice, the samples were centrifuged at
18,000¢ for 30 min at 4°C. Protein concentration was determined
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. The lysates were
stored at —80°C until use. Using a mouse multiplex cytokine and
chemokine assay (ProcartaPlex; eBioscience, San Diego, CA, USA),
the levels of the proinflammatory mediators TNF-, IL-1B, IL-6,
IFN-y, monocyte chemotactic protein 1 (MCP-1), macrophage
inflammatory protein la (MIP-1a), and keratinocyte chemo-
attractant 1 (CXCL1) and the anti-inflammatory mediators IL4,
IL-10, and IL-13 were determined on a Bio-Plex 200 (Bio-Rad,
Hercules, CA, USA). Using standard curves, the cytokine levels
were calculated automatically with Bio-Plex Manager software.

Flow cytometry

At 24 h after osteotomy, blood and the fracture hematoma were
analyzed for immune cells using flow cytometry. To remove
erythrocytes from blood, lysis was performed twice for 5 min on
37°C using lysis buffer (150 mM NH,Cl, 10 mM KHCO;,
0.125 mM EDTA, all from Sigma-Aldrich). The hematoma be-
tween the bone ends was excised and pressed through a cell
strainer to obtain a single-cell suspension. Cells of the innate and
adaptive immune systems were stained using the following an-
tibodies or respective isotypes: CD11b Alexa Fluor 700 (clone
M1/70; eBioscience), Ly6G V450 (clone 1A8; BD Pharmingen,
Heidelberg, Germany), F4/80 FITC (clone BMS; eBioscience),
CD3e PE-Cyanine 7 (clone 145-2C11; eBioscience), CD4 APC-
eFluor 780 (clone GK1.5; eBioscience), CD8a APC (clone 53-6.7;
eBioscience), and CD19 PE (clone 1D3; eBioscience). 7-AAD
(Sigma-Aldrich) was used to distinguish between living and
dead cells. A minimum of 10,000 events was measured with an
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LSRII flow cytometer (BD Biosciences, San Jose, CA, USA) and
analyzed by Flow]Jo software (Treestar, Ashland, OR, USA).

Histomorphometry

Femurs collected after 28 d were fixed in 4% formalin for 48 h,
dehydrated, and embedded in methyl methacrylate. At the other
time points, femurs were fixed for 48 h, decalcified in 20% EDTA
for 10 to 12 d, dehydrated, and embedded in paraffin. Sections 6
to 8 wm thick were stained with Giemsa stain or Safranin O /Fast
Green. Evaluation of the callus composition was performed by
light microscopy (Leica DMI6000 B, Software MetaMorph; Leica
Microsystems, Buffalo Grove, IL, USA) under 50-fold magnifi-
cation. At all the time points, the whole callus was analyzed for
the amount of bone, cartilage, and fibrous tissue.

To determine the number of osteoblast and osteocytes, sec-
tions were stained with toluidine blue or Giemsa stain. For vi-
sualization of osteoclasts, tartrate-resistant acid phosphatase
(TRAP) staining was performed using naphthol AS-MX phos-
phate and Fast Red TR-Salt (both Sigma-Aldrich) in 0.2 M acetate
buffer at pH 5.0. Osteoblast and osteoclast numbers, and surface
per bone surface were determined using the OsteoMeasure his-
tomorphometry system (Osteometrics, Decatur, GA, USA).
Analysis was performed according to the recommendations of
the American Society for Bone and Mineral Research (25, 26).

Immunohistochemistry

For immunohistochemical analyses, paraffin was removed from
paraffin-embedded sections and the sections rehydrated. After
antigen retrieval in 0.1 M sodium citrate buffer (pH 6, 95°C,
20 min), nonspecific binding sites were blocked using 10% goat
serum or bovine serum albumin in Tris-buffered saline, pH 7.6,
with 0.1% Triton X-100 (Sigma-Aldrich) for 1 h at room temper-
ature. Sections were incubated overnight at 4°C with the re-
spective primary antibody or isotype for staining of Ly6G for
polymorphonuclear neutrophils (PMNs; 1:300; Biolegend, San
Diego, CA, USA), F4/80 for macrophages (1:500; Bio-Rad
ADbD Serotec, Puchheim, Germany), and CD31 for endothelial
cells (1:10; Dianova, Hamburg, Germany). For staining of
CD8-positive cytotoxic T cells (1:500; Bioss, Woburn, MA,
USA), sections were incubated for 2 h at room temperature. In-
cubation with a biotinylated secondary antibody was performed
atroom temperature for 30 min to 1 h. For signal detection, either
horseradish peroxidase-linked streptavidin and subsequent
ACE single solution (both Zytomed Systems, Berlin, Germany)
or Vectastain Elite ABC kit and NovaRed substrate (both Vector
Laboratories, Burlingame, CA, USA) were applied. The sections
were counterstained with hematoxylin and mounted.

Isolation and culture of bone marrow stromal
cells and periosteal-derived osteoblasts, and
subsequent RNA isolation

Long bones of tamoxifen-treated GR8ROSACERT2 g GRIox

animals were excised and cleaned from adhering muscle,
and bone marrow was flushed using high-glucose DMEM
with L-glutamine (Sigma-Aldrich) supplemented with 20%
fetal bovine serum (Thermo Fisher Scientific) and 1%
penicillin-streptomycin (Sigma-Aldrich), then plated. Cells
were grown to subconfluence, detached w1th Accutase (Sigma-
Aldrich), and reseeded with 3500 cells/cm?. Cells at passage 2
were collected for RNA isolation.

To isolate osteoblasts, cortical bone was minced, washed
with PBS, and digested for 2 h in 0.1 w/v% collagenase
A (Sigma-Aldrich) in AlphaMEM (Biochrom, Cambourne,
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United Kingdom) at 37°C. After digestion, bone chips were
washed 2 times in PBS, transferred to a 6-well plate, and cul-
tivated in «-MEM supplemented with 10% FBS Superior (Bio-
chrom), 1% L-glutamine, 1% penicillin-streptomycin, and 0.5%
amphotericin B (all Thermo Fisher Scientific). Osteoblasts were
detached with trypsin and reseeded with 3000 cells /cm?. Cells
at passage 2 were collected for RNA isolation. Total RNA was
isolated using RNeasy Midi Kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s instruction.

RNA isolation and gene-expression analysis

RNA from calli was isolated on d 14 after fracture. The osteo-
tomized femur was collected, placed on ice, and directly trans-
ferred into RN Alater (Sigma-Aldrich, St. Louis, MO, USA). The
callus between the 2 inner pins was excised and minced. To
further disrupt the calli, a mixer mill was used. RNA isolation
was performed using the TRIzol Plus RNA Purification Kit
(Ambion, Austin, TX, USA) according to the manufacturer’s
protocol, with additional DNA digestion using RNAse-free
DNAse I (Qiagen). cDNA was synthesized from 1 to 2 pug RNA
using RevertAid H Minus reverse transcriptase (M-MulV; Fer-
mentas, Waltham, MA, USA) with 5X reaction buffer at room
temperature, random primers (200 ng/pl; Thermo Fisher Scien-
tific), and 10 mM dNTPs following the manufacturer’s instruc-
tions. Real-Time quantitative PCR was performed in 10 pl
reaction volume using SYBR Green I dye (Thermo Fisher Scien-
tific) on an ABI ViiA-7 system (Applied Biosystems; Thermo
Fisher Scientific). The mRNA abundance of collagen type 10 a1
chain (Col10a1), collagen type 2 a1 chain (Col2a1), Runx2 (Runx2),
osteocalcin (Bglap), sex-determining region Y-box 9 (Sox9), osterix
(Sp7), Trap, receptor activator of nuclear factor kB ligand (Rankl),
and osteoprotegerin (Opg) was calculated relative to the expres-
sion of the reference gene Gapdh and the data analyzed using a
model based on correction for exact PCR efficiencies. The primers
used are listed in Supplemental Table 1.

Microcomputed tomography

Intact and osteotomized femurs collected after 28 d were scanned
using a microcomputed tomography (wCT) device (SkyScan
1172; Bruker microCT, Kontich, Belgium) at a resolution of 8 pm
at a peak voltage of 50 kV and 200 pA. Within each scan,
2 phantoms with defined hydroxyapatite content (250 and
750 mg/cm %) were scanned to determine the BMD. In intact fe-
murs, a volume of interest of 1 mm length below the trochanter
major was analyzed for cortical thickness, BMD, and second
moment of inertia. Trabecular bone was analyzed in the distal
femur 0.2 mm above the growth plate and in the proximal tibia. In
fractured femurs, the former osteotomy gap was analyzed for
BMD and trabecular parameters. To distinguish between min-
eralized and nonmineralized tissue, a fixed global threshold of
~643 mg hydroxyapatite per cubic centimeter was applied (27).

Analogous to the standard clinical assessment of X-rays to
determine the healing outcome, the number of bridged cortices
was determined in 2 perpendicular axes from wCT scans. A
fracture was considered to be healed when the osteotomy gap
was bridged at 3 or more sites.

Biomechanical testing

Intact and osteotomized femurs collected after 28 d were ana-
lyzed for flexural rigidity by nondestructive 3-point bending (24).
Briefly, the proximal end of the femur was fixed to an aluminum
cup, which in turn was fixed to a hinge joint of the 3-point
bending setup in the material testing machine (Z10; Zwick Roell,

2237


http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201700459RR/-/DC1

p=0.074 Cortical Bone - Femur

3000+ 0.254 2000+ 0.259
A B c D% __
N e — . 0.20+ 3 15004 0.204 —e
E 2000 . <
E E 0.154 I £ 0.154
= £ 2 1000+ E
= £ c
= i 0101 c % 0.104
= 1000+ 3 = =
0.05 = 0.05
0 T T 0.00: T T 0 T T 0.00 T T
GRMIox (GRYROSACreERT2 GRflox (GRYROSACreERT2 GRflox GROtROSACreERT2 GRflox  GROtROSACreERT2
Trabecular Bone - Femur
E 20 F 4 G 0.06+ H 0.25+
_—
0.204 e
154 | 3 e
= £ ' E 0.04 E
£ T £ T E E 0.5
E 104 £ 21 = ‘a
S z = @ 0.10
o 5 '.E N 2 0.024 =
0.05+
0 T T o T T 0.00 , . 0.00 . .
GRﬂux GRglROSACreERTz GRflox GRYtROSACreERT2 GRflox GRYtROSACreERT2 GRflox GRYtROSACreERT2
Trabecular Bone - Tibia
I 4 % J 0.8 w K 0.06+ L 1.09 *
—_ —— e — 4 _
34 £ 0.6 i
2 £ £ 0.041 g o5
- 24 = 0.4+ I £ £ '
E e U = o
S z B 0.02 0 0.4
m 8 .02+
14 = 0.2 a 2
0.24
0 T T 0.0 T T 0.00 T T 0.0 T T
GRrox GRQ(ROSACreERTZ GRrox GRQ:ROSACreERTZ GRﬂox GRglROSACreERTZ GRllox GRg!RDSACreERTZ
Cellular Parameters - Femur
M 15+ N 15+ (o] 5 P 20+
£ £ .
£ - | X == £ Y [ = 1% T
.E 10 e 107 E N =
] 7]
nE. @ E @ 10
@ 2 g 2 "
= 5 o 5 £ o
=z (o] = [} 5.
g g 14
(o] o]
0 T T 0 T T 0 T T 0 T T
GRﬂcx GRglROSACreERTZ GRflox GRQ(ROSACreERTZ GRﬂcx GRglRDSACreERTZ GRIIDx GRgtROSACreERTZ

[=1]
o
o
]

4004 —|_ _]—

2004

Ot.N/B.Ar in 1/mm2

GRMox  GROROSACIEERT2

Figure 1. Bone mass is moderately affected by postnatal deletion of GR. GR™* and GREROSACERTZ ice were treated with
tamoxifen when aged 6 wk. Twelve weeks later, bone phenotype was analyzed. Bending stiffness was analyzed by 3-point bending
test in femur diaphysis (A). Cortical thickness (Ct.Th, B), tissue mineral density (TMD, C), and second moment of inertia (Ix, D)
of femur diaphysis were analyzed by wCT. Trabecular parameters bone volume per tissue volume (BV/TV, E), trabecular
number (Tb.N, F), trabecular thickness (Tb.Th, G), and trabecular separation (Tb.Sp, H) in distal femur and proximal tibia
(I-L) were analyzed by wCT. By histomorphometry, osteoblast number per bone perimeter (Ob.N/B.Pm, M), osteoblast surface
per bone surface (Ob.S/BS, N), osteoclast number per bone perimeter (Oc.N/B.Pm, O), osteoclast surface per bone surface
(Oc.S/BS, P), and osteocyte number per bone area (Ot.N/B.Ar, Q) were analyzed in distal femur. Data are presented as means =
SEM; n = 7-9 per group (A-H); n = 4-7 per group (M-0).
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Ulm, Germany). The femur condyles rested unfixed on a bending
support. The bending load was applied to the midshaft of intact
bones or the middle of the callus up to a maximum load of 4 N.
Flexural rigidity (EI) was calculated from the slope (k) of the linear
region of the force—displacement curve. The distance of the load
vector and the proximal (2) and distal (b) bending supports was
considered in the calculation when the force was not applied
exactly in the middle between the supports (I/2). For the calcu-
lation, the formula EI = k(a*?) /3] was used.

Statistical analysis

Statistical analyses were performed by GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA). Data were analyzed for
normal distribution by the Shapiro-Wilk normality test. Nor-
mally distributed variables were compared by Student’s ¢ test,
while the Mann-Whitney U test was performed to compare
nonnormally distributed data. Data derived from immunos-
taining at different time points were analyzed by applying 2
separate 2-way ANOV As. The first was applied to compare the
genotypes at the different time points; the second was applied to
analyze the effects within the genotypes over time. Because we
applied a scoring system, cortical bridging was analyzed by
contingency analysis by Fisher’s exact test. A values of P = 0.05
was considered statistically significant.

RESULTS

Conditional deletion of GR moderately affects
bone mass in intact skeleton

To eliminate the GR, we treated male GR8ROSACTEERT2 e
and GR™ control mice with tamoxifen when aged 6 wk
and analyzed the degree of recombination of the GRloxP
locus after euthanasia when aged 18 wk. GR8ROSACeERT2
mice displayed an efficient recombination of the GRloxP
locus on the gene level, resulting in a decreased GR ex-
pression level in the entire bone (Supplemental Fig. S1A),
isolated bone marrow—derived stromal cells, and isolated
periostal cells, which are the osteoprogenitor cells con-
tributing to bone regeneration (Supplemental Fig. S1C, D).

Upon GR deletion, the body weight of GR™ and
GRBMROSACIEERT2 1ice was not significantly different
12 wk after treatment (26.5 = 1.84 g vs. 27.0 = 2.0 g;
n =10/genotype), indicating that the tamoxifen-induced
deletion of the GR when aged 6 wk did not influence
growth or maturation.

Biomechanical testing of the femur diaphysis revealed a
slight but nonsji‘ﬁg\ificant decrease of stiffness in the femur
of GREROSACTERT2 njce (Fig, 1A). Cortical thickness, tis-
sue mineralization, and second moment of inertia of the
femur diaphysis were unaffected (Fig. 1B-D). Bone vol-
ume per tissue volume (BV /TV) ratio of cancellous bone in
the distal femur of GRE®OSATERT2 mice was not signifi-
cantly decreased; there were no alterations in trabecular
thickness, number, or spacing (Fig. 1E-H). However, in the
proximal tibia, BV /TV, trabecular number, and trabecular
spacing were significantly reduced (Fig. 11, ], L). Osteoblast
numbers and surface, osteoclast numbers and surface, and
osteocyte numbers per bone area were not significantly
altered in the distal femur in GRE™OSACTERTZ mice (Fig,
1IM-Q). In summary, conditional deletion of the GR
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affected trabecular bone mass only in specific bones and
had a minor impact on cortical bone.

Conditional deletion of GR affects systemic
and local inflammation after fracture

To evaluate the inflammatory response and the healing
process after fracture, we performed femur osteotomy in
GREROSACIEERT2 a1 d control mice 7 wk after the final ta-
moxifen injection. First, we analyzed the inflammatory
response after fracture by multiplex cytokine/chemokine
analysis of serum and fracture hematoma obtained 6 h
after osteotomy and by flow cytometry of circulating im-
mune cells in the blood and immune cells invading the
fracture hematoma after 24 h.

Basal levels of the analyzed cytokines and chemokines
in uninjured GR™ were below the detection limit. At 6 h
after fracture, CXCL1 and IL-6 were up-regulated in both
genotypes. While CXCL1 was not differentially regulated
in GR"* and GRERISACTERT2 mjce 11 -6 was significantly
higher in GRE™OSACERTZ mjce (Table 1, top). All other
cytokines and chemokines (TNF-o, IL-1B3, IFN-y, MCP-1,
MIP-1«, 114, IL-10, and IL-13) were not detectable at this
time point (data not shown).

Analysis of callus lysates collected 6 h after frac-
ture revealed a significant increase in IL-1p levels in
GREWROSACEERT2 ompared to GR™ mice, while other
medjiators, including CXCL1, IL-6, IFEN-y, MCP-1, MIP-1a,
and TNF-«, were not differentially expressed (Table 1,
bottom). Levels of anti-inflammatory cytokines IL-4, IL-10,
and IL-13 were below the limit of detection (data not
shown).

Flow cytometric analysis of immune cells in the blood
revealed no significant alterations of circulatory PMNs
(CD11b*Ly6G"), cells of the monocyte/macrophage line-
age (CD11b"F4/80"), B cells (CD19"), or T cells (CD3") 24 h
after osteotomy in the absence of the GR, indicating no
considerable systemic inflammation (Table 2). Analysis of
immune cells invading the fracture hematoma 24 h
after osteotomy by fluorescent-activated cell sorting
revealed no significant differences in the fraction
of PMNss (Fig. 2A), macrophages (Fig. 2B), or B cells
(Fig. 2C). In contrast, the fraction of CD3™ cells was
significantly increased in GR8'ROSACTERTZ compared
to GR"* mice (Fig. 2D).

Next, we stained sections of fracture calli obtained after
6,24, and 72 h for immune-cell markers. In the peripheral
callus, Ly6G" cells were found as early as 6 h after
osteotomy. As expected, the number of Ly6G" cells sig-
nificantly increased within the first 24 h and significantly
declined by 72 h after osteotomy. We found no significant
differences in the number of Ly6G" cells between both
genotypes (Fig. 2E). The numbers of F4/80" cells were not
significantly different between the genotypes 6,24, or 72h
after fracture (Fig. 2F). After 6 h, we detected more CD8"
cells in GR™ compared to GRE®ROSATERT2 pjce. While
the number of CD8" cells declined in GR°% after 24 h (not
significant) and 72 h (significant), their number did not
significantly decline in GRE®ROSACTERT2 mice indicating
prolonged inflammation (Fig. 2G). Taken together, the
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TABLE 1. Deletion of GR leads to increased inflammation

Compartment Cytokine/chemokine GR% y =57 GRBIROSACreERT2 -y 6 P

Serum (pg/ml) CXCL1 235.6 + 72.8 166.1 + 23.5 0.945
1L-6 162.0 = 52.9 377.8 * 95.3% 0.035

Hematoma (pg/mg protein) TNF-o 27+ 13 49 * 0.7 0.166
IL-1B 3.2+ 15 12.2 = 2.7% 0.021
1L-6 2243.9 + 827.7 3456.7 = 809.7 0.323
IFN-y 0.8 04 0.9 = 0.2 0.903
MCP-1 216.6 = 117.2 188.2 + 61.2 0.837
MIP-1a 29.13 = 5.65 33.62 * 4.72 0.537
CXCL1 90.9 + 18.4 211.5 * 70.2 0.150

Cytokine and chemokine levels in serum and callus homogenates were determined by cytokine and chemokine multiplex analysis. Data are

presented as means = seM. *P = 0.05.

fracture-induced inflammatory response was moderately
increased in the absence of GR.

Conditional deletion of GR disturbs
endochondral ossification

To assess the healing response in the absence of GR, we
analyzed fracture calli at d 7, 14, and 28. Histomorpho-
metric analysis of the fracture callus on d 7 and 14 revealed
no significant alterations of the callus composition in the
absence of the GR in the early and intermediate phases of
fracture repair, indicating no sustainable influence of the
elevated inflammation on bone formation (Fig. 3). How-
ever, after 28 d, we found si/§nificantly more residual car-
tilage in the calli of GRE™ROSAERT2 mjce compared to the
GR™ control, indicating delayed callus maturation (Fig.
3C, F, I). Because osteogenesis depends on angiogenesis,
we stained sections derived from d 3, 7 and 14 for the
endothelial cell marker CD31 (PECAM) and additionally
counted erythrocyte-containing structures as a surrogate
for vessels on d 28. On d 3, there were no PECAM-positive
cells in the fracture hematoma. On d 7 and 14, we detected
no significant differences in the number of PECAM-
positive cells between GR™™ and GRE™ROSACTERT2 apyimals
(Fig. 3], K). The PECAM-positive cells often formed vessel-
like structures (Fig. 3K). Also on d 28, there was no sig-
nificant difference in the number of vessel-like structures
between GR sulfficient and GR-deficient mice, indicating
effective revascularization of the callus (Fig. 3L, M).

The higher cartilage content resulted in a significant re-
duction of flexural rigidity of the osteotomized femurs in
GREROSACERT2 mice (Fig. 4A). Analysis of cortical bridg-
ing revealed a significantly lower proportion of successfully

healed (i.c., =3 cortices bridged) femurs in GREROSACTERT2

compared to GR" mice (Fig. 4B). Confirming the his-
tomorphometry, the BMD was significantly lower in
GRSWROSACIEERTS compared to GR™* mice (Fig. 4C). Tra-
becular parameters in the callus were not significantly
altered (Fig. 4D-F). At the cellular level, the numbers of
osteoblasts per bone perimeter and osteoblast surface
per bone surface were nonsignificantly elevated in
GRBROSACIEERT2 100 (Fig. 4G, H), whereas osteoclast
numbers and surface were nonsignificantly decreased

(Fig. 41, ]).

Conditional deletion of GR increases
expression of chondrogenic markers
during intermediate healing phase

Because only the late phase of fracture healing appeared to
be significantly influenced by the absence of the GR, we
investigated the intermediate phase of fracture healing
more closely and performed gene-expression analysis of
RNA isolated from calli on d 14 after fracture. The ex-
pression level of the early chondrogenic marker Sox9
was unaltered, whereas the late chondrogenic marker
genes Col2al and Col10al were significantly increased
in GR8MOSACTERT2 (ompared to GR™* mice (Fig. 5A-C).
Expression of the osteogenic markers Runx2, Sp7, and
Bglap was not significantly different in the absence of
the GR (Fig. 5D-F). Regarding osteoclastogenesis, the
ratio of Rankl to Opg was not different between the
GRSWROSACIEERT2 and GR™™ mice (Fig. 5G). Together with
the observations on d 28, these observations indicate a
more advanced healing process in GR™ compared to

GRgtROSACreERT2 mice.

TABLE 2. Frequency of immune cells circulating in blood afier fracture is not altered in absence of GR

Characteristic GR™, n=5  GREROSACCERTZ 5 P

PMNs (CD11b"Ly6G") 74+ 1.0 70 £ 1.3 0.841
Monocytes/macrophages (CD11b"F4/80") 3.1 0.8 32+03 0.841
B cells (CD19%) 36.18 £ 4.0 412 £ 3.1 0.690
T cells (CD3") 22.7 £ 1.8 294 £ 1.2 0.095
T helper (CD3'CD4") 55.7 = 2.2 63.7 = 2.1 0.116
Cytotoxic T cells (CD3"CD8") 375 £ 1.8 315 £ 22 0.222

Immune-cell populations circulating in the blood were analyzed by flow cytometry. Data are pre-

sented as means * SEM.
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Figure 2. Deletion of GR moderately influences inflammatory phase after fracture. Immune-cell populations infiltrating hematoma,
including CD11b'Ly6G" (PMNs, A), CD11b'F4/80" (monocyte/macrophage lineage, B) CD19" cells (B cells; C), and CD3" cells
(T cells; D), were analyzed by flow cytometry. Inmunohistochemical staining of Ly6G (E), F4/80 (F), and CD8 (G) was performed

to confirm flow cytometry results. White bars, GR"** mice; gray bars, GR™®

SACKEERTZ mice. Micrographs directly below respective

diagrams depict respective immune-cell population 24 h after osteotomy. Scale bars, 50 wm (E); 25 pm (F; G). Data are presented as
means * SEM. Flow cytometry n = 5-6 per genotype, immunohistochemistry n = 3-6 per group. *P = 0.05.

DISCUSSION

Physiologic levels of GCs are described to be important
for physiologic bone homeostasis. Primary adrenal in-
sufficiency patients, in whom the adrenal glands do not
produce sufficient amounts of steroid hormones, display
increased serum levels of collagen cross-links and alkaline
phosphatase, indicating increased bone turnover as well
as significantly decreased bone mass compared to primary
adrenal insufficiency patients receiving low-dose GC
substitution (8). Moreover, osteoblast-specific disruption
of GR signaling in mice led to decreased bone mass in the
trabecular (13) and cortical (1, 14, 15) compartments. In
accordance with these experimental and clinical data, we
found reduced trabecular bone mass in the femur and tibia
of mice with a postnatal tamoxifen-induced conditional
deletion of the GR after 6 wk, whereas the growth and
maturation of these mice were not negatively affected by
this GR deletion. However, we did not find any differences
in osteoblast, osteoclast, or osteocyte numbers, although
we cannot exclude the influence of the GR on other cells on
bone mass.

While the role of endogenous GC signaling on bone
integrity is clearly recognized, the effect on bone re-
generation is less clear and minimally investigated. Most
data on the effect of GCs on bone regeneration are derived

DELETION OF GR IMPAIRS HEALING

from studies applying exogenous GCs. From such studies,
itis evident that the duration of the application and dosing
significantly influence the outcome, because short-term
application of GCs did not result in impaired healing (19,
20), whereas healing considerably deteriorated after long-
term application (18).

In the present study, we investigated the role of GR-
mediated signaling of endogenous GCs and observed
disturbed healing in mice with disrupted GC signaling.
Consistent with the ability of GCs to restrict inflammatory
processes, we found significantly increased serum levels of
IL-6 and a significant increase of IL-13 locally in the frac-
ture hematoma of GREROSACTERT2 mice in the early in-
flammatory phase after osteotomy, indicating an increased
immune response. To our knowledge, to date, the early
inflammatory phase of fracture healing has not been in-
vestigated in mice with disrupted GC signaling. However,
in models of strong systemic inflammation, including
cecal ligation and puncture, LPS, or TNF challenge, a
lack of impairment of the GR in conditional knockout
and knock-in mice aggravates the inflammatory response
(28-30). In other models for sterile inflammation, includ-
ing thioglycollate-induced peritonitis and carrageenan-
induced pleura inflammation, higher numbers of invading
inflammatory cells were found in lavage liquids of
mice lacking 113 hydroxysteroid dehydrogenase 1 with
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Figure 3. Absence of GR delays callus maturation in late phase of fracture healing but has no influence on revascularization.
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Figure 4. GR signaling is necessary for successful fracture repair. Bending stiffness of fracture calli was analyzed by 3-point bending test
(A). Healing frequency was assessed from wCT data sets (B). White proportion, healed; gray proportion, not healed. BMD (C),
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osteoclast number per bone perimeter (Oc.N/B.Pm, /), and osteoclast surface per bone surface (Oc.S/BS, ) were assessed in callus
by histomorphometry. Data are presented as means * sem; n = 7-9 per group. All data are derived from d 28 after surgery. *P < 0.05.

reduced GC activity, also indicating elevated inflammation
(31). In contrast, in local inflammatory responses, including
contact allergy and arthritis, despite the failure to respond
to exogenous GC action, GR-deficient mice are frequently
not hyperresponsive to inflammation (32, 33), as also ap-
pears to be the case during fracture healing.

Notably, we found higher T-cell numbers in the hema-
toma of mice with disrupted GC-signaling, whereas PMNs,
macrophages, and B cells were only moderately influenced.
Immunostaining suggested normal clearance of PMNs be-
cause the kinetics of PMIN numbers (i.e., an increase of PMINs
within 24 h after fracture and a strong reduction of PMN
numbers after 72 h) was similar in GR?* and GR8ROSACrERT2
mice. Therefore, the greater presence of T cells alone in
GREROSACIERT2 pjce was insufficient to provoke effects
on the subsequent steps of the healing response because
callus composition at 7 and 14 d was unaltered.

The unaltered callus composition further indicates
normal intramembranous bone formation in distal callus
areas as well as normal chondrocytic differentiation of
mesenchymal precursors and differentiation of chon-
drocytes in the absence of GR-mediated actions of en-
dogenous GCs. Studies suggested that atleast in calvariae,
endogenous GC signaling in mature osteoblasts is re-
quired to induce the expression of Wnt ligands, including

DELETION OF GR IMPAIRS HEALING

Wnt7b and Wntl0b, whereby the lineage commitment
of mesenchymal progenitors during intramembranous
ossification is regulated (34). Consequently, mice with
osteoblast-specific overexpression of 113-HSD2 display
delayed development of the cranial skeleton (16). Con-
sistent with this, calvariae-derived primary osteoblasts
from GR™" fetuses display reduced mineralization ir vitro
compared to wild type (13), and silencing of the GR using
short hairpin RNA impairs osteogenic differentiation of
human bone marrow-derived mesenchymal stem cells
(35). In contrast to the impaired cranial development,
intramembranous regeneration of a drill-hole defect in the
tibia of mice with osteoblast-specific overexpression of
11B-HSD2 appeared to be normal. Therefore, the authors
concluded that GC signaling might be redundant in
intramembranous bone formation in long bones (21),
which is consistent with the unaltered intramembranous
ossification we observed.

At d 28, the late healing phase, we detected a
higher proportion of remaining cartilage in the calli
of GRBWROSACIEERT2 ppjee. resulting in impaired frac-
ture healing. Because endochondral ossification criti-
cally depends on vascularization (36), we determined
whether revascularization is impaired in the ab-
sence of the GR. We found no evidence for defective
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Figure 5. Absence of GR alters chondrogenic but not osteogenic marker gene expression in intermediate healing phase. Gene-
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Runx2 (E), and Bglap (F), and Rankl/ Opg ratio (G) were analyzed by quantitative real-time PCR on d 14. Data are presented as
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revascularization during fracture healing because the
number of CD31-positive cells and vessel-like structures
were not significantly different during the time course
of fracture healing in GRE™OSATERT2 compared to wild-
type mice. Therefore, the observed delay in healing
must have other causes. It was reported that flexibly
stabilized osteotomies in the tibial metaphysis dis-
played impaired healing in mice with chondrocyte-
specific deletion of the GR compared to wild-type
control (22). The authors detected larger cartilaginous
calli during early healing stages, and decreased min-
eralization and inferior bone remodeling in the late
healing phase (22). These results greatly resemble our
findings. To determine whether there are differences at
the molecular level in the intermediate healing phase
that might explain the increased residual cartilage de-
tected on d 28, we performed gene-expression analysis.
We found an elevated expression of chondrogenic
and osteogenic markers on d 14 in the absence of the
GR. Considering the increased cartilage proportion in
GREROSACIEERTZ yjce, this suggests ongoing regenera-
tive processes in these mice, whereas these processes
decline in GR-sufficient mice. Together with the ob-
servations of Tu et al. (22), our observations suggest a
possible role for endogenous GCs in cartilage-to-bone
transition in endochondral ossification. We also deleted
the GR in other compartments of the bone beyond car-
tilage, which caused, for example, a higher infiltration of
CD3" cells at early stages. Because the ubiquitous de-
letion leads to similar effects as the cartilage-specific
deletion shown by Tu et al., this suggests a predominant
role of the GR in chondrocytes for normal bone healing.

In summary, our data show that the absence of the
GR significantly impairs fracture healing; particularly
during the late healing phase, the lack of the GR re-
sulted in delayed endochondral bone regeneration and

2244 Vol. 32 April 2018

The FASEB Journal - www.fasebj.org

consequently in impaired callus maturation. Therefore,
we conclude that the GR might be involved in cartilage-to-
bone transformation during fracture healing.
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