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MUSCULOSKELETAL PATHOLOGY
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Growth hormone (GH) is a key mediator of skeletal growth. In humans, excess GH secretion due to
pituitary adenoma, seen in patients with acromegaly, results in severe arthropathies. This study
investigated the effects of long-term excess GH on the knee joint tissues. One yeareold wild-type (WT)
and bovine GH (bGH) transgenic mice were used as a model for excess GH. bGH mice showed increased
sensitivity to mechanical and thermal stimuli, compared with WT mice. Microecomputed tomography
analyses of the distal femur subchondral bone revealed significant reductions in trabecular thickness
and significantly reduced bone mineral density of the tibial subchondral boneeplate associated with
increased osteoclast activity in both male and female bGH compared with WT mice. bGH mice showed
severe loss of matrix from the articular cartilage, osteophytosis, synovitis, and ectopic chondrogenesis.
Articular cartilage loss in the bGH mice was associated with elevated markers of inflammation and
chondrocyte hypertrophy. Finally, hyperplasia of synovial cells was associated with increased expression
of Ki-67 and diminished p53 levels in the synovium of bGH mice. Unlike the low-grade inflammation
seen in primary osteoarthritis, arthropathy caused by excess GH affects all joint tissues and triggers
severe inflammatory response. Data from this study suggest that treatment of acromegalic arthropathy
should involve inhibition of ectopic chondrogenesis and chondrocyte hypertrophy. (Am J Pathol 2023,
193: 829e842; https://doi.org/10.1016/j.ajpath.2023.02.010)
Supported by NIH grants R01AG056397 (S.Y.) and S10 OD010751-
01A1 for microecomputed tomography.
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Arthropathy is highly prevalent in patients with acro-
megaly1 [bearing pituitary adenoma that releases excess
growth hormone (GH) to the circulation] and persists
despite biochemical control [ie, normalization of insulin-
like growth factor-1 (IGF-1) levels in serum].1 Painful
arthropathy is perceived as the major contributor to
reduced quality of life in patients with acromegaly.1

However, treatment of this comorbidity provides only
symptomatic relief (physiotherapy and consumption of
pain and anti-inflammatory agents) and does not prevent
disease progression.

Secondary osteoarthritis (OA), seen in patients with
acromegaly, does not resemble injury- or aged-induced
stigative Pathology. Published by Elsevier Inc
primary OA. Although age- or injury-induced OA is char-
acterized by decreased joint space, thinning of the articular
cartilage, and absent or mild osteophytosis, acromegaly-
associated OA is typified by increased joint space, thick-
ening and hypertrophy of the articular cartilage, and severe
osteophytosis.2 Therefore, treatments that may apply to age-
or injury-induced OA may not be relevant to acromegalic-
associated OA. Additionally, it is plausible that the molec-
ular mechanism driving secondary OA in patients with
. All rights reserved.
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acromegaly are different from those driving primary or
injury-induced OA.

Clinical studies describe two phases of acromegalic
arthropathy. The initial phase is characterized by cartilage
hypertrophy with laxity of the periarticular ligaments,
leading to impaired mechanical force distribution that re-
sults in morphologic changes in the joint.2 During this
phase, an increased joint space is evidenced radiographi-
cally. It is believed that at this early phase, arthropathy is
reversible or that its progression can be controlled.3 The
second phase of the disease occurs even when biochemical
control is achieved. This stage is typified by severe osteo-
phytosis, increased cartilage thickness, and edema.
Arthropathy at this stage becomes irreversible.

Progression of OA affects all tissues of the joint and is
characterized by the structural and functional deterioration
of the articular cartilage (AC), subchondral and periarticular
bones, synovial membrane, ligaments, and adjacent muscle
tissues.4 Degeneration of the AC, release of breakdown
components of the extracellular matrix, and dysfunction of
chondrocyte accelerate the progression of OA.5,6

GH plays important roles in maintaining the AC ho-
meostasis, including stimulation of progenitor cell prolifer-
ation, differentiation,7 and extracellular matrix
mineralization.8 GH acts on chondrocytes of the AC directly
through binding to the GH receptor. GH receptor actions
can be mediated by local production of IGF-1 or indepen-
dent of IGF-1.9 Herein, the bovine GH (bGH) transgenic
mice were used as a model of excess in GH and IGF-1, to
study how long-term exposure to extreme levels of GH
affect the integrity of the AC. Only three studies using the
bGH mice10,11 described the effects of excess GH/IGF-1 on
the articular cartilage (AC) of the knee joint. These studies
focused on two-dimensional analyses of chondrocyte hy-
pertrophy in the AC,10e12 but did not address osteophytosis,
which is central to acromegalic arthropathy,2 and did not
study other tissues of the joint. The current study focused on
the AC, synovial membrane, three-dimensional (3D) anal-
ysis of subchondral bone (SCB) in femur and tibia, and the
SCB-plate in tibia of male and female mice at 1 year of age.
Histologic and immunohistochemistry findings were related
to SCB morphologic traits obtained by microecomputed
tomography (micro-CT).

Materials and Methods

Mice

All procedures involving mice were reviewed and approved
by the Institutional Animal Care and Use Committee of the
NYU School of Medicine (New York, NY). Generation of
the bGH transgenic mice on a C57BL/6J genetic back-
ground was previously described.13 Male bGH transgenic
mice were mated with wild-type (WT) females, and the
offspring (which were WT or hemizygote bGH mice) were
randomly allocated into cages according to their sex. Note
830
that female bGH mice are infertile; thus, the bGH transgene
is always paternally transmitted, and all offspring are
hemizygote. Mice were housed two to five animals per cage
in a facility with 12-hour light/dark cycles and free access to
food and water. Mice were studied at 12 months of age.

Mechanical Sensitivity

Mice were placed individually in a small transparent plastic
testing box (3 � 3 � 4 inches) with ventilation holes on an
elevated wire mesh. Before any stimulation session, mice
were allowed to acclimate to the testing environment for 30
minutes. Then, mechanical sensitivity was determined using
a graded series of seven von Frey filaments (Stoelting,
Wood Dale, IL) that produced a force of 0.04, 0.07, 0.16,
0.4, 0.6, 1.0, and 2.0 g. The stimuli were applied on the
plantar surface of the hind paw, and the 50% paw with-
drawal threshold was calculated using the up and down
method, as previously described.14 A response was
considered positive if the animal exhibited brisk paw
withdrawal, paw licking, or paw shaking.

Thermal Sensitivity

Mice were placed individually in a small transparent plastic
testing box (3 � 3 � 4 inches) with ventilation holes on a
glass surface. After 30 minutes of acclimation to the testing
environment, thermal sensitivity was measured using a
Hargreaves’ thermal stimulator (Hargreaves’ Apparatus;
University of California, San Diego, La Jolla, CA). The
radiant heat source was applied to the plantar surface of the
hind paw until an aversive reaction was observed or up to 15
seconds to avoid tissue damage. A positive aversive
response was defined as brisk hind paw withdrawal, hind
paw lick, or hind paw shaking. The paw withdrawal latency
was calculated from six trials per animal with at least a 5-
minute interval between each test.

MicroeComputed Tomography

Micro-CT of the knee joints was done in accordance with the
American Society for Bone and Mineral Research guide-
lines.15 Intact femur and tibia, including the knee joint, were
scanned using a high-resolution SkyScan micro-CT system
(SkyScan 1172; Bruker, Kontich, Belgium) containing a 10-
megapixel digital detector set at a 10-W energy level (100
kV and 100 mA), with a 0.5-mm aluminum filter with a 9.7-
mm image voxel size. Subchondral bone parameters were
taken in the distal femur below the AC, avoiding cortical
bone, and included bone volume fraction [bone volume/tis-
sue volume (BV/TV); %], trabecular thickness (Tb.Th; mm),
trabecular number (1/mm), and bone mineral density (BMD;
mg/mL). Subchondral bone plate (SCBP) thickness and
BMD were measured at the proximal tibia. Data recon-
struction was done using NRecon software version 1.7.4.2
(Bruker), and data analysis was performed using CTAn
software version 1.18.4.0 (Bruker). Three-dimensional
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images were obtained using CT Vox software version
3.30r1403 (Bruker).

Histology

Following dissection, knee joints were decalcified in 10%
EDTA for 4 to 5 weeks, dehydrated using a graded alcohol
series and xylene, and processed for paraffin embedding and
sectioning. Safranin-O-red staining was used for scoring the
AC of the knee joint, including the presence and maturation
stage of osteophytes as well as the ectopic chodrogenesis
and ossification. Hematoxylin and eosin staining was used
to score inflammation of synovial membrane and overall
morphology.

Osteoarthritis Score

Cartilage damage at medial and lateral tibiofemoral joints
was evaluated by two blinded observers (S.B.P. and T.K.)
using the Osteoarthritis Research Society International
scoring system.16 Loss of cartilage proteoglycan was scored
by safranin-O-red; normal staining of noncalcified cartilage
was scored 0; loss of safranin-O-red staining without
structural changes was scored 0.5; small fibrillations without
loss of cartilage were scored 1; vertical clefts down to the
layer immediately below the superficial layer and some loss
of surface lamina were scored 2; vertical clefts/erosion to
the calcified cartilage extending to <25% of the articular
surface were scored 3; vertical clefts/erosion to the calcified
cartilage extending to 25% to 50% of the articular surface
were scored 4; vertical clefts/erosion to the calcified carti-
lage extending to 50% to 75% of the articular surface were
scored 5; and vertical clefts/erosion to the calcified cartilage
extending to >75% of the articular surface were scored 6.
Osteophyte maturity was scored 0 when no osteophytes
were detected; 1 when osteophytes were composed of a
precartilaginous lesion; 2 when osteophytes were composed
predominantly of cartilage; 3 when osteophytes were
composed of mixed cartilage and bone; and 4 when osteo-
phytes were composed predominantly of bone.17 Synovitis
was scored from hematoxylin and eosinestained
sections.18e20 Briefly, the thickness of the synovial cell
lining layer and the cell density within this layer were
scored from 0 to 3, with 0 being the thinnest synovial cell
lining layer and low cell density (one to two cell layers), 1
with three to five cell layers, 2 with six to eight cell layers,
and 3 being the thickest synovial cell lining layer (more than
eight layers) and high cell density. Ectopic chondrogenesis
was scored 0 when it was undetectable, 1 when it was found
in the synovium and/or the capsule, and 2 when it extended
into the surrounding ligament and/or musculature.21

Immunohistochemistry

Following deparaffinization and rehydration, the tissue
sections were treated with citrate-based antigen unmasking
The American Journal of Pathology - ajp.amjpathol.org
solution (H-3300; Vector Laboratories, Inc., Newark, CA).
Then, endogenous peroxidase activity was inactivated by
Bloxall endogenous blocking solution (SP-6000; Vector
Laboratories, Inc.). After blocking using the protein block
solution (ab64226; Abcam, Waltham, MA), the sections
were incubated overnight with the primary antibodies at
4�C, stained by rabbit-specific horseradish peroxidase/dia-
minobenzidine (avidin-biotin complex) detection kit
(PK-4001/SK-4100; Vector Laboratories, Inc.) and coun-
terstained by hematoxylin (Sigma, St. Louis, MO). The
images were acquired by DMRXE universal microscope
with objective imaging gigapixel montaging workstation
(Leica Biosystems, Deer Park, IL) and analyzed by Fiji
ImageJ (ImageJ version 1.53t; NIH, Bethesda, MD; https://
imagej.nih.gov/ij/download.html, last accessed August 22,
2022). For immunohistochemistry, primary antibodies
were against CD86 (1:150; bs-1035R; Bioss Inc., Woburn,
MA), inducible nitric oxide synthase (iNOS; 1:300;
PA3030A; Invitrogen, Waltham, MA), Ki-67 (1:150; PA5-
19462; Invitrogen), matrix metalloproteinase 13 (MMP13;
1:50; 18165-1-AP; Proteintech, Rosemont, IL), nucleotide
oligomerization domain (NOD)elike receptorepyrin
domain-containing 3 (NLRP3; 1:300; PA5-88709; Invi-
trogen), p53 (1:50; ab131442; Abcam), Runt-related tran-
scription factor 2 (RUNX2; 1:100; NBPI-77461; Novus
Biologicals, Englewood, CO), sex-determining region Y
(SRY) box transcription factor 9 (SOX9; 1:50; AB5535;
MilliporeSigma, Burlington, MA), and type X collagen (1:
150; PA5-115039; Invitrogen).

Statistical Analysis

Individual descriptive statistics (eg, means, medians, and
interquartile ranges) were computed overall and by group for
each outcome. To allow for dependency in response vari-
ables, all outcomes described were first analyzed using one-
factor nonparametric multivariate analysis of variance with
permutation tests (10,000 permutations per outcome). Sig-
nificant variables identified in this stage were subsequently
analyzed using two-factor aligned ranks transformation
analysis of variance. Included factors were genotype and sex
(and the genotype-sex interaction). Individual P values for
overall F-tests were adjusted using the method of Yoav
Benjamini22 to control for the family-wise error rate. P
values for the genotype-sex contrast were further adjusted
using the Bonferroni method. Data analysis was conducted
in R version 4.1.3 (https://www.r-project.org).

Results

Excess GH Associates with Arthralgia

At 1 year of age, bGH mice showed a significant increase in
body weight of 45% and 77% in male and female mice,
respectively (Figure 1A), whereas femoral length had a
significant increase of 15% and 19% in male and female
831
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mice, respectively (Figure 1B). Increases in body weight
and femur length were associated with a significant increase
in serum IGF-1 levels (Figure 1C). Aged bGH mice showed
decreased cage activity, a typified pain-related behavior, that
was evidenced as early as 3 months of age. To assess pain
sensitivity, the manual von Frey test was used, which is the
gold standard for determining mechanical thresholds indi-
cated in mice by paw withdrawal. Increased sensitivity to
mechanical stimulation (evidenced by reduced pressure
required to exert a response) was detected in both male and
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Figure 1 Osteoarthritis-associated arthralgia in bovine growth hormone (bGH)
increased femur length (B), associated with significant increases in serum insulin
type (WT) mice [body weight: male (M) WT, nZ 13; M bGH, nZ 11; female (F) WT
F WT, n Z 15; and F bGH, n Z 19; and serum IGF levels: M WT, n Z 9; M bGH, n
individually in a small cage on an elevated wire mesh. A monofilament was appl
delivered at a constant predetermined force (0.04 to 2.0 g) for 2 to 5 seconds.
increased sensitivity (M WT, n Z 11; M bGH, n Z 14; F WT, n Z 13; and F bGH,
applied to the paw was determined by the time it takes for the mouse to withdraw
showed a significant reduction in the latency of a nociceptive behavior (M WT, n Z
median � IQR (AeE). *P < 0.05, **P < 0.01, and ****P < 0.0001.
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female bGH mice compared with that in controls
(Figure 1D). However, there was no significant sex � ge-
notype interaction when tested for mechanical sensitivity.
Thermal sensitivity was tested using Hargreaves test
(Figure 1E). Male bGH mice exhibited significantly
increased thermal sensitivity (evidenced by reduced latency
required to exert a response), whereas female bGH mice
showed increased thermal sensitivity that did not reach
significance. There was no significant sex � genotype
interaction when tested for thermal sensitivity.
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mice. AeC: One-yeareold bGH mice exhibit increased body weight (A) and
-like growth factor-1 (IGF-1) levels (C), compared with age-matched wild-
, nZ 12; and F bGH, nZ 16; femur length: M WT, nZ 17; M bGH, nZ 17;
Z 10; F WT, n Z 9; and F bGH, n Z 9]. D: von Frey test: mice were placed
ied perpendicularly to the plantar surface of the hind paw until it buckles,
Both male and female bGH mice responded to a lower pressure, indicating
n Z 13). E: Hargreaves’ test: the latency to respond to a thermal stimulus
the hind paw from the heat source and/or lick the hind paw. bGH male mice
11; M bGH, n Z 14; F WT, n Z 15; and F bGH, n Z 13). Data presented as
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Figure 2 Excess growth hormone (GH) impairs the morphology of the femur subchondral bone (SCB) and significantly reduces the tibia SCB plate bone
mineral density (BMD). A: Microecomputed tomography (micro-CT) three-dimensional (3D) images of the knee joint from 1-yeareold male and female wild-
type (WT) and bovine GH (bGH) mice, along with 3D reconstruction of the distal femur SCB, and two-dimensional images indicating the region of interest.
BeE: Parameters assessed by micro-CT at the distal femur SCB included bone volume/total volume (BV/TV; B), trabecular thickness (Tb.Th; C), trabecular
number (Tb.N; D), and SCB bone mineral density (E). F and G: SCB plate (SCBP) thickness (F) and SCBP bone mineral density (G) were determined at the
proximal tibia. Data presented as median � IQR (BeG). n Z 16 male (M) WT (BeG); n Z 17 M bGH and female (F) bGH (BeG); n Z 14 F WT (BeG).
**P < 0.01, ***P < 0.001, and ****P < 0.0001. cc, cubic centimeter.
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Excess GH Impairs the Morphology of the Femur
Subchondral Bone and Significantly Reduces the
Mineral Density of the Tibia Subchondral Plate

Micro-CT, followed by 3D reconstructions of the knee
(Figure 2), in 1-yeareold WT and bGH mice indicated an
impaired joint morphology with multiple bone spurts
(osteophytes) evidenced at the distal femur and proximal
tibia (Figure 2A). A detailed analysis of the SCB compart-
ment was achieved by micro-CT. Significant sex-dependent
microstructural differences were observed between WT and
bGH mice. Male bGH mice showed significant reductions in
SCB volume (BV/TV, with P Z 0.003 for sex � genotype
interaction) (Figure 2B), decreased SCB Tb.Th (Figure 2C)
without changes in trabecular number (Figure 2D), and
significantly reduced SCB mineral density (BMD, with
P Z 0.012 for sex � genotype interaction) at the distal
femur (Figure 2E). Decreases in BV/TV and Tb.Th in bGH
male mice were associated with increased tartrate-resistant
acid phosphatase staining in the SCB compartment
(Supplemental Figure S1). Female bGH mice showed
significantly reduced Tb.Th (Figure 2C), but, unlike male
bGH mice, trabecular number was increased in female bGH
mice, with P Z 0.014 for sex � genotype interaction
(Figure 2D), and led to similar SCB BV/TV (Figure 2B).
SCB mineral density was not affected in female bGH mice
(Figure 2E). SCBP is a thin cortical plate subjacent to
calcified cartilage, which is a penetrable porous structure.
SCBP in the proximal tibia was analyzed using micro-CT.
Both male and female bGH mice showed increases in the
proximal tibia SCBP plate thickness compared with WT
mice (Figure 2F), but this did not reach significance because
of large variability. Interestingly, both male and female bGH
mice showed significant decreases in SCBP BMD
(Figure 2G).

Excess GH is Associated with Severe AC Deformity and
Ectopic Chondrogenesis

Knee joints of 1-yeareold WT and bGH mice were char-
acterized histologically using safranin-O-red staining and
scored according to the Osteoarthritis Research Society In-
ternational scoring system in the medial (Supplemental
Figure S2, A and B) and lateral (Supplemental Figure S2,
C and D) sides of femoral condyle and tibial plateau
(Figure 3A). bGH male and female mice showed signifi-
cantly higher cumulative scores in femur and tibia
(Figure 3B), which deferred significantly in the medial side
of the joint (Supplemental Figure S2, A and B). Increased
Osteoarthritis Research Society International scores were
also evidenced in the lateral part of the joints in bGH
compared with WT mice, but they reached significance only
in the lateral tibia of bGH males (Supplemental
Figure S2D). More importantly, both male and female
bGH mice, but not WT mice, displayed hypertrophic carti-
lage (Figure 3C), which was associated with increased type
834
X collagen staining (Figure 3D and Supplemental
Figure S3A). Interestingly, expression of the transcription
factor SOX9, which is required for protecting the AC from
degradation and prevents chondrocyte dedifferentiation to
osteoblast-like cells,23 was significantly decreased in bGH
mice of both sexes (Figure 3E and Supplemental
Figure S3B). The levels of RUNX2 transcription factor
were significantly increased, which played a role in hyper-
trophic differentiation and catabolic processes in AC of
bGH mice in both sexes (Figure 3F and Supplemental
Figure S3C).
The 3D reconstruction of micro-CT images of the knee

joint revealed that bGH mice developed osteophytosis
(Figure 2A). Osteophytes are fibrocartilage-capped bony
outgrowths and are a common feature of osteoarthritis.
Scoring of osteophyte size and maturity using the safranin-
O-redestained sections (Figure 4A) showed increases in
cumulative scores of osteophyte formation in male and fe-
male bGH mice compared with those in WT mice
(Figure 4B). Osteophyte formation in femur (Supplemental
Figure S4, A and B) and tibia (Supplemental Figure S4, C
and D) in the medial side of the joint significantly increased
in bGH male and female mice. In the lateral joint, signifi-
cantly increased osteophyte formation was evidenced in
tibia of both sexes, whereas it was increased in the femur of
bGH females only.
Finally, severe ectopic chondrogenesis and ossification of

the joint (Figure 4C) were found in bGH mice of both sexes
at the medial and lateral sides of the joint (Figure 4D and
Supplemental Figure S4, E and F). A total of 100% of male
and female bGH mice exhibited ectopic chondrogenesis,
whereas only 33% and 50% of WT male and female mice,
respectively, developed ectopic chondrogenesis, which was
not as severe as that observed in the bGH mice.

Excess GH is Associated with Increased Levels of
Inflammatory Markers in the AC

Chondrocyte inflammation and MMP activities accelerate
cartilage degradation and promote OA progression.24,25

Immunohistochemistry was used to determine the role of
excess GH in chondrocyte expression of inflammatory
proteins. Significantly increased levels of iNOS, one of the
major inflammatory mediators in OA pathogenesis,26 were
found in AC chondrocytes of bGH male and female mice
(Figure 5, A and E, and Supplemental Figures S5, A and B,
and S6, A and B). NLRP3 inflammasome (also called cry-
opyrin) is an intracellular protein primarily found in white
blood cells and chondrocytes. NLRP3 has been recognized
as a major inflammatory marker associated with the patho-
genesis of arthropathy, cartilage degeneration, and synovi-
tis.27 Significantly increased levels of NLRP3
immunopositive chondrocytes were observed in male and
female bGH compared with those in WT mice (Figure 5, B
and E, and Supplemental Figures S5, C and D, and S6, C
and D). MMP13, a key enzyme in the cleavage of type II
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Excess growth hormone (GH) leads to the development of osteoarthritis. A: Representative safranin-o-redestained sections of the knee joint.
Cartilage loss was scored according to the Osteoarthritis Research Society International (OARSI) system. B: Presented are cumulative OARSI scores of the femur
and tibia [male (M) wild type (WT), n Z 12; M bovine GH (bGH), n Z 13; female (F) WT, n Z 11; and F bGH, n Z 13]. C: Representative images of coronal
sections of the tibial plateau stained with hematoxylin and eosin. Red arrows indicate calcified cartilage (CC), hyaline cartilage (noncalcified; HC), tide mark
(TM), subchondral bone (SCB), and hypertrophic chondrocytes. D: Presented are immunohistochemistry-stained images of type X collagen in articular cartilage
(AC). E and F: Expression levels of sex-determining region Y (SRY) box transcription factor 9 (SOX9; E) and Runt-related transcription factor 2 (RUNX2; F) were
assessed by immunohistochemistry. Presented are percentages of positive AC chondrocytes (at the distal femur and tibia) alongside representative immu-
nostained images of coronal sections of the tibial plateau (M WT, n Z 5; M bGH, nZ 7; F WT, nZ 6; and F bGH, n Z 6). Data presented as median � IQR (B,
E, and F). **P < 0.01, ***P < 0.001. Scale bars: 500 mm (A, left panels); 100 mm (A, right panels); 200 mm (C); 50 mm (DeF). MN, meniscus; SM, synovial
membrane.
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Figure 4 Excess growth hormone (GH) associates with increased osteophytosis and ectopic chondrogenesis (Ec. Chond). A: Osteophytosis was quantified
according to the Osteoarthritis Research Society International (OARSI) scoring system from safranin-o-redestained sections. Yellow lines and red arrows
define osteophytes. B: Presented are cumulative scores of osteophyte formation in the distal femur and proximal tibia. C: Ectopic chondrogenesis was scored
from safranin-o-redestained sections. Red arrows point to areas of ectopic chondrogenesis. D: Presented are cumulative scores of ectopic chondrogenesis of
the knee joint. Bovine growth hormone (bGH) mice showed increases in ectopic chondrogenesis at all the knee joint tissues. Data presented as median � IQR
(B and D). n Z 12 male (M) wild type (WT), M bGH, and female (F) WT (B and D); n Z 13 F bGH (B and D). **P < 0.01. Scale bars: 250 mm (A); 500 mm (C).
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collagen, plays a pivotal role in degradation of the AC
extracellular matrix.28 As expected, the significantly
increased MMP13-positive chondrocytes were seen in male
and female bGH mice (Figure 5, C and E, and Supplemental
Figures S5, E and F, and S6, E and F).

Finally, GH is known to inhibit the tumor suppressor p53
protein.29 Significant inhibition of p53 in the AC of bGH
mice (Figure 5D and Supplemental Figures S5, G and H,
and S6, G and H) was seen, which was not associated with
increased Ki-67, a marker of proliferation, in chondrocytes
(Supplemental Figure S6, IeL). Instead, significant in-
creases in type X collagen, a marker of chondrocyte hy-
pertrophy, was seen in the AC of both male and female bGH
mice compared with the respective WT mice (Figure 3D and
Supplemental Figure S3).
Excess GH is Associated with Severe Synovitis

Hematoxylin and eosin staining of the synovium
(Figure 6A) showed thickening of the synovial membrane in
836
both male and female bGH compared with WT mice
(Figure 6B and Supplemental Figure S7, A and B). This was
evidenced by increased cell density in the synovial mem-
brane of the bGH mice (Figure 6C and Supplemental
Figure S7, C and D), indicating that excess bGH led to
hyperplasia and likely inflammation of the synovium.
Immunohistochemical staining revealed increases in in-
flammatory markers, including CD86 (Figure 6D and
Supplemental Figures S7E and S8A), iNOS (Figure 6E and
Supplemental Figures S7F and S8B), and NLRP3
(Figure 6F and Supplemental Figures S7G and S8C) in both
medial and lateral synovial membrane, that were associated
with increased Ki-67 proliferation marker in the synovium
(Figure 6G and Supplemental Figures S7H and S8D).

Discussion

bGH mice exhibit excess levels of GH and IGF-1 in serum
and tissues.30 These mice exhibit reduced lifespan (12 to 15
months of age), increased neoplasia, increased
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Figure 5 Excess growth hormone (GH) is associated with increased chondrocyte expression of inflammatory markers (medial side of the knee joint) and
inhibited tumor suppressor p53 expression. Expression of inflammatory markers was assessed by immunohistochemistry. AeD: Presented are percentages of
positive articular cartilage (AC) chondrocytes (at the distal femur and tibia) to the following markers: inducible nitric oxide synthase [iNOS; male (M) wild type
(WT), n Z 10; M bovine GH (bGH), n Z 9; female (F) WT, n Z 8; and F bGH, n Z 8; A], nucleotide oligomerization domain (NOD)elike receptorepyrin
domain-containing 3 (NLRP3; n Z 8 in each group; B), matrix metalloproteinase 13 (MMP13; M WT, n Z 9; M bGH, n Z 8; F WT, n Z 8; and F bGH,
n Z 7; C), and p53 (M WT, n Z 8; M bGH, n Z 9; F WT, n Z 8; and F bGH, n Z 8; D). E: Representative immunohistochemistry images of the AC. Data
presented as median � IQR (AeD). ***P < 0.001. Scale bars Z 50 mm (E).
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inflammation, and metabolic abnormalities.31 Herein,
radiographic imaging (micro-CT) and 3D reconstructions of
1-yeareold bGH knee joints revealed significant alterations
in the morphology of the SCB at the distal femur and
proximal tibia. Histologic assessments showed that both
male and female bGH mice presented with severe OA,
hypertrophic chondrocytes in the AC with multiple OA le-
sions, severe osteophytosis, synovitis, and ectopic chon-
drogenesis in both medial and lateral sides of the joint,
which seemed unrelated to the gait-loading principle.
Immunohistochemistry revealed that excess GH triggered
inflammation in all joint tissues, including the AC and the
synovial membrane in both medial and lateral sides of the
joint. Furthermore, immunohistochemistry indicated in-
creases in type X collagen and RUNX2 immunostaining,
possibly indicating dedifferentiation of AC chondrocytes in
the bGH joints. Finally, OA in bGH mice was associated
with arthralgia, evidenced by sensitivity to mechanical (von
Frey assay) or thermal (Hargreaves test) stimuli.

There is an intimate physical relationship between SCB
and the AC, forming a bone-cartilage unit that allows in-
teractions between osteoclasts, osteoblasts, and chon-
drocytes.32 The nature of this cross talk is not well
understood. However, there are indications that osteoclastic
activity in SCB can initiate a cascade of inflammatory
events that aggravates OA.32 Indeed, early stages of primary
OA are characterized by enhanced SCB turnover, where the
trabeculae become thinner and porous because of increased
osteoclast activity, the SCBP thickens, and the cartilage
undergoes degradation, a gradual process that progresses to
late stages of OA. In fact, enhanced SCB remodeling due to
microdamage was reported in horses.33 Secondary OA, seen
in subjects with acromegaly or in the bGH mice, is partially
driven by GH-induced excessive bone turnover that occurs
rapidly with exposure to pathologic levels of GH. This is the
first report describing the morphology of femoral SCB in
states of excess GH, showing significant microstructural
changes. Specifically, male bGH mice exhibited significant
decreases in BV/TV, Tb.Th, and BMD, whereas female
bGH mice showed reductions in Tb.Th only. Both male and
female bGH mice showed increased resorption activity in
the femoral SCB, evidenced by tartrate-resistant acid
phosphatase staining, which can potentially affect the pro-
gression of OA.

Ectopic chondrogenesis was detected in several joint
tissues, including the synovium and the ligaments. Ectopic
chondrogenesis in joint tissues is normally not observed in
injury-related or primary OA. It is possible that excess GH
or IGF-1 stimulates chondrogenic differentiation of precur-
sor cells in the synovium or ligaments. Ectopic chondro-
genesis in the synovium has been observed in patients after
total knee arthroplasty, leading to pseudogout.34 It often
occurs in tendons and ligaments after injury or tendon/lig-
ament degenerative disorders.35 Because it leads to calcifi-
cation in these tissues, similar to that seen in the growth
plate during endochondral bone formation, ectopic
838
chondrogenesis can become a painful event. Therefore,
these findings indicate that ectopic chondrogenesis observed
in bGH mice may contribute to increased pain.
Osteophytosis is common in acromegalic arthropathy.

Osteophyte formation is primarily a process of neo-
chondrogenesis of mesenchymal stem cells found in the
periosteum and bone-cartilage junction, and can be stimu-
lated by growth factors secreted from macrophages of the
synovial membrane.36 Ectopic chondrogenesis, which was
detected in all joint tissues, can potentially develop to
osteophytes. Previous studies have shown that IGF-1 (which
is extremely elevated in the bGH mice) increases chondro-
genesis in a dose-dependent manner.37,38 Thus, it is possible
that the high levels of IGF-1 promoted osteophytosis in the
bGH mice.
Chondrocytes in OA cartilage show an aberrant

expression of matrix-degrading enzymes, such as MMP13,
aggrecanases, and inflammatory markers. One explanation
for the catabolic phenotype of OA chondrocytes is related
to cytokine-mediated stimulation of AC chondrocytes to
secrete those enzymes and initiate a vicious cycle of matrix
degradation.39 Another possibility is that AC chondrocytes
differentiate and become hypertrophic chondrocytes, a
state typified by acquisition of an autolytic phenotype,
where chondrocytes destroy their surrounding cartilage,
allowing calcification and ossification (similar to the hy-
pertrophic and terminal differentiation events occurring in
the growth plate40,41). Indeed, pathologic calcification of
the AC was found to be associated with increased
expression of chondrocyte hypertrophy markers.42 There
are several markers of hypertrophic chondrocytes; the most
recognized are type X collagen and MMP13.43,44 Notably,
however, increases in MMP13 protein levels do not
necessarily pertain to increased enzymatic activity. Rele-
vant to the current study, both elevated expression of in-
flammatory markers (MMP13, iNOS, and NLRP3) and
high levels of type X collagen were found by immuno-
histochemistry. Increases in type X collagen were associ-
ated with increased expression of RUNX2 transcription
factor in the AC of bGH mice, as was shown in an
experimental mouse OA model.45 Accordingly, a previous
study has shown that RUNX2 was up-regulated in fibril-
lated OA cartilage and colocalized with MMP13 in clusters
of chondrocytes,46 whereas chondrocyte-specific deletion
of RUNX2 could partially rescue injury-induced OA.47 On
the other hand, the levels of SOX9 transcription factor
were significantly reduced in bGH AC compared with WT
mice. SOX9 is essential for counteracting chondrocyte
dedifferentiation or osteoblast redifferentiation process23

and plays significant roles in repressing A disintegrin
and metalloproteinase with thrombospondin motifs during
OA cartilage degradation.48 Finally, SOX9 was shown to
inhibit IL-1beinduced inflammatory response.49 Thus,
decreases in SOX9 expression in the bGH AC may
partially underlay the enhanced inflammatory response in
these mice. Overall, both chondrocyte hypertrophy and the
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Figure 6 Excess growth hormone (GH) promotes synovitis. A: Synovitis was scored from hematoxylin and eosinestained sections. Red arrows point to the synovial
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activation of catabolic events in chondrocytes likely
contribute to the development of OA in response to
chronic excess GH.

Previous studies have shown an association between
aberrant growth plate dynamics and development of OA
during aging in a spontaneous model of OA (STR/Ort
mouse).50 Accordingly, canine studies have shown that
femoral lengthening by 30% led to knee AC damage.51

More importantly, the current study showed that the
bGH mice displayed an excessive growth phenotype with
increased bone growth rates, growth plate widths, and
chondrocyte proliferation compared with age-matched
WT mice. Therefore, it is possible that the altered
growth phenotype in bGH mice contributes to the
development of OA in aging bGH mice. The mechanisms
by which accelerated growth in bGH mice affects OA
development are yet to be defined, but they need to be
taken in consideration when using the bGH mouse as a
model for acromegalic arthropathy.

The impact of excess GH on systemic or synovial joint
inflammation was not tested directly. Numerous studies re-
ported anti-inflammatory effects of GH/IGF-1.52 In a rabbit
model of OA, IGF-1 delivery inhibited inflammation
mediated by NF-kB and prevented chondrocyte apoptosis
and cartilage degradation.53 However, subjects with acro-
megaly were shown to exhibit an activation of the innate
immune system and a proinflammatory state with low-grade
inflammation.54,55 The innate immune system recognizes
damage-associated molecular patterns produced during AC
damage. Prolonged and dysregulated activation of damage-
associated molecular patterneinduced inflammation can be
destructive, and it has been implicated in the chronic
inflammation observed in OA.56,57 Activated macrophages
in the synovium of OA joints contribute to cartilage
breakdown and osteophytosis58 by secreting cytokines, such
as IL-1b, lymphotoxin-a, as well as MMPs,36,59 and other
inflammatory markers, such as iNOS59 and CD86.60 Ki-67,
a cell proliferation marker, highly expressed in inflamed
synovial membrane,61,62 was also up-regulated in the sy-
novial membrane of bGH mice. These findings suggest a
relationship between excess GH and chronic inflammation
in knee joints of bGH mice. The exact mechanisms of how
excess GH causes chronic inflammation in knee joints,
however, still need to be established.

In summary, the current study showed that excess GH
affects all tissues of the joint, leading to increased SCB
remodeling with increased osteoclast number on bone
surface, promotion of hypertrophy of the articular carti-
lage chondrocytes that increase their expression of in-
flammatory markers, induction of ectopic chondrogenesis
in the meniscus and synovial membrane, and activation
of resident macrophages that likely aggravate disease
progression. These results are clinically relevant to
acromegaly, which is a rare disease with excess GH,
requiring a lifelong management of severe comorbidities,
including arthropathy. In patients with acromegaly, IGF-1
840
levels before surgery/therapy range between 2.34 and 9.2
SD score.63,64 Unfortunately, there is often a delay of 7
to 10 years between the appearance of the initial symp-
toms and diagnosis; thus, early treatments of arthropathy
and arthralgia are important for delaying disease pro-
gression and achieving successful outcomes. It is possible
that targeting synovitis, chondrocyte hypertrophy, and
ectopic chondrogenesis in subjects with acromegaly will
provide an effective therapy.
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