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Abstract

Objective: Many patients with acromegaly, a hormonal disorder with excessive growth hormone
(GH), report pain in joints. The objective of this study is to characterize the joint pathology of
mice with over-expression of either bovine GH (6GH) or a GH receptor antagonist (GHa). We also
investigate the effect of GH on regulation of chondrocyte cellular metabolism.

Methods: Knee joints from mice over-expressing 6GH or GHaand WT were histologically

and uCT analyzed for OA pathologies. Additionally, cartilage from 6GH mice was used for
metabolomics. Mouse primary chondrocytes from WT or 6GH mice with or without Pegvisomant
(Peg) treatment were used for Q-PCR and Seahorse Respirometry analysis.

Results: Both male and female 6GH mice at ~13 months had increased knee joint degeneration,
which is characterized by loss of cartilage structure, expansion of hypertrophic chondrocytes,
synovitis, and subchondral plate thinning. The joint pathologies were also demonstrated by
significantly higher OARSI and Mankin scores in bGH compared with WT mice. Metabolomics
revealed changes of a wide range of metabolic pathways in 6GH mice including beta-alanine
metabolism, tryptophan metabolism, lysine degradation, and ascorbate and aldarate metabolism.
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Also, bGH chondrocytes upregulated fatty acid oxidation (FAO) and increased expression of
Col10a. Joints of GHa mice are remarkably protected from developing age-associated joint
degeneration with smooth articular joint surface.

Conclusions: These studies uncover that an excessive amount of GH promotes joint
degeneration in mice, whereas antagonizing GH action through a GHa protects mice from

OA development, which is associated with chondrocyte metabolic dysfunction and hypertrophic
changes.

Introduction

Acromegaly is a hormonal disorder that most commonly occurs when a growth hormone
(GH) secreting pituitary adenoma over-produces GH. If left untreated, joint pain and the
associated mobility limitations are one of the most common clinical complications in
patients with acromegaly. Either axial or peripheral arthropathy has been reported in more
than 50% of these patients(1). Also, typical radiographic osteoarthritic changes, including
joint space narrowing, osteophytosis, subchondral bony sclerosis, and cyst formation, can
be identified in most of these patients(1, 2). Some argue that such pathological changes
might not be indicative of an osteoarthritis (OA) diagnosis as these patients often also have
radiographic signs in the hand and spine joints unlike those commonly seen in OA(3).
Nevertheless, joint-associated pain is one of the most common complications that affect
quality of life in patients with acromegaly(4, 5). By contrast, GH deficiency (GHD), if it
occurs in children, can result in extremely limited skeletal growth and short stature, and is
caused by insufficient amounts or lack of GH expression. One comparative study has found
that the prevalence of radiographic OA is lower in elderly GHD patients than a normal
population of elderly people(6). It is still unknown how GH disorders affect joint health over
the lifespan.

Various animal models with altered GH levels or growth hormone receptor (GHR)
dysfunction have provided insight into the functions of GH in joint health with mixed
results. For example, studies examining hypopituitary dwarf mice (aw/aw) report that GH
deficiency slows aging associated joint degeneration(7, 8). However, another study of dwarf
rats (aw/aw) reported increased severity of articular cartilage lesions indicative of OA(9).
By contrast, over-expression of bovine growth hormone (6GH) in mice increases cartilage
clefts and synovial thickening at an early age of 6 months(10), suggesting increased GH
action promotes OA development. Finally, a recent study using an inducible and isolated
GH deficiency (AOIGHD) mouse line showed that adult-onset reduction of GH increases
OA development(11). The different, and indeed, seemingly contradictory results from these
studies are likely due to the use of different species and genetically modified animal lines
within a given species. Thus, further investigations into the role of GH and the maintenance
of joint health are needed.

Recently, emerging evidence demonstrated that impaired cellular metabolism in
chondrocytes contributes to OA development(12). For example, decreased electron transport
chain activity is found in OA chondrocytes and is associated with increased cartilage
oxidative stress(13). Moreover, recent data demonstrate increased expression of various
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enzymes in the fatty acid oxidation (FAO) pathway in cartilage of mice on high fat diets(14,
15), implicating a possible linkage between a metabolic shift toward FAO in chondrocytes
and obesity-induced OA development. Despite these important findings, it is still unknow
how chondrocyte cellular metabolism is regulated during normal physiological conditions
and dysregulated during OA.

GH is a strong regulator of central metabolism. During conditions of energy surplus, GH,

in concert with IGF-1 and insulin, promotes nitrogen retention, and when food is sparse,
GH increases use of lipids for conservation of vital protein and glycogen stores(16). GH

is well-known for its role in promoting lipolysis(17). For example, baseline free fatty acids
(FFA) values (~0.4 mmol/liter) usually more than double with peak values of approximately
1 mmol/liter recorded 2-3 hours after a single exogenous GH pulse in humans(17-21). In
addition, /n vitro bioassays based on the measurement of conversion of tritiated palmitate to
3H,0 in human fibroblasts(18, 22) suggest that GH also directly stimulates FFA oxidation.
No studies thus far have investigated the direct effects of GH on chondrocyte cellular
metabolism and its implications in OA development.

The objectives of the current study were twofold: (1) to characterize OA development

in mice with either over-expressed or suppressed GH action and (2) test if GH regulates
chondrocytes function directly through altering chondrocyte cellular metabolism. We
hypothesized that chronic GH overproduction leads to OA development via shifts in
chondrocyte metabolism towards FAO. To test this hypothesis, we first characterize joint
anatomy via both histopathology and micro-CT (UCT) from WT and 6GH mice. We then
used targeted liquid-chromatography mass spectrometry (LC-MS) to metabolically profile
the cartilage tissue from these mice. In parallel and in an effort to better understand
potential mechanisms by which GH regulates chondrocyte function, we isolated primary
mouse chondrocytes from WT and 6GH mice. These cells were then analyzed for expression
of genes involved in chondrocyte hypertrophy, cartilage matrix synthesis and degradation.
Additionally, we used Seahorse Respirometry to metabolically characterize alterations of
chondrocyte cellular metabolism with GH overexpression. Finally, we investigated whether
mice over-expressing GHa are protected from developing OA.

bGH mice develop increased knee joint degeneration at 13-months-old.

We first analyzed the joint histopathology of age-matched WT and 6GH mice. At ~13
months of age, the articular cartilage of WT mice is largely intact with only undulating
articular surface and mild loss of proteoglycan staining in the medial tibia (Figure 1A,
upper panel). By contrast, the cartilage in b6GH mice displayed multiple signs of moderate-
to-severe degeneration. First, a large portion of non-calcified cartilage typically found in
the medial femoral condyle is missing from the surface up to the tidemark (Figure 1A,
lower panel, indicated by white arrowheads). This is consistent with the average OARSI and
Mankin scores, which nearly doubled in 6GH compared to WT mice (Figure 1B & 1C).
Additionally, subcategory Mankin scores for articular cartilage structure and Safranin-O
staining (Supplementary Figure 1A & 1B) are also significantly higher in b6GH compared
with WT mice. Second, multiple extrusions of cartilage tissue on both femoral and tibial
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articular surfaces can be seen (Figure 1A, lower panel, indicated by black arrowheads),
indicating an early stage of osteophyte development. However, the osteophyte score is not
significantly higher in the bGH relative to WT controls (Supplementary Figure 1A & 1B),
this is likely be due to the fact that only osteophytes at the medial tibia were counted and
included for the osteophyte score. Third, the tibial cartilage of 6GH mice is hypercellular
and consists of a large number of cells resembling hypertrophic chondrocytes in both
calcified and non-calcified cartilage zones (Figure 1A, lower panel, indicated by black
asterisks). Semi-quantification of the numbers of hypertrophic chondrocytes also showed
approximately 90% increase in 6GH mice (Supplementary Figure 1A & 1B), even though
the number of tidemarks did not increase significantly (Supplementary Figure 1A & 1B).
Interestingly, male and female mice have similar joint degeneration phenotype at this age
(Figure 1B & 1C, Supplementary Figure 1A & 1B).

To assess if the joint degeneration is due to abnormal joint development in bGH mice,

we analyzed the joints from age-matched WT and 6GH mice at 3- and 6-months.
Comparing with WT, 6GH mice at 3 months develop normal joint structure with no signs of
degeneration (Supplementary Figure 2A & 2B). By contrast, at, joints in 6-month-old 6GH
mice exhibit early signs of OA with an uneven surface, loss of proteoglycan staining, and
small lesions (Supplementary Figure 2C). This phenotype is also reflected by a significantly
higher average Mankin score in bGH comparing with WT mice, though OARSI scores

are not different between the two genotypes (Supplementary Figure 2D). Interestingly, this
difference is only present in males but not females (Supplementary Figure 2D & 2E). These
results suggest that the joint pathology in 6GH mice develops during adulthood rather than
being secondary to defective joint development. These results also suggest a potential sexual
dimorphic effect of GH on OA disease development.

bGH mice develop synovitis and subchondral plate thinning.

Besides well-developed cartilage pathologies, synovium in 6GH mice also exhibits
hyperplasia. Compared with joints in WT mice, the synovial membrane in 6GH mice was
thickened, comprising 3-5 cell layers, and formed a subintimal stromal tissue adjacent to
the joint capsule (Figure 1D). Interestingly, synovial hyperplasia was also apparent at the
intercondylar notch (distal femur) and intercondylar eminence (proximal tibia) in the bGH
mice (Figure 1D), indicating increased inflammation at the whole joint level. Consistently,
grading for synovitis demonstrated a significantly higher score in both male and female 6GH
mice compared with WT controls (Figure 1E). Furthermore, subchondral bone in the tibia
of bGH mice was visibly thinner than that in the WT mice as revealed in the Safranin O
staining images (Figure 1F). uCT results confirmed this observation (Figure 1G), with a
relatively thin subchondral plate and lower BV/TV in bGH mice compared to WT control
littermates (Figure 1H), indicating greater porosity in the subchondral bone of the 6GH mice
compared to the WT mice.

Chondrocytes in articular cartilage express functional GH receptor.

It has been demonstrated that chondrocytes in the growth plate express GH receptor
(GHR)(23). To demonstrate if chondrocytes in the articular cartilage also express GHR,
we immunohistochemically stained both mouse and human articular cartilage. To validate
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the result, we included joint tissue samples from mice with global GH receptor deficiency
(GHR™) (Figure 2A). It was found that both human and mouse cartilage abundantly
express GHR (Figure 2A & 2B), while virtually no cells in the GHR™'~ are positively
stained for GHR (Figure 2A). We didn’t observe a difference of overall GHR expression
level in normal vs OA cartilage tissue (Figure 2C). We then tested if chondrocytes in

the articular cartilage would respond to GH treatment and activate the canonical GH-
induced intracellular signaling pathway: Janus kinase 2/signaling transducer and activator
of transcription 5 (JAK-2/STAT-5). Acute bGH treatment of mouse primary chondrocytes
increased tyrosine phosphorylated (Phos)-STAT5 in a dose-dependent manner (Figure 2D).
The GHR antagonist, Peg, inhibited bGH induced activation of tyrosine Phos-STAT5
(Figure 2D & E). Consistently, immunofluorescent staining also showed significantly more
chondrocytes expression of phos-STATS in bGHvs WT mice (Figure 2F & G).

Chondrocytes from bGH mice express higher levels of chondrocyte hypertrophy
associated genes.

To further study the effect of GH on chondrocyte functions, we isolated chondrocytes
directly from bGH mice and treated the cells with or without Peg. The cells were then

used to examine the expression of genes associated with cartilage extracellular matrix,
chondrocytes hypertrophy, and degradation of the cartilage matrix. Both aggrecan (Acan)
and cartilage oligomeric matrix protein (Comp) expressions were significantly higher in
bGH compared to WT chondrocytes, while type 11 collagen (Co/Zal) did not change (Figure
3A, B, & C). Meanwhile, chondrocyte hypertrophy markers (type X collagen (Co/10al) and
Adamts 5 but not Mmp13) were also significantly higher in 6GH chondrocytes (Figure 3D,
E, & F). Peg effectively decreased Comp expression to the basal level while it did not have a
significant effect on other genes expression.

We also treated mouse primary chondrocytes with bGH alone or in combination with Peg
for either a short (2 days) or a long (7 days) period of time. The cells were then used

for gene expression analysis. Two days of bGH treatment significantly upregulated Co/2az
and Col10al expression (Supplementary Figure 4A & 4D) while it did not alter either
Acanor Comp expression (Supplementary Figure 4B & 4C). Peg effectively normalized
both Col2aland Col10a1 expressions to the basal levels (Supplementary Figure 4A &
4D). Similarly, two days of bGH treatment did not significantly affect either Mmp13or
Adamts 5 gene expression (Supplementary Figure 4E & 3F). Interestingly, prolonged bGH
treatment (7 days) downregulated Co/2al expression by ~30% and Acan gene expression
by nearly 50% (Supplementary Figure 5A & 5B). Peg failed to rescue the downregulation
of Col2alby bGH (Supplementary Figure 5A) but induced a significant recovery of Acan
expression (Supplementary Figure 5B). Neither bGH alone nor bGH plus Peg significantly
altered Comp and Col10a1 gene expression (Supplementary Figure 5C & 5D) with 7 days
treatment, suggesting a transient effect of bGH and Peg. Similar to the two-day treatment,
neither bGH nor Peg treatment affected the gene expression of Mmp13and Adamts 5
(Supplementary Figure 5E & 5F).

The intriguing higher level of chondrocyte hypertrophic gene Col10al expression in bGH
chondrocytes prompted us to link to an interesting observation of the 6GH mice joint
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histopathology that they have an increased number of large-size chondrocytes in both
calcified and non-calcified cartilage zones (Figure 1A). In order to quantify this observation,
we randomly quantified 10-15 chondrocytes from both calcified and non-calcified cartilage
of each mouse and used Image J to measure cell sizes. Interestingly, in bGH males

the average size of chondrocytes in the non-calcified cartilage but not the calcified is
approximately 40% large than that in the WT controls (Figure 3G, upper panel & 3H).

By contrast, bGH females exhibit significantly larger chondrocytes in both calcified and
non-calcified cartilage relative to WT littermates (Figure 3I). In order to demonstrate if

the enlarged cells are indeed hypertrophic chondrocytes, we used immunohistochemistry

to stain joint sections for type X collagen (COLX). Interestingly, whereas the majority of
stained chondrocytes are concentrated in the calcified cartilage in WT animals, COLX is
robustly expressed throughout the full thickness of both calcified and non-calcified cartilage
in the bGH mice (Figure 3G, lower panel).

Chronic GH over-production alters chondrocyte cellular metabolism.

Considering GH is a strong regulator of carbohydrate, lipid, and protein metabolism, we
conducted a high-throughput targeted LC-MS analysis of small molecules (metabolites)
to more broadly evaluate the role of GH in chondrocyte cellular metabolism. A total

of 184 primary metabolites were detected and identified (see Methods section) in both
WT and bGH cartilage samples. Principle Component Analysis (PCA) and Partial Least
Squares-Discriminant Analysis (PLS-DA) plots of the results demonstrated a clear clustering
of WT and bGH samples (Figure 4A). Forty-eight (48) metabolites were identified to
have significantly different abundance values (Figure 4B). Interestingly, among them,
only one metabolite, anserine, was downregulated while the other 47 metabolites were
significantly upregulated in the 6GH versus WT mice (Figure 4B). Anserine is a dipeptide
comprised of a beta-alanine and a methylhistidine that has antioxidant activity under
diabetic conditions(24). It is possible that GH may also indirectly regulate oxidative

stress through anserine metabolism in chondrocytes that further affect OA development.
Analysis of variable importance projection (VIP) scores revealed 29 metabolites with

VIP scores greater than 1 (Figure 4B). Pathway analysis of the important metabolites
with #test FDR < 0.1 and VIP score > 1 showed four pathways that are altered in

bGH mice, namely: beta-alanine metabolism, tryptophan metabolism, lysine degradation,
and ascorbate and aldarate metabolism. In order to identify potential interactions among
the individual metabolites, we performed an interaction network(s) analysis for important
metabolites using the Search Tool for Interactions of Chemicals (STITCH) database.
Interestingly, we found that network hubs (i.e., nodes that have a high level of connectivity)
included L-kynurenine, L-tryptophan, L-threonine, serotonin, L-lysine, homacitrulline,
homo-L-arginine, and spermidine (Figure 4D). Also, the normalized concentrations of the
two most connected metabolites, L-lysine and L-tryptophan are displayed as box plots in
Figure 4E.

Chondrocytes from bGH mice have a higher basal fatty acid oxidation rate using palmitate
as substrate.

Considering the strong effect of GH on fat metabolism, we further investigated how GH
modulates fatty acid oxidation (FAO) in chondrocytes. Chondrocytes isolated directly from
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WT or bGH mice were used for Seahorse Respirometry assays (Supplementary Figure

8). During the assay, cells were provided BSA conjugated palmitate as substrate with
sequential addition of medium or etomoxir (4 uM), oligomycin (2 uM), FCCP (1 uM),

and Rot/AA (0.5 uM) to each well. bGH chondrocytes have a higher oxygen consumption
rate (OCR) under the basal condition (Figure 5A & C). This is largely due to a higher

FAO since the OCR of bGH chondrocytes dropped to a similar level of WT chondrocytes
when FAQ inhibitor Etomoxir was added (Figure 5A & D). Compared with WT, bGH
chondrocytes also had a higher level of ATP-linked respiration (Figure 5G). No difference
in non-mitochondrial respiration was observed between WT and 6GH chondrocytes after
treatment with the inhibitors Rot/AA (Figure 5B). Interestingly, 6GH and WT chondrocytes
had a similar maximal mitochondrial respiration after FCCP was injected (Figure 5E).
Other parameters of mitochondrial function (e.g., proton leak, spare respiratory capacity, and
coupling efficiency) did not differ between WT and 6GH chondrocytes (Figure 5F, H, & I).

Mice over-expressing GH receptor antagonist are protected from developing OA.

To investigate if blocking GH action would protect mice from developing OA, we analyzed
the knee joint of a dwarf mouse line expressing a GHa(25, 26) and its age-matched
wild-type control (WT). At ~23 months of age, joints of WT mice exhibit early signs of
aging-associated degeneration, characterized by an undulating articular joint surface and
uneven intensity for proteoglycan staining (Figure 6A). In contrast, the articular joint surface
of GHamice was remarkably intact and smooth. The full thickness of cartilage in these mice
was also evenly stained with proteoglycan. Both OARSI and Mankin grading systems were
used to quantify the OA pathological changes. No significant difference of OARSI scores
between WT and GHa was found (Figure 6B & C); however, the average Mankin score of
GHamice is significantly lower than that in the WT mice (p = 0.0159, Figure 6D). The
difference is mainly attributed to lower subcategory scores for cartilage structure (Figure

6E) and Safranin-O staining (Figure 6G) in the GHa compared with the WT, while other
parameters such as tidemark, osteophyte and hypertrophic chondrocytes are not different
between WT vs GHa. These results suggest that over-expression of a functional GH receptor
antagonist protects mice from developing aging associated OA joint degeneration.

Discussion

As the name implies, GH facilitates ‘growth’ by acting on the longitudinal bones; thus, to
date almost all “bone’ studies have focused on the role of GH on chondrocyte proliferation
in the growth plate cartilage during development. For example, studies in rat models
demonstrated direct mitogenic effects of GH on growth plate chondrocytes(27, 28). The
presence of GHRs, identified immunocytochemically using a monoclonal antibody to rabbit
GHR, was demonstrated initially in the rabbit (23) and subsequently in the human (29)
growth plate. These studies indicated the presence of direct GH targets in the growing
mammal, with continued ontogeny of their distribution in the prepuberty period. More
direct evidence found that after a single pulse of GH, tyrosine phosphorylated (p)-STAT5
was present in resting zone of the growth plate, and in particular, localized to the pre-
hypertrophic chondrocytes(30). Despite the important role of GH in growth plate, little is
known about the effect of GH on joint articular cartilage during growth or in cartilage
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maintenance, nor its implications for joint degeneration. For the first time, our study has
found that chondrocytes in articular cartilage abundantly express GHR and initiate the
canonical JAK/STATS signaling cascade upon GH stimulation. We further discovered that
bGH mice developed increased articular cartilage degeneration and loss at ~13 months,
with an increased number of hypertrophic chondrocytes. These results indicate that GH
could possibly act directly on articular cartilage and promote chondrocyte pathological
hypertrophic changes, further leading to cartilage degeneration. However, in order to
delineate the role of GH on articular cartilage, the analysis of conditional GHR disrupted or
knockout mice would be warranted in future studies.

Our study has demonstrated that GH may act directly on articular cartilage, though we could
not rule out that some of the effects of GH on articular cartilage are indirectly influenced
via IGF-1. It was originally thought that liver-derived insulin-like growth factor (IGF-1)

is released into circulation and then mediates the effect of GH in the target tissues, a
concept referred to as the somatomedin hypothesis(31). The somatomedin hypothesis was
later revised as it was found that mice with liver-specific Igf-1 gene knockout displayed
normal postnatal body growth despite serum IGF-1 levels that were decreased by more

than 80%(32). However, another study found that liver-specific GHR knockout mice which
have 90% decrease of circulating IGF-1 were smaller than WT controls(33), suggesting
IGF-1 is indeed important for normal body growth mediated by GH. Additionally, local
treatment with GH to one leg, either through direct injection to the growth plate or as

an infusion into the femoral artery, resulted in unilateral bone growth on the GH-treated
side of hypophysectomized, GH-deficient rats(34). In one of our preliminary studies, we
measured IGF-1 mRNA level locally in the cartilage tissue of WT vs bGH mice. There is
indeed a higher level of IGF-1 expression with bGH overexpression (Supplementary Figure
3), suggesting a potential role of paracrine IGF-1 in the OA phenotype we observed in

bGH mice. Given these findings, it is clear that additional investigations are necessary to
dissect the relative contributions of endocrine and/or paracrine/autocrine levels of IGF-1 and
GH to the development and maintenance of articular cartilage, and in particular, for any
pathological changes manifesting during OA development.

Impaired cellular metabolism is a hallmark of aging and it is also a central feature of OA
chondrocytes. For example, impaired electron transport chain activity in OA chondrocytes
increases cartilage oxidative stress(13). In addition, significant aging associated decline

in the activity of rate limiting glycolytic enzymes has also been reported(35), which

could be linked to chondrocyte hypertrophic pathologic changes and OA development(36).
Interestingly, GH secretion decreases during aging and a reduction in GH level is linked to
healthy aging and increased longevity. Indeed, the world’s longest-lived laboratory mouse
results from global disruption of the GH receptor gene (GHR7)(26), while b5GH mice
are short-lived with a maximal lifespan of only 18-months and a 1-year survival-rate of
25% (37, 38). In this study we completed a metabolomic profile and discovered that bGH
overexpression led to alterations of different amino acid metabolic pathways, including
those related to beta-alanine metabolism, tryptophan metabolism, lysine degradation, and
ascorbate and aldarate metabolism. This is generally consistent with recent advances in
metabolomics research showing differences in amino acid concentrations in the cartilage,
synovial fluid, plasma, and urine of arthritic joints. For example, within equine cartilage
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explants, lysine was found to be elevated while alanine was decreased following TNF-
a/lL-1pB treatment(39). Furthermore, increased abundance of metabolites in tryptophan
metabolic pathway, such as tryptophan, kynurenic acid and anthranilic acid, have been
found in the synovial fluid of patients with rheumatoid arthritis(40). Additionally, increased
tryptophan metabolism has been found in the serum of rats with OA and has been suggested
as a biomarker for OA(41). In the current study, we also used Seahorse Respirometry and
for the first time discovered that GH promoted long-chain FAO in chondrocytes. Increased
lipid metabolism in chondrocytes has been demonstrated to be linked to increased oxidative
stress(42) and high-fat diet (HFD) induced OA development in mice(14). Considering the
important roles of GH in lipid metabolism(17), it could be possible that GH also plays a
role in the OA pathogenesis during HFD-induced obesity. Further studies to test if blocking
FAO or GH signaling transduction inhibits chondrocyte metabolic dysfunction and OA
development are needed.

Another novel finding from this study is that mice expressing functional GHa are protected
from developing aging associated OA,; this could potentially lay the foundation for future
studies on testing the therapeutic potential of GHa for OA. Peg, an FDA approved drug to
treat patients with acromegaly, was developed using the same GHa mouse model used in the
current study(25). Following rigorous preclinical animal experiments(43) and human clinical
trials in patients with acromegaly(44, 45), it was approved by FDA for treatment of these
patients. We are not directly testing Peg /7 vivoin this study due to its relatively low activity
in blocking GHR signaling in rodents(46). As demonstrated previously, glycine at positions
120 (G120) of human GH or position 119 of bovine GH is critical for its growth-promoting
activity. Peg has nine amino acid changes including substitution of G120 with lysine (L)
(G120L) as well as eight additional changes that increase its ability to bind to the human
GHR and not to the prolactin receptor. However, when used in rodents, Peg did not show
effectiveness to block GH action(46), presumably due to the other 8 amino acid changes.

In this study, we are taking advantage of a genetic mouse model with over-expression of
bGH-G119R that has already been shown to effectively block GH actions in mice(25, 47).
In fact, the resulting dwarf mice was the foundational data for the development of Peg.

Our proof-of-concept studies will lay the foundation for future pharmacological design and
production of a mouse specific GH receptor antagonist, which will be further tested in
preclinical mouse models for OA treatment.

There are also several limitations of the study. First, we were not able to delineate the effect
of body weigh/size of 6GH and GHa mice on joint pathology and to dissect the cartilage
specific role of GH-GHR signaling in the current study. We also noted the need for a larger
sample size in our future studies. Additionally, OA pain associated behavioral tests will
need to be included in our future studies to investigate the effects of GH on structural
versus symptomatic OA pathologies. Last but not least, the use of bovine GH for transgene
expression in mice versus mouse GH may result in a species-specific response in bGH
mice, further effort to create a mouse model with overexpression of mouse GH would be
warranted.

In conclusion, we reported an osteoarthritic phenotype in the knee joints of b6GH mice
and discovered chondrocytes with overactive GH actions had metabolic dysfunctions and
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pathological hypertrophic changes. Inhibition of GH actions through overexpression of a
functional GH antagonist protected mice from developing aging associated OA. Future
studies addressing cartilage specific functions of GH/GHR signaling in OA development and
the translational potential of GH receptor antagonist, Peg, for OA treatment are warranted.

Additional detailed methods are provided in the supplemental materials.

Transgenic bGH (n=4 for male and n=>5 for female) and GHa (G119R) (n=5, male) and WT
controls (n=5 male and n=5 female for b6GH mice control; n=4 male for GHa control) mice
were group housed on corncob bedding with cardboard enrichment tubes and nestlets at 22
+ 0.5°C on a 14:10-hour light-dark cycle and maintained on a standard Chow diet until ~13
months of age. The mice were euthanized with isoflurane in the fasted state (5-6 hours)
and tissues were collected as described below. All animal procedures were reviewed and
approved by the Institutional Animal Care and Use Committee at the Ohio University.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. bGH mice develop increased cartilage degeneration, synovitis, and subchondral plate
thinning at 13-months-old.

(A) Safranin O staining of knee joints of WT (upper panel) and 6GH (bottom panel) mice.
Low-magnification images (4x) of whole joints are on the left, high-magnification (20x)
images of each joint compartments (lateral femur, medial femur, lateral tibia, medial tibia)
are on the right. White arrowhead shows cartilage defects or loss, black arrowhead shows
cartilage expansion and hypertrophy, * shows chondrocyte hypertrophic changes. Scale bar,
500 um for 4x images, 100 um for 20x images. (B-C) Quantification of OA severity in male
(B) and female (C) WT and 6GH mice using average (AVG) and maximal (Max) OARSI
Scores, as well as average (AVG) Mankin Score that includes osteophyte, cartilage damage,
tidemark duplication, proteoglycan Saf O staining, and hypertrophic chondrocytes. (D)
Representative images of synovium from WT and 6GH mice. Dashed black lines indicate
areas of synovium hyperplasia. (E) Semi-quantitative synovitis scores in male and female
WT and 6GH mice. (F) Representative histological images of WT and bGH mice displaying
thinning of the subchondral plate. Dashed white lines indicate areas of subchondral plate.
(G) Representative images of UCT of tibial subchondral bone of WT and 6GH mice. (H)
Subchondral plate thickness (left graph) and percentage of bone volume to total volume
(BVITV) (right graph) of tibial subchondral bone of WT and 6GH mice. *p<0.05, **p<0.01,
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ns=not significant. n=5 for male WT, n=4 for male 6GH, n=5 for female WT, n=5 for female
bGH mice.
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Figure 2. Chondrocytesin the articular cartilage tissue express functional GH receptor (GHR).
(A) Immunohistochemical staining for GHR in lateral tibial cartilage of WT and GHR

knockout (GHR™7) mice. Scale bar, 100 pm. n=3. (B) Immunohistochemical staining for
GHR in human OA and normal articular cartilage. Scale bar, 100 um. n=3 for Normal, n=4
for OA. (C) Ratio of GHR positively stained (GHR+) chondrocytes to total chondrocytes in
Normal or OA human cartilage tissue. (D) Mouse primary chondrocytes were treated with

0, or 0.5 or 2.5 nM bGH with or without the GH receptor antagonist, Peg, and expression

of phos-STATS (~95 kDa), total STAT5 (Tot-STATS) (~95 kDa), and beta-actin (ACTB) (45
kDa) was determined, n=5. (E) Densitometry analysis of ratio of phos-STAT5/total-STAT5
using blotting results from 5 independent experiments. (F) Immunofluorescent staining for
phos-STATS in the cartilage of WT and 6GH mice. (G) Ratio of phos-STATS5 positively
stained (p-STAT5+) chondrocytes to total chondrocytes in WT and 6GH mice cartilage. n=4,
*p<0.05, scale bar, 100 pm.
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Figure 3. Chondrocytes from bGH mice express higher levels of chondrocyte hypertrophy
associated genes.

Mouse primary chondrocytes isolated from the articular cartilage of WT and 6GH mice
treated with or without Pegvisomant (200 nM) for two days were then used to detect

gene expression of Col2al (A), aggrecan (Acan) (B), comp (C), Col10al (D), Mmp13

(E), and Adamts5 (F). *p<0.05, **p<0.01, ***p<0.001. n=3. (G) Safranin O staining and
immunohistochemical staining for collagen type X (COLX) in the articular cartilage of WT
and bGH mice. (H & 1) Quantification of chondrocyte sizes in both non-calcified (n=75 for
male WT, n=60 for male 6GH, n=60 for female WT, n=75 for female 6GH) and calcified
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(n=57 for male WT, n=48 for male b6GH, n=40 for female WT, n=58 for female bGH)
articular cartilage tissue in male (H) and female (1) mice. *p<0.05, ****p<0.0001, ns=not
significant.
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Figure 4: Metabolite analysis of bGH versusWT cartilage.
Panel (A): PCA and PLS-DA plots showing extent of sample clustering per condition. Panel

(B): Heatmap for metabolites with significantly different (#test FDR < 0.1) concentrations
in bGH versus WT samples. Also depicted is each feature’s log2 fold-change (LFC; with
red and blue shading analogous with upregulation and downregulation in bGH samples,
respectively) and PLS-DA derived variable in importance projection (VIP) score. Panel
(C): Pathway analysis of important metabolites (#test FDR < 0.1 and VIP score > 1).
Circle size is proportional to number of important metabolite “hits’ in given pathway, while
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strength of color shading is representative of —~Log10(7) for pathway enrichment (with
darker shading analogous having stronger significance). Significantly enriched pathways

are consequently labelled using in-plot. Panel (D): Interaction network(s) for important
metabolites (#test FDR < 0.1 and VIP score > 1), as defined using the Search Tool for
Interactions of Chemicals (STITCH) database. Color shading is representative of LFC,

red being upregulated and blue downregulated, in bGH samples (versus WT controls,
respectively, with connecting edge thickness corresponding to strength of interaction. Panel
(E): Box plots depicting normalized concentration for the two most connected metabolites in
panel (D).

Arthritis Rheumatol. Author manuscript; available in PMC 2024 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

OCR (pmol/min/million cells)

5004

400+

300+

2004

o
(=]
1

© WT-Medium
@ WT-Etomoxir

© bGH-Medium
-® bGH-Etomoxir

Medium or

Etomoxir Oligomycin

et

o
=)
]

Time (minutes)

@

Proton Leak ATP Production

N
=3
t=3

*

g z
8 " o [o) 8
iz . o =§ 150
E 30- £
< £ 100 A
£ 8 50
£ 104 o
o I3}
8 c o 0 T T T T
T T T T & & N RS
y . o & St
&\)@ & & & @,bb‘ & @0& &
G G Y R N 2
Rl K SRNMINC
& ¢ ¢ O(,;?‘

B Non-mito OCR
- 150+

OCR (pmol/min/million cells]
[
o
I

Page 21

C Basal Respiration_before etomoxir
— 300+ *

200+

100+

OCR (pmol/min/million cells;

o

100
o®
[]
°
0 T T T T

D Basal Respiration_after etomoxir

Maximal Respiration

LM

IS

o

=]
]

% 2504 * ° *kkk Kkkk
3 = 8
s 200+ .5 300
E 150 g
E £ 2004
3 1004 ') TE)
& g & 1004
] o
(6}
0 U © o T T

T T

I OCR

Spare Respiratory Capacity

300+
dkkk

dedkekk
2004

100+

-100

2
¥

CR (pmol/min/million cells)

O 200 T . .

Coupling Efficiency
100

804

604

06\\’@ & @""@ &
\&,@ & N \XQ,\"
& ¢ ¢

Y

Figure 5. Chondrocytes from bGH mice are more efficient in oxidizing long-chain fatty acid

palmitate using a Seahor se Respirometry assay.

(A) Chondrocytes isolated from WT and 6GH mice were provided BSA-conjugated
palmitate as substrate. The cells were then subject to ‘Mito Stress Assay (acute injection)’
using Seahorse XFe24 analyzer. The first injection from Port A is either medium or

the fatty acid oxidation inhibitor, Etomoxir (4 uM), while the following three injections
from Port B, C, D are: 2 uM Oligomycin, 1 yM FCCP, and 0.5 pM Rotenone/Antimycin-

A. Oxygen consumption rate (OCR, pmol/min/million cells) were measured during the
assay. Data were then normalized to cell number. (B-1) Different aspects of mitochondrial
functions including non-mitochondrial OCR (B), Basal Respiration_before extomoxir (C),
Basal Respiration_after extomoxir (D), Maximal Respiration (E), Proton Leak (F), ATP
Production linked Respiration (G), Spare Respiratory Capacity (H), and Coupling Efficiency

() are calculated. *p<0.05, ****p<0.0001, n=4.
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Figure 6. Mice expressing a GH receptor antagonist (GHa) are protected from aging associated
OA development.

(A) Representative images of joints from ~23 months-old male WT and GHa mice. Upper
panel, low-magnification images (4x). Lower panel, high-magnification images (20x) of the
lateral tibia. Scale bar, 500 pm for 4x images, 100 um for 20x images. Average (AVG)
OARSI score (B), maximal (Max) OARSI score (C), average (AVG) Mankin score (D),
cartilage structure (E), tidemark (F), Safranin O staining (G), oteophyte (H), hypertrophic
chondrocyte (1) scores of WT and GHa mice joints. White arrowhead shows cartilage defects
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or loss, # shows loss of proteoglycan staining, *p<0.05, ns=not significant. n=4 for WT, n=5
for GHa.
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