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Abstract 
Rheumatoid arthritis (RA) is characterized by erosive pathology associated with joint inflammation and a sexual dimorphism with increased 
prevalence in females. Here, we aim to determine whether androgen is protective against inflammatory-erosive disease in TNF-transgenic 
(TNF-Tg) mice.

Wild-type (WT) and TNF-Tg male mice underwent sham (WT, n = 3; TNF-Tg, n = 7) or orchiectomy (WT, n = 3; TNF-Tg, n = 7) surgery at 1 month 
old to remove androgen production confirmed by serum testosterone concentration. Cohorts of orchiectomized TNF-Tg males were treated with 
either 5ɑ-dihydrotestosterone (.025 mg/day) (n = 3) or placebo (n = 3) via subcutaneous pellet insertion. Weekly clinical measures, along with mid- 
hindpaw bone volumes and ankle histology at 3 months old were evaluated for all groups.

Orchiectomies in TNF-Tg males significantly decreased serum testosterone (P < .05), weight gain (P < .001), and mid-hindpaw bone volumes 
(P < .05) in comparison to sham TNF-Tg mice. The cuboid bone also had increased synovitis by histology with the loss of androgen (P < .05). 
Treatment of orchiectomized TNF-Tg males with 5ɑ-dihydrotestosterone protected against the changes in weight gain (P < .01) and bone 
erosion (P < .05) associated with decreased osteoclast number in the cuboid (P < .01).

In the TNF-Tg model of chronic inflammatory arthritis, androgen is protective in erosive disease. The loss of endogenous androgen significantly 
accelerated the progression of inflammatory-erosive arthritis in male TNF-Tg mice to a similar severity as age-matched female mice. In addition, 
treatment with exogenous androgen prevented this observed bone loss in orchiectomized TNF-Tg males. Overall, androgen delays and limits 
bone erosion even in the presence of active inflammation and future studies are warranted to elucidate the associated mechanisms.
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Rheumatoid arthritis (RA) is a chronic immune-mediated 
inflammatory disorder that develops from overexpression 
of pro-inflammatory cytokines in the joint, leading to destruc-
tive joint inflammation [1-3]. RA and other disorders with 
autoimmune arthritis, including psoriatic arthritis, juvenile 
idiopathic arthritis, and ankylosing spondylitis, are character-
ized by the sequelae of bone erosions mediated by the inflam-
matory environment of the joints [4-7]. In RA, the inflamed 
synovium develops into an invading pannus with increased 
cytokine signaling toward production and activation of 
bone resorbing osteoclasts that create focal periarticular ero-
sions, which serve as markers of severe disease [4, 5, 8]. 
These inflammatory erosions can be a result of various factors 
that influence disease, 1 of which is the female-predominant 
sexual dimorphism common to autoimmune disorders.

Despite the remarkable relevance to clinical disease preva-
lence and progression for autoimmune conditions, including 
RA, systemic lupus erythematosus, Sjogren disease, and sys-
temic sclerosis, the etiology of these pronounced sex 

differences remain unclear [9]. However, it is known that im-
mune cells express receptors for sex hormones, which can 
mediate their inflammatory activity [10]. Multiple models of 
inflammatory-erosive arthritis have been found to exhibit sex-
ual dimorphism, including the collagen-induced (CIA), colla-
gen antibody-induced (CAIA), and zymosan-induced (ZIA) 
arthritis mouse models [11-13], with evidence supporting 
that these differences are related to sex hormones [13-17]. 
Androgen, the predominant sex hormone in males, promotes 
anti-inflammatory effects on immune cells, establishing the 
potential to ameliorate inflammatory activity [18, 19]. In 
RA, androgen levels have also been found to be lower in 
patients, including males, compared to healthy individuals 
[20-22]. However, data regarding clinical response of erosive 
arthritis to androgen therapy are limited; 1 small study of 
7 males with RA suggested equivocal response with improved 
tender joint count but unchanged erythrocyte sedimentation 
rate and erosions were not evaluated [23]. Another study in fe-
male patients with RA also found improvement in erythrocyte 

https://orcid.org/0000-0002-6691-5209
https://orcid.org/0000-0002-0598-3232
https://orcid.org/0000-0002-4854-9698
https://orcid.org/0000-0003-4028-7723
mailto:Homaira_Rahimi@urmc.rochester.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1210/jendso/bvae169


sedimentation rate, pain, and a clinical health questionnaire 
[24]. Sex hormones do affect bone remodeling, a process dys-
regulated in inflammatory arthritis, with androgen found to 
stimulate bone formation and inhibit bone loss [25-27]. 
However, the specific role of androgen in an inflammatory 
erosive environment, such as RA, has not been determined.

The TNF-transgenic (TNF-Tg; line 3647) mouse is a model 
of chronic inflammatory-erosive arthritis that displays a re-
markable sexual dimorphism [28]. TNF-Tg mice overexpress 
the human TNF-ɑ transgene, leading to severe synovitis, pan-
nus formation, and bone erosions, and we found that female 
TNF-Tg mice have earlier onset and more accelerated disease 
than males [28, 29]. In TNF-Tg males, inflammatory erosive 
disease is significantly delayed in comparison to female 
mice, that show erosive disease by age 3 months [28, 30]. 
Based on this difference between sexes, we hypothesized 
that androgens delay focal bone erosions even in an inflamma-
tory environment. Here, we investigated the role of androgens 
on the progression of inflammatory-erosive arthritis in 
TNF-Tg mice with removal of endogenous androgen produc-
tion via orchiectomy and treatment with exogenous androgen.

Materials and Methods
Animals
All animal research was approved by the University of 
Rochester Medical Center University Committee for Animal 
Resources. The 3647 TNF-Tg mice overexpress 1 copy of the 
human TNF-ɑ gene [29]. The 3647 line was originally obtained 
from Dr. George Kollias (Institute of Immunology, Alexander 
Fleming Biomedical Sciences Research Center, Vari, Greece) 
[31, 32] and has since been maintained at the University of 
Rochester on a C57BL/6J background. Wild-type (WT) litter-
mates were used as controls.

Orchiectomies and Pellet Insertions
Orchiectomy or sham control aseptic surgeries were performed 
on 1-month-old male TNF-Tg (sham, n = 7; orchiectomy, n =  
7) and WT (sham, n = 3; orchiectomy, n = 3) mice under iso-
flurane anesthesia. In all orchiectomies, both testes were re-
moved, preventing any endogenous androgen production, as 
mice do not produce adrenal androgen [33]. Sham procedures 
included the initial incision in the scrotum but no removal of 
testes. Incisions were closed with 4-0 monofilament suture. 
Age-matched TNF-Tg females (n = 5) were compared to these 
groups. In cohorts with exogenous androgen replenishment, 
pellets containing 1.5 mg of DHT, the active form of testoster-
one, or placebo (Innovative Research of America) were inserted 
subcutaneously in the back immediately following orchiecto-
mies (DHT, n = 3; placebo, n = 3). Pellets released .025 mg of 
DHT or placebo per day for 60 days. Intact TNF-Tg males 
(n = 3) were compared to these cohorts. Orchiectomized and 
placebo-treated animals were housed separately from sham 
and DHT-treated animals. Mice of the appropriate genotype 
were randomly divided for treatment. A total of 33 animals 
was used for analysis. After euthanization and collection, 
mouse identifications were blinded for analysis. Previous stud-
ies comparing WT and TNF-Tg mice determined the initial 
sample sizes [34]. Because TNF-Tg mice typically develop an 
arthritis phenotype at age 2 months, surgery was performed 
at age 1 month [29]. DHT treatment was used to avoid the pos-
sible aromatization of testosterone and to supplement the loss 

of androgen with orchiectomy [35]. Previous validated studies 
using DHT pellets in mice determined the dosage [36-39].

Serum Collection and Analysis
Sham (n = 4) and orchiectomized TNF-Tg mice (n = 5) were eu-
thanized at age 3 months and blood was harvested by abdomin-
al aortic puncture. Blood was held at room temperature for 
30 minutes, then centrifuged at 1500g for 10 minutes, and the 
supernatant was collected. Serum was analyzed with a serum 
testosterone ELISA (Catalog #582701, RRID: AB_2895148) 
following the manufacturer’s instructions. Before assay, all se-
rum samples were extracted with diethyl ether to reduce inter-
ference with serum components such as proteins and lipids. 
Concentrations above the limit of detection in the ELISA for 
our orchiectomized mice were attributed to possible cross- 
reactivity or nonspecific binding that is common in hormone im-
munoassays [40-44]. Because mice do not have the enzyme 
CYP17 in their adrenals, it is unlikely that production and con-
version of peripheral androgen is occurring to normal physio-
logical levels [33, 45].

Weight and Paw Scoring
Mice (sham/orchiectomized TNF-Tg/WT, n = 3; placebo- and 
DHT-treated orchiectomized TNF-Tg, n = 3; TNF-Tg female, 
n = 5) were weighed at age 1 month before surgery as a base-
line, then weighed weekly until euthanasia at age 3 months. 
The baseline and final weights were used as a clinical measure 
of general health. Paw inflammation was subjectively scored 
weekly from age 1 month (before surgery) until age 3 months 
on a scale of 0 to 3 (averaged weekly per mouse), with higher 
scores indicating worse paw swelling as a clinical measure.

Micro-computed Tomography Imaging and 
Analysis
Hindpaws of 3-month-old live mice (sham/orchiectomized WT, 
n = 3; sham/orchiectomized TNF-Tg, n = 7; placebo- and 
DHT-treated orchiectomized TNF-Tg, n = 3; TNF-Tg females, 
n = 5; intact TNF-Tg males, n = 3) were imaged by micro- 
computed tomography (micro-CT; VivaCT 40, Scanco USA, 
Inc.) under isoflurane anesthesia. DICOMs were exported to 
Amira (V2020.2, Thermo Fisher Scientific, USA) for analysis 
with a semiautomated segmentation method [46]. The bone vol-
umes of the cuboid, navicular and lateral intermediate cuneiform 
(NAVLATINT), and talus were compared among groups and 
were the primary outcome measures. The NAVLATINT exhib-
its variable fusion [46]; therefore, the sum of the volumes was 
measured. The TNF-Tg mouse model experiences asymmetric 
disease in which the severity of the disease differs between each 
limb. This has been previously validated in measuring the bone 
volume of these mice [47]. Both limbs from TNF-Tg mice have 
also been previously studied as independent datapoints to meas-
ure disease [28, 48-52]. Therefore, both hindpaws for each 
mouse was analyzed as an independent datapoint.

Histology
Ankles from 3-month-old mice (sham TNF-Tg, n = 4; orchiec-
tomized TNF-Tg, n = 5; placebo- and DHT-treated orchiectom-
ized TNF-Tg, n = 3) were collected and fixed in 10% formalin 
for 3 days, followed by decalcification, histology processing, 
paraffin embedding, and sectioning (5 µm) onto microscope 
slides (Center for Musculoskeletal Research Histology Core 
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Facility, University of Rochester Medical Center). Cuboid and 
talus sections were stained with hematoxylin and eosin (H&E; 
synovium) or tartrate-resistant acid phosphatase (TRAP; osteo-
clasts) with .08% Fast Green counterstain. Stained slides were 
scanned with an Olympus VS120 at 20× objective magnifica-
tion, and synovial and TRAP+ area were quantified using 
Visiopharm (V2021.07, Visiopharm A/S, Denmark), as previ-
ously described [28]. Each datapoint represents 1 paw.

Statistics
Statistics, including t-tests and 1- or 2-way ANOVA with Tukey 
or Sidak multiple comparisons, were performed as appropriate 
in GraphPad Prism (V10.2.0, GraphPad Software, USA). 
Continuous data using parametric analysis were confirmed to 
have normal distribution with Shapiro-Wilk tests. Outliers 
were defined using the interquartile range method [53, 54]. 

This method determined that values 1.5 × interquartile range 
above the upper quartile and below the lower quartile were ex-
cluded from analysis. One paw in the micro-CT analysis for 
DHT-treated orchiectomized mice and 1 paw in the histology 
analysis for placebo-treated orchiectomized mice were outliers 
and excluded from analysis. No other exclusions were made. 
Values are reported as mean ± SD.

Results
TNF-Tg Mice Females Exhibit Accelerated 
Erosive Arthritis
Micro-CT analyses of 3-month-old TNF-Tg male and female 
mice were used to determine the difference in bone volume as 
a measure of erosion between sexes. The bones of the mid- 
hindpaw, the cuboid (Fig. 1A, red asterisk), NAVLATINT 

Figure 1. Female TNF-Tg mice have significantly less bone volume than male TNF-Tg mice. The hindpaws of TNF-Tg male (n = 7) and female (n = 5) mice 
were imaged with micro-computed tomography (micro-CT) at age 3 months. Representative 3-dimensional-rendered images of a TNF-Tg male (A) and 
TNF-Tg female (B) exhibit the mid-hindpaw bones compared between sexes, including the cuboid (A, red/right asterisk), navicular and lateral intermediate 
cuneiform (A, yellow/left asterisk), and talus (A, green/lower asterisk). The total bone volume of the cuboid (C), navicular and lateral intermediate 
cuneiform (D), and talus (E) bones was compared between males and females, with females having a significantly lower bone volume than males in all 
analyzed bones. Statistics: unpaired t-tests (C-E); * = P < .05, ** = P < .01, *** = P < .001.
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(Fig. 1A, yellow asterisk), and talus (Fig. 1A, green asterisk) were 
measured to compare total bone volumes. Representative 
3-dimensional-rendered images of a TNF-Tg male (Fig. 1A) 
and female (Fig. 1B) exhibit erosive bone loss occurring, most 
notably in the female. Female TNF-Tg mice were also found 
to have significantly more erosions in the cuboid (TNF-Tg male  
= .42 ± .04 mm3, TNF-Tg female = .36 ± .05 mm3, P < .05), 
NAVLATINT (TNF-Tg male = .90 ± .09 mm3, TNF-Tg female  
= .78 ± .05 mm3, P < .01), and talus (TNF-Tg male = 1.19  
± .153 mm3, TNF-Tg female = .99 ± .05 mm3, P < .001) com-
pared to TNF-Tg males (Fig. 1C-E).

Orchiectomized TNF-Tg Male Mice Exhibit 
Exacerbated Erosive Arthritis Compared to Sham 
Controls
To investigate the role of androgen loss in TNF-Tg erosive arth-
ritis, we performed orchiectomies and sham control surgeries 
on 1-month-old WT and TNF-Tg male mice. Successful orchi-
ectomy (orchx) was confirmed by significantly lower serum 
testosterone (sham TNF-Tg = 193.4 ± 127.3 pg/mL, orchx 
TNF-Tg = 58.14 ± 22.88 pg/mL, P < .05) (Fig. 2A). Measures 
of serum testosterone in orchiectomized mice above the limit 
of detection is a result of known cross-reactivity with other ste-
roids in serum [40-44]. Cohorts with little to undetectable lev-
els of androgen (orchiectomized males and TNF-Tg females) 
had significantly smaller final weights than cohorts with higher 
androgen production (sham WT and TNF-Tg males) (sham 
TNF-Tg = 26.36 ± 2.14 g, orchx TNF-Tg = 20.31 ± 1.39 g, 
P < .05) (Fig. 2B). There were no significant differences among 
TNF-Tg cohorts in weekly paw deformation scores (Fig. 2C). 
Micro-CT images displayed the bones compared among 
cohorts (Fig. 2D-H). Analysis of mid-hindpaw bones exhibited 
reduced bone volumes in orchiectomized TNF-Tg males com-
pared to sham (cuboid: sham TNF-Tg male = .42 ± .04 mm3, 
orchx TNF-Tg male = .37 ± .03 mm3, P < .05; NAVLATINT: 
sham TNF-Tg male = .90 ± .09 mm3, orchx TNF-Tg male  
= .82 ± .04 mm3, P < .05; talus: sham TNF-Tg male = 1.19  
± .153 mm3, orchx TNF-Tg male = 1.06 ± .08 mm3, P < .05) 
(Fig. 2I-K). Notably, there were no differences in mid-hindpaw 
bone volumes between orchiectomized TNF-Tg males and 
TNF-Tg females, whereas both were decreased compared to 
sham TNF-Tg males (TNF-Tg female cuboid: .36 ± .05 mm3; 
NAVLATINT: .78 ± .05 mm3; talus: .99 ± .05 mm3, P < .01, 
P < .001, 1-way ANOVA). There was also no significant 
bone loss between orchiectomized and sham WT males.

Orchiectomy Leads to More Severe Disease 
in the Ankles of TNF-Tg Mice
To further evaluate the potential mechanisms of severe bone 
erosions in orchiectomized TNF-Tg mice, H&E (Fig. 3A-B, 
H-I; synovial inflammation) and TRAP stains (Fig. 3C-D, 
J-K; osteoclast number) were assessed in ankle bones. 
Orchiectomized TNF-Tg mice had significantly greater total 
synovial area (sham TNF-Tg = 246 421 ± 39 289µm2, orchx 
TNF-Tg = 356 784 ± 66 264 µm2, P < .05) and synovial nuclei 
area (sham TNF-Tg = 42 273 ± 7664 µm2, Orchx TNF-Tg =  
71 905 ± 19 585 µm2, P < .05) than sham TNF-Tg mice in 
the cuboid (Fig. 3E-F). We also analyzed the talus bone 
(Fig. 3L-M), and although there were increases in measures 
of synovial inflammation in orchiectomized mice, it was not sig-
nificant. TRAP+ area was not significantly different between 
groups in either bone (Fig. 3G and N) at 3 months.

Androgen Replacement Protects Against Bone 
Loss in Orchiectomized TNF-Tg Mice
The influence of androgen on inflammatory erosive disease was 
evaluated by androgen or placebo replacement via subcutaneous 
pellets in orchiectomized TNF-Tg mice. The final weight at age 3 
months of the orchiectomized mice treated with DHT was signifi-
cantly greater than orchiectomized mice that received placebo 
(orchx TNF-Tg with placebo = 19.97 ± .25 g, orchx TNF-Tg 
with DHT = 25.77 ± 2.12 g, P < .01) (Fig. 4A). There were no 
significant differences in average paw deformation score between 
the placebo- and DHT-treated cohorts (Fig. 4B). Hindpaw 
micro-CT at age 3 months including a cohort of intact TNF-Tg 
males for comparison (Fig. 4C-E) showed marked bone loss in 
the placebo-treated cohort that was not present with DHT treat-
ment. The placebo-treated orchiectomized mice have the lowest 
total bone volume between all cohorts, and the DHT-treated or-
chiectomized mice are protected from that loss (Fig. 4F-I) in the 
cuboid (orchx TNF-Tg with placebo = .34 ± .03 mm3, orchx 
TNF-Tg with DHT = .43 ± .02 mm3, P < .01), NAVLATINT 
(orchx TNF-Tg with placebo = .78 ± .04  mm3, orchx TNF-Tg 
with DHT = .87 ± .03 mm3, P < .01), and talus (orchx TNF-Tg 
with olacebo = .97 ± .09 mm3, orchx TNF-Tg with DHT =  
1.10 ± .06 mm3, P < .05) bones.

DHT-treated Orchiectomized Mice Are Protected 
From Erosive Disease
Ankle histology of the placebo-treated and DHT-treated or-
chiectomized TNF-Tg mice was also evaluated by H&E 
(Fig. 5A-B, H-I) and TRAP staining (Fig. 5C-D, J-K) of the cu-
boid and talus bones. There was no significant difference be-
tween groups in total synovial area or synovial nuclei area 
in the cuboid and talus (Fig. 5E-F, L-M). Notably, however, 
DHT-treated mice were found to have a significantly less 
TRAP+ area in the cuboid than placebo-treated mice (orchx 
TNF-Tg with placebo = 8030 ± 2866 µm2, orchx TNF-Tg 
with DHT = 3289 ± 1206 µm2, P < .01) (Fig. 5G).

Discussion
To our knowledge, this study is the first to show that androgen 
limits erosive disease in a TNF-mediated chronic inflammatory- 
erosive mouse model of RA, which has an established sexual 
dimorphism wherein males have delayed disease progression 
compared to females [28]. As androgens are known to 
be anti-inflammatory and inhibit bone loss [18, 19, 25-27], 
we hypothesized that androgens are protective in 
inflammatory-erosive arthritis. We demonstrated that lack 
of androgen increased inflammatory erosive disease in male 
TNF-Tg mice, whereas androgen treatment was protective 
and delayed the bone resorptive activity enhance by 
TNF-mediated inflammation. Overall, these results indicate 
that androgen may have a significant role in mitigating 
inflammatory-erosive arthritis.

Orchiectomy prevents male mice from producing en-
dogenous androgen [33] because sex organs are the only 
source of androgen in mice, unlike humans with the capacity 
for androgen production in the adrenals. Lack of androgen 
leads to several changes in mice, including reduction in 
muscle mass that is a biological effect from surgery [55, 
56]. Orchiectomies of TNF-Tg and WT mice corroborated 
these findings with significantly reduced testosterone and fi-
nal weights compared to sham cohorts. Regarding bone 
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Figure 2. Orchiectomized TNF-Tg male mice develop accelerated bone erosions. Orchiectomies and sham control surgeries were performed on 
1-month-old WT and TNF-Tg male mice (n = 3-7 mice/group) and mice were aged to 3 months old. Same-age TNF-Tg female mice (n = 5) were also 
compared to male cohorts. Serum testosterone concentrations in sham and orchiectomized TNF-Tg mice confirmed decreased endogenous androgen 
after orchiectomy (A). Weight and paw deformation score were compared among cohorts (B-C). Micro-CT images of a 3-month-old sham WT (D), 
orchiectomized (orchx) WT (E), sham TNF-Tg (F), orchx TNF-Tg (G), and TNF-Tg female (H) mouse display the bones analyzed: the cuboid (D, red/right 
asterisk), navicular and lateral intermediate cuneiform (D, yellow/left asterisk), and talus (D, green/lower asterisk). Total bone volume was compared 
among sham and orchx cohorts (I-K), with orchx TNF-Tg mice exhibiting accelerated erosions compared to sham TNF-Tg mice. The dashed line illustrates 
the average bone volume of TNF-Tg females for each bone. Statistics: unpaired t-test (A), 2-way ANOVA with Tukey multiple comparisons (B-C, I-K). 
Significant comparisons between WT and TNF-Tg cohorts are not shown in the average paw deformation score. LOD,  limit of detection. *P < .05; 
**P < .01; ***P < .001.
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loss, orchiectomized TNF-Tg mice had significantly less mid- 
hindpaw bone volume than sham TNF-Tg males and was com-
parable to age-matched TNF-Tg females. In addition, although 

there is variability with bone volume changes, there is no sig-
nificant difference between sham and orchiectomized WT 
mice, especially because these mice do not develop 

Figure 3. Inflammatory erosive disease is more severe in the ankles of orchiectomized TNF-Tg mice. Cuboid and talus sections of 3-month-old orchx and 
sham TNF-Tg mice (n = 4-5 mice/group) were H&E (A-B and H-I) and TRAP-stained (C-D and J-K) to display synovial inflammation and osteoclast number 
for histomorphometric analysis. Total synovial area, synovial nuclei area, and TRAP+ area were quantified (E-G and L-N) and showed greater inflammation 
in the cuboid of orchx mice. Statistics: unpaired t-tests (E-G, L-N); ns, not significant; *P < .05.
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Figure 4. DHT treatment decreases erosions in orchiectomized TNF-Tg mice. Orchiectomies followed by subcutaneous implantation of either a DHT or 
placebo pellet were performed on 1-month-old TNF-Tg male mice (n = 3 mice/group). The baseline and final weights along with weekly paw deformation 
scores were compared between groups (A-B). Micro-CT scans of hindpaws were taken at age 3 months and compared with age-matched intact TNF-Tg 
male mice (n = 3). Representative 3-dimensional-rendered images of an intact TNF-Tg (C), placebo-treated orchx TNF-Tg (D), and DHT-treated orchx 
TNF-Tg male (E) show the mid-hindpaw bones analyzed: cuboid (C, red/right asterisk), navicular and lateral intermediate cuneiform (C, yellow/left 
asterisk), and talus (C, green/lower asterisk). Total bone volumes compared among cohorts (F-H), showed DHT-treated orchx mice have greater bone 
volumes than placebo-treated orchx mice. Statistics: 2-way ANOVA with Sidak multiple comparisons (A-B), 1-way ANOVA with Tukey multiple 
comparisons (F-H); *P < .05; **P < .01; ***P < .001; ****P < .0001.
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inflammatory erosive arthritis. Together, these findings provide 
evidence that the removal of androgen in TNF-Tg males accel-
erated inflammatory erosive disease similar to female mice.

The exacerbation of inflammatory erosive arthritis was va-
lidated by histology, wherein orchiectomized TNF-Tg mice 
had significantly greater synovial inflammatory infiltrate 

Figure 5. DHT-treated orchiectomized TNF-Tg mice have less severe erosive disease. Cuboid and talus sections were stained and analyzed to quantify 
total synovial area, synovial nuclei area, and TRAP+ area between placebo-treated and DHT-treated orchiectomized male TNF-Tg mice (n = 3 mice/group). 
Representative images of H&E and TRAP-stained cuboid from a placebo-treated orchiectomized TNF-Tg male (A and C) and DHT-treated orchiectomized 
TNF-Tg male (B and D), display inflammatory erosive disease with significantly decreased osteoclast burden in the DHT-treated cohort (E-G). The talus 
was also stained and quantified in both cohorts (H-N). Statistics: unpaired t-tests (E-G, L-N); ns, not significant; **P < .01.
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than sham mice at the cuboid bone surface. Analysis of the ta-
lus bone also exhibited greater values of synovial inflamma-
tion in orchiectomized mice, although not significantly 
different, possibly because of the increased variability in or-
chiectomized mice. However, there was no associated change 
in TRAP staining, which is an indirect measure of osteoclast 
number but not total resorptive activity. In RA, synovial 
thickening and pannus invasion into bone contribute to 
both osteoclast number and activity [4, 5, 8]. Therefore, it is 
possible that osteoclast resorptive activity was more affected, 
leading to the bone loss noted by micro-CT. Although prior 
studies have shown that higher testosterone levels are associ-
ated with decreased TNFɑ in clinical analysis and that andro-
gen can reduce in vitro TNF-ɑ expression [18, 57], similar 
levels of TNF-ɑ in sera were found between male and female 
TNF-Tg mice [28] and between orchiectomized and sham 
TNF-Tg mice in a separate cohort (data not shown), indicat-
ing that the action of androgen may negatively regulate, and 

therefore delay, erosions independent of usual inflammatory 
pathways. The importance of our findings is that it is the first 
to show that in a TNF-mediated inflammatory environment, 
androgen effects have a modulating effect on bone erosions. 
We believe this novel finding will require further analysis to 
elucidate the relationship between TNF and androgens.

Orchiectomy also prevents the production of other steroids, 
including estrogen, which is produced by converting testoster-
one with the enzyme aromatase. To determine the specific ef-
fect of androgen on inflammatory-mediated erosions, we 
treated cohorts of orchiectomized TNF-Tg mice with exogen-
ous androgen, specifically DHT, which cannot be converted to 
estrogen. Weight comparisons exhibited the biological effect 
of androgen on weight, with the DHT-treated cohort having 
a significantly greater final weight than the placebo-treated 
group. In addition, the removal of androgen also reduces the 
mass of the prostate and other male reproductive organs in 
mice [58, 59]. This was seen in these cohorts of mice, with 
placebo-treated mice having little to no visible prostate, 
whereas intact TNF-Tg male and DHT-treated mice exhibited 
typical prostate tissue (data not shown). In micro-CT analysis, 
the bone volumes of DHT-treated orchiectomized mice were 
significantly greater than placebo-treated orchiectomized 
mice, with the replenishment of androgens protecting against 
bone erosions. In histology analysis, DHT-treated groups 
showed a slight decrease in mean synovial inflammation meas-
ures at the cuboid and talus bone surface, although not statis-
tically significant. However, TRAP+ area of the cuboid was 
significantly reduced in the DHT-treated cohort, suggesting 
that androgen may decrease erosions even when there is less 
effect on inflammation. This result is not displayed in the talus 
as the effect of surface erosions may be more prevalent in 
smaller bones, such as the cuboid, at earlier timepoints. 
Androgen, specifically DHT, has been found to suppress 
osteoclast formation through inhibition of differentiation in 
precursor cells [60]. Taken together, these results demonstrate 
that in our cohort of androgen-treated TNF-Tg mice, osteo-
clast production is significantly reduced in comparison to 
androgen-depleted cohorts, therefore limiting erosive disease 
(Fig. 6). Further investigation into specific cellular mecha-
nisms suggested by these findings are warranted.

Androgen and other sex hormone treatments have been 
discussed and are more recently being studied as potential 
therapies in RA and other sexually dimorphic diseases. 
Other mouse models of arthritis such as CIA and 
CAIA (male-predominant) and ZIA (female-predominant), 
have also undergone studies to elucidate this difference. 
Ovariectomized CIA mice developed worse arthritis and 
sex hormone treatment of male and female mice protected 
against disease [15, 16], whereas CAIA mice treated with 
17β-estradiol had less severe arthritis but no change in dis-
ease development [14]. Interestingly, orchiectomized male 
ZIA mice developed a similar disease severity as female 
mice and ovariectomized female ZIA mice developed worse 
disease but had improved disease with estrogen treatment 
[13, 17]. Clinical trials have also demonstrated that treat-
ment of RA male patients and RA postmenopausal female 
patients with testosterone shows some improved measures 
of disease [23, 24]. In addition, combined therapy of estab-
lished inflammatory inhibitors and anti-inflammatory an-
drogen could potentially provide significant effects on 
ameliorating RA [61]. However, hormone-based therapies 
may be difficult to implement in a standardized manner 

Figure 6. Androgen mitigates inflammation-mediated erosions. TNF-Tg 
male mice were orchiectomized to remove endogenous androgen and 
received a placebo pellet or active exogenous androgen (DHT) at age 1 
month. Mice underwent weekly clinical measures for 3 months, 
followed by micro-CT of hindpaws and tissue collection for histology. 
Placebo-treated mice (similar to TNF-Tg females) had accelerated 
erosive disease in which inflammation stimulates the production of 
osteoclasts that resorb bone (A). In contrast, DHT-treated TNF-Tg mice 
had decreased erosions (B). Figure was created with BioRender.com.
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across a population taking into careful consideration 
the range of ages, sexes, and gender identities impacted by 
RA and other autoimmune conditions. Thus, further under-
standing of the cellular mechanisms mediated by sex hor-
mones are essential toward the development of precise 
pharmaceutical targets in RA.

A limitation of this study was the focus on androgen 
treatment in male mice only. This was done to study androgen 
effects on inflammatory erosions in the male joint microenvir-
onment without having to control estrogen activity that oc-
curs in the female joint. However, androgen treatment in 
female TNF-Tg mice may help to confirm the effects of andro-
gen on erosive disease by determining if arthritis will be 
delayed similar to male mice. We also considered the young 
age of the mice because all terminal measures were performed 
at age 3 months. However, it has been found that C57BL/6J 
mice can reach a skeletal maturity as early as age 3 month 
[62]. TNF-Tg mice also develop their arthritis phenotype as 
early as age 2 months and can show significant bone erosions 
by age 3 months with no improvements as they age [28, 29, 
63]. We have also not directly measured the role of estrogen 
or progesterone in disease progression because it is possible 
that female-dominant sex hormones may exacerbate disease 
in the TNF-Tg mouse. Previous studies examining estrogen 
in patients have found it challenging to determine if it leads 
to improvement in disease [64, 65]. In addition, the ratio of 
androgen to estrogen levels in human males (300:1) is signifi-
cantly greater than the ratio in human females (1.5:1), indicat-
ing that androgen expression overall may have a larger impact 
[66-69]. Similarly, although it is possible that the little estro-
gen present in male mice may have a role, given that male 
mice have 100 times the level of androgen than estrogen, we 
expect a greater effect of androgen loss [70, 71]. Further, 
androgen-depleted males in our study developed comparable 
erosive arthritis to females, and this would argue that the pre-
dominant sex hormone effect is related to androgens in 
TNF-Tg mice. However, it is also important to consider that 
different sex hormones may exhibit differential effects based 
on the male vs female origin of the cells, where there is evi-
dence that cells can be primed to a specific sex and therefore 
may react differently [72-74]. Further investigation into the 
specific cellular and molecular targets of sex hormones will 
aid in identifying androgen-mediated mechanisms that ameli-
orate inflammatory-erosive disease.
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