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Background: Emerging evidence suggests that sex hormones, particularly
testosterone and sex hormone-binding globulin (SHBG), play a critical role in the
pathophysiology of Rheumatoid arthritis (RA). However, the precise relationship
between these hormonal factors and RA risk in men remains underexplored.

Methods: We conducted a cross-sectional analysis using data from the National
Health and Nutrition Examination Survey (NHANES) 2011-2016. A total of 3,110
male participants were included after excluding those with missing data on
testosterone, SHBG, RA, or key covariates. Serum testosterone and SHBG levels
were measured, and RA status was determined based on self-reported physician
diagnosis. Multivariate logistic regression models were used to assess the
association between testosterone, SHBG, and RA. Restricted cubic spline (RCS)
regression was applied to explore nonlinear relationships. Subgroup and
interaction analyses were performed to assess effect modifications by age, race/
ethnicity, body mass index (BMI), hypertension, and poverty-income ratio (PIR).

Results: Of the 3,110 men analyzed, 191 were diagnosed with RA. Low testosterone
levels (<300 ng/dL) were significantly associated with increased RA risk (OR = 2.30,
95% Cl: 1.65-3.21, p < 0.001), and elevated SHBG levels (>57 nmol/L) were also
associated with a higher risk of RA (OR = 1.65, 95% CI: 1.14-2.39, p = 0.008). RCS
analysis indicated a nonlinear relationship between testosterone, SHBG, and RA risk,
with sharp increases in RA risk at the lower ends of testosterone and SHBG levels.
Interaction analyses revealed that age, race/ethnicity, hypertension, and PIR
significantly modified the relationship between these hormonal factors and RA,
while BMI did not exhibit any significant interaction.

Conclusion: This study provides evidence that low testosterone and high SHBG
levels are associated with an increased risk of RA in men. These associations are
nonlinear and modified by factors such as age, race/ethnicity, hypertension, and
PIR. Our findings highlight the importance of considering hormonal status in RA
risk assessment and suggest potential avenues for targeted therapeutic strategies
aimed at hormonal regulation.

testosterone, SHBG, rheumatoid arthritis, NHANES, hormonal regulation, cross-
sectional study
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1 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disorder
characterized by synovial joint inflammation, progressive joint
destruction, and potential systemic complications (1). It is more
prevalent in women, but men with RA often experience more severe
disease outcomes (2, 3). The etiology of RA is multifactorial, involving a
combination of genetic, environmental, and hormonal factors (4, 5).
Some studies have found that male RA patients have a higher risk of
interstitial lung disease and cardiovascular diseases, and a higher
mortality risk score, which may be related to changes in hormone
levels (6, 7). In recent years, attention has turned toward the role of sex
hormones, specifically testosterone and sex hormone-binding globulin
(SHBG), in the pathophysiology of RA in men (8-11).

Testosterone and SHBG were chosen as the primary focus of this
study due to their well-established roles in immune regulation and
RA-related inflammatory pathways, particularly in men. Testosterone,
a key androgen, has well-established immunomodulatory effects on
various aspects of immune regulation, including cytokine production
and T-cell differentiation (12, 13). Low testosterone level is linked to
an increased risk of autoimmune diseases, including RA (8).
Testosterone is believed to exert anti-inflammatory effects, and
decreased serum testosterone levels may contribute to the
exacerbation of inflammatory pathways central to RA (14). Studies
suggest that men with RA often exhibit lower testosterone levels
compared to healthy controls (10). Furthermore, testosterone
replacement therapy has shown potential therapeutic value in some
conditions (15).

Sex hormone-binding globulin (SHBG), on the other hand,
plays a critical role in regulating the bioavailability of testosterone
and other sex hormones (16). Elevated SHBG levels reduce the
availability of free testosterone, potentially worsening RA outcomes
by limiting testosterone’s anti-inflammatory effects (17). Growing
evidence associates increased SHBG levels with heightened RA
disease activity, suggesting that SHBG could serve as a potential
biomarker for RA severity in men (11, 18). Other hormones, such as
estradiol and cortisol, were not the primary focus of this study
because their direct roles in male RA are less clearly defined in the
literature. While estradiol has been implicated in immune
modulation, its effects are primarily studied in women, and
cortisol, though a stress-related hormone, lacks specificity in
immune-driven RA mechanisms (19, 20).

While the association between testosterone levels and RA has
been explored to some extent, the specific impact of SHBG on RA
pathogenesis in men remains underexplored. Given the
immunoregulatory roles of these hormones, understanding their
interactions in the context of RA may provide new insights into
disease mechanisms and therapeutic targets. The present study aims
to investigate the relationship between serum testosterone levels,
SHBG, and the risk of RA using data from the National Health and
Nutrition Examination Survey (NHANES) 2011-2016. By analyzing
these hormonal factors, we hope to enhance our understanding of the
hormonal influences on RA pathogenesis in men and to identify
possible therapeutic approaches that may improve disease outcomes.
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2 Methods
2.1 Study population

This study utilized data from the NHANES 2011-2016, which
initially included 19,345 participants. The participant selection process
is detailed in Figure 1. First, we excluded individuals with missing data
on RA status, reducing the sample to 9,032 participants. Subsequently,
participants with missing serum testosterone or SHBG measurements
were excluded, resulting in a sample of 7,384 participants. Finally, after
excluding those with missing data on covariates, the final analytic
sample consisted of 3,110 participants. Among these, 2,919 individuals
did not have RA, and 191 were diagnosed with RA.

2.2 Variables

2.2.1 Testosterone

Serum testosterone levels were measured using liquid
chromatography-tandem mass spectrometry (LC-MS/MS), a highly
accurate method for quantifying testosterone concentrations in ng/dL.
Testosterone levels were analyzed both as a continuous variable and as
a categorical variable, classified into two groups: low testosterone (<300
ng/dL) and normal testosterone (=300 ng/dL) (21, 22). The threshold
of 300 ng/dL is widely recognized in clinical guidelines, including those
by the Endocrine Society, as the cutoff for diagnosing hypogonadism in
men (22). This level has also been used in previous studies examining
testosterone’s role in autoimmune diseases, making it a biologically and
clinically relevant choice for the current analysis (22).

2.2.2 Sex Hormone-binding globulin

SHBG levels were measured using an electrochemiluminescent
immunoassay. SHBG regulates the bioavailability of testosterone,
and elevated SHBG reduces the free, biologically active testosterone
in circulation. SHBG was analyzed both as a continuous variable
and dichotomized into low (<57 nmol/L) and high (>57 nmol/L)
levels (23, 24). The threshold of 57 nmol/L was chosen based on
population-based studies that identified this level as the upper limit
of normal SHBG concentrations in men (23). Elevated SHBG levels
above this threshold have been associated with an increased risk of
metabolic disorders and inflammatory conditions, further
supporting its relevance in the context of RA.

2.2.3 Rheumatoid arthritis

RA status was determined based on self-reported physician
diagnosis during the NHANES interview. Participants were asked if
they had ever been told by a doctor or healthcare professional that they
had rheumatoid arthritis. RA was used as a binary outcome
variable (25).

2.2.4 Covariates

Covariates included in the analysis were selected based on their
known associations with testosterone, SHBG, and RA. These
included age, race/ethnicity (Mexican American, other Hispanic,
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Flow chart of participant selection

non-Hispanic Black, non-Hispanic White, other), education level
(less than high school, high school graduate, some college or
higher), marital status (married, widowed, divorced, separated,
never married, living with partner), poverty-income ratio (PIR),
smoking status, alcohol use, body mass index (BMI), hypertension,
hyperlipidemia, and diabetes status (22, 23, 25). All covariates were
self-reported, except for BMI, which was calculated from measured
height and weight.

2.3 Statistical analysis

All statistical analyses were performed using SPSS version 27.0
(IBM Corp., Armonk, NY) and R version 4.4.1, accounting for the
complex survey design of NHANES by applying sample weights.
Descriptive statistics were used to summarize participant
characteristics, with continuous variables presented as mean +
standard deviation (SD) and categorical variables as frequencies
and percentages. Differences between participants with and without
RA were assessed using independent t-tests for continuous variables
and chi-square tests for categorical variables.

Multivariate logistic regression models were used to evaluate the
association between testosterone, SHBG, and RA (26). Testosterone
and SHBG were analyzed both as continuous and categorical
variables. Three models were constructed: Model 1 was
unadjusted, Model 2 was adjusted for age and race/ethnicity, and
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Model 3 was fully adjusted for education level, marital status, PIR,
smoking status, alcohol use, hypertension, hyperlipidemia, diabetes,
and BMI. Odds ratios (ORs) and 95% confidence intervals (CIs)
were reported.

To assess the robustness of our findings, we conducted
additional sensitivity analyses by restricting the analytic sample
based on age and hypertension status. First, to explore whether the
observed associations between testosterone, SHBG, and RA were
influenced by age-related hormonal changes, we excluded
participants younger than 50 years old and reanalyzed the data
within the older population. Second, given the potential modifying
effect of hypertension on SHBG levels and RA risk, we conducted a
sensitivity analysis by excluding participants without hypertension.
For both sensitivity analyses, weighted logistic regression models
were used to estimate the adjusted ORs and 95% ClIs for the
associations of testosterone and SHBG with RA risk, consistent
with the primary analysis approach. All covariates included in the
primary analysis (age, race/ethnicity, BMI, etc.) were adjusted for in
these models to minimize confounding.

To explore potential nonlinear associations between
testosterone, SHBG, and RA, restricted cubic spline (RCS)
regression was performed. RCS allows for flexible modeling of
nonlinear relationships without predefining the shape of the
association between continuous variables and the outcome (27).
Visual representations of the spline curves were generated to
examine the relationship between testosterone, SHBG, and RA risk.
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Subgroup analyses were conducted to examine whether the
associations between testosterone, SHBG, and RA were consistent
across key covariates, including age, BMI, and smoking status.
Interaction terms were tested between testosterone, SHBG, and
these covariates. Forest plots were generated to present the results of
the subgroup and interaction analyses. A two-sided p-value <0.05
was considered statistically significant for all analyses.

3 Results

3.1 Baseline characteristics of the
study population

The baseline characteristics of the 3,110 participants included in
this study are summarized in Table 1. The mean age of the study
population was 46.70 + 17.26 years. Among the participants, 191
individuals were diagnosed with rheumatoid arthritis (RA), while
2,919 did not have RA. Participants with RA tended to be older,
with a mean age of 58.76 + 15.15 years, compared to 45.92 + 17.10
years in those without RA (p < 0.001).

There were no significant differences in race/ethnicity (p =
0.200), education level (p = 0.626), or marital status (p = 0.612)
between the RA and non-RA groups. However, participants with
RA had a significantly higher prevalence of hypertension (58.6% vs.
41.4%, p < 0.001) and tended to have higher body mass index
(BMI), with 46.1% having a BMI =30 compared to 28.2% in the
non-RA group (p < 0.001). Additionally, no significant differences
were observed in smoking status (p = 0.171), alcohol use (p =
0.623), diabetes (p = 0.735), or hyperlipidemia (p = 0.128).

3.2 Association between testosterone,
SHBG, and rheumatoid arthritis

The results of the weighted logistic regression analyses assessing
the association between testosterone levels, SHBG levels, and
rheumatoid arthritis are presented in Table 2. In the unadjusted
model (Model 1), low testosterone levels (<300 ng/dL) were
significantly associated with an increased risk of RA (OR = 3.30,
95% CI: 2.41-4.52, p < 0.001). This association remained significant
after adjusting for age and race (Model 2: OR = 2.83, 95% CI: 2.06-
3.89, p < 0.001), and in the fully adjusted model (Model 3), which
controlled for marital status, education level, PIR, smoking status,
alcohol use, hypertension, hyperlipidemia, diabetes, and BMI (OR =
2.30, 95% CI: 1.65-3.21, p < 0.001).

Similarly, high SHBG levels (>57 nmol/L) were significantly
associated with an increased risk of RA in Model 1 (OR = 2.14, 95%
CI: 1.51-3.01, p < 0.001). After adjusting for age and race (Model 2),
the association weakened but remained statistically significant (OR
= 1.55, 95% CI: 1.09-2.20, p = 0.015). In the fully adjusted model
(Model 3), the association between elevated SHBG and RA risk
remained robust (OR = 1.65, 95% CI: 1.14-2.39, p = 0.008).

A significant trend was observed for both testosterone and
SHBG levels across all models (p for trend < 0.001).
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3.3 Sensitivity analyses

In participants aged 50 years and older (Supplementary
Table 1), sensitivity analysis revealed a significant association
between low serum testosterone levels (<300 ng/dL) and an
increased risk of rheumatoid arthritis (RA). In the unadjusted
model (Model 1), the OR was 1.89 (95% CI: 1.29-2.75, p<0.001).
After adjusting for age and race (Model 2), the OR was 1.77 (95%
CI: 1.21-2.61, p=0.003). In the fully adjusted model (Model 3), the
OR was 1.64 (95% CI: 1.11-2.43, p=0.013). However, sex hormone-
binding globulin (SHBG) did not show a statistically significant
association with RA risk after full adjustment (Model 3: OR 1.01,
95% CI: 0.67-1.53, p=0.098).

In the sensitivity analysis excluding participants without
hypertension (Supplementary Table 2), low testosterone levels
remained significantly associated with an increased risk of RA. In
the unadjusted model (Model 1), the OR was 1.92 (95% CI: 1.26-
2.93, p=0.002). After adjustment for age and race (Model 2), the OR
was 1.69 (95% CI: 1.11-2.59, p=0.016). In the fully adjusted model
(Model 3), the OR was 1.66 (95% CI: 1.07-2.58, p=0.023). Similarly,
the association between SHBG and RA risk did not reach statistical
significance after full adjustment (Model 3: OR 1.07, 95% CI: 0.65-
1.76, p=0.278).

3.4 Nonlinear relationship between
testosterone, SHBG, and
rheumatoid arthritis

Restricted cubic spline (RCS) regression analyses were
conducted to explore the nonlinear relationship between
testosterone, SHBG, and the risk of RA. The RCS analysis of
testosterone revealed a nonlinear association between testosterone
levels and RA risk (Figure 2). As testosterone levels decreased, the
risk of RA increased sharply, particularly at levels below 300 ng/dL.
The curve flattened at higher testosterone levels, indicating a
stabilization in RA risk.

Similarly, the RCS analysis for SHBG (Figure 3) demonstrated a
nonlinear relationship. Higher SHBG levels were associated with
increased RA risk, particularly at levels exceeding 57 nmol/L. The
risk of RA appeared to plateau at moderate SHBG levels, with a
notable increase in risk at both the low and high extremes of SHBG.

3.5 Subgroup and interaction analyses

Subgroup analyses were conducted to explore the association
between testosterone, SHBG, and RA across different demographic
and clinical subgroups, including age, race/ethnicity, BMI,
hypertension, and PIR (Figure 4). Interaction analysis revealed
significant interactions between testosterone, SHBG, and RA for
age, race/ethnicity, hypertension, and PIR (p for interaction < 0.05).
Specifically, the association between low testosterone and high
SHBG levels and RA was stronger in older individuals and those
with higher PIR. The additional subgroup analysis by age also
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TABLE 1 Characteristics of the study population.

Characteristics Overall Rheumatoid arthritis
\[o} Yes
n 3110 2919 191
Age, years 46.70 £ 17.26 4592 + 17.10 58.76 + 15.15 <0.001
Race, n (%) 0.200
Mexican American 477(15.3%) 446(14.3%) 31(1.0%)
Other Hispanic 314(10.1%) 296(9.5%) 18(0.6%)
Non-Hispanic Black 1191(38.3%) 1101(35.4%) 90(2.9%)
Non-Hispanic White 621(20.0%) 580(18.6%) 41(1.3%)
Other races 507(16.3%) 496(15.9%) 11(0.4%)
Education, n (%) 0.626
Less than 9th grade 260(8.4%) 242(7.8%) 18(0.6%)
9-11th grade 390(12.5%) 365(11.7%) 25(0.8%)
High school graduate 759(24.4%) 707(22.7%) 52(1.7%)
Some college or AA degree 880(28.3%) 819(26.3%) 61(2.0%)
College graduate or above 821(26.4%) 786(25.3%) 35(1.1%)
Marital Status, n (%) 0.612
Married 1710(55.0%) 1589(51.1%) 121(3.9%)
Widowed 103(3.3%) 92(3.0%) 11(0.4%)
Divorced 274(8.8%) 251(8.1%) 23(0.7%)
Separated 80(2.6%) 76(2.4%) 4(0.1%)
Never married 651(20.9%) 634(20.4%) 17(0.5%)
Living with partner 292(9.4%) 277(8.9%) 15(0.5%)
‘ PIR, n (%) ’ 0.041
<=1 628(20.2%) 587(18.9%) 41(1.3%)
1-3 1324(42.6%) 1229(39.5%) 95(3.1%)
>3 1158(37.2%) 1103(35.5%) 55(1.8%)
‘ Smoke, n (%) ‘ 0.171
Yes 1571(50.5%) 1454(46.8%) 117(3.8%)
No 1539(49.5%) 1465(47.1%) 74(2.4%)
‘ Alcohol Use, n (%) ‘ 0.623
Yes 2524(81.2%) 2369(76.2%) 155(5.0%)
No 586(18.8%) 550(17.7%) 36(1.2%)
‘ Hypertension, n (%) ‘ <0.001
Yes 974(31.3%) 862(27.7%) 112(3.6%)
No 2136(68.7%) 2057(66.1%) 79(2.5%)
‘ Hyperlipidemia, n (%) ‘ 0.128
Yes 1036(33.3%) 935(30.1%) 101(3.2%)
No 2074(66.7%) 1984(63.8%) 90(2.9%)

(Continued)
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TABLE 1 Continued

10.3389/fimmu.2024.1501257

Characteristics Overall Rheumatoid arthritis P-value
\[e) Yes

Diabetes, n (%) ‘ 0.735
Yes 397(12.8%) 347(11.2%) 50(1.6%)

Borderline 73(2.3%) 62(2.0%) 11(0.4%)

No 2639(84.9%) 2510(80.7%) 129(4.1%)

BMI ‘ <0.001
<25 970(31.2%) 938(30.2%) 32(1.0%)

25-30 1226(39.4%) 1155(37.1%) 71(2.3%)

>=30 912(29.3%) 824(26.5%) 88(2.8%)

PIR, poverty-income ratio; BMI, body mass index.

yielded the same results (Supplementary Table 3). Furthermore, the
effect of these hormones on RA risk was more pronounced in
participants with hypertension and in certain racial/ethnic groups,
with non-Hispanic Whites showing a stronger association
compared to other groups.

However, no significant interaction was observed between BMI and
the association of testosterone or SHBG with RA risk (p for interaction >
0.05), indicating that the relationship between testosterone, SHBG, and
RA remained consistent across different BMI categories. Additional
subgroup analyses that further controlled for BMI distribution also
confirmed this result (Supplementary Table 3).

4 Discussion

In this study, we investigated the association between serum
testosterone levels, SHBG, and the risk of RA among male
participants using data from the NHANES 2011-2016. Our
findings demonstrated that low testosterone levels and high
SHBG levels are significantly associated with an increased risk of
RA. Additionally, we found a nonlinear relationship between both
testosterone and SHBG with RA risk, which was further influenced
by factors such as age, race/ethnicity, hypertension, and PIR.

Low testosterone levels have long been suspected to play a role
in the pathogenesis of autoimmune diseases, including RA (8).

Testosterone is known to modulate the immune system, particularly
through its effects on pro-inflammatory cytokine production and
the regulation of immune cells such as T-cells and macrophages (12,
28). Our findings align with previous studies showing that low
testosterone levels are associated with an increased risk of RA,
potentially due to the exacerbation of inflammatory pathways (10,
29). Moreover, testosterone replacement therapy has been reported
to improve symptoms in men with RA, providing further evidence
of the protective role of testosterone (30-32).

Elevated SHBG levels, on the other hand, were also associated
with an increased risk of RA in our study. SHBG binds to
testosterone in the bloodstream, thereby reducing the availability
of free, biologically active testosterone (16). Higher SHBG levels
have been implicated in a variety of conditions, including
cardiovascular disease and metabolic disorders (33, 34). In the
context of autoimmune diseases, elevated SHBG may worsen RA
outcomes by reducing free testosterone, which is known to exert
anti-inflammatory effects (11, 35). Our findings add to the growing
body of literature suggesting that SHBG could serve as a biomarker
for RA severity, particularly in men.

The nonlinear relationship observed between testosterone and
RA risk, as well as between SHBG and RA risk, is particularly
noteworthy. For testosterone, we observed that the risk of RA
increased sharply at lower testosterone levels, while the risk
plateaued at higher testosterone levels. Similarly, SHBG exhibited

TABLE 2 Weighted logistic regression analyses of the association between testosterone and rheumatoid arthritis.

Model 1 Model 2 Model 3

OR 95%ClI P value OR 95%Cl P value OR 95%Cl P value
Normal Reference Reference Reference
Testosterone<300 3.30(2.41-4.52) <0.001 2.83(2.06-3.89) <0.001 2.30(1.65-3.21) <0.001
Normal Reference Reference Reference
SHBG>57 2.14(1.51-3.01) <0.001 1.55(1.09-2.20) 0.015 1.65(1.14-2.39) 0.008
p for trend <0.001 <0.001 <0.001

Model 1: Unadjusted.
Model 2: Adjusted for age and race.

Model 3: Adjusted for marital status, education, poverty-income ratio, smoking, alcohol use, hypertension, hyperlipidemia, diabetes, and BMI.
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Determination of the association between testosterone and rheumatoid arthritis by restricted cubic spline (RCS) regression analysis.

a nonlinear association with RA, with increased risk observed at
both low and high extremes of SHBG levels. This pattern suggests
that both hormonal deficiency and excess may contribute to RA
pathogenesis, a finding that is consistent with previous studies
examining hormonal imbalances in autoimmune diseases (36-38).
These nonlinear associations highlight the complexity of hormonal
regulation in immune-mediated diseases and suggest that
maintaining a balance of testosterone and SHBG may be crucial
for reducing RA risk.

Our subgroup and interaction analyses further revealed that the
association between testosterone, SHBG, and RA was influenced by
several demographic and clinical factors. Age significantly
influences the levels of serum testosterone and SHBG in men.
Studies have shown that testosterone levels generally decrease with
age, a condition referred to as male menopause, affecting multiple
physiological systems such as muscle mass, bone density,
inflammatory responses, and immune system functions (12, 13,
39). Concurrently, SHBG levels tend to rise with increasing age (39,
40), potentially impacting the availability of free testosterone and,
consequently, its bioactivity (41). Our study revealed a stronger
correlation between low testosterone and high SHBG with the risk

of RA in older males. This implies that age-related hormonal
changes might exacerbate the pathological processes of RA,
particularly by affecting inflammatory responses and immune
regulation (8, 9).

Moreover, the findings of our study revealed a stronger
association between testosterone and SHBG levels with the risk of
RA in individuals with higher PIR and among non-Hispanic whites.
This indicates that socioeconomic status and racial/ethnic
variations might influence RA risk by affecting hormone levels
(42-44). Individuals with lower socioeconomic status may exhibit
reduced testosterone and increased SHBG levels due to various
stressors such as economic challenges, educational attainment,
occupational stress, and living conditions (45). Nonetheless, the
existing research supporting this assertion is limited, and our results
do not corroborate this perspective, highlighting the intricate
multifactorial nature of hormonal imbalances (46). Additionally,
racial/ethnic disparities in hormone distribution may stem from
differences in genetics, environmental exposures, and lifestyle
choices (47). Evidence indicated that non-Hispanic whites have a
higher prevalence of RA compared to other races, which is
consistent with our observations (48).

Weighted Restricted Cubic Splines Plot

P for Nonlinear =0.019
P total <0.0001

80

120 160

Sex hormone-binding globulin

FIGURE 3

Determination of the association between SHBG and rheumatoid arthritis by restricted cubic spline (RCS) regression analysis.
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Subgroup n OR(95%CI) P value P for interaction
Age <0.001
<50 1837 10.5(4.53-27.4) —_—— <0.001
>50 1273 2.02(1.45-2.79) - <0.001
Race 0.029
Mexican American 477 1.31(0.58-2.79) - 0.500
Other Hispanic 314 1.07(0.34-2.95) - 0.894
Non-Hispanic Black 1191 3.79(2.45-5.89) HE— <0.001
Non-Hispanic White 621 2.91(1.50-5.55) HE— 0.001
Other races 507 5.80(1.72-22.5) — 0.005
BMI 0.671
<25 970 3.68(1.67-7.68) —— <0.001
25-30 1226 1.77(1.04-2.92) - 0.029
=30 912 2.46(1.58-3.88) - <0.001
Hypertension 0.009
Yes 974 1.71(1.14-2.54) - 0.009
No 2136 3.80(2.41-5.99) HE— <0.001
PIR 0.013
<=1 628 1.31(0.63-2.57) [ 0.450
1-3 1324 2.86(1.86-4.37) - <0.001
>3 1158 4.42(2.55-7.77) - <0.001
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FIGURE 4

Verification of the association between testosterone, SHBG, and rheumatoid arthritis by subgroup analyses and interaction analyses.

Hypertension also modified the association between hormones
and RA, with a stronger relationship observed in hypertensive
individuals. This finding is consistent with previous studies
linking hypertension and RA through shared inflammatory
pathways (49, 50). Hypertension is a chronic condition
characterized by systemic inflammation, oxidative stress, and
endothelial dysfunction, all of which are known to influence
hormone regulation (51). Decreased testosterone levels and
elevated SHBG levels in hypertensive individuals may result from
heightened inflammatory cytokine activity, such as C-reactive
protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-
alpha (TNF-a), which are implicated in both RA pathogenesis and
hormonal dysregulation (52, 53). These cytokines can upregulate
SHBG production in the liver, thereby reducing free testosterone
levels and potentially exacerbating RA-related inflammatory
responses (11). Furthermore, hypertension-induced vascular
damage and metabolic dysregulation could amplify immune
activation, creating a feedback loop that reinforces RA severity in
individuals with low testosterone and elevated SHBG levels (12, 54).
This interaction warrants further investigation in longitudinal
studies to elucidate whether hypertension acts as a mediator or
amplifier of the hormonal pathways influencing RA. Gaining
insights into this relationship may open avenues for targeted
interventions addressing both hypertensive states and hormonal
imbalances in RA patients.

However, no significant interaction was observed between BMI
and the associations of testosterone or SHBG with RA. This suggests
that the relationship between these hormonal factors and RA is
independent of BMI, contrasting with some studies that have
reported an influence of obesity on hormonal regulation and
autoimmune disease risk (55, 56). Additionally, other hormones
such as aldosterone and androstenedione may interact with
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testosterone and SHBG to jointly influence the immune pathways
in RA (57). Elevated aldosterone levels can promote inflammatory
responses and induce vascular dysfunction, thereby indirectly
affecting the levels of testosterone and SHBG (53, 58).
Androstenedione, as a precursor to testosterone, may alter the
availability of testosterone and consequently the binding affinity
of SHBG (59); on the other hand, changes in androstenedione levels
can regulate the activity of immune cells and the production of
inflammatory cytokines (60). In light of the potential impacts of
these hormones, we suggest that future research should analyze the
relationship between the levels of these hormones and RA.

The strengths of this study include the use of a large, nationally
representative dataset and the application of robust statistical
techniques, such as restricted cubic spline analysis, to explore
potential nonlinear relationships. However, several limitations
should be acknowledged. First, the cross-sectional nature of the
NHANES data limits our ability to establish causality between
testosterone, SHBG, and RA risk. While we identified significant
associations, the directionality of these relationships cannot be
determined. For instance, it is unclear whether low testosterone
and elevated SHBG levels are contributors to RA pathogenesis or
consequences of preclinical or active RA. Hormonal levels may also
fluctuate in response to systemic inflammation, a hallmark of RA,
potentially introducing reverse causation bias. Furthermore, the
lack of temporal data prevents us from assessing dynamic changes
in hormonal levels over the course of disease progression. This
limitation underscores the need for longitudinal studies to track
testosterone and SHBG levels in relation to RA onset and severity
over time. Such studies would allow for the evaluation of causal
pathways and provide insights into whether interventions targeting
hormonal imbalances can effectively modify disease risk
or outcomes.
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Second, the use of self-reported RA diagnoses may introduce
misclassification bias, although self-reported data have been validated
in previous population-based studies. Third, while bioavailable
testosterone may provide more precise insights into testosterone’s
role in RA, NHANES does not include albumin measurements
necessary for its calculation. Future research incorporating
bioavailable testosterone measurements is warranted to confirm
and expand upon these findings. Finally, although we adjusted for
a wide range of confounders, residual confounding by unmeasured
factors, such as genetic predisposition, cannot be ruled out.

5 Conclusion

In conclusion, our study provides evidence that low testosterone
and high SHBG levels are associated with an increased risk of RA in
men. These associations appear to be nonlinear and are modified by
factors such as age, race/ethnicity, hypertension, and PIR. Our
findings contribute to the growing understanding of the hormonal
influences on RA pathogenesis and highlight the importance of
considering hormonal status in RA risk assessment and
management. Future studies should consider designing and
implementing randomized controlled trials (RCTs) to assess the
efficacy of testosterone replacement therapy or SHBG-modulating
treatments for patients with RA. These studies should focus on key
indicators such as disease activity, joint function, and quality of life.
Moreover, future hormonal intervention trials should take into
account the effects of factors like age, race/ethnicity, hypertension,
and PIR to achieve more personalized treatment strategies.
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