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Abstract

Purpose

Gonadotropin-releasing hormone (GnRH) analogues reduce testosterone levels to castra-

tion levels in patients with prostate cancer. However, the role of testosterone in atopic dis-

eases has remained undefined. We aimed to investigate this role.

Materials and methods

This retrospective cohort study was conducted using the National Health Insurance

Research Database (NHIRD). Patients with prostate cancer were categorized into two

groups according to whether they received GnRH analogue treatment (study group I) or not

(study group II), and men without prostate cancer and with no GnRH analogue use were

defined to comprise the comparison group after their ages and index years were matched

with group II. Cox proportional hazard models were used to assess the hazard ratio (HR) of

atopic diseases.

Results

Group I, group II, and the comparison group comprised 663, 2,172, and 8,688 individuals,

respectively. Group I had a significantly lower risk of atopic diseases (adjusted HR: 0.66,

95% CI, 0.49–0.89, p < 0.01) than did group II. A reduced risk of atopic diseases was found

when GnRH analogues were prescribed for 2 months (adjusted HR 0.53, 95% CI, 0.29–

0.97, p = 0.04) and 2–14 months (adjusted HR 0.66, 95% CI, 0.49–0.89, p = 0.007). No sig-

nificant difference in the risk of atopic diseases between group II and the comparison group

was observed.
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Conclusions

A decreased risk of atopic diseases was observed in patients with prostate cancer treated

with GnRH analogues. Further studies are warranted to verify the association between tes-

tosterone levels and atopic diseases.

Introduction

Atopic diseases, including atopic dermatitis, allergic rhinitis, and asthma, share the common

pathogenetic factors of increased T helper 2 (Th2) cytokine levels and cell responses [1–5].

The prevalence of atopic diseases, especially asthma, are consistently predominant in boys and

women [6–8]. Moreover, androgens have been implicated as exerting immunomodulating

effects in both animal [9, 10] and human studies [11, 12]. Increases in the Th1-biased pheno-

type and the number of T cells were observed in patients with prostate cancer on androgen-

deprivation therapy (ADT) [13, 14]. Androgens have been known to have the protective role

in inflammatory diseases and to suppress Th2 activities [15]. A large population-based cross-

sectional study [16] by accessing the UK Biobank found high levels of serum testosterone was

negatively associated with asthma. However, some studies [17–19] have reported androgens

may negatively contribute to atopic diseases. Androgens may worsen the atopic dermatitis by

impairing the skin barrier [17, 19, 20] and may aggravate asthma by modifying lung inflamma-

tion and macrophage polarization [18].

Patients with prostate cancer in an advanced stage or with recurrent prostate cancer at any

stage benefit from ADT with gonadotropin-releasing hormone (GnRH) analogues (GnRH

agonists or antagonists), which lower androgen levels to castration levels [21, 22]. Although

GnRH agonists cause a rapid increase and then sharp decrease in testosterone levels, GnRH

antagonists work by directly reducing testosterone levels [23]. However, evidence on the

immunomodulating effect of androgens has mainly been derived from animal studies [9–11].

Whether the reduction in testosterone levels has beneficial effects in patients with atopic dis-

eases has yet to be determined. We aimed to use nationwide cohort data to investigate the risk

that newly diagnosed patients with prostate cancer have for developing atopic diseases after

they receive ADT with GnRH analogue treatment.

Materials and methods

Study population

This was a retrospective cohort study. Patients with a new diagnosis of prostate cancer from

January 1, 2001, to December 31, 2012, were enrolled. The data used in this study were

obtained from the National Health Insurance Research Database (NHIRD), which registers

the health information for>99.9% of residents in Taiwan, and can be obtained through formal

requests submitted to the Taiwan Health and Welfare Data Science Center (HWDC). NHIRD

data on a subpopulation, comprising two million people who were randomly sampled from

the 20 million people living in Taiwan, were used in this study. Patients with prostate cancer

who were aged<20 years or who received GnRH analogues before being diagnosed with pros-

tate cancer were excluded. Of these patients, those with prostate cancer were categorized into

the following two groups: (1) treatment with GnRH analogues (group I), and (2) treatment

without GnRH analogues (group II). The comparison group was defined to comprise men

without prostate cancer or GnRH analogue use after matching for age and index years at a 1:4
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ratio. All groups (groups I and II and the comparison group) were followed up for 3 years.

This study was approved by the Joint Institutional Review Board of Taipei Medical University

(reference number: N20176020). Because all NHIRD data are delinked and deidentified, the

requirement for informed consent was waived.

Definition

Patients with prostate cancer were defined as those having two or more diagnosis codes

(under Code 185) in the International Classification of Diseases, Ninth Revision, Clinical

Modification (ICD-9-CM). The baseline characteristics of the two study groups and the com-

parison group, such as hypertension, diabetes mellitus, hyperlipidemia, and gastroesophageal

reflux disease (GERD), were also defined using the ICD-9-CM. Personal income was classified

into five levels according to the individual’s monthly insurable wage. The air pollution levels of

particle matter (PM) 2.5 were classified into three levels: safe (<15 μg/m3), above the threshold

(15–25 μg/m3), and hazardous (>25 μg/m3), according to data from the public database of the

Taiwan Environmental Protection Administration.

Agents of the following GnRH analogues were used for analysis: buserelin, leuprorelin,

goserelin, triptorelin, and degarelix. Patients were classified by duration of treatment using a

one-month equivalent dose.

Confounding factors

The following comorbidities were considered to be confounders of the association between

GnRH analogues and atopic diseases: hypertension, diabetes mellitus, hyperlipidemia, GERD,

and a habit of tobacco use. Patients’ age and medication history of statin, acetaminophen, and

oral corticosteroids were assessed for the study’s three groups.

Outcome measure

The primary outcome measure of this study was the development of atopic diseases, including

allergic dermatitis, allergic rhinitis, and asthma. The corresponding ICD-9-CM codes used to

assess the development of these diseases were 691.8, 477, and 493, respectively. To further

investigate whether GnRH treatment duration affected the risk for atopic diseases in patients

with prostate cancer, we measured the long-term effects of GnRH analogues on atopic disease

occurrence as the secondary outcome.

Statistical analysis

Between the two groups, continuous variables were compared using Student’s t test and cate-

gorical variables were compared using Pearson’s chi-square test. Each group was followed up

for 3 years. Cox proportional hazard models were employed, in which the occurrence of atopic

disease was the dependent variable and the following were independent variables: prescription

of GnRH analogues and the covariates of age; hypertension; diabetes mellitus; hyperlipidemia;

GERD; tobacco use; medications of stain, acetaminophen, and oral corticosteroids; air pollu-

tion levels; and income. Statistical significance was indicated if p< 0.05 (two-tailed). SAS 9.4

software (SAS Institute Inc., Cary, NC, USA) was used for analysis.

Results

Study population

A total of 663 and 2,172 patients with prostate cancer were identified and assigned to groups I

and II, respectively. They were classified according to whether they were treated with or
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without GnRH analogues into groups I and II, respectively. An additional 8,688 patients were

placed in the comparison group. Fig 1 presents a flowchart of this process. Table 1 presents the

differences in the baseline characteristics between group I and group II and between group II

and the comparison group. Compared with the comparison group, both groups I and II had

higher proportions of medical comorbidities of hypertension, diabetes mellitus, hyperlipid-

emia, and GERD and statin and non-steroidal anti-inflammatory drug (NSAID) use. The air

pollution levels and incomes of all three groups were similar.

Risk of atopic diseases

The risk for atopic diseases during the 3-year follow-up period was assessed (Table 2). Group I

had a lower risk of atopic diseases than group II did (adjusted HR: 0.66, 95% CI: 0.49–0.89,

p< 0.01). Group I also had a lower risk for atopic diseases than did the comparison group

(adjusted HR: 0.72, 95% CI: 0.54–0.94, p< 0.05). However, no significant difference in the risk

of atopic diseases was found between group II and the comparison groups. Additionally, the

following characteristics and behaviors had no association with the risk of developing atopic

diseases: age, hypertension, diabetes mellitus, hyperlipidemia, GERD, tobacco use, stain, acet-

aminophen, oral corticosteroids, air pollution level, and income. Only NSAID use was associ-

ated with the risk of developing atopic diseases (Table 3). The Kaplan–Meier curves for

patients with prostate cancer treated with or without GnRH analogues (groups I and II) and

the comparison group are presented in Fig 2. A significant reduction in the occurrence of

atopic diseases was found in group I patients with prostate cancer on GnRH analogues; the

result of the log rank test was significant.

Accumulative exposure time of GnRH analogue use

After 1 month of GnRH analogue use, the risk of developing atopic diseases was not signifi-

cantly reduced (adjusted HR: 0.56, 95% CI: 0.25–1.26, p = 0.161). A reduced risk of atopic dis-

eases was evident in men undergoing GnRH analogue therapy at a prescription duration of 2

months (adjusted HR: 0.53, 95% CI: 0.29–0.97, p = 0.040) and 2–14 months (adjusted HR:

0.66, 95% CI: 0.49–0.89, p = 0.007) (Table 4). No statistical difference between the duration of

GnRH analogue use and the magnitude of risk was observed in trend analysis (p = 0.595).

Discussion

Our study results indicated that prostate cancer did not contribute to the risk of developing

atopic disease (study group II vs. comparison group). Patients with prostate cancer treated

with GnRH analogues had a decreased risk of atopic disease (study group II vs. group I). This

suggests an association between GnRH analogue use and decreased occurrence of atopic dis-

eases. A reduced risk of atopic diseases was evident in men who were on GnRH analogue ther-

apy for a prescribed duration of more than 2 months.

Generally, testosterone has been considered to act as immunosuppressant, and earlier stud-

ies have found low testosterone levels in atopic diseases patients, including atopic dermatitis

[24], asthma alone and asthma with allergic rhinitis [25]. These studies support low levels of

testosterone may be associated with the presence of atopic diseases. However, in those studies,

the testosterone levels were much higher (< 50 ng/dL or < 1.7 nmol/L) than the castration

level of the population in these study. Furthermore, it was found that testosterone could poten-

tially have a negative influence on the development of atopic diseases through impairing skin

integrity [17–19]. It is likely that the extremely low concentrations of testosterone may contrib-

ute to this study’s unconventional results.
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Fig 1. Flow diagram of participant recruitment.

https://doi.org/10.1371/journal.pone.0266771.g001
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The immunomodulation effect of androgen deprivation may explain the association

between GnRH analogue use and the reduced occurrence of atopic diseases. First, the andro-

gens of testosterone and dihydrotestosterone (DHT) profoundly affect the immune system

[11]. The androgen receptor is expressed by the thymus [26]. Furthermore, testosterone or

DHT treatment is associated with a decrease in thymus size [27, 28], whereas increased thymus

size and weight and the promotion of thymopoiesis are found in castrated animals [29] and

humans [30]. Second, animal studies found that the use of GnRH analogues increased the

number of T cells [31, 32], increased the levels of cytokine interferon-γ for Th1 stimulation

[11, 31], and decreased the levels of interleukin (IL)-4 [33], IL-10 [33], and IL-6 [34] for stimu-

lating the Th2 immune response. The Th2-based peripheral immune reaction has been recog-

nized as an important pathogenetic factor for atopic diseases [1–5]. Because androgen-

deprivation disrupts the balance between Th1 and Th2, the Th2-biased immune reaction for

atopic diseases should be reduced in men with GnRH analogues.

Table 1. Baseline characteristics of patients with prostate cancer and matched cohort.

Variables Study group Comparison group P-valuea P-valueb

Patients with prostate cancer (2001–2012) Without prostate cancer or GnRH analogues use male

populationWith GnRH analogues

(I)

Without GnRH analogues

(II)

N = 663 N = 2,172 N = 8,688

Age, years (mean ± SD) 71.91 ± 10.14 68.40 ± 12.47 68.42 ± 12.50 <0.0001 0.954

Hypertension (n, %) 383 (57.77) 1,110 (51.10) 3,845 (44.26) 0.003 <0.0001

Diabetes mellitus (n, %) 201 (30.32) 570 (26.24) 1,988 (22.88) 0.039 < 0.001

Hyperlipidemia (n, %) 252 (38.01) 728 (33.52) 2,216 (25.51) 0.033 <0.0001

GERD (n, %) 68 (10.26) 118 (5.43) 288 (3.31) <0.0001 <0.0001

Tobacco use (n, %) 12 (1.81) 23 (1.06) 133 (1.53) 0.125 0.098

Statin (n, %) 136 (20.51) 344 (15.84) 1,091 (12.56) 0.005 <0.0001

Acetaminophen (n, %) 253 (38.16) 512 (23.57) 2,091 (24.07) <0.0001 0.629

NSAIDs (n, %) 398 (60.03) 975 (44.89) 3,535 (40.69) <0.0001 < 0.001

Oral corticosteroids (n,

%)

44 (6.64) 69 (3.18) 349 (4.02) <0.0001 0.069

Air pollution levels of PM 2.5c

Safe 6 (0.90) 17 (0.78) 127 (1.46) 0.759 0.013

Above target 44 (6.64) 100 (4.60) 576 (6.63) 0.037 <0.001

Hazardous 613 (92.46) 2,055 (94.61) 7,985 (91.91) 0.039 <0.0001

Incomes (monthly insurable wages in NT$)d

Dependent 7 (1.06) 49 (2.26) 219 (2.52) 0.052 0.477

≦ 20,100 401 (60.48) 1,198 (55.16) 5,256 (60.50) 0.016 <0.0001

20,101–40,100 201 (30.32) 541 (24.91) 2,423 (27.89) 0.006 0.005

40,101–60,800 39 (5.88) 228 (10.50) 561 (6.46) <0.0001 <0.0001

> 60,800 15 (2.26) 156 (7.18) 229 (2.64) < 0.001 <0.0001

GnRH, gonadotropin-releasing hormone; SD, standard deviation; GERD, gastroesophageal reflux disease; NSAIDs, non-steroidal anti-inflammatory drugs; NT$, New

Taiwan dollar.
a P value between study group I and study group II.
b P value between study group II and comparison group.
c Air pollution level determined by the 7-year average (2006–2012) of particulate matter < 2.5μm (PM 2.5); safe:� 15 μg/m3, above target: >15 μg/m3 and�25 μg/m3,

hazardous: >25 μg/m3.
d US$1 = NT$28.8 (March 2018).

https://doi.org/10.1371/journal.pone.0266771.t001
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Table 2. Hazard ratios for atopic diseases in patients with prostate cancer during 3-year follow-up period.

Outcome Patients with prostate cancer Without prostate cancer or GnRH analogue use in male population

With GnRH analogues (I) Without GnRH analogues (II)

N = 663 N = 2,172 N = 8,688

Atopic diseases (n, %) 55 (8.30%) 258 (11.88%) 929 (10.69%)

Crude HR (95% CI) 0.68 (0.51–0.91)� 1 ─
Adjusted HR (95% CI) 0.66 (0.49–0.89)�� 1 ─
Crude HR (95% CI) 0.77 (0.58–1.00) 1.12 (0.98–1.29) 1

Adjusted HR (95% CI) 0.72 (0.54–0.94)� 1.12 (0.98–1.29) 1

Onset time (days, mean ± SD) 522.55 ± 286.27 482.08 ± 321.33 501.49 ± 325.42

SD, standard deviation; HR, hazard ratio; CI, confidence interval.

��p< 0.01

�p< 0.05.

Hazard ratios were adjusted for age, hypertension, diabetes mellitus, hyperlipidemia, gastroesophageal reflux disease, mycoplasma pneumoniae infection, alcohol

dependence syndrome, tobacco use disorder, obesity, statin, acetaminophen, non-steroidal anti-inflammatory drugs, oral corticosteroids, air pollution level, and

income.

https://doi.org/10.1371/journal.pone.0266771.t002

Table 3. Multivariate analysis of the potential risk factors of atopic diseases.

Crude HR 95% CI p Adjusted HR 95% CI p
Age 1.01 0.99–1.02 0.291 1.00 0.99–1.02 0.428

Hypertension 1.08 0.87–1.35 0.495 1.05 0.83–1.34 0.681

Diabetes mellitus 0.97 0.76–1.25 0.840 0.98 0.75–1.28 0.872

Hyperlipidemia 0.87 0.69–1.11 0.258 0.85 0.64–1.14 0.280

GERD 0.86 0.53–1.38 0.525 0.91 0.56–1.47 0.684

Tobacco use 0.51 0.13–2.03 0.337 0.55 0.14–2.23 0.406

Statin 0.91 0.67–1.24 0.553 0.94 0.65–1.35 0.735

Acetaminophen 1.12 0.88–1.43 0.365 1.06 0.81–1.38 0.682

NSAIDs 1.29 1.03–1.61 0.027 1.37 1.06–1.76 0.017

Oral corticosteroids 0.87 0.48–1.59 0.656 0.81 0.44–1.49 0.496

Air pollution level of PM 2.5

Safe 0.76 0.19–3.05 0.698 1.20

Above target 0.80 0.46–1.39 0.431 0.77–1.86 0.417

Hazardous 1.26 0.75–2.12 0.378

Income†

Dependent 1.14 0.54–2.41 0.736

�20,100 1.12 0.89–1.40 0.339

20,101–40,100 0.86 0.67–1.12 0.273 1.01 0.89–1.15 0.857

40,101–60,800 0.83 0.55–1.25 0.364

>60,800 1.23 0.80–1.88 0.340

HR, hazard ratio; CI, confidence interval.

Hazard ratios were adjusted for age, hypertension, diabetes mellitus, hyperlipidemia, gastroesophageal reflux disease, mycoplasma pneumoniae infection, alcohol

dependence syndrome, tobacco use disorder, obesity, statin, acetaminophen, non-steroidal anti-inflammatory drugs, oral corticosteroids, air pollution level, and

income.

†monthly insurable wage was expressed in NT dollars.

https://doi.org/10.1371/journal.pone.0266771.t003
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The strengths of this population-based, retrospective cohort study are as follows, first, its

nationwide sampling acquired adequate sample size of patients with prostate cancer treated

with GnRH analogues. As this study was conducted using NHIRD with a coverage rate of over

99% of Taiwan population, it demonstrated high representative of overall population. Second,

careful inclusion criteria and exclusion criteria were applied to this study to avoid biased

results. For instance, only naïve patients with no previous exposure of GnRH analogues prior

to enrollment were included in this study to avert interference of previous treatment. More-

over, patients with history of atopic diseases were excluded in this study to ensure the associa-

tion between the exposure and outcome. Third, for control of confounding variables, this

study has taken not only clinical factors, but also social and environmental factors into consid-

eration, including air pollution levels and income. This study used PM 2.5 as the indicator for

Fig 2. Cumulative incidence of atopic diseases.

https://doi.org/10.1371/journal.pone.0266771.g002

Table 4. Adjusted association between accumulative exposure time and atopic diseases among men receiving

GnRH analogues.

Cumulative period of exposure to GnRH analogues (months)† Atopic diseases

Adjusted HR 95% CI p
None Ref -- --
<1 0.56 0.25–1.26 0.161

2 0.53 0.29–0.97 0.040

2–14 0.66 0.49–0.89 0.007

HR, hazard ratio; CI, confidence interval.

Cox proportional hazards model was used to adjust for age, hypertension, diabetes mellitus, hyperlipidemia,

gastroesophageal reflux disease, mycoplasma pneumoniae infection, alcohol dependence syndrome, tobacco use

disorder, obesity, statin, acetaminophen, non-steroidal anti-inflammatory drugs, oral corticosteroids, air pollution

level, and income.

†Duration of treatment estimated by the sum of 1-month equivalent doses.

https://doi.org/10.1371/journal.pone.0266771.t004
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air pollution levels instead of geographic regions or population to truly reflect the extent of air

pollution. Lastly, the disease code for prostate cancer in the NHIRD is also validated in the Tai-

wan National Cancer Registry [35]. In addition, this study determined the occurrence of atopic

diseases as more than twice disease codes to increase positive predictive value and decrease the

possibility of false positive. The calculation of atopic diseases occurrence was originated from

diagnoses record on different dates or by different physicians to ensure the accuracy of the

occurrence.

This study contains several limitations as well. First, as the average age of study population

in this study was approximately 70 years old, the results of this study may not be generalized to

younger prostate cancer patients treated with GnRH analogues. Second, since serum testoster-

one and DHT levels were unavailable in the NHIRD, this study cannot determine whether lin-

ear correlation existed between testosterone and DHT levels and atopic diseases occurrence.

Third, due to lack of information in NHIRD, there were some confounders that cannot be

controlled in this study, including genes, environmental allergens and dietary habits. However,

according to epidemiological studies, the aforementioned confounders had more impact on

the occurrence of atopic diseases in children than in adults. As this study aimed to observe the

occurrence of atopic diseases in adult population, the residual effects of those confounders

should be small.

Conclusion

Patients with prostate cancer on ADT with GnRH analogues exhibited a significantly reduced

risk of incident atopic diseases over a 2-month treatment period. Our results suggest that

androgens play a role in the development of atopic diseases. Additionally, we provided a direct

safety profile of atopic diseases when treating patients with prostate cancer with GnRH ana-

logues. Thus, further studies are warranted to better elucidate the association between testos-

terone levels and atopic diseases.

Acknowledgments

This manuscript was edited by Wallace Academic Editing.

Author Contributions

Conceptualization: Sheng-Feng Lin, Hsiu-Chen Lin, Joseph Jordan Keller, Li-Hsuan Wang.

Data curation: Hsiu-Chen Lin, Li-Hsuan Wang.

Formal analysis: Sheng-Feng Lin, Hsiu-Chen Lin, Li-Hsuan Wang.

Funding acquisition: Li-Hsuan Wang.

Investigation: Sheng-Feng Lin, Hsiu-Chen Lin, Li-Hsuan Wang.

Methodology: Hsiu-Chen Lin.

Resources: Mei-Yu Lee, Joseph Jordan Keller.

Supervision: Hsiu-Chen Lin, Mei-Yu Lee, Joseph Jordan Keller, Li-Hsuan Wang.

Validation: Sheng-Feng Lin, Mei-Yu Lee, Li-Hsuan Wang.

Visualization: Mei-Yu Lee.

Writing – original draft: Sheng-Feng Lin, Mei-Yu Lee, Joseph Jordan Keller.

Writing – review & editing: Li-Hsuan Wang.

PLOS ONE Risk of atopic disease in patients with prostate cancer on GnRH analogues

PLOS ONE | https://doi.org/10.1371/journal.pone.0266771 April 11, 2022 9 / 11

https://doi.org/10.1371/journal.pone.0266771


References
1. Akdis M, Trautmann A, Klunker S, Daigle I, Kucuksezer UC, Deglmann W, et al. T helper (Th) 2 predom-

inance in atopic diseases is due to preferential apoptosis of circulating memory/effector Th1 cells.

FASEB J. 2003; 17(9):1026–35. https://doi.org/10.1096/fj.02-1070com PMID: 12773485.

2. Bosnjak B, Stelzmueller B, Erb KJ, Epstein MM. Treatment of allergic asthma: modulation of Th2 cells

and their responses. Respir Res. 2011; 12:114. Epub 2011/08/25. https://doi.org/10.1186/1465-9921-

12-114 PMID: 21867534; PubMed Central PMCID: PMC3179723.

3. Barnes PJ. Th2 cytokines and asthma: an introduction. Respir Res. 2001; 2(2):64–5. Epub 2001/03/08.

https://doi.org/10.1186/rr39 PMID: 11686866; PubMed Central PMCID: PMC59569.

4. Scadding G. Cytokine profiles in allergic rhinitis. Curr Allergy Asthma Rep. 2014; 14(5):435. https://doi.

org/10.1007/s11882-014-0435-7 PMID: 24633619.

5. Brandt EB, Sivaprasad U. Th2 Cytokines and Atopic Dermatitis. J Clin Cell Immunol. 2011; 2(3). https://

doi.org/10.4172/2155-9899.1000110 PMID: 21994899; PubMed Central PMCID: PMC3189506.

6. Kowalska-Olędzka E, Czarnecka M, Baran A. Epidemiology of atopic dermatitis in Europe. J Drug

Assess. 2019; 8(1):126–8. Epub 2019/06/12. https://doi.org/10.1080/21556660.2019.1619570 PMID:

31232396; PubMed Central PMCID: PMC6566979.

7. Fuseini H, Newcomb DC. Mechanisms Driving Gender Differences in Asthma. Curr Allergy Asthma

Rep. 2017; 17(3):19. https://doi.org/10.1007/s11882-017-0686-1 PMID: 28332107; PubMed Central

PMCID: PMC5629917.

8. Naeem A, Silveyra P. Sex Differences in Paediatric and Adult Asthma. Eur Med J (Chelmsf). 2019; 4

(2):27–35. PMID: 31328173; PubMed Central PMCID: PMC6641536.

9. Liva SM, Voskuhl RR. Testosterone acts directly on CD4+ T lymphocytes to increase IL-10 production.

J Immunol. 2001; 167(4):2060–7. https://doi.org/10.4049/jimmunol.167.4.2060 PMID: 11489988.

10. Lin AA, Wojciechowski SE, Hildeman DA. Androgens suppress antigen-specific T cell responses and

IFN-γ production during intracranial LCMV infection. J Neuroimmunol. 2010; 226(1–2):8–19. https://doi.

org/10.1016/j.jneuroim.2010.05.026 PMID: 20619904; PubMed Central PMCID: PMC4222683.

11. Gamat M, McNeel DG. Androgen deprivation and immunotherapy for the treatment of prostate cancer.

Endocr Relat Cancer. 2017; 24(12):T297–T310. Epub 2017/08/16. https://doi.org/10.1530/ERC-17-

0145 PMID: 28814451; PubMed Central PMCID: PMC5669826.

12. Olsen NJ, Kovacs WJ. Evidence that androgens modulate human thymic T cell output. J Investig Med.

2011; 59(1):32–5. https://doi.org/10.2310/jim.0b013e318200dc98 PMID: 21218609; PubMed Central

PMCID: PMC3077079.

13. Morse MD, McNeel DG. Prostate cancer patients on androgen deprivation therapy develop persistent

changes in adaptive immune responses. Hum Immunol. 2010; 71(5):496–504. Epub 2010/03/05.

https://doi.org/10.1016/j.humimm.2010.02.007 PMID: 20153396; PubMed Central PMCID:

PMC2856724.

14. Mercader M, Bodner BK, Moser MT, Kwon PS, Park ES, Manecke RG, et al. T cell infiltration of the

prostate induced by androgen withdrawal in patients with prostate cancer. Proc Natl Acad Sci U S A.

2001; 98(25):14565–70. https://doi.org/10.1073/pnas.251140998 PMID: 11734652; PubMed Central

PMCID: PMC64722.

15. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol. 2016; 16(10):626–38.

Epub 20160822. https://doi.org/10.1038/nri.2016.90 PMID: 27546235.

16. Han YY, Yan Q, Yang G, Chen W, Forno E, Celedon JC. Serum free testosterone and asthma, asthma

hospitalisations and lung function in British adults. Thorax. 2020; 75(10):849–54. Epub 20200831.

https://doi.org/10.1136/thoraxjnl-2020-214875 PMID: 32868294; PubMed Central PMCID:

PMC7938359.

17. Kanda N, Hoashi T, Saeki H. The Roles of Sex Hormones in the Course of Atopic Dermatitis. Int J Mol

Sci. 2019; 20(19). Epub 20190920. https://doi.org/10.3390/ijms20194660 PMID: 31547021; PubMed

Central PMCID: PMC6802354.

18. Becerra-Dı́az M, Strickland AB, Keselman A, Heller NM. Androgen and Androgen Receptor as Enhanc-

ers of M2 Macrophage Polarization in Allergic Lung Inflammation. J Immunol. 2018; 201(10):2923–33.

Epub 20181010. https://doi.org/10.4049/jimmunol.1800352 PMID: 30305328; PubMed Central PMCID:

PMC6219904.

19. Kao JS, Garg A, Mao-Qiang M, Crumrine D, Ghadially R, Feingold KR, et al. Testosterone perturbs epi-

dermal permeability barrier homeostasis. J Invest Dermatol. 2001; 116(3):443–51. https://doi.org/10.

1046/j.1523-1747.2001.01281.x PMID: 11231319.

20. Tsutsumi M, Denda M. Paradoxical effects of beta-estradiol on epidermal permeability barrier homeo-

stasis. Br J Dermatol. 2007; 157(4):776–9. Epub 20070817. https://doi.org/10.1111/j.1365-2133.2007.

08115.x PMID: 17711527

PLOS ONE Risk of atopic disease in patients with prostate cancer on GnRH analogues

PLOS ONE | https://doi.org/10.1371/journal.pone.0266771 April 11, 2022 10 / 11

https://doi.org/10.1096/fj.02-1070com
http://www.ncbi.nlm.nih.gov/pubmed/12773485
https://doi.org/10.1186/1465-9921-12-114
https://doi.org/10.1186/1465-9921-12-114
http://www.ncbi.nlm.nih.gov/pubmed/21867534
https://doi.org/10.1186/rr39
http://www.ncbi.nlm.nih.gov/pubmed/11686866
https://doi.org/10.1007/s11882-014-0435-7
https://doi.org/10.1007/s11882-014-0435-7
http://www.ncbi.nlm.nih.gov/pubmed/24633619
https://doi.org/10.4172/2155-9899.1000110
https://doi.org/10.4172/2155-9899.1000110
http://www.ncbi.nlm.nih.gov/pubmed/21994899
https://doi.org/10.1080/21556660.2019.1619570
http://www.ncbi.nlm.nih.gov/pubmed/31232396
https://doi.org/10.1007/s11882-017-0686-1
http://www.ncbi.nlm.nih.gov/pubmed/28332107
http://www.ncbi.nlm.nih.gov/pubmed/31328173
https://doi.org/10.4049/jimmunol.167.4.2060
http://www.ncbi.nlm.nih.gov/pubmed/11489988
https://doi.org/10.1016/j.jneuroim.2010.05.026
https://doi.org/10.1016/j.jneuroim.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/20619904
https://doi.org/10.1530/ERC-17-0145
https://doi.org/10.1530/ERC-17-0145
http://www.ncbi.nlm.nih.gov/pubmed/28814451
https://doi.org/10.2310/jim.0b013e318200dc98
http://www.ncbi.nlm.nih.gov/pubmed/21218609
https://doi.org/10.1016/j.humimm.2010.02.007
http://www.ncbi.nlm.nih.gov/pubmed/20153396
https://doi.org/10.1073/pnas.251140998
http://www.ncbi.nlm.nih.gov/pubmed/11734652
https://doi.org/10.1038/nri.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27546235
https://doi.org/10.1136/thoraxjnl-2020-214875
http://www.ncbi.nlm.nih.gov/pubmed/32868294
https://doi.org/10.3390/ijms20194660
http://www.ncbi.nlm.nih.gov/pubmed/31547021
https://doi.org/10.4049/jimmunol.1800352
http://www.ncbi.nlm.nih.gov/pubmed/30305328
https://doi.org/10.1046/j.1523-1747.2001.01281.x
https://doi.org/10.1046/j.1523-1747.2001.01281.x
http://www.ncbi.nlm.nih.gov/pubmed/11231319
https://doi.org/10.1111/j.1365-2133.2007.08115.x
https://doi.org/10.1111/j.1365-2133.2007.08115.x
http://www.ncbi.nlm.nih.gov/pubmed/17711527
https://doi.org/10.1371/journal.pone.0266771


21. Magnan S, Zarychanski R, Pilote L, Bernier L, Shemilt M, Vigneault E, et al. Intermittent vs Continuous

Androgen Deprivation Therapy for Prostate Cancer: A Systematic Review and Meta-analysis. JAMA

Oncol. 2015; 1(9):1261–9. https://doi.org/10.1001/jamaoncol.2015.2895 PMID: 26378418.

22. Rydzewska LHM, Burdett S, Vale CL, Clarke NW, Fizazi K, Kheoh T, et al. Adding abiraterone to andro-

gen deprivation therapy in men with metastatic hormone-sensitive prostate cancer: A systematic review

and meta-analysis. Eur J Cancer. 2017; 84:88–101. Epub 2017/08/08. https://doi.org/10.1016/j.ejca.

2017.07.003 PMID: 28800492; PubMed Central PMCID: PMC5630199.

23. Eckstein N, Haas B. Clinical pharmacology and regulatory consequences of GnRH analogues in pros-

tate cancer. Eur J Clin Pharmacol. 2014; 70(7):791–8. Epub 2014/04/23. https://doi.org/10.1007/

s00228-014-1682-1 PMID: 24756149; PubMed Central PMCID: PMC4148177.

24. Ebata T, Itamura R, Aizawa H, Niimura M. Serum sex hormone levels in adult patients with atopic der-

matitis. J Dermatol. 1996; 23(9):603–5. https://doi.org/10.1111/j.1346-8138.1996.tb02662.x PMID:

8916659.

25. Lokaj-Berisha V, Gacaferri-Lumezi B, Berisha N, Gashi-Hoxha S. A Pilot Study on BMI, Serum Testos-

terone and Estradiol Levels in Allergic Male Patients. Open Access Maced J Med Sci. 2015; 3(4):595–

600. Epub 20150922. https://doi.org/10.3889/oamjms.2015.101 PMID: 27275293; PubMed Central

PMCID: PMC4877893.

26. Olsen NJ, Olson G, Viselli SM, Gu X, Kovacs WJ. Androgen receptors in thymic epithelium modulate

thymus size and thymocyte development. Endocrinology. 2001; 142(3):1278–83. https://doi.org/10.

1210/endo.142.3.8032 PMID: 11181545.

27. Olsen NJ, Watson MB, Henderson GS, Kovacs WJ. Androgen deprivation induces phenotypic and

functional changes in the thymus of adult male mice. Endocrinology. 1991; 129(5):2471–6. https://doi.

org/10.1210/endo-129-5-2471 PMID: 1834454

28. Olsen NJ, Kovacs WJ. Effects of androgens on T and B lymphocyte development. Immunol Res. 2001;

23(2–3):281–8. https://doi.org/10.1385/IR:23:2-3:281 PMID: 11444393.

29. Velardi E, Tsai JJ, Holland AM, Wertheimer T, Yu VW, Zakrzewski JL, et al. Sex steroid blockade

enhances thymopoiesis by modulating Notch signaling. J Exp Med. 2014; 211(12):2341–9. Epub 2014/

10/20. https://doi.org/10.1084/jem.20131289 PMID: 25332287; PubMed Central PMCID:

PMC4235646.

30. Sutherland JS, Goldberg GL, Hammett MV, Uldrich AP, Berzins SP, Heng TS, et al. Activation of thymic

regeneration in mice and humans following androgen blockade. J Immunol. 2005; 175(4):2741–53.

https://doi.org/10.4049/jimmunol.175.4.2741 PMID: 16081852.

31. Sung N, Salazar Garcı́a MD, Dambaeva S, Beaman KD, Gilman-Sachs A, Kwak-Kim J. Gonadotropin-

releasing hormone analogues lead to pro-inflammatory changes in T lymphocytes. Am J Reprod Immu-

nol. 2016; 76(1):50–8. https://doi.org/10.1111/aji.12522 PMID: 27293115.

32. Jacobson JD, Ansari MA, Mansfield ME, McArthur CP, Clement LT. Gonadotropin-releasing hormone

increases CD4 T-lymphocyte numbers in an animal model of immunodeficiency. J Allergy Clin Immunol.

1999; 104(3 Pt 1):653–8. https://doi.org/10.1016/s0091-6749(99)70338-6 PMID: 10482842.

33. Dixit VD, Yang H, Udhayakumar V, Sridaran R. Gonadotropin-releasing hormone alters the T helper

cytokine balance in the pregnant rat. Biol Reprod. 2003; 68(6):2215–21. Epub 2003/01/22. https://doi.

org/10.1095/biolreprod.102.012211 PMID: 12606332.

34. Ansari MA, Dhar M, Spieker S, Bakht N, Rahman AM, Moore WV, et al. Modulation of diabetes with

gonadotropin-releasing hormone antagonists in the nonobese mouse model of autoimmune diabetes.

Endocrinology. 2004; 145(1):337–42. Epub 2003/09/04. https://doi.org/10.1210/en.2003-0512 PMID:

12959992.

35. Kao WH, Hong JH, See LC, Yu HP, Hsu JT, Chou IJ, et al. Validity of cancer diagnosis in the National

Health Insurance database compared with the linked National Cancer Registry in Taiwan. Pharmacoe-

pidemiol Drug Saf. 2018; 27(10):1060–6. Epub 2017/08/16. https://doi.org/10.1002/pds.4267 PMID:

28815803.

PLOS ONE Risk of atopic disease in patients with prostate cancer on GnRH analogues

PLOS ONE | https://doi.org/10.1371/journal.pone.0266771 April 11, 2022 11 / 11

https://doi.org/10.1001/jamaoncol.2015.2895
http://www.ncbi.nlm.nih.gov/pubmed/26378418
https://doi.org/10.1016/j.ejca.2017.07.003
https://doi.org/10.1016/j.ejca.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28800492
https://doi.org/10.1007/s00228-014-1682-1
https://doi.org/10.1007/s00228-014-1682-1
http://www.ncbi.nlm.nih.gov/pubmed/24756149
https://doi.org/10.1111/j.1346-8138.1996.tb02662.x
http://www.ncbi.nlm.nih.gov/pubmed/8916659
https://doi.org/10.3889/oamjms.2015.101
http://www.ncbi.nlm.nih.gov/pubmed/27275293
https://doi.org/10.1210/endo.142.3.8032
https://doi.org/10.1210/endo.142.3.8032
http://www.ncbi.nlm.nih.gov/pubmed/11181545
https://doi.org/10.1210/endo-129-5-2471
https://doi.org/10.1210/endo-129-5-2471
http://www.ncbi.nlm.nih.gov/pubmed/1834454
https://doi.org/10.1385/IR%3A23%3A2-3%3A281
http://www.ncbi.nlm.nih.gov/pubmed/11444393
https://doi.org/10.1084/jem.20131289
http://www.ncbi.nlm.nih.gov/pubmed/25332287
https://doi.org/10.4049/jimmunol.175.4.2741
http://www.ncbi.nlm.nih.gov/pubmed/16081852
https://doi.org/10.1111/aji.12522
http://www.ncbi.nlm.nih.gov/pubmed/27293115
https://doi.org/10.1016/s0091-6749%2899%2970338-6
http://www.ncbi.nlm.nih.gov/pubmed/10482842
https://doi.org/10.1095/biolreprod.102.012211
https://doi.org/10.1095/biolreprod.102.012211
http://www.ncbi.nlm.nih.gov/pubmed/12606332
https://doi.org/10.1210/en.2003-0512
http://www.ncbi.nlm.nih.gov/pubmed/12959992
https://doi.org/10.1002/pds.4267
http://www.ncbi.nlm.nih.gov/pubmed/28815803
https://doi.org/10.1371/journal.pone.0266771

