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Sex hormone influence on
female-biased autoimmune
diseases hints at puberty as an
important factor in pathogenesis
Qianfan Yang1†, Kameron Kennicott2†, Runqi Zhu2†, Jooyong Kim1,
Hunter Wakefield1, Katelyn Studener1 and Yun Liang2*
1School of Medicine and Public Health, Medical Microbiology and Immunology, University of
Wisconsin-Madison, Madison, WI, United, 2Departments of Physiology and Pharmacology and Toxicology,
Michigan State University, East Lansing, MI, United States

The majority of autoimmune diseases affect more women than men, suggesting an
important role for sex hormones in regulating immune response. Current research
supports this idea, highlighting the importance of sex hormones in both immune
and metabolic regulation. Puberty is characterized by drastic changes in sex
hormone levels and metabolism. These pubertal changes may be what forms the
gulf between men and women in sex bias towards autoimmunity. In this review, a
current perspective on pubertal immunometabolic changes and their impact on the
pathogenesis of a select group of autoimmune diseases is presented. SLE, RA, JIA,
SS, and ATD were focused on in this review for their notable sex bias and
prevalence. Due to both the scarcity of pubertal autoimmune data and the
differences in mechanism or age-of-onset in juvenile analogues often beginning
prior to pubertal changes, data on the connection between the specific adult
autoimmune diseases and puberty often relies on sex hormone influence in
pathogenesis and established sex differences in immunity that begin during puberty.
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1. Introduction

The regulatory effect of sex hormones on human immunity is a major focus in the field of

immunology due to the differences men and women experience in the susceptibility and

prognosis of various immune disorders. Emerging results from immunometabolic research

show that metabolic dysregulation also influences immune disorders, especially autoimmunity.

In this paper, both sex hormone and metabolic influence on autoimmunity will be discussed,

with their pubertal changes in context. SLE, RA, JIA, SS, and ATD were chosen to explore

these concepts because of their sex bias towards women and high prevalence.

To understand the effects of sex hormones on the immune system during adolescence for

both sexes, the fluctuation of estrogen, progesterone, and testosterone and their physiological

effect on metabolism will be reviewed. Next, the effects of puberty in shaping one’s immune

system by regulating immune cell diversity and cytokine production will be summarized.
Abbreviations

ANA, antinuclear antibodies; ATD, autoimmune thyroid disease; BAFF, B Cell activating factor; CPR, C-reactive
Protein; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone-sulfate; Esr1, estrogen receptor; GD,
grave’s disease; HBV, hepatitis B Virus; HT, hashimoto’s thyroiditis; NAFLD, non - alcoholic fatty liver disease;
NK, natural killer; pDCs, plasmacytoid dendritic cells; RA, rheumatoid arthritis; SCAT, subcutaneous adipose
tissue; SLE, systemic lupus erythematosus; SLEDAI, SLE disease activity index; SS, sjögren’s syndrome; tMΦ,
testicular macrophages; Treg cells, regulatory T Cell; TSH, thyroid - stimulating hormone; TSHRAb, TSH
receptor antibody; T2D, type-2 diabetes; VAT, visceral adipose tissue; WAT, white adipose tissue.
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Furthermore, a summary of immunoendocrine and

immunometabolism changes with regard to sex hormones during

puberty and a novel perspective in understanding autoimmune

diseases will be made.

A comprehensive traditional literature search was conducted for

original studies using terms such as puberty, adolescence, juvenile,

sex hormones, immunity, cytokines, autoimmunity, autoantibodies,

immunometabolism, systemic lupus erythematous, rheumatoid

arthritis, Sjögren’s syndrome, juvenile lupus, juvenile idiopathic

arthritis, autoimmune thyroid disease, Grave’s disease, obesity, and

diabetes. Searches for cell types involved in immunity were done

individually (e.g., T cell, B cell, macrophage) as well as collectively

by specific functions in immunity (e.g., breaking tolerance, signaling,

Th1/Th2 response, APC). Search terms were either used individually

or in some combinatorial permutation with each other. Additionally,

search of cited sources within found studies was performed.
2. Hormone and metabolite changes
in puberty

Puberty is an inevitable and irreducible process that every

adolescent will go through before becoming an adult. Pubertal

changes include, but are not limited to, changes in physical

appearances, insulin sensitivity, emotional information processing,

and hormone levels (1–3). While there are many pubertal changes,

the changes in hormone levels emphasize sex differences

represented by the pathogenesis of autoimmune diseases.

In addition to driving physical changes in sex organs, sex

hormones are known for a wide range of functions, including

controlling one’s diet, emotional processing, and regulating

immune responses in the body (4). Testosterone, a male sex

hormone that increases in boys during puberty, was found to affect

cognitive sensitivity of adolescents (5). Boys in the early pubertal

stage with greater testosterone levels chose immediate rewards

when compared to boys with lower testosterone levels, who were

more likely to choose greater long-term rewards (5). Estradiol, a

primary form of estrogen, showed anti-depressive properties by

increasing reactions of anxiety and depression in estradiol

knockout mice compared to their wild-type counterparts (6, 7).

Consistent with their key roles in driving pubertal changes, the

levels of testosterone, estrogen, and progesterone change in

adolescent boys and girls during puberty. The average testosterone

level of boys increased 250-fold between 6 and 20 years old while

girls presented a 15-fold increase (8). Meanwhile, the average

estradiol level in adolescent girls showed a 15-fold increase

between 7 and 23 years old compared to 3-fold increase in boys

between 7 and 18 years of age (9). Intriguingly, studies have

revealed a critical role of progesterone in the male reproductive

system (10, 11). Specifically, progesterone enhances sperm

movement by activating the CatSper channel, a mobility by influx

of Ca2+ (12, 13). With progesterone classically defined as a female

hormone, its function in male reproductive events supports the

idea that puberty is a complex event that cannot be defined solely

by a single sex hormone.

Besides sex hormones, metabolic hormone levels can also exhibit

sex-specific changes during puberty. Leptin, a hormone that is
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responsible for balancing food intake, showed sex-biased changes

of its level during puberty. While leptin is associated with energy

use and body fat distribution, rapidly increasing in pre-pubertal

stage and decreasing to its basal level after puberty, female leptin

levels remained higher than males after puberty (14). In particular,

a study that examined blood samples of healthy adult men and

women found that women had 2–3 times greater circulating leptin

levels, consistent with the observation that women generally have a

greater percentage of body fat than men (15, 16). Similarly,

adiponectin, a hormone known to be a potential biomarker for

metabolic syndromes, also displayed sex differences during puberty.

Studies demonstrated that levels of adiponectin in boys decreased

as puberty progressed whereas almost no change in adiponectin

levels was observed in girls (17, 18). Growth hormone is also vital

in physical development during puberty, but sex-related differences

are yet to be described in detail (19, 20). Although we found that

various hormone levels change during puberty, there was not

enough data to support links to sex-biased autoimmune prevalence

from leptin, adiponectin, and growth hormones. Because studies on

hormonal regulation in autoimmunity mostly focus on sex

hormones rather than puberty, more studies relating these

hormones to the immune system and autoimmunity would be

required to draw conclusions.

Hormonal changes can also induce metabolic disparity

throughout the body, resulting in metabolic imbalance that may

influence autoimmunity. An example of this can be seen with how

testosterone affects energy metabolism (21–23). While testosterone

is associated with weight gain and energy metabolism, male rats

who had greater levels of testosterone than their female

counterparts demonstrated greater food intake and weight gain at

pre-pubertal stage along with reaching obesity earlier in

development (10). Other than obesity, testosterone also displayed

that it promotes protein synthesis and rapid muscle development

in boys during puberty (21, 24). Many diseases involve

dysregulation of protein metabolism. Cytokines and C-reactive

protein (CRP) are notable immune proteins that, when

dysregulated, are core components in the pathogenesis of

autoimmune diseases. Therefore, hormonal changes during puberty

may affect metabolism, and through its dysregulation promote

autoimmune pathogenesis.

Puberty is a time dominated by hormonal changes. These

changes, as discussed, have a broader impact than changes in

outward appearance. Sex hormones in particular are implicated not

only in sexual dimorphism, but in metabolic disorders and

autoimmunity as well. It stands to reason that puberty, the time of

greatest change in sex hormone levels, may be the start of their

influence towards these diseases. To see if this correlates with data

on pubertal immune systems, we also evaluated pubertal changes

in the various elements of immunity.
3. Immune system functionality during
puberty

Sexual dimorphism becomes more visibly apparent during

puberty. Boys’ voices deepen and testes enlarge, while girls begin to

grow breasts and start menstruation. Underneath these visible
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changes are perhaps more pertinent ‘invisible’ differences in the

immune system. Here the components of immunity will be

compared between sexes: immune cell abundance and function, as

well as cytokine and chemokine signaling.

Longitudinal studies that include profiling immune cell

abundance and function between sexes during puberty are few and

usually do not focus on sexual disparities or puberty. From what

has been gathered, there are some comparisons of note (Table 1).

Starting with innate immunity, one such difference is in monocytes

in the peripheral blood. Adolescent girls have significantly less

monocytes than adolescent boys but show similar maximal

cytotoxic capacity when stimulated, and the significant sexual

disparity is lost upon adulthood (28, 29). A small study from 1985

states that natural killer (NK) cell cytotoxicity decreases from

childhood through adolescence to adulthood for females while

males experience the opposite (30). Meanwhile, relative abundance

data shows that there is no significant difference in NK cells

between sexes in adolescence (28, 29). A study using a rat model

reinforces both studies, noting the increase in female lung tumor

metastases as a result of decrease in the antitumor function of NK

cells (30). While these studies, like most, focused on the antitumor

and antiviral capacities of NK cells, the immunoregulatory effects

of NK cells like NK-DC crosstalk and antigen presentation have

yet to be described in detail during puberty. In contrast to the

animal model support of NK cell data, granulocytes show no

significant differences in abundance in girls and boys (28, 31), but

do appear to have sexually dimorphic abundance and function in

mouse models. Male mice showed greater differentiation and

release of myeloid cells from bone marrow coupled with an

increase in inhibition of granulocyte apoptosis vs. their female

counterparts in a sepsis model (32). Whether this incongruity is

due to species differences, sample localization, or peripheral blood
TABLE 1 An overview of immune system changes during puberty.

Cell Type Abundance changes and functionality
during lifespan

Monocytes Less in females than males, but similar cytotoxic
capacity. Abundance disparity lost upon adulthood
(28, 29).

Natural killer cells No difference in abundance between males and
females. Cytotoxicity decreases in females (28–30).

Macrophages Macrophages help develop breasts during puberty. In
males, interstitial and peritubular testicular
macrophages safeguard male fertility (34–36).

Plasmacytoid dendritic
cells (pDCs)

Female pDCs produce more IFNα than males when
stimulated. Initially thought to be due to estrogen, it is
actually primarily driven by × chromosome number
(37–39).

T cells Suggested differences in CD4:CD8 and Th1/Th2 ratios,
but no statistically significant data to support any T cell
differences (28, 39).

B cells Males show increases in B cells during puberty, but this
difference equalizes in adulthood and reverses in old
age. There are hints towards heightened male tolerance
training with increased T-cell receptors as well, while
females show higher titers of autoreactive antibodies
which suggest the opposite (28, 31, 40–45).
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vs. bone marrow respectively, is unclear and worthy of

consideration in future studies.

While the aforementioned innate immune cells show potential

differences in function between the sexes during puberty,

macrophages have been identified as key players in the

development of sex-specific organs like mammary ducts (33).

Estrogen upregulation of CCR1 on macrophages makes them more

responsive to CCL7, which is modulated by ACKR2 on stromal

fibroblasts, all to attract trophic macrophages to the breast and

develop the ductal epithelium at terminal end buds (34, 35).

Likewise, in males, a special role exists for macrophages in the

testes. Interstitial and peritubular testicular macrophages (tMΦ) act

to safeguard male fertility by immunosuppression through

preferential expression of IL-10 and antigen processing genes,

respectively (36). Whether or not these sex-specific roles for

macrophages during pubertal development influence the female

bias towards autoimmunity requires study, but it does highlight

how sex differences play pivotal roles in the immune system and

puberty.

Plasmacytoid dendritic cells (pDCs) from females have been

shown to produce more IFNα, an inflammatory cytokine, than

males when stimulated. This difference was determined to be

estrogen receptor (Esr1) dependent (37) and therefore potentially

linked with puberty; but by controlling estradiol concentration and

utilizing data from transgender and Turner’s syndrome individuals,

a recent study showed that it may be primarily driven by

X-chromosome number (38). Although immunity seems to be

highly tied to sex hormones, this instance shows that there is

nuance in the mechanisms underpinning what exactly drives the

connection and how impactful changes in sex hormones may or

may not be. Since X-chromosome numbers do not change during

the lifespan, the impact on IFNα levels during puberty may not be

pertinent to pubertal development on autoimmunity nor be as

strongly regulated by estrogen as previously suggested. Thus, the

nuances of each modulation in immune cell function need to be

explored in depth before the driving factors can be assigned.

Adaptive immunity also shows sex-biased trends that may be

impacted by pubertal development, though that impact is highly

dependent on cell type. Initial studies with T-cell subset data

showed an increasing difference in male and female CD4:CD8

ratio, as well as girls starting to have more Th1 cells and less Th2

cells at the end of puberty (ages 17–19) and onward into

adulthood (39). These data, however, were unable to reach

statistical significance (p = 0.11) and more recent competing data

asserts that this disparity is less pronounced via higher relative

CD8 levels and also equalizes upon adulthood (28). Continuing

with the theme, B-cells show a larger increase in males during

puberty relative to the total percentage of leukocytes (28, 31),

though this difference once again appears to equalize into

adulthood and even reverse in old age (40). Interestingly, the

increase in the mouse equivalent of MHC class II TCR is coupled

with the relative increase in B-cells in adolescent males and might

suggest an increase in immune tolerance training. A comparison of

tolerogenic B-cell abundance during adolescence and hormonal

influence over the negative selection of autoreactive B-cells (41, 42)

to determine which has more impact on sex-biased tolerance and

autoimmunity may explain this phenomenon. A potential result of
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this may be found in antinuclear antibodies (ANA), which increase

in prevalence and titer during puberty, especially in females (43).

Similarly, autoreactive anti-thyroid antibodies TGAb and TPOAb

spike during the first year of puberty in females and are associated

with thyroid nodules and Hashimoto’s disease (44, 45).

Cytokines are the signals that modulate immunity. They can

either be proinflammatory or anti-inflammatory, though under

certain circumstances a proinflammatory cytokine may exhibit

anti-inflammatory function and vice versa. When dysregulated,

proinflammatory cytokines contribute to autoimmunity largely

through inflammation and overactivation of innate immune cells.

In contrast, dysregulation of anti-inflammatory cytokines may

disrupt tolerance or the negative feedback mechanisms that prevent

inflammation and immune cell activation (46). Studying the effects

of cytokines in the pathogenesis of autoimmune diseases is difficult

because many cytokines are pleiotropic and redundant, so

identifying the role of a particular cytokine in a particular disease

requires controlling for lots of variables. Perhaps as a result of this,

in vivo human data on cytokine levels during puberty is sparse. To

fully test the effect of a cytokine generally requires additional

in vitro models that have been engineered to match localized

immune cells or tissue, or it requires animal testing. Both of which

have their own drawbacks and collectively require a lot of time and

money to fit the scope of understanding the full extent of cytokine

function. Beyond that, simulating puberty is usually reduced to

treatments with sex hormones. The nuances of other more subtle

changes during puberty may be missed if not also considering the

role of growth hormones or other metabolites in vitro.

Some major proinflammatory cytokines include IL-1, TNFα,

IL-6, IFNγ, IL-12, IL-18 (CXCL8), G-CSF and GM-CSF (47).

These work by activating local tissue inflammatory responses

through cytokine-mediated amplification of chemokine release,

endothelial cell adhesion molecule upregulation, slowing blood

flow, and increasing vascular permeability (48). IL-1, TNFα, and

IL-6 specifically are noted as potent mediators of inflammation.

IL-1 has been shown to confer advantage against sepsis and

dissemination of infection, and when challenged in female vs.

ovariectomized mice, it showed association with estrogen. Further

testing revealed that this was due to an increase in IL-1 production

by estrogen stimulation on peripheral blood macrophages (49).

Likewise, TNFα and IL-6 both show repression via the unbound

estrogen receptor and are therefore induced with estrogen

stimulation (50). Meanwhile, testosterone has been shown to

attenuate TNFα release in rats (51). However, in typical pubertal

procession, proinflammatory cytokine TNFα and chemokine IL-8

serum levels decrease throughout adolescence, regardless of sex

(52). This could be a result of tight regulation, or it may mean that

increasing estrogen and testosterone levels are insufficient to

describe the role of TNFα in sex differences during pubertal

immunity. In the case of IFNγ, estrogen’s positive regulation of

IFNγ correlates with sex differences during puberty, with

adolescent girls starting to show significantly more by age twelve

(53, 54).

Major anti-inflammatory cytokines include IL-1 Ra, IL-4, IL-10,

IL-11, and IL-13. IL-10 is noted as potent, due to its ability to

downregulate proinflammatory cytokine expression of IL-1, TNFα,

IL-6 and other proinflammatory cytokine receptors as well as
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upregulate endogenous anti-cytokines (55). Although there is no

pubertal data comparing sexes for any of these cytokines, IL-10 has

been positively associated with increased estradiol, leading to

increased antibody production (56). IL-10 expression also increases

in mouse CD4 T cells when stimulated with testosterone (57). As

both testosterone and estrogen upregulate IL-10 in some capacity,

it is unlikely that IL-10 drives the sex bias of autoimmunity. Data

comparing the efficacy of these effects with adolescent levels of

cytokines would be more conclusive to that end. Mouse models

show more stark differences in the regulation of IL-11 and IL-4.

IL-11 shows upregulation by estrogen and downregulation by

progesterone, whereas estrogen shows no significant effect on IL-4

expression in mouse splenocytes, yet testosterone upregulates it

(57–59). IL-13 is noted for its role in inhibiting estrogen-induced

breast cancer (60).

Overall, sex hormones have a large effect on the regulation of

cytokine production. While estrogen may often provide females a

stronger immune response by way of upregulated cytokine

expression, it is not only in favor of the proinflammatory ones.

Even in the cases where there is no clear difference between sexes

of normal cytokine levels during puberty, there are implications

that different regulatory mechanisms are maintaining that balance

between sexes due to estrogen’s influence. This may be the case of

TNFα, which is implicated in many autoimmune disorders.

Maintaining tight regulation of TNFα may require more inhibitors

like IL-10 for maturing women and be part of their susceptibility

to autoimmunity.

Testosterone, estrogen, and progesterone have been proven to be

important sex hormones that play a vital role in developing sex-

specific characteristics and directly or indirectly regulating immune

pathways. Similarly, hormones such as leptin and adiponectin,

which regulate metabolic functions, also show sex difference during

puberty. This sex-specific role of hormones, along with their

immunomodulatory role with cytokines, lends itself to the idea that

hormone shifts, metabolic changes, and immune system changes

during puberty are important to autoimmune pathogenesis.

Cytokines are important regulators of immune cell function, and

sex hormones have been shown to influence their production,

efficacy, and function. Both hormone abundance fluctuation and

immune cells abundance fluctuation during puberty may induce

the variance in cytokines and subsequently may contribute to

autoimmunity. These results hypothesize that metabolic changes

and hormone shifts during puberty may make someone more

prone to develop autoimmune disease post puberty. In the next

parts of this review article, specific autoimmune responses and

diseases will be discussed in this context.
4. Pathogenesis of autoimmune
diseases

4.1. Sex hormones and autoimmune diseases

The immunomodulatory effect of sex hormones suggests a link

between puberty, sex bias in autoimmune diseases, and their

pathogenesis. Here, we will review established roles of sex

hormones in Systemic lupus erythematosus (SLE), rheumatoid
frontiersin.org

https://doi.org/10.3389/fped.2023.1051624
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Yang et al. 10.3389/fped.2023.1051624
arthritis (RA), Sjögren’s Syndrome (SS), and autoimmune thyroid

disease (ATD) all of which exhibit increased prevalence in females.

Since most autoimmune diseases present after puberty, pubertal

autoimmune data is sparse. Therefore, investigating the role of

puberty in these diseases relies heavily on sex hormones, which

both change greatly during puberty and modulate immunity, and

on sexual dimorphism between immune systems that begins during

puberty. SLE, RA, SS and ATD are prime examples for evaluating

the relationship between puberty and autoimmunity because of the

role sex hormones have on their pathogenesis. Extrapolating

relationships from sex hormones to puberty is not sufficient for

truly developing our understanding of the pathogenesis of these

diseases, but it may invigorate research into a pubertal basis for the

beginnings of autoimmune pathogenesis as well as its sex bias.

4.1.1. Systemic lupus erythematosus (SLE)
SLE is a chronic autoimmune disease that can present as

widespread inflammation in the joints, skin, brain, lungs, kidneys,

and blood vessels. Acute “flares” of inflammation are also possible,

and both chronic and acute inflammation can lead to tissue

damage. It is widely believed that environmental, hormonal, and

genetic factors can contribute to disease onset and severity.

However, the higher prevalence of SLE in females draws attention

to the relationship between sex hormones and the immune system.

Due to limited pubertal autoimmune data, sex hormone influence

on autoimmunity during adulthood often must be used to infer a

relationship arising from sex hormone changes during puberty.

17β–estradiol, the E2 form of estrogen, has been suggested as an

explanation for dimorphism in autoimmune diseases including SLE.

While 17β–estradiol and prolactin act as enhancers of humoral

immunity, testosterone, and progesterone act as suppressors (64,

65). 17β–estradiol increases cell growth and proliferation marker

expression by activating the NFκB pathway, which is also an

important inflammatory mediator (66). Indeed, SLE patients have

higher amounts of pro-inflammatory cytokines IL-6 and IL-17 with

plasma estradiol levels being positively correlated with IL-6 in SLE

patients. In addition, IL-6 and estradiol changes are associated with

higher SLEDAI scores. Estradiol addition to healthy control

peripheral blood mononuclear cells does not dramatically influence

the level of IL-6, however, the fluctuation of IL-6 levels in SLE

patients are dependent on estradiol stimulation. The relationship

between estradiol and IL-6 is interesting, especially when we

consider the transformation in its expression during puberty. A

longitudinal study conducted by researchers in Brazil observed the

cytokine profile of juvenile SLE patients, where 92-percent of the

participants were female with an average age of 15. In their

findings, they took note of a significant increase in blood levels of

IL-6 and IL-10 compared to healthy counterparts. Likewise, IL-6,

IL-10, and IL-17a had greater expression in juvenile patients with

active SLE states unlike patients with inactive disease (117). For

both childhood SLE and adult, it would appear that IL-6 promotes

inflammation, while IL-10 promotes autoantibody production. The

increase in estrogen during puberty and the previously described

relationship between estrogen and these cytokines suggest a link

between adolescence and disease.

In addition, IFNγ, IL-18, IL-8, SCF and IL-23 secretions are

higher in SLE patients compared to healthy control by the
Frontiers in Pediatrics 05
induction of 50 pg/ml of estradiol (62). While plasma estradiol

levels have no obvious difference between SLE and healthy patient

populations, estrogenic metabolites, such as 2-hydroxyestrogen and

16-hydroxyestrone and their derivatives, have been found to differ

in levels amongst healthy and SLE patient populations (63). In a

macaque study, there is fluctuation in the number of circulating,

immunoglobulin-secreting B cells during the menstrual cycle when

the amount of estrogen and progesterone changes, which

implicates the modulation of autoantibody secretion by sex

hormones (67–70).

Estradiol stimulation correlates with IL-6 level in SLE patients;

moreover, the concentration of IL-6 has positively impacted SLE’s

severity. As seen with macaques, fluctuation in secreted B-cells is

also linked to estrogen and progesterone increases (70). Because

these hormones drastically increase during puberty for females,

their effect on proinflammatory cytokines and autoantibody-

producing B-cells for SLE patients may indicate puberty as a

beginning in SLE pathogenesis.

Progesterone is a major sex hormone during menstruation and

pregnancy. Like estradiol, progesterone also functions in

maturation during puberty (71). However, progesterone opposes

estradiol in its immunomodulatory effects. Estradiol is, in many

cases, viewed as an enhancer of immune processes while

progesterone is considered immunosuppressive and may have the

ability to neutralize the effect of estrogens (72). For example, while

estradiol may enhance SLE severity by modulating T helper cell

cytokine secretion, progesterone has been shown to ease pro

inflammatory signaling by inhibition of Th1 and Th17 cells (73).

Further investigation of estradiol and progesterone in immunity

can give insight into their roles in autoimmune disease development.

4.1.2. Rheumatoid arthritis (RA) and juvenile
idiopathic arthritis (JIA)

Adult onset RA and JIA are similar yet distinct autoimmune

diseases that show connections to sex hormones and elucidate an

important change during puberty that may lead to the sex bias in

autoimmune prevalence. Both diseases present with persistent

chronic inflammation of the joints, synovial invasion by

lymphocytes, plasma cells, and macrophages, and

hyperproliferation of both synoviocytes and lymphocytes (104).

Many lymphocytes in the synovial fluid are clonally expanding

activated T-cells, with a mixed Th1/Th2 response (115, 116).

Characteristically of autoimmune diseases, both JIA and RA rely

on the breakdown of immunogenic tolerance. The common risk

factor for many autoimmune diseases, human leukocyte antigen

(HLA) is the primary suspect for this role. Polymorphisms in

HLA, such as HLA-DRB1*04 alleles in RA and HLA-DR4 in JIA,

are strong predictive markers for rheumatoid factor seropositivity

and increased disease susceptibility and severity (107). Likewise,

analysis of TCR’s in the synovial fluid suggest that recognition of a

limited group of autoantigens drive T-cell hyperproliferation, B-cell

autoantibody production, and form the basis for the distinct

subtypes in JIA and RA (109, 110). Though these diseases both

appear to be autoantigen driven, another important factor to their

pathogenesis is immunoregulation by hormones.

While the proinflammatory effect of estrogen is well researched

in regard to female sex bias towards autoimmunity, the protective
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effects of androgens like testosterone and

dehydroepiandrosterone (DHEA) are equally important. DHEA

is the second largest in production among all androgens and its

secretion is highly dependent with age (74). Peak production of

DHEA happens in a woman’s twenties and thirties before

production begins to decline. DHEA is responsible for

regulating a list of cytokines by suppressing Th1 and Th2

secretion function. This regulatory mechanism leads to a

decreased release of proinflammatory cytokines such as IFNγ

(75). Consequently, RA pathways that trigger autoreactive

macrophage activation are linked to increased IFNγ production

and would be negatively regulated by DHEA (77). In both male

and female RA patients, DHEA levels are decreased, which may

suggest that it plays a role in regulating disease onset and

severity (76). JIA patients, on the other hand, show normal

levels of DHEA compared to healthy children, but with closely

related DHEA-S instead showing a 10-fold decrease in relative

levels for both sexes (108).

DHEA concentration peaks at puberty and decreases post-

puberty; it can be suggested that higher amounts of DHEA in

puberty protect those genetically predisposed to RA by

manipulating pro-inflammatory cytokine secretion. However, as

females have much lower DHEA after puberty than males, the

protection mechanism of DHEA is disappearing gradually in

females and leads to the sex-bias in rheumatoid arthritis.

Testosterone is another powerful androgen that also declines

with age (74). Lower androgen-to-estrogen ratios have been

detected in both female and male RA patients compared to healthy

controls (78, 79). Walecki et al. validated the effectiveness of

testosterone treatment in elevating regulatory T cell (Treg cells)

population both in vivo and in vitro. Treg cells are known for their

ability in inhibiting proliferation and cytokine production in

effector T cells. Because of Treg’s unique function in the immune

system, they are believed to play an important role in preventing

autoimmunity (80). In Yang’s study, CD4 positive T cells are

hyperproliferative in RA patients, leading to an increased amount

of cytokine - producing effector cells (81). Linked back to the

testosterone role stated in Walecki’s study, it suggests that

testosterone may help determining the pathogenesis of RA by

regulating Treg and effector T cells which are responsible for

cytokine production.

Androgens have been proven to greatly affect the immune system

in both sexes (82). In males, androgens remain in a low activated

state before puberty and significantly shift to high activated state

when it highly impacts the system physiologically (83). Androgen

level is usually low before puberty in girls (84). In general, men

have significantly greater levels of androgen than women. The

apparent difference in a protective androgen effect on RA between

sexes could result from the increased gap in their androgen levels.

While genetic risk factors and autoantigens appear to drive JIA

and RA pathogenesis, androgens such as DHEA and testosterone

appear to be a vital player in RA onset. The contrast between

higher levels of androgen circulating in males post puberty vs.

females may be an explanation for sex biases in RA and the other

autoimmune diseases. Therefore, mechanisms by which these

hormones decline from pubertal levels seem influential in

autoimmune pathogenesis, especially RA.
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4.1.3. Sjögren’s syndrome (SS)
Sjögren’s syndrome is a chronic autoimmune disease with

common symptoms of dry eyes and dry mouth. While the exact

pathogenic mechanism of the disease is being elucidated, Sjögren’s

syndrome involve the dysfunction of salivary and lacrimal glands

as well as increased levels of proinflammatory cytokines and auto-

antibody levels (85, 86). Consistent with increased prevalence in

middle-aged women, recent studies have suggested a key role of

sex hormones in disease onset and progression.

In a study of ovariectomized mice, removal of the ovaries was

found to increase the likelihood of SS like symptoms, such as

apoptosis of epithelial cells. This symptom was improved after

estrogen administration (87). In a study with 2,680 female

Sjögren’s syndrome patients, lower estrogen levels were associated

with disease onset. It has been suggested that elevated estrogen

levels prevent the development of Sjögren’s syndrome (88). While

salivary gland epithelial cells obtained from both Sjögren’s patients

and control groups expressed estrogen receptor alpha and estrogen

receptor beta, patient cells showed reduced responsiveness to 17

beta-estradiol (86). Additionally, both dehydroepiandrosterone

(DHEA) and dehydroepiandrosterone-sulfate (DHEA-S) show

reduced levels in Sjögren’s syndrome patients (89).

Testosterone can suppress some immune-related genes such as

cathepsin S in lacrimal glands from female mouse models of

Sjögren’s syndrome. Cathepsin S is a lysosomal acidic protease

highly expressed in lymphocytes and other MHCII - positive cells

and is thought to play a role in the adaptive immune response

(90, 91). The overexpression of Cathepsin S has been associated

with various diseases, including arthritis, cancer, and cardiovascular

disease. In Sjögren – prone mice, testosterone has been shown to

lower the expression of cathepsin S and additional immune

associated genes, resulting in decrease in disease severity (92, 93).

Post-pubertal males have significantly different hormone levels

than females. Interestingly, males have much lower estrogen levels

than females, however they don’t have as high prevalence in

Sjogren’s syndrome. From a testosterone perspective, higher

testosterone prevents expression of cathepsin S and protects males

from Sjogren’s syndrome. On the other hand, females are not

equipped with higher testosterone to compensate for the

disadvantage from estrogen. Combining estrogen and testosterone

effects on the onset of Sjogren’s syndrome, sex hormones greatly

orchestrate the immune system functionality post-puberty. Since

the sexual dimorphism in hormones arise from puberty, Sjogren’s

syndrome pathogenesis may also begin there.
4.1.4. Autoimmune thyroid disease (ATD)
Autoimmune thyroid diseases (ATD)have been a leading reason

for thyroid dysfunction. Grave’s disease (GD) and Hashimoto’s

thyroiditis (HT) are two common presenting forms of ATD.

Although clinical findings are distinct from GD (hyperthyroidism)

and HT (hypothyroidism), they share a similar immune-mediated

mechanism, which is characterized by the production of thyroid

autoantibodies and thyroidal lymphocytic infiltration (94). Women

have higher risk than men to develop ATD post-puberty, which

might suggest that female pubertal changes play an important role

in shaping the female immune system towards ATD (95).
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Grave’s disease is the most common type of autoimmune disease

and is 10 times more prevalent in women (96, 97). Patients of GD

have higher levels of thyroid hormone, suppressed thyroid -

stimulating hormone (TSH), and detachable TSH receptor

antibody (TSHRAb). It is well supported by these elevated

laboratory results that GD is regulated by an antibody-mediated

immune mechanism. It is a widely accepted idea that B cells are

responsible for antibody production and play a pivotal role in

pathogenesis of autoimmune disease (98). B cell activating factor

(BAFF) as a pro-survival factor is responsible for regulating

immune response by stimulating B cell maturation and

differentiation (99). During autoimmunity, BAFF overexpression

prevents autoreactive B cells from undergoing negative selection

(98). It has been found that upregulated BAFF is linked to the

onset of several autoimmune diseases, including GD. Cheng et al.

confirmed that serum BAFF levels were greatly increased in GD

groups compared to control groups in both sexes, suggesting serum

BAFF protein is involved in thyroid function in GD patients. In

addition, Cheng et al. found that exogenously introduced estradiol

elevates BAFF protein level and thyroid function in male SAT

mice. In summary, they concluded that estradiol is involved in the

elevated BAFF level, therefore leading to pathogenesis of ATD (96).

Estradiol, an important form of estrogen, sees a significant

change in its circulating amounts after puberty in males and

females. Estradiol promotes BAFF protein transcription and

dysregulated thyroid function in both male and females. Due to

the possible interplay between estrogen and BAFF in GD

development, it can provide a clue that pubertal sex hormone

shifts in estrogen could be the driving factor for the higher

incidence rate of autoimmune disease in females.
4.2. Immunometabolic and behavior
modulation of autoimmunity

Recent studies suggest a connection between metabolic disorders

and autoimmunity. These immunometabolic disorders are

commonly regulated by sex hormones, indicating that puberty may

also impact autoimmune pathogenesis indirectly through

metabolism. Here, we discuss obesity and diabetes, as they are very

common metabolic disorders that show hormone-mediation and

an increased risk in autoimmunity.

4.2.1. Obesity
The most common metabolic disorder, obesity, is tightly related

with endocrine dysregulations in both sexes in childhood and

adulthood. Obese boys present significantly lower levels of total

testosterone and free testosterone than their non-obese peers (101).

This could contribute to a decreased protective effect against

autoimmunity. Inflammatory cytokines secreted by white adipose

tissue, also known as adipokines, are considered the culprit of

obesity-induced immune destruction (105, 111). The connection

between obesity and autoimmunity is becoming progressively lucid.

de Candia et al. have found that adipose inflammation fueled by

abnormally accumulated adipose tissue and autoreactive T cells

might be an early symptom for obese patients that develop

autoimmune complications (106). This may be part of the reason
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that childhood obesity is a risk factor for RA, MS, type 1 diabetes

(T1D), psoriatic arthritis, and Hashimoto thyroiditis [Obesity in

autoimmune diseases: not a passive bystander]. While these

discoveries show promising illustrations of the relationship between

obesity and autoimmunity, the role of obesity, especially childhood

obesity, on mechanisms of autoimmune pathogenesis requires

further investigation.

4.2.2. Diabetes
In addition to obesity, diabetes represents an established

connection between metabolic and autoimmune disorders. Type I

diabetes is known for autoreactive T cell-mediated destruction of

pancreatic islet cells; meanwhile, type II diabetes (T2D) develop

low grade inflammation that scars tissue by exacerbating other

T2D pathologies, such as insulin resistance and atherosclerotic

plaque development and destabilization, and has recently been

considered an autoimmune disease by some studies (25, 26, 106).

Both T1D and T2D are implicated in the altering of TSH, leading

to an increase in anti-thyroid autoantibodies and greater risks of

ATD, especially so in T1D adolescents (61, 100). The exact

mechanism by which diabetes influences TSH is unclear, but since

metformin use is associated with greater risk of lower TSH in

hypothyroid patients, decreased blood glucose or increased insulin

response could be responsible for connecting diabetes and ATD

(102). Since dysregulated sex hormones are implicated in the

pathogenesis of both ATD and diabetes, and T1D adolescents

show an increased risk in ATD, pubertal changes in sex hormones

appear to affect autoimmunity both directly and indirectly.

With estrogen and testosterone being the two main sex hormones

that regulate pubertal development, their correlation to diabetes

onset and progression suggests that their drastic pubertal changes

are important to diabetes pathogenesis (112). A lack of estrogen

and testosterone is linked to increased risk of insulin resistance

and earlier onset of diabetic disorders in both men and women

(103, 113, 114). Results that show testosterone affects protein

metabolism imply that it may also affect T2D by suppressing or

enhancing immune genes related to inflammation, cytokine, and

CRP levels, which are common indicators for autoimmune diseases

(21, 27).

Since sex hormone levels change drastically with the onset of

puberty, it is reasonable to suspect that changes within the body

during adolescence hint at a greater impact on immunity later, and

immunometabolic changes, such as obesity and diabetes, could

either be avenues of increasing the risk of autoimmunity or

accelerants towards its onset or severity. Therefore, prospective

research should further inspect the role of adolescent sex hormone

changes with relation to obesity, diabetes and other metabolic

diseases with autoimmunity.
4.3. Puberty-Associated behavior change and
autoimmunity

Other than hormonal changes, behavior shifts during

adolescence and beyond are becoming a pronounced factor in

determining disease expression and prognosis. For example, eating

disorders are one of the most commonly troubling disorders in
frontiersin.org

https://doi.org/10.3389/fped.2023.1051624
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Yang et al. 10.3389/fped.2023.1051624
adolescents and young adults. In a large cohort study of over 900,000

individuals in Denmark, researchers confirmed previous findings that

adolescents with eating disorders were at greater risk of developing

autoimmune disorders. Conversely, it was observed that those with

autoimmune disorders have greater risk for eating disorders (118,

119). While most research into eating disorders focuses on

anorexia and bulimia, this study qualified individuals that met

eating disorder standards but did not specify any disorder. These

eating disorders were labeled as EDNOS and predicted a higher

hazard of a subsequent autoimmune disease with gastrointestinal

involvement, lending credence to the idea that an individual’s gut

microbiome and immunometabolism may be linked to puberty and

autoimmunity. It is common knowledge that adolescents

experience both emotional and behavioral dilemmas, resulting in

higher stress and behavioral disorders which may in turn

contribute to autoimmunity later in life. The exact mechanism by

which stress, eating disorders, or other common adolescent

behavioral changes may increase the risk of autoimmunity has yet

to be explored, but the connection is there.
5. Conclusion

Many hormonal changes occur during puberty, especially with

testosterone and estrogen, influencing sex-specific bodily changes.

Alterations are also seen in the immune system, with notable

changes in the abundance of T-cell subsets, monocytes and B-cells.

Sex hormones have been shown to directly impact immune cell

function, leading them to regulate many autoimmune diseases.

Androgens are primarily protective against autoimmunity, while

dysregulations in estrogens, too much or too little, appear to be

linked with autoimmunity. In addition, these hormones further

affect autoimmune pathogenesis through their regulation of

metabolic pathways, seen in obesity and diabetes. The dramatic

shift in the endocrine and immune systems during puberty may

help explain the sexual dimorphism of autoimmune diseases and

calls for greater scrutiny in how we address clinical management

strategies in pre- and post-pubescent individuals.
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