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ABSTRACT
Chronic rheumatological diseases are 
multifactorial conditions in which both 
the neuroendocrine hormone pathway, 
including cortisol, sex hormones and 
active vitamin D3 (calcitriol), all de-
riving from cholesterol, and the epige-
netic modifications that they cause play 
an important role. In fact, epigenet-
ics modulates the function of the DNA 
of immune cells, through three main 
mechanisms: DNA methylation, modi-
fications to the histones that make up 
chromatin and production of non-cod-
ing RNAs (microRNA - miRNA).
In this narrative review, the main data 
regarding the epigenetic modifications 
induced by cortisol, 17β-oestradiol, 
progesterone, testosterone and calcitri-
ol on immune cells were collected, dis-
cussing how these can interfere in the 
predisposition and course of chronic 
rheumatological diseases (i.e. rheuma-
toid arthritis, systemic lupus erythe-
matosus, systemic sclerosis). An ever-
increasing number of miRNAs have 
been identified, which are produced 
by neuroendocrine hormones and can 
influence the inflammatory-fibrotic re-
sponse at various levels. Concerning 
the involvements of the neuro-endo-
crine-immunology within the patho-
physiology of rheumatic diseases, the 
epigenetic effects induced by steroid 
hormones must be taken into consid-
eration to evaluate their impact on the 
progression of the single condition and 
even inside the single patient.

Introduction
Neuroendocrine immunology (NEIRD) 
influences the course of chronic rheu-
matic diseases through fine regulation 
exerted by pro- and anti-inflammatory 
hormones and cytokines (1, 2). Gener-

ally, steroid hormones (cortisol, sexual 
hormones, calcitriol), all deriving from 
the biochemical structure of cholesterol 
(cyclopentane-perhydro-phenanthrene 
ring), play both rapid non-genomic 
effects (through membrane coupled 
receptors) and slow genomic effects 
(through cytosolic receptors and DNA 
interaction), regulating the activation of 
the immune system against acute and 
chronic stressors (1, 2).
Rheumatic diseases have a multifactori-
al pathogenesis, with a genetic suscep-
tibility deeply influenced by epigenetic 
factors (3). The study of epigenetics has 
been promoted in the early 1940s by the 
biologist Conrad Waddington, who fo-
cused on the changes which occur to 
the gene expression of cells without al-
terations of DNA (4).
The first epigenetic modification to be 
found was DNA methylation and, even 
if though it was known since the 1940s 
that DNA can be methylated, the con-
nection to epigenetic regulation of gene 
expression by this DNA modification 
was only made thirty years later (5-7).
Three major mechanisms of epigenetic 
regulation have been identified: DNA 
methylation, histones modifications 
and synthesis of non-coding RNAs 
(ncRNAs) (3). 
DNA methyltransferases (i.e. DNMT1, 
3a and 3b) are a family of enzymes that 
catalyses the transfer of methyl -CH3 
groups to cytosine dinucleotides of 
DNA (8). DNA methylation of gene 
regulatory regions can silence or acti-
vate transcription factors, depending 
on the biological condition (9).
Histones are basic proteins involved in 
the packing of the DNA into chromatin 
(10). Histones can undergo post-trans-
lational modifications, as acetylation, 
methylation, phosphorylation, ubiquit-
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ination and sumoylation. These modifi-
cations lead to an alteration of the chro-
matin structure and can modify protein 
transcription and cell replication (10).
At last, ncRNAs include microRNAs 
(miRNAs) and long ncRNAs, which 
do not code for any protein but regulate 
mRNA translation (11).
Epigenetic modifications induced by 
cortisol, sex hormones and vitamin D 
signalling are implicated in the patho-
genesis of many chronic rheumatologi-
cal diseases and have been the subject 
of several research. Interestingly, a 
growing body of evidence has demon-
strated that these neuroendocrine hor-
mones are in turn capable of epigeneti-
cally modifying the cells of the immune 
system, beyond their classic genomic 
and non-genomic effects (8).
Therefore, the purpose of this narrative 
review is to resume the direct epigenet-

ic effects induced by steroid hormones 
(cortisol, sex hormones and calcitriol) 
on immune cells, highlighting their im-
plication on chronic rheumatic diseases.

Hypothalamic-pituitary-adrenal 
axis and epigenetic effects of 
cortisol on immune cells
The hypothalamic-pituitary-adrenal 
(HPA) axis is rapidly activated during 
acute stress (12). In response to pro-
inflammatory cytokines, i.e. interleu-
kin (IL)-1, IL-6, tumour necrosis factor 
(TNF) α, hypothalamus secretes cor-
ticotropin releasing hormones (CRH), 
which stimulates adenohypophysis to 
release adrenocorticotropic hormone 
(ACTH) (13). ACTH stimulates steroi-
dogenesis in the zona fasciculata of ad-
renal glands, promoting the conversion 
of cholesterol into pregnenolone (14). 
Pregnenolone is further hydroxylated 

into 7-hydroxypregnenolone, that is 
common precursor of cortisol and sex 
hormones (oestradiol, progesterone and 
testosterone) (Fig. 1) (14).
Cortisol binds to glucocorticoid recep-
tors (GcRs) that are transcription fac-
tors ubiquitously expressed in the cyto-
plasm of immune cells (Fig. 2). 
Inactive GcRs are complexed with 
chaperon proteins, particularly FK506-
binding protein 51 (FKBP5). When 
activated, GcRs undergo conforma-
tional changes and translocate into cell 
nucleus, where bind to glucocorticoid 
response elements of DNA sequences, 
influencing the transcription of thou-
sands of genes, involved in stress re-
sponse (15). 
Of note, activated GcRs downregulate 
the transcription of nuclear factor kap-
pa B (NF-κB) and activator protein-1 
(AP-1) and consequently the synthes- 

Fig. 1. Cortisol, sex hormones (17β-estradiol, progesterone, testosterone) and calcitriol biosynthesis, cytoplasmic receptors and nuclear epigenetic effects.
Acet: acetylation; AR: androgen receptor; E2: 17β-oestradiol; ER: oestrogen receptor; Gc: glucocorticoid; GcR: glucocorticoid receptor; mRNA: messenger 
RNA; Met: methylation; miRNA: microRNA; P4: progesterone; PR: progesterone receptor; RE: responsive elements; VitD: vitamin D3; VDR: vitamin D 
receptor; T: testosterone.
3β-HSD: 3β-hydroxysteroid dehydrogenase; 17β-HSD: 17β-hydroxysteroid dehydrogenase; CYP2R1: vitamin D3 25-hydroxylase; CYP11A1: cholesterol 
side chain cleavage enzyme; CYP11B1: steroid 11β-hydroxylase; CYP19: aromatase; CYP21: steroid 21-hydroxylase; CYP27B1: 25-hydroxyvitamin D3 
1α-hydroxylase; DHCR: 7-dehydrocholesterol reductase; UV-B: ultraviolet b radiation.
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is of pro-inflammatory cytokines (15).
Beyond these genomic mechanisms, 
epigenetic effects of cortisol have also 
been studied, especially under condi-
tions of its exogenous administration 
(16). 
In a cohort of 21 healthy volunteers, 
blood samples were taken 24 hours af-
ter ACTH stimulation to investigate the 
relationship between DNA methylation 
status and cortisol serum concentra-
tions (17). A significant demethylation 
of FKBP5 has been observed after 2-4 
weeks in human white blood cells (17). 
Similarly, betamethasone administra-
tion during routine clinical pregnancy 
care (52 cases vs. 84 gestational age-
matched controls) has been significant-
ly associated with lower placental DNA 
methylation of FKBP5 (18). 
Interestingly, the final biologic effect 
of FKBP5 demethylation due to an 
excess of exogenous glucocorticoids 
in non-inflammatory conditions seems 

the activation of the pro-inflammatory 
pathway (NF-κB) (19).
Glucocorticoids stimulate histone dea-
cetylases (HDACs), a group of enzymes 
that are divided into three classes (I, IIa/
IIb and III or sirtuins) (20). Activation 
of HDACs has an overall anti-inflam-
matory effect, downregulating the acti-
vation of genes involved in the synthe-
sis of pro-inflammatory cytokines (i.e. 
IL-1β, IL-6, IL-17) in chronic diseases 
(21).
At last, glucocorticoids can regulate the 
biosynthesis of several miRNAs (Table 
I), while an effect on lncRNAs has not 
been yet clearly identified (22, 23).
In lipopolysaccharide (LPS)-injected 
mice, glucocorticoids (dexamethasone) 
inhibit the biosynthesis of miR-155, 
that is highly expressed in peripheral 
monocytes, M1 macrophages and fi-
broblasts of rheumatoid arthritis (RA) 
synovium (24-26). 
As matter of fact, miR-155 enhances 

the production from RA monocytes 
genes of pro-inflammatory chemokines, 
as CCL3, CCL4, CCL5 and CCL8, up-
regulating the expression of CCR7, that 
promote homing of dendritic cells and 
lymphocytes to lymph nodes (25). In 
addition, miR-155 downregulates also 
CCR2, that promotes monocyte migra-
tion in inflamed tissues (25). Moreover, 
the expression of miR-155 in CD14+ 
cells (LPS receptor and markers of 
monocytes/macrophages) in the syno-
vial fluid of RA patients has been as-
sociated with a downregulation of 
anti-inflammatory Src homology 2 do-
main containing inositol polyphosphate 
5-phosphatase (SHIP-1) (26).
Interestingly dexamethasone can also 
inhibit the synthesis of miR-101, en-
hancing expression of mitogen-acti-
vated protein kinase phosphatase-1 
(MKP-1), that downregulates the re-
lease of pro-inflammatory cytokines by 
LPS treated M1 macrophages (27).

Fig. 2. Schematisation of the biologic effects of glucocorticoids (GCs), 17β-oestradiol (E2), progesterone (P4), testosterone (T) and active vitamin D3 
(VitD3) on main cells of innate and adaptive immunity. Biologic effects of 17β-oestradiol refer to normal serum concentrations during follicular and luteal 
phases of woman menstrual cycle.
IL: interleukin; M1: pro-inflammatory macrophages; M2: pro-fibrotic macrophages; NET: neutrophils extracellular traps; ROS: reactive oxygen species; 
TLRs: Toll-like receptors.



2134 Clinical and Experimental Rheumatology 2024

Epigenetics of steroid hormones in rheumatology / E. Gotelli et al.

On the other hand, glucocorticoids fa-
vor the polarisation of M1 macrophages 
to anti-inflammatory M2 macrophages, 
enhancing the synthesis of miR-511 
that downregulate gene expression of 
p55 TNF receptor (TNFR) (28).
Finally, methylprednisolone can upreg-
ulate the biosynthesis of miR-98 by ac-
tivated human CD4+ T lymphocytes in 
vitro (29). Of note, miR98 suppresses 
pro-apoptotic genes Fas and Fas ligand 
and pro-inflammatory gene of TNFR 
superfamily member 1B (29). 
Therefore, glucocorticoids act at least as 
anti-inflammatory compounds through 
epigenetic mechanisms that should be 
evaluated also based on the circadian 
rhythms of their endogenous production 
and night-release formulations contrast-
ed by night melatonin rise (30-33).

Key messages: 
Glucocorticoids and epigenetics
• Activation of glucocorticoids anti-

inflammatory signalling requires 
methylation (inactivation) of recep-
tor regulatory protein FKBP5: on 
the other hand, high dosages gluco-
corticoids in the long term stimulate 
demethylation of FKBP5 and con-
sequently inactivate glucocorticoid 
receptor signalling (19).

• Glucocorticoids activate histone 
deacetylases in immune cells, down-
regulating the activation of the genes 
involved in the synthesis of pro-
inflammatory cytokines (i.e. IL-1β, 
IL-6, IL-17) (21).

• Glucocorticoids regulate the biosyn-
thesis of different micro-RNAs (i.e. 
miR-155, miR-101, miR-511, mir-
98) that overall mediates the anti-
inflammatory response (25-29).

Hypothalamic-pituitary-gonadal 
axis and epigenetic effects of 
sex hormones on immune cells
The hypothalamic-pituitary-gonadal 
(HPG) axis is traditionally involved 
in the development of human sexual 
characteristics and in regulating repro-
ductive processes (34). Hypothalamus 
secretes gonadotropin releasing hor-
mone (GnRH) to stimulate adenohypo-
physis to release luteinising hormone 
(LH) and follicle stimulating hormone 
(FSH). LH and FSH target female ova-

ries to produce 17β-oestradiol (E2) and 
progesterone and male testes to pro-
duce testosterone (34). 
A little amount of sex hormones is 
produced also in adrenal glands from 
the conversion of 7-hydroxypregne-
nolone into dehydroepiandrosterone 
by CYP17. Dehydroepiandrosterone 
is then converted into androstenedi-
one by 3β-hydroxysteroid dehydroge-
nase. Depending on further catalysa-
tion processes, androstenedione can be 
the precursor of both E2 (CYP 19 and 
17β-hydroxysteroid dehydrogenase) and 
testosterone (only 17β-hydroxysteroid 
dehydrogenase) (Fig. 1) (12).

Oestradiol
Oestrogens, and particularly the most 
active form E2, bind to cytosolic oes-
trogen receptor α (ERα) and oestrogen 
receptor β (ERβ) (35). ERα is mainly 
expressed in female reproductive tis-
sues (breasts, ovary, uterus), while ERβ 
is expressed ubiquitously (35). Immune 
cells express both ERα and ERβ, with 
opposite functions (ERα pro-inflamma-
tory and ERβ anti-inflammatory) (35). 
Activated ERs translocate into the nu-
cleus and bind to oestrogen response 
elements of DNA sequences, regulat-
ing the transcription of NF-κB, signal 
transducer and activator of transcrip-
tion 3 (STAT3), forkhead box protein 
O3 (FOXO3) and interferon regulatory 
factor 1 (IRF1), therefore modulating 
the inflammatory response (Fig. 1) (35).
Low serum concentrations of E2 (i.e. 
follicular and luteal phases of woman 
menstrual cycle) stimulate a pro-in-
flammatory response, while high serum 
concentrations (i.e. ovulatory phase of 
woman menstrual cycle or pregnancy) 
reduce the activation of innate immu-
nity and T cells, however promoting a 
B cell response (Fig. 2) (36).
E2 exerts epigenetic effects on differ-
ent cell types (37). In systemic lupus 
erythematosus (SLE) women, E2 sig-
nificantly downregulates DNMT1 ex-
pression in CD4+ T cells, through over-
expression of ERα promoting DNA 
hypomethylation that is associated with 
exacerbation of SLE (38). 
Moreover, in oestrogen-treated mice, 
E2 downregulates the synthesis of 
miR-146a and miR-125a, negative reg-

ulators of interleukin 1 receptor associ-
ated kinase 1 (IRAK1) gene. Therefore, 
Toll-like receptors are activated and 
produce interferon (IFN)-α and pro-
inflammatory CCL5 (39-41).
Furthermore, in oestrogen-treated mice, 
there is an up-regulation of miR-148a, 
that promotes B cell tolerance, sur-
vival and maturation, suppressing au-
toimmune suppressor Gadd45α, tumor 
suppressor PTEN and pro-apoptotic 
protein Bim (42). E2 downregulates 
also mir-26a, that usually limits AID 
(Activation Induced Deaminase) gene, 
that expresses a key enzyme for class 
switch DNA recombination and somat-
ic hypermutation, further promoting B 
cell response (43). 
Of note, beyond autoantibodies pro-
duction, B cells show an up-regulation 
of IFN-signalling, through downregu-
lation of let-7e-5p, miR-98-5p and 
miR-145a-5p, that are negative regula-
tors of IKBKE gene (44).
On the other hand, TNF-α driven in-
flammatory response seems attenuated 
by E2. In fact, human macrophages 
treated with E2 in vitro show a lower 
expression of let-7a and a higher expres-
sion of miR-125b, inducing kB-Ras2, 
that inhibits pro-inflammatory NF-κB 
(45). Furthermore, in LPS-treated mac-
rophages, E2 upregulates in vitro the 
synthesis of miR-29a-5p, that can re-
press the expression of NLRP3 gene in-
flammasome by macrophages (46).
At last, in another experimental model, 
osteoblasts (MC3T3-E1 cells) have 
been oxidative stressed with hydrogen 
peroxide and subsequently treated with 
E2 (47). Interestingly, E2, downregu-
lating the synthesis of miR-320-3p, at-
tenuated inflammation through inhibi-
tion of RUNX2 (Table I) (47).
In conclusion, oestrogens at least 
E2, exert strong and complex immu-
nomodulatory activities epigenetically 
mediated on immune cells, that are re-
flected in clinical setting by the gender 
and age well known epidemiological 
differences in presence of autoimmune 
rheumatic diseases (48-49).

Key messages: 
Oestrogens and epigenetics
• Oestrogens play opposite effects on 

inflammation depending on serum 
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concentrations and through epigenet-
ic modifications: low serum concen-
trations of 17β-oestradiol (E2) (i.e. 
follicular and luteal phases of woman 
menstrual cycle) stimulate a pro-
inflammatory response, while high 
serum concentrations (i.e. ovulatory 
phase of woman menstrual cycle or 
pregnancy) reduce the activation of 
innate immunity and T cells, however 
promoting a B cell response (36).

• E2 downregulates DNA methyltrans-
ferase-1 in CD4+ T cells of SLE pa-
tients, promoting disease flares (38).

• E2 regulates the biosynthesis of dif-
ferent micro-RNAs (i.e. miR-146a, 
miR-125a, miR-148a, miR-26a, let-
7e-5p, miR-98-5p, miR-145a-5p, 
let-7a, miR-125b, miR-29a-5p, miR-
320-3p) that mediates pro- or anti-
inflammatory responses (39-47).

Progesterone
Progesterone (androgen-like steroid 
hormone) is a steroid hormone, mainly 
synthesised in female ovaries, but also 
in little amount in adrenal glands (35). 
The main function of progesterone is the 

regulation of the endometrium during 
the menstrual cycle, creating favorable 
conditions for the implantation of a fer-
tilised oocyte. Moreover, in the case of a 
pregnancy, progesterone is produced in 
large amount by the placenta and plays, 
among other functions, a role in regulat-
ing the maternal immune system, creat-
ing tolerance towards the foetus (35).
Innate and adaptive immune cells (i.e. 
monocytes, dendritic cells, natural 
killer cells, T and B lymphocytes) ex-
hibit cytoplasmic receptors for proges-
terone, progesterone receptor α (PRα) 

Table I. Steroid hormones (glucocorticoids, sex hormones and vitamin D) and regulation of microRNAs in immune cells. 

 Gene targets Biological function Effect of hormone Reference

Glucocorticoids 
miR-155 CCL3, CCL4, CCL5, CCL8 Stimulation of release of pro-inflammatory  Downregulation (25)
  chemokines 
 CCR7 Expression of a receptor for homing of  Downregulation (25)
  lymphocytes and dendritic cells 
 SHIP-1 Inhibition of anti-inflammatory proteins Downregulation (26)

miR-101 MKP-1 Stimulation of pro-inflammatory polarisation  Downregulation (27)
  of macrophages 

miR-511 p55 subunit of TNFR Inhibition of expression of subunit receptor  Upregulation (28)
  of TNF 

miR-98 Fas, FasL, TNFR Inhibition of pro-inflammatory proteins Upregulation (29) 
   (at high dosages) 

17-β oestradiol  
miR-146a IRAK1 Inhibition of activation of Toll-like receptors Downregulation (39,40)

miR-125a IRAK1 Inhibition of activation of Toll-like receptors Downregulation (41)

miR-148a Gadd45α, PTEN, Bim Stimulation of B cells survival and maturation Upregulation (42)

miR-26a AID Inhibition of DNA recombination and somatic  Downregulation (43)
  hypermutation 

let-7e-5p IKBKE Inhibition of IFN signalling Downregulation (44)

miR-98-5p IKBKE Inhibition of IFN signalling Downregulation (44)

miR-145a-5p IKBKE Inhibition of IFN signalling Downregulation (44)

let-7a kB-Ras2 Inhibition of NF-κB signalling Downregulation (45)

miR-125b kB-Ras2 Activation of NF-κB signalling Upregulation (45)

miR-29a-5p NLRP3 Downregulation of innate response Upregulation (46)

miR-320-3p RUNX2 Inhibition of osteoblastogenesis Downregulation (47)

Testosterone 
miR-125b TGFβ Activation of fibrotic pathway Upregulation (67)

Calcitriol 
miR-155 SOCS1 Inhibition of negative regulators of STAT1-STAT3 Downregulation (79,81)

miR-98-5p ROR γ-t Inhibition of Th17 response Upregulation (80)

let-7a  ROR γ-t Inhibition of Th17 response Upregulation (80)

miR-149-5p ATF6 Inhibition of endoplasmic reticulum stress-induced Upregulation (82)
  inflammation 
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and β (PRβ) (50, 51). After the binding 
with progesterone, receptors translo-
cate into the nucleus, downregulating 
pro-inflammatory transcription factors 
STAT1 and STAT3 (Fig. 1) (52). More-
over, progesterone promotes the pro-
duction of anti-inflammatory IL-10 and 
the activity of T regulatory cells, shift-
ing also T cells polarisation towards 
Th2 response (Fig. 2) (53, 54). 
Progesterone exerts immunotolerant ef-
fects also via epigenetic mechanisms. 
Of note, high progesterone serum con-
centrations, as occurs during pregnan-
cy, have been associated with DNA hy-
permethylation of IFN-γ gene promoter 
region in CD8+ T memory cells, so re-
ducing the production of IFN-γ (55). 
Progesterone-induced miRNA synthe-
sis has instead been identified during 
gynecological pathologies, such as en-
dometriosis (upregulation of miR-133a, 
miR-145/miR-143, miR-199 which are 
variously involved in the cell prolifera-
tion of smooth muscle tissue), but the 
effects on immune cells via histone 
modification and miRNA have not yet 
been clearly established (56-58).
The epigenetic effects of progester-
one are the most recently recognised 
and will deserve important advance-
ments in the gender oriented immune 
response in female patients as well as 
concerning the relationships with circa-
dian rhythms of the immune response.    

Key messages: 
Progesterone and epigenetics
• Progesterone plays anti-inflammato-

ry effects through epigenetic mech-
anisms, as DNA hypermethylation 
of IFN-γ gene promoter region in 
CD8+ T memory cells, so reducing 
the production of IFN-γ (55).

• Progesterone regulates the biosyn-
thesis of different micro-RNAs that 
influences non-immune cells (i.e. 
smooth muscle cells), but their ef-
fects on immune cells have not been 
clarified yet (56-58).

Testosterone
Testosterone and the more potent bio-
logical active metabolite dihydrotestos-
terone are the main activators of cyto-
plasmatic androgen receptors, that have 
been detected in almost all the cells of 

immune system (both innate and adap-
tive immunity, except for mature B 
cells) (35). Androgen receptors have 
been identified in the synovial mac-
rophages of healthy subjects and RA 
patients of both gender for the first time 
in 1992 by Cutolo et al. (59, 60).
Activated cytosolic androgen receptors 
are transcription factors that migrate 
into nucleus cells and bind to androgen 
response elements of DNA sequences, 
influencing the transcription of genes, 
involved in immune response (Fig. 
1) (35). Overall, male sex hormones 
promote anti-inflammatory effects, 
through downregulation of NF-κB (and 
consequently of IL-1, IL-6, TNF-α), 
and mainly reduce CD8+ T cells inflam-
matory response, promoting also M2 
monocytes/macrophages polarisation 
(Fig. 2) (61, 62).
The epigenetic effects of male sex hor-
mones on immune system cells have 
not yet been well characterised. There 
is a large literature regarding DNA 
methylation, histone modifications, dis-
organisation of chromatin structure of 
genes expressing androgen receptors 
and miRNAs in prostate cancer, but 
their discussion goes beyond the objec-
tives of this review (63-66). 
Interestingly, in an experimental model 
of autoimmune myocarditis, activa-
tion of androgen receptors favours the 
biosynthesis of miR-125b, that is sig-
nificantly associated with transforming 
growth factor β-mediated cardiac fibro-
sis (Table I) (67).
In conclusion, a sexual dimorphism at 
the epigenetic level (transcriptome and 
methylome) have been identified in 
both sexes, that is independent of ge-
netic X-chromosome inactivation and 
that influence immune cell’s function 
(37). Epigenetic modifications are driv-
en by hormonal changes, that occur in 
women (i.e. puberty, pregnancy, meno-
pause) and men (i.e. elderly, exogenous 
hormone therapy) (36, 37).

Key messages: 
Testosterone and epigenetics
• Testosterone plays anti-inflammatory 

effects, but epigenetic mechanisms, 
as DNA methylation  or histone 
modifications have not been eluci-
dated in immune cells (63-66).

• Testosterone upregulates the biosyn-
thesis of miR-125b that promotes 
pro-fibrotic pathways in experimen-
tal model of autoimmune myocardi-
tis (67).

The endocrine system of 
vitamin D3 and epigenetic effects 
on immune cells
Vitamin D3 is a steroid hormone (secos-
teroid) which derives mostly (around 
80%) from the photoconversion of skin 
cholesterol into 7-dehydrocholesterol 
by UVB solar rays (wavelength 280-
315 nm) and to a small extent from 
food (around 20%) (68). A thermal re-
action converts 7-dehydrocholesterol to 
cholecalciferol, which is subsequently 
hydroxylated by the enzyme CYP2R1 
in the liver to calcidiol (25-hydroxyvi-
tamin D3) and then again hydroxylated 
by CYP27B1 in the kidneys to calcitriol 
(1,25-hydroxyvitamin D3). Calcitriol is 
the active hormonal form of vitamin D3 
and binds nuclear vitamin D3 receptor 
on target cells (immune and non-im-
mune cells) (68).
Immune cells can activate circulat-
ing calcidiol into calcitriol, displaying 
CYP27B1, that will bind to VDR ex-
pressed by immune cells themselves in 
an autocrine/intracrine manner. Then, 
calcitriol exerts anti-inflammatory 
functions on innate and adaptive im-
mune cells (monocytes, natural killer 
cells, dendritic cells, T and B lympho-
cytes), downregulating the transcription 
of MAP kinases and NF-κB (Fig. 1-2) 
(69). Of note, the prevalent and best 
characterised immune cells expressing 
VDR are monocytes, dendritic cells and 
T lymphocytes (Fig. 2) (70-72).
Calcitriol plays also epigenetic effects 
on target genes. Vitamin D3 regulation 
of DNA methylation has been recently 
and extensively reviewed (73). Of note, 
vitamin D3 deficiency has been associ-
ated with lower DNA methylation and 
higher expression of pro-inflammatory 
adipokines, BCL6, CXCL8, HDAC5 
(histone deacetylase 5), IL-12A and 
NF-κB in the adipose tissue of a cohort 
of obese people (74).
Calcitriol regulates Th9 cell differentia-
tion, through the recruitment of HDAC1 
at IL-9 gene promoter (75). Similarly, 
calcitriol stimulates the activation of 
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HDAC3 in fibroblast growth factor re-
ceptor 1 promoter region, reducing its 
expression and ameliorating fibrotic ef-
fects on cardiac myocytes (76).
Moreover, active vitamin D3 influences 
bone morphogenetic protein 2 (BMP2), 
that is crucial for bone metabolism and 
formation (77). In genetic hypercalciu-
ric stone-forming rats, calcitriol down-
regulates BMP2, reducing acetylation 
of histone H3 at BMP2 promoter region 
(77).
 At last, in an in vitro study, calcitriol 
inhibited histone acetylation of RelB 
promoter region, induced by DNA-
containing immune complex in my-
eloid dendritic cells of SLE patients 
(78). RelB is an anti-inflammatory 
gene, which transcription is inhibited 
in course of SLE (78).
Calcitriol also influences the biosyn-
thesis of several miRNAs (Table I). In 
a culture medium of 100 nM of active 
vitamin D3, T lymphocytes of multiple 
sclerosis patients showed after 5 days 
a down-regulation of miR-155 (pro-in-
flammatory miRNA already discusses 
in glucocorticoid paragraph) (79). 
Moreover, in a rat with induced auto-
immune encephalitis, used as model 
for multiple sclerosis, treatment with 
vitamin D3 together with vitamin A 
significant upregulated miR-98-5p and 
Let-7a-5p (80). These miRNAs reduce 
the activation of Ror γ-t, transcription 
factor that promote the shift of T cells 
towards Th17 phenotype (80).
The effects of calcitriol on miR-155 
have been tested also in LPS-treated 
mice (81). Of note, active vitamin D3 
downregulates miR-155 and re-acti-
vates suppressed SOCS1, with an over-
all downregulation of pro-inflammato-
ry STAT1 and STAT3 (81). Finally, in 
a further rat model of acute lung injury, 
calcitriol enhanced the synthesis of 
miR-149-5p, mitigating the inflamma-
tory damage, targeting ATF6 gene (82).

Key messages:
Active vitamin D3 (calcitriol) 
and epigenetics
• Calcitriol regulates DNA methylation 

and histone modifications (acetyla-
tion) of several  inflammatory genes, 
with an overall anti-inflammatory ef-
fect (74-78).

• Calcitriol promotes the biosynthe-
sis of different miRNAs (miR-155, 
miR-98-5p, let-7a, miR-149-5p), 
that downregulate pro-inflammatory 
pathways (79-82).

Consequences of epigenetic 
neuroendocrine effects on 
chronic rheumatic diseases: 
current and future perspectives
The epigenetic effects played by neu-
roendocrine steroid hormones help to 
understand a piece into the complex 
puzzle of pathophysiology and course 
of chronic rheumatological diseases.
Chronic inflammatory arthritis, such as 
RA, begins with a relative deficiency 
in endogenous cortisol production in 
response to the inflammatory damage 
(83). Glucocorticoids treatment is there-
fore indicated in RA patients, at least in 
the initial stages, with a role of replace-
ment therapy and must be managed at 
the lowest doses necessary to obtain sat-
isfactory disease control together with 
disease-modifying anti-rheumatic drugs 
(conventional, biological or targeted 
synthetic), avoiding adrenal cortex in-
sufficiency (84-86). The epigenetic 
modifications induced by cortisol (en-
dogenous or exogenous) help to under-
stand not only the anti-inflammatory ef-
fects (when used at the correct dosages), 
but also the detrimental effects, due to 
FKBP5 demethylation (17-19).
In fact, it is recommended to de-escalate 
chronic therapy with glucocorticoids to 
less than 5 mg prednisone equivalent 
per day to reach an acceptable benefit/
risk ratio for patients (87). 
It has been known for years that gen-
der differences are relevant factors in 
the impact of chronic rheumatological 
diseases (88).
The epigenetic effects of oestrogen par-
tially explain the disproportion of wom-
en affected by B cell mediated diseases, 
i.e. SLE, compared to men (89). In fact, 
oestrogens regulate the biosynthesis of 
a plethora of miRNAs, involved in the 
IFN response and in the production of 
autoantibodies by plasma cells, all key 
features in the pathogenesis of SLE 
(90).
Interestingly, pregnancy is a para-
physiological period in the woman life 
span where the higher oestrogen serum 

concentrations can exacerbate B-driven 
diseases, as SLE (36). The consequence 
of pregnancy on RA are less predicta-
ble, as RA seropositive forms B-driven 
(high serum concentrations of rheuma-
toid factor and anti-citrullinated protein 
antibodies) can exacerbate, while RA 
seronegative forms T-driven can ame-
liorate (36). Of note, the anti-inflamma-
tory effects of progesterone produced 
by placenta is involved in RA disease 
activity improvement, even if specific 
epigenetic mechanisms have to be elu-
cidated and will be matter of our further 
research (36).
At last, epigenetic regulation of osteo-
blasts by oestrogens (anabolic activa-
tion) seems implicated in a protective 
role against osteopenia/osteoporosis 
during fertile years of the woman (47). 
On the other hand, also androgens are 
implicated in the pathogenesis of RA, 
and their serum concentrations are often 
reduced in men suffering from RA (91). 
Furthermore, androgens are converted 
at the level of the inflamed synovium 
into oestrogens, thus exerting a local 
pro-inflammatory effect (92). How-
ever, epigenetic effects of androgens 
on chronic rheumatic diseases are still 
unclear, even if the demonstrated role 
of worsening fibrosis in autoimmune 
myocarditis could partially explain the 
role of male sex as risk factors, among 
others, for unfavorable progression of 
fibrotic diseases, as systemic sclerosis 
(SSc) (67, 93, 94). 
Of note the role of exogenous admin-
istration of sex hormones was recently 
analysed in a case series of 11 transgen-
der individuals who developed chronic 
rheumatic diseases, and possibly acting 
as epigenetic modifiers (95). In fact, 
there was only a case in a transman (de-
veloped anti-synthetase syndrome), but 
ten cases in transwomen, five of which 
developed SLE due to loss of androgens 
and treatment with oestrogens (95).
Calcitriol is another pivotal player in 
chronic inflammatory diseases, as it 
interferes with almost all the immune 
cells. Vitamin D3 deficient serum con-
centrations (<30 ng/ml) have been as-
sociated with worse disease manifesta-
tions of RA, SLE and SSc (68). It is im-
portant to underline that the epigenetic 
modification of calcitriol can increase 
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or potentially antagonise the miRNA 
synthesis of glucocorticoids and sex 
hormones. In fact, calcitriol down-
regulates the synthesis of pro-inflam-
matory miR-155, in a similar manner 
to that carried out by glucocorticoids, 
therefore suggesting complementary 
efficacy (24-26, 79, 81). On the other 
side, calcitriol up-regulates let-7a and 
miR-149-5p, opposing the downregula-
tion exerted by oestrogens (44, 80).
Furthermore, it is interesting to note the 
inhibitory role that calcitriol plays on 
the IL-9 axis through histone deacetyla-
tion, also downregulating the transcrip-
tion factor PU.1, recently identified as a 
promoter of inflammatory joint damage 
in mouse models of RA (75, 96).
Moreover, active vitamin D3 can act on 
fibroblasts and chondrocytes, that par-
ticipate in joint inflammatory processes 
(97).
In general, therefore, it is worth high-
lighting that studies on the epigenetic 
mechanisms of neuroendocrine hor-
mones are of great importance in the 
research field, although their impact in 
a system of complex biological interac-
tions has yet to be verified. 
In this manuscript, available data on 
dozens of miRNAs have been collected, 
but, as there are several hundreds of 
them, the real role of each within the hu-
man organism has yet to be discovered.
Finally, the use of omics techniques re-
mains crucial to develop real precision 
medicine, taking into consideration the 
neuroendocrine hormonal status of the 
rheumatic patient also in relation to op-
timise the hormonal therapies and the 
predictive models of rheumatic diseas-
es (98-100).
  
Conclusions
The study of the epigenetic effects ex-
erted by neuroendocrine hormones is 
crucial to clarify numerous essential as-
pects in the management of rheumatic 
patients (glucocorticoid therapy, gender 
differences in clinical expressions and 
disease course, role of sun exposure and 
vitamin D supplementation). The use of 
increasingly modern omics techniques 
is, however, required to clarify the rel-
evance in humans of the cellular control 
mechanisms exerted by neuroendocrine 
hormones. 

Acknowledgement
We thank the European Alliance of As-
sociation for Rheumatology (EULAR) 
Study Group on Neuro Endocrine Im-
munology of the Rheumatic Diseases 
(NEIRD) for the continuous cultural 
support. The figures were created with 
www.biorender.com. 

References
   1. STRAUB RH, BIJLSMA JW, MASI A, CUTOLO 

M: Role of neuroendocrine and neuroim-
mune mechanisms in chronic inflammatory 
rheumatic diseases--the 10-year update. 
Semin Arthritis Rheum 2013; 43(3): 392-
404. https://

 doi.org/10.1016/j.semarthrit.2013.04.008
   2. CUTOLO M. NEIRD: a neuroendocrine im-

mune network beyond the rheumatic dis-
eases. Ann N Y Acad Sci 2014; 1317: v-viii. 
https://doi.org/10.1111/nyas.12439

   3. CIECHOMSKA M, O’REILLY S: Epigenetic 
modulation as a therapeutic prospect for 
treatment of autoimmune rheumatic diseas-
es. Mediators Inflamm 2016; 2016: 9607946. 
https://doi.org/10.1155/2016/9607946

   4. WADDINGTON CH: The epigenotype. 1942. 
Int J Epidemiol. 2012; 41(1): 10-3. 

 https://doi.org/10.1093/ije/dyr184
   5. HOTCHKISS RD: The quantitative separation 

of purines, pyrimidines, and nucleosides by 
paper chromatography. J Biol Chem 1948; 
175(1): 315-32. 

   6. HOLLIDAY R, PUGH JE: DNA modification 
mechanisms and gene activity during devel-
opment. Science 1975; 187(4173): 226-32. 

   7. COMPERE SJ, PALMITER RD: DNA methyla-
tion controls the inducibility of the mouse 
metallothionein-I gene lymphoid cells. Cell 
1981; 25(1): 233-40. https://

 doi.org/10.1016/0092-8674(81)90248-8
   8. BALLESTAR E, LI T: New insights into the 

epigenetics of inflammatory rheumatic dis-
eases. Nat Rev Rheumatol 2017; 13(10): 
593-605. 

 https://doi.org/10.1038/nrrheum.2017.147
   9. MATTEI AL, BAILLY N, MEISSNER A:      

DNA methylation: a historical perspective. 
Trends Genet 2022; 38(7): 676-707. 

 https://doi.org/10.1016/j.tig.2022.03.010
 10. ZHANG Y, SUN Z, JIA J et al.: Overview of 

histone modification. Adv Exp Med Biol 
2021; 1283: 1-16. https://

 doi.org/10.1007/978-981-15-8104-5_1
 11. LAM IKY, CHOW JX, LAU CS, CHAN VSF: 

MicroRNA-mediated immune regulation in 
rheumatic diseases. Cancer Lett 2018; 431: 
201-12. 

 https://doi.org/10.1016/j.canlet.2018.05.044
 12. TROMBETTA AC, MERONI M, CUTOLO M: 

Steroids and autoimmunity. Front Horm Res 
2017; 48: 121-32. 

 https://doi.org/10.1159/000452911
 13. STRAUB RH, BUTTGEREIT F, CUTOLO M: 

Alterations of the hypothalamic-pituitary-
adrenal axis in systemic immune diseases - a 
role for misguided energy regulation. Clin 
Exp Rheumatol 2011; 29(5 Suppl 68): S23-
31.

 14. REGE J, NANBA AT, AUCHUS RJ et al.: 
Adrenocorticotropin acutely regulates preg-
nenolone sulfate production by the human 
adrenal in vivo and in vitro. J Clin Endo-
crinol Metab. 2018; 103(1): 320-27. 

 https://doi.org/10.1210/jc.2017-01525
 15. STRAUB RH, CUTOLO M: Glucocorticoids 

and chronic inflammation. Rheumatology 
(Oxford) 2016; 55(Suppl 2): ii6-ii14. https://

 doi.org/10.1093/rheumatology/kew348
 16. MOTAVALLI R, MAJIDI T, POURLAK T et 

al.: The clinical significance of the gluco-
corticoid receptors: genetics and epigenet-
ics. J Steroid Biochem Mol Biol 2021; 213: 
105952. https://

 doi.org/10.1016/j.jsbmb.2021.105952
 17. WINKLER BK, LEHNERT H, OSTER H, 

KIRCHNER H, HARBECK B: FKBP5 methyl-
ation as a possible marker for cortisol state 
and transient cortisol exposure in healthy 
human subjects. Epigenomics 2017; 9(10): 
1279-86. 

 https://doi.org/10.2217/epi-2017-0057
 18. CZAMARA D, DIECKMANN L, RÖH S et al.: 

Betamethasone administration during preg-
nancy is associated with placental epigenet-
ic changes with implications for inflamma-
tion. Clin Epigenetics 2021; 13(1): 165. 

 https://doi.org/10.1186/s13148-021-01153-y
19. ZANNAS AS, JIA M, HAFNER K et al.: Epi-

genetic upregulation of FKBP5 by aging 
and stress contributes to NF-κB-driven in-
flammation and cardiovascular risk. Proc 
Natl Acad Sci USA 2019; 116(23): 11370-9. 
https://doi.org/10.1073/pnas.1816847116

 20. BARNES PJ: Glucocorticosteroids. Handb 
Exp Pharmacol 2017; 237: 93-115. 

 https://doi.org/10.1007/164_2016_62
 21. LIU XM, YANG L, YANG QB: Advanced pro-

gress of histone deacetylases in rheumatic 
diseases. J Inflamm Res 2024; 17: 947-55. 
https://doi.org/10.2147/jir.s447811

 22. CLAYTON SA, JONES SW, KUROWSKA-STO-
LARSKA M, CLARK AR: The role of microR-
NAs in glucocorticoid action. J Biol Chem. 
2018; 293(6): 1865-74. 

 https://doi.org/10.1074/jbc.r117.000366
 23. PIEROULI K, PAPAGEORGIOU L, MITSIS T et 

al.: Role of microRNAs and long non-cod-
ing RNAs in glucocorticoid signaling (Re-
view). Int J Mol Med 2022; 50(6): 147. 
https://doi.org/10.3892/ijmm.2022.5203

 24. CUTOLO M, CAMPITIELLO R, GOTELLI 
E, SOLDANO S: The role of M1/M2 mac-
rophage polarization in rheumatoid arthritis 
synovitis. Front Immunol 2022; 13: 867260. 
https://doi.org/10.3389/fimmu.2022.867260

 25. ELMESMARI A, FRASER AR, WOOD C et 
al.: MicroRNA-155 regulates monocyte 
chemokine and chemokine receptor expres-
sion in rheumatoid arthritis. Rheumatology 
(Oxford) 2016; 55(11): 2056-65. https://

 doi.org/10.1093/rheumatology/kew272
 26. KUROWSKA-STOLARSKA M, ALIVERNINI 

S, BALLANTINE LE et al.: MicroRNA-155 
as a proinflammatory regulator in clinical 
and experimental arthritis. Proc Natl Acad 
Sci USA 2011; 108(27): 11193-8. 

 https://doi.org/10.1073/pnas.1019536108
 27. ZHU QY, LIU Q, CHEN JX, LAN K, GE BX:  

MicroRNA-101 targets MAPK phos-
phatase-1 to regulate the activation of 



2139Clinical and Experimental Rheumatology 2024

Epigenetics of steroid hormones in rheumatology / E. Gotelli et al.

MAPKs in macrophages. J Immunol 2010; 
185(12): 7435-42. 

 https://doi.org/10.4049/jimmunol.1000798
 28. PUIMÈGE L, VAN HAUWERMEIREN F, STEE-

LAND S et al.: Glucocorticoid-induced mi-
croRNA-511 protects against TNF by down-
regulating TNFR1. EMBO Mol Med. 2015; 
7(8): 1004-17. 

 https://doi.org/10.15252/emmm.201405010
 29. DAVIS TE, KIS-TOTH K, SZANTO A, TSOKOS 

GC: Glucocorticoids suppress T cell func-
tion by up-regulating microRNA-98.         
Arthritis Rheum 2013; 65(7): 1882-90. 

 https://doi.org/10.1002/art.37966
 30. CUTOLO M, VILLAGGIO B, OTSA K, AAKRE 

O, SULLI A, SERIOLO B: Altered circadian 
rhythms in rheumatoid arthritis patients 
play a role in the disease’s symptoms. Auto-
immun Rev 2005; 4(8): 497-502. 

 https://doi.org/10.1016/j.autrev.2005.04.019
 31. ALTEN R, DÖRING G, CUTOLO M et al.: Hy-

pothalamus-pituitary-adrenal axis function 
in patients with rheumatoid arthritis treated 
with nighttime-release prednisone. J Rheu-
matol 2010; 37(10): 2025-31.

  https://doi.org/10.3899/jrheum.100051
 32. CUTOLO M: Glucocorticoids and chrono-

therapy in rheumatoid arthritis. RMD Open 
2016; 2(1): e000203. https://

 doi.org/10.1136/rmdopen-2015-000203
 33. SULLI A, MAESTRONI GJ, VILLAGGIO B et 

al.: Melatonin serum levels in rheumatoid 
arthritis. Ann N Y Acad Sci 2002; 966: 276-
83. https://

 doi.org/10.1111/j.1749-6632.2002.tb04227.x
 34. KAPRARA A, HUHTANIEMI IT: The hypothal-

amus-pituitary-gonad axis: tales of mice and 
men. Metabolism 2018; 86: 3-17. https://

 doi.org/10.1016/j.metabol.2017.11.018
 35. CUTOLO M, STRAUB RH: Sex steroids and 

autoimmune rheumatic diseases: state of the 
art. Nat Rev Rheumatol 2020; 16(11): 628-
44. 

 https://doi.org/10.1038/s41584-020-0503-4
 36. PACINI G, PAOLINO S, ANDREOLI L et al.: 

Epigenetics, pregnancy and autoimmune 
rheumatic diseases. Autoimmun Rev 2020; 
19(12): 102685. 

 https://doi.org/10.1016/j.autrev.2020.102685
 37. SHEPHERD R, CHEUNG AS, PANG K, 

SAFFERY R, NOVAKOVIC B: Sexual dimor-
phism in innate immunity: the role of sex 
hormones and epigenetics. Front Immunol 
2021; 11: 604000. 

 https://doi.org/10.3389/fimmu.2020.604000
 38. WU Z, SUN Y, MEI X, ZHANG C, PAN W, SHI 

W: 17β-oestradiol enhances global DNA hy-
pomethylation in CD4-positive T cells from 
female patients with lupus, through overex-
pression of oestrogen receptor-α-mediated 
downregulation of DNMT1. Clin Exp Der-
matol 2014; 39(4): 525-32. 

 https://doi.org/10.1111/ced.12346
 39. DAI R, PHILLIPS RA, ZHANG Y, KHAN D, 

CRASTA O, AHMED SA: Suppression of 
LPS-induced interferon-gamma and nitric 
oxide in splenic lymphocytes by select 
estrogen-regulated microRNAs: a novel 
mechanism of immune modulation. Blood 
2008; 112(12): 4591-7. https://

 doi.org/10.1182/blood-2008-04-152488
 40. TANG Y, LUO X, CUI H et al.: MicroRNA-

146A contributes to abnormal activation of 
the type I interferon pathway in human lu-
pus by targeting the key signaling proteins. 
Arthritis Rheum 2009; 60(4): 1065-75. 

 https://doi.org/10.1002/art.24436
 41. ZHAO X, TANG Y, QU B et al.: MicroRNA-

125a contributes to elevated inflammatory 
chemokine RANTES levels via targeting 
KLF13 in systemic lupus erythematosus. 
Arthritis Rheum 2010; 62(11): 3425-35. 
https://doi.org/10.1002/art.27632

 42. GONZALEZ-MARTIN A, ADAMS BD, LAI M 
et al.: The microRNA miR-148a functions 
as a critical regulator of B cell tolerance and 
autoimmunity. Nat Immunol 2016; 17(4): 
433-40. https://doi.org/10.1038/ni.3385

 43. CASALI P, SHEN T, XU Y et al.: Estrogen re-
verses HDAC inhibitor-mediated repression 
of Aicda and class-switching in antibody and 
autoantibody responses by downregulation 
of miR-26a. Front Immunol 2020; 11: 491. 
https://doi.org/10.3389/fimmu.2020.00491

 44. DONG G, FAN H, YANG Y et al.: 17β-Estradiol 
enhances the activation of IFN-α signaling 
in B cells by down-regulating the expres-
sion of let-7e-5p, miR-98-5p and miR-145a-
5p that target IKKε. Biochim Biophys Acta 
2015; 1852(8):1585-98. 

 https://doi.org/10.1016/j.bbadis.2015.04.019
 45. MURPHY AJ, GUYRE PM, PIOLI PA:              

Estradiol suppresses NF-kappa B activation 
through coordinated regulation of let-7a and 
miR-125b in primary human macrophages. 
J Immunol 2010; 184(9): 5029-37. 

 https://doi.org/10.4049/jimmunol.0903463
 46. ZHANG ML, CHEN H, YANG Z et al.: 

17β-Estradiol attenuates LPS-induced mac-
rophage inflammation in vitro and sepsis-
induced vascular inflammation in vivo by 
upregulating miR-29a-5p expression. Me-
diators Inflamm 2021; 2021: 9921897. 

 https://doi.org/10.1155/2021/9921897
 47. XU Y, XU H, YIN X, LIU X, MA Z, ZHAO Z: 17 

β-Estradiol alleviates oxidative damage in 
osteoblasts by regulating miR-320/RUNX2 
signaling pathway. J Biosci 2021; 46: 113.

 48. STRAUB RH: The complex role of estrogens 
in inflammation. Endocr Rev 2007; 28(5): 
521-74. 

 https://doi.org/10.1210/er.2007-0001
 49. LAHITA RG: Sex and gender influence on 

immunity and autoimmunity. Front Immu-
nol 2023; 14: 1142723. 

 https://doi.org/10.3389/fimmu.2023.1142723
 50. HALL OJ, KLEIN SL: Progesterone-based 

compounds affect immune responses and 
susceptibility to infections at diverse mu-
cosal sites. Mucosal Immunol 2017;10(5): 
1097-107. 

 https://doi.org/10.1038/mi.2017.35
 51. CAMPE KJ, REDLICH A, ZENCLUSSEN AC, 

BUSSE M: An increased proportion of pro-
gesterone receptor A in peripheral B cells 
from women who ultimately underwent 
spontaneous preterm birth. J Reprod Immu-
nol 2022; 154: 103756. 

 https://doi.org/10.1016/j.jri.2022.103756
 52. HELLBERG S, RAFFETSEDER J, RUNDQUIST 

O et al.: Progesterone dampens immune 
responses in in vitro activated CD4+ T 
cells and affects genes associated with auto-
immune diseases that improve during preg-

nancy. Front Immunol. 2021; 12: 672168. 
https://doi.org/10.3389/fimmu.2021.672168

 53.  SHAH NM, IMAMI N, JOHNSON MR: Pro-
gesterone modulation of pregnancy-related 
immune responses. Front Immunol. 2018; 9: 
1293. 

 https://doi.org/10.3389/fimmu.2018.01293
 54. ZWAHLEN M, STUTE P: Impact of proges-

terone on the immune system in women: a 
systematic literature review. Arch Gynecol 
Obstet 2024; 309(1): 37-46. 

 https://doi.org/10.1007/s00404-023-06996-9
 55. YAO Y, LI H, DING J, XIA Y, WANG L: Pro-

gesterone impairs antigen-non-specific im-
mune protection by CD8 T memory cells via 
interferon-γ gene hypermethylation. PLoS 
Pathog 2017; 13(11): e1006736. 

 https://doi.org/10.1371/journal.ppat.1006736
 56. PAN JL, YUAN DZ, ZHAO YB et al.: Pro-

gesterone-induced miR-133a inhibits the 
proliferation of endometrial epithelial cells. 
Acta Physiol (Oxf) 2017; 219(3): 683-92. 
https://doi.org/10.1111/apha.12762

 57. YUAN DZ, LEI Y, ZHAO D et al. Progester-
one-induced miR-145/miR-143 inhibits the 
proliferation of endometrial epithelial cells. 
Reprod Sci 2019; 26(2): 233-43. 

 https://doi.org/10.1177/1933719118768687
 58. SHEKIBI M, HENG S, WANG Y, SAMARAJEE-

WA N, ROMBAUTS L, NIE G: Progesterone 
suppresses podocalyxin partly by up-regu-
lating miR-145 and miR-199 in human en-
dometrial epithelial cells to enhance recep-
tivity in in vitro models. Mol Hum Reprod 
2022; 28(11): gaac034. 

 https://doi.org/10.1093/molehr/gaac034
 59. CUTOLO M, ACCARDO S, VILLAGGIO B et 

al.: Evidence for the presence of androgen 
receptors in the synovial tissue of rheuma-
toid arthritis patients and healthy controls. 
Arthritis Rheum 1992; 35(9): 1007-15. 

 https://doi.org/10.1002/art.1780350905
 60. CUTOLO M, STRAUB RH, BIJLSMA JW:   

Neuroendocrine-immune interactions in 
synovitis. Nat Clin Pract Rheumatol 2007; 
3(11): 627-34. 

 https://doi.org/10.1038/ncprheum0601
 61. ZHANG X, CHENG L, GAO C et al.: Andro-

gen signaling contributes to sex differences 
in cancer by inhibiting NF-κB Activation in 
T cells and suppressing antitumor immuni-
ty. Cancer Res 2023; 83(6): 906-21. https://
doi.org/10.1158/0008-5472.can-22-2405

 62. BECERRA-DÍAZ M, STRICKLAND AB, KES-
ELMAN A, HELLER NM: Androgen and an-
drogen receptor as enhancers of M2 mac-
rophage polarization in allergic lung inflam-
mation. J Immunol 2018; 201(10): 2923-33. 
https://doi.org/10.4049/jimmunol.1800352

 63. SHUKLA GC, PLAGA AR, SHANKAR E, GUP-
TA S: Androgen receptor-related diseases: 
what do we know? Andrology 2016; 4(3): 
366-81. https://doi.org/10.1111/andr.12167

 64. YLITALO EB, THYSELL E, LANDFORS M et 
al.: A novel DNA methylation signature is 
associated with androgen receptor activity 
and patient prognosis in bone metastatic 
prostate cancer. Clin Epigenetics 2021; 
13(1): 133. 

 https://doi.org/10.1186/s13148-021-01119-0
 65. CHEN Z, WANG L, WANG Q, LI W: Histone 

modifications and chromatin organization 



2140 Clinical and Experimental Rheumatology 2024

Epigenetics of steroid hormones in rheumatology / E. Gotelli et al.

in prostate cancer. Epigenomics 2010; 2(4): 
551-60. https://doi.org/10.2217/epi.10.31

 66. REZAEI S, MAHJOUBIN TEHRAN M, SAHEB-
KAR A, JALILI A, AGHAEE-BAKHTIARI SH: 
Androgen receptor-related micro RNAs in 
prostate cancer and their role in antiandro-
gen drug resistance. J Cell Physiol 2020; 
235(4): 3222-34. 

 https://doi.org/10.1002/jcp.29275
 67. WANG Y, MA W, LU S et al.: Androgen recep-

tor regulates cardiac fibrosis in mice with 
experimental autoimmune myocarditis by 
increasing microRNA-125b expression. Bi-
ochem Biophys Res Commun 2018; 506(1): 
130-6. 

 https://doi.org/10.1016/j.bbrc.2018.09.092
 68. CUTOLO M, SMITH V, PAOLINO S, GOTELLI 

E: Involvement of the secosteroid vitamin 
D in autoimmune rheumatic diseases and 
COVID-19. Nat Rev Rheumatol. 2023; 
19(5): 265-87. 

 https://doi.org/10.1038/s41584-023-00944-2
 69. TONIATO E, SPINAS E, SAGGINI A et al.: 

Immunomodulatory effects of vitamin d on 
skin inflammation. J Biol Regul Homeost 
Agents. 2015; 29(3): 563-67. 

 70. CARLBERG C: Vitamin D signaling in the 
context of innate immunity: focus on human 
monocytes. Front Immunol 2019; 10: 2211. 
https://doi.org/10.3389/fimmu.2019.02211

 71. BARRAGAN M, GOOD M, KOLLS JK: Regu-
lation of dendritic cell function by vitamin 
D. Nutrients 2015; 7(9): 8127-51. 

 https://doi.org/10.3390/nu7095383
 72. CHAUSS D, FREIWALD T, McGREGOR R et 

al.: Autocrine vitamin D signaling switches 
off pro-inflammatory programs of TH1 cells. 
Nat Immunol. 2022; 23(1): 62-74. 

 https://doi.org/10.1038/s41590-021-01080-3
 73. ONG LTC, BOOTH DR, PARNELL GP:              

Vitamin D and its effects on dna methyla-
tion in development, aging, and disease. Mol 
Nutr Food Res. 2020; 64(23): e2000437. 

 https://doi.org/10.1002/mnfr.202000437
 74. MIRZA I, MOHAMED A, DEEN H et al.:     

Obesity-associated vitamin D deficiency cor-
relates with adipose tissue DNA hypometh-
ylation, inflammation, and vascular dysfunc-
tion. Int J Mol Sci 2022; 23(22): 14377. 

 https://doi.org/10.3390/ijms232214377
 75. VYAS SP, HANSDA AK, KAPLAN MH, GOS-

WAMI R: Calcitriol regulates the differentia-
tion of IL-9-secreting Th9 cells by modulat-
ing the transcription factor PU.1. J Immunol 
2020; 204(5): 1201-13. 

 https://doi.org/10.4049/jimmunol.1901205
 76. LEE TW, LEE TI, LIN YK, KAO YH, CHEN YJ: 

Calcitriol downregulates fibroblast growth 
factor receptor 1 through histone deacety-
lase activation in HL-1 atrial myocytes. J 
Biomed Sci 2018; 25(1): 42. 

 https://doi.org/10.1186/s12929-018-0443-3
 77. FU B, WANG H, WANG J et al.: Epigenetic 

regulation of BMP2 by 1,25-dihydroxyvita-
min D3 through DNA methylation and his-
tone modification. PLoS One. 2013; 8(4): 
e61423. https://

 doi.org/10.1371/journal.pone.0061423 
 Erratum in: PLoS One. 2013; 8(9). https://

doi.org/10.1371/annotation/1b1eb36e-

60a4-4d28-bb3a-ee5a12a3d5d8
 78. LI M, LUO L, LIN C et al.: Vitamin D3 miti-

gates autoimmune inflammation caused by 
activation of myeloid dendritic cells in SLE. 
Exp Dermatol 2024; 33(1): e14926. 

 https://doi.org/10.1111/exd.14926
 79. BIANCHI N, EMMING S, ZECCA C, MONTI-

CELLI S: Vitamin D and IFN-β modulate the 
inflammatory gene expression program of 
primary human T lymphocytes. Front Im-
munol 2020; 11: 566781. 

 https://doi.org/10.3389/fimmu.2020.566781
 80. MOHAMMADI-KORDKHAYLI M, SAHRA-

IAN MA, GHORBANI S et al.: Vitamins A and 
D enhance the expression of Ror-γ-targeting 
miRNAs in a mouse model of multiple scle-
rosis. Mol Neurobiol 2023; 60(10): 5853-
65. 

 https://doi.org/10.1007/s12035-023-03427-3
 81. CHEN Y, LIU W, SUN T et al.: 1,25-Dihydrox-

yvitamin D promotes negative feedback 
regulation of TLR signaling via targeting 
microRNA-155-SOCS1 in macrophages. J 
Immunol. 2013; 190(7): 3687-95. 

 https://doi.org/10.4049/jimmunol.1203273
 82. AHMAD S, ZAKI A, MANDA K, MOHAN A, 

SYED MA: Vitamin-D ameliorates sepsis-
induced acute lung injury via augmenting 
miR-149-5p and downregulating ER stress. 
J Nutr Biochem 2022; 110: 109130. https://
doi.org/10.1016/j.jnutbio.2022.109130

 83. CUTOLO M, PAOLINO S, GOTELLI E:        
Glucocorticoids in rheumatoid arthritis still 
on first line: the reasons. Expert Rev Clin 
Immunol 2021; 17(5): 417-20. https://

 doi.org/10.1080/1744666x.2021.1903319
 84. SMOLEN JS, LANDEWÉ RBM, BERGSTRA 

SA et al.: EULAR recommendations for the 
management of rheumatoid arthritis with 
synthetic and biological disease-modifying 
antirheumatic drugs: 2022 update. Ann 
Rheum Dis 2023; 82(1): 3-18. 

 https://doi.org/10.1136/ard-2022-223356 
Erratum in: Ann Rheum Dis 2023; 82(3): e76. 

 85. CUTOLO M, SHOENFELD Y, BOGDANOS DP 
et al.: To treat or not to treat rheumatoid ar-
thritis with glucocorticoids? A reheated de-
bate. Autoimmun Rev 2024; 23(1):103437. 
https://

 doi.org/10.1016/j.autrev.2023.103437
 86. YAVROPOULOU MP, FILIPPA MG, PANOPOU-

LOS S et al.: Impaired adrenal cortex reserve 
in patients with rheumatic and musculoskel-
etal diseases who relapse upon tapering of 
low glucocorticoid dose. Clin Exp Rheuma-
tol 2022; 40(9): 1789-92. https://

 doi.org/10.55563/clinexprheumatol/x78tko
 87. BOERS M, HARTMAN L, OPRIS-BELINSKI 

D et al.: Low dose, add-on prednisolone in 
patients with rheumatoid arthritis aged 65+: 
the pragmatic randomised, double-blind 
placebo-controlled GLORIA trial. Ann 
Rheum Dis 2022; 81(7): 925-36. https://

 doi.org/10.1136/annrheumdis-2021-221957
 88. HECKERT SL, ALLAART CF, BERGSTRA SA: 

The association between sex and disease 
impact cannot be confounded by clinical 
risk factors. Clin Exp Rheumatol. 2024; 
42(1): 203. https://

 doi.org/10.55563/clinexprheumatol/qcqcv7

 89. TIAN J, ZHANG D, YAO X, HUANG Y, LU 
Q: Global epidemiology of systemic lupus 
erythematosus: a comprehensive systematic 
analysis and modelling study. Ann Rheum 
Dis 2023; 82(3): 351-56. 

 https://doi.org/10.1136/ard-2022-223035
 90. HUSAKOVA M: MicroRNAs in the key 

events of systemic lupus erythematosus 
pathogenesis. Biomed Pap Med Fac Univ 
Palacky Olomouc Czech Repub 2016; 
160(3): 327-42. 

 https://doi.org/10.5507/bp.2016.004
 91. TENGSTRAND B, CARLSTRÖM K, HAF-

STRÖM I: Gonadal hormones in men with 
rheumatoid arthritis--from onset through 2 
years. J Rheumatol. 2009; 36(5): 887-92. 
https://doi.org/10.3899/jrheum.080558

 92. CAPELLINO S, STRAUB RH, CUTOLO M: 
Aromatase and regulation of the estrogen-
to-androgen ratio in synovial tissue inflam-
mation: common pathway in both sexes. 
Ann N Y Acad Sci 2014; 1317: 24-31. 

 https://doi.org/10.1111/nyas.12398
 93. HUGHES M, PAULING JD, ARMSTRONG-

JAMES L, DENTON CP, GALDAS P, FLUREY 
C: Gender-related differences in systemic 
sclerosis. Autoimmun Rev 2020; 19(4): 
102494. https://

 doi.org/10.1016/j.autrev.2020.102494
 94. LAZZARONI MG, MOSCHETTI L, BREDA M, 

FRANCESCHINI F, AIRÒ P: Long-term organ 
damage accrual and late mortality in sys-
temic sclerosis. Clin Exp Rheumatol 2023 
Oct 27. https://

 doi.org/10.55563/clinexprheumatol/2xiitt
 95. SALGADO E, ROMERA-BAURÉS M, BELT-

RAN-CATALAN E et al.: Inmune-mediated in-
flammatory rheumatic diseases in transgen-
der people: A scoping review. Semin Arthritis 
Rheum 2022; 52:151920. https://

 doi.org/10.1016/j.semarthrit.2021.10.004
 96. LA BARBERA L, RIZZO C, LO PIZZO M, LA 

MANNA MP, CICCIA F, GUGGINO G: The po-
tential relationship between PU.1 and IL-9 
in the development of arthritis. Clin Exp 
Rheumatol 2023; 41(9): 1944. https://

 doi.org/10.55563/clinexprheumatol/0td5gi
 97. LIU P, ZHOU J, CUI H et al.: Vitamin D plays 

a protective role in osteoarthritis by regulat-
ing AMPK/mTOR signalling pathway to 
activate chondrocyte autophagy. Clin Exp 
Rheumatol 2024; 42(3): 736-45. https://

 doi.org/10.55563/clinexprheumatol/chmuts
 98. DONLIN LT, PARK SH, GIANNOPOULOU E 

et al.: Insights into rheumatic diseases from 
next-generation sequencing. Nat Rev Rheu-
matol 2019; 15(6): 327-39. 

 https://doi.org/10.1038/s41584-019-0217-7
 99. CUTOLO M, STRAUB RH: Insights into en-

docrine-immunological disturbances in au-
toimmunity and their impact on treatment. 
Arthritis Res Ther 2009; 11(2): 218.

 https://doi.org/10.1186/ar2630
100. GROSSI E: Do artificial neural networks love 

sex? How the combination of artificial neu-
ral networks with evolutionary algorithms 
may help to identify gender influence in 
rheumatic diseases. Clin Exp Rheumatol 
2023; 41(1): 1-5. https://

 doi.org/10.55563/clinexprheumatol/vgl2nz


