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The specific regulation of inflammatory processes by steroid hormones has been actively studied, especially by

progesterone (P4) and progestins. The mechanisms of the anti-inflammatory and immunomodulatory P4 action are not

fully clear. The anti-inflammatory effects of P4 can be defined as nonspecific, associated with the inhibition of NF-κB and

COX, as well as the inhibition of prostaglandin synthesis, or as specific, associated with the regulation of T-cell activation,

the regulation of the production of pro- and anti-inflammatory cytokines, and the phenomenon of immune tolerance. The

specific anti-inflammatory effects of P4 and its derivatives (progestins) can also include the inhibition of proliferative

signaling pathways and the antagonistic action against estrogen receptor beta-mediated signaling as a proinflammatory

and mitogenic factor. The anti-inflammatory action of P4 is accomplished through the participation of progesterone

receptor (PR) chaperones HSP90, as well as immunophilins FKBP51 and FKBP52, which are the validated targets of

clinically approved immunosuppressive drugs. The immunomodulatory and anti-inflammatory effects of HSP90 inhibitors,

tacrolimus and cyclosporine, are manifested, among other factors, due to their participation in the formation of an active

ligand–receptor complex of P4 and their interaction with its constituent immunophilins. Pharmacological agents such as

HSP90 inhibitors can restore the lost anti-inflammatory effect of glucocorticoids and P4 in chronic inflammatory and

autoimmune diseases. By regulating the activity of FKBP51 and FKBP52, it is possible to increase or decrease hormonal

signaling, as well as restore it during the development of hormone resistance. The combined action of immunophilin

suppressors with steroid hormones may be a promising strategy in the treatment of chronic inflammatory and autoimmune

diseases, including endometriosis, stress-related disorders, rheumatoid arthritis, and miscarriages. Presumably, the

hormone receptor- and immunophilin-targeted drugs may act synergistically, allowing for a lower dose of each.
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1. Introduction

The goal is to highlight the possibility of using P  and its derivatives as alternative steroid hormones to glucocorticoids in

the treatment of inflammatory diseases, especially chronic inflammatory diseases accompanied by resistance to hormone

therapy.

Acute inflammation is simultaneously a typical pathological process and a protective reaction of the body in response to

infections and tissue damage. When one of the main regulators of inflammation—the transcription nuclear factor kappa B

(NF-κB)—is constitutively activated due to translocation to the nucleus, the inflammation is no longer an acute, rapid

protective reaction of the body to pathogens, but in itself is a stimulus for the development of serious pathologies,

including cancer and autoimmune diseases . In the case of acute inflammation, the moderate production of

proinflammatory cytokines serves as a protective factor, while in chronic inflammation and autoimmune and allergic

reactions, it acts as a negative factor for the body’s immune homeostasis. It is well known that steroid hormones are

endogenous regulators of inflammation and cytokine production. In particular, glucocorticoids (GCs) are known to be

potent immunosuppressive agents with anti-inflammatory activity . GCs are the most widely prescribed class of drugs

worldwide and their effectiveness in treating acute or chronic inflammation is undeniable . However, there are some

limitations to their clinical application. In addition to the gradually emerging resistance to GCs, serious side-effects of their

usage are hyperglycemia with the further possibility of insulin resistance, sodium retention, and hypertension, muscle

atrophy, osteoporosis, features of Cushing’s syndrome, etc. . The response to GC relies on several factors, including the

duration of the stimulus (acute or chronic) and the physiological state of the immune system. In pathological situations,

GCs may function as anti-inflammatory molecules to control the process. In contrast, under normal physiological

conditions, they may play a proinflammatory role .

An alternative to GCs can be progesterone (P ) due to its anti-inflammatory and immunomodulatory effects. Progesterone

at an equal concentration of 0.3–1 ng/mL is present in both men and women. During pregnancy, its concentration

increases to 300 ng/mL, and in the luteal phase, it increases to 14 ng/mL. Both in menopausal women and in men over
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the age of 60, the P  concentration decreases, being equal to 0.38 ± 0.13 ng/mL in men aged 20–90 years and 0.38 ±

0.37 ng/mL in postmenopausal women aged 50–90 years . This fact may explain a more severe course of infectious and

autoimmune diseases in people over 60 years old, when the protective effect of P  is reduced.

Recently, some unique anti-inflammatory and immunomodulatory effects of P  have been shown, particularly its anti-

inflammatory role in COVID-19 therapy. In 2021, a study was completed on 42 men with severe COVID-19, where the

patients were treated with P  in addition to the standard of care. The participants needed 3 days less supplemental

oxygen (median, 4.5 vs. 7.5 days) and were hospitalized for 2.5 fewer days (median, 7.0 vs. 9.5 days) as compared with

control subjects . A decrease in circulating progesterone levels has been noted in patients with SARS . Sex steroid

hormones, particularly P , may be useful in preventing and managing severe COVID-19; related clinical trials are ongoing

. It was revealed that P  decreases the production of IL-1β, IL-6, TNFα, and IL-12, as well as the production of

chemokines (e.g., monocyte chemoattractant protein-1 MCP-1/CCL2); moreover, due to its good tolerability and

neuroprotective properties, P  could be a very useful addition to established COVID-19 therapy .

The possible side-effects with progesterone usage as an anti-inflammatory drug should be extremely minimal or absent.

For progestins with affinity for GR, MR, or AR, some side-effects may be associated with the concomitant glucocorticoid,

mineralocorticoid, or androgenic activity, which may be accompanied by water retention, verification, and acne

(levonorgestrel, gestodene, drospirenone, and MPA). Progestins dydrogesterone and dienogest have no adverse

hormonal activities  and could be adequate drugs for the therapy of inflammatory processes.

In general, all progestins are classified as low-toxicity substances, and their usage during pregnancy, as well as in

assisted reproductive technologies, testifies to the absence of general and reproductive toxicity .

The usage of P  in men is not well studied. P  is the essential hormone for the normal functioning of the male endocrine

system, i.e., for spermatogenesis, testosterone biosynthesis in Leydig cells, and neuroprotective function in the brain .

For example, the lack of RP expression in germ cells leads to male infertility .

The neuroprotective role of P  has been confirmed in both men and women; there are results of a number of clinical

studies confirming the high therapeutic efficacy of P  against necrotic damage and behavioral abnormalities caused by

traumatic brain injury (TBI) .

Importantly, there was no adverse event after the administration of progesterone, at least at 1 mg·kg  per 12 h, as well as

no further late toxicity up to 6 months in both women and men in the trial . Therefore, side-effects should not be

expected in men, and progesterone treatment can be a potential therapy not only for TBI, but also for other inflammatory

diseases , as well as an established pharmacologic therapy for TBI.

Recently, it was shown that intranasal delivery of progestin segesterone acetate may be an efficient strategy to promote

recovery after stroke in males and realize cerebroprotection via PR in the brain . Later, the role of mitochondrial

metabolism and oxidative protection in segesterone acetate’s therapeutic effects in stroke have been confirmed .

2. Progesterone Regulates Inflammation via FKBP51

The action of P  is realized through nuclear, mitochondrial, and membrane progesterone receptors. The active

cytosolic/nuclear progesterone receptor complex exists in dynamic interactions with chaperones HSP90, HSP70, and p23,

as well as cochaperone immunophilins FKBP51 and FKBP52 . Studies have implicated alterations in the expression or

function of PR coactivators, chaperones, and cochaperones that are bound to the mature form of the cytosolic PR before

activation and nuclear translocation in the development of P  resistance .

P23 is a small acidic protein with intrinsic molecular chaperone activity. It is best known as a cochaperone of the major

cytosolic molecular chaperone Hsp90. P23 inhibits both the basal and the substrate-stimulated ATPase activity of Hsp90,

resulting in its stabilization . Hence, targeting p23, as well as other members of the active PR complexes, can modulate

PR- and GR-mediated responses. p23 functioning is not as well studied as FKBP51 and FKBP52 functioning.

FKBP51 and FKBP52 are members of the immunophilin protein family, named because they bind the immunosuppressive

drugs tacrolimus FK506, sirolimus (rapamycin), and cyclosporin A (CsA), which play a role in immune regulation and basic

cellular processes involving protein folding and trafficking. FKBP51 has cis–trans prolyl isomerase activity, which is

inhibited after FKBP51 binding using the abovementioned immunosuppressive drugs. Binding with immunosuppressants

also mediates the calcineurin inhibition. FKBP51 interacts with mature progesterone receptor hetero complexes, as well

as glucocorticoid and mineralocorticoid complexes with HSP90 and p23 proteins. Via a short feedback loop, FKBP51
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regulates hypothalamic–pituitary–adrenal axis activity. FKBP51 expression is increased by GC or P  and acts on GR or

PR in an inhibitory manner; then, cortisol synthesis is decreased, which downregulates inflammation .

FKBP51 has the potential to control inflammation in steroid-insensitive patients in a steroid-dependent and -independent

manner; thus, it may be worthy of further study as a drug target. Its role in inflammation has been extensively studied,

especially in the regulation of the IKK complex, NF-κB signaling, etc., with a focus on its role in hormone-resistant

inflammation. It is assumed that the downregulation of FKBP51 expression can restore steroid sensitivity.

For example, the blockade of FKBP51 in a bronchial epithelial cell line resulted in a tenfold increase in the effectiveness of

dexamethasone in suppressing IL-6 and IL-8, while the overexpression of FKBP51, on the contrary, reduced sensitivity to

prednisolone in a model of pneumonia in mice . FKBP51 silencing also decreased NF-κB translocation to the nucleus

.

It can be hypothesized that FKBP51 inhibition would increase hormone sensitivity and attenuate inflammation. FKBP51,

unlike FKBP52, does not bind to dynein and, thus, does not move GR into the nucleus . That is, FKBP51

overexpression inhibits GR signaling. Upon steroid binding, the steroid receptor heterocomplex exchanges FKBP51 for

FKBP52. After this, FKBP52 is able to interact with dynein and further promotes the transcriptional activity of nuclear

steroid receptors . It is assumed that, by regulating FKBP51 expression and post-translational changes, it is possible to

increase or decrease the response to P  or GC during inflammatory processes .

As FKBP51 was described as a regulator of NF-κB (nuclear factor binding near the κ light-chain in B cells) signaling in

different cell types, it has been suggested as a drug target for the treatment of NF-κB-mediated inflammation and cancer

. FKBP51 interacts with the subunits of the IKK complex . Therefore, FKBP51 ligands can modulate the PR-

mediated influence on inflammation, as well as restore the sensitivity to steroid hormones.

FKBP51 ligands can reduce inflammation and proliferation. It was shown that the FKBP51 ligand FK506 inhibits both PR

and GR found in T47D breast cancer cells . When needed, this feature can be used to protect against the action of GR,

PR, or possibly AR. Indeed, in LNCaP (prostate cancer) cells, another FKBP51 ligand CsA was a highly effective inhibitor

of both AR-dependent and -independent proliferation, while FK506 inhibited only AR-dependent growth. Indeed, some

studies have shown that AR can be a molecular target for both CsA and FK506 .

The localization and functioning of FKBP51 are still under investigation. It is assumed that FKBP51 is a mitochondrial

protein present in various cell lines and rat organs, which undergoes nuclear–mitochondrial shuttling . It was also

shown that FKBP51 forms complexes in the mitochondria with the glucocorticoid/progesterone receptor and with the

Hsp90/Hsp70-based chaperone heterocomplex . Furthermore, FKBP51 is an inhibitory cochaperone for PR, AR, and

GR. Conversely, FKBP52 is a stimulatory cochaperone for these receptors. The cytoplasmic FKBP52 is localized to

microtubules and, after hormone binding, activates dynein, which moves the mature GR or PR complex to the nucleus for

downstream genomic signaling . Thus, FKBP51 is responsible for the binding to the ligand, while FKBP52 is

responsible for the transfer of the receptor–ligand complex to the nucleus via dynein binding . Hence,

immunosuppressants such as tacrolimus revealed potential therapeutic benefits for their use in treating female infertility

due to the enhanced progesterone receptor sensitivity .

The role of FKBP51 in the regulation of glucocorticoid-mediated inflammation is also the subject of interest. FKBP51 may

provide an additional instrument to regulate the glucocorticoid-mediated pathways especially in the case of pathologies

associated with high glucocorticoid levels, where the suppression of the FKBP51 function may help to restore the anti-

inflammatory action of glucocorticoids . Therefore, FKBP51 functioning is still not fully studied, but FKBP51 targeting

may be promising in inflammation, cancerogenesis, and stress-related disorders. P  and its analogues should be strong

regulators of FKBP51 activity, but the exact mechanisms of regulation remain to be explored. FKBP51 ligands such as

tacrolimus or CsA can cause immunosuppressant and anti-inflammatory action not only via calcineurin inhibition, but also

by increasing sensitivity to steroid hormones. P  and synthetic progestins bind FKBP51 and regulate its expression and

activity.

FKBP51 also acts as a negative regulator of AKT since FKBP51 is responsible for binding indirectly through Hsp90 to AKT

. Consequently, researchers can assume that, upon FKBP51 binding with P  or immunodepressants, Akt signaling is

decreased, which can be an additional mechanism to increase progestin or GK sensitivity.

However, there are conflicting data on this issue. It is possible that the effect of progestins on FKBP51 is different

depending on the dose of progestin and the time of exposure. For example, an inducing effect of the PR agonist R5020
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and P  itself on FKBP51 mRNA expression, leading to resistance to P , has been demonstrated . The FK506-binding

immunophilin FKBP51 is transcriptionally regulated by progestin and attenuates progestin responsiveness .

The opposite action of FKBP51 on the responsiveness to P  was also demonstrated ; FKBP51 decreased cell

proliferation and increased progestin sensitivity of human endometrial adenocarcinomas by inhibiting Akt. Furthermore,

FKBP51 overexpression in progesterone receptor-positive Ishikawa cells sensitized them to medroxyprogesterone

acetate (MPA; progestin) treatment by repressing Akt signaling.

As observed, FKBP51 levels are lower in endometrial adenocarcinoma than in normal endometrium tissues .

Conversely, FKBP51 expression is higher in the secretory-phase endometrium than in the proliferative phase.

Furthermore, FKBP51 expression is higher in younger women than in older women. Thus, the interaction between P  and

FKBP51 and the influence of P  on FKBP51 expression and functioning should be more extensively studied with respect

to their role in acute and chronic inflammation, as well as in hormone-resistant inflammation and cancer.

3. Other Evidence of the Anti-Inflammatory and Immunomodulatory Action
of Progesterone

3.1. The Influence on Chemokine Production

A number of studies have shown that P  and synthetic progestogens are able to suppress the production of chemokines

and change chemokine–chemokine receptor profiles. P  (10 µM) caused a 50–70% inhibition of RANTES, MIP1α, and

MIP1β secretion in CD8  cells of the peripheral blood mononuclear fraction .

Specific downregulation of the monocyte chemoattractant protein-1 (MCP-1) has been observed in human endometrial

stromal fibroblast cells under the action of P  and MPA, LNG, and NETA, progestins structurally related to progesterone

and testosterone. All progestins downregulated not only MCP-1, but also IL-6, TGFβ1, and matrix metalloproteinase-3 in

this culture .

The role of contraceptive intravaginal progestins in possible protection against HIV is currently being actively investigated.

It is assumed that P  protects against HIV-1 infection by reducing the expression of CCR5, the main co-receptor for HIV

entry into human cells. The synthetic progestins etonogestrel and MPA increase the rate of virus penetration, although this

may be due to the thinning of the endometrium .

3.2. Inhibition of WNT and MAPK Pathways

Recently it has been shown that the main role in inflammation in endometriosis is played by MAPK and WNT/β-catenin

cascades. Since endometriosis is a chronic inflammatory disease, their inhibition may be a therapeutic strategy for

endometriosis . Progestins at high dosage inhibit both MAPK and WNT/β-catenin pathways; therefore, this effect may

also be one of the mechanisms of their anti-inflammatory action .

3.3. Diminution of Estrogen Action by P

E2 has proinflammatory and mitogenic properties . COX-2 promotes mammary adipose tissue inflammation, local

estrogen biosynthesis, and carcinogenesis by inducing the secretion of cytokines and prostaglandins from peritoneal

macrophages . Estrogen receptors, particularly ER-β, are known to interact with some inflammasome components

such as NLRP3 sensor and caspase 1 to activate IL-1β production. P  downregulates ER, representing an additional anti-

inflammation mechanism .

3.4. GR-Mediated Anti-Inflammatory Action of Progestins

The anti-inflammatory effects of progestins may be associated with partial agonism of GR if they have agonistic activity

toward GR, as in the case of MPA. Thus, in the endocervical epithelium cell line model, MPA, unlike NET-acetate and P ,

increased mRNA expression of the anti-inflammatory GILZ and IκBα genes . Similarly, MPA, unlike NET-A, decreased

the expression of the proinflammatory IL-6, IL-8, and RANTES genes, as well as the level of IL-6 and IL-8 proteins.

Marinello et al. also demonstrated an anti-inflammatory GR-mediated action of MPA . In primary human amnion

mesenchymal cells, MPA had an anti-inflammatory effect via the inhibition of IL-1β-induced MMP-1 and IL-8 expression.

This effect of MPA was blocked with the inhibition of glucocorticoid receptor expression by small interfering RNA

transfection .
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4. New Aspects in the Application of Progesterone and Progesterone
Receptor Chaperones to Reduce Inflammation

The anti-inflammatory action of P  was described above, and the main mechanisms were shown. An additional intriguing

aspect is the possibility to potentiate the P  anti-inflammatory action by targeting PR chaperones, such as immunophilins.

As immunophilins are involved in the formation of active progesterone receptor complexes, they can regulate the specific

pharmacological activity of progesterone, androgens, and glucocorticoids .

Immunophilins FKBP52 and FKBP51 are Hsp90-associated cochaperones. However, if HSP90 inhibitors have a broader

spectrum of action, since HSP90 folds a great number of signal proteins in the cell (so-called “clients”), then FKBP52 or

FKBP51 inhibitors should be much more specific and their influence, should not be global across the organism.

The significance of FKBP52 and FKBP51 was recently demonstrated in animal models with the knockout of these genes.

Mice deficient in the FKBP52 gene were insensitive to androgens, glucocorticoids, and progesterone, but no more severe

effects were observed. Thus, after inhibiting FKBP52, the action of these steroid hormones could be carefully eliminated

when necessary. Moreover, a pharmacological target in FKBP52 has already been established, i.e., a proline-rich loop in

the FK1 catalytic domain . As for FKBP51/FKBP52 double-knockout mice, embryonic lethality took place in all

cases .

FKBP52 is a validated target of the clinically approved immunosuppressive drug, FK506 (tacrolimus). Thus, the

development of FKBP52-specific small-molecule inhibitors is predicted to be a highly targeted strategy with potential for

the treatment of any disease that is dependent on functional AR, GR, and/or PR signaling pathways. Thus, the action of

progestins, androgens, and GK can be enhanced by tacrolimus. In this way, it is possible to decrease the dosage of the

appropriate hormone and the FK506 immunosuppressant.

With regard to HSP90 inhibitors, their elaboration is also a fast-developing pharmaceutical direction, with several drugs in

clinical trials, most of which are aimed at anticancer therapy . However, in some cases, small-molecule inhibitors of

Hsp90 have been found to be cardiotoxic. Considering this connection, specific targeting of Hsp90 via modulation of post-

translational modifications (PTMs) seems to be a more appropriate strategy . Surprisingly, increased HSP expression

and functioning may even be protective for the myocardium. The therapeutic enhancement of intracellular HSP activity

with commercially available drugs (e.g., geranylgeranyl acetone, an antiulcer drug that supports HSP70) has been

experimentally shown to provide protection against myocardial infarction .

For FKBP51 immunophilin targeting, there are not as many intensively explored mechanisms. As described above,

FKBP51 expression has a dual role in inflammation and stress-related signaling; specifically, it is positive in protecting

against oxidative stress and negative in the case of already activated NF-κB-related gene networks . FKBP51

overexpression protects cells against oxidative stress, while FKBP51 knockdown makes them more sensitive to injury .

It should be noted that there are strong interactions between HSP90 and FKBP51, since Hsp90 inhibitors promote the

reversible translocation of FKBP51 from the mitochondria to the nucleus. These data suggest that the unexpected

mitochondrial localization of FKBP51 may be related to its antiapoptotic effect .

P  also demonstrated a unique action on mitochondria ; thus, considering the expression of FKBP51, together with the

finding that mitochondrial PR also exists in mitochondria , the translocation of FKBP51 from the mitochondria to the

nucleus may have great importance. Hsp90 inhibitors favor FKBP51 translocation from the mitochondria to the nucleus in

a reversible manner. After radicicol treatment, FKBP51 no longer resides in the mitochondria and concentrates in the

nucleus. When the situation returns to normal, FKBP51 rapidly cycles back to the mitochondria, completing its cycle.

Because both p53 and NF-κB are mitochondrial proteins, it may be that FKBP51 interacts with them in the mitochondria

.

In inflammatory diseases, both the activation of the NF-κB pathway and the activation of the p53 pathway can occur .

P53 is required for the suppression of NF-κB by anti-inflammatory drugs, particularly GC and possibly P . Loss of p53, a

tumor suppressor protein, impairs transcriptional repression of the NF-κB target gene by glucocorticoids. Thus, p53 plays

a key role in the repression of NF-κB .

P53 and the GR are transported to the nucleus in a similar manner. The complexes of steroid hormone receptors with

HSP90 and FKBP52 are transported to the nucleus by dynein, while the p53 complex with HSP90 and FKBP52 is

transported in the same way upon DNA damage and cellular stress .
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The identity transport of steroid receptor complexes and P53 complexes with immunophilins into the nucleus indicates

that pharmacological regulation of this transport can reduce or induce the transcription of the corresponding genes.

The trafficking from the nucleus to the mitochondria is an important process, and it can be pharmacologically regulated. It

was noted that toxicants induced an accumulation of NF-κB and p53 proteins in the nucleus, while the inhibitor of NF-κB

nuclear translocation SN50 blocked the increase of p53 expression and suppressed the expression of COX-2 and TNF-α

. The further exploration of the role of mitochondrial PR in oxidative stress, injury, and inflammation can open up new

perspectives for regulation by targeting PR chaperones. This can be especially useful in the treatment of neurological and

cardiac diseases.

More and more publications are appearing with respect to FKBP51 as a stress-related protein . When the stress-

related protein FKBP51 partners with Hsp90, this formidable chaperone protein complex prevents clearance from the

brain of the toxic tau protein associated with Alzheimer’s disease. Hsp90 supervises the activity of tau inside nerve cells.

Chaperone proteins typically help ensure that tau proteins are properly folded to maintain the healthy structure of nerve

cells .

Polymorphisms in FKBP51 have been associated with a number of neurological conditions including depression, suicide,

and Alzheimer’s disease . Therefore, FKBP51 is a new treatment target for diseases with tau pathology. FKBP51

emerged as a key player in several diseases such as stress-related disorders, chronic pain, and obesity. The historically

first FKBP51 inhibitor FK506 was shown to have neuroprotective effects and induce neuronal regeneration, suggesting

significant roles for FKBPs in neural growth, injury, and regeneration. Linear analogues of FK506 called SAFit were shown

to be highly selective for FKBP51 over its closest homolog FKBP52, allowing proof-of-concept studies in animal models.

Recently, newly synthesized macrocyclic inhibitors in complex with FKBP51 showed the desired selectivity-enabling

binding mode, confirming that macrocyclization is a viable strategy to selectively target the shallow FKBP51 binding site

.

As FKBP51 associates with HSP90 and appears in functionally mature steroid receptor complexes , the universal

molecules for their inhibition are P , progestins, or other known PR ligands. In this case, tacrolimus and cyclosporine may

potentiate the action of progestins.

Tacrolimus also affects various physiological functions, especially those mediated by glucocorticoid receptors .

Improvement in systemic and ovarian immune function, expression of endometrial progesterone receptors and co-

receptors, and adaptation of uterine vessels to pregnancy were signs of increased sensitivity of progesterone receptors in

a mouse model of the disease treated with low doses of tacrolimus. It is possible that these effects are mediated by the

restoration of P  insensitivity . A clinical trial of cyclosporine in RSA was recently initiated in China. As a background for

its implementation, the researchers suggest that CsA in the cytoplasm forms a special complex with cyclophilin that binds

calcineurin phosphatase and prevents lymphocyte proliferation, as well as the transcription of lymphocyte factors (TNF-α,

IL-2, and IFN-γ), by inhibiting serine threonine protein phosphatase activity, which leads to immunosuppression. Thus,

CsA may improve pregnancy outcomes in women with RSA, primarily in those with elevated Th1 immune-response

phenotypes . Combinations of progestins with CsA or tacrolimus require further preclinical studies devoted to the P

resistance.

Another little-explored role of in the suppression of inflammation is related to the fact that the specific target of

progesterone action is the kappa-type opioid receptor agonist , the activation of which reduces pain, one of the main

signs of inflammation. Through the action of its agonist on this receptor, P  may help reduce chronic pain, as observed in

endometriosis, rheumatoid arthritis, and other inflammatory diseases. Although this assumption is based on a small

number of publications , the study of the regulation of the kappa-type opioid receptor by P  appears to be important

in understanding the role of P  in the regulation of inflammation.

References

1. Dmitrieva, O.S.; Grivennikov, S.I.; Shilovskiy, I.P.; Khaitov, M.R. Interleukins 1 and 6 as main mediators of inflammation
and cancer. Biochemistry 2016, 8, 166–178.

2. Cruz-Topete, D.; Cidlowski, J.A. One hormone, two actions: Anti- and pro-inflammatory effects of glucocorticoids. Neur
oimmunomodulation 2015, 22, 20–32.

[58]

[62]

[58]

[63]

[64]

[65]

4

[26]

4
[25]

[66]
4

[67]

4

[68][69]
4

4



3. Noureddine, L.M.; Trédan, O.; Hussein, N.; Badran, B.; Le Romancer, M.; Poulard, C. Glucocorticoid Receptor: A Multif
aceted Actor in Breast Cancer. Int. J. Mol. Sci. 2021, 22, 4446.

4. Reichardt, S.D.; Amouret, A.; Muzzi, C.; Vettorazzi, S.; Tuckermann, J.P.; Lühder, F.; Reichardt, H.M. The Role of Gluco
corticoids in Inflammatory Diseases. Cells 2021, 10, 2921.

5. Prete, A.; Bancos, I. Glucocorticoid induced adrenal insufficiency. BMJ 2021, 374, n1380.

6. Bolshakov, A.P.; Tret’yakova, L.V.; Kvichansky, A.A.; Gulyaeva, N.V. Glucocorticoids: Dr. Jekyll and Mr. Hyde of Hippoc
ampal Neuroinflammation. Biochemistry 2021, 86, 156–167.

7. Oettel, M.; Mukhopadhyay, A. Progesterone: The forgotten hormone in men? Aging Male 2004, 7, 236–257.

8. Ghandehari, S.; Matusov, Y.; Pepkowitz, S.; Stein, D.; Kaderi, T.; Narayanan, D.; Hwang, J.; Chang, S.; Goodman, R.;
Ghandehari, H.; et al. Progesterone in Addition to Standard of Care vs Standard of Care Alone in the Treatment of Men
Hospitalized With Moderate to Severe COVID-19: A Randomized, Controlled Pilot Trial. Chest 2021, 160, 74–84.

9. Beltrame, A.; Salguero, P.; Rossi, E.; Conesa, A.; Moro, L.; Bettini, L.R.; Rizzi, E.; D’Angió, M.; Deiana, M.; Piubelli, C.;
et al. Association between Sex Hormone Levels and Clinical Outcomes in Patients with COVID-19 Admitted to Hospital:
An Observational, Retrospective, Cohort Study. Front. Immunol. 2022, 13, 834851.

10. Lovre, D.; Bateman, K.; Sherman, M.; Fonseca, V.A.; Lefante, J.; Mauvais-Jarvis, F. Acute estradiol and progesterone t
herapy in hospitalised adults to reduce COVID-19 severity: A randomised control trial. BMJ Open 2021, 11, e053684.

11. Yuan, L.; Zhu, H.; Wu, K.; Zhou, M.; Ma, J.; Chen, R.; Tang, Q.; Cheng, T.; Guan, Y.; Xia, N. Female sex hormone, prog
esterone, ameliorates the severity of SARS-CoV-2-caused pneumonia in the Syrian hamster model. Signal Transduct.
Target Ther. 2022, 7, 47.

12. Mauvais-Jarvis, F.; Klein, S.L.; Levin, E.R. Estradiol, Progesterone, Immunomodulation, and COVID-19 Outcomes. End
ocrinology 2020, 161, bqaa127.

13. Schindler, A.E.; Campagnoli, C.; Druckmann, R.; Huber, J.; Pasqualini, J.R.; Schweppe, K.W.; Thijssen, J.H. Classificat
ion and pharmacology of progestins. Maturitas 2008, 61, 171–180.

14. Fedotcheva, T.A. Clinical Use of Progestins and Their Mechanisms of Action: Present and Future (Review). Sovrem. Te
khnologii. Med. 2021, 13, 93–106.

15. Kolatorova, L.; Vitku, J.; Suchopar, J.; Hill, M.; Parizek, A. Progesterone: A Steroid with Wide Range of Effects in Physi
ology as Well as Human Medicine. Int. J. Mol. Sci. 2022, 23, 7989.

16. Abid, S.; Gokral, J.; Maitra, A.; Meherji, P.; Kadam, S.; Pires, E.; Modi, D. Altered expression of progesterone receptors
in testis of infertile men. Reprod. Biomed. Online. 2008, 17, 175–184.

17. Wright, D.W.; Kellermann, A.L.; Hertzberg, V.S.; Clark, P.L.; Frankel, M.; Goldstein, F.C.; Salomone, J.P.; Dent, L.L.; Ha
rris, O.A.; Ander, D.S.; et al. ProTECT: A randomized clinical trial of progesterone for acute traumatic brain injury. Ann.
Emerg. Med. 2007, 49, 391–402.

18. Xiao, G.; Wei, J.; Yan, W.; Wang, W.; Lu, Z. Improved outcomes from the administration of progesterone for patients wit
h acute severe traumatic brain injury: A randomized controlled trial. Crit. Care 2008, 12, R61.

19. Skolnick, B.E.; Maas, A.I.; Narayan, R.K.; van der Hoop, R.G.; MacAllister, T.; Ward, J.D.; Nelson, N.R.; Stocchetti, N. A
clinical trial of progesterone for severe traumatic brain injury. N. Engl. J. Med. 2014, 371, 2467–2476.

20. Wright, D.W.; Yeatts, S.D.; Silbergleit, R.; Palesch, Y.Y.; Hertzberg, V.S.; Frankel, M.; Goldstein, F.C.; Caveney, A.F.; Ho
wlett-Smith, H.; Bengelink, E.M.; et al. Very early administration of progesterone for acute traumatic brain injury. N. Eng
l. J. Med. 2014, 71, 2457–2466.

21. Tani, J.; Wen, Y.-T.; Hu, C.-J.; Sung, J.-Y. Current and Potential Pharmacologic Therapies for Traumatic Brain Injury. Ph
armaceuticals 2022, 15, 838.

22. Fréchou, M.; Zhu, X.; Kumar, N.; Sitruk-Ware, R.; Schumacher, M.; Mattern, C.; Guennoun, R. Sex differences in the ce
rebroprotection by Nestorone intranasal delivery following stroke in mice. Neuropharmacology 2021, 198, 108760.

23. Lee, J.Y.; Castelli, V.; Kumar, N.; Sitruk-Ware, R.; Borlongan, C.V. Contraceptive drug, Nestorone, enhances stem cell-
mediated remodeling of the stroke brain by dampening inflammation and rescuing mitochondria. Free Radic. Biol. Med.
2022, 183, 138–145.

24. Johnson, J.; Corbisier, R.; Stensgard, B.; Toft, D.O. The involvement of p23, hsp90, and immunophilins in the assembly
of progesterone receptor complexes. J. Steroid Biochem. Mol. Biol. 1996, 56, 31–37.

25. Albaghdadi, A.; Kan, F. Therapeutic Potentials of Low-Dose Tacrolimus for Aberrant Endometrial Features in Polycystic
Ovary Syndrome. Int. J. Mol. Sci. 2021, 22, 2872.



26. Madon-Simon, M.; Grad, I.; Bayo, P.; Pérez, P.; Picard, D. Defective glucocorticoid receptor signaling and keratinocyte-
autonomous defects contribute to skin phenotype of mouse embryos lacking the Hsp90 co-chaperone p23. PLoS ONE
2017, 12, e0180035.

27. Storer, C.L.; Dickey, C.A.; Galigniana, M.D.; Rein, T.; Cox, M.B. FKBP51 and FKBP52 in signaling and disease. Trends
Endocrinol. Metab. 2011, 22, 481–490.

28. Kästle, M.; Kistler, B.; Lamla, T.; Bretschneider, T.; Lamb, D.; Nicklin, P.; Wyatt, D. FKBP51 modulates steroid sensitivity
and NFκB signalling: A novel anti-inflammatory drug target. Eur. J. Immunol. 2018, 48, 1904–1914.

29. Wochnik, G.M.; Rüegg, J.; Abel, G.A.; Schmidt, U.; Holsboer, F.; Rein, T. FK506-binding proteins 51 and 52 differentiall
y regulate dynein interaction and nuclear translocation of the glucocorticoid receptor in mammalian cells. J. Biol. Chem.
2005, 280, 4609–4616.

30. Budziñski, M.L.; Sokn, C.; Gobbini, R.; Ugo, B.; Antunica-Noguerol, M.; Senin, S.; Bajaj, T.; Gassen, N.C.; Rein, T.; Sch
midt, M.V.; et al. Tricyclic antidepressants target FKBP51 SUMOylation to restore glucocorticoid receptor activity. Mol.
Psychiatry 2022, 27, 2533–2545.

31. Hähle, A.; Merz, S.; Meyners, C.; Hausch, F. The Many Faces of FKBP51. Biomolecules 2019, 9, 35.

32. Periyasamy, S.; Warrier, M.; Tillekeratne, M.P.; Shou, W.; Sanchez, E.R. The immunophilin ligands cyclosporin A and F
K506 suppress prostate cancer cell growth by androgen receptor-dependent and -independent mechanisms. Endocrin
ology 2007, 148, 4716–4726.

33. Gallo, L.I.; Lagadari, M.; Piwien-Pilipuk, G.; Galigniana, M.D. The 90-kDa heat-shock protein (Hsp90)-binding immunop
hilin FKBP51 is a mitochondrial protein that translocates to the nucleus to protect cells against oxidative stress. J. Biol.
Chem. 2011, 286, 30152–30160.

34. Annett, S.; Moore, G.; Robson, T. FK506 binding proteins and inflammation related signalling pathways; basic biology,
current status and future prospects for pharmacological intervention. Pharmacol Ther. 2020, 215, 107623.

35. Hubler, T.R.; Denny, W.B.; Valentine, D.L.; Cheung-Flynn, J.; Smith, D.F.; Scammell, J.G. The FK506-binding immunop
hilin FKBP51 is transcriptionally regulated by progestin and attenuates progestin responsiveness. Endocrinology 2003,
144, 2380–2387.

36. Guzeloglu-Kayisli, O.; Semerci, N.; Guo, X.; Larsen, K.; Ozmen, A.; Arlier, S.; Mutluay, D.; Nwabuobi, C.; Sipe, B.; Buhi
mschi, I.; et al. Decidual cell FKBP51-progesterone receptor binding mediates maternal stress-induced preterm birth. P
roc. Natl. Acad. Sci. USA 2021, 118, e2010282118.

37. Dong, J.; Jiao, Y.; Mu, W.; Lu, B.; Wei, M.; Sun, L.; Hu, S.; Cui, B.; Liu, X.; Chen, Z.; et al. FKBP51 decreases cell prolif
eration and increases progestin sensitivity of human endometrial adenocarcinomas by inhibiting Akt. Oncotarget 2017,
8, 80405–80415.

38. Vassiliadou, N.; Tucker, L.; Anderson, D.J. Progesterone-induced inhibition of chemokine receptor expression on periph
eral blood mononuclear cells correlates with reduced HIV-1 infectability in vitro. J. Immunol. 1999, 162, 7510–7518.

39. Houshdaran, S.; Chen, J.C.; Vallvé-Juanico, J.; Balayan, S.; Vo, K.C.; Smith-McCune, K.; Greenblatt, R.M.; Irwin, J.C.;
Giudice, L.C. Progestins Related to Progesterone and Testosterone Elicit Divergent Human Endometrial Transcriptome
s and Biofunctions. Int. J. Mol. Sci. 2020, 21, 2625.

40. Haddad, L.B.; Swaims-Kohlmeier, A.; Mehta, C.C.; Haaland, R.E.; Brown, N.L.; Sheth, A.N.; Chien, H.; Titanji, K.; Achill
es, S.L.; Lupo, D.; et al. Impact of etonogestrel implant use on T-cell and cytokine profiles in the female genital tract an
d blood. PLoS ONE 2020, 15, e0230473.

41. Giacomini, E.; Minetto, S.; Li Piani, L.; Pagliardini, L.; Somigliana, E.; Viganò, P. Genetics and Inflammation in Endomet
riosis: Improving Knowledge for Development of New Pharmacological Strategies. Int. J. Mol. Sci. 2021, 22, 9033.

42. Wang, Y.; Hanifi-Moghaddam, P.; Hanekamp, E.E.; Kloosterboer, H.J.; Franken, P.; Veldscholte, J.; van Doorn, H.C.; E
wing, P.C.; Kim, J.J.; Grootegoed, J.A. Progesterone Inhibition of Wnt/β-Catenin Signaling in Normal Endometrium and
Endometrial Cancer. Clin. Cancer Res. 2009, 15, 5784–5793.

43. Ahola, T.M.; Alkio, N.; Manninen, T.; Ylikomi, T. Progestin and G protein-coupled receptor 30 inhibit mitogen-activated p
rotein kinase activity in MCF-7 breast cancer cells. Endocrinology 2002, 143, 4620–4626.

44. Albensi, B.C. What Is Nuclear Factor Kappa B (NF-κB) Doing in and to the Mitochondrion? Front. Cell. Dev. Biol. 2019,
7, 154.

45. Gonçalves, R.M.; Delgobo, M.; Agnes, J.P.; das Neves, R.N.; Falchetti, M.; Casagrande, T.; Garcia, A.; Vieira, T.C.; So
mensi, N.; Bruxel, M.A.; et al. COX-2 promotes mammary adipose tissue inflammation, local estrogen biosynthesis, an
d carcinogenesis in high-sugar/fat diet treated mice. Canc. Lett. 2021, 502, 44–57.



46. García-Gómez, E.; Vázquez-Martínez, E.R.; Reyes-Mayoral, C.; Cruz-Orozco, O.P.; Camacho-Arroyo, I.; Cerbón, M. R
egulation of Inflammation Pathways and Inflammasome by Sex Steroid Hormones in Endometriosis. Front. Endocrinol.
2020, 10, 935.

47. Govender, Y.; Avenant, C.; Verhoog, N.J.; Ray, R.M.; Grantham, N.J.; Africander, D.; Hapgood, J.P. The injectable-only
contraceptive medroxyprogesterone acetate, unlike norethisterone acetate and progesterone, regulates inflammatory g
enes in endocervical cells via the glucocorticoid receptor. PLoS ONE 2014, 9, e96497.

48. Marinello, W.; Feng, L.; Allen, T.K. Progestins Inhibit Interleukin-1β-Induced Matrix Metalloproteinase 1 and Interleukin
8 Expression via the Glucocorticoid Receptor in Primary Human Amnion Mesenchymal Cells. Front Physiol. 2020, 11, 9
00.

49. Harris, D.C.; Garcia, Y.A.; Samaniego, C.S.; Rowlett, V.W.; Ortiz, N.R.; Payan, A.N.; Maehigashi, T.; Cox, M.B. Function
al Comparison of Human and Zebra Fish FKBP52 Confirms the Importance of the Proline-Rich Loop for Regulation of
Steroid Hormone Receptor Activity. Int. J. Mol. Sci. 2019, 20, 5346.

50. Kolos, J.M.; Voll, A.M.; Bauder, M.; Hausch, F. FKBP Ligands-Where We Are and Where to Go? Front. Pharm. 2018, 9,
1425.

51. Zgajnar, N.R.; De Leo, S.A.; Lotufo, C.M.; Erlejman, A.G.; Piwien-Pilipuk, G.; Galigniana, M.D. Biological Actions of the
Hsp90-binding Immunophilins FKBP51 and FKBP52. Biomolecules 2019, 9, 52.

52. Koren, J., 3rd; Blagg, B. The Right Tool for the Job: An Overview of Hsp90 Inhibitors. Adv. Exp. Med. Biol. 2020, 1243,
135–146.

53. Szekeres-Bartho, J.; Par, G.; Szereday, L.; Smart, C.Y.; Achatz, I. Progesterone and non-specific immunologic mechani
sms in pregnancy. Am. J. Reprod. Immunol. 1997, 38, 176–182.

54. Zannas, A.S.; Jia, M.; Hafner, K.; Baumert, J.; Wiechmann, T.; Pape, J.C.; Arloth, J.; Ködel, M.; Martinelli, S.; Roitman,
M. Epigenetic upregulation of FKBP5 by aging and stress contributes to NF-κB-driven inflammation and cardiovascular
risk. Proc. Natl. Acad. Sci. USA 2019, 116, 11370–11379.

55. Ranek, M.J.; Stachowski, M.J.; Kirk, J.A.; Willis, M.S. The role of heat shock proteins and co-chaperones in heart failur
e. Phil. Trans. R. Soc. B. 2017, 373, 20160530.

56. Hu, Y.; He, J.; He, L.; Xu, B.; Wang, Q. Expression and function of Smad7 in autoimmune and inflammatory diseases.
J. Mol. Med. 2021, 99, 1209–1220.

57. Price, T.M.; Dai, Q. The Role of a Mitochondrial Progesterone Receptor (PR-M) in Progesterone Action. Semin. Repro
d. Med. 2015, 33, 185–194.

58. Choi, S.E.; Park, Y.S.; Koh, H.C. NF-κB/p53-activated inflammatory response involves in diquat-induced mitochondrial
dysfunction and apoptosis. Environ. Toxicol. 2018, 33, 1005–1018.

59. Murphy, S.H.; Suzuki, K.; Downes, M.; Welch, G.L.; De Jesus, P.; Miraglia, L.J.; Orth, A.P.; Chanda, S.K.; Evans, R.M.;
Verma, I.M. Tumor suppressor protein (p)53, is a regulator of NF-kappaB repression by the glucocorticoid receptor. Pro
c. Natl. Acad. Sci. USA 2011, 108, 17117–17122.

60. Galigniana, M.D.; Harrell, J.M.; O’Hagen, H.M.; Ljungman, M.; Pratt, W.B. Hsp90-binding immunophilins link p53 to dyn
ein during p53 transport to the nucleus. J. Biol. Chem. 2004, 279, 22483–22489.

61. Maizels, Y.; Gerlitz, G. Shaping of interphase chromosomes by the microtubule network. FEBS J. 2015, 282, 3500–352
4.

62. Blair, L.J.; Nordhues, B.A.; Hill, S.E.; Scaglione, K.M.; O’Leary, J.C., 3rd; Fontaine, S.N.; Breydo, L.; Zhang, B.; Li, P.;
Wang, L.; et al. Accelerated neurodegeneration through chaperone-mediated oligomerization of tau. J. Clin. Investig. 2
013, 123, 4158–4169.

63. Bonner, J.M.; Boulianne, G.L. Diverse structures, functions and uses of FK506 binding proteins. Cell Signal. 2017, 38,
97–105.

64. Bauder, M.; Meyners, C.; Purder, P.L.; Merz, S.; Sugiarto, W.O.; Voll, A.M.; Heymann, T.; Hausch, F. Structure-Based D
esign of High-Affinity Macrocyclic FKBP51 Inhibitors. J. Med. Chem. 2021, 64, 3320–3349.

65. Sinars, C.R.; Cheung-Flynn, J.; Rimerman, R.A.; Scammell, J.G.; Smith, D.F.; Clardy, J. Structure of the large FK506-bi
nding protein FKBP51, an Hsp90-binding protein and a component of steroid receptor complexes. Proc. Natl. Acad. Sc
i. USA 2003, 100, 868–873.

66. Wang, N.; Ge, H.; Zhou, S. Cyclosporine A to Treat Unexplained Recurrent Spontaneous Abortions: A Prospective, Ran
domized, Double-Blind, Placebo-Controlled, Single-Center Trial. Int. J. Womens Health 2021, 13, 1243–1250.

67. Available online: https://go.drugbank.com/drugs/DB00396 (accessed on 5 July 2022).



68. Dawson-Basoa, M.E.; Gintzler, A.R. Estrogen and progesterone activate spinal kappa-opiate receptor analgesic mecha
nisms. Pain 1996, 64, 169–177.

69. Gordon, F.T.; Soliman, M.R. The effects of estradiol and progesterone on pain sensitivity and brain opioid receptors in o
variectomized rats. Horm. Behav. 1996, 30, 244–250.

Retrieved from https://encyclopedia.pub/entry/history/show/66979


