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Abstract: Stress is a common denominator of complex disorders and the FK-506 binding protein
(FKBP)51 plays a central role in stress. Hence, it is not surprising that multiple studies imply the
involvement of the FKBP51 protein and/or its coding gene, FKBP5, in complex disorders. This review
summarizes such reports concentrating on three disorder clusters—neuropsychiatric, cancer, and
type 2 diabetes mellitus (T2DM). We also attempt to point to potential mechanisms suggested to
mediate the effect of FKBP5/FKBP51 on these disorders. Neuropsychiatric diseases considered in this
paper include (i) Huntington’s disease for which increased autophagic cellular clearance mechanisms
related to decreased FKBP51 protein levels or activity is discussed, Alzheimer’s disease for which
increased FKBP51 activity has been shown to induce Tau phosphorylation and aggregation, and
Parkinson’s disease in the context of which FKBP12 is mentioned; and (ii) mental disorders, for
which significant association with the single nucleotide polymorphism (SNP) rs1360780 of FKBP5
intron 7 along with decreased DNA methylation were revealed. Since cancer is a large group of
diseases that can start in almost any organ or tissue of the body, FKBP51’s role depends on the tissue
type and differences among pathways expressed in those tumors. The FKBP51-heat-shock protein-
(Hsp)90—p23 super-chaperone complex might function as an oncogene or as a tumor suppressor
by downregulating the serine/threonine protein kinase (AKt) pathway. In T2DM, two potential
pathways for the involvement of FKBP51 are highlighted as affecting the pathogenesis of the disease—
the peroxisome proliferator-activated receptor-y (PPARy) and AKt.

Keywords: cancer; complex disorders; FKBP5; neuropsychiatric disorders; type 2 diabetes mellitus
(T2DM)

1. Introduction

In this review we intend to examine the hypothesis that FK-506 binding proteins
(FKBPs) are hubs in complex disorders. To this end, we will summarize what the FKBPs are,
what complex disorders are, and to which extent the information existing in the literature
supports the notion that FKBPs are hubs in complex disorders.

2. The FKBP5/FKBP4 Genes and Their Products FKBP51/52, Respectively

The FK506-binding protein 51 (FKBP51) is encoded by the FKBP5 gene. These pro-
teins (FKBPs) act as cis—trans peptidyl-prolyl isomerases (PPlase), belonging to the im-
munophilins protein family [1,2]. Most of the FKBPs are effective in binding immuno-
suppressive drugs [2]. FKBP51/52 were initially discovered in association with steroid
hormone receptors, glucocorticoid receptors (GRs), or progesterone receptors (PRs). The
assembly undergoes through a specific pathway involving heat-shock proteins (Hsp)40,
Hsp70, Hsp90, and various Hsp-binding cochaperones [3].
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The roles of the larger FKBPs are less understood, but FKBP51 and FKBP52 have
emerged as likely contributors to health and disease, in particular, for their potential
as therapeutic targets for the treatment of a variety of hormone-dependent diseases in-
cluding stress-related disorders, immune and reproductive functions, and a variety of
cancers [4-7]. FKBP51 and FKBP52 are involved in physiological processes both in the
brain and in the periphery, including binding to immunosuppressants like tacrolimus
(FK506) and rapamycin, protein folding and trafficking, inhibition of calcineurin, and
regulation of steroid hormone receptor maturation and translocation to the nucleus [4-7].

Under normal and stress conditions, FKBP51 functions as a cochaperone of
HSP90 [8-10] and modulates inflammation through nuclear factor kB (NF-«kB) signal-
ing [11,12]. Genetic variants and epigenetic modifications of glucocorticoid-responsive
genomic sites regulate the FKBP5 gene. The interplay of these factors, along with in-
teractions with environmental stressors, may lead to FKBP51 disinhibition, potentially
contributing to abnormal phenotypes observed in both rodents and humans [13].

In most studies, FKBP51 is observed as a negative regulator of steroid hormone receptor
activity, while FKBP52 positively regulates the activity of most of the steroid hormone
receptors, except for estrogen receptor/mineralocorticoid receptor activity [14-17].

These alterations in biological functions are likely associated with structural domains,
e.g., critical residues for PPlase activity are conserved in FKBP52 and FKBP51 [4,5], but
residues within the proline-rich loop, positioned above the PPlase pocket, differ between
them, significantly impacting protein interactions with larger peptide substrates. Co-
immunoprecipitation studies have shown that the motor protein complex dynein and
subunit components of dynactin bind to the N-terminus of FKBP52, seemingly independent
of FKBP52’s PPlase activity [4,5,18]. Conversely, FKBP51 delays the nuclear translocation
of GR, possibly due to its weak interaction with dynein [6,7,16,19].

3. Complex Disorders, Stress, and FKBP5 and Its Products

Complex disorders are characterized by a combination of genetic, environmental, and
lifestyle factors, many of which remain unidentified. This category of diseases encompasses
a range of conditions, including congenital defects, adult-onset diseases, neuropsychiatric
disorders, type 2 diabetes mellitus, and cancer [20]. Stress has been demonstrated to
play a role in all these complex disorders [21-23], and FKBP5's gene variants have been
demonstrated to play a role in stress-related phenotypes and disorders [24].

3.1. Neuropsychiatric Diseases

Neuropsychiatric diseases include a broad range of medical conditions in which
the central nervous system (CNS) is involved—both neurological diseases and mental
disorders. Neurological diseases include seizures, attention deficit disorders, cognitive
deficit disorders, palsies, migraine headaches, Alzheimer’s disease, Huntington disease,
amyotrophic lateral sclerosis, Parkinson’s disease, and more.

Mental disorders (MDs) refer to conditions characterized by behavioral impairments
that result in distorted personal functioning [25]. The affective (emotion/mood) disorders
and anxiety categories represent the core classifications within the spectrum of MDs. The
former involves profound and enduring experiences of sadness, melancholy, or despair, as
observed in unipolar depression, as well as bipolar disorder (BD), marked by alternating
phases of abnormally elevated, normal, and depressive mood states. The latter encompasses
conditions such as phobias, generalized anxiety, social anxiety, and post-traumatic stress
disorder (PTSD). MDs also include disorders mainly presenting psychotic features (e.g.,
delusions and hallucinations) such as schizophrenia. A prevalence exceeding one in three
individuals worldwide indicates the experience of at least one episode of a MD at some
stage in their lives [26].
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3.2. Type 2 Diabetes Mellitus (T2DM)

T2DM is characterized by high blood glucose, insulin resistance, and a relative lack of
insulin [27]. It is a chronic disease with a ten-year shorter life expectancy due to complica-
tions including significantly higher risk of cardiovascular disease/ischemic heart disease,
stroke, and lower limb amputations as well as increased rates of hospitalizations [28].

3.3. Cancer

Cancer comprises a diverse group of diseases marked by the rapid development of
abnormal cells that surpass their normal confines, infiltrating neighboring tissues and
disseminating to other organs. To comprehend the intricacies of cancer biology, it is
imperative to explore the underlying capabilities facilitating tumor growth and metastatic
spread. These capabilities include sustaining proliferative signaling, evading growth
suppressors, enabling replicative immortality, activating invasion and metastasis, inducing
angiogenesis, and opposing cell death [29].

Multiple studies imply a central role of FKBPs in multiple complex disorders. This
review summarizes such reports and points to potential mechanisms mediating these
roles [7,8,10,30-33].

4. Methods

The strategy used to prepare this review was to search for relevant manuscripts written
in English using electronic databases such as PubMed, published between 1947 and present,
with either of the keyword combinations “FKBP5 and mental disorders”/“FKBP5 and
cancer” /“FKBP5 and type 2 diabetes mellitus”. The first two were limited to article types:
Clinical Trials, Meta-Analysis, and Randomized Controlled Trials. In PubMed, about
35 research articles were found to be suitable. Furthermore, the reference lists of these
articles were used to enrich the review. Data extracted from the included papers were
initially collated by the second author (BA) in a Microsoft Word document, summarizing
general characteristics and the intervention design in a structured manner. The third author
(OD) verified the data. The corresponding authors resolved discrepancies and concluded
the review.

5. Involvement of FKBP5/FKBP51 in Neuropsychiatric Diseases
5.1. Neurological Disorders
5.1.1. Huntington’s Disease (HD)

Bailus et al. established the implication of FKBP51 in the pathogenesis of HD, highlight-
ing FKBP5 as a potential therapeutic target for intervention [34]. Current HD-modifying
therapies focus on lowering mutant HTT (huntingtin, mHTT) levels. In this context,
rapamycin interacts with FKBP5/FKBP51 (and FKBP1A/FKBP12, see below under Parkin-
son’s disease), inhibiting the mTORC1 complex and increasing cellular clearance mecha-
nisms. The study showed significantly reduced FKBP51 protein levels in HD R6/2 and
zQ175 mouse models, in human HD isogenic neural stem cells, and in medium spiny
neurons derived from induced pluripotent stem cells. Furthermore, FKBP51 interacted and
colocalized with HTT in the striatum and cortex of zQ175 mice and controls. Importantly,
in the isogenic human HD stem cell model, genetic or pharmacological manipulations
which reduced FKBP51 protein levels and activity-resulted in decreased mHTT levels.
These interventions revealed that increased levels of the autophagy-associated protein
LC3-II and macroautophagic/autophagic flux followed the decrease in FKBP51 protein
levels, suggesting that autophagic cellular clearance mechanisms are responsible for mHTT
lowering [34].

5.1.2. Alzheimer’s Disease (AD)

Multiple studies investigated the involvement of FKBP51 (as well as FKBP52) in
AD [35-40]. For example, Jinwal et al. showed that FKBP51 interacts with Tau, a protein
predominantly found in neurons, which, in healthy brains, forms part of and stabilizes
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microtubules [41]. In brains of AD’s patients, Tau is misfolded. Downregulation of FKBP51
activity (using siRNA) profoundly decreased Tau expression. Blair et al. [42] reported
that over-expression of the chaperone complex consisting of FKBP51 and HSP90 in mice
inhibited proteasomal degradation of Tau, leading to Tau accumulation. Additionally,
they showed that FKBP51 levels age-relatedly increase in human brains, particularly in
subjects with AD. Importantly, they found a positive correlation between FKBP51 levels
and the severity of AD. Similarly, Giustiniani et al. [43] demonstrated a strong interac-
tion between FKBP52 and a specific Tau mutant (Tau-P301L) that is frequently linked to
the pathophysiology of AD. FKBP52 induced Tau-P301L aggregation and, contrastingly,
diminution of FKBP52 activity inhibited Tau-P301L accumulation and restored axonal
growth and branching in a transgenic zebrafish model. In a follow-up study, Giustiniani
et al. [44] observed that FKBP52 interacts with Tau through a specific proline-rich region.
FKBP52 inhibited microtubule growth and led to the oligomerization and aggregation
of Tau. Consistent with these findings, FKBP52 over-expression was shown to result in
increased Tau phosphorylation and aggregation in aged mice. The over-expression of
FKBP52 was also associated with the activation of glia cells and neuronal loss and led
to a decrease in hippocampal volume. The aforementioned biochemical changes were
accompanied by different behavioral abnormalities in the aged mice [45]. Taken together,
the summarized data suggest that FKBP51 and FKBP52 induce Tau phosphorylation and
aggregation leading to typical AD-related pathological morphological changes in the brain.

5.1.3. Parkinson’s Disease (PD)

Interestingly, our literature search for an involvement of FKBP5/FKBP51 in PD failed
to obtain such information. However, it was found that another partner of the FKBP family
is associated with PD (and AD). While FKBP51 is the largest homolog in the family of
FKBPs, the members of which possess a highly conserved binding pocket but have diverged
to perform diverse biological functions, FKBP12, with a molecular weight of 12 kDa, is the
smallest member of the FKBP family [46] (Figure 1).

FK1 (PPlase)

TRP domain /

HSP90 Binding FKBP52 PDB 1Q1C & 1PSQ
Taken from 10.10161/j.tem.2011.08.001

BP51 PDB 1KTO

FKBP12 PDB 1FKJ

FK2
FKBP-like domain

Figure 1. The 3-D structure of FKBP12 vs. FKBP51 and FKBP52. Left: Atomic structure of FKBP12-
FK506 (https://doi.org/10.2210/pdb1FK]/pdb, accessed on 29 April 2024). FKBP12 contains the
PPlase core domain but not the C-terminal tetratricopeptide repeat (TPR) domain that mediates
interaction with Hsp90. Middle: structure of the Large FKBP-like Protein, FKBP51 (https://doi.
org/10.2210/pdb1KT1/pdb, accessed on 29 April 2024). Right: Structure of FKBP52 [7]. FKBP51
and FKBP52 share 70% similarity and contain an active PPIase domain, bind Hsp90 through a TPR
domain [3], and adopt similar formations.

FKBP12 also contains the PPlase core domain, but it does not contain the TPR domain
that mediates interactions with Hsp90 [47]. It occurs in most species and tissues and is
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essential for mammalian life. It is a cofactor of the ryanodine receptor [48], thereby playing
arole in fine-tuning the excitability of smooth muscle cells and cardiac myocytes [49]. Perti-
nent to the current review, it is noteworthy that the enzymatic activity of FKBP12 promotes
the formation of a-SYN fibrils at sub-nanomolar concentrations [50,51]. a-synuclein (x-
SYN), a presynaptic protein prone to aggregation, is associated with «-synucleinopathies,
including PD. Honjo et al. [52] reported that FKBP12 colocalized with x-SYN in Lewy
bodies (LBs, the hallmark of PD and dementia with Lewy bodies (DLB) and neurites in PD
and DLB brains. FKBP12’s strong aggregation function is compatible with the notion of the
protein’s association with synucleinopathies’ pathophysiology.

5.2. Mental Disorders
Genetics and Epigenetics of FKBP5

The FKBP51 protein emerges as a risk factor for various affective disorders. Coor-
dinating with Hsp90, it plays a pivotal role in regulating GR activity through a concise
negative feedback loop. This signaling pathway swiftly reinstates homeostasis within the
hypothalamic—pituitary—adrenal (HPA) axis in response to stress. The upregulation of
FKBP5 expression over time is attributed to diminished DNA methylation associated with
aging. Elevated levels of FKBP51 correlate with GR resistance and a diminished capacity for
stress coping behaviors [10]. Additionally, common allelic variants within the FKBP5 gene
are linked to increased susceptibility to MDs such as depression, anxiety, and PTSD [10].

Research on FKBP5/FKBP51 has experienced significant growth since the revelation
that polymorphisms in this gene have the potential to influence treatment outcomes and
depressive behavior in humans. The number of studies conducted on FKBP5/FKBP51 has
more than doubled since this pivotal discovery [53]. This coincided with additional data
indicating that the stress hormone axis plays a role in the onset of various mental illnesses.
Genome-wide association studies (GWAS) focusing on single nucleotide polymorphisms
(SNPs) have uncovered noteworthy associations between allelic variants of the FKBP5 gene
and mental disorders [53].

In a study that delved into the interplay of polymorphisms and epigenetic targets
within intragenic regions [54], it was proposed that epigenetic alterations and environ-
mental factors can shape the impact of allele-specific variants, influencing the response
of the FKBP5 gene to glucocorticoids. The primary focus of epigenetic investigation in
FKBP5 intronic regions has been on DNA methylation, although only a limited number
of studies have explored this across all GRs in these regions. A significant discovery has
been the association of decreased DNA methylation levels in intron 7 of FKBP5 among
individuals with psychiatric disorders [54]. Furthermore, FKBP5’s DNA methylation has
been implicated in the response to exposure-based psychological therapy for phobias [55].
Flasbeck and Briine [56] showed that GR sensitivity is regulated by FKBP5’s methylation
and correlates with psychopathology and empathy scores but not with the severity of
childhood adversity.

A Chinese study [57] reported a negative association between a history of childhood
physical and emotional neglect and DNA methylation in the promoter region of the FKBP5
gene across most CpG units. Specifically, the study identified child abuse as a risk factor
for mood disorders and demonstrated a connection to reduced DNA methylation of FKBP5
intron 7, particularly through interactions with the SNP rs1360780 [58]. Another study
suggested that the FKBP5 gene’s polymorphisms contribute to the risk of depressive
disorders and suicidal behavior [59]. Larger studies are needed to validate these results.

Saito et al. [60] investigated the impact of the interaction between a specific subtype of
child abuse and the FKBP5 rs1360780 SNP on DNA methylation in individuals with bipolar
disorder. Their findings indicated that emotional abuse and/or neglect were associated
with reduced DNA methylation of FKBP5 intron 7, particularly in conjunction with the
rs1360780 SNP. No such results were obtained in major depression disorder patients or in
control subjects.
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Roberts et al. [55] reported changes in DNA methylation at FKBP5 intron 7 to be
associated with reduced anxiety severity following exposure-based cognitive behavioral
therapy. A noteworthy correlation with follow-up outcomes was identified concerning the
alteration in DNA methylation during active therapy (from pre- to post-treatment) at CpG
5 of the intron. Those exhibiting reduced DNA methylation at this CpG site demonstrated
a more favorable response to treatment, as evidenced by a higher improvement in the
Clinical Global Impression severity scale. Conversely, individuals with increased DNA
methylation exhibited a less favorable treatment outcome. To investigate allele-specific
effects of DNA methylation, the impacts of interactions between the rs1360780 SNP in
FKBP5 and changes in each CpG site on treatment outcomes were assessed. Intriguingly,
a nominally significant interaction between the rs1360780 genotype and changes in DNA
methylation at CpG 2 of the promoter region was observed. Subsequent exploration of
this effect revealed that individuals with the “risk” genotype (CT/TT) displayed a poor
treatment response with a decrease in percentage DNA methylation, whereas an increase
was associated with a more favorable response.

The combination of bullying and a certain FKBP5 haplotype was associated with
increased positive psychotic-like experiences, paranoia, and negative affect. This interaction
also intensified the link between feeling socially rejected and psychotic-like experiences
and negative affect in daily life, particularly in individuals with the risk haplotype [61] but
not for those with the non-risk haplotype. Epigenetic changes are now being considered
as potential explanations for the persistence and resilience of PTSD and major depression
disorder, a complex condition characterized by diverse and often unique responses to
treatment [62-65].

Using data from target bisulfite sequencing of the whole FKBP5 locus, a very recent
study [66] analyzed associations between FKBP5 methylation, FKBP5 mRNA levels, child-
hood maltreatment, and current depressive symptoms. The nominally significant results
obtained might supplement the understanding of the role of FKBP5. The authors conclude
that, given its regulating role in the HPA stress response, FKBP5 could serve as a biomarker
or as a target for developing therapeutic interventions for stress-related disorders such as
depression. Furthermore, based on previous studies reporting that alterations in methy-
lation patterns are reversible via psychotherapy [67,68] and that methylation markers
may predict the outcome of therapy [69,70], the authors suggest that in-depth understand-
ing of epigenetic mechanisms involved in depression may facilitate the development of
personalized treatment and prevention.

An additional recent study that investigated the antidepressant activity and mecha-
nism of rosmarinic acid [71], a natural phenolic acid compound with a variety of bioactive
properties, reported that the compound’s antidepressant activities evolve by modulat-
ing hippocampal glucocorticoid signaling and hippocampal neurogenesis, related to the
BDNE/TrkB/PI3K signaling axis regulating GR nuclear translocation.

5.3. Involvement of FKBP5/FKBP51 in Cancer

FKBP5 exhibits altered expression levels in a variety of tumors. By impacting the
maturation of steroid receptors and influencing NF-«B and AKt signaling pathways, FKBP5
assumes a crucial role in tumorigenesis and the response to anti-neoplastic therapy [72].
The dual role of FKBP5, whether functioning as an oncogene or a tumor suppressor, may
be contingent on the tissue type and variations among the pathways expressed in those
specific tumors. For example, FKBP5 was found to be downregulated in pancreatic tumor
tissue, while it is over-expressed in melanoma [72]. Activation of FKBP5 transcription
via the androgen receptor (AR) was reported in prostate cancer [73,74] and via the GR in
human lung cancer A549 cells [75].

5.3.1. The FKBP51-Hsp90-p23 Super-Chaperone Complex

In addition to the Hsp90-FKBP51 interaction mentioned above, a coordinated inter-
action between the ATP-utilizing chaperone HSP-90 and the cochaperones FKBP51 and
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p23 produces an FKBP51-Hsp90-p23 super-chaperone complex that promotes androgen-
dependent transcription activation and cell growth. Thus, FKBP51 is part of a positive
feedback loop regulated by AR and androgen. Hence, downregulation of its levels results
in reduced transcript levels of genes regulated by AR and androgen [76].

5.3.2. FKBP51 Regulation of the NF-kB Pathway

NF-«B is a transcription factor existing in all cell types, mostly existing in the cytoplasm
in an inactive form as it is bound to the inhibitor I-kB [77]. Upon phosphorylation via
either the canonical or noncanonical pathways [78], NF-«B is released from I«B and is
translocated to the nucleus where it upregulates the transcription of specific genes [27].
FKBP51 is essential for drug-induced NF-«B activation in human leukemia [79].

5.3.3. FKBP51 as a Negative Regulator of the AKt Pathway

As mentioned above, Akt plays an important role in cell death, growth, and division;
apoptosis suppression; and angiogenesis. Hence, disruptions in the AKt-regulated path-
ways are associated with cancer [80]. FKBP51 is a negative regulator of all three isoforms of
AKt, AKt1, AKt2, and AKt3, which are considered central mediators of the insulin signaling
pathway [81-83].

Protein phosphatases have been shown to dephosphorylate AKt while FKBP51 func-
tions as a scaffolding protein that enhances the PH domain and leucine-rich repeat protein
phosphatase (PHLPP)-AKt interaction and facilitates PHLPP-mediated dephosphoryla-
tion of AKt-Ser473 [72]. Protein phosphatase 2 (PP2) dephosphorylates Ser308 [84], while
PHLPP1 and 2 dephosphorylate Ser473 [85]. FKBP51’s involvement in cancer aggressive-
ness and cell growth has been reported in multiple human malignancies. As eloquently
and comprehensively summarized by Tufano et al. [86], dysregulated FKBP51 sustains
tumor resistance and growth. On the other hand, FKBP51 might also function as a tumor
suppressor in the AKt signaling pathway. Namely, high FKBP51 levels lead to decreased
AKt phosphorylation and, therefore, increased chemosensitivity [86].

5.4. Involvement of FKBP5/FKBP51 in T2DM

T2DM patients were reported to exhibit elevated FKBP5 expression in subcutaneous
adipose tissue with an inverse relationship between the gene’s expression and the ex-
pression of lipolytic, lipogenic, and adipogenic genes [87]. On the other hand, another
study on peripheral blood mononuclear cells derived from patients with T2DM showed
reduced levels of FKBP5 mRNA, phosphorylated GR protein content, and elevated GRf3.
These findings suggest inadequate GR signaling and dysfunction of the HPA axis [88].
Furthermore, in mice exposed to a chronic high-fat diet, which induces insulin resistance,
hypothalamic FKBP5 expression was found to be enhanced, indicating that FKBP5 senses
metabolic stressors including nutrient environment [89]. Described above is the role of
FKBP5 DNA methylation in MDs. It is also relevant in T2DM. FKBP5 DNA methylation cor-
related with adiposity, insulin resistance, and systemic inflammation; it inversely correlated
with the gene’s mRNA levels and was positively associated with adiposity, metabolic, and
inflammatory parameters [90]. In addition, increased FKBP5 DNA methylation correlated
with higher hemoglobin (Hb)Alc levels [91].

Considering the above-mentioned negative regulation of AKt2 via FKBP51, it is not
surprising that the ability of insulin to lower blood glucose was impaired in Akt2-deficient
mice, due to defects in the action of insulin on liver and skeletal muscle [82].

Ortiz et al. [91] hypothesized that FKBP5 methylation is associated with potential
glucocorticoid pathway dysfunction as an underlying pathophysiology of diabetes, hy-
perglycemia, hyperlipidemia, obesity, and cardiometabolic disease. Their hypothesis was
based on the following points: FKBP5 and the GR are expressed in the brain (hypothalamus
and hippocampus), intestinal endothelial, and epithelial tissues. FKBP5 expression in these
tissues has been associated with the influence of stress and cortisol load, exercise, and
diet; FKBP5 also plays a role in adipogenesis and in endothelial changes. In individuals
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with diabetes, FKBP5 methylation is associated with an increased incidence of clinical risk
factors for disease.

Alternatively, FKBP51 inhibition via compounds that bind it, such as its specific
inhibitors SAFitl or FK506, may directly downregulate adipogenesis and lipid storage,
increase insulin sensitivity, and reduce body mass [87,92].

An additional molecular mechanism that has been suggested for the role of FKBP51 in
T2DM is the positive regulation of PPARY, the main regulator of adipocyte differentiation
and function. When wild-type (WT) and FKBP5-knockout (KO) mice maintained on regular
and high-fat diet conditions were compared, the KO mice were resistant to weight gain,
hepatic steatosis, and had significantly reduced amounts of white- but higher brown-
adipose tissue. When rosiglitazone (a PPARy agonist used as an anti-diabetic drug) was
administered, it induced whole-body weight gain and an increased mass and elevated
expression of PPARy-regulated lipogenic genes in the white adipose tissue of WT mice.
On the other hand, the drug reduced these parameters in the KO mice [93]. For further
information, the readers are encouraged to refer to the recent review by Smedlund et al. [94].

6. Conclusions

Figure 2 depicts a summary of the reviewed studies illustrating that FKBP5/FKBP51
and FKBP1A/FKBP12 play a role in complex disorders [95]. In general, the FKBP51 protein
is considered a risk factor of MDs and a potential therapeutic target, given the significant
relationship between its high levels and MDs development [96]. In particular, high levels of
FKBP51 are linked to an increased risk of mood disorders [10]. Studies on FKBP5 knockout
mice and inhibition of FKBP51 suggest that inhibiting FKBP51 could alleviate depressive
symptoms without affecting cognition or movement [97,98]. FKBP5 methylation in mice
correlates positively with chronic stress in the blood and brain [99,100]. Human studies
indicate elevated FKBP51 levels in the lymphocytes of depressed individuals with common
FKBP5 gene variations, associated with a quicker response to antidepressants but more
frequent depressive episodes [101]. Conversely, FKBP51 expression is reduced in whole
blood from PTSD patients [102]. Obviously, understanding the link between peripheral
FKBP51 levels and brain function in neuropsychiatric disorders requires further study.
Developing selective, FKBP51-targeting drugs is challenging due to similarities with other
FKBP proteins like FKBP52. A recent discovery, SAFit2, a selective FKBP51 antagonist,
holds promise in enhancing neuronal function and stress coping [98,103]. Yet, more research
is needed to fully understand SAFit2’s effects and explore alternative therapies targeting
FKBP51. FKBP51 is an important regulator of stress in mammals and, therefore, it is possible
that some of the compounds inspired by the early immunophilin ligands will be useful for
the treatment of stress-related disorders. Concerning T2DM, Balsevich and colleagues [32]
demonstrated that FKBP51 antagonism enhanced glucose tolerance, with weight loss being
a secondary factor. In other words, the primary cause of improved glucose tolerance is
FKBP51 antagonism rather than weight loss itself, which can also contribute to improved
glucose tolerance. Regarding cancer, studies have indicated that using FK506, which binds
to the FK1 domain of FKBPs, or MJC13, an inhibitor of FKBP52, to treat prostate cancer
can inhibit cell proliferation and AR activity [104-106]. As for human lung cancer, it has
been suggested that FKBP51 could serve as a biomarker. Additionally, the authors report
that FKBP51 over-expression induces apoptosis in vitro by promoting p53 expression and
signaling pathway activation [107]. In both cancer and T2DM, the role of FKBP51 in the
pathogenesis of the diseases depends on the specific pathways involved [75].
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Figure 2. An illustration of the involvement of FKBPs in complex disorders. Generally, increased
FKBP51 enzymatic activity /protein levels and/or FKBP5 mRNA levels are related to negative
effects, namely, increased disease severity (and vice versa). Positive effects: (A) Neuropsychiatric
diseases—in HD, when FKBP51 protein levels or activity were decreased using genetic or pharma-
cological approaches, reduced mHTT levels were observed in the isogenic human HD stem cell
model [24]. In AD, downregulation of FKBP51 activity (using siRNA) profoundly decreases Tau
expression [49]. (B) Cancer—FKBP51 may function as a tumor suppressor in the AKt signaling
pathway, through a scaffolding protein that enhances the PH domain and leucine-rich repeat
protein phosphatase (PHLPP)-AKt interaction [76,78]. (C) TD2M—compounds that bind /inhibit
FKBP51, such as FK506 and the specific inhibitor SAFit, may directly diminish adipogenesis
and lipid storage, increase insulin sensitivity, and reduce body mass [80,85]. Negative effects:
(D) Neuropsychiatric diseases—in relation to AD, over-expression of the chaperone complex con-
sisting of FKBP51 and HSP90 in mice inhibited proteasomal degradation of Tau and led to Tau
accumulation [50]. FKBP52 interacts with Tau through a specific proline-rich region. FKBP52
inhibited microtubule growth and led to oligomerization and aggregation of Tau [52]. In relation
to PD, enzymatic activity of FKBP12 increases the formation of x-SYN fibrils at sub-nanomolar
concentrations [59]. In relation to psychiatric disorders, low DNA methylation levels were reported
in FKBP5's intron 7 in patients with psychiatric disorders [61] and common allelic variants in
this gene were reported to be associated with increased risk of developing affective disorders
(anxiety, depression, and PTSD) [18]. (E) Cancer—FKBP5 functions as an oncogene or a tumor
suppressor depending on the tissue type and the pathways expressed in those tumors. For example,
activation of FKBP5 transcription via the androgen receptor was reported in prostate cancer [67,68];
an FKBP51-Hsp90—p23 super-chaperone complex stimulates androgen-dependent transcription
activation and cell growth [70]; FKBP51 is essential for drug-induced NF-«B activation in human
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leukemia [73]; and FKBP51 was identified as a negative regulator of Akt [75,76]. (F) TD2M—FKBP5
DNA methylation correlated with adiposity, insulin resistance, and systemic inflammation; it also
inversely correlated with FKBP5 mRNA levels, which were positively associated with adipos-
ity, metabolic, and inflammatory parameters [82]; increased FKBP5 DNA methylation correlated
with higher HbAlc levels [83]. Abbreviations: AD—Alzheimer’s disease; AKt/PKB—RAC-alpha
serine/threonine-protein kinase/protein kinase B; HD—Huntington’s disease; HSP90—heat-shock
protein 90; IkB—inhibitor of kB; mHTT—mutant huntingtin; NF-kB—nuclear factor kappa-light-
chain-enhancer of activated B cells; PD—Parkinson’s disease; PHLPP—Pleckstrin homology (PH)
domain leucine-rich repeat protein phosphatase; «-SYN—alpha-synuclein; TZ2DM—Type 2 diabetes

mellitus. A mouse model of PD. mRNA. : DNA. Fast proliferating

cells (cancer). Over-expression of the chaperone complex consisting of FKBP51 and

[P ] |

Building on the data summarized, we assert that both FKBP5 and FKBP51 may be
designated a hub in complex disorders, but definitive physiological mechanisms mediating
their effects require further studies [104-106]. Genetic/environmental/lifestyle factors
affect complex disorders, making treatment challenging. In this respect, comprehending
the impact of FKBP5 on disorder susceptibility necessitates the integration of genetic,
epigenetic, and transcriptional analyses, offering potential assistance in diagnosis and
treatment. A relevant option might be manipulating the FKBP5 and/or FKBP1A genes or
their respective protein products FKBP51 and FKBP12. Newly developed selective FKBP51
blockers have shown encouraging results in vitro and in rodent models [13]. As such, the
recently discovered transient rearrangement of the binding pocket of FKBP51 [107] might
provide specificity.

mutant

HSP90. X Inhibition. Aggregation of mutant Tau.
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Abbreviations

AD Alzheimer’s disease

AKt Serine/threonine protein kinase
AR Androgen receptor

FKBP  FK-506 binding protein

GR Glucocorticoid receptor

HD Huntington’s disease

HPA Hypothalamic—pituitary—adrenal
Hsp Heat-shock protein

HIT Huntingtin

KO Knockout

mHTT  Mutant huntingtin

PD Parkinson’s disease
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PHLPP PH domain and leucine-rich repeat protein phosphatase
PPARy Peroxisome proliferator-activated receptor-y

PTSD Post-traumatic stress disorder

SNP Single nucleotide polymorphism

«-SYN  «a-synuclein

Tau Tubulin associated unit

T2DM  Type 2 diabetes mellitus

«-SYN  oa-synuclein

Tau Tubulin associated unit

T2DM  Type 2 diabetes mellitus

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Harding, M.W.; Galat, A.; Uehling, D.E.; Schreiber, S.L. A receptor for the immunosuppressant FK506 is a cis-trans peptidyl-prolyl
isomerase. Nature 1989, 341, 758-760. [CrossRef] [PubMed]

Siekierka, J.J.; Hung, S.H.; Poe, M.; Lin, C.S; Sigal, N.-H. A cytosolic binding protein for the immunosuppressant FK506 has
peptidyl-prolyl isomerase activity but is distinct from cyclophilin. Nature 1989, 341, 755-757. [CrossRef] [PubMed]

Smith, D.E; Faber, L.E.; Toft, D.O. Purification of unactivated progesterone receptor and identification of novel receptor-associated
proteins. . Biol. Chem. 1990, 265, 3996—-4003. [CrossRef] [PubMed]

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. [CrossRef] [PubMed]

Wu, B,; Li, P; Liu, Y,; Lou, Z,; Ding, Y.; Shu, C.; Ye, S.; Bartlam, M.; Shen, B.; Rao, Z. 3D structure of human FK506-binding protein
52: Implications for the assembly of the glucocorticoid receptor/Hsp90/immunophilin heterocomplex. Proc. Natl. Acad. Sci. USA
2004, 101, 8348-8353. [CrossRef] [PubMed]

Tong, M.; Jiang, Y. FK506-Binding Proteins and Their Diverse Functions. Curr. Mol. Pharmacol. 2015, 9, 48-65. [CrossRef]
[PubMed]

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. [CrossRef] [PubMed]

Hahle, A.; Merz, S.; Meyners, C.; Hausch, F. The Many Faces of FKBP51. Biomolecules 2019, 9, 35. [CrossRef] [PubMed]

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

Criado-Marrero, M.; Rein, T.; Binder, E.B.; Porter, ].T.; Koren, J., 3rd; Blair, L.J. Hsp90 and FKBP51: Complex regulators of
psychiatric diseases. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 20160532. [CrossRef]

Zannas, A.S,; Jia, M.; Hafner, K.; Baumert, J.; Wiechmann, T.; Pape, ].C.; Arloth, J.; Kédel, M.; Martinelli, S.; Roitman, M.; et al.
Epigenetic upregulation of FKBP5 by aging and stress contributes to NF-kappaB-driven inflammation and cardiovascular risk.
Proc. Natl. Acad. Sci. USA 2019, 116, 11370-11379. [CrossRef] [PubMed]

Kastle, M.; Kistler, B.; Lamla, T.; Bretschneider, T.; Lamb, D.; Nicklin, P.; Wyatt, D. FKBP51 modulates steroid sensitivity and
NFkappaB signalling: A novel anti-inflammatory drug target. Eur. J. Immunol. 2018, 48, 1904-1914. [CrossRef] [PubMed]
Zannas, A.S.; Wiechmann, T.; Gassen, N.C.; Binder, E.B. Gene-Stress-Epigenetic Regulation of FKBP5: Clinical and Translational
Implications. Neuropsychopharmacology 2016, 41, 261-274. [CrossRef] [PubMed]

Riggs, D.L.; Roberts, PJ.; Chirillo, S.C.; Cheung-Flynn, J.; Prapapanich, V.; Ratajczak, T.; Gaber, R.; Picard, D.; Smith, D.F. The
Hsp90-binding peptidylprolyl isomerase FKBP52 potentiates glucocorticoid signaling in vivo. EMBO ]. 2003, 22, 1158-1167.
[CrossRef] [PubMed]

Davies, T.H.; Ning, Y.M.; Sanchez, E.R. A new first step in activation of steroid receptors: Hormone-induced switching of FKBP51
and FKBP52 immunophilins. J. Biol. Chem. 2002, 277, 4597-4600. [CrossRef] [PubMed]

Wochnik, G.M.; Ruegg, ].; Abel, G.A.; Schmidt, U.; Holsboer, F.; Rein, T. FK506-binding proteins 51 and 52 differentially regulate
dynein interaction and nuclear translocation of the glucocorticoid receptor in mammalian cells. ]. Biol. Chem. 2005, 280, 4609-4616.
[CrossRef] [PubMed]

Gallo, LI; Ghini, A.A,; Piwien Pilipuk, G.; Galigniana, M.D. Differential recruitment of tetratricorpeptide repeat domain
immunophilins to the mineralocorticoid receptor influences both heat-shock protein 90-dependent retrotransport and hormone-
dependent transcriptional activity. Biochemistry 2007, 46, 14044-14057. [CrossRef] [PubMed]

Galigniana, M.D.; Erlejman, A.G.; Monte, M.; Gomez-Sanchez, C.; Piwien-Pilipuk, G. The hsp90-FKBP52 complex links the
mineralocorticoid receptor to motor proteins and persists bound to the receptor in early nuclear events. Mol. Cell Biol. 2010, 30,
1285-1298. [CrossRef] [PubMed]

Galigniana, M.D.; Radanyi, C.; Renoir, ].M.; Housley, P.R.; Pratt, W.B. Evidence that the peptidylprolyl isomerase domain of
the hsp90-binding immunophilin FKBP52 is involved in both dynein interaction and glucocorticoid receptor movement to the
nucleus. |. Biol. Chem. 2001, 276, 14884-14889. [CrossRef] [PubMed]

Mitchell, K.J. What is complex about complex disorders? Genome Biol. 2012, 13, 237. [CrossRef] [PubMed]


https://doi.org/10.1038/341758a0
https://www.ncbi.nlm.nih.gov/pubmed/2477715
https://doi.org/10.1038/341755a0
https://www.ncbi.nlm.nih.gov/pubmed/2477714
https://doi.org/10.1016/S0021-9258(19)39693-0
https://www.ncbi.nlm.nih.gov/pubmed/2303491
https://doi.org/10.3390/biom9020052
https://www.ncbi.nlm.nih.gov/pubmed/30717249
https://doi.org/10.1073/pnas.0305969101
https://www.ncbi.nlm.nih.gov/pubmed/15159550
https://doi.org/10.2174/1874467208666150519113541
https://www.ncbi.nlm.nih.gov/pubmed/25986568
https://doi.org/10.1016/j.tem.2011.08.001
https://www.ncbi.nlm.nih.gov/pubmed/21889356
https://doi.org/10.3390/biom9010035
https://www.ncbi.nlm.nih.gov/pubmed/30669684
https://doi.org/10.1074/jbc.M111.256610
https://www.ncbi.nlm.nih.gov/pubmed/21730050
https://doi.org/10.1098/rstb.2016.0532
https://doi.org/10.1073/pnas.1816847116
https://www.ncbi.nlm.nih.gov/pubmed/31113877
https://doi.org/10.1002/eji.201847699
https://www.ncbi.nlm.nih.gov/pubmed/30169894
https://doi.org/10.1038/npp.2015.235
https://www.ncbi.nlm.nih.gov/pubmed/26250598
https://doi.org/10.1093/emboj/cdg108
https://www.ncbi.nlm.nih.gov/pubmed/12606580
https://doi.org/10.1074/jbc.C100531200
https://www.ncbi.nlm.nih.gov/pubmed/11751894
https://doi.org/10.1074/jbc.M407498200
https://www.ncbi.nlm.nih.gov/pubmed/15591061
https://doi.org/10.1021/bi701372c
https://www.ncbi.nlm.nih.gov/pubmed/18001136
https://doi.org/10.1128/MCB.01190-09
https://www.ncbi.nlm.nih.gov/pubmed/20038533
https://doi.org/10.1074/jbc.M010809200
https://www.ncbi.nlm.nih.gov/pubmed/11278753
https://doi.org/10.1186/gb-2012-13-1-237
https://www.ncbi.nlm.nih.gov/pubmed/22269335

Cells 2024, 13, 801 12 0f 15

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Mohan, A.; Huybrechts, I.; Michels, N. Psychosocial stress and cancer risk: A narrative review. Eur. |. Cancer Prev. 2022, 31,
585-599. [CrossRef] [PubMed]

Hackett, R.A; Steptoe, A. Type 2 diabetes mellitus and psychological stress—A modifiable risk factor. Nat. Rev. Endocrinol. 2017,
13, 547-560. [CrossRef] [PubMed]

Sanacora, G.; Yan, Z.; Popoli, M. The stressed synapse 2.0: Pathophysiological mechanisms in stress-related neuropsychiatric
disorders. Nat. Rev. Neurosci. 2022, 23, 86—103. [CrossRef] [PubMed]

Wang, Q.; Shelton, R.C.; Dwivedi, Y. Interaction between early-life stress and FKBP5 gene variants in major depressive disorder
and post-traumatic stress disorder: A systematic review and meta-analysis. J. Affect. Disord. 2018, 225, 422-428. [CrossRef]
[PubMed]

Wakefield, J.C. The concept of mental disorder: Diagnostic implications of the harmful dysfunction analysis. World Psychiatry
2007, 6, 149-156. [PubMed]

Andrade, L.; Caraveo-Anduaga, ].J.; Berglund, P; Bijl, R.; Kessler, R.C.; Demler, O.; Walters, E.; Kylyc, C.; Offord, D.; Ustun,
T.B.; et al. Cross-national comparisons of the prevalences and correlates of mental disorders. WHO International Consortium in
Psychiatric Epidemiology. Bull. World Health Organ. 2000, 78, 413-426.

Baeuerle, P.A.; Baltimore, D. I kappa B: A specific inhibitor of the NF-kappa B transcription factor. Science 1988, 242, 540-546.
[CrossRef] [PubMed]

Kirkman, M.S.; Briscoe, V].; Clark, N.; Florez, H.; Haas, L.B.; Halter, ].B.; Huang, E.S.; Korytkowski, M.T.; Munshi, M.N.; Odegard,
PS.; et al. Diabetes in older adults. Diabetes Care 2012, 35, 2650-2664. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Fries, G.R.; Gassen, N.C.; Schmidt, U.; Rein, T. The FKBP51-Glucocorticoid Receptor Balance in Stress-Related Mental Disorders.
Curr. Mol. Pharmacol. 2015, 9, 126-140. [CrossRef] [PubMed]

Hausl, A.S.; Balsevich, G.; Gassen, N.C.; Schmidt, M.V. Focus on FKBP51: A molecular link between stress and metabolic
disorders. Mol. Metab. 2019, 29, 170-181. [CrossRef] [PubMed]

Balsevich, G.; Hausl, A.S.; Meyer, C.W.; Karamihalev, S.; Feng, X.; Péhlmann, M.L.; Dournes, C.; Uribe-Marino, A.; Santarelli, S.;
Labermaier, C.; et al. Stress-responsive FKBP51 regulates AKT2-AS160 signaling and metabolic function. Nat. Commun. 2017, 8,
1725. [CrossRef] [PubMed]

Staibano, S.; Mascolo, M.; Ilardi, G.; Siano, M.; De Rosa, G. Immunohistochemical analysis of FKBP51 in human cancers. Curr.
Opin. Pharmacol. 2011, 11, 338-347. [CrossRef] [PubMed]

Bailus, B.J.; Scheeler, S.M.; Simons, J.; Sanchez, M.A.; Tshilenge, K.T.; Creus-Muncunill, J.; Naphade, S.; Lopez-Ramirez, A.; Zhang,
N.; Lakshika Madushani, K.; et al. Modulating FKBP5/FKBP51 and autophagy lowers HTT (huntingtin) levels. Autophagy 2021,
17,4119-4140. [CrossRef] [PubMed]

Kraemer, B.C.; Burgess, ] K.; Chen, ].H.; Thomas, ].H.; Schellenberg, G.D. Molecular pathways that influence human tau-induced
pathology in Caenorhabditis elegans. Hum. Mol. Genet. 2006, 15, 1483-1496. [CrossRef] [PubMed]

Chambraud, B.; Sardin, E.; Giustiniani, J.; Dounane, O.; Schumacher, M.; Goedert, M.; Baulieu, E.E. A role for FKBP52 in Tau
protein function. Proc. Natl. Acad. Sci. USA 2010, 107, 2658-2663. [CrossRef] [PubMed]

Cao, W.; Konsolaki, M. FKBP immunophilins and Alzheimer’s disease: A chaperoned affair. J. Biosci. 2011, 36, 493—-498. [CrossRef]
[PubMed]

Salminen, A.; Ojala, J.; Kaarniranta, K.; Hiltunen, M.; Soininen, H. Hsp90 regulates tau pathology through co-chaperone complexes
in Alzheimer’s disease. Prog. Neurobiol. 2011, 93, 99-110. [CrossRef] [PubMed]

Giustiniani, J.; Sineus, M.; Sardin, E.; Dounane, O.; Panchal, M.; Sazdovitch, V.; Duyckaerts, C.; Chambraud, B.; Baulieu, E.E.
Decrease of the immunophilin FKBP52 accumulation in human brains of Alzheimer’s disease and FTDP-17. J. Alzheimer’s Dis.
2012, 29, 471-483. [CrossRef]

Shelton, L.B.; Koren, J., 3rd; Blair, L.J. Imbalances in the Hsp90 Chaperone Machinery: Implications for Tauopathies. Front.
Neurosci. 2017, 11, 724. [CrossRef]

Jinwal, U.K,; Koren, J.; Borysov, S.I.; Schmid, A.B.; Abisambra, J.F,; Blair, L.J.; Johnson, A.G.; Jones, J.R.; Shults, C.L.; O’Leary,
J.C.; et al. The Hsp90 cochaperone, FKBP51, increases Tau stability and polymerizes microtubules. J. Neurosci. 2010, 30, 591-599.
[CrossRef] [PubMed]

Blair, L.J.; Nordhues, B.A.; Hill, S.E.; Scaglione, K.M.; O’Leary, ].C.; Fontaine, S.N.; Breydo, L.; Zhang, B.; Li, P; Wang, L.; et al.
Accelerated neurodegeneration through chaperone-mediated oligomerization of tau. J. Clin. Investig. 2013, 123, 4158-4169.
[CrossRef] [PubMed]

Giustiniani, J.; Chambraud, B.; Sardin, E.; Dounane, O.; Guillemeau, K.; Nakatani, H.; Paquet, D.; Kamah, A.; Landrieu, I;
Lippens, G.; et al. Immunophilin FKBP52 induces Tau-P301L filamentous assembly in vitro and modulates its activity in a model
of tauopathy. Proc. Natl. Acad. Sci. USA 2014, 111, 4584-4589. [CrossRef] [PubMed]

Giustiniani, J.; Guillemeau, K.; Dounane, O.; Sardin, E.; Huvent, I.; Schmitt, A.; Hamdane, M.; Buée, L.; Landrieu, I; Lippens, G.;
et al. The FK506-binding protein FKBP52 in vitro induces aggregation of truncated Tau forms with prion-like behavior. FASEB J.
2015, 29, 3171-3181. [CrossRef] [PubMed]

Criado-Marrero, M.; Gebru, N.T.; Blazier, D.M.; Gould, L.A.; Baker, ].D.; Beaulieu-Abdelahad, D.; Blair, L.J. Hsp90 co-chaperones,
FKBP52 and Ahal, promote tau pathogenesis in aged wild-type mice. Acta Neuropathol. Commun. 2021, 9, 65. [CrossRef] [PubMed]


https://doi.org/10.1097/CEJ.0000000000000752
https://www.ncbi.nlm.nih.gov/pubmed/35352705
https://doi.org/10.1038/nrendo.2017.64
https://www.ncbi.nlm.nih.gov/pubmed/28664919
https://doi.org/10.1038/s41583-021-00540-x
https://www.ncbi.nlm.nih.gov/pubmed/34893785
https://doi.org/10.1016/j.jad.2017.08.066
https://www.ncbi.nlm.nih.gov/pubmed/28850857
https://www.ncbi.nlm.nih.gov/pubmed/18188432
https://doi.org/10.1126/science.3140380
https://www.ncbi.nlm.nih.gov/pubmed/3140380
https://doi.org/10.2337/dc12-1801
https://www.ncbi.nlm.nih.gov/pubmed/23100048
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.2174/1874467208666150519114435
https://www.ncbi.nlm.nih.gov/pubmed/25986564
https://doi.org/10.1016/j.molmet.2019.09.003
https://www.ncbi.nlm.nih.gov/pubmed/31668388
https://doi.org/10.1038/s41467-017-01783-y
https://www.ncbi.nlm.nih.gov/pubmed/29170369
https://doi.org/10.1016/j.coph.2011.04.001
https://www.ncbi.nlm.nih.gov/pubmed/21530399
https://doi.org/10.1080/15548627.2021.1904489
https://www.ncbi.nlm.nih.gov/pubmed/34024231
https://doi.org/10.1093/hmg/ddl067
https://www.ncbi.nlm.nih.gov/pubmed/16600994
https://doi.org/10.1073/pnas.0914957107
https://www.ncbi.nlm.nih.gov/pubmed/20133804
https://doi.org/10.1007/s12038-011-9080-7
https://www.ncbi.nlm.nih.gov/pubmed/21799260
https://doi.org/10.1016/j.pneurobio.2010.10.006
https://www.ncbi.nlm.nih.gov/pubmed/21056617
https://doi.org/10.3233/JAD-2011-111895
https://doi.org/10.3389/fnins.2017.00724
https://doi.org/10.1523/JNEUROSCI.4815-09.2010
https://www.ncbi.nlm.nih.gov/pubmed/20071522
https://doi.org/10.1172/JCI69003
https://www.ncbi.nlm.nih.gov/pubmed/23999428
https://doi.org/10.1073/pnas.1402645111
https://www.ncbi.nlm.nih.gov/pubmed/24623856
https://doi.org/10.1096/fj.14-268243
https://www.ncbi.nlm.nih.gov/pubmed/25888602
https://doi.org/10.1186/s40478-021-01159-w
https://www.ncbi.nlm.nih.gov/pubmed/33832539

Cells 2024, 13, 801 13 of 15

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kolos, ].M; Voll, A M.,; Bauder, M.; Hausch, F. FKBP Ligands-Where We Are and Where to Go? Front. Pharmacol. 2018, 9, 1425.
[CrossRef] [PubMed]

Sinars, C.R.; Cheung-Flynn, J.; Rimerman, R.A.; Scammell, ].G.; Smith, D.E; Clardy, J. Structure of the large FK506-binding protein
FKBP51, an Hsp90-binding protein and a component of steroid receptor complexes. Proc. Natl. Acad. Sci. USA 2003, 100, 868-873.
[CrossRef] [PubMed]

Steele, TW.E.; Samso, M. The FKBP12 subunit modifies the long-range allosterism of the ryanodine receptor. J. Struct. Biol. 2019,
205, 180-188. [CrossRef] [PubMed]

Shou, W.; Aghdasi, B.; Armstrong, D.L.; Guo, Q.; Bao, S.; Charng, M.J.; Mathews, L.M.; Schneider, M.D.; Hamilton, S.L.; Matzuk,
M.M. Cardiac defects and altered ryanodine receptor function in mice lacking FKBP12. Nature 1998, 391, 489—492. [CrossRef]
Deleersnijder, A.; Van Rompuy, A.S.; Desender, L.; Pottel, H.; Buée, L.; Debyser, Z.; Baekelandt, V.; Gerard, M. Comparative
analysis of different peptidyl-prolyl isomerases reveals FK506-binding protein 12 as the most potent enhancer of alpha-synuclein
aggregation. J. Biol. Chem. 2011, 286, 26687-26701. [CrossRef] [PubMed]

Gerard, M.; Debyser, Z.; Desender, L.; Baert, ].; Brandt, I.; Baekelandt, V. Engelborghs YFK506 binding protein 12 differentially
accelerates fibril formation of wild type alpha-synuclein its clinical mutants A30P or, A.5.3.T. J. Neurochem. 2008, 106, 121-133.
[CrossRef] [PubMed]

Honjo, Y.; Ayaki, T.; Horibe, T.; Ito, H.; Takahashi, R.; Kawakami, K. FKBP12-immunopositive inclusions in patients with
alpha-synucleinopathies. Brain Res. 2018, 1680, 39-45. [CrossRef] [PubMed]

O’Leary, J.C., 3rd; Zhang, B.; Koren, J., 3rd; Blair, L.; Dickey, C.A. The role of FKBP5 in mood disorders: Action of FKBP5 on
steroid hormone receptors leads to questions about its evolutionary importance. CNS Neurol. Disord. Drug Targets. 2013, 12,
1157-1162. [PubMed]

Mendonca, M.S.; Mangiavacchi, PM.; Rios, A.EL. Regulatory functions of FKBP5 intronic regions associated with psychiatric
disorders. |. Psychiatr. Res. 2021, 143, 1-8. [CrossRef] [PubMed]

Roberts, S.; Keers, R.; Breen, G.; Coleman, J.R.; Johren, P.; Kepa, A.; Lester, K.J.; Margraf, J.; Scheider, S.; Teismann, T.; et al. DNA
methylation of FKBP5 and response to exposure-based psychological therapy. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2019,
180, 150-158. [CrossRef] [PubMed]

Flasbeck, V.; Brune, M. Association between childhood maltreatment, psychopathology and DNA methylation of genes involved
in stress regulation: Evidence from a study in Borderline Personality Disorder. PLoS ONE 2021, 16, €0248514. [CrossRef]

Lai, W,; Li, W.; Du, X.; Guo, Y.; Wang, W.; Guo, L.; Lu, C. Association Between Childhood Maltreatment, FKBP5 Gene Methylation,
and Anxiety Symptoms Among Chinese Adolescents: A Nested Case-Control Study. Front. Psychiatry 2022, 13,761898. [CrossRef]
[PubMed]

Appel, K,; Schwahn, C.; Mahler, J.; Schulz, A.; Spitzer, C.; Fenske, K.; Stender, ]J.; Barnow, S.; John, U.; Teumer, A.; et al.
Moderation of adult depression by a polymorphism in the FKBP5 gene and childhood physical abuse in the general population.
Neuropsychopharmacology 2011, 36, 1982-1991. [CrossRef] [PubMed]

Hernandez-Diaz, Y.; Gonzalez-Castro, T.B.; Tovilla-Zarate, C.A.; Juarez-Rojop, LE.; Lopez-Narvaez, M.L.; Perez-Hernandez, N.;
Rodriguez-Pérez, ].M.; Genis-Mendoza, A.D. Association between FKBP5 polymorphisms and depressive disorders or suicidal
behavior: A systematic review and meta-analysis study. Psychiatry Res. 2019, 271, 658-668. [CrossRef]

Saito, T.; Shinozaki, G.; Koga, M.; Tanichi, M.; Takeshita, S.; Nakagawa, R.; Nagamine, M.; Cho, H.R.; Morimoto, Y.; Kobayashi, Y.;
et al. Effect of interaction between a specific subtype of child abuse and the FKBP5 rs1360780 SNP on DNA methylation among
patients with bipolar disorder. . Affect. Disord. 2020, 272, 417-422. [CrossRef] [PubMed]

Cristobal-Narvdez, P.; Sheinbaum, T.; Rosa, A.; Ballespi, S.; de Castro-Catala, M.; Pefia, E.; Kwapil, T.R.; Barrantes-Vidal, N. The
Interaction between Childhood Bullying and the FKBP5 Gene on Psychotic-Like Experiences and Stress Reactivity in Real Life.
PLoS ONE 2016, 11, e0158809. [CrossRef] [PubMed]

Sheerin, C.M.; Lind, M.].; Bountress, K.E.; Marraccini, M.E.; Amstadter, A.B.; Bacanu, S.A.; Nugent, N.R. Meta-Analysis of
Associations Between Hypothalamic-Pituitary-Adrenal Axis Genes and Risk of Posttraumatic Stress Disorder. J. Trauma. Stress
2020, 33, 688-698. [CrossRef] [PubMed]

Rao, S.; Yao, Y.; Ryan, J.; Li, T.; Wang, D.; Zheng, C.; Xu, Y.; Xu, Q. Common variants in FKBP5 gene and major depressive disorder
(MDD) susceptibility: A comprehensive meta-analysis. Sci. Rep. 2016, 6, 32687. [CrossRef] [PubMed]

Yang, R.; Xu, C.; Bierer, L.M.; Flory, ].D.; Gautam, A.; Bader, H.N.; Lehrner, A.; Makotkine, I.; Desarnaud, F.; Miller, S.A;
et al. Longitudinal genome-wide methylation study of PTSD treatment using prolonged exposure and hydrocortisone. Transl.
Psychiatry. 2021, 11, 398. [CrossRef] [PubMed]

Zou, Y.E; Wang, E; Feng, X.L.; Li, WE,; Tao, ].H.; Pan, EM.; Huang, F; Su, H. Meta-analysis of FKBP5 gene polymorphisms
association with treatment response in patients with mood disorders. Neurosci. Lett. 2010, 484, 56-61. [CrossRef] [PubMed]
GrofSimann, N.L.; Weihs, A.; Kiihn, L.; Sauer, S.; Roh, S.; Wiechmann, T.; Rex-Haffner, M.; Volzke, H.; Volker, U.; Binder, E.B.; et al.
Methylation Patterns of the FKBP5 Gene in Association with Childhood Maltreatment and Depressive Disorders. Int. J. Mol. Sci.
2024, 25, 1485. [CrossRef] [PubMed]

Schiele, M. A.; Gottschalk, M.G.; Domschke, K. The applied implications of epigenetics in anxiety, affective and stress-related
disorders—A review and synthesis on psychosocial stress, psychotherapy and prevention. Clin. Psychol. Rev. 2020, 77, 101830.
[CrossRef] [PubMed]


https://doi.org/10.3389/fphar.2018.01425
https://www.ncbi.nlm.nih.gov/pubmed/30568592
https://doi.org/10.1073/pnas.0231020100
https://www.ncbi.nlm.nih.gov/pubmed/12538866
https://doi.org/10.1016/j.jsb.2018.12.007
https://www.ncbi.nlm.nih.gov/pubmed/30641143
https://doi.org/10.1038/35146
https://doi.org/10.1074/jbc.M110.182303
https://www.ncbi.nlm.nih.gov/pubmed/21652707
https://doi.org/10.1111/j.1471-4159.2008.05342.x
https://www.ncbi.nlm.nih.gov/pubmed/18346205
https://doi.org/10.1016/j.brainres.2017.12.012
https://www.ncbi.nlm.nih.gov/pubmed/29246765
https://www.ncbi.nlm.nih.gov/pubmed/24040820
https://doi.org/10.1016/j.jpsychires.2021.08.014
https://www.ncbi.nlm.nih.gov/pubmed/34433110
https://doi.org/10.1002/ajmg.b.32650
https://www.ncbi.nlm.nih.gov/pubmed/30334356
https://doi.org/10.1371/journal.pone.0248514
https://doi.org/10.3389/fpsyt.2022.761898
https://www.ncbi.nlm.nih.gov/pubmed/35185646
https://doi.org/10.1038/npp.2011.81
https://www.ncbi.nlm.nih.gov/pubmed/21654733
https://doi.org/10.1016/j.psychres.2018.12.066
https://doi.org/10.1016/j.jad.2020.03.120
https://www.ncbi.nlm.nih.gov/pubmed/32553385
https://doi.org/10.1371/journal.pone.0158809
https://www.ncbi.nlm.nih.gov/pubmed/27389186
https://doi.org/10.1002/jts.22484
https://www.ncbi.nlm.nih.gov/pubmed/32216170
https://doi.org/10.1038/srep32687
https://www.ncbi.nlm.nih.gov/pubmed/27601205
https://doi.org/10.1038/s41398-021-01513-5
https://www.ncbi.nlm.nih.gov/pubmed/34282125
https://doi.org/10.1016/j.neulet.2010.08.019
https://www.ncbi.nlm.nih.gov/pubmed/20709156
https://doi.org/10.3390/ijms25031485
https://www.ncbi.nlm.nih.gov/pubmed/38338761
https://doi.org/10.1016/j.cpr.2020.101830
https://www.ncbi.nlm.nih.gov/pubmed/32163803

Cells 2024, 13, 801 14 0of 15

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ziegler, C.; Richter, ].; Mahr, M.; Gajewska, A.; Schiele, M.A.; Gehrmann, A.; Schmidt, B.; Lesch, K.P; Lang, T.; Helbig-Lang,
S.; et al. MAOA gene hypomethylation in panic disorder-reversibility of an epigenetic risk pattern by psychotherapy. Transl.
Psychiatry 2016, 6, €773. [CrossRef] [PubMed]

Kumsta, R. The role of epigenetics for understanding mental health difficulties and its implications for psychotherapy research.
Psychol. Psychother. 2019, 92, 190-207. [CrossRef] [PubMed]

Niesink, R.J.; van Laar, M.W. Does Cannabidiol Protect Against Adverse Psychological Effects of THC? Front Psychiatry 2013, 4,
130. [CrossRef] [PubMed]

Zeng, ].; Xie, Z.; Chen, L.; Peng, X.; Luan, F; Hu, |.; Xie, H.; Liu, R.; Zeng, N. Rosmarinic acid alleviate CORT-induced depressive-
like behavior by promoting neurogenesis and regulating BDNF/TrkB/PI3K signaling axis. Biomed. Pharmacother. 2024, 170,
115994. [CrossRef]

Li, L,; Lou, Z.; Wang, L. The role of FKBP5 in cancer aetiology and chemoresistance. Br. . Cancer 2011, 104, 19-23. [CrossRef]
[PubMed]

Makkonen, H.; Kauhanen, M.; Paakinaho, V.; Jaaskelainen, T.; Palvimo, ].]. Long-range activation of FKBP51 transcription by the
androgen receptor via distal intronic enhancers. Nucleic Acids Res. 2009, 37, 4135-4148. [CrossRef] [PubMed]

Febbo, P.G.; Lowenberg, M.; Thorner, A.R.; Brown, M.; Loda, M.; Golub, T.R. Androgen mediated regulation and functional
implications of fkbp51 expression in prostate cancer. J. Urol. 2005, 173, 1772-1777. [CrossRef] [PubMed]

Jubb, A.W,; Boyle, S.; Hume, D.A; Bickmore, W.A. Glucocorticoid Receptor Binding Induces Rapid and Prolonged Large-Scale
Chromatin Decompaction at Multiple Target Loci. Cell Rep. 2017, 21, 3022-3031. [CrossRef] [PubMed]

Ni, L,; Yang, C.S.; Gioeli, D.; Frierson, H.; Toft, D.O.; Paschal, B.M. FKBP51 promotes assembly of the Hsp90 chaperone complex
and regulates androgen receptor signaling in prostate cancer cells. Mol. Cell Biol. 2010, 30, 1243-1253. [CrossRef] [PubMed]
Sen, R.; Baltimore, D. Multiple nuclear factors interact with the immunoglobulin enhancer sequences. Cell 1986, 46, 705-716.
[CrossRef] [PubMed]

Feigin, V.L.; Vos, T.; Alahdab, F; Amit, A M.L.; Barnighausen, TW.; Beghi, E.; Beheshti, M.; Chavan, P.P.; Criqui, M.H.; Desai, R,;
et al. Burden of Neurological Disorders Across the US From 1990-2017: A Global Burden of Disease Study. JAMA Neurol. 2021,
78,165-176. [PubMed]

Avellino, R.; Romano, S.; Parasole, R.; Bisogni, R.; Lamberti, A.; Poggi, V.; Venuta, S.; Romano, M.F. Rapamycin stimulates
apoptosis of childhood acute lymphoblastic leukemia cells. Blood 2005, 106, 1400-1406. [CrossRef] [PubMed]

Nitulescu, G.M.; Van De Venter, M.; Nitulescu, G.; Ungurianu, A.; Juzenas, P.; Peng, Q.; Olaru, O.T.; Gradinaru, D.; Tsatsakis, A.;
Tsoukalas, D.; et al. The Akt pathway in oncology therapy and beyond (Review). Int. ]. Oncol. 2018, 53, 2319-2331. [CrossRef]
[PubMed]

Pei, H.; Li, L.; Fridley, B.L.; Jenkins, G.D.; Kalari, K.R.; Lingle, W.; Petersen, G.; Lou, Z.; Wang, L. FKBP51 affects cancer cell
response to chemotherapy by negatively regulating Akt. Cancer Cell 2009, 16, 259-266. [CrossRef] [PubMed]

Cho, H.; My, J.; Kim, ]J.K.; Thorvaldsen, J.L.; Chu, Q.; Crenshaw, E.B., IIl.; Kaestner, K.H.; Bartolomei, M.S.; Shulman, G.I;
Birnbaum, M.]. Insulin resistance and a diabetes mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB beta).
Science 2001, 292, 1728-1731. [CrossRef] [PubMed]

Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical nodes in signalling pathways: Insights into insulin action. Nat. Rev. Mol. Cell
Biol. 2006, 7, 85-96. [CrossRef]

Padmanabhan, S.; Mukhopadhyay, A.; Narasimhan, S.D.; Tesz, G.; Czech, M.P.; Tissenbaum, H.A. A PP2A regulatory subunit
regulates C. elegans insulin/IGF-1 signaling by modulating AKT-1 phosphorylation. Cell 2009, 136, 939-951. [CrossRef] [PubMed]
Brognard, J.; Newton, A.C. PHLiPPing the switch on Akt and protein kinase C signaling. Trends Endocrinol. Metab. 2008, 19,
223-230. [CrossRef] [PubMed]

Vitale, L; Pietrocola, F.; Guilbaud, E.; Aaronson, S.A.; Abrams, ].M.; Adam, D.; Agostini, M.; Agostinis, P.; Alnemri, E.S.; Altucci, L.;
et al. Apoptotic cell death in disease-Current understanding of the NCCD 2023. Cell Death Differ. 2023, 30, 1097-1154. [PubMed]
Sidibeh, C.O.; Pereira, M.].; Abalo, X.M.; JBoersma, G.; Skrtic, S.; Lundkvist, P.; Katsogiannos, P.; Hausch, F.; Castillejo-Lopez, C.;
Eriksson, ].W. FKBP5 expression in human adipose tissue: Potential role in glucose and lipid metabolism, adipogenesis and type
2 diabetes. Endocrine 2018, 62, 116-128. [CrossRef] [PubMed]

Panagiotou, C.; Lambadiari, V.; Maratou, E.; Geromeriati, C.; Artemiadis, A.; Dimitriadis, G.; Moutsatsou, P. Insufficient
glucocorticoid receptor signaling and flattened salivary cortisol profile are associated with metabolic and inflammatory indices in
type 2 diabetes. J. Endocrinol. Investig. 2021, 44, 37-48. [CrossRef] [PubMed]

de Wilde, J.; Smit, E.; Mohren, R.; Boekschoten, M.V.; de Groot, P.; van den Berg, S.A.; Bijland, S.; Voshol, PJ.; van Dijk, KW.; de
Wit, N.W.,; et al. An 8-week high-fat diet induces obesity and insulin resistance with small changes in the muscle transcriptome of
C57BL/6] mice. . Nutrigenet Nutr. 2009, 2, 280-291. [CrossRef] [PubMed]

Willmer, T.; Goedecke, ].H.; Dias, S.; Louw, ].; Pheiffer, C. DNA methylation of FKBP5 in South African women: Associations with
obesity and insulin resistance. Clin. Epigenetics 2020, 12, 141. [CrossRef] [PubMed]

Ortiz, R; Joseph, ].].; Lee, R.; Wand, G.S.; Golden, S.H. Type 2 diabetes and cardiometabolic risk may be associated with increase
in DNA methylation of FKBP5. Clin. Epigenetics 2018, 10, 82. [CrossRef] [PubMed]

Hinds, T.D.; Stechschulte, L.A.; Elkhairi, F; Sanchez, E.R. Analysis of FK506, timcodar (VX-853) and FKBP51 and FKBP52
chaperones in control of glucocorticoid receptor activity and phosphorylation. Pharmacol. Res. Perspect. 2014, 2, 00076. [CrossRef]
[PubMed]


https://doi.org/10.1038/tp.2016.41
https://www.ncbi.nlm.nih.gov/pubmed/27045843
https://doi.org/10.1111/papt.12227
https://www.ncbi.nlm.nih.gov/pubmed/30924323
https://doi.org/10.3389/fpsyt.2013.00130
https://www.ncbi.nlm.nih.gov/pubmed/24137134
https://doi.org/10.1016/j.biopha.2023.115994
https://doi.org/10.1038/sj.bjc.6606014
https://www.ncbi.nlm.nih.gov/pubmed/21119664
https://doi.org/10.1093/nar/gkp352
https://www.ncbi.nlm.nih.gov/pubmed/19433513
https://doi.org/10.1097/01.ju.0000155845.44729.ba
https://www.ncbi.nlm.nih.gov/pubmed/15821585
https://doi.org/10.1016/j.celrep.2017.11.053
https://www.ncbi.nlm.nih.gov/pubmed/29241532
https://doi.org/10.1128/MCB.01891-08
https://www.ncbi.nlm.nih.gov/pubmed/20048054
https://doi.org/10.1016/0092-8674(86)90346-6
https://www.ncbi.nlm.nih.gov/pubmed/3091258
https://www.ncbi.nlm.nih.gov/pubmed/33136137
https://doi.org/10.1182/blood-2005-03-0929
https://www.ncbi.nlm.nih.gov/pubmed/15878982
https://doi.org/10.3892/ijo.2018.4597
https://www.ncbi.nlm.nih.gov/pubmed/30334567
https://doi.org/10.1016/j.ccr.2009.07.016
https://www.ncbi.nlm.nih.gov/pubmed/19732725
https://doi.org/10.1126/science.292.5522.1728
https://www.ncbi.nlm.nih.gov/pubmed/11387480
https://doi.org/10.1038/nrm1837
https://doi.org/10.1016/j.cell.2009.01.025
https://www.ncbi.nlm.nih.gov/pubmed/19249087
https://doi.org/10.1016/j.tem.2008.04.001
https://www.ncbi.nlm.nih.gov/pubmed/18511290
https://www.ncbi.nlm.nih.gov/pubmed/37100955
https://doi.org/10.1007/s12020-018-1674-5
https://www.ncbi.nlm.nih.gov/pubmed/30032404
https://doi.org/10.1007/s40618-020-01260-2
https://www.ncbi.nlm.nih.gov/pubmed/32394161
https://doi.org/10.1159/000308466
https://www.ncbi.nlm.nih.gov/pubmed/20588053
https://doi.org/10.1186/s13148-020-00932-3
https://www.ncbi.nlm.nih.gov/pubmed/32958048
https://doi.org/10.1186/s13148-018-0513-0
https://www.ncbi.nlm.nih.gov/pubmed/29951131
https://doi.org/10.1002/prp2.76
https://www.ncbi.nlm.nih.gov/pubmed/25505617

Cells 2024, 13, 801 150f 15

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Stechschulte, L.A.; Qiu, B.; Warrier, M.; Hinds, T.D., Jr.; Zhang, M.; Gu, H.; Xu, Y.; Khuder, S.S.; Russo, L.; Najjar, S.M.; et al.
FKBP51 Null Mice Are Resistant to Diet-Induced Obesity and the PPARgamma Agonist Rosiglitazone. Endocrinology 2016, 157,
3888-3900. [CrossRef] [PubMed]

Smedlund, K.B.; Sanchez, E.R.; Hinds, T.D., Jr. FKBP51 and the molecular chaperoning of metabolism. Trends Endocrinol. Metab.
2021, 32, 862-874. [CrossRef] [PubMed]

Suarez, A.; Lahti, J.; Kajantie, E.; Eriksson, J.G.; Raikkonen, K. Early Life Stress, FKBP5 Polymorphisms, and Quantitative
Glycemic Traits. Psychosom. Med. 2017, 79, 524-532. [CrossRef] [PubMed]

Malekpour, M.; Shekouh, D.; Safavinia, M.E.; Shiralipour, S.; Jalouli, M.; Mortezanejad, S.; Azarpira, N.; Ebrahimi, N.D. Role of
FKBP5 and its genetic mutations in stress-induced psychiatric disorders: An opportunity for drug discovery. Front. Psychiatry
2023, 14, 1182345. [CrossRef] [PubMed]

Hartmann, J.; Wagner, K.V,; Liebl, C.; Scharf, S.H.; Wang, X.D.; Wolf, M.; Hausch, E,; Rein, T.; Schmidt, U.; Touma, C.; et al. The
involvement of FK506-binding protein 51 (FKBP5) in the behavioral and neuroendocrine effects of chronic social defeat stress.
Neuropharmacology 2012, 62, 332-339. [CrossRef] [PubMed]

Codagnone, M.G.; Kara, N.; Ratsika, A.; Levone, B.R.; van de Wouw, M.; Tan, L.A.; Cunningham, J.I.; Sanchez, C.; Cryan, J.E,;
O’Leary, O.E. Inhibition of FKBP51 induces stress resilience and alters hippocampal neurogenesis. Mol. Psychiatry 2022, 27,
4928-4938. [CrossRef] [PubMed]

Lee, R.S.; Tamashiro, K.L.; Yang, X.; Purcell, R.H.; Harvey, A.; Willour, V.L.; Huo, Y.; Rongione, M.; Wand, G.S.; Potash, ].B. Chronic
corticosterone exposure increases expression and decreases deoxyribonucleic acid methylation of Fkbp5 in mice. Endocrinology
2010, 151, 4332-4343. [CrossRef] [PubMed]

Yusupov, N.; Roeh, S.; Sotillos Elliott, L.; Chang, S.; Loganathan, S.; Urbina-Trevifio, L.; Frohlich, A.S.; Sauer, S.; Kodel, M.;
Matosin, N.; et al. DNA methylation patterns of FKBP5 regulatory regions in brain and blood of humanized mice and humans.
Mol. Psychiatry 2024. [CrossRef]

Klinger-Konig, J.; Hertel, J.; Van der Auwera, S.; Frenzel, S.; Pfeiffer, L.; Waldenberger, M.; Golchert, J.; Teumer, A.; Nauck, M.;
Homuth, G,; et al. Methylation of the FKBP5 gene in association with FKBP5 genotypes, childhood maltreatment and depression.
Neuropsychopharmacology 2019, 44, 930-938. [CrossRef] [PubMed]

Li, H,; Su, P; Lai, TK; Jiang, A.; Liu, J.; Zhai, D.; Campbell, C.T.; Lee, FH.; Yong, W. The glucocorticoid receptor-FKBP51 complex
contributes to fear conditioning and posttraumatic stress disorder. J. Clin. Investig. 2020, 130, 877-889. [CrossRef] [PubMed]
Buffa, V.; Knaup, EH.; Heymann, T.; Springer, M.; Schmidt, M.V.; Hausch, F. Analysis of the Selective Antagonist SAFit2 as a
Chemical Probe for the FK506-Binding Protein 51. ACS Pharmacol Transl Sci. 2023, 6, 361-371. [CrossRef] [PubMed]

De Leon, ].T.; Iwai, A.; Feau, C.; Garcia, Y.; Balsiger, H.A.; Storer, C.L.; Suro, R-M.; Garza, KM,; Lee, S.; Sang Kim, Y.; et al.
Targeting the regulation of androgen receptor signaling by the heat shock protein 90 cochaperone FKBP52 in prostate cancer cells.
Proc. Natl. Acad. Sci. USA 2011, 108, 11878-11883. [CrossRef] [PubMed]

Maeda, K.; Habara, M.; Kawaguchi, M.; Matsumoto, H.; Hanaki, S.; Masaki, T.; Sato, Y.; Matsuyama, H.; Kunieda, K.; Nakagawa,
H.; et al. FKBP51 and FKBP52 regulate androgen receptor dimerization and proliferation in prostate cancer cells. Mol. Oncol.
2022, 16, 940-956. [CrossRef] [PubMed]

Periyasamy, S.; Warrier, M.; Tillekeratne, M.P,; Shou, W.; Sanchez, E.R. The immunophilin ligands cyclosporin A and FK506
suppress prostate cancer cell growth by androgen receptor-dependent and -independent mechanisms. Endocrinology 2007, 148,
4716-4726. [CrossRef]

Voll, A.M.; Meyners, C.; Taubert, M.C.; Bajaj, T.; Heymann, T.; Merz, S.; Charalampidou, A.; Kolos, J.; Purder, P.L.; Geiger, TM.;
et al. Macrocyclic FKBP51 Ligands Define a Transient Binding Mode with Enhanced Selectivity. Angew. Chem. Int. Ed. Engl. 2021,
60, 13257-13263. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1210/en.2015-1996
https://www.ncbi.nlm.nih.gov/pubmed/27442117
https://doi.org/10.1016/j.tem.2021.08.003
https://www.ncbi.nlm.nih.gov/pubmed/34481731
https://doi.org/10.1097/PSY.0000000000000439
https://www.ncbi.nlm.nih.gov/pubmed/27941579
https://doi.org/10.3389/fpsyt.2023.1182345
https://www.ncbi.nlm.nih.gov/pubmed/37398599
https://doi.org/10.1016/j.neuropharm.2011.07.041
https://www.ncbi.nlm.nih.gov/pubmed/21839098
https://doi.org/10.1038/s41380-022-01755-9
https://www.ncbi.nlm.nih.gov/pubmed/36104438
https://doi.org/10.1210/en.2010-0225
https://www.ncbi.nlm.nih.gov/pubmed/20668026
https://doi.org/10.1038/s41380-024-02430-x
https://doi.org/10.1038/s41386-019-0319-6
https://www.ncbi.nlm.nih.gov/pubmed/30700816
https://doi.org/10.1172/JCI130363
https://www.ncbi.nlm.nih.gov/pubmed/31929189
https://doi.org/10.1021/acsptsci.2c00234
https://www.ncbi.nlm.nih.gov/pubmed/36926456
https://doi.org/10.1073/pnas.1105160108
https://www.ncbi.nlm.nih.gov/pubmed/21730179
https://doi.org/10.1002/1878-0261.13030
https://www.ncbi.nlm.nih.gov/pubmed/34057812
https://doi.org/10.1210/en.2007-0145
https://doi.org/10.1002/anie.202017352

	Introduction 
	The FKBP5/FKBP4 Genes and Their Products FKBP51/52, Respectively 
	Complex Disorders, Stress, and FKBP5 and Its Products 
	Neuropsychiatric Diseases 
	Type 2 Diabetes Mellitus (T2DM) 
	Cancer 

	Methods 
	Involvement of FKBP5/FKBP51 in Neuropsychiatric Diseases 
	Neurological Disorders 
	Huntington’s Disease (HD) 
	Alzheimer’s Disease (AD) 
	Parkinson’s Disease (PD) 

	Mental Disorders 
	Involvement of FKBP5/FKBP51 in Cancer 
	The FKBP51–Hsp90–p23 Super-Chaperone Complex 
	FKBP51 Regulation of the NF-B Pathway 
	FKBP51 as a Negative Regulator of the AKt Pathway 

	Involvement of FKBP5/FKBP51 in T2DM 

	Conclusions 
	References

