
Review
Focus on FKBP51: A molecular link between
stress and metabolic disorders
Alexander S. Häusl 1,*, Georgia Balsevich 2, Nils C. Gassen 3,4, Mathias V. Schmidt 1,**
ABSTRACT

Background: Obesity, Type 2 diabetes (T2D) as well as stress-related disorders are rising public health threats and major burdens for modern
society. Chronic stress and depression are highly associated with symptoms of the metabolic syndrome, but the molecular link is still not fully
understood. Furthermore, therapies tackling these biological disorders are still lacking. The identification of shared molecular targets underlying
both pathophysiologies may lead to the development of new treatments. The FK506 binding protein 51 (FKBP51) has recently been identified as a
promising therapeutic target for stress-related psychiatric disorders and obesity-related metabolic outcomes.
Scope of the review: The aim of this review is to summarize current evidence of in vitro, preclinical, and human studies on the stress responsive
protein FKBP51, focusing on its newly discovered role in metabolism. Also, we highlight the therapeutic potential of FKBP51 as a new treatment
target for symptoms of the metabolic syndrome.
Major conclusions: We conclude the review by emphasizing missing knowledge gaps that remain and future research opportunities needed to
implement FKBP51 as a drug target for stress-related obesity or T2D.
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1. INTRODUCTION

Homeostatic mechanisms govern the stress response, energy balance,
and glucose homeostasis in order to maintain a dynamic equilibrium
following internal or external challenges [1]. This requires a complex
physiological response (involving multiple organ systems) to sense,
integrate, and respond to changes in the environment. Interestingly,
regulation of these homeostatic systems relies on many shared
environmental and genetic factors, whereby manipulation of one factor
can simultaneously influence stress-coping behaviors, body weight,
and blood glucose. Identification of such shared factors may prove
beneficial in treating stress-related comorbidities such as psychiatric
disorders, obesity, and T2D. In this context, FKBP51 has recently been
identified as a promising therapeutic target for the treatment of stress-
related psychiatric disorders [2,3] and obesity-related metabolic out-
comes [4]. In this review, we first summarize key physiological
mechanisms orchestrating the interplay of the body’s stress response,
energy balance, and glucose homeostasis, without giving an
exhaustive overview (the reader is referred to in-depth reviews at each
section). In the main part, we summarize and discuss the newly
discovered role of FKBP51 in metabolism and highlighting its thera-
peutic potential for metabolic diseases.
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1.1. The stress response
The stress response refers to the repertoire of physiological and
behavioral reactions that arise in response to a stressor [5]. By definition,
a stressor is any threat, real or perceived, to homeostasis. Therefore,
stressors can either be physical in nature, such as metabolic stressors
(fasting, physical activity) or psychogenic in nature, such as social stress
or predator exposure. Although different types of stressors activate
different brain networks, they all converge to stimulate the sym-
pathoadrenomedullary (SAM) system and the hypothalamic-pituitary-
adrenal (HPA) axis. The sympathetic nervous system comprises the
most immediate physiological response involving direct catecholamin-
ergic innervation of peripheral organs, including the adrenal medulla,
which releases catecholamines into systemic circulation. Activation of
the SAM system represents the “fight or flight” response, characterized
by increased heart rate and respiration, redirection of blood flow away
from digestive and reproductive organs, and mobilization of energy
stores. Indeed, activation of the sympathetic nervous system has
important metabolic effects. For example, increased sympathetic drive to
white adipose tissue (WAT) and brown adipose tissue (BAT) recruits
brown adipocytes and furthermore mobilizes free fatty acids [6e9].
Similarly, increased sympathetic drive enhances glycogenolysis and
glucose output in the liver [10].
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The HPA axis mediates the slower, sustained response to a certain
stressor. Activation of the HPA axis involves the release of
corticotropin-releasing hormone (CRH) and arginine-vasopressin (AVP)
from parvocellular neurons within the hypothalamic paraventricular
nucleus (PVN) into the hypophyseal portal blood system, which bridges
the hypothalamus and anterior part of the pituitary gland. At the pi-
tuitary gland, CRH and AVP stimulate the release of adrenocorticotropic
hormone (ACTH) into systemic circulation (reviewed by [5]). In turn,
ACTH stimulates the secretion of glucocorticoids (GCs) from the ad-
renal cortex. GCs (cortisol in humans or corticosterone in rodents) are
recognized as the major end products of the HPA axis, which subse-
quently act on multiple organs to modulate the effects of a wide range
of physiological processes. GCs exert their effects through type I
mineralocorticoid receptors (MRs) and type II glucocorticoid receptors
(GRs), which present distinct binding affinities for GCs and distinct
distribution profiles [11]. MRs have a higher affinity for GCs than GRs,
and as a consequence GRs are only activated in response to stress or
at the GC circadian peak [12]. Through GRs, GCs are involved in a
negative feedback circuit whereby they operate at different levels of
the HPA axis and at higher brain centers to terminate the stress
response [5]. Furthermore, in terms of metabolic regulation, GR
signaling is known to favor food intake, promote gluconeogenesis in
the liver, protein degradation and amino acid mobilization in muscle,
and lipolysis in fat [13e16]. Taken together, SAM activation coupled to
GC actions favors processes that increase the availability of circulating
energy stores.

1.2. Energy balance
Energy balance refers to the dynamic equilibrium between energy
input and output. Body weight maintenance is a tightly regulated ho-
meostatic system balancing energy input and output. This balance is
subject to multiple levels of regulation involving complex, redundant
mechanisms comprising thousands of genes and multiple organs and
involving both hormonal and neuronal signaling networks. Especially,
the proper communication between the brain, adipose tissue, and
muscle tissue via hormones, like insulin and leptin, is essential for a
healthy energy status. Further, interactions between environmental
cues (diet, physical activity, stress exposure) and genetic factors
determine individual susceptibility to gain weight as a result of
diverging changes to components of energy intake or expenditure.

1.2.1. Energy intake
Energy intake refers to the caloric gain through ingestion of carbo-
hydrates, fat, and protein. Two complementary drives regulate energy
input: homeostatic and non-homeostatic pathways [17]. Whereas
homeostatic pathways increase the motivation to eat in response to
energy deficits, non-homeostatic pathways are able to override ho-
meostatic pathways to favor consumption beyond metabolic needs.
Non-homeostatic feeding relates to the rewarding properties of food.
As a natural reward, palatable foods activate the brain’s reward sys-
tem, notably the mesocorticolimbic circuit, in which dopaminergic
neurons originating in the ventral tegmental area (VTA) send pro-
jections to various regions including the nucleus accumbens (NAc).
Activation of mesolimbic dopamine neurons is associated with
increased motivation to obtain not only food rewards but also drugs of
abuse. For homeostatic control of feeding, primary central pathways
interact with peripheral pathways via metabolic signaling molecules.
Several nuclei in the brain, primarily situated in the hypothalamus and
the brainstem integrate information from circulating hormones about
peripheral energy levels [18]. Leptin and insulin are two major hor-
mones which inform the brain about recent changes in the metabolic
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status [19]. Leptin is secreted proportional to body fat mass from
adipocytes and reduces food intake and increases energy expenditure
[20]. Insulin, secreted from the pancreas, also correlates with body
weight and adiposity and acts as a negative feedback control for
adiposity [21e23]. Both hormones reflect the energy status within the
periphery, subsequently signaling to the brain to mount an appropriate
response. In particular, the arcuate nucleus of the hypothalamus (ARC)
is a key region to translate the hormonal signals into behavioral re-
sponses (i.e., eating). The ARC contains two main neuronal populations
regulating feeding, the neuropeptide Y (NPY)/agouti related peptide
(AGRP) expressing neurons and the proopiomelanocortin (POMC)/
cocaine and amphetamine related transcript (CART) neurons. These
neurons are able to sense a broad range of nutrient and hormonal
signals (nutrients, insulin, and leptin), and their responses change
according to the energy state [24,25].

1.2.2. Energy expenditure
Energy expenditure comprises the energy needed to maintain normal
body functions and consists of obligatory energy expenditure, physical
activity, and adaptive thermogenesis [26]. While obligatory energy
expenditure (referring to the energy required for core body functions) is
relatively fixed, adaptive thermogenesis (processes that dissipate en-
ergy as heat to maintain body temperature) is highly variable and is
sensitive to environmental (e.g. cold temperature exposure and
persistent organic pollutants [27]) and genetic factors, like mutations in
genes sequences (e.g. leptin or the leptin receptor [28]). In mammals,
there are two major types of adipose tissue, BAT and WAT, which are
both structurally and functionally distinct [29]. Whereas WAT primarily
acts as a storage site for lipids, BAT functions as a thermogenic tissue,
dissipating energy as heat to mediate non-shivering thermogenesis.
Although traditionally viewed as a function of BAT, adaptive thermo-
genesis is additionally governed by white adipocyte transdifferentiation
into beige adipocytes, in a process referred to as ‘browning.’ The
expression of UCP1 (uncoupling protein 1) in BAT mediates non-
shivering thermogenesis through its ability to separate fatty acid
oxidation from ATP synthesis [30]. Consequently, adipocytes in BAT
have a relatively high metabolic rate. Inducible ‘brown-like’ adipocytes
(beige cells) can be formed in WAT in response to various stimuli. Since
there is a negative correlation between body mass index (BMI) and the
activities of brown and beige cells, recruitment and/or activation of BAT
holds promise for the treatment of metabolic diseases.

1.3. Glucose homeostasis
Glucose homeostasis refers to the hormonal and neural regulatory
mechanisms that maintain blood glucose levels within a very narrow
range. In healthy individuals, the body regulates glucose release and
production in order to ensures sufficient glucose flux to meet the
demands of the body [23]. The proper control of glucose homeostasis
requires the synchronized actions of several organ systems, including
but not limited to, the brain, liver, skeletal muscle, and adipose tissue
[23,31]. The multiple mechanism regulating glucose metabolism are
complex and tightly regulated by hormones, like insulin and leptin, and
their impact on glucose homeostasis are in detail reviewed elsewhere
[31]. Interestingly, blood glucose levels are highly influenced by GCs
the main hormones released after a stressful event. For instance, GCs
increase glucose production in the liver by stimulating hepatic gluco-
neogenesis [14]. Additionally, GCs decrease glucose utilization and
uptake in skeletal muscle and WAT [32]. Indeed, energy and glucose
homeostasis are intimately connected since both systems respond to
changes in energy stores and availability. Accordingly, they share
many common regulatory pathways.
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Figure 1: (A) Overview of important sites of metabolism related FKBP51 expression, including brain, adrenals, muscle, and fat tissue. (B) Schematic representation of the protein
domain structure of the large immunophilins FKBP51 and FKBP52. FK1 and FK2 ¼ FK506 binding domain. TPR ¼ tetratricopeptide repeat domain.
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1.4. Interplay between stress and metabolic regulation
Chronic stress is a major risk factor for obesity and metabolic-related
diseases, highlighting the complementary biology between stress and
metabolic regulation [33]. Yet the relationship between stress and
energy metabolism is highly complex, exemplified by diverging
metabolic outcomes in response to stress. For example, in response to
stress, some individuals increase feeding and body weight whereas
others decrease feeding and lose weight. Moreover, stress-induced
hyperphagia is not necessarily followed by an increase in body
weight, suggesting that mechanisms regulating energy expenditure
are activated simultaneously. Such conflicting responses to stress
indicate that opposing metabolic drives respond to stress. Specifically,
GCs, the end products of the HPA axis, affect energy intake and
expenditure to favor a positive energy balance [34]. In contrast,
sympathetically-activated b-adrenergic receptors increase energy
expenditure via activation of thermogenesis in BAT in order to favor a
negative energy balance [26,35], a process that is suppressed by GCs
[36,37]. Therefore, stress promotes body weight gain when hyper-
phagia prevails. However, in the presence of stress-induced hypo-
phagia or when BAT recruitment dominates, weight loss results
(reviewed by [38]). Despite clear effects of stress on metabolic out-
comes, only a few molecular mediators at the interface between stress
and metabolic regulation are yet discovered [39,40]. However, the
complex interactions remain poorly defined. Here, we suggest that
FKBP51 may also represent a molecular link between stress and
metabolic pathways.

2. THE FK506 BINDING PROTEIN 51 IS A CO-CHAPERONE
WITH MULTIPLE INTERACTION SITES

FKBP51 (encoded by the FKBP5 gene) is a 51-kDa protein and a
member of the immunophilin family, which is able to bind the im-
munosuppressants rapamycin and FK506 [41]. Unlike the lower mo-
lecular weight members, FKBP51 does not initiate the
immunosuppression activity of FK506 [42,43]. Rather, FKBP51 is well
established as a heatshock protein 90 kDa (HSP90)-associated co-
172 MOLECULAR METABOLISM 29 (2019) 170e181 � 2019 The Authors. Published by Elsevier GmbH. T
chaperone, regulating steroid hormone receptor signaling. FKBP51
negatively regulates the GR by reducing GC-binding, delaying nuclear
translocation, and thereby decreasing GR-dependent transcriptional
activity [44e47]. Its effects on GR signaling have important implica-
tions for the regulation of the stress response since GRs mediate the
termination of the stress response. In fact, higher levels of FKBP5
mRNA are associated with higher levels of circulating cortisol and
reduced negative feedback inhibition of the stress response
[44,46,48e50]. Through its regulation of GR sensitivity for hormone
binding, FKBP51 is perfectly positioned to modulate stress-related
metabolic outcomes that are mediated through GCs. Equally impor-
tant, however, is that FKBP51 expression in turn is induced by GR
activation itself, representing an ultra-short, negative feedback loop
regulating GR sensitivity [51].
FKBP51 shares high protein domain structure homology to FKBP52
[43]. Both proteins contain two domains located N-terminally (FK1,
FK2) with homology to FKBP12 (Figure 1). Only the FK1-domain (FK506
binding domain) interacts with the immunosuppressant drug tacroli-
mus (FK506). The FK1-domain of FKBP51 and FKBP52 is enzymatically
active in catalyzing the isomerization of peptidyl-prolyl bonds of model
peptides [52]. This domain has been shown to be the main determi-
nant for the divergent impact of FKBP51 and FKBP52 on GR function
[47,53]. While the FK1 domain is important for GR regulation, its
biochemical activity is not [54]. To modulate GR function, the FK1-
domain as well as the HSP90-binding TPR (tetratricopeptide repeat)
domain are essential. The C-terminal TPR-domain is conserved in both
FKBP51 and FKBP52 and enables binding to the EEVD motif at the C-
terminus of HSP90 [55]. Moreover, through its scaffolding function,
FKBP51 is known to regulate NF-kB, Akt1&2, GSK3b, calcineurin/
NFAT, DNMT1, and autophagic signaling pathways [4,56e61].
FKBP51 and FKBP52 have distinct expression profiles and may
therefore exert tissue- and cell type-specific effects [62, www.
proteinatlas.org]. Importantly, when both proteins are expressed in
the same cells they may have opposite functions, as already shown in
the context of GR signalling [63,64]. It is therefore of high importance
to differentiate between FKBP51- and FKBP52-mediated effects, an
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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issue that is most crucial when it comes to pharmacological manip-
ulations (see section 4).
Given the significant interplay between diverse signaling pathways
involved in the regulation of homeostatic systems, FKBP51 may be well
positioned to mediate the crosstalk between stress and metabolic
systems. As a stress-responsive gene, FKBP5 is able to sense changes
in the environment and respond accordingly, which is a defining
feature of any metabolic regulatory pathway. In the following sections,
we provide accumulated evidence that FKBP51 is an important
regulator of whole-body energy and glucose homeostasis through its
regulation of diverse signaling modalities. Further, we discuss the
possible relevance of targeting FKBP51 for the treatment of stress-
mediated pathophysiology.

2.1. FKBP51 shows its highest expression in muscle and adipose
tissue
FKBP51 is broadly expressed in the mammalian body (Figure 1).
Nevertheless, there are tremendous differences in FKBP51 expression
across various tissues, with a high expression in metabolically relevant
tissues in the periphery [65]. According to online gene banks and
recent publications, FKBP51 shows its strongest expression in human
adipocytes, skeletal muscle and lymphocytes [66]. The hippocampus
and the amygdala, two central regions controlling the stress response
and anxiety-related behaviors, show the highest expression of FKBP51
in the brain, especially after acute stress exposure [67]. Interestingly,
FKBP51 is also highly expressed and regulated in control centers of
whole-body metabolism, namely the ventromedial hypothalamic
nuclei, ARC, PVN, and the nucleus of the solitary tract. Although the
importance of tissue and nuclei specific actions of FKBP51 is
increasingly recognized, to-date only limited data are available.

2.2. Human FKBP51 is associated with T2D and markers of insulin
resistance
In humans, the FKBP5 gene is mostly associated with gene x early life
interactions [68] that are described to predict the adult risk to develop
psychiatric disorders, such as depression and posttraumatic stress
disorders [69,70]. Currently, there are only a few studies focusing on
the link between FKBP51 and metabolic disorders. However, recent
studies revealed new data on the co-chaperone’s function in meta-
bolism. The first study investigating the effects of FKBP51 expression
in adipose tissue on metabolism was led by Eriksson and colleagues in
2014 [66]. The authors nicely showed that dexamethasone, a potent
GR agonist, acts as a direct regulator of FKBP51 in subcutaneous and
omental adipose tissue. Furthermore, they identified SNPs within the
human FKBP5 gene that were associated with T2D. They further
proposed that the endogenous expression of FKBP5 in adipose tissue
correlates positively with markers of insulin resistance. Finally, the
authors suggest that SNPs within the FKBP5 gene may be linked to the
susceptibility to develop insulin resistance and dyslipidemia. In a
follow-up study with a larger and more diverse cohort, Sidibeh and
colleagues provided further evidence that FKBP5 gene expression is
linked to insulin resistance [71]. They revealed that FKBP5 negatively
correlates with genes regulating adipogenesis, suggesting that human
FKBP51 might be involved in adipocyte differentiation. These results
are in line with preclinical results underpinning a regulatory role of
FKBP51 in adipogenesis [72]. However, in humans it is not yet known
whether this link is caused by changes in FKBP51 protein levels.
Hence, it would be very interesting to include the changes in FKBP51
protein level as a parameter in future studies. In fact, results from
animal studies suggest that loss of FKBP51 function leads to a better
health status under high-fat diet conditions [4,73].
MOLECULAR METABOLISM 29 (2019) 170e181 � 2019 The Authors. Published by Elsevier GmbH. This is an open
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Also, a study by Ortiz and colleagues reported an association between
FKBP5 intronic methylation and a risk of cardiovascular disease in T2D
patients [68]. In this study, the authors investigated the methylation of
FKBP5 at intron 2 in T2D patients only. Despite the limitations of a
small cohort size and the lack of a control group, the results suggest
that FKBP5 methylation at intron 2 is a marker for increased cardio-
vascular risk in T2D [68]. Another study demonstrated that intronic
DNA methylation of FKBP5 at intron 2 and 7 is significantly lower in
patients suffering from Cushing’s Syndrome compared to the controls,
which in turn leads to a higher gene expression and subsequently
results in GC resistance [74].
Whereas the above mentioned studies could not find any correlation of
FKBP5 and body weight, a study by Hartmann and colleagues showed
that the SNP rs1360780 within the FKBP5 gene is associated with
reduced weight loss following bariatric surgery [75]. Taken together, the
few existing studies in human cohorts suggest a role of FKBP5 in the
development of metabolic disorders. However, additional clinical studies,
with greater sample sizes, are required to solidify the current findings.
Moreover, it is necessary to study broader population groups in order to
characterize the association between stress and metabolic disorders.

2.3. Preclinical studies show a beneficial effect of FKBP51 loss in
mice
In parallel to human studies of SNPs within the FKBP5 gene, FKBP51
has been heavily researched in preclinical studies. Until now, the main
focus of FKBP51 research in vivo has primarily examined the stress
response, stress-related disorders, and cancer. Yet as early as 2012
two papers had reported that FKBP51 knockout (KO) mice are leaner
than their littermates under normal chow diet [76,77]. These findings
initiated the first studies examining FKBP51 within the context of
metabolism. In 2014, a study from the Schmidt lab examined the
interaction between chronic stress and obesity [78]. Despite the
findings that chronic stress induces hyperphagia and weight loss, the
results showed a positive correlation between FKBP5 mRNA and body
weight gain as well as food intake. Thus, the study was the first to
suggest FKBP51 as a link between stress-related disorders and the
metabolic syndrome. A few years later, two independent research
groups showed that FKBP51 null mice are resistant against high fat
diet-induced weight gain and adiposity and showed improved glucose
tolerance and increased energy expenditure [4,73]. In both cases,
genetic deletion of FKBP51 had no effect on food intake. Interestingly,
while both studies observed the same body weight phenotype, they
discovered independent pathways through which FKBP51 influences
body weight. Stechschulte and colleagues identified FKBP51 as a
regulator of adipocyte differentiation, in which loss of FKBP51 triggers
browning in white adipose tissue. They showed that FKBP51 KO ani-
mals have a reduced PPARg activity and increased expression of
markers of browning, (i.e. UCP-1 and PRDM16) in WAT [73]. Alter-
nately, our own study demonstrated that FKBP51 acts through AKT2-
AS160 signaling to regulate glucose uptake specifically in muscle
tissue. Furthermore, our study was the first to present that treatment
with a selective FKBP51 antagonist, SAFit2, improves the metabolic
health of obese mice. Interestingly, while FKBP51 is also expressed
and regulated in metabolic brain centers, its role in those centers is so
far unexplored, leaving many directions for researchers to pursue.

3. MOLECULAR REGULATION OF METABOLIC PATHWAYS BY
FKBP51

As introduced above, FKBP51 is mainly characterized as a co-
chaperone of the HSP90 complex in order to regulate the ultra-short
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 173
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Review
negative feedback loop involved in terminating the stress response.
However, FKBP51 has many more interaction partners like AKT,
Beclin1 and NF-kB. In the following paragraphs, we will show that
many of FKBP51’s interacting partners are involved in essential
metabolic pathways, underpinning FKBP51 as a potential new thera-
peutic target for metabolic diseases (Figure 2).

3.1. FKBP51 regulates glucose uptake in muscle tissue
The AKT protein family consists of three related isoforms, AKT1, AKT2,
and AKT3. All members share a high degree of homology, each con-
taining a N-terminal pleckstrin homology (PH) domain, a kinase
domain, and a hydrophobic motif at the C-terminus [79]. However,
each isoform differs in its tissue expression levels. Whereas AKT1 is
widely distributed across tissues and recognized for its role in cell
growth and survival [80,81], AKT2 is largely restricted to insulin
sensitive tissues, fat and muscle, where it contributes to the regulation
of glucose homeostasis [82,83]. AKT3 expression is mainly limited to
the testis and brain [84].
As a key downstream target of phosphoinositide-3 kinase (PI3K), many
cytokines and growth factors, including insulin, activate AKT signaling.
Briefly, PI3K converts phosphatidylinositol-4,5-bisphosphate (PIP2)
into phosphatidylinositol-3,4,5-trisphosphate (PIP3), which subse-
quently acts as a binding site for PH domain proteins, including AKT
and PDK1 (3-phosphoinositide-dependent protein kinase 1). At the
plasma-membrane, PDK1 phosphorylates the activation loop of Akt at
Thr308 [85]. For maximal activation, AKT is also phosphorylated at
Ser473 (AKT2 Ser474) in the hydrophobic motif [86] by mTORC2 [87].
Once activated, AKT phosphorylates a plethora of downstream targets
to regulate metabolism, cell proliferation, and cell survival [79]. To
inactivate AKT signaling, protein phosphatase 2 (PP2) and PH domain
leucine-rich repeat phosphatase (PHLPP) dephosphorylate Thr308 and
Ser473, respectively [88,89]. Two isoforms of PHLPP (PHLPP1 and
PHLPP2) exist, and while both dephosphorylate Ser473 (or Ser474 at
Figure 2: Schematic representation of important metabolism-related cellular signaling c
details). (A) FKBP51 interacts with HSP90 and several steroid receptors (SR), including
modulates SR ligand sensitivity, translocation and function. Among the genes that are regu
short feedback loop. At the same time, FKBP5 has been shown to interact with other signa
134]. (B) In fat tissue, FKBP51 was shown to affect PPARg signaling and adipogenesis (no
adipose tissue (WAT) has been postulated [4,73]. (C) In muscle cells, FKBP51 interacts with
(D) In the brain, FKBP51 was shown to regulate autophagy via interaction with Beclin1 [5
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Akt2), PHLPP1 specifically acts on AKT2 and AKT3 whereas PHLPP2
acts on AKT1 and AKT3 providing specificity for the termination of AKT
signaling [90].
FKBP51 has been shown to regulate AKT signaling through its role as a
scaffolding protein. The first study to establish a link between FKBP51
and AKT demonstrated that overexpression of FKBP51 reduces
phosphorylation of AKT1 at Ser473, but has no effect on the phos-
phorylation of Thr308 in a pancreatic cancer cell line [59]. Accordingly,
siRNA downregulation or genetic deletion of FKBP51 increased Ser473
phosphorylation, with no effect on Thr308 phosphorylation. The au-
thors demonstrated that FKBP51 regulates AKT1-Ser473 phosphory-
lation through its ability to interact with both PHLPP and AKT.
Specifically, PHLPP and AKT co-immunoprecipitated with FKBP51, and
in turn FKBP51 overexpression led to an increased interaction between
PHLPP and AKT across all AKT isoforms and corresponding PHLPP
isoforms. Importantly, decreased Ser473 phosphorylation resulted
from FKBP51 overexpression was prevented by knockdown of PHLPP.
At a functional level, FKBP51 expression is downregulated or lost in
pancreatic cancer and breast cancer cell lines [59], which agrees with
the observed AKT hyperactivation in many cancers. Reconstitution of
FKBP51 in cancer cells decreased Akt phosphorylation at Ser473 and
sensitized the cells to chemotherapeutic agents, supporting the earlier
findings that loss of FKBP51 expression is associated with chemo-
therapy resistance [91].
Very recently, we demonstrated that FKBP51 is involved in the regu-
lation of glucose homeostasis through its regulation of AKT2 signaling.
We found that AKT2 signaling, as determined through the phosphor-
ylation of AKT2 and downstream effectors (AKT substrate 160 (AS160)
and p70S6K), is increased in skeletal muscle (soleus and extensor
digitorum longus muscles) of FKBP51 KO mice and of mice treated
with the FKBP51 antagonist SAFit2. This agrees with the relatively high
expression level of FKBP51 and low expression level of its functional
counterpart, FKBP52, detected in skeletal muscle. Given the
ascades where FKBP51 was shown to play a decisive role (see main text for further
the mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR) and thereby
lated by glucocorticoids (GCs) via MR/GR activation is Fkbp5, thereby forming an ultra-
ling pathways, thereby affecting cellular function in a cell-type specific manner [132e
t depicted) [73,105]. In addition, an effect of UCP1 and consequently browning of white
AKT2 in the insulin signaling pathway, ultimately modulating cellular glucose uptake [4].
6].
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importance of skeletal muscle AKT signaling in the maintenance of
glucose homeostasis [92,93], we examined molecular markers and
functional readouts of glucose uptake. Briefly, the glucose transporter
protein 4 (GLUT4) is responsible for insulin-stimulated glucose uptake
in skeletal muscle. In an unstimulated state, GLUT4 is localized to
specialized intracellular structures that consist of GLUT4 storage
vesicles [94]. Upon insulin stimulation, AKT signaling is activated
leading to the phosphorylation of AS160 and the translocation of
GLUT4 to the plasma membrane, which facilitates increased glucose
uptake [95]. Both pharmacological antagonism and genetic deletion of
FKBP51 increase the expression of GLUT4 at the plasma membrane
and increase 2-deoxyglucose uptake in primary myotubes. Meanwhile,
simultaneous overexpression of AKT2 and FKBP51 prevented AKT2-
induced increases in glucose uptake. Co-immunoprecipitation exper-
iments revealed that FKBP51 not only interacts with AKT2 and PHLPP
but interacts with the downstream effector AS160. Taken together,
AKT2 signaling is an important regulator of cellular survival and
metabolism. Through its function as regulator of AKT signaling,
FKBP51 has been implicated in cellular survival in cancer and glucose
uptake in obesity and diabetes. Whether FKBP51-AKT signaling is
involved in additional metabolic functions beyond its regulation of
glucose uptake is an open area of research.

3.2. FKBP51 regulates adipocyte differentiation in fat tissue
The pathophysiology of obesity is associated with the massive
expansion of visceral and subcutaneous fat depots. Adipose tissue is a
remarkable organ with fundamental effects on whole body meta-
bolism. With its function as an energy storage site, a source of
circulating free fatty acids, and a hormone secretion site, adipose
tissue plays a major role in regulation and dysregulation of nutrient
homeostasis [96,97]. Adipocytes are the major cell type of fat tissue.
The accurate transformation of mesenchymal stem cells to mature
adipocytes, so called adipogenesis, is crucial for proper functionality.
Adipogenesis consists of 2 main phases, the determination of
mesenchymal stem cells to pre-adipocytes and the final differentiation
of pre-adipocytes to mature adipocytes. It is activated by multiple
signaling cascades within the mitogen-activated protein (MAPK) family
in response to a plethora of stimuli [98]. The so called ‘master’
regulator of adipogenesis is peroxisome-activated receptor g (PPARg).
PPARg acts as a pro-adipogenic factor, regulating the terminal dif-
ferentiation phase [96]. The activation of PPARg by the AKT-p38/MAPK
pathway was initially reported by Aoudi and colleagues [99,100].
Phosphorylation of AKT leads to an activation of p38 kinase, which
phosphorylates the transcription factors GRa (at serine 220 and 234)
[101] and PPARg (at serine 112) [102] to stimulate lipolysis and to
reduce adipogenesis, respectively. Interestingly, recent data suggests
that FKBP51 is one of the most highly induced proteins during WAT
adipocyte differentiation [72,103]. In vitro studies in 3T3-L1 pre-
adipocytes have shown that FKBP51 is an important regulator of
adipocyte maturation [104]. In fact, loss of FKBP51 in pre-adipocytes
prevents adipocyte differentiation and accumulation of lipid droplets
[101]. Furthermore, FKBP51 KO cells tend to have an increased
resistance to lipid accumulation and a decrease in the expression of
lipogenic genes, such as CD36, in mature adipocytes [105]. The au-
thors discovered that FKBP51 scaffolds PHLPP to inhibit AKT activity,
through dephosphorylation, and thereby negatively regulates p38 ki-
nase, which in turn reduces GRa activity to repress lipolysis and in-
duces PPARg to increase adipogenesis [101,105]. These studies
indicate that FKBP51 is an important regulator of the balance between
lipolysis and lipogenesis in adipocytes.
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A few years later, Stechschulte and colleagues confirmed their
reduced PPARg and increased GRa activity in FKBP51 deficient mice
in vivo [73]. Interestingly, they showed that FKBP51 null mice were
resistant to the PPARg agonist rosiglitazone in WAT. These findings
replicate the in vitro data and further support the notion that the
FKBP51-Akt/p38 MAPK cascade is, in part, responsible for the reduced
WAT mass in FKBP51 KO mice [73]. Surprisingly, the resistance to
rosiglitazone was only observed in WAT. BAT of FKBP51 KO mice
stayed responsive to the PPARg agonist.
The diverse effects of rosiglitazone in FKBP51 KO mice could be due to
differences in FKBP51 expression in white and brown adipocytes,
which derive from different adipocyte precursor lineages [106]. In fact,
FKBP51 shows a lower expression in BAT compared to WAT [73].
Despite the expression differences of FKBP51, the levels of FKBP52
might be as important. FKBP52 competes for binding partners with
FKBP51, thereby affecting downstream signaling pathways differently
[43,63]. For instance, FKBP52 is minimally expressed in skeletal
muscle and highly expressed in WAT. Consequently, FKBP52 does not
compete with FKBP51 for the binding site with AKT2 in muscle, but
interferes with its binding in WAT, thereby altering functional impli-
cations [4].
Next to its regulatory function on PPARy activity, FBKP51 also interacts
in complex with Hsp90 with steroid receptors, like the GR, MR, AR, and
PR [55]. So far, there are no conclusive data on a function of FKBP51 in
modulating MR, AR, or PR function in adipocytes. Interestingly,
especially adipocyte GRs are activated by glucocorticoids and are
associated with adipogenesis [107] (the interplay between FKBP51,
Hsp90 and GR are reviewed in detail elsewhere [64,104]). Within the
first hours of adipocyte differentiation, FKBP51 rapidly translocates
from the mitochondria to the nucleus. This shuttling of FKBP51 results
in an increased interaction with GR and thereby a decrease of tran-
scriptional activity of GR [72]. Whether or not the activation of PPARy
and GR lead to nuclear shuttling of FKBP51 via differential mechanisms
is so far not clear.
Mounting evidence suggests that FKBP51 is also important in the
browning of WAT. Elevated levels of various thermogenic genes, such
as PGC-1a, UCP-1 and PRDM16 has been observed in WAT of FKBP51
KO mice. An upregulation of thermogenic genes is associated with
increased energy expenditure and heat production, explaining the lean
phenotype of FKBP51 KO mice [4,73]. However, the detailed molecular
mechanism for the elevated energy expenditure and increased
expression of browning markers in FKBP51 KO mice is still unclear. It
is worth speculating that the observed effect of the UCP-1 upregulation
in WAT of FKBP51 KO mice might not be mediated directly by FKBP51
but rather indirectly via sympathetic or parasympathetic innervation.
Considering the distinct molecular and physiological properties of
various fat depots within the body, specific manipulations of different
adipose depots would be necessary to fully unravel the direct or in-
direct role of FKBP51 in the regulation of adipogenesis and browning
in vivo.

3.3. Role of FKBP51 in modulating autophagy
Autophagy is an important catabolic process to maintain cellular ho-
meostasis and cellular function. It is tightly regulated and crucial for
targeting damaged cytosolic macromolecules such as organelles,
proteins, glycogens, and lipids to lysosomes for degradation [108].
Recent data demonstrated an important role of autophagy in the
regulation of metabolic processes such as, food intake, adipose tissue
development, liver complications, and insulin resistance [109e111].
For instance, defects in autophagy signaling have been implicated in
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the development of obesity and T2D [112]. Moreover, it has been
shown that hypothalamic autophagy is increased during starvation to
supply cells with sufficient nutrients [113]. Additionally, a regulatory
role of autophagy in adipocyte mass development and differentiation
has been reported [110,114]. Intriguingly, FKBP51 acts as a regulatory
molecule of both processes as well [67,72], which indicates
converging pathways of FKBP51 and autophagy. Indeed, in 2010,
Romano et al. initially described a decisive role for FKBP51 in the
cellular response to irradiation resulting in a shift from apoptosis to
autophagy [115]. More recent studies have highlighted the mechanistic
impact of FKBP51 on the regulation of autophagy and related pro-
cesses. Furthermore, autophagy can be induced through GCs, and
Hsp90 and its co-chaperone FKBP51 are key modulators of autophagy
function [59,116e118]. The initiation and regulation of autophagy
involves complex signaling pathways, which are not focus of this re-
view, but are reviewed in depth elsewhere [119e121]. However, one
key molecule, Beclin1, is of particular interest. Beclin1 interacts with
several other proteins to induce the initiation of autophagy signaling.
Interestingly, it was demonstrated that FKBP51 promotes the induction
of autophagic signaling by phosphorylating Beclin1 at serine 234 and
serine 295. In parallel, the Beclin1-phosphorylating kinase, AKT, is
dephosphorylated at serine 473 by the FKBP51-mediated recruitment
of PHLPP, which promotes the induction of autophagy. Furthermore,
synthetic GCs (i.e. dexamethasone) and antidepressants act syner-
gistically with FKBP51 in the induction of autophagy [56,122]. Despite
the emerging roles of autophagy and FKBP51 in energy metabolism, no
study has systemically investigated the FKBP51-Beclin1-Autophagy-
axis in metabolic control. Indeed, in future studies, it will be important
to delineate the regulatory action of FKBP51 on Beclin1 in the context
of whole-body metabolism.

4. FKBP51 AS A THERAPEUTIC TARGET

FKBPs bind the immunosuppressive compounds FK506 and rapamycin
[123,124]. These natural compounds, which were first isolated from
bacterial Streptomyces strains, have been shown to bind to the
peptidyl-prolyl-isomerase pocket of the FK1 domain, thereby inducing
a complex with calcineurin (in the case of FK506) or mTOR (in the case
of rapamycin) [125,126]. As FKBPs are also implicated in a wide range
of intracellular signaling pathways that are independent of immune
suppression [127,128], non-immunosuppressant FK506-derived li-
gands were developed (e.g. FK1706), which had neuroprotective
properties [125]. However, none of these ligands could discriminate
the different FKBPs, especially not between FKBP12 (with immuno-
suppressant properties) and the larger molecular weight FKBPs
FKBP51 and FKBP52 (with non-immunosuppressant properties). Given
the different and often opposing functions of the different FKBPs,
selectivity of novel ligands is of utmost importance. As mentioned
previously, while FKBP51 and FKBP52 share 70% sequence homology,
they have diverging effects on many signaling pathways, including
steroid hormone receptor signaling and AKT signaling pathways.
Therefore, for the therapeutic potential of FKBP51 to be realized,
agents must be able to select between FKBP51 and its often functional
opposing homolog FKBP52. It soon became clear that the specific
chemical targeting of FKBP51 is challenging, as large-scale screening
assays for novel FKBP51 ligands did not reveal any new hits, other than
the already known FK506 and rapamycin. The eventual breakthrough
was achieved by Hausch and colleagues, using structure-based
rational design [129]. In a stepwise approach guided by co-crystal
structures a ligand-induced conformational change was observed
that favored FKBP51 over FKBP52. Further development of the
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prototype compounds eventually resulted in the first selective FKBP51
inhibitors termed SAFit1 (abbreviated for selective antagonists of the
FK506-binding protein 51 by induced fit) and SAFit2 [2]. Both ligands
have Ki values of less than 10 nM and show more than 10,000-fold
selectivity of FKBP51 over FKBP52. These new compounds are non-
immunosuppressive, and they selectively stimulate neurite outgrowth
in vitro. For in vivo applications SAFit2 shows the better pharmaco-
kinetic properties and crosses the blood brain barrier. As expected
from the well-described function of FKBP51 in reducing the sensitivity
of the GR to its ligand, treatment with SAFit2 enhanced GR-mediated
GC feedback, as indicated by lower circadian peak corticosterone
levels and an enhanced dexamethasone-mediated suppression of the
HPA axis [2].
Since their first description, the selective FKBP51 ligands SAFit1 and
SAFit2 have been tested in a number of in vivo disease models,
underlining the versatile applicability of a selective pharmacological
FKBP51 inhibition. As psychiatric disorders are closely linked to
FKBP51 function, the brain-permeable SAFit2 was tested for effects on
anxiety and depression-like behavior. Intriguingly, FKBP51 inhibition
was shown to reduce passive stress coping behavior in the forced
swim test and exploration anxiety in the elevated plus maze and the
dark-light box after only a few hours post-administration [2,3]. The
effect of FKBP51 antagonism on anxiety was specific to the amygdala,
as the anxiolytic effect could be mimicked by injecting SAFit2 directly
into this brain region. Similarly, FKBP51 inhibition was shown to
reduce chronic pain [130,131]. When applied as treatment of meta-
bolic disorders, we could recently show that prolonged SAFit2 treat-
ment reduces body weight gain and reverses high-fat diet-induced
glucose intolerance [4]. The effect mimicked the metabolic phenotype
of FKBP51 KO mice, and no SAFit2 effect was observed when FKBP51
KO mice were treated, highlighting the specificity of the antagonist.
Importantly, the improvement of glucose tolerance was already
observed just 48 h after beginning treatment and preceded the body
weight phenotype. This suggests that the effects of FKBP51 inhibition
on glucose uptake are the most proximal beneficial treatment effects
and independent of the improved body weight phenotype. Notably,
pharmacological antagonism via SAFit2 disrupts the scaffolding
function of FKBP51 by weakening the interaction between FKBP51 and
AS160 while strengthening the interaction between AKT2 and AS160
to ultimately promote a steric arrangement that favors glucose uptake.
Indeed, the first results of selective FKBP51 inhibition in relation to
metabolism and metabolic disorders are highly promising and are a
starting point for further investigations. Further improvement of the
current inhibitors SAFit1 and SAFit2 to enhance their drug-like prop-
erties, including a lower molecular weight, will be important. Likewise,
further improvement of the pharmacokinetic properties of SAFit1 would
enable the pharmacological blockade of FKBP51 only in the periphery,
as SAFit1 does not cross the blood brain barrier. Yet much work is still
needed to disentangle the mechanism of action by which FKBP51 li-
gands work on the molecular level in the different tissues expressing
FKBP51 in order to optimize the therapeutic effects of FKBP51
antagonists.

5. CONCLUSION AND FUTURE DIRECTIONS

This review’s intent was to highlight the accumulating evidence that
FKBP51 plays an important role in the regulation of whole-body energy
and glucose metabolism, presenting FKBP51 as a complex co-
chaperone beyond the well-established function as a negative GR
regulator. The recent insights highlight FKBP51 as a potential drug
target for obesity and its associated comorbidities. However, a lot of
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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research is needed to advance the field. Below, we list a few future
directions, which we believe are crucial to advance the knowledge
about FKBP51’s metabolic action:

1. Tissue-specific manipulation of FKBP51 in muscle, adipose and
brain tissue will be important to disentangle the differential func-
tions of FKBP51 in specific cells-types.

2. Better insight into the specific actions of FKBP51 inhibitors at the
molecular level will be necessary.

3. Development of pathway specific FKBP51 antagonists will be key
for symptom tailored treatment.

4. Clinical studies examining FKBP51 in human cohorts in the context
of metabolism will further the therapeutic development of FKBP51
antagonists

We hope that future preclinical and clinical studies will fill the
knowledge gap to fully disentangle the molecular mechanism of
FKBP51 in metabolism and help to implement FKBP51 as drug target
for the treatment of metabolic disorders.
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