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Contribution of the co-chaperone FKBP51 in the
ventromedial hypothalamus to metabolic
homeostasis in male and female mice
Lea M. Brix 1,2,*, Irmak Toksöz 1, London Aman 1, Veronika Kovarova 1,2, Margherita Springer 1, Joeri Bordes 1,
Lotte van Doeselaar 1,2, Clara Engelhardt 1, Alexander S. Häusl 1, Sowmya Narayan 1,2, Vera Sterlemann 1,
Huanqing Yang 1, Jan M. Deussing 3, Mathias V. Schmidt 1,**
ABSTRACT

Objective: Steroidogenic factor 1 (SF1) expressing neurons in the ventromedial hypothalamus (VMH) have been directly implicated in whole-body
metabolism and in the onset of obesity. The co-chaperone FKBP51 is abundantly expressed in the VMH and was recently linked to type 2 diabetes,
insulin resistance, adipogenesis, browning of white adipose tissue (WAT) and bodyweight regulation.
Methods: We investigated the role of FKBP51 in the VMH by conditional deletion and virus-mediated overexpression of FKBP51 in SF1-positive
neurons. Baseline and high fat diet (HFD)-induced metabolic- and stress-related phenotypes in male and female mice were obtained.
Results: In contrast to previously reported robust phenotypes of FKBP51 manipulation in the entire mediobasal hypothalamus (MBH), selective
deletion or overexpression of FKBP51 in the VMH resulted in only a moderate alteration of HFD-induced bodyweight gain and body composition,
independent of sex.
Conclusions: Overall, this study shows that animals lacking and overexpressing Fkbp5 in Sf1-expressing cells within the VMH display only a
mild metabolic phenotype compared to an MBH-wide manipulation of this gene, suggesting that FKBP51 in SF1 neurons within this hypothalamic
nucleus plays a subsidiary role in controlling whole-body metabolism.

� 2022 The Author(s). Published by Elsevier GmbH. This 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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1. INTRODUCTION

Since the ventromedial hypothalamus (VMH) was first described as a
site for body weight regulation and food intake in 1942 by Hetherington
and Ranson [26] it has been convincingly demonstrated that this
mediobasal hypothalamic (MBH) nucleus directly steers food intake,
whole-body metabolism, and energy homeostasis [10,34]. Hether-
ington’s and other early VMH lesion studies concurringly observed
hyperphagia, insulin resistance, and dramatic body weight gain
following the loss of VMH function [1,8,32].
The heterogenous cytoarchitecture of the VMH is comprised of various
cell types with different gene expression patterns [38]. Intriguingly, the
ubiquitously expressed Nr5a1 gene, encoding steroidogenic factor 1
(SF1), is specifically and exclusively expressed within the VMH in the
brain. Here, it acts as a transcription factor, which expression is
essential for both VMH development and function [36,39,47]. Studies
using postnatal VMH-specific SF1 knockout (KO) mice mirrored the
metabolic phenotype of VMH lesion in rats, highlighting the cruciality of
SF1 in the VMH for healthy energy homeostasis; together with its role
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as a primary satiety center [15,33]. Chemo- and optogenetic tech-
niques, allowing for spatiotemporal neuronal manipulation, revealed
that inactivation of Sf1-expressing neurons increased feeding
behavior, reduced energy expenditure and thermogenesis, and
blocked recovery from insulin-induced hypoglycemia via a plethora of
different hormone receptors, including leptin- (LepR) and insulin re-
ceptor (IR), nutrient sensors and sympathetic nervous system (SNS)
activation [16]. A recent study by Coupé et al. further demonstrated the
importance of autophagy signaling within the VMH in response to
fasting: mice lacking the autophagy-related gene 7 (Atg7) within the
VMH displayed altered leptin sensitivity and disrupted energy
expenditure in response to fasting. Additionally, from a cellular
metabolism perspective, they had impaired mitochondrial morphology
and activity [12].
In the periphery, SF1 is expressed in steroidogenic tissue of the ad-
renal cortex, in gonadotrope cells of the anterior pituitary, and gonads
with differential roles during development. A global SF1 KO was shown
to be lethal, with animals exhibiting a complex endocrine phenotype
including gonadal and adrenal agenesis, impaired expression of
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pituitary gonadotropes and ablation of the VMH. Altogether, indicating
that SF1 acts at multiple levels of this hypothalamic-pituitary-
steroidogenic organ axis to regulate steroidogenesis, reproduction
and energy homeostasis [27,37,43,59].
Another gene expressed at described sites along this axis, including
the VMH, adrenal and pituitary is the FKBP506 binding protein 51
(FKBP51), encoded by the Fkbp5 gene [4,7,28,45]. This protein be-
longs to the superfamily of immunophilins, and as a co-chaperone of
heat-shock protein 90 (Hsp90) it regulates the responsiveness of
steroid hormone receptors [49]. Several studies identified FKBP51 as a
strong inhibitor of glucocorticoid receptor (GR) function by reducing
glucocorticoid (GC) binding, delaying nuclear translocation and
decreasing GR-dependent transcriptional activity, thereby shaping
(GR)-mediated negative feedback of the hormonal stress response
system, the hypothalamic-pituitary-adrenal (HPA) axis
[13,14,44,53,54]. The first cell type-specific murine KO studies
recently published by our lab found that FKBP51 in the paraventricular
nucleus (PVN) of the hypothalamus and in corticotrope proopiomela-
nocortin (POMC) cells of the anterior pituitary shape negative feedback
and (re)activity of the HPA axis [7,25].
Besides its function along the HPA axis in humans and rodents,
FKBP51 is abundantly expressed in metabolically relevant tissues in
the periphery, such as adipocytes and skeletal muscle [3,5,40,48] and
brain regions, like the arcuate nucleus (ARC) and VMH, both well-
established as neuronal hubs controlling energy balance [4,19,45].
Today, there is an increasing body of research providing evidence on
the role of FKBP51 in type 2 diabetes, insulin resistance, adipogenesis,
browning of white adipose tissue (WAT), and bodyweight regulation
[24,50]. We and other colleagues showed that FKBP51-null mice are
resistant to diet-induced obesity and demonstrate improved glucose
tolerance and increased insulin-signaling in skeletal muscle.
Furthermore, chronic treatment with a highly selective FKBP51
antagonist, SAFit2, recapitulates the effects of FKBP51 deletion on
both body weight regulation and glucose tolerance [3,22,51]. The
investigation of central Fkbp5 mRNA expression in response to a
metabolic challenge, either a high-fat diet (HFD) or fasting, revealed
that hypothalamic Fkbp5 in the VMH, PVN, and arcuate nucleus (ARC)
is increased following a metabolic stressor [4,45,55]. Based on the
molecular interplay of FKBP51 with cellular autophagy [17,18,24], our
lab recently uncovered that FKBP51 in the rodent MBH represents a
novel regulatory link between central and peripheral autophagy
signaling and the in vivo whole-body response to an obesogenic
challenge, and that KO of Fkbp5 in the MBH results in opposite
metabolic phenotypes to those observed in FKBP51-null mice [23].
Overall, there is strong evidence that central and peripheral FKBP51 is
a molecular player in human and rodent metabolism, with a powerful
role in MBH-mediated control of autophagy signaling. Thus, strategies
aimed at manipulating FKBP51 could provide a new therapy approach
to treat metabolic disorders such as obesity and type 2 diabetes.
However, the MBH-specific FKBP51 manipulation study by Häusl and
colleagues [23] once again exhibited the highly tissue-specific manner
this protein acts in, together with its dynamic regulation by the envi-
ronment. To address the lack of central cell type-specific studies on
the role of FKBP51 on whole-body metabolism, we here investigated
baseline and HFD-induced metabolic- and stress-related phenotypes
in male and female mice with a conditional KO of Fkbp5 in all Sf1-
expressing cells (Sf1Fkbp5-/-), mainly involving the VMH, adrenals, and
pituitary [4,28,45]. To narrow down metabolic effects observed in
Sf1Fkbp5-/- mice to the VMH, we virally overexpressed Fkbp5 exclu-
sively in Sf1-expressing (Sf1Fkbp5 OE) cells within this nucleus. Overall,
our results show that while a KO and OE of Fkbp5 in the VMH induced a
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slightly increased HFD-induced BW gain and decreased adrenal
weights in Sf1Fkbp5-/- and Sf1Fkbp5 OE males and females, this nucleus
does not account for the robust metabolic alterations observed
following whole MBH FKBP51 manipulations.

2. MATERIALS AND METHODS

2.1. Animals and animal housing
All experiments and protocols were performed in accordance with the
European Communities’ Council Directive 2010/63/EU and were
approved by the committee for the Care and Use of Laboratory animals
of the Government of Upper Bavaria. All effort was made to minimize
any suffering of the animals throughout the experiments. The mouse
lines Fkbp5lox/lox, Sf1Fkbp5-/- and Sf1-Cre were obtained from the in-
house breeding facility of the Max Planck Institute of Psychiatry and
are all bred on C57/BL6N background. All animals were between 12
and 20 months old at the onset of the experiments. Male Sf1Fkbp5-/-

animals were kept single housed and female mice were group housed
throughout the experiments, unless indicated otherwise. All animals
were held in individually ventilated cages (IVC; 30 cm � 16 cm x
16 cm; 501 cm2) serviced by a central airflow system (Tecniplast, IVC
Green Line e GM500). Animals had ad libitum access to water (tap
water) and food (see 2.3) and were maintained under constant envi-
ronmental conditions (12:12 h light/dark cycle, 23 � 2 �C and hu-
midity of 55%). All IVCs had sufficient bedding and nesting material as
well as a wooden tunnel for environmental enrichment. Animals were
allocated to experimental groups in a semi-randomized fashion, data
analysis and execution of experiments were performed blinded to
group allocation.

2.2. Generation of Fkbp5lox/lox and Sf1Fkbp5-/- lines
Mice with a floxed Fkbp5 gene designated as Fkbp5lox/lox

(Fkbp5tm1c(KOMP)Wtsi) were obtained by breeding Fkbp5Frt/Frt full KO
mice to Deleter-Flpe mice [42]. The conditional Fkbp5Frt/Frt KO mice are
derived from embryonic stem cell clone EPD0741_3_H03 which was
targeted by the KO mouse project (KOMP). Frozen sperm obtained from
the KOMP repository at UC Davis was used to generate KO mice
(Fkbp5tm1a(KOMP)Wtsi) by in vitro fertilization. Finally, mice lacking Fkbp5
in SF1 cells (Sf1Fkbp5-/-) were obtained by breeding Fkbp5lox/lox mice to
Sf1-Cre mice that express Cre recombinase under the control of the
Sf1 promoter (approved mouse gene name, Nr5a1) [15]. Genotyping
details are available upon request.

2.3. Diet for induced obesity
Baseline metabolic characterization of all experimental cohorts was
performed under a standard chow diet (standard research diet by
Altromin 1318, Altromin GmbH, Germany) with the following nutritional
values: 14% fat and sucrose, 27% protein, and 59% carbohydrates.
Animals under dietary challenge received a HFD diet (HFD, D12331,
Research Diets, New Brunswick, NJ, USA) over a period of several
weeks to induce overweight. Nutritional values HFD: 58% fat and
sucrose, 17% protein, 25% carbohydrates. Bodyweight and food
intake were measured weekly in all experimental cohorts.

2.4. Viral overexpression of Fkbp5 in the VMH
SF1-specific overexpression (OE) of human Fkbp5 (Sf1Fkbp5 OE) was
achieved by bilateral injections of the Cre-dependent viral vector AAV1/
2-Cre-dept-HA-FKBP51 (rAAV1/2-Cre-dependent-CAG-HA-human
wildtype FKBP51 WPRE-BGH-polyA, titer: 1.3 � 1012 genomic parti-
cles/ml, Gene Detect GD1001-RV) into the VMH of male Sf1-Cre mice.
As controls, Cre-negative animals of this mouse line were injected with
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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an AAV2-eSyn-GFP control virus (CMV-hSYN1-eGFP, titer: 1.3 � 1012

genomic particles/ml, Vector Biolabs VB1107) for neuronal expression
of a fluorescent reporter. Stereotactic surgeries were performed as
described previously [25]. In brief, male mice between 3 and 5 months
of age were anesthetized with isoflurane and fixated in a stereotactic
apparatus. Then, 0.2 ml of the above-mentioned viruses were bilat-
erally injected into the VMH at a 0.05 ml/min flow rate with glass
capillaries with a tip resistance of 2e4 MU. To target the VMH the
following coordinates were used: 1.5 mm anterior to bregma, �
0.4 mm lateral from midline, and 5.6 mm below the surface of the
skull. After surgery, animals were treated with meloxicam for three
days and were allowed to recover for four weeks before initiating the
experimental phase.

2.5. RNAscope e Validation of Fkbp5 KO and OE
To validate successful KO of Fkbp5mRNA in Sf1þ cells, we performed a
RNAscope experiment on tissue sections of male Sf1Fkbp5-/- and
Fkbp5lox/lox animals under basal conditions (3e4 months of age).
Frozen tissue was sectioned at 20 mm at �20 �C in a cryostat
microtome. Sections were thaw mounted on Super Frost Plus slides,
dried, and stored at �80 �C. The RNA Scope Fluorescent Multiplex
Reagent kit (cat. no. 320850, Advanced Cell Diagnostics, Newark, CA,
USA) was used for mRNA staining. Probes used for staining were;
Fkbp5 (Mm-Fkbp5-C1) for native Fkbp5 expression, human Fkbp5 (H-
Fkbp5-C1) for detection of viral OE and Sf1 (Mm-Nr5a1-C2). The
staining procedure was performed according to the manufacturer’s
specifications and as performed previously [25]. Images of the VMH (left
and right side), pituitary, and adrenal were acquired by an experimenter
blinded to the condition of the animals. Sixteen-bit images of each
section were acquired on a Zeiss confocal microscope using a 20x and
40x objective (n ¼ 2 animals per marker and condition). For every
section, all images were acquired using identical settings for laser
power, detector gain, and amplifier offset. Fkbp5mRNA expression was
analyzed using ImageJ with the experimenter blinded to the genotype of
the animals and was counted manually.
The Fkpb5 probe targets Exon 9, which is deleted in our model, but it
also spans neighboring exons. Consequently, the probe may still bind to
truncated mRNA leading to a residual Fkbp5 mRNA signal in knock-out
cells, even though no functional FKBP51 protein can be expressed. To
assess resulting background signal, we performed an RNAScope in
male global Fkbp5Frt/Frt KO mice, where exon 9 is replaced by a large
selection cassette (see section 2.2) and therefore no functional protein is
expressed. We then quantified the Fkbp5 signal in the VMH and hip-
pocampus (HIP) of these global KO animals. This revealed a percentage
of residual Fkbp5 signal of 80% in the VMH (t14¼ 3.08, p¼ 0.008) and
60% in the HIP (t12 ¼ 4.08, p ¼ 0.002), ranging from 0 to 3 dots/cell
(Suppl. Fig. 1 Ae B). Therefore, Sf1-positive cells expressing 0e3 dots/
cell were defined as background signal for all following quantifications.
With this cut-off the efficiency of the KO lies at around 15% for both
VMH (t14 ¼ 10.45, p < 0.0001) and HIP (U ¼ 0, p ¼ 0.0003) in global
Fkbp5Frt/Frt KO animals (Suppl. Fig. 1C). Accordingly, each Sf1þ cell
containing more than 3 Fkbp5 mRNA dots/cell in our Sf1Fkbp5-/- model
was counted as positive and calculated as a percentage of Fkbp5
positive cells from total number of Sf1-expressing cells.

2.6. In-situ hybridization in Sf1Fkbp5 OE

To quantify viral Fkbp5 mRNA OE, we performed in-situ hybridization
(ISH). Frozen brains were processed as described for RNAscope and
ISH using a 35S UTP labeled Fkbp5 ribonucleotide probe was per-
formed as described previously [25,46]. All primer details are available
upon request. For signal detection, the slides were exposed to Kodak
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Biomax MR films (Eastman Kodak Co., Rochester, NY) and developed.
The autoradiographs were digitized, and expression was determined
by optical densitometry utilizing the freely available NIH ImageJ soft-
ware (NIH, Bethesda, MD, USA). The grey value of the left and the right
side of the VMH was measured within a circular template (16 width �
16 height) in every slice analyzed (1 slice per animal, 2 animals per
group). The data were analyzed blindly, always subtracting the
background signal of a nearby structure not expressing the gene of
interest from the measurements. Animals that did not overexpress viral
Fkbp5 mRNA in the VMH were excluded from all analyses.

2.7. Tissue sampling procedure
On the day of sacrifice, animals were weighed, deeply anesthetized
with isoflurane and, sacrificed by decapitation. Trunk blood (basal
morning CORT and basal adrenocorticotropin hormone (ACTH)) was
collected in labeled 1.5 ml EDTA-coated microcentrifuge tubes (Kabe
Labortechnik, Germany) and kept on ice until centrifugation. After
centrifugation (4 �C, 8,000 rpm for 15 min) plasma was removed and
transferred to new, labeled 2 mL tubes and stored at �80 �C until
hormone quantification. For mRNA analyses, brains were removed,
and the pituitary was dissected from the skull and manually attached to
the brain. Adrenals were dissected, weighed, and attached to a C57/
BL6n holder brain. Tissues were snap-frozen in isopentane at �40 �C
and stored at �80 �C until further processing.

2.8. Acute restraint stress paradigm
The acute restraint stress paradigm is perceived as a severe stressor
robustly inducing the entire spectrum of known allostatic responses in
rodents and was, therefore, the stress paradigm of choice. At 8:00 AM,
1 h after the lights were switched on, each animal was placed in a
custom-made restrainer (50 ml falcon tube with holes at the bottom
and the lid to provide enough oxygen and space for tail movement) for
15 min in their home cage. After 15 min, animals were removed from
the tube and the first blood sample was collected by a tail cut. Sub-
sequent blood samples were collected at 15, 30, and 60 min post
stress in the home cage via tail cut. The animals were left undisturbed
in between sampling procedures.

2.9. Hormone assessment
Baseline morning (measured between 08:00e12:00 a.m.) and post
stress plasma CORT (ng/mL) and baseline ACTH (pg/mL) concentra-
tions were determined by radioimmunoassay using CORT 125I RIA kit
(sensitivity: 12.5 ng/ml, MP Biomedicals Inc) and ACTH 125I RIA kit
(sensitivity: 10 pg/ml, MP Biomedicals Inc) following the manufac-
turers’ instructions. The radioactivity of the pellet was measured with a
gamma counter (Packard Cobra II Auto Gamma; PerkineElmer). Final
CORT and ACTH levels were derived from the standard curve. Morning
baseline testosterone concentrations (ng/mL) between 08:00e12:00
a.m. were measured with a testosterone ELISA (Demeditec, DEV991)
according to the manufacturer’s instructions. Final testosterone levels
were derived from the standard curve.

2.10. Nuclear magnetic resonance
In addition to weekly measures of BW, the animal’s body composition
was assessed with a body composition analyzer (LF50 BCA NMR
Minispec Analyzer, Bruker Optik) after several weeks on chow and
HFD. This method applies time domain nuclear magnetic resonance
(TD - NMR) to measure lean tissue mass, fat mass, and free fluids non-
invasively and in vivo without the need for anesthetics in small rodents
[21]. Body constituents were normalized to bodyweight for each group
and the ratio of fat to lean mass was calculated.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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2.11. Intraperitoneal glucose (GTT) and insulin (ITT) tolerance test
After several weeks under a chow diet, an intraperitoneal glucose
tolerance test (GTT) was carried out after lights-on. A 20% D-
(þ)-Glucose solution (Sigma Aldrich, Merck, Darmstadt) was prepared,
and animals were subjected to an overnight fast of 14 h (6 p.m. until 8
a.m.) prior to the experiment. Every animal was weighed and intra-
peritoneally injected with 2 g glucose per kg bodyweight. Blood
glucose concentrations were measured from tail stitches at 0, 15, 30,
60, 90, and 120 min after the glucose injection using a handheld XT
glucometer (Bayer Health Care, Basel, Switzerland).
An intraperitoneal insulin tolerance test (ITT) was performed 14 days
after the GTT to ensure a complete recovery from the overnight fast. A
similar procedure as for the GTT was applied as follows: An insulin
stock solution of 0.5 IU/mL (Actrapid� Penfill�, Novo Nordisk Pharma
GmbH, Bagsværd, Denmark) was prepared, and animals were fasted
for 4 h (7 until 11 a.m.) before the onset of the ITT. Every animal was
weighed and intraperitoneally injected with 1IU insulin per kg body-
weight. Blood glucose concentrations were measured at 0, 15, 30, 60,
90, and 120 min after the insulin injection.

2.12. Indirect calorimetry
Metabolic phenotyping and food intake after several weeks on HFD
challenge was conducted by an automated PhenoMaster open-circuit
indirect calorimetry system (TSE Systems) in single housed male
Sf1Fkbp5-/- and Fkbp5lox/lox mice. All animals were allowed to accli-
matize to the experimental setup for 2 days with a total experimental
duration and data acquisition of 7 days. The statistical analysis was
performed exclusively on data from day 3 to day 6 (total of 72 h) for all
animals. The time plots were generated from hourly averages of all
parameters over 72 h. Totals were calculated as the average of all
measures over 72 h. HFD and water were available ad libitum. The
data acquisition was carried out by TSE Phenomaster version 7.2.8.

2.13. Statistical analysis
The data presented are shown as means� standard error of the mean
(SEM) and samples sizes are indicated in the figure legends and the
main text. All data were analyzed by the commercially available
GraphPad Prism 9.0 software (GraphPad Software, San Diego, Cali-
fornia, USA). When two groups were compared, the unpaired two-
tailed student’s t test was applied. If data were not normally distrib-
uted the non-parametric ManneWhitney test (MW test) was used.
Data based on repeated observations comparing two groups were
tested by repeated measures ANOVA. Correlation analyses were per-
formed using the Pearson’s correlation coefficient. P values of less
than 0.05 were considered statistically significant. Statistical signifi-
cance was defined as: *p � 0.05, **p � 0.01. A statistical trend was
accepted with a p value of 0.05� p� 0.1 and indicated in the figures
with the symbol “T”. Outliers were assessed with the online available
Graph Pad outlier calculator performing the two-sided Grubb’s outlier
test. As this was an exploratory study, no statistical methods were
used to predetermine sample sizes.

3. RESULTS

3.1. Validation of successful Fkbp5 KO in VMH and metabolic
phenotyping of male and female Sf1Fkbp5-/- mice
As hypothalamic Fkbp5 mRNA levels are highly responsive to dietary
challenges such as prolonged HFD [4] and food restriction [20,45,55],
this protein seems to sense the nutrient environment and to adjust its
central expression to the given dietary conditions. Further, our group
could show that hypothalamic FKBP51 can shape whole-body
4 MOLECULAR METABOLISM 65 (2022) 101579 � 2022 The Author(s). Published by Elsevier GmbH. T
metabolism and steer central and peripheral autophagy [23]. There-
fore, we hypothesized that a KO of Fkbp5 specifically in VMH SF1
neurons could alter homeostasis and resemble observed metabolic
phenotypes following Fkbp5 manipulation in the whole MBH.
To study the effects of FKBP51 in Sf1-expressing neurons within the
VMH on whole-body metabolism, we generated a SF1-specific con-
ditional Fkbp5 KO mouse line (Sf1Fkbp5-/-). Qualitative co-expression
analysis of Fkbp5 and Sf1þ neurons in the VMH revealed that Fkbp5
is almost exclusively expressed in Sf1þ neurons (Figure 1 A). Sub-
sequent quantification of co-expression revealed that the number of
Sf1þ cells expressing Fkbp5 within the VMH is significantly reduced in
Sf1Fkbp5-/- mice compared to control Fkbp5lox/lox mice (t6 ¼ 0.67,
p ¼ 0.01) confirming successful KO of Fkbp5 in this neuronal popu-
lation (Figure 1 B). Note that the residual Fkbp5 signal in Sf1Fkbp5-/-

mice is likely due to the detection of truncated Fkbp5mRNA expression
which is also present in global Fkbp5Frt/Frt KO animals (see
Suppl. Fig. 1 A - C). Assessment of weekly BW in a first cohort revealed
non-significant but slightly increased HFD-induced BW gain in mice
with a KO of Fkbp5 (n ¼ 13) compared to controls (n ¼ 12), indicating
a higher metabolic vulnerability to the dietary challenge (F1,23 ¼ 2.63,
p ¼ 0.12) (Figure 1C). This slight increase of BW-gain in Sf1Fkbp5-/-

animals could be confirmed by a significantly higher ratio of fat to lean
mass in the KO animals after 8 weeks on a HFD (chow: U ¼ 49,
p ¼ 0.12; HFD: t23 ¼ 2.36, p ¼ 0.03) (Figure 1 D). To assess the
effects of our KO on glucose tolerance and insulin sensitivity under
chow diet, we performed a GTT and ITT in a separate cohort (Figure 1
E), first confirming that these animals had the same phenotype as our
1st cohort (nSf1Fkbp5�/� ¼ 5; nFkbp5lox/lox ¼ 9) (Supl. Fig. 2 A e B).
Further, we performed a GTT and ITT after several weeks on a HFD
(GTT: 16 weeks, ITT: 18 weeks) in the 1st cohort (Figure 1 F). Under
both dietary regimens, KO and control animals showed typical blood
glucose curve progression after a single glucose or insulin bolus, but
no difference between genotypes was detected (Chow: GTT
t12 ¼ 0.85, p ¼ 0.42, ITT t12 ¼ 1.67, p ¼ 0.12; HFD: GTT t21 ¼ 0.24,
p ¼ 0.81, ITT t23 ¼ 0.66, p ¼ 0.52). To allow deeper metabolic
phenotyping, the animal’s energy expenditure (EE), respiratory ex-
change ratio (RER), activity and food intake were measured in meta-
bolic cages via indirect calorimetry. Repeated measures ANOVA did not
detect significant differences between Sf1Fkbp5-/- KO animals and
controls in any of the parameters assessed (RER: F1,14 ¼ 0.91,
p ¼ 0.36, t13 ¼ 0.4, p ¼ 0.7; EE: F1,14 ¼ 0.35, p ¼ 0.56, t13 ¼ 1.02,
p ¼ 0.33; activity: F1,14 ¼ 0.02, p ¼ 0.9, t13 ¼ 0.04, p ¼ 0.1;
food intake: F1,12 ¼ 0.91, p ¼ 0.36, t12 ¼ 1.26, p ¼ 0.23)
(Suppl. Fig. 3 A e H).
Conditional KO of Fkbp5 in female mice resembled metabolic pheno-
types of male Sf1Fkbp5-/- with a non-significant mild increase in HFD-
induced BW gain over time (F1,19 ¼ 2.74, p ¼ 0.11) (Figure 2 A), and
an increase in the ratio of fat to lean mass already under chow
(t18 ¼ 2.48, p ¼ 0.02) and after 8 weeks on HFD challenge (U ¼ 29,
p¼ 0.08) (nSf1Fkbp5�/� ¼ 9; nFkbp5lox/lox ¼ 12) (Figure 2 B). The group
housing of mixed KO and control litters did not allow us to measure
food intake in females.
We further performed an RNAScope on the adrenal and pituitary as
sites of peripheral Sf1-expression and quantified them according to KO
validation in the Sf1Fkbp5-/- line. This revealed a significant reduction of
Fkbp5 mRNA in the adrenal gland (t8 ¼ 8.87, p < 0.0001) with a Sf1
co-expression of about 60%. In the pituitary, the co-expression of
Fkbp5 and Sf1 mRNA was much lower at about 25%, which could lead
to a floor effect that did not allow us to quantify the KO in this tissue
(t12 ¼ 1.72, p¼ 0.11) (Suppl. Fig. 4 A - D). In order to exclude that the
mild metabolic phenotype of male and female Sf1Fkbp5-/- KO animals
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Figure 1: Conditional KO of Fkbp5 in Sf1-expressing cells slightly increases BW gain under a HFD challenge in male mice. A Representative RNAscope confocal images of
endogenous Fkbp5 mRNA expression in SF1 neurons within the VMH of Sf1Fkbp5-/- (green panel) and Fkbp5lox/lox controls (grey panel). B Quantification of the total percentage of
Fkbp5 positive cells that co-express Sf1 mRNA revealed significant reduction of Fkbp5 expression in the Sf1Fkbp5-/- KO line (n ¼ number of analyzed 40x confocal images of either
left or right VMH, nKO ¼ 4, nControl ¼ 4; 2 animals/genotype). C In a first cohort under SD for 8 weeks and HFD for 21 weeks, Sf1Fkbp5-/- mice (n ¼ 13) displayed slightly increased
HFD-induced BW gain compared to controls (n ¼ 12) which was stable over time but non-significant. D Higher BW was reflected in a significant increase in the ratio of fat to lean
mass in Sf1Fkbp5 OE in this cohort compared to controls after 8 weeks on a HFD. Blood glucose levels remained unchanged in the GTT and ITT under chow, which were assessed in
a separate cohort (nSf1Fkbp5�/� ¼ 5; nFkbp5lox/lox ¼ 9) (E) and HFD in the first cohort (F). Data are received from mice between 12 and 20 weeks of age and are presented as
mean � SEM. *p < 0.05. AUC area under the curve, GTT glucose tolerance test, ITT insulin tolerance test.
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Figure 2: Conditional KO of Fkbp5 in Sf1-expressing cells of female mice resembles male metabolic phenotype. A Female Sf1Fkbp5-/- (n ¼ 9) mice displayed higher HFD-
induced weight gain than control Fkbp5lox/lox (n ¼ 12), thus resemble BW phenotype of the male KO cohort. B Female Sf1Fkbp5-/- ratio fat to lean mass is higher under a chow diet
and after a dietary HFD challenge (15 weeks total). Data are received from mice between 8 and 12 weeks of age and are presented as mean � SEM. *p < 0.05, T < 0.1.

Original Article
was affected by the loss of Fkbp5 in Sf1-expressing cells of the ad-
renal, we assessed common HPA axis parameters in all experimental
cohorts (Suppl. Fig. 5 A e I). Adrenal weight was measured at the
endpoint of each experiment and statistical analysis revealed signifi-
cantly reduced relative adrenal weights in male KO mice under chow
(t8 ¼ 3.49, p ¼ 0.008) and after 21 weeks on a HFD (t12 ¼ 2.41,
p¼ 0.03) in two individual cohorts (Suppl. Fig. 5 A). To determine if the
function of the HPA axis was impaired by a KO of Fkbp5 in cortical
adrenal- and gonadotrope pituitary SF1 cells, morning CORT on chow
and HFD and morning ACTH on HFD were assessed between 08:00e
12:00 a.m. Both endocrine measures remained unchanged in male
Sf1Fkbp5-/- KO animals (CORT chow: U ¼ 10, p ¼ 0.37; CORT HFD:
U ¼ 67, p ¼ 0.57; ACTH HFD: t23 ¼ 1.25, p ¼ 0.22) (Suppl. Fig. 5 B
and C). In line with the effects observed in male KO mice, relative
adrenal weight was significantly decreased in female Sf1Fkbp5-/- after
15 weeks on HFD (t11 ¼ 4.09, p ¼ 0.002) (Suppl. Fig. 5 D) without
altering baseline CORT post HFD (t19 ¼ 0.75, p ¼ 0.46) (Suppl. Fig. 5
E), indicating that HPA axis function is unaffected by a KO of Fkbp5 in
both sexes.
Together, data from male and female cohorts indicate that the KO of
Fkbp5 in Sf1-expressing cells has a mild impact on BW progression
under a dietary challenge without altering other metabolic parameters
assessed by indirect calorimetry. Interestingly, relative adrenal weight
was significantly reduced in Sf1Fkbp5-/- males and females under chow
and after HFD, but this had no consequences on HPA axis (re)activity.

3.2. Viral Fkbp5 OE in SF1 neurons within the VMH induces similar
phenotype to Sf1Fkbp5-/- males
To gain deeper understanding of how changes in Fkbp5 expression
levels within the VMH may control BW progression and changes in
adrenal weight, and to narrow down observed effects on the VMH, we
virally overexpressed Fkbp5 exclusively in VMH SF1 neurons. SF1-
specific OE of Fkbp5 (Sf1Fkbp5 OE, n ¼ 10) was achieved by bilateral
injections of a Cre-dependent Fkbp5 OE virus into the VMH of male
Sf1-Cre mice. Controls (n ¼ 13), were injected with an AAV2-eSyn-
GFP control virus (Figure 3 A). Qualitative analysis of viral Fkbp5 mRNA
OE in RNAscope confocal images (Figure 3 B) and ISH autoradiographs
(Figure 3C) revealed a robust and SF1-specific increase of Fkbp5
expression in the VMH of Sf1Fkbp5 OE mice. Quantification of ISH Fkbp5
mRNA expression within the VMH revealed a significant 1.7-fold in-
crease of gene expression in Sf1Fkbp5 OE animals (U¼ 10, p¼ 0.0002)
6 MOLECULAR METABOLISM 65 (2022) 101579 � 2022 The Author(s). Published by Elsevier GmbH. T
(Figure 3 D). Comparable to Sf1Fkbp5-/- KO mice, HFD-induced BW gain
(F1,21 ¼ 1.67, p ¼ 0.21) and ratio of fat to lean mass in Sf1Fkbp5 OE

after 6 weeks on HFD (chow: U ¼ 54, p ¼ 0.52; HFD: t18 ¼ 1.64,
p ¼ 0.12) was mildly but non-significantly increased in group housed
OE animals (Figure 3 E). Blood glucose levels assessed in the GTT and
ITT were unaltered under chow diet (GTT t21 ¼ 0.12, p ¼ 0.84; ITT
t21 ¼ 0.69, p ¼ 0.5) (Figure 3 G). However, on a HFD challenge,
animals overexpressing Fkbp5 in their VMH displayed slightly but non-
significantly impaired glucose tolerance (GTT t21¼ 1.94, p¼ 0.07; ITT
t21 ¼ 1.23, p ¼ 0.23) (Figure 3H).
The group housing of mixed OE and control litters did not allow us to
measure food intake in this cohort. Correlation analysis of Fkbp5mRNA
expression level with BW gain (r2 ¼ 2.56, p ¼ 0.002), ratio of fat to
lean mass (r2 ¼ 0.31, p ¼ 0.06), GTT (r2 ¼ 0.18, p ¼ 0.15), and ITT
(r2 ¼ 0.27, p ¼ 0.06) under HFD in control animals confirmed the
negative relationship between metabolic parameters and Fkbp5 mRNA
expression levels that we observed in Sf1Fkbp5-/- KO animals
(Suppl. Fig. 6 A, C, E, G). In animals overexpressing Fkbp5 in SF1
neurons of the VMH, there is no significant correlation within this group
of animals (BW gain: r2 ¼ 0.03, p ¼ 0.26; ratio fat to lean mass:
r2 ¼ 0.22, p ¼ 0.24; GTT HFD: r2 ¼ 0.05, p ¼ 0.5; ITT HFD:
r2 ¼ 0.003, p¼ 0.87), which indicates a ceiling effect of the impact of
Fkbp5 expression levels on observed changes in metabolic control
(Suppl. Fig. 6 B, D, F, H).
As observed in male and female Sf1Fkbp5-/- animals, relative adrenal
weight was significantly decreased in Sf1Fkbp5 OE after 13 weeks on
HFD (t18 ¼ 2.66, p¼ 0.02) (Suppl. Fig. 5 F), without affecting morning
baseline CORT levels on chow (U ¼ 49.5, p ¼ 0.87) and HFD
(t21 ¼ 0.32, p ¼ 0.75) nor ACTH on HFD (t21 ¼ 1.65, p ¼ 0.12)
(assessed between 08:00e12:00 a.m.) (Suppl. Fig. 5 G - H). With an
acute restraint stress and subsequent CORT measures at 15, 30, and
60 min post stress, we further confirmed that endocrine- and HPA axis
function is unaffected by the OE of Fkbp5 in the VMH (T15: t20 ¼ 0.56,
p ¼ 0.59; T30 t20 ¼ 0.08, p ¼ 0.94; T60 U ¼ 51, p ¼ 0.65)
(Suppl. Fig. 5 I).
To assess a potential metabolic impact of our genetic manipulation of
FKBP51 in Sf1-expressing cells in the peripheral sex organs
[27,30,31,52,56,57], we assessed morning baseline testosterone
levels in all experimental cohorts. As shown in supplementary figure 7
A - D testosterone levels were unaltered between controls and FKBP51
models (A Sf1Fkbp5-/- males on HFD: U ¼ 49, p ¼ 0.32; B Sf1Fkbp5-/-
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Figure 3: Viral OE of Fkbp5 exclusively in SF1 neurons within the VMH induces a similar metabolic phenotype to the KO under a HFD challenge. A VMH-specific Fkbp5 OE was
achieved by bilateral injections of a Cre-dependent human Fkbp5 OE virus into the VMH of Sf1-Cre mice (Sf1Fkbp5 OE; n¼ 10). Control Sf1-Cre received an eGFP control virus (n¼ 13). B
Representative RNAscope confocal images of Fkbp5mRNA expression in SF1 neurons within the VMH of Sf1Fkbp5 OE (human Fkbp5; upper orange panel) and controls (mouse Fkbp5; lower
grey panel). Arrowheads highlighting viral Fkbp5 OE in Sf1 positive neurons. C Qualitative and quantitative (D) ISH analysis confirmed successful viral Fkbp5 OE with aw1.6fold increase of
Fkbp5 expression in Sf1Fkbp5 OE animals (n¼ 2) compared to controls (n¼ 2). E Sf1Fkbp5 OEmice displayed a higher HFD-induced BW gain over time compared to controls. F Higher BWwas
reflected in a significant increase in the ratio of fat to lean mass in Sf1Fkbp5 OE after 6 weeks on a HFD.G Blood glucose levels in the GTT and ITT were unaltered under a chow diet but after 9
weeks on a HFD KO animals displayed significantly increased blood glucose levels in the GTT and a trend towards increased levels in the ITT (H). Data are received frommice between 16 and
20 weeks of age and are presented as mean � SEM. *p < 0.05, T < 0.1. AUC area under the curve, GTT glucose tolerance test, ITT insulin tolerance test.
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females on HFD: U ¼ 15, p ¼ 0.50; C Sf1Fkbp5 OE males on HFD:
U ¼ 58, p ¼ 0.91; D Sf1Fkbp5-/- males on SD: U ¼ 21.5, p ¼ 0.94),
excluding this sex hormone as a confounding factor for observed
changes in metabolic control (Suppl. Fig. 7 A e D).

4. DISCUSSION

Since a study led by Eriksson and colleagues in 2014 first revealed the
metabolic impact of Fkbp5 expression in adipose tissue [40], our
understanding of the peripheral role of this co-chaperone in adipo-
genesis, insulin signaling, autophagy, and type 2 diabetes (T2D) has
rapidly improved. Preclinical full FKBP51 KO studies in rodents have
further uncovered the role of this co-chaperone in regulating whole-
body metabolism in vivo [24]. Despite this progress over the past 10
years and our knowledge that FKBP51 is highly expressed in metabolic
brain centers such as the VMH, PVN, and ARC [4,7,25], the role of
FKBP51 in these nuclei remains unexplored as cell type-specific
studies are completely lacking. Here we manipulated FKBP51 in a
cell type- and nucleus-specific manner to further narrow down its
potential sites of action in whole-body metabolism; an indispensable
step towards the development of targeted therapeutic interventions for
metabolic disorders. Using a combination of systemic endogenous KO
of FKBP51 in Sf1-expressing cells and viral OE of the gene exclusively
in the VMH, we demonstrate that FKBP51 in VMH SF1 neurons induces
only a mild metabolic phenotype triggered by a dietary challenge in
male and female mice.
We have recently shown that deletion of FKBP51 in the MBH results in
massive obesity within a few weeks already under chow conditions,
while MBH-specific Fkbp5 OE resulted in protection from diet-
induced obesity [23]. In this recent study, however, all cell types
and regions of the MBH were affected. Data from the current study
clearly indicate that while FKBP51 is strongly expressed in almost all
SF1-positive neurons of the VMH, deletion of FKBP51 in these cells
only had a moderate effect on weight gain and body composition
under a HFD challenge, albeit in the same direction as a full MBH
FKBP51 deletion. This effect was largely independent of sex and did
not result in significant alterations of glucose or insulin tolerance in
the animals. We can thus conclude that SF1 neurons in the VMH are
not the main driver of an MBH FKBP51 deletion-induced obesity, and
at most act in concert with other cell types or nuclei in the MBH to
drive this phenotype. Interestingly, mice with a VMH-specific KO of
SF1 showed increased weight gain and impaired thermogenesis, and
in agreement with our results, a dietary challenge was necessary to
induce this SF1-driven metabolic phenotype [15,33]. Since prolonged
nutrient overload is considered a metabolic stressor activating in-
flammatory processes at metabolically active sites in the brain, it can
trigger a central and behavioral stress response [2]. This response
could in turn amplify the effects of stress-and diet-responsive Fkbp5
[4,45,55] in our KO model.
To gain a deeper understanding of the dose-dependent actions of
FKBP51 in the VMH and its implications on homeostatic control, we
overexpressed FKBP51 exclusively in Sf1-expressing neurons of the
VMH by Cre-specific viral injections. Intriguingly, these male Sf1Fkbp5
OE developed a similar BW phenotype to our male and female
Sf1Fkbp5-/- cohorts with a slightly accelerated weight gain under a HFD
challenge, resulting in a mildly higher fat to lean mass ratio in animals
overexpressing FKBP51 in the VMH. Further, viral Fkbp5 OE and mild
differences in BW resulted in impaired glucose tolerance only under
HFD. In line with MBH FKBP51 OE results, the BW phenotype was
induced exclusively by a high-calorie challenge. However, resulting
phenotypes diverged in opposite directions as the MBH FKBP51 OE
8 MOLECULAR METABOLISM 65 (2022) 101579 � 2022 The Author(s). Published by Elsevier GmbH. T
mice were protected against an HFD-induced weight gain compared to
controls. These results further underline that SF1 neurons in the VMH
are not the main contributor to the overall metabolic role of FKBP51 in
the MBH.
Interestingly, the recent paper by Häusl and colleagues [23] does offer
possible explanations for the unexpected phenotypes observed in the
current study. First, they detected an altered balance between hypo-
thalamic and peripheral autophagy-mTOR signaling as a major
contributor to the observed metabolic phenotype of MBH Fkbp5 OE and
KO mice [23]. Recently, a knockout study of autophagy gene 7 (Atg7) in
mouse VMH-SF1 neurons reported that loss of this gene alters the
homeostatic response to fasting and that this metabolic challenge
triggers autophagy in the VMH [12]. However, within the MBH, a role
for proopiomelanocortin (POMC) and agouti-related protein (AGRP)
neurons of the ARC in autophagy signaling has also been described.
Atg7 deletion in POMC neurons of the ARC implied an obesogenic
phenotype, especially when fed a HFD [11,41], whereas loss of this
autophagy gene in AGRP neurons promoted leanness [29]. These
studies suggest that autophagy signaling and homeostatic control
within the MBH are regulated in a cell type-specific manner, and the
resulting metabolic effects are highly dependent on the types of
neurons involved. Nonetheless, it is tempting to speculate that alter-
ations of autophagic signaling in the VMH are causally linked to the
mild phenotype induced by FKBP51 manipulations in this region.
Second, Häusl and colleagues described the effects of FKBP51 on
autophagy in the MBH in an inversed u-shaped manner. Both deletion
and robust OE of FKBP51 lead to significant reductions in autophagy in
the MBH, while a moderate FKBP51 increase in the periphery of MBH
OE mice stimulated autophagy and induced their lean phenotype [23].
It is therefore feasible that our current manipulations of FKBP51 in SF1
neurons both lead to a cell-type specific reduction of autophagic
signaling. This could explain the similar metabolic phenotype of mice
with either a SF1-specific Fkbp5 OE or deletion.
To rule out an impact of our Fkbp5 KO in Sf1-expressing cells within
the adrenal and pituitary [7,27,43,59] on described phenotypes, we
assessed adrenal weights and endocrine parameters of the HPA
axis, including baseline and post-stress CORT and ACTH under HFD
and SD in our cohorts. Intriguingly, adrenal weights were consis-
tently lower in the experimental group, irrespective of sex, dietary
condition and genetic manipulation. Since our viral OE exclusively
affected the VMH and yet produced the same phenotype in the
adrenal glands as the KO supports the hypothesis of a VMH-driven
effect rather than a result of Fkbp5 KO in this organ itself. Further,
there were no functional consequences of Fkbp5 manipulation on
the HPA axis function in either cohort. Intriguingly, there are early
studies demonstrating that compensatory adrenal growth after
unilateral adrenalectomy, a common method to study adult adrenal
growth mechanisms, is mediated by a neural loop including afferent
and efferent limbs between the adrenals and the VMH [6]. Further,
VMH-lesion studies indicated a gradual but strong increase in the
efferent activity of the adrenal sympathetic nerves and increased
catecholamine secretion from the adrenal medulla which could be
involved in the development of metabolic disorders observed during
the VMH syndrome [58]. A study by King et al. further established a
key role for adrenal glucocorticoids in the development of obese
phenotypes that resulted from VMH lesions [35]. However, the
involvement of FKBP51 in the described VMH-mediated adrenal
growth mechanisms and functions in the onset of obesogenic
phenotypes is speculative at the moment. Nevertheless, our study
opens a promising new avenue to study our mouse models in the
context of VMH-induced metabolic phenotypes.
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This study also comes with some limitations. It is important to note that
the two approaches used for genetic manipulation of Fkbp5 expression
might target a different set of neuronal subpopulations within the VMH.
Developmental KO of Fkbp5 affects the entire VMH as SF1 acts as a
transcription factor, which expression is essential for both VMH
development and function [36,39,47]. Adult, viral OE of Fkbp5, on the
other hand, only targets Sf1-expressing cells in the dorsomedial and
central parts of the VMH [9]. Further, we exclusively assessed morning
baseline CORT levels as a measure of HPA-axis function in our animal
models, which means that we cannot exclude differences of HPA
activity at other time points of the circadian rhythm.

5. CONCLUSION

In summary, this study shows that animals lacking and over-
expressing Fkbp5 in Sf1-expressing cells within the VMH display a
mild metabolic phenotype compared to an MBH-wide manipulation of
this gene. Therefore, suggesting that FKBP51 in this hypothalamic
nucleus plays a minor role in controlling whole-body metabolism.
Therefore, future studies involving MBH cell type-specific KO and OE
studies will shed light on MBH nuclei and cell populations that
contribute significantly to the metabolic effects achieved with MBH-
wide manipulation of FKBP51. Two promising candidates are POMC
and AGRP populations within the ARC [11,29,41] and the ongoing
metabolic phenotyping of FKBP51-specific KO mouse lines that we
have generated [7] will help to further unravel the FKBP51 driven
effects on MBH metabolism.
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