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A B S T R A C T

Translocator protein (TSPO) is a high-affinity cholesterol- and drug-binding mitochondrial protein. Nuclear
receptor subfamily 5 group A member 1 or steroidogenic factor 1 (Nr5a1)-Cre mice were previously used to
generate steroidogenic cell-specific Tspo gene conditional knockout (cKO) mice. TSPO-depleted homozygotes
showed no response to adrenocorticotropic hormone (ACTH) in stimulating adrenal cortex corticosterone pro-
duction but showed increased epinephrine synthesis in the medulla. No other phenotype was observed under
normal growth conditions. During these studies, we noted that pairing two cKO mice resulted in the generation
of small pups. These pups showed low growth rate at weaning, which has been linked to the development of type
2 diabetes (T2D) in adulthood. Experimental verification of T2D symptoms via blood testing of the adult mice,
including glycated hemoglobin and insulin C-peptide measurements, showed that these Tspo cKO mice exhibited
sustained hyperglycemia, a sign of prediabetes, likely due to the augmentation of hepatic glucose production
mediated by the increased epinephrine. We also observed increased expression of the S100a8 gene, which is
upregulated after chronic glucose stimulation. Taken together, the observed prediabetes phenotype and lack of
response to ACTH indicate that Tspo cKO mice (Nr5a1-Cre+/−, Tspofl/fl) could provide a useful model to study
the link between diabetes and stress.

1. Introduction

The outer mitochondrial membrane translocator protein (TSPO), a high-af-
finity cholesterol- and drug-binding protein, possesses multiple biological activ-
ities, including mitochondrial cholesterol transport and steroid hormone bio-
synthesis, porphyrin transport and heme synthesis, cell proliferation, and
apoptosis [1]. TSPO is also involved in anion transport, which is likely related to
the regulation of mitochondrial membrane potential [1,2]. These functions were
elucidated by either controlling protein expression or using drug ligands. Recent
studies have shown that TSPO may also serve as a drug target for diabetes and
obesity by regulating glucose metabolism and glucose uptake in adipose tissue
[3]. In addition, TSPO ligands have been shown to prevent hepatosteatosis and
glucose intolerance in mice with high-fat diet-induced obesity [4]. Therefore,
modulation of TSPO function via drug ligands or by loss-of-function to regulate

glucose homoeostasis and energy production may be effective in treating these
two pathological manifestations of mitochondrial metabolic dysregulation [5].

We previously showed that nuclear receptor subfamily 5 group A member 1
(Nr5a1, also known as steroidogenic factor 1; Sf-1)-Cre mediated steroidogenic
cell-specific Tspo conditional knockout (cKO) resulted in altered neutral lipid
deposition, reduced circulating plasma corticosterone levels in response to
adrenocorticotropic hormone (ACTH) stimulation, and increased production of
epinephrine, a stress response mediator [6]. This lipid accumulation phenotype is
similar to that of steroidogenic acute regulatory protein (Star) KO mice, in which
the accumulation of lipid droplets in the adrenal cortex is also linked to reduced
steroid formation [7]. The physiological significance of increased epinephrine in
steroidogenic cells of Tspo cKO mice is unknown. We hypothesize that the in-
creased epinephrine production serves as an adaptive mechanism in the presence
of Tspo deficiency [6].
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Epinephrine, which plays an important role in the fight-or-flight re-
sponse, is one of the main counter-regulatory hormones to insulin, inhibiting
insulin secretion and increasing gluconeogenesis and glycogenolysis in the
liver, thus boosting blood glucose levels [8–10]. We report herein that Tspo
cKO mice frequently showed slow growth at the weaning and young adult
stages. As adults, these mice tended to develop a type 2 diabetes (T2D)
phenotype, exhibiting sustained high blood glucose or hyperglycemia,
which is the hallmark of prediabetes.

2. Materials and methods

2.1. Generation of Tspo cKO mice

Generation of the steroidogenic cell-specific Tspo cKO mice (homozygous
cHO: Nr5a1-Cre+/−, Tspofl/fl; heterozygous cHE: Nr5a1-Cre+/−, Tspofl/+) was
previously described [5]. In brief, Tspo cHO mice (Nr5a1-Cre+/−, Tspofl/fl) were
produced by crossing heterozygous Tspo cHE mice (Nr5a1-Cre+/−, Tspofl/+)
with homozygous Tspo floxed mice (Nr5a1-Cre−/−, Tspofl/fl) (see Table 1). Both
the Tspo floxed and Nr5a1-Cre mouse lines were maintained by crossing with
wild type (WT) C57BL/6J mice from the Jackson Laboratory. Tspo cHO mice
were generated through two rounds of crossing: homozygous Tspo floxed mouse
(Nr5a1-Cre−/−, Tspofl/fl) × Cre-positive mouse (Nr5a1-Cre+/−, Tspo+/+), and
then crossing with the resulting heterozygous Tspo cHE mice (Nr5a1-Cre+/−,
Tspofl/+). WT crossings (Nr5a1-Cre+/− or Tspofl/fl floxed lines) served as control
(s). Two cHO mice were mated to produce pups for body weight measurements
at the weaning stage (21–26 days) and young adult stage (35–45 days), and the
growth rate was calculated by dividing weight by actual days after birth; WT
mice served as control(s). Animals were handled according to protocols approved
by the McGill University Animal Care and Use Committee.

2.2. Immunofluorescence staining and microscopy

Routine immunofluorescence staining of cryosections of adrenal gland,
testis, and ovary tissues was performed as previously described [6]. Briefly,
tissue cryosections were fixed in 4% paraformaldehyde, permeabilized with
0.1% Triton X, blocked with 1% bovine serum albumin containing 1%
donkey serum, and incubated in primary rabbit anti-TSPO monoclonal an-
tibody (clone EPR5384, ab109497; Abcam, Toronto, ON, Canada), followed
by secondary donkey anti-rabbit IgG (H + L) antibody conjugated with
Alexa Fluor® 546 (Thermo Fisher, Burlington, ON, Canada). Nuclei were
counterstained using UltraCruz® aqueous mounting medium containing 4′,6-
diamidino-2-phenylindole (Santa Cruz Biotechnology Inc., Dallas, TX, USA).
Microscopy was performed using Olympus FV1000 and Zeiss LSM 780
confocal laser scanning microscopes, and epifluorescence imaging was per-
formed with an inverted Olympus microscope. All images were analyzed
using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.3. Serum biochemical profile, glycated hemoglobin A1c test, and insulin
C-peptide measurement

We collected blood samples (sufficient to obtain 250 μl serum) from cHO and
WT adult mice (~12 months old) for serum biochemical analysis, which was
carried out at the Diagnostic and Research Support Service, Comparative
Medicine and Animal Resources Centre, McGill University. At the terminal stage
of the study, we collected whole blood by cardiac puncture and then harvested

the liver, pancreas, adipose, thigh muscle, testis/ovary, and adrenal glands. We
determined levels of glycated hemoglobin A1c (GHbA1c) and insulin C-peptide
using a Mouse GHbA1c ELISA Kit (MG0329; NeoScientific, Cambridge, MA,
USA) and Mouse Insulin C-Peptide ELISA Kit (Competitive EIA)(LS-F25003;
LifeSpan BioSciences, Inc., Seattle, WA, USA), respectively, in accordance the
manufacturers' instructions. Absorbance was read at 450 nm using a VICTOR™
X5 Multilabel Plate Reader (PerkinElmer Inc., Waltham, MA, USA).

2.4. Microarray analysis and real-time PCR

2.4.1. Human gene expression
Microarray data of gene expression in liver biopsies of human subjects

with or without type 2 diabetes [11] were retrieved from NCBI GEO database
(accession no.: GSE23343) [11]. The data were reanalyzed using FlexArray
software (version 1.61; http://genomequebec.mcgill.ca/FlexArray) and nor-
malized by robust multiarray average. Differences in gene expression between
hyperglycemic patients and controls were visualized by using volcano plots
(see Fig. S1), which showed that the following genes were differentially
regulated in hyperglycemic patients: S100 calcium-binding protein A8
(S100a8), cytoplasmic polyadenylation element-binding protein 4 (Cpeb4),
cytochrome P450, family 1, subfamily b, polypeptide 1 (Cyp1b1), insulin-like
growth factor 2 receptor (Igf2r), and selenoprotein P (Sepp1).

2.4.2. Mouse gene expression
The mouse orthologs of genes found to be highly regulated in hyperglycemic

patients (see Section 2.4.1) were analyzed in our mouse liver samples by real-
time PCR. Total RNA was extracted using TRIzol Reagent (Thermo Fisher Sci-
entific). Purity of the RNA samples was determined by NanoDrop spectro-
photometer, and those with 260/280 and 260/230 ratios of 1.8–2.0 and 2.0–2.2,
respectively, were deemed acceptable for further analysis. After treating the RNA
samples with a DNA-free DNA Removal Kit (Thermo Fisher Scientific) and di-
luting to 100 ng/μl using DNase/RNase-free water, cDNA was synthesized using
the Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science), ac-
cording to manufacturer's instructions. The resulting cDNA samples were diluted
with nuclease-free water and analyzed by real-time PCR using SYBR Green dye
and a LightCycler 480 system (Roche Applied Science) as previously described
[27]. Target genes were normalized to hypoxanthine-guanine phosphoribosyl-
transferase (Hprt) to correct for differences in template cDNA quantities.

We used the following primer sets: S100A8-R: AGTGTCCTCAGTTTGTGCAG
and S100A8-F: GAGATGCCACACCCACTTT for S100a8; Cpeb4-R: GGTGGATTG
CCTCCTGATATT and Cpeb4-F: AGATTTGCTCTCTGCCTTATGA for Cpeb4;
Cyp1b1-R: CTGCCACTATTACGGACATCTT and Cyp1b1-F: GCCTGAACATCCGG
GTATC for Cyp1b1; Igf2r-R: GCCTACAAGTGCTATCTGTATGT and Igf2r-F: GGT
GTTGAATTCCAGGAGTGA for Igf2r; Sepp1-R: GCTAAACTCAGAGGGCAAAGT
and Sepp1-F: TATGCGCAGGTCTTCCAATC for Sepp1; and Hprt-R: GCGTCGTGA
TTAGCGATGATGAAC and Hprt-F: GAGCAAGTCTTTCAGTCCTGTCCA for Hprt.

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.02 software. The
significance of the results was determined using Student's t-test and F-test for
equality of variance; p < 0.05 was considered significant.

3. Results

3.1. Low growth rate of pups generated by crossing two cHO mice (Nr5a1-
Cre+/−, Tspofl/fl)

During the characterization of the steroidogenic cell-specific Tspo cKO mice
(Nr5a1-Cre+/−, Tspo+/fl and Nr5a1-Cre+/−, Tspofl/fl), we observed that pairing
two cHO mice from the same litter produced extra small pups (Fig. 1A). The
extra small mice were homozygous (cHO, Nr5a1-Cre+/−, Tspofl/fl), and growth
rates at the weaning stage (21–26 days) and young adult stage (35–45 days) were
significantly lower than those of WT mice (Nr5a1-Cre−/−, Tspo+/+) (Fig. 1B). In
contrast, the growth rates of small WT pups from the cHO pairing did not differ
significantly from those of normal WT mice from control pairing at either the
weaning and or young adult stage (Fig. 1B). Results of immunostaining showed
that TSPO expression was considerably lower in the adrenal cortex, testes, and

Table 1
List of mice used and their corresponding genotypes.

Abbreviation Full name Genotype

WT C57BL/6J mouse (wild type) Nr5a1-Cre−/−, Tspo+/+

Nr5a1-Cre Nr5a1-Cre-positive mouse (wild type) Nr5a1-Cre+/−, Tspo+/+

Tspo cKO Nr5a1-Cre mediated Tspo conditional
knockout

Nr5a1-Cre+/−, Tspo+/fl and
Nr5a1-Cre+/−, Tspofl/fl

cHE Nr5a1-Cre-positive, heterozygous
floxed Tspo alleles

Nr5a1-Cre+/−, Tspo+/fl

cHO Nr5a1-Cre-positive, homozygous
floxed Tspo alleles

Nr5a1-Cre+/−, Tspofl/fl

J. Fan et al. BBA - Molecular Basis of Disease 1865 (2019) 56–62

57

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23343
http://genomequebec.mcgill.ca/FlexArray


ovaries of the cKO mice (Figs. 1C, E, S2A, S2C, S3A, S3C, S4A, and S4C) com-
pared with corresponding tissues of WT mice (Figs. 1D, F, S2B, S2D, S3B, S3D,
S4B, and S4D), as we previously reported [6].

To understand the lower growth rates of Tspo cKO mice, we paired the sire
and dam of the extra small mice with young WT mice. We observed all the litter

size is within 6–8 pups (Fig. 2A), but female pups produced by the dam had
significantly higher growth rates (Fig. 2B). In contrast, pups produced by the sire
had growth rates similar to those of pups from the other cHO pairings (ap-
proximately 0.4 g/day) (Fig. 2C). Subsequently, we did not observe extra small
pups from three additional cHO pairings (Nr5a1-Cre+/−, Tspofl/fl ×Nr5a1-Cre+/
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−, Tspofl/fl), but the growth rates of all offspring were significantly lower than
pups from WT pairings (Fig. 2D). These findings show that although the gen-
eration of the extra small mice from cKO pairings was an occasional phenom-
enon, a visible phenotype of slow growth after Tspo conditional genetic depletion
was common [6].

3.2. Hyperglycemia in the cKO mice

To gain further insight into the low growth rate of cKO mice (Nr5a1-Cre+/−,
Tspo+/fl and Nr5a1-Cre+/−, Tspofl/fl), we analyzed serum biochemistry profiles.
Compared with WT mice, free cholesterol and serum glucose levels were sig-
nificantly higher in male cKO mice but not in female cKO mice (Fig. 3A, B).
However, high-density lipoprotein (HDL) and triglyceride levels did not differ
significantly between cKO mice and WT mice (Fig. 3C, D). The increased free
cholesterol after TSPO conditional depletion is consistent with our previous

findings of abnormal cholesterol metabolism and its use in steroid or bile acid
biosynthesis, as indicated by the accumulation of neutral lipids [6,12]. The
sustained high blood glucose levels indicated prediabetes.

To confirm these findings, we measured the GHbA1c and insulin C-peptide
levels. The results showed that GHbA1c levels were significantly higher in male
cKO (cHE and cHO) mice compared with male WT mice (Fig. 3E). In addition,
insulin C-peptide levels were only significantly increased in male cHE mice
(Fig. 3F). Taken together, these results suggest that Nr5a1-Cre mediated ster-
oidogenic cell-specific TSPO depletion results in hyperglycemia.

3.3. Upregulation of genetic markers of T2D in cKO mice

Hyperglycemia in patients with T2D results from the development of insulin
resistance in target tissues, leading to the loss of insulin secretion [13]. Glucose-
induced changes in hepatic gene expression in hyperglycemic patients have been
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Fig. 2. Cross between parents producing extra small pups, small pups, and WT pups with young adult WT mice. (A) The number of pups from the sire of the extra
small pups (M) crossed with a young WT female (WT (yf)) and from the dam of the extra small mice (F) crossed with a young WT male (WT (ym)). Blue, male pups;
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previously reported [11]. Our reanalysis of the original microarray data showed
that the following genes were highly regulated in the livers of T2D patients:
SEPP1, IGF2R, S100A8, CPEB4, and CYP1B1 (Figs. 4A, S4). Of these genes, only
S100a8 expression was increased in the liver of cKO mice compared with WT
mice, as assessed by real-time PCR (Figs. 4B, S5). These data suggest that the high
glucose levels in cKO mice are strongly associated with liver expression of
S100a8, a gene upregulated after chronic glucose stimulation [14].

4. Discussion

In this study, we observed for the first time that steroidogenic cell-spe-
cific conditional depletion of Tspo leads to hyperglycemia in mice. Since the
contradictory reports on the role of TSPO in steroidogenesis, showing either
a permissive role or a lack of it in steroid formation, in animal models [6,16]
and cell lines [2,17], no other remarkable physiological and/or pathological
phenotypes have been reported. Hyperglycemia in mice with steroidogenic
cell-specific Tspo depletion in this study can be explained by our previous
finding that Tspo cKO mice have elevated levels of the stress hormone

epinephrine [6], which raises blood glucose level [18,19]. Our finding that
serum insulin C-peptide level in cHO mice did not differ significantly from
that WT mice of suggests that the normal response to insulin is reduced,
indicating insulin resistance, which is a characteristic of incipient T2D [13].
Compared with gene expression in hyperglycemic patients with T2D, ex-
pression of the mouse orthologs did not show significant changes in cKO
mice, except for S100a8, which is upregulated after chronic glucose stimu-
lation [14]. Taken together, our data suggest that Tspo cKO mice are pre-
diabetic. This observation is in agreement with recent findings showing that
TSPO expression is essential for healthy adipocyte function and that TSPO
drug ligands improve the metabolic status of adipocytes by regulating glu-
cose homeostasis [3], thereby preventing glucose intolerance in mice with
high-fat diet-induced obesity [4].

Further characterization of the Tspo cKO mice and their offspring revealed
slow growth at the weaning stage, and elevated levels of GHbA1c and free
cholesterol, as well as blood glucose, in the adult stage. Low growth rate and
sustained hyperglycemia are typical signs of prediabetes leading to T2D. For
example, slow growth in the first 6 months after birth in humans is strongly
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associated with T2D in adulthood [20]. Both nutrition and genetic factors play
important roles in this association [21], which is likely related to impaired glu-
cose tolerance [22–25]. In this study, the observed phenotype in the Tspo cKO
mice was more pronounced in male mice, suggesting a sex-specific trait. As we

previously reported, cholesterol stores (lipid droplets) are depleted in Tspo cKO
mice, suggesting that TSPO affects lipid homeostasis in Leydig cells. In addition,
Tspo-null cells may be at risk for steroidogenic substrate exhaustion [6], which is
likely related to the observed sex-specific differences.
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corresponding mouse orthologs of selected hyperglycemia genes in livers of mice with TSPO deficiency vs. controls. Open circle, WT; open square, cHO. **p < 0.01;
Student's t-test (n = 7–8/group); error bars represent SEM. (C) Working model of TSPO deficiency leading to hormone-regulated increase in blood glucose level [15].
Nr5a1-Cre-mediated Tspo cKO in the adrenal gland increases production of epinephrine, leading to increased blood glucose level and S100a8 expression.
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Several genetically modified and diet-induced animal models of T2D have
been generated [26–28], but until now a stress-induced animal model of T2D was
not available. Given that adult-onset diabetes is heterogeneous, with a range of
characteristics and underlying disease mechanisms [29], a given animal model
can mimic only one or two subsets of the condition. The genetically engineered
mice we generated with Nr5a1-Cre-mediated TSPO deficiency in steroidogenic
cells exhibited sustained hyperglycemia, originating from an adrenal gland de-
fect, and no response to the ACTH challenge. Therefore, this animal model is
suitable to study the link between stress response and impaired glucose meta-
bolism in the development of prediabetes and T2D.

The Tspo cKO mice with hyperglycemia seems to have lost the basic function
(s) of TSPO in regulating mitochondrial membrane potential [2] and steroid
biosynthesis, while gaining a consequential effect as a result of adrenal gland
impairment [6,12]. In our previous report [6], we showed that mice with Tspo
depletion in the adrenal gland cortex showed increased epinephrine secretion,
which produces an elevation in blood glucose level by stimulating glycogenolysis
and gluconeogenesis [30]. Therefore, we propose a working model to explain
how Tspo deficiency in mice increases epinephrine production by the adrenal
glands, stimulating glucose production in the liver and increasing circulating
glucose levels (Fig. 4C). We believe that the Tspo cKO mouse model may be a
useful tool to study downstream effectors of the hypothalamic–pituitary–adrenal
axis in the stress response and stress-related diabetes.

5. Conclusions

Generation of steroidogenic cell (adrenal) Tspo cKO led to sustained high
levels of blood glucose, a hallmark of prediabetes. Considering the re-
lationship between increased levels of the stress hormone epinephrine, ob-
served in these mice, and diabetes, the Tspo cKO mice could serve as a new
animal model for studying stress-related diabetes.
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