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Patients with Parkinson’s disease (PD) have a high prevalence of glucose metabolism
abnormalities. However, the mechanism underlying these symptoms remains unclear.
The hypothalamic-pituitary-adrenal (HPA) axis is the major neuroendocrine axis that
regulates homeostasis in mammals, including glucose metabolism. Corticotrophin
releasing hormone (CRH), which is synthesized in the paraventricular nucleus (PVN) of
the hypothalamus, plays an important role in the regulation of blood glucose levels via
the HPA axis. Our previous studies have reported that PVN neurons express numerous
dopamine receptors (DRs) and accept direct projections from the substantia nigra (SN).
We hypothesize that damage to dopaminergic neurons in the SN might influence the
blood glucose level through the HPA system. Rats with bilateral SN lesions induced by
6-hydroxydopamine (6-OHDA) (referred to as 6-OHDA rats) were used to investigate
alterations in the levels of blood glucose, CRH, and factors related to the HPA axis
and to explore possible mechanisms. Blood glucose levels were detected at different
time points after the glucose solution was intraperitoneally administered. CRH and
DRs in the PVN were evaluated by immunofluorescence and western blot analysis.
Adrenocorticotropic hormone (ACTH) in the pituitary and plasma corticosterone (CORT)
was evaluated by radioimmunoassay (RIA). The results showed that 6-OHDA rats
exhibited significantly decreased tyrosine hydroxylase (TH) in the SN and decreased
glucose tolerance at 6 weeks, but not at 4 weeks. In the PVN, dopamine receptor 2 (D2)
was expressed on CRH-positive neurons, and D2-positive neurons were surrounded by
TH-positive fibers. Additionally, the expression of CRH was upregulated, whereas the
expression of D2 and TH were downregulated in 6-OHDA rats compared with control
rats. In D2 knock-out mice, the significantly enhanced expression of CRH and reduced
expression of D2 were detected in the PVN. Furthermore, RIA revealed increased ACTH
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in the pituitary and elevated CORT in the blood. In summary, the present study suggests
that the dopaminergic neurons in the SN are involved in the regulation of body glucose
metabolism through CRH neurons that express D2 in the hypothalamic PVN. SN lesions
decrease glucose tolerance mainly by downregulating D2 and upregulating CRH in the
PVN through the HPA neuroendocrine system.

Keywords: glucose metabolism, Parkinson’s disease, dopamine receptor, corticotrophin releasing hormone,
hypothalamic-pituitary-adrenal axis

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by the progressive loss of dopaminergic
neurons in the substantia nigra (SN), which manifests both motor
and non-motor symptoms (NMS) (Stern et al., 2012). While
the classic motor features are due to the loss of nigrostriatal
dopaminergic cells, the spectrum of NMS reflects a more complex
etiology, including neuroendocrine and metabolic abnormalities
(De Pablo-Fernandez et al., 2017). People realize that NMS play
a tremendously important role in the management and even the
diagnosis of the disorder (Pfeiffer, 2016). Here, we focused on the
high prevalence of glucose metabolism abnormalities observed in
patients with PD, which have been extensively studied (Lipman
et al., 1974; Dunn et al., 2014; De Pablo-Fernandez et al.,
2017; Biosa et al., 2018). It is important to elucidate the
mechanism of impaired glucose metabolism in patients with PD
for controlling and delaying the onset and progression of disease-
related complications in the early stage of the disease. However,
the underlying pathogenesis remains unclear.

The hypothalamic-pituitary-adrenal (HPA) axis is the
major neuroendocrine axis that regulates homeostasis in
mammals, including glucose metabolism (Si et al., 2015).
Corticotrophin releasing hormone (CRH), which is synthesized
in the paraventricular nucleus (PVN) of the hypothalamus, plays
an important role in regulating blood glucose via the HPA axis
(Lu et al., 2018). CRH is released into the hypophyseal portal
capillaries in the median eminence and stimulates the secretion
of adrenocorticotropic hormone (ACTH) in the pituitary gland.
Then, ACTH arrives at the adrenal cortex through the systemic
blood circulation and promotes the synthesis and secretion of
glucocorticoid hormones, cortisol or corticosterone (CORT), in
the adrenal cortex, participating in the regulation of blood sugar
(Spencer and Deak, 2017).

Reduced PVN function has been reported in patients with PD
(Mann and Yates, 1983; Jellinger, 1991). Our previous studies
have shown that the PVN receives a direct projection from
the SN by neural tracing technology (Wang et al., 2014), and
a large number of dopamine receptors 1 and 2 (D1 and D2)
are distributed throughout the PVN (Ran et al., 2019). We
hypothesized that the CRH-positive neurons in the PVN express
dopamine receptors (DRs) and that dopamine from the SN could
influence the synthesis and secretion of CRH via DRs in the PVN,
which in turn regulate the blood glucose level via the HPA system.

The present study aimed to explore the relationship between
PD and glucose metabolism and its underlying mechanism by
using a classic animal model established with the neurotoxin

6-hydroxydopamine (6-OHDA), which cannot cross the blood-
brain barrier and therefore requires direct administration on
the SN (Jackson-Lewis et al., 2012). Our findings provide direct
evidence that the loss of dopamine in the SN leads to decreased
glucose tolerance, which is correlated with the altered HPA
neuroendocrine system.

MATERIALS AND METHODS

Animals
Male Sprague–Dawley rats (Laboratory Animal Services Center
of Capital Medical University, Beijing, China) that ranged in
weight from 210 to 230 g (7∼8 weeks) were used. All animals
were housed in animal care facilities at 22 ± 1◦C on a 12:12 h
light–dark cycle. Food and water were provided ad libitum.

Global D2 knock-out mice were generated and purchased
from the Institute of Laboratory Animals Science, the Chinese
Academy of Medical Sciences & Peking Union Medical College.
Sex- and age-matched wild-type littermates were used as
controls. All male mice used had a C57BL/6 background, were
8 weeks of age and were housed under the same environmental
conditions as the rats.

Every procedure was approved by the Animal Care and Use
Committee of Capital Medical University and was conducted
according to the established guidelines of the National Institutes
of Health (NIH, United States).

6-OHDA Animal Models
The animal model of PD was made by bilaterally microinjecting
the SN with 6-OHDA (Sigma, United States) (referred to as
6-OHDA rats) as previously reported (Zheng et al., 2011).
Briefly, all animals were anesthetized with an intraperitoneal
(i.p.) injection of chloral hydrate (0.4 g/kg) and placed on a
stereotaxic instrument. Two holes were drilled into the skull
(coordinates: anterior-posterior (AP), −5.6 mm; medial-lateral
(ML), ± 2.0 mm; dorsal-ventral (DV), −7.5 mm), and 6-OHDA
(4 µg in µl of 0.9% saline containing 0.05% ascorbic acid)
was bilaterally injected with a 10-µl Hamilton syringe. Control
groups were injected with saline containing 0.2% ascorbic acid.
Subsequent experiments were performed 4 and 6 weeks after
6-OHDA administration.

ipGTT
At 4 and 6 weeks, the intraperitoneal glucose tolerance test
(ipGTT) was performed in fasted (8 h) rats at approximately
16:00. The tips of the tails of the rats were cut (less than
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1 mm) for blood collection. The first drop was discarded,
and the second drop was used for the determination of blood
glucose (time 0) using a glucometer (Accu-Chek Performa;
Roche Diagnostics, GmbH, Mannheim, Germany). Immediately
afterward, a 20% glucose solution prewarmed at 37◦C (2 g/kg)
was intraperitoneally injected, and blood samples were collected
at 15, 30, 60, and 120 min for blood glucose measurements as
previously described (Oh et al., 2013).

Tissue Preparation
For brain sections, the animals were perfused through the
left ventricle according to the previous method (Zhou et al.,
2014). The brains were then quickly removed and kept in 4%
paraformaldehyde for 24 h after fixation. After dehydration with
15 and 30% sucrose in 0.01 M PBS (pH 7.4), coronal frozen
sections including the SN and PVN were cut to a thickness of
20 µm with a cryostat (Leica CM1950, Switzerland). The brain
sections were air-dried overnight at room temperature and stored
at−80◦C.

For western blot analysis and radioimmunoassay, samples of
the SN, hypothalamus, pituitary gland and adrenal gland were
collected on ice and immediately frozen in liquid nitrogen. The
tissues were stored at−80◦C until further testing.

IF and IHC Staining
For immunofluorescence (IF), as described in our previous report
(Zhou et al., 2014). Briefly, after retrieving antigens by heating to
95◦C–100◦C in a beaker containing citrate buffer (0.01 M, pH
6.0) for 15 min, the sections were incubated with 10% normal
goat serum for 1 h at room temperature. Then, the sections were
incubated with primary antibodies (Table 1) at 4◦C overnight,
and subsequently incubated with secondary antibodies (Table 2)
for 1 h at room temperature. Photomicrographs were obtained
using a confocal microscope (Olympus, FV1000).

For immunohistochemistry (IHC), in contrast with IF, the
slices were quenched in endogenous peroxidase using 0.3% H2O2
before antigen retrieval. After incubation with primary antibody
(Table 1) at 4◦C overnight, immunostaining was performed
using a PV-9002 Polymer Detection System (ZSGB-Bio, China)
with diaminobenzidine according to the manufacturer’s protocol.

TABLE 1 | First antibodies used in this study.

Antigen Antibody Dilution Source/catalog no.

IHC/IF Western blot

TH Mouse monoclonal 1:5000 1:10000 Sigma/T1299

D1 Rabbit polyclonal 1:100 1:500 Alomone/ADR-001

D2 Rabbit polyclonal 1:100 1:500 Alomone/ADR-002

D2 Mouse monoclonal 1:100 1:500 Santa Cruz/sc-5303

CRH Rabbit polyclonal 1:100 1:500 Cloud-clone
corp/PAA853Hu01

GAPDH Rabbit polyclonal N/A 1:5000 Sigma/G9545

TH, tyrosine hydroxylase; D1, dopamine 1 receptor; D2, dopamine 2 receptor;
CRH, corticotrophin releasing hormone.

The sections were photographed with a light microscope
(Nikon E80i, Japan).

Western Blot Analysis
The frozen brain tissues were homogenized in 300 µl of cold
lysis buffer supplemented with protease inhibitors for protein
extraction. Proteins (100 µg) were separated by 10% SDS-PAGE
and transferred to a nitrocellulose membrane. After blocking with
5% skim milk in PBS for 1 h, the membranes were incubated
with primary antibodies (Table 1) overnight at 4◦C. Then,
the membranes were incubated with the appropriate secondary
antibodies (Table 2) for 1 h at room temperature. After the
final wash, the membrane was scanned and quantified with
an Odyssey Infrared Image system (LI-COR, United States).
The integrated intensity of the bands was analyzed by Odyssey
software (version 3.0).

Radioimmunoassay
Under anesthesia, blood samples were collected into cold EDTA
tubes from the heart and centrifuged at 3000 rpm (4◦C) for
10 min to isolate the plasma. The supernatant was transferred to
new Eppendorf tubes and stored at −80◦C. Then, homogenates
of hypothalamus, pituitary gland and adrenal gland samples were
also centrifuged to obtain the supernatant. ACTH and CORT
levels in the blood samples and brain tissue homogenates were
detected by Beijing Furunruize Biotechnology Co., Ltd.

Statistical Analysis
The results are presented as the mean ± SEM from at
least three experiments. Statistical analyses were performed
using the unpaired Student’s t test (GraphPad Software 5.0,
La Jolla, CA, United States). Differences were considered
significant at p < 0.05.

RESULTS

SN Lesions and Attenuated Glucose
Tolerance in 6-OHDA-Induced Rats
As a rate-limiting enzyme in catecholamine synthesis, tyrosine
hydroxylase (TH) is normally used as a marker for intrinsic
catecholaminergic neurons (Zheng and Travagli, 2007). The
majority of TH-immunoreactive (TH-IR) neurons in the SN are
dopaminergic; thus, TH-IR neurons were observed to indirectly

TABLE 2 | Secondary antibodies used in this study.

Antigen Conjugation Dilution Source/Catalog no.

anti-mouse IgG (IHC) HRP HRP ZSGB-Bio/PV-9002

Goat anti-mouse IgG (IF) Alexa Fluor 488 1:1000 Invitrogen/A11017

Goat anti-mouse IgG (IF) Alexa Fluor 594 1:1000 Invitrogen/A11020

Donkey anti-rabbit IgG (IF) Alexa Fluor 488 1:1000 Invitrogen/A21206

Donkey anti-rabbit IgG (IF) Alexa Fluor 594 1:1000 Invitrogen/A21207

Goat anti-rabbit IgG (WB) IRDye800 1:10000 Rockland/611-132-122

Sheep anti-mouse IgG (WB) IRDye800 1:10000 Rocklane/610-632-002
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FIGURE 1 | SN lesions and attenuated glucose tolerance in 6-OHDA-induced rats. (A) (Control group) and (B) (6-OHDA group): Representative images of TH-IR
neurons in the SN, Scale bar, 500 µm; (C) Representative western blot of TH in the SN of control and 6-OHDA rats. (D) Summary histogram of C, ∗p < 0.05,
∗∗p < 0.01, and ∗∗∗p < 0.001 (n = 6). (E,F) Blood glucose values during the ipGTT on the 4th and 6th weeks, respectively, (n = 10).

detect the dopaminergic neurons in the SN. Six weeks after
injecting 6-OHDA into the SN, IHC analysis showed that the
field number of TH-IR neurons in the SN was significantly
reduced in 6-OHDA rats (Figure 1B) compared with control
rats (Figure 1A). Western blot analysis showed that the protein
level of TH in the SN was markedly decreased in 6-OHDA rats
compared with control rats, from 0.70 ± 0.02 to 0.18 ± 0.04
(n = 6, p < 0.001, Figures 1C,D).

To verify whether the loss of dopaminergic neurons in the SN
caused by 6-OHDA may be associated with glucose homeostasis
disturbances; blood sugar analysis was performed to identify the
possible alterations associated with dopamine loss. Considering
that glucose intolerance may reflect an elevation in blood glucose,
glucose tolerance was assessed on the 4th and 6th weeks of the
experiment. At 30 min after i.p. injecting a glucose solution,
the blood glucose level of the rats treated with 6-OHDA was
significantly increased compared with that of the control rats
at the 6th week (n = 10, p < 0.01, Figure 1F), which revealed
attenuated glucose tolerance in the 6-OHDA rats. The blood
glucose values at 30 min were 0.02 ± 0.00 (mmol/L/kg) in
the control group and 0.03 ± 0.00 (mmol/L/kg) in the 6-
OHDA group after normalization to body weight. However, this
difference between the two groups was not observed at the 4th
week (Figure 1E).

Decreased Expression of D2 and TH in
the PVN of 6-OHDA-Induced Rats
To evaluate the effect of the degeneration of dopaminergic
neurons in the SN on the DRs in the PVN and their
relationship with dopaminergic fibers, double IF and western

blot were used. Both TH-IR neurons and nerve fibers were
observed in the PVN (Figures 2Ab,Bb). D1-IR and D2-IR
neurons were also detected in the PVN (Figures 2Aa,Ba),
which was consistent with our previous study (Ran et al.,
2019). Double labeling experiments showed that TH-IR neurons
were also D1/D2-IR (Figures 2Ac,d,Bc,d), while the D1/D2-IR
neurons were surrounded by the majority of the TH-IR fibers
(Figures 2Ad,d′,Bd,d′) in the PVN. However, nearly all the
TH-IR neurons were lost in the 6-OHDA rats, and only TH-
IR fibers were left (Figures 2Ab,b′,c,c′,Bb,b′,c,c′). In addition,
after the destruction of dopamine in the SN, the expression
of D2 also significantly decreased (Figures 2Ba,a′), whereas
there was no change in D1 expression (Figures 2Aa,a′). The
western blot results were consistent with the IF results, which
further confirmed the reality of the expression of TH and
D1/D2 (Figures 2C,D).

Increased Expression of CRH, ACTH,
and CORT in the HPA System of 6-OHDA
Rats
The CRH-related HPA axis in the rat consists of CRH in the
PVN, ACTH in the pituitary gland and glucocorticoids (mainly
CORT) in the adrenal gland, which are eventually released
into the blood. To investigate the role of the HPA axis in the
decreased glucose tolerance of 6-OHDA rats, hypothalamus,
pituitary gland, and blood samples were collected to perform
histological and immunological tests. As illustrated in Figure 3A,
compared with control rats, the 6-OHDA rats had enhanced
expression of CRH in the PVN (Figure 3A), and this result was
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FIGURE 2 | Decreased expression of D2 and TH in the PVN of 6-OHDA-induced rats. (A,B) Double-labeling immunofluorescence of D1 (Aa and Aa′) or D2 (Ba and
Ba′) (red) and TH (green, Control group: Ab and Bb; 6-OHDA group: Ab′ and Bb′) in the PVN neurons (white dashed frame) of the control and 6-OHDA groups;
(d,d′) are the enlargement of the white frame in (c,c′), respectively. Scale bar is 50 µm; (C) Representative western blot of TH, D1, and D2 in the hypothalamus of
control and 6-OHDA rats. (D) Summary histogram of C, ∗∗∗p < 0.001 (n = 6). 3v: Third ventricle.

further confirmed by western blot analysis (Figures 3B,C). To
further confirm the correlation of D2 expression with CRH in
the PVN, we employed D2 knock-out mice. We found that the
CRH expression in the PVN was significantly increased in the D2
knock-out mice compared with the control mice (Figures 3D,E).
Moreover, morphological analysis also revealed the coexpression
of CRH and D2 in the PVN (Figure 3Ad). As expected, the
contents of ACTH in the pituitary gland and CORT in the blood
were significantly increased by radioimmunoassay (Table 3).

DISCUSSION

In the present study, we demonstrated that the central
administration of 6-OHDA attenuated glucose tolerance
and activated the HPA system, as evidenced by the upregulated
expression of CRH in the PVN, the increased content of
ACTH in the pituitary gland and the increased content
of CORT in the blood in the 6-OHDA group compared
with the control group. In addition, we showed that D2
was expressed on CRH-IR neurons and that when the
SN was destroyed, D2 expression was downregulated.

Furthermore, the D2 knock-out mice had significantly
upregulated CRH in the PVN.

The dysregulation of glucose metabolism can occur early
in the course of sporadic PD (Dunn et al., 2014). Several
studies have suggested that type 2 diabetes mellitus (T2DM)
is a risk factor for the development of PD (Hu et al.,
2007; Pagano et al., 2018). An association between a gene
involved in glucose metabolism control and PD was found in
genetic microarray studies (Zheng et al., 2010). In addition,
a high prevalence of T2DM was also reported in patients
with PD (Pressley et al., 2003). The present study showed
decreased glucose tolerance after the central destruction of
SN dopaminergic neurons by 6-OHDA, which was consistent
with the aforementioned studies and provided animal-based
experimental evidence that the central dopaminergic system
could influence glucose metabolism. However, the underlying
pathophysiological mechanisms remain unclear.

Parkinson’s disease is known to damage several brain
areas and may affect the regions involved in metabolic
control, such as the hypothalamus (Dayan et al., 2018) and
especially the PVN (Mann and Yates, 1983; Jellinger, 1991).
We previously reported that SN dopaminergic neurons directly
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FIGURE 3 | Upregulated CRH and downregulated D2 in the PVN of 6-OHDA-induced rats. (A) Double-labeling immunofluorescence of CRH (green: a,a′) and D2
(red: b,b′) in the PVN neurons (white dashed frame) of the control and 6-OHDA groups; d and d′ are the enlargement of the white frame in c and c′, respectively.
Scale bar is 50 µm; (B) Representative western blot of D2 and CRH in the hypothalamus of control and 6-OHDA rats. (C) Summary histogram of B (n = 6). (D)
Representative western blot of D2 and CRH in the hypothalamus of wild type (WT) and D2−/− mice. (E) Summary histogram of D. ∗∗∗p < 0.001 (n = 6).

TABLE 3 | Hormone contents in blood and brain tissues of rats (mean ± SD,
n = 6).

Group Pituitary gland Blood

ACTH (pg.ml−1) CORT (ng.ml−1)

Control 2768.91 ± 290.57 82.07 ± 12.1

6-OHDA 3363.76 ± 316.56∗ 124.61 ± 19.1∗

ACTH, adrenocorticotropic hormone; CORT, corticosterone; ∗p < 0.05.

project to the PVN by the neural tracing method (Wang
et al., 2014). Recently, we further confirmed the expression
and distribution of DRs in the PVN (Ran et al., 2019). In
the present study, the coexpression of D2 and CRH in the

same neurons and the surrounding TH-IR fibers provide the
morphological basis for our speculation that the SN in the
midbrain could regulate the function of CRH-IR neurons in
the PVN of the hypothalamus via DRs. D1 and D2 are
the representative subtypes of the DR family that are G
protein-coupled receptors. D1 activates adenylyl cyclase and
upregulates the intracellular cAMP signaling pathway, whereas
D2 inhibits the adenylyl cyclase and downregulates cAMP
levels (Baldessarini and Tarazi, 1996). In the present study,
after the central destruction of SN dopamine by 6-OHDA,
downregulated D2 was observed in the PVN and D1 was not
altered, which indicates that the inhibition of CRH-IR neurons
by the D2 signaling pathway was attenuated. In other words, the
synthesis of CRH in the PVN was upregulated when D2 was
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downregulated, which was further confirmed in D2 knock-out
mice. The altered expression of D2 and CRH in the PVN provides
clues for exploring HPA axis-based glucose metabolism in PD.

The HPA neuroendocrine system consists of three populations
of cells, and each population of cells secretes specialized
hormones. The neurons in the PVN secrete CRH (Hauger et al.,
2003), the endocrine cells (corticotrophs) in the anterior pituitary
secrete ACTH (Allen and Sharma, 2019), and the endocrine
cells primarily in the zona fasciculata of the adrenal cortex
secrete the glucocorticoid hormones cortisol and/or CORT.
CORT is secreted into the systemic circulation and affects the cells
throughout the body (Spencer and Deak, 2017). Glucocorticoid
hormones can increase the synthesis of hepatic glycogen, reduce
the utilization and decomposition of glycogen in tissues, and
elevate blood sugar (Si et al., 2015). In the present study, we
observed increased CRH expression in the PVN, elevated ACTH
in the pituitary and increased CORT content in the blood in
6-OHDA rats. The increased CORT level in the 6-OHDA rat
is possibly due to the altered HPA axis activity because of the
enhanced CRH expression in the PVN and increased ACTH
content in pituitary (Spencer and Deak, 2017). This hypothesis
means that the dopamine in the SN could regulate the function
of the HPA axis via DRs in the PVN through the SN-PVN
dopaminergic nerve pathway.

The interaction between neurodegeneration and metabolic
disorders is complex and is influenced by many factors, which
in turn make it difficult to define causal factor(s) (Yang et al.,
2017; Biosa et al., 2018; De Pablo-Fernandez et al., 2018).
In the present study, it seemed that the decreased glucose
tolerance was due to the loss of dopaminergic neurons in the
SN, which suggests that neurodegeneration occurred first and
then influenced metabolism. Patients with PD have glucose
intolerance (Lipman et al., 1974). Elevated plasma cortisol is
strongly associated with glucose intolerant (Reynolds et al.,
2001). It is well established that cortisol excess causes insulin
resistance in man (Conn and Fajans, 1956; Rooney et al., 1993),
which in turn impairs the ability of insulin to suppress glucose
production and glucose utilization resulted from glucocorticoid
excess (Munck, 1971). It has been reported that cortisol-induced
insulin resistance is due to a decrease in both hepatic and
extrahepatic sensitivity to insulin which can be explained on the

basis of post-receptor defect (Rizza et al., 1982). Therefore, in
our present study, the observed glucose intolerance accompanied
by the activated HPA axis in 6-OHDA rats could be associated
with the insulin resistance. However, CORT induces the direct
negative feedback of corticotrophs in the anterior pituitary and
in the CRH neurons in the PVN. The activity of the HPA axis
is directly and indirectly controlled by various neural activities
present throughout the forebrain and brainstem. Therefore,
the underlying mechanism of the abnormality of the HPA
axis in patients with PD or in PD animal models remains
to be elucidated.
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