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ARTICLE INFO ABSTRACT

Keywords: While obesity and type 2 diabetes (T2D) are associated with altered dopaminergic activity in the central nervous
Dopamine system and in adipose tissue (AT), the directions and underlying mechanisms remain inconclusive. Therefore, we
Dopamine receptors characterized changes in the abundance of dopamine, its metabolites, and receptors DRD1 and DRD2 in the brain
gzie;:i tissue and AT upon dietary intervention or obesity. Male Wistar rats were fed either a standard pellet diet, a cafeteria
Brain diet inducing obesity and insulin resistance, or a calorie-restricted diet for 12 weeks. Abundance of dopamine

and its receptors DRD1 and DRD2 were examined in brain regions relevant for feeding behavior and energy
homeostasis. Furthermore, DRD1 and DRD2 protein levels were analyzed in rat inguinal and epidydimal AT and
in human subcutaneous and omental AT from individuals with or without obesity. Rats with diet-induced obesity
displayed higher dopamine levels, as well as DRD1 or DRD2 receptor levels in the caudate putamen and the
nucleus accumbens core. Surprisingly, caloric restriction induced similar changes in DRD1 and DRD2, but not in
dopamine levels, in the brain. Both diets reduced DRD1 abundance in inguinal and epidydimal AT, but upre-
gulated DRD2 levels in inguinal AT. Furthermore, in human obesity, DRD1 protein levels were elevated only in
omental AT, while DRD2 was upregulated in both omental and subcutaneous AT. These findings highlight
dopaminergic responses to changes in energy balance, occurring both in the brain and AT. We propose that
dopaminergic pathways are involved in tissue crosstalk during the development of obesity and T2D.

Caloric restriction

Introduction is essential to understand the underlying biological mechanisms of these

diseases.

The rising prevalence of obesity has become a global health crisis,
affecting nearly 1 billion individuals worldwide.! Obesity, and in
particular excessive accumulation of fat in the visceral abdominal depot,
is strongly linked with metabolic syndrome and increases the risk for
type 2 diabetes (T2D) 23 and cardiovascular disease.” To support the
development of effective methods to prevent and treat such disorders, it

Growing evidence highlights the brain’s role in the development of
obesity and T2D.” ® Dopamine is a neurotransmitter that plays a key role
in motor control, motivation, reward, cognitive function, and energy
homeostasis.” Dopamine can bind five receptors which are categorized
in two subfamilies: D1-like (DRD1 and DRDS5), and D2-like (DRD2,
DRD3, and DRD4),'? and are widely expressed throughout the central
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nervous system (CNS). In the past decades, obesity has been associated
with changes in dopamine signaling in the CNS, leading to detrimental
effects on energy and glucose homeostasis.'' > However, both
decreased and increased availability of striatal DRD2 have been linked
to human obesity.'>'® Furthermore, altered dopamine receptor
expression patterns were found in the nucleus accumbens (NAc) in an-
imal models of obesity.'® Interestingly, the DRD2 agonist bromocriptine,
a medication used for Parkinson’s disease and hyperprolactinemia, was
found to improve glucose homeostasis via its dopamine-mimicking and
subsequent sympatholytic effects and is currently approved for the
treatment of T2D in the US.'”'® Furthermore, central DRD2 stimulation
with bromocriptine in the lateral hypothalamus (LH) was shown to in-
crease adipose tissue (AT) activity, and decrease body weight (BW) gain
and white AT mass in rodents.'® This indicates that changes in central
dopamine signaling are relevant for peripherally elicited metabolic
effects.

The brain communicates with AT partly via sympathetic nerves
expressing tyrosine hydroxylase (TH) that innervate the AT to regulate
processes such as lipolysis, adipogenesis, and thermogenesis.”’ TH cat-
alyzes the first and rate-limiting step in the synthesis of dopamine *! and
is used as a sympathetic innervation and activity marker in AT.?* %
Dopamine can be released via exocytosis from sympathetic nerves to
bind to dopamine receptors in AT.”> Our group has previously shown
DRD1 and DRD2 in subcutaneous AT (SAT) to be implicated in lipid and
glucose metabolism in humans.’® Furthermore, both obesity and T2D
alter the expression of DRD1, DRD2, and TH in AT in rodents and
humans.?>?% 2% Nevertheless, there is limited knowledge from animal
models and human data on the regulation of dopaminergic signaling in
AT in metabolic disorders.

In the present study, we used a diet-induced obesity (DIO) model in
adult rats that effectively induced obesity and mild-moderate metabolic
impairments, in particular an insulin-resistant prediabetic state. The
metabolic and behavioral characteristics of this model were recently
published.?® Herein, we primarily aimed to study the impact of obesity
on the abundance of DRD1 and DRD2, as well as the abundance and
metabolism of dopamine in key brain regions involved in reward,
motivation, and regulation of energy and glucose metabolism. These
regions included the cingulate cortex (Cg), caudate putamen (CPu), NAc
core and shell, anterior hypothalamus (AH), ventromedial hypothala-
mus (VMH), and the LH. These regions are involved in the three major
dopaminergic systems in the brain. The mesocorticolimbic pathway
arises from the ventral tegmental area (VTA) and projects to both limbic
and cortical regions. Mesocortical neurons project to the prefrontal
cortex, including the Cg, regulating executive functions, while the
mesolimbic neurons project to the NAc and the olfactory tubercle to
regulate reward processing and motivation.’’ The CPu is part of the
nigrostriatal pathway and receives input from the substantia nigra to
regulate motor control and habit formation, but is also implicated in
reward processing.”! Lastly, the tuberoinfundibular pathway connects
the hypothalamus to the pituitary gland, where dopamine is involved in
hormone secretion °? and energy homeostasis.**

In parallel, we addressed changes in DRD1, DRD2, and TH in
inguinal (iWAT) and epidydimal white adipose tissue (eWAT), respec-
tively corresponding to SAT and visceral AT. Additionally, we analyzed
these parameters under the converse condition, aiming at counteracting
weight gain by analyzing rats subjected to caloric restriction (CR).
Finally, we explored the DIO model in relation to human obesity. Hence,
we assessed DRD1, DRD2, and TH protein levels in human SAT, and
omental AT (OAT), representing the visceral abdominal depot, from
individuals with or without obesity but without T2D. To the best of our
knowledge, this is the first study exploring effects of obesity on dopa-
mine metabolism and dopamine receptors simultaneously in key brain
areas involved in feeding behavior and energy balance. Likewise, there
are no studies investigating DRD1, DRD2, and TH protein levels in
human OAT from individuals with or without obesity.
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Methods
Animals and diets

The animal experiments were approved by the Uppsala Animal
Ethical Committee (permit number 5.8.18-12996,/2022) and followed
the guidelines of the Swedish Legislation on Animal Experimentation
(Animal Welfare Act SFS 2018:1192) and the European Union Directive
on the Protection of Animals Used for Scientific Purposes (Directive
2010/63/EU). The animal work is reported in accordance with the
ARRIVE reporting guidelines.>*

The experimental design and metabolic characteristics of the animals
have been described previously.?® Briefly, 36 8-week-old male Wistar
rats (ReccHan:WI, Envigo, Horst, the Netherlands) were pair-housed in
transparent type IV cages under a reversed 12-h light/dark cycle,
controlled temperature (22 + 1°C) and humidity (50 + 10%). Upon
arrival, the rats were left undisturbed for two weeks for acclimatization
and adaptation to the reversed light/dark cycle. The rats were thereafter
randomized into three groups of n=12; a control group with ad libitum
access to standard chow (ssniff Spezialdidten GmbH, Germany), a DIO
group fed simultaneous ad libitum standard chow, chocolate balls,
cheese doodles, and roasted, salted peanuts spread throughout the cage;
and a CR group receiving an amount of standard chow adjusted to
maintain the rats at 85% of the BW of the control group.”’ After 12
weeks of diet, all animals were briefly anesthetized and euthanized by
decapitation for the collection of the brain, iWAT, and eWAT. Brains
were frozen in -20°C isopentane, and AT samples in liquid nitrogen, and
then stored in -80°C until further analyses.?’

Dopamine and its metabolites, as well as DRD1 and DRD2 receptor
levels, were analyzed in the selected brain regions from 18 rats that were
chosen from the cohort based on BW.** To ensure a clear distinction of
phenotypes between groups, the six rats with the highest BW in the DIO
group and the six rats with the lowest BW in the CR group were selected.
The six rats with a BW closest to average were selected in the control
group. DRD1, DRD2, and TH protein levels were assessed in AT from 32
rats (8 control, 12 DIO, and 12 CR). TH protein levels were used as a
sympathetic innervation marker. The metabolic parameters of the rats
included in the brain and AT analyses are presented in Supplementary
Table 1. Not all assessments could be performed in all rats and the
n/group is specified in the figure or table legends.

Human adipose tissue donors

The study was approved by the Regional Ethics Review Board in
Uppsala (Dnr 336-07, T 508-09, Dnr 2020-06350, Dnr 2013-183/494,
and Dnr 2018/385) and conducted in accordance with the principles
of the Declaration of Helsinki. All participants provided written
informed consent.

All subjects were recruited at the Uppsala University Hospital. Paired
SAT and OAT samples were collected from 8 lean subjects (BMI < 25.0
kg/m?, 3F/5M) and 8 subjects with obesity (BMI > 30.0 kg/m?, 5F/3M),
all without diabetes, undergoing kidney donation >° or obesity sur-
gery,”® respectively, at Uppsala University Hospital. Exclusion criteria
were endocrine disorders, cancer, or other major illnesses, and ongoing
medication with beta-adrenergic blockers, systemic glucocorticoids,
modulators of dopamine signaling, or immune-modulating therapies.
Baseline clinical evaluation included a complete medical history and
clinical examination. The patients’ anthropometric measurements, and
hematological and biochemical parameters are described in Supple-
mentary Table 2. Anthropometrics were assessed and blood samples
were taken after an overnight fast (>10h) for measurements of HbAlc,
glucose, and insulin levels. AT samples were snap-frozen in liquid ni-
trogen and used for protein expression analysis according to a previously
reported protocol,”® with slight modifications.
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Rat brain preparation

Frozen brains were equilibrated for 30 min at -20°C in a cryo-
chamber. Using a cryostat-microtome (Leica CM3050 S, Leica Micro-
systems, Germany), 12 um coronal sections were cut at +2.28 mm and
-2.16 mm from Bregma.’® The researcher sectioning the brains was
unaware of the treatment groups. For matrix-assisted laser desorptio-
n/ionization mass spectrometry imaging (MALDI-MSI) analysis, brain
sections from rats in each treatment group were thaw-mounted next to
each other on pre-cooled indium tin oxide-coated (ITO) glass slides
(Bruker Daltonics, Germany) to minimize variation due to matrix
application and MSI data acquisition. For immunohistochemistry,
consecutive brain sections from each sample were thaw-mounted on
Superfrost™ Plus adhesion microscope slides (Epredia, Netherlands).
Samples were kept at -80°C until further analysis.

MALDI-MSI

Dopamine is degraded via two primary metabolic routes into
homovanillic acid (HVA, Fig. 1G). Dopamine that is leaked from pre-
synaptic vesicles or that is taken up via the dopamine reuptake trans-
porter after release is converted by monoamine oxidase (MAO) to 3,4-
dihydroxyphenylacetaldehyde (DOPAL), which is metabolized to 3,4-
dihydroxyphenylacetic acid (DOPAC) and finally to HVA.> After
release, dopamine in the synaptic cleft is metabolized to 3-MT by the
action of catechol-O-methyltransferase (COMT), and converted to
HVA.>® In this project, the HVA content and HVA/dopamine ratio in the
different brain regions are used as a proxy of overall dopamine
turnover.*®

MALDI-MSI was used to image dopamine, the first metabolites in the
two metabolic routes DOPAL and 3-MT, and the end-product HVA in
accordance with a previously described protocol,>>* with minor
modifications. ITO-slides were put in a vacuum desiccator for 30 min.
The reactive MALDI derivatization matrix 4-(anthracene-9-yl)-2--
fluoro-1-methylpyridin-1-ium iodide salt (FMP-10; Tag-ON AB, Uppsala,
Sweden) was dissolved in 70% acetonitrile (Merck, Darmstadt, Ger-
many) to a concentration of 1.8 mg/ml, briefly sonicated and sprayed
over the tissue sections using a robotic sprayer (TM-Sprayer,
HTX-Technologies, USA). Parameters of the spraying method were:
temperature, 80°C; nitrogen gas pressure, 6 psi; pump flow rate, 80
ml/min; nozzle velocity, 1100 mm/min; number of passes, 20; track
spacing, 2mm track. Slides were optically imaged using a flatbed photo
scanner (Epson Perfection V500, Japan). MSI experiments were carried
out on a solariX 7T-20 MALDI-Fourier-transform ion cyclotron reso-
nance MS instrument (Bruker Daltonics), equipped with a SmartBeam II
2 kHz Nd:YAG laser, operated in positive ion mode with quadrature
phase detection. Data was collected across the mass-to-charge (m/z)
range of 150-1500, with the time-of-flight value at 0.7 ms, and fre-
quency at 4MHz. The method was calibrated with red phosphorus and
online calibration was performed using the FMP-10 ion cluster (m/z
555.2231) as lock mass and the quadrupole isolation m/z ratio was set at
m/z 379 deflecting the high abundant FMP-10 peak. Molecular images
were acquired at a lateral resolution of 120 pm. Sections were analyzed
in random order to prevent possible bias due to variation in mass
spectrometer sensitivity. Data was visualized using FlexImaging (v.5.0,
Bruker Daltonics) and further analysed in SCiLS Lab (v.11, Bruker Dal-
tonics) in which the Cg, CPu, NAc core and shell, and the hypothalamus
(Hth) were annotated according to the Rat Brain in Stereotaxic Co-
ordinates Atlas.>® Dopamine, 3MT, DOPAL, and HVA were identified
according to the accurate m/z value (Supplementary Table 3), the
anatomical brain distribution, and previously acquired tandem MS data
from rat brain tissue.>”*° Root-mean-square (RMS) normalized average
ion intensity values of the peak area were exported from SCiLS Lab for
all analytes in the areas of interest.
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Rat brain immunohistochemistry

Fresh frozen cryo-tissue sections were air-dried at room temperature
(RT), and fixed with ice-cold 100% methanol for 10 min at -20°C. Sec-
tions were washed three times in 1x Phosphate-buffered saline (PBS) and
then incubated with Blocking buffer: 5% normal goat serum and 0.3%
Triton X-100 (Sigma, T-8787) in 1x PBS for one hour at RT. Then, sec-
tions were incubated for 72 hours at 4°C with primary antibody anti-
DRD1 (1:100, Sigma, D2944, RRID:AB_1840787), anti-DRD2 (1:50,
Merck, Ab5084P, RRID:AB_2094980), or TH (1:100, Sigma, ZMS1033),
dissolved in Blocking buffer. After incubation, sections were washed in
1x PBS and incubated with secondary Goat-anti-Rabbit Alexa Fluor-488
(1:200, Invitrogen, 2521157), Goat-anti-Rat Alexa Fluor-647 (1:200,
Invitrogen, A48265), or Goat-anti-Mouse Alexa Fluor-647 (1:1000,
Invitrogen, A21236) for two hours at RT. After final washing with 1x
PBS, sections were mounted with SlowFade Diamond Antifade Mount-
ant with DAPI (Invitrogen, S36968). Brain slices were imaged on the
ImageXpress® Pico Automated Cell Imaging System (Molecular De-
vices), using a 10x objective. Qupath (v0.5.1) was used to annotate the
Cg, CPu, NAc Core and Shell, AH, VMH and LH according to the Rat
Brain in Stereotaxic Coordinates Atlas.*® Images were exported to Image
J, FIJI (v.2.14.0/1.54f) to measure the mean fluorescence intensity
(mfi), which was corrected for background intensity.

Adipose tissue immunoblotting

Detailed immunoblotting methods are described in the Supplemen-
tary Methods. Briefly, rat and human AT were homogenized with lysis
buffer. The infranatant was collected, and protein concentration was
determined. 15 pg protein lysates were separated by SDS-PAGE and
transferred to membranes. Stain-free blot imaging was used to quantify
the total protein of each sample and to normalize the target protein
levels. Membranes were incubated overnight at 4°C with primary anti-
body anti-DRD1 (1:1000, Sigma, D2944), anti-DRD2 (1:1000, Merck,
Ab5084P), or TH (1:1000, Sigma, ZMS1033), followed by incubating
with horse-radish peroxidase-conjugated goat-anti-rat (1:2000, Cell
Signaling, 7077), goat-anti-rabbit (1:2000, Cell Signaling, 7074), or
goat-anti-mouse (1:2000, Cell Signaling, 7076) for one hour. Protein
bands and stain-free blots were imaged using a ChemiDoc™ MP Imaging
System (Bio-Rad, 12003154). Proteins were quantified using Image Lab
Software (Bio-Rad, v6.1.0).

Statistics

Data are presented as mean =+ SEM, unless stated otherwise.
Normality of data was first assessed using the Shapiro-Wilk W test, and
normal distribution of the residuals was evaluated through visual vali-
dation of Q-Q plots. Non-normally distributed data were log-
transformed before analysis and back-transformed to the original scale
for presentation. Comparisons between two groups were made using
unpaired t-tests. A one-way ANOVA was used to assess differences
among three groups and post-hoc comparisons were only conducted
between the DIO or CR versus the control group using the false discovery
rate Benjamini, Krieger, and Yekutieli method. Human AT data were
analyzed using a mixed-model ANOVA and the false discovery rate
(Benjamini, Krieger, and Yekutieli) was used for multiple comparisons
correction. Spearman’s correlation was used to test for bivariate ana-
lyses, and significant variables were included in a multilinear regression
model to predict their impact on dopamine levels in the NAc core, or
DRD1 and TH protein levels in iWAT. Sample sizes were determined
based on previous studies investigating the effects of dietary in-
terventions in rats.**?> For this exploratory research focusing on
dopamine and its receptors, no formal power analysis was performed.
However, a post-hoc calculation indicated that the study had 80% power
to detect a 25% difference in brain dopamine abundance between
groups (n=6/group, a=0.05). P-values below 0.05 were considered
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Fig. 1. Dopamine, dopamine metabolites, and dopamine receptors DRD1 and DRD2 in brains from control, DIO, and calorie-restricted rats. Imaging
experiments were conducted on brain tissue sections from control rats, rats with diet-induced obesity (DIO), or calorie-restricted (CR) rats (n=6/group). Optical
images of coronal brain tissue at Bregma +2.28 mm (A), showing the cingulate cortex (Cg), caudate putamen (CPu), nucleus accumbens core (NAc core) and shell
(NAc shell, left panel), or Bregma -2.16 mm (B), showing the hypothalamus (Hth, right panel). The MALDI-MSI images show the distribution of metabolites from the
dopaminergic metabolic pathway: dopamine (C), 3-methoxytyramine (3MT, D), 3,4-dihydroxyphenylacetaldehyde (DOPAL, E), and homovanillic acid (HVA, F).
Color scaling from ion intensity from 0 to 100%. Data are normalized against the root mean square. Scale bar is 1 mm. Overview of the dopaminergic metabolic
pathway (G); dopamine, 3MT, DOPAL and HVA were analyzed and highlighted in blue. Regional quantification of dopamine (H), 3MT (I), 3MT/dopamine ratio (J),
HVA (K), HVA/dopamine ratio (L), DOPAL (M), DOPAL/dopamine ratio (N) in the Cg, CPu, NAc shell and core, and the Hth. Data are shown as individual rats and
mean + SEM. Spearman’s Rho correlations across all groups (n=6/group) between dopamine levels in the NAc core and BW gain (0), HOMA-IR (P), and leptin levels
(Q) in individual control (@), DIO (H), or CR (a) rats. * p<0.05, ** p<0.01, *** p<0.001. Abbreviations: AD, aldehyde dehydrogenase; BW, body weight; COMT,
Catechol-O-Methyltransferase; DOPAC, 3,4-dihydroxyphenylacetic acid;, MAO, monoamine oxidase; MOPAL, 3-methoxy-4-hydroxyphenylacetaldehyde; ND,
not detected.

statistically significant. All data were analyzed using GraphPad Prism correlated with BW (p<0.05), BW gain (p<0.01, Fig. 10), relative eWAT

10.4.1 or IBM SPSS version 28.0.1.0. weight (p<0.05), and leptin (p<0.01, Fig. 1Q), as well as HOMA-IR
(p<0.001, Fig. 1P), insulin and adiponectin levels (p<0.01 for both,
Results Supplementary Table 4). Multiple regression analysis (adjusted
R?=0.398) revealed HOMA-IR (p=0.592, p=0.054) as a stronger pre-
Adiposity measures dictor of dopamine levels in the NAc core than BW ($=0.118, p=0.684).

In a model that included both HOMA-IR and BW gain (adjusted

The metabolic parameters of the rats included in the brain and AT R%=0.440), neither variable reached significance (3=0.460, p=0.103 for
analyses, a subset of the original cohort,”” are displayed in Supple- HOMA-IR, and $=0.302, p=0.273 for BW gain). Dopamine levels in the
mentary Table 1. After 12 weeks of diet, the DIO rats displayed signif- Cg correlated positively with relative eWAT weight and adiponectin
icantly higher BW compared to controls (576 4+ 43 g vs 493 + 27 g, levels (p<0.05 for both). Dopamine levels in the CPu were associated
p<0.001), while CR rats had significantly lower BW compared to con- with relative eWAT weight and HOMA-IR (p<0.05 for both, Supple-
trols (424 + 21 g, p<0.001). Homeostatic Model Assessment for Insulin mentary Table 4).
Resistance (HOMA-IR) index was significantly higher in DIO rats
compared to controls (36.9 + 9.5 vs 25.7 + 7.9, p<0.01), thus reflecting DRD1 and DRD2 abundance in brain regions involved in reward,

a prediabetic state. Relative eWAT weight was also significantly motivation, and energy homeostasis following diet-induced obesity or

increased in DIO rats compared to controls (41.0 &+ 7.2 vs 16.9 + 5.7, caloric restriction

p<0.001), but not different between CR and control rats (Supplementary

Table 1). We next examined the effects of DIO or CR on DRD1 and DRD2
protein levels in the Cg (Fig. 2A), CPu, NAc core and shell (Fig. 2B), AH,

Dopamine and its metabolites in brain regions involved in reward, VMH, and LH (Fig. 3A). Both DIO and CR increased DRD1 protein levels

motivation, and energy homeostasis following diet-induced obesity or in the Cg (p<0.05 vs control for both, Fig. 2C), while DRD2 levels

caloric restriction remained unchanged by both diets (Fig. 2D). Both DRD1 and DRD2

protein levels in the CPu were increased following DIO (p<0.05 for both,

Dopamine, 3MT, HVA, and DOPAL were simultaneously visualized Fig. 2E and 2F). DRD1 and DRD2 protein levels in the CPu were also
in the Cg, CPu, NAc shell and core, and the Hth (Fig. 1A-1F). The increased following CR (p<0.01 for DRD1, p<0.05 for DRD2, Fig. 2E
dopamine degradation pathway with enzymes is depicted in Fig. 1G. and 2F). Neither diet changed DRD1 protein levels in the NAc core
DIO, but not CR, tended to increase dopamine levels in the CPu (Fig. 2G), NAc shell (Fig. 2D), AH (Fig. 3B), VMH (Fig. 3D), and LH
(p=0.055 vs control), and the NAc core (p=0.079 vs control), while (Fig. 3F). Both diets tended to increase DRD2 protein levels in the NAc
neither diet changed dopamine abundance in the Cg, NAc shell, or Hth Core (p=0.091 for both, Fig. 2H), while neither diet changed DRD2
(Fig. 1H). 3MT levels were unchanged by both dietary interventions in protein levels in the NAc shell (Fig. 2J). DRD2 protein levels remained
the Cg, CPu, NAc shell and core, and were below the detection limit in unchanged by both diets in the AH (Fig. 3C). DIO increased DRD2
the Hth (Fig. 11). DIO tended to decrease the 3MT/dopamine ratio in the protein levels in the VMH, compared to control (p<0.05, Fig. 3E), and
CPu (p=0.089), NAc shell (p=0.056), and the NAc core (p=0.075), tended to increase in the LH as well (p=0.087 vs control, Fig. 3G).
compared to control. In the NAc shell, a similar trend was observed Multiple linear regression analyses including a quadratic term
following CR (p=0.066 vs control, Fig. 1J). DIO increased HVA levels in revealed a significant U-shaped relationship between BW and DRD2
the Cg (p<0.001), CPu (p<0.001), NAc shell (p<0.05) and NAc core protein levels in the Cg and CPu (p<0.01 for both, Supplementary Figure
(p<0.001), compared to control (Fig. 1K). CR tended to increase HVA 1C and D, respectively). Similar results were found between BW and
levels in the Cg (p=0.061 vs control), and the CPu (p=0.077 vs control, DRD?2 in the NAc Core (data not shown). A U-shaped pattern was also
Fig. 1K). DIO increased the HVA/dopamine ratio in the Cg, CPu, and observed between BW and DRD1 protein levels in the CPu (p<0.05) but
NAc core, compared to control (p<0.01 for all). CR increased the HVA/ not in the Cg (Supplementary Figure 1A and B, respectively).
dopamine ratio in the Cg (p<0.05 vs control) and tended to increase in
the NAc core as well (p=0.074 vs control, Fig. 1L). CR increased DOPAL DRD1, DRD2, and TH protein levels in rat inguinal and epididymal

levels in all brain regions analyzed in this study (p<0.001 vs control for adipose tissue
the Cg, CPu, NAc shell and NAc core, p<0.01 for the Hth, Fig. 1M). CR
also increased the DOPAL/dopamine ratio in all brain regions analyzed In iWAT, DRD1 protein levels were ~50% lower following DIO

in this study (p<0.001 vs control for the Cg and NAc core, p<0.01 for the (p<0.001) and 41% lower following CR (p<0.01), compared to control

CPu, NAc shell and Hth, Fig. 1N). DIO increased DOPAL levels in the Cg (Fig. 4A). DIO increased DRD2 protein in iWAT by 56% (p<0.05 vs

and Hth, compared to control (p<0.01 for both, Fig. 1M). The DOPAL/ control), while CR increased DRD2 protein levels by 38% (p<0.05 vs

dopamine ratio was increased by DIO in the Cg, although not statisti- control, Fig. 4B). DIO reduced TH in iWAT by 61% (p<0.001 vs control),

cally significant (p=0.070 vs control), and in the Hth (p<0.05 vs control, while CR had no effect (Fig. 4C). Both diets decreased DRD1 in eWAT by

Fig. IN). ~41% (p<0.01 vs control for both, Fig. 4D), while DRD2 and TH levels
Across all groups, dopamine abundance in the NAc core positively in eWAT remained unchanged (Fig. 4E and 4F, respectively).
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Fig. 2. DRD1 and DRD2 abundance in brains from control, DIO, and calorie-restricted rats. Inmunofluorescence staining of DRD1 (purple) and DRD2 (green)
of coronal brain sections (Bregma +2.28 mm), showing the Cg (A), and CPu and the NAc core and NAc shell (B) in control, DIO, or CR rats. Quantification of DRD1
and DRD2 in the Cg (C and D), CPu (E and F), NAc core (G and H), NAc shell (I and J). 10x magnification. Data are shown as individual rats and mean + SEM (n=4-6/
group). Values are relative to the mean of the control group. * p<0.05, ** p<0.01. In A, the scale bar is 500 um, and 200 um for the zoomed images. Scale bar for B is
1 mm. Abbreviations: C, control; Cg, cingulate cortex; CPu, caudate putamen; CR, caloric restriction; DIO, diet-induced obesity; mfi, mean fluorescence intensity;
NAc, nucleus accumbens.

We then assessed the relationship between DRD1, DRD2, and TH Supplementary Table 5). In the control group, DRD1 protein levels in
protein levels in iWAT and eWAT with markers of adiposity, hypergly- iWAT negatively correlated with glucose levels (p=0.05). In the DIO
cemia and insulin resistance after 12 weeks of dietary intervention group, DRD1 in iWAT showed the same negative direction but did not
within groups (Table 1) and across all groups (Fig. 4G-I and reach significance (p=0.110, Table 1). In the CR group, DRD2 protein
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Fig. 3. DRD1 and DRD2 abundance in hypothalamic areas of control, DIO, and calorie-restricted rats. Inmunofluorescence staining of DRD1 (purple) and
DRD2 (green) of coronal brain slices (Bregma -2.16 mm), showing the anterior hypothalamus (AH), ventromedial hypothalamus (VMH) and lateral hypothalamus
(LH) in control, DIO, or CR rats (A). Quantification of DRD1 and DRD2 in the AH (B and C), and VMH (D and E), and the LH (F and G). 10x magnification. Data are
shown as individual rats and mean + SEM (n=5/group). Values are relative to the mean of the control group. * p<0.05. Scale bar is 500 ym. Abbreviations: C,
control; CR, caloric restriction; DIO, diet-induced obesity; f, fornix; ic, internal capsule; mfi, mean fluorescence intensity.

levels in iWAT correlated positively with BW gain (p<0.01) and leptin
levels (p<0.05, Table 1). In the control group, TH protein levels were
negatively correlated with HOMA-IR and insulin levels (p<0.05 for
both, Table 1).

Across all groups, DRD1 protein levels in iWAT negatively correlated
with relative eWAT weight, glucose, and adiponectin levels (p<0.05 for
all), whereas DRD2 was not associated with the markers analyzed
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(Supplementary Table 5). TH protein levels in iWAT negatively corre-
lated with BW gain (p<0.001, Fig. 4G), HOMA-IR (p=0.001, Fig. 4H)
and leptin levels (p<0.01, Fig. 4I), and also with BW and eWAT weight
(p<0.001 for both), insulin (p<0.05), glucose (p<0.01), and adipo-
nectin levels (p<0.001, Supplementary Table 5). We determined the
strongest predictors of DRD1 and TH protein levels in iWAT with mul-
tilinear regression models (Table 2). For both proteins, the model
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Fig. 4. DRD1, DRD2 and TH protein levels in rat iWAT and eWAT, and correlations between TH in iWAT and BW gain, HOMA-IR and leptin levels.
Representative immunoblot and protein quantification of DRD1, DRD2, and TH protein levels in iWAT (A-C) and eWAT (D-F) from control, DIO, or calorie-restricted
(CR) rats. Representative bands are derived from three parts of the same gel. Protein levels were normalized to total protein (Supplementary Figure 2) and to a
reference sample loaded on each gel. Values are relative to the mean of the control group. Data are shown as mean + SEM (n=8-12/group). Spearman’s Rho
correlations between TH protein levels in iWAT and BW gain (G), HOMA-IR (H), and leptin levels (ng/mL, I) in individual control (@), DIO (), or CR (a) rats. *
p<0.05, ** p<0.01, *** p<0.001. Abbreviations: C, control; BW, body weight; CR, caloric restriction; DIO, diet-induced obesity; eWAT, epidydimal white adipose

tissue; iWAT, inguinal white adipose tissue; TH, tyrosine hydroxylase.

included group (diet), BW gain, and glucose levels. Despite the absence
of a linear correlation between DRD1 protein levels in iWAT and BW
gain (Supplementary Table 5), multilinear regression revealed BW gain
as a significant independent predictor (p<0.01) after adjusting for group
(diet) and glucose levels (Table 2). Group (diet) and glucose levels were
also significant predictors of DRD1 protein levels in iWAT (p<0.001 and
p<0.05, respectively). For TH protein levels in iWAT, group (diet) was
not significant, while BW gain and glucose levels were both significant
predictors (p<0.01 and p<0.05, respectively, Table 2). Alternative
models, including BW or HOMA-IR, were weaker in predicting DRD1 or
TH protein levels in iWAT (data not shown).
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In the control group, DRD1 protein levels in eWAT tended to corre-
late positively with relative eWAT weight (p=0.077). This correlation
was negative within the DIO group but did not reach statistical signifi-
cance (p=0.110, Table 3). In the CR group, DRD1 protein levels in eWAT
correlated negatively with BW gain (p<0.01). In the control group,
DRD2 protein levels in eWAT correlated negatively with BW and leptin
levels (p<0.01 and p<0.05, respectively), and tended to correlate
negatively with relative eWAT weight (p=0.058), HOMA-IR (p=0.077),
and insulin levels (p=0.099) as well (Table 3). In the CR group, the
correlations between DRD2 protein levels in eWAT and BW and leptin
were positive (p<0.05 for BW, p<0.01 for leptin, Table 3). In the control
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Table 1

Correlations of DRD1, DRD2, and TH protein levels in rat iWAT with markers of obesity, hyperglycemia and insulin resistance within the control, DIO, or restricted group.

TH

DRD2

DRD1

CR

DIO

Control

CR
Rho

DIO

Control

DIO CR
Rho

Control

iWAT

p-value

Rho

p-value

Rho

p-value

Rho

p-value

p-value

Rho

p-value

Rho

p-value

p-value

Rho

p-value

Rho

0.131

0.462
0.112

0.484
0.443

-0.224
-0.245
0.070

0.420
0.207
0.086
0.086

-0.333
-0.500
-0.643
-0.643

0.371 0.236

0.863
0.191
0.897
0.191

-0.056
0.406
0.042
0.406

0.139
0.823

0.571

0.484
0.729

0.224
0.112

0.124
0.499
0.080

-0.469
-0.217
-0.524
-0.189

0.493

0.286

measures

BW (g)

0.729

0.003
0.863

0.783

0.095

0.651

-0.190
-0.238
0.119

Hyperglycemia and insulin resistance

BW gain (%)
HOMA-IR"

-0.294 0.354

0.028

0.829
0.308

-0.056
0.601

0.795 0.095 0.823

0.729

0.084
-0.112

0.570
0.779

eWAT (g/kg)

Leptin

0.931

0.322

0.039

0.867

0.071

0.557

0.430

0.252
0.252
-0.172

0.084

0.631

-0.164
0.217

0.015

-0.810
-0.714
-0.491

-0.690

0.499
0.199
0.484
1.000

0.217

0.811

-0.082
0.294
-0.523

0.517

0.823

-0.095
0.143

-0.180
-0.143

0.829

-0.070
0.021

0.537
0.779
0.110
0.095

-0.209
-0.091
-0.509
-0.503

0.120
0.420
0.050
0.911

-0.595
-0.333

0.430

0.499
0.129

0.812

0.047
0.217

0.399
-0.224
0.000

0.354
0.099
0.085

0.948 0.736

0.505
0.649

Plasma insulin

0.594
0.795

-0.486
-0.077

0.670

-0.214
0.147

-0.707
-0.048

Plasma Glucose™

Adiponectin

0.058

0.736

12 for DIO and CR groups, unless otherwise stated). Significant correlation values (p<0.05) are bolded, trends (p<0.1) are shown

8 for control, n
in italics. Abbreviations: BW, body weight; CR, caloric restriction; DIO, diet-induced obesity; DRD, dopamine receptor; eWAT, epidydimal white adipose tissue; HOMA-IR, Homeostatic Model Assessment for Insulin

Resistance; TH, tyrosine hydroxylase.

Table presenting Spearmans Rho correlation coefficients and p-values (n:

11 for DIO.

i n=

a
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Table 2
Multilinear regression models for predicting DRD1 and TH protein levels in
iWAT.

DRD1 Model 1 TH Model 1
Adjusted R? 0.437 Adjusted R? 0.389

p-value <0.001 p-value <0.001
Variable 1] p-value Variable B p-value
Group (diet) -0.669 <0.001 Group (diet) -0.055 0.732
BW gain -0.444 0.008 BW gain -0.530 0.003

Plasma glucose -0.312 0.033 Plasma glucose -0.363 0.019

Protein levels of DRD1 and TH in iWAT from all rats (n=32; 8 control, 12 DIO, 12
CR). Abbreviations: BW, body weight; DRD1, dopamine receptor D1; DIO, diet-
induced obesity; eWAT, epidydimal white adipose tissue; iWAT, inguinal white
adipose tissue; TH, tyrosine hydroxylase.

group, TH protein levels in eWAT tended to correlate positively with BW
(p=0.088), while in the DIO group, TH tended to correlate positively
with glucose levels (p=0.095). Across all groups, DRD1, DRD2, and TH
protein levels in eWAT were not correlated with the markers analyzed
(Supplementary Table 5).

DRD1, DRD2, and TH protein levels in human subcutaneous and omental
adipose tissue

DRD1 protein levels were significantly higher in OAT of individuals
with obesity (p<0.01, Fig. 5A), while DRD2 protein levels were signif-
icantly higher in both SAT and OAT of individuals with obesity (p<0.05
for SAT, p<0.01 for OAT), compared to lean individuals (Fig. 5B). These
obesity-related upregulations in DRD1 and DRD2 protein levels were
most evident among females (p<0.10), but due to the small sample sizes,
sex differences cannot be assessed. In individuals with obesity, DRD1
protein levels were significantly higher in OAT, compared to SAT
(p<0.01), while DRD2 levels tended to be as well (p=0.052). In lean
individuals, no differences in DRD1 and DRD2 levels between SAT and
OAT were found (Fig. 5A and 5B). Protein levels of TH were comparable
between individuals with or without obesity in SAT and OAT. In in-
dividuals with obesity, there was a tendency for higher TH levels in OAT
compared to SAT (p=0.076, Fig. 5C).

In SAT, DRD1 protein levels correlated negatively with C-peptide
levels (p<0.05, Table 4). In OAT, DRD1 protein levels correlated posi-
tively with BMI, and SAT and OAT cell size (p<0.05 for all). DRD2
protein levels in OAT were positively correlated with BMI, SAT and OAT
cell size, HOMA-IR, glucose, insulin, and C-peptide (p<0.05 for all). TH
protein level in OAT was positively associated with HbAlc (p<0.05,
Table 4).

Discussion

Obesity is associated with dysregulation of dopamine and its re-
ceptors in the brain '>'>*? and AT 2>’ in rodents and humans, but
findings in the literature are limited and conflicting regarding the di-
rection of these changes. In this study, we used a cafeteria diet, instead
of the traditional high-fat diet (HFD), to study obesity in rats, in order to
more accurately emulate human obesity development.*® Our findings
provide insights into how dopaminergic pathways in the rat brain are
affected by interventions with high (DIO) or low (CR) energy intake. In
addition, we present dopamine receptor alterations in both rat and
human AT which are partly similar to the findings we observed in the
brain. To the best of our knowledge, this is the first study exploring ef-
fects of obesity on dopamine metabolism and dopamine receptors
simultaneously in key brain areas involved in feeding behavior and
energy balance. We also show for the first time DRD1, DRD2, and TH
protein levels in human OAT from individuals with or without obesity.
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Fig. 5. Dopamine receptors and TH protein levels in paired human SAT and OAT from individuals with and without obesity. Representative immunoblot and
protein quantification of DRD1 (A), DRD2 (B), and TH protein (C) levels in SAT and OAT from subjects with or without obesity (n=8/group). Bands are derived from
different parts of the same gel. Protein levels were normalized to total protein (Supplementary Figure 2) and to a reference sample loaded on each gel. Values are
relative to the mean of the lean SAT group. Data are shown as mean + SEM. * p<0.05, ** p<0.01. Abbreviations: OAT, omental adipose tissue; SAT, subcutaneous
adipose tissue.

Table 4
Correlations of human DRD1, DRD2, and TH protein levels with markers of adiposity, hyperglycemia and insulin resistance in subcutaneous adipose tissue (SAT) and
omental adipose tissue (OAT).

SAT OAT

DRD1 DRD2 TH DRD1 DRD2 TH
Variable Rho p-value Rho p-value Rho p-value Rho p-value Rho p-value Rho p-value
Adiposity measures
BMI 0.288 0.279 0.482 0.058 -0.244 0.362 0.629 0.009 0.665 0.005 -0.021 0.940
WHR -0.384 0.142 -0.219 0.415 0.096 0.725 0.004 0.987 -0.038 0.888 -0.094 0.729
SAT cell size (um)” -0.112 0.703 0.310 0.281 -0.327 0.253 0.798 <.001 0.604 0.022 -0.147 0.615
OAT cell size (um)h -0.066 0.831 0.467 0.108 -0.176 0.566 0.665 0.013 0.665 0.013 -0.011 0.972
Hyperglycaemia and insulin resistance
HbAlc -0.227 0.399 0.147 0.588 0.363 0.167 0.173 0.521 0.446 0.084 0.508 0.045
HOMA-IR® -0.246 0.376 0.118 0.676 -0.100 0.723 0.429 0.111 0.625 0.013 -0.004 0.990
Fasting glucose -0.204 0.449 0.247 0.357 0.306 0.249 0.344 0.193 0.568 0.022 0.036 0.896
Fasting insulin® -0.286 0.302 0.111 0.694 -0.079 0.781 0.425 0.114 0.639 0.010 0.032 0.909
C-peptideb -0.619 0.024 -0.052 0.865 -0.113 0.714 0.338 0.258 0.553 0.050 -0.063 0.837

Table presents Spearmans Rho correlation coefficient and p-values (n=16, unless otherwise stated). Significant correlation values (p<0.05) are bolded, trends (p<0.1)
shown in italics. Abbreviations: BMI, body mass index; HbAlc, glycated hemoglobin; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; OAT, omental
adipose tissue; SAT, subcutaneous adipose tissue; WHR, waist-hip ratio

? n=14

b n=13

¢ n=15
palatable foods. The DIO rats in this project did not show an altered NAc core following both energy excess and energy restriction. In line
behavioral profile (e.g., risk assessment or risk seeking) in the Multi- with our data, DIO has been associated with elevated DRD2 protein
variate Concentric Square Field (MCSF).?° An interesting follow-up levels in the CPu and NAc of mice.”* In contrast, downregulated DRD1
experiment could be to evaluate how the presence of a motivational and DRD2 levels were seen in the NAc of HFD mice, as well as lower
stimulus (e.g., palatable food) in the MCSF influences effort-based de- dopamine levels.”> These discrepant findings might be explained by
cision making, and whether this is mediated by DRD1 in the Cg. We differences in diet but there can also be a discrepancy between the
furthermore show that the DRD1 and DRD2 abundance is increased in protein and mRNA levels for DRD1 and DRD2.%° In humans, previous
the CPu following energy excess, suggesting that both receptors are work has reported reduced, unchanged, or increased striatal DRD2 re-
responsive to changes in energy balance. In the CPu, DRD1-expressing ceptor binding in obesity.'®°>°° However, most knowledge on altered
neurons facilitate, while DRD2-expression neurons inhibit, movement dopamine signaling has come from imaging techniques using radio-
and reward-driven behavior, and the balance between these receptors is labeled tracers.'? These techniques pose challenges to interpret dopa-
of paramount importance.’> Upregulation of both receptors might imply mine binding potential, as it may reflect receptor density or affinity, or
an overall heightened responsiveness to dopamine. However, DRD1 and competition with endogenous dopamine for receptor binding.'?
DRD2 are responsive to different levels of dopamine,”” meaning that a An interesting observation was the U-shaped relationship between
shift in their ratio might change the downstream effects. Therefore, DRD2 in the Cg, CPu, and NAc core with BW, and between DRD1 in the
calculating the DRD1-to-DRD2 ratio might reveal a potential imbalance CPu and BW. With these regions being involved in the reward system,
between these receptors. Unfortunately, this ratio could not be these findings align with a non-linear relationship that has been re-
measured in this study. ported between BMI and sensitivity to reward °” and indicate an inter-

To continue, we showed a tendency for increased DRD2 levels in the esting connection between dopamine receptors in the brain and obesity
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that deserves more attention.

Surprisingly, we found similar changes in the abundance of DRD1
and DRD2 in the Cg, CPu, and NAc core following CR as after DIO.
Importantly, even though both dietary interventions induce similar
changes in DRD1 and DRD2 abundance, the downstream effect might
still differ due to differences in dopamine availability. Only DIO rats
exhibited elevated dopamine levels as well, and receptor affinity to
dopamine levels is not the same for DRD1 and DRD2.>*

Regarding hypothalamic areas, DIO increased the abundance of
DRD2 in the VMH, well recognized as the satiety center,® and tended to
increase DRD2 in the LH, relevant for regulating both homeostatic en-
ergy intake and reward-related behavior.” Activation of DRD2 in the
VMH modulated plasma leptin and glucose levels.®” In the LH, dopamine
is postulated to activate orexin neurons via DRD2.°! Therefore, future
experiments could test whether elevation of DRD2 in the LH increases
the activity of orexinergic neurons and if this stimulates feeding
behavior. Furthermore, DRD2 activation in the LH reduced BW gain and
fat mass in rodents,'® indicating that upregulation of DRD2 could also be
a counterregulatory response aiming to limit further weight gain or fat
accumulation.

Taken together, dopamine receptors in the Cg, CPu, and NAc Core
responded to both energy excess and energy restriction and revealed a
non-linear relationship with markers of adiposity, reinforcing the intri-
cate role of the reward system in metabolic (dys)regulation. Hypotha-
lamic areas responded specifically to energy excess by increasing DRD2
protein levels, that could either aggravate or counteract the perturba-
tion. Further research is warranted to characterize causal mechanisms.

Overall, increased dopamine and dopamine receptor abundance in
DIO rats in crucial reward regions of the brain might indicate a
heightened sensitivity to reward in the form of highly palatable food,"
rather than a reward deficiency that has been proposed as a mechanism
for overeating and contributing to the development of obesity.'® But
perhaps, as postulated before, a reward deficiency emerges only after
obesity has reached a more severe stage or has persisted over a longer
period.®®

Dopamine receptors in adipose tissue

We show that both dietary interventions led to a downregulation of
DRD1 in iWAT and eWAT. Limited data exists on the role of dopamine
receptors in AT, and the effects of obesity or T2D on receptor levels.
Downregulation of DRD1 mRNA levels in iWAT has been reported in DIO
mice,®* while no effect of high-calorie diet was found on DRD1 protein
levels in eWAT of Goto Kakizaki (GK) rats.”” This discrepancy could be
explained by different diets or animal models, as the GK rat model is a
genetic model of T2D with pancreatic p cell failure.®® Activation of
DRD1 in mature 3T3-L1 adipocytes stimulated lipolysis,°® which could
imply that downregulation of DRD1 reduces lipolysis. At the same time,
both diets increased DRD2 protein levels in this study, but only in iWAT,
suggesting a fat-depot specific effect on this receptor. Previous work has
shown that DRD2 activation inhibits isoproterenol-stimulated lipolysis
in human AT ex vivo.?® Taken together, downregulation of DRD1 and
upregulation of DRD2 in iWAT from both DIO and CR rats might reflect
anti-lipolytic effects to regulate fat mobilization. In DIO rats, this could
promote subcutaneous AT lipid storage and prevent dyslipidemia, as
observed in rats treated with bromocriptine,27 whereas in CR rats, it
might again be a defense mechanism to conserve energy reserves. In DIO
rats, decreased TH protein levels in iWAT could reflect reduced sym-
pathetic nerve density and local dopamine and noradrenaline release.
Thus, a decrease in sympathetic nerve density, together with increased
DRD2 and reduced DRD1 protein levels, could promote lipid storage in
iWAT.

Regarding human AT, we show an upregulation of DRD2 protein
levels in SAT, as well as in OAT, in individuals with obesity. DRD2
upregulation in SAT is in line with the DIO rat findings, and also with
previously published human data from our group.”® In contrast, DRD1
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protein levels were unchanged in SAT and upregulated in OAT from
individuals with obesity, thus markedly different from the down-
regulation found in both depots of DIO rats. Furthermore, these results
suggest a depot-specific effect on DRD1. Interestingly, in paired AT
samples from individuals with obesity, we observed higher DRD1 and
DRD2 protein levels in OAT, compared to SAT, which was not seen in
lean individuals. This suggests an enhanced capacity of OAT to respond
to dopaminergic signals in human obesity. Moreover, in OAT, both re-
ceptors showed a strong positive correlation with BMI, whereas only
DRD2 was associated with markers of hyperglycemia and insulin resis-
tance. One study showed a trend to reduced DRD1 gene expression in
visceral AT from insulin-resistant individuals with obesity and T2D,
compared to insulin-sensitive individuals with obesity, while DRD2
levels were not affected by insulin resistance.”” Thus, obesity and insulin
resistance may have separate connections to DRD1 expression, but there
can also be a discrepancy between the protein and mRNA levels for
DRD1 and DRD2, as we have previously published.”®

Taken together, obesity has partly discordant effects on dopamine
receptors in rat and human AT, suggesting species-specific differences in
AT metabolism and regulation. However, an intriguing finding was the
upregulation of DRD2 by DIO in both energy-regulating areas of the
brain and iWAT of rats, as well as in both SAT and OAT of humans with
obesity. The seemingly concerted regulation warrants further explora-
tion, e.g., on the role of sympathetic nerves connecting the brain and
periphery. It also highlights the relevance of DRD2 in regulating or
responding to metabolic changes.

Limitations

This study has some limitations. MALDI-MSI provides spatial infor-
mation about the distribution of dopamine but does not differentiate the
source. Therefore, we cannot conclude whether changes in dopamine
abundance are due to altered local dopamine synthesis at the terminal
level, or alterations in dopaminergic signaling from e.g., the ventral
tegmental area. Another technical limitation is the sample size for the
brain analyses, which might have limited our ability to detect statisti-
cally significant differences after adjusting for multiple comparisons.
While we observe several trends pointing to effects of metabolic status
on dopamine signaling, future studies in larger cohorts are required to
confirm these findings. Furthermore, we also lack direct measurements
of post-synaptic dopamine receptor signaling in the brain or on dopa-
mine metabolism in peripheral tissue, including AT. To continue, not all
rats were euthanized and sampled under standardized conditions, e.g.,
fasting and at a specific time of the day.?° This may influence results of
metabolic parameters and of dopamine levels, which are increased upon
ingestion of palatable foods,”” and should be considered when inter-
preting these results. Lastly, only male rats were investigated here.
Given the high prevalence of overweight and obesity in women,’® and
the underrepresentation of females in animal and human studies,®’
future studies should be conducted on both sexes.

In summary, caloric excess, in the form of highly palatable foods, and
caloric restriction affect elevated DRD1 and DRD2 receptor levels in the
rat brain in a region-specific manner. The Cg, CPu and NAc core were
affected by both caloric excess and restriction, while hypothalamic areas
responded specifically to caloric excess. In rat AT, both dietary in-
terventions similarly altered DRD1 and DRD2 receptor abundance,
while sympathetic nerve density was only reduced by DIO in a fat-depot
specific manner. Lastly, in human AT, obesity elevated both DRD1 and
DRD2 in OAT, while only DRD2 was upregulated in SAT as well, high-
lighting the fat-depot specific effects of obesity, which requires further
examination.

The partly divergent alterations of dopamine receptor abundances in
rat and human AT depots in obesity suggest species- and depot-specific
differences. This also holds true for the role of the dopaminergic brain
network. Obesity in humans is inherently more complex than in rodent
models in terms of numerous genetic, environmental, and psychological
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factors.”’ Many of these are not well reflected in a DIO rat model and
further human studies are needed. Nonetheless, the current findings in
the rat brain are important to guide the design of clinical neuroimaging
studies using PET, e.g. with radioligands for dopamine receptors, as well
as functional MRI targeting regions of interest. Such work will enhance
understanding of the brain’s role in development and reversal of human
obesity and T2D.

Conclusions

Overall, we demonstrate that excess energy intake in male rats leads
to elevated levels of dopamine or some of its metabolites, and upregu-
lation of DRD1 or DRD2 in the cingulate cortex, caudate putamen and
nucleus accumbens. This may contribute to adaptations in motivated
behavior, reward processing, and overall energy balance regulation. A
similar direction of changes in dopamine receptor abundance following
caloric restriction was surprising. However, this may be a reward
response during caloric excess that further aggravates overeating, while
during caloric deficit it may serve as a defense mechanism to increase
energy stores. Dopaminergic alterations may also be relevant for the
development of insulin resistance and dysglycemia. In human obesity,
DRD1 was upregulated in OAT, whereas DRD2 was upregulated in both
SAT and OAT, which was partly different from rat AT. There may thus be
an increased capacity in human OAT to respond to dopaminergic sig-
nals. These results highlight the complex perturbations of obesity found
in dopaminergic pathways in both the brain and periphery. The mech-
anistic and functional details and the role in organ crosstalk requires
further research including experimental pharmacological interventions.
Further studies are also warranted to elucidate alterations in dopami-
nergic pathways in the brain and AT during the development of T2D.
Such work may enable the discovery of novel principles for prevention
and treatment of metabolic disorders.
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