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Abstract

The aim of this work was to study the effect of a high fat and carbohydrate 
diet (HFCD) and quercetin supplementation on the levels of dopamine (DA), 
serotonin (5-HT) and their metabolites in Wistar, DA transporter knockout (DAT-
KO) and obese Zucker fa/fa rats. Animals received a control diet or HFCD for 
62 days. Wistar and Zucker fa/fa rats received quercetin. The contents of DA, 
5-HT, norepinephrine (NE), dioxyphenyl acetate (DOPAC), homovanillic acid 
(HVA) and 5-hydroxyindolyl acetate (5-HIIA) in the striatum were determined 
by high-performance liquid chromatography (HPLC). DAT-KO homozygotes had 
lowered DA and increased HVA and DOPAC compared to Wistar rats. HFCD did 
not affect the content of NE and 5-HT. 5-HT was increased in DAT-KO homo-
zygotes compared with Wistar receiving a control diet. 5-HIIA accumulated in 
larger amounts in DAT-KO compared to Wistar with the exception of those re-
ceiving quercetin with a control diet. Quercetin did not affect the levels of DA, 
5-HT and their metabolites.
Keywords: dopamine, 5-hydroxytryptamine, rats, striatum, fat and carbohy-
drate excess, quercetin

Introduction

According to modern data, the central role in body energy homeostasis belongs 
to the system of interacting serotonergic and dopaminergic CNS neurons (Burke 
and Heisler, 2015; Volkow et al., 2011). Synthesis and exchange of dopamine 
(DA) and serotonin (5-hydroxytryptamine, 5-HT) occur both in the brain and 
in peripheral tissues; however, only DA and 5-HT synthetized in the brain are 
significant for the neuroendocrine regulation of energy metabolism, hunger, sa-
tiety and nutritional behavior since these biogenic amines are essentially unable 
to pass through the blood-brain barrier. The predominant part of the synthesized 
DA and 5-HT is concentrated in the midbrain regions, including the striatum 
and substantia nigra, where important centers associated with feeding behavior 
are located. Previously, it was shown that the response of behavioral reactions 
and biochemical indexes to the consumption of a diet with an excess of simple 
carbohydrates and fat differs in the dopamine reverse transporter gene (DAT)-
knock-out rats (DAT-KO) and wild-type animals (Apryatin et al., 2019). How- 
ever, the question of how these differences are related to the metabolism of bio-
genic amines in the brain remains unclear. In the development of modern me
thods of diet therapy for obesity, metabolic syndrome and related conditions, 
much attention is given to biologically active polyphenolic substances, which can 
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actively influence energy homeostasis and eating be-
havior. According to a number of experimental studies 
(Panchal et al., 2012) and clinical observations (Edwards 
et al., 2007), quercetin (Q; 3,3’,4’,5,7-pentahydroxyfla-
vone) can alleviate the symptoms of metabolic syndrome 
caused by excess consumption of easily digestible carbo-
hydrates. In this regard, Q attracts special attention as 
a promising remedy for dietetic treatment of metabolic 
syndrome and obesity. The mechanisms of the effect of 
Q and other polyphenols on food energy balance in the 
body are not completely understood. In particular, the 
ability of this substance to influence the brain levels of 
DA, 5-HT and its metabolites, which determine feeding 
behavior, after oral intake, has not been studied.

The aim of this work was to study the effect of con-
sumption of a hypercaloric diet with a relative excess of 
fat and carbohydrates and Q supplementation on the 
levels of DA, 5-HT and their main metabolites in the 
whole striatum using 3  different strains of rats: “wild-
type” outbred Wistar rats, DAT-KO rats (homozygotes 
and heterozygotes) and hereditarily obese Zucker fa/fa 
rats with impaired leptin reception.

Materials and methods

Animals, treatments and sample extraction

STUDY DESIGN

Studies were performed on 31 male rats (10–12 weeks 
old) of the DAT-KO strain (DAT-/- homozygotes and 
DAT+/- heterozygotes) obtained from the vivarium of 
the Institute of Translational Biomedicine, St. Petersburg 
State University (St. Petersburg), as well as 32 males of 
outbred Wistar rats (DAT+/+) of the same age received 
from the nursery of the Stolbovaya branch of the Federal 
State Budgetary Institution Scientific Center for Bio-
medical Technologies of FMBA of Russia, and 24 male 
rats (age 8–10  weeks) of the Zucker (fa/fa) strain (de-
noted further as “Zucker”) obtained from Charles River 
Nursery, Italy. Every effort was made by us to minimize 
the number of animals used and to reduce their suf
fering.

The animals were divided into a total of 12 groups: 
two (groups 1 and 2) with DAT-/- rats, two (groups 3 and 
4) with DAT+/- rats, four (groups 5  to 8) with Wistar 
rats and 4 (groups 9 to 12) with Zucker rats. The num-
bers of animals in these groups were 4, 6, 12, 9, 8, 8, 8, 8, 
6, 6, 6, and 6, respectively. Within 62 days, animals of the 
1st, 3rd, 5th and 9th groups (control) received a balanced 
semisynthetic diet according to AIN93M; the 2nd, 4th, 7th 
and 11th groups received a high-carbohydrate-high-fat 
diet (HFCD) with 30 % fat by weight of solids and water 
replaced with a solution of 20 % fructose; the 6th and 10th 
groups received a control diet with the addition of Q; 
and the 8th and 12th groups received the HFCD with the 

addition of Q. Q was added to the rats’ diet in an amount 
from 0.4  to 1.3 g/kg of feed (by weight of dry matter) 
in various groups of animals, which corresponded to a 
consumed dose of 50 mg/kg body weight. The amount 
of quercetin added to the diet was adjusted once every 
two days according to body weight and mean diet con-
sumption in the previous two days for two rats. Q was 
purchased from Sigma-Aldrich (product number q4951, 
≥  95 % purity (HPLC)). The dose of Q fed to animals 
was 100 times greater compared to adequate daily intake 
in humans (0.5  mg/kg bw), which is explained by the 
need to identify the metabolic effect of this substance, 
given the greater intensity of metabolic processes in ro-
dents than humans and the relatively short term of the 
subacute experiment. This dose of quercetin was close 
to that used in a number of studies on rodents (i.e., Pan-
chal, 2012).

Animals were given unlimited free access to the 
diet and fluids. Rats were placed in pairs in polycarbon-
ate cages at a 12/12-hour light/dark exposure and an air 
temperature of 22 ± 1 °C. The amount of feed and fluid 
consumed was recorded daily. Body weight was deter-
mined weekly on electronic balances with an accuracy 
of ± 1 g.

DAT-KO GENOTYPING

Before the distribution of DAT-KO rats into experimen-
tal groups, they were classified by the allelic type of the 
DAT gene. Preliminary classification was carried out ac-
cording to the trajectory of the animals in the open field 
installation using equipment manufactured by the Pan-
lab Harvard Apparatus Company (Spain). The results of 
this classification detailed earlier (Apryatin et al., 2019) 
were confirmed at the end of the experiment by analysis 
of the allelic type of the DAT gene by real-time PCR fol-
lowed by restriction analysis with the BtsIMutI restric-
tion enzyme according to Leo et al. (2018).

SAMPLING

The animals were removed from the experiment through 
deep anesthesia by inhalation of diethyl ester (analytical 
grade, produced by JSC “Medkhimprom”, Russia, Mos-
cow region, the city of Zheleznodorozhny) followed by 
decapitation. The skull box was quickly opened, and 
after removal of the cerebral cortex, the striatum was 
isolated, which was immediately cooled to –80 °C and 
stored at this temperature until analysis.

HPLC measurements

HPLC measurements of tissue DA, 5-HT, norepineph-
rine (NE) and their metabolites 3,4-dihydroxyphe
nylacetic acid (DOPAC), homovanillic acid (HVA) and 
5-hydroxyindoleacetic acid (5-HIAA) were carried out 
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Fig. 1. The content of biogenic amines and their metabolites in the striatum of rats with knockout of the dopamine transporter gene (DAT-/-), 
heterozygotes (DAT+/-) and “wild”-type (DAT+/+; Wistar strain), which received a balanced control and high-carbohydrate, high-fat diet (HFCD). 
a) dopamine (DA), b) homovanillic acid (HVA), c) dioxyphenyl acetate (DOPAC), d) norepinephrine (NE), e) 5-hydroxytryptamine (5-HT), f) 5-hy-
droxyindolyl acetate (5-HIIA). * — the difference with DAT+/+ is significant; # — the difference with DAT+/- is significant for the corresponding 
diet, p < 0.05, Mann-Whitney U test. Horizontal bracket — the distribution is not uniform, p < 0.05, two-way analysis of variance, by the factor “G” 
(genotype, strain) for the covered range of groups.
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as described previously (Belov et al., 2020). The samples 
for analysis were homogenized in 0.1 M HClO4, centri-
fuged (10 min, +4 °C; 14,000 g) and filtered using cen-
trifuge filter units (PVDF membrane, pore size 0.22 μm, 
Millipore). Measurements of DA, 5-HT, NE and their 
metabolites in the tissue samples were performed using 
HPLC with electrochemical detection (Eicom, HTEC-
500, Japan) with a carbon electrode WE-3G (Eicom, 
Japan) using a +650 mV applied potential. The system 
was equipped with a CA-50DS reverse-phase column 
(150*2.1 mm, Eicom, Japan) at a flow rate of 200 µl/min. 
The mobile phase contained 100 mM sodium-phosphate 
buffer, 0.17 mM EDTA, 1.8 mM octanesulfonic acid so-
dium salt and 18 % (vol/vol) methanol, pH 4.5. All peaks 
obtained were normalized to the internal standard 
3,4-dihydroxybenzylamine, and final values for mono-
amines were expressed as ng/mg wet tissue weight.

Statistics

Statistical data processing was performed using the SPSS 
20.0 software package. The homogeneity distribution hy-
pothesis of the compared groups was tested using two- 
and three-factor ANOVA of variance for DAT-KO and 
Wistar plus Zucker rats, respectively. Post hoc analysis 
was performed using a nonparametric Mann-Whitney 
rank test.

Results

Levels of biogenic amines and their metabolites 
in the striatum in a model of rats with impaired 
dopamine transport

As follows from the data presented in Fig. 1, homozy-
gous DAT-/- rats were characterized by significant-
ly lower DA levels (Fig. 1a) in the striatum together 
with almost the same increase in its metabolites HVA 
(Fig. 1b) and DOPAC (Fig. 1c) when compared with the 
heterozygous DAT+/- and with wild-type rats (DAT+/+, 
Wistar strain). According to two-way analysis of vari-
ance, the effect of the animal’s genotype on these indi-
cators was statistically significant (ANOVA, p < 0.05 by 
the “strain” factor). This was confirmed by a significant 
difference in these parameters between DAT-/- animals 
and DAT+/- and DAT+/+ receiving the corresponding 
diets by pairwise comparison (p < 0.05, Mann-Whitney 
test). At the same time, the intake of HFCD did not sig-
nificantly affect the levels of DA or any of its metabolites 
in rats of all three genotypes. The NE content (Fig. 1d) in 
the striatum of all rat genotypes receiving both diets did 
not differ significantly.

The intake of HFCD did not affect the content of 
5-HT (Fig. 1e) in the rat striatum of any of the three 
genotypes. Factor analysis showed the absence of reli-

able effects on this indicator from both the strain (geno-
type) and the diet. However, when comparing DAT-/- 
animals with DAT+/+, there was a significant decrease 
in the accumulation of this biogenic amine in the former 
(for animals receiving a control diet, the difference was 
statistically significant, p < 0.05, Mann-Whitney U test). 
The metabolite of 5-hydroxytryptamine, namely, 5-HIIA 
(Fig. 1f), accumulated in significantly large quantities in 
both the DAT+/- and DAT+/- striatum compared to the 
DAT+/+ striatum (ANOVA, p < 0.05 according to the 
“strain” factor). At the same time, the type of diet used 
did not have a significant effect on this indicator.

Levels of biogenic amines and their metabolites 
in the striatum in a model of rats with impaired 
reception of leptin

The data presented in Figure 2  show that neither the 
strain of animals nor the intake of HFCD and Q sup-
plementation significantly affected the levels of DA 
(Fig. 2a), its metabolites (Figs. 2b–2d), or 5-HT (Fig. 2e) 
in the striatum. The content of 5-HIIA (Fig. 2f) was sig-
nificantly increased in Zucker rats of all groups com-
pared with the corresponding groups of Wistar rats at 
all dietary regimes, except for Q supplementation of the 
control diet (ANOVA, p < 0.05 according to the “strain” 
factor).

Discussion

When analyzing the results obtained, it should be borne 
in mind that Wistar rats are considered the parental 
strain used in DAT-KO breeding and are characterized 
by the greatest similarity in allelic composition of genes, 
with the exception of DAT. Under these conditions, as 
shown in Figure 1, the only factor affecting the levels 
of DA and all its metabolites, with the exception of NE, 
was the genotype (allelic type of DAT). Namely, there 
was a significant and multi-fold decrease in the level 
of DA and, correspondingly, an increase in the content 
of DOPAC and HVA in DAT-/- homozygotes in com-
parison with both heterozygotes and Wistar rats. These 
data coincided with the results of Leo et al. (2018), who 
demonstrated a marked decrease in the total striatal DA 
content together with an increase in DOPAC and HVA. 

This result is in apparent contradiction with the 
violation of DA transport in DAT-KO, leading to the ac-
cumulation of this compound in the synaptic cleft. In 
fact, it should be considered that, in normal animals, 
DA, when captured by presynaptic neurons, mainly ac-
cumulates in vesicles for subsequent reutilization or is 
metabolized (oxidized) under the influence of mono-
oxygenase with the formation of NE. In DAT-KO, DA 
that accumulates in the synaptic cleft is not reabsorbed 
but diffuses into the intercellular space, from which it 
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Fig. 2. The content of biogenic amines and their metabolites in the striatum of rats with impaired (Zucker fa/fa) and normal (Wistar) reception of 
leptin that received a balanced control diet or HFCD and quercetin supplementation for 60 days. a) dopamine (DA), b) homovanillic acid (HVA), 
c) dioxyphenyl acetate (DOPAC), d) norepinephrine (NE), e) 5-hydroxytryptamine (5-HT), f) 5-hydroxyindolyl acetate (5-HIIA) * — the difference 
with Wistar rats is significant for the corresponding diet, p < 0.05, Mann-Whitney U test. Horizontal bracket — the distribution is not uniform, 
p < 0.05, two-way analysis of variance, by the factor “G” (genotype, strain) for the covered range of groups.
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can be captured by astroglial cells (Jennings and Rusa-
kov, 2016) expressing biogenic amine transporters that 
are not affected by DAT knockout. In these cells, DA is 
subsequently metabolized by monoamine oxidase and 
aldehyde dehydrogenase to form increased amounts of 
DOPAC and HVA. 

In the conducted experiments, the opposite effect of 
DAT gene knockout on 5-HT and its metabolite 5-HIIA 
levels was revealed, which presumably indicates the in-
teraction between the metabolic pathways of DA and 
5-HT in the striatum. A possible explanation of such 
effects is that the 5-HT transporter (SERT) in presynap-
tic neurons, which carries out its reabsorption from the 
synaptic cleft, has a certain degree of cross-specificity 
for DA (Larsen et al., 2011). Under conditions of normal 
concentrations of DA, this interaction is apparently in-
significant; however, when DA accumulation in the syn-
aptic cleft is sharply increased in DAT-KO, DA probably 
begins to competitively inhibit 5-HT reabsorption. The 
consequence of this is the inhibition of 5-HT reabsorp-
tion by neurons, its entry into the extracellular space and 
capture by glial cells, followed by metabolism along the 
aforementioned common pathway with DA. 

The elevated 5-HIIA level in Zucker rats compared 
to Wistar rats indicates a greater degree of 5-HT catabo-
lism in these animals compared to Wistar rats. According 
to the literature, the formation of 5-HIIA in the brains of 
rats is controlled by the insular apparatus and accelerates 
with an increase in insulin levels (Svec et al., 2004). In-
deed, Zucker rats are phenotypically characterized by an 
increased level of insulin (King and Austin, 2017). Anoth-
er reason for the observed effect on the striatum 5-HIIA 
content may be the differences in leptin levels. As follows 
from previously obtained data (Mzhelskaya et al., 2020) in 
Zucker rats, leptin levels in blood plasma were increased 
20 times compared with Wistar rats when consuming a 
control diet and 50–300 times compared to those who re-
ceived HFCD. At the same time, Q supplementation did 
not significantly affect leptin levels. Taken together, this 
indicates the ability of additional amounts of leptin en-
tering the brain to potentiate 5-HT metabolism, which is 
consistent with the antagonism of these neurotransmit-
ters known from the literature (Yadav et al., 2011).

The results obtained showed that HFCD had no sig-
nificant effect on the levels of DA, 5-HT and their main 
metabolites in normal rats or rats with impaired DA 
transport (DAT-KO) and leptin reception (Zucker). The 
available data on the effect of excess caloric intake on 
DA levels in different parts of the central nervous system 
are contradictory (Rada et al., 2005, 2010; Geiger et al., 
2009). In particular, there are no reports on the effects 
of long-term intake of excess carbohydrates and fat on 
DA metabolite levels. According to Wu et al. (2017) the 
hypothesis about the role of 5-HT transport in the deve
lopment of obesity has not been supported.

A number of works have reported that Q is capable 
of exerting a significant influence on the processes of 
carbohydrate-energy and fat metabolism in peripheral 
organs in experimental models of rats and mice (Panchal 
et al., 2012) and is also able to modulate their behavioral 
reactions (Mzhelskaya et al., 2020). To a certain extent, 
the potentiation of Q action against the background of 
HFCD feeding would be due to the known effect of in-
creasing the bioavailability of Q with an excess of fat in 
the diet (Guo et al., 2013). However, in previous work 
(Mzhelskaya et al., 2020), we showed that the influence 
of HFCD on the size and even the direction of the effect 
of quercetin on behavioral responses differs in rats with 
normal and impaired reception of leptin. Therefore, 
leptin signaling pathways contribute to the development 
of the body’s response to Q, which should be taken into 
account in assessing the clinical efficiency of Q intake.

The capability of Q and its derivatives to affect the 
metabolism of neurotransmitter amines in the brain has 
not been studied enough. This possibility is obviously 
limited by the degree of penetration of these substances 
through the blood-brain barrier. According to the avail-
able data (Costa et al., 2016), only very small nanomolar 
and picomolar amounts of Q are found in the brains of 
rats and pigs after oral administration. As shown by the 
results of this study, no significant effect of quercetin on 
the exchange of DA, 5-HT and their metabolites in the 
striatum of the rat brain was found. The permeability of 
the brain-blood barrier to Q and its derivatives in ani-
mals of various strains in connection with their behavi
oral reactions and the exchange of neurotransmitters 
deserves further research.

Conclusion

The results obtained in this study indicate the absence of 
brain DA and 5-HT exchange roles in the effects of a diet 
with a high specific calorie content on biochemical and 
behavioral indexes in DAT-KO and Wistar rats. The data 
obtained also do not support the hypothesis of the direct 
role of central DA and 5-HT in the effects of Q supple-
mentation in Wistar and Zucker rats noted previously. 
The capability of Q and its metabolites to penetrate into 
the brain in relation to the metabolic and behavioral ef-
fects of these compounds in animals of different strains 
deserves further research.
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