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Abstract: Food behaviour is a complex and multifaceted cooperation between physiologic, psycho-
logical, social, and genetic factors, influencing meal timing, amount of food intake, food preferences,
and food selections. Deregulation of the neurobiological mechanisms controlling food behaviour
underlies the development of obesity and type 2 diabetes, two epidemics of the present century.
Several brain nuclei are involved in the regulation of the different components of food behaviours;
the hypothalamus is the key in controlling appetite and energy homeostasis. In this review, we will
explain the role of the hypothalamus in the control of food intake and its interplay with other brain
nuclei important in food behaviour. We will also highlight the deregulation of satiety pathways in
type 2 diabetes and obesity and the mechanisms behind this deregulation. Finally, knowing that there
are different categories of sugars and that they differently impact food behaviours, we will review in
a concise manner the studies referring to the effects of sugars in satiety and reward pathways and
their impacts on metabolic diseases.
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1. Introduction

In the last decades, we have witnessed an escalating number of individuals suffering
from metabolic diseases, such as obesity, and its associated diseases, such as metabolic
syndrome and type 2 diabetes (T2D). These metabolic diseases are genetic conditions [1]
that are mainly associated with modern lifestyles; they are characterised by physical
inactivity, sedentarism, and hypercaloric diets [1,2]. While obesity affects 650 million people
worldwide, it is estimated that 463 million people between the ages of 20 and 79 suffer
from diabetes, representing 9.3% of the world’s population within this age range. In 2030, it
is estimated that this number will rise to 578 million people (10.2%) and 700 million (10.9%)
in 2045. What is even more worrying is that in 2019, globally, an estimated 4.2 million
people died from diabetes and its complications [3]. Diabetes is a chronic metabolic
condition characterised by high blood glucose levels due to the inability of the body to
produce enough insulin to reduce glucose levels and due to the inefficiency of insulin, a
phenomenon designated as insulin resistance [4,5]. T2D, a diabetes condition, typically
begins with the development of insulin resistance. During this period, pancreatic β-cells are
stimulated to increase insulin production and secreted to maintain normal blood glucose
concentration. Upon diagnosis of T2D, approximately 40–50% of the β-cells are already
dysfunctional and no longer able to compensate for the high levels of circulating glucose.
This phenomenon results in glucose intolerance, which ultimately leads to a state of fasting
hyperglycaemia [4,6]. Obesity is an established risk factor in the development of T2D,
resulting from the deregulation of energy metabolism, which is also crucial in the control
of T2D. The central nervous system (CNS) and, in particular, the hypothalamus, plays a
crucial role in the control of energy homeostasis since it regulates functions, such as satiety
and thermogenesis [7]. These functions are known to be altered in states of dysmetabolism;
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therefore, they play an important role in the setting and maintenance of metabolic diseases.
This manuscript focuses on and summarises the importance of the hypothalamus in the
control of satiety pathways and its role in dysmetabolic states, particularly in T2D and
obesity. In addition, we review the impact of sugar consumption on satiety pathways and
reward systems in the development of T2D.

2. Control of Food Intake by the Hypothalamus

Food behaviour is a complex coordination of physiologic, psychological, social, and
genetic factors influencing meal timing, the quantity of food intake, food preference, and
food selection. It is regulated by several different brain circuits, where the hypothala-
mus is essential in controlling appetite and energy homeostasis. The hypothalamus is
located below the thalamus near the pituitary gland, above the brainstem [8]. The first
insight into the key role of the hypothalamus in food intake came from the observation
that humans and animals with lesions in the hypothalamus brain region showed a rapid
onset of obesity [9]. In fact, when the ventromedial hypothalamic nuclei (VMH) were
lesioned with electrical current, the rats exhibited increased food intake and adiposity [10].
Afterward, in the 1950s, Delgado and Anand examined the effects of lesions in the VMH
in cats by applying chronic (5–10 days) electrostimulation in this region; they observed
an increase in food intake [11]. Of importance, the authors performed the same lesions in
another hypothalamic nucleus with the same parameters, but this did not produce similar
effects [11]. This nucleus is known as the “satiety center” [12]. Apart from the VMH, the
lateral hypothalamic area (LHA) is also known to play a key role in the regulation of inges-
tive behaviour (ever since the early studies on lesions conducted by Anand and Brobeck,
where they found that bilateral electrolytic lesions of LHA completely inhibited food intake
to the point where the rat died of starvation) [13]. In fact, LHA is called the “feeding
center“ [14]. Ono et al. [15] showed later that LHA is also involved in functions associated
with rewards, emotions, aversion, and learning. Although these two hypothalamic nuclei
are very important in the control of food intake, the arcuate nucleus (ARC) is critical to
the regulation of food intake and energy metabolism (Figure 1). The ARC has a perfect
location near the median eminence (ME) that is rich in fenestrated capillaries receiving
information from the blood–brain barrier. The ME plays a role in the transport of hormonal
and nutritional signals from the periphery to the hypothalamus [7]. These signals are
sensed by two antagonistic types of neurons: (1) the neuropeptide Y (NPY)-agouti-related
peptide (AgRP)-expressing neurons (AgRP/NPY neurons), also called orexigenic neurons
or appetite-stimulating neurons and; (2) the pro-opiomelanocortin (POMC) and cocaine-
and amphetamine-regulated transcript (CART) neurons (POMC/CART neurons), called
anorexigenic neurons/appetite-suppressing neurons. These neurons exhibit receptors for
hormones, such as leptin, insulin, and glucagon-like peptide 1 (GLP-1), which regulate
satiety, glucose homeostasis, insulin signalling, and energy expenditure [7,16] (Figure 1).
In the POMC/CART neurons, these substances promote satiety, while in the AgRP/NPY
neurons, they act antagonistically to inhibit these neurons, therefore reducing appetite and
increasing energy expenditure. The POMC/CART neurons mainly project to second-order
neurons in the paraventricular nucleus (PVN), but also to another hypothalamic nucleus,
such as the VMH, dorsomedial hypothalamus (DMH), and the LHA. These second-order
neurons have an important role in processing the received information from the ARC, pro-
jecting to other brain regions to trigger a response to maintain energy homeostasis. After
food injection, POMC is cleaved to the α-melanocyte-stimulating hormone (α-MSH) that
binds to melanocortin 3 and 4 receptor (MC3/4R) neurons in the ARC and PVN (Figure 1).
Several studies reported that food intake is inhibited by hypothalamic MC4R neurons in a
constant manner [17] and that MC4R activation, mainly in the PVN, leads to an increase in
energy expenditure by triggering the sympathetic nervous system activation, particularly
in the brown adipose tissue (BAT) [18,19]. This important role of MC4R receptors in the
regulation of food behaviour and energy homeostasis is confirmed by the presence of a
severe obesity phenotype in MC4R-deficient subjects [20] and by the use of MC4R agonists,
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such as setmelanotide, for the treatment of genetic obesity [21]. On the other hand, in
fasting conditions, ghrelin and peptide YY (PYY)—the hunger hormones secreted from the
stomach and intestine, respectively—activate the AgRP/NPY neurons in the ARC nucleus,
which project not only to the PVN but also to the LHA [7,22] (Figure 1). Ghrelin is secreted
from the stomach mainly during starvation. The hypothalamus is the brain region that
contains the highest density of ghrelin receptors, and some authors showed that ghrelin
administration activates neurons in different areas of the hypothalamus, such as the ARC,
VMH, and PVN [23] (Figure 1).

Figure 1. Schematic representation of the brain’s satiety network. The left panel shows the neu-
rochemistry and brain network involved in the physiological regulation of feeding behaviour and
energy homeostasis and the right panel shows the same network and neurochemistry in pathological
conditions, such as obesity and type 2 diabetes. Peripheral signals, such as ghrelin, PYY, GLP1, leptin,
and insulin, act in certain regions of the CNS, namely the NTS, hypothalamus, and VTA. Within the
hypothalamus, specifically in the ARC nucleus, the satiety-related POMC/CART neurons are acti-
vated by insulin, leptin, and GLP 1, and the hunger-related AgRP/NPY neurons are inhibited by PYY,
leptin, and dopamine, and activated by ghrelin. Neuronal activity modulation of the ARC nucleus by
these peripheral signals will promote alterations in other nuclei of the hypothalamus. In pathological
conditions, such as obesity and type 2 diabetes, many of the peripheral signals that modulate ARC
nucleus neuronal activity are impaired, with the main relevance for the blocking of insulin, leptin,
and ghrelin. AgRP/NPY—neuropeptide Y-agouti-related peptide expressing neurons; ARC—arcuate
nucleus; DA—dopamine; DMH—dorsal medial hypothalamus; GLP-1—glucagon-like peptide 1;
LH—lateral hypothalamus; NTS—nucleus tractus solitarius; POMC/CART—pro-opiomelanocortin
and cocaine- and amphetamine-regulated transcript neurons; PYY—peptide YY; VMH—ventral
medial hypothalamus; VTA—ventral tegmental area.

NPY is released by the AgRP/NPY neurons to trigger the increase in food intake
and reduce sympathetic activity and BAT thermogenesis, therefore modulating energy
expenditure via the activating NPY type 1 receptor at the PVN, which is important in
controlling the energy expenditure [24]. Additionally, AgRP can act as an inverse agonist
of MC3/4 receptors preventing the anorexigenic effects of α-MSH, which may lead to a
decrease in the sympathetic nervous system of the BAT and decreasing thermogenesis [7].
The AgRP/NPY neurons also have an important role in controlling POMC/CART neuronal
activity since they can inhibit it via the inhibitory γ-aminobutyric acid (GABA) action. It
is also important to note that both POMC/CART and AgRP/NPY neurons at the ARC
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nucleus receive information from glutamatergic neurons from other hypothalamic nuclei,
such as the VMH and the PVN. In contrast, the PVN receives inhibitory innervation
from the LHA, which triggers the balance of feeding and regulate energy expenditure by
decreasing food intake [25]. Another important brain nucleus regulating food intake, and
whose information is integrated into the hypothalamus is the NTS. The NTS, in the caudal
brainstem, is the first region in the brain that receives information from the alimentary tract,
which is important in the control of food intake. In the NTS, a variety of nutrient, chemical,
gastrointestinal–mechanical, and gut peptide signals are first integrated to control energy
intake and food ingestion. The NTS is composed of different types of neuronal populations,
including the ones containing elements of melanocortinergic and leptinergic signalling,
crucial mediators of feeding behaviour regulation. Moreover, the ventral tegmental area
(VTA) and the nucleus accumbens (NAc), two brain nuclei, are very important in controlling
“hedonic” hunger, and receive projections directly from hypothalamic regions as well as
from the LHA. All these brain regions constitute the mesolimbic reward system [26,27].
A lot of attention has been given recently to this mesolimbic reward system, due to its
important role in the control of hedonic behaviour. The term hedonic eating refers to the
intake of food driven by the reward experienced (rather than metabolic need), which is
particularly relevant for cheap, highly palatable, energy-dense foods [28]. Recent studies
showed that, in mice, when the inhibitory GABAergic neurons are activated in the LHA,
neurons project to the VTA, and animals increase their food intake mainly due to the
motivated behaviour to receive a reward [27,29]. Moreover, the activation of GABAergic
neurons that project from the LHA to the VTA leads to compulsive sucrose drinking in
animals, showing the importance of other circuits other than the hypothalamus in the
control of food behaviour [7,27,29].

3. Deregulation of Satiety Pathways in Type 2 Diabetes and Obesity

Glucose is the primary energy source used by humans; it is crucial in maintaining
the body’s functions. The major hallmark of T2D is hyperglycaemia, which results from
defects in insulin production and secretion [4,30]. This state is caused by a wavering of the
regulatory circuits that maintain glucose levels within the normal range. One of the major
factors that can influence the normal levels of glucose in the organism is the consumption
of calorie-rich and high-fat (HF) diets. The increase in caloric intake leads to excessive
adipose tissue accumulation, triggering the imbalance between what is consumed and
what is spent by the organism. Several circuits and organs are required to maintain glucose
homeostasis, with the brain and, particularly, the hypothalamus (the nutrient/hormone-
sensing nucleus) playing central roles. In fact, the hypothalamus is not only involved in
the physiological regulation of glucose homeostasis, but its deregulation (or at least the
deregulation of some circuits/nuclei) contributes to the development of obesity and T2D.
For example, it was reported that the ingestion of a HF diet during few days promoted
an increase in the amount of saturated fatty acids (FAs) crossing the blood–brain barrier,
triggering an inflammatory response in the hypothalamic neuronal population [31]. This
phenomenon activates microglia and endoplasmic reticulum (ER) stress culminating in
the development of central insulin and leptin resistance [32,33]. Obese individuals and
some T2D patients are hyperleptinemic, due to the increased adipose tissue mass. This
hyperleptinemic state results in a decrease in the ability of leptin to suppress appetite or
increase the body’s energy use, causing a constant increase in body weight. The inability
of the body to respond to leptin is called leptin resistance [34]. Additionally, in the early
stages, they are hyperinsulinemic due to the effort of maintaining normoglycemia in a state
of insulin resistance [35]. In the hypothalamus, leptin and insulin resistance can result from
the overactivation of their signalling cascades. In the case of leptin resistance, increased
levels of leptin could lead to chronic activation of the signal transducer and the activator
of transcription-3/suppressor of cytokine signalling 3 (STAT3/SOCS3), a downstream
pathway activated by leptin [36]. This will, in turn, inhibit STAT3 signalling via negative
feedback, resulting in leptin resistance and insulin resistance [37]. Thus, obesity and T2D
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are associated with selective insulin and leptin resistance in the hypothalamus, leading to
hyperphagic behaviours, alterations in glucose metabolism, and weight gain [38]. In agree-
ment, studies performed on mice with leptin production deficiency, Lepob/ob (mutations in
the gene responsible for the production of leptin) and Lepdb/db (leptin-resistance mice due to
mutations in leptin receptors) [39] showed hyperphagic behaviours with impaired thermo-
genesis, which is associated with increased expressions of AgRP and NPY and a decreased
expression of α-MSH in POMC [40]. Moreover, several studies have been performed to
understand the role of brain insulin in maintaining glucose homeostasis and energy supply
to the body. Several studies support that insulin might regulate NPY expression since
acute insulin administration in the brain was able to reduce NPY levels in the ARC [41].
Moreover, NPY levels in the hypothalamus were shown to be increased in a rodent model
of dysmetabolism, in diabetic rats injected with streptozotocin (STZ) [42]. Apart from
controlling the sympathetic outflow from the PVN to the BAT and promoting an increase
in thermogenesis, NPY regulates the parasympathetic outflow to the pancreas, stimulating
insulin secretion [43]. These findings support the idea that insulin can control NPY levels
and functions and vice-versa. Moreover, while the total lack of brain insulin receptors (IRs)
leads to T2D and obese phenotypes, mice with the deletion of IRs only in the AgRP and
POMC neurons do not exhibit alterations in food intake and energy homeostasis [40]. These
findings clearly indicate that there are other neuronal populations apart from AgRP and
POMC neurons that could be involved in the control of the central regulation of feeding by
insulin, or that AgRP and POMC are not the primary integrators of insulin information-
regulating feeding in the brain [41]. Nevertheless, the consumption of hypercaloric diets
leading to T2D and obesity is not only associated with the impairment of leptin and insulin
signalling in the hypothalamus. There is also some evidence that hypercaloric diets impair
the action of ghrelin. During food deprivation, ghrelin levels increase; this is a critical
signal to induce hunger during fasting. Surprisingly, and in contrast to what would be
expected for an orexigenic hormone, obesity is associated, in humans and rodents, with
reduced secretion and ghrelin plasma levels (for a review see [44]). In addition, in obese
patients, ghrelin levels do not decrease after meals; this is consistent with the state of ghrelin
resistance [44]. Several mechanisms have been postulated to justify the existence of leptin
resistance in obesity, including the lower NPY/AgRP responsiveness to plasma ghrelin
and the suppression of the neuroendocrine ghrelin axis [45]. This limited action of ghrelin
in the hypothalamus observed in HF diet-fed animals promotes a decrease in food intake,
which may be an adaptative response to prevent an increase in food intake in individuals
with dysmetabolism. Nonetheless, in the PVN, ghrelin action is unaltered, which may
indicate that the increase in adiposity is independent of food intake [45,46]. Although the
deregulation of the satiety pathways presumes a massive impact on the development of
obesity and T2D, it seems that it is not the only intervenient in the control of food behaviour
and energy homeostasis, with the reward/reinforcement circuits playing a crucial role in
these diseases. Recent studies demonstrated that gut hormones, such as ghrelin, PYY, and
GLP-1, can modulate the response of the brain reward regions to nutrient stimuli [47].

We can conclude that homeostatic and reward circuits act together to balance eating
between conditions of fasting or lack of food and conditions of overnutrition and that
the disruption of these neurocircuits contributes to increased food intake, culminating
in dysmetabolic states. Moreover, different types and compositions of hypercaloric diets
might differentially impact these neuronal circuits regulating food behaviours. For example,
increased levels of ceramides (types of saturated FAs) in the hypothalamus impair the
hypothalamic control of food intake and energy expenditure [48]. Furthermore, in vitro
studies performed with the hypothalamic neuronal cell line mHypoE-44 showed that
prolonged exposure to palmitate attenuates insulin signalling in this hypothalamic neuronal
cell line and promotes ER stress in neuronal cells, triggering lipid toxicity [49]. Additionally,
in vivo studies showed that the ingestion of HF diets by animals (until there was a 10%
increase in their body weights, which typically took 5–7 weeks) [50], led to an increase in
hypothalamic cholesterol levels when compared to mice that were submitted to low-fat
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diets, with consequent increases in food intake and body weight [48]. In another study
performed in Zucker rats, an animal model of genetic obesity caused by a mutation in
the gene encoding the receptor of leptin showed a link between hypothalamic ER stress
caused by the increase in ceramides and the role of the nuclei in energy balance. These
authors observed that hypothalamic lipid toxicity leads to a decrease in BAT sympathetic
tonus and that the genetic modulation of the ceramide-induced ER pathway in the VMH
increases the sympathetic nervous system-mediated BAT thermogenesis, as well as insulin
signalling, promoting an overall improvement in the metabolism of the Zucker rats [48,51].
Nevertheless, when talking about the impact of hypercaloric diets on food behaviour,
especially in humans, one cannot forget that hypercaloric diets include high percentages
of sugars in their composition. In fact, research shows that sugar intake differentially
affects the anorexigenic/orexigenic pathways, with sucrose consumption in mice leading
to a temporary decrease in orexigenic peptides followed by activation of the orexigenic
pathway, potentiating caloric consumption [52]. Moreover, besides the percentage of sugar
in the diet, the types of sugars present in the diet may differently impact food behaviour.

4. Impact of Sugar Consumption on Food Behaviour

Sugars are carbohydrates that include fructose and glucose (monosaccharides), and
lactose and sucrose (disaccharides), playing different roles in the organism. Sugars can
be categorised as (1) intrinsic/natural and (2) extrinsic/added, depending on if they are
present in the food without processing, or if they are added. Sucrose, fructose, glucose,
starch hydrolysates, and other isolated sugar preparations added during food preparation
and manufacturing are included in the added sugars category [53]. It seems consensual that
added sugars have a noxious role in the development of metabolic diseases and that sugars
that are intrinsically present in food seem to have more harmless impacts on dysmetabolic
conditions [54,55]. For example, in a study performed by Monteiro-Alfredo [55], it was
shown, in Goto-Kakizaki rats, that the ad libitum ingestion of sugary solutions for 4 weeks
impaired energy balance regulation, leading to higher caloric intake, weight gain, fasting
hyperglycaemia, insulin intolerance, and impaired oxidative stress/glycation markers
than the ad libitum intake of fruit juices, demonstrating the different impacts of added vs.
intrinsically present sugars in the metabolism.

Importantly, we cannot oversimplify the impact of the different added sugars as it
seems that they differently affect satiety pathways. For example, it was shown that the
intracerebroventricular administration of glucose and fructose have contrary effects on
food intake, with glucose suppressing food intake via the inactivation of hypothalamic
AMP-kinase causing the activation of malonyl–CoA signalling system and fructose having
inverse effects and, thereby, increasing food intake [56]. These results agree with the data
found in a more recent study performed on rats, where the effects of 24 h of free access to
different sugars, e.g., sucrose, glucose, fructose, or high-fructose corn syrup on hypothala-
mic appetite regulation were accessed. The authors observed that glucose consumption
resulted in the upregulation of seven satiety-related hypothalamic peptides, including
cholecystokinin (CCK), whereas fructose decreased CCK, suggesting that glucose might
have a greater impact in promoting satiety when compared to fructose [57]. Interestingly,
high fructose corn syrup, a sweetener commonly used to enhance the flavour of foods and
beverages, as well as sucrose, had no effect on hypothalamic CCK [57], suggesting that the
deregulation of other neural mediators might be involved in the deregulation of hypotha-
lamic pathways by these sugars. Another thing that should be taken into consideration
is the fact that these studies were performed in response to acute administrated sugars
and that the probability of the long-term intake of sugars might have different effects on
hypothalamic satiety pathways. In a study dedicated to evaluating the effects of sucrose,
glucose, and fructose in peripheral and central signals, the authors tested their effects after
24 h, 1 week, and 2 weeks of administration in rats and found that long-term exposure to
the different sugars differently impacted satiety pathways [58]. Moreover, they found that
a 2-week intake of sugar solutions resulted in the downregulation of hypothalamic NPY
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mRNA, in which a sucrose or fructose solution leads to the upregulation of hypothalamic
CB1 mRNA, and that glucose or fructose downregulated hypothalamic POMC mRNA [58].
In accordance with these results and with the role of endocannabinoids in the regulation of
sugar intake, the ingestion of fructose for 1 week was found to affect enzymes involved
in the synthesis and degradation of hypothalamic endocannabinoids [59]. Nevertheless,
these results might not be so easily translatable to humans. Some authors have found that
sugar intake, fructose and glucose, modified serum PYY without changing plasma leptin
and ghrelin levels [60], which contrasts with the data found in rats [58]. Moreover, they
found that—by using magnetic resonance imaging—glucose, but not fructose, was able
to quickly (within 15 min) mediate satiety by reducing brain activity in the hypothala-
mus [60]. Of interest, they also found that glucose intake induced an increase in functional
connectivity between the hypothalamus and striatum, suggesting that glucose improves
the communication between appetite control centres.

Apart from impacting hypothalamic satiety pathways, sugar also impacts reward
systems due to its additive, palatable, and rewarding characteristics, which may lead to
compulsive eating [30,61]. As described in Section 2, hypothalamic neurocircuits project to
the mesolimbic pathway, which is composed of the VTA and the NAc, called the reward
system, and is important in the control of hedonic hunger [7,16]. Dopamine (DA) is
an important neurotransmitter that is involved in functions, such as cognition, emotive
behaviour, reward, and memory, also playing a critical role in the control of feeding
behaviour and food intake [62]. It is a master regulator of food intake via the mesolimbic
neurocircuit by modulating the motivational processes associated with appetite, through
its projections from the VTA into the NAc and from the NAc to the hypothalamus [62]. In
humans, the ingestion of palatable food promotes the release of DA in the dorsal striatum
in proportion to the self-reported level of pleasure derived from eating food [63]. Moreover,
upon first exposure to a food reward, DA neurons in VTA increased their firing, resulting
in an increase in DA release in NAc [64]. However, the involvement of DA in the reward
is more complex than the mere encoding of the hedonic value. Some reports have shown
that metabolic mediators from the periphery, such as leptin, insulin, and ghrelin interact
with DA in the brain [22]. The increased consumption of foods enriched in sugars can
impair the homeostatic mechanisms that control eating behaviour, as in the cases of the
dopaminergic pathways. This may lead to overweight, T2D, and obesity states. Previous
studies performed on animals and humans showed that glucose as well as sucrose [65]
modulate DA activity in the VTA and substantia nigra. More recently, it was shown that
post-ingestive sucrose, but not sucralose—an artificial sweetener and sugar substitute—can
sustain operant food-seeking behaviour, which is an effect be mediated the activation of
a subpopulation of VTA dopamine neurons via the vagus nerve [66]. Sucrose is broken
down into fructose and glucose molecules and, therefore, fructose may possess reinforcing
properties activating the reward system, such as sucrose. In fact, it has been shown that
fructose activates reward-related regions within the mesocorticolimbic DA system, as seen
by c-Fos induction in the dorsal striatum and amygdala in rats, increases the BOLD signal
in the dorsal striatum, pre-frontal cortex, and orbitofrontal cortex of pigs, and increases
dopamine levels in the VTA (for a review, see [67]). Moreover, it was shown that fructose-
mediated cortical disinhibition increases impulsivity toward food rewards, potentiating
overfeeding [67]. Overall, we can conclude that different sugars differently regulate hunger
and satiety but also food-seeking and reward pathways.

Furthermore, the effects of sugars on the modulation of dopamine pathways in the
mesolimbic system might not be direct and could involve the release of hormones in the
periphery and the interaction with the dopaminergic pathways [68]. Insulin, ghrelin, leptin,
and GLP-1 interact with DA neurons in the midbrain [68–71]. Leptin and insulin inhibit
DA neurons while ghrelin triggers its activation. Insulin is known to promote the desire
for fat and sugars, reducing hedonic feeding. Moreover, upon injections of leptin in the
VTA, food intake is reduced, and the ablation of leptin receptors in this region increases
the reward of palatable meals, which include sugars. In the presence of dysmetabolism
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states, the modulation of dopaminergic pathways with DA agonists triggers weight loss in
obese animals through the activation of dopamine type 1 (D1R) and type 2 receptors (D2R),
although D2R is more associated with food seeking, motivation, and satiety inhibitory
control [72]. Additionally, hyperphagia in obese mice is attenuated with DA administration
and reward.

5. Conclusions

In conclusion, we provide evidence that not all sugars are equally deleterious in
affecting the control of food behaviours, as they have different impacts on the deregu-
lation of satiety and reward pathways leading to obesity and T2D. Knowing that food
behaviours involve complex and multifaceted interplays of mechanisms, driven not only
by hunger/satiety but also by cravings and hedonic memories, more attention and research
should be performed to study the impacts of the different sugars in these pathways, which
are particularly important in states of dysmetabolism, such as obesity and T2D.

Author Contributions: Conceptualization, A.M.C. and S.V.C.; writing—review and editing, A.M.C.
and S.V.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Portuguese Foundation for Science with a research grant
EXPL/MED-NEU/0733/2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Egger, G.; Dixon, J. Beyond obesity and lifestyle: A review of 21st century chronic disease determinants. Biomed. Res. Int.

2014, 2014, 731685. [CrossRef] [PubMed]
2. Golay, A.; Ybarra, J. Link between obesity and type 2 diabetes. Best Pract. Res. Clin. Endocrinol. Metab. 2005, 19, 649–663.

[CrossRef] [PubMed]
3. International Diabetes Federation. IDF Diabetes; International Diabetes Federation: Brussels, Belgium, 2019.
4. DeFronzo, R.A. Pathogenesis of type 2 diabetes mellitus. Med. Clin. 2004, 88, 787–835. [CrossRef] [PubMed]
5. ADA. American Diabetes Association. 2021. Available online: https://www.diabetes.org/diabetes (accessed on 19 November 2022).
6. Wysham, C.; Shubrook, J. Beta-cell failure in type 2 diabetes: Mechanisms, markers, and clinical implications. Postgrad. Med.

2020, 132, 676–686. [CrossRef] [PubMed]
7. Timper, K.; Brüning, J.C. Hypothalamic circuits regulating appetite and energy homeostasis: Pathways to obesity. DMM Dis.

Model. Mech. 2017, 10, 679–689. [CrossRef] [PubMed]
8. Billes, S.K.; Simonds, S.E.; Cowley, M.A. Leptin reduces food intake via a dopamine D2 receptor-dependent mechanism. Mol.

Metab. 2012, 1, 86–93. [CrossRef]
9. Khodai, T.; Luckman, S.M. Ventromedial Nucleus of the Hypothalamus Neurons under the Magnifying Glass. Endocrinology

2021, 162, bqab141. [CrossRef]
10. Hetherington, A.W.; Ranson, S.W. The relation of various hypothalamic lesions to adiposity in the rat. J. Comp. Neurol.

1942, 76, 475–499. [CrossRef]
11. Delgado, J.M.; Anand, B.K. Increase of food intake induced by electrical stimulation of the lateral hypothalamus. Am. J. Physiol.

1953, 172, 162–168. [CrossRef]
12. Al-Dossary, A.F.; Al-Majed, A.; Hossain, M.E.; Rahman, M.K.; Jennings, S.; Bargawi, R. The Need to Feed: Homeostatic and

Hedonic Control of Eating. In Proceedings of the 17th Middle East Oil & Gas Show and Conference 2011 (MEOS 2011), Manama,
Bahrain, 25–28 September 2011; Volume 3, pp. 1660–1672.

13. Anand, B.K.; Brobeck, J.R. Localization of a ‘Feeding Center’ in the Hypothalamus of the Rat. Proc. Soc. Exp. Biol. Med.
1951, 77, 323–325. [CrossRef]

14. Stuber, G.D.; Wise, R.A. Lateral hypothalamic circuits for feeding and reward. Nat. Neurosci. 2016, 19, 198–205. [CrossRef]
15. Ono, T.; Nakamura, K.; Nishijo, H.; Fukuda, M. Hypothalamic neuron involvement in integration of reward, aversion, and cue

signals. J. Neurophysiol. 1986, 56, 63–79. [CrossRef]
16. Valassi, E.; Scacchi, M.; Cavagnini, F. Neuroendocrine control of food intake. Nutr. Metab. Cardiovasc. Dis. 2008, 18, 158–168.

[CrossRef]

http://doi.org/10.1155/2014/731685
http://www.ncbi.nlm.nih.gov/pubmed/24804239
http://doi.org/10.1016/j.beem.2005.07.010
http://www.ncbi.nlm.nih.gov/pubmed/16311223
http://doi.org/10.1016/j.mcna.2004.04.013
http://www.ncbi.nlm.nih.gov/pubmed/15308380
https://www.diabetes.org/diabetes
http://doi.org/10.1080/00325481.2020.1771047
http://www.ncbi.nlm.nih.gov/pubmed/32543261
http://doi.org/10.1242/dmm.026609
http://www.ncbi.nlm.nih.gov/pubmed/28592656
http://doi.org/10.1016/j.molmet.2012.07.003
http://doi.org/10.1210/endocr/bqab141
http://doi.org/10.1002/cne.900760308
http://doi.org/10.1152/ajplegacy.1952.172.1.162
http://doi.org/10.3181/00379727-77-18766
http://doi.org/10.1038/nn.4220
http://doi.org/10.1152/jn.1986.56.1.63
http://doi.org/10.1016/j.numecd.2007.06.004


Diabetology 2023, 4 9

17. Hruby, V.J.; Cone, R.D. Role of melanocortinergic neurons in feeding and the agouti obesity syndrome. Nature 1997, 385, 165–168.
18. Marie, L.S.; Miura, G.I.; Marsh, D.J.; Yagaloff, K.; Palmiter, R.D. A metabolic defect promotes obesity in mice lacking melanocortin-

4 receptors. Proc. Natl. Acad. Sci. USA 2000, 97, 12339–12344. [CrossRef]
19. Voss-Andreae, A.; Murphy, J.G.; Ellacott, K.L.J.; Stuart, R.C.; Nillni, E.A.; Cone, R.D.; Fan, W. Role of the central melanocortin

circuitry in adaptive thermogenesis of brown adipose tissue. Endocrinology 2007, 148, 1550–1560. [CrossRef]
20. Vaisse, C.; Clement, K.; Guy-Grand, B.; Froguel, P. A frameshift mutation in human MC4R is associated with a dominant form of

obesity. Nat. Genet. 1998, 20, 113–114. [CrossRef]
21. Markham, A. Setmelanotide: First Approval. Drugs 2021, 81, 397–403. [CrossRef]
22. Ahima, R.S.; Antwi, D.A. Brain Regulation of Appetite and Satiety. Endocrinol. Metab. Clin. North Am. 2008, 37, 811–823.

[CrossRef]
23. Tong, J.; D’Alessio, D. Ghrelin and hypothalamic development: Too little and too much of a good thing. J. Clin. Investig.

2015, 125, 490–492. [CrossRef]
24. Huang, Y.; Lin, X.; Lin, S. Neuropeptide Y and Metabolism Syndrome: An Update on Perspectives of Clinical Therapeutic

Intervention Strategies. Front. Cell Dev. Biol. 2021, 9, 695623. [CrossRef] [PubMed]
25. Waterson, M.J.; Horvath, T.L. Neuronal Regulation of Energy Homeostasis: Beyond the Hypothalamus and Feeding. Cell Metab.

2015, 22, 962–970. [CrossRef] [PubMed]
26. Schwartz, G.J. Integrative capacity of the caudal brainstem in the control of food intake. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361,

1275–1280. [CrossRef] [PubMed]
27. Tyree, S.M.; de Lecea, L. Lateral hypothalamic control of the ventral tegmental area: Reward evaluation and the driving of

motivated behavior. Front. Syst. Neurosci. 2017, 11, 50. [CrossRef] [PubMed]
28. Lowe, M.R.; Butryn, M.L. Hedonic hunger: A new dimension of appetite? Physiol. Behav. 2007, 91, 432–439. [CrossRef]
29. Castro, D.C.; Cole, S.L.; Berridge, K.C. Lateral hypothalamus, nucleus accumbens, and ventral pallidum roles in eating and

hunger: Interactions between homeostatic and reward circuitry. Front. Syst. Neurosci. 2015, 9, 90. [CrossRef]
30. Capucho, A.; Chegão, A.; Martins, F.; Miranda, H.V.; Conde, S. Dysmetabolism and Neurodegeneration: Trick or Treat? Nutrients

2022, 14, 1425. [CrossRef]
31. Ruth, M. Obesity is associated with hypothalamic injury in rodents and humans. Yearb. Endocrinol. 2012, 2012, 119–120. [CrossRef]
32. Schneeberger, M.; Dietrich, M.O.; Sebastián, D.; Imbernón, M.; Castaño, C.; Garcia, A.; Esteban, Y.; Gonzalez-Franquesa, A.;

Rodríguez, I.C.; Bortolozzi, A.; et al. Mitofusin 2 in POMC neurons connects ER stress with leptin resistance and energy imbalance.
Cell 2013, 155, 172–187. [CrossRef]

33. Zhang, X.; Zhang, G.; Zhang, H.; Karin, M.; Bai, H.; Cai, D. Hypothalamic IKKβ/NF-kB and ER stress Link Overnutrition. Cell
2009, 135, 61–73. [CrossRef]

34. Farr, O.M.; Gavirieli, A. What have we learned about leptin and obesity. Physiol. Behav. 2017, 176, 139–148.
35. Ambwani, R.K.S.; Misra, A.K. Evaluation of Leptin as a Marker of Insulin Resistance in Type 2 Diabetes Mellitus. Int. J. Appl.

Basic Med. Res. 2017, 2019, 193–195.
36. Vaisse, C.; Halaas, J.L.; Horvath, C.M.; Darnell, J.E.; Stoffel, M.; Friedman, J.M. Leptin activation of Stat3 in the hypothalamus of

wild–type and ob/ob mice but not db/db mice. Nat. Genet. 1996, 14, 95–97. [CrossRef]
37. Ernst, M.B.; Wunderlich, C.M.; Hess, S.; Paehler, M.; Mesaros, A.; Koralov, S.; Kleinridders, A.; Husch, A.; Münzberg, H.; Hampel,

B.; et al. Enhanced Stat3 activation in POMC neurons provokes negative feedback inhibition of leptin and insulin signaling in
obesity. J. Neurosci. 2009, 29, 11582–11593. [CrossRef]

38. Könner, A.C.; Brüning, J.C. Selective insulin and leptin resistance in metabolic disorders. Cell Metab. 2012, 16, 144–152. [CrossRef]
39. Suriano, F.; Vieira-Silva, S.; Falony, G.; Roumain, M.; Paquot, A.; Pelicaen, R.; Régnier, M.; Delzenne, N.M.; Raes, J.; Muccioli,

G.G.; et al. Novel insights into the genetically obese (ob/ob) and diabetic (db/db) mice: Two sides of the same coin. Microbiome
2021, 9, 147. [CrossRef]

40. Ahima, R.S.; Saper, C.B.; Flier, J.S.; Elmquist, J.K. Leptin regulation of neuroendocrine systems. Front. Neuroendocrinol.
2000, 21, 263–307. [CrossRef]

41. Loh, K.; Zhang, L.; Brandon, A.; Wang, Q.; Begg, D.; Qi, Y.; Fu, M.; Kulkarni, R.; Teo, J.; Baldock, P.; et al. Insulin controls food
intake and energy balance via NPY neurons. Mol. Metab. 2017, 6, 574–584. [CrossRef]

42. Gelling, R.W.; Morton, G.J.; Morrison, C.; Niswender, K.D.; Myers, M.G.; Rhodes, C.J.; Schwartz, M.W. Insulin action in the brain
contributes to glucose lowering during insulin treatment of diabetes. Cell Metab. 2006, 3, 67–73. [CrossRef]

43. Cassaglia, P.A.; Shi, Z.; Brooks, V.L. Insulin increases sympathetic nerve activity in part by suppression of tonic inhibitory
neuropeptide y inputs into the paraventricular nucleus in female rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2016, 311,
R97–R103. [CrossRef]

44. Cui, H.; López, M.; Rahmouni, K. The cellular and molecular bases of leptin and ghrelin resistance in obesity. Nat. Rev. Endocrinol.
2017, 13, 338–351. [CrossRef] [PubMed]

45. Briggs, D.I.; Enriori, P.J.; Lemus, M.B.; Cowley, M.; Andrews, Z.B. Diet-induced obesity causes ghrelin resistance in arcuate
NPY/AgRP neurons. Endocrinology 2010, 151, 4745–4755. [CrossRef] [PubMed]

46. Shrestha, Y.B.; Wickwire, K.; Giraudo, S. Effect of reducing hypothalamic ghrelin receptor gene expression on energy balance.
Peptides 2009, 30, 1336–1341. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.220409497
http://doi.org/10.1210/en.2006-1389
http://doi.org/10.1038/2407
http://doi.org/10.1007/s40265-021-01470-9
http://doi.org/10.1016/j.ecl.2008.08.005
http://doi.org/10.1172/JCI79187
http://doi.org/10.3389/fcell.2021.695623
http://www.ncbi.nlm.nih.gov/pubmed/34307371
http://doi.org/10.1016/j.cmet.2015.09.026
http://www.ncbi.nlm.nih.gov/pubmed/26603190
http://doi.org/10.1098/rstb.2006.1862
http://www.ncbi.nlm.nih.gov/pubmed/16874932
http://doi.org/10.3389/fnsys.2017.00050
http://www.ncbi.nlm.nih.gov/pubmed/28729827
http://doi.org/10.1016/j.physbeh.2007.04.006
http://doi.org/10.3389/fnsys.2015.00090
http://doi.org/10.3390/nu14071425
http://doi.org/10.1016/j.yend.2012.04.031
http://doi.org/10.1016/j.cell.2013.09.003
http://doi.org/10.1016/j.cell.2008.07.043
http://doi.org/10.1038/ng0996-95
http://doi.org/10.1523/JNEUROSCI.5712-08.2009
http://doi.org/10.1016/j.cmet.2012.07.004
http://doi.org/10.1186/s40168-021-01097-8
http://doi.org/10.1006/frne.2000.0197
http://doi.org/10.1016/j.molmet.2017.03.013
http://doi.org/10.1016/j.cmet.2005.11.013
http://doi.org/10.1152/ajpregu.00054.2016
http://doi.org/10.1038/nrendo.2016.222
http://www.ncbi.nlm.nih.gov/pubmed/28232667
http://doi.org/10.1210/en.2010-0556
http://www.ncbi.nlm.nih.gov/pubmed/20826561
http://doi.org/10.1016/j.peptides.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19540432


Diabetology 2023, 4 10

47. Decarie-Spain, L.; Kanoski, S. Ghrelin and glucagon-like peptide-1: A gut-brain axis battle for food reward. Nutrients 2021, 13, 977.
[CrossRef] [PubMed]

48. González-Garciá, I.; Fernø, J.; Diéguez, C.; Nogueiras, R.; López, M. Hypothalamic Lipids: Key Regulators of Whole Body Energy
Balance. Neuroendocrinology 2017, 104, 398–411. [CrossRef]

49. Mayer, C.M.; Belsham, D.D. Palmitate attenuates insulin signaling and induces endoplasmic reticulum stress and apoptosis
in hypothalamic neurons: Rescue of resistance and apoptosis through adenosine 5′ monophosphate-activated protein kinase
activation. Endocrinology 2010, 151, 576–585. [CrossRef]

50. Posey, K.A.; Clegg, D.J.; Printz, R.L.; Byun, J.; Morton, G.J.; Vivekanandan-Giri, A.; Pennathur, S.; Baskin, D.G.; Heinecke, J.W.;
Woods, S.C.; et al. Hypothalamic proinflammatory lipid accumulation, inflammation, and insulin resistance in rats fed a high-fat
diet. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E1003–E1012. [CrossRef]

51. Contreras, C.; García, I.G.; Martinez-Sanchez, N.; Seoane-Collazo, P.; Jacas, J.; Morgan, D.A.; Serra, D.; Gallego, R.; Gonzalez,
F.; Casals, N.; et al. Central ceramide-induced hypothalamic lipotoxicity and ER stress regulate energy balance. Cell Rep.
2014, 9, 366–377. [CrossRef]

52. Gaysinskaya, V.; Karatayev, O.; Shuluk, J.; Leibowitz, S. Hyperphagia induced by sucrose: Relation to circulating and CSF glucose
and corticosterone and orexigenic peptides in the arcuate nucleus. Pharmacol. Biochem. Behav. 2011, 97, 521–530. [CrossRef]

53. European Food Safety Authority (EFSA). Scientific Opinion on establishing Food-Based Dietary Guidelines. EFSA J. 2016, 8, 1460.
54. Martins, F.O.; Conde, S.V. Impact of Diet Composition on Insulin Resistance. Nutrients 2022, 14, 3716. [CrossRef]
55. Monteiro-Alfredo, T.; Caramelo, B.; Arbeláez, D.; Amaro, A.; Barra, C.; Silva, D.; Oliveira, S.; Seiça, R.; Matafome, P. Distinct

impact of natural sugars from fruit juices and added sugars on caloric intake, body weight, glycaemia, oxidative stress and
glycation in diabetic rats. Nutrients 2021, 13, 2956. [CrossRef]

56. Seung, H.C.; Wolfgang, M.; Tokutake, Y.; Chohnan, S.; Lane, M.D. Differential effects of central fructose and glucose on
hypothalamic malonyl-CoA and food intake. Proc. Natl. Acad. Sci. USA 2008, 105, 16871–16875.

57. Colley, D.L.; Castonguay, T.W. Effects of sugar solutions on hypothalamic appetite regulation. Physiol. Behav. 2015, 139, 202–209.
[CrossRef]

58. Lindqvist, A.; Baelemans, A.; Erlanson-Albertsson, C. Effects of sucrose, glucose and fructose on peripheral and central appetite
signals. Regul. Pept. 2008, 150, 26–32. [CrossRef]

59. Erlanson-Albertsson, C.; Lindqvist, A. Fructose affects enzymes involved in the synthesis and degradation of hypothalamic
endocannabinoids. Regul. Pept. 2010, 161, 87–91. [CrossRef]

60. Page, K.A.; Chan, O.; Arora, J.; Belfort-Deaguiar, R.; Dzuira, J.; Roehmholdt, B.; Cline, G.W.; Naik, S.; Sinha, R.; Constable,
R.T.; et al. Effects of Fructose vs Glucose on Regional Cerebral Blood Flow in Brain Regions Involved with Appetite and Reward
Pathways. JAMA 2013, 39, 63–70. [CrossRef]

61. Freeman, C.; Zehra, A.; Ramirex, V.; Wiers, C.; Volkow, N.; Wang, G.-J. Impact of Sugar on the Body. Front. Biosci.
2018, 23, 2255–2266.

62. Volkow, N.D.; Wang, G.-J.; Baler, R.D. Reward, dopamine and the control of food intake: Implications for obesity. Trends Cogn. Sci.
2012, 15, 37–46. [CrossRef]

63. Small, D.M.; Jones-Gotman, M.; Dagher, A. Feeding-induced dopamine release in dorsal striatum correlates with meal pleasant-
ness ratings in healthy human volunteers. Neuroimage 2003, 19, 1709–1715. [CrossRef]

64. Range, K.D.M.; Moser, Y.A. Gustatory Reward and the Nucleus Accumbens. Physiol. Behav. 2012, 23, 531–535.
65. Eiler, W.J.; Dzemidzic, M.; Soeurt, C.M.; Carron, C.R.; Oberlin, B.G.; Considine, R.V.; Harezlak, J.; Kareken, D.A. Family history of

alcoholism and the human brain response to oral sucrose. NeuroImage Clin. 2018, 17, 1036–1046. [CrossRef] [PubMed]
66. Fernandes, A.B.; da Silva, J.A.; Almeida, J.; Cui, G.; Gerfen, C.R.; Costa, R.M.; Oliveira-Maia, A.J. Postingestive Modulation of

Food Seeking Depends on Vagus-Mediated Dopamine Neuron Activity. Neuron 2020, 106, 778–788.e6. [CrossRef] [PubMed]
67. Payant, M.A.; Chee, M.J. Neural mechanisms underlying the role of fructose in overfeeding. Neurosci. Biobehav. Rev.

2021, 128, 346–357. [CrossRef]
68. Wang, G.J.; Volkow, N.D.; Thanos, P.K.; Fowler, J.S. Imaging of brain dopamine pathways: Implications for understanding obesity.

J. Addict. Med. 2009, 3, 8–18. [CrossRef]
69. Adam, T.C.; Epel, E.S. Stress, eating and the reward system. Physiol. Behav. 2007, 91, 449–458. [CrossRef]
70. Palmiter, R.D. Is dopamine a physiologically relevant mediator of feeding behavior? Trends Neurosci. 2007, 30, 375–381. [CrossRef]
71. Abizaid, A.; Liu, Z.-W.; Andrews, Z.B.; Shanabrough, M.; Borok, E.; Elsworth, J.D.; Roth, R.H.; Sleeman, M.W.; Picciotto, M.;

Tschöp, M.H.; et al. Ghrelin modulates the activity and synaptic input organization of midbrain dopamine neurons while
promoting appetite. J. Clin. Investig. 2006, 116, 3229–3239. [CrossRef]

72. Missale, C.; Nash, S.R.; Robinson, S.W.; Jaber, M.; Caron, M.G. Dopamine receptors: From structure to function. Physiol. Rev.
1998, 78, 189–225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/nu13030977
http://www.ncbi.nlm.nih.gov/pubmed/33803053
http://doi.org/10.1159/000448432
http://doi.org/10.1210/en.2009-1122
http://doi.org/10.1152/ajpendo.90377.2008
http://doi.org/10.1016/j.celrep.2014.08.057
http://doi.org/10.1016/j.pbb.2010.10.008
http://doi.org/10.3390/nu14183716
http://doi.org/10.3390/nu13092956
http://doi.org/10.1016/j.physbeh.2014.11.025
http://doi.org/10.1016/j.regpep.2008.06.008
http://doi.org/10.1016/j.regpep.2010.01.003
http://doi.org/10.1001/jama.2012.116975
http://doi.org/10.1016/j.tics.2010.11.001
http://doi.org/10.1016/S1053-8119(03)00253-2
http://doi.org/10.1016/j.nicl.2017.12.019
http://www.ncbi.nlm.nih.gov/pubmed/29349037
http://doi.org/10.1016/j.neuron.2020.03.009
http://www.ncbi.nlm.nih.gov/pubmed/32259476
http://doi.org/10.1016/j.neubiorev.2021.06.034
http://doi.org/10.1097/ADM.0b013e31819a86f7
http://doi.org/10.1016/j.physbeh.2007.04.011
http://doi.org/10.1016/j.tins.2007.06.004
http://doi.org/10.1172/JCI29867
http://doi.org/10.1152/physrev.1998.78.1.189

	Introduction 
	Control of Food Intake by the Hypothalamus 
	Deregulation of Satiety Pathways in Type 2 Diabetes and Obesity 
	Impact of Sugar Consumption on Food Behaviour 
	Conclusions 
	References

