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Diet Modifications towards Restoration of Insulin Sensitivity and Daily Insulin Fluctuations in
Diabetes
Reprinted from: Diabetology 2022, 3, 46, doi:10.3390/diabetology3040046 . . . . . . . . . . . . . . 9

Tamaeh Monteiro-Alfredo and Paulo Matafome

Gut Metabolism of Sugars: Formation of Glycotoxins and Their Intestinal Absorption
Reprinted from: Diabetology 2022, 3, 45, doi:10.3390/diabetology3040045 . . . . . . . . . . . . . . 19
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Preface to ”Nutritional Modulation of Dietary Sugars

as a Strategy to Improve Insulin Resistance and

Energy Balance in Diabetes”

Dietary changes toward the increased consumption of Westernised diets and processed food

is associated with the increasing prevalence of overweight in young adults and risk of obesity

and associated pathologies later in life. The consumption of added sugars contributes to an

increased energy density in diet, leading to a positive energy balance, larger waist circumference,

and weight gain, increasing the risk of obesity and type 2 diabetes. Moreover, there is a strong

association of whole-body and abdominal fat mass with type 2 diabetes, cardiovascular diseases,

and cancers. Fat accumulation and body mass index (BMI) are directly proportional to the excessive

intake of energy in relation to expenditure, especially from foods rich in fats. Sugars may be

divided into two distinct groups: those naturally present and those added to foods. Natural or

intrinsic sugars are naturally present in foods, such as fruit sugar (fructose), vegetables, honey, and

sugars from dairy products (galactose and lactose). Added sugars are a large group of mono- and

di-saccharides that go into foods during processing, preparation, or at the table, with the objective

of sweetening, increasing food palatability and shelf life, improving texture, inhibiting the growth

of microorganisms in high concentrations, providing functional structures, or increasing accessibility.

They are mostly found in sugary drinks, pastry products, cookies, fruit juices, energy drinks, nectars,

fruit juices from concentrate, white bread, and breakfast cereals. The impact of dietary sugars on the

pathophysiological mechanisms of type 2 diabetes and its complications is not entirely understood.
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Editorial

Nutritional Modulation of Dietary Sugars as a Strategy to
Improve Insulin Resistance and Energy Balance in Diabetes

Paulo Matafome 1,2,3,4

1 Polytechnic University of Coimbra, Coimbra Health School, 3046-854 Coimbra, Portugal;
paulo.matafome@uc.pt

2 Coimbra Institute for Clinical and Biomedical Research (iCBR) and Institute of Physiology,
Faculty of Medicine, University of Coimbra, 3000-548 Coimbra, Portugal

3 Center for Innovative Biomedicine and Biotechnology (CIBB), University of Coimbra,
3000-548 Coimbra, Portugal

4 Clinical Academic Center of Coimbra (CACC), 3000-548 Coimbra, Portugal

Lifestyle changes and less healthy behaviours include dietary changes toward in-
creased consumption of Westernised diets and processed food. This is associated with the
increasing prevalence of overweight in young adults and risk of obesity and associated
pathologies later in life. The World Health Organization (WHO) established guidelines
for free sugar intake in adults and children to be below 5–10% of total daily energy. How-
ever, recent studies support that it may actually be 15–20% in adults [1]. According to
the National Portuguese Food and Physical Activity Survey report, the average national
consumption of simple sugars (mono- and di-saccharides) is 90 g/day, contributing to an
average of 19.8% for the total energy value and 17.3% in adults [2].

The consumption of added sugars contributes to an increased energy density in diet,
leading to a positive energy balance, larger waist circumference, and weight gain, increasing
the risk of obesity and type 2 diabetes [3,4]. Moreover, given the strong association between
whole-body and abdominal fat mass with type 2 diabetes, cardiovascular diseases, and
cancers, the guidelines of the World Health Organization (WHO) recommend 15–30% of
total daily energy intake to be from fats and less than 10% intake of saturated fats. Fat
accumulation and body mass index (BMI) were shown to be directly proportional to the
excessive intake of energy in relation to expenditure, especially from foods rich in fats [5,6].

Sugars may be divided into two distinct groups: those naturally present and those
added to foods. Natural or intrinsic sugars are naturally present in foods, such as fruit
sugar (fructose), vegetables, honey, and sugars from dairy products (galactose and lactose).
Added sugars are a large group of mono- and di-saccharides added to foods during
processing, preparation, or at the table, with the objective of sweetening and increasing food
palatability and shelf life, improving the texture, inhibiting the growth of microorganisms
in high concentrations, provide functional structures, or increase accessibility. They are
mostly found in sugary drinks, pastry products, cookies, fruit juices, energy drinks, nectars,
fruit juices from concentrate, white bread, and breakfast cereals.

The impact of dietary sugars on the pathophysiological mechanisms of type 2 diabetes
and its complications is not entirely understood. This Special Issue explores the association
between the excessive consumption of dietary sugars, their sources and types, as well as
their different impact on several features of type 2 diabetes aetiology and several physiolog-
ical and pathophysiological processes and mechanisms of disease. In the articles published
by Fernandes et al., Monteiro-Alfredo & Matafome, Garcia et al., and Mendes & Barra et al.,
the consumption and impact of dietary sugars on the gastrointestinal system is discussed.
Fernandes et al. discuss the dietary sources of naturally occurring and added sugars, while
Mendes & Barra et al. describe the role of different diets and dietary regimens in prevent-
ing post-prandial sugar increase and hyperinsulinemia. Moreover, Monteiro-Alfredo &
Matafome and Garcia et al. explore the intestinal metabolism of dietary sugars, including
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the formation and absorption of advanced glycation end products and their impact on the
gut microbiota. Regarding the impact of dietary sugars on other metabolic processes, Malta
et al. describe the long-term alterations in beta-cell function caused by an increased and
sustained consumption of sugars. Such consequences may include modifications of the
mitochondrial function, generation of oxidative stress, and modulation of inflammatory
pathways. These topics are covered by the reviews published by Diniz et al. and Barbosa
& Carvalho. The impact of excessive and chronic sugar consumption may also arise from
impaired energy balance and the development of addictive behaviors. The impact of
sugars in the modulation of hypothalamic pathways is discussed by Capucho & Conde.
Additionally, regarding the development of prevention strategies to avoid the negative
impact of dietary sugars, Pedrosa et al. describe the role of exercise in reducing blood
markers of glucose dysmetabolism. Importantly, the review published by Ferreira-Junior
et al. demonstrates the importance of preventing excessive sugar consumption in critical
phases of development since it may have long-term consequences.

Overall, this Special Issue covers an important topic with relevance not only from a
scientific point-of-view but also from nutritional, policy, and industrial perspectives. We
are currently subjected to increasing obesogenic pressures, with sugars being hidden in
many foods, creating the perfect environment for the slow but consistent progression of
metabolic dysfunction. This Special Issue aims to uncover the mechanisms involved and
increase awareness of this escalating health problem.

Funding: This work was supported by the Portuguese Foundation of Science and Technology
(Strategic Projects UIDB//04539/2020, UIDP//04539/ 2020, and LA/P/0058/2020: CIBB).

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

Sources of Free and Added Sugars and Their Nutritional Impact
in Diabetic Patients

Tatiana Fernandes 1, Ana Faria 2,* and Helena Loureiro 2,*

1 Centro Hospitalar e Universitário de Coimbra, Praceta Professor Mota Pinto, 3004-561 Coimbra, Portugal
2 Instituto Politécnico de Coimbra, Escola Superior de Tecnologia da Saúde de Coimbra,
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Abstract: A high consumption of sugar leads to an increase in caloric intake, which in turn will lead to
a higher risk of developing health issues. Foods contain both naturally occurring sugars and added
sugars. The World Health Organization recommends that the daily intake of free sugars be below 10%
of the total daily energy intake. Food performs a key role in maintaining an adequate glycaemic control
in people with diabetes. However, there is a low compliance to dietary recommendations, namely in
the amount of sugar intake. This review article aims to assess and compare the intake of various types
of sugars in the general population and among individuals with and without a diabetes diagnosis,
identify the food sources that contribute to the intake of free and added sugars, and understand their
impact on health. Studies performed on the general population found that the consumption of sugar
was high, and that children and teens are more likely to exceed the recommended amounts. It was
found that diabetics consume less total and added sugar than non-diabetics, as well as a less sugary
drinks. Guidelines and public health policy measures aimed at limiting the intake of free and added
sugars are needed in order to minimize the consumption of foods high in empty calories.

Keywords: sugar intake; free sugars; added sugars; diabetes

1. Introduction

In recent years, sugar intake has become a public health concern due to its high con-
sumption and connection to various health issues, such as obesity, cardiovascular diseases,
diabetes, metabolic syndrome [1–4], tooth decay, nonalcoholic fatty liver disease, and some
cancers [2].

Foods include several different types of sugars that can be naturally occurring or
added to food.

Added sugars are sugars used in food processing and/or preparation, such as sucrose,
brown sugar, corn syrup, dextrose, fructose, glucose, honey, molasses, inverted sugar, lactose,
maltose, and fruit concentrates [5,6]. This kind of sugar excludes naturally occurring sugars
in fruits, vegetables, whole-milk dairy products and juices, and/or fruit and vegetable purées.

The term ‘free sugars’ includes all added sugars and the naturally occurring sugars
present in fruits and vegetables in the form of juices or purées. However, it excludes the
sugars present in fruits, vegetables, and whole-milk dairy products.

All added sugars are free sugars, and both exclude the sugars naturally present in
foods such as in fruits, vegetables, and whole-milk dairy, regardless of whether these are
fresh, cooked, or dry [6,7].

Since free and added sugars have similar definitions, the World Health Organization
(WHO) uses the term “free sugars” [1].

Total sugars are all the sugars presents in foods derived from any source [2,6].
Excess consumption of calories can lead to weight gain and consequently, obesity and

its comorbidities. A high consumption of sugars, namely of added sugars, contributes to

Diabetology 2022, 3, 634–638. https://doi.org/10.3390/diabetology3040049 https://www.mdpi.com/journal/diabetology
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eating “empty” calories and, since they carry no nutrients, in excess they promote weight
gain/obesity [1,3,8].

The types of sugar provided by different food sources present important differences
in health risks. Eating excess calories, weight gain, diabetes, and tooth decay place free
sugars as the primary cause of concern [6]. According to Mela et al. [6], these types of sugars
should be the main focus of action in public health activities.

The WHO recommends a decrease in the consumption of free sugars to <10% of the
total daily energy intake throughout life in children and adults, and, conditionally, also
recommends an intake of <5% [1,6,9,10].

Diabetes is a challenging condition in terms of management and monitoring, as it
requires important care by the patient, namely in regards to food. Nutritional therapy is
key to an adequate glycaemic control [11–13]. However, studies show that there is a low
compliance when it comes to dietary recommendations. According to Asaad et al. [12],
eating above 10% of your daily total energy intake (DTEI) in sucrose increases blood sugar
and triglycerides in people with type 2 diabetes.

This study aims to evaluate and compare the consumption of the various types of
sugar (total, added, and free) in the general population and in people with or without a
diabetes diagnosis, to identify food sources that contribute to eating free and added sugars,
and to understand their effects on health.

2. Sources and Methods

Revision of the published literature between January of 2012 and April of 2022, on
the consumption of total, free, and added sugars in people with or without a diabetes
diagnosis. The electronic databases used were PubMed and Google Scholar, using a boolean
operator (AND) and the keywords “free sugars”, “added sugars”, “diabetes”, and “diabetic
population”.

The inclusion criteria of the selected articles are: intake of various types of sugars,
individuals with and without diabetes, and identification of food sources that provide free
and added sugars.

The selection of articles was considered by the date of publication (until 2012), title,
abstract, and the full text.

3. Results and Discussion

In Europe, the energy intake derived from added sugars was 7.5% to 17%, and it was
more significant in children and teens (11% to 17% of the DTEI) [2,14].

In Portugal, according to the 2015–2016 National Food and Physical Activity Survey,
the national average intake of simple sugars was 84 g per day, making up 18.5% of the
DTEI. As for the consumption of free sugars (7.5% of the DTEI), 24.3% of the Portuguese
population exceeded the value recommended by the WHO, and a higher incidence was
noted in children and teens. “Table” sugar added to food and beverages (21.4%), sweets
(16.7%), and soft drinks (11.9%) were the food groups and subgroups that contributed most
to the intake of free sugars [15].

A study performed in Swizerland on adults aged 18 to 75 years showed that the daily
totalconsumption of added and free sugars accounted for 19%, 9%, and 11% of total energy
intake, respectively. Sweets, drinks (soft drinks), and dairy products (yogurts) were the
main food sources of added and free sugars. In younger adults (aged 18 to 29), most of
these types of sugars came from soft drinks, while in older adults, sweet products such as
honey, jams, cakes, and biscuits took up a more significant share [2].

In the Australian population, the intake of added sugars was found to be 10.8% of the
total daily calorie intake. In regards to the WHO guidelines, more than half the sample had
a higher intake of free sugars than recommended, and children and teens were more likely
to exceed the recommended amount [16].

Between 2017 and 2018, 12.7% of the energy intake consumed by the United States pop-
ulation came from added sugars. This intake was greater in ages between 9 to 18 and lesser

4
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in the elderly (>71 years old). Irrespective of age, ethnicity, or income, sugary drinks and con-
fectionery were the main food sources of added sugars in this population in 2011–2018 [10].

In Latin American countries, the intake of total sugars (20.1%) and added sugars
(13.2%) was high. The 15–19 age range was that with the highest exhibited intake. Similarly
to other studies, intake decreased with the increase in age [2,4,10].

A study conducted by Liu et al. [17], implemented in the Canadian population in 2015,
showed similar results to previous studies. The average daily intake of total sugars was
105.6 g (21.6% of the DTEI), 57.1 g (11.1% of the DTEI) corresponded to added sugars, and
67.1 g (13.3% of the of the DTEI) to the consumption of free sugars. The food groups that
most contributed to the intake of sugars in the diet of this population were desserts, sweets,
and sugary drinks.

When assessing the consumption of sugars in individuals with diabetes, Wang et al.’s
study [11] in the United States of America on Hispanic/Latino adults with and without a
diabetes diagnosis, they found that people with diabetes ingested less total sugar (19.1%
vs. 21.5% of total energy, p = 0.002) and less added sugar (9.8% vs. 12.1% of total energy,
p < 0.001), as well as exhibiting a lower consumption of sugary drinks (8.8% vs. 11% of
total energy, p = 0.004).

Asaad et al.’s study [12] assessed the intake of added sugar and the main food sources.
According to the WHO guidelines, this sample reached the recommended added sugar
intake (8.7 ± 4.8%), with desserts, yogurts, chocolates, breakfast cereal, and cakes being
the main food sources of added sugars. The authors of this study found that individuals
with diabetes consumed less total sugar compared to non-diabetics, probably because
carbohydrates are the macronutrient with the highest impact on blood sugar.

As found by several studies, individuals diagnosed with diabetes have a greater
degree of awareness when it comes to adopting healthy lifestyles and practicing healthy
eating in order to obtain adequate glycaemic control [11,12,18].

A study conducted in Spain (in the year 2013) observed that diabetic adults consumed
on average 24 g of added sugars per day, corresponding to 11% of their daily energy intake,
while men and younger individuals (aged 18 to 44) had a greater intake of added sugars than
this group. The food sources that contributed to the intake of such sugars were sugar, honey
and syrups (19.4%), confectionery and baked goods (19.1%), and sweetened soft drinks
(13.4%) [13]. A similar result was identified in a sample of subjects with type 1 diabetes,
with an average age of 18, in which the intake of added sugars represented 12.4% of the
total caloric intake, from sweetened drinks and sweets/desserts [19].

The majority of studies reported that sugary drinks are one of the food sources that
most contributed to the intake of free and added sugars [2,8,10,11,15,19].

Research has identified a link between the intake of sugary drinks and between a
higher risk of developing type 2 diabetes, with the added sugar content in drinks being
the contributing factor to negative health outcomes [8,18]. Furthermore, individuals who
consume this type of drinks have on average a more unhealthy lifestyle—less physical
exercise, more tobacco consumption and calories, and a poor quality diet [20].

A study carried out with young people from Jordan identified a positive and significant
relationship between body mass index and waist circumference in individuals who con-
sumed drinks with added sugars. This relationship was justified by the high energy intake
from these drinks, which resulted in a positive energy balance and increased adiposity [21].

Strategies such as reducing the consumption of these drinks prevents the occurrence
of diabetes in the general population and allows for a greater control of this condition in
individuals with type 2 diabetes, namely in terms of blood sugar levels, weight gain, and
inflammation [22].

4. Conclusions

While nutrition aspects for patients with diabetes are defined [23], detailed nutritional
evaluations and guidelines on the ill-effects of consuming free and added sugars still
remain unexplored.

5
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Guidelines and public health policy measures aimed at limiting the intake of free and
added sugars are needed [14], such as an overhaul of added-sugar products (soft drinks,
yogurts, dairy desserts, confectionery products) particularly in the amount of sugar, which
should be reduced and regulated [2,14], a reduction of serving sizes, a taxation of sugary
drinks [2,15], and a clear messaging on minimizing the consumption of foods high in empty
calories and in promoting healthy drinks and foods [16].

In regards to food labeling, it is essential that it is suitable and that it clearly identifies
free and added sugars in food products [1].

The increased prevalence of diabetes and prediabetes associated with an increase in
obesity indicates the need for effective strategies that promote the adoption of healthy
eating habits and alternatives to a high intake of free sugars [3].

Author Contributions: Conceptualization, T.F., A.F. and H.L.; formal analysis, T.F. and H.L; investi-
gation, T.F. and H.L.; data curation, T.F.; writing—original draft preparation, T.F.; writing—review
and editing, T.F.; visualization, T.F., A.F. and H.L. All authors have read and agreed to the published
version of the manuscript.
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Abstract: The circadian rhythm is essential in order to maintain metabolic homeostasis and insulin
sensitivity. Disruption of circadian mechanisms is associated with the development of metabolic
diseases, such as diabetes. Lifestyle changes such as an equilibrated diet and physical activity are
known to improve glycaemic control in diabetic patients. One of the mechanisms possibly involved
in such an improvement is the restoration of insulin circadian rhythms. There are several available
dietary schemes based on circadian rhythms. Some of them are associated with better regulation of
daily insulin fluctuations and the improvement of Type 2 Diabetes and metabolic syndrome. In the
current review, we aim to explore how the different types of diet can impact glucose metabolism and
insulin sensitivity in patients with diabetes, highlighting the interactions with the mechanisms of
circadian insulin rhythm and the prevention of hyperinsulinemia.

Keywords: daily insulin fluctuation; insulin sensitivity; diets; circadian rhythm

1. Introduction

Insulin was discovered by Frederick Banting and Charles Best in 1921. It is a pancreatic
beta-cell anabolic hormone initially produced by as pre-insulin and then as proinsulin
after a maturation process [1]. Subsequently, it is translocated from the endoplasmic
reticulum to the Golgi apparatus, where it is cleaved into C-peptide and insulin, which
are simultaneously released by exocytosis [2]. Its production by pancreatic beta cells is
enhanced in response to glucose, and it is responsible for maintaining constant blood
levels of glucose and metabolic homeostasis. However, it has been demonstrated that
amino acids and fatty acids are also capable of stimulating insulin secretion [3,4]. Its
secretion from pancreatic beta cells is biphasic: the first phase occurs with a rapid release,
while the second phase is characterized by a more sustained and less elevated release [5].
Insulin levels are increased in the postprandial period when the circulating glucose levels
increase, making the first phase very significant. In this phase, insulin inhibits glucagon
secretion from the pancreatic alpha cells through paracrine action at the beginning of
the meal. On the other hand, the second phase is critical for maintaining this inhibition
and increasing glucose storage and utilization [6]. Thirty minutes after the beginning of
the meal, insulin suppresses lipolysis in the adipose tissue by inactivating the hormone-
sensitive lipase, leading to a decrease in non-esterified fatty acids (NEFA) and glycerol in
the blood [7,8]. The lower blood NEFA and higher insulin levels induce the suppression of
glucose production in the liver and an increase in glucose utilization (glycolysis) by the
muscle [3,9,10]. Insulin and glucagon secretion, as well as glucose homeostasis, are also
regulated by the incretins, which are secreted by the gut in response to food intake [11,12].
Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP)
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are the two major incretins derived from gut neuroendocrine cells and are involved in these
mechanisms, and their receptors may be found both in alpha and beta cells [11,13].

Insulin secretion dysregulation due to several causes promotes the development of
diabetes. Type 1 diabetes (T1D) is characterized by auto-immune destruction of beta cells,
while type 2 diabetes (T2D) is related to the development of insulin resistance, which is
associated with obesity and metabolic syndrome. In T2D, beta-cell destruction is also
observed through their progressive exhaustion and dysfunction in a later phase [14,15].
Consequently, beta-cell hyperplasia and a hyperinsulinemic state are often observed in
obese patients in order to compensate for chronic low-grade inflammation and insulin
resistance [14,16,17]. Moreover, hyperinsulinemia itself contributes to insulin resistance
due to insulin receptor downregulation [11]. Lifestyle changes such as an equilibrated
diet and physical exercise may prevent these events and thus contribute to maintaining a
normal weight and insulin sensitivity in the peripheral tissues.

2. Circadian Rhythm Influences Insulin Secretion

The circadian rhythm is essential for maintaining a normal body physiology. It is
mediated by specific components that are controlled by the daily light–dark and feeding–
fasting cycles. The central nervous system plays an important role in the circadian rhythm
through synapse networking, which acts in different brain regions and in endocrine cells,
contributing to the circadian regulation of metabolism [18]. These outputs are integrated
into the hypothalamus, which is responsible for hunger–satiety, thermoregulation, sleep–
arousal, and osmolarity [19].

The metabolic activity of several organs is also mediated by their internal clocks and
circadian rhythms. In the intestine, the expression of sodium-glucose transport protein
1 (SGLT-1) has a rhythmic cycle, which is increased when the glucose intake is anticipated.
Similar mechanisms regulate insulin secretion. Besides being regulated by glucose levels
and incretins, its exocytosis also has a circadian regulation, possibly because incretins also
have a circadian rhythm themselves [20]. Some studies in healthy human subjects have
shown daily fluctuations in glucose tolerance, suggesting that it is greatest in the morning,
while a significant decrease occurs during the night [21,22]. This is not only because of the
oscillations in peripheral insulin sensitivity, but also the variations of glucose-stimulated
insulin secretion during the daily 24 h period [23].

Uncoupling protein 2 (UCP2) has been described to influence metabolism, as it is
expressed by endogenous circadian oscillators in pancreatic islets and acts in beta cells as
a negative regulator of glucose-stimulated insulin secretion (GSIS). As mentioned before,
insulin regulates the metabolic response to fasting and its suppression is crucial to allow
for endogenous glucose production in the liver and lipolysis in the adipose tissue in order
to release metabolic fuel. Therefore, Ucp2/UCP2 has been suggested to coordinate insulin
secretion according to nutrient ingestion, so an upregulation of Ucp2/UCP2 prevents
hypoglycaemia during the fasting period by inhibiting insulin secretion and promoting
fuel mobilization [24,25]. This type of regulation influences the activity of several other
endocrine pathways such as melatonin, glucocorticoids, and growth hormone (GH) [20].
GH and cortisol secretion are regulated by their own circadian rhythm, and are higher in the
nocturnal period, which contributes to insulin resistance in the early morning hours [22].

It has been demonstrated that chronic disruption of these circadian mechanisms is
related to the development of metabolic diseases, as established by several studies in shift
workers [26,27]. In a retrospective study conducted by Garaulet and her collaborators,
eating early (lunch time before 15:00 p.m.) results in enhanced weight loss effectiveness, sug-
gesting a relation between eating intervals and the day–night cycle in the metabolism [28].
Other studies have revealed that time-restricted feeding is capable of improving metabolic
diseases due to sustained diurnal rhythms and imposing daily feeding–fasting cycles [29,30].
Similar to what happens with GH and cortisol, melatonin (Figure 1) also promotes a hyper-
glycaemic state in the evening, given that melatonin binding to its receptor in pancreatic
islets inhibits insulin release from the beta cells [31]. Reciprocal interactions between
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metabolism and the circadian clock imply that nutrition quality, quantity, and daily eating
patterns can affect diurnal rhythms, which in turn determine whole-body physiology.

Figure 1. Effects of different diets on insulin and incretins secretion, as well as hyperglycaemic and
inflammatory states. KD, characterized by the ingestion of <50 g of carbohydrates/day, promotes a
decrease in insulin and increase in glucagon and GIP fasting levels. MD, because of its higher fiber
supply and reduced sugar ingestion, is capable of decreasing blood insulin levels and increasing
GIP secretion, similarly decreasing pro-inflammatory cytokine activation and reducing the risk of
diabetes development. VD, based on reduced calorie ingestion and being rich in magnesium and
fibre, promotes a decrease in GI. A lipid diet is associated with diabetes development by increasing
glucagon secretion and decreasing GLP-1.

3. The Impact of Different Diets on the Levels of Insulin Secretion

3.1. The Impact of Diet

Nowadays, most diets that are called healthy can be included in a few categories: they
match the Mediterranean Diet, or they are low in fat, low in carbohydrates (CH), or are
vegetarian [32]. Nutrition is considered one of the pillars for the prevention and treatment
of several diseases, namely metabolic syndrome [33]. Besides the amount of food ingested,
growing attention has been devoted to the quality of macronutrients and the role they play
in the regulation of T2D [34,35]. The current discussion about food standards suggests that
it is not just a question of quantity, but also of quality and, importantly, time and schedule.
For example, eating most calories and carbs at lunchtime or in the early afternoon, avoiding

11



Diabetology 2022, 3

late dinners, and keeping the number of meals and the timing of meals consistent, all play
a role in regulating postprandial blood glucose and insulin sensitivity [36].

This section of the review will focus on postprandial insulin, and the long-term insulin
response in relation to the glycaemic index (GI), the area under the curve (AUC) of the
glucose response after CH consumption [37].

3.2. Mediterranean Diet

The Mediterranean Diet emerged in the 1960s as the diet with the most beneficial
impact on health and the one recommended by experts. This diet is characterized mainly
by the consumption of vegetables, with the regular consumption of protein (meat, fish,
or egg), CH, and a limited amount of fats, usually from olive oil. Nonetheless, it is a diet
low in fat and rich in vitamins with antioxidant and anti-inflammatory properties [35].
Therefore, as it decreases the activation of the pro-inflammatory cytokines (Figure 1), it also
reduces chronic inflammation and the risk of T2D. As it includes a low consumption of
sugar/CH, it also has a role in regulating diabetes. So, it is suggested that by resulting in a
greater supply of fibre and less sugar, it is effective at decreasing the load of this component
on the body, while also decreasing the circulating insulin levels [38].

3.3. Vegetarian Diet

Adherence to a vegetarian diet is growing worldwide. This is characterized by the
exclusion of foods of an animal origin. However, if this diet is not supplemented, macro
and micronutrient deficiencies such as omega-3 fatty acids, iron, vitamin D, calcium, zinc,
iodine, and vitamin B12 may occur [32]. The reinforced intake of vegetables and cereals
reduces the risk of T2D as they are rich in magnesium and fibre (Figure 1). The insulin
signalling pathway is magnesium-dependent and fibre helps to lower the GI [39]. The low
GI of this diet may explain the lower cardiovascular risk and greater insulin sensitivity
compared with omnivores [37].

Within the scope of T2D, a plant-based diet will reduce body weight, as it reduces
the ingested calories, and increases postprandial metabolism [34]. Some studies suggest
that vegetarians have a lower amount of intramuscular lipids than omnivores, and this
proportion also occurs at a hepatic level. By having this metabolic (catabolism) effect, it will
decrease HbA1c and postprandial lipids. Visceral fat reduction also decreases the levels of
plasma inflammatory adipokines and oxidative stress markers, which may have an effect
on beta cell function and insulin regulation. An unexpected effect of this diet is that it
increases the thermic effect of food, supporting this theory of catabolism [40]. The question
that arises in this diet is its suitability for the entire population as it is a difficult diet to
maintain, at least for the Western population, as a high intake of CH has to be monitored
by a nutritionist [32].

3.4. Paleolithic Diet

This diet is based on the consumption of fruits, vegetables, eggs, fish, and meat, with
the latter as a source of protein. Thus, it excludes all processed food, including dairy
products. Thus, it contains less CH but a greater protein intake [41]. In fact, the distribution
of nutrients occurs as follows: 35% lipids, 35% CH, and 30% protein [42]. The Paleolithic
diet causes a reduction in insulin concentration after a meal, that is, less insulin is needed
with this nutrient distribution than with other diets [43]. Studies have suggested that this
approach decreases insulin secretion in the long-term and increases beta cell sensitivity
to postprandial glucose load [42]. However, Genoni et al. suggest that this adaptation
may not be beneficial in terms of intestinal motility [44]. Biologically, a catabolic state
is stimulated and postprandial glucagon suppression is observed. Together with insulin
secretion, this may result from improved postprandial secretion of the incretins GLP-1 and
GIP into circulation. Their increase also promotes satiety and thus weight loss [41].
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4. Diets That Promote Ketosis

This group of diets is divided into three types: low in CH, normoprotein, and high
in lipids, such as the ketogenic diet. It also includes the famous «fasting» and calorie
restriction, which increase ketosis due to the lack of calories. Despite a restriction of
nutrients, some studies have considered this type of diet more healthy as it helps to
preserve muscle mass, increase weight loss, reduce appetite, and above all decrease insulin
resistance and circulating insulin levels [45,46].

4.1. Ketogenic Diet

It consists of a normocaloric diet well known for rapid weight loss. However, in terms
of insulin patterns and its effect on the liver, it is still controversial [47]. The proposal
is to ingest less than 50 g of CH per day, which will mimic a catabolic state. Insulin
secretion will decrease as the main nutrient will be ketone bodies (from lipids) as an
alternative substrate [45]. Fasting glucagon and GIP levels increase, while, after ingestion,
postprandial glucose and insulin AUC are lower than in a control meal (Figure 1). The
increased adiponectin observed after this diet may also promote insulin sensitivity [46].

4.2. Lipid-Modified Diet

As would be expected, this diet may increase the risk of obesity and insulin resis-
tance [48], but some studies claim it is a matter of quantity. The type of ingested lipids
affects the insulin signalling cascade. Contrary to expectations, intervention studies have
reported that replacing monounsaturated with saturated lipids alters the plasma fatty
acids, but may increase insulin sensitivity [34]. However, some studies report that this
diet causes insulin resistance. A 2-week lipid-rich diet leads to insulin resistance in muscle
tissue due to metabolic changes, specifically in the mitochondria (incomplete oxidation of
molecules), and impaired signalling of the insulin cascade [49]. Given that this type of diet
causes obesity, this may have other consequences, such as a decreased secretion of GLP-1
(Figure 1) [41]. Thus, the ratio between insulin and glucagon production in the pancreas is
changed, leading to an increased appetite and increased caloric intake, which will cause an
overstimulation of insulin and induce resistance [41].

4.3. Low Carb Diet (LCD)

This diet is often used by nutritionists as it promotes weight loss in a short period
of time and, consequently, an improvement in the glycaemic profile. This diet is based on the
consumption of vegetables and protein, removing virtually all CH (consuming < 130 g/day,
the main foods originating glucose) [50]. In this context, the mathematical formula is sim-
ple: reducing the intake of glucose (present in CH) reduces hyperinsulinemia, which can
be adapted for patients with diabetes [51]. There is evidence that this diet allows 93% of
patients to regress to pre-diabetes, 46% of patients no longer need medication, and 60% of
patients regress from diabetes within 1 year [51]. However, it has to be noted that a low
glycaemic diet (GD) is not a low GI diet [52]. LCD improves the glycaemic profile because
it rapidly increases postprandial insulin levels. However, a high glycaemic peak will cause
patients to have less satiety and avoid a further increase in dietary intake [46].

4.4. Diet Rich in Carbohydrates

Controversial studies report that the ingestion of a diet rich in CH and fibre can lead
to normoglycemia in prediabetic individuals [53]. After eating a meal, insulin in fat cells
stimulates the entry of glucose into the tissues, decreasing the release of lipids and inhibiting
the production of ketone bodies. Thus, this diet will produce hyperinsulinemia that will
force the deposition of lipids instead of their oxidation [54]. The mechanisms are not clear;
there are studies reporting that a diet rich in CH reduces blood glucose through glucose
metabolism at the muscle level, improving the glycaemic profile in the short and long
term [55]. This occurs if CH is not refined, with an increased adiponectin concentration, a
decrease in body weight, and thus an improvement in the metabolic profile [56]. However,
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it is not clear what would be the long-term effects on beta cell function, because their
overstimulation is expected to increase the risk of exhaustion.

Once again, nutrients are paramount, and diets with a GI < 55 are digested slowly
and those with a high GI (>70) are digested quickly [52]. Importantly, high GI foods can
alter leptin by interfering with satiety beyond the absorption spectrum [57]. So, foods that
contain CH, such as vegetables and fruit, have better GI values, satisfying appetite for a
longer time and improving the glycaemic profile [52].

4.5. Caloric Restriction

This dietary intervention consists of reducing the caloric intake by 25–30% from the
baseline, but without restricting the necessary nutrients, that is, decreasing the quantity
without decreasing the quality [45]. This diet can exacerbate some metabolic problems
as it can increase appetite and stress hormones [54]. In this catabolic context, glucagon is
favored and the secretion of GLP-1 is inhibited [41]. As a consequence, the hepatic glucose
output is increased. However, pancreatic apoptosis decreases and insulin sensitivity
increases, mainly due to the lower insulinemia [45]. It is especially problematic in patients
with T2D, possibly causing hypoglycaemia and difficulties in the long-term regulation of
glucose metabolism. Caloric restriction is more suitable for patients in the early stages
of metabolic dysregulation, where it will favour body weight and fat mass loss, while
decreasing lipotoxicity in the muscle, liver, and adipose tissue. This will decrease low-grade
inflammation and increase insulin sensitivity. Thus, caloric restriction is suitable to prevent
insulin resistance and beta-cell exhaustion in patients with obesity or prediabetes, although
it is a dietary scheme that is very hard to follow by patients with T2D (reviewed by Joaquim
et al., 2022 [58]). For patients with T2D, other less severe schemes are recommended, such
as time-restricting fasting (TRF). In this dietary approach, patients are recommended to eat
only during one part of the day, not consuming any calories during the other part, usually
for at least 10 h. This approach often does not require caloric restriction, only fasting for half
of the day in order to regulate relevant biological mechanisms such as circadian rhythms,
stress hormones suppression, and autophagy (reviewed by Joaquim et al., 2022 [58]). As
mentioned above, dietary consumption at specific times may coordinate the response to the
presence or absence of nutrients, namely their gut metabolization and absorption; insulin
secretion and action; and all the necessary changes in the liver, muscle, and adipose tissue
metabolism. TRF has been shown to promote overnight mobilization of energy reserves
through lipolysis, lipogenesis, and hepatic glucose production, contributing to a higher
catabolic activity [59–61]. The rhythmic regulation of SGLT1 in the gut and UCP2 in beta
cells, as already discussed, may in fact explain the positive effects of this type of diet on
the beta-cell function and insulin sensitivity. It is possible that the overnight suppression
of insulin may be a key factor in better diurnal insulin sensitivity and preserved beta-cell
function (reviewed by Joaquim et al., 2022 [58]).

5. Conclusions

In this review, we focus on daily insulin fluctuation and glucose metabolism, as well as
the influence of diet on these mechanisms. Metabolic homeostasis is highly coordinated by
the circadian rhythm, which regulates insulin and glucagon secretion in order to maintain
a normal fuel balance between tissues. However, it is well known that disruption of these
mechanisms can lead to metabolic disease development, such as T2D. Current dietary
habits are known to cause beta-cell overstimulation due to the high consumption of CH,
especially refined ones. This will not only cause long-term beta-cell exhaustion but also
insulin resistance, as hyperinsulinemia is one of the major drivers of insulin receptor
inactivation. Nowadays, there are several diets known to improve insulin sensitivity and
better control glycaemic profile in patients with T2D. Postprandial hyperglycaemia depends
mainly on meal composition, but other factors also contribute to its magnitude, such as
glucose absorption; secretion; and the action of incretin hormones, insulin, and glucagon.
Thus, it is important to evaluate the quality of the nutrients rather than only their quantity,
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and, most importantly, their glycaemic impact. In T2D, it is important to adjust the diet to
control glycemia after meals and the postprandial and fasting insulin levels.
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Abstract: Glycotoxins include the group of advanced glycation end-products (AGEs) and their
precursors, most of them highly reactive intermediary compounds of sugar metabolism. Glycotoxins
and products of the Maillard reaction are present in high concentrations in foods rich in sugars
and processed at high temperatures and are often associated with the flavour of the food. Proteins
undergoing this type of molecular modification are targets for gut peptidases and may be absorbed
into circulation. AGEs are associated with the toxic effects of glucose in diabetic patients, and some
studies have shown that they also contribute to metabolically unhealthy obesity and prediabetes
development. Restriction of dietary glycotoxins was shown to improve insulin resistance in humans.
However, the real contribution of dietary AGEs to such mechanisms is still not understood. This
review summarizes the current knowledge about glycotoxin formation from dietary sugars, their
digestion throughout the gastrointestinal system, and the mechanisms of their intestinal absorption.

Keywords: glycation; glycotoxins; dietary sugars; AGEs digestion; intestinal absorption; gut microbiota

1. Introduction

Free sugars are often very reactive and are non-enzymatically degraded under physi-
ological conditions, leading to the formation of intermediary compounds that may react
with other molecules and cause harmful effects. This pool of intermediary and advanced
products is generally called glycotoxins. This is a heterogeneous group of compounds
that includes advanced glycation end-products (AGEs) and their precursors, most of them
highly reactive intermediary compounds. Methylglyoxal (MG) is a dicarbonyl and a major
precursor that originates as a by-product of glucose and fructose metabolism (reviewed
by [1]). It modifies arginine and lysine residues of biomolecules, namely, proteins and
DNA, forming AGEs [1–4]. The AGEs Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine
(MG-H1) and argpyrimidine are formed after MG-induced arginine modification, whereas
lysine modification leads to methylglyoxal lysine dimer (MOLD) and (carboxyethyl)lysine
(CEL) formation [5–8]. Alternatively, NE-(carboxymethyl)-lysine (CML), one of the ma-
jor AGEs, may be formed directly from the Maillard reaction between lysine residues
and reducing sugars, fructose being more harmful than glucose [1]. Such reactions may
occur intracellularly (cytoplasmic proteins and transcription factors) or with circulating
(haemoglobin, albumin, or lipoproteins) extracellular matrix and food proteins [1–4,9].
The endogenous formation of MG-derived AGEs has been associated with diabetes-like
vascular and metabolic complications. Their contribution to nephropathy and retinopathy
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has been consistently shown, not only due to direct effects on endothelial cells but also
on podocytes and pericytes. In the development of the diabetic foot, glycotoxins have
been shown to contribute both to vascular dysfunction and neuropathy, leading to hy-
persensitivity of nerve fibres and neuronal degeneration (reviewed by [1,8]). They have
also been shown to cause insulin resistance, mainly in already obese models and beta-cell
dysfunction. Although a few reports show that their decrease in diet may reduce insulin
resistance in diabetic patients, rodent models of AGEs supplementation fail to show in-
sulin resistance. Otherwise, if AGE supplementation is made to high-fat diet-fed rodent
models, they potentiate the diet’s effects and trigger insulin resistance (reviewed by [10]).
Glycotoxins and AGEs are well-known contributors to a myriad of other metabolic disease-
related disorders. Their contribution has been shown in cardiovascular and cerebrovascular
diseases due to endothelial dysfunction in macrovessels, alterations in cardiac muscle con-
tractility/relaxation, tendon stiffness, and even rheumatoid arthritis. Glycotoxins have also
been linked with the molecular mechanisms of central nervous system disorders, namely,
mitochondrial dysfunction and oxidative stress in Alzheimer’s disease and glycation of
alpha-synuclein in Parkinson’s disease (reviewed by [1,8,11]).

Modification of intracellular proteins by dicarbonyls like MG changes the cellular
redox state (oxidative and nitrosative stress), proteasomal activity, and gene expression
modulators, while modification of extracellular and circulating proteins leads to increased
stiffness of the matrix and alteration of biological properties of circulating factors, such
as hormone loss of function and modification of albumin and haemoglobin [1]. MG may
be detoxified into D-lactate through the glyoxalase system (GLO-1 and GLO-2), while
AGEs and their intermediary Amadori products, such as fructoselysine, may be cleared
by amadoriases. Of those, the fructosyl amine oxidase (FAOX) amadoriase, it is the most
well studied and characterized for its catalytic activity, cleaving the adducts between
sugars and amino acids. Other enzymes include amadoriase II and other amadoriases
occurring in other organisms (reviewed by [1,12]). The GLO system is GSH-dependent
and its downregulation is associated with higher endogenous AGE formation and the
development of diabetic complications in humans and animal models [8].

Despite their quantitative contribution to the circulating pool is not completely under-
stood, glycotoxins may also originate in the diet, namely, in foods rich in sugars and cooked
at high temperatures. Using human serum albumin as a model, the dicarbonyls glyoxal
and methylglyoxal have been shown to modify the lysyl and arginyl groups in 9 and 14
sites, respectively [13]. Although this depends on each specific protein and the sugars
involved, sugar-rich foods and cooking also lead to the initiation of similar reactions involv-
ing food proteins. Even in healthy individuals, circulating AGE levels are correlated with
their intake, contributing to the endogenous pool of AGEs and activation of inflammatory
signals [14–16]. Intestinal absorption of glycotoxins and AGEs has been shown, as well as
their deposition in tissues [17]. In foods, the initial steps of the Maillard reaction originate
from such Amadori products as fructoselysine and lactuloselysine and AGEs, which are
estimated to be consumed on a scale of daily 500–1200 mg in the diet. About 25–75 mg are
estimated to be AGEs. Pasteurized milk and bakery products are the main dietary sources
of Amadori products [18,19]. However, the digestion and absorption processes are very
different among distinct AGEs, imposing extra difficulties in their study.

Although AGEs may be absorbed from the diet, mainly through the Maillard reaction,
in sugar-rich foods, there are also other components that may prevent such reactions. The
presence of antioxidants and scavenging molecules may hamper AGE formation, although
this is still mostly unknown ground. Nevertheless, pectin oligosaccharides were recently
shown to prevent food browning (Maillard reaction) and inhibit AGE formation. This is a
complex group of non-digestible oligosaccharides originating from pectin, present in the
plant cell wall. These compounds also reduced intestinal absorption in an in vitro system,
suggesting their use as a dietary supplement to prevent food glycation [20]. Another way
to promote the detoxification of AGEs is through the ingestion of vegetables, fruits, and
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natural foods rich in phenolic compounds, which have anti-glycating [21] and antioxidant
activity [22,23].

2. Formation of Glycotoxins in the Gut and Their Digestion

Advanced glycation end-product (AGE) formation during carbohydrate digestion:
Carbohydrates can be found in the most varied sources: they can be intrinsic to fruit
and milk or they can be added to food (extrinsic sugars) to increase palatability and
conservation [24]. In recent times, the new habits of the world population are associated
with a greater consumption of sugars and consequently AGEs. In general, AGEs provide
greater palatability and help to increase shelf life [25]. Although food is an important
exogenous source, they may also be produced during digestion, becoming an endogenous
source of AGEs [14] (Figure 1). The energy value offered by sugar is 4 kcal g−1, and
the recommended intake of carbohydrates is based on the minimum amount of sugar
consumed by the brain, which is 130 g day−1 for both adults and children [26]. Despite this,
the actual consumption is above the recommended daily average, according to the Centers
for Disease Control and Prevention [27]. The increased consumption of sugars is directly
related to the development of obesity, type 2 diabetes, and associated pathologies [23].

Figure 1. Overview of the events involved in glycotoxin consumption from sugar-rich foods, their
digestion in the gastrointestinal tract, and their intestinal absorption. The lower part of the image
shows the different mechanisms described to be involved in intestinal AGE absorption.
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Carbohydrate digestion begins in the mouth with the entire physical and chemical
process that occurs with the concomitant action of α-amylase and the subsequent effect of
pancreatic amylase, located in the small intestine, which is responsible for the digestion
of 60% of carbohydrates. Then, the monosaccharides are absorbed by enterocytes into the
bloodstream through intestinal epithelial cell enzymes [28]. Finally, they are transferred to
cells to participate in energy production, which can be aerobic or anaerobic [29], and are
eventually oxidized [30]. As consequence of the exaggerated intake of sugars, the reactions
that occur from glucose with the body’s proteins give rise to dicarbonyls and AGEs, which
gradually accumulate in the body. One of the sugar-driven modifications is the case of
glycated haemoglobin (HbA1c), a biochemical marker of glycaemic control in diabetic
patients, which reflects the mean glycaemia of the last 90 to 120 days [31].

In addition to the ingestion of exogenous AGEs, their formation can occur through
chemical processes of food degradation. Diet-derived MG interacts with intestinal proteins
and culminates in the formation of the derivative of arginine MG-H1, which is absorbed in
the intestine by enterocytes [32]. In simulations of digestive conditions, the concentrations
of these AGEs were reduced in the presence of pancreatic enzymes. Regarding MG, its
stability is greater in the gastric juice, but its degradation occurs in the intestinal juice,
which probably is related to an enzymatic action [33]. It is believed that the digestive
characteristics of AGEs in general lead to their susceptibility to the metabolism of reversibly
bound adducts during digestion, and may later promote some local or systemic effect if
they are reabsorbed [34] (Figure 1).

For the digestion of AGEs, gastric and intestinal functions are critical and depend on
the function of such enzymes as elastase, peptidases, trypsin, and chymotrypsin. Glycation
of arginine and lysine residues may directly block the trypsin site (which occurs by the
attraction of negative charges between the trypsin active centre (negatively charged) and
the amino acid groups (positively charged), being responsible for the impairment of the
protein digestive process. Additionally, this modification may also hinder the effect of
other digestive proteases, such as β-lactoglobulin and β-casein [35]. On the other hand, in
another study, it was confirmed that alterations in the conformation of lactoferrin, caused
by glycation, can lead to greater exposure of cleavage sites, increasing susceptibility to
proteolysis [36]. The anti-digestion profile of AGEs ends up functioning as a natural barrier
against the absorption of AGEs that are bound to proteins, because they have a lower
bioavailability than free fractions [37].

Other studies with mice revealed the formation of specific AGEs from dietary sugars,
namely, the detection of AGEs derived from MG in the liver tissue after glucose intake, and
the detection of glyoxal (GO) when ingesta were based on fructose [32]. A study carried
out by Martínez-Saez [38], which aimed to define the products derived from the Maillard
reaction from meals, determined that physiological concentrations of sugars (43 mM)
already caused the formation of these products. Fructose at a concentration of 314 mM was
able to promote the formation of fructosamine and other AGEs, and fructose at 43 mM
with lysine was able to give rise to CML [38]. In another assay, where different products
obtained from gastric and intestinal digestion were analysed, namely, CEL, CML, MG-H1,
and hydroimidazolone 1 derived from GO (G-H1), the binding of these structures in the free
form associated with proteins was observed, showing that the link between both survives
after the gastrointestinal digestion process, in addition to having the ability of entering the
human gastrointestinal tract and triggering a pro-inflammatory environment [39] (Figure 1).

Regarding conformational changes, dietary glycated proteins may naturally trigger
changes that can play an important role in the digestion of these sets of glycated amino acids.
Studies show that the non-cross-linked structures display a reduction in the digestibility of
the glycated protein, as occurred with CML-casein. When submitted to a proteolysis proce-
dure, its digestibility was considerably lower than the native casein [40]. This condition is
probably associated with a reduction in molecular accessibility that allows the cleavage of
the main chain of the protein. In this context, AGEs that have non-crosslinked structures,
such as CMA, CML, and pyrraline, originate from the covalent alteration of residues of
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arginine and lysine, and because of this change, can cause trypsin blockage in the intestinal
digestion process [9].

The role of gut microbiota and sugar/AGE metabolism: Several recent studies have
brought evidence that relates the imbalance of the intestinal microbiota caused by the intake
of sugars with insulin resistance, diabetes, obesity [41–43], and metabolic syndrome, by
interrupting the immune-mediated protection necessary for body homeostasis [43]. Leptin-
deficient ob/ob mice, for example, have a completely different microbial composition from
normal mice, and the different taxa observed suggest the existence of a microbiota–host cross-
talk that relates body composition to the metabolism of animals [42]. Although so far not many
details are known about the metabolism of AGEs, there are reports regarding the probable
action of the intestinal microbiota in this process, especially regarding Amadori products. This
is based on a recent characterization of bacterial enzymes (fructoseamine-6-kinase) that allow
the metabolism of these products by different bacteria, such as Escherichia coli [44].

In a study carried out by Mastrocola [45], it was reported that a diet enriched with MG-
H1 can cause an increase in tissue AGEs, which culminated in an inflammatory imbalance
and an alteration in the homeostasis of the intestinal microbiota. It has been proven that
the faecal excretion of AGEs does not exceed 50%, and thus it is believed that AGEs are
neither absorbed nor excreted and can be metabolized intraluminally by the intestinal
microbiota itself. Bacteria such as Anaerostipes, Candidatus Arthromitus, Bacteroidales_S24-7,
Ruminococcus, and Prevotella, among others, in general (not yet fully understood) are related
to the maintenance of the immune system, regulation of the intestinal inflammatory process,
insulin sensitization, have a direct relationship with metabolic diseases such as obesity and
diabetes, and may undergo changes in their colonies due to the presence of AGEs in the
gut [45]. Finally, in another study, this one carried out by Wang, in a trial where AGEs were
also supplemented in the diet of animals, the authors also identified a negative change
in Bacteroidales_S24-7, Ruminococcaceae, and related this condition with increased insulin
resistance and a process of chronic inflammation [46].

3. Intestinal Absorption of Glycotoxins

Dietary AGE bioavailability: Whether dietary glycotoxins are absorbed at the intestinal
level and contribute to the endogenous pool is still under debate, and several studies suggest
that dicarbonyls and some AGEs may be scavenged and eliminated during digestion [47]. In
studies carried out on humans, it was possible to detect mainly MG and GO after glucose
intake [48]. However, in another human study carried out with a physiological intake of
MG, it was not possible to detect MG or its metabolites in urine [33], suggesting that MG
is possibly not absorbed into the bloodstream [32]. However, questions also remain about
the methods to measure AGEs and their intermediaries in the circulation. Although several
antibodies and kits are available for specific AGEs, they require further validation, because
the epitope is an adduct and not an amino acid sequence. Even more complicated is the
detection of intermediaries like carbonyls. For instance, MG detection is often made by high-
performance liquid chromatography after derivatization. In fact, the most reliable method is
mass spectrometry, as stated by Schalkwijk in his work (reviewed by [8]).

About 80% of all Amadori products are degraded by the intestinal flora and do not
become AGEs. Moreover, recent evidence suggests that, of all AGEs in the diet, only about
10% are absorbed into the circulation and at least about 30% of these are excreted by urine,
being this excretion percentage is higher for free AGEs than peptide-bound AGEs [16].
This was recently observed for the commonly found AGEs CEL, CML, and MG-H1 [49,50].
In animal models, CML accumulation in tissues was observed after consumption of an
AGE-enriched diet. Higher concentrations were observed in the kidney, intestine, and lungs
(81–320 μg CML g−1 dry matter), although it was also found in cardiac tissues, muscle,
liver, and tendons [9]. Nevertheless, other studies did not find any correlation between
dietary AGEs and free and peptide-bound AGEs in circulation [16]. The percentage of
urinary recovery varies according to the type of AGE and the individual/model studied.
For instance, faecal excretion of dietary CML was shown to be related to its dietary intake in
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adolescents, but its urinary excretion apparently has a progressive saturation [15]. Dietary
pyrraline was described to be recovered in 50% in urine samples, while the free form of
fluorescent AGE pentosine was found in up to 60% in urine after ingestion. For peptide-
bound pentosane, the urinary recovery was much lower [51]. Free AGEs/glycated amino
acids and protein-bound AGEs have distinct bioavailability and their renal excretion may
vary according to several factors, such as kidney function, which is often compromised in
diabetic patients. In healthy subjects, free AGEs are excreted much more, in part because
protein-bound AGEs are reabsorbed in the proximal tubule, although it is also expected
that their filtration rate could also be different [16]. However, such mechanisms may be
completely different in patients with chronic kidney disease. In both healthy subjects and
patients, these measures do not really inform about intestinal absorption, since AGEs may
suffer conversion in the gut or after absorption or may simply be retained in tissue.

Mechanisms of dietary AGE absorption: Glycated peptides in general have much
less affinity to membrane transporters than native amino acids [9]. Free and peptide-
bound AGEs are likely to have distinct intestinal absorption mechanisms. AGEs bound
to low-molecular-weight peptides like dipeptides were shown to be absorbed by the
peptide transporter (PEPT1). These peptide-bound AGEs are later degraded by peptidases
inside the enteric cells, appearing as free AGEs on the basolateral side [52] (Figure 1).
This was observed, for instance, for pyrraline linked to alanine, but is less observed for
other AGEs, suggesting that these mechanisms are AGE-specific [53]. AGEs bound to
high-molecular-weight peptides, such as CML, argpyrimidine, or MG-H1, are most likely
absorbed by simple diffusion, because they were shown not to inhibit the transport of
endogenous ligands of the transporters, namely lysine transporters [54]. This type of AGE
needs previous intestinal degradation before absorption, although hydrophobic AGEs like
argpyrimidine were shown to pass the intestinal barrier more easily [52]. Transcytosis is also
an alternative route of absorption for this type of AGE, although it is not expected to account
for the major number of AGEs absorbed. A recent report on C. elegans showed that dietary
CML may be effectively absorbed by endocytosis in the intestine wall [55]. Interestingly,
free AGEs (single modified amino acids) were also shown to be poorly absorbed by peptide
transporters and were suggested to be absorbed in low contents by simple diffusion [52]. It
may be hypothesized that AGEs have different routes for absorption, considering not only
their size but also their hydrophobicity and charge. It is also of note that lumen peptidase
may have a role in preventing AGE absorption by cleaving peptides into single amino acids,
which have been consistently shown to be poorly absorbed [37]. Furthermore, changes in
protein conformation resulting, for instance, from cooking may alter these mechanisms,
although further studies are necessary. One main concern about the absorption studies
is that some of them are performed in cultured monolayer CACO-2 cells, which may
not properly mimic in vivo conditions. Not only the transport system of these cells may
be different but also the intracellular machinery responsible for AGE hydrolysis, which
has major relevance for their absorption. Another major concern regarding the impact of
dietary AGEs is that intestinal permeability has been shown to be increased in metabolic
disorders and to be potentiated by poor dietary habits. It is possible that a significant
number of dietary AGEs may be absorbed by intercellular transport due to a decrease in
barrier integrity, while this is yet to be studied.

Inhibition of AGE intestinal absorption: As mentioned, foods rich in antioxidants and
scavenging molecules may prevent intestinal absorption of Maillard reaction products and
specific AGEs. However, specific products from the diet can directly inhibit AGE absorption.
As also mentioned, pectin oligosaccharides were shown to reduce intestinal AGE formation
and absorption at least in in vitro systems [20]. Other compounds, such as catechins and
chlorogenic acid, were recently shown to inhibit AGE absorption in vitro [21,56]. Gut
microbiota are a major player in degrading many of the diet’s nutrients and components,
and AGEs are no exception. Recently, it was shown that Lactococcus lactis bacteria can
degrade dietary CML, mainly through β-galactosidase activity, significantly reducing
intestinal absorption in healthy volunteers [57]. Nevertheless, the knowledge about this
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topic is still scarce and the discovery of new compounds able not only to prevent gut
AGE formation but also their absorption may be a promising research area toward the
prevention of harmful effects. In fact, several compounds have been shown in the last few
years to scavenge glycotoxins in vitro and some were tested in vivo. Of those molecules,
aminoguanidine, pyridoxamine, NAC, resveratrol, and sulforaphane stand out. However,
few reports suggest their action in clearing dietary glycotoxins (reviewed by [1,8,58]). Some
of them are known activators of NRF2, suggesting that could have beneficial effects on
gut anti-glycation defences, although no studies have been reported in this topic. Thus,
more research is needed in order to identify molecules able to directly scavenge dietary
glycotoxins or to promote their clearance by the gut microbiota.

4. Conclusions and Future Perspectives

Glycotoxins are a heterogeneous group of compounds that were initially observed to
contribute to the development of diabetic complications due to their increased endogenous
formation from glucose. Later, data revealed their increased formation and accumula-
tion in tissues, since earlier stages of the disease result from the dysregulated activity of
detoxification systems and increased dietary consumption, namely, from high-glucose and
high-fructose foods processed at high temperatures.

Despite the little information obtained so far, we have brought here what we already
have about the deleterious effect of AGEs and the glycation of target molecules on the whole
that involves the process of metabolizing AGEs in the GUT and the triggering of metabolic
diseases, immunological and inflammation and nutritional homeostasis. Additionally, the
microbial fraction also has incredible importance regarding the molecules absorbed, and
the presence of certain strains is often mandatory for the development of physiological and
pathological processes.

Its intestinal absorption seems to be AGE-dependent and is apparently more facilitated
by AGEs linked to small peptides through peptide transporters. Other routes of absorption
have also been suggested for free AGEs and AGEs linked to high-molecular-weight pep-
tides, although their true role in the in vivo absorption of dietary AGEs is still to be proven.
Nevertheless, the presence of dietary AGEs in circulation and urine is constant in several
studies and the mechanisms of passage through the intestinal barrier should be addressed
in the future. Additionally, the identification of molecules able to prevent their absorption
may be of significance to reduce their biological impact.
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AGEs advanced glycation end-products
CEL (carboxyethyl)lysine
CMA pg 8 só
CML NE-(carboxymethyl)-lysine
G-H1 hydroimidazolone 1 derived from glyoxal
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GLO glyoxalase system
GO glyoxal
MG methylglyoxal
MG-H1 Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine
MOLD methylglyoxal lysine dimer
PEPT1 peptide transporter
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Abstract: Excessive sugar consumption is a risk factor for the development of several disorders,
including metabolic, cardiovascular, neurological conditions and even some cancers, and has been
linked to increased morbidity and mortality. The popularization of the typical Western diet, featured
by an excessive intake of saturated fats and added sugars and a low consumption of unprocessed
fruits, vegetables and fiber, may directly affect the composition and functionality of the gut microbiota,
staggering the balance of the intestinal microbiome that ultimately culminates into gut dysbiosis.
Although added sugars in the form of nutritive and non-nutritive sweeteners are generally considered
as safe, a growing body of evidence correlate their consumption with adverse effects on gut microbial
ecosystem; namely an abnormal synthesis of short-chain fatty acids, altered intestinal barrier integrity
and chronic inflammation that often fuel a panoply of metabolic conditions. Accordingly, this
work revisited the available preclinical evidence concerning the impact of different types of dietary
sugars—nutritive and non-nutritive sweeteners—on gut microbiota and metabolic health. Future
research should consider gender and species vulnerability when the impact of such substances on
GM community and metabolic health is scrutinized in order to guide their adequate use at doses
relevant to human use.

Keywords: sugars; nutritive sweeteners; non-nutritive sweeteners; gut microbiota; metabolic health

1. Introduction

Sugar consumption is increasing in a global scale with a negative impact on human
health [1]. Sugars can be categorized as: (i) natural dietary sugars (e.g., glucose, fructose,
sucrose), typically added as extrinsic sugars to foods and beverages during processing to
sweeten and increase the flavor, being classified as nutritive sweeteners [2,3]; (ii) sugar
alcohols (e.g., xylitol, sorbitol), also nutritive sweetener often used as alternatives to natural
dietary sugars due to their low-caloric content [4]; and (iii) non-nutritive sweeteners
(e.g., sucralose, saccharin) that, due to their noncaloric value, have gained popularity and
are widely used in the scope of sugar reduction strategies [5,6].

The high consumption of dietary sugars is closely related with westernized diets,
comprising highly processed foods and sugar-sweetened beverages that are strongly asso-
ciated with an increased risk of poor health conditions [7–9]. For instance, sweetened foods
display a key role for the development of dental caries, hyperactivity, obesity, diabetes,
cardiovascular disease, hypertension, fatty liver disease, dyslipidemias and even some
cancers [10–13]. Notably, a large number of abovementioned diseases display a gut dysbi-
otic scenario as well [14–17]. The overload of dietary sugar intake drives major changes in
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microbiota composition and function, namely a decreased bacterial diversity and altered
metabolism that closely modulate epithelial integrity and gut inflammation [18–21]. Inter-
estingly, gut dysbiotic scenarios driven by excessive sugar intake are strongly implicated
in the development of dysmetabolic conditions, for instance metabolic syndrome, insulin
resistance, dyslipidemia and type 2 diabetes and associated microvascular complications
(e.g., nephropathy, retinopathy) [22–26]. Accordingly, this work aims to shed light to the
impact of dietary sugars in GM composition and function and the ensuing effects in the
metabolic health of the host.

2. Dietary Sugars—An Overview

Dietary sugars include distinct sources of sugars, which can be naturally occurring or
added. The distinction between different types of sugars (i.e., total, free and naturally occur-
ring) is crucial to best appreciate the association between sugar intake and health [27]. The
World Health Organization (WHO) defines “free sugars” as all monosaccharides and disac-
charides added to foods/beverages by the manufacturer, cook or consumption and sugars
naturally present in honey, syrups, and fruit juices, including those concentrated [28,29].
The term “total sugars” refers to the combination of naturally occurring sugars and free
sugars [29,30].

A healthy, well-balanced diet contains naturally occurring sugars present in fruits, veg-
etables, dairy products and many grains [31]. They can be in the form of simple molecules,
monosaccharides (e.g., glucose, fructose, galactose) or disaccharides (e.g., sucrose, maltose,
lactose), or more complex ones (e.g., polymers or polysaccharides) [32]. However, when
these types of sugars are added as ingredients in processed foods to impart a sweet taste,
they often correlate with excessive sugar intakes being associated with chronic disease con-
ditions [33]. For example, fructose in the form of added sugar is particularly implicated in
metabolic syndrome, hypertension, insulin resistance, lipogenesis, diabetes and associated
retinopathy, kidney disease and inflammation [22–24]. Sucrose, glucose and fructose, when
used in high amounts, have also a negative influence on oral hygiene and increase the risk
of dental caries in children [34]. Therefore, WHO recommends in both adults and children
a reduction in free sugars intake to less than 5–10% of total energy intake [29]. Furthermore,
added sugars also comprise sweeteners-chemical compounds with an intrinsic sweet taste
that determines their usage as sweetening agents [35,36]. Briefly, they can be classified
due to their origin (natural or synthetic agents) or nutritional value (nutritive and non-
nutritive) [37–39]. The structural formula of some nutritive and non-nutritive sweeteners is
presented in Figure 1.

Nutritive sweeteners (NSs) enclose abovementioned carbohydrates (e.g., glucose su-
crose, fructose) that provide approximately 4 kcal/g of energy and polyols (sugar alcohols),
mostly hydrogenated carbohydrates that provide an average of 2 kcal/g of energy being of-
ten used as low-caloric sugar replacers [40]. Until now, several polyols have been approved
to commercialization, such as xylitol (E967), maltitol (E953), sorbitol (E420), erythritol
(E968), lactitol (E953) and mannitol (E421), to name just a few [41]. Such compounds
elicit low glycemic and insulinemic responses due to the incomplete absorption from the
small intestine into the blood stream. Moreover, they are also associated with lipogenesis
inhibition [42]. However, since they are poorly absorbed in the colon, some laxative effects
have been described and are not recommended for toddlers under 1 year of age [36,43].

Non-nutritive sweeteners (NNSs) or artificial sweeteners comprise substances with a
great chemical diversity and a very intense sweet taste and offer little or no energy when
ingested [32,44]. They are also known as high-intensity sweeteners since they are many
times sweeter than sucrose. The most used NNSs are acesulfame potassium, aspartame,
advantame, cyclamates, saccharin, sucralose, neohesperidin dihydrochalcone and neo-
tame. Yet, some NNSs used in foods may also be isolated from natural sources, steviol
glycosides, glycyrrhizin and thaumatin being some examples [40]. Notably, saccharin can
have 300 times the potency of sucrose in terms of sweetening and has the acceptable daily
intake (ADI) of 5 mg/kg of body weight. Aspartame and neotame display ADI values of
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40 mg/kg and 18 mg/kg of body weight, respectively. However, due to their phenylalanine
content, they are not advised for people with phenylketonuria [35,45]. Steviol glycosides
are molecules extracted from the leaves of Stevia rebaudiana plant with an ADI limit of
4 mg/kg of body weight [46].

Figure 1. Nutritive and non-nutritive sweeteners chemical structures (Taken from: https://pubchem.
ncbi.nlm.nih.gov/, accessed on 23 August 2022).

Even though NSs and NNSs are approved food additives that attempt to lower the
overall daily caloric intake towards weight loss, concerns have emerged given their ability
to modify the GM in such a way that there is the potential for an enhanced risk of glucose
intolerance, insulin resistance, diabetes and increased weight [6,47,48].

3. Insights of Gut Microbiota Composition and Function

The term “microbiome”, firstly utilized by Joshua Lederberg, has been gaining increas-
ing importance, especially since 2001 [49]. Microbiome refers to a group of microorganisms
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living in a symbiotic way in our body. In a normal condition, the majority of GM is consti-
tuted by four main families: Firmicutes (64%), Bacteroidetes (23%), Proteobacteria (8%) and
Actinobacteria (3%). Several studies recognize the key role of these bacteria in the extrac-
tion process of nutrients and energy from food as well as in human metabolism [50,51].
Accordingly, many researchers have depicted the deleterious impact of GM dysbiosis in the
development of several host diseases [52]. For instance, the change in the GM composition
in patients who have type 2 diabetes (T2D) is characterized by high levels of Streptococcus
mutans, Escherichia coli and Lactobacillus gasseri, as well as by decreased levels of butyrate-
producing bacteria such as Clostridium Butyricum, Anaerostipes, Eubacterium halii, Roseburia
and Faecalibacterium prauznitzii [53]. Low Firmicutes abundance was also found in similar
studies [54,55].

In addition, some metagenome-wide association studies support the idea that unbal-
anced intestinal environment can lead to the development of several diseases, affecting
the integrity of the intestinal barrier, the production of short-chain fatty acids (SCFAs)
and the metabolism of bile acids, among others [53]. SCFAs are metabolites produced by
the microbial decomposition of nondigestible food and display chief roles for intestinal
health [56]. Acetate (C2), propionate (C3) and butyrate (C4) are the most abundant SCFAs
(60:20:20 ratio in the human gastrointestinal tract) [57]. Several studies have shown that
an abnormal synthesis of SCFAs impact the integrity of intestinal barrier [58,59]. These
microbial metabolites signal by distinct G protein-coupled receptors (GPRs), namely the
GPR109a, GPR43 (FFAR2), GPR41 (FFAR3) and Olfactory receptor 78 [60]. Such receptors
are expressed in several types of cells such as adipose, immune, hepatic or skeletal muscle
cells [61,62]. Among all SCFAs, it has been reported that GPR41 receptor is activated by
propionate, GPR43 receptor by propionate, acetate and butyrate and GPR109A receptor
by butyrate [63–65]. In addition, several studies have shown that the activation of these
receptors by SCFAs leads to the secretion of PYY (peptide tyrosine-tyrosine) into the colon
with subsequent effects on central nervous system, namely appetite reduction [66]. Further-
more, the activation of GPR41 receptor stimulates the expression of leptin by adipocytes,
resulting in the inhibition of neuropeptide Y (NPY) while the activation of GPR43 receptor
leads to several positive effects, such as the suppression of glucagon from pancreatic α-cell
or the release of GLP-1 (glucagon-like peptide-1) by endocrine L-cells who act in β-cell
via stimulation of insulin biosynthesis and enhancement of glucose-stimulated insulin
secretion [50,67].

Acetate is the most abundant SCFA in the gastrointestinal tract and several positive
effects have been reported [68]. Den Besten and colleagues have shown that increased
levels of acetate could improve insulin sensitivity, glucose homeostasis and reduce body
weight [57,69]. However, other studies have shown contradictory evidence. For instance, a
study from Perry and colleagues disclosed that high levels of acetate lead to the activation
of parasympathetic nervous system, promoting an increased glucose stimulated insulin
secretion and a higher production and secretion of ghrelin, resulting in weight gain [70,71].

Butyrate also displays important metabolic roles such as the activation of intestinal glu-
coneogenesis or macrophage M2 polarization towards anti-inflammatory effects through
peroxisome proliferator-activated receptor gamma (PPARγ) up-regulation [72,73]. Further-
more, several studies have shown that the activation of this receptor also improves insulin
sensitivity [74]. In addition, butyrate is also able to suppress NF-kB (nuclear factor kappa
B) activation, an important transcription factor involved in the regulation of some genes
encoding pro-inflammatory cytokines, growth factors, adhesion molecules, and immune
receptors among others [75]. Several studies suggest that butyrate confers oxidative stress
protection, regulates cell proliferation and cell differentiation, intestinal gluconeogenesis
activation and maintains gut barrier permeability [76].

Remarkably, propionate supplementation was found to stimulate the release of the
hormones PYY and GLP-1 in healthy adults resulting in a reduced appetite, hepatic fat,
adipose tissue and a higher sensitivity to insulin [77]. Other studies also found the effects
of propionate in Treg cells differentiation and production of interleukin (IL)-10 [78,79].
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4. Impact of Dietary Sugars on Gut Microbiota and Metabolic Health

Several studies highlight the role of carbohydrates and sweeteners on satiety control,
lipid metabolism, protein glycosylation, SCFAs production and the modulation of GM
itself [80]. The ability of carbohydrates to modify the GM mostly relies on the non-digestible
or digestible nature of these substrates [81]. Digestible carbohydrates such as sucrose or
lactose are absorbed in the small intestine following degradation into monosaccharides
(e.g., glucose, fructose) through a panoply of gastrointestinal enzymes [82]. Fructose, sugar
alcohols and some non-nutritive sweeteners (e.g., sucralose) are passively, slowly or very
poorly absorbed in the small intestine and overflow to the large intestine [2]. Such dynamics
induce significant alterations in GM, including a reduced microbial diversity and altered
relative abundance of certain bacterial phylum that correlates with metabolic health status,
as highlighted in the following sections.

4.1. Nutritive Sweeteners
4.1.1. Glucose, Fructose, Sucrose

Consistent evidence from studies with animal models demonstrate that dietary pat-
terns enclosing a high intake of glucose, fructose or sucrose lead to gut dysbiosis and
metabolic imbalances, as summarized in Table 1. For example, in male C57BL/6J mice, the
administration of a high-glucose diet (HGD) for 12 weeks elicited hyperglycemia, glucose
intolerance, dyslipidemia and increased fat mass deposition [83]. In addition, the loss
of gut microbial diversity, characterized by a lower proportion of Bacteroidetes and an
increased proportion of Proteobacteria, has been observed [83]. Moreover, the HGD-fed
animals displayed an increased gut permeability due to alterations in tight junction proteins
as well as intestinal inflammation [83]. In the same study, similar results were noticed
with the administration of a high-fructose diet (HfrD). Other authors also found that the
administration of fructose at a low dose (2.6 g/kg/day), moderate dose (5.3 g/kg/day)
and a high dose (10.5 g/kg/day) for 20 weeks leads to an increase in the serum pro-
inflammatory cytokines (IL-6 and TNF-α: tumor necrosis factor-alpha) and a decrease
in anti-inflammatory cytokine IL-10 in male Sprague Dawley rats. Notably, the higher
fructose intake was associated to an increase abundancy of Parasutterella and Blantia and
decreased Intestinimonas [84]. Furthermore, Sun and colleagues showed that male Wistar
rats fed with a high-sucrose diet for 4 weeks significantly increased the serum triglycerides
and cholesterol levels. Such changes were coincident with a scenario of gut dysbiosis,
featured by an altered Bacteroidetes/Firmicutes ratio with an increase in Bacteroidetes and
Verrucomicriobia and decreased Firmicutes [85].

4.1.2. Polyols

The relationship between polyols (also known as sugar alcohols) and GM composition
and function has been also highlighted in distinct animal models. Xiang and colleagues
reported no significant effects on pancreas, liver, brain and colon organ weights although
it was observed increased levels of the GM metabolites butyrate and propionate in the
intestinal mucosa and lumen of male C57BL/6 mice exposed to 2% (2.17 g/kg/day) and
5% (5.42 g/kg/day) of xylitol for 3 months. At the higher dose, xylitol elicited an increased
abundance of Bifidobacterium, Lactobacillus, and Erysipelotrichaceae and decreased contents
of Blautia and Staphylococcus [86]. Nevertheless, rodent species exhibit different suscepti-
bilities as demonstrated by Zuo and colleagues who reported a decreased abundance of
Ruminococacaeae/Provotella and increased Bacteroides levels in male Sprague Dawley rats but
only when xylitol was administered at a higher-dose (xylitol 9.90 g/kg/day) [87].

Similarly, several studies demonstrated a disturbed GM upon sorbitol consumption.
Accordingly, male Wistar rats exposed to 10% sorbitol (2.07 g/day) for 16 days showed
an increase in Lactobacillus abundance and butyrate levels in the cecum and colon. Such
changes paralleled lower levels of seric triglycerides, total cholesterol, HDL-cholesterol
and LDL-cholesterol concentrations [88]. The consumption of 2% of lactitol also elicited
a decrease in fecal pH and an increase in IgA hypersecretion in male Wistar rats without
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major differences in body weight curves [89]. Table 1 summarizes the alterations of GM
composition and function upon polyols consumption.

Table 1. Effects of nutritive sweeteners on gut microbiota and metabolic health.

Intervention Animal Model Outcomes Ref.

Administration of high-glucose and
high-fructose diet (65.0% of calories in

carbohydrate: 85% from glucose or
fructose and 15% from sucrose)

(12 weeks)

Male C57BL/6J mice

↑ Glucose intolerance and fasting blood
glucose concentration

↑ Total and LDL cholesterol
↑ Serum endotoxin levels

↑ Proteobacteria, in particular Desulfovibrio vulgaris
↓ Bacteroidetes (Muribaculum intestinale)

↑ Akkermansia muciniphila
↓ ZO-1 and occludin expression in the colon

↑ Inflammatory cytokines, TNF-α and IL-1β, in the colon

[83]

Administration of fructose at low dose
(Fru-L), (2.6 g/kg/day), moderate
dose (Fru-M), (5.3 g/kg/day), high

dose (Fru-H), (10.5 g/kg/day)
(20 weeks)

Male Sprague Dawley rats

No significant differences in body weight and fasting
blood glucose

Fru-H
↑ Hepatic lipid accumulation and inflammatory cell

infiltration in pancreas and colon
↑ Expression of lipid accumulation proteins (perilipin-1,

ADRP, and Tip-47) in the colon
↑ Uric acid levels

↓ TJ proteins including ZO-1 and occludin
↑ Parasutterella and Blantia

↓ Intestinimonas
Fru-L, Fru-M, Fru-H

↑ IL-6, TNF-α, and MIP-2
↓ IL-10

↓ isobutyric acid

[84]

High-sucrose diet
(5.3 g sucrose/kg/day)

(4 weeks)
Male Wistar rats

↑ Liver organ weight
↑ Serum triglycerides and cholesterol levels

↑ Hepatic lipids levels
↑ Bacteroidetes and Verrucomicriobia, Erysipelotrichaceae,

Turicibacteraceae, Bacteroidaceae
↓ Firmicutes, Ruminococcaceae, Clostridiales,

and Lactobacillacae

[85]

2% (2.17 g/kg/day), or 5%
(5.42 g/kg/day) (w/w) xylitol

(3 months)

Male C57BL/6
wild-type mice

No significant changes in brain, pancreas, colon and liver
organ weights

↑ SCFA’s, especially butyrate in the mucosa and propionate
in the lumen

5% xylitol
↑ Bifidobacterium, Lactobacillus, and Erysipelotrichaceae

↓ Blautia and Staphylococcus

[86]

Approach Animal Model Outcomes Ref.

Xylitol solution of
40 mg/kg and 200 mg/kg body

weight/day
(16 weeks)

Male C57B1/6J mice
Body composition, hepatic and serum lipid parameters, oral

glucose tolerance were unaffected
↓ Bacteroidetes phylum and genus Barnesiella

[90]

1.0 g/100 kcal or 2.0 g/100 kcal of
xylitol in the diet

(8 weeks)

Diet-induced
obese male

Sprague Dawley rats

↓ Visceral fat mass, plasmatic insulin and lipid profile
↑ Fatty acid oxidation-related genes
GM assessment was not evaluated

[91]

10% sorbitol (2.07 g/day) in water
(16 days) Male Wistar rats

↑ Colonic and cecal wall weights
↓ Serum lipid levels, triglycerides, total cholesterol,

HDL-cholesterol and LDL-cholesterol
↑ Butyrate level in the cecum and colon
↑ Lactobacillus in feces, colon, cecum

[88]

2% (w/w) lactilol or 2% (w/w)
polydextrose and lactilol

(3 weeks)
Male Wistar rats

No differences in body weight
No changes in the crypt:villus ratio
↑ IgA (lack of mucosal inflammation)

↑ Production of butyrate
↓ pH

[89]
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4.2. Non-Nutritive Sweeteners

Likewise, a dysbiotic scenario has been reported upon the oral consumption of dis-
tinct non-nutritive sweeteners. Diet-induced obese male C57B1/6 mice presented im-
paired glucose tolerance and a reduction in Lactobacillus reuteri and an increase in fecal
Bacteroides genus and Clostridiales order when 0.1 mg/mL of saccharin was administered
for 10 weeks [92]. Similarly, the administration of 0.3 mg/mL saccharin for 6 months in
male C57BL/6J mice triggered the hepatic overexpression of TNF-α and iNOS (Inducible
nitric oxide synthase) along with an increase abundance of Turicibacter Corynebacterium and
Roseburia and decreased contents of Ruminococcus and Anaerostipes [93]. In another study,
an increase in Lactobacillus genus along with intraluminal lactic acid concentrations were
observed in landrace X large white piglets fed with a diet supplemented with SUCRAM®

0.015% (w/w) saccaharin and neohesperidin dihydrochalcone for 2 weeks [94]. Accord-
ing to Abou-Donia and colleagues, the administration of 1.1, 3.3, 5.5 or 11 mg/kg/day
of sucralose to Sprague Dawley rats for 12 weeks resulted in an increased body weight
and a fewer number of Bacteroides, Bifidobacterium, Clostridium and Lactobacilli [95]. Yet,
there are conflicting reports. For instance, the chronic administration of Acesulfame K
solution (15 mg/kg/day) in male C57BL/6J mice did not elicit any significant change
in GM composition. [96]. Nonetheless, Bian and colleagues have shown an increase in
Bacteroides in male CD-1 mice fed with 37.5 mg/kg/day of Acesulfame-K along with
an expressive body weight gain. Interestingly, these results were less pronounced in the
female mice group, suggesting that gender differences must be taken into account [97]. In
addition, aspartame and steviol glucosides are non-nutritive sweeteners that significantly
disturb GM composition and function in obese and lactating rodents as well [98,99]. Table 2
outlines recent evidence focused on the impact of non-nutritive sweeteners on GM and
metabolic health.

Table 2. Effects of non-nutritive sweeteners on gut microbiota and metabolic health.

Approach Animal Model Outcomes Ref.

0.1 mg/mL saccharin in drinking water
(10 weeks)

Diet-induced
obese male C57Bl/6

Mice

Impaired glucose tolerance
↑ Bacteroides genus and Clostridiales order

↓ Lactobacillus reuteri
[92]

Oral dosing of Splenda (gavage) at 1.1, 3.3,
5.5 or 11 mg/kg/day sucralose

(12 weeks)
Male Sprague Dawley rats

↑ Body weight
↓ Bacteroides, bifidobacterium, lactobacilli and Clostridium

↑ pH
[95]

Group 1: Administration of a high dose of
sucralose (HS, 15 mg/kg body weight per

day
Group 2: Administration of Acesulfame K
solution of 15 mg/kg body weight per day

(8 weeks)

Male C57B1/6J mice

Group 1
↑ Hepatic cholesterol concentration

↓ Clostridium cluster XIVa
↓ Butyrate concentration in cecal contents

Group 2
GM was found unchanged

[96]

Oral dosing of Acesulfame K (gavage) at
37.5 mg/kg body weigh/day

(4 weeks)
Male and female CD-1 mice

↑ Body weight (male mice only)
↑ Bacteroides (male mice group)

↓ Lactobacillus and Clostridium (female mice group)
[97]

High stevia diet (2.5% steviol glycosides)
(Gestation and lactation period)

Female Wistar
rats

Male offspring (with
standard diet)

↑ Fasting glucose levels of male offspring
↓ Bacteroides, Cyanobacteria

↑ Firmicutes, Elusimicrobia, Lactobacillus
[98]

Low-dose
aspartame (5–7 mg/kg/day) in

drinking water
(8 weeks)

Diet-induced obese male
Sprague Dawley rats

↓ Body fat percentage, insulin levels
Fasting hyperglycemia and impaired insulin tolerance

↑ Enterobacteriaceae, Clostridium leptum
↑ Serum propionate

[99]

50 mg/kg/day of neohesperidin by gavage
(4 groups: normal diet; normal diet + neo;

High fat diet (HFD); HFD + neo) (12 weeks)
Male C57BL/6J mice

↓ Weight gain, dysfunctional glucose homeostasis, fatty liver, and
systemic inflammation in HFD-fed mice
↑ Firmicutes ↓ Bacteroidetes (neo group)

[100]

0.75 mg/kg/day of neotame in
drinking water

(4 weeks)
Male CD-1 mice

No differences in body weight
↑ concentration of lipids and fatty acids in feces (linoleic acid,

stearic acid, 1-monopalmitin and 1,3-dipalmitate)
↑ Bacteroidetes phylum

↓ Firmicutes, Blautia, Dorea, Oscillospira and Ruminococcus
↑ Microbial dysbiosis index

[101]
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5. Conclusions

Reduction in the dietary intake of sugars has been strongly advised for some years now
to cope with the prevention of non-communicable diseases such as diabetes, cardiovascular
disease and/or obesity, among others. Accordingly, the use of alternative sweeteners,
particularly those with a low-caloric content, has gained popularity. However, available
preclinical evidence raises awareness on the dietary use of such substances in human health
since they can also display putatively unfavorable effects on GM and metabolic health,
as reviewed in this work. For instance, the decrease in SCFAs biosynthesis and intestinal
barrier damage due to sweeteners-induced GM dysbiosis are well-described features of
cardiovascular diseases, T2D and pancreatic damage, to name just a few [102–104].

Given the multifaceted roles of GM community in human health, future studies are
warranted to provide adequate evidence regarding the impact of nutritive and non-nutritive
sweeteners on metabolic status, with a major focus on gender and species vulnerability.
Moreover, it would be of interest to further disclose key disease-altering properties of sweet-
eners and their candidate roles in nutrition therapy programs [105,106]. Such information
will be paramount to guide their adequate use at doses relevant to human use.
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Abstract: Glucose, fructose, and galactose are widely used in the food industry as sweeteners and
food additives. The over-consumption of these carbohydrates has been identified as a possible trigger
of non-communicable diseases. These include insulin resistance, obesity, and type 2 diabetes. These
sugars induce an energy overload with consequent adipose tissue (AT) expansion, contributing to
the development of obesity. Furthermore, a common feature of these non-communicable diseases is
the detrimental, chronic, low-grade inflammation contributing to their onset. In the present review,
we identify the most widely used dietary free sugars and their direct impacts on AT metabolism
and inflammation, as well as their involvement in systemic inflammation and effects on the immune
cell phenotype and function. Additionally, we discuss the capacity of the free sugars to induce
immune modulation, enhancing inflammation, an underlying hallmark of insulin resistance, obesity,
and T2DM. Dietary sugars have an important and deleterious metabolic impact on AT and also on
immune cells. More research is needed to effectively understand the impact of chronic exposure to
high levels of individual or combined sugars on metabolism, with the impact on immunomodulation
being especially important.

Keywords: immunomodulation; inflammation; insulin resistance; sugar metabolism; adipose tissue

1. Introduction

The Western diet is characterized by the presence of highly processed foods, which are
particularly rich in salt, saturated fats, poor-quality protein, and simple carbohydrates, such
as those deriving from corn, refined cereals, and sugars (glucose, fructose, and sucrose) [1].
Many of these carbohydrates present high glycemic and high insulinemic indices that
quickly induce glucose and insulin stimulation peaks for short periods of time [2]. In
contrast, diets with large contents of high-quality protein and plant-based foods, such as
vegetables, nuts, fruits, and honey, which contain carbohydrates with low glycemic and
low insulinemic indices, are generally considered healthier [1]. The energy overload caused
by the increased consumption of refined sugars (free sugar) and saturated fats can lead
to a drastic expansion of adipose tissue (AT) depots, especially when associated with a
lack of physical activity [3]. In addition, a reduction in the fiber content of ingested foods
may support metabolic destabilization, since sugars are quickly and freely available in the
system [4,5]. Therefore, the Western diet has been identified as a possible trigger of the
development of non-communicable diseases from an early stage of life. Insulin resistance
(IR), obesity, type 2 diabetes mellitus (T2DM), and metabolic syndrome are some of the
most prevalent non-communicable diseases worldwide [1,6,7].

In the present review, we discuss the most widely used dietary sugars and their im-
pacts on metabolism, systemic inflammation, and AT-specific inflammation. Furthermore,
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we discuss how these sugars are capable of modulating the immune cells and their im-
munometabolism, promoting inflammation, an underlying hallmark of insulin resistance,
obesity, and T2DM.

2. Dietary (Free) Sugars

Free sugars are mono- and disaccharides that are added to food, excluding the natu-
rally present types, such as lactose in milk and sucrose in fruits and vegetables, although
these naturally present sugars can be considered as free sugars when they are added to
a product (Figure 1) [3,8]. Generally, free sugars are widely used in the food industry as
sweeteners and food additives, especially in beverages and during food transformation
and preparation [3,8], appearing in large proportions in the Western diet [9]. The monosac-
charides, glucose, and fructose, as well as disaccharides, sucrose, and lactose, are used as
additives in the Western diet [3,10], with fructose and glucose representing almost 50% of
the added sugars [11]. These two monosaccharides are commonly used individually or in
the form of sucrose or high-fructose corn syrup (HFCS). Sucrose is extracted and purified
from sugar cane and sugar beet, while fructose is obtained by the enzymatic degradation
of cornstarch into glucose or glucose polymers to be further isomerized enzymatically into
fructose, producing the HFCS [3]. The main difference between sucrose and HFCS lies in
the fructose content, which varies between 42% and 55% in HFCS and is 50% in sucrose.
Moreover, sucrose is composed of glucose covalently bonded to fructose, while in HFCS,
these molecules remain in their free forms, rendering them highly bioavailable and increas-
ing their absorption when consumed [3,12]. Lactose is also widely used not only in the
food industry, where it is applied in the form of condensed milk and in caramel flavors, but
also in the pharmaceutical industry as a drug carrier [13]. In similarity to sucrose, lactose is
a disaccharide of glucose and galactose that is used frequently in the confectionery and
bakery industries. The production of caramel flavors using lactose depends on the Maillard
reaction [13]. In the bakery industry, this process is important for creating the brown color
of products, since lactose is not degraded by yeast [13].

Figure 1. Total sugar content of a product: The total sugar of a product consists of its natural sugar
content and/or the sugar added during its preparation, although, in some cases, natural sugars can
be considered as free sugars, since they are easily bioavailable. Additionally, honey can be used as an
added sugar in the food industry. The figure was created using pictures from Servier Medical Art
(smart.servier.com). Servier Medical Art by Servier is licensed under a Creative Commons Attribution
3.0 Unported License (https://creativecommons.org/licenses/by/3.0/, accessed on 27 October 2022).
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3. Sugar Metabolism and Its Effect on Adipose Tissue

In different proportions, all the sugars described above are widely used in the Western
diet, and there is no consensus regarding their potential harmful effects on metabolism [11,14].
Sucrose and HFCS are composed of monomers of fructose and glucose, and despite their
similar structures, they follow different metabolic pathways, as described below [15], while
galactose, resulting from lactose, follows the Leloir metabolic pathway [16] (Figure 2).

 
Figure 2. Molecular structure of the main monosaccharides that compose our diet. Despite their
similarity in terms of the molecular structures, their conformations are different, causing them to
interact with their microenvironments in different ways. Additionally, their metabolic pathways are
different. These three molecules are the carbon skeleton for sucrose (glucose + fructose bonded by a
α1,β2-glycosidic bond) and for lactose (glucose + galactose bonded by a β1,4-glycosidic bond) [17].

3.1. Sucrose and HFCS—Fructose and Glucose Metabolism

After ingestion, fructose is passively absorbed by the intestinal apical membrane via
the high-affinity transporter glucose transporter (GLUT)5, passed on to the portal circula-
tion by GLUT2. On the other hand, glucose is absorbed by enterocytes, mainly through
the co-transporters sodium-glucose linked transporter 1 (SGLT1) and GLUT2. Once in
circulation, fructose is metabolized in the tissues by phosphofructokinase and glucokinase,
and the latter is also regulated by insulin [9,15,18]. An increase in fructose consumption,
associated with an unrestricted pathway, leads to a rapid increase in uric acid synthesis,
gluconeogenesis, glycolysis, and de novo lipogenesis [15,19]. Unlike glucose, fructose is
not regulated by the activity of phosphofructokinase, an enzyme that limits the glycolytic
flux [19]. The hexo-phosphate and trios-phosphate intermediaries, resulting from fructoly-
sis, are used as substrate for the pathways described above [15,19]. Moreover, excessive
amounts of fructose will overload the liver’s capacity to oxidize it. Therefore, the fructose
remains in circulation and can be used by other tissues, such as AT [20]. Fructose has
been described as a potential lipogenic and adipogenic nutrient accelerating lipid deposi-
tion, particularly in visceral AT, and ectopic fat deposition in the other insulin-sensitive
tissues, such as the liver and muscle [19–21]. In addition, fructose has been observed to
disrupt insulin sensitivity in adults [21]. Stanhope and colleagues conducted a clinical
study with 32 participants aged from 40 to 72 years. The subjects were divided into two
groups, including glucose- and fructose-sweetened beverage consumers, for a period of
10 weeks. The study indicated an increase in the plasma lipids and lipoproteins in the
fructose consumer group, while the glucose consumer group remained unchanged, except
for the triglycerides, which showed an opposite pattern. Furthermore, the authors observed
alterations in insulin sensitivity and glucose tolerance after 9 weeks of beverage consump-
tion. The fructose consumer group showed increased insulin and glucose levels during
an oral glucose tolerance test compared to baseline, while the glucose consumer group
remained unchanged. Moreover, the insulin sensitivity index decreased by approximately
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17% in the fructose consumption group [21]. Additionally, the same study indicated that
the group who consumed fructose-sweetened beverages showed a higher expression of
lipogenic genes in VAT [21].

Adipocytes lack the keto-hexokinase enzyme that converts fructose into fructose-1-
phosphate. In these cells, fructose is converted to fructose-6-phosphate by hexokinase
stimulating the conversion of pyruvate into acetyl-CoA, thus increasing the synthesis of
fatty acids, and leading to consequent palmitate release. In this case, fructose is mostly used
in anabolic pathways, in contrast to glucose [22]. Interestingly, Varma and collaborators
(2015) postulated that fructose can trigger the oxidation of glucose to lactate in a dose-
dependent manner while reducing the utilization of glucose in the glutamate and fatty
acid synthesis pathways, using a 10% 13C2-D-glucose trace in cultured adipocytes [23].
Furthermore, the study also indicated a reduction in glucose conversion to glycogen.
Consequently, glucose is driven to the one-carbon cycle and the glycine cleavage pathway
(SOG pathway) through 3-phosphoglycerate to synthesize serine and other intermediates
that are important for the generation of NADPH and ATP [23,24].

A treatment with 10% fructose solution in the drinking water of rats for 24 weeks
induced the upregulation of genes related to the insulin-signaling pathway, particularly
phosphoinositol-3-kinase (PI3K), protein kinase-B (AKT), insulin receptor(IR)-β, insulin
receptor substrate (IRS)-1, and the mammalian target of rapamycin (mTOR), but also
those related to adipocyte homeostasis, such as peroxisome proliferator -activated receptor
(PPAR)γ and nuclear factor erythroid-2-related factor 2 (NrF2) [25], although the authors
did not find any correlation between insulin impairment and adipose tissue inflamma-
tion [25]. On the other hand, different studies have suggested that fructose-rich diets affect
insulin action and AT metabolism, inducing changes in the secretory patterns of resistin,
adiponectin, leptin, and specific adipokines, which, in turn, are linked to inflammation
and insulin resistance [26,27]. Furthermore, it has been shown that fructose induces an
increase in leptin secretion and, consequently, leptin resistance [28]. However, the mecha-
nism determining how leptin resistance is established is not well understood. Despite its
different functions in the organism, leptin has a significant impact on inflammation and the
inflammatory onset, not only locally at the tissue level but also systemically, perpetuating
further inflammation [25,28]. In addition, Marek et al. (2015) provided important insights
into the effects of fructose on the adipocyte endoplasmic reticulum (RE) redox status in
mice. Moreover, increased levels of monocyte chemoattractant protein (MCP)-1, intercel-
lular adhesion molecule (ICAM)-1, and tumor necrosis factor (TNF)-α expression by AT
have already been described in response to fructose metabolism. The expression of these
genes leads to an increase in macrophage infiltration on AT [28,29] but also the release
of other pro-inflammatory cytokines by the adipocytes [28]. Interestingly, this inflamma-
tory process caused by the excessive consumption of fructose-rich foods seems to have a
gender-dependent impact, particularly regarding the expression of inflammatory markers
in VAT [25,30]. Considering the above, Kovačević and collaborators tested the impacts of
the ingestion of 10% (w/v) fructose solution on female and male Wistar rats for 9 weeks
and noticed that, despite the diet used, there was no impact on the glucose or insulin
levels. However, the fructose-treated females showed a significant reduction in the Akt
and pAkt-Ser473 levels in VAT and an increase in the PTP1B protein levels in comparison to
the standard chow, while the male rats only showed a decreased pAkt-Ser473/Akt ratio.
Furthermore, the fructose-treated female showed increased levels of nuclear factor (NF)κB
in VAT, followed by increased levels of TNF-α, interleukin (IL)-6, and IL-1β mRNA, as well
as increased levels of F4/80, a macrophage marker. In contrast, the male fructose-treated
rats showed no differences in the NFκB expression levels [30].

Data suggest that fructose-rich diets induce chronic inflammation in a dose-dependent
manner [31]. Wang et al. (2020) fed six-week-old Sprague Dawley male rats with low
(2.6 g/kg/day), medium (5.3 g/kg/day), and high doses (10.5 g/kg/day) of fructose for
20 weeks and identified a dose-dependent increase in the circulating levels of IL-6, TNF-α,
and macrophage inflammatory protein (MIP)-2 when compared to the controls, while the
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opposite was observed for IL-10 in an inverse pattern. In the same study, the highest
fructose dose led to an increase in the number of inflammatory cells in the pancreas, a 10%
increase in liver steatosis, colon inflammation, and gut microbiota alterations. Furthermore,
the acute inflammatory response to a fructose-rich diet during the postprandial state was
recently studied in healthy subjects and in patients with T2DM. The data showed that the
levels of IL-6 and ICAM-1 were increased in the healthy subjects in the postprandial state,
while MCP-1 was increased in both the healthy subjects and in the patients with T2DM [18].

The glycemic load caused by the consumption of sucrose and HFCS has also been
suggested to be a possible trigger of the inflammatory processes [32–34]. In addition, a
recent study conducted by Patkar et al. (2021) indicated that the long-term (3 months)
consumption of 5% (w/v) sucrose could be a trigger of the onset of systemic low-grade
inflammation, without the induction of obesity, in male Wistar rats. Furthermore, they
observed an increase in some of the immune cell populations in circulation, such as lym-
phocytes, basophils, and neutrophils [11].

3.2. Lactose—Galactose and Glucose

Lactose is a disaccharide composed of galactose and glucose, and it is metabolized
in the intestinal lumen by lactase. A complementary mechanism of lactose metabolism is
through the colonic microbiota, primarily in adults [35]. This sugar differs from the other
mono- and disaccharides since it has no specific transporter to pass through the intestinal
barrier. However, concentrations of around 0.02 mmol/L of lactose have already been
found in circulation in healthy young adult men, contrary to what had been postulated [35].
Despite not being metabolized in other tissues, lactose seems to play a role in systemic
inflammation, a topic that will be discussed further in this review. On the other hand,
lactose monomers are easily metabolized by the organism.

Like fructose, galactose is absorbed by the endothelial cells, released into the blood
stream, and transported to the liver via the portal vein [36]. A large amount of galactose is
retained and metabolized in the liver, but small amounts remain in circulation and reach
other tissues, such as AT and the skeletal muscle [36]. It follows the Leloir pathway once
it enters the adipocytes [16]. Krycer et al. (2020) treated 3T3-L1 adipocytes with either
25 mM of glucose or 25 mM of galactose, and they found a reduction in lactate production
by the galactose-treated cells, even after insulin stimulation [37]. On the other hand,
mitochondrial respiration was increased upon treatment with galactose and upon insulin
stimulation [37]. Thus, galactose appears to be used to feed a different pathway, rather
than glycolysis, in the adipocytes. To test this, the authors used tracers to differentiate the
galactose and glucose carbons using 13C-labels (both 25 mM) [37]. They found a reduction
in glucose-6-phosphate after the galactose treatment [37]. The glucose-6-phosphate is
considered a common point between the glucose and galactose oxidation pathways and
how galactose enters the glycolytic pathway. The data indicate that galactose follows
a different pathway from glycolysis and is a poor substrate for energy metabolism [16].
Interestingly, similar results were found in a study on mature adipocytes isolated from
rats [37]. However, Krishna et al. (2020) did not identify any effect of 25 mM of galactose
or 25 mM of lactose treatment on adipocyte differentiation [38]. Considering the low
degradation rate of galactose compared to glucose, high amounts of galactose in circulation
can lead to galactosemia and, consequently, to the glycation of different macromolecules,
including amino acids, creating advanced glycation end products (AGEs) and reactive
oxygen species (ROS) [5,39]. These molecules are responsible for tissue damage that, in turn,
leads to accelerated aging [40,41]. Furthermore, studies have identified that high levels of
galactose also induce an accelerated aging process, possibly due to the production of ROS
and AGEs [41]. Additionally, it has been reported that both AGEs and ROS are involved in
the inflammation onset through the action of the nuclear factor (NF)-κB gene [5]. On the
other hand, a study conducted in cultured mammalian cells, HEK293 and HepG2, indicated
that galactose induces the accumulation of fructose-6-phosphate that is necessary for the
N-glycosylation process. This contributes to a reduction in starvation-induced endoplasmic
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reticulum stress, emphasizing the contribution of galactose to other pathways rather than
energy production [42]. Interestingly, a recent study indicated that in the diet of 3-week-old,
postweaning mice, the substitution of glucose for galactose (1:1, mimicking lactose) instead
of glucose alone for 3 weeks, prior to an HFD for 9 weeks, was enough to reduce the levels
of circulating leptin when compared to glucose alone, although no differences were found
in white AT leptin receptor expression, especially in the female mice [43].

Despite the widespread use of these sugars in the Western diet, more studies are
required to understand the impacts of lactose and galactose on human metabolism and
tissue physiology. It is crucial to elucidate their underlying physiologic mechanisms of
action, especially those of tissue-specific metabolism and inflammation. Furthermore,
clinical trials are necessary to observe the impacts of these sugars on the organism, since
the majority of the published studies were performed in vitro or on animal models.

4. The Impact of Sugar on Immunometabolism

In addition to AT and the other insulin-sensitive organs, dietary sugars can impact
metabolism in different organs, including the immune system, by affecting the function
and regulatory capacity of the immune cells [11,34]. The impacts of different dietary sugars
(e.g., sucrose, lactose, fructose, and glucose) on specific immune cell populations, regarding
their metabolism and function, have been reported (Figure 3 and Table 1). Evidence
suggests that the consumption of sucrose- or fructose-containing foods leads to an increase
in the leukocytes in animal models [11,26]. A significant increase in the lymphocytes,
basophils, and neutrophils was reported after the treatment of Wistar rats with 5% (w/v)
sucrose in water for 12 weeks [11]. Similarly, Rodrigues et al. (2014) evaluated the impact of
fasting with 20% sucrose- (control) and 20% fructose-containing diets on postprandial male
BALB/c mice. The team showed that the sucrose- and fructose-containing diets induced an
increase in the total leukocyte populations in the post-prandial state [26]. Specifically, the
fructose-containing diet showed the highest impact on leukocyte proliferation, followed
by an increase in the pro-inflammatory cytokines and chemokines in the liver and AT,
namely IL-6, TNF-α, and CCL2, and a reduction in IL-10. This pro-inflammatory state was
accompanied by an increase in neutrophil recruitment and infiltration into the liver [26].
This may have been triggered by an increase in ROS, the activity of inducible nitric oxide
synthase (iNOS), and TNF-α secretion during Kuppfer cell activation, as hypothesized
by Kanuri et al. (2011). Interestingly, a 30% fructose drink apparently had a stronger
influence on immune cell function and activation, leading to an increase in the number of
neutrophils (approx. 5.5-fold higher), as well as the expression of ICAM-1 (approx. 1.8-fold)
by the neutrophils, compared to plain water after treating C57BL/6j mice for 8 weeks [44].
Other sugars, such as lactose, can also induce alterations in the immune cells leading to
their immunomodulation [45,46]. Lactose is a β-galactoside that can interact with proteins,
such as the galectin family, leading to changes in the microenvironment of the immune
cells [46]. In particular, the binding of lactose to galactin-9 (Gal-9) reduced the engagement
of Gal-9 with its receptor, T-cell immunoglobulin and mucin domain 3 (TIM-3, also known
as CD366), avoiding the immune suppression of the pro-inflammatory profile of T cells [46].

The immunomodulation caused by the various dietary sugars can differ between the
various immune cell populations [47]. Interestingly, immune cells are also able to change
their metabolic demand, usually designated as metabolic switch. This can occur upon
activation, and the carbon source that the cells use for their metabolism may influence these
changes [34,48]. Usually, this metabolic switch occurs quickly upon activation, since these
cells require fast ATP production to fulfill their energetic demands. Oxidative phospho-
rylation (OXPHOS) is reduced, while aerobic glycolysis is prioritized, in most immune
cells [47,49], leading to a proinflammatory profile [48]. Menk et al. (2018) showed that the
activation of naïve and memory CD4+ and CD8+ T cells by anti-CD3 and anti-CD28 for ap-
proximately 6 h led to an increase in glycolysis, measured by the extracellular acidification
rate (ECAR), while OXPHOS was reduced, as measured by the oxygen consumption rate
(OCR) [50]. Furthermore, Lee et al. (2019) studied the metabolism of classical monocytes
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(CD14+ CD16−), a subset of human monocytes, and discovered that LPS stimulation leads
to an increase in the glycolysis rate of this subset of monocytes [51]. Furthermore, the
authors also identified the glycolytic metabolism as a key pathway in the regulation of
p38-MAPK, which is important for the activation and the adhesion function of the classical
monocytes [51].

 

↑
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α

↓

↑

↑

↑

↓

Figure 3. Effect of the excessive consumption of dietary sugars on the immune cells. The effects of
dietary sugars are different in each cell type. The figure was created using pictures from Servier
Medical Art (smart.servier.com). Servier Medical Art by Servier is licensed under a Creative Com-
mons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/, accessed in
10 January 2023).

The intake of high-sugar-containing diets can enhance these important metabolic
alterations, which are deleterious to human health and are some of the underlying causes
of insulin resistance and T2DM development.
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4.1. Monocytes/Macrophages

Macrophage infiltration may be a key mechanism leading to the pro-inflammatory
status and subsequent onset of insulin resistance, especially in AT [54]. Once infiltrated
into the tissues, monocytes differentiate into macrophages and usually become polarized
into either pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages
according to the microenvironment (Table 1). The chronic intake of a high-fructose diet
(6–10 weeks; 20% fructose solution) was shown to favor the M1 macrophage subtypes,
with a reduction in the number of M2 subtypes in epidydimal AT in mice. Moreover, the
high recruitment of monocytes from the blood to AT (Ly6C+) was observed in mice after
10 weeks on a high-fructose diet. In addition, polarization into Ly6Chigh and Ly6Cmiddle

M1 macrophages with a high pro-inflammatory capacity was described, with a parallel
reduction in the Ly6C− M2 resident cells [54]. Jones et al. (2021) investigated the impacts
of glucose (11.1 mM), fructose (11.1 mM), and galactose (11.1 mM), respectively, on the
energy metabolism of circulating human monocytes. At the concentration of 11.1 mM,
glucose drove the monocyte metabolism towards glycolysis, while fructose and galactose
showed the opposite effect, with OXPHOS being prioritized in the basal state (Table 1).
After stimulating the treated monocytes with LPS, the glucose-treated monocytes increased
their glycolysis even further in contrast to the fructose- and galactose-treated monocytes,
which increased in their OXPHOS capacity. However, inhibiting the hexokinase using
2-deoxyglucose, the authors noticed that the glucose-treated cells showed a reduction in
ECAR followed by an increase in OCR, while the fructose- and galactose-treated monocytes
indicated reductions in both ECAR and OCR [47]. Moreover, treating the fructose- and
glucose-cultured monocytes with oligomycin led to a decrease in OCR in both cultures,
although the fructose-treated monocytes also presented reduction in ECAR [47]. This study
demonstrated the impaired metabolic flexibility in switching between OXPHOS and glycol-
ysis for energy production by fructose, in contrast to glucose, in which case the cells can
easily change their energy metabolism. Additionally, the treatment of the LPS-stimulated
monocytes with fructose demonstrated a reduction in the cell viability when exposed to
mitochondrial complex inhibitors, such as rotenone (complex I), antimycin A (complex
III), and oligomycin (complex V), demonstrating that fructose is not a good substrate for
the glycolytic pathway in human monocytes, leading to their functional impairment [47].
Furthermore, fructose had an impact in the secretory pattern of the monocytes, leading
the increased secretion of IL-1β, IL-6, IL-10, and TNF-α [47]. In contrast to dendritic cells
(DCs), fructose did not change the levels of surface activation marker expression in the
monocytes, (e.g., HLA-DR, CD80, CD86) [47]. In addition, sucrose-enriched diets also ap-
pear to have a specific impact on macrophages, especially by increasing their proliferation
in the peripheral tissues, as observed in the perivascular AT [57] and liver [60]. In accor-
dance with the findings described by Jones et al. (2021), Millet et al. (2016) indicated that
galactose (2 g/L of medium) is able to direct the monocyte metabolism towards OXPHOS,
followed by a reduction in the TNF-α levels, compared to glucose at the same concentration
(Table 1) [61]. Similar to galactose, the treatment of mice with lactose induced a reduction
in the percentage of macrophages, but it also increased their production of IL-10 through a
galectin-3–lactose interaction [45].

4.2. Dendritic Cells

Dendritic cells are important antigen-presenting cells (APCs) that allow for an adapta-
tive immune response but also promote tolerance through the degradation of self-antigen-
reactive thymocytes [34,62]. Jaiswal et al. (2019) tested concentrations ranging from 5 to
25 mM of fructose and glucose in vitro using human DCs collected from healthy donors
for 24–72 h. The results indicated that 15 mM of fructose was able to induce an increase
in the expression of key activation markers in the DCs, such as CD86, a co-stimulatory
molecule (Table 1). This, in turn, was followed by an increase in proinflammatory cytokine
secretion, including IL-1β, IL-6, and TNF-α, by the DCs. Additionally, the treatment with
15 mM of glucose also induced an increase in the expression of the TNF-α levels after 72 h.
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Moreover, a co-culture of fructose-exposed DCs with CD3+ T cells induced an increase in
IFN-γ secretion by the T cells when compared to the control (5 mM of glucose), a possible
consequence of the increased TNF-α release by the DCs when exposed to the 15 mM of
fructose. Interestingly, despite the indirect effect through the DCs, the authors did not
observe a direct effect of fructose on cytokine secretion in the cultured T cells. Furthermore,
during the treatment of the DCs, the authors analyzed their metabolic profile, identifying
a process of metabolic reprogramming through a reduction in OCR and an increase in
ECAR when higher concentrations of fructose were used [34]. The reduction in OCR
was supported by a reduction in the ROS production of the fructose-treated cells when
compared with the glucose-treated and control DCs after 24 h of treatment [34]. After
72 h of treatment, the authors found a similar result for the fructose-treated DCs, although
phospho-p70S6 kinase and hypoxia-inducible factor (HIF)-1α had higher expressions than
those observed in the glucose-treated and control DCs [34]. The data suggest that cytokine
secretion in fructose-treated DCs is independent of the AKT–mTOR axis [34]. The metabolic
switch of the DCs culminated in their chronic activation, promoting a pro-inflammatory
profile through the accumulation of advanced glycation end products, especially in the
fructose-treated DCs, with the consequent enhanced activation of NF-κB [34].

On the other hand, glucose also seems to play an important role in the metabolic
function of DCs and their interaction with CD8+ T cells (Table 1). Lawless et al. (2017)
showed that the activation of DCs with LPS for 24 h led to an increased expression of
co-stimulatory molecules, such as CD80 and CD86, with a decline in their expression after
48 h and 72 h when treated with 10 mM of glucose, although, in the presence of 10 mM of
galactose, the DCs maintained the expression of co-stimulatory molecules for approximately
72 h after stimulation. This co-stimulatory expression was corroborated by co-culturing the
DCs with CD8+ T cells for 72 h in glucose and galactose at 10 mM (Table 1). As expected, the
galactose-treated DCs retained the capacity to induce the clonal expansion of the CD8+ T cells
for 72 h, with the further increased expression of IFNγ production by the T cells, in contrast
to the glucose-treated DCs, which started to decline in their capacity to induce the CD8+ T
cells after 48 h of co-culture [58]. The authors also postulated that a reduction in the glucose
concentration in the medium (10 mM to 2 mM) was followed by a reduction in the expression
of HIF-1α in the DCs after LPS activation [58]. Interestingly, galactose was also capable of
inducing a similar effect [58]. However, under 2 mM of glucose, the expression of HIF-1α
was limited by the inactivation of mammalian target of rapamycin complex 1 (mTORC1)
signaling, consequently inducing the activation of 5′AMP-activated protein kinase (AMPK),
while under the 10 mM galactose treatment, it was enough to maintain low levels of
glycolysis and OXPHOS for ATP synthesis, maintaining mTORC1 activation, and the
reduction in HIF-1α was described as mTORC1-independent [58]. These data provide a
good example illustrating how different dietary sugars may act in different ways, at least
in vitro (Table 1). However, much research is needed in the future to understand the impacts
of these sugars on more complex organisms, including the human physiology.

4.3. Lymphocytes

Lymphocytes, which comprise T, B, and NK populations, are responsible for the
adaptative immune response and play important roles in tissues inflammation. In fact, T
cells play an important role in AT inflammation and insulin resistance during the onset
of obesity [63,64]. There are few studies that have described the impact of high-sugar diet
consumption on humans (Table 1), although it has been suggested that high-sugar diets
have impacts on the T cell metabolism and function [47,55]. In fact, it was demonstrated
that human-activated CD8+ T cells (CTLs) cultured with high glucose (25 mM, mimicking
a hyperglycemic condition) led to a higher absorption of glucose, in contrast to CTLs
treated with 5.6 mM of glucose, resulting in a higher glycolytic rate in the case of the
high-glucose-treated CTLs [59]. Considering the importance of the glycolytic pathway in
the regulation of the effector killing function of these cells, Zhu et al. (2021) postulated that
a hyperglycemic microenvironment would enhance the cytotoxicity capacity of the CTLs
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after 3 and 6 days following in vitro activation [59]. Additionally, the authors evaluated
the cytotoxic capacity of incubated CTLs from diabetic mice, compared with CTLs from
healthy mice, and concluded that the CTLs collected from the diabetic mice showed a
faster killing kinetic in contrast to the control [59]. However, patients with type 2 diabetes
have an increased percentage of the CCR7- CD45RA+ CD8+ T cell subset compared to
healthy people. This subset of CD8+ T cells represents a decline in immune function, also
called immunosenescence [65]. Furthermore, high glucose intake could be an important
factor in the exacerbation of autoimmune disease, especially through the mediation of
CD4+ T helper (Th) 17 [66]. In line with this, high fructose intake (20% solution) also
showed a Th17-mediated inflammation response through the production of IL-17A in Dahl
salt-sensitive rats, representing a model of hypertension (Table 1) [56].

In 2013, Leibowitz et al. indicated that fructose-enriched diets, administered for
5 weeks, induced functional alterations in the T cells of Sprague Dawley rats, particularly in
Treg [55]. Furthermore, after feeding the animals on a high-fructose diet (60% fructose) for
5 weeks, the authors identified the dysfunction of IL-10 production by Treg when compared
to the control chow diet, even in the absence of alterations in the percentage of the Treg
population [55]. On the other hand, results reported by Jaiswal et al. (2019) indicated
that 15 mM of fructose did not change or have a direct effect on cultured T lymphocyte
populations [34].

Lactose, in circulation, can have deleterious effects on immune cells, leading to inflam-
mation (Table 1) [46]. Lactose has the potential to bind to Gal-9, reducing its ability to bind its
receptor, TIM-3, on the surfaces of different immune cells, including the macrophages and T
cell populations. Gal-9/TIM-3 signaling plays an important role in Treg cell differentiation
and effector T cell exhaustion [46]. Moreover, this pathway is important for the regulation and
resolution of inflammation through the regulation of the Th1 and Th17 immune responses [46].
Moreover, Paasela et al. (2014) incubated enriched Treg cells from healthy donors with effec-
tor T cells (Teff) for 3 days. They reported a decrease in IFN-γ and IL-17 secretion by Teff.
However, after adding 30 mM of lactose, the authors reported a reduction in Treg-mediated
suppression and a consequent increase in IFN-γ and IL-17 secretion [46]. Furthermore, the
authors observed an increase in the number of CD4+ TIM-3+ cells producing IL-17 after
incubation with lactose, even when co-cultured with Treg [46].

Naïve T lymphocytes and Treg cells preferentially utilize fatty acid substrates during
their metabolism, with a low activity of mTOR. On the other hand, after activation, T cells
rely mainly on aerobic glycolysis, displaying higher mTOR activity, and in the case of Treg,
this can induce the downregulation of transcription factor Foxp3, promoting a reduction in
the cells’ proliferation [67]. Treg cells are important, as they mediate the homeostasis of the
organism and counterbalance the Teff cells [67].

5. Concluding Remarks

The propagation of the Western diet has become a worldwide burden, together with
the excessive consumption of free/added sugars. These can trigger chronic low-grade
inflammation not only by alterations in the AT metabolism and other insulin-sensitive
organs but also by the induction of critical changes in the immune system. These alterations
can lead to the loss of function of important immune cell populations. Importantly, many of
these alterations have key impacts on the plasticity of immune cells, reducing their capacity
to adjust to the surrounding environment. However, more research needs to be performed
in order to better understand the deeper impacts of the free sugars, monosaccharides,
and disaccharides on human cells, particularly their interactions with AT. Many studies
have been performed to date, mostly in vitro and on rodents. However, the experimental
conditions were different across these studies, including the way in which sugar was
incorporated into the diet, the gender studied, and the type of model used, along with the
periodic caloric intake.
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More research is still needed in this field, using clinical trials to effectively understand
the impact of chronic exposure to high levels of sugar on the metabolism, with the impact
on immunomodulation being especially important.
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Abstract: Type 2 diabetes (T2D) has increased worldwide at an alarming rate. Metabolic syndrome
(MetS) is a major risk factor for T2D development. One of the main reasons for the abrupt rise
in MetS incidence, besides a sedentary lifestyle, is the westernized diet consumption, with high
content of industrialized foods, rich in added dietary sugars (DS), mainly sucrose and fructose. It
has been suggested that a higher intake of DS could impair metabolic function, inducing MetS,
and predisposing to T2D. However, it remains poorly explored how excessive DS intake modulates
mitochondrial function, a key player in metabolism. This review explores the relationship between
increased consumption of DS and mitochondrial dysfunction associated with T2D development,
pointing to a contribution of the diet-induced accumulation of advanced glycation end-products
(AGEs), with brief insights on the impact of maternal high-sugar diet and AGEs consumption during
gestation on offspring increased risk of developing T2D later in life, contributing to perpetuate
T2D propagation.

Keywords: industrialized food; dietary sugars; metabolic dysfunction; maternal high-sugar diet;
disease programming

1. Introduction

1.1. Metabolic Syndrome Development: The Case of Type 2 Diabetes

The Metabolic Syndrome (MetS) affects around 35% of the adult population in the
United States, about 40% in Europe, between 20.7% and 42.7% in the Middle East, and up
to 58.1% in >60 age Chinese population [1]. Each region adopts different diagnostic criteria
for MetS without general consensus in the medical community [2,3].

The MetS is characterized by a set of metabolic disorders, including dyslipidemia, hy-
pertension, insulin resistance (IR), visceral adipose tissue (VAT) dysfunction, and VAT-related
endocrine mediation [3]. Systemic pathophysiological responses are then activated, such as
endothelial dysfunction, chronic inflammation, oxidative stress and atherothrombosis [3,4].

Due to the MetS-associated pathophysiology, MetS is one of the major risk factors
for type 2 diabetes (T2D) and cardiovascular disease (CVD) development [1,4]. MetS is
associated with a 1.36 increased risk of cardiovascular death, 1.46-fold risk of myocardial
infarction, 1.43-fold risk of stroke, and 2.92-fold of T2D [5,6].

Distinct components of the MetS have a different impact in T2D development-risk [7].
Among the MetS predisposing factors (e.g., genetic, environmental), diet and sedentary
behaviors have been pointed out as the most relevant [3]. The critical role of diet in
MetS extends not only to the unbalanced energy intake vs. expenditure but also to the
composition of the diets, such as the western diet (WD) which is rich in saturated and
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unsaturated fats, simple carbohydrates, and poor in fibers, including red meat, processed
foods rich in ultra-processed carbohydrates and fats, and re-packaged foods [8].

1.2. The Bitter Risks of Increased Dietary Sugars Consumption

Dietary sugars (DS) correspond to the sugar content of foods that comprehend the
sugars naturally present in the food and the sugars added to foods during processing
or preparation. Sugars can be labeled as “free sugars” and “intrinsic sugars”. Intrinsic
sugars are encapsulated by a cell wall, such as the ones present in brown rice, whole fruit,
vegetables, etc. [9]. These tend to be digested at a lower rate and take longer to enter the
bloodstream in comparison with “free sugars” [9]. On the contrary, “free sugars” have
been refined to some extent, and are not present inside the cells of the food consumed,
comprising all the monosaccharides (i.e., glucose, fructose, and galactose) and disaccharides
(i.e., sucrose, lactose, and maltose) added to foods by the manufacturer, cook, or consumer,
plus sugars present in honey, syrups, and unsweetened fruit juices [9]. Altogether, all
naturally-occurring sugars along with the added sugars compose the “total sugars” [10,11].

Sugars can also be referred to as carbohydrates. Carbohydrates encompass the sugars,
starches, and dietary fibers that naturally exist in plant-based foods and dairy products,
being one of the main energy sources for the human body. During digestion, the carbohy-
drates are broken down into simple sugars, raising monosaccharides’ blood concentrations.
The carbohydrate’s glycemic index (GI) represents the respective increase in blood glucose
after the intake of carbohydrates and appears to be critical to define the most concerning
classes of sugars. While low GI foods are rich in dietary fibers and induce lower concentra-
tions of fasting triglycerides and LDL-cholesterol, a high intake of elevated GI foods causes
IR and contributes to T2D [3].

General consumption of sugars has been rising worldwide over the last decades [12,13].
A primary concern is sugar-sweetened beverages, for which sweeteners are commonly
sucrose (composed of glucose and fructose) and corn syrup (rich in fructose) [13]. Fructose
overconsumption is a significant driver of MetS development due to its unique metab-
olization, almost exclusively in the enterocytes and liver, capable of bypassing the hor-
monal and metabolic regulatory control [13]. Sugar-sweetened beverages and other high
energy-dense drinks have a moderate-to-high GI while decreasing satiety and impairing
compensatory energy intake [14]. The consumption of these beverages has been associated
with T2D development [14].

Nevertheless, the causal relationship between sugar consumption and T2D develop-
ment has not been scientifically demonstrated. Most of the studies show that the effect of
sugars on long-term T2D development is not driven by a direct impact of sugars in the
disease pathophysiology, but rather by the promotion of T2D risk factors, such as extra
calorie intake, obesity, and MetS that later can lead to IR and T2D phenotype [10]. One
possible driver behind this relationship is systemic inflammation which mediators increase
due to free-fructose overconsumption [15]. This mechanism, however, seems to be shared
by other dietary sugars [16].

Most of the studies point out that, from a sugar-induced disease perspective, the
sugar source is not the most important aspect, including sweetened beverages or fruit
juices [17–19]. Despite more studies being required, mostly related to cellular responses
rather than blood parameters and metabolites’ landscape, the general literature states that
sugar consumption has a modest impact on immediate glycemic control [17,20].

It is important to note that high sugar-containing foods are one of the main sources
of energy in infants, children, and adolescents [21], either as a snack or after a regular
meal, which contributes to a critically high GI and increased calorie intake, promoting
T2D development at early life stages. The hormonal, metabolic, and lifestyle alterations
characteristic of adolescence represent a critical period for metabolic disease development,
becoming a priority to focus studies on the impact of DS consumption at early ages.
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2. The Impact of Dietary Sugars on Mitochondrial Function and Promotion of
Type 2 Diabetes

The cellular metabolism of sugars, fats, and amino acids results in chemical energy
production in the form of adenosine triphosphate (ATP), mainly by mitochondria [22].
Mitochondria are multifaceted organelles and cellular energy metabolism highly relies on
mitochondrial function [22]. Impaired mitochondrial function has been associated with IR
mechanisms, ultimately leading to T2D development [23]. In T2D, mitochondrial dysfunc-
tion is characterized by decreased electron transport chain (ETC) complexes expression and
activity, slower respiration, lower organelle density, decreased ATP maximum synthesis
rate, increased reactive oxygen species (ROS) production, and impaired mitochondrial
dynamics, with an increased rate of fission events [23]. This has been vastly reported
across several organs such as the skeletal muscle, adipose tissue, liver, and heart [23].
Nevertheless, the impact of DS, namely fructose, on mitochondrial function has been
poorly explored. The current section will disclose the current knowledge on the impact of
DS in mitochondria across several tissues, especially in the liver and the heart, and how
mitochondrial dysfunction induced by excessive ingestion of DS, especially fructose, could
prompt T2D development (Figures 1 and 2).

Figure 1. Metabolic alterations induced by high consumption of dietary sugars in the liver and the heart,
contributing to mitochondrial dysfunction and the development of risk factors associated with type 2 dia-
betes (T2D) development. Increased consumption of dietary sugars, especially fructose, leads to impaired
mitochondrial respiratory chain function, resulting in altered activity and protein levels of the mitochon-
drial oxidative phosphorylation system, namely in the subunits of the electron transport chain (I–IV) in the
heart. Such alterations contribute to increased reactive oxygen species (ROS) production and inefficient
response of the antioxidant defenses. Oxidative stress can induce an apoptotic response by dysregulation
of pro-survival and pro-apoptotic proteins. Lipid peroxidation, which contributes to cell damage, is
also a result of augmented oxidative stress. Increased levels of advanced glycation end-products (AGEs)
interfere with the expression of proteins involved in the insulin signaling pathway, which may promote
insulin resistance, a prime risk factor for T2D. IRS1–insulin receptor substrate 1, PI3K-phosphoinositide
3-kinase, Akt–protein kinase B, TBARS-thiobarbituric acid reactive substances, MDA–malondialdehyde,
SOD–superoxide dismutase, CAT–catalase, GPx–glutathione peroxidase, 4-HNE-4-Hydroxynonenal,
IGFI-insulin-like growth factor 1, IGFI-R–IGFI receptor, GSH–reduced glutathione, GSSG–glutathione
disulfide, NDUFA2/10-NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunits 2 and 10,
UQCRFS1-ubiquinol-cytochrome c reductase iron-sulfur subunit 1, MT-ND4-mitochondrially encoded
NADH: ubiquinone oxidoreductase core subunit 4.
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Figure 2. Increased intake of dietary sugars (mainly glucose and fructose) leads to mitochondrial
dysfunction. Mitochondrial dysfunction across hepatic and cardiac tissue triggers metabolic dysreg-
ulation, including insulin resistance, which ultimately induces the development of type 2 diabetes.
In parallel, it is hypothesized that advanced glycation end-products (AGEs) accumulation induced
by higher consumption of dietary sugars could lead to mitochondrial dysfunction, through AGEs
receptors (RAGEs) activation. Evidence shows that in vitro incubation of different cell lines either
with AGEs precursors or AGEs, results in mitochondrial dysfunction, which could act as a starting
point to induced metabolic dysregulation and induces type 2 diabetes development.

2.1. High-Fructose Intake and Mitochondrial Function Modulation

The first step of fructose metabolism requires ATP utilization by the enzyme fructok-
inase. An exacerbated intake of fructose leads to increasing demand for ATP utilization
by the organs [24]. This could be the origin of increased electron flow through the mito-
chondrial ETC [25,26]. As insulin-sensitive organs, the liver and the heart are of particular
interest to study alterations predisposing to T2D. Indeed, in Sprague-Dawley rats, the
intake of free high fructose (HFr) for 6 weeks, impairs the activity of mitochondrial ETC,
increasing complex-I activity in the heart [27], and 20-week-free HFr treatment decreased
complex-II activity in isolated cardiac mitochondria, with decreased mitochondrial oxygen
consumption rates and ATP-linked oxygen consumption (state 3–stimulated by the addition
of fuel substrates, supports coupled energy conversion) [28,29]. Along with this, proteomic
analysis of Wistar rats cardiac tissue after a 24-week HFr-diet identified alterations in
the subunits of the ETC, with increased protein content of complex-I, and IV (NDUFA2,
Mt-ND4) and decreased complex-I, and III (NDUFA10, UQCRFS1) subunits [29]. In the
hepatic tissue, free-HFr treatment for 6 weeks also induced ETC impairment with hep-
atic mitochondria from free HFr-fed Wistar rats presenting decreased ATP-linked oxygen
consumption [30]. HFr diet induced-dysfunctional mitochondrial ETC, with impaired
respiration, could induce increased electron escaping through the ETC complexes-I and III,
prompting altered mitochondrial membrane potential along with increased electron reac-
tivity with oxygen, leading to an overproduction of ROS, which ultimately could produce
biomolecules’ oxidative damage. Indeed, evidence of redox imbalance has been reported
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in the hepatic and cardiac tissues of HFr-fed murine animal models, independently of the
duration and type of HFr treatment. In the liver and heart of dietary HFr/free-HFr fed-rats,
lipid peroxidation is increased, demonstrated by increased levels of thiobarbituric acid
(TBARS) [31,32], malondialdehyde (MDA) [33], and 4-Hydroxynonenal (4-HNE) [27,32].
In other respects, hepatic antioxidant defenses are diminished, as indicated by decreased
superoxide dismutase (SOD) [32] and GSH-S transferase activities [33], lower protein levels
of glutathione peroxidase 1 (GPx1) [27], reduced GSH/GSSG ratio [27,28], and dimin-
ished catalase activity [34]. In addition, increased production of ROS, assessed through
increased superoxide and hydroxyl radicals [28], augmented hydrogen peroxide produc-
tion [28], and decreased aconitase activity were verified in hepatic and cardiac tissues from
HFr-fed rats [27].

Pro-apoptotic mechanisms can be activated by increased oxidative injury [35]. High
fructose-induced alterations of proteins involved in cell apoptosis and survival, which are
mediated by cell signaling cascades, have been mightily documented in the hearts and
livers of HFr-fed murine animal models. An increased number of apoptotic cells has been
reported in the cardiac tissue of HFr-fed Wistar rats [36], hepatic tissue of mice [35], and
in cardiomyocytes differentiated from an H9C2 rat-myoblastic cell line [37] through the
TUNEL assay or DNA strand break labeling, along with increased levels of the activated
form of caspase-3 [34], Bax and increased Bax/BcL-2 ratio [33] and cytosolic cytochrome
c amount [33]. All of these mechanisms are critically involved in the intrinsic mitochon-
drial apoptotic pathway [31]. Consistently, reports described HFr-induced suppression of
pro-survival mechanisms–so-called due to its ability to negatively regulate pro-apoptotic
mechanisms, by suppressing the activation of caspases and pro-apoptotic proteins, as
confirmed by decreased activation of PI3K and Akt and/or expression levels of the pro-
survival proteins, IGFI, IGFI-R, Bcl-2, and Bcl-xL in the cardiac tissues of HFr-fed Wistar
rats [36]. Moreover, during the process of apoptosis, it has been reported that mitochondrial
dynamics machinery disintegrates for cytochrome c release. Mitochondrial kinetics compre-
hend motility, fusion, fission, biogenesis, and mitophagy. The equilibrium between these
processes allows the preservation of mitochondrial number, and morphology and impacts
mitochondrial function. Mitochondrial fusion consists of the merging of two adjacent mito-
chondria. This process can be used, up to a certain level, to alleviate stress by combining
the content of partially damaged mitochondria. Mitochondrial fusion is coordinated by pro-
teins that bind and promote membrane fusion, including mitofusin (MFN)- 1 and 2 [38,39].
On the contrary, mitochondrial fission is the mechanism that generates mitochondrial
fragmentation; it is driven by proteins that first direct the constriction of membranes and
then mitochondrial splitting, including mitochondrial fission factor (MFF), a tail-anchored
protein of the mitochondrial outer membrane that acts as the receptor for dynamin-related
protein-1 (DRP1), a cytosolic GTPase that tends to oligomerize. The mitochondrial fission
protein 1 (FIS1) has been also implicated in mitochondrial fission [38,39]. This process is
essential for mitochondrial duplication, but also for the clearance of damaged mitochon-
dria during high levels of cellular stress [38,39]. Thus, maintaining a balance between
fission and fusion events is essential to sustain mitochondrial integrity and homeostasis.
Several proteins involved in mitochondrial fission and fusion events have been pointed
out to act as apoptosis inductors, especially DRP1, which is involved in cytochrome c
release, FIS1, which is involved in Bax translocation, and optic atrophy 1 (OPA1), which,
conversely, prevents mitochondrial fission, protecting cells from apoptosis [40]. It has
been shown that primary cell lines treated with glucose, one of the main dietary sugars,
exhibit increased mitochondrial fragmentation, which has been suggested to be mediated
by hyperglycemia-induced modulation of fission and fusion proteins [41]. Indeed, human
umbilical vein-derived endothelial cells (HUVECs) treated with high glucose levels present
signs of mitochondrial fragmentation [42]. Cells from the cardiovascular system (i.e., neona-
tal rat ventricular myocytes, H9C2 cell line, bovine aortic endothelial cells, and mouse aortic
smooth muscle cells) treated in hyperglycemic conditions present increased mitochondrial
fragmentation, which is induced by an increased expression of the protein DRP1/DLP1,
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mediating hyperglycemia-induced cell death [41]. Moreover, proximal tubular cell lines
(HK-2), present increased mitochondrial fragmentation induced by hyperglycemic con-
ditions, which is preserved by the pharmacological modulation of proteins involved in
mitochondrial dynamics (FIS1, DRP1, MFN1, and MFN2) [43]. These findings reflect a
potential deleterious effect of dietary sugars on mitochondrial dynamics that, ultimately,
could cause cell death. Nevertheless, more studies are required to deepen this potential
impairment and compare it to fructose-treated cell lines, along with the complementation
of data from animal models treated with high-glucose/fructose diets.

Apoptosis mediated by mitochondria, in both the liver and heart, can lead to tissue
inflammation and organ pathologies, ultimately affecting whole-body homeostasis. Alto-
gether, the evidence discussed above demonstrates that the overconsumption of fructose,
independently of treatment type and duration, can result in mitochondrial dysfunction,
impairing cardiac and hepatic mitochondrial respiration, generating oxidative stress, dys-
regulating mitochondrial dynamics, and trigger programmed cell death. Nevertheless,
the reason behind DS mitochondrial function impairment has not yet been fully disclosed.
However, recently, it has been described that mitochondrial dysfunction could be, in part,
induced by an accumulation of dietary advanced glycation end-products (AGEs), due to
their elevated presence in processed foods [44,45].

2.2. Advanced Glycation End-Products Accumulation Induce Mitochondrial Dysfunction: A
Potential Mechanism in Type 2 Diabetes

Advanced glycation end-products have been pointed out as potential biomarkers of a
diabetic condition, inducing IR and, possibly, mitochondrial dysfunction [46]. AGEs are the
result of the “Maillard reaction” [47], which is described as a non-enzymatic spontaneous
reaction between reducing sugars with lipids, nucleic acids, and free amino acid groups
from proteins [47]. In addition, AGEs can also be a product of the oxidation of sugars,
lipids, and amino acids [48]. However, reducing sugars are one of the main sources of
AGEs [47]. Interestingly, in vitro observations have indicated that fructose is one of the most
potent glycation agents [49]. Hyperglycemia could prompt AGEs accumulation, which
could play a major pathologic role in contributing to the dysregulation of many cellular
functions in the organism [50], predisposing to the development of T2D. Indeed, AGEs
are toxic metabolic byproducts, and the effects of AGEs’ whole-body accumulation have
been documented in diverse mechanisms (i.e., de novo lipid synthesis, lipogenic pathway,
inflammatory response) [49]. Specifically, the development of IR has been associated with
systemic AGEs accumulation in mouse animal models and even in humans [51]. On the
other hand, AGEs restriction prevents IR, highlighting the role of AGEs in the development
of IR-related mechanisms [46]. Although the specific mechanisms by which AGEs induce
IR remain unknown, dietary-AGEs impaired insulin signaling pathway has been verified
in both in vitro and in vivo models [51]. Hepatocytes, adipocytes, and pancreatic beta
cells treated with AGEs precursor [51], methylglyoxal (MG), which is a metabolite of the
glycolytic pathway, show decreased activation of insulin receptor substrate 1 (IRS1), Akt
phosphorylation in the Ser473 residue [51], and reduced activity of phosphoinositide 3-
kinase (PI3K) [52]. Additionally, Sprague-Dawley rats with a 4-week administration of MG
presented enhanced insulin resistance, which was evaluated through the euglycemic hyper-
insulinemic glucose clamp technique in the circulating blood [53]. The overproduction of
AGEs could also contribute to the activation of membrane receptors, such as RAGEs [26],
inducing a cycle of mitochondrial dysfunction and oxidative damage, and promoting apop-
tosis [54]. Evidence suggests that RAGEs activation could stimulate complex-I, leading
to increased ROS production, prompting the organism for oxidative stress [54]. In spite
of this, decreased activities of complex-I and -IV were verified in the cerebral cortex of
mice fed with a MG-rich diet [55] and in human retinal pigmented epithelium cell lines
treated with AGE-BSA [56]. Nevertheless, the presence of oxidative stress is confirmed in
most studies, describing increased production of superoxide anion, or hydrogen peroxide,
and/or loss of MnSOD activity in the serum of MG-fed mice [55], beta cells [57], endothelial
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progenitor cells [54], and chondrogenic cells [56] treated with AGEs (Nε-carboxymethyl
lysine (CML), when mentioned [57]). Furthermore, AGEs treatment appeared to induce
ATP depletion in MG-treated adipocytes [55], loss of mitochondrial membrane potential,
and apoptosis, which is confirmed through increased Bax/BcL-2 ratio and increased release
of cleaved caspase 3 in AGEs-treated chondrogenic ATDC5 cells [56]. Even though this has
been mostly documented for in vitro models, data concerning in vivo and tissue-targeted
studies is still lacking and demands further investigation so the relationship between AGEs
accumulation, IR, and mitochondrial dysfunction can be established and ultimately, fully
understand the contribution of AGEs accumulation and mechanism for inducing T2D
development potentiating new preventative strategies for T2D development.

3. Type 2 Diabetes and Its Origin in the Womb: The Consequences of Maternal
High-Sugar Diet in the Offspring’s Metabolic Function

Maternal lifestyle habits, such as the type and quantity of food at preconception [58],
gestation [59], and lactation [60], may influence critical periods of fetal/infant development,
contributing to future offspring complications [58–61]. Maternal malnutrition is associated
with an increased risk of obesity, T2D, and CVD in young and adult offspring [62–64].
Increased generalization of westernized diets, rich in added sugars, even during pregnancy
turns vital to study the influence of maternal DS on the offspring’s development and
health. Although it is well-established that maternal high-processed fat diets programs the
offspring to metabolic alterations [65,66], the lack of information concerning appropriate
maternal ingestion of added sugars during gestation and/or lactation is evident [67].

While maternal high-DS consumption may be deleterious for the fetus, more human
studies are needed to confirm it [68]. Resorting to studies with animal models examin-
ing this biological question, it was described that C57BL/6J mice offspring exposed to
HFr during development presented increased: body-weight, blood pressure, glucose area
under the curve (AUC), and adipose tissue [66,69]. Sprague-Dawley rat 90-day-old off-
spring plasma revealed leptinemia, increased IR, and oxidative stress markers (advanced
oxidation products (AOPP) and uricemia) in male but not in female offspring [70]. How-
ever, 1-year-old C57BL/6J mice female offspring showed increased homeostasis model
assessment of insulin resistance (HOMA-IR) score, elevated leptin levels, and decreased
adiponectin [66]. Accordingly, 261-day-old Sprague-Dawley rat male offspring exposed
to maternal HFr during pregnancy presented similar results [71]. Further analysis in the
hepatic tissue showed increased expression of serine phosphorylated form of IRS2, sug-
gesting reduced insulin signaling in the liver [71]. In another study, fetuses of HFr-fed
Wistar rats throughout pregnancy until postnatal day-10 showed increased hepatic GLUT5,
oppositely to fructokinase mRNA levels, and high triglycerides content [72]. Ten days
postnatally, male offspring exhibited decreased expression of hepatic β-oxidation genes,
while females showed augmented AMP-activated protein kinase (AMPK) transcript levels
in the liver [72]. In fact, phosphorylated AMPKα was decreased in the livers of 22-day-old
female offspring of fructose-treated Wistar rats during gestation [73]. Seven-month-old
C57BL/6J pups exposed to maternal HFr consumption during pregnancy and lactation
presented increased expression of lipogenesis-related proteins and triglycerides accumu-
lation, contributing to altered morphology with increased liver size [69]. This suggests
maternal free-HFr-supplemented diet significantly affects liver metabolism and function,
predisposing the offspring to obesity, hypertension, and metabolic dysfunction, which are
critical risk factors for T2D development. Nevertheless, research to unravel the cellular
mechanisms involved is critically necessary.

Few studies explored the effect of maternal fructose consumption on offspring’s
cardiac tissue. Maternal HFr rodent supplementation resulted in 1-day-old offspring’s
increased expression of glucose metabolism- and insulin signaling-related genes in the heart
and brain, which actively contribute to blood pressure regulation, possibly contributing
to the programming of hypertension in adulthood [74]. This period is significant for
the offspring’s cardiac development since adaptation to the extrauterine life involves a
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substrate utilization shift from glucose towards fatty acids [75]. Maternal HFr diet during
pregnancy and lactation led to mild myocardial hypertrophy in 3-month-old male Sprague-
Dawley rat offspring, with collagen fibers deposition and marked oxidative stress in the
cardiac tissue [76]. The induced cardiac fibrosis and oxidative damage exacerbated cardiac
remodeling [76] for which mitochondria play a crucial role [77].

Another characteristic of WD is the concomitant high intake of AGEs. Serum AGEs
(sAGEs) have been proposed to be maternally transferred through the placenta [78].
Nonetheless, the levels of sAGEs might reflect dietary AGEs consumption [79]. Young-
adult offspring of C57BL/6 mice from mothers fed an AGEs-rich diet (with increased CML
content) showed reduced insulin sensitivity and increased body weight [80]. As briefly
mentioned, maternal diet during lactation may also affect perinatal development since it
influences breast milk composition [81]. Offspring of MG-treated Wistar rat mothers devel-
oped increased body weight, adipose tissue, glucose intolerance, and β-cell dysfunction in
adulthood, increasing their predisposition for T2D [81].

Concerning the consumption of DS, few studies assessed the effect of maternal diet on
the offspring’s mitochondrial function. Most focus on brain development and cognitive
function. Brain mitochondria of aging Fischer F344 rat offspring exposed to maternal HFr
showed decreased P/O2 ratio [82]. Hippocampi mitochondria of weaned Sprague-Dawley
rat offspring after exposure to maternal HFr during pregnancy and lactation showed re-
duced TFAM mRNA levels and compromised mitochondrial oxygen consumption rates [83].
Studies are lacking to fully understand the role of maternal DS on mitochondrial metabolism
and its implications in fetal development and offspring programming of metabolic diseases
in adulthood.

4. Mitochondrial-Targeted Therapies for T2D Management

The clinically well-established treatment of T2D with metformin presents the capacity
of shifting the main energy substrate used across several tissues [23], the ability to modu-
late mitochondrial dynamics, especially mitochondrial fission events in endothelial cells,
and prevent superoxide generation [23]. In addition, metformin has been suggested to
inhibit mitochondrial complex-I activity, which is an extremely relevant feature from a
therapeutic perspective [84].

Dietary supplementation has been also demonstrated to have positive effects in modu-
lating mitochondrial function. For example, flavonoids from mulberry leaves have been
suggested to improve skeletal muscle mitochondrial function in diabetic mice, through the
modulation of the AMPK/peroxisome proliferator-activated receptor- γ coactivator 1 α

axis (AMPK/PGC-1α) [85], highlighting a potential role in T2D management [85]. Other
studies have suggested that by inhibiting fructose metabolism through ketohexokinase [86],
the primary fructose metabolizing enzyme, and fructose-1,6-bisphosphatase [87], it could
be possible to prevent the development of metabolic disease, including T2D. Both ap-
proaches seem to prevent hyperinsulinemia and hyperglycemia, thus highlighting novel
therapeutic approaches to T2D. It is though relevant to mention that more straightfor-
ward approaches have been suggested, such as the removal of fructose from the diet [88].
Indeed, diet-switching reversed mitochondrial function and prevented oxidative stress
in the hippocampus of Wistar rats [88]. More studies across other tissues are required
to understand if mitochondrial function improvement is verified as well. Nonetheless,
given that, in theory, this is a relatively simple strategy to be implemented it is highly
relevant for T2D clinical management, making it worth the additional efforts to overcome
the challenges of adherence to nutritional interventions, particularly during pregnancy.
Given maternal HFr-induced deleterious effects on the offspring’s metabolism across many
tissues (Section 3), it is also worth mentioning that a study revealed that the administration
of Coenzyme Q10 in the offspring, which is a key-mediator of mitochondrial ETC [89],
improved mitochondrial biogenesis, and ATP levels, preventing maternal HFr-diet-induced
adverse effects in the retinas of female offspring [89].
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Mitochondrial-based therapies have a great potential to be explored in T2D prevention
and treatment. The follow-up of these studies or new studies could give origin to improved
strategies to counteract T2D, even before birth, thus reducing the global burden of this
metabolic disease.

5. Conclusions

The overconsumption of free sugars significantly contributes to whole-body DS excess
and could severely impact mitochondrial function through alterations in the subunits’
expression levels and in the enzymatic activity of the ETC complexes, leading to oxidative
stress, mitochondrial dynamics impairment, and activation of apoptotic mechanisms. DS-
induced mitochondrial dysfunction can be a result of an accumulation of dietary AGEs,
nevertheless, further studies are demanded to confirm this hypothesis and to establish a
solid relationship between excessive DS consumption and T2D development. In addition,
maternal high-sugar diet consumption impacts the offspring’s metabolism at different time-
points in the lifetime (i.e., fetal, neonatal, and postnatal stages), in a sex-dependent way,
across different animal models, and along with increased levels of AGEs, could predispose
the offspring for T2D development.
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Abstract: Regular consumption of dietary sugars can cause significant damage to the β-cells. Almost
a century after the discovery of insulin, it has been suggested that the frequent consumption of
certain carbohydrates can damage pancreatic β-cells, causing disturbances in the regulation of insulin
secretion. Most noncommunicable diseases, such as diabetes, obesity, and hypertension have a
common origin, metabolic dysfunction, which is partly due to β-cell malfunction. In this article, we
believed that sugars can lead to an imbalance in cellular metabolism, causing insulin exocytosis to
dangerously increase or decrease blood insulin concentrations. In this study, we describe the major
mechanism of insulin secretion and discuss the effects of sugar on pancreatic β-cells. Although many
environmental factors strongly influence β-cells, occidental diet, including excess sugar, has been
found to be the predominant factor that kills or disrupts the functioning of the unique cells that
produce, store, and secrete insulin.

Keywords: pancreatic β-cell; insulin; diet; type 2 diabetes; sugar consumption

1. Introduction

The previous year marked 100 years since the discovery of insulin, a drug responsible
for saving and mitigating the sufferings of millions diagnosed with diabetes mellitus (DM).
DM is characterized by the dyshomeostasis of glucose metabolism, which leads to a chronic
increase in blood glucose levels, primarily due to insulin secretion dysfunction and/or
impaired insulin action in peripheral tissues [1,2]. Excessive consumption of added sugars,
mainly fructose and sucrose, is highly correlated with DM, which can lead to insulin
resistance, not only in adults [3] but also in children and young people [4].

The purpose of this opinion article is to highlight the current available literature on DM
and discuss the impact of dietary sugars on pancreatic β-cells and diabetes development.

2. Endocrine Pancreas

Insulin is a hormone capable of decreasing blood glucose levels. It is produced, stored,
and secreted by β-cells of the Langerhans islets in the pancreas. Each islet contains different
types of endocrine cells. Insulin-secreting β-cells are the most abundant cell type (~80%) in
the islets, followed by pancreatic α-cells (~15%) that secrete the hormone glucagon, and
pancreatic δ-cells (5%) that secrete somatostatin, along with a small number of PP cells
secreting pancreatic polypeptide. Endocrine cells account for <1% of the pancreatic tissue,
while the rest are composed of exocrine cells, which produce digestive juices containing
enzymes, such as proteases, lipases, and amylases; exocrine cells are responsible for degrad-
ing meal components, including carbohydrates, into the gut [5,6]. Functional pancreatic
endocrine development occurs during gestation and continues until infancy. Specifically,
β-cells can remodel or proliferate during the early postnatal period; however, the number
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of these cells remains constant for the rest of life. Thus, destruction or malfunction of β-cells
can lead to drastic metabolic dysfunction, causing DM [7].

3. β-Cells Burn Sugar to Provide Fuel to other Cells

Pancreatic β-cells can be considered metabolic sensors presenting a stimulus-secretion
coupling with metabolism, including carbohydrate degradation. Glucose is the major
hexose derived from carbohydrate-rich meals. Pancreatic β-cells capture glucose by specific
transporters, such as glucose transport proteins (GLUT-2), located in the plasma membrane.
Similar to other cells, β-cells degrade all six carbon atoms of glucose and convert the
energy contained in their molecules into a small metabolite, adenosine triphosphate (ATP).
Similar to neurons, β-cells are electrically excited. When depolarized, β-cells change their
architecture and functions. Immediately after ATP production, β-cells are depolarized and
a sequence of intracellular events occurs, culminating in the exocytosis of insulin in the
blood. Specifically, by increasing the ATP/ADP ratio, ATP inhibits the activity of ATP-
dependent potassium (K+

ATP) channels, which drive K+ ions into the extracellular medium
via gradient straining. Subsequently, K+ ions are trapped in the cytosol, which increases
the positive cell charge. In this case, depolarization enhances the activity of certain calcium
(Ca2+) channels, thereby promoting the influx of Ca2+ from the extracellular medium. The
free intracellular Ca2+ concentration increases and activates proteins that stimulate the
cytoskeleton to transport insulin vesicles to the periphery of the cell membrane, leading to
exocytosis. Together, these mechanisms are known as the “fuel hypothesis” that leads to
insulin stimulus-secretion coupling, where nutrients act as a fuel to induce insulin secretion
in pancreatic β-cells (Figure 1) [8].

 

Figure 1. Glucose is transported to the β-cell mediated by the Glut2 membrane transporter. The
intracellular metabolism of glucose induces changes in electrical activity, which culminate in an
increase in the cytoplasmic Ca2+ concentration and exocytosis of insulin granules. The sweet taste
receptor TIR3 is expressed in the pancreatic β-cells and is activated by various sugars, including
sucrose, fructose, and glucose, and artificial sweeteners, such as stevioside, stimulating insulin
secretion by increasing the metabolism of nutrients to produce ATP.
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4. Great Conflict: Fuel Hypothesis vs. Glucose Receptor

In spite of the fuel insulin secretion-coupling, glucose stimulates insulin secretion in
pancreatic β-cells, despite maintaining potassium-ATP channels under lowered activities,
indicating an alternative pathway as a mechanism for glucose and other fuel metabolites
to amplify their stimulation via ATP. This alternative mechanism can also be observed in
neurotransmitters, such as acetylcholine, which bind to plasma membrane receptors and
mediate an increase in intracellular Ca2+ levels and the ability of activated protein kinase C
to increase the efficiency of Ca2+ in insulin exocytosis [8,9]. Therefore, glucose acts as the
primary nutrient stimulating insulin secretion. Other nutrients, amino acids, and free fatty
acids are capable of increasing insulin secretion, mostly through mechanisms involving the
fuel hypothesis; however, the presence of glucose is required for them to be effective.

Numerous other hexoses and other monosaccharides, heptoses, pentoses, tetroses
and trioses, aldoses or ketoses, or conjugated glucosamine can directly stimulate β-cells,
coupling insulin secretion to energy transformation using carbohydrates as a nutrient;
however, some of them, such as fructose and mannoheptulose, have demonstrated no or
a weak capacity [10,11]. The fuel hypothesis was initially based on an artificial leucine,
2-amino-bicycle (2,2,1) heptane-2-carboxylic acid, which does not break down; however, it
stimulates the metabolism of cells to produce ATP and induces insulin secretion [12].

Four decades of evidence collected through clinical and experimental trials support
the idea of stimulus secretion-coupling for the metabolism of pancreatic β-cells. A recently
proposed idea suggests that β-cells are equipped with receptors for glucose or nutrient
secretagogues, such as monosaccharides, amino acids, and free fatty acids; however, these
receptors have not yet been isolated. Despite this complex controversy, it has been shown
to be a receptor for sweetness in the β-cell membranes.

5. β-Cells Sense Sweet, Bitter, Umami, and Salty Taste

Natural sweeteners, such as glucose and fructose, or artificial sweeteners with no
caloric value, such as some fractions from Stevia rabaudiana bertonni leaves, sucralose ex-
tracted from sugar cane, aspartame from laboratory synthesis of amino acids, and cyclamate
and saccharin obtained from petroleum, can bind to β-cell sweet taste receptors. The het-
erodimer comprises two members of the class C G protein-coupled receptor: type 1 taste
receptor-2 (T1R2) and T1R3 (the dominant subunit expressed in pancreatic islets) [13–18].
Once sweeteners bind, they target a response to accelerate the degradation of stored nu-
trients, such as glucose, amino acids, and free fatty acids, to produce ATP and stimulate
insulin granule exocytosis (Figure 1) [19].

6. Sugar Sources Potentially Transport Poisons or Medicines to β-Cells

The occidental diet is rich in glucose and fructose, which are the major sources of
carbohydrates from different mono-and/or polysaccharides such as sucrose, starch, and
sugar from other farinaceous foods. Most of these are processed by industries, eliminating
other macro- and micro-compounds, fibers, and vitamins. High level daily consumption
of carbohydrate sources can compromise the β-cells [20]. β-cells can be killed or become
dysfunctional due to glucotoxicity, leading to type 2 diabetes (non-insulin-dependent) [21].
The impact of different sources of monosaccharides on β-cell function can be dependent
on the amount consumed, carbohydrate source type, and environment. In some countries,
there is a massive intake of fructose-rich corn syrup. This carbohydrate is captured less
by β-cell, contrasting with hepatic cells. Most fructose metabolism occurs in the liver, and
its excess causes hepatic dysfunction, which indirectly perturbs β-cell function through
high glucose production and hepatic fat dysfunction [22]. Other sources of carbohydrates,
such as manioca or sweet potato, and other vegetables and fruits rich in natural fiber,
are less dangerous to β-cells [23]. Fibers stimulate intestinal contraction and increase
intestinal transit, which reduces monosaccharide absorption, thus helping in glycemia
attenuation [24,25]. One important effect of these sugar sources is the reduced insulin
secretion from β-cells, which does not demand an increased amount of circulating insulin
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to maintain low glycemia. Under these conditions, cells are protected from glucotoxicity. In
contrast, diets with low fiber are associated with an increased risk of type 2 diabetes, which
has been observed in women with a sedentary lifestyle and family history of diabetes [26].

Apart from fibers, fruits and artificial sweeteners also contain antioxidants, which
can help protect β-cell function [27,28]. However, sugars with a high reducing capacity,
such as ribose and fructose, can suppress insulin gene transcription and provoke oxidative
stress-inducing apoptosis of β-cells [29].

7. Environment as Vectorial to β-Cell

Although we discuss β-cell function and focus on the mechanisms of insulin secre-
tion stimulated by carbohydrates, it is important to consider the myriad of biological
factors. Pre-and postprandial time durations have the potential to stimulate, potentiate,
or inhibit insulin secretion processes. Any pancreatic β-cell dysfunction combined with
high carbohydrate consumption can compromise entire metabolic regulation and provoke
cardiometabolic diseases, such as obesity, diabetes, and hypertension [30].

The autonomic nervous system controls β-cell function. Under normal physiological
situations of meal intake, the parasympathetic nervous system (PNS) potentiates glucose-
insulin secretion coupling, whereas the sympathetic nervous system (SNS) inhibits it [31,32].
This is an equilibrium action; however, an imbalance may occur, as in obesity, where PNS
is enhanced and SNS is decreased. Under these conditions β-cells oversecrete insulin,
which causes fasting hyperinsulinemia, tissue insulin resistance, and high hepatic glucose
production leading to excess blood glucose concentrations; thus, excessive carbohydrate
consumption can aggravate metabolic dysfunction [33,34].

The central nervous system directly regulates insulin secretion. Recently, it was
shown that the paraventricular hypothalamic nucleus (PVN), when stimulated immediately,
suppresses the insulin secretion process via SNS neurons connected to β-cell; conversely,
low blood glucose concentration is detected by the PVN, which allows rapid increase of
glucose-induced insulin secretion. High sugar intake disrupts the central control of insulin
secretion, causing cardiometabolic dysfunction [35,36].

Exercise is another important factor. Physical training improves the peripheral tissue
insulin sensitivity, which reduces the demand for insulin secretion. Exercise also induces
irisin from the muscle, which directly potentiates glucose-induced insulin secretion from
β-cells; however, even physically trained individuals consuming calorie-dense diets can
develop β-cell malfunction [37,38].

Additionally, overconsumption of fructose affects the gut microbiota. The gut micro-
biota consists of numerous gastrointestinal microorganisms. Diet, including the carbohy-
drate source and their quantities, can determine microbiota composition. High fructose
consumption causes dysbiosis of the microbiota, which leads to increased gut barrier
permeability, inflammation, and the progression of metabolic diseases [39].

Since the 18th century industrial revolution, the environment has changed consider-
ably, ultimately compromising the health of human beings as well as that of animals and
plants. Air, water, and food sources contain acids, heavy metals, plastics, and radiation,
among many other poisons, that have the ability to disrupt metabolism, causing car-
diometabolic dysfunction [40]. The β-cells are also a target for contaminants that combine
with occidental diet increasing the risk of disrupting the insulin secretion process [41].

8. Conclusions and Future Perspectives

Considering that β-cells are a highly sensible target in many stressful situations, they
exert their effects in a combined manner. Thus, it can be concluded that it is difficult to
analyze the impact of different carbohydrate sources on pancreatic β-cells.

Given the delicate nature of β-cells as an “organ”, numerous studies have suggested
changes in the occidental diet to reduce the exposure of certain carbohydrates to the β-cells.
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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.

Keywords: hypothalamus; hypercaloric diets; sugar; satiety pathways; diabetes

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;
therefore, they play an important role in the setting and maintenance of metabolic diseases.
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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,
such as setmelanotide, for the treatment of genetic obesity [21]. On the other hand, in
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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
nucleus receive information from glutamatergic neurons from other hypothalamic nuclei,
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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
are associated with selective insulin and leptin resistance in the hypothalamus, leading to
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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
diets, with consequent increases in food intake and body weight [48]. In another study
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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
mRNA, in which a sucrose or fructose solution leads to the upregulation of hypothalamic
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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
states, the modulation of dopaminergic pathways with DA agonists triggers weight loss in
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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.
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Abstract: Obesity and the intake of high-sugar diets have dramatically increased in recent decades.
However, it is still uncertain how sugar intake during the critical development phase affects the
long-term health of children. In this context, the Developmental Origins of Health and Disease
(DOHaD) concept established a correlation between early life environment and the development of
cardiometabolic diseases in adulthood. This review summarizes the current knowledge about the con-
sequences of sugar intake during the critical development phase for the onset of non-communicable
diseases (NCDs). We found evidence that increased sugar intake during pregnancy contributes to
maternal obesity and many cardiometabolic dysfunctions in the offspring. Furthermore, dietary
sugar during the suckling period provokes the obese phenotype in adulthood. Finally, high-sugar
diet intake during childhood induces metabolic syndrome and depressive-like behavior.

Keywords: DOHaD; pregnancy; lactation; childhood; obesity

1. Introduction

It is evident that obesity is a public health concern around the world. According to
the World Health Organization (WHO), worldwide obesity has nearly tripled since 1975,
and there are around 2 billion adults who are overweight and 650 million who are obese.
In 2016, it is estimated that more that 40 million children under the age of 5 years were
overweight or obese. Moreover, between 1975 and 2016, the prevalence of obesity among
children and adolescents increased from 4% to 18% [1].

Maternal and childhood obesity is linked to a range of adverse health outcomes
later in life, as well as some negative societal outcomes. Recent studies have shown an
association between nutritional insults during the initial phases of development and a
long-term risk of non-communicable diseases (NCDs), including obesity, diabetes and
cardiovascular diseases [2,3]. Thus, the developmental origins of the health and disease
hypothesis (DOHaD) proposes a link between the fetal, early infant and puberty phases
of life and the long-term development of cardiometabolic disorders [4]. This is why we
consider the governmental and private strategies linked to the DOHaD concept one of our
political priorities.

The main mechanisms, according to the DOHaD hypothesis, are epigenetic adapta-
tions, such as DNA methylation, histone acetylation and differential small RNAs expression,
that occur during critical phases of development in response to environmental factors like
nutritional disorders [5].

In general, increased calorie intake and decreased physical activity play a key role in
obesity onset and in the most common causes of NCDs [6]. It has been noted that the intake
of dietary sugars, mainly sugar-sweetened beverages, increases overall energy intake,
leading to a reduced intake of healthy foods containing adequate calories, contributing to
body weight gain and increased risk of NCDs [7]. Recently, a study showed that male mice
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fed a standard diet but drinking sweetened water (60 mg/mL sucrose solution) for sixteen
weeks, presented a significant increase in fat mass, leading to increased plasma LDL and
insulin, glucose intolerance and hepatic steatosis [8].

Sugar enriched diets contain high levels of monosaccharides (glucose, fructose and
galactose) and disaccharides (sucrose, maltose and lactose), which are named as free sugars,
and also contain polysaccharides such as starch. In this sense, there is a growing concern
about the intake of foods whose caloric content is basically composed by added sugars,
mainly sugar-sweetened beverages. The WHO recommends that the intake of free sugars
be less than 5% of total energy intake [7]. However, this amount is often exceeded with
sugar-sweetened beverages intake. The free sugars are quickly absorbed and contribute
significantly to high blood glucose levels, leading to increased insulinemia. In the long term,
this condition leads to the development of glucose intolerance and insulin resistance [9].
Furthermore, a high dietary sugar intake contributes to the formation of endogenous
advanced glycation end products (AGEs). A high fructose intake is related to AGE accumu-
lation in different tissues, which leads to insulin resistance and dyslipidemia [10]. Studies
have reported that perinatal exposure to AGEs during pregnancy and lactation is one of
the factors causing metabolic programming, increasing the risk of developing NCDs in
adulthood [11].

Unfortunately, it has been reported that the intake of sugary foods is high among
children and adolescents [7]. Glucose is the main source of energy to the central nervous
system (CNS), and high-sugar diets can provoke an overdrive mode in the CNS. When
the CNS is overstimulated by excess sugars, it leads to hyperactivity and mood swings.
However, these behavioral changes are not the only short-term consequences. Some evi-
dence suggests that this hyperactivity in the CNS in adolescents is linked to the anxiogenic
state in adulthood. Sugar also causes an addictive effect, stimulating neurons of the limbic
system, which reinforces further sugar consumption [12].

In this review, we provide updated knowledge about the intake of dietary sugars and
their risk for NCDs onset in adults and children. As well as highlighting the importance of
recognizing the rapidly growing epidemic of overweight and obesity during critical phases
of development, we also explore the adaptive mechanisms of phenotypic changes early in
life and the long-term effects supported by the DOHaD concept.

2. Materials and Methods

In this study the relationship between high-sugar diets and DOHaD were assessed by
comprehensive literature review. Through advanced search on PubMed, Medline, Scopus
and Google Scholar, manuscripts published between January 1990 and December 2022
were assessed and filtered by the following search strategy: “(sugar) AND ((pregnancy)
OR (lactation) OR (childhood) OR (puberty) OR (DOHaD) OR (obesity) OR (diabetes) OR
(non-communicable diseases))”.

The inclusion criteria of the selected manuscripts were studies that showed some kind
of relationship between the early intake of a sugary diet and non-communicable diseases
in adult life.

3. Dietary Sugars and Pregnancy

Adequate maternal body weight gain during pregnancy is important for ensuring
the healthy development of the fetus. Maternal nutrition is one of the main factors that
impairs body weight gain of the mother during gestational period. Few studies have
specifically evaluated the effects of high-sugar intake on gestational body weight gain. In a
cohort study with Danish women, Maslova et al. found that sugar intake during pregnancy
was correlated with excessive gestational weight gain (GWG). The authors evaluated
the relation between protein/carbohydrate (P/C) ratio and added sugar intake during
pregnancy and GWG. This study shows that a high P/C ratio is an important determinant
of reduced GWG. On the other hand, high-sugar intake was related to increased GWG,
as stated by the authors “added sugar consumption was strongly associated with GWG

88



Diabetology 2023, 4

(Q5 vs. Q1: 34, 95% CI 28 to 40 g/week)” [13]. In another study, authors have shown that
intake of added sugars food, including sweets, snacks, cakes and soft drinks, were strongly
associated with body weight gain in pregnant woman, in which women who consumed
sweets ≥ 2/day gained an additional 5.4 kg (95% CI 2.1–8.7). The authors also note that
reducing the added sugars intake is more important to prevent GWG than reducing the
intake of other nutrients, such as protein or saturated fat [14].

Independent of maternal body weight gain or gestational obesity, excessive sugar
intake during pregnancy is associated with pregnancy complications, such as gestational
diabetes, preeclampsia and premature delivery. The main mechanisms involved in the
effects of sugar intake on pregnancy complications are insulin sensitivity and inflammation.
In this review, the focus is not exclusively on maternal harm due to greater weight gain
during pregnancy, but rather on the consequences for the children of mothers who ingest
high-sugar diets. In this sense, Catherine et al. showed that offspring born from mothers
fed with 50% fructose were hyperglycemic at birth [15].

The ingestion of high-sugar diets during the gestational period is not only harmful to
the pregnant person’s or to the fetus’ health during uterine life. According to the DOHaD
concept, pregnancy is an important stage of ontogenetic plasticity. Arima and Fukuoka
have shown that birth weight is inversely associated with the incidence of cardiovascular
disease. The authors also presented some studies that point out that maternal malnutrition
during pregnancy causes long-term consequences to the offspring, which includes several
cardiometabolic dysfunctions [16].

During fetal development, intense neurogenesis occurs. In addition, environmental
and nutritional disruptions can interfere with the CNS development, especially in the
hypothalamus, which can compromise its function. The hypothalamic-pituitary-adrenal
(HPA) axis is dramatically affected during fetal development. Changes in the HPA axis
during pregnancy can result in dysfunctions in the release and action of glucocorticoids
(corticosterone in rodents and cortisol in humans). It was observed that the offspring from
rats fed a standard chow plus 20% (w/v) fructose in drinking water during gestation showed
increased circulating corticosterone, and enhanced DNA methylation of 5α-reductase 1
promoter region in the adrenal of the offspring at postnatal day 160 [17]. Rodrigo et al.
investigated whether maternal fructose intake (10% w/v in drinking water) by pregnant
rats throughout gestation produces changes in the cholesterol metabolism of progeny. The
authors observed different responses between the sexes, the male offspring from fructose-
fed mothers had higher plasma HDL-cholesterol levels, whereas the female offspring
from fructose-fed mothers had lower levels of non-HDL cholesterol. An important result
of this study was the increase in the DNA methylation of Liver X-receptor (LXRα) in
males from fructose-fed mothers, which decreased in the corresponding group of females.
LXRα is an important regulator of cholesterol metabolism [18]. Rodriquez et al. also
demonstrated that maternal fructose intake (10% w/v in drinking water) during pregnancy
affects maternal and fetal leptin signaling [19]. Vickers et al. similarly demonstrated that
offspring from fructose-fed mothers (20% of caloric intake from fructose) had impaired
metabolic function, hyperglycemia and hyperleptinemia [20]. Together, these effects may
predispose the offspring to obesity and metabolic syndrome later in life, with consequent
development of cardiovascular diseases and diabetes.

4. Dietary Sugars and Lactation/Infancy

For rodents, it is perhaps possible that lactation is one of the most critical phases of
development. This occurs because the neural differentiation of the circuitry responsible for
appetite and energy expenditure begins in the last week of gestation and continues during
lactation in rodents [21]. Around the first 14 days after birth, there is an increase in the
leptin levels on the blood, which is called a postnatal leptin surge. Therefore, leptin levels
during lactation are crucial for the offspring’s CNS development [22].

The WHO recommends exclusive breastfeeding until 6 months of life and complemen-
tary breastfeeding until the age of 2 years [23]. It has been observed that breastfeeding
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prevents several diseases such as diabetes, multiple sclerosis, cardiovascular and celiac
diseases [24]. Breast milk composition depends on maternal nutrition and there is evidence
that breast milk may also be a source of glycotoxins during lactation. Studies have shown
that the neonatal intake of breast milk from diabetic mothers was related to overweight
and glucose intolerance in the offspring [25].

Our group published a study where it was observed that the offspring of diet-induced
obese mothers (DIO, containing sucrose and sweetened condensed milk) throughout the
suckling period, presented in the obese phenotype in adulthood. Maternal DIO produces
subsequent changes in breast milk composition, increasing carbohydrates and lipids content.
Furthermore, DIO offspring developed leptin and insulin hypothalamic resistance and
peripheral glucose dyshomeostasis, leading to changes in the morphology of the endocrine
pancreas, with compensatory pancreatic β-cell hypertrophy [26].

During the first years of life, the central nervous system shows great plasticity and is
subject to changes caused by maternal nutritional impairments that can affect the infant’s
learning. Berger et al. evaluated whether infant cognitive development can be negatively
affected maternal fructose consumption. The authors showed that maternal fructose
intake during the first postnatal month was negatively correlated with infant cognitive
development at two postnatal years [27].

As an effect of the higher consumption of sugars or the formula-feeding of infants,
increased levels of glycotoxins such as methylglyoxal (MG) are very harmful to health.
Francisco et al. [28] evaluated whether maternal MG exposure during lactation programs
the progeny to metabolic dysfunction later in life. MG mothers had elevated levels of
glucose, triglycerides, cholesterol and fructosamine and low insulin in the breast milk.
Furthermore, MG offspring had the obese phenotype in adulthood, as well as glucose
intolerance and impaired β-cell function. They also showed increased risk of cardiovascular
disease [28]. On the other hand, a sugar restricted diet during neonatal period prevented the
development of type 1 diabetes in the offspring of non-obese diabetic mice [29]. In addition,
infant formulas are rich in sugars and proteins, and their industrial production includes
heat treatment, which can increase the amount of the AGEs, such as MG. In humans, Rose
et al. [30] described that formula-fed children were more prone to choose unhealthy foods.
Additionally, Weijs et al. [31] have shown that a high intake of sugar-containing beverages
in the first year of life were correlated to a higher risk of developing obesity/overweight in
8-year-old children.

Due to the proximity of the puberty period to the lactation period in animal models, the
keywords “infancy” or “childhood” rarely return results. In humans, due to the difficulty
of obtaining results through questionnaires, there are few studies of cohorts that evaluate
the long-term effects of high sugar intake during the childhood.

5. Dietary Sugars and Puberty

The increased obesity rates among children and adolescents are a great public health
problem. In the United States, more than 40% of children and adolescents are overweight
or obese. Puberty is an important ontogenetic window due to several morphophysiological
changes that occur in this phase. This period is marked by increased of individual freedom,
dietary and lifestyle choices, associated with risky behaviors such as smoking and alcohol
consumption [32]. In response to concerns about adolescent food choices, the WHO [7] has
reduced the recommended intake of free sugars to less than 5% of total energy intake.

According to the Dietary Guidelines for Americans (DGA), adolescent (14 to 18 years
old) girls require about 1800 to 2400 calories per day and boys need about
2000 to 3200 calories per day. The foods that make up a healthy dietary pattern include:
vegetables, beans, peas, lentils and starchy foods; fruits, especially whole fruit; grains;
dairy, including fat-free or low-fat milk, yogurt and cheese, and/or lactose-free versions
and fortified soy beverages; protein foods, including lean meats, poultry and eggs; seafood;
nuts, seeds and soy products; and oils, including vegetable oils and oils in food, such as
seafood and nuts [33]. In addition to physical inactivity, malnutrition among adolescents is
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the main cause of the increase in the number of obese young people. In this sense, the high
intake of free sugars contributes to the increase in NCDs.

Harrell et al. showed that a high-fructose diet intake during adolescence increases
neuroinflammation and depressive-like behaviors. Furthermore, the authors also showed
that feeding male rats a sugar-rich diet (55% w/w energy from fructose), provoked elevated
TNFα and corticosterone levels [34].

In a recent study, the authors presented the fact that non-natural food intake, of foods
containing high fructose levels, was associated with elevated diastolic blood pressure
(DBP) in adolescent girls. The authors emphasize that the consumption of natural foods
containing fructose, (e.g., fruits) does not impact blood pressure and should continue as
part of a healthy diet [35]. On the other hand, Schwimmer et al. observed that adolescent
boys with NAFLD had a significant improvement in hepatic steatosis after 8 weeks of
eating a diet composed of less than 3% daily calories from free sugar [36]. In the same sense,
in another study, the authors showed that the intake of sugars by adolescents in the US is
associated with low HDL cholesterol levels, high LDL cholesterol and triglycerides and
overweight/obese, known to increase metabolic syndrome risk [37]. In a study that exam-
ined the association between added sugar intake and metabolic syndrome, US adolescents
(1623), aged 12–19 years, were evaluated. Rodríguez et al. showed that added sugar intake
is directly associated with metabolic syndrome among non-Hispanic white, non-Hispanic
black and Mexican-American US adolescents, independent of total energy intake, physical
activity or body mass index (BMI) score [38].

6. Conclusions, Future Perspectives and Limitations

Here, in this review, we explored evidence of how exposure to high-sugar diets can
contribute to the obese phenotype and lead to the development of NCDs later in life. In
fact, it could be observed that an increased intake of dietary sugars during pregnancy,
lactation, childhood and puberty are all risk factors for the development of cardiometabolic
dysfunctions, with serious implications for aging, as shown in Figure 1.

It is evident that the DOHaD concept is gaining great notoriety around the world.
Scientific societies and events have been organized with the aim of bringing together
researchers and knowledge about how the first 1000 days after birth can be decisive
throughout life, especially during aging. It has also been well known that sexual dimor-
phism is a factor that differentiates phenotypic responses throughout the critical phases
of development. However, many gaps still need to be filled in order to better understand
how perinatal life and puberty can be decisive for programming a healthy phenotype
throughout life. It remains unknown how increased sugar intake during critical phases of
development affects: (1) release of GnRH, which is mainly stimulated by kisspeptin; (2) the
release of FSH and LH and their trophic effects on the gonads, and whether this differential
release interferes with puberty onset; and (3) the ghrelin release and its actions on the CNS,
as well as the release of GH, since blood glucose or dietary sugars interfere with the release
of these two hormones. Finally, we hope that more experimental and cohort studies under
the DOHaD concept can contribute to improving public policies and updating guidelines
to provide recommendations about the risks of the intake of sugars, and can also contribute
to elaborating interventions for improving healthy development.

The main limitation of this study is that, compared to other risk factors such as high-fat
diet, relatively few studies have been dedicated to investigating the effects of dietary sugars
during critical phases of development. Studies using animal models have demonstrated
interesting results; however, the direct applicability of these protocols to humans is almost
impossible. In this sense, more experimental studies are necessary to unravel late clinical
interventions for mitigating the effects of early-life high sugar consumption or high glucose
environment exposure.
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Figure 1. Schematic representation of how dietary sugars during critical phases of development
affect healthy development, leading to an obese phenotype in adulthood, with many dysfunctions
of homeostasis.
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Abstract: Type 2 diabetes mellitus (T2DM) is a growing global health issue that is closely linked to
the epidemic of obesity. In addition to genetic factors, environmental and health-risk behaviours
(i.e., high-carbohydrate diet and physical inactivity) contribute to a variety of pathophysiological
disorders. Advanced exercise protocols, such as Moderate-to-intensity (MIT) and High Intensity
Interval Training (HIIT), revealed a strategy for mitigating and/or attenuating the DTMII’s harmful
effects by controlling glycated haemoglobin (HbA1c) levels. The goals of this review were to sum-
marize the most recent evidence on the impact of HIIT on HbA1c levels. A mini-review protocol
was performed through the PubMed/Medline database. The search comprised experimental and
randomized controlled trial studies published in English between 2016 and 2021. The terms HbA1c,
T2DM, MIT and HIIT, and their analogues were used. A total of seven studies were finally included.
Our findings showed that the HIIT protocol is an effective strategy to induce HbA1c balance and
improve glycaemic control than moderate training. The HIIT conducted in the laboratory and in-
volving aerobic exercise on a cycle ergometer appears to be more efficient that MIT. Additional
findings include improved beta-cell function, decreased low-grade inflammation, and the induction
of cardiovascular benefits. More research is required to investigate the feasibility and safety of HIIT
protocols in T2DM patients.

Keywords: type 2 diabetes; exercise; glycated haemoglobin; blood glucose; nutrition

1. Introduction

The increase in type 2 diabetes mellitus (T2DM is an expanding global health problem
closely linked to the epidemic of obesity [1]. This problem is considered a severe public
health problem in terms of human life and average life expectancy [2]. In recent years,
there has been an incidence increase, affecting individuals of all ages. The global burden of
T2DM on people 20–79 years old is projected to increase to 629 million in 2045 compared to
425 million in 2017 [3]. T2DM is a metabolic disturbance characterized by a high level of
sugar (glucose) in the blood, and it can cause symptoms such as excessive thirst, increase
urination, and tiredness [4]. The body cannot use energy intake from food properly. The
pancreas produces insulin, but it produces less over time, and cells resist insulin, resulting
in insulin resistance metabolic syndrome [5]. Furthermore, individuals with this illness
are at high risk for both micro- and macrovascular complications, such as retinopathy,
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nephropathy, and neuropathy [1]. Insulin deficiency also invariably leads to chronic
hyperglycaemia, causing disturbances in carbohydrate, fat, and protein metabolism [6].

Insulin is a hormone produced by the pancreas, responsible for transporting the
glucose in the bloodstream into the cells to be converted into energy [7]. A lack of insulin
or the inability of cells to respond to its transport leads to hyperglycemia and the absence
of glucose within the cell to perform its functions in the body [6,8]. The pancreatic β-cells
are responsible for insulin production, synthesized as pre-proinsulin [9]. β-cell dysfunction
is initially characterized by an impairment of insulin secretion during glucose stimulation
and may occur before the inception of glucose intolerance in T2DM [10]. This dysfunction
is characterized by a complex network of interactions between environmental factors such
as obesity, an unhealthy diet, physical inactivity, and genetic factors that lead to multiple
pathophysiological disturbances responsible for impaired glucose homeostasis in T2DM [2].

Both genetic and environmental factors significantly contribute to the multiple patho-
physiological disturbances that cause impaired glucose homeostasis in type 2 diabetes.
A high carbohydrate diet and sedentary lifestyle are the major factors for the rapidly
increasing incidence of DM in developing countries [11]. Excessive fast sugar consump-
tion and sedentary habits frequently result in hyperglycemia and hyperlipidemia, which
can promote insulin resistance and chronic inflammation [12]. T2DM elevated glycated
hemoglobin (HbA1c) level has recently been considered one the major risk factors for
developing microvascular and macrovascular complications [1]. HbA1c is widely regarded
as the gold standard for monitoring glycemic control and as a predictor of diabetes-related
illnesses [13]. A decreased HbA1c level can be achieved through diet management [11],
with recent research demonstrating the health benefits of regular exercise combined (or not)
with a healthy diet in the balance of HbA1c [14]. A recent study observed that people who
were inactive for more than 5–8 h a day had an average of 28% increased risk of T2DM [15].

Several studies indicated that regular exercise training has a positive impact on glucose
homeostasis [16]. This impact is associated with a release of counter-regulatory hormones,
training condition, and whether exercise was performed in the postabsorptive or the
postprandial state. Nonetheless, the energy equivalent on exercise seems to represent the
major determinant on changes in glucose homeostasis [17]. So, a single exercise training
can increase the insulin sensibility by more than 48 h until recuperation, but this impact is
relative to the intensity, duration, and type of exercise [18]. Traditional exercise guidelines
have emphasized increasing moderate-to-intensity exercise training (MIT), with a minimum
of 150 min week or 5 days/week of 30 min (i.e., with walking, jogging, cycling, muscle
strength) in sedentary people [19], including the subgroups of T2DM patients [18]. Unlike
LMPA, which requires staying in intervals of 40–60% of maximal aerobic capacity [19].
HIIT involves alternating between periods of vigorous exercise (defined as 70% maximum
aerobic capacity) and periods of rest or recovery [18]. HIIT protocol positively impacts
insulin resistance markers. This effect occurs from a metabolic adaptation resulting in a
reduction of body fat and perhaps higher membrane-bound Glut-4 translocation [16].

In general, both MIT and HIIT protocols were linked to an increase in the insulin re-
ceptor phosphorylation at threonine G12, AKT phosphorylation at serin 473, and oxidative
capacity in skeletal muscle increase [20]. Additionally, the increase in protein activities as-
sociated with glucose uptake, AMPK, CaMKII, and PGC1-α, improving insulin sensitivity,
and glycemic marker of HbA1c were observed [20]. In fact, exercise has been shown to
have clinical benefits such as improved insulin sensitivity, reduced HbA1c, and increased
peak oxygen consumption, which are preventative of diabetes [21]. Furthermore, a growing
body of literature has examined HIIT protocols but has not specifically focused on this
marker. The present study aimed to review the impact of different types of exercise on
HbA1c in patients with T2DM.

2. Materials and Methods

This mini systematic review (MSR) was guided by using the adapted version of Pre-
ferred Reporting Items for Systematic Review guidelines [22], and the previous published
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MSR statement [23]. The search strategies were developed by three authors (A.P., G.E.F.,
and J.P.F.). For the final study selection, the following criteria were used: (i) randomized
control trials carried out on T2DM patients of both sexes over 18 years old; (ii) studies with
reported quantitative or calculable HbA1c before and after the exercise intervention. We
excluded studies that did not report pre-DM and type 1 DM conditions, did not present an
exercise intervention, and did not measure HbA1c before and after the exercise protocol.
The searches were conducted between December 2021 and February 2022. Only papers
in the English language were included. The study search strategies were centered on
three indexed Medical Subject Heading (MeSH) concepts and their similarities. These
concepts were used to restrict the obtained results to those related to humans due to our
group desire to conduct future research on this population Table 1. The PICO (participants,
intervention, comparison, and outcomes) framework was used to characterize each study
of this MSR [24].

Table 1. Strategy of meta-search using MeSH terms and PICO guidelines.

Acronym Information Concepts MeSH Terms

P T2DM patients
People diagnosed with type II
diabetes, which causes insulin

resistance, among other symptoms

“Diabetes Mellitus, Type 2”
OR/AND “Type 2 Diabetes”

I HIIT

A type of exercise proocol that
involves moderate continuos and/or

alternating between periods of
vigorous exercise and rest or

recovery

“exercise” OR/AND
“exercise therapy” OR/AND

“moderate exercise”
OR/AND “High Intensity

Interval training”

C T2DM patients
Without a specific treatment and/or

involving isolated or combined
physical exercise.

-

O Hb1C
Reflects erythrocytes’ cumulative

glucose exposure over a time period
proportional to erythrocyte survival.

“Glycated hemoglobin”
AND Glycated human

hemoglobin”
Notes: MIT = Moderate-to-intensity training; HIIT = High intensity interval training; T2DM = type 2 diabetes
mellitus; Hb1C = glycated hemoglobin; PICO = participants, intervention, comparison, and outcomes.

3. Results

3.1. Identifying Eligible Studies

During the article search, 73 articles were found in the PubMed database and imported
into the Endnote reference manager, which found no duplication. Following the title
selection, 41 articles were eliminated for the following reasons: (i) other diseases than
diabetes type 2, (ii) supplementation; (iii) under 18 years of age. Following a review of the
abstracts, 14 articles were eliminated for the following reasons: (i) there was no control
group; (ii) there was no exercise program; (iii) reviews; and (iv) an animal model was used.
Finally, seven articles were chosen for this MSR.

3.2. General Characteristics of Studies

The studies chosen included interventions in women and men over 50 years old
with T2DM, with a sample size ranging from 11 to 265 participants [25–31]. The body
mass index of participants ranged from 23 to 40 kg/m2, and they were diagnosed with
T2DM within 4 years. All included articles measured HbA1c, before and after the exercise
intervention. High-intensity interval training (HIIT, 3 studies) [25,29,31], high-intensity pro-
gressive resistance training (PRT, 1 study) [26], endurance training (END, 2 studies) [30,31],
high-intensity interval training combined with resistance training (HIIT+RT, 1 study) [28],
moderate-intensity training combined with resistance training (MCT+RT, 1 study) [28], and
endurance training combined with resistance training (END+RT, 1 study) [27] were the dif-
ferent types of training protocols found, as shown in Table 2. The intervention time varies
between two weeks and twelve months. Of all the selected studies, three studies include
a control group without exercise [25–27], two studies compare two different protocols of
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exercise [28,31], and two studies compare the impact of exercise pre- and post-meals [29,30].
The study participants’ ages are quite similar, indicating that the studies focus was on
middle-to-older-aged adults. In general, all types of exercise positively impact HbA1c, but
the studies involving a HIIT protocol presented more promising results [25,26,28,29,31].

Table 2. Summary of included studies according PICO guidelines.

Author
Participants
(Mean Age)

Description of
Interventions

Comparison
(Controls)

Outcome
(HbA1c/mmol/mol)

Cassidy, S. et al.
2019 [25]

n = 22
60 years old

12 weeks, HIIT group: 36
cycle sessions (3

sessions/week). 1 week
was 2 min, increasing 10 s

each week.

No
Exercise

Decreased on HIIT Group on
HbA1c 54.4 ± 3.3 vs. 51.6 ±

3.2 compared no exercise
group 55.0 ± 1.8 57.0 ± 2.3.

Hangping, Z. et al.
2019 [26]

n = 265
66 years old

1 training session/week,
5–10 min weekly, 4

exercises.

No
Exercise

PRT protocol was more
efficient 6.83 ± 1.31vs 6.75 ±
0.93, than no exercise group

6.92 ± 1. Vs. 6.85 ± 1.17.

Johansen, M. et al.
2020 [27]

n = 95
56 years old

12 months 5 or 6 aerobic
exercise sessions/week, 2

or 3 sessions/week,
combined with resistance

exercise.

No
Exercise

BG reduced in the END + RT,
48.7 (9.0) vs −3.3 (−5.0, −1.7)
compared with the standard

care group, 50.2 (9.6). vs. −0.5
(−2.7, 1.8).

Magalhães, J. et al.
2018 [28]

n = 80
59 years old

12 months,
MCT–continuous cycling
at 40 to 60% HRR, HIIT

group, both groups
complete RT 10–12

repetitions.

HIIT RT
MCT RT

No interaction between the
intervention groups, HIIT + RT

Group
52.1 ± 9.6 vs. 52.8 ± 7.1, MCT

+ RCT Group
53.0 ± 17.4. vs. 54.0 ± 14.8,

and control group 51.7 ± 11.7
vs. 54.8 ± 11.1, in glycemic

variables.

Savikj, M. et al.
2019 [29]

n = 11
60 years old

Cycle ergometer: 7 min
warm-up, 6 pulses of 1 min
(220 W, range 180–350 W)

75 rpm. 2 weeks, 3
sessions/week.

Post-morning
Post-afternoon

Afternoon HIIT 48.3 ± 3.9 vs.
46.1 ± 2.7, was better at

improving BG, but
post-Morning 48.3 ± 3.9 vs.

45.1 ± 2.1, was better on
HbA1c reduction in

post-morning intervention.

Verboven, K. et al.
2020 [30]

n = 25
61 years old

12-week endurance
training (3 exercise
sessions/week), 25

min—walking, 20 min
cycling, 65% of baseline

VO2peak.

Fasted state
Fed state

HbA1c better improved with
exercise performed in the
postprandial period 6.6

[6.3–7.5] vs. 6.3 [6.0–6.9], than
7.4 [6.8–8.2] vs. 7.7 [6.7–8.3].

Winding, K. et al.
2018 [31]

n = 29
56 years old

11-week, on bicycle, 3
days/week. END—40
min/session at 50% of

Wpeak, group. HIIT—20
min/session of 95%

Wpeak.

END
HIIT

HIIT Intervention 7.4 [6.8–8.2]
vs 7.7 [6.7–8.3] a statistically

significant difference was
observed in the reduction of
HbA1c, when compare bout

group, END group 52.2 ± 10.1.
vs 51.4 ± 8.8 and, no exercise
group 53.2 ± 12.6 vs 51.8 ±

11.3

Notes: HIIT = high-intensity interval training; MCT = moderate-intensity training; HRR= heart rate reserve; RT =
resistance training; END = endurance training; Con = control; MICT = moderate-intensity continuous training;
eWLmax= estimated maximum workload; PRT = high-intensity progressive resistance training; ILG = intensive
lifestyle group; BG = blood glucose.
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3.3. Main Findings of the Studies

Comparing the different protocols applied, HIIT protocol showed a reduction in
HbA1c. Low-volume HIIT exercise, typically involving less than 15 min of high-intensity
exercise per session, can be safely implemented as a time-efficient exercise option for
reducing blood glucose levels in individuals with, or at risk for, T2DM [18]. In the HIIT
group, when compared to the control group (no exercise), the glycaemic control was
improved, with a reduction in HbA1c [25]. Two studies presented the role of nutritional
status during exercise, when comparing the moment of application of the HIIT protocol,
in the afternoon (3 h later) or in the morning (1 h later). The HIIT exercise practice in the
afternoon was more efficacious at improving blood glucose, but the HbA1c levels had
increased reductions in the post-morning intervention [29]. These results indicated that the
glucose intolerance, insulin sensitivity, and skeletal muscle oxidative capacity can fluctuate
with circadian oscillations. The END exercise seemed to better improve HbA1c levels
when performed in the postprandial period [30]. One study compared HIIT with MCT
with RT with both groups presenting no differences in glycaemic control, but the MCT
with RT improved the body composition and cardiorespiratory fitness [28]. Another study
compared HIIT with END: the HIIT group reduced fasting glucose, HbA1c levels, and
glycaemic variability, while the END group showed a reduction in gynoid fat mass and
a tendency towards a reduction in whole body mass and visceral fat mass [31]. A PRT
protocol showed a reduction in HbA1c at 6 months, improving glycaemic indices in elderly
patients’ adjunct to diet and medication [26]. Aerobic exercise combined with RT improved
beta cell function, decreased low-grade inflammation and body weight, and reduced the
HbA1c levels [27].

4. Discussion

Different exercise strategies demonstrate benefits for patients with T2DM, in terms of
glycemic control, beta cell function, cardiovascular health and/or body weight. After our
search through the recent literature, we observed that HIIT showed better results in reduc-
ing HbA1c than other (MCT, RT, END, MICT) exercise programs. In a study by Karstoft
et al. [32], the impact of postprandial glycemic control and free-living glycemic control
showed that HIIT had a greater impact in both variables than MICT. Our review confirms
the results in the study of Savikj M. et al. 2019 [29], which showed that HIIT performed
in the afternoon was better at improving blood glucose and HbA1c when compared to
a post-morning intervention. Additionally, in the study by Verboven, K. et al. 2020 [30],
HbA1c seems to be improved more with exercise performed in the postprandial period.
In another study, Elsisi et al. 2015 [33] determined the impact of high-intensity interval
training (HIIT) on glycated hemoglobin (HbA1c) in T2DM on a short-term basis (after
12 weeks of training), the results showing that HIIT was more effective and an alternative
to aerobic training in improving HbA1c in T2DM. This confirms the results presented by
Winding, K. et al. 2018 [31] in which, with the HIIT intervention, a statistically significant
difference was observed in the reduction in HbA1c.

The main finding of this MSR was that HIIT improves glucose control centers’ ability to
recruit more muscle fibers and rapidly deplete muscle glycogen levels, thereby promoting
a greater increase in post-exercise muscle insulin sensitivity [18]. With an increase in
post-exercise muscle insulin sensitivity between 24 and 48 h after a single exercise, HIIT
may be an effective strategy to improve glucose control acutely and in the long term. A
HIIT protocol for 12–16 weeks may show a positive impact on reducing abdominal fat and
increasing lean muscle mass. This type of exercise recently assumed a prominent role in
physical activity and health, showing cardiovascular and metabolic benefits in patients
with chronic diseases, including T2DM [34–36]. However, the HIIT protocol may induce
increases in VO2max in patients with metabolic disorders and healthy individuals. This
protocol also improves the change in the systolic volume of the heart, induced by increased
cardiac contractility and the oxidative capacity of skeletal muscle, in addition to changes in
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glucose transport, which improve the mitochondrial function to generate more adenosine
triphosphate, as well as increasing the aerobic capacity [37].

This MSR presented some limitations as the search was performed in one database
and only included articles published within the last 5 years. This review focused on HbA1c
as the ultimate measure of glycemic control due to the lack of studies regarding the impact
of exercise on dietary sugars. Considering that physical exercise has a positive impact
on T2DM patients, it would be interesting in the future to analyze the independent and
combined effect of exercise on these variables in T2DM patients. A systematic review
with meta-analysis can be future performed, controlling for the type of exercise, which
represents the main publication bias in this type of work.

5. Conclusions

The exercise protocol of HIIT seems to be a more effective exercise strategy to improve
HbA1c compared to other training protocols in middle-aged patients with T2DM. This
type of exercise seems to be safe in these patients, but a pre-exercise clinical evaluation is
necessary for its safe performance.
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