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Abstract. Carbohydrates are considered as one of the three
primary macronutrients in the realm of food and nutrition in
the daily human diet. In addition to being a source of food,
they encompass a vast category of natural products, along with
synthetic bio-mimics, which have found suitable applications in
therapeutics and drug design. The present review discusses the
importance of carbohydrates for a healthy diet, their sources
from plants and animals, and their classification. Information
on the biological and chemical changes in carbohydrates in
the human body, as well as their therapeutic and drug-design
applications, is also provided. The present review provides
a narrative review and perspective, integrating nutritional,
biochemical and therapeutic perspectives on carbohydrates.
The objective was to provide an updated, interdisciplinary
overview that connects dietary carbohydrate intake with meta-
bolic processes and emerging medicinal applications.
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1. Introduction

Food is essential for survival and maintaining the overall
well-being of all living organisms, and the method of food
consumption has evolved throughout history. In order to
survive, the diet of an individual requires a balance of both
nutritious and antinutritional factors. The diet provides nutri-
ents that serve as raw materials for metabolic processes (1,2),
and health is greatly influenced by genetics, diet, lifestyle
and nutrition. The gastrointestinal system of the human body
processes carbohydrates, dietary fats and proteins that are
consumed into monosaccharides, fatty acids and amino acids,
respectively, fueling organ function and supporting cellular
growth (34).

In the 21st century, factors such as climate change, water
scarcity, rising food prices and population growth challenge
agriculture and food security, particularly in arid and semi-arid
regions. Scientists and nutritionists need to explore alternative
food sources to address hunger and poverty. Cereal grains are
the global primary food source and are central to the human
diet (5).

Carbohydrates are a major macronutrient, vital for energy
production and organ function. The majority of carbohy-
drates are biodegradable and biocompatible, thus rendering
them suitable for both drug delivery and functional foods.
Nanostructured carbohydrates, with self-assembling abilities,
provide diverse applications in food and therapeutics. Different
saccharide structures enable various self-assembly methods,
thereby expanding their functions in food (6). Carbohydrates
are unique among macronutrients in not having a minimum
dietary requirement.

Increase in global health risks, such as type 2 diabetes,
obesity, non-alcoholic fatty liver disease (NAFLD) and
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other cardiovascular health issues, have compelled the
scientific community to re-evaluate carbohydrate intake (7).
Large-scale epidemiological studies and controlled human
trials are increasingly demonstrating that, rather than quan-
tity alone, carbohydrate quality may be the cause of health
risks (8). Rapidly digestible starches and heavily processed
foods containing refined sugar increase the risk of developing
hyperinsulinemia, hepatic de novo lipogenesis (DNL) and
postprandial glycemic excursions, whereas fiber-rich sugars
reduce the risks of developing these disorders and support
metabolic flexibility (9-11). This has opened views on carbo-
hydrate toxicity, which depicts excessive intake of certain
digestible carbohydrates, particularly fructose-rich sugars, as a
metabolic stressor capable of disrupting hepatic and systemic
homeostasis (12,13). Non-digestible carbohydrates, such as
resistant starches and oligosaccharides selectively nourish
beneficial gut microbes, leading to the production of bioactive
metabolites, such as short-chain fatty acids, that help regulate
glucose and support immune function (14,15).

Carbohydrates also contribute greatly to medicine devel-
opment. Both natural and synthetic sugar-based polymers and
glycoconjugates exhibit excellent biocompatibility, molecular
and biological recognition, and structural tunability, facili-
tating a wide range of applications in biological evaluations,
such as anticancer and antiviral therapies (16). Technical
utilities, such as automated glycan assembly, have further
improved the access to complex sugar structure (17), speeding
up translational research connecting chemistry, biology and
medicine.

The present narrative review presents a comprehensive
perspective on carbohydrates, focusing on their physico-
chemical characteristics, nutritional values and chemical and
metabolic functions. Furthermore, contemporary topics, such
as carbotoxicity and fructose-induced lipogenesis are also
discussed. Unlike the highly specialized reviews, the present
review aimed to connect carbohydrate chemistry with food
science and nutritional values, providing an interdisciplinary
overview relevant to students, researchers, health professionals
and nutritionists.

2. Physicochemical properties of carbohydrates and their
biological significance in food matrices

The structural hierarchy and complex structural features of
carbohydrates influence their nutritional values to a great
extent. Monosaccharides, such as glucose and fructose, are the
simplest monomeric forms of sugar. Through the formation of
glycosidic bonds, these units assemble into disaccharides (for
example, sucrose) and eventually into polysaccharides with
vast, complex chains that define the texture and energy profile
of the human diet. A few common examples of carbohydrates
are illustrated in Fig. 1 (18,19). Furthermore, polysaccharides
are utilized in various functions, including energy storage
in plants (primarily starch) and as structural support for
plant cells (primarily cellulose). They function as a gelling
component of the intercellular matrix to help hold ions, such
as sodium, calcium and magnesium. Polysaccharides, such
as cellulose, starch, chitin and seaweed polysaccharides have
high commercial value across various industries, from paper
manufacturing to food processing (20).

The physicochemical properties of carbohydrates are
fundamental factors that affect their functions in food
matrices and biological evaluation. These properties, ranging
from solubility and hygroscopicity to gelation capacity and
reactivity, arise directly from molecular structure, including
monomer composition, glycosidic linkage stereochemistry
(o vs. ), branching density and molecular weight (21). Such
structural features influence not only the texture, stability and
sensory properties of foods, but also the rate and extent of their
digestion, thus affecting glycemic response and interactions
with the gut microbiota (22).

Solubility and hygroscopicity are vital properties influ-
encing food quality and shelf life. Monosaccharides, such as
glucose and fructose exhibit high water solubility due to their
multiple hydroxyl groups, thereby reducing the reactivity of
water with food and inhibiting microbial growth (23), which
is utilized in confectionery and baked goods to maintain soft-
ness and moisture. However, polysaccharides, such as cellulose
are insoluble due to f(1—4) linkages that result in extensive
intermolecular hydrogen bonding, which contributes to dietary
fiber content and textural bulk without significantly affecting
water activity (24). The solubility of carbohydrates also affects
phase behavior in complex matrices; for instance, during the
preparation of gummy sweets, incompatibility between gelatin
and long-chain polysaccharides in glucose syrups can lead to
phase separation, which is modulated by moisture content and
the presence of small-molecule additives, such as citric acid or
allulose (25).

Carbohydrate physicochemistry is also controlled by
viscosity and gelation. Starch, composed of amylose [linear
glucan connected through a(l1—4)-linkage] and amylo-
pectin [branched with a(1—06) linkages], undergoes gelation
upon heating in aqueous media, leading to swelling of the
system, loss of crystallinity and formation of a viscoelastic
network (26). The ratio of amylose to amylopectin critically
influences the gel strength and retrogradation kinetics; a
higher amylose content improves gelation but also increases
the risk of staling in bakery products (27). Similarly, pectin,
a heteropolysaccharide rich in galacturonic acid, forms gels
in acidic, high-sugar environments through charge neutraliza-
tion and water loss, a mechanism essential for jam and jelly
preparation. Recent research has demonstrated that processing
technologies, including ultrasound-assisted heat-moisture
treatment, can modify starch crystallinity and reduce rapidly
digestible starch content, thereby lowering glycemic potential
while preserving functional properties (28).

Carbohydrate reactivity, particularly through the Maillard
reaction, markedly affects both food quality and nutritional
outcomes. This non-enzymatic browning reaction occurs
between reducing sugars (e.g., glucose, fructose) and the amino
groups of proteins at elevated temperatures and in the presence
of moisture, generating flavor compounds, brown pigments
and advanced glycation end-products (29). While it improves
the flavor in roasted coffee or seared meat, etc., uncontrolled
Maillard reactions in processed foods can produce potentially
harmful compounds and decrease protein bioavailability (30).
On the contrary, controlled Maillard reactions between
proteins and prebiotic fibers can enhance emulsifying proper-
ties, solubility and antioxidant activity, thereby enhancing the
functionality of plant-based products (31). Non-reducing sugars
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Figure 1. Molecular structure of representative monosaccharides (panels 1-3), disaccharides (panels 4-6) and polysaccharides (panel 7).

such as sucrose do not participate in the Maillard reaction if
not hydrolyzed first to glucose and fructose, emphasizing how
glycosidic bond affects reactivity.

The biological significance of these physicochemical
traits becomes evident in their modulation of carbohydrate
bioavailability and gut health. Rapidly digestible starches,
often resulting from extensive gelatinization and low amylose
content, elicit sharp postprandial glucose spikes, which can
contribute to metabolic disorders when consumed chroni-
cally (24). By contrast, resistant starches and non-digestible
oligosaccharides, characterized by (-linkages or complex
branching that are inaccessible to human amylases, reach
the colon intact, where they serve as prebiotics, selectively
stimulating beneficial bacteria such as Lactobacilli and
Bifidobacteria (32,33). The fermentation of these fibers
produces short-chain fatty acids (SCFAs), such as butyrate,
which nourish colonocytes, regulate immune function and
improve insulin sensitivity (34). The efficacy of prebiotic
action is highly dependent on physicochemical parameters:
Molecular weight, solubility and glycosidic bond type deter-
mine fermentability rates and microbial selectivity (35).

Moreover, the food matrix itself modulates carbohydrate
bioaccessibility. Encapsulation within cell walls (as in whole
grains) or complexation with proteins and lipids can attenuate
enzymatic hydrolysis, reducing glycemic impact (36).
Processing methods, both thermal (e.g., baking and extru-
sion) and non-thermal (e.g., high-pressure processing), can

disrupt these matrices, increasing starch digestibility, or they
can promote retrogradation and resistant starch formation,
depending on conditions (37). Thus, the interplay between
intrinsic carbohydrate properties and extrinsic matrix factors
ultimately shapes nutritional outcomes.

The physicochemical properties of carbohydrates are not
only technical aspects for food formulation but are crucial to
their biological outcomes. These properties influence texture
and stability in food products, regulate glycemic response
and modulate the gut microbiota, thereby connecting food
science and human physiology (9,11). The strategic manipula-
tion of carbohydrate structure through breeding, enzymatic
modification, or customized processing provides promising
opportunities to create foods that meet sensory expectations
while enhancing metabolic health (38).

3. Nutritional aspects of carbohydrates in the human diet

Dietary sources and bioavailability. The bioavailability of
carbohydrates, the rate and extent to which they are absorbed
and utilized, is intrinsically linked to their structural hier-
archy and the food matrix in which they reside (9). Dietary
carbohydrates range from simple monosaccharides to complex
polysaccharides. Monosaccharides, such as glucose and fruc-
tose are present in their free form in honey, fruits and corn
syrups, providing immediate bioavailability. Disaccharides,
such as the lactose found in mammalian milk or the sucrose
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Table I. Continued.

Amount of

energy
(caloric

Sweetness

Carbohydrate toxicity or

Activity on the

value
kcal/g)

Daily
amount

(relative to

Type of
carbohydrate

Category of

diseases (Refs.)

body parts

Food source

sucrose=1)

carbohydrates

(47,59)

12-15¢g 4 NA NA

Cow milk, yogurt,

beans.

0.3-0.6

Galacto-

INTERNATIONAL JOURNAL OF FUNCTIONAL NUTRITION 7: 4, 2026 5

oligosacch
arides

(47)

NA

NA

NA

Oats, rice, chickpeas,

potato, pasta, corn,

flours.

Not sweet

Starch

Polysaccharides

(60,61)

NA

2 NA

28-36 ¢

Cereal grains, legumes,

nuts, seeds.

Not sweet

Fiber

NA, not available.

concentrated in sugar beets and cane, require minimal enzy-
matic cleavage prior to absorption (39). While animal-derived
foods are generally carbohydrate-poor, dairy products are a
unique exception, providing the essential disaccharide lactose,
which accounts for almost 40% of the energy in human breast
milk and is vital for neonatal development (40,41).

Contemporary nutritional science emphasizes that the
health impact of these sugars is heavily dictated by their source.
For instance, while refined sucrose and fructose in high-fruc-
tose corn syrup are associated with rapid glycemic spikes, the
same sugars found within the fibrous matrix of whole fruits
such as grapes or kiwi exhibit different kinetic profiles (42,43).
As the structural complexity of polysaccharides, such as
the starches found in legumes, tubers and cereal grains,
increases, the pace of digestion typically slows. However,
modern processing techniques have challenged the traditional
dichotomy between simple and complex. Current evidence
indicates that highly processed complex carbohydrates, such
as white bread or instant rice, can have a glycemic index (GI)
equal to or higher than that of simple table sugar, leading to
significant insulin demand and increasing the risk of metabolic
syndromes, obesity and ovulatory infertility (44). The role of
carbohydrates in the diet is presented in Table I (41,44-61).
Table I provides an overview of dietary carbohydrates, which
are vital macronutrients; their types, quantity and metabolic
fate critically influence health outcomes.

The interaction between dietary carbohydrates, the gut
microbiome, and host health constitutes a dynamic and recip-
rocal relationship that is fundamental to modern nutritional
frameworks. Dietary fibers and other indigestible carbohy-
drates serve as pivotal environmental factors influencing
the composition and metabolic output of the gut microbial
ecosystem (62). Subsequently, the gut microbiota converts
these dietary elements into bioactive metabolites that affect
host metabolism, immune function and even neurological
processes (63). This relationship is increasingly recognized
in the prevention and management of chronic diseases,
including obesity, cardiometabolic disorders and certain types
of cancer (62). The notion of carbohydrate quality currently
includes not only its glycemic effects, but also its capacity to
support a beneficial gut microbiota, thereby enhancing overall
health (9,11). This integrated viewpoint emphasizes that the
simplistic perception of carbohydrates as mere caloric sources
is outdated; they should be regarded as information-rich
molecules whose chemical language is deciphered by both
human enzymes and the trillions of microbial entities in the
gut, ultimately defining their significant biological roles in
food and nutrition sciences (34,64).

Role as a primary energy substrate. Carbohydrates are the
main source of oxidative fuel for the human body, providing
with ~4 kcal/g (17 kJ/g) of energy. Glucose is particularly
critical as it is the only metabolic substrate for the central
nervous system and red blood cells, which lack the enzymes
to efficiently oxidize other fuels under normal physiological
conditions (65,66). In the fed state, dietary carbohydrates
maintain blood glucose homeostasis and replenish glycogen
stores in the liver and skeletal muscle. Under restricted exog-
enous intake, the body demonstrates metabolic flexibility by
activating gluconeogenesis and ketogenesis to maintain brain
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function. This change indicates that the quality of carbohy-
drates is critical for overall health. A balanced intake (usually
45-65% of daily calories) maintains a stable metabolism;
however, consuming high-GI foods continuously break down
these homeostatic mechanisms (67-70).

Non-digestible polysaccharides, or dietary fiber, have
become an integral part of modern preventive medicine.
Unlike starch, which is broken down by enzymes in the small
intestine, fibers such as cellulose and hemicellulose remain
whole until they reach the colon. There, they add bulk to the
stool and serve as fermentable substrates for the gut micro-
biota (71). The SCFAs produced by this process serve as an
alternative energy source for colonocytes and exert systemic
anti-inflammatory effects (72). Current clinical guidelines
suggest that individuals should consume ~30 g of fiber per
day, which is linked to lower rates of coronary heart disease,
type 2 diabetes and colorectal cancer (73). This indicates that
carbohydrate chemistry can affect long-term health outcomes.

Despite the extensive understanding of carbohydrate
metabolism, a significant knowledge gap persists regarding
inter-individual variability in glycemic response. While tools
such as the GI and glycemic load provide a standardized
framework for ranking foods, contemporary big data nutrition
studies (74) have revealed that two individuals consuming
the identical carbohydrate source can exhibit vastly different
postprandial glucose excursions. This variability is deemed
to be driven by a complex interplay between host genetics,
sleep patterns, physical activity, and most crucially the unique
composition of the gut microbiome of an individual (74,75).

Furthermore, a vigorous scientific debate remains unre-
solved concerning the carbohydrate-insulin model (CIM) of
obesity. Proponents of the CIM argue that high-carbohydrate
diets drive obesity by promoting insulin secretion, which
partitions energy toward fat storage rather than oxidation,
whereas critics maintain that total energy balance (calories in
vs. calories out) remains the primary driver (76,77). Resolving
these questions is essential for moving beyond one-size-fits-all
dietary guidelines and toward personalized nutritional
interventions that can effectively combat the global rise in
metabolic disease.

Authoritative international dietary guidelines and the disad-
vantages of the overconsumption of refined carbohydrates.
Authoritative international dietary guidelines consistently iden-
tify refined carbohydrates as a key dietary component to limit
due to their well-established association with chronic disease
risk. The World Health Organization (WHO), in its global recom-
mendations, explicitly advises that the intake of free sugars,
which encompass added sugars and those naturally present in
honey, syrups and fruit juices, should be limited to <10% of total
energy intake for both adults and children, with a further condi-
tional recommendation to reduce this to <5% for additional
health benefits (78,79). This guidance is grounded in extensive
epidemiological evidence linking a high sugar consumption to
weight gain, dental caries and metabolic dysfunction. Similarly,
the Dietary Guidelines for Americans (DGA), jointly issued by
the US Department of Health and Human Services and the US
Department of Agriculture, emphasize minimizing the intake
of refined grains and added sugars, recommending that <10% of
daily calories should be derived from added sugars and that at

least half of all grain consumption should be whole grains (80).
The European Food Safety Authority (EFSA) and national
bodies such as the UK Scientific Advisory Committee on
Nutrition (SACN) echo these principles, advocating for a shift
from refined to whole-grain carbohydrate sources to improve
long-term health outcomes (81).

The scientific foundation for these guidelines rests on
a robust body of epidemiological research. The landmark
Prospective Urban Rural Epidemiology (PURE) study, which
followed >135,000 individuals across 18 countries, provided
critical population-level evidence that high carbohydrate
intake, particularly from refined sources, is associated with
an increased total mortality (82). This finding challenged
older paradigms that focused primarily on fat reduction
and highlighted the importance of carbohydrate quality
over mere quantity. Further analysis from the PURE cohort
specifically linked the higher consumption of refined grains
(median intake of 350 g/day in the highest quintile) to a
significantly elevated risk of developing major cardiovas-
cular events and total mortality. By contrast, whole grain
intake exhibited neutral or protective associations (83).
These results underscore the differential health impacts of
carbohydrate subtypes, a nuance increasingly emphasized in
modern nutritional science.

Longitudinal cohort studies from the USA have provided
granular insights into specific refined carbohydrate sources.
Data from the Nurses' Health Study and the Health Professionals
Follow-Up Study (84) demonstrate a clear dose-response asso-
ciation between the consumption of sugar-sweetened beverages
(SSBs) and the incidence of type 2 diabetes and cardiovas-
cular disease. A meta-analysis of prospective cohort studies
confirmed that each daily serving of SSBs is associated with
an 18% higher risk of coronary heart disease (85). Similarly,
a previous systematic review and meta-analysis found that the
higher intake of refined carbohydrates predicts a significantly
increased risk of developing type 2 diabetes, with the associa-
tion persisting even after adjustment for body mass index and
other confounders (86). The mechanisms underlying these
associations are multifactorial: Refined carbohydrates drive
rapid postprandial glycemia and hyperinsulinemia, promote
hepatic DNL leading to dyslipidemia (elevated triglycerides
and reduced high-density lipoprotein cholesterol) and induce
systemic inflammation, all key pathways in the development of
cardiometabolic diseases (87).

The concept of ultra-processed foods (UPFs), as defined
by the NOVA classification system, has further refined the
understanding of the risks associated with the consumption
of refined carbohydrates. UPFs are industrial formulations
that typically contain high levels of refined starches, added
sugars and unhealthy fats, while being low in fiber and
phytonutrients. A recent umbrella review of epidemiological
meta-analyses concluded that a higher consumption of UPFs
is consistently associated with increased risks of obesity, type
2 diabetes, cardiovascular disease and all-cause mortality (88).
The Framingham Offspring Study reported that for every 10%
increase in the proportion of UPFs in the diet, there was a 12%
higher risk of overall cardiovascular disease and a 13% higher
risk of cerebrovascular disease (89). These findings suggest
that the health risks of consuming refined carbohydrates may
be amplified in the context of ultra-processing, where the food
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matrix is degraded and hyper-palatable combinations override
natural satiety signals, leading to excess energy intake and
metabolic stress (87).

Despite this strong consensus, some nuances and ongoing
debates exist. For instance, not all refined carbohydrate
sources carry equal risk; the consumption of white rice in
Asian populations exhibits complex associations that may
be modified by the overall dietary pattern and glycemic
load (83). Furthermore, the focus is shifting from isolated
nutrients to holistic dietary patterns. The Mediterranean diet,
rich in whole grains, legumes, fruits and vegetables, has been
shown in randomized trials, such as the PREDIMED study,
to significantly reduce cardiovascular events, demonstrating
that the adverse effects of the consumption of refined carbo-
hydrates can be mitigated by replacing them with high-quality
carbohydrate sources within a balanced dietary pattern (90).
Overall, authoritative guidelines and contemporary epidemio-
logical evidence converge on a clear message that reducing the
intake of refined carbohydrates, particularly in the form of
added sugars and UPFs, is a critical public health strategy for
preventing chronic diseases globally.

4. Metabolic processes and bioenergetics
carbohydrates

involving

The transition from the structural complexity of dietary carbo-
hydrates to systemic energy requires a highly coordinated
sequence of enzymatic transformations. For the human body,
the critical connection between food and health is realized
through these metabolic pathways, which determine whether
a carbohydrate is partitioned toward immediate adenosine
triphosphate (ATP) production, biosynthetic precursors, or
long-term energy storage. Cells use different enzymatic activi-
ties in different phases to convert ingested glucose into carbon
dioxide and water. Two metabolic pathways, glycolysis and the
tricarboxylic acid (TCA) cycle, also known as the Krebs or
citric acid cycle, are involved in the breakdown of glucose (91).

Glycolysis. Glycolysis is a catalytic process that converts
glucose into pyruvate via 10 enzyme steps. These highly regu-
lated processes of glycolysis have two stages: The energy input
for Step 1 requires two ATPs per glucose molecule, followed
by the energy release as four ATPs, two for each glyceralde-
hyde molecule, which is described as Step 2 (90). Glycolysis, a
process in living cells, can also be used in the citric acid cycle
or fermentation, and is the primary source of acetyl coenzyme
A (acetyl-CoA), the primary energy source. The structures of
glycolysis intermediates are depicted in Fig. 2 (92).

The initial stage of glycolysis requires energy in the form
of ATP. ATP phosphorylates D-glucose at the six carbons via
the enzyme hexokinase to produce D-glucose-6-phosphate
(G-6-P). This regulatory process is inhibited by the pres-
ence of glucose-6-phosphate. Phosphoglucoisomerase (class:
Isomerase) then converts it to D-fructose-6-phosphate
(F-6-P), which is phosphorylated again by ATP, this time at
the one-carbon position, by the enzyme phosphofructokinase
(class: Transferase) to produce D-fructose-1,6-bisphosphate.
Owing to its high G value, this is the committed stage of
glycolysis. The enzyme, fructose bisphosphate aldolase, then
cleaves D-fructose-1,6-bisphosphate into two three-carbon
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molecules, dihydroxyacetone phosphate (DHAP) and
D-glyceraldehyde-3-phosphate (G-3-P). DHAP is trans-
formed into G-3-P as the following step in glycolysis requires
the molecule G-3-P by the enzyme triose phosphate isom-
erase (93).

The second stage involves producing four ATP molecules
for each glucose molecule. The glyceraldehyde-3-phosphate
dehydrogenase enzyme phosphorylates G-3-P at the one carbon
to produce the high-energy molecule, 1,3-bisphosphoglycerate
(BPG).Phosphoglycerate kinase then phosphorylates adenosine
diphosphate (ADP) at the expense of BPG to produce ATP and
3-phosphoglycerate. Phosphoglycerate mutase then converts
3-phosphoglycerate to 2-phosphoglycerate to produce another
high-energy molecule. Enolase then converts 2-phosphoglyc-
erate to phosphoenolpyruvate, releasing water, potassium
and manganese ions. Pyruvate kinase phosphorylates ADP
to produce ATP and pyruvate, and cellular energy controls
this reaction. High energy levels indicate inhibited pyruvate
kinase. Stage 2 occurs twice due to glucose division (93).

In parallel, G-6-P can be diverted into the hexose
monophosphate shunt (pentose phosphate pathway). Unlike
glycolysis, this pathway is not primarily concerned with ATP
production. Instead, it serves two vital biosynthetic roles:
Generating nicotinamide adenine dinucleotide phosphate,
which provides reducing power for fatty acid synthesis and
antioxidant defense (reducing glutathione), and producing
ribose-5-phosphate, a precursor for nucleotide synthesis (94).
In the context of nutrition, the balance between these two path-
ways is essential; for instance, a diet chronically high in refined
sugars can over-activate these shunt pathways, potentially
fueling DNL and contributing to metabolic dysfunction (95).

Krebs cycle. The citric acid cycle is the ultimate oxidative
process in which carbs, lipids and amino acids interact. It is
the most significant metabolic pathway for the energy source
of the body. TCA is the most essential core metabolic pathway,
connecting nearly all metabolic processes. The Krebs cycle
(Fig. 3) is an aerobic biodegradation process that begins with
acetyl-CoA and ends with CO,. Patients with diabetes have
lower oxaloacetic acid and Krebs cycle activity due to reduced
glucose and pyruvate levels (96).

At higher energy levels, the citrate synthesis rate increases,
while the flux through the Krebs cycle decreases. This excess
citrate is subsequently transported to the cytosol and degraded
to acetyl-CoA. Acetyl-CoA can then be used to produce
fatty acids and cholesterol. Citrate has a positive regulatory
effect on lipogenic enzymes (e.g., acetyl-CoA carboxylase)
and a negative regulatory effect on phosphofructokinase-1
(a glycolytic enzyme). Citrate is also necessary for ketogenesis
in non-hepatic tissues (96).

The o-ketoglutarate dehydrogenase complex converts
a-KG to succinyl coenzyme A (succinyl-CoA) through
multiple steps (Fig. 3). Succinyl-CoA is a highly energetic
molecule that generates the only guanosine triphosphate
molecule in this pathway when succinate thiokinase is
present (96). Nicotinamide adenine dinucleotide (NADH,) and
flavin adenine dinucleotide (FADH,) are the energy molecules
created during this oxidative decarboxylation cycle. These
molecules release energy during the oxidative phosphorylation
reaction; thus, their power is retained in ATP as high-energy
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Figure 2. Simple schematic representation of glycolysis pathway. ADP, adenosine diphosphate; ATP, adenosine triphosphate; NAD, nicotinamide adenine
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phosphate (97). Contemporary biochemical evidence suggests  remain the preferred primary energy substrate of the human
that the total aerobic yield from a single glucose molecule is  body. However, this high-efficiency system is also sensitive
~30-32 ATP. This efficiency highlights why carbohydrates  to nutrient overload. When carbohydrate intake exceeds
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the capacity for oxidation and glycogen storage, the excess
acetyl-CoA is redirected toward triglyceride synthesis, rein-
forcing the link between high-glycemic diets and adipose
tissue expansion (98).

Energy balance and glycemic response. One glucose molecule is
transformed into 38 ATP molecules during cellular respiration.
One glucose molecule is broken up to produce two molecules
of pyruvate, producing eight ATP directly from anaerobic
glycolysis. Each three-carbon pyruvate yields one NADH,
(equivalent to three ATP) during the pyruvate decarboxylation
reaction. As a result, each six-carbon glucose molecule in this
process generates six ATP. The total energy produced by each
three-carbon pyruvate in the Krebs cycle is 12 ATP (91).

This quantity is generated by isocitrate dehydrogenase
(+NADH, 3ATP), alpha-ketoglutarate dehydrogenase
(+NADH,=3ATP), malate dehydrogenase (+NADH,=3 ATP),
succinate dehydrogenase (+FADH,=2 ATP) and succinate
thiokinase (+GTP). As each six-carbon glucose molecule
generates two three-carbon pyruvate molecules, the total
quantity produced by one glucose molecule is 24 ATP. The
glycolysis 8 ATP, the pyruvate dehydrogenase complex 6 ATP,
and the Krebs cycle 24 ATP combine to yield 38 ATP (91).

The systemic health impact of carbohydrate metabolism
is best observed through the glycemic response, the postpran-
dial rise and fall of blood glucose. This response is governed
by a delicate hormonal ‘tug-of-war’ between insulin and
glucagon (99). High-bioavailability carbohydrates (simple
sugars and refined starches) elicit a rapid insulin spike,
which promotes glucose uptake via GLUT4 transporters in
muscle and adipose tissue, while simultaneously suppressing
lipolysis (99,100).

The connection here involves metabolic flexibility. In a
healthy individual, the body can switch seamlessly between
carbohydrate oxidation in the fed state and fat oxidation in the
fasted state. However, a diet dominated by high-GI foods can
lead to chronic hyperinsulinemia and eventual insulin resis-
tance. This state represents a breakdown in systemic energy
balance: Cells become starved of glucose despite elevated
blood glucose levels, leading to increased hunger and a cycle
of metabolic stress (44). Understanding these pathways empha-
sizes that the nutritional value of a carbohydrate is defined not
only by its caloric content, but by its kinetic interaction with
the body's metabolic machinery.

Divergent hepatic kinetics: Fructose vs. glucose metabolism.
While glucose and fructose are structural isomers sharing the
same caloric density, their metabolic destinies in the human
body are fundamentally different due to divergent hepatic
processing (101). Glucose metabolism is systemic; although
the liver is a primary site for its regulation, glucose is utilized
by nearly every cell in the body, and its entry into glycolysis is
strictly governed by the energy status of the cell. By contrast,
fructose is almost exclusively metabolized by the liver, and
its entry into central metabolic pathways bypasses the most
critical regulatory checkpoints (101,102).

The primary kinetic distinction lies in the first steps of
phosphorylation. Glucose is converted to G-6-P by hexokinase
or glucokinase. Fructose, however, is phosphorylated by fructo-
kinase (ketohexokinase or KHK) to form fructose-1-phosphate
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(F-1-P). This enzyme is not inhibited by ATP or citrate.
Furthermore, F-1-P is cleaved by aldolase B into DHAP and
glyceraldehyde. These triose phosphates enter the glycolytic
sequence downstream of the phosphofructokinase-1 (PFK-1)
regulatory step (103,104). Essentially, the excess of fructose
in the metabolic machinery provides a continuous supply
of carbon precursors, such as acetyl-CoA, regardless of the
actual energy requirements of the cell (105). Additionally,
the subsequent conversion of fructose-6-phosphate to
fructose-1,6-bisphosphate by PFK-1 is the rate-limiting step of
glycolysis. When cellular ATP levels are high, PFK-1 is inhib-
ited, decelerating glucose oxidation to prevent an unnecessary
surplus of metabolic intermediates (103).

This unregulated flux has profound implications for
metabolic health. As the liver is suddenly presented with an
abundance of acetyl-CoA that it cannot oxidize in the TCA
cycle, it must divert these carbons toward DNL. This leads to
the synthesis of palmitate and other fatty acids, contributing
to the accumulation of intrahepatic fat (non-alcoholic fatty
liver disease, NAFLD) and the secretion of very-low-density
lipoprotein, which raises blood triglyceride levels (106).

Furthermore, the rapid, uncontrolled phosphorylation of
fructose by KHK leads to transient intracellular ATP deple-
tion. As ATP is rapidly consumed to phosphorylate fructose
without the brake of feedback inhibition, the resulting rise
in AMP triggers the purine degradation pathway, leading to
the production of uric acid. Elevated uric acid is not only a
risk factor for gout, but also functions as a pro-oxidant within
the hepatocyte, potentially inducing mitochondrial oxidative
stress and further impairing insulin sensitivity (107,108). This
kinetic reality explains why high-fructose diets, particularly
those rich in refined syrups, are uniquely linked to metabolic
syndrome, independent of total caloric intake.

Role of resistant starches and oligosaccharides in shaping the
gut microbiota and the risk of metabolic disease. Resistant
starches and oligosaccharides represent two critical classes of
non-digestible carbohydrates that exert profound influence on
gut microbial ecology and, consequently, on the risk of devel-
oping metabolic diseases, such as obesity, type 2 diabetes and
cardiovascular disorders. Their biological significance stems
not from caloric contribution, since they largely escape digestion
in the small intestine, but from their role as selective substrates
for beneficial gut commensals, thereby modulating microbial
composition, metabolic output and host physiology (15).
Resistant starch is a form of starch that resists enzymatic
hydrolysis by human amylases and reaches the colon intact,
where it serves as a fermentable substrate for specific members
of the gut microbiota. Primary degraders of resistant starch
include Ruminococcus bromii and Bifidobacterium adoles-
centis, with emerging evidence identifying additional
specialists such as Ruminococcoides bili (109). These bacteria
initiate the breakdown of complex resistant starch granules
through specialized carbohydrate-active enzymes (CAZymes),
enabling secondary fermenters to access the resulting
oligosaccharides and monosaccharides. This hierarchical
degradation process fosters cross-feeding networks, thereby
enhancing microbial diversity and stability. The fermenta-
tion of resistant starch predominantly yields SCFAs, notably
butyrate, acetate and propionate, which serve as key mediators
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Figure 3. Schematic representation of the Krebs cycle. NAD, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide + hydrogen;

CoASH, coenzyme A; GTP, guanosine triphosphate.

of metabolic health. Butyrate, in particular, is the preferred
energy source for colonocytes, strengthens the gut barrier by
upregulating tight junction proteins, and exerts anti-inflamma-
tory effects by inhibiting histone deacetylases and activating
G-protein-coupled receptors (e.g., GPR109A). Clinical and
preclinical studies consistently link higher a intake of resistant
starch with improved insulin sensitivity, reduced adiposity

and lower systemic inflammation, all of which are protective
against cardiometabolic diseases (24,62).

Oligosaccharides, such as fructooligosaccharides (FOS),
galactooligosaccharides and human milk oligosaccharides,
function similarly as prebiotics by selectively stimulating
the growth and activity of beneficial bacteria, especially
Bifidobacteria and certain Lactobacilli. Their structural
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complexity, defined by glycosidic linkage types [e.g., B(2—1) in
inulin-type FOS] and the degree of polymerization, determines
their resistance to host enzymes and specificity for microbial
utilization. Research profiling the metabolic capacities of 17
gut commensal strains has revealed marked strain-specific
differences in oligosaccharide fermentation, underscoring that
prebiotic efficacy is contingent on both substrate structure and
the recipient's microbial repertoire (110). This individualized
response explains the variable outcomes observed in dietary
interventions and highlights the need for personalized nutri-
tion approaches. The SCFAs produced from oligosaccharide
fermentation regulate host metabolism through multiple
pathways: propionate reduces hepatic lipogenesis and gluco-
neogenesis, while acetate influences appetite regulation via
central nervous system signaling (62). Moreover, oligosaccha-
rides can directly inhibit pathogen adhesion by acting as decoy
receptors, thereby enhancing gut defense mechanisms.

The interplay between these carbohydrates and the gut
microbiome has significant implications for the prevention
of chronic disease. Dietary fibers, including RS and oligo-
saccharides, are associated with a reduced risk of obesity,
type 2 diabetes and types of certain cancer, largely through
microbiota-dependent mechanisms (62,111). For instance,
low-carbohydrate diets that inadvertently reduce fiber intake
may diminish SCFA production, potentially compromising
gut barrier integrity and promoting endotoxemia, a known
driver of insulin resistance (111). Conversely, the strategic
inclusion of high-quality, fermentable carbohydrates supports
a resilient microbial ecosystem that buffers against dysbiosis
induced by Western diets high in refined sugars and saturated
fats (112). Notably, the concept of ‘carbohydrate quality’ now
supersedes mere quantity; slowly digestible or non-digestible
forms such as resistant starch and oligosaccharides are
favored for their ability to modulate postprandial glycemia
and sustain microbial health without contributing to hyper-
insulinemia or DNL (24,112). Hence, resistant starches and
oligosaccharides function as keystone dietary components
that shape a health-promoting gut microbiota, drive beneficial
metabolic signaling via SCFAs, and mitigate risk factors for
major chronic diseases, positioning them at the nexus of food
science, microbiome research and precision nutrition.

Despite these advances however, challenges remain in
translating findings into universal dietary recommendations
due to inter-individual variability in gut microbiota composi-
tion, host genetics and baseline metabolic status. Furthermore,
the structural heterogeneity of dietary carbohydrates
complicates analytical characterization and standardization.
Emerging glycomic platforms combining chromatography
and mass spectrometry are beginning to address these gaps
by enabling precise mapping of carbohydrate structures to
microbial responses (34).

5. The global intake trends of dietary fiber

In the 1970s, Burkitt's research (113,114) led to a resurgence
of scientific interest in dietary fiber (97). Subsequent research
has demonstrated a connection between the consumption of
dietary fiber, body weight, metabolic processes and overall
health. The consumption of dietary fiber is associated with a
favorable body weight, a healthy gut microbiota and a lower
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risk of cardiovascular disease and mortality. It also enhances
intestinal health and lowers the riss of developing cancer.
The primary health benefits of dietary fiber and the risks of
deficiency are discussed in this synopsis, with particular atten-
tion to the effects of abdominal obesity and overall metabolic
health (61).

Global dietary fiber intake trends reveal a persistent and
concerning gap between recommended levels and actual
consumption across most populations worldwide. Current
evidence indicates that median intake values typically range
from 15 to 20 g per day, substantially below the widely accepted
recommendations of 25-38 g per day for adults (8,115). This
deficit is particularly pronounced in high- and middle-income
countries where dietary patterns have markedly shifted toward
energy-dense, nutrient-poor options. Recent global macrotrend
analyses demonstrated that while some middle-income coun-
tries have experienced modest increases in fiber consumption
over the past three decades, these improvements are often
offset by concurrent rises in sodium intake and the consump-
tion of UPFs (116). The Swiss National Nutrition Survey
provides a compelling case study, demonstrating that a higher
consumption of UPFs is significantly associated with a lower
dietary fiber intake, highlighting the inverse association
between industrial food processing and fiber adequacy (117).
Similarly, data from the USA spanning 1999=2017 reveal only
minimal increases in fiber consumption, with persistent racial
disparities; African Americans consistently exhibit a lower
fiber intake compared to other demographic groups, poten-
tially contributing to elevated colorectal cancer rates in this
population (118). In Chile, national surveys indicate that fiber
intake remains suboptimal despite public health initiatives,
with primary sources being traditional staples rather than
diverse plant-based foods (119,120).

For example, according to a previous analysis, adults in
the USA and Europe ingest 18-24 g of dietary fiber daily for
men and 16-20 g for women, with grain products as the main
source. This is approximately one-third of what is advised; the
majority of Western populations wish to increase their intake
by ~50%. According to the NHANES (National Health and
Nutrition Examination Survey), dietary fiber intake was higher
in European nations than in North American nations (97).

An emerging scientific debate centers on the differential
physiological effects of various fiber types and sources,
challenging the traditional view of fiber as a homogeneous
nutrient category. Contemporary research increasingly
distinguishes between isolated and intrinsic fiber, fermentable
and non-fermentable varieties, and the impact of fiber across
different dietary contexts, including low-carbohydrate and
ultra-processed food frameworks. The controversy extends
to regulatory definitions, particularly regarding low-molec-
ular-weight carbohydrates, such as oligosaccharides and inulin,
which are accepted as dietary fiber in many jurisdictions,
but remain optional in the Codex Alimentarius definition,
creating inconsistencies in nutritional labeling and research
interpretation (121). This debate is further complicated by
the recognition that the health benefits of fiber are not merely
mechanical, but are profoundly mediated through interactions
with the gut microbiome. Different fiber types serve as selec-
tive substrates for specific microbial taxa, leading to varied
production profiles of SCFAs, such as acetate, propionate and
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butyrate, which function as critical signaling molecules influ-
encing immune regulation, metabolic homeostasis and even
neurocognitive function (62,122,123).

Contemporary evidence from large-scale prospective
cohort studies and comprehensive meta-analyses robustly
supports the protective role of higher total fiber intake against
major chronic diseases. The landmark Lancet systematic review
established that every 8-g increase in daily fiber consumption
is associated with a 5-27% reduction in mortality and the
incidence of coronary heart disease, stroke, type 2 diabetes
and colorectal cancer (8). This finding has been reinforced by
more recent umbrella reviews encompassing millions of indi-
viduals, which confirm strong, credible associations between
adequate fiber intake and reduced risk across diverse health
outcomes (115). The mechanisms underlying these benefits
extend beyond the traditional understanding of the role of fiber
in gastrointestinal health to include modulation of the gut-brain
axis, the enhancement of gut barrier integrity and the epigen-
etic regulation of immune function through SCFA-mediated
histone deacetylase inhibition (123-125). Furthermore, fiber
consumption has demonstrated specific protective effects in
vulnerable populations, including the reduced risk of surgery
for inflammatory bowel disease (126), improved metabolic
parameters in obesity (127,128) and improved glycemic control
in diabetes (129,130).

Despite this substantial body of evidence, several critical
scientific questions remain unresolved. First, the causal vs.
the associative nature of fiber-microbiome-host interactions
requires further elucidation through well-designed interven-
tion trials that account for interindividual variability in
baseline microbiota composition and host genetics, such as the
FUT?2 secretor status, which influences microbial niche avail-
ability (62,122). Second, optimal dose-response associations
for specific fiber types and distinct health endpoints have not
been definitively established, rendering precise dietary recom-
mendations challenging (115). Third, the relative efficacy of
whole food vs. supplements or fortified foods in promoting
long-term adherence and sustained health benefits remains
unclear, particularly given the complex food matrix effects
that may enhance fiber bioactivity (131,132). Fourth, the impact
of modern food processing methods on fiber structure and
functionality requires systematic investigation, as industrial
processing may alter the physicochemical properties of fiber
and, consequently, its biological effects (133,134). Finally, the
development of personalized nutrition approaches necessitates
a better understanding of how individual factors, including
age, sex, metabolic status and existing disease conditions,
influence responses to different fiber interventions, which
could revolutionize dietary guidance from population-based
to precision-based recommendations (135).

6. Medicinal aspects of carbohydrates

Among the bioactive glycosides that have been naturally
extracted or derived, O- and N-glycosides are abundant,
while C-glycosides (both naturally occurring and labora-
tory synthesized) make more stable bio-mimics than native
O-glycosides as they are not prone to catalytic or enzymatic
cleavage (136). These widespread classes of biomolecules play
vital roles in immune system function and the stimulation of

the immune response, which have yet to be properly explored
by researchers. Several such carbohydrate-based drugs
developed with potential biological activities are illustrated
in Fig. 4 (137,138). Additionally, they have inherent chiral
complexity, high bioavailability and excellent biocompat-
ibility, rendering this class of compounds an excellent option
for the development of prodrugs (139). Depending on the
evidence, some carbohydrate-based medicines are given in
Table II (140-157). It underscores the versatility of carbohy-
drates in drug design, delivery and therapeutic function, while
emphasizing the importance of dosage control to minimize
adverse effects.

Natural sources. Carbohydrates have not only been a major
source of food and nutrition but also have excellent pharmaceu-
tical applications. Carbohydrates derived from natural sources
have been studied as therapeutic agents for a number of years.
Among all carbohydrate-based drugs developed between
2000 and 2021, the majority have been derived from naturally
occurring carbohydrate moieties, of which 37% are nucleo-
sides. Furthermore, 60% of all carbohydrate-based drugs have
broad applications in the preparation of antiviral, antibacte-
rial/antiparasitic, anticancer and antidiabetic drugs (156).
For instance, saponins, a diverse family of glycosides having
brilliant adjuvant activity, such as Quillaja brasiliensis
saponins (triterpene glycosides). Its source is the Chilean
tree Quillaja saponaria bark. It has been reported to have
>20 water-soluble Quillaja saponaria saponins, from which
several led to the eliciting of humoral and cell-mediated
responses (158). Similarly, in Asian countries, Coriolus versi-
color polysaccharides (polysaccharides Krestin and Lentinan)
have been used for >40 years as antitumor adjuvants (159).
Pectin, a family of polysaccharides, is a fine source of dietary
fiber. It has been reported to exhibit inhibitory activity against
various cancer cell lines (160-164).

Synthetic carbohydrate-based materials. Structures of
naturally occurring carbohydrates are often very complex
due to their complex biosynthetic pathway. Hence, isolating
structurally defined pure compounds from natural sources
becomes cumbersome. To better address demands in glyco-
biology, synthetic carbohydrate derivatives or glycoconjugates
comprise a fascinating alternative. Synthetic or non-natural
glycoconjugates can aid in understanding structure-activity
associations in biological responses and mimic the functions
of native saccharide derivatives (165).

Some of the advantages of these synthetic carbohy-
drate-based materials stem from their biocompatibility and
intrinsic biological functionality, resulting in generally low
toxicity and excellent biodegradability, which are crucial for
clinical translation (166). Their most significant asset is their
ability to engage in specific, high-affinity interactions with
carbohydrate-binding proteins (lectins, selectins and siglecs)
that are central to numerous disease processes, including
cancer, inflammation and infection This allows for the rational
design of therapeutics that can modulate immune responses;
for instance, synthetic glycopolymers can be engineered to
mimic the multivalent presentation of glycans on cell surfaces,
amplifying binding avidity through the ‘glycocluster effect’
to either activate or suppress immune cells for applications
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Figure 4. Molecular structures of carbohydrate-based medicines: Monosaccharides (panels 8, 9 and 10), disaccharides (panels 11, 12 and 13), tri-saccharides
(panel 14), oligosaccharides (panels 15 and 16), and polysaccharides (panels 17 and 18).

in tumor immunotherapy (167,168). Furthermore, carbohy-
drate polymers, such as chitosan, alginate and hyaluronic
acid serve as excellent scaffolds for targeted drug delivery,
particularly for colon-specific release, as they can be degraded
by colonic microflora enzymes, thereby minimizing systemic
side-effects (169,170). The structural diversity of the sugar

scaffold also provides multiple points for chemical modifica-
tion, enabling fine-tuning of pharmacokinetic properties such
as solubility and half-life (171).

Automated glycan assembly (AGA) has expedited access
to synthetic glycans up to 50-mers (172), while other auto-
mated platforms based on electrochemical assembly (173),
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Figure 5. A general schematic representation of AGA oligosaccharide synthesis workflow.

fluorous-assisted solution-phase (174) and HPLC-assisted
synthesis (175) have been limited to a few examples not
exceeding hexasaccharides (176). From the proof-of-concept
using a modified peptide synthesizer in 2001 to the first
commercial Glyconeer 2.1 synthesizer (177), AGA has been
developed using glycans of mammalian, bacterial and plant
origin as a precursor (178,179).

The AGA oligosaccharide synthesis workflow is designed
to minimize the number of purification steps and manipula-
tions (Fig. 5). Inside the reaction vessel of the synthesizer, a
resin-bound linker serves as an anchor for sequentially attaching
monosaccharide building blocks. In this manner, excess
reagents can be washed away, and time-consuming interme-
diate purification steps can be avoided. Following synthesis, the
resin-bound oligosaccharide is removed from the synthesizer
and cleaved from the solid support. Analytical normal-phase
high-performance liquid chromatography (NP-HPLC) and
MALDI analysis of the crude product after cleavage are
used to assess the success of the synthesis qualitatively. The
protected glycan is purified using preparative NP-HPLC.
Global deprotection removes all permanent protecting groups
and following reverse-phase HPLC (RP-HPLC), the unpro-
tected glycan is obtained (177,178,180,181). This enhanced
accessibility has directly fueled progress in glycomimetic
design, in which natural carbohydrate leads are modified to
overcome inherent limitations such as poor metabolic stability
and low bioavailability (182). Common strategies include
replacing the endocyclic oxygen with carbon (carbasugars) or
sulfur (thiosugars), or substituting the glycosidic oxygen with
a methylene group to form C-glycosides, all of which confer
resistance to enzymatic hydrolysis by glycosidases (183).

Cyclodextrin (CD)-based materials have garnered appli-
cations in the food and pharmaceutical industries since the
1980s. For example, Sugammadex (Bridion), a modified y-CD,
has been used in anesthesia since 2008 and also functions as
an antidote to some curare-like muscle relaxants (184). The
electrostatic interaction and complex formation of CD with
drugs can significantly alter the pharmacokinetic profile of a
drug, and CD inclusion complex-based nanofibers have great
applications in drug discovery and delivery, as they tend to
increase the bioavailability of the drugs (185-187). For instance,
the oral delivery of insulin is difficult owing to its instability
in the gastric conditions of patients. However, reports suggest
that carboxymethyl-3-CD-grafted chitosan (CMCD-g-CS)

leads to the more effective oral delivery of insulin at pH 7.4
due to increased insulin bioavailability after pH-triggered
complexation with CMCD-g-CS (188).

Other saccharide derivatives, such as imine sugars, have
been suggested to function as potent inhibitors to several
glycosidases, such as glycogen phosphorylases, glycoside
hydrolases and glycosyltransferases. Their inhibitory potency
against these carbohydrate-processing enzymes is suggested to
depend on structural and electronic similarity to the oxocarbe-
nium transition state of the natural substrate at a physiological
pH (189,190).

Additionally, research on carbohydrate-conjugated noble
metal-based nanoparticles, such as Au, Ag and Pt, has seen
tremendous growth over the past few decades due to their
applications in bioimaging, diagnostic imaging, biosensing,
gene/drug delivery (targeted/triggered/controlled), targeted
therapeutics. Despite their inertness, they can form a stable
covalent linkage via facile synthetic methods with compounds
containing functional groups, such as thiols and disulfides (16).

7. Carbotoxicity and its relevance to fructose-induced
lipogenesis

Even though lipotoxicity (excess of lipids or a specific lipid
class) is a more familiar term in the biomedical field, carbotox-
icity is gaining increased recognition. The excessive ingestion
of carbohydrates has the potential to degrade human health
and ultimately cause the development of metabolic syndrome,
diabetes, obesity and their multiple co-morbidities. Hence, the
concept of ‘carbotoxicity’ was proposed in 2018, stating that
non-cellulose-digestible carbohydrates can be toxic to a certain
extent (12). Additionally, the PURE cohort study established a
link between excessive carbohydrate consumption and adverse
health effects worldwide (82). The study involved human
subjects, demonstrating that a high intake of carbohydrates
could increase the risk of mortality with a hazard ratio (HR)
of 1.28 for highest 77.2% vs. lowest 46.4% quintile carbohy-
drate energy, which is significantly low with increasing fat
intake with a HR of 0.77 (35.3 vs. 10.6% quintile energy) or
excess protein consumption with a HR 0.88 (19.7 vs. 10.8%
quintile energy) (82,191). Additional research has demon-
strated that the excess intake of free sugars (monosaccharides
and disaccharides) is associated with the risk of DNL in the
liver, leading to the accumulation of a large number of lipids
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and finally resulting in NAFLD; an increase in the hepatic
DNL following a high-carbohydrate meal was found in ob/ob
mice, Western-diet-fed mice and healthy individuals, which
may increase the risk of hepatic steatosis (192). Another study
with human trials demonstrated that carbohydrate-restricted
diets, otherwise known as ketogenic diets, can serve as a
good technique for weight loss and the management of type
2 diabetes (193), along with various antidiabetic therapies,
including antidiabetic drugs that effectively improve hyper-
glycemia and hyperinsulinemia (194-196).

The investigation of fructose-induced lipogenesis through
human clinical trials has been pivotal in establishing the mecha-
nistic link between excessive dietary fructose consumption and
metabolic dysfunction, forming a core component of carbotox-
icity. Carbotoxicity posits that the chronic overconsumption of
specific carbohydrates, particularly fructose, drives metabolic
disease through the substrate overload of hepatic metabolic
pathways, leading to ATP depletion, uric acid generation,
mitochondrial stress and transcriptional upregulation of lipo-
genic enzymes (108). Unlike glucose, which is metabolized in
a regulated manner under insulin control, fructose bypasses the
rate-limiting enzyme phosphofructokinase, enabling unregu-
lated entry into glycolysis and acetyl-CoA production, thereby
fueling DNL, independent of insulin signaling. This property
renders it uniquely hepatotoxic at high doses (108,197).

Several landmarks and recent clinical trials have provided
robust evidence for this pathway. The foundational study by
Schwarz et al (198) demonstrated that even a moderate increase
in fructose intake can significantly affect liver metabolism. In
that trial, 40 children with obesity were placed on an isocaloric
diet, with fructose restricted to 4% of total calories, for 9 days.
This intervention resulted in a marked 56% decrease in DNL,
a 22% reduction in liver fat and significant improvements in
insulin kinetics, all without any change in body weight. This
finding was critical, as it established that the lipogenic effects of
fructose are direct and rapid, and that its restriction can reverse
key features of NAFLD and insulin resistance, independently of
weight loss (198).

Building on this, the 2018 randomized crossover trial by
Beysen et al (199) provided detailed dose-response data on acute
fructose administration in healthy men. The study revealed
that fructose feeding acutely and dose-dependently stimulates
hepatic fractional DNL, with considerable inter-individual
variability in susceptibility. That study quantified the imme-
diate lipogenic potential of fructose and highlighted that not
all individuals respond equally, suggesting a role for genetic or
metabolic predisposition (199).

More recently, the narrative review by Geidl-Flueck and
Gerber (200) and a post-publication peer review (letter to
the editor) by Prinz (201) synthesized findings from multiple
controlled feeding trials. Their research directly compared
beverages sweetened with glucose, fructose and sucrose in
healthy men. These studies demonstrated that fructose and
sucrose, but not glucose, significantly increased hepatic DNL.
These findings were instrumental in differentiating the meta-
bolic effects of monosaccharides, confirming that fructose, as
a component of both sucrose and high-fructose corn syrup, is
the primary driver of sugar-induced lipogenesis.

The relevance of these trials to carbotoxicity is profound.
They provide human experimental evidence validating the

INTERNATIONAL JOURNAL OF FUNCTIONAL NUTRITION 7: 4, 2026 17

biochemical hypothesis: Excess fructose functions as a
chronic metabolic stressor. The process begins with fructose
metabolism in the liver, which rapidly depletes ATP and
generates uric acid, a known inducer of oxidative stress and
inflammation (202). Concurrently, the flood of carbon from
fructose metabolism provides abundant substrate for DNL.
This is further amplified by the activation of key transcrip-
tion factors, such as carbohydrate-responsive element-binding
protein and sterol regulatory element-binding protein-Ic,
which upregulate the entire lipogenic gene program (203). The
resulting increase in the intrahepatic triglyceride content is a
hallmark of NAFLD, which is now recognized as the hepatic
manifestation of metabolic syndrome (204).

Furthermore, the gut microbiome has emerged as a
crucial intermediary in this process. The pivotal study by
Zhao et al (205) demonstrated that dietary fructose is not only
metabolized by the liver, but also by the gut microbiota, which
convert it to acetate. This microbiota-derived acetate is then
used by the liver as an additional substrate for DNL, effectively
creating a second pathway through which fructose promotes
fat synthesis. This finding, highlighted in a commentary by
Postic (206), underscores the systemic nature of the metabolic
impact of fructose.

The cumulative evidence from these trials paints a consis-
tent picture: Fructose is a potent, direct stimulator of hepatic
DNL in humans. This mechanism is central to the patho-
physiology of NAFLD, dyslipidemia and insulin resistance,
all key components of metabolic syndrome. The concept of
carbotoxicity integrates these findings, framing high fruc-
tose intake not merely as a source of empty calories, but as
a specific metabolic toxin that disrupts hepatic homeostasis
through defined molecular and physiological pathways. This
understanding shifts the focus of dietary recommendations
from simple caloric restriction to the quality of carbohydrate
intake, emphasizing the need to limit added sugars, particu-
larly those rich in fructose, to mitigate the risk of chronic
metabolic diseases. The slow yet optimal strategy to address
carbotoxicity, a potential cause of obesity, is to incorporate
physical activity, dietary changes and lifestyle modifica-
tions, which can help manage body weight and contribute to
improving metabolic syndrome, cardiovascular disease and
premature mortality.

8. Future perspectives

Carbohydrates and their derivatives play a crucial role in
several biological processes. Researchers have been involved
in the synthesis, characterization and applications of carbo-
hydrate derivatives for the past two decades. In continuation
of the ongoing projects in carbohydrate chemistry (207-210),
the present review attempted to elucidate the role of carbohy-
drates in nutrition, which further broadened our research area.
Scientists are likely to focus on precision nutrition, tailoring
carbohydrate composition in foods to individual needs
based on genetic and metabolic factors. Socially, a growing
demand for sustainable, plant-based options is driving the
food industry to innovate with alternative carbohydrate
sources. Health-conscious consumers may drive the develop-
ment of functional carbohydrates with specific health benefits.
Advances in biotechnology may lead to genetically modified
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crops with improved carbohydrate profiles. Additionally, smart
packaging technologies could help preserve the freshness and
quality of carbohydrate-containing products.

9. Conclusion

Carbohydrates remain one of the most abundant, versatile
and biologically influential macronutrients in the human
diet. Far from functioning solely as sources of metabolic
energy, carbohydrates operate at the intersection of food
structure, digestion kinetics, metabolic regulation, micro-
bial ecology and therapeutic innovation. Developments
in glycomimetics, carbohydrate-based polymers and
automated glycan assembly highlight their expanding role
in therapeutics, immunomodulation and targeted drug
delivery. Looking ahead, emerging paradigms, such as
precision nutrition, microbiome-informed dietary strate-
gies and structure-guided food processing approaches
are poised to redefine carbohydrate functionality in both
health and disease. In continuation of the ongoing project
in carbohydrate chemistry, the present review attempted to
briefly consolidate the roles of carbohydrates in the food
industry, their nutritional value and their medicinal aspects,
emphasizing their function as a critical macronutrient.
Understanding the numerous functions of carbohydrates
will aid in humans make better dietary decisions that
will support their general well-being with healthier diets,
functional foods and innovative therapeutics as aligning
carbohydrate intake with physiological needs, while mini-
mizing exposure to refined and ultra-processed forms,
remains a central, evidence-based strategy for promoting
metabolic health and preventing chronic disease in the
modern era. The present review emphasizes the connec-
tion between carbohydrate-rich foods and human health,
while promoting knowledgeable, sensible eating habits. By
adopting a narrative review and perspective-based approach,
the present review consolidates the current understanding of
carbohydrates across nutrition, metabolism and therapeutics,
while highlighting emerging concepts, such as carbotoxicity
and precision nutrition.
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