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Abstract

Cocoa-based foods are increasingly recognized as complex plant-derived matrices with
potential relevance for metabolic health, driven by interactions among multiple bioactive
components. Metabolic disorders, including insulin resistance and type 2 diabetes, are
characterized by disturbances in glucose homeostasis, oxidative stress, and endothelial
dysfunction. This narrative review critically examines the antidiabetic potential of cocoa-
based plant matrices, integrating evidence from nutritional biochemistry and metabolic
physiology. We analyze the specific role of cocoa flavanols in redox-sensitive signaling
pathways related to nitric oxide bioavailability and insulin signaling. Furthermore, we eval-
uate how complementary matrix components, such as non-glycemic sweeteners, prebiotic
and viscous fibers, oleic-rich lipids, and micronutrients, modulate postprandial glycemic
responses, gut microbiota activity, and overall metabolic regulation. Current evidence
indicates that the metabolic effects of cocoa cannot be attributed to isolated compounds
but emerge from coordinated interactions within the food matrix. Understanding these
multi-component dynamics is essential for the rational design of cocoa-based functional
foods aimed at improving glycemic control and supporting metabolic resilience.

Keywords: cocoa polyphenols; flavanols; redox signaling; glycemic regulation; metabolic
disorders; functional food matrices; gut microbiota; postprandial glycemia

1. Introduction
Diabetes mellitus comprises a complex and heterogeneous group of metabolic disor-

ders characterized by chronic hyperglycemia resulting from alterations in insulin secretion,
insulin action, or a combination of both processes. Persistent disruption of glucose home-
ostasis leads to widespread disturbances in carbohydrate, lipid, and protein metabolism,
which over time promote systemic oxidative stress, chronic low-grade inflammation, and
progressive impairment of tissue function [1–3]. These metabolic alterations play a central
role in the development of both acute and long-term diabetic complications, including
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cardiovascular disease, nephropathy, neuropathy, and retinopathy. Among the different
forms of the disease, type 2 diabetes mellitus (T2D) accounts for approximately 90–95%
of all cases and is strongly associated with insulin resistance, excess adiposity, physical
inactivity, and dietary patterns characterized by high consumption of energy-dense, highly
processed foods [4,5].

Over the past decades, the prevalence of diabetes has increased markedly worldwide,
reaching levels of major public health concern. Recent epidemiological estimates indicate
that more than 589 million adults were living with diabetes globally in 2024, corresponding
to roughly 11% of the adult population. Projections suggest that this figure could exceed
850 million individuals by 2050 if current trajectories continue [6,7]. The impact of diabetes
extends well beyond its growing prevalence. The disease imposes a substantial economic
burden on healthcare systems, reduces quality of life, and is associated with a marked
increase in mortality risk. Complications related to diabetes remain among the leading
contributors to morbidity and death globally, with cardiovascular disease representing the
primary cause of mortality in affected individuals [8]. These trends underscore the need for
preventive and therapeutic strategies that address not only glycemic control but also the
underlying metabolic and redox-related disturbances that drive disease progression.

Three redox concepts recur throughout the present synthesis: mitochondrial reactive
oxygen species (ROS) overproduction perturbs insulin signaling in metabolically active
tissues [9–13]; postprandial glycaemic excursions amplify systemic oxidative load and
drive endothelial dysfunction independently of fasting glycemia [14–16]; and pancreatic
β-cells are uniquely vulnerable to redox imbalance because their constitutive antioxidant
buffering capacity is lower than that of comparable secretory tissues [17,18]. These concepts
are developed in detail in Section 3 and are revisited in Section 4 onwards when discussing
how cocoa-derived constituents intervene at each level.

Disturbances in glucose metabolism are also closely associated with postprandial
glycemic excursions, reduced insulin sensitivity, and alterations in intestinal nutrient
handling and hormonal signaling. Rapid digestion and absorption of refined carbohy-
drates can produce pronounced postprandial glucose fluctuations, generating a transient
metabolic state linked to elevated oxidative stress, endothelial dysfunction, and systemic
inflammatory activation [14,15]. These postprandial disturbances contribute not only to
the pathophysiology of diabetes but also to the increased cardiovascular risk observed
in individuals with impaired glucose metabolism. For this reason, nutritional strategies
aimed at modulating postprandial glycemic responses and improving metabolic flexibility
have emerged as key targets in the prevention and management of metabolic disease [16].

Within this framework, growing attention has been directed toward dietary patterns
and food components capable of modulating oxidative stress and glucose metabolism
through redox-related mechanisms. A substantial body of epidemiological and clinical
evidence indicates that diets rich in plant-derived foods are associated with improved
metabolic health and a lower risk of developing T2D and cardiovascular disease [19,20].
These protective effects are not attributable to single compounds, but rather to the combined
action of multiple bioactive constituents (including polyphenols, dietary fibers, unsaturated
lipids, vitamins, and minerals) that interact with metabolic and redox signaling pathways
at several biological levels. Importantly, current research suggests that the physiological ac-
tions of these compounds cannot be fully understood when evaluated in isolation. Instead,
their biological activity is strongly influenced by the structural and compositional charac-
teristics of the food matrix in which they are naturally embedded, which influence their
bioavailability, metabolic interactions, and downstream physiological responses [21,22].

In this context, the food matrix can be defined as the complex physical and chemical
organization of a food, encompassing the interactions between nutrients and non-nutrient
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components that influence digestion, absorption, and metabolic responses [23]. Structural
characteristics of the matrix modulate the bioavailability of bioactive compounds, regulate
nutrient release during gastrointestinal digestion, and affect key metabolic pathways related
to glucose homeostasis, lipid metabolism, and gut microbiota activity [21,22,24].

Among plant-derived foods, cocoa represents a particularly illustrative example of
a complex nutritional matrix with potential metabolic relevance. Cocoa beans and cocoa-
derived products contain a diverse array of bioactive compounds, including flavanol-type
polyphenols such as epicatechin and catechin, oligomeric procyanidins, dietary fibers,
methylxanthines, minerals, and lipid fractions derived from cocoa butter [25–27]. Impor-
tantly, the metabolic effects of cocoa cannot be attributed to individual components alone,
but rather to the integrated action of these constituents within the matrix. These com-
ponents interact with redox-sensitive pathways involved in endothelial function, insulin
signaling, and inflammatory regulation. Cocoa flavanols have received particular attention
because of their capacity to modulate nitric oxide bioavailability, improve vascular function,
and affect glucose metabolism [28–30].

In addition to polyphenols, cocoa-based food matrices often incorporate other
functional elements—including soluble fibers, alternative sweeteners, and specific lipid
sources—that may further shape metabolic responses. These components can influence
the kinetics of digestion, alter postprandial glycemic dynamics, and interact with gut
microbiota, thereby contributing to systemic metabolic regulation. The metabolic effects
associated with cocoa-containing foods therefore reflect the integrated activity of numerous
constituents within the matrix rather than the isolated action of a single class of com-
pounds [31,32].

Although interest in the metabolic properties of cocoa and related plant-based matrices
has grown considerably, the mechanisms through which these complex food systems influ-
ence redox-related processes and glucose metabolism are not yet fully clarified. Questions
remain regarding the relative contribution of individual bioactive compounds, the possible
synergistic interactions between matrix components, and the extent to which mechanistic
observations translate into clinically relevant metabolic outcomes. In addition, variability
in cocoa processing methods, product formulation, and compositional characteristics com-
plicates the interpretation of available evidence and highlights the need for more integrated
analyses of cocoa-derived matrices within the broader context of metabolic health [33–35].

Therefore, the present narrative review aims to examine the antidiabetic potential
and underlying redox-related mechanism of cocoa-based plant matrices by integrating
current knowledge from nutritional biochemistry, redox biology, and metabolic research.
Particular attention is devoted to the roles of cocoa polyphenols, dietary fibers, lipid
fractions, micronutrients, and non-glycemic sweeteners in modulating redox balance,
insulin signaling, glucose metabolism, and gut microbiota-related pathways. Emphasis
is placed on the mechanistic interactions among these components within complex plant
matrices and their possible implications for metabolic regulation.

By bringing together evidence from mechanistic experiments, clinical studies, and
translational nutrition research, this review provides a comprehensive perspective on how
cocoa-derived functional matrices may contribute to metabolic health and glycemic control.
A deeper understanding of these interactions may support the development of mechanisti-
cally informed nutritional strategies and matrix-based functional food formulations aimed
at preventing or attenuating metabolic disorders such as insulin resistance, prediabetes,
and T2D.
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2. Materials and Methods
This narrative review was developed through a structured literature search to iden-

tify evidence on the antidiabetic potential and underlying redox-related mechanisms of
cocoa-based plant matrices and their bioactive components. Primary scientific sources
were considered, including original articles, clinical trials, mechanistic studies, systematic
reviews, and meta-analyses. Searches were conducted in PubMed/MEDLINE, Scopus,
Web of Science Core Collection, Embase, and ScienceDirect, with complementary searches
in Google Scholar when needed to identify highly cited or recent studies and to complete
citation tracking.

The search strategy was structured around the main conceptual domains of the re-
view. Keywords included “cocoa”, “cocoa flavanols”, “cocoa polyphenols”, “flavan-3-ols”,
“epicatechin”, “procyanidins”, “oxidative stress”, “redox signaling”, “insulin resistance”,
“glucose metabolism”, “glycemic control”, “postprandial glycemia”, “endothelial function”,
“metabolic syndrome”, “type 2 diabetes”, “functional foods”, “food matrix”, “plant-based
matrices”, “prebiotic fibers”, “β-glucans”, “gut microbiota”, “non-glycemic sweeteners”,
“oleic acid”, and “nutritional interventions”. Controlled vocabulary terms, including
MeSH terms when available, were combined with free-text terms and related synonyms to
improve search sensitivity and specificity.

The primary search covered articles published from 2000 to the present, as this period
encompasses most of the relevant mechanistic, clinical, and translational research on
cocoa bioactives, redox biology, metabolic regulation, gut microbiota interactions, and
functional food matrices in metabolic disease. Earlier seminal studies were also included
when necessary to support key biochemical concepts or landmark findings. Given the
mechanistic and matrix-oriented framework of this review, the search was not limited to
cocoa intervention studies alone. Literature on individual components frequently present in
cocoa-based matrices, such as flavanols, soluble fibers, non-glycemic sweeteners, oleic-rich
lipid systems, and micronutrients, was also included when directly relevant to redox-related
processes, glycemic control, insulin signaling, or metabolic regulation.

Study selection was guided by predefined criteria to ensure both relevance and
methodological quality. Eligible publications were peer-reviewed articles examining cocoa
bioactive compounds, cocoa-derived products, or plant-based food matrices with potential
implications for metabolic health. Particular emphasis was placed on studies addressing
oxidative stress, redox signaling, glucose metabolism, insulin sensitivity, endothelial func-
tion, and metabolic inflammation. Human studies, especially randomized controlled trials
and observational investigations, were prioritized when available, together with systematic
reviews and meta-analyses on cardiometabolic outcomes. Animal and cell-based studies
were also considered when they provided mechanistic insight into pathways related to
redox modulation, insulin signaling, glucose transport, mitochondrial metabolism, inflam-
mation, or gut microbiota–host interactions. Only full-text articles published in English
were included.

Studies were excluded if they did not directly address metabolic, nutritional, or
redox-related aspects of cocoa or plant-derived matrices. Articles focused exclusively on
agronomic, technological, sensory, or industrial processing features without clear biomedi-
cal relevance were not considered. Conference abstracts, dissertations, editorials without
substantial scientific synthesis, unpublished materials, and other non-peer-reviewed doc-
uments were also excluded. Publications lacking sufficient methodological quality or
meaningful mechanistic relevance to the aims of the review were likewise discarded.

The final body of literature was organized according to the thematic structure of the
manuscript, including redox-related mechanisms and glycemic dysregulation in metabolic
disorders, cocoa polyphenols and redox signaling, non-glycemic sweeteners and postpran-
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dial glycemic control, prebiotic and soluble fibers in metabolic regulation, oleic-rich lipid
matrices, micronutrients and redox balance, multi-component synergies in cocoa-based
functional matrices, and their translational relevance for antidiabetic nutritional strate-
gies. Literature screening and selection were conducted iteratively to preserve conceptual
coherence, methodological rigor, and translational relevance throughout the review.

3. Oxidative Stress and Glycemic Dysregulation in Metabolic Disorders
Oxidative stress represents a central pathophysiological feature of metabolic disorders

characterized by impaired glucose regulation, including insulin resistance, prediabetes,
and T2D [9,10]. Rather than being merely a secondary consequence of chronic hyper-
glycemia, oxidative stress is now recognized as an active contributor to metabolic dysfunc-
tion [9,10,12]. It participates in the progressive deterioration of insulin signaling, pancreatic
β-cell integrity, vascular homeostasis, and overall metabolic flexibility [9,10]. In biological
terms, oxidative stress describes a condition in which the production of ROS exceeds the
buffering capacity of endogenous antioxidant systems responsible for maintaining redox
balance. This imbalance may lead to oxidative damage affecting lipids, proteins, and
nucleic acids, while also altering redox-sensitive intracellular signaling pathways that are
tightly linked to glucose metabolism and cellular energy regulation [9,12].

Under physiological conditions, ROS should not be regarded exclusively as harmful
molecules. When generated in low and tightly regulated amounts, they participate in redox
signaling processes that support cellular adaptation, mitochondrial activity, and normal
insulin action. The balance is disrupted in states of chronic nutrient excess, obesity, and
persistent dysglycemia. In these contexts, ROS production becomes excessive and spatially
dysregulated, shifting from controlled signaling toward cellular stress [9,10]. Multiple
interconnected sources contribute to this increase. These include mitochondrial electron
leakage during oxidative phosphorylation, activation of NADPH oxidases, enhanced
formation of advanced glycation end-products, and inflammatory activation of immune
cells [9,10]. The resulting metabolic environment is characterized by sustained redox
imbalance, which gradually becomes mechanistically linked to the development of insulin
resistance and tissue dysfunction.

3.1. Mitochondrial ROS Generation and Metabolic Overload

Among the major intracellular sites of oxidative stress generation in metabolic dis-
ease, mitochondria play a particularly important role. Excess availability of metabolic
substrates—particularly glucose and fatty acids—increases the rate of electron delivery
to the mitochondrial respiratory chain and, when electron transport capacity becomes
saturated, promotes premature electron leakage at Complexes I and III. This leakage re-
sults in the monovalent reduction of molecular oxygen to superoxide (O2˙−), the primary
mitochondrial ROS, rather than its complete four-electron reduction to water as occurs in
normal oxidative phosphorylation [10,11]. It is important to note that it is not increased
electron flow per se that elevates ROS production; rather, it is the saturation and inefficiency
of electron transfer—driven by substrate overload—that redirects electrons toward super-
oxide formation [10,11]. In insulin-resistant conditions, this process is further exacerbated
by reduced mitochondrial efficiency and diminished metabolic flexibility, which impair
the ability of tissues to switch appropriately between carbohydrate and lipid oxidation.
This metabolic inflexibility reinforces substrate overload and further amplifies mitochon-
drial ROS generation, establishing a self-perpetuating cycle of redox dysregulation and
metabolic dysfunction.

The liver, skeletal muscle, and adipose tissue are particularly affected, as they represent
major sites of nutrient handling and insulin-mediated metabolic regulation. In these tissues,
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mitochondrial ROS are not only indicators of overnutrition but also active mediators of
redox-sensitive metabolic signaling [10,11]. The mitochondrial perspective is therefore
critical for understanding metabolic disease. It places redox imbalance directly at the
interface between nutrient overload and altered cellular physiology. Within this framework,
metabolic dysfunction can be interpreted as a disturbance in cellular energy processing
tightly coupled to redox dysregulation. This conceptual framework becomes particularly
relevant when evaluating cocoa-based plant matrices later in the review, since any metabolic
benefit should be interpreted according to its ability to influence biologically meaningful
pathways rather than merely increasing overall antioxidant intake.

3.2. Oxidative Stress, Inflammation, and Insulin Resistance

The interaction between oxidative stress and insulin resistance is especially relevant
when considering nutritional strategies aimed at improving glycemic regulation. Under
normal physiological conditions, insulin binding to its receptor activates receptor tyrosine
kinase activity, which initiates a downstream phosphorylation cascade through insulin
receptor substrate (IRS) proteins, phosphoinositide 3-kinase (PI3K), phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), and protein kinase B (Akt/PKB). This signaling sequence
culminates in the translocation of glucose transporter type 4 (GLUT4) to the plasma mem-
brane of skeletal muscle and adipose tissue cells, enabling insulin-stimulated glucose
uptake [11,12]. Redox imbalance disrupts this pathway at multiple levels. Elevated ROS
levels activate stress-sensitive serine/threonine kinases—including c-Jun N-terminal kinase
(JNK), inhibitor of κB kinase β (IKKβ), and p38 mitogen-activated protein kinase (p38
MAPK)—which promote inhibitory serine phosphorylation of IRS-1 and IRS-2 [12,13].
This modification blunts the propagation of the insulin signal through PI3K/Akt and
thereby reduces GLUT4 translocation and glucose uptake in peripheral tissues [12]. It
should be acknowledged that the relationship between ROS and the cellular antioxidant
machinery is biphasic: under low to moderate oxidative stimuli, ROS act as redox sig-
nals that promote the Keap1–Nrf2 pathway and upregulate the expression of antioxidant
enzymes such as SOD, catalase, GPx, heme oxygenase-1 (HO-1), and NAD(P)H quinone
oxidoreductase 1 (NQO1), constituting an adaptive (hormetic) response [13,17]. By con-
trast, sustained or excessive ROS exposure, as observed in chronic metabolic disease, may
overwhelm this adaptive capacity and ultimately reduce the expression or activity of these
enzymes—including SOD, catalase, and GPx—further impairing the cellular capacity to
buffer the oxidative load [12,13]. However, it should be noted that a reduction in a specific
antioxidant enzyme does not necessarily reflect a decline in total antioxidant defense, which
integrates both enzymatic and non-enzymatic components such as glutathione (GSH) and
vitamins C and E [12]. At the same time, redox imbalance is closely intertwined with
inflammatory signaling pathways, and this convergence further amplifies insulin resistance.
Rather than acting as an isolated biochemical disturbance, redox dysregulation operates
within an integrated metabolic–inflammatory network that compromises glucose disposal
and systemic metabolic regulation [10,12].

This relationship becomes particularly evident in obesity-associated metabolic dys-
function. During states of sustained positive energy balance, adipose tissue expansion is
accompanied by cellular stress, altered adipokine secretion, immune cell infiltration, and
chronic low-grade inflammation. Pro-inflammatory mediators such as TNF-α and IL-6
have long been implicated in insulin resistance, and oxidative stress contributes to their
expression through redox-sensitive transcriptional mechanisms, including NF-κB activa-
tion [12,13]. In turn, inflammatory signaling enhances ROS generation and further disrupts
insulin signaling pathways. This reciprocal amplification between oxidative stress and
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inflammation illustrates that insulin resistance is not simply a defect in glucose transport
but a systemic disturbance involving complex immune–metabolic crosstalk [12,13].

3.3. Pancreatic β-Cell Vulnerability and the Progression Toward Overt Diabetes

Oxidative stress also plays a decisive role in the progressive deterioration of pancreatic
β-cell function. These endocrine cells exhibit a particular vulnerability to redox imbalance
because they express comparatively low levels of several antioxidant enzymes, which limits
their ability to neutralize excess ROS [17]. This limitation becomes especially problematic
under conditions of chronic glucotoxicity and lipotoxicity. Persistent elevations in circu-
lating glucose and fatty acids promote redox imbalance within pancreatic islets, disrupt
mitochondrial ATP production, impair glucose-stimulated insulin secretion, and promote
β-cell dysfunction [17,18]. Over time, these disturbances contribute to the reduction in
β-cell functional mass that characterizes the transition from compensated insulin resistance
to overt T2D. In this context, redox dysregulation provides a mechanistic link between
peripheral insulin resistance and endocrine pancreatic failure, positioning it at the center of
disease progression [17,18].

This β-cell perspective also deepens the understanding of metabolic disease patho-
genesis. Peripheral insulin resistance alone does not fully explain the development of
diabetes; sustained hyperglycemia ultimately requires progressive impairment of β-cell
compensatory capacity. Oxidative stress contributes simultaneously to both aspects of this
process. It impairs insulin signaling in peripheral tissues while also reducing the ability
of pancreatic cells to mount an adequate compensatory response. Such dual involvement
reinforces its relevance as a central mechanistic target in nutritional strategies aimed at
early metabolic intervention.

3.4. Hyperglycemia, Glycemic Variability, and Postprandial Oxidative Stress

Hyperglycemia itself represents a powerful driver of oxidative stress, and this relation-
ship extends beyond chronically elevated mean glucose levels. Acute glucose excursions
(particularly postprandial spikes and oscillating glycemic patterns) appear to exert pro-
nounced effects on redox homeostasis [14]. Experimental and clinical evidence indicates
that intermittent exposure to high glucose concentrations may induce greater oxidative
stress and endothelial dysfunction than stable hyperglycemia of comparable average mag-
nitude [15]. These observations suggest that glycemic variability represents a dynamic
and clinically relevant contributor to redox-mediated metabolic stress, complementing the
effects of sustained hyperglycemia.

This concept shifts the focus of metabolic dysregulation from static fasting glycemia
toward the dynamic nature of postprandial metabolism. It also highlights that the structural
characteristics of foods, the kinetics of carbohydrate digestion, and the composition of
dietary matrices are key determinants of metabolic responses. Dysregulated postprandial
glycemia can amplify oxidative stress and contribute to cumulative damage in metaboli-
cally active tissues. Consequently, dietary matrices capable of moderating these excursions
may confer benefits that extend beyond simple reductions in blood glucose levels, by atten-
uating postprandial oxidative stress and modulating redox-sensitive pathways involved in
endothelial function, inflammation and metabolic stability [14–16].

This issue becomes particularly relevant within modern dietary environments char-
acterized by frequent consumption of highly processed foods rich in refined, rapidly
absorbable carbohydrates. Under such conditions, glycemic variability may represent a
recurring oxidative stimulus that accumulates long before clinical diabetes becomes evi-
dent. Within this framework, cocoa-based plant matrices provide a relevant model linking
metabolic pathophysiology with food design. It suggests that the metabolic relevance of
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a dietary matrix depends not only on its intrinsic bioactive composition but also on its
capacity to influence digestion, absorption, and postprandial metabolic responses.

3.5. Endothelial Dysfunction and Cardiometabolic Consequences

The vascular endothelium is particularly sensitive to the combined effects of redox
imbalance and metabolic dysregulation. Endothelial dysfunction is recognized as an early
event in diabetes-associated vascular disease, and oxidative stress plays a central role by
reducing nitric oxide bioavailability, promoting inflammatory signaling, and favoring a
pro-atherogenic phenotype [10,14]. Because cardiovascular disease represents the leading
cause of morbidity and mortality in T2D, the metabolic significance of oxidative stress
must be interpreted not only in relation to glucose regulation but also with respect to
vascular outcomes [8,10]. Within this pathophysiological context, cocoa-based matrices are
of particular interest, since some of the most consistently reported biological effects of their
flavanol fraction involve improvements in endothelial function, nitric oxide-dependent
signaling, and vascular reactivity. These mechanisms directly target pathways implicated in
cardiometabolic complications, highlighting the potential relevance of nutritional strategies
aimed at modulating redox-sensitive vascular processes.

Given that oxidative stress contributes simultaneously to dysglycemia and vascular
dysfunction, nutritional strategies capable of influencing both domains represent a relevant
target for functional food development. Cocoa has received considerable attention in this
regard because its flavanol fraction has been extensively investigated for its effects on
endothelial responses, vascular tone, and nitric oxide signaling. These mechanisms are
particularly important within the integrated framework of oxidative stress and glycemic
dysregulation, where vascular and metabolic alterations are tightly interconnected.

3.6. Interpreting Redox Biology Beyond Simplistic Antioxidant Claims

The role of oxidative stress in metabolic disease requires careful mechanistic interpre-
tation rather than simplistic assumptions regarding antioxidant effects. The presence of
oxidative stress does not imply that indiscriminate antioxidant interventions will confer
metabolic benefit, as redox biology is governed by tightly regulated signaling processes. Re-
dox biology is intrinsically complex. Reactive oxygen species also serve important signaling
functions, and their complete suppression may disrupt redox-sensitive pathways involved
in cellular adaptation and metabolic regulation. Within this context, cocoa and other
plant-derived matrices should not be interpreted simplistically as generic “antioxidant
foods.” What matters biologically is not merely the radical scavenging capacity measured
in chemical assays but the ability of dietary components to influence relevant physiolog-
ical pathways, including redox-sensitive signaling, inflammatory responses, endothelial
function, mitochondrial adaptation, and glycemic dynamics [9,10].

From both methodological and translational perspectives, this clarification is essential.
Many food-derived compounds exhibit strong antioxidant activity in vitro, yet such find-
ings do not automatically translate into measurable physiological effects in humans. The
critical question for cocoa-based matrices is therefore whether their bioactive constituents
can modulate redox-related mechanisms in vivo to influence metabolic health. Addressing
this question requires moving beyond reductionist interpretations toward a more integrated
understanding of food structure, bioavailability, and metabolic context.

3.7. Relevance for Nutritional Strategies and Transition Toward Cocoa-Based Matrices

From a translational standpoint, the mechanistic connections between oxidative stress
and glycemic dysregulation support the development of functional food matrices targeting
multiple interconnected metabolic pathways. An effective nutritional strategy should not
be limited to reducing acute glucose excursions but should also aim to attenuate glycemic
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variability, lower oxidative burden, improve endothelial responses, and enhance overall
metabolic resilience through coordinated effects on redox-sensitive pathways.

Plant-derived matrices are particularly interesting in this regard because they often
integrate several classes of bioactive compounds, including polyphenols, dietary fibers,
unsaturated lipids, and micronutrients, that interact with overlapping metabolic path-
ways [19–23]. Their biological effects include modulation of carbohydrate digestion and
absorption, reduced postprandial insulin demand, modulation of gut-derived signaling,
and regulation of redox-sensitive inflammatory networks. These characteristics are di-
rectly applicable to cocoa-based matrices, whose metabolic effects arise from the integrated
activity of multiple constituents rather than from a ¡ single isolated compound.

Within this framework, cocoa represents a relevant model for studying matrix-based
metabolic effects. It contains flavanol-rich polyphenols that have been widely investigated
for their role in redox regulation and vascular function, and it can also be incorporated into
food systems that include fibers, alternative sweeteners, and lipid components capable of
modulating postprandial glycemia and insulin sensitivity [25–30]. However, the potential
benefits of cocoa-based matrices must be interpreted within the broader pathophysiological
context described in this section. Metabolic disease involves intertwined disturbances in
redox homeostasis, insulin signaling, β-cell vulnerability, and glycemic variability. Conse-
quently, the relevance of cocoa-based products depends not only on their phytochemical
composition but also on whether they can meaningfully influence these interconnected
mechanisms in humans.

Overall, oxidative stress can be understood as a mechanistic bridge linking nutrient
excess with progressive metabolic dysfunction. It contributes to insulin resistance, impairs
β-cell function, amplifies inflammatory signaling, and promotes endothelial dysfunction,
while also being closely associated with dysregulated postprandial glycemia and glycemic
variability [10–15,17,18]. This integrated perspective provides the biological framework for
evaluating the metabolic relevance of cocoa-based plant matrices, as illustrated in Figure 1.

Figure 1. Oxidative stress as a mechanistic link between metabolic overload and glycemic dysregula-
tion in metabolic disorders. Metabolic overload increases reactive oxygen species (ROS) production
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through mitochondrial dysfunction, NADPH oxidase activation, and AGE formation, leading to
disruption of insulin signaling and activation of inflammatory pathways. These mechanisms
contribute to insulin resistance, β-cell dysfunction, and endothelial impairment, while plant-
derived matrices such as cocoa-based formulations may modulate redox signaling and postprandial
metabolic responses.

4. Cocoa Polyphenols and Redox Signaling in Glucose Metabolism
Cocoa is among the most concentrated dietary sources of flavan-3-ols, a characteristic

that underpins its relevance as a metabolically active nutritional matrix [25–27,36–38]. The
main polyphenolic compounds present in cocoa include monomeric flavanols such as (−)-
epicatechin and (+)-catechin, together with oligomeric and polymeric procyanidins. Their
abundance varies substantially depending on cultivar, fermentation processes, roasting
conditions, alkalization, and the final formulation of cocoa products [25,27,38]. Within
the scope of this review, the relevance of cocoa polyphenols does not lie in a simplistic
interpretation centered on chemical antioxidant capacity. Instead, their importance resides
in the ability to influence redox-sensitive signaling pathways involved in endothelial
physiology, insulin signaling, postprandial metabolism, and cellular responses to nutrient
overload [37–40]. This distinction is essential as in metabolic disorders, the key issue is not
whether cocoa flavanols neutralize reactive species in vitro, but whether they modulate
biologically relevant pathways in vivo that ultimately affect glucose homeostasis and
metabolic resilience [28,37,38,41].

4.1. Cocoa Flavanols as Metabolically Active Phytochemicals

Evidence supporting the biological activity of cocoa flavanols spans mechanistic, pre-
clinical, and clinical research, although the robustness of this evidence varies depending on
the physiological endpoint evaluated [36,37,41–46]. Early controlled human interventions
demonstrated that short-term consumption of flavanol-rich dark chocolate can improve
insulin sensitivity and reduce blood pressure in healthy individuals, whereas white choco-
late produced no comparable changes [36]. The relevance of this work lies not only in
the metabolic outcomes observed but also in the experimental comparison between dark
and white chocolate, which indirectly highlights the importance of polyphenol content
rather than chocolate itself as a generic food category. A subsequent study in individuals
with hypertension and impaired glucose tolerance reported that the consumption of dark
chocolate improved endothelial function, lowered blood pressure, and was associated with
more favorable insulin-related indices [42]. These findings reinforced the idea that cocoa
flavanols may influence metabolic regulation at the intersection between vascular and
glucose homeostasis.

Such early clinical trials did not demonstrate that cocoa acts as a therapeutic agent
for diabetes. Rather, they suggest a plausible translational pathway through which cocoa
polyphenols could indirectly influence glucose metabolism via redox-sensitive endothelial
and insulin-signaling mechanisms [36,42]. Later reviews by Martín, Goya, and Ramos
further emphasized that cocoa flavanols may target several key features of metabolic dys-
function, including oxidative stress, inflammation, altered insulin signaling, and impaired
glucose transport, while also emphasizing the heterogeneity of intervention studies and
the need for mechanistic rigor when interpreting reported effects [37,38].

4.2. Redox Signaling Rather than Simple Antioxidant Action

A recurring misconception in cocoa research is the tendency to equate flavanol content
with nonspecific “antioxidant power”. A more mechanistically grounded interpretation
recognizes that cocoa polyphenols act primarily as modulators of redox-sensitive signaling
networks rather than as passive radical scavengers. These networks regulate vascular tone,
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inflammatory activation, cellular glucose uptake, and metabolic adaptation [37,38,47]. This
perspective is consistent with current understanding of dietary polyphenols as bioactive
compounds that interact with enzymes, transport systems, and cellular signaling pathways,
rather than functioning solely through direct antioxidant activity measured in vitro [39,40].

One of the most studied examples of this signaling-oriented mechanism involves the
interaction between cocoa flavanols and nitric oxide metabolism. Several investigations
suggest that cocoa flavanols enhance nitric oxide bioavailability by stimulating endothelial
nitric oxide synthase activity while simultaneously reducing oxidative inactivation of nitric
oxide [41,44,47]. These effects improve endothelial function and vascular responsiveness.
This mechanism has direct implications for glucose metabolism. Efficient insulin-mediated
glucose disposal partly depends on adequate microvascular recruitment and tissue perfu-
sion. Impaired endothelial signaling limits the delivery of insulin and glucose to peripheral
tissues, thereby contributing to metabolic dysfunction even when alterations are primarily
described in glycemic terms [43,47].

4.3. Endothelial Function, Nitric Oxide, and Glucose Handling

The vascular dimension of cocoa flavanol action is one of the most consistent findings
in the literature. Short-term cocoa consumption in patients with essential hypertension
has been shown to enhance insulin-mediated vasodilation, without a corresponding reduc-
tion in whole-body insulin resistance assessed by hyperinsulinemic clamp techniques [43].
This observation is mechanistically informative because vascular responsiveness and sys-
temic insulin sensitivity represent related but distinct aspects of metabolic regulation.
Cocoa flavanols may influence endothelial components of the glucose regulatory system
before measurable changes occur in classical metabolic indices such as fasting glucose
or insulin resistance [43]. This distinction may partly explain why human intervention
studies often report improvements in endothelial biomarkers while glycemic endpoints
remain unchanged.

Meta-analytic evidence supports this interpretation. Hooper and collaborators re-
ported that interventions involving chocolate, cocoa, or flavan-3-ols consistently improved
flow-mediated dilation and showed favorable, although more modest, effects on insulin
and HOMA-IR across randomized trials [29]. Similarly, Shrime et al. documented ben-
eficial effects of flavonoid-rich cocoa on several cardiovascular risk markers, including
vascular outcomes [30]. Later quantitative syntheses, including those conducted by Lin
and colleagues, confirmed that cocoa flavanols can influence cardiometabolic biomarkers,
although the magnitude of the effect varies according to dose, duration of intervention,
baseline metabolic phenotype, and product formulation [45].

Taken together, these findings indicate that cocoa polyphenols exert particularly
consistent effects on vasculometabolic pathways. Improvements in endothelial function
may subsequently influence glucose homeostasis through better microvascular perfusion
and insulin delivery, especially in insulin-resistant states where vascular dysfunction and
dysglycemia frequently coexist [41,43–46].

4.4. Intracellular Signaling Pathways and Glucose Transport

Beyond vascular effects, cocoa polyphenols have also been investigated for their ability
to influence intracellular pathways associated with glucose uptake and metabolic regulation.
Experimental studies by Martín and colleagues demonstrated that cocoa flavanols can
improve insulin responsiveness in hepatocytes, reduce hepatic glucose production, and
strengthen antioxidant defenses in pancreatic β-cells exposed to oxidative stress [37]. These
findings extend the biological plausibility of cocoa beyond vascular physiology, suggesting
effects on both insulin-responsive tissues and insulin-secreting cells. Additional evidence
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supports the involvement of cocoa flavanols in pathways regulating glucose transport
and insulin signaling, including enhanced peripheral insulin signaling, and attenuation of
oxidative-inflammatory processes associated with T2D [48].

Research by Yamashita and collaborators has further clarified possible molecular mech-
anisms. In a mouse model, cacao liquor procyanidin extract improved glucose tolerance
by enhancing Glucose Transporter Type 4 (GLUT4) translocation and glucose uptake in
skeletal muscle [47]. In a subsequent study, trimeric and tetrameric procyanidins activated
both insulin-dependent and AMP-activated protein kinase (AMPK)-related pathways,
leading to increased GLUT4 translocation and suppression of acute hyperglycemia in a
dose-dependent manner [38].

These studies identify specific signaling mechanisms, moving beyond generalized
antioxidant explanations. However, their translational relevance requires careful considera-
tions, as many of these findings originate from experimental models using purified frac-
tions or doses that do not necessarily correspond to typical human dietary exposure [48,49].
Nonetheless, they provide a mechanistic framework supporting the possibility that cocoa
procyanidins can modulate skeletal muscle glucose uptake through both insulin-dependent
and insulin-independent pathways.

4.5. Acute Metabolic Stress and Postprandial Redox Protection

An important aspect of cocoa research concerns its capacity to modulate postprandial
oxidative stress, a condition closely linked to glycemic variability and acute glucose ex-
cursions. Evaluating cocoa under postprandial conditions provides insight into its effects
on dynamic metabolic stress responses rather than static glycemic measures. I. In this
context, Grassi et al. demonstrated that flavanol-rich dark chocolate attenuated endothelial
dysfunction and oxidative stress induced by an oral glucose tolerance test, whereas white
chocolate produced no comparable effect [41].

Instead of simply lowering baseline glucose levels, cocoa flavanols appeared to im-
prove the physiological response to an acute metabolic challenge [41]. Such findings align
with broader analyses, including those by Strat and colleagues, who reviewed potential
mechanisms through which cocoa flavanols may influence metabolic syndrome-related
disturbances. These mechanisms include interactions with digestive enzymes, glucose
transporters, endothelial function, oxidative stress pathways, and inflammatory signal-
ing [49]. The relevance of this work lies in its integrative interpretation. Cocoa flavanols
may not act through a single dominant mechanism but rather through multiple modest
effects that collectively influence postprandial glucose excursions and metabolic stress
responses. This multi-target profile is compatible with the concept of cocoa as a functional
food matrix rather than a single-compound pharmacological intervention.

4.6. Human Evidence: Promise, Inconsistency, and Context Dependence

Despite the mechanistic plausibility and several encouraging trials, human evidence
remains heterogeneous. Dicks and colleagues reported that regular intake of a typical
serving of flavanol-rich cocoa powder did not significantly improve glucose metabolism,
glycated hemoglobin (HbA1c), insulin concentrations, or the Homeostatic Model Assess-
ment of Insulin Resistance (HOMA-IR) in patients with established type 2 diabetes and
hypertension receiving stable medical treatment [50]. These findings temper overly opti-
mistic interpretations of cocoa as a universal metabolic intervention, suggesting that in
advanced or pharmacologically managed disease states, the additional effects of cocoa
flavanols may be limited or difficult to detect over short intervention periods [40].
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The variability observed across studies reflects the influence of multiple contextual
factors, including participant phenotype, medication use, habitual diet, flavanol dose,
intervention duration, and product composition.

Importantly, this heterogeneity does not negate the biological relevance of cocoa
polyphenols but rather defines the conditions under which their effects are more likely to
be observed. Cocoa polyphenols appear to produce more consistent effects on endothelial
and redox-related vascular outcomes than on traditional glycemic endpoints such as fasting
glucose or HbA1c, particularly in short-term studies [40,41,43–46]. Another important
source of heterogeneity arises from differences in cocoa products themselves. A flavanol-
standardized cocoa beverage, a commercial chocolate product rich in sugar and fat, and a
dark chocolate bar cannot be assumed to exert equivalent metabolic effects.

As Martín and colleagues emphasized in their analyses of cocoa and metabolic health,
biological responses depend strongly on product formulation, the amount and bioavailabil-
ity of flavanols delivered, and the metabolic characteristics of the study population [37,38].
For this reason, the present review focuses on cocoa-based plant matrices rather than
isolated cocoa polyphenols.

Overall, current evidence indicates that cocoa polyphenols act as biologically relevant
modulators of redox-sensitive pathways involved in glucose metabolism, although their
effects are generally context-dependent and moderate rather than pronounced [36–50]. The
strongest clinical evidence concerns endothelial function and nitric oxide-related signaling,
while mechanistic and experimental studies suggest additional actions on oxidative stress,
inflammatory signaling, GLUT4 translocation, and β-cell protection [37–39,41,43–50].

These mechanisms should not be considered as nonspecific antioxidant activity but
as modulation of key processes linking metabolic overload with dysglycemia, including
vascular responsiveness, intracellular insulin signaling, cellular redox balance, and post-
prandial metabolic stress [37,38,41,50]. Cocoa polyphenols therefore represent the most
direct class of cocoa-derived bioactives linking redox biology with glucose metabolism, as
seen in Figure 2. However, their metabolic effects cannot be understood independently
of the surrounding food matrix. A cocoa product may contain substantial amounts of
flavanols yet still exert unfavorable metabolic effects if delivered within a formulation that
increases glycemic load or provides an adverse nutritional context.

4.7. Structure–Activity Relationships and Chemical Determinants of Biological Activity

Understanding the relationship between the chemical structure of cocoa flavanols and
their biological activity is essential for interpreting the heterogeneity of available evidence
and for designing more effective cocoa-based functional matrices. The main bioactive com-
pounds in cocoa—(−)-epicatechin, (+)-catechin, and their oligomeric procyanidins—share
the flavan-3-ol backbone but differ substantially in their spatial configuration, hydroxy-
lation pattern, and degree of polymerization. These structural differences translate into
differences in receptor binding, redox activity, bioavailability, and metabolic fate that must
be considered when interpreting experimental findings.

The 3′,4′-dihydroxyl (catechol) moiety present in the B-ring of (−)-epicatechin is
particularly relevant for biological activity. This ortho-dihydroxyl group confers strong
metal-chelating capacity, facilitates hydrogen bonding interactions with biological macro-
molecules, and serves as the primary site for radical scavenging via single electron transfer.
In the context of redox signaling, the catechol moiety may also interact with Keap1-Nrf2
complexes, facilitating nuclear translocation of Nrf2 and induction of antioxidant response
element (ARE)-regulated genes such as heme oxygenase-1 (HO-1), NAD(P)H quinone
oxidoreductase 1 (NQO1), and glutamate-cysteine ligase (GCL) [37,38]. These interactions
help explain the apparent paradox that flavanols, despite being consumed at concentrations
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insufficient for significant direct antioxidant activity in biological fluids, can nonetheless
produce measurable changes in cellular redox homeostasis—likely by activating endoge-
nous antioxidant defense systems rather than by acting as exogenous radical scavengers.

Figure 2. Mechanistic diagram of cocoa polyphenols and redox-sensitive pathways involved in
glucose metabolism. Cocoa flavanols, particularly (−)-epicatechin, (+)-catechin, and procyanidins,
may influence glucose homeostasis through modulation of redox-sensitive pathways related to
endothelial nitric oxide bioavailability, PI3K/Akt and AMPK signaling, inflammatory tone, and
tissue-specific glucose handling.

Stereochemistry also plays an important role. (−)-Epicatechin (2R,3R configuration)
and (+)-catechin (2R,3S configuration) are diastereomers that differ in the spatial orientation
of the hydroxyl group at C-3. This difference affects their binding affinity to membrane
lipids, plasma proteins, and enzyme active sites. (−)-Epicatechin predominates in fresh
cocoa and is more bioavailable than its epimer; however, during thermal processing and
alkalization, epicatechin undergoes epimerization, and additional degradation can occur,
substantially altering the structural profile of the bioactive fraction [51,52]. This has direct
implications for research interpretation: studies using standardized epicatechin prepara-
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tions are not directly comparable to studies using commercially processed cocoa products
with undefined epimerization profiles.

Procyanidins—oligomers formed by interflavan linkages between flavan-3-ol units,
predominantly B-type (C4-C8 or C4-C6 linkages) in cocoa—exhibit distinct bioavailability
and biological activity compared to monomers. Dimers (e.g., procyanidin B1, B2) are
partially absorbed in the small intestine, while trimers and larger oligomers are poorly
absorbed and reach the colon largely intact, where they serve as substrates for microbial
biotransformation into phenolic metabolites with distinct biological activity [53]. Pro-
cyanidin oligomers with a higher degree of polymerization appear to exhibit stronger
activation of AMPK-dependent glucose uptake pathways and pronounced effects on gut
microbiota composition compared to monomers [38]. However, their markedly lower
systemic bioavailability means that their principal biological effects may operate primar-
ily through colonic and microbiota-mediated routes rather than through direct systemic
action. These complementary structure–activity relationship (SAR) profiles suggest that
the total flavanol content of a matrix is an insufficient descriptor of its biological potential;
the distribution of oligomerization degrees and the processing conditions that determine
their stability are equally important parameters. A conceptual scheme of the main cocoa
bioactive structures and their proposed biological targets is presented in Figure 2 (Table 1).

Table 1. Cocoa-derived bioactive compounds and their proposed roles in glucose metabolism and
redox signaling.

Bioactive Com-
pound/Class

Source in
Cocoa Matrix

Main Biological
Target/Pathway

Proposed
Metabolic Role Evidence Type Key Limitations

(−)-Epicatechin
[28–30,38,44]

Dominant
flavan-3-ol in

cocoa

eNOS activation;
PI3K/Akt;

AMPK; NF-κB;
Nrf2

Improved NO
bioavailability;

reduced
oxidative stress;

enhanced insulin
signaling

Human RCT;
preclinical;
mechanistic

Dose variability;
processing

sensitivity; poor
bioavailability of

intact form

(+)-Catechin
[38,44,53]

Cocoa beans;
processing-

labile

Redox signaling;
anti-

inflammatory;
GLUT4

translocation

Antioxidant
modulation;

possible
glycemic effects

in animal models

Preclinical;
in vitro; limited

human data

Very limited direct
human cocoa

evidence;
epimerizes to

epicatechin during
processing

Procyanidins (B1,
B2; oligomers)

[38,51–53]

Cocoa liquor;
raw cocoa
powder

AMPK; GLUT4
translocation;

IGF-1R; insulin-
independent

glucose uptake

Improved
glucose tolerance
in rodent models;

anti-
inflammatory;

microbiota
modulation

Preclinical
(mouse);
in vitro;

mechanistic;
limited human

Trimers/tetramers
poorly absorbed;

most human
evidence indirect

from
high-flavanol cocoa

Theobromine
[25–27]

Methylxanthine;
abundant in
cocoa (1–2%)

Phosphodiesterase
inhibition;

vasodilation;
weak AMPK

activation

May improve
vascular tone;
limited direct

glycemic
evidence

In vitro;
limited

preclinical;
very few

human studies

Evidence
predominantly

extrapolated from
xanthine biology;

cocoa-specific
human RCTs lacking
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Table 1. Cont.

Bioactive Com-
pound/Class

Source in
Cocoa Matrix

Main Biological
Target/Pathway

Proposed
Metabolic Role Evidence Type Key Limitations

Caffeine [25–27]
Present at low

amounts in
cocoa (≤0.2%)

Adenosine
receptor

antagonism;
lipolysis;

insulinotropic at
high dose

Modest acute
glycemic and

cardiovascular
effects; context-

dependent

Human studies
(mixed

populations);
not specific to
cocoa matrices

Very low
concentration in

cocoa; effects
primarily from
coffee literature

Phenolic acids
(protocatechuic,

ferulic) [53]

Cocoa shell;
colonic

metabolites of
procyanidins

Nrf2/ARE; anti-
inflammatory;
microbiota bio-
transformation

products

May contribute
to antioxidant

capacity after gut
biotransforma-

tion

Mainly in vitro;
colonic

fermentation
models; limited

human

Largely produced
by gut bacteria;
bioavailability

highly variable;
cocoa-specific

evidence sparse

Dietary fiber
(cocoa shell)

[31,32]

Cocoa pod
husk; shell
fractions

Gut microbiota
modulation;

SCFA
production;

intestinal barrier
integrity

Prebiotic-like
effects; reduced

endotoxemia;
possible
glycemic

modulation

Human
feasibility

studies; in vitro
fermentation;
limited RCT

Not present in
standard chocolate;

requires specific
matrix inclusion;
human glycemic
evidence modest

Magnesium
[54,55]

Cocoa powder
(~500 mg/

100 g); reduced
in processing

Insulin receptor
substrate
activation;

AMPK cofactor;
antioxidant

enzyme cofactor

Improved insulin
sensitivity;

reduced diabetes
risk in deficient

populations

Human cohort;
meta-analysis;
RCT (isolated
supplementa-

tion)

Evidence mainly
from

supplementation
studies, not

cocoa-specific;
modest effect sizes

Zinc [56] Cocoa powder;
cocoa nibs

Insulin synthe-
sis/storage; SOD

cofactor; Nrf2
activation

Supports β-cell
function;

antioxidant
enzyme activity;
glycemic control

in deficiency

Meta-analysis
(supplementa-

tion);
mechanistic

Studies use zinc
supplements, not

cocoa; cocoa content
modest; absorption
depends on matrix

RCT, randomized controlled trial; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PI3K, phospho-
inositide 3-kinase; Akt, protein kinase B; AMPK, AMP-activated protein kinase; GLUT4, glucose transporter
type 4; SCFA, short-chain fatty acids; SOD, superoxide dismutase; Nrf2, nuclear factor erythroid 2-related fac-
tor 2. Evidence levels: in vitro (cell culture); preclinical (animal models); mechanistic (biochemical/molecular
studies); human RCT (randomized controlled trial); meta-analysis (quantitative synthesis). Evidence for isolated
procyanidins or high-flavanol cocoa preparations, not standard commercial chocolate (Table 2).

Table 2. Evidence strength across cocoa-based matrix components and extrapolated ingredients.

Component

Direct
Cocoa-Based

Human
Evidence

Isolated
Compound/
Non-Cocoa
Evidence

Preclinical/
Mechanistic

Evidence

Main Car-
diometabolic

Outcome

Overall
Interpretation

Cocoa flavanols
(whole dark
chocolate)

[28–30,33–35]

Moderate
(human RCTs);
consistent on
endothelial

markers

Extensive
(isolated

epicatechin;
purified
extracts)

Strong (eNOS,
AMPK, GLUT4,

anti-
inflammatory)

Improved FMD;
modest BP
reduction;

limited fasting
glucose effects

Biologically
plausible;

endothelial effects
more consistent than

glycemic effects;
matrix-dependent
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Table 2. Cont.

Component

Direct
Cocoa-Based

Human
Evidence

Isolated
Compound/
Non-Cocoa
Evidence

Preclinical/
Mechanistic

Evidence

Main Car-
diometabolic

Outcome

Overall
Interpretation

Erythritol/polyols
(in cocoa

formulation)
[57–59]

Limited (acute
postprandial;

T2D pilot)

Moderate
(isolated
studies)

Minimal

Reduced
postprandial

glycemia;
improved

endothelial
markers

(erythritol)

Glycemic load
reduction rationale
is strong; vascular
data preliminary;

long-term
data scarce

Steviol
glycosides (in
cocoa matrix)

[60–62]

None specific to
cocoa matrices

Moderate
(human
preload
studies)

Limited

Lower
postprandial

glucose vs.
sucrose; no

compensatory
intake increase

Acute glycemic
benefit

well-supported;
long-term evidence
heterogeneous; not

tested in cocoa

Inulin-type
fructans (added
to cocoa) [63–65]

Very limited
Moderate

(isolated sup-
plementation)

Strong
(microbiota,
SCFA, gut

barrier)

Bifidogenesis;
modest fasting

glucose and
HbA1c reduction

in
T2D/prediabetes
(meta-analyses)

Mechanism
plausible; benefits
depend on dose,
duration, host

microbiota
phenotype

Oat β-glucan
(added to cocoa)

[66–69]

None specific
to cocoa

Strong (human
RCTs with oat

products)

Strong
(viscosity;

gastric
emptying)

Reduced
postprandial
glycemia and

LDL-cholesterol

Effects viscosity-
dependent;

processing may
impair efficacy; no
cocoa-specific trials

Oleic acid
(oleic-rich cocoa

formulation)
[70–76]

None specific to
cocoa matrices

Moderate
(dietary pattern
studies; MUFA
substitution)

Moderate
(membrane

fluidity; insulin
receptor
function)

Improved insulin
sensitivity;

reduced
postprandial

lipemia;
Mediterranean

diet context

Benefits largely
context-dependent;

cocoa butter already
contains oleic +

stearic acid; studies
use isolated fat
substitutions

Magnesium
(from cocoa)

[54,55]

None specific
to cocoa

Moderate-
strong

(supplementa-
tion

meta-analyses)

Strong (insulin
receptor;
AMPK;

antioxidant
cofactor)

Improved insulin
sensitivity;

reduced T2D risk
in deficient
populations

Studies use
supplements; cocoa

contribution
depends on

processing; content
decreases with

alkalization
FMD, flow-mediated dilation; BP, blood pressure; RCT, randomized controlled trial; T2D, type 2 diabetes; HbA1c,
glycated hemoglobin; LDL, low-density lipoprotein; MUFA, monounsaturated fatty acids; AMPK, AMP-activated
protein kinase; eNOS, endothelial nitric oxide synthase; SCFA, short-chain fatty acids. Evidence classifications are
based on the authors’ assessment of available literature at the time of manuscript preparation (Table 3).
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Table 3. Non-glycemic sweeteners used in cocoa-based functional food matrices: metabolic character-
istics and evidence summary.

Sweetener Type GI
Acute

Postprandial
Effect

Long-Term
Evidence

Additional
Effects

Key
References

Erythritol Polyol 0

Negligible
glucose/insulin
response; mainly

excreted
unchanged in urine

Heterogeneous;
modest body

weight reduction;
improved

endothelial
function in T2D

pilot

Improved
small-vessel
endothelial

function; reduced
central aortic

stiffness indices

[77–79]

Xylitol/
Sorbitol/
Isomalt

Polyols 7–36

Markedly lower
than sucrose;

dose-dependent GI
tolerance

Limited RCT
data; generally
safe for dental
health; modest

glycemic benefit

Dental health;
lower

postprandial
insulin vs.

sucrose

[80]

Steviol
glycosides

(Stevia)

High-
intensity
glycoside

<1

Lower
postprandial

glucose and insulin
vs. sucrose;
improved

insulinogenic
index in T2D

Limited
long-term RCT;

no compensatory
energy intake

reported in
preload studies

May improve gut
microbiota
profile; not

insulinotropic at
recommended

doses

[81,82]

Monk fruit
(Lo Han

Guo)

High-
intensity
glycoside

0

No significant
increase in

postprandial
glucose vs. water
or NNS controls

Very limited;
extrapolated

from beverage
substitution

studies

Antioxidant
activity of

mogrosides
(preclinical);

glycemic effect
comparable to

other NNS

[83]

Sucralose
Chlorinated

sucrose
derivative

0
Does not acutely

raise blood glucose
or insulin

12-wk trial in
T2D Asians: no
HbA1c change;

modest
anthropometric

benefit

Stable at high
temperature;

compatible with
chocolate

processing

[57]

D-Allulose
Rare sugar
(C3 epimer
of fructose)

<1

Dose-dependent
reduction in
postprandial

glucose/insulin;
inhibits intestinal
α-glucosidase

Limited;
meta-analysis

supports
postprandial

glycemia
attenuation in
healthy adults

Potential
anti-obesity and
hepatoprotective

effects in
animal models

[58,59]

Sucrose
(reference)

Disaccharide
(glucose +
fructose)

65

Sharp postprandial
glucose and insulin

excursions;
stimulates GLP-1

and GIP

Associated with
cardiometabolic

risk at high
habitual intake

Provides flavor
bulking but

imposes
glycemic burden

—

GI, glycemic index (relative to glucose = 100); NNS, non-nutritive sweeteners; T2D, type 2 diabetes; HbA1c,
glycated hemoglobin; GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulinotropic polypeptide. GI
values are approximate and may vary depending on food matrix context. All effects shown refer to substitution of
sucrose unless stated otherwise (Table 4).
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Table 4. Additive, complementary, and synergistic interactions among cocoa-based matrix compo-
nents: conceptual framework and evidence status.

Interaction Type Definition Example in Cocoa-Based
Formulations Evidence Level Interpretation

Additive

The combined effect
equals the sum of

individual effects; no
positive or negative
interaction between

components

Cocoa flavanols
(antioxidant effect) +
magnesium (insulin

cofactor) acting
independently on

separate metabolic targets

Mechanistic
plausibility; no direct
human evidence for

the combination

Most interactions
within cocoa-based
matrices are likely

additive at best;
this is the

conservative and
scientifically
defensible

interpretation

Complementary
(pathway-
targeting)

Components act on
different stages of
the same pathway,

producing a
coordinated

metabolic benefit
without exceeding

the sum of
individual effects

Non-glycemic sweetener
(reduces acute glycemic

load) + viscous fiber
(slows glucose absorption)

+ flavanols (improves
endothelial

responsiveness): each
targets a different

aspect of
postprandial physiology

Mechanistic and
indirect clinical

evidence; no
co-formulation RCT

testing all three
simultaneously

Strong mechanistic
rationale; likely

operative in
well-designed

cocoa matrices; still
awaits direct
experimental
confirmation

Matrix-mediated
modulation

One component
alters the

bioavailability,
stability, or metabolic

destination
of another

Oleic-rich lipid fraction
increases micellar
solubilization and

intestinal absorption of
lipophilic flavanols; fiber

creates a viscous
environment that entraps
polyphenols and modifies

their release
during digestion

Preclinical and
in vitro evidence;

some human
bioaccessibility data;

no direct
cocoa-specific RCT

Biologically
plausible and

supported by food
science; important

for formulation
optimization but

not clinically
confirmed for
cocoa matrices

Kinetic synergy

Components reshape
the temporal pattern

of metabolic
exposure rather than
acting on the same
molecular target,

collectively reducing
peak-to-trough

variability

Viscous fiber (slows
gastric emptying) +

low-glycemic sweetener
(displaces sucrose) +
flavanols (attenuates

postprandial oxidative
stress): results in a

flattened postprandial
glucose curve with

reduced oxidative burden

Mechanistic;
extrapolated from

individual
component studies;

not tested as a
combined matrix

intervention
in humans

Relevant for
reducing glycemic
variability; direct
evidence lacking

True synergy

The combined effect
exceeds the sum of
individual effects;
requires dedicated

factorial
experimental design

to confirm

Hypothetical:
procyanidins +

inulin-type fructans
acting synergistically on

gut microbiota to produce
enhanced SCFA

production and metabolic
benefit beyond either

component alone

Not currently
demonstrated for

cocoa-based matrices;
design of

confirmatory studies
is a research priority

Cannot be claimed
on current

evidence; should
be framed as a

hypothesis
requiring factorial

crossover trials
with standardized

cocoa matrices
SCFA, short-chain fatty acids; RCT, randomized controlled trial. Evidence classifications reflect the authors’
assessment of available literature; interactions labeled as ‘true synergy’ require formal demonstration using
factorial experimental designs that have not yet been conducted for cocoa-based functional food matrices.
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5. Non-Glycemic Sweeteners and Postprandial Glycemic Control
Within cocoa-based functional matrices, non-glycemic sweeteners are of relevance

principally as substitutes for sucrose in chocolate and other cocoa-derived products, where
sucrose has historically dominated the formulation and where its replacement carries di-
rect metabolic implications. Polyols (notably erythritol), high-intensity steviol glycosides,
and rare sugars such as allulose and tagatose constitute the compound classes whose
substitution for cocoa-product sucrose has been most extensively characterized mechanisti-
cally [57–59,77–88]; the discussion that follows examines this evidence in the framing that
matters for cocoa-based reformulation.

Postprandial glycemic control represents a central nutritional target in metabolic
disease, particularly in individuals with insulin resistance, prediabetes, and type 2 dia-
betes. Exaggerated and rapidly fluctuating postprandial glycemic responses contribute
to oxidative stress, impair endothelial function, and contribute to progressive deteriora-
tion of insulin signaling and β-cell compensation [14–16]. Within this pathophysiological
framework, the replacement of rapidly absorbable sugars with non-glycemic sweeteners is
not merely a sensory reformulation strategy, but a metabolically meaningful intervention
capable of modifying the acute glycemic burden of the food matrix. This issue is especially
relevant for cocoa-based products, since conventional chocolate formulations often combine
potentially beneficial cocoa flavanols with substantial amounts of sucrose. Accordingly, the
scientific question is not simply whether sweeteners are “safer” than sugar in generic terms,
but whether their inclusion in cocoa-based matrices can attenuate postprandial glycemic
stress without undermining the broader metabolic rationale of the formulation [31,80].

5.1. Relevance for Nutritional Strategies and Transition Toward Cocoa-Based Matrices

The metabolic rationale for non-glycemic sweeteners is grounded in the kinetics
of carbohydrate absorption and its impact on postprandial glycemia and insulinemia.
Ludwig et al. emphasized that carbohydrate quality, not only carbohydrate quantity,
influences chronic disease risk, particularly through differences in postprandial glycemia
and insulinemia [31]. In practical terms, rapidly absorbed sugars such as glucose or
sucrose induce sharp postprandial increases in plasma glucose, whereas sweeteners with
negligible digestibility, minimal glycemic conversion, or very low caloric contribution
can substantially blunt this response. This distinction is particularly important in food
products designed for individuals with impaired glucose tolerance, as repeated attenuation
of postprandial glycemic excursions may reduce downstream oxidative and vascular stress
even in the absence of changes in fasting glycemia.

Among the best characterized non-glycemic sweeteners are polyols, especially ery-
thritol. Livesey’s analysis of polyols as sugar replacers remains foundational because it
quantified their glycemic and insulinemic behavior and showed that these compounds
have markedly lower glycemic indices than conventional sugars [80]. Erythritol is essen-
tially non-glycemic, whereas xylitol, sorbitol, and isomalt also exhibit low glycemic and
insulinemic effects relative to sucrose [80]. These properties provide a metabolic basis for
their use in reducing the glycemic load of food matrices.

Human studies indicate that erythritol is rapidly absorbed, largely unmetabolized,
and excreted unchanged in urine, with negligible effects on circulating glucose and insulin
concentrations [77,78]. This metabolic profile underlies its relevance in reformulation
strategies, as it provides sweetness without inducing the acute glycemic and insulinemic
responses associated with rapidly absorbable sugars [77,78].

Beyond glycemic neutrality, limited evidence suggests that erythritol may influence
vascular-related outcomes. Flint et al. studied patients with type 2 diabetes and found that
acute erythritol consumption improved small-vessel endothelial function, while chronic
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intake reduced central aortic stiffness indices [79]. Although this does not imply that
erythritol is a vasoprotective therapy, it is a highly relevant observation for the present
review because it suggests that at least some non-glycemic sweeteners may be metabolically
compatible with vascular protection rather than simply metabolically inert [79]. Since
endothelial dysfunction is one of the early consequences of postprandial oxidative stress,
this observation provides a mechanistic rationale for combining low-glycemic sweeteners
with cocoa polyphenols within functional food matrices [40,41,43,44].

Another important class of compounds includes high-intensity sweeteners such as ste-
viol glycosides. In contrast to polyols, these substances are used at very low concentrations
because of their intense sweetness, thereby contributing virtually no caloric or glycemic
load. Gregersen et al. showed in patients with type 2 diabetes that adding stevioside to
a standard meal reduced the incremental postprandial glucose response and increased
the insulinogenic index, suggesting improved handling of the glucose challenge [81].
Anton et al., in a human preload study, found that Stevia produced lower postprandial
glucose and insulin responses than sucrose and did so without compensatory increases
in subsequent energy intake [82]. These studies are important because they indicate that
certain non-glycemic sweeteners may exert favorable acute metabolic effects when they
replace conventional sugars, rather than merely diluting total caloric exposure.

At the level of acute glycemic physiology, the broader human evidence is also infor-
mative. Greyling et al. conducted a systematic review and meta-analysis of randomized
controlled trials examining the acute glycemic and insulinemic effects of low-energy sweet-
eners and concluded that they do not increase postprandial glucose or insulin relative to
appropriate controls [84]. Nichol et al. reached a similar conclusion in their systematic
synthesis of the glycemic impact of non-nutritive sweeteners, observing that, overall, their
consumption did not elevate blood glucose in acute settings [81]. These findings are directly
relevant to the present review because they support the formulation principle underpinning
this section: replacing high-glycemic sugars with non-glycemic sweeteners can reduce the
immediate glycemic burden of a cocoa-based food matrix.

This principle becomes especially important when cocoa is considered as a complete
food matrix rather than an isolated flavanol source. A cocoa matrix enriched in flavanols
may still be metabolically suboptimal if it delivers a high sucrose load. Conversely, a
cocoa-based product reformulated with non-glycemic sweeteners may preserve the redox-
and vascular-related benefits associated with cocoa polyphenols while reducing the acute
glycemic stress imposed by the carbohydrate fraction. In this sense, sweetener choice is not
merely a technological consideration but a key determinant of the metabolic properties of
the matrix.

Recent evidence has also broadened the range of sugar alternatives under discussion.
D-allulose, a rare sugar with negligible energetic contribution, has attracted increasing
interest because of its ability to attenuate postprandial glycemia while preserving sweetness.
Tani et al., in a systematic review and meta-analysis of human studies, concluded that
D-allulose significantly attenuates postprandial blood glucose concentrations in healthy
individuals [58]. More recently, Buranapin et al. showed in a randomized crossover
trial that adding D-allulose to a sucrose beverage produced dose-dependent reductions
in postprandial glucose and insulin responses in healthy volunteers [59]. Although D-
allulose occupies a somewhat different regulatory and technological niche from polyols or
classic high-intensity sweeteners, these findings reinforce the broader concept that sugar
replacement strategies can meaningfully modulate acute glycemic physiology.
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5.2. Human Evidence: Promise, Inconsistency, and Context Dependence

Despite the strong physiological rationale and several favorable intervention studies,
the human literature on non-glycemic sweeteners remains heterogeneous and requires care-
ful interpretation. This heterogeneity arises partly from the fact that different compounds
behave differently and partly because study designs vary substantially with respect to
duration, comparator, delivery vehicle, and participant phenotype. In acute settings, the ev-
idence is relatively consistent: compared with sucrose or glucose, non-glycemic sweeteners
tend to produce lower postprandial glycemic and insulinemic responses. However, when
the outcomes shift toward longer-term endpoints such as HbA1c, body weight, insulin
sensitivity, or cardiometabolic risk, the evidence becomes more mixed.

Tey et al. examined beverages sweetened with aspartame, monk fruit, stevia, or sucrose
and found that, although sucrose caused sharper early glucose and insulin excursions,
the overall 3 h glucose and insulin area under the curve did not differ significantly across
beverages when subsequent intake was considered [83]. In a related study, the same
group reported that replacing a single sucrose-sweetened beverage with non-nutritive
sweetened alternatives had minimal effects on 24 h glucose profiles in healthy men [88].
These observations highlight a key limitation: acute glycemic neutrality does not necessarily
translate into meaningful improvements in whole-day metabolic regulation [83,88].

This theme is reinforced by the network meta-analysis of Zhang et al., who concluded
that non-nutritive sweetened beverages generally have no acute metabolic or endocrine
effects beyond those seen with water, while calorically sweetened beverages increase
postprandial glucose, insulin, GLP-1, and GIP responses [85]. In other words, the clearest
benefit of non-glycemic sweeteners may not lie in producing active metabolic enhancement,
but in avoiding the metabolic perturbation induced by rapidly absorbable sugars [85]. For a
narrative review focused on cocoa-based matrices, this is a crucial distinction. The metabolic
value of a sweetener is often substitutional rather than intrinsically pharmacological.

This substitution-based interpretation is further supported by longer-term evidence,
which remains heterogeneous and of limited certainty. Toews et al., in a broad systematic
review and meta-analysis, found limited evidence of meaningful long-term health benefits
or harms from non-sugar sweeteners, largely because of heterogeneity and low-certainty
evidence across studies [86]. Azad et al. likewise reported that randomized controlled trials
did not consistently support major benefits of nonnutritive sweeteners on adiposity or
cardiometabolic outcomes, whereas observational cohorts often showed associations with
higher cardiometabolic risk, likely influenced by confounding and reverse causality [87].
This discrepancy between trial evidence and observational associations is particularly
important. Individuals at higher metabolic risk are more likely to choose diet products,
making it difficult to infer causality from habitual consumption patterns alone [86,87].

Evidence, specifically in individuals with diabetes, remains comparatively limited. In
a Cochrane review focused on non-nutritive sweeteners in diabetes mellitus, Lohner et al.
concluded that the available randomized evidence was insufficient to support robust long-
term claims regarding glycemic improvement, largely because of small sample sizes, short
intervention periods, and substantial methodological heterogeneity across studies [88].
This reinforces a consistent pattern in the literature: while the acute postprandial neutrality
of many non-glycemic sweeteners is well established, their capacity to induce sustained
improvements in established diabetic populations remains uncertain.
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More recently, Mohan et al. evaluated the replacement of sucrose with sucralose
in tea and coffee over 12 weeks in Asian Indians with type 2 diabetes and found no
significant changes in HbA1c or fasting plasma glucose, although modest reductions
in body weight, body mass index, and waist circumference were observed [57]. These
findings are informative because they suggest that sugar replacement may improve certain
anthropometric or dietary markers without necessarily producing large short-term changes
in conventional glycemic endpoints when pharmacological treatment and habitual dietary
patterns are already established [57]. Thus, the metabolic value of non-glycemic sweeteners
in diabetes may depend less on direct glucose-lowering effects and more on their role in
reducing cumulative exposure to rapidly absorbable sugars over time.

Additional evidence from emerging sugar alternatives also supports the concept that
formulation choices can meaningfully alter acute glycemic physiology. Tani et al., in a sys-
tematic review and meta-analysis of human studies, concluded that D-allulose significantly
attenuates postprandial blood glucose concentrations in healthy participants [58]. In line
with this, Buranapin et al. showed in a randomized crossover trial that adding D-allulose
to a sucrose-containing beverage reduced postprandial glucose and insulin responses in
a dose-dependent manner in healthy Thai volunteers [59]. Although these studies were
conducted outside the specific context of cocoa-based foods, they remain highly relevant
for the present review because they strengthen the broader formulation principle that
replacing or partially displacing conventional sugars with low-glycemic sweetening agents
can reduce acute metabolic stress.

These inconsistencies do not negate the relevance of non-glycemic sweeteners but
rather define the conditions under which their effects are most meaningful. Their principal
utility lies in reducing the glycemic load of the matrix and attenuating acute postprandial
stress, not necessarily in acting as stand-alone antidiabetic agents. This interpretation is
fully compatible with the matrix-based approach adopted throughout the manuscript. This
interpretation aligns with a matrix-based perspective, in which non-glycemic sweeteners
function as supportive formulation tools that help preserve the redox- and vascular-related
effects of cocoa polyphenols by limiting sucrose-driven glycemic excursions.

This context-dependent interpretation is especially important because the effects of
sweeteners cannot be disentangled from the physical and compositional characteristics of
the product in which they are delivered. A cocoa beverage sweetened with erythritol or
stevia, a dark chocolate bar reformulated with a polyol blend, and a low-sugar cocoa dessert
containing additional fibers will not generate identical digestive or metabolic responses.
The final postprandial profile depends on the combination of sweetness profile, carbohy-
drate displacement, food structure, fat content, and accompanying bioactive compounds.
For this reason, the role of non-glycemic sweeteners in cocoa-based matrices should be
interpreted in formulation terms, not merely ingredient terms.

Taken together, current evidence suggests that non-glycemic sweeteners are metabol-
ically useful primarily because they reduce exposure to rapidly absorbable sugars and
attenuate postprandial glycemic stress [31,77–85]. Human intervention studies provide
the strongest support for neutral or favorable acute postprandial effects, particularly for
erythritol, steviol glycosides, and other low-energy sweeteners used in substitution con-
texts [79,81–85]. At the same time, long-term outcomes remain more heterogeneous, with
systematic reviews highlighting modest benefits at best and substantial context depen-
dence [57,86–88]. Thus, the main translational implication is clear: when cocoa is for-
mulated as a functional matrix for metabolic health, the choice of sweetener becomes a
decisive determinant of whether the final product attenuates or amplifies postprandial
glycemic burden.
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Emerging cardiovascular evidence has nevertheless qualified the erythritol safety pro-
file. Witkowski et al. reported that circulating erythritol concentrations were associated with
major adverse cardiovascular events in two large observational cohorts and demonstrated,
in human and preclinical experiments, that erythritol enhances platelet aggregation and
thrombosis potential [89,90]. These findings do not establish causality but indicate that the
cardiovascular safety of repeated high-dose erythritol exposure cannot be assumed neutral,
and they argue for moderate replacement strategies in cocoa-product reformulation—and
for combining erythritol with steviol glycosides or rare sugars rather than relying on high
single-sweetener doses—pending adequately powered prospective trials.

6. Prebiotic Fibers and Microbiota-Mediated Metabolic Effects
Dietary fiber is a major modulator of postprandial glycemia and microbiota-derived

short-chain fatty acid production, with the recommended daily intake for adults of ap-
proximately 25–30 g·day−1. In a cocoa formulation context, the absolute fiber contribution
depends on serving size. Cocoa powder contains approximately 10–12 g of total fiber
per 100 g, of which roughly one third is soluble, so a typical 10 g serving contributes
~1 g—small in isolation, yet biologically relevant when delivered alongside the polyphenol,
lipid and protein components of the cocoa matrix [53,89,90]. This quantitative anchoring
frames the mechanistic and clinical evidence that follows.

The current conceptual basis for prebiotics was formalized by the International Sci-
entific Association for Probiotics and Prebiotics, which defined a prebiotic as “a substrate
that is selectively utilized by host microorganisms conferring a health benefit” [60]. This
definition is especially relevant for a matrix-based review because it emphasizes that not
all dietary fibers are prebiotics and that the defining feature is not merely fermentabil-
ity, but selective microbial utilization linked to a measurable benefit for the host [60].
In metabolic disease, this benefit is increasingly interpreted through pathways involv-
ing microbial composition, short-chain fatty acid generation, modulation of gut-derived
satiety and incretin hormones, reduction of endotoxemia, and attenuation of low-grade
inflammation [32,60,62].

Among the prebiotic substrates most consistently studied in relation to metabolic
health are inulin-type fructans, including inulin and oligofructose. Hughes et al., in a
systematic review of human clinical studies, concluded that inulin-type fructans reliably
exert bifidogenic effects and may also improve intestinal barrier function, triglycerides,
satiety, and, in some contexts, insulin sensitivity [61]. Although the magnitude of these
effects varies according to chain length, dose, duration, and host phenotype, this review
remains highly relevant because it shows that the metabolic significance of these fibers
cannot be reduced to bowel function alone; rather, they may influence several metabolic
endpoints through microbiota-mediated mechanisms [61].

Canfora et al. further strengthened this mechanistic framework by placing prebiotic
fermentation within the broader biology of obesity, insulin resistance, NAFLD, and type
2 diabetes [62]. Their work highlighted that indigestible carbohydrates are converted
by the microbiota into metabolites such as acetate, propionate, and butyrate, which may
affect host physiology via G-protein-coupled receptors, intestinal gluconeogenesis, adipose
tissue signaling, and systemic inflammatory pathways [62]. From the perspective of the
present review, this is a key transition: prebiotic fibers are relevant not because they are
“healthy fibers” in a generic sense, but because they generate microbial metabolites that can
participate in pathways directly linked to glucose homeostasis and metabolic resilience.
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6.1. Relevance for Nutritional Strategies and Transition Toward Cocoa-Based Matrices

The metabolic relevance of prebiotic fibers becomes clearer when one considers the
multiple interfaces between the gut microbiota and host glucose regulation. Experimental
and translational studies have repeatedly suggested that fermentable fibers can influence
satiety, insulin sensitivity, endotoxemia, and gut hormone secretion. Cani et al. were among
the first to translate this concept into humans, showing in a pilot study that oligofruc-
tose supplementation promoted satiety and reduced hunger-related responses in healthy
subjects [91]. Although this was not a diabetes study, it was mechanistically important be-
cause it suggested that fermentable fibers may influence host metabolic regulation through
gut-derived signaling rather than simply through caloric dilution [91].

This concept was subsequently expanded by Parnell and Reimer, who reported that
12 weeks of oligofructose supplementation in overweight and obese adults was associated
with modest weight loss and modulated appetite-related hormones, including lower ghrelin
and higher peptide YY concentrations [92]. Although these effects do not demonstrate a
direct antidiabetic action, they support the concept that prebiotic fibers influence metabolic
risk through endocrine pathways regulating food intake and energy balance.

In populations at elevated metabolic risk, the evidence becomes more clinically rele-
vant. Guess et al. conducted a randomized crossover trial in individuals with prediabetes
and found that inulin may have unique metabolic effects in specific prediabetic phenotypes,
although the overall effects on fasting glucose and insulin sensitivity were modest [93].
This pattern highlights a recurring feature of microbiota-targeted interventions: effects
are often phenotype-dependent, and improvements may be more apparent in selected
metabolic subgroups than in broad heterogeneous cohorts [93].

A similar theme emerged in the randomized controlled trial by Dehghan et al. in
women with type 2 diabetes. These authors reported that oligofructose-enriched inulin
improved some inflammatory markers and reduced metabolic endotoxemia, with parallel
favorable changes in fasting glucose and HbA1c [94]. These findings suggest that the
metabolic effects of prebiotic fibers extend beyond glycemic control and involve intercon-
nected pathways related to intestinal barrier function, endotoxin-related signaling, and
systemic inflammation. Accordingly, their clinical relevance may not be fully captured by
glucose-based endpoints alone but should be interpreted within a broader framework of
microbiota-mediated metabolic regulation.

This broader interpretation is supported by the work of Chambers et al., who studied
adults with overweight and obesity and found that both inulin-propionate ester and
inulin improved insulin sensitivity compared with cellulose, albeit with distinct effects
on the gut microbiota, plasma metabolome, and inflammatory responses [95]. This trial is
especially informative because it moves beyond generic “fiber effects” and shows that even
among fermentable substrates, microbiota-targeted outcomes may differ according to the
structure and metabolic destination of the fiber [95]. The study also supports an important
translational concept for the present review: when designing a functional cocoa-based
matrix, the type of fermentable substrate matters, not only its quantity.

The most comprehensive synthesis of this evidence was provided by Wang et al.,
who conducted a GRADE-assessed systematic review and dose–response meta-analysis of
33 randomized controlled trials and concluded that inulin-type fructan supplementation
significantly improved fasting glucose, HbA1c, fasting insulin, and HOMA-IR, particularly
in prediabetes and type 2 diabetes [96]. This meta-analysis is central to this section because
it indicates that prebiotic fibers may exert metabolically meaningful effects in dysglycemic
populations, especially when administered at sufficient dose and duration [96]. However,
it also reinforces the need for nuance: the effect size is not uniform, and the response
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appears to depend on population characteristics, intervention length, and the specific
fructan formulation used [96].

At the level of the cocoa matrix, these findings are highly relevant. Cocoa-based
formulations can incorporate fermentable fibers directly, or they may contain fiber-rich
ingredients derived from cocoa byproducts such as cocoa shell fractions. In such contexts,
the role of prebiotic fibers is not limited to slowing digestion (an issue that will be addressed
more specifically in Section 6 for β-glucans and soluble fibers) but extends to shaping the
downstream microbial metabolism of the matrix. This distinction is important to avoid
redundancy across sections. Here, the focus is not viscosity or carbohydrate entrapment,
but microbial selectivity, fermentation, and host–microbiota signaling.

Cocoa itself offers a compelling bridge between these concepts. Tzounis et al. demon-
strated in a randomized, controlled, double-blind crossover trial that high cocoa flavanol
consumption increased fecal bifidobacteria and lactobacilli and reduced clostridia in healthy
humans, while concomitantly lowering plasma triglycerides and C-reactive protein [89].
These findings suggest that cocoa-derived components can exert microbiota-modulating ef-
fects in vivo, even in the absence of isolated fiber supplementation [89]. Sorrenti et al. later
synthesized the bidirectional interaction between cocoa polyphenols and the microbiota,
emphasizing that cocoa constituents may exert prebiotic-like effects while also being trans-
formed into smaller metabolites with distinct biological activity [97]. Thus, in cocoa-based
matrices, polyphenols and fermentable fibers should not be conceptualized as independent
domains; they may converge in the colon and generate overlapping microbiota-mediated
effects [89,97].

The same matrix-oriented reasoning applies to cocoa fiber itself. Sarriá et al. reported
that regular consumption of soluble fiber-rich cocoa products improved bowel habits in
healthy adults and increased fiber intake to recommended levels [90]. Although the study
did not directly evaluate microbiota composition, it remains relevant because it supports
the feasibility of using cocoa-derived fiber as a functional ingredient with physiological
effects in humans [90]. More recently, Cañas et al. showed that phenolic compounds from
cocoa shell flour and cocoa shell extract underwent extensive biotransformation during
in vitro colonic fermentation, generating phenyl-γ-valerolactones and related microbial
metabolites [53]. This work is mechanistically significant because it suggests that cocoa
shell-derived matrices may provide not only fiber but also colon-delivered substrates that
participate in microbiota-driven metabolic transformations [53].

6.2. Human Evidence: Promise, Inconsistency, and Context Dependence

Despite the strong mechanistic rationale supporting prebiotic fibers, the human ev-
idence remains context-dependent and should not be overstated. Mitchell et al., in a
pilot randomized controlled trial in adults at elevated risk for type 2 diabetes, found that
inulin supplementation increased bifidobacteria but did not improve peripheral insulin
sensitivity [98]. This dissociation highlights a key limitation: modulation of microbiota
composition does not automatically translate into measurable improvements in glycemic
physiology, particularly over short intervention periods. It also suggests that microbial func-
tion, metabolite production, and host metabolic context are critical determinants of clinical
outcomes. Across the literature, beneficial effects of prebiotic fibers are more consistently
observed for intermediate outcomes, including bifidogenicity, satiety-related hormones,
and inflammatory markers, than for robust clinical endpoints such as HbA1c or long-term
insulin sensitivity [61,93,98]. In other words, human evidence supports promise, but not
uniformity. This is particularly relevant for a narrative review that aims to remain mechanis-
tically rigorous rather than promotional. Prebiotic fibers should not be presented as direct
antidiabetic agents in the pharmaceutical sense. Rather, they should be interpreted as matrix
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components that may improve the metabolic milieu through microbiota-mediated routes
whose magnitude depends on baseline dysbiosis, dietary pattern, dose, fermentability, and
host metabolic status [61,62,96].

These contextual dependencies are especially important in relation to cocoa-based
matrices. A cocoa product enriched with fermentable fibers may not generate identical
effects to isolated inulin supplementation, because the final response will depend on the
co-presence of polyphenols, lipids, sweeteners, and the physical structure of the food. In
this sense, microbiota-mediated metabolic effects are intrinsically matrix-dependent. The
same fermentable substrate may produce different outcomes when delivered in a cocoa
beverage, a reformulated chocolate, or a fiber-enriched cocoa snack, owing to differences in
digestibility, substrate accessibility, colonic delivery, and interaction with other compounds.
This reinforces one of the central arguments of the present review: the metabolic potential
of cocoa-based foods emerges from the organization and interaction of components within
the matrix, not from a single ingredient considered in isolation.

Taken together, the current body of evidence supports the view that prebiotic fibers
are relevant to metabolic health because they influence the gut ecosystem and its signaling
interface with the host [53,60–62,89–98]. Human and translational studies indicate that
fermentable fibers can modulate satiety-related peptides, inflammatory tone, endotoxemia,
and, in some contexts, glycemic control and insulin sensitivity [91–96,98]. Cocoa-related
evidence further suggests that cocoa constituents themselves may participate in microbiota
modulation and colonic biotransformation, thereby reinforcing the plausibility of cocoa-
based matrices as vehicles for microbiota-mediated metabolic effects [53,89,90,97]. However,
the magnitude of these responses remains variable and strongly context-dependent. Pre-
biotic fibers should therefore not be interpreted as independent antidiabetic agents, but
as components that can enhance the metabolic quality of food matrices, shifting part of
the physiological response from rapid carbohydrate exposure toward slower, microbiota-
mediated, and potentially more resilient metabolic signaling. This provides the conceptual
bridge to the next section, in which β-glucans and soluble fibers will be examined from a
complementary perspective, focusing more specifically on their physicochemical effects on
glycemic and lipid regulation.

7. β-Glucans and Soluble Fibers in Glycemic and Lipid Regulation
β-Glucans are not endogenous constituents of cocoa; they are characteristic solu-

ble polysaccharides of oat and barley endosperm cell walls and of yeast cell walls. In a
cocoa-formulation context, they therefore enter the discussion as candidate co-formulation
ingredients rather than as native cocoa components, with the rationale for their incorpo-
ration derived from the robust and quantitatively consistent body of evidence on viscous
β-glucan-driven attenuation of postprandial glycemic and lipid responses at clinically
relevant doses (≥3 g per meal, molecular weight ≥200 kDa) developed below.

Prebiotic fibers, whose metabolic relevance depends largely on selective microbial
utilization and downstream fermentation products, β-glucans and other hand, are viscous
soluble fibers which exert a substantial part of their physiological effect within the upper
gastrointestinal tract. Their importance in metabolic regulation derives primarily from
physicochemical properties such as viscosity, gel formation, delayed gastric emptying, and
reduced diffusion of nutrients toward the absorptive surface of the small intestine. These
effects make β-glucans and related soluble fibers particularly relevant to the present review,
because they can influence both acute postprandial glycemic responses and longer-term
lipid metabolism without requiring a direct pharmacological action on host cells [99–102].
In the context of cocoa-based plant matrices, this distinction is central. Whereas non-
glycemic sweeteners reduce glycemic burden by replacing rapidly absorbable sugars,
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viscous fibers modify the kinetics of nutrient delivery and absorption, thereby reshaping
the metabolic meaning of the matrix itself.

β-Glucans are non-starch polysaccharides found principally in oats and barley and are
among the most extensively studied soluble fibers in cardiometabolic nutrition. Their ca-
pacity to lower postprandial glycemia and circulating LDL-cholesterol has been recognized
for decades, but more recent work has clarified that these effects depend not merely on total
fiber content, but on structural features such as molecular weight, extractability, and the
viscosity generated within the intestinal lumen [99–102]. This is especially important for a
matrix-oriented review, because the physiological behavior of β-glucans is inseparable from
processing, food structure, and co-ingested nutrients. A low-viscosity or highly degraded
β-glucan preparation may not produce the same metabolic effect as a structurally preserved
oat or barley matrix, even if nominal fiber content is similar [100,102].

The acute glycemic effects of oat β-glucan have been examined in considerable detail.
Zurbau et al., in a systematic review and meta-analysis, concluded that oat β-glucan sig-
nificantly reduced postprandial blood glucose and insulin responses, with the magnitude
of the effect depending strongly on the dose and viscosity of the β-glucan delivered [99].
This finding is highly relevant because it confirms that β-glucans are not simply inert
bulking agents; rather, they actively alter the digestive and absorptive handling of carbo-
hydrates [99]. Wolever et al. extended this mechanistic interpretation in a randomized
placebo-controlled crossover trial in healthy adults, showing that increasing β-glucan
viscosity within a breakfast meal slowed gastric emptying and reduced glycemic and
insulinemic responses, even though appetite-related hormones and subsequent food intake
were not significantly altered [100]. This study is especially informative because it links a
measurable physicochemical property—viscosity—to a defined metabolic outcome, thereby
reinforcing the mechanistic plausibility of β-glucan-enriched matrices [100].

Earlier human trials reached similar conclusions. Hlebowicz et al. reported that
a muesli product containing 4 g of oat β-glucan lowered postprandial blood glucose
compared with cornflakes in healthy subjects, although it did not significantly alter gastric
emptying or subjective satiety [101]. Panahi et al. later showed that β-glucan concentrates
derived from oats differed in their glycemic effects according to the viscosity retained after
processing, demonstrating that the preservation of rheological functionality is crucial for
postprandial control [102]. Taken together, these studies support a consistent interpretation:
the acute glycemic benefit of β-glucans depends not only on the presence of soluble fiber
per se, but on whether the matrix preserves the physicochemical conditions required for
viscous behavior in vivo [100–102].

The same principle applies to other viscous soluble fibers. Williams et al. showed that
incorporation of guar gum and alginate into a cereal bar improved postprandial glycemia
in humans, indicating that gel-forming soluble fibers can influence acute carbohydrate
handling even when delivered in processed snack formats [63]. In patients with type
2 diabetes, de Carvalho et al. compared breakfasts containing soluble fiber from foods with
breakfasts containing guar gum supplements and found that both approaches improved
postprandial plasma glucose compared with a low-fiber control, suggesting that the source
and delivery format of soluble fiber may matter less than the presence of sufficient viscous
soluble fiber within the meal [64]. This concept is particularly relevant for cocoa-based
products, as incorporation of soluble fibers into chocolate or cocoa-containing matrices
may influence acute glycemic physiology, provided that the final structure preserves the
functional properties required for viscosity.
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7.1. Relevance for Nutritional Strategies and Transition Toward Cocoa-Based Matrices

From a translational standpoint, the relevance of β-glucans and viscous soluble fibers
lies in their dual action on glucose and lipid metabolism. In glycemic terms, their capacity
to increase intraluminal viscosity slows gastric emptying, delays starch hydrolysis, reduces
glucose diffusion, and attenuates the rate of intestinal absorption [63,64,99–102]. In lipid
terms, soluble fibers can interfere with bile acid reabsorption, increase fecal sterol loss, and
promote compensatory hepatic cholesterol utilization, thereby contributing to reductions in
circulating LDL-cholesterol [68,69,103,104]. This dual mechanism is particularly relevant in
populations with overlapping dysglycemia and dyslipidemia, such as those with metabolic
syndrome, prediabetes, or T2D.

Evidence for the glycemic effects of viscous fibers extends beyond β-glucans. Gibb
et al., in a meta-analysis of psyllium supplementation, reported that psyllium improved
glycemic control in proportion to the degree of pre-existing dysglycemia, with more pro-
nounced effects in individuals with T2D than in normoglycemic participants [65]. More
recently, Gholami et al. performed a GRADE-assessed meta-analysis and found that psyl-
lium significantly reduced fasting blood sugar, HbA1c, and HOMA-IR across randomized
controlled trials [66]. These studies are important because they indicate that soluble fibers
can produce clinically relevant glycemic effects not only acutely but also over longer inter-
vention periods, particularly in metabolically compromised populations [65,66]. Lu et al.
further broadened this evidence base by showing, in a meta-analysis of randomized clinical
trials, that viscous soluble dietary fiber supplementation improved both glucose and lipid
metabolism in patients with type 2 diabetes [67]. Thus, the metabolic relevance of soluble
fibers is not restricted to oats and barley, although β-glucans remain the most standardized
and best characterized compounds in this category.

The lipid-lowering evidence for β-glucans is even more established. Whitehead et al.
conducted a meta-analysis of randomized controlled trials and showed that consuming
at least 3 g/day of oat β-glucan significantly reduced total and LDL-cholesterol concen-
trations [68]. Ho et al. later extended this observation, demonstrating that oat β-glucan
reduced LDL-cholesterol, non-HDL-cholesterol, and apolipoprotein B, thereby strength-
ening the cardiovascular relevance of β-glucan-containing matrices [69]. Comparable
results were reported for barley β-glucan by AbuMweis et al., who found significant re-
ductions in total and LDL-cholesterol across randomized trials [103]. More recently, Yu
et al. confirmed that oat β-glucan intake significantly decreased total and LDL-cholesterol
in hypercholesterolemia adults, although effects on triglycerides and HDL-cholesterol
were not consistent [104]. These studies are particularly important for the present review
because they demonstrate that β-glucans can affect not only acute glycemic handling
but also chronic lipid-related risk markers, thereby increasing the translational value of
formulations that incorporate them [68,69,103,104].

At the level of food design, these findings have direct implications for cocoa-based
matrices. Cocoa-derived foods intended for metabolic health are often conceptualized pri-
marily around flavanol content, but the present section shows that soluble fibers may shape
the metabolic response just as decisively. A cocoa product enriched with β-glucans or other
viscous soluble fibers may attenuate postprandial glycemia through slower carbohydrate
delivery while simultaneously contributing to LDL-cholesterol lowering over repeated con-
sumption. This dual action is particularly relevant in energy-dense cocoa matrices that may
contain added sugars, as inclusion of functional soluble fibers can partially counterbalance
these features and improve the overall metabolic profile of the product.
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Importantly, the final effect will depend on the way β-glucans are delivered. Xu et al.,
in a meta-analysis of mildly hypercholesterolemic individuals, reported that β-glucan
retained cholesterol-lowering efficacy across different delivery matrices, although some
solid–liquid integrated formats appeared more effective than others [105]. This observation
is highly relevant for the present review because it reinforces the broader thesis that the
metabolic effects of bioactive compounds are matrix dependent. A β-glucan-fortified cocoa
beverage, a fiber-enriched chocolate bar, and a spoonable cocoa dessert will not necessarily
produce identical glycemic or lipid responses, even if the nominal β-glucan dose is similar.
Processing, water availability, particle structure, and co-ingredients all affect viscosity
generation and intestinal behavior [100,102,105].

7.2. Human Evidence: Promise, Inconsistency, and Context Dependence

Although the overall human evidence for β-glucans and soluble fibers is favorable, it is
not entirely uniform. One reason is that acute postprandial effects are generally easier to de-
tect than longer-term changes in glycemic control. In acute crossover studies, viscous fibers
often show clear reductions in postprandial glucose and insulin responses [63,64,99–102].
However, longer-term outcomes such as HbA1c, fasting insulin, or body weight are influ-
enced by multiple factors, including baseline metabolic status, habitual diet, fiber dose,
molecular characteristics, and treatment adherence. This helps explain why some interven-
tions report robust postprandial effects but only modest changes in chronic biomarkers.

The evidence also indicates that not all soluble fibers behave identically. β-Glucans,
psyllium, guar gum, and alginate differ in fermentability, viscosity, processing stability, and
sensory compatibility. Moreover, even within β-glucans, molecular weight and degradation
during processing can profoundly affect physiological efficacy [99–102]. Thus, the category
“soluble fiber” is mechanistically useful but nutritionally insufficient if taken as a uniform
entity. For a narrative review centered on food matrices, this point is essential: one cannot
assume that adding any soluble fiber to a cocoa-based formulation will automatically
produce meaningful metabolic benefit. The nature of the fiber and the conditions under
which it is delivered must be considered explicitly.

An additional source of variability relates to disease phenotype, as the metabolic
effects of viscous soluble fibers are more pronounced in individuals with impaired glu-
cose regulation or dyslipidemia than in metabolically healthy populations [65,67]. This
suggests that the metabolic relevance of soluble fiber enrichment may be greatest in popu-
lations already characterized by impaired glycemic control, postprandial dysmetabolism,
or dyslipidemia.

Such variability does not undermine the relevance of β-glucans and soluble fibers
but helps define their role. These compounds should not be understood as independent
antidiabetic agents acting through a single molecular target. Their value lies in modifying
digestive physiology, improving postprandial glycemic handling, and, in some cases,
lowering LDL-related lipid risk over time [63–69,99–105]. In cocoa-based matrices, this
means that soluble fibers may serve as structural metabolic modulators that complement the
redox- and endothelial-related actions of cocoa flavanols and the glycemic load reduction
achieved by non-glycemic sweeteners.

Taken together, the available evidence indicates that β-glucans and other viscous solu-
ble fibers are among the most useful matrix-level tools for improving postprandial glycemic
regulation and selected lipid markers [63–69,99–105]. Human trials and meta-analyses con-
sistently support acute reductions in postprandial glucose and insulin, especially when vis-
cosity is preserved, while longer-term studies indicate favorable effects on LDL-cholesterol
and, in some contexts, glycemic control [65–69,103–105]. Within cocoa-based plant matrices,
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these fibers may therefore enhance metabolic functionality by reducing glycemic excursion,
moderating digestive kinetics, and improving lipid-related risk markers.

8. Oleic-Rich Lipid Matrices and Insulin Sensitivity
The lipid fraction of cocoa butter is dominated by saturated fatty acids—principally

palmitic acid (~25–30%) and stearic acid (~33–35%)—together with monounsaturated oleic
acid (~33–35%). The metabolic profile of cocoa-based foods can therefore be modulated
by partial substitution of the saturated fraction with high-oleic lipid sources, and this
substitution constitutes the central question that motivates the present section. The broader
Mediterranean pattern and oleic acid literature is extensively synthesized elsewhere and is
invoked here only where it directly informs the cocoa butter substitution argument.

Oleic-rich lipid matrices present a metabolic relevance which depends neither primar-
ily on direct radical scavenging, as in the case of cocoa polyphenols, nor on fermentation-
mediated host–microbiota interactions, as discussed for prebiotic fibers, nor on viscosity-
driven modulation of nutrient delivery, as described for β-glucans and soluble fibers.
Rather, their significance lies in the way they alter lipid quality within the matrix and,
through this, influence membrane dynamics, intracellular lipid partitioning, postprandial
lipemia, inflammatory signaling, and insulin action. This distinction is especially impor-
tant in the context of cocoa-based formulations. Cocoa products are frequently judged
according to sugar content or polyphenol concentration, yet the lipid architecture of the
matrix can also shape the final metabolic response, particularly when oleic-rich ingredients
are incorporated as part of reformulation strategies aimed at improving cardiometabolic
quality [70–73].

From a physiological standpoint, the effects of dietary fat on insulin sensitivity depend
not only on the total amount of fat consumed but also on fatty acid composition, food
structure, and the nutrients displaced by that fat within the diet. Substituting saturated
fats or rapidly absorbable carbohydrates with monounsaturated fatty acids (MUFA), partic-
ularly oleic acid, may improve insulin sensitivity and glycemic regulation under certain
conditions, especially in individuals with insulin resistance, central adiposity, or features of
the metabolic syndrome [70,71,74]. This is relevant to the present review because oleic-rich
matrices are not being considered here as isolated lipid supplements, but as structural
components of functional foods that may modulate the overall metabolic meaning of the
cocoa matrix.

Oleic acid is the predominant fatty acid in olive oil and is also found in significant
amounts in nuts, avocado, and selected lipid blends used in food formulation. Its metabolic
effects have traditionally been interpreted within the broader framework of Mediterranean
dietary patterns, but a more mechanistic literature has progressively clarified that oleic-rich
matrices may influence insulin sensitivity through several overlapping routes, including
altered membrane fluidity, improved insulin receptor function, reduced generation of lipo-
toxic intermediates, attenuation of inflammatory signaling, and modulation of postprandial
lipid handling [70–76]. The metabolic relevance of oleic-rich matrices therefore lies not in
their classification as “healthy fats,” but in their capacity to replace less favorable lipid or
carbohydrate profiles and to reshape the overall metabolic behavior of the food matrix.

8.1. Relevance for Nutritional Strategies and Transition Toward Cocoa-Based Matrices

The strongest rationale for emphasizing oleic-rich lipid matrices in metabolic nutrition
emerges from dietary intervention studies comparing monounsaturated fat-rich diets with
higher-carbohydrate or higher-saturated fat dietary patterns. Among the foundational
studies in this area is the KANWU trial, in which Vessby and colleagues showed that
replacing saturated fat with monounsaturated fat improved insulin sensitivity in healthy
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subjects, particularly when total fat intake remained within a moderate range [70]. This
study remains highly relevant because it demonstrated that the quality of dietary fat, not
simply the amount, can alter insulin action in humans. It also provided one of the earliest
controlled demonstrations that MUFA-rich diets may preserve insulin sensitivity better
than saturated fat-rich diets when energy intake is stable [70].

Subsequent work extended this concept to populations with insulin resistance. Pani-
agua et al. studied insulin-resistant subjects and reported that a Mediterranean-style diet
rich in monounsaturated fat improved insulin sensitivity and reduced postprandial glucose
excursions compared with a high-carbohydrate diet [71]. In a related study, Paniagua et al.
reported that an isocaloric monounsaturated fat-rich Mediterranean diet prevented central
fat redistribution and the postprandial decrease in peripheral adiponectin expression and
insulin sensitivity induced by a carbohydrate-rich diet in insulin-resistant subjects, suggest-
ing that monounsaturated fat may modulate insulin action not only through acute substrate
handling but also through longer-term changes in adipose tissue biology and metabolic
partitioning [72]. These findings show that lipid quality can modify glycemic physiology at
the level of both postprandial metabolism and whole-body insulin sensitivity.

Mechanistically, one of the most discussed explanations for these effects is the influence
of oleic acid on membrane composition and cellular signaling. López et al. reviewed
evidence indicating that dietary fatty acid composition can alter membrane phospholipid
profiles, receptor microenvironment, and the function of proteins involved in insulin
signaling [73]. Oleic acid may favor a membrane environment that is more compatible with
insulin receptor activation and downstream signaling than saturated fatty acids, while also
limiting the accumulation of lipotoxic intermediates such as ceramides and diacylglycerols
that interfere with insulin action [73,75]. Although much of this mechanistic work derives
from experimental models, it provides biological plausibility for the human intervention
data and helps explain why oleic-rich matrices may be metabolically advantageous beyond
their caloric contribution.

This mechanistic interpretation is reinforced by studies of postprandial lipemia. Pérez-
Martínez et al. showed that the type of dietary fat consumed acutely influences postprandial
insulin sensitivity, endothelial function, and inflammatory responses, with monounsat-
urated fat-rich meals generally producing a more favorable postprandial profile than
saturated fat-rich meals in subjects with metabolic syndrome [74]. This is particularly
relevant for a review centered on cocoa-based matrices, since these products are typically
consumed in the postprandial context rather than as fasting interventions. If an oleic-rich
lipid fraction can improve the acute vascular–metabolic response to a meal, then lipid
reformulation becomes a central element of the matrix strategy rather than a secondary
compositional detail.

Evidence from randomized trials and prospective analyses indicates that diets rich
in monounsaturated fatty acids are associated with improvements in cardiometabolic risk
factors, including beneficial effects on fasting insulin and insulin sensitivity indices in
selected populations [75]. Schwingshackl et al. later showed that higher olive oil intake was
associated with lower risk of type 2 diabetes in prospective analyses and intervention-based
evidence, especially as part of Mediterranean dietary patterns [76]. Although these findings
reflect complex dietary patterns rather than isolated fatty acids, they position oleic-rich
lipid matrices within a clinically relevant nutritional context [75,76].

At the level of food formulation, this evidence has direct implications for cocoa-based
products. Conventional chocolate matrices contain substantial amounts of fat, but the
metabolic effect of that lipid fraction depends on its composition and on how it interacts
with sugars, fibers, and polyphenols. Cocoa butter itself is unusual in that it contains
a relatively high proportion of stearic acid together with oleic acid, and stearic acid is
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often considered less hypercholesterolemic than other saturated fatty acids [106]. However,
when cocoa-based products are reformulated using oleic-rich lipids (such as high-oleic nut
pastes, olive-derived lipid systems, or oleic-enriched fillings), the resulting matrix may
differ substantially in its postprandial and long-term metabolic behavior. Oleic-rich lipid
design should therefore be understood not as a simple substitution of fat sources, but as a
strategy to modulate the interactions between lipid quality, glycemic response, satiety, and
insulin sensitivity within the food matrix.

This point becomes even more important when cocoa products are intended for indi-
viduals with impaired glucose regulation. A cocoa matrix rich in flavanols but combined
with a high glycemic load and an unfavorable lipid profile may fail to deliver the expected
metabolic benefit. By contrast, a matrix in which polyphenols are combined with low-
glycemic sweeteners, fermentable fibers, and oleic-rich lipids may provide a more coherent
metabolic profile, attenuating postprandial glucose exposure while simultaneously favor-
ing vascular and insulin-related pathways. Thus, the role of oleic-rich lipids in the present
review is not to displace the importance of cocoa polyphenols, but to show how lipid
architecture can either reinforce or dilute their physiological relevance.

8.2. Human Evidence: Promise, Inconsistency, and Context Dependence

Although the mechanistic and dietary rationale for oleic-rich lipid matrices is strong,
the human evidence remains context-dependent and should not be interpreted as univer-
sally conclusive. One reason for this is that the effects of oleic acid are rarely studied in
isolation. In practice, oleic-rich matrices are embedded within broader dietary patterns,
and their physiological impact depends on what they replace (saturated fat, refined car-
bohydrate, or mixed energy intake) as well as on baseline insulin resistance, total energy
balance, and intervention duration [70,75,76]. This means that improvements attributed to
MUFA may result not only from the intrinsic biological properties of oleic acid, but also
from the displacement of more deleterious macronutrient profiles.

This complexity is evident in the CORDIOPREV study and related Mediterranean diet
research. In long-term dietary interventions, Mediterranean patterns rich in olive oil have
been associated with improved insulin sensitivity, lower incidence of T2D, and favorable
changes in metabolic syndrome traits [76,107]. Yet these benefits reflect the combined action
of multiple dietary components, including polyphenols, fiber, lower glycemic load, and
improved meal structure, not oleic acid alone [76,107]. However, this does not weaken the
argument. On the contrary, it reinforces the matrix-based principle that oleic-rich lipids
are metabolically relevant precisely because they operate within complex dietary systems
rather than as isolated molecules.

Randomized feeding trials further highlight variability in response to oleic-rich di-
ets. In some studies, oleic-rich diets improve fasting insulin sensitivity and postprandial
metabolism; in others, the effects are modest or depend on subgroup characteristics. Vessby
et al. showed that replacing saturated fat with monounsaturated fat improved insulin sensi-
tivity, although this effect was not universal and disappeared when total fat intake was high.
In addition, subsequent evidence from the LIPGENE study indicated that the metabolic
phenotype of participants influences the response to dietary fat modification, suggesting
that the benefits of increasing monounsaturated fat intake are more evident in specific
insulin-resistant subgroups rather than being homogeneous across all individuals [108].
Similarly, López-Miranda and colleagues highlighted that postprandial responses to dietary
fatty acid quality show substantial interindividual variability and are influenced by physio-
logical, genetic, and pathological factors, including adiposity and baseline cardiometabolic
status [109]. Collectively, these findings indicate that oleic acid should not be interpreted as
a universally insulin-sensitizing nutrient, but as a context-dependent component whose
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metabolic effects are shaped by dietary composition, metabolic phenotype, and overall
matrix structure.

Another relevant issue concerns the interaction between lipids and carbohydrate
metabolism within mixed meals. Oleic-rich fats may improve postprandial glucose han-
dling in part by slowing gastric emptying and altering the delivery of nutrients to the
absorptive surface, but these effects are inseparable from the broader meal composi-
tion [74,110]. In cocoa-based products, where sugar, fiber, and particle structure all affect
digestion, the impact of oleic-rich lipids cannot be assumed to replicate that observed
in liquid test meals or Mediterranean diet interventions. A high-oleic cocoa spread, a
nut-enriched dark chocolate, and a cocoa-based beverage stabilized with an oleic-rich
emulsion are all “oleic-rich matrices”, but they are unlikely to behave identically from a
glycemic standpoint. The final response depends on the interaction between lipid profile,
carbohydrate displacement, food structure, and the presence of other bioactive compounds.

Insulin sensitivity represents a multifactorial outcome influenced by several overlap-
ping mechanisms, including acute postprandial responses, long-term changes in ectopic
fat accumulation, modulation of inflammatory tone, and interactions with other dietary
components. For instance, olive oil-rich Mediterranean diets often improve insulin sensi-
tivity while also reducing inflammation and improving endothelial function [76,107,111].
In cocoa-based matrices, similar synergies may occur if oleic-rich lipids are combined
with flavanols, which have already been discussed in relation to nitric oxide signaling and
vascular responses, and with fibers that slow carbohydrate delivery. This reinforces the
idea that oleic-rich lipids should not be interpreted narrowly as “fat quality variables”,
but as contributors to a broader matrix design that may influence insulin sensitivity at
multiple levels.

Overall, current evidence supports a context-dependent interpretation. Oleic-rich lipid
matrices appear metabolically favorable primarily when they replace saturated fats or high-
glycemic carbohydrate profiles and when they are embedded within dietary patterns or
formulations that support insulin sensitivity and vascular health [70–76,106–111]. Human
intervention studies provide reasonably strong support for improved insulin-related and
cardiometabolic outcomes in selected populations, especially within Mediterranean-style
contexts [71,74–76,107,108]. However, the effects are not uniform, and the specific contri-
bution of oleic acid is often difficult to separate from that of the food matrix and overall
diet. This context dependence is not a limitation unique to oleic acid; rather, it is a defining
feature of nutritional physiology and one of the reasons why a matrix-oriented approach
is necessary.

Oleic-rich lipid matrices may contribute to insulin sensitivity not through a single
dominant mechanism, but by improving the lipid quality of the formulation, reducing
postprandial metabolic stress, supporting membrane and signaling physiology, and inter-
acting favorably with other components of cocoa-based foods. Their value lies in helping
to construct a matrix that is metabolically coherent, especially when paired with cocoa
polyphenols, low-glycemic sweeteners, and appropriate fiber components. This formula-
tion logic naturally leads to the next section, in which micronutrients and redox balance
will be examined as additional determinants of metabolic regulation within cocoa-based
plant matrices.
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9. Micronutrients and Redox Balance in Metabolic Regulation
Micronutrients occupy a distinctive position within the metabolic architecture of

cocoa-based plant matrices because their physiological relevance is not primarily deter-
mined by caloric contribution, but by their role as enzyme cofactors, modulators of redox
homeostasis, regulators of insulin signaling, and determinants of mitochondrial and vas-
cular function. In the context of the present review, their importance lies in the fact that
oxidative stress and dysglycemia are not driven exclusively by excess substrate load or
inflammatory activation, but also by the efficiency of endogenous antioxidant systems and
the micronutrient-dependent pathways that sustain them. This is especially relevant for
cocoa-derived foods, since cocoa naturally contains minerals such as magnesium, copper,
iron, and smaller amounts of zinc, while reformulated plant matrices may also incorporate
additional micronutrient-rich ingredients [25–27,112,113].

From a mechanistic perspective, micronutrients can influence metabolic regulation
through at least three broad routes. First, they serve as structural or catalytic cofactors for
antioxidant enzymes involved in the control of reactive oxygen species, such as glutathione
peroxidases, superoxide dismutase, and other redox-sensitive systems. Second, they partic-
ipate in insulin secretion, insulin receptor signaling, glucose transport, and intracellular
phosphorylation events relevant to carbohydrate metabolism. Third, they may shape
inflammatory tone, mitochondrial performance, and endothelial responsiveness, thereby
influencing the broader metabolic milieu in which insulin resistance and glycemic dysregu-
lation develop [112,113]. This distinction is important because micronutrients should not
be conceptualized merely as “supportive nutrients” but as biologically active determinants
of whether redox stress is amplified or buffered under conditions of metabolic overload.

Among the micronutrients most consistently linked to glucose metabolism, magne-
sium has attracted particular attention. Magnesium is required for ATP-dependent enzy-
matic reactions and plays a central role in insulin receptor phosphorylation, post-receptor
signaling, membrane transport, and cellular glucose utilization [112,113]. Barbagallo and
Dominguez emphasized that magnesium deficiency is common in individuals with type
2 diabetes and may aggravate insulin resistance, impaired insulin secretion, low-grade
inflammation, and oxidative stress [112]. This relationship appears bidirectional, as insulin
influences magnesium homeostasis while intracellular magnesium availability modulates
insulin action [112,113].

Epidemiological evidence supports this association. In a meta-analysis of prospective
cohort studies, Dong et al. reported that higher magnesium intake was associated with
a lower risk of type 2 diabetes, suggesting that habitual magnesium consumption may
have long-term metabolic relevance [114]. Although such observational findings cannot
establish causality, they are consistent with the mechanistic literature and justify the interest
in magnesium-containing matrices as part of preventive nutritional strategies [112–114].
Interventional evidence also points in the same direction. Simental-Mendía et al., in a
systematic review and meta-analysis of randomized trials, concluded that magnesium
supplementation improved insulin sensitivity and glycemic control, particularly in indi-
viduals with magnesium deficiency, insulin resistance, or type 2 diabetes [115]. Likewise,
Mooren et al. showed that oral magnesium supplementation improved insulin sensitivity in
non-diabetic but insulin-resistant individuals, reinforcing the view that magnesium may be
particularly relevant in early metabolic dysfunction rather than only in overt diabetes [116].
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This pattern is important for the present review because it illustrates a broader prin-
ciple that applies to micronutrients in general: benefits are often more evident in those
with existing deficiency, suboptimal status, or metabolic vulnerability. In other words,
micronutrients do not act as universal pharmacological enhancers of metabolism, but as
context-dependent regulators whose effects emerge more clearly when physiological re-
serves are impaired. For cocoa-based matrices, this means that the intrinsic mineral profile
of the product may contribute to metabolic value, but the magnitude of the effect will
depend on the baseline nutritional status and metabolic phenotype of the consumer.

Zinc represents another key micronutrient in metabolic regulation. Its relevance
derives from its structural role in insulin storage and crystallization within pancreatic
β-cells, its involvement in antioxidant defense, and its participation in signaling pathways
linked to inflammation and glucose homeostasis [117,118]. Chausmer described zinc as a
nutrient closely linked to insulin physiology, emphasizing its role in synthesis, secretion,
and action [117]. Ranasinghe et al. reported that zinc plays an important role in insulin
action, β-cell function, glucose homeostasis, and the pathogenesis of diabetes and its
complications, supporting its relevance at the interface between redox regulation and
glucose metabolism [118].

Human evidence on zinc remains suggestive but not fully consistent. In a systematic
review and meta-analysis, Jayawardena et al. found that zinc supplementation improved
glycemic control and promoted healthier lipid parameters in individuals with diabetes,
although further studies were needed to clarify the exact biological mechanisms underlying
these effects [119]. Rather than acting as an isolated intervention, the relevance of zinc lies
in its role within the broader redox-metabolic environment, where micronutrient sufficiency
conditions the physiological response to other matrix components, including polyphenols,
fibers, and lipid composition.

Selenium introduces a more complex and more controversial dimension to this sec-
tion. Its biological importance is well established: selenium is an essential constituent
of selenoproteins, including glutathione peroxidases and thioredoxin reductases, which
are major components of the cellular antioxidant machinery [120,121]. In principle, this
would suggest that adequate selenium status should support protection against oxidative
stress-related metabolic dysfunction. However, human literature has shown that the re-
lationship between selenium and metabolic health is not linear. Rayman reviewed the
broad role of selenium in human health and emphasized that both deficiency and excess
may be biologically problematic, particularly because selenium operates within a narrow
physiological range [120].

This issue became especially salient after the report by Stranges et al., who found
in a randomized trial that long-term selenium supplementation was associated with a
higher incidence of type 2 diabetes [122]. This finding has been widely debated, but it is
highly relevant for the present review because it illustrates the danger of assuming that
strengthening antioxidant defense through micronutrient supplementation will necessarily
improve metabolic outcomes. Steinbrenner later explored this paradox mechanistically, ar-
guing that selenium and selenoproteins may interfere with insulin-regulated carbohydrate
and lipid metabolism in complex ways, including effects on redox signaling that are not
uniformly beneficial when selenium exposure exceeds physiological requirements [121].
Thus, selenium serves as an important reminder that redox balance is not equivalent to
indiscriminate antioxidant enhancement; metabolic regulation requires homeostasis, not
maximal antioxidant input.
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Chromium has also been investigated extensively in relation to glucose regulation,
particularly because of its proposed role in potentiating insulin action. Although it is not
typically classified as a redox-active micronutrient, chromium is often considered within
metabolic nutrition because of its potential effects on insulin signaling and glucose disposal.
Balk et al., in a systematic review of randomized trials, found inconsistent evidence for
chromium supplementation on glucose metabolism and lipid outcomes, with some studies
reporting benefit and others showing minimal or no effect [123]. Suksomboon et al. reached
similarly cautious conclusions in a later meta-analysis, observing modest improvements
in some glycemic variables but substantial heterogeneity and uncertain clinical signifi-
cance overall [124]. This pattern illustrates a broader challenge in micronutrient research:
physiological plausibility does not necessarily translate into consistent clinical efficacy,
particularly when baseline nutritional status, dosage, and population characteristics vary
across studies.

9.1. Relevance for Nutritional Strategies and Transition Toward Cocoa-Based Matrices

The nutritional relevance of these micronutrients becomes clearer when they are
interpreted not as isolated supplements but as integral components of food matrices. Cocoa
naturally contains appreciable amounts of magnesium and copper and, depending on
origin and processing, can also contribute iron and other trace minerals [25–27,33,34]. This
does not mean that cocoa should be presented as a micronutrient supplement in disguise.
Rather, it means that the mineral composition of cocoa-based matrices may participate in
the broader metabolic context in which polyphenols, fibers, sweeteners, and lipids act. A
cocoa-based food rich in flavanols but poor in micronutrient quality may not exert the same
integrated physiological effect as a matrix in which redox-active minerals, low-glycemic
carbohydrates, and favorable lipids are simultaneously optimized.

Copper deserves mention in this regard because of its role in redox biology. Uri-
uAdams and Keen reviewed the relationship between copper, oxidative stress, and human
health, emphasizing that copper is essential for antioxidant defense through enzymes
such as Cu/Zn-superoxide dismutase, but that copper imbalance can also contribute to
oxidative injury [125]. This duality mirrors the broader theme of the section: micronutrients
are beneficial when they support physiological redox control, but potentially deleterious
when imbalanced. In cocoa-based matrices, the relevance of copper is therefore not simply
quantitative, but functional, depending on whether the matrix contributes to balanced
micronutrient exposure within an overall diet.

Iron introduces another important layer of complexity. While essential for oxygen
transport, mitochondrial function, and enzymatic activity, excess iron can promote ox-
idative stress through Fenton chemistry and has been associated with insulin resistance
and metabolic dysfunction [54]. This highlights that micronutrient effects are not uni-
formly beneficial but depend on dose, bioavailability, host status, and the balance between
physiological requirement and redox burden.

From a formulation perspective, these observations have practical implications. If
cocoa-based foods are being designed for metabolic health, the micronutrient profile of the
matrix should be considered part of the functional architecture rather than an incidental
compositional feature. A matrix that provides meaningful magnesium and zinc, avoids
excessive glycemic burden, preserves flavanols, and incorporates appropriate fiber and
lipid components may offer a more coherent metabolic profile than one focused on a single
“hero ingredient.” This is particularly important because many redox-related pathways
are enzyme-dependent and therefore constrained by cofactor availability. In this sense,
micronutrients may act as permissive factors that enable or sustain the beneficial effects of
other bioactive compounds already discussed in the manuscript.
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9.2. Micronutrients in Human Evidence: Context Dependence and Homeostatic Limitations

The human evidence on micronutrients is characterized by both promise and in-
consistency. Magnesium has the strongest and most coherent signal, with observational
studies, supplementation trials, and mechanistic work broadly pointing in the same di-
rection [112–116]. Even here, however, the most favorable effects are usually observed in
people with low magnesium status, insulin resistance, or diabetes, rather than across all
populations indiscriminately [115,116]. Zinc also shows potentially beneficial effects, but
the evidence is less consistent and often limited by trial quality and baseline nutritional
heterogeneity [118,119]. Selenium remains particularly controversial because its antioxi-
dant role coexists with evidence that excess exposure may increase diabetes risk [120–122].
Chromium continues to occupy a marginal and uncertain position because clinically mean-
ingful benefits remain difficult to establish consistently across trials [123,124].

These do not indicate that micronutrients are irrelevant, but rather that their effects are
constrained by physiological homeostasis and contextual factors. Their metabolic impact
depends on baseline nutritional status, disease phenotype, dietary background, and mode
of delivery. The physiological meaning of a micronutrient may differ substantially when it
is consumed as part of a complex food, where it interacts with polyphenols, fibers, fats, and
digestion kinetics, compared with when it is delivered as a high-dose isolated supplement.
In cocoa-based foods, the relevant question is therefore not whether magnesium, zinc,
selenium, or chromium “treat” insulin resistance in isolation, but whether their presence
within the matrix contributes to a more favorable redox-metabolic environment.

Taken together, current evidence indicates that micronutrients are best understood
as modulators of redox balance and metabolic competence rather than as stand-alone an-
tidiabetic agents, as shown in Table 5 [54,112–125]. Magnesium appears most consistently
relevant to insulin sensitivity and glucose control, zinc may support β-cell and antioxidant
function, selenium illustrates the importance of physiological balance in redox regula-
tion, and chromium remains mechanistically interesting but clinically uncertain [112–124].
Within cocoa-based plant matrices, these micronutrients may enhance metabolic qual-
ity when they contribute to endogenous antioxidant defense, insulin signaling efficiency,
and vascular-metabolic homeostasis. This interpretation also preserves coherence across
the manuscript: whereas previous sections focused on carbohydrate kinetics, microbial
mediation, and lipid architecture, the present section highlights the cofactor-dependent
biochemical infrastructure that supports redox and metabolic regulation. This sets the
stage for the next section, in which the manuscript will move from individual matrix com-
ponents toward multi-component synergies and the integrated behavior of cocoa-based
functional systems.
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Table 5. Micronutrient-dependent modulation of redox balance and glucose metabolism: mechanistic roles, human evidence, and contextual interpretation.

Micronutrient Mechanistic Role (Redox &
Metabolism) Human Evidence (Key Findings) Consistency of Evidence Contextual Interpretation

(Narrative Insight) Key References

Magnesium

Cofactor in ATP-dependent
enzymes; regulates insulin
receptor phosphorylation;
modulates GLUT activity;
influences mitochondrial
function and inflammatory tone

↓ Risk of T2D in cohort studies;
improves insulin sensitivity and
glycemic control in RCTs
(especially deficient/IR subjects)

High consistency across
epidemiology + RCTs

Acts as a rate-limiting cofactor in
insulin signaling; effects are
conditional on deficiency;
strongest micronutrient signal in
metabolic regulation

[112–116]

Zinc

Structural component of insulin
storage (β-cells); antioxidant
defense (SOD-related);
modulates inflammatory
signaling and insulin pathways

Modest improvements in fasting
glucose, HbA1c and lipids;
heterogeneous results
across trials

Moderate consistency;
variable effect sizes

Functions at β-cell–redox
interface; effects depend on
baseline status, dose, and
metabolic phenotype; supportive
but not primary driver

[117–119]

Selenium

Component of selenoproteins
(GPx, thioredoxin reductase);
central in redox buffering and
ROS detoxification

Mixed evidence; RCT showed ↑
risk of T2D with long-term
supplementation;
non-linear effects

Low
consistency/controversial

Illustrates redox hormesis vs.
excess paradox; both deficiency
and excess impair metabolic
regulation; highlights need for
homeostatic balance

[120–122]

Chromium
Proposed enhancer of insulin
signaling; may influence glucose
uptake and disposal

Inconsistent results across RCTs;
modest or null effects on
glycemia and lipids

Low consistency

Represents gap between
mechanistic plausibility vs.
clinical efficacy; not robust as
intervention; relevance
mainly theoretical

[123,124]

Copper
Cofactor in antioxidant enzymes
(Cu/Zn-SOD); involved in redox
reactions and oxidative balance

Limited direct metabolic RCT
evidence; mechanistic
support strong

Low–moderate
(mechanistic)

Dual role: essential for
antioxidant defense but
pro-oxidant if imbalanced;
matrix-dependent relevance

[125]

Iron
Oxygen transport; mitochondrial
respiration; redox-active metal
(Fenton chemistry)

Excess iron linked to insulin
resistance, inflammation,
hepatic dysfunction

Moderate consistency
(observational +
mechanistic)

Key example of redox overload:
excess amplifies oxidative stress
and metabolic dysfunction; not
universally beneficial

[54]
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10. Multi-Component Synergies in Plant-Based Functional Matrices
Cocoa-based plant matrices contain several functional components with potential

metabolic relevance, including cocoa polyphenols, non-glycemic sweeteners, prebiotic
fibers, viscous soluble fibers, oleic-rich lipids, and micronutrients involved in redox regula-
tion. Although these compounds have been widely studied individually, their physiological
effects cannot be fully understood when examined in isolation. Nutritional science increas-
ingly recognizes that the biological activity of food-derived compounds depends strongly
on the structural context in which they are delivered. Within a structured food matrix, in-
teractions among components influence digestion, bioaccessibility, postprandial metabolic
kinetics, gut microbial metabolism, intracellular signaling pathways, and tissue-level
metabolic responses [21–24]. As a result, the metabolic effects of cocoa-based systems may
arise from additive, complementary, or synergistic interactions between matrix constituents
rather than from the action of a single compound alone.

This perspective aligns with a broader shift from reductionist to matrix-oriented nutri-
tion, in which the health effects of foods are understood as the result of coordinated interac-
tions among multiple components. The food matrix is therefore not a passive carrier but
an active determinant of nutrient release, accessibility, and physiological response [21–23].
Within this framework, the metabolic performance of cocoa-based formulations should be
interpreted as a systems property of the matrix rather than the sum of isolated ingredients.

This issue is particularly relevant in metabolic disease. Hyperglycemia, oxidative
stress, endothelial dysfunction, inflammation, altered gut-derived signaling, and insulin
resistance do not arise from a single defective pathway and are therefore unlikely to be
optimally modulated by compounds acting through only one route [9–18]. Plant-based
matrices may offer an advantage precisely because they can target several dimensions of
metabolic dysfunction simultaneously. A formulation that lowers glycemic load, preserves
polyphenol bioactivity, provides fermentable substrates, improves lipid quality, and con-
tributes redox-relevant micronutrients may influence postprandial physiology, endothelial
function, inflammatory tone, and longer-term insulin sensitivity in a more coherent manner
than any isolated intervention. The challenge, therefore, is not simply to identify “benefi-
cial ingredients”, but to understand how these ingredients interact within the matrix and
whether those interactions improve or impair metabolic function.

10.1. Synergy as a Matrix-Dependent Metabolic Property

At a mechanistic level, synergy in plant-based functional matrices may arise through
several distinct but overlapping routes. One is a complementary pathway targeting,
whereby different matrix components act on different stages of the same physiological
process. In a cocoa-based formulation, non-glycemic sweeteners may reduce the immediate
glycemic stimulus of the product, viscous soluble fibers may slow gastric emptying and
glucose absorption, cocoa flavanols may improve endothelial nitric oxide signaling and
postprandial vascular responsiveness, and fermentable substrates may subsequently influ-
ence microbial fermentation, gut-derived metabolites, and inflammatory tone in the distal
intestine [14–16,31,37,53,60–69,89–105]. Although these actions are mechanistically distinct,
their combined effects can produce a more favorable postprandial metabolic profile than
any individual component alone.

A second route is bioaccessibility-dependent interaction, in which one component
alters the release, stability, or intestinal availability of another. This principle is central to
food matrix science. Parada and Aguilera emphasized that food microstructure affects
nutrient bioavailability by determining how nutrients and phytochemicals are released
during digestion and made accessible to intestinal absorption [55]. In cocoa-based systems,
lipid phase organization, particle size, hydration, emulsification, and fiber-associated
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viscosity can all modify the extent to which polyphenols, minerals, and carbohydrate
fractions become available at different stages of digestion. Thus, the metabolic effect of
cocoa flavanols cannot be fully separated from the matrix conditions that govern their
accessibility and their interaction with other macronutrients.

A third route is kinetic synergy, whereby components modify the temporal pattern
of metabolic exposure rather than acting on the same molecular target. This is especially
relevant for glycemic regulation. A matrix containing low-glycemic sweeteners, β-glucans
or other viscous fibers, and a favorable lipid phase may not dramatically alter fasting
biomarkers after a single exposure, yet it may substantially reshape the kinetics of post-
prandial glucose appearance, insulin secretion, gastric emptying, and vascular stress. Such
changes are metabolically important because, as discussed earlier, glycemic variability
itself contributes to oxidative and endothelial injury [14–16]. In this sense, synergy may be
expressed not only in the absolute magnitude of an effect, but also in the redistribution of
metabolic stress over time.

A fourth route involves convergence at the level of host–microbiota signaling. Cocoa
polyphenols, fermentable fibers, and certain low-digestible carbohydrate fractions may
all reach the colon and undergo microbial transformation, thereby influencing bacterial
composition and metabolite production [32,89,97]. Tzounis et al. showed that high-cocoa-
flavanol intake increased fecal bifidobacteria and lactobacilli while reducing clostridia in
healthy humans, together with favorable changes in circulating triglycerides and C-reactive
protein [89]. Sorrenti et al. later reviewed the bidirectional relationship between cocoa
polyphenols and gut microbiota, highlighting that cocoa constituents may simultaneously
modulate microbial composition and undergo microbial biotransformation into smaller
metabolites with distinct biological activity [97]. When such effects are combined with
established prebiotic substrates, such as inulin-type fructans, the resulting matrix may
generate a more complex and potentially more durable modulation of gut–host metabolic
signaling than either component alone.

This systems-oriented interpretation is also supported by the broader “whole food”
concept. Williamson argued that the physiological actions of polyphenols depend not
only on their intrinsic chemistry but also on transport, metabolism, tissue exposure,
and interactions with co-ingested nutrients [39]. Similarly, the metabolic effects of β-
glucans depend strongly on viscosity and matrix structure rather than nominal fiber dose
alone [63–69,99–105]. Oleic-rich lipids appear to improve insulin sensitivity more con-
sistently when embedded within mixed matrices or dietary patterns that displace less
favorable fats or refined carbohydrates [70–76,106–111]. Micronutrients, in turn, often exert
context-dependent effects that become clearer when nutritional status is suboptimal or
when cofactor-dependent redox systems are under stress [54,112–125]. These examples
converge on the same principle: the metabolic significance of a bioactive compound is
inseparable from the matrix in which it is delivered.

These considerations also have direct implications for formulation logic. A metaboli-
cally coherent cocoa-based matrix may combine cocoa flavanols as redox- and endothelial-
active compounds; a non-glycemic sweetener to reduce acute glycemic burden; fer-
mentable fibers to support selective microbial utilization; β-glucans or other viscous
soluble fibers to attenuate nutrient absorption kinetics; an oleic-rich lipid phase to im-
prove fat quality; and selected micronutrients to support redox and insulin-related path-
ways [36–50,54,60–85,91–96,99–125]. Such a design does not imply that all effects will
necessarily be synergistic in the strict pharmacological sense. It does, however, support
the more realistic nutritional claim that multiple components can be organized so that
they act on complementary physiological targets within the same matrix. This type of
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coordinated formulation is more aligned with real-world food design than the isolated
compound paradigm that still dominates much of the intervention literature.

10.2. Human Evidence on Multi-Component Synergy: Translational Relevance and Constraints

Although the theoretical basis for synergy in plant-based matrices is strong, direct
human evidence specifically demonstrating synergistic interactions remains more limited
than the mechanistic plausibility might suggest. One reason is methodology: most clinical
trials are designed to test single ingredients, single supplements, or relatively simple substi-
tutions rather than integrated multi-component matrices. As a result, much of the evidence
for synergy in this field is inferential rather than experimentally isolated. Nevertheless,
several lines of research support the translational relevance of matrix-level thinking.

Mediterranean dietary studies provide an important parallel. The protective effects of
Mediterranean patterns cannot reasonably be attributed to a single nutrient, but rather to
the combined action of polyphenol-rich plant foods, oleic-rich lipids, fermentable fibers,
lower glycemic load, and micronutrient density [19,20,75,76]. In metabolic terms, this offers
a useful analog for cocoa-based matrices: health effects may emerge from coordinated
compositional design rather than from a single “active principle”. Although cocoa-based
formulations are more product-specific than whole dietary patterns, the same principle
applies. A cocoa matrix that combines preserved flavanols with reduced glycemic load,
added fermentable or viscous fibers, a favorable lipid profile, and supportive micronutrient
composition may plausibly reproduce, on a smaller scale, the systems logic that underlies
healthier dietary structures.

Human studies on cocoa also suggest strongly matrix-dependent behavior. Grassi
and colleagues showed that dark chocolate rich in polyphenols improved insulin sensi-
tivity and vascular function more than white chocolate, indicating that not all chocolate
matrices are metabolically equivalent [36,42]. Muniyappa et al. demonstrated that cocoa
improved insulin-mediated vasodilation without clearly improving whole-body insulin
resistance, suggesting that matrix effects may emerge first in vascular domains rather than
in conventional glycemic endpoints [43]. Tzounis et al. provided evidence that cocoa
flavanols can modify the gut microbiota [89], while other studies have shown that the
metabolic relevance of cocoa depends heavily on processing, sugar content, and formula-
tion [37,38,40,50]. Collectively, these findings support a critical point for the present review:
even when the same botanical ingredient is used, the final physiological effect depends on
the surrounding matrix.

This interpretation is particularly relevant for functional food design. A cocoa-based
product formulated with sucrose and limited structural fiber may generate a substantially
different metabolic response from a cocoa-based product formulated with erythritol or
stevia, enriched with fermentable and viscous fibers, and embedded in an oleic-rich lipid
phase. The former may deliver flavanols yet still impose a considerable postprandial
glycemic burden; the latter may better align with the metabolic objectives of antioxidant
and antidiabetic formulation by simultaneously lowering glycemic load, slowing nutrient
absorption, supporting endothelial responsiveness, and potentially enhancing microbiota-
and redox-related pathways. In this sense, synergy is not an abstract biochemical label; it is
a practical design principle.

At the same time, the formulation perspective introduces important constraints. Not
all theoretically favorable combinations produce acceptable foods. Viscous fibers may
impair texture, high-intensity sweeteners may alter aftertaste, polyphenols may contribute
bitterness or astringency, and lipid restructuring can affect mouthfeel, stability, and shelf
life. This is one reason why translational nutrition must remain connected to food science.
As Aguilera emphasized, the matrix determines not only nutrient delivery but also process-

https://doi.org/10.3390/antiox15060732

https://doi.org/10.3390/antiox15060732


Antioxidants 2026, 15, 732 43 of 54

ability and sensory behavior [23]. Therefore, the challenge in cocoa-based functional foods
is not simply to maximize the concentration of beneficial compounds, but to achieve a
matrix architecture that is physiologically coherent, technologically feasible, and sensorially
acceptable.

Another major issue is the difficulty of distinguishing additive from truly synergistic
effects in human studies. If a cocoa-based product with low-glycemic sweeteners and
soluble fibers improves postprandial glucose compared with conventional chocolate, it may
be difficult to determine whether the benefit arises because the sweetener lowered sugar
exposure, because the fiber increased viscosity, because the lipid profile altered nutrient
delivery, or because the combination created an interaction that exceeded the sum of its
parts. This problem is common in functional food research and does not invalidate the
matrix concept. However, it does mean that claims of synergy must be made carefully and
grounded in mechanistic plausibility, comparative formulation studies, and physiological
coherence rather than rhetorical appeal.

From the perspective of metabolic regulation, the strongest translational argument
for multi-component synergy is that metabolic disease itself is multifactorial. Insulin
resistance develops in a physiological environment shaped by glycemic variability, lipid
overload, inflammation, endothelial dysfunction, microbiota-derived signaling, and redox
imbalance [9–18]. It is therefore reasonable to hypothesize that a matrix acting on several
of these processes simultaneously may have greater practical relevance than one acting
on only one. This is particularly true for foods intended for habitual consumption, where
modest repeated effects on digestion, glycemia, vascular function, inflammation, and
microbial metabolism may accumulate over time. A cocoa-based matrix that repeatedly
lowers post-prandial glycemic excursion, preserves endothelial function, improves lipid
quality, and supports microbial fermentation may be more meaningful in the long term
than a product that delivers high flavanol content but leaves the rest of the metabolic
profile unchanged.

Taken all together, the available evidence supports the view that multi-component
synergy in plant-based functional matrices is biologically plausible, nutritionally relevant,
and central to the design logic of cocoa-based products [21–24,31,37,39,53–55,60–76,89–125].
However, this concept should be interpreted carefully: not as a vague assumption that
the simple combination of several “healthy” ingredients is always beneficial, but as the
coordinated interaction of components whose joint effects on digestion, signaling, microbial
metabolism, and postprandial physiology may be more coherent than expected from
isolated compounds alone. Within the architecture of this review, this section provides
the conceptual bridge from individual matrix components toward real-world functional
food design. The next section will build on that bridge by addressing research gaps and
future directions for cocoa-based matrices for anti-diabetic nutritional strategies, where
issues of target population, feasibility, positioning, and clinical application become even
more explicit.

11. Research Gaps and Future Directions
The literature reviewed throughout this manuscript supports the biological plausibility

of cocoa-based plant matrices as modulators of oxidative stress, postprandial glycemia,
endothelial function, microbial signaling, and selected markers of insulin sensitivity. At
the same time, the field remains characterized by substantial heterogeneity in formulation,
processing, dose, study design, and clinical endpoints. As a result, one of the principal
research gaps is not the absence of mechanistic hypotheses, but the insufficient integration
of these hypotheses into standardized, matrix-specific, and clinically relevant experimental
models. In other words, the field does not primarily need more isolated claims that cocoa
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polyphenols, fibers, or lipid components may be beneficial; it needs better-designed studies
capable of determining under which compositional and technological conditions a cocoa-
based matrix becomes metabolically meaningful in humans.

A major gap concerns the characterization of the cocoa fraction itself. One of the
recurring limitations in the literature is that studies often refer to “cocoa”, “dark chocolate”,
or “flavanol-rich products” without adequately standardizing or reporting the technolog-
ical steps that determine flavanol retention and bioavailability. This issue is not trivial.
Fermentation, drying, roasting, alkalization, and downstream industrial processing can sub-
stantially modify the concentration and profile of monomeric flavanols and procyanidins,
thereby changing the biological potential of the final matrix [27,33–35]. Miller et al. showed
that alkalization markedly reduces flavanol content and antioxidant capacity in commercial
cocoa powders, illustrating how processing can weaken the physiological rationale of a
cocoa-based intervention even before it reaches the consumer [56]. Payne et al. similarly
demonstrated that fermentation, roasting, and Dutch processing alter catechin and epicate-
chin concentrations across cocoa ingredients, making it difficult to compare intervention
studies that do not adequately report manufacturing history [51]. Kothe et al. further
showed that roasting affects epimerization and degradation patterns of cocoa flavanols,
reinforcing the view that processing severity is directly linked to the chemical identity of the
bioactive fraction [52]. Thus, future research should move toward matrix characterization
protocols that include not only nominal cocoa content, but also flavanol profile, processing
history, degree of alkalization, and, where possible, food-structure descriptors relevant to
digestion and bioaccessibility.

A second major gap concerns the predominance of single-ingredient or single-domain
interventions over integrated matrix studies. Much of the current evidence has been
generated using isolated flavanol extracts, purified fibers, stand-alone sweeteners, or
relatively simple dietary substitutions. While such designs are useful for mechanistic
clarification, they do not adequately reflect the physiological behavior of real cocoa-based
functional foods. Future work should therefore prioritize intervention studies comparing
whole matrices that differ in coordinated ways—for example, in sweetening systems,
soluble fiber architecture, lipid phase composition, and flavanol preservation—rather than
continuing to infer the expected effect of real foods from isolated-ingredient studies. This
is especially important because the concept of synergy discussed in the previous section
remains more often assumed than directly tested. Comparative trials designed around
matrix-level contrasts would make it possible to determine whether combinations of low-
glycemic sweeteners, fermentable fibers, viscous fibers, oleic-rich lipids, and preserved
cocoa flavanols confer advantages beyond the sum of their parts.

A third gap concerns the selection of clinical endpoints. As discussed in earlier
sections, many cocoa-based or matrix-based interventions may exert their earliest and
most reproducible effects on postprandial glucose handling, endothelial function, in-
flammatory tone, or microbial metabolites rather than on fasting glucose or HbA1c
alone [14–16,41,43,44,89,95]. Yet many nutritional trials continue to prioritize chronic
glycemic indices without capturing the acute physiological mechanisms through which
these foods are most likely to act. Future studies should therefore integrate more sensitive
endpoint frameworks, including continuous glucose monitoring, postprandial insulin
and incretin responses, endothelial function testing, lipidomic and metabolomic profiling,
oxidative stress biomarkers, and microbiota-derived metabolites. Such an approach would
be more aligned with the actual physiology of cocoa-based matrices and would reduce
the risk of dismissing biologically relevant interventions simply because fasting endpoints
remain unchanged over short periods.
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A fourth gap lies in population stratification. Literature consistently suggests that the
metabolic effects of cocoa flavanols, soluble fibers, prebiotics, oleic-rich lipids, and selected
micronutrients are strongly phenotype-dependent. Individuals with prediabetes, insulin
resistance, dyslipidemia, adiposity-associated inflammation, or micronutrient insufficiency
may respond differently from metabolically healthy individuals [42,65–67,93–96,115,116].
This implies that future research should move beyond broadly heterogeneous cohorts
and toward better phenotyped populations. The personalized nutrition literature already
provides a useful conceptual framework for this transition. Zee-vi et al. showed that
postprandial glycemic responses vary substantially between individuals and can be pre-
dicted using integrated phenotypic and microbiome-related variables [126]. Berry et al.
later confirmed, in the PREDICT program, that postprandial glucose, lipid, and insulin
responses show marked interindividual variability even under standardized meal con-
ditions [127]. Ordovas et al. argued that such findings support a shift toward more
personalized nutritional approaches grounded in phenotype, genotype, lifestyle, and mi-
crobiome context [128]. Within the field of cocoa-based matrices, this suggests that future
antidiabetic strategies may benefit from stratifying participants by dysglycemic phenotype,
postprandial response pattern, microbiota configuration, or baseline diet quality rather
than assuming uniform physiological responsiveness.

A fifth research gap concerns the underdevelopment of sustainability-linked metabolic
nutrition. Most studies on cocoa and metabolic health still evaluate efficacy in isolation
from sourcing models, environmental impact, and food-system substitution. Yet from a
translational perspective, future functional foods will likely be judged not only by their
physiological effects, but also by their capacity to replace higher-impact ingredients with
lower-footprint alternatives while maintaining nutritional quality. This introduces an im-
portant next-generation research question: can cocoa-based functional matrices be designed
to combine metabolic benefit with lower environmental burden using ingredients derived
from low-impact crops, legumes, carob, microalgae, or salt-tolerant coastal plants? Re-
cent work on food-system sustainability suggests that this question is scientifically and
strategically relevant. Clark et al. showed that foods differ markedly in their combined
health and environmental impacts, reinforcing the need for integrative frameworks rather
than nutrient-only evaluations [129]. Caporgno and Mathys reviewed the incorporation of
microalgae into innovative foods and emphasized their promise as sustainable ingredients
with functional and nutritional potential [130]. Ventura and Sagi highlighted the agro-
nomic and ecological value of halophyte crops such as Salicornia and related salt-tolerant
species, which may become relevant in future food systems facing freshwater and land con-
straints [131]. Within the present review, these lines of work suggest that a future direction
for cocoa-based matrices is not merely compositional optimization, but the development of
formulations that align metabolic functionality with regenerative or lower-impact ingredi-
ent sourcing. Such a direction would be especially relevant for products designed to replace
conventional high-sugar confectionery or other metabolically unfavorable snack formats.

A sixth gap concerns the absence of robust translational frameworks for formulation
optimization. Nutritional science has often progressed by testing one ingredient at a time,
but the future of matrix-based interventions will likely require more integrative develop-
ment models capable of combining metabolic, sensory, technological, and sustainability
data. This is where digital and data-driven approaches may become increasingly impor-
tant. Precision nutrition research already points toward the value of multidimensional
prediction models for postprandial responses and dietary personalization [126–128]. The
next methodological step may be the application of such logic to matrix design itself, using
integrated datasets on glycemic impact, fiber functionality, flavanol stability, lipid composi-
tion, sensory performance, and environmental metrics to guide formulation decisions. In

https://doi.org/10.3390/antiox15060732

https://doi.org/10.3390/antiox15060732


Antioxidants 2026, 15, 732 46 of 54

practice, this would mean moving from static formulation toward adaptive formulation
science, where digital tools help identify ingredient combinations most likely to achieve
targeted metabolic outcomes while preserving product feasibility. Although this field is
still emerging, it may become especially relevant for cocoa-based systems, where small
changes in sugar replacement, fiber type, or processing conditions can substantially alter
both physiological and sensory behavior.

A seventh unresolved issue is the need for real-world implementation studies. Even
the most mechanistically elegant cocoa-based formulation will have limited clinical signif-
icance if it is not accepted, tolerated, and habitually consumed by the target population.
Future research should therefore incorporate pragmatic trials in settings that reflect real use
conditions, including outpatient metabolic clinics, workplace nutrition programs, sports
and wellness environments, hospital-adjacent dietary interventions, and preventive health
settings. Such studies should examine not only metabolic markers, but also adherence,
satiety, sensory satisfaction, product substitution patterns, and behavioral compensation.
This is especially important for cocoa-based foods because they occupy a consumption
space associated with pleasure and indulgence. Their translational promise lies precisely
in the possibility of replacing metabolically unfavorable products with more coherent
alternatives without requiring high levels of behavioral sacrifice.

Finally, there is a broader conceptual gap that affects the field as a whole: the tendency
to frame matrix-based nutritional strategies either as overpromising “functional foods” or
as underpowered dietary adjuncts. The literature reviewed here suggests that cocoa-based
matrices should be positioned somewhere between these extremes. They are unlikely to
function as stand-alone treatments for type 2 diabetes, yet they may still be physiologically
relevant if they repeatedly reduce postprandial stress, improve dietary quality, and support
vascular-metabolic resilience over time. Future directions should therefore focus less on
attempting to convert cocoa-based foods into quasi-pharmaceutical agents and more on
determining how such matrices can be integrated into realistic preventive and adjunctive
nutritional strategies for dysglycemia.

Taken together, the most important future directions in this field can be summarized
as follows: improved standardization of cocoa processing and flavanol preservation; more
matrix-level comparative interventions; richer end-point selection emphasizing postpran-
dial and systems biology markers; better phenotype-based stratification; integration of
sustainability and ingredient-substitution logic into formulation science; use of digital and
precision-nutrition approaches to optimize matrix architecture; and pragmatic implementa-
tion studies in real-world settings [51,52,56,126–131]. These priorities do not replace the
mechanistic questions addressed earlier in the review; they extend them into the transla-
tional domain where cocoa-based plant matrices may become genuinely relevant as part
of antidiabetic nutritional strategy. The final section will therefore synthesize the main
conclusions emerging from the review and position cocoa-based functional matrices within
the broader landscape of metabolic nutrition.

11.1. Chemical and Biological Horizons

The evidence reviewed throughout this manuscript identifies not only the potential
metabolic relevance of cocoa-based plant matrices but also the substantial gaps that re-
main before such matrices can be considered established tools for antidiabetic nutritional
strategies. Rather than summarizing what has already been discussed in the Research
Gaps section, this Perspectives section aims to articulate the most promising directions
from two complementary standpoints: the chemical characterization and optimization
of cocoa-derived bioactives, and the clinical and biological research needed to translate
matrix-based mechanistic insights into meaningful human outcomes.
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11.2. Chemical Perspective

From a chemistry and food science standpoint, one of the most pressing priorities is the
standardization and characterization of cocoa flavanol content across the chain from bean
to finished product. As discussed in Section 10, processing steps including fermentation,
drying, roasting, and alkalization substantially alter the flavanol profile and can reduce
epicatechin and procyanidin concentrations by 60–90% compared to raw cacao [51,52,56].
Future research should develop and validate analytical protocols capable of quantifying not
only total flavanol content but also the specific distribution of monomers, oligomers, and
high-molecular-weight polymers—since these fractions differ in bioavailability, intestinal
metabolism, and biological activity.

SAR analysis represents an additional chemical frontier that remains underdevel-
oped in the cocoa literature. Emerging data suggest that the position and number of
hydroxyl groups on the flavanol skeleton, the degree of polymerization, and the stere-
ochemistry at the C-2 and C-3 positions influence antioxidant capacity, protein binding,
and receptor interactions. The 3’,4’-catechol moiety characteristic of (−)-epicatechin ap-
pears particularly important for metal chelation, radical scavenging, and eNOS activation.
Procyanidin oligomers with increasing chain length show differential activity at AMPK,
PI3K/Akt, and GLUT4-related pathways, though their lower bioavailability compared
to monomers must be carefully considered when extrapolating in vitro SAR findings to
in vivo conditions. Future chemical research should therefore aim to characterize not only
native flavanol structures but also the profile and biological activity of gut-derived colonic
metabolites—including phenyl-γ-valerolactones, phenylpropionic acid derivatives, and
simple phenolic acids—which may represent the biologically active fraction in systemic
tissues after oral consumption.

At the level of food matrix engineering, future chemical perspectives include the
development of encapsulation and delivery systems capable of protecting flavanols from
thermal and alkaline degradation during processing, improving their bioaccessibility in
the gastrointestinal tract, and enabling targeted release in the small intestine or colon
depending on the desired biological effect. The design of matrix architectures that preserve
viscous fiber functionality, protect polyphenol bioactivity, ensure colonic delivery of pre-
biotic substrates, and incorporate oleic-rich lipid phases within a technologically feasible
and sensorially acceptable format represents one of the most complex but scientifically
rewarding challenges for functional food chemistry applied to metabolic health.

11.3. Biological and Clinical Perspective

From a biological and clinical research standpoint, the primary need is for standardized
human intervention studies specifically designed to test complete cocoa-based matrices
rather than individual extracted components. The overwhelming majority of existing
evidence on flavanols, fibers, and non-glycemic sweeteners comes from supplementation
studies using isolated or purified ingredients. While these provide mechanistic clarity, they
do not adequately reflect the physiological behavior of real cocoa-based foods. Future
studies should compare matrices that differ in a coordinated and pre-specified manner—for
example, simultaneously varying the sweetening system (sucrose vs. erythritol + stevia), the
fiber architecture (absent vs. fermentable vs. viscous), and the lipid profile (cocoa butter vs.
oleic-enriched)—while maintaining a standardized flavanol content. Such designs would
allow researchers to assess whether coordinated formulation strategies produce metabolic
benefits that exceed those of conventional chocolate or isolated-ingredient interventions.

The selection of clinical endpoints is equally critical. Given that the most consistent
effects of cocoa flavanols are observed on endothelial function, nitric oxide-related signal-
ing, and postprandial oxidative stress rather than on conventional glycemic indices such
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as fasting glucose or glycated hemoglobin (HbA1c), future trials should integrate more
sensitive and mechanistically relevant outcome frameworks. These include continuous
glucose monitoring (CGM) for glycemic variability assessment, flow-mediated dilation and
reactive hyperemia as endothelial function markers, lipidomic and metabolomic profiling
of postprandial responses, quantification of plasma and urine oxidative stress biomarkers
(8-isoprostane, 8-OHdG, FRAP, protein carbonyls), assessment of gut microbiota compo-
sition and function (16S rRNA sequencing; untargeted metabolomics), and homeostatic
model assessment of insulin resistance (HOMA-IR) alongside C-peptide and incretin
measurements. Such multidimensional endpoint frameworks would allow cocoa-based
interventions to be evaluated across the full biological spectrum relevant to their pro-
posed mechanisms, rather than being dismissed when fasting glucose fails to change over
short periods.

Population stratification represents perhaps the most transformative clinical research
direction for this field. Current evidence consistently suggests that the effects of flavanols,
fibers, prebiotics, and MUFA-rich lipid matrices are more pronounced in individuals with
pre-existing metabolic risk, including those with prediabetes, insulin resistance, obesity-
associated inflammation, dyslipidemia, or microbiota dysbiosis. Future trials should
therefore stratify participants by dysglycemic phenotype, baseline microbiome diversity
and composition, postprandial response profiles (using CGM or mixed-meal tests), dietary
quality indices, and micronutrient status. This personalized nutrition approach, informed
by precision nutrition frameworks [126–128], would make it possible to identify the specific
populations most likely to benefit from cocoa-based matrix interventions and to design
products and dietary recommendations that are matched to individual metabolic contexts.

Finally, pragmatic implementation studies in real-world settings represent an underex-
plored but essential research direction. Even the most metabolically coherent cocoa-based
formulation will have limited public health relevance if it fails to be habitually consumed,
accepted, or substituted for less favorable dietary alternatives in real daily life. Studies
conducted in preventive health settings, outpatient metabolic clinics, sports and wellness
programs, and workplace nutrition initiatives are needed to evaluate not only metabolic
biomarkers but also adherence, satiety, behavioral compensation, dietary substitution
patterns, and quality of life outcomes. The translational promise of cocoa-based func-
tional foods lies precisely in their capacity to replace metabolically unfavorable products
while being perceived as pleasurable—a positioning that requires both scientific rigor and
consumer-centered design.

12. Conclusions
Cocoa-based plants provide a coherent and mechanistically grounded framework for

developing nutritional strategies targeting oxidative stress, postprandial glycemic burden,
and endothelial dysfunction in metabolic disorders. The evidence reviewed demonstrates
that their metabolic effects do not arise from a single bioactive component, but from matrix-
dependent interactions among cocoa flavanols, non-glycemic sweeteners, functional fibers,
oleic-rich lipids, and redox-active micronutrients.

Mechanistically, these matrices influence metabolic health by attenuating inflammatory
signaling, preserving nitric oxide bioavailability, modulating nutrient absorption kinetics,
and supporting microbiota-derived metabolic pathways. Although individual effects are
often modest and context-dependent, their coordinated action can become metabolically
meaningful, particularly in individuals with insulin resistance or early T2D.

However, the current evidence base highlights that the physiological efficacy of cocoa-
based products is highly dependent on processing methods, formulation, and target popu-
lation phenotypes. Future research must prioritize standardized matrix characterization,
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integrated multi-component clinical trials, and translationally relevant postprandial end-
points. Ultimately, while cocoa-based plant matrices are not stand-alone therapeutic agents,
their rational formulation offers a valuable, synergistic tool within broader cardiometabolic
and antidiabetic dietary strategies.
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