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Schmidt, O.; Darwish, S.; Szymczak,

B.; Bartuzi, Z. Immunomodulation

through Nutrition Should Be a Key

Trend in Type 2 Diabetes Treatment.

Int. J. Mol. Sci. 2024, 25, 3769.

https://doi.org/10.3390/

ijms25073769

Academic Editors: Yutang Wang and

Dianna Magliano

Received: 9 February 2024

Revised: 21 March 2024

Accepted: 23 March 2024

Published: 28 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Immunomodulation through Nutrition Should Be a Key Trend in
Type 2 Diabetes Treatment
Katarzyna Napiórkowska-Baran 1,*, Paweł Treichel 2 , Marta Czarnowska 2, Magdalena Drozd 2, Kinga Koperska 2,
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Nicolaus Copernicus University Toruń, 85-067 Bydgoszcz, Poland; zbartuzi@cm.umk.pl

2 Student Research Club of Clinical Immunology, Department of Allergology, Clinical Immunology and
Internal Diseases, Collegium Medicum Bydgoszcz, Nicolaus Copernicus University Toruń,
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Abstract: An organism’s ability to function properly depends not solely on its diet but also on the
intake of nutrients and non-nutritive bioactive compounds that exert immunomodulatory effects.
This principle applies both to healthy individuals and, in particular, to those with concomitant chronic
conditions, such as type 2 diabetes. However, the current food industry and the widespread use of
highly processed foods often lead to nutritional deficiencies. Numerous studies have confirmed the
occurrence of immune system dysfunction in patients with type 2 diabetes. This article elucidates
the impact of specific nutrients on the immune system function, which maintains homeostasis of the
organism, with a particular emphasis on type 2 diabetes. The role of macronutrients, micronutrients,
vitamins, and selected substances, such as omega-3 fatty acids, coenzyme Q10, and alpha-lipoic acid,
was taken into consideration, which outlined the minimum range of tests that ought to be performed
on patients in order to either directly or indirectly determine the severity of malnutrition in this group
of patients.

Keywords: type 2 diabetes; immunomodulation; immune system; nutrients; macroelements;
microelements; vitamins; omega-3 acids; coenzyme Q10; alpha-lipoic acid

1. Introduction

Diabetes is a disease that affects a growing number of people worldwide. It is one
of the leading causes of disability and mortality regardless of origin, gender, or age. In
2021, an estimated 536.6 million people aged 20–79 suffered from diabetes globally, of
which approximately 96% were type 2 diabetes cases, predominantly among the elderly.
The burgeoning problem of diabetes was associated with the co-occurrence of a high
BMI in more than 50% of cases. Unfortunately, recent analyses suggest that the problem
will continue to grow, and by 2045, more than 783.2 million people aged 20–79 will have
developed diabetes. It is noteworthy that nearly one-third of deaths from diabetes and its
complications occur in people under the age of 60 [1,2].

Diabetes mellitus is not just a health concern but also an economic matter. The esti-
mated cost of diabetes-related economic burdens among people aged 20–79 has increased
by as much as 366% between 2007 and 2021, reaching USD 966 billion, and it is projected to
reach USD one trillion by 2030 [2].

Complications of diabetes pose a major challenge in treatment and may be divided
into two categories: macrovascular and microvascular. Macrovascular complications in-
clude cardiovascular diseases such as coronary artery disease, peripheral vascular disease,
and cerebrovascular disease. Microvascular complications of diabetes include diabetic
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retinopathy, diabetic nephropathy, and diabetic neuropathy. Approximately 50% of pa-
tients with type 2 diabetes experience macrovascular complications, while microvascular
complications occur in 27% of patients. These complications have a significant impact on
patient mortality and quality of life [3,4].

Treating diabetes requires a holistic approach, which includes physical activity, appro-
priate diet, pharmacological treatment, education, and continuous motivation of the patient.
In some cases, the assistance of a psychologist and/or psychiatrist may also be expedient.

According to the still valid concept of Marc Lalonde, modifiable factors have the great-
est impact on human health, approximately 70%, and lifestyle as much as 50% [5]. A proper
diet is undeniably crucial in managing diabetes. However, the food industry’s current
practices are not conducive to proper nutrition due to the high extent of food processing,
the ubiquitous use of food additives, and, above all, the conditions under which plants are
grown. Many studies confirm a systematic decrease in the concentrations of microelements,
macroelements, and vitamins in plant-based products, which should be the foundation of a
well-balanced diet [6–8]. Consequently, clinicians treat malnourished patients of normal or
excessive weight, as their bodies lack non-nutritive bioactive compounds.

The immune system is the most important system in the human body, and it deter-
mines its efficient functioning in every aspect. Its prominence also extends to the impact on
the development and course of chronic diseases, including diabetes. Nevertheless, in order
for the immune system to operate efficiently, it requires not only protein (essential, among
others, for the synthesis of key enzymes) but most importantly, non-nutritive bioactive
compounds [9,10].

Immunomodulation through nutrition, alternatively referred to as immunonutrition,
is a field of science that relates aspects of nutrition, the functioning of the immune system,
and the impact of inflammation and pathological processes in the body. Its beneficial effect
has been demonstrated in many conditions, such as gastrointestinal cancer or Crohn’s
disease [11,12]. The use of immunomodulation through appropriate nutrition should also
be a priority in such an important disease as diabetes.

2. Methods
2.1. Search Strategy and Sample Period

A systematic literature review adhering to the guidelines outlined in the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) recommendations
was undertaken. Electronic databases, including PubMed and Google Scholar, were com-
prehensively searched from their respective inception dates from 15 December 2023 to 5
February 2024. Key search phrases included “type 2 diabetes treatment” (step 1), “novel
therapeutic options in the treatment of type 2 diabetes”, “coenzyme Q10 in type 2 diabetes”,
“macroelements in type 2 diabetes”, “microelements in type 2 diabetes”, “omega-3 fatty
acids in type 2 diabetes”, and “vitamins in type 2 diabetes” (step 2). In step 3, the phrase
“type 2 diabetes” + a specific parameter was searched, i.e., individual drugs, microelements,
macroelements, vitamins, and other compounds. The reference lists of all the included
articles were thoroughly screened to find other relevant articles. After eliminating duplicate
entries, reviewers independently assessed all titles and abstracts, followed by a full-text
evaluation of eligible articles based on predefined inclusion criteria. Any discrepancies
among reviewers involved in the literature search were resolved through discussion with
all authors to achieve consensus.

2.2. Selection Criteria

Studies were considered eligible if they met the following inclusion criteria: (i) rel-
evance to the topic and (ii) presentation of clinical evidence supporting the research hy-
pothesis. Exclusion criteria included (i) case reports and (ii) studies lacking accessibility to
their underlying data. Identification of publications was rigorously performed during the
screening process. Figure 1 shows the flowchart according to the PRISMA statement.
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3. Pathogenesis of Diabetes with Particular Emphasis on the Role of the
Immune System

Obesity is a major risk factor for insulin resistance and, consequently, type 2 diabetes.
Insulin resistance is caused, among others, by tumor necrosis factor alpha (TNF-α), the
increased production of which is observed in people with excessive adipose tissue. Berbudi
et al. observed that, in addition to increased levels of TNF-α, obese patients also have
increased levels of C-reactive protein and plasminogen activator inhibitor in the blood.
Reactive oxygen species, free fatty acids, and the aforementioned inflammatory cytokines
activate I
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βα kinase (IKKβ) and c-Jun N-terminal kinase I (JNK1), resulting in the inhibition
of the insulin receptor substrate (IRS-1). In addition to inhibiting IRS-1, those kinases sway
the activation of the transcription of inflammatory genes, which promote insulin resistance.
IRS-1 is also inhibited by STAT tyrosine phosphorylation, which is induced by JAK kinase.
As a consequence of both mechanisms, GLUT-4 translocation to cell membranes is impaired,
leading to hyperglycemia [13].

Interleukins are inflammatory cytokines responsible for, among other things, defense
against pathogens. Mooradian et al. observed that isolated monocytes in people with
diabetes, regardless of the type, secreted less interleukin 1β (Il-1β) after stimulation with
liposaccharides (LPS) [14]. Moreover, in other studies, the authors demonstrated that
hyperglycemia causes a decrease in interleukin 2, 6, and 10 serum concentrations [15,16].
Of particular relevance in this combination is IL-6, which is responsible for the adaptive
induction of antibody production and the development of effector T lymphocytes [13].

Kumar et al. proved that hyperglycemic mice have impaired infiltration of CD45+
leukocytes and CD8+ T lymphocytes. Additionally, a correlation of this phenomenon with
a weaker expression of adhesion molecules, namely E-selectin and intracellular adhesion
molecule (ICAM), is observed [17].

The matter concerning the expression of toll-like receptors (TLRs) in response to
hyperglycemia remains unresolved. While some studies have reported a complete re-
duction in TLR expression, others have not observed significant change in patients with
well-controlled hyperglycemia [18,19].

In obese patients, who constitute the largest group of diabetic patients, the level of
resistin, a protein that stimulates the endothelium to store lipids, is higher. Increased
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resistin levels have a negative impact on the production of reactive oxygen species by
neutrophils (ROS) [20]. Under hyperglycemic conditions, neutrophil ROS production is
diminished, degranulation is impaired, phagocytosis is decreased, neutrophil extracellular
matrix (NET) formation is weakened, and antibody opsonization is negatively affected [13].

The impairment of multitudinous immune mechanisms by hyperglycemia is also
indicated by its effect on the complement system-reduced opsonization of the C4 fragment,
and dysfunction of natural killer cells is observed [13].

Hyperglycemia is one of the conditions that can result in oxidative stress and the
upregulation of pro-inflammatory factors. ROS are highly reactive molecules capable of
independent existence, containing at least one oxygen atom and one or more unpaired
electrons [21]. They are primarily generated in mitochondria as natural byproducts in
all aerobic organisms. ROS can be also formed in other mechanisms, such as NADPH-
oxidase, immune reactions, xanthine oxidase, arachidonic acid metabolism, and others.
They are involved in the processes of intracellular signaling and cell activity [22]. In sundry
metabolic disorders, such as diabetes, ROS can accumulate, and this excessive formation
of free radicals leads to oxidative stress, causing damage at the molecular and cellular
level [21]. Oxidative stress leads to impaired glucose uptake in muscle and fat cells and
decreases insulin secretion from beta-cells. Hyperglycemia can also cause increased ROS
production through the activation of the kinase C pathway via diacylglycerol, increased
hexosamine pathway flux, increased advanced glycation end production, and increased
flux in the polyol pathway [23]. Under hyperglycemic conditions, excessive production
of ROS during glycolysis reactions is observed, and it has been proven to damage DNA
and subsequently activate poly-ADP-ribose polymerase 1 (PARP1), which is a DNA repair
enzyme. PARP1 inhibits glyceraldehyde-3-phosphate dehydrogenase (GA3PDG) activity,
which leads to the accumulation of glyceraldehyde-3-phosphate (GA3P) and other glycoly-
sis intermediates. The rise of GA3P content activates the mentioned pro-oxidant pathways.
Moreover, GA3P accumulation can cause glucose autoxidation, which results in hydrogen
peroxide formation that contributes to oxidative stress [22]. Mitochondrial destruction
(caused by oxidative stress), along with the activation of the mentioned hexosamine path-
way, nuclear factor-κB (Nf-κb), p38 mitogen-activated protein kinase (p38 MAPK), c-jun
NH2 terminal kinase/stress-activated protein kinase (JNK/SAPK), or toll-like receptors
(TLRs), leads to pancreatic β-cell dysfunction. Furthermore, oxidative stress is predisposed
to decreased insulin production caused by the inhibition of the nuclear transcription factors
Pdx-1 (insulin promoter factor 1) and MafA transcription factor, which impairs insulin
secretion by opening the KATP channels and inhibiting calcium flow, while having also a
pro-apoptotic effect on β-cells [24].

Diabetic patients develop chronic low-grade inflammation, which is reflected by high
levels of cytokines, such as TNF-alpha and other pro-inflammatory markers, such as
CRP. Hyperglycemia can directly stimulate the upregulation of cytokines, chemokines,
and adhesion molecules, modulating various pathways that ultimately converge towards
pathways containing transcription factor protein complexes controlling the transcription of
DNA, namely NF-kB signaling [22]. The process of inflammation in diabetes is also affected
by adipose tissue macrophages (ATMs). Those cells produce factors that act in a paracrine
or systemic manner and interrupt insulin signaling in target cells. ATMs release exosomes
that can exert local paracrine effects or may enter the circulation [25]. A recent study has
shown that ATM-derived exosomes isolated from obese mice directly cause decreased
insulin signaling in adipocytes, myocytes, or primary hepatocytes in vitro. These isolated
exosomes contained high levels of miR-155, which suppresses PPAR-γ expression, thereby
contributing to insulin resistance [25,26].

4. Novel Therapeutic Options in the Treatment of Type 2 Diabetes

The field of diabetes care is constantly developing, and new therapeutic options are
emerging. Novel therapeutic possibilities can increase the quality of care and overall
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well-being of individuals with diabetes. Changes related to new research, technology, and
treatments lead to updates in guidelines.

In 2023, the latest Standards of Care in Diabetes were released and within them,
updated guidelines were established. The amendments concerned the incorporation of
person-centered and inclusive language. Moreover, an additional language and some new
definitions were introduced along with the benefits of using them in the telemedicine
subsection. Recommendations regarding the use of statins and periodic monitoring of
blood glucose levels in individuals at high risk of developing type 2 diabetes who have
been prescribed statin therapy have been added. Additionally, the recommendation was
introduced to the discussion part of pioglitazone use, which seems to reduce the risk of
stroke or myocardial infarction in people with a history of stroke and evidence of insulin
resistance and prediabetes. A dual GLP-1/glucose-dependent insulinotropic polypeptide
(GIP) receptor agonist, commonly known as Tirzepatide, has been proposed as a glucose-
lowering option that may cause weight loss. It was emphasized that either small or larger
weight losses ought to be considered as treatment goals on a case-by-case basis [27].

Furthermore, the blood pressure treatment targets were changed, and it is currently
recommended to achieve < 130/80 mmHg in individuals with diabetes. Pharmacological
treatment should be considered in patients with diabetes and a blood pressure ≥ 130/80
mmHg. In people with diabetes aged 40–75 years with atherosclerosis risk factors, LDL
cholesterol should be reduced to ≥50% of the baseline value, and a final LDL cholesterol
level of <70 mg/dl should be achieved. On top of that, ezetimibe or a PCSK9 inhibitor
should be used in such cases in order to achieve maximally tolerated statin therapy. In those
with type 2 diabetes and diagnosed heart failure with either preserved or reduced ejection
fraction, treatment with a sodium–glucose cotransporter 2 inhibitor is recommended [27].

Major changes were introduced in the immunization subsection to consider new
indications and guidelines, especially regarding COVID-19 and pneumococcal pneumonia
vaccinations, including age recommendations and bivalent boosters against COVID-19 [27].

Some attention has been given to nutrition, especially for diabetes in pregnancy.
Nutrition counseling was endorsed to ameliorate the quality of diet, particularly the
balance of macronutrients inclusive of nutrient-dense fruits, vegetables, legumes, whole
grains, and healthy fats with omega n-3 fatty acids that are embodied in nuts, seeds, and
fish in eating patterns [27].

4.1. Tirzepatide

Tirzepatide is a dual agonist of receptors of glucose-dependent insulinotropic polypep-
tide (GIP) and Glucagon-Like Peptide-1 (GLP-1) and, according to their activities, both play
a role in controlling glucose blood levels [28].

GIP and GLP-1 are incretin hormones that are produced and released in the intestine
in response to nutrient intake. Both stimulate beta cells of the pancreas to secrete insulin.
GIP and GLP-1 are responsible for about 65% of postprandial insulin secretion [28,29].
The action of GIP and GLP-1 is related to the incretin effect. The phenomenon consists of
enhancing the production and release of GIP and GLP-1 as a response to the increase in the
concentration of glucose absorbed from the gut. Interestingly intravenous administration of
glucose does not affect the secretion of GIP and GLP-1. Released GIP and GLP-1 stimulate
pancreatic beta cells to secrete insulin and thus lower the blood concentration of glucose.
The difference between insulin secretion in response to glucose absorbed from oral and
intravenous administration of glucose is called the incretin effect. The intensity of this
phenomenon depends on the quantity of glucose ingested. The insulinotropic activity of
GIP and GLP-1 are dependent on plasma glucose concentrations, hence high levels of GIP
and GLP-1 do not result in hypoglycemia. Dysfunction of the incretin effect is associated
with impaired oral glucose tolerance and is referred to as either impaired glucose tolerance
or diabetes [30,31].

Furthermore, both GIP and GLP-1 may affect other metabolic functions. GIP adversely
affects gastric secretion activity. Additionally, GIP stimulates beta cells of the pancreas to
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secrete insulin. It has insulin-like activity on adipose tissue, where it inhibits lipolysis and
promotes lipogenesis [27]. The activity of GLP-1 promotes insulin secretion and inhibits
glucagon release [32,33]. What is more, GLP-1 reduces food carving and leads to a delay in
gastric emptying, thereby preserving a sense of satiety and lowering body weight [31,34].

Tirzepatide is a new molecule that exhibits agonist activity towards GIP and GLP-
1 receptors. It is the first so-called “twincretin” synthetic peptide, which is composed
of 39 amino acids with a structure based on the native sequence of the GIP [35,36]. By
stimulating GIP and GLP-1 receptors, Tirzepatide acts through the same mechanisms
as native GIP and GLP-1 to control blood glucose and reduce body weight. It has been
proved that Tirzepatide reduces the level of HbA1c and body weight in individuals with
type 2 diabetes more effectively than other selective GLP-1 receptor agonists [31,37–39].
Tirzepatide has a five times lower affinity for the GLP-1 receptor than the native GLP-1, yet
it binds to the GIP receptor with the same strength as native GIP [40,41].

Currently, Tirzepatide is indicated for treatment of type 2 diabetes mellitus (T2DM).
According to the SURPASS trials, which assessed the safety and efficacy of Tirzepatide in
people with T2DM, it emerged that Tirzepatide improved multiple cardiometabolic risk
factors, such as a reduction in liver fat, new-onset macroalbuminuria, blood pressure, and
lipid profile [39,42].

4.2. Thiazolidinediones

Pioglitazone belongs to the thiazolidinediones, and it is a peroxisome proliferator-
activated receptor gamma (PPARγ) agonist. Pioglitazone use was proven to decrease the
risk of myocardial infarctions and ischemic strokes. Currently, the use of this drug is
indicated for individuals with T2DM and a stroke in medical history, evidence of insulin
resistance, and prediabetes [43,44].

Peroxisome proliferator-activated receptors, widely known as PPARs, are a group of
transcription factors that have a significant impact on glucose and lipid metabolism. Three
isoforms have been discovered so far in mammals: PPARα (NR1C1), PPARβ/δ (NR1C2),
and PPARγ (NR1C3). PPARs are mainly responsible for controlling genes involved in lipid
metabolism, including transport, storage, lipogenesis, and fatty acid oxidation. PPARs
are expressed in various types of cells throughout the body, such as pancreatic beta cells
or cells of the immune system, and, therefore, PPARs play a role in regulating insulin
secretion and T cell differentiation [45,46]. PPARγ is expressed in adipose tissue, intestines,
liver, and kidneys, where it participates in the regulation of fat cell differentiation and
lipid storage. Moreover, PPARγ has anti-inflammatory properties and has an influence on
the differentiation of monocytes into macrophages, where it inhibits their conversion to
the M2 phenotype [47,48]. It has been proven that polymorphisms in the PPAR β/δ and
PPARγ promoter regions may result in a genetic predisposition to type 1 diabetes and can
influence the severity of islet autoimmunity. Furthermore more, PPAR γ is correlated to
the evolution of insulin resistance and type 2 diabetes. Therefore, PPARs have become
an interesting target in the treatment of diabetes [49,50]. Thiazolidinediones through
the activation of PPARγ receptors are able to directly decrease insulin resistance. The
stimulation of PPARγ results in simplified differentiation of mesenchymal stem cells into
adipocytes, increased lipogenesis in peripheral lipocytes, decreased hepatic and peripheral
triglycerides, decreased visceral adipocyte activity, and increased adiponectin, which has
anti-apoptotic effects in cardiomyocytes and pancreatic beta cells [51–53]. In addition,
adiponectin has anti-inflammatory qualities and increases insulin sensitivity [54,55].

Pioglitazone, through the stimulation of PPARγ, promotes insulin sensitivity in skele-
tal and cardiac muscle and activates the insulin signal transduction system, which results
in improved glucose transport and the enhancement glycogen synthesis and glucose ox-
idation. In addition, it increases glucose consumption by intensifying the function of
mitochondria, thus reducing plasma-free fatty acid levels and promoting the reversal of
lipotoxicity [56–60]. Pioglitazone reduces the risk of recurrence of major adverse cardiovas-
cular events, myocardial infarction, stroke, and new-diagnosis dementia [60,61].
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In vivo studies in rats and mice have proven that long-term treatment with rosigli-
tazone or troglitazone, both being PPARγ agonists, maintains beta-cell proliferation and
prevents age-related loss of pancreatic mass in these animals. Additionally, troglitazone
may prevent pancreatic abnormalities associated with age and increases in fasting insulin
levels [45].

The number of diabetes cases is constantly rising and constitutes a significant de-
mographic challenge. Therefore, new potential therapeutic targets for the treatment of
diabetes are being explored in ongoing research, including GPCR 119, Vaspin, Metrnl, and
Fetuin-A [62–67].

4.3. GPCR119 Receptor

GPR119 is a class-I G protein-coupled receptor found in skeletal and cardiac muscles,
the liver, and pancreatic β-cells [63,68,69]. The activation of the GPR119 receptor leads
to the activation of a cascade of Gα-stimulating proteins that induce adenylate cyclase
activity. As a result, intracellular cyclic adenosine monophosphate (cAMP) increases, which
may result in the release of GLP-1. The activation of GPR119 in pancreatic β-cell leads to
glucose-stimulated insulin secretion similar to GLP-1 and GIP. Therefore, GPR119 plays
a role in regulating glucose homeostasis and appetite [63,70,71]. Due to its dual activity
and low risk of hypoglycemia, agonists of the GPR119 receptor are considered potential
targets for the treatment of T2DM. So far, phase-2 clinical trials testing DS-8500 as a GPR119
agonist are ongoing [72].

The antidiabetic effect of DA-1241 as another GPR119 receptor agonist was tested
in vitro and in vivo in mice. According to the results, it was described that although the
administration of DA-1241 does not affect body weight gain and the quantity of food
intake, fasting blood glucose level decreased along with an increase in the concentration
of GLP-1. DA-1241 significantly improved solely the oral glucose tolerance test, with no
changes in the intraperitoneal glucose tolerance test or the insulin tolerance test. DA-1241
caused a reduction in triglyceride content in the liver, which led to improvement in the
fatty liver. The outcomes of the research suggested that DA-1241 has a substantial effect on
glucose-dependent insulin release by the stimulation of GLP-1 secretion and contributes to
reduced hepatic gluconeogenesis [73].

4.4. Vaspin

Vaspin, also known as Serpin A12, is an adipokine that is a part of the serum and
originally comes from fat cells. It has an insulin-sensitizing effect and contributes to
reduced food intake. In studies conducted on rats, it was observed that the administration
of Vaspin resulted in an improvement in insulin sensitivity along with increased glucose
tolerance [62,74,75].

Vaspin has a significant effect on insulin modification and plays a role in modulating
adipocyte differentiation and glucose homeostasis [76,77]. Moreover, Vaspin is an inhibitor
of the kallikrein 7 (KLK7), which is responsible for the degradation of insulin, which,
consequently, reduces its concentration. By influencing KLK7, Vaspin contributes to the
enhancement of insulin signaling and extends the half-life of insulin, which leads to an
increased insulin concentration and effects blood glucose levels [75]. Vaspin has the effect
of reducing inflammatory adipokines; therefore, it may influence inflammatory processes.
This action may contribute, to some extent, to improving insulin resistance [78].

4.5. Metrnl

Metrnl is an adipokine that originally comes from the adipose tissue, particularly from
the subcutaneous white fat, but may also be traced in the intestine and epithelium of the
respiratory tract [79,80].

Metrnl contributes to the increase in lipid metabolism and diminishes inflammation
caused by a high-fat diet. By acting on PPARγ receptors, it intensifies the remodeling of
adipose tissue, which also improves insulin resistance and promotes the expression of
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GLUT4 receptors in skeletal muscle. Therefore, Metrnl influences insulin sensitivity and
reduces inflammation [65,81,82]. In addition, decreased serum Merntl levels were reported
in individuals with T2DM and with newly diagnosed T2DM [83–86]. It has been proven
that Metrnl deficiency may dwindle HDL blood concentration and augment plasma levels
of triglycerides. As a result, it has the additional function of controlling altered blood
lipids [65,87].

4.6. Fetuin-A

Fetuin-A is a glycopeptide synthesized mainly in the liver. So far, many functions
have been discovered [88,89]. Fetuin-A participated in the development of diabetes and
kidney disease [90].

Fetuin-A is able to bind to the extracellular portion of the transmembrane β-subunit of
the insulin receptor (InsR). Fetuin-A, through its interaction with insulin, has a significant
effect on glucose homeostasis. Only two proteins can interact with the extracellular part of
InsR: insulin and Fetuin-A. Insulin induces the receptor’s intrinsic tyrosine kinase activity,
which is responsible for glucose transport. In contrast, Fetuin-A has the opposite effect
and deactivates tyrosine kinase. In that case, insulin signaling is impaired, which is an
element of insulin resistance development [91,92]. Fetuin-A also participates in modulating
FFA-mediated pancreatic β-cell inflammation, which also increases insulin resistance [93].

Studies have revealed that higher levels of circulating Fetuin-A are positively corre-
lated with the incidence of T2DM and were more prominent in women [94,95]. A diet
abundant in fat enhances Fetuin-A expression [96]. Furthermore, a strong correlation exists
between Fetuin-A and obesity-related complications, and certain factors, such as weight
loss and taking pioglitazone or metformin, can contribute to lower Fetuin-A levels [94,97].
Novel antidiabetic drugs are presented in Table 1.

Table 1. Novel antidiabetic drugs.

Antidiabetic Drug Mechanism of Action Function

Tirzepatide Dual agonist of GIP and GLP-1 receptors
• Reduces HbA1c
• Reduces body weight
• Improved cardiometabolic risk factors

Pioglitazone PPARγ agonist
• Decreased risk of myocardial infarctions, ischemic

strokes, and major adverse cardiovascular events

DA-1241 GPR119 receptor agonist
• Improves glucose-dependent insulin release by the

stimulation of GLP-1 secretion
• Reduces hepatic gluconeogenesis

Vaspin Kallikrein 7 inhibitor

• Improves insulin sensitivity and glucose tolerance and
inhibits insulin degradation

• Modulates adipocyte differentiation and reduces
inflammatory adipokines

Metrnl PPARγ receptor agonist
• Increases lipid metabolism
• Improves insulin resistance
• Reduces inflammation

Fetuin-A
The extracellular portion of the
transmembrane β-subunit of the insulin
receptor (InsR)

• Modulates insulin receptor signaling and influences
glucose homeostasis

• Correlated with the incidence of t2dm and
obesity-related complications

• Higher levels associated with insulin resistance

5. The Role of Immunomodulation through Nutrition as a Key Therapeutic Strategy in
Patients with Diabetes

The proper function of the immune system depends not only on genetic factors
and concomitant diseases but also whether the building material for the synthesis of its
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components is provided. For example, metals, which play a key role in virtually all basic bi-
ological processes, are crucial components of almost half of all enzymes [9]. Microelements,
macroelements, and vitamins are necessary for the proper functioning of the entire immune
system. Their deficiency disrupts the functioning of physical barriers and impairs the innate
immune response (both cellular and biochemical), inflammatory response, and adaptive
response (antigen presentation, humoral, and cell-mediated immunity) [98]. A proper
diet should provide all the necessary nutrients and non-nutritive bioactive compounds.
Unfortunately, changes introduced in the food industry have resulted in a significant loss
of ingredients necessary for the proper performance of the immune system. This is due to,
among others, the use of artificial fertilizers containing much less valuable ingredients than
natural fertilizers. A decline in essential minerals in fruit and vegetables has been reported
in the UK and other countries. A new analysis of long-term trends in mineral content in
fruit and vegetables from three editions of the British Food Composition Tables (1940, 1991,
and 2019) was carried out. Concentrations of all elements except phosphorus decreased
between 1940 and 2019, and the largest overall reductions in this 80-year period concerned
Na (52%), Fe (50%), Cu (49%), and Mg (10%) [6]. The analysis is presented in Figure 2.
Research conducted by Geigy Pharmaceutical Company comparing the concentration of
vitamins and minerals in selected plant-based foods in the years 1985–2002 showed a
significant decrease in the concentration of calcium, magnesium, folic acid, vitamin B6,
and vitamin C. The greatest reduction occurred in bananas and concerned vitamin B6
(95% loss) [99]. The loss of selected components results from the reduced concentration of
specific elements in the soil. This loss is intensified by food storage and processing. For
example, thiamine occurs mainly in the bran and germ of wheat grains, and up to 50% of it
is lost during milling [100,101]. Fresh leafy vegetables stored at room temperature lose up
to 70% of folic acid within 3 days. Maharaj P.P. et al. conducted research examining the
effects of cooking and frying on folic acid retention in commonly consumed Fijian dishes
vegetables (drumstick leaves, taro leaves, bale leaves, amaranth leaves, fern, okra, and
green beans). Folic acid loss varied among vegetables from 10 to 64% when cooking and
from 1 to 36% when frying. A greater loss of folic acid was observed during cooking. The
content of folic acid in water obtained after cooking various vegetables ranged from approx.
11.9 ± 0.5 to 61.6 ± 2.5 µg/100 mL. Boiling is a better choice for cooking vegetables if folic
acid intake is taken into account, provided that the cooking water is drunk along with the
vegetables [102]. Human levels of vitamins and trace minerals are no longer adequately
supported by low-micronutrient-cultured meats and plant-based products produced within
existing agricultural food systems [103]. Unfortunately, the need for additional supplemen-
tation is underestimated by clinicians who are not aware of the changes that have occurred
in food over the past decades. On the part of patients, supplementation, if it is carried out,
is often performed in an uncontrolled manner on its own.

5.1. Macroelements

In the case of humans, macroelements are elements whose dietary requirement exceeds
100 mg per day. They constitute not less than 0.01% of the dry weight of each organism.
They are necessary for the proper functioning of the human body, and their deficiencies are
often associated with unpleasant health consequences.

5.1.1. Magnesium

The second most common intracellular cation and the fourth most abundant mineral is
magnesium (Mg2+). This element comes in bonded form and serves a myriad of functions in
eminent physiological processes. This element in the human body is found in intracellular
space, mostly in bones but also in muscle cells, soft tissues, and organs. Less than 1–2%
of Mg2+ is also found in blood, and it is present in a three times greater concentration
in erythrocytes than in plasma [104]. This mineral, which can be consumed together
with fruits, vegetables, seeds, grain, cereals, meat and fish, and berries, is an important
cofactor in over 600 activities [105]. The daily allowance of magnesium for females is
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320 mg and 420 mg for males [106]. Mg2+ is a part of numerous organic substances,
like proteins, nucleic acids, and nucleotides. Magnesium management is regulated by
intestinal absorption, renal reabsorption/excretion by hormonal control, and the source of
magnesium in the intracellular space (bones, etc.) [105]. Increased magnesium excretion
takes place in unregulated diabetes and metabolic acidosis. This nutrient’s role is to regulate
cell cycle progression, stabilize membrane structure and its potential, participate in DNA
and RNA synthesis, and aid nervous system functioning or the secretion of enzymes and
hormones [107,108]. Its versatile role also includes oxidative phosphorylation and muscle
contraction and glucose, protein, and lipid metabolism. On top of that, Mg2+ is essential
for ATP production in mitochondria [104,108].
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Magnesium has a major impact on the regulation of a wide range of immunological
processes. It affects the acute phase response and macrophage function. Mg influences
the development and proliferation of lymphocytes. It has been found that an adequate
amount of magnesium is required for the immune T cells so that they can fulfill their
function in combating pathogens properly. Mg2+ insufficiency makes the cell more sensitive
to oxidative stress in diabetes, which accelerates the development of diabetes-related
complications [105].

This cation also controls blood glucose and blood pressure. Studies on animals have
been carried out and found that dietary Mg consumption (50 mg/mL in drinking water)
for 6 weeks lowered glucose levels, ameliorated mitochondrial function, and reduced
oxidative stress and declined oxidative stress, as both are two main factors of insulin
resistance [109,110].

Some studies show the connection between chronic magnesium deficiency and the
occurrence of symptoms, such as overweight and obesity, insulin resistance (IR), and T2DM.
In that case, the protective role of Mg2+ is to attenuate inflammatory processes, improve
glucose and insulin metabolism, and normalize the lipid profile [107].

There is a strong cooperation between magnesium and insulin signaling pathway
activation. The cation affects the tyrosine kinase (TK) of insulin receptor activity and
regulates peripheral insulin sensitivity, while at the same time, insulin regulates magnesium
homeostasis. When the concentration of magnesium is decreased, TK activity is impaired,
the insulin activity in the cell is blocked, and insulin tolerance rises. The insulin signaling
pathway allows for the regulation of glucose transport or glycogen synthesis, and mistakes
in this way can lead to decreased insulin transport and glucose uptake, which may cause
hyperglycemia. Certain studies demonstrated that a deficiency of Mg2+ can cause the



Int. J. Mol. Sci. 2024, 25, 3769 11 of 36

development and progression of diabetes. It is said that magnesium deficiency can predict
faster deterioration of kidney function, promote atherosclerosis, and increase the changes
for diabetic microvascular complications [111].

Several studies indicate that dietary Mg intake and a higher risk of T2DM are inter-
connected [112]. Some of them show that magnesium supplementation improves insulin
sensitivity markers and that it has a favorable impact on glucose concentration in diabet-
ics [107].

5.1.2. Calcium

Calcium (Ca2+) is the most abundant mineral in the human body. It can be absorbed
mainly from the diet with dairy products, dark green leafy vegetables, and calcium-fortified
food. The main storage of calcium, which reaches up to 99% in the body, is bones, which
that have a structural function, and a residual 1% is in the intracellular and extracellular
fluid. Calcium metabolism regulation is based on adequate intestinal calcium absorption,
proper storage of calcium in bones, and the excretion of excess calcium by the kidneys,
and it is all under the control of the 1,25-dihydroxyvitamin D, parathyroid hormone, and
ionized calcium [113].

This mineral is versatile since it serves an important function in a wide range of
biological processes, such as muscle contraction, blood coagulation, hormone secretion,
and neurotransmission [114,115]. Adequate Ca2+ consumption may have an impact on the
release of harmful substances that may enhance the risk of diabetes [116]. Immune system
cellular processes, such as proliferation, division, activation, and gene transcription, may
occur because of the calcium signals. An immune response decreases intracellular Ca2+

and then activates its flow to increase the intracellular Ca2+ concentration, and it occurs
due to CRAC channel activation [117]. Diabetes mellitus is a disease that disrupts the
normal functioning of organs in the human body, including calcium metabolism, making
it difficult for the organs that regulate calcium to function properly. Incorrigible calcium
management may disturb regulation processes in blood cells or cardiac and skeletal muscles.
Calcium signaling is indispensable for the work of pancreatic β-cells, which secrete insulin
in response to increased glucose levels through calcium channels [118].

A study involving a 10-year follow-up found that higher dietary calcium consumption
was related to reduced risk of diabetes. Another study in 2011 showed that yogurt con-
sumption with high Ca2+ content improved fasting glucose and fasting insulin [119]. There
are also studies indicating that patients with uncontrolled hyperglycemia have a higher
risk of hypocalcemia [109].

5.1.3. Potassium

The influence on insulin secretion is also observed in terms of potassium (K+), which is
the most abundant cation that is located in 98% of intracellular fluid in mainly muscle cells,
and the remaining 2% is in extracellular fluid. K+ is mostly found in higher concentrations
in fruits, vegetables, and milk. It is recommended to consume more than 3.5 g per day [120].
Potassium participates in maintaining cell function, especially in muscle and nerve cells.
Adding salt to food reduces potassium and increases the sodium content. The Food and
Nutrition Board of the Institute of Medicine has established the recommended daily intake
of K+ to be 4700 mg, and for the WHO it is 3150 mg [121]. Normal serum potassium levels
are between 3.6 mmol/L and 5.0 mmol/L, and values below are called hypokalemia; it is
said that patients with comorbidities, especially diabetics, are exposed to an unfavorable
course of treatment [122]. K+ concentration in a cell depends on the transport of potassium
ions through the Na-K APTase pump and its leakage through the K+ channels [123].

Potassium plays an important role in immune cells in the human body. K+ gradient
is required for the cell to maintain a membrane potential for Ca2+ gradient. It is needed
for immune cell activation, as it happens due to a Ca2+ influx in inflammatory gene
transcription. The potassium channel leads to the activation of mononuclear cells and nitric
oxide production in macrophages [124].
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Under physiological circumstances, insulin is released when the concentration of ex-
tracellular K+ is high. This process occurs through inhibiting the ATP-sensitive potassium
channels of pancreatic B cells. In uncontrolled diabetics, changes in potassium concentra-
tions outside the normal limits affect the regulation of glucose renal excretion. Low insulin
concentration increases renal elimination of glucose, which increases sodium influx, and
this increases K+ elimination. Low serum potassium may be a disturbing factor for insulin
secretion and cause glucose intolerance or diabetes [122].

Research by Chatterjee R. et al. demonstrated the effects of low potassium intake
and low serum potassium levels on decreased insulin sensitivity and increased insulin
secretion [125]. In the case of the K+ and Ca2+ action for the insulin secretion process, its
decreased intake has an impact on reduced risk of diabetics. Increased potassium intake
may bring good health benefits, like improved glucose control, glucose intolerance, insulin
resistance, elevated blood pressure, and hypertension [126].

5.1.4. Sodium

The main cation of extracellular fluid that is essential for adequate cell functioning is
sodium (Na+). To maintain fluid balance and mineral metabolism at the appropriate level,
sodium consumption at the appropriate level is necessary [127]. This element takes part in
regulating nerve and muscle function. Along with the increased consumption of processed
foods, salt intake is increased as well. Despite the fact that there are many negative effects
of increased salt consumption, it may protect against dehydration. The WHO recommends
a daily sodium intake of 2000 mg per day [128].

Sodium has an immunostimulatory role in the immune system. Na+ can stimulate
immune cells to trigger a stronger immune response [129].

Research by Ming L. et al. shows that higher daily sodium consumption is connected
with an increased risk of diabetes, and the risk gets higher by 1.20 times for every 1 g Na+

consumed [128].
Research conducted by Suckling RJ et al. showed that reduced sodium intake did

not affect insulin sensitivity, fasting glucose, or insulin concentration [130]. Another
study showed that limiting sodium intake improves insulin resistance because of the
increased secretion of adiponectin and diminution of pro-inflammatory processes. A high
concentration of sodium in the diet increases cortisol secretion and insulin resistance, and
despite this Na+ still can improve the nervous system in diabetics [110].

5.1.5. Phosphorus

Phosphorus (P) is another essential macronutrient that consists of up to 1% of the total
human body [131]. The recommended daily intake of phosphorus ranges from 550 to 700
mg [132]. The Institute of Medicine set the maximum recommended phosphorus daily diet
intake to 4000 mg. It is the element that humans consume by eating fast food and restaurant
meals rich in phosphate but also mild and dairy products, fish and meat, and grain products.
Phosphorus management in the human body is hormonally regulated by fibroblast growth
factor 23 (FGF-23) and parathyroid hormone (PTH) by their effects on the production and
concentration of vitamin D, which regulate bone metabolism and the intestinal absorption
of calcium and phosphorus, which is absorbed in 55–80% of cases [131]. Phosphorus
is one of the main building components of cell membranes and nucleic acids. Its role
is mostly confined to bone mineralization, energy generation, and regulating acid–base
homeostasis in order to maintain normal pH. A high concentration of FGF-23, the hormone
that regulates the phosphorus economy, is connected with insulin resistance. High daily
phosphorus intake may be a factor in secondary hyperparathyroidism and bone loss and
can have a destructive influence on the cardiovascular system. Recently, the consumption
of processed foods has increased, as has the incidence of diabetics, and there is research
that shows the connection between the higher phosphorus consumption and the higher
risk of diabetics [132].
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5.1.6. Sulfur

The essential element sulfur is absorbed from the digestive tract in the form of amino
acids. Two main amino acids (SAAs) are methionine and cysteine, and it is essential to the
synthesis of compounds involved in the metabolic process and also a component of antioxi-
dants involved in the body’s defense mechanisms [133]. The sources of sulfur are mostly
vegetables, such as broccoli, cauliflower, garlic, and onion. The protective effect of sulfur
is based on its influence on the cardiovascular system, glucose, and anti-inflammatory
effect. Protein intake and diabetes depend on its type and quantity [134]. One of the protein
sources is animals, such as red meat or processed meat, and the other from plants, such
as nuts and soy. One of the studies shows the important correlation between consuming
animal proteins and the higher risk of diabetics and demonstrates that people who had
more plant protein in their diet and reduced their red meat consumption to 30% had a
lower risk of getting diabetes [135]. Decreased consumption of SAAs may improve the
insulin signaling pathway, which may have a beneficial effect on insulin sensitivity and
glucose metabolism [134]. An SAA through its participation in the synthesis of antioxi-
dants, especially glutathione, has an oxidative role. There is a study that shows that the
consumption of cysteine increases the glutathione level, and it may have a good influence
on glucose levels in the blood [136]. Limiting SAA intake may have a beneficial effect
on preventing insulin resistance and might lower the glucose and glycated hemoglobin
levels [137].

5.2. Microelements

Microelements are trace elements necessary to maintain the appropriate function
of the organism. Although the demand for them is small (compared to the demand
for macroelements), they are requisite for the proper development and maintenance of
life functions.

5.2.1. Zinc

Zinc is a crucial microelement in metabolism. It is considered to control over 100 en-
zymes that are responsible for substantial processes, such as protein folding, gene expres-
sion, cell signaling, and cellular processes, including cell division and apoptosis. In terms of
the immune system, zinc is known to strongly affect factors of an immunological response,
such as chemokines, pro-inflammatory cytokines, complement factors, and bacterial wall
compounds. This leads to the early activation of polymorphonuclear leukocytes, which
together with macrophages, are listed among first responders when infection occurs. Both
zinc deficiency and zinc excess are undesirable because they are proven to inhibit nicoti-
namide adenine dinucleotide phosphate oxidases, whose activity is responsible for killing
pathogens. This process takes place after phagocytosis, which is also influenced by the
accessibility of zinc. This microelement can positively influence the amount of cytokines
and act as an antioxidant [109,138].

Due to the various ways in which zinc affects many signal pathways, it is not fully un-
derstood how exactly the lack of zinc homeostasis contributes to the development of T2DM.
It has been proven that zinc transporter 8 (ZnT8) plays an important part in zinc uptake by
insulin secretory granules in beta cells [139,140]. In a study conducted in vivo on mice, it
was demonstrated that ZnT8 is essential for beta-cell zinc influx, glucose-stimulated insulin
secretion, and insulin processing, as well as the formation of insulin granules [140,141].
Another transporter that is considered important in the pathomechanism of the disease is
ZIP7. It is a transporter that is involved in the process of endoplasmic reticulum (ER) stress.
ER is critical for the correct processing and folding of proteins, and ER stress arises when
the folding capacity of the ER is outpaced by the influx of nascent, unfolded polypeptide
chains. Cells undergoing this type of stress will activate a UPR (unfolded protein response)
pathway, which will decrease the transcription of genes that encode secretory proteins,
causing decreasing folding demand on the ER. ZIP7 is a transporter located in an early
secretory pathway, including ER controlling the movement of zinc from this subcellular
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organelle into cytosol. The importance of ZIP7 is emerging as a key transporter implicated
in maintaining ER homeostasis. In that way, zinc protects the ER from imbalance and,
therefore, it helps avoid the reduced transcription of genes that are responsible for secretory
proteins [142].

5.2.2. Selenium

Selenium is a microelement and plays a distinctive role in our immune system. It is
indispensable for the function of selenoproteins, which act as redox regulators of several
key enzymes, transcription factors, and receptors, and, therefore, they affect the functioning
of leukocytes and NK cells. Selenoproteins function as well as cellular antioxidants [10].
Selenium influences innate immunity as well as adaptive immunity. Innate immunity
regulates the viability of NK cells, macrophages, DCs, granulocytes, mast cells, and mi-
croglia. Selenium is also proven to promote the proliferation of T cells, promote CD4+ T cell
differentiation into Th1 cells, and suppress the activity of cellular 5-lipoxygenase, which all
are mechanisms enhancing adaptive immunity [143].

Many factors are said to influence the function of pancreatic islets and contribute to
their metabolic dysfunction. Some of these factors are chronic low-grade inflammation,
redox imbalance, mitochondrial dysfunction, and endoplasmic reticulum stress. During
the development of T2DM, M1-like macrophages become the most abundant immune cells
in crucial tissues, such as visceral white adipose tissue, liver tissue, and pancreatic islets.
The inflammation of these tissues is a key component of developing beta cell dysfunction,
and M1-like macrophages happen to be a primary source of pro-inflammatory cytokines.
This process leads to the accumulation of ectopic lipids in beta cells. Moreover, H2O2
(ROS), which is required for proper insulin biosynthesis, secretion, and signaling, when
imbalanced, can lead to oxidative stress, resulting in disruption in signaling pathways and
even death of the cell. Taking into consideration that selenoproteins, such as glutathione
peroxidases, are responsible for removing H2O2, selenoproteins S are involved in ER
function, and a group of selenoproteins called thioredoxin reductases control redox function.
It is safe to say that the imbalance of selenium may contribute to developing T2DM,
but the exact mechanism remains unclear [144]. More studies have shown a positive
correlation between high levels of Se and the presence of T2DM [145]. This correlation can
be caused by the fact that high Se exposure might affect the expression of key regulators
of glycolysis and gluconeogenesis. This action is potentially mediated by selenoprotein
GPx-1, and it was demonstrated that the overexpression of this selenoprotein causes insulin
resistance [146,147].

5.2.3. Iron

Iron is an essential dietary mineral used to support vital human functions, such as
erythropoiesis and cellular energy metabolism [108]. It also has a significant influence on
our immune system. Iron affects both the innate and adaptive immune system. Its role is to
regulate macrophage polarization, but it also partakes in the functioning of neutrophils.
Iron is involved in the formation of neutrophil extracellular traps. It is also important in
the development, proliferation, activation, and function of NK cells in viral infection [148].
Recent studies proved that adaptive T cell immunity requires serum iron by TfR1 (CD71).
In terms of B cell function, it has been proven that the dysfunction of these cells can happen
due to the mutation of transferrin receptor 1 (TfR1) encoded by TFRC and can lead to
immunodeficiency [149,150].

High iron is a risk factor for T2DM and affects most of its cardinal features, such as
decreased insulin secretion, insulin resistance, and increased hepatic gluconeogenesis [151].
One possible mechanism underlying this relationship might be that elevated serum ferritin
can interact with other kinds of pathogenic factors, impair the function of islet beta cells,
affect the secretion of insulin, and increase the risks of T2DM [152]. Another explanation
might be that because insulin is involved in regulating the transcription of serum ferritin
and increasing the use of iron in peripheral tissues, when there is too much iron, insulin
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secretion is affected and the overload of iron causes oxidative stress [153]. This phenomenon
is caused by an increase in iron-catalyzed hydroxyl radicals, which leads to systemic
insulin resistance and hyperglycemia [154]. Iron is a powerful pro-oxidant and may cause
cellular damage in the mechanism of producing reactive oxygen species, and taking into
consideration that beta cells in the pancreas are particularly susceptible to oxidative injury,
it can be another way in which excess iron leads to T2DM [155]. Serum ferritin is also
considered as an acute-phase marker; therefore, every inflammation causes an imbalance
in insulin secretion [153].

Although the exact molecular mechanism of iron-regulated pathology in diabetes re-
mains vague, many studies over the years have proven that there is definitely a dependence
between excess body iron and the presence of T2DM [155].

5.2.4. Iodine

Iodine in humans is primarily scrutinized for its effects on the thyroid gland. There
is some evidence indicating that iodine could also influence the function of other organs.
Iodine is suggested to work for the benefit of the immune system by neutralizing ROS
and making cell membranes less reactive to free radicals. I2 acts as a scavenger of reactive
oxygen species, like hydroxyl radicals or superoxide anions, generating neutral components
of hypoiodous acid or hydroiodic acid. Iodine, in combination with arachidonic acid, forms
iodolipid 6-iodolactione (6-IL), which suppresses the activity of pro-inflammatory enzymes,
like nitric oxide synthase and cyclooxygenase type 2 [156].

Iodine in excessive amounts diminishes cell viability and compromises the function
of insulin secretion in islet beta cells [157]. Thyroid function is important for regulating
metabolism, and abnormal thyroid function can have substantial effects on blood glucose
control in diabetes [109]. A study conducted by O S Al-Attas et al. showed that the concen-
tration of urine iodine was significantly lower in T2DM than in healthy control subjects.
The decreased levels of iodine concentration in T2DM patients may have deleterious effects
on metabolic functions [158]. An alternative study that showed a correlation between levels
of iodine and T2DM was the study conducted by Cuneyd Anil et al., which resulted in the
conclusion that the TSH level of the diabetic patients was higher than in the control group
and so was the mean thyroid volume [159].

5.2.5. Copper

Copper is a trace element found mainly in the liver, bones, and muscles. It carries
particular importance in the functioning of the immune system. As a redox active metal,
copper is the ideal cofactor for enzymes involved in electron transfer and oxygen chem-
istry [160]. Roughly 30 metalloproteins are dependent on the accessibility of copper, and
their tasks range from respiration (cytochrome c oxidase; COX) to free radical detoxification
(superoxide dismutase; SOD) [160,161]. There is also ceruloplasmin, which is a multicopper
oxidase. Its main role is to oxidize Fe2+ to Fe3+, yet it is additionally an acute phase protein
induced in response to inflammation, trauma, or infection [160,162]. A possible explanation
as to why the amount of multicopper oxidase increases during infection might be that
ceruloplasmin helps deliver copper to sites of infection to combat pathogens with copper
toxicity. Moreover, it has been shown that the enrichment of plasma Cu levels could en-
hance both innate and adaptive immunity in humans in the context of its antiviral activity,
which can serve preventively and therapeutically against COVID-19 [149]. Cu is involved
in the function of T-helper cells, B cells, neutrophils, NK cells, and macrophages [163].

The results of different studies are inconsistent concerning the association between
copper consumption and the likelihood of developing diabetes. The result of a cohort study
performed by Eshak et al. on 16,160 Japanese patients showed that those who had a higher
intake of copper and iron had a greater risk of developing T2DM [164].

Different cohort studies conducted by Cui et al. evaluated the diet of 14,711 adults
and managed to associate dietary copper with a higher risk of developing T2DM. The
study was based on people who had neither diabetes, hypertension, nor any cardiovascular
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diseases and took part in the China Health and Nutrition Survey [165]. One possible way
of explaining the way copper influences the presence of T2DM is that copper is an essential
component of the enzyme copper/zinc superoxide dismutase (Cu/Zn SOD), which helps in
the clearance of free radicals that accumulate in cells as a result of metabolic stress. Another
mechanism might be that copper is involved in the reactions of glutamic acid decarboxylase
(GAD), which is a major beta-cell antioxidant that is altered by reactive oxygen species
(ROS). Anti-GAD antibodies contribute to the pathogenesis of T2DM [166,167]. Copper
in high doses is suggested to have a pro-oxidant activity, so it is also possible for copper
to cause the production of ROS through the Fenton reaction, which can hinder many
processes, including ones associated with insulin resistance development and impaired
glucose metabolism [168].

5.2.6. Cobalt

Cobalt is mainly known for its role as a metal constituent of vitamin B12 [169]. Sub-
sequent sections of this manuscript will elucidate and expound on the topic of vitamin
B12′s role in the immune system. Agata Szade et al. showed that cobalt protoporphyrin IX
(CoPP) increases plasma concentrations of granulocyte colony-stimulating factor (G-CSF)
IL-6 and MCP-1 in mice, triggering the mobilization of granulocytes and hematopoietic
stem and progenitor cells (HSPCs). Compared with recombinant G-CSF, CoPP does not
increase the number of circulating T cells [170].

Research on the role of cobalt in the human immune system is currently limited.
Studies mostly concentrate on the toxicity of inorganic cobalt and how it evokes a chain of
changes in cells. In some cases, it can lead to an immunological response known as a type
IV hypersensitivity reaction [171].

The studies performed on human subjects in order to assess the levels of cobalt
in diabetic patients are inadequate. Saker et al. proved that cobalt chloride decreased
gluconeogenesis in diabetic rats through its glucose-lowering effect [109,172]. Cobalt
treatment showed amelioration in nephropathy and heart function in a rat model of T2DM
by alleviating oxidative stress [109,173].

5.2.7. Chrome

Chrome is an essential micronutrient for humans. The reduction in Cr(VI) to Cr(III)
leads to the generation of reactive intermediates, which, in conjunction with oxidative
stress, induces tissue damage. This initiates a cascade of cellular events, including the mod-
ulation of the apoptosis regulatory gene p53, contributing to the cytotoxic, genotoxic, and
carcinogenic effects associated with Cr(VI)-containing compounds. Conversely, chromium
serves as an essential nutrient crucial for insulin action in body tissues, facilitating the
utilization of sugars, proteins, and fats. Chromium plays a pivotal role in modulating the
immune response through either immunostimulatory or immunosuppressive processes, as
evidenced by its effects on T and B lymphocytes, macrophages, cytokine production, and
immune responses, which may elicit hypersensitivity reactions [174].

Chrome has been found to electively improve glucose tolerance by reducing insulin
resistance [109]. A study based in China showed that supplemented Cr improved the
blood glucose, insulin, cholesterol, and HbA1C levels of patients with T2DM in a dose-
dependent manner [109,175]. Chromium improves the glucose/insulin levels in subjects
with hypoglycemia, hyperglycemia, and diabetes with no detectable effects on the control
group. Cr also improves insulin binding, receptor number, and the functioning of beta
cells [109,176].

Rajendran et al. concluded the relationship between serum Cr levels and T2DM.
A decrease in Cr levels occurred in response to oxidative stress in T2DM patients. In
their study, patients with uncontrolled glucose levels with T2DM demonstrated lower
levels of serum Cr levels compared to the control group. The HbA1c and serum Cr levels
were inversely correlated in a statistically significant way [177]. The exact mechanism has
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not been thoroughly studied. Further research into this relationship could definitely be
beneficial in the future.

5.2.8. Manganese

Manganese is a trace element present in a variety of physiological processes, such
as antioxidant defenses, reproduction, and neuronal function [178]. Manganese is incor-
porated into a number of metalloenzymes, like Mn superoxide dismutase (SOD Mn2+),
glutamine synthetase (GS), pyruvate carboxylase, and arginase [179]. Mn2+ is required
for the host defense against DNA viruses by increasing the sensitivity of the DNA sensor
cGAS and its downstream adaptor protein STING. Mn2+ is released from mitochondria
and the Golgi apparatus upon virus infection and accumulated in the cytosol where it is
bound to cGAS, enhancing the sensitivity of cGAS to dsDNA and its enzymatic activity.
On this pathway, manganese supports antitumor immunity. Mn2+ is also engaged in the
innate immune detection of tumors, as Mn-insufficient mice had significantly enhanced
tumor growth and metastasis and greatly reduced tumor-infiltrating CD8+ T cells in a
cGAS-STING-dependent manner [180].

Some studies concerning manganese and its influence on diabetes may be found;
however, they are ambiguous. Adewuni et al. showed that there is a significantly lower
serum concentration of Mn in diabetic patients compared to the control group [181]. On the
contrary, Anetor et al. demonstrated that mean serum Mn concentration in patients with
T2DM was higher than in the control group [182]. The mechanism by which manganese
influences the development of T2DM is not known. One possible explanation might be that
intracellular Mn2+ accumulates predominantly in mitochondria, where it may interfere with
an electron transport chain and the oxidative phosphorylation process, causing a significant
formation of ROS. The direct involvement of manganese in the electron transport chain
may lead to suppressed ATP production, increased leaked electron flux, and the formation
of highly reactive and detrimental hydroxyl radicals [183]. While the initial exploration
of the topic is insightful, further research would enhance its usability and provide a more
comprehensive insight.

5.2.9. Molybdenum

Molybdenum is a trace element that is important for various enzymatic processes. It
needs to be complexed by a special cofactor to gain catalytic activity [184]. There are four
molybdenum enzymes known in humans, each catalyzing either catabolic or detoxifying
reactions [185]. All of these enzymes share the same molybdenum cofactor (Moco). For
example, sulfite oxidase (SOX) catalyzes the terminal step in oxidative cysteine catabolism,
the oxidation of sulfite to sulfate. SOX links sulfite oxidation to the reduction in cytochrome
c [186]. The existing literature does not extensively cover the topic of molybdenum’s role
in the immune system. A study on calves was conducted, with the objective to determine
the effects of dietary Cu and Mo on immune function and other features. It was concluded
that claves that were fed with the supplemental Mo had lower antibody production than
the calves supplemented with Cu, which suggests that Mo supplementation without the
supplemental Cu induces a more severe functional Cu deficiency [187].

5.2.10. Silicon

The available scientific literature on the influence of silicon on the immune system is
notably scarce, with a paucity of comprehensive data addressing this specific relationship.
The study by Liangjiao et al. showed that silica nanoparticles (SiNPs) can potentially have
a toxic influence on the immune system. The main mechanisms were pro-inflammatory
responses, oxidative stress, and autophagy. SiNPs cause oxidative stress by increasing mem-
brane lipid peroxidation and the levels of ROS and by decreasing intracellular glutathione
levels (GSH) [188].



Int. J. Mol. Sci. 2024, 25, 3769 18 of 36

5.3. Vitamins

Vitamins are low-molecular-weight organic compounds whose presence in the body
in small amounts is necessary for the proper management of sundry metabolic processes.
For many organisms, including animals and humans, these compounds are exogenous and
must be supplied with comestibles. Vitamins do not have nutritional or energy functions,
yet they serve a regulatory function, acting as biocatalysts of metabolic processes in cells.
However, without these substances, it would be impossible for the body to function
properly. A great deal of studies have proven the role of vitamins in modulating the
inflammatory response and behavior balance between immune cells or inhibiting the
production of cytokines [189]. Due to the immunomodulatory role of vitamins, numerous
studies are conducted to investigate their impact on supplementation for diabetes by
monitoring glucose levels, pancreatic β-cell function, and glycated hemoglobin level HbA1c.
Many studies have found vitamin deficiencies in the course of diabetes, including vitamin
A, vitamin D, or vitamin E [190–192].

5.3.1. Vitamin D

Vitamin D is a steroid hormone derived from cholesterol. The largest source of vitamin
D in our body comes from its synthesis in the skin under the influence of ultraviolet light; for
this reason, a multitude of factors influence the synthesis of vitamin D, e.g., skin pigmenta-
tion, latitude, lifestyle, and season. There are several forms of vitamin D-D2 (ergocalciferol)
and D3 (cholecalciferol). Vitamin D is transported in its inactive form through the DBP-
binding protein to the liver, where it is converted into 25-hydroxyvitamin D (25(OH)D). The
active form of vitamin D–1,25-dihydroxyvitamin D–1,25(OH)2D (calcitriol)—penetrates
target cells and binds to the nuclear receptor vitamin D (VDR). Vitamin D bound to nuclear
receptors acts directly on the DNA of cells, causing the production of special proteins.
One of the pivotal functions of vitamin D is its participation in the metabolism of calcium
and phosphate, as well as bone homeostasis. Additionally, vitamin D affects many other
physiological processes in the body through VDR receptors. One of them is the effect of
vitamin D on cells of the immune system, where the presence of the VDR receptor was
proven in almost all cells of the aforementioned system, and VDR receptor polymorphism
has been associated with an increased frequency of autoimmune diseases [193].

Vitamin D exerts its effects on both the innate and adaptive immune systems through
the VDR. One of the types of cells that contain the VDR receptor are antigen-presenting cells
(APCs), T lymphocytes, and macrophages [194,195]. Calcitriol stimulates the differentiation
and activation of macrophages. It promotes their antimicrobial activity by increasing chemo-
taxis and phagocytosis by stimulating the local production of defensins (e.g., cathelicidin
and β2-defensin). Calcitriol reduces the ability of macrophages to present antigens and stim-
ulates T cells by reducing the surface expression of MHC class II molecules [193]. Addition-
ally, calcitriol promotes the induction of immune tolerance through its anti-inflammatory
effects. It inhibits the differentiation, maturation, and function of dendritic cells (DCs),
making them incapable of acting as mature APCs, which allows the development of im-
munological tolerance [196,197].

The effect of vitamin D on the immune system has contributed to research on the im-
pact of vitamin D supplementation on the course of diseases related to the immune system,
for example, type 1 diabetes. It has been studied that it exerts an anti-inflammatory effect
directly by affecting the cells of the immune system, thereby weakening the destruction
of pancreatic β-cells, which produce insulin. The destruction of pancreatic β-cells by au-
toantibodies underlies the pathophysiology of type 1 diabetes. Vitamin D has the potential
to restore immune tolerance, which counteracts the autoimmune response and slows or
stops the progression of the disease by preserving residual β-cell mass and function and
improving glycemic control [193,198,199]. Vitamin D acts through the VDR receptor in
the pancreas and regulates insulin secretion in the pancreatic islets. It also affects insulin
sensitivity in many peripheral metabolic organs. In type 1 diabetes, pancreatic β-cells
are destroyed by autoantibodies. β-cell-specific autoantigens (such as insulin, pro-insulin,
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and IGRP) are presented by antigen-presenting cells (APCs), triggering cytotoxic T cell
responses that cause β-cell damage. It has also been proven that autoantigens are presented
to APCs by macrophages [200]. For this very reason, the effect of vitamin D based on reduc-
ing the presentation of antigens to APCs by macrophages and inhibiting the differentiation
of dendritic cells into APCs could reduce the inflammation occurring in type 1 diabetes.
Additionally, patients with type 1 diabetes have lower levels of vitamin D. Studies have
shown that a larger number of diabetic patients have autoantibodies against DBP, which
could explain the reduced vitamin D concentration in people with diabetes.

In the case of vitamin D supplementation, the need for insulin was reduced and so
was the risk of diabetes. After starting supplementation, there was an initial increase in
C-peptide concentration. The level, however, did not persist and returned to the level
of the control group that did not consume supplementation. Some studies also found
lower HbA1c levels after starting vitamin D supplementation, which could correlate with
better baseline β-cell function because the HbA1c lowering effect was lost over time. For
this reason, it was not possible to determine whether the improvement in test results was
due to vitamin D supplementation itself or to individual differences in the course of the
disease [193,201]. The conducted research leads to the conclusion that supplementation is
beneficial mainly at the early stage of diagnosis, as it reduces the need for insulin and the
risk of complications related to the disease [192,198,201]. Studies have also been conducted
that clearly demonstrate the benefits of vitamin D supplementation in people with type 1
diabetes. Patients have lowered serum glucose and HbA1c levels [202].

The impact of vitamin D supplementation in patients with type 2 diabetes remains
invaluable. Supplementation of this vitamin significantly improves the concentration of
serum triglycerides, LDL cholesterol and total cholesterol, insulin, HbA1C, and HOMA-
IR. It also significantly reduces the concentration of highly sensitive C-reactive protein
(hs-CRP). Low vitamin D levels are strongly associated with insulin resistance, impaired
insulin secretion, and an increased risk of T2DM cases, especially in people at high risk of
T2DM. Vitamin D deficiency is closely associated with various micro- and macrovascular
complications of T2DM, including peripheral neuropathy, erectile dysfunction, retinopathy,
diabetic kidney disease, and overall mortality. Interventional studies in people with T2DM
and CKD have shown significant improvements in kidney function, especially when
vitamin D analogs were combined with RAAS inhibitors [203].

5.3.2. Vitamin E

Vitamin E is the term for a group of tocopherols and tocotrienols, of which alpha-
tocopherol has the highest biological activity. It cannot be synthesized in the human body,
so it can only be obtained from dietary nutrients, such as olive oil, almonds, sunflower
oil, hazelnuts, sprouts, and grain germs. Vitamin E is an essential nutrient for reproduc-
tion [204]. Its functions are primarily based on antioxidant activity, i.e., it has the ability to
scavenge free radicals, inhibit lipid peroxidation, and chelate transition metal ions. Recent
discoveries have shown that vitamin E has various potentially beneficial effects on human
health, such as antiallergic, anti-atherosclerotic, anticancer, antidiabetic, antilipidemic, anti-
hypertensive, and anti-inflammatory; furthermore, it prevents the development of obesity
and is neuroprotective [205].

Vitamin E mainly serves as an antioxidant, reducing the accumulation of lipid per-
oxides and free radicals. Its effect on the immune system is based on the inhibition of
the activity of cyclooxygenase 2 COX2. By affecting COX2, it reduces the production of
prostaglandin E2 PGE2, which is involved in the body’s inflammatory response. Vitamin E
activates T cells and modulates the balance between Th1 and Th2 lymphocytes. Vitamin
E reduces the inflammatory response by reducing the production of pro-inflammatory
cytokines, such as TNF-α, IL-1, and IL-6, by peripheral blood mononuclear cells [189].
Higher concentrations of the vitamin inhibit the formation of 5-hydroxy-eicosatetraenoic
acid 5-HETE and 5-hydroperoxy-eicosatetraenoic acid 5-HPETE in human neutrophils,
suggesting an inhibitory effect of vitamin E on 5-LOX 5-lipoxygenase. By blocking 5-LOX,



Int. J. Mol. Sci. 2024, 25, 3769 20 of 36

they prevent the transformation of arachidonic acid into leukotrienes, which inhibits the
inflammatory response pathway in the body. In addition to the inflammation data, long-
chain vitamin E has been shown to have cytotoxic potential in several cancer cell lines. Its
pro-apoptotic activity has also been observed in human macrophages [205].

A study by Jin Z et al. showed that vitamin E could effectively reduce urinary mi-
croalbumin, urinary albumin excretion rate, and serum nitric oxide levels in patients with
type 2 diabetic nephropathy [206]. A study by Mehvari F et al. revealed that vitamin E
concentrations were lower in patients with diabetes and coronary artery disease (CAD)
compared to diabetic patients without CAD. The results of this study confirm that oxidative
stress may be an important factor in increasing the susceptibility of some diabetic patients
to CAD. Increased oxidative stress may be a potential therapeutic target for the prevention
and treatment of CAD in diabetic patients [207].

5.3.3. Vitamin C

Vitamin C, or ascorbic acid, is a water-soluble vitamin. It is a compound that cannot
be synthesized in the body, so the main source of vitamin C for humans is diet. Due to its
solubility in water, it can easily lead to hypovitaminosis, so it is mandatory for humans to
supplement it systematically with diet. Vitamin C is found in citrus fruits, such as orange,
kiwi, lemon, guava, and grapefruit, and vegetables, such as broccoli, cauliflower, Brussels
sprouts, and peppers.

The main feature of vitamin C is its ability to donate electrons; it is a strong antioxidant
and additionally acts as a cofactor for biosynthetic and gene-regulating enzymes. It also
affects the functioning of the immune system by acting on cell functions of both the
innate and adaptive immune systems. Vitamin C supports the epithelial barrier function
against pathogens. It supports the removal of oxidants through the skin, protecting it
from environmental oxidative stress. Vitamin C accumulates in phagocytic cells, such
as neutrophils. Within cells, it promotes chemotaxis, phagocytosis, and the production
of reactive oxygen species. Moreover, it reduces necrosis and potential tissue damage
by promoting apoptosis and the removal of neutrophils by macrophages from infected
sites. Additionally, vitamin C has been documented to increase the differentiation and
proliferation of B and T cells [208]. Recent in vitro experiments investigated the inhibitory
effect of vitamin C on the expression of pro-inflammatory mediators, including IL-6 and
TNF-α, in blood cells. Additionally, the antioxidant function influences the innate and
adaptive immune response [189].

Vitamin C may reduce insulin resistance and cardiovascular complications in pa-
tients with T2DM [209]. It plays an inhibitory role in the production of protein oxidation
biomarkers, such as advanced oxidation protein products (AOPPs) and advanced glycation
end products (AGEs) [210]. Due to the similar structure of vitamin C to glucose, it can
be replaced by glucose in response to chemical reactions and prevent the non-enzymatic
glycosylation of proteins [211].

5.3.4. B vitamins
Vitamin B1

Thiamine is a water-soluble vitamin, also known as vitamin B1. Vitamin B1 is not
synthesized in the human body, so it must be obtained through diet. It is found in the vast
majority of foods, including yeast, beef, beans, lentils, and nuts. The most biologically active
form of thiamine is thiamine pyrophosphate TPP, which acts as a cofactor for two enzymes
in the oxidative pathways after glycolysis of the pyruvate dehydrogenase complex and the
α-ketoglutarate dehydrogenase complex. TPP is also involved in regulating metabolism
in the brain and in the structure and function of nerves [212]. Vitamin B1 also has an
antioxidant function, which protects sulfhydryl groups on the surface of neutrophils against
oxidative damage. Therefore, thiamine inhibits the oxidative stress-induced stimulation of
the nuclear factor kappa-light-chain-enhancer of activated B cell NF-κB. NF-κB is associated
with the development of inflammation, autoimmune diseases viral infections, and even the
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improper development of the immune system. Vitamin B1 also influences the formation of
pro-inflammatory cytokines in macrophages [189].

Decreased levels of vitamin B1 in people with T2DM have been established. A fat-
soluble thiamine derivative called benfotiamine is effective in raising the blood levels of
thiamine compared to water-soluble thiamine derivatives. Benfotiamine reduces glucose
toxicity caused by hyperglycemia in T2DM by activating glucose metabolism and insulin
synthesis. It also plays a role in blocking pathways responsible for hyperglycemia-induced
damage, such as the hexosamine pathway, the formation of advanced glycation end prod-
ucts, and the activation of protein kinase C. It also acts by activating transketolase (TK), the
rate-limiting enzyme of the non-oxidative branch of the pentose phosphate pathway [213].

Vitamin B6

Vitamin B6 is a collection of six different forms—pyridoxine (PN), pyridoxal (PL),
pyridoxamine (PM), and related 5′-phosphate derivatives. Vitamin B6 is not synthesized in
the human body and is obtained through a diet containing potatoes, bananas, nuts, and fish,
especially fatty fish, such as salmon and tuna. The biologically active form of vitamin B6 is
pyridoxal 5′-phosphate PLP. It prompts cellular metabolism, participating as a coenzyme
in up to 150 different enzymatic reactions, such as the synthesis, transformation, and
degradation of amines, as well as the biosynthesis and degradation of neurotransmitters. It
is not classified as an antioxidant compound and it also affects reactive oxygen species and
prevents the formation of advanced glycation end products (AGEs), which are involved in
the processes of aging and diabetes [214].

The effect of vitamin B6 on the immune system is based on inhibiting the activation
of the NOD inflammasome, LRR, and pyrin domain-containing protein 3 (NLRP3), which
results in a reduction in the secretion of IL-1 production. The function of IL-1 is fundamental
to innate immunity and the development of acute and chronic inflammation. Inhibiting
the production of IL-1 leads to a reduction in the inflammatory response in the organism.
Additionally, it has been proven that the administration of PLP significantly reduces the
production of mitochondrial reactive oxygen species [189].

Epidemiological and experimental studies have shown an obvious inverse relationship
between vitamin B6 levels and diabetes, as well as a clear protective effect of vitamin B6
on diabetes complications [214]. The effect of vitamin B6 on diabetes is related to various
processes for which the vitamin is responsible. In vitro experiments on pancreatic perfusion
led to the observation that in the case of pyridoxine deficiency, the secretion of insulin and
glucagon is impaired [214]. Low vitamin B6 concentration is associated with the occurrence
of cardiovascular diseases in people with T2DM, and this relationship may be mediated by
plasma fibrinogen and CRP concentrations [215].

Additionally, it has been discovered that the reduction in mitochondrial reactive
oxygen species production caused by vitamin B6 supplementation results in a reduction
in fasting blood glucose and HbA1c and further improves glycemic control in diabetic
patients [214].

Vitamin B12

Vitamin B12 is a microelement that humans cannot produce on their own and must be
assimilated from animal proteins. It can be found in products, such as kidneys and livers
(veal, beef, poultry), fish, mussels, and other seafood, eggs, and dairy products. Vitamin B12
is essential for cell function due to its key role in DNA stability. Vitamin B12 deficiency has
been proven to lead to indirect DNA damage, and vitamin B12 supplementation can reverse
this effect [216]. It also plays a fundamental role in the functioning of the central nervous
system at all ages. With the involvement of folic acid, it participates in the conversion of
homocysteine to methionine via methionine synthase, which is necessary for nucleotide
synthesis and genomic and non-genomic methylation [217]. Moreover, vitamin B12 has
antioxidant properties, which prevent damage caused by reactive oxygen species. DNA
protection against reactive oxygen species is based on the removal of free radicals and
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the reduction in oxidative stress [216]. The impact of vitamin B12 on the immune system
involves preserving the equilibrium between CD8+ and CD4+ T cells [189].

Reducing vitamin B12 levels in patients with T2DM is one of the side effects of met-
formin use [218]. Clinical manifestations of metformin-induced vitamin B12 deficiency
include hematological manifestations of megaloblastic anemia and neurological complica-
tions, i.e., peripheral neuropathy, spinal cord degeneration, and cognitive impairment [219].

Folic Acid

Vitamin B9, renowned as folic acid, is a vitamin obtained mainly from diet. Folate
is present in animal tissues, leafy vegetables, legumes, and nuts. Folic acid participates
in various remarkable processes in the body, primarily cell replication through enzymatic
activity in the synthesis of purine bases for DNA. Noteworthy it is also a transamination
cofactor in the conversion of amino acids, especially homocysteine to methionine [220].

In addition to its main functions, folic acid affects the immune system. Several studies
have demonstrated its effect on Treg cells [189,221]. Folic acid has a positive effect on
the proliferation of T lymphocytes, as it increases phagocytosis and the production of
immunoglobulins [189]. Folic acid deficiency also depletes DC cell maturation and impairs
CD4+ T cell differentiation. In turn, the administration of high doses of folic acid reduced
the inflammatory response by reducing the secretion of pro-inflammatory cytokines IL-4,
IL-5, IL-9, IL-13, IL-17, and IL-3. Folic acid also has a large impact on processes related to
vitamin B12. Research has proven that maintaining the balance between these vitamins is
important in relation to the immune response. It has been shown to have a particular effect
on NK cells and cytotoxic CD8+ lymphocytes [221].

Folic acid and vitamin B12 in the course of diabetes mainly affect the level of ho-
mocysteine. Its high level in people with type 2 diabetes promotes the development of
atherosclerosis. Vitamin supplementation reduces homocysteine levels. Due to the signif-
icant role of folic acid in cell replication, it has also been investigated that DNA damage
resulting from oxidative stress in diabetes can be reversed by folic acid supplementa-
tion. Thanks to this, folic acid reduces the level of endothelial dysfunction in diabetic
patients [222,223]. Additionally, folic acid supplementation improved laboratory results
in diabetic patients. It improved glycemic control by reducing fasting blood glycosylated
hemoglobin, serum insulin, and insulin resistance, as well as homocysteinemia in patients
with type 2 diabetes [220,224].

It has been proven that folic acid affects the concentration of CRP, which is one of
the inflammatory markers. It is likely that the effect of folic acid on Treg lymphocytes,
which are responsible for suppressing excessive immune response, thus contributing to
maintaining the homeostasis of the immune system, contributes to the reduction in CRP
levels in patients with type 2 diabetes who were supplemented with folic acid [225].

5.4. Selected Substances with Immunomodulatory Effects
5.4.1. Coenzyme Q10 (CoQ10)

Persistent hyperglycemia causes oxidative stress due to increased production of ROS,
which has been proposed as the root cause underlying the development of insulin resis-
tance, β-cell dysfunction, impaired glucose tolerance, and T2DM [226]. It has also been
implicated in the progression of long-term diabetes complications, including microvascu-
lar and macrovascular dysfunction. An overabundance of calories through food intake,
combined with an inactive way of life in people with T2DM, leads to glucose and fatty
acid overload, resulting in the production of ROS. This initiates a chain reaction leading
to reduced nitric oxide availability, increased markers of inflammation, and the chemical
modification of lipoproteins [227,228].

Coenzyme Q10 (CoQ10), a lipid-soluble micronutrient that is endogenously synthe-
sized in the body [229], appears to be a promising candidate for treating T2DM and its
cardiovascular complications. It precisely targets oxidative stress, owing to its potent an-
tioxidant activity and fundamental physiological role in mitochondrial bioenergetics [230].
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CoQ10 has two primary functions: promoting ATP synthesis and serving as a potent an-
tioxidant, making it one of the most active scavengers for ROS and providing protection to
mitochondria membrane proteins, lipids, and DNA from oxidative damage. The reduced
form of CoQ10, ubiquinol, serves as a potent antioxidant since it holds electrons loosely
and can easily give up one or two electrons to neutralize ROS [229].

Given that CoQ10 is predominantly distributed within tissues with elevated energy
requirements, its abundance is notable in specific dietary sources, particularly in animal
hearts and livers and fatty fish, such as salmon, sardines, and herring, as well as in
plant-based sources, like soybeans, spinach, and nuts, although in a lower concentration
compared with meat and fish [231]. Unfortunately, the efficiency of absorption of orally
administered CoQ10 is poor because of its insolubility in water, limited solubility in lipids,
and relatively large molecular weight; endogenous synthesis is believed to be its main
source [232].

However, when it comes to T2DM, there is more evidence that the supplementation
of CoQ10 can support the treatment of type 2 diabetes and its complications. Many
studies contradicting the theory of its beneficial effects were conducted in the 1990s, when
ubiquinol, the reduced form of CoQ10, was not yet accessible as a supplement on the
market. Instead, only ubiquinone, the oxidized form of CoQ10, was investigated [229].
What is known today is that depleted CoQ10 levels in the blood (serum and platelets) have
been reported in type II diabetic patients [233] and the supplementation with 100 mg of
ubiquinone twice daily (200 mg/day) or 100 mg of ubiquinol per day can significantly
decrease HbA1C, as well as systolic and diastolic blood pressure for ubiquinone [234–236].
It aligns with another study’s results, indicating a significant negative correlation between
CoQ10 and HbA1C concentrations [233]. However, data regarding its effect on fasting
glucose, fasting insulin, and HOMA-IR are found to have low certainty of the evidence
(GRADE Evidence Profile) because of inconsistency, indirectness, and publication bias [237].
This means that the positive impact of CoQ10 supplementation on the above factors cannot
be confirmed with certainty, but these results should be taken into consideration, especially
in the context of further research.

Alterations in mitochondrial function associated with the increased production of ROS
have been attributed as significant factors in cardiovascular complications of T2DM, from
endothelial dysfunction to heart failure. Several studies suggest that CoQ10 supplementa-
tion can counteract abnormal endothelial function by activating endothelial nitric oxide
synthase (eNOS) and mitochondrial oxidative phosphorylation [238,239].

Promising outcomes of CoQ10 effectiveness have been presented in a recent Q-
SYMBIO study. The potential benefits of ubiquinone supplementation (3 × 100 mg/day for
two years) among patients with chronic heart failure (NYHA class III or IV) were assessed.
Supplementation with CoQ10 reduced the risk of MACE (major adverse cardiovascular
event) by 43%, the risk of cardiac-related death by 43%, and all-cause mortality by 42%. The
results demonstrated that treatment with CoQ10, in addition to standard therapy for pa-
tients with moderate to severe HF, is safe, well tolerated, and associated with improvement
in NYHA functional class [240].

Regarding diabetic polyneuropathy, a double-blind, placebo-controlled clinical trial
was conducted. Patients were given 400 mg of ubiquinone a day for twelve weeks, resulting
in significant improvement in clinical outcomes and nerve conduction parameters of
diabetic polyneuropathy without adverse effects [241].

5.4.2. Alpha-Lipoic Acid

Alpha-lipoic acid (ALA), also known as thioctic acid, was first isolated by L. J. Reed
et al. from insoluble liver residues. The name of the compound was created based on the
high solubility of ALA in fat and its acidity. Reed et al., based on the proved catalytic
properties of lipoic acid in the aerobic decarboxylation of pyruvate, incipiently classified
this compound to the family of B vitamins [242].
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ALA is produced by both plants and animals, including humans. This compound, due
to its single chiral center, exists in two forms: the R isomer and the S isomer. Both isomers
occur in equal amounts in alpha-lipoic acid. It is worth mentioning that only the R isomer
occurs naturally and the S isomer rises in the chemical reactions [243–245]. Alpha-lipoic
acid is produced by humans from fatty acids and cysteine, but its endogenous production is
not sufficient to ensure the proper functioning of cells, which means that this compound is
delivered to the organism mainly through the diet [245,246]. Both animal and plant tissues
contain alpha-lipoic acid in the form of the R isomer, and it occurs in a form bound to
lysine residues, such as lipoyllysine. R-ALA occurs in the highest concentration in animal
tissues, such as the kidneys, heart, and liver, while in plants, R-ALA is found in the highest
concentration in spinach, broccoli, and tomatoes [244,246]. Alpha-lipoic acid available
as a dietary supplement is a mixture of both racemic forms. Both ALA and its reduced
form, dihydrolipoic acid (DHLA), have antioxidant properties and, if combined, may be
referred to as the “universal antioxidant” [244]. It has been described that this universal
antioxidant is instrumental in the regeneration of other antioxidants, including vitamin C,
glutathione, vitamin E, and even dihydrolipoic acid, which neutralizes free radicals, does
not degenerate, and is converted back to its oxidized form, alpha-lipoic acid [244,247,248].

Alpha-lipoic acid affects many crucial cellular pathways in the body. One of its actions
is to influence the immune system by inhibiting the activation of nuclear factor kappa B.
NF-κB is a protein complex that acts as a transcription factor, participating in the regulation
of the immune response. NF-kB is found in most animal cells and is activated by various
factors, such as cytokines, free radicals, viruses, bacteria, and stress [249,250]. It has been
shown that dysregulation in the NF-κB pathway can be associated with disorders such as
cancer, autoimmune diseases, and inflammatory and metabolic diseases [251–253].

Alpha-lipoic acid also serves a significant purpose as a regulator of gene transcription,
modulated by peroxisome proliferator-activated receptors (PPARs). PPARs are substantially
involved in cell differentiation and maturation processes, as well as metabolic processes in-
volving carbohydrates, proteins, and lipids. The use of fibrates and glitazones in metabolic
diseases, which also affect PPARs, confirms the fact that alpha-lipoic acid, through the
aforementioned effect on PPARs, may also play a significant role in modifying the course
of metabolic diseases, such as diabetes.

Alpha-lipoic acid affects many pathways involved in the pathogenesis of diabetes
mellitus. In diabetes, hyperglycemia causes increased production of ROS, which then
causes cellular damage [249]. ROS negatively affects insulin signaling and contributes to
the development of insulin resistance [254]. It has been shown that increased levels of
ROS result in the formation of oxidized forms of LDL (ox-LDL), which are not properly
recognized by LDL receptors, resulting in an increased concentration of ox-LDL in the
blood. These forms are then phagocytosed by macrophages, which turn into foam cells
and are deposited in the form of atherosclerotic plaques. It has been proven that ROS,
by influencing endothelial cells, disturbs vasorelaxation, causes apoptosis of endothelial
cells, increases the proliferation and migration of smooth muscles of blood vessels, and
also promotes abnormal angiogenesis. These processes may be related to the micro- and
macrovascular complications occurring in diabetes [249,255,256]. The antioxidant potential
of ALA can prevent the adverse effects of ROS on cells and tissues.

It has been shown that ALA also affects the expression of 5’AMP-activated kinase
(AMPK), which plays a significant role in the pathogenesis of diabetes. AMPK activation
leads to reduced gluconeogenesis in the liver, increased glucose uptake, and fatty acid oxi-
dation by skeletal muscles, which contributes to a reduction in blood glucose concentration
and improved insulin sensitivity of cells [249,257]. AMPK also increases the amount of
glucose-uptake transporters 4 on cell membranes in an insulin-independent mechanism,
which also contributes to the hypoglycemic effect [248,249,257].

Studies on rats have proven that alpha-lipoic acid has an inhibitory effect on hypotha-
lamic AMPK, causing a decrease in food intake and an increase in energy expenditure,
contributing to a decrease in the body weight of the tested animals. This discovery opens
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the way for research on ALA as a potential drug against obesity, which itself is associated
with an increased risk of type 2 diabetes [258,259].

It has been proven that alpha-lipoic acid taken orally has a bioavailability of approxi-
mately 29%, which is associated with a pronounced first-pass effect. It is worth mentioning
that a meal reduces its bioavailability, so it is recommended that alpha-lipoic acid should
be taken at least 30 min before the planned meal [260].

In many clinical trials involving humans, such as ALADIN, ORPIL, and SYDNEY,
various doses of ALA were used, ranging from 200 to 1800 mg per day, but no specific dose
has been established, and further research is necessary in this area. However, there were
no contraindications to the use of alpha-lipoic acid, and side effects were limited only to
hypersensitivity reactions [249].

5.4.3. Omega-3 Fatty Acids

The main representatives of omega-3 acids are eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA) [261]. Reliable sources of omega-3 fatty acids are fish, such
as salmon, tuna, mackerel, anchovies, and sardines [262]. The recommended daily in-
take ranges from 250 to 500 mg per day and depends on gender and age [263]. Omega-3
polyunsaturated fatty acids (n3-PUFAs), mediators of inflammation and adaptive immune
responses, have anti-inflammatory and antioxidant properties [110,264]. Omega-3 fatty
acids regulate immune responses by producing inflammatory cytokines. EPA influences
increased glucose uptake in skeletal muscle cells and the regulation of insulin secretion
pathways by pancreatic cells. There are studies that show that EPA supplementation re-
duces fasting plasma glucose, insulin, HbA1c, and HOMA-IR levels in patients with type 2
diabetes. It may also affect insulin regulation via PRAR-γ [265]. DHA can reduce blood
glucose levels, but its impact on insulin regulation is related to its anti-inflammatory effect.
Omega-3 acids, by secreting adipocytokines and affecting adipose tissue, can improve
mitochondrial function and, as a result, improve insulin resistance. Some studies show
that omega-3 fatty acids have a positive effect on insulin sensitivity in both diabetics and
non-diabetics. One of them shows that increased consumption of omega-3 fatty acids was
associated with a decrease in serum C-reactive protein levels. Supplementing with omega-3
fatty acids can improve insulin sensitivity, reduce inflammation, and may reduce the risk
of developing diabetes [266].

6. Conclusions

The human body’s proper function depends not solely on its diet but also on the
intake of nutrients and non-nutritive bioactive compounds. This applies not only to
healthy individuals but especially to those with co-occurring chronic conditions, including
type 2 diabetes. Unfortunately, the current food industry and the widespread use of
highly processed food promote the development of nutritional deficiencies. A plethora
of the aforementioned studies have confirmed the existence of these deficiencies. The
foremost method of determining the demand for compounds essential for the adequate
performance of the human body is the preliminary estimation of their concentration, which,
in effect, is not possible to the full extent. However, widely available tests may be used
in order to directly and indirectly assess the patient’s nutritional status. It is requisite to
conduct a meticulous interview, especially taking into account eating habits, and determine
the Body Mass Index (BMI). The tests that ought to be performed in every patient with
diabetes include complete blood count with a smear (lymphopenia may be an indicator
of malnutrition) and the concentration of total protein, albumin, folic acid, B12, ferritin,
vitamin D3, calcium, uric acid, and lipid profile [218,219,267].

When a patient experiences inflammation and it is anticipated that the concentration
of ferritin, an acute phase protein, may be elevated, it is recommended to perform the
transferrin saturation test (TSAT), which requires the concentration of iron and unsaturated
iron binding capacity. Research conducted by Pilar Vaquero M et al. showed that low TSAT
levels are very prevalent in diabetes, primarily in women. If the TSAT is lower than 15%
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in men and 12% in women, iron deficiency may be diagnosed, and supplementation is
necessary [268].

Research conducted by the author of this article on a group of patients with primary
immunodeficiency revealed reduced hemoglobin concentration in 32%, total protein in
19%, albumin in 17%, vitamin D3 in 52% (despite recommended supplementation), vitamin
B12 in 6.5%, folic acid in 34%, and ferritin in 26% of patients. It is important to note that the
study was performed on a group of patients who regularly attend medical appointments
and undergo periodical examinations [269]. Diabetes is a secondary immune deficiency,
and patients who have been diagnosed with it should also be carefully examined for
nutritional deficiencies. The research conducted in patients with recurrent infections in
the Immunology Clinic (including type 2 diabetes) and the implementation of periodic
vitamin and mineral supplementation (for 2 months, then every 2–3 months for a month),
the additional regular supplementation of vitamin D3, calcium, and omega-3 fatty acids
significantly improved the functioning of patients, both clinically and in the laboratory
(data not yet published).

Supervision of consumption behavior and assessment of diabetic patients for nutri-
tional deficiencies should be instrumental in the care of this group of patients. Appropriate
nutrition affects the effective activity of the immune system, ensuring homeostasis of the
entire body, diminishes the development of complications, reduces the risk of other chronic
diseases, and thus improves the length and quality of patients’ lives.
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74. Kurowska, P.; Mlyczyńska, E.; Dawid, M.; Jurek, M.; Klimczyk, D.; Dupont, J.; Rak, A. Review: Vaspin (SERPINA12) Expression
and Function in Endocrine Cells. Cells 2021, 10, 1710. [CrossRef]

75. Dimova, R.; Tankova, T. The Role of Vaspin in the Development of Metabolic and Glucose Tolerance Disorders and Atherosclerosis.
BioMed Res. Int. 2015, 2015, 823481. [CrossRef] [PubMed]

76. Carrión, M.; Frommer, K.W.; Pérez-García, S.; Müller-Ladner, U.; Gomariz, R.P.; Neumann, E. The Adipokine Network in
Rheumatic Joint Diseases. Int. J. Mol. Sci. 2019, 20, 4091. [CrossRef] [PubMed]

77. Feng, R.; Li, Y.; Wang, C.; Luo, C.; Liu, L.; Chuo, F.; Li, Q.; Sun, C. Higher Vaspin Levels in Subjects with Obesity and Type 2
Diabetes Mellitus: A Meta-Analysis. Diabetes Res. Clin. Pract. 2014, 106, 88–94. [CrossRef] [PubMed]

78. Escoté, X.; Gómez-Zorita, S.; López-Yoldi, M.; Milton-Laskibar, I.; Fernández-Quintela, A.; Martínez, J.; Moreno-Aliaga, M.;
Portillo, M. Role of Omentin, Vaspin, Cardiotrophin-1, TWEAK and NOV/CCN3 in Obesity and Diabetes Development. Int. J.
Mol. Sci. 2017, 18, 1770. [CrossRef] [PubMed]

79. Li, Z.; Zheng, S.; Wang, P.; Xu, T.; Guan, Y.; Zhang, Y.; Miao, C. Subfatin Is a Novel Adipokine and Unlike Meteorin in Adipose
and Brain Expression. CNS Neurosci. Ther. 2014, 20, 344–354. [CrossRef] [PubMed]

80. Li, Z.; Fan, M.; Zhang, S.; Qu, Y.; Zheng, S.; Song, J.; Miao, C. Intestinal Metrnl Released into the Gut Lumen Acts as a Local
Regulator for Gut Antimicrobial Peptides. Acta Pharmacol. Sin. 2016, 37, 1458–1466. [CrossRef] [PubMed]

81. Li, Z.-Y.; Song, J.; Zheng, S.-L.; Fan, M.-B.; Guan, Y.-F.; Qu, Y.; Xu, J.; Wang, P.; Miao, C.-Y. Adipocyte Metrnl Antagonizes Insulin
Resistance Through PPARγ Signaling. Diabetes 2015, 64, 4011–4022. [CrossRef] [PubMed]

82. Ushach, I.; Burkhardt, A.M.; Martinez, C.; Hevezi, P.A.; Gerber, P.A.; Buhren, B.A.; Schrumpf, H.; Valle-Rios, R.; Vazquez, M.I.;
Homey, B.; et al. METEORIN-LIKE Is a Cytokine Associated with Barrier Tissues and Alternatively Activated Macrophages. Clin.
Immunol. 2015, 156, 119–127. [CrossRef] [PubMed]

83. Dadmanesh, M.; Aghajani, H.; Fadaei, R.; Ghorban, K. Lower Serum Levels of Meteorin-like/Subfatin in Patients with Coronary
Artery Disease and Type 2 Diabetes Mellitus Are Negatively Associated with Insulin Resistance and Inflammatory Cytokines.
PLoS ONE 2018, 13, e0204180. [CrossRef]

84. El-Ashmawy, H.M.; Selim, F.O.; Hosny, T.A.M.; Almassry, H.N. Association of Low Serum Meteorin like (Metrnl) Concentrations
with Worsening of Glucose Tolerance, Impaired Endothelial Function and Atherosclerosis. Diabetes Res. Clin. Pract. 2019, 150,
57–63. [CrossRef]

85. Lee, J.H.; Kang, Y.E.; Kim, J.M.; Choung, S.; Joung, K.H.; Kim, H.J.; Ku, B.J. Serum Meteorin-like Protein Levels Decreased in
Patients Newly Diagnosed with Type 2 Diabetes. Diabetes Res. Clin. Pract. 2018, 135, 7–10. [CrossRef] [PubMed]

86. Zhang, S.; Li, Z.; Wang, D.; Xu, T.; Fan, M.; Cheng, M.; Miao, C. Aggravated Ulcerative Colitis Caused by Intestinal Metrnl
Deficiency Is Associated with Reduced Autophagy in Epithelial Cells. Acta Pharmacol. Sin. 2020, 41, 763–770. [CrossRef] [PubMed]

87. Qi, Q.; Hu, W.; Zheng, S.; Zhang, S.; Le, Y.; Li, Z.; Miao, C. Metrnl Deficiency Decreases Blood HDL Cholesterol and Increases
Blood Triglyceride. Acta Pharmacol. Sin. 2020, 41, 1568–1575. [CrossRef] [PubMed]

88. Ochieng, J.; Nangami, G.; Sakwe, A.; Moye, C.; Alvarez, J.; Whalen, D.; Thomas, P.; Lammers, P. Impact of Fetuin-A (AHSG) on
Tumor Progression and Type 2 Diabetes. Int. J. Mol. Sci. 2018, 19, 2211. [CrossRef] [PubMed]

https://doi.org/10.1038/s41401-020-00529-9
https://www.ncbi.nlm.nih.gov/pubmed/32999412
https://doi.org/10.1007/s40618-017-0697-8
https://www.ncbi.nlm.nih.gov/pubmed/28643299
https://doi.org/10.1515/hmbci-2019-0036
https://www.ncbi.nlm.nih.gov/pubmed/31693492
https://doi.org/10.1016/j.bmcl.2017.06.032
https://www.ncbi.nlm.nih.gov/pubmed/28666737
https://doi.org/10.1586/17446651.2014.862152
https://doi.org/10.1111/dom.13062
https://www.ncbi.nlm.nih.gov/pubmed/28722242
https://doi.org/10.1177/20420188211042145
https://www.ncbi.nlm.nih.gov/pubmed/34589201
https://doi.org/10.4093/dmj.2021.0056
https://doi.org/10.3390/cells10071710
https://doi.org/10.1155/2015/823481
https://www.ncbi.nlm.nih.gov/pubmed/25945347
https://doi.org/10.3390/ijms20174091
https://www.ncbi.nlm.nih.gov/pubmed/31443349
https://doi.org/10.1016/j.diabres.2014.07.026
https://www.ncbi.nlm.nih.gov/pubmed/25151227
https://doi.org/10.3390/ijms18081770
https://www.ncbi.nlm.nih.gov/pubmed/28809783
https://doi.org/10.1111/cns.12219
https://www.ncbi.nlm.nih.gov/pubmed/24393292
https://doi.org/10.1038/aps.2016.70
https://www.ncbi.nlm.nih.gov/pubmed/27546006
https://doi.org/10.2337/db15-0274
https://www.ncbi.nlm.nih.gov/pubmed/26307585
https://doi.org/10.1016/j.clim.2014.11.006
https://www.ncbi.nlm.nih.gov/pubmed/25486603
https://doi.org/10.1371/journal.pone.0204180
https://doi.org/10.1016/j.diabres.2019.02.026
https://doi.org/10.1016/j.diabres.2017.10.005
https://www.ncbi.nlm.nih.gov/pubmed/29097285
https://doi.org/10.1038/s41401-019-0343-4
https://www.ncbi.nlm.nih.gov/pubmed/31949292
https://doi.org/10.1038/s41401-020-0368-8
https://www.ncbi.nlm.nih.gov/pubmed/32265491
https://doi.org/10.3390/ijms19082211
https://www.ncbi.nlm.nih.gov/pubmed/30060600


Int. J. Mol. Sci. 2024, 25, 3769 30 of 36

89. Artunc, F.; Schleicher, E.; Weigert, C.; Fritsche, A.; Stefan, N.; Häring, H.-U. The Impact of Insulin Resistance on the Kidney and
Vasculature. Nat. Rev. Nephrol. 2016, 12, 721–737. [CrossRef] [PubMed]

90. Miura, Y.; Iwazu, Y.; Shiizaki, K.; Akimoto, T.; Kotani, K.; Kurabayashi, M.; Kurosu, H.; Kuro-o, M. Identification and Quantifica-
tion of Plasma Calciprotein Particles with Distinct Physical Properties in Patients with Chronic Kidney Disease. Sci. Rep. 2018, 8,
1256. [CrossRef] [PubMed]

91. Goustin, A.-S.; Abou-Samra, A.B. The “Thrifty” Gene Encoding Ahsg/Fetuin-A Meets the Insulin Receptor: Insights into the
Mechanism of Insulin Resistance. Cell. Signal. 2011, 23, 980–990. [CrossRef] [PubMed]

92. Gerst, F.; Wagner, R.; Kaiser, G.; Panse, M.; Heni, M.; Machann, J.; Bongers, M.N.; Sartorius, T.; Sipos, B.; Fend, F.; et al. Metabolic
Crosstalk between Fatty Pancreas and Fatty Liver: Effects on Local Inflammation and Insulin Secretion. Diabetologia 2017, 60,
2240–2251. [CrossRef]

93. Sujana, C.; Huth, C.; Zierer, A.; Meesters, S.; Sudduth-Klinger, J.; Koenig, W.; Herder, C.; Peters, A.; Thorand, B. Association of
Fetuin-A with Incident Type 2 Diabetes: Results from the MONICA/KORA Augsburg Study and a Systematic Meta-Analysis.
Eur. J. Endocrinol. 2018, 178, 389–398. [CrossRef]

94. Guo, V.Y.; Cao, B.; Cai, C.; Cheng, K.K.; Cheung, B.M.Y. Fetuin-A Levels and Risk of Type 2 Diabetes Mellitus: A Systematic
Review and Meta-Analysis. Acta Diabetol. 2018, 55, 87–98. [CrossRef]

95. Lanthier, N.; Lebrun, V.; Molendi-Coste, O.; Van Rooijen, N.; Leclercq, I.A. Liver Fetuin-A at Initiation of Insulin Resistance.
Metabolites 2022, 12, 1023. [CrossRef] [PubMed]

96. Sun, Q.; Cornelis, M.C.; Manson, J.E.; Hu, F.B. Plasma Levels of Fetuin-A and Hepatic Enzymes and Risk of Type 2 Diabetes in
Women in the U.S. Diabetes 2013, 62, 49–55. [CrossRef]

97. Trepanowski, J.F.; Mey, J.; Varady, K.A. Fetuin-A: A Novel Link between Obesity and Related Complications. Int. J. Obes. 2015, 39,
734–741. [CrossRef] [PubMed]

98. Venter, C.; Eyerich, S.; Sarin, T.; Klatt, K.C. Nutrition and the Immune System: A Complicated Tango. Nutrients 2020, 12, 818.
[CrossRef]

99. Erisman, J.W. Nature-Based Agriculture for an Adequate Human Microbiome. Org. Agric. 2021, 11, 225–230. [CrossRef]
100. Oghbaei, M.; Prakash, J. Effect of Primary Processing of Cereals and Legumes on Its Nutritional Quality: A Comprehensive

Review. Cogent Food Agric. 2016, 2, 1136015. [CrossRef]
101. Whitfield, K.C.; Smith, T.J.; Rohner, F.; Wieringa, F.T.; Green, T.J. Thiamine Fortification Strategies in Low- and Middle-income

Settings: A Review. Ann. N. Y. Acad. Sci. 2021, 1498, 29–45. [CrossRef]
102. Maharaj, P.P.P.; Prasad, S.; Devi, R.; Gopalan, R. Folate Content and Retention in Commonly Consumed Vegetables in the South

Pacific. Food Chem. 2015, 182, 327–332. [CrossRef]
103. Alghamdi, M.; Gutierrez, J.; Komarnytsky, S. Essential Minerals and Metabolic Adaptation of Immune Cells. Nutrients 2022, 15,

123. [CrossRef] [PubMed]
104. Fiorentini, D.; Cappadone, C.; Farruggia, G.; Prata, C. Magnesium: Biochemistry, Nutrition, Detection, and Social Impact of

Diseases Linked to Its Deficiency. Nutrients 2021, 13, 1136. [CrossRef]
105. Ashique, S.; Kumar, S.; Hussain, A.; Mishra, N.; Garg, A.; Gowda, B.H.J.; Farid, A.; Gupta, G.; Dua, K.; Taghizadeh-Hesary, F. A

Narrative Review on the Role of Magnesium in Immune Regulation, Inflammation, Infectious Diseases, and Cancer. J. Health
Popul. Nutr. 2023, 42, 74. [CrossRef] [PubMed]

106. Chu, N.; Chan, T.Y.; Chu, Y.K.; Ling, J.; He, J.; Leung, K.; Ma, R.C.W.; Chan, J.C.N.; Chow, E. Higher Dietary Magnesium and
Potassium Intake Are Associated with Lower Body Fat in People with Impaired Glucose Tolerance. Front. Nutr. 2023, 10, 1169705.
[CrossRef] [PubMed]
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and In Vitro Applications. Nutrients 2023, 15, 2734. [CrossRef] [PubMed]

217. Reynolds, E. Vitamin B12, Folic Acid, and the Nervous System. Lancet Neurol. 2006, 5, 949–960. [CrossRef] [PubMed]
218. Yadav, A.; Jyoti, S.; Mehta, R.K.; Parajuli, S.B. Vitamin B12 Deficiency among Metformin Treated Type 2 Diabetic Mellitus Patients

Visiting the Department of Medicine of a Tertiary Care Centre. J. Nepal Med. Assoc. 2023, 61, 861–863. [CrossRef] [PubMed]
219. Tiwari, A.; Kumar Singh, R.; Satone, P.D.; Meshram, R.J. Metformin-Induced Vitamin B12 Deficiency in Patients with Type-2

Diabetes Mellitus. Cureus 2023, 15, e47771. [CrossRef] [PubMed]
220. Valdés-Ramos, R.; Guadarrama-López, A.L.; Martínez-Carrillo, B.E.; Benítez-Arciniega, A.D. Vitamins and Type 2 Diabetes

Mellitus. Endocr. Metab. Immune Disord. Drug Targets 2015, 15, 54–63. [CrossRef] [PubMed]
221. Elmadfa, I.; Meyer, A.L. The Role of the Status of Selected Micronutrients in Shaping the Immune Function. Endocr. Metab.

Immune Disord. Drug Targets 2019, 19, 1100–1115. [CrossRef]
222. Title, L.M.; Ur, E.; Giddens, K.; McQueen, M.J.; Nassar, B.A. Folic Acid Improves Endothelial Dysfunction in Type 2 Diabetes—An

Effect Independent of Homocysteine-Lowering. Vasc. Med. 2006, 11, 101–109. [CrossRef]
223. Alian, Z.; Hashemipour, M.; Dehkordi, E.H.; Hovsepian, S.; Amini, M.; Moadab, M.H.; Javanmard, S.H. The Effects of Folic Acid

on Markers of Endothelial Function in Patients with Type 1 Diabetes Mellitus. Med. Arch. 2012, 66, 12–15. [CrossRef]
224. Asbaghi, O.; Ashtary-Larky, D.; Bagheri, R.; Moosavian, S.P.; Olyaei, H.P.; Nazarian, B.; Rezaei Kelishadi, M.; Wong, A.; Candow,

D.G.; Dutheil, F.; et al. Folic Acid Supplementation Improves Glycemic Control for Diabetes Prevention and Management: A
Systematic Review and Dose-Response Meta-Analysis of Randomized Controlled Trials. Nutrients 2021, 13, 2355. [CrossRef]
[PubMed]

225. Fatahi, S.; Pezeshki, M.; Mousavi, S.M.; Teymouri, A.; Rahmani, J.; Kord Varkaneh, H.; Ghaedi, E. Effects of Folic Acid
Supplementation on C-Reactive Protein: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutr. Metab.
Cardiovasc. Dis. 2019, 29, 432–439. [CrossRef]

226. Brownlee, M. The Pathobiology of Diabetic Complications. Diabetes 2005, 54, 1615–1625. [CrossRef] [PubMed]
227. Wright, E.; Scism-Bacon, J.L.; Glass, L.C. Oxidative Stress in Type 2 Diabetes: The Role of Fasting and Postprandial Glycaemia:

Oxidative Stress in Type 2 Diabetes. Int. J. Clin. Pract. 2006, 60, 308–314. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pharep.2018.12.012
https://doi.org/10.3390/nu15081997
https://doi.org/10.3390/ijms232214434
https://doi.org/10.1159/000500829
https://doi.org/10.1007/s11892-019-1201-y
https://doi.org/10.1096/fasebj.13.10.1145
https://doi.org/10.1002/iub.1988
https://doi.org/10.1186/s40001-023-01461-4
https://doi.org/10.3390/nu9111211
https://doi.org/10.2147/DMSO.S9089
https://doi.org/10.1186/s12906-016-1353-0
https://doi.org/10.1177/0148607114565245
https://doi.org/10.1136/bmjopen-2021-059834
https://www.ncbi.nlm.nih.gov/pubmed/36008064
https://doi.org/10.3390/ijms21103669
https://doi.org/10.1016/j.numecd.2006.05.003
https://doi.org/10.3390/nu15122734
https://www.ncbi.nlm.nih.gov/pubmed/37375638
https://doi.org/10.1016/S1474-4422(06)70598-1
https://www.ncbi.nlm.nih.gov/pubmed/17052662
https://doi.org/10.31729/jnma.8340
https://www.ncbi.nlm.nih.gov/pubmed/38289733
https://doi.org/10.7759/cureus.47771
https://www.ncbi.nlm.nih.gov/pubmed/38034222
https://doi.org/10.2174/1871530314666141111103217
https://www.ncbi.nlm.nih.gov/pubmed/25388747
https://doi.org/10.2174/1871530319666190529101816
https://doi.org/10.1191/1358863x06vm664oa
https://doi.org/10.5455/medarh.2012.66.12-15
https://doi.org/10.3390/nu13072355
https://www.ncbi.nlm.nih.gov/pubmed/34371867
https://doi.org/10.1016/j.numecd.2018.11.006
https://doi.org/10.2337/diabetes.54.6.1615
https://www.ncbi.nlm.nih.gov/pubmed/15919781
https://doi.org/10.1111/j.1368-5031.2006.00825.x
https://www.ncbi.nlm.nih.gov/pubmed/16494646


Int. J. Mol. Sci. 2024, 25, 3769 35 of 36

228. Papachristoforou, E.; Lambadiari, V.; Maratou, E.; Makrilakis, K. Association of Glycemic Indices (Hyperglycemia, Glucose
Variability, and Hypoglycemia) with Oxidative Stress and Diabetic Complications. J. Diabetes Res. 2020, 2020, 7489795. [CrossRef]
[PubMed]

229. Shen, Q.; Pierce, J. Supplementation of Coenzyme Q10 among Patients with Type 2 Diabetes Mellitus. Healthcare 2015, 3, 296–309.
[CrossRef] [PubMed]

230. Renke, G.; Pereira, M.B.; Renke, A. Coenzyme Q10 for Diabetes and Cardiovascular Disease: Useful or Useless? Curr. Diabetes
Rev. 2023, 19, e290422204261. [CrossRef] [PubMed]

231. Weber, C.; Bysted, A.; Hølmer, G. Coenzyme Q10 in the Diet-Daily Intake and Relative Bioavailability. Mol. Asp. Med. 1997, 18,
251–254. [CrossRef] [PubMed]

232. Bhagavan, H.N.; Chopra, R.K. Coenzyme Q10: Absorption, Tissue Uptake, Metabolism and Pharmacokinetics. Free Radic. Res.
2006, 40, 445–453. [CrossRef] [PubMed]

233. El-ghoroury, E.A.; Raslan, H.M.; Badawy, E.A.; El-Saaid, G.S.; Agybi, M.H.; Siam, I.; Salem, S.I. Malondialdehyde and Coenzyme
Q10 in Platelets and Serum in Type 2 Diabetes Mellitus: Correlation with Glycemic Control. Blood Coagul. Fibrinolysis 2009, 20,
248. [CrossRef]

234. Hodgson, J.; Watts, G.; Playford, D.; Burke, V.; Croft, K. Coenzyme Q10 Improves Blood Pressure and Glycaemic Control: A
Controlled Trial in Subjects with Type 2 Diabetes. Eur. J. Clin. Nutr. 2002, 56, 1137–1142. [CrossRef]

235. Mehrdadi, P.; Kolahdouz Mohammadi, R.; Alipoor, E.; Eshraghian, M.; Esteghamati, A.; Hosseinzadeh-Attar, M. The Effect of
Coenzyme Q10 Supplementation on Circulating Levels of Novel Adipokine Adipolin/CTRP12 in Overweight and Obese Patients
with Type 2 Diabetes. Exp. Clin. Endocrinol. Diabetes 2016, 125, 156–162. [CrossRef]

236. Yen, C.-H.; Chu, Y.-J.; Lee, B.-J.; Lin, Y.-C.; Lin, P.-T. Effect of Liquid Ubiquinol Supplementation on Glucose, Lipids and
Antioxidant Capacity in Type 2 Diabetes Patients: A Double-Blind, Randomised, Placebo-Controlled Trial. Br. J. Nutr. 2018, 120,
57–63. [CrossRef] [PubMed]

237. Liang, Y.; Zhao, D.; Ji, Q.; Liu, M.; Dai, S.; Hou, S.; Liu, Z.; Mao, Y.; Tian, Z.; Yang, Y. Effects of Coenzyme Q10 Supplementation
on Glycemic Control: A GRADE-Assessed Systematic Review and Dose-Response Meta-Analysis of Randomized Controlled
Trials. eClinicalMedicine 2022, 52, 101602. [CrossRef]

238. Chew, G.T.; Watts, G.F. Coenzyme Q10 and Diabetic Endotheliopathy: Oxidative Stress and the “Recoupling Hypothesis”. QJM
2004, 97, 537–548. [CrossRef] [PubMed]

239. Hamilton, S.J.; Chew, G.T.; Watts, G.F. Coenzyme Q10 Improves Endothelial Dysfunction in Statin-Treated Type 2 Diabetic
Patients. Diabetes Care 2009, 32, 810–812. [CrossRef]

240. Mortensen, S.A.; Rosenfeldt, F.; Kumar, A.; Dolliner, P.; Filipiak, K.J.; Pella, D.; Alehagen, U.; Steurer, G.; Littarru, G.P. The Effect
of Coenzyme Q10 on Morbidity and Mortality in Chronic Heart Failure: Results from Q-SYMBIO: A Randomized Double-Blind
Trial. JACC Heart Fail. 2014, 2, 641–649. [CrossRef]

241. Hernández-Ojeda, J.; Cardona-Muñoz, E.G.; Román-Pintos, L.M.; Troyo-Sanromán, R.; Ortiz-Lazareno, P.C.; Cárdenas-Meza, M.A.;
Pascoe-González, S.; Miranda-Díaz, A.G. The Effect of Ubiquinone in Diabetic Polyneuropathy: A Randomized Double-Blind
Placebo-Controlled Study. J. Diabetes Complicat. 2012, 26, 352–358. [CrossRef] [PubMed]

242. Reed, L.J.; DeBUSK, B.G.; Gunsalus, I.C.; Hornberger, C.S. Crystalline Alpha-Lipoic Acid; a Catalytic Agent Associated with
Pyruvate Dehydrogenase. Science 1951, 114, 93–94. [CrossRef]

243. Brookes, M.H.; Golding, B.T.; Howes, D.A.; Hudson, A.T. Proof That the Absolute Configuration of Natural α-Lipoic Acid Is R
by the Synthesis of Its Enantiomer [(S)-(–)-α-Lipoic Acid] from (S)-Malic Acid. J. Chem. Soc. Chem. Commun. 1983, 1051–1053.
[CrossRef]

244. Ghibu, S.; Richard, C.; Vergely, C.; Zeller, M.; Cottin, Y.; Rochette, L. Antioxidant Properties of an Endogenous Thiol: Alpha-Lipoic
Acid, Useful in the Prevention of Cardiovascular Diseases. J. Cardiovasc. Pharmacol. 2009, 54, 391–398. [CrossRef]

245. Salehi, B.; Yılmaz, Y.B.; Antika, G.; Tumer, T.B.; Mahomoodally, M.F.; Lobine, D.; Akram, M.; Riaz, M.; Capanoglu, E.; Sharopov,
F.; et al. Insights on the Use of α-Lipoic Acid for Therapeutic Purposes. Biomolecules 2019, 9, 356. [CrossRef]

246. Lodge, J.K.; Youn, H.D.; Handelman, G.J.; Konishi, T.; Matsugo, S.; Mathur, V.V.; Packer, L. Natural Sources of Lipoic Acid: Deter-
mination of Lipoyllysine Released from Protease-Digested Tissues by High Performance Liquid Chromatography Incorporating
Electrochemical Detection. J. Appl. Nutr. 1997, 49, 3–11.

247. Schupke, H.; Hempel, R.; Peter, G.; Hermann, R.; Wessel, K.; Engel, J.; Kronbach, T. New Metabolic Pathways of Alpha-Lipoic
Acid. Drug Metab. Dispos. Biol. Fate Chem. 2001, 29, 855–862.

248. Gomes, M.B.; Negrato, C.A. Alpha-Lipoic Acid as a Pleiotropic Compound with Potential Therapeutic Use in Diabetes and Other
Chronic Diseases. Diabetol. Metab. Syndr. 2014, 6, 80. [CrossRef] [PubMed]

249. Golbidi, S.; Badran, M.; Laher, I. Diabetes and Alpha Lipoic Acid. Front. Pharmacol. 2011, 2, 69. [CrossRef]
250. Brasier, A.R. The NF-kappaB Regulatory Network. Cardiovasc. Toxicol. 2006, 6, 111–130. [CrossRef]
251. Vlahopoulos, S.A. Aberrant Control of NF-κB in Cancer Permits Transcriptional and Phenotypic Plasticity, to Curtail Dependence

on Host Tissue: Molecular Mode. Cancer Biol. Med. 2017, 14, 254–270. [CrossRef] [PubMed]
252. Bacher, S.; Schmitz, M.L. The NF-kappaB Pathway as a Potential Target for Autoimmune Disease Therapy. Curr. Pharm. Des. 2004,

10, 2827–2837. [CrossRef] [PubMed]
253. Kauppinen, A.; Suuronen, T.; Ojala, J.; Kaarniranta, K.; Salminen, A. Antagonistic Crosstalk between NF-κB and SIRT1 in the

Regulation of Inflammation and Metabolic Disorders. Cell. Signal. 2013, 25, 1939–1948. [CrossRef]

https://doi.org/10.1155/2020/7489795
https://www.ncbi.nlm.nih.gov/pubmed/33123598
https://doi.org/10.3390/healthcare3020296
https://www.ncbi.nlm.nih.gov/pubmed/27417763
https://doi.org/10.2174/1573399818666220429101336
https://www.ncbi.nlm.nih.gov/pubmed/35507785
https://doi.org/10.1016/S0098-2997(97)00003-4
https://www.ncbi.nlm.nih.gov/pubmed/9266531
https://doi.org/10.1080/10715760600617843
https://www.ncbi.nlm.nih.gov/pubmed/16551570
https://doi.org/10.1097/MBC.0b013e3283254549
https://doi.org/10.1038/sj.ejcn.1601464
https://doi.org/10.1055/s-0042-110570
https://doi.org/10.1017/S0007114518001241
https://www.ncbi.nlm.nih.gov/pubmed/29936921
https://doi.org/10.1016/j.eclinm.2022.101602
https://doi.org/10.1093/qjmed/hch089
https://www.ncbi.nlm.nih.gov/pubmed/15256611
https://doi.org/10.2337/dc08-1736
https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1016/j.jdiacomp.2012.04.004
https://www.ncbi.nlm.nih.gov/pubmed/22595020
https://doi.org/10.1126/science.114.2952.93
https://doi.org/10.1039/C39830001051
https://doi.org/10.1097/FJC.0b013e3181be7554
https://doi.org/10.3390/biom9080356
https://doi.org/10.1186/1758-5996-6-80
https://www.ncbi.nlm.nih.gov/pubmed/25104975
https://doi.org/10.3389/fphar.2011.00069
https://doi.org/10.1385/CT:6:2:111
https://doi.org/10.20892/j.issn.2095-3941.2017.0029
https://www.ncbi.nlm.nih.gov/pubmed/28884042
https://doi.org/10.2174/1381612043383584
https://www.ncbi.nlm.nih.gov/pubmed/15379671
https://doi.org/10.1016/j.cellsig.2013.06.007


Int. J. Mol. Sci. 2024, 25, 3769 36 of 36

254. Bashan, N.; Kovsan, J.; Kachko, I.; Ovadia, H.; Rudich, A. Positive and Negative Regulation of Insulin Signaling by Reactive
Oxygen and Nitrogen Species. Physiol. Rev. 2009, 89, 27–71. [CrossRef]

255. Boullier, A.; Bird, D.A.; Chang, M.K.; Dennis, E.A.; Friedman, P.; Gillotre-Taylor, K.; Hörkkö, S.; Palinski, W.; Quehenberger, O.;
Shaw, P.; et al. Scavenger Receptors, Oxidized LDL, and Atherosclerosis. Ann. N. Y. Acad. Sci. 2001, 947, 214–222, discussion
222–223. [CrossRef]

256. Taniyama, Y.; Griendling, K.K. Reactive Oxygen Species in the Vasculature: Molecular and Cellular Mechanisms. Hypertension
2003, 42, 1075–1081. [CrossRef]

257. Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of
AMP-Activated Protein Kinase in Mechanism of Metformin Action. J. Clin. Investig. 2001, 108, 1167–1174. [CrossRef]

258. Kim, M.-S.; Park, J.-Y.; Namkoong, C.; Jang, P.-G.; Ryu, J.-W.; Song, H.-S.; Yun, J.-Y.; Namgoong, I.-S.; Ha, J.; Park, I.-S.; et al.
Anti-Obesity Effects of Alpha-Lipoic Acid Mediated by Suppression of Hypothalamic AMP-Activated Protein Kinase. Nat. Med.
2004, 10, 727–733. [CrossRef]

259. Ruze, R.; Liu, T.; Zou, X.; Song, J.; Chen, Y.; Xu, R.; Yin, X.; Xu, Q. Obesity and Type 2 Diabetes Mellitus: Connections in
Epidemiology, Pathogenesis, and Treatments. Front. Endocrinol. 2023, 14, 1161521. [CrossRef]

260. Packer, L.; Kraemer, K.; Rimbach, G. Molecular Aspects of Lipoic Acid in the Prevention of Diabetes Complications. Nutrition
2001, 17, 888–895. [CrossRef]

261. Watanabe, Y.; Tatsuno, I. Prevention of Cardiovascular Events with Omega-3 Polyunsaturated Fatty Acids and the Mechanism
Involved. J. Atheroscler. Thromb. 2020, 27, 183–198. [CrossRef]

262. Lorente-Cebrián, S.; Costa, A.G.V.; Navas-Carretero, S.; Zabala, M.; Martínez, J.A.; Moreno-Aliaga, M.J. Role of Omega-3 Fatty
Acids in Obesity, Metabolic Syndrome, and Cardiovascular Diseases: A Review of the Evidence. J. Physiol. Biochem. 2013, 69,
633–651. [CrossRef]

263. Egalini, F.; Guardamagna, O.; Gaggero, G.; Varaldo, E.; Giannone, B.; Beccuti, G.; Benso, A.; Broglio, F. The Effects of Omega 3
and Omega 6 Fatty Acids on Glucose Metabolism: An Updated Review. Nutrients 2023, 15, 2672. [CrossRef]

264. Doaei, S.; Gholami, S.; Rastgoo, S.; Gholamalizadeh, M.; Bourbour, F.; Bagheri, S.E.; Samipoor, F.; Akbari, M.E.; Shadnoush, M.;
Ghorat, F.; et al. The Effect of Omega-3 Fatty Acid Supplementation on Clinical and Biochemical Parameters of Critically Ill
Patients with COVID-19: A Randomized Clinical Trial. J. Transl. Med. 2021, 19, 128. [CrossRef]

265. Bhaswant, M.; Poudyal, H.; Brown, L. Mechanisms of Enhanced Insulin Secretion and Sensitivity with N-3 Unsaturated Fatty
Acids. J. Nutr. Biochem. 2015, 26, 571–584. [CrossRef]

266. Qian, F.; Korat, A.V.A.; Imamura, F.; Marklund, M.; Tintle, N.; Virtanen, J.K.; Zhou, X.; Bassett, J.K.; Lai, H.; Hirakawa, Y.; et al.
N-3 Fatty Acid Biomarkers and Incident Type 2 Diabetes: An Individual Participant-Level Pooling Project of 20 Prospective
Cohort Studies. Diabetes Care 2021, 44, 1133–1142. [CrossRef] [PubMed]

267. Zhang, K.; Qin, W.; Zheng, Y.; Pang, J.; Zhong, N.; Fei, J.; Li, Y.; Jian, X.; Hou, X.; Hu, Z.; et al. Malnutrition Contributes to Low
Lymphocyte Count in Early-Stage Coronavirus Disease-2019. Front. Nutr. 2021, 8, 739216. [CrossRef]

268. Pilar Vaquero, M.; Martínez-Suárez, M.; García-Quismondo, Á.; Del Cañizo, F.J.; Sánchez-Muniz, F.J. Diabesity Negatively Affects
Transferrin Saturation and Iron Status. The DICARIVA Study. Diabetes Res. Clin. Pract. 2021, 172, 108653. [CrossRef]
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