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Abstract: The physiological markers of autoimmune diabetes include functional disorders of the
antioxidative system as well as progressing inflammation and the presence of autoantibodies. Even
though people with type 1 diabetes show genetic predispositions facilitating the onset of the disease,
it is believed that dietary factors can stimulate the initiation and progression of the disease. This
paper analyses the possibility of using tea as an element of diet therapy in the treatment of type
1 diabetes. Based on information available in literature covering the last 10 years, the impact of
regular tea consumption or diet supplements containing tea polyphenols on the oxidative status as
well as inflammatory and autoimmune response of the organism was analyzed. Studies conducted on
laboratory animals, human patients, and in vitro revealed positive effects of the consumption of tea or
polyphenols isolated therefrom on the diabetic body. Few reports available in the literature pertain to
the impact of tea on organisms affected by type 1 diabetes as most (over 85%) have focused on cases
of type 2 diabetes. It has been concluded that by introducing tea into the diet, it is possible to alleviate
some of the consequences of oxidative stress and inflammation, thus limiting their destructive impact
on the patients’ organisms, consequently improving their quality of life, regardless of the type of
diabetes. Furthermore, elimination of inflammation should reduce the incidence of immune response.
One should consider more widespread promotion of tea consumption by individuals genetically
predisposed to diabetes, especially considering the drink’s low price, easy availability, overall benefits
to human health, and above all, the fact that it can be safely used over extended periods of time,
regardless of the patient’s age.

Keywords: autoimmune diabetes; tea; polyphenols; antioxidant; anti-inflammatory; immuno-
modulatory

1. Introduction

Diabetes entails a combination of metabolic, autoimmune, and genetic disorders lead-
ing to hyperglycemia [1]. The hyperglycemia is due to either the impairment of insulin
production, the lowering of cellular sensitivity to insulin, or a combination of the two
factors. Chronic hyperglycemia damages, impairs the function, or leads to the failure of a
variety of organs, in particular, the eyes (it can result in blindness), nerves, kidneys, heart
(infraction), and blood vessels (stroke) [2]. It can also be the cause of gangrene (potentially
necessitating amputation) and neuropathies, especially in adult patients [2]. Maintaining
glycemia within normal physiological levels significantly limits the emergence and progres-
sion of typical diabetes complications in the form of microangiopathies, however, ensuring
correct metabolic equilibrium in diabetics is not sufficient to fully prevent the development
of such microangiopathies [3].
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The etiological classification of diabetes proposed by the World Health Organization
(WHO) distinguishes between three major types of the disease: type 1 (insulin-dependent,
resulting from the non-secretion of insulin by pancreatic β cells due to the destruction of
such cells); type 2 (non-insulin-dependent, resulting from lowered sensitivity of target
tissues to the effects of insulin); and pregnancy diabetes [2]. One of the most common
consequences of uncontrolled diabetes is chronic hyperglycemia. Such conditions are
conducive to autooxidation of glucose and the formation of reactive oxygen species (ROS),
which in turn leads to micro- and macrovascular dysfunction as well as polyneuropathies
caused by the organism’s endogenic antioxidative defenses [4]. The resulting oxidative
stress triggers fragmentation or structural deformation of lipids, denaturation of proteins,
disorders in the mechanisms of DNA replication, and deformation of cellular organelles,
and consequently entire cells [5]. As such, uncontrolled diabetes can lead to multisystem
failures related to microvascular endpoints including retinopathy, nephropathy, and neu-
ropathy as well as macrovascular endpoints including coronary artery disease, stroke, and
peripheral artery disease [6].

The etiology of type 1 diabetes has yet to be fully understood. The disease usually
emerges in children and adolescents. The sufferers’ blood serum shows the presence of
pancreatic β islet-cell antibodies and glutamic acid decarboxylase as well as anti-insulin
antibodies, and antibodies active against tyrosine phosphatase, which trigger the gradual
destruction of cells producing insulin by immune T cells [7]. The role of modifiable factors
causing type 2 diabetes is somewhat better known, which renders prophylaxis a more
viable goal in terms of public health [8]. Type 2 diabetes is responsible for a vast majority
(approx. 90%) of all diabetes cases and is observed primarily in older patients whose blood
shows no presence of the antibodies [9]. In some patients clinically diagnosed with type
2 diabetes, antibodies active against pancreatic β islet-cells are present, which indicates a
case of latent autoimmune diabetes in adults (LADA), which is considerably more difficult
to diagnose [10]. It has been recently proposed that LADA should be defined as “slowly
progressive insulin-dependent type 1 diabetes” (SPIDDM), as the patients whose blood
reveals the presence of glutamine acid decarboxylase antibodies and/or pancreatic β

islet-cell antibodies are initially not dependent on insulin and do not experience ketose or
ketoacidosis [11]. Due to the shortage of large, multi-center clinical studies, it is difficult to
definitively establish the incidence of LADA, but it has been estimated, however, that it
affects around 12% of all cases of diabetes in adults [12]. Given the fact that the autoimmune
process in LADA is less aggressive than in cases of classic type 1 diabetes, studies are now
being undertaken with a view to determining the possibility of therapeutic interventions
that could reduce the progression of β cell failure [11,13].

The primary course of diabetes treatment entails pharmacotherapy aimed at lower-
ing blood glucose levels. The pharmacological treatment of diabetes is long-term, often
life-long, which exacerbates the risk of adverse reactions and harmful impact of the drugs
on the patients’ overall health. The most common side effects include brain damage, ery-
thema, stomach and gastrointestinal disorders, excessive body mass, metallic aftertaste
in the mouth, heart failure, and vitamin B12 deficiencies [14]. All of the above suggest
the need for less invasive, but also more effective methods. Given the fact that the phys-
iological markers of diabetes include disorders of the antioxidative system as well as
progressing inflammation and the presence of specific antibodies, the primary form of
adjunctive treatment that should accompany pharmacotherapy should entail food rich
in substances capable of aiding the organism in overcoming these types of disorders. As
suggested in the literature, one type of such substances are polyphenols that show a range
of pharmacological and therapeutic properties, primarily in terms of their antioxidative
and anti-inflammatory activity. The immunomodulatory properties of polyphenols may, in
turn, be useful in alleviating the symptoms of autoimmunological disorders. Polyphenols
are capable of activating intracellular pathways (e.g., the arachidonic acid-dependent path-
way, the nuclear transcription factor (NF-κB), mitogen-activated protein kinases (MAPK),
phosphatidylinositol 3-kinase/B protein kinase signaling pathway (PI3K/Akt) as well as
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stimulating epigenetic modulations that regulate the organism’s immune response [15].
Food rich in polyphenols is easily accessible and can be used chronically, regardless of the
patient’s age. Tea, one of the world’s most popular drinks, second only to water, is certainly
among the possible options [16]. Tea contains a range of substances with antioxidative,
anti-inflammatory, and immunomodulatory properties including tannic acid, catechins
(e.g., epigallocatechin-3-gallate EGCG present in green tea), theaflavins, and thearubigins
present in black tea as well as quercetin [17,18]. Overall, polyphenols correspond to be-
tween 25 and 35% of total dry leaf mass [18]. Their content is the highest in white tea,
followed by the green, black, and red varieties [19].

The paper analyses the possibility of using tea as an element of diet therapy in cases of
type 1 (autoimmune) diabetes. Based on information available from worldwide literature
published in the last 10 years, the impact of regular tea consumption on the oxidative
status, emergence of inflammation, and autoimmune response was analyzed.

2. Materials and Methods

The analysis of information available in the global scientific literature was conducted
in August 2021 using the following databases: Scopus, PubMed, Web of Science, and
Google Scholar. The databases were searched for both joint and separate instances of the
keywords: “diabetes,” “autoimmune diabetes”, “T1DM”, “tea”, “metabolic processes”,
“inflammation”, “oxidative stress”, “antioxidants”, “immunomodulation”, “epigenetics”,
and “polyphenols”, in Polish and English (Figure 1). Based on an analysis of the titles and
synopses, articles unrelated to the substantive criteria were excluded, and the remaining
research and review papers were analyzed in greater depth to identify the most pertinent
publications. Bibliographies were also reviewed in all the selected articles to identify other
potentially viable texts. The search was narrowed to papers published between 2011 and
2021. Ultimately, a total of 2546 publications were reviewed, of which 191 were used:
116 research reports and 75 reviews.
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3. Pathogenesis of Autoimmune Diabetes

Type 1 diabetes is an autoimmune disease mediated by T cells [15]. In nearly all
patients diagnosed with type 1 diabetes before the age of five, the presence insulin-specific
antibodies has been reported, which suggests a significant role of peptides originating from
insulin in the pathogenesis of the disease [7]. Autoantibodies are a marker facilitating the
diagnosis of autoimmune diabetes. Histological analyses of the pancreas in autoimmune
diabetes patients revealed infiltrations of immune cells, macrophages, dendric cells, NK
(natural killer) cells as well as antibodies reacting to pancreatic islets and T cells reacting to
Langerhans islets [20]. Conditioning immune cells have the ability to generate immune
memory when coming in contact with an antigen, and when the contact is repeated,
they induce immune response [21]. The immune response triggers the production of
proinflammatory cytokines that promote phagocytosis, autophagy, and interferon activity,
which in turn lead to cell death [3,22]. There are several etiopathogenetic models for
type 1 diabetes: (1) the autoimmune process is triggered by autoreactive T cells and
antibodies emerging after pancreatic β islet-cells are damaged due to primary initiating
factors; (2) it is caused by an upset food antigen tolerance due to functional disorders in the
immune system of gastrointestinal mucosae; (3) due to the similarity between exogenous
antigens and β islet-cell antigens, the pancreatic immune response is directed against β
cells; (4) coexistence of β cell susceptibility to apoptosis, autoimmune response against β
cells, and insulin resistance; and (5) genetic predispositions: the presence of class II DR
and DQ genes of the human leukocyte antigen HLA on chromosome 6 (DDM1) [3,23].
The pathological mechanisms involved in the progression of type 1 diabetes include DNA
methylation, modification of histones and microRNA as well as molecular mimicry, acting
through the regulation of gene expression [24].

LADA diabetes is a form of autoimmune diabetes that affects adult patients and is
characterized by the presence of circulating β cell antibodies [25]. It entails a chronic
autoimmune process that results in the destruction of pancreatic islets [11]. The dynamic
of that process is slower than in the case of type 1 diabetes, but in time, the insulin
secretion disorders are gradually exacerbated, which triggers more severe symptoms of
the disease [13]. LADA is diagnosed when (1) the minimum age of the patient developing
diabetes is 30 years; (2) the presence of islet antibodies is detected in the organism; and
(3) absence of inulin was not observed for at least six months after diagnosis [13]. As LADA
patients are initially non-insulin-dependent and diagnosis is based solely on the presence
of islet antibodies, the identification of LADA can be difficult in a clinical context [11]. The
genetic variants in the HLA complex in LADA patients is the same as in type 1 diabetes
patients [26].

In type 1 diabetes, class II genes in the HLA system located on chromosome 6p21.3 are
the most significant to the genetic predisposition of sufferers. The polymorphism alleles
in these genes are responsible for approx. 50% of the genetic predisposition for diabetes.
Class II DR3 and DR4 haplotypes in the HLA system play a particularly important role
as at least one of the same is found in 90% children and young with type 1 diabetes [22].
A protective role is attributed to the DR2 haplotype [27]. Approx. 15% of the genetic
predisposition for developing type 1 diabetes is attributed to the insulin promotor (insulin-
linked variable number of tandem repeats INS-VNTR, chromosome 1p5,511p15), the
cytotoxic T-Lymphocyte Antigen-4 receptor (CTLA-4, chromosome 2q33), protein tyrosine
phosphatase N22 (PTPN2), and the immune signaling regulator (PTPN22, chromosome
1p13) as well as other genes [28,29]. INS-VNTR polymorphism is responsible for the
expression of the insulin gene not only in the pancreas, but also thymus [29]. Mutation or
polymorphism of the CTLA-4 gene leads to an uncontrolled proliferation response, which
can be the cause of autoimmune diseases including type 1 diabetes [30]. In the case of
LADA, the frequencies of DR3 and DR4 haplotypes are similar to those observed in type
1 diabetes patients [31]. Some data suggest that in individuals with LADA, DR3 and DR4
haplotypes occur more often than in the general population [32], which indicates a genetic
predisposition for islet autoimmunization. Moreover, a comparison between LADA and
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type 1 diabetes revealed no directional differences in terms of the frequency of class II alleles
emergence, which suggests that both diseases have the same underlying genetic cause [32].
It has been demonstrated that in approx. 60% of LADA patients, polymorphisms of the
CTLA-4 gene, in particular the G CTLA-4 alleles, is observed, and the likelihood of the
disease increases if diabetes is present in the family [33].

4. Metabolic Disorders in Diabetes

Under the conditions of imbalance between the processes of oxidation and antioxida-
tion resulting from the failure of the antioxidative system, cells begin to produce excessive
ROS, triggering oxidative stress [17]. This leads to an inflammatory response as well as
triggers NF-κB protein-dependent transcription of genes for various inflammatory fac-
tors [34]. Inflammation is, among other things, a defensive mechanism allowing the cells
of an organism to protect themselves against pathogens and damaging factors (e.g., au-
toimmune reactions) [35]. In such a case, phagocytes are activated (monocytes, neutrophils,
eosinophils), which release proinflammatory cytokines at the site of damage (e.g., inter-
leukins IL-1, IL-6, IL-8, tumor necrosis factor α TNF-α, interferon γ, IFN-γ). It cannot
be excluded that environmental factors play an important role in inducing autoimmune
responses already in the fetal period [36].

4.1. Oxidative Stress

Concentrated glucose solutions can alter the properties of many cells, above all en-
dothelial cells, neutrophils, monocytes, and platelets [37,38]. Hyperglycemia intensifies
glucose metabolism in endothelial cells, granulocytes, monocytes, and platelets, which is
accompanied by the increased production of reactive oxygen species, leading to disturbance
of the intracellular oxidoreductive balance and oxidative stress [39–41]. In endothelial cells,
glucose metabolism along the polyol pathway is intensified, which results in a decreased
ratio of the reduced from of NADPH (nicotinamide adenine dinucleotide phosphate)
to its oxidized form (NADP+) and increased the ratio of the reduced form of NADH
(nicotinamide adenine dinucleotide) to the oxidized form thereof (NAD+) [42]. NADH is
excessively produced due to hyperglycemia in glycolytic pathways and Krebs cycle as well
as the activation of the polyol pathway, whereas NAD+ is reduced due to overactivation
of poly-ADP-ribose polymerase that uses the compound as a substrate [43]. NAD+ is
also used by sirtuins as a substrate in catalyzing the reaction of protein deacetylation.
Inhibition of the synthesis of regenerative NAD+ enzymes (e.g., lactate dehydrogenase in
erythrocytes) and complex I (the first enzyme of the respiratory chain) in mitochondria,
it may also contribute to the accumulation of NADH and NAD+ deficiency. Disorders
in terms of NADH and NAD+ oxidation are also responsible for the overproduction of
reactive oxygen species [44–46]. Whereas the lowered intracellular content of NADPH
reduces its availability (e.g., for glutathione, i.e., one of the body’s primary antioxidative
systems), which additionally exacerbates oxidative stress [44,47]. Under oxidative stress,
glucose metabolism must be relocated from the glycolytic to the pentose phosphate path-
way, which facilitates the production of NADPH necessary for maintaining the reduced
states of glutathione and thioredoxin with the participation of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [48].

The conditions of hyperglycemia also intensify the non-enzymatic glycosylation of
proteins with the accompanying oxidation of glucose as well as inactivation of SOD—a very
biologically active sweeper of free radicals [49–51].

Oxidative stress constitutes the primary factor connecting hyperglycemia with inten-
sified protein glycation, activation of protein kinase C, formation of glycosaminoglycans,
and activation of NF-κB responsible, among other things, for the development of an inflam-
matory reaction [52–54]. All of the above disorders lead to a modification of cell functions,
which alters their autocrine and paracrine properties, and can even cause their death [55,56].
Moreover, oxidative stress triggers a cytotoxic effect, which may cause structural DNA
changes and consequently disturb the proliferation and regeneration of the epithelium [57].
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Under oxidative stress, mitochondria are damaged, leading to their dysfunction [35,58].
The concentration of free Ca+2 in the cytosol is increased, inducing cell activation [59].
Oxidation of protein –SH groups to –S–S–disulfide bridges under the influence of oxidative
stress reduces the compensative efficiency of antioxidative mechanisms and inactivates
many enzymes [60]. Oxidation of polyunsaturated fatty acids by toxic oxygen derivatives
produces lipid peroxides, which also show oxidative properties [49]. Through indirect
participation in radical reactions, lipid peroxides cause the production of fatty acids, gen-
erating highly reactive and toxic lipid radicals [61]. Peroxidation of cellular membrane
lipids alters their functional and antigenic properties and modifies receptor expression. As
endothelial permeability increases in the conditions of hyperglycemia, peroxidized lipids
can infiltrate beyond the vascular bed, while long-term oxidation of polyunsaturated fatty
acids and peroxide fragmentation with a view to producing aldehydes eventually leads
to the loss of the integrity of cytomembranes by altering their liquidity [62,63]. During
intensive lipid peroxidation, the extent of oxidative cell damage exceeds their reparative
capacity, which induces apoptosis or necrosis, leading to cell death [62]. Meanwhile, under
physiological or subtoxic conditions, cells survive due to endogenic antioxidants, triggering
an adaptive response to oxidative stress.

Mitochondria are the main source of oxidative stress in diabetes [49,64]. During
oxidative metabolism, mitochondria reduce oxygen to H2O, while any excess oxygen is
converted into reactive oxygen species O•, and then into peroxynitrite ONOO−, hydroxy
radical OH•, and hydrogen peroxide H2O2 [46,48,65]. Additionally, the lipids of mitochon-
drial membranes are susceptible to damage. Peroxidation of mitochondrial phospholipids
leads to structural changes and may consequently disturb the organization of the lipid
layer by influencing its liquidity and permeability; it can also lead to depolarization of
the mitochondrial membrane, reduction in ATP production, and intensified production of
ROS [64]. The overproduction of ROS in mitochondria, particularly the superoxide anion
radical O2•–, inhibits the activity of glyceraldehyde-3-phosphate dehydrogenase, which
participates in glycolysis, consequently leading to the accumulation of glucose and its
incorporation into alternative metabolic pathways [64,66]. ROS production is regulated
through the enzymatic and non-enzymatic antioxidative system. The most important
parameters describing oxidative stress in the organism are enzymes: superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPX) as well as non-enzymatic antioxi-
dants present in cells, mainly glutathione (GSH) [17]. Oxidative stress plays an important
role in the onset of diabetes complications, both in the microvascular and cardiovascular
system [50]. One of the reasons behind the functional disturbance of antioxidative systems
is the overproduction of O2•–, generated in the course of the one-electron reduction in O2
and H2O2 as a by-product of tissue oxidation in mitochondria [46].

Studies conducted on male C57BL/6 mice in whom hyperglycemia was induced with
streptozotocin showed an increase in MDA and a decrease in total antioxidant capacity
(TAC), SOD total, SOD2 (Mn-dependent SOD), and the GSH/GSSG (glutathione disul-
fide) ratio in the endothelium [67]. Cohort studies conducted in a group of 382 diabetic
children reported reduced serum GPX, SOD, and CAT levels in comparison with healthy
children [68]. Similarly, in a study conducted by Varvarovská et al. [69,70], reduced levels of
antioxidant parameters (SOD, GSH, TAC) and increased MDA were detected in 50 children
with type 1 diabetes compared to healthy children. Concurrently, it was observed in this
study that the oxidatively damaged DNA in children with diabetes was not significantly
altered compared to that of the healthy children, which probably indicates an increased rate
of DNA repair, probably as a response to the constantly elevated oxidative stress. Patients
with type 1 diabetes often have elevated ketone levels, and ketosis increases lipid peroxi-
dation and lowers GSH levels in human cells, as demonstrated in in vitro studies [71,72].
Abnormalities in the expression of enzymes protecting against oxidative damage may
aggravate various types of oxidative damage. In analyses of peripheral blood mononuclear
cells collected from 26 patients with type 1 diabetes and 10 healthy individuals, Hodgkin-
son et al. [73] demonstrated an inhibitory effect of hyperglycemia on the expression of CAT,
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CuZnSOD, GPX, and MnSOD. Babizhayev et al. [54] proposed that variants within genes
encoding the antioxidant enzymes: catalase (CAT), glutathione peroxidase 1 (GPX1), and
glutathione transferase (GST) may contribute to the genetic susceptibility to diabetic neu-
ropathy in type 1 diabetes. The researchers examined 466 patients with type 1 diabetes for
up to three years. Their study demonstrated a protective role of the −262T CAT allele and
the “+” GSTM1 allele against the rapid development of oxidative stress in type 1 diabetes
related to increased levels of CAT, GSH, and GST in patients with these alleles.

4.2. Inflammation

Under the conditions of hyperglycemia, pathological metabolic processes are triggered
in the organism including the polyol pathway and hexosamine pathways or non-enzymatic
protein glycation. Hyperglycemia activates the apoptosis of β cells due to the activity of
cytokines produced by the subpopulation of Th1 lymphocytes: INFγ, IL-2, and 1IL-18;
interleukins produced by macrophages: IL-1, IL-6, IL-8, and IL-12; and TNFα. It is believed
that cytokines released by the subpopulation of Th2 lymphocytes: IL-4, IL-5, IL-10, and
IL-13 act protectively, inhibiting the activity of Th1 lymphocytes, which is particularly
apparent in early stages of the disease [74,75]. In response to inflammation, blood serum
proteins are produced that act as mediators of the ongoing inflammatory process, mostly
high sensitivity c-reactive protein hsCRP and interleukins [75]. CRP is produced primarily
in hepatocytes in response to other mediators of inflammation, especially interleukins
and TNF-α [76]. TNF-α, together with IL-2 and IL-6, stimulates the proliferation and
differentiation of B and T cells, facilitates the functions of autoreactive CD4 and CD8
lymphocytes, and influences the function and number of Treg lymphocytes by inhibit-
ing their suppressor activity. TNF-α aids the activity of macrophages and neutrophils,
stimulates the production of other proinflammatory cytokines, induces the synthesis of
reactive oxygen species, and peroxidation of lipids [77]. The biological activity of TNF-α
depends on the interactions with a specific receptor as well as the number of receptors
present on the surfaces of target cells. So far, two types of TNF-α receptors have been
discovered: TNFRI (55kDa) and TNFRII (75kDa) [78]. Interleukins play an important role
in immune and inflammatory response. Interleukin IL-1β induces the proliferation and
differentiation of B cells, intensifies their chemotaxis, and together with IL-6 and TGF-β
(transforming growth factor), stimulates the differentiation of lymphocytes toward Th17,
which is responsible for quick inflammatory response and migration of neutrophils [77].
Moreover, IL-1β stimulates the production of proinflammatory cytokines (IL-2, IL-6, TNF-
α, IFN-γ) and contributes to the destruction of pancreatic β cells [79]. IL-6 stimulates the
proliferation and differentiation of B cells into plasmacytes producing antibodies, and T
cells into cytotoxic Tc lymphocytes; it also activates the synthesis of acute-phase proteins
in the liver, particularly CRP [76,80]. A study conducted in a group of 125 patients with
type 1 diabetes revealed that proinflammatory cytokines IL-6, TNF-α, and IFN-γ as well as
anti-inflammatory cytokine IL-10 showed a mutual positive correlation, which may suggest
their supplementary activity in the context of the emergence and progression of vascular
complications in diabetics [81]. A study conducted in Poland in a group of 71 children
(aged 7–17) with type 1 diabetes demonstrated that from the first years of the disease,
elevated concentrations of inflammation markers (hsCRP, IL-6, IL-1) could be observed
compared to healthy children [75]. In turn, a Turkish study conducted among children with
type 1 diabetes confirmed the activation of a systemic inflammatory process already in the
early stages of the disease, which may indicate ongoing destruction of β cells, whereas
as the disease continues to progress, the levels of IL-1β, IL-2, IL-6, and TNF-α confirm
continuous activation of proinflammatory factors, even in late stages of diabetes [79]. In
rats intragastrically administered with pure fructose dosed at 0, 2.6, 5.3, or 10.5 g/kg/day
for 20 weeks, an increase in the serum concentration of proinflammatory cytokines (IL-6,
TNF-α, and MIP-2) increased, while the level of anti-inflammatory cytokine IL-10 was
significantly reduced [82].
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Oxidative stress triggered by ROS not only leads to inflammatory response, but also
induces NF-κB protein-dependent transcription of genes for a variety of inflammatory
factors [34]. The activation of NF-κB due to oxidative stress results in higher production
of cytokines, increased expression of adhesive molecules as well as intensified cell apop-
tosis [83]. This facilitates the formation of a specific inflammatory reaction within the
vascular wall, whose pathogenic role in damaging the vascular wall, particularly in the
context of atherosclerosis, has been demonstrated in vitro and in studies conducted on
laboratory animals [37,84,85]. Increased ROS production by polynuclear neutrophils at
the site of inflammation causes endothelial dysfunction and tissue damage, which in turn
leads to the opening of mesothelial connections and facilitates migration of inflammatory
cells through the endothelial barrier [86]. Migrating inflammatory cells aid the elimination
of pathogens and foreign particles, but also cause tissue damage [86].

4.3. Autoimmune Disorders

The initiation of a specific immune response depends on the recognition of the for-
eign nature of an antigen as well as the conditions under which the given antigen is
presented to immunocompetent cells: if the conditions are interpreted by the organism
as pathological, they will trigger an immune response regardless of whether the antigen
is the organism’s own or foreign [87]. In the case of auto-aggression, the signal inducing
the immune response may originate from an inflammation accompanying the release
of antigens due to damage [88]. The immunological markers of type 1 diabetes include
antibodies active against pancreatic β cells: Islet-cell antibodies (ICA), insulin autoantibod-
ies (IAA), anti-glutamine acid decarboxylase (anti-GAD), anti-zinc transporter protein 8
(anti-ZnT8), and anti-tyrosine phosphatase antibodies (anti-IA2) [89]. They are detectable
many months before clinical symptoms of diabetes, signify the humoral immune response
against Langerhans’s pancreatic β islet-cells, and are considered to be markers of pancreatic
cell destruction. The presence of one of the said antibodies has been confirmed in 95%
of affected patients, hence they can serve as effective early markers given their sustained
presence in the patients’ blood serum for a number of years preceding the onset of dia-
betes [90]. A study conducted in a group of 78 Moroccan children with type 1 diabetes,
all under the age of 16, revealed the presence of anti-GAD antibodies in approx. 63%
of them, anti-IA2 in 77%, and simultaneously both of the same in 53% of the subjects,
notably more commonly in girls [89]. In an Iranian study, the presence of antibodies was
confirmed in over 80% of children and adolescents with type 1 diabetes, primarily ICA and
Anti-GAD [91]. Notably, also in this study, the presence of antibodies was more commonly
detected in girls. In approximately 5–10% patients diagnosed with type 2 diabetes, the
markers of β cell autoimmunization also emerge—such cases are qualified as LADA [92].
Patients with autoimmune diabetes also show the presence of antibodies related to the
coincidence of other autoimmune diseases: 20% have anti-thyroid peroxidase (anti-TPO)
and/or anti-thyroglobulin (anti-TPO) antibodies, 11% have antibodies evidencing the
presence of coeliac disease (antigliadin anti-DGP, anti- tissue transglutaminase TG, anti-
endomysial EMA), 2% have anti-adrenal antibodies (a marker of Addison disease), 1% have
antibodies active against parietal cells (markers of autoimmune gastric mucositis) [93].
Moreover, studies conducted among LADA patients (n = 70) and type 2 diabetes patients
(n = 69) revealed that LADA patients more commonly had antibodies active against thy-
roid antigens (anti-TPO, anti-TG) as well as against tissue transglutaminase of IgA class
(anti-tTG, coeliac disease marker), indicative of subclinical hypothyroidism [94].

In the case of diabetes, once pancreatic islets are damaged by initiating factors, antigen-
presenting cells (APCs) activate helper CD4+ T cells, activated in the course of diabetogene-
sis by peptides present in the β f insulin [95]. Active CD4+ T cells, via the lymphokines they
produce, induce apoptosis/necrosis of pancreatic β cells, causing infiltration of mononu-
clear cells into pancreatic islets [96]. The process of inducing autoantigens on the surface of
β cells is facilitated by internal (IFN-γ, TNF-α, and IL-1β, free radicals) or external factors
(toxins, viruses), but the autoimmune process itself is initiated in the β cells of Langerhans
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islets [96]. Insulin released by β cells may be an autoantigen initiating the immunological
cascade together with, for example, T cells, as a consequence of which type 1 diabetes
emerges—as demonstrated in a study on NOD mice [97].

5. Antioxidative, Anti-Inflammatory, and Immunomodulatory Properties of Tea
5.1. Antioxidative Properties

Due to its high content of polyphenols (mainly EGCG, quercetin, theaflavin, thearubi-
gin, tannic acid), in other words, substances with strong antioxidative properties, tea can
in fact be classified as functional food. Phenolic compounds show antioxidative properties
thanks to their ability to: (1) sweep ROS; (2) limit the production of ROS by inhibiting
the activity of oxidative enzymes and chelating trace elements; and (3) increasing the
activity of endogenic antioxidants [3,5,17]. The particularly strong antioxidative activity
of EGCG is due to the compound’s chemical structure, which includes as many as eight
–OH groups [17]. Catechins act primarily by transferring H+ ions, but also fairly likely
through mechanisms that directly or indirectly regulate the expression of enzymatic an-
tioxidants [98]. The antioxidative properties of quercetin are due to its ability to donate
an electron or hydrogen atom, which allows it to neutralize singlet oxygen (1O2), O2•–,
OH•, LOO•, NO, and ONOO– [17,99]. This, in turn, is responsible for quercetin’s ability
to neutralize ROS by inhibiting the activity of enzymes participating in their formation
(e.g., oxidases) and enzymes using NADPH as a coenzyme [17]. The highest antioxidative
capacity, reflecting the highest content of total polyphenols, characterizes green and white
tea varieties [19,100].

Numerous studies have demonstrated increased activity of superoxide dismutase
(SOD), CAT, GST, and GPX as well as overall increased glutathione (GSH) content in the
tissues of animals receiving tea extracts or polyphenols isolated therefrom, which indicates
an increased capacity of antioxidative mechanisms due to the supply of exogenous an-
tioxidants, which facilitates the balance of redox reactions and prevents oxidative stress
(Tables 1 and 2). Studies on a system simulating the process of oxidation in the human
organism revealed that green and black tea extracts were able to strongly inhibit the forma-
tion of linolic acid peroxides [101]. Similar results were reported by Korir et al. [102] in a
study on mice. After 12 weeks of administering black, green, white, and red tea extracts
to Wistar rats poisoned with prooxidative, toxic metals, an increase in SOD, CAT, and
GPX activity in the animals’ organs was observed [19], where the positive results were
similar to those observed for tannic acid [103]. Kombucha tea administered to rats poisoned
with cadmium chloride improved the antioxidative capacity of the organism [104,105].
Quercetin administered to rats poisoned with cadmium improved the oxidative status
by increasing the activity of SOD, CAT, and GPX, and lowering that of lipid peroxida-
tion (LPO), malondialdehyde (MDA), and H2O2 [106,107]. A study by Simos et al. [98]
conducted on rats demonstrated a decrease in MDA levels and increase in SOD in urine
after intragastric administration of catechin and epicatechin. An improvement in terms
of the antioxidative parameters (SOD, CAT, GPX, MDA, LPO) in the blood serum of mice
was reported after the administration of polyphenols isolated from green tea (50, 100, or
200 mg/kg) [108]. Administration of EGCG to rats exposed to electromagnetic radiation led
to an improvement in antioxidative parameters (SOD, CAT, GSH) and decrease in MDA;
notably, the authors observed better effectiveness when EGCG was used simultaneously
with the stressor rather than after the stress period [109]. Tea polyphenols significantly
alleviated damage to the ileum due to Salmonella typhimurium in C57BL/6 mice, while
also causing a decrease in inflammation and oxidative stress markers by improving the
overall antioxidative status of the organism [110]. In studies utilizing human colorectal
cancer cell lines (Volo-205), it was reported that lipid peroxidation was reduced after the
application of tea polyphenols [111], whereas in human colorectal cancer cells HCT-116
and SW-480, a decrease in terms of the markers of oxidative stress and cell proliferation
was reported [112]. In an in vitro study on rats subjected to stress, the use of theaflavin
improved the recorded oxidative stress biomarkers [113].
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Table 1. Antioxidant and anti-inflammatory effects of tea polyphenols.

Polyphenols Protective Effect Design Animals References

Antioxidant
parameters

Inflammatory
parameters

(-)-epicatechin ↓ TBARS; ↓ SOD; ↓
GPX

↓ ratio
nuclear/cytosolic

p65; ↓TNF-α; ↓
iNOS

10% (w/v) fructose in the
drinking water for 8 weeks;
(-)-epicatechin (20 mg/kg
body weight/day) in diet

for 8 weeks

Male Sprague
Dawley rats [114]

(-)-epicatechin ↑ NOS; ↓ O2-;

10% (w/v) fructose in the
drinking water for 8 weeks;
(-)-epicatechin (20 mg/kg
body weight/day) in diet

for 8 weeks

Male Sprague
Dawley rats [115]

(-)-epicatechin
↑ NOS; ↑ SOD; ↑
GPX; ↓ CAT; ↓

TBARS

10% (w/v) fructose in the
drinking water for 8 weeks;
(-)-epicatechin (20 mg/kg
body weight/day) in diet

for 8 weeks

Male Sprague
Dawley rats [116]

(-)-epicatechin ↓ TBARS; ↓ SOD; ↑
NOS

↓ TNFα; ↓ iNOS; ↓
IL-6

10% (w/v) fructose in the
drinking water for 8 weeks;
(-)-epicatechin (20 mg/kg
body weight/day) in diet

for 8 weeks

Male Sprague
Dawley rats [117]

EGCG ↓ ROS; ↓ ICAM-1; ↓
NF-κB

Cells were pretreated with
or without 100 µM EGCG
for 1 h prior to exposure

without or with 20 ng/mL
of TNF- for 24 h

Human retinal
pigment
epithelial

ARPE-19 cells

[118]

Theaflavin
↑ SOD; ↑ CAT; ↑
GSH; ↑ GST; ↓
TBARS; ↓ HP

100 mg/kg bw /day
theaflavin administered

orally to diabetic rats for 30
days

Male Wistar
diabetic rats [119]

EGCG
↓MDA; ↓ TOS; ↑
thiols; ↑ CAT; ↑

TAC;

60 mg/100 g bw
streptozotocin by

intraperitoneal injection;
2.5 mg/100 g bw/day

EGCG in saline solution or
in liposomal form by

intraperitoneal injection for
2 days

Male
Wistar-Bratislava

diabetic rats
[120]

EGCG ↑ SOD; ↓ ROS; ↓
RAGE mRNA; ↓ TNF-α; ↓ IL-6 25 mM glucose; 2.2 mM

EGCG

Human
embryonic
kidney 293

(HEK293) cells

[121]

Catechin ↓MDA; ↑ SOD; ↑
CAT; ↑ GST

Streptozocin by
intraperitoneal injection; 40
or 80 mg/kg/day catechin
by intraperitoneal injection

for 4 weeks

Male diabetic
Wistar rats [122]

↓—decreased or inhibited concentration or activity compared to untreated group; ↑—increased concentration or activity compared to
untreated group; EGCG—epigallocatechin-3-gallate; GPX—glutathione; SOD—superoxide dismutase; CAT—catalase; GSH—reduced glu-
tathione; GST—glutathione-S-transferase; MDA—malondialdehyde; HP—hydroperoxides; TBARS—thiobarbituric acid reactive substance;
iNOS—inducible nitric oxide synthase; NOS—nitric oxide synthase; ROS—reactive oxygen species; O2—-superoxide anion; TOS—total
oxidative status; TAC—total antioxidant capacity; RAGE—receptor for advanced glycation end products; TNF-α—tumor necrosis factor α;
IL-6—interleukin-6; ICAM-1—intercellular adhesion molecule 1; NF-κB—nuclear transcription factor.
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Table 2. Antioxidant and anti-inflammatory effects of tea.

Polyphenols Protective Effect Design Animals References

Antioxidant
parameters

Inflammatory
parameters

Alcoholic extracts
of green tea

↓ inflammatory
cell migration in
the peritoneum

0.07 or 0.14 g alcoholic
extracts of green tea per kg

by gavage or
subcutaneously one hour

before intraperitoneal
injection of carrageenan

(inflammation induction)

Male Swiss mice [123]

Green tea extract ↑ TAS ↓ TNF-α; ↓ CRP

2 or 4 g extract of green tea
per 1 kg of

high-sodium-diet (35 g/kg)
for 42 days

Male Wistar rats [124]

Green tea extract
↑ GSH; ↑ SOD; ↑

CAT; ↑ GSH-Px; ↓
MDA

Green tea extract (1.5%,
w/v) as a sole drinking

source

Male Wistar
diabetic rats [125]

White tea extract
↑ SOD; ↑ CAT; ↑

GPX; ↑ GSH-Px; ↓
MDA

White tea extract (2%, w/v)
as a sole drinking source

Male diabetic
rats [126]

Green tea extract ↓ LPO; ↓ total thiol
groups

Green tea extract (3 mg/L)
as a sole drinking source

Male diabetic
Wistar rats [127]

Green tea extract ↓ TNF-α; ↓ CRP; ↓
IL-6; ↓ NF-κB

Streptozocin by
intraperitoneal injection;

300 mg green tea extract for
9 weeks

Male
Sprague-Dawley

rats
[128]

Green tea water
extract ↓ TNF-α; ↑ IL-10

Streptozocin by
intraperitoneal injection;
green tea solution (7 g/L)
ad libitum for 5, 30, 60 or

90 days

Male diabetic
Wistar rats [129]

Green tea alcoholic
extract ↓MDA; ↑ TAC

Streptozocin by
intraperitoneal injection;

100 or 200 mg/kg green tea
alcoholic extract by oral

gavage for 4 weeks

Male diabetic
Wistar rats [130]

↓—decreased or inhibited concentration or activity compared to untreated group; ↑—increased concentration or activity compared to
untreated group; GPX—glutathione; GSH-Px—glutathione peroxidase; SOD—superoxide dismutase; CAT—catalase; GSH—reduced
glutathione; TAS—total antioxidant status; TAC—total antioxidant capacity; MDA—malondialdehyde; LPO—lipid peroxidation; TNF-α—
tumor necrosis factor α; CRP—C-reactive protein; IL-6, IL-10—interleukins; NF-κB—nuclear transcription factor.

5.2. Anti-Inflammatory and Immunomodulatory Properties

As confirmed in in vitro and in vivo studies conducted to date on polyphenols and
extracts rich in the same, the compounds showed considerable anti-inflammatory prop-
erties (Table 1). The primary effects that polyphenol have on the course of inflammation
stems from their ability to inhibit the synthesis of proinflammatory cytokines, INF-γ,
TNF-α, and chemokines in various types of cells [131]. Moreover, polyphenols show anti-
inflammatory activity on many levels, mainly by inhibiting NF-κB, regulating mitogen-
activated protein kinase (MAPK), inducible nitric oxide synthase (iNOS), and arachidonic
acid, cyclooxygenase-2 (COX-2), and lipoxygenase (LOX) as well as lowering ROS synthe-
sis relative to reactive nitrogen species [132,133]. An important target for the activity of
polyphenolic compounds is NF-κB, which plays an important role in immunological and
inflammatory processes [134]. By inducing proliferation and stimulating angiogenesis in
cells, NF-κB controls the expression of proinflammatory cytokines and chemokines (IL-1α,
IL-1β, IL-2, IL-6, IL-8, TNF-α), COX-2 as well as some growth factors and apoptosis regula-
tors [134]. Hence, factors that limit the activation of NF-κB may also prevent the expression
of cytokines, and consequently block inflammatory response. EGCG inhibits the activation
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of NF-κB and MAPK as well as the expression of IFNγ, TNF-α, and IL-1β, while also
stimulating the innate expression of immunity-related genes (e.g., TNF-α, MAPK, NOS)
and inhibiting apoptosis [135]. EGCG may also inhibit the infiltration of inflammatory
and pro-inflammatory leukocytes IL-8, while studies on mice revealed that it can lower
the expression of pro-inflammatory factors: NF-κB and IL-6 [135–137]. Thichanpiang and
Wongprasert [118] demonstrated that EGCG shows anti-inflammatory effects on human
retinal pigmented epithelial cells ARPE-19, partially as a suppressor of TNF-α signaling,
and that the inhibitive effects occur along the NF-κB pathway. EGCG prevented the pro-
duction of the plasminogen activator inhibitor-1 (PAI-1) in the cells of human umbilical
vein endothelium via TNF-α and reduced the phosphorylation of regulated protein kinases
ERK1/2 [138]. PAI-1 is involved in numerous physiological processes, but also many
pathologies (e.g., polymorphisms –765 4G/5G and –844 A>G are a predisposition for
elevated glucose and insulin levels in the blood serum). PAI-1 is considered to be an acute
phase protein; its release is stimulated by proinflammatory factors, primarily IL-1 and
NF-κB [139]. EGCG minimizes damage to endothelial cells, reducing the production of IL-6
and TNF-α by inhibiting the activity of AP-1, a protein activating transcription factors 1 NF-
kB [140,141]. It also inhibits the production of CRP induced by macrophage angiotensin II
(AII) and IL-6 by limiting the production of free oxygen radicals [142]. Consumption of
green tea extract by obese individuals, combined with moderate physical activity, facili-
tates an increase in anti-inflammatory adiponectin and hsCRP, but does not significantly
influence the levels of IL-6 and TNF-α [143]. A decrease in CRP levels was reported in
smokers drinking four cups of green tea a day [142], similar results were also observed in
individuals with hypertension [144]. Chen et al. [145] demonstrated the anti-inflammatory
properties of a tea-flower extract in acute and immunological inflammations triggered by
croton oil and carrageenan as well as Propionibacterium acnes and liposaccharide. In the
cited study, a decrease in the levels of NO, TNF-α, and IL-1β was observed. In the in vitro
studies conducted by Chatterjee et al. [146] with the use of water, black, and green tea
extracts revealed the inhibition of egg albumin denaturation, which demonstrates tea’s
anti-inflammatory properties. In the cited study, it was concluded that green tea is more
active than black, probably due to the higher content of flavonoids.

T and B cells are key components of the adaptive immune system [147]. Immune cells
are equipped with various types of receptors including ones dedicated to polyphenols
that recognize polyphenols and allow the cells to trap them. Afterward, polyphenols
activate signaling pathways and initiate specific immune responses of the organism; they
can also induce epigenetic changes in cells [148]. Tea polyphenols and their derivatives
act by stimulating numerous signaling pathways, as demonstrated in in vivo and in vitro
studies [135]. Polyphenols have an immunomodulatory influence on macrophages, increase
the proliferation of B cells, T cells, and suppress the activity of type 1 helper T cells (Th1),
Th2, Th17, and Th9 cells and show immunomodulatory activity against allergic reactions
and autoimmune disease by inhibiting the autoimmunological proliferation of T cells [147].
Zhou et al. [136] demonstrated an improved ration of CD3+CD4+ T to CD3+CD8+ T
lymphocytes, which increased in C57BL/6J mice with induced Parkinson’s disease after
oral administration of EGCG. Similarly beneficial results were reported in a study on mice
with autoimmune arthritis, wherein decreased levels of proinflammatory cytokines and
lower degrees of T cell proliferation were observed after administering EGCG [149]. When
administered to mice with autoimmune encephalomyelitis, EGCG reduced the clinical
symptoms of the disease as well as the pathological immune response [150]. An inhibitive
impact of EGCG on the release of inflammatory cytokines was reported in activated human
primary T cells, most likely due to inactivation of Ap-1 [151]. In a study on piglets, it
was demonstrated that tea polyphenols promote the proliferation of immune cells, T
cell activation, increased concentration of CD4+ T lymphocytes, increased values of the
CD4+/CD8+ ratio as well as improvement in T cell transformation (LTT) [152]. Studies
conducted on shrimp infected with the white spot syndrome and Vibrio alginolyticus
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bacteria revealed a positive impact of EGCG on the expression of pro-immune genes such
as IMD, proPO, QM, myosin, Rho, Rab7, p53, TNF-α, MAPK, and NOS [153].

6. Impact of Tea on Organisms with Autoimmune Diabetes—A Review

Consumption of exogenous polyphenols may play an important role in gaining or
maintaining immunity by way of interrupting the synthesis of proinflammatory cytokines,
thus regulating immune cells gene expression [151,153]. Studies on laboratory animals,
humans as well as in vitro have confirmed the positive effects of consuming tea or polyphe-
nols isolated therefrom on organisms with autoimmune diabetes (Tables 1 and 2). The
protective effects of tea in the context of diabetes and related complications are due to a
number of mechanisms related to: (1) strengthening the effects of insulin; (2) reducing
insulin resistance; (3) activating the insulin signaling pathway; (4) protecting β islet-cells;
and (5) eliminating free radicals and alleviating inflammation [154–156] (Figure 2). EGCG,
whose highest content is found in green tea, shows multidirectional anti-hypoglycemic
properties: it inhibits the production of glucose in the liver, promotes phosphorylation of
the insulin receptor and insulin receptor substrate-1, controls glucogenesis by inhibiting the
expression of carboxy phosphoenolpyruvate carboxy-kinase and glucose 6-phosphatase
genes, regulates the expression of genes contributing to the pathways involved in insulin
signal transfer and glucose uptake, alleviates β cell damage caused by cytokines, and
improves insulin sensitivity [155]. On the other hand, theaflavin, whose highest content is
found in black tea, inhibits the activity of α-glucosidase, which lowers glucose production
in the intestine [157]. It was observed that rats with glucose intolerance receiving flavan-3-
ols showed improvement in terms of pancreatic islet functions, which suggests that the
compounds may act as cellular signaling molecules modulating the insulin output [158].
One of the proposed mechanisms of catechin activity entails increased cellular production
of ROS mediated by pro-oxidative EGCG, which leads to the activation of protein kinase
by adenosine monophosphate, which in turn inhibits the expression of genes, enzymes,
and transcription factors involved in adipogenesis and lipogenesis [159]. The effectiveness
of epicatechins depends on their concentration in the organism: high levels of epicatechins
can significantly reduce the production of ROS induced by H2O2 or by hyperglycemia in
β cells [160]. The cited authors also observed that epicatechins, even at lower doses, are
capable of restoring insulin secretion via the Ca2+/CaMKII pathway by activating GPR40
in pancreatic β cells. Komorita et al. [161] demonstrated, based on a study conducted in a
group of 4923 Japanese patients with type 2 diabetes, that consumption of high amounts
of green tea was corelated with lower mortality, which was related to the high supply of
phenolic compounds, particularly EGCG. In another study, after analyzing the dietary
habits of 40,530 Japanese subjects, it was found that the risk of death due to any cause was
15% lower for individuals consuming at least five cups of green tea a day, compared to
those consuming less than one cup a day [162].

The literature provides a few study reports pertaining to the impact of tea on organ-
isms with type 1 diabetes; the vast majority of publications (over 85%) have focused on
type 2 diabetes only. However, oxidative stress and inflammation both constitute physio-
logical markers common to both types of hyperglycemia. Type 1 diabetes is additionally
characterized by autoimmune reactions, which are closely connected to the emergence of
inflammation. Based on the available research, it can be concluded that a proper diet can
alleviate the effects of oxidative stress and inflammation, regardless of the type of diabetes.
Alleviation of inflammation can reduce the incidence of immune responses.
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6.1. Antioxidative Activity

Administration of a white tea extract to rats with hyperglycemia triggered a significant
increase in SOD, CAT, GPX, and GSC-Px levels as well as a decrease in MDA levels in
the liver and blood serum, which indicates stimulation of the synthesis of exogenous
antioxidative enzymes [126]. Similarly, in a study by Sharifzadeh et al. [127], the use of
green tea extract in rats with induced diabetes revealed that the experimental factor lowered
LPO and total thiol group content but did not influence the TAC level. In rats receiving
fructose for eight weeks, partial inhibition of the CuZnSOD and GPx activity was reported.
Prince et al. [114] explained the same by suggesting inhibition of the excessive superoxide
anion production due to the simultaneous administration of (-)-epicatechin. It should
be noted, however, that in this particular study, the measured parameters were similar
to those obtained in the control group. However, in another study conducted under the
same conditions by Calabró et al. [116], increased levels of antioxidative parameters were
reported in rats receiving (-)-epicatechins compared to animals receiving a diet containing
fructose dosed at 20 mg per 1 kg of body mass. A short-term exposure to oxidants increases
the activity of endogenic antioxidants, which suggests activation of defensive mechanisms
and adaptive cell response, but under the conditions of long-term oxidative stress, their
activity is clearly lowered due to the expulsion of antioxidative metals from active enzyme
centers [19,163]. Theaflavin administered to rats with induced diabetes lowered the levels
of lipid peroxidation markers as well as other oxidative stress markers, while increasing the
activity of antioxidative enzymes and exogenous non-enzymatic antioxidants [119,125,164].
During in vitro digestion of a water extract of matcha tea, polyphenols become more
bioavailable and are characterized by higher antioxidative and antidiabetic activity when
compared to sencha tea [165].

6.2. Anti-Inflammatory Activity

Studies conducted on isolated human coronary endothelial cells cultured on media
containing elevated levels of glucose as well as research conducted on C57BL/6 mice,
demonstrated the positive impact of (-)-epicatechin on the levels of glucose itself as well
as markers related to the biogenesis of mitochondria through the activation of eNOS
(endothelial nitric oxide synthase) under normal and simulated diabetic conditions [166].
The diet of Sprague Dawley rats receiving fructose in the form of 10% water solution for
eight weeks was supplemented by the addition of (-)-epicatechin, which eliminated or
alleviated the negative consequences of the high fructose intake, as evidenced by lowered
levels of inflammatory factors (NF-κB, TNFα, iNOS, IL-6, nuclear/cytosolic p65 ratio) in
the kidneys [114]. Administration of (-)-epicatechin (20 mg/kg bm) to rats receiving a 10%
water solution of fructose prevented the activation of NF-κB and the increase in the activity
of NADPH 4 (NOX4) oxidase in the renal cortex [116]. At the same time, the cited authors
concluded that the absence of changes in the activity of TRL-4 (actively involved in NF-κB
activation) in the renal cortex, both after the administration of fructose and (-)-epicatechin,
suggests that only internal factors (e.g., antioxidants) can affect the activation of NF-κB.
In a study by Mota et al. [123], it was reported that when Swiss mice injected with a
solution containing 300 mg of carrageenan with a view to inducing inflammatory response,
were administered orally or subcutaneously with an alcohol extract of green tea, the same
inhibited the migration of inflammatory cells to the peritoneum. It has been demonstrated
that EGCG inhibits the activity of the NF-κB factor, prevents the activation of the IκB kinase,
and consequently limits expression of the genes regulated by the factor [167]. The strong
anti-inflammatory (lowering of TNF-α, IL-1β, IL-6 levels) effects of pu-erh tea were shown
in a study conducted on hyperlipidemic rats and cells with inflammatory lesions [168].

Studies suggest that EGCG can affect the strength of both innate and adaptive abilities
of the immune system by influencing its regulation and increasing the number of regulator
T cells [149]. As autoimmune disorders are closely related to inflammation (studies empha-
size the role of T cells as the primary factors connecting inflammation and autoimmune
pathology) [169], it can be assumed that as inflammation markers are lowered due to the
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consumption of tea or polyphenols isolated therefrom, the organism’s immune sensitivity
is also decreased. It has been demonstrated that green tea can correct microbial dysbiosis,
influencing the growth of bacteria contributing to inflammatory states by facilitating the
development of beneficial bacteria, inhibiting the growth of harmful ones, or increasing the
production of desirable metabolites such as short-chain fatty acids [170]. Short-chain fatty
acids show anti-inflammatory and immunomodulatory properties [171]. Restoration of
intestinal microflora is necessary in the context of reducing the intensity of inflammatory
processes that stimulate autoimmune processes [172,173].

6.3. Immunomodulatory Activity

The available literature lacks information on the impact of tea consumption on the
presence of antibodies active against pancreatic β cells in type 1 diabetes patients. However,
patients with autoimmune diabetes often also show the presence of antibodies associated
with other coexisting autoimmune diseases including hypothyroidism (20%), coeliac dis-
ease (11%), Addison’s disease (2%), and autoimmune gastric mucositis (1%): anti-TPO,
anti-TG, anti-DGP, anti-TG, and anti-EMA [92,93]. Maintaining a correct diet by eliminating
some foods and including others can limit the release of such antibodies if the comorbidity
is confirmed, thus contributing to the overall improvement of the diabetes patient’s health.
The positive effects of tea consumption on the health of patients with various autoimmune
diseases have been confirmed in numerous studies [5,65,149,174,175].

The literature provides some information regarding the immunomodulatory prop-
erties of tea, particularly that of EGCG. EGCG shows the capacity to interact with and
modulate the bioavailability of the primary immunomodulating 33-amino acid peptide
originating from gluten, as demonstrated in in vitro studies [176]. The peptide, when
not bound to a chelator (e.g., EGCG), after the deamination of glutamine into glutamine
acid by way of tissue transglutaminase, binds with the antigen of the HLA-DQ2 or HLA-
DQ molecule. The complex is subsequently presented to T CD4+ lymphocytes, whose
activation is related to the production of cytokines such as IFN-γ, IL-2, -IL4, IL-10, and
TNF-α, and consequently, the emergence of inflammation that leads to the atrophy of
intestinal villi [174,176]. EGCG can control the expression of genes through epigenetic
modification [177].

7. Perspectives and Conclusions—Can Nutrigenomics Be the Future?

Even though patients with type 1 diabetes are genetically predisposed for the dis-
ease, it is believed that environmental factors stimulate the onset and progression of the
disease [178]. Epigenetic modifications, changes regulating the expression of genes, are
also important [179]. Of the latter, DNA methylation in the regions of the promoted genes
is the best understood change leading to gene inactivation, and the process is reversible
in the reaction of demethylation [180]. DNA analyses allowed for the identification of
88 methylation sites in B cells including those influencing genes related to the pathogenesis
of diabetes such as HLA and subunit β of the interleukin receptor 2 (IL-2Rβ), and in terms
of the entire genome of human pancreatic islets, 383 potential methylation locations have
been identified [179]. Studies indicate that micro-RNA can participate in the autoimmune
damage to β cells, regulation of the synthesis and release of insulin, and consequently, the
pathogenesis of type 1 diabetes [181].

Diet is an important factor influencing the course of type 1 diabetes and the emergence
of related complications. As green tea and EGCG show pleiotropic activity, one might con-
sider their possible application with a view to improving the quality of life of patients with
inflammatory conditions. Epidemiological studies revealed that Chinese and Japanese pop-
ulations, which traditionally consume large amounts of green tea, are among those with the
lowest incidence of type 1 diabetes in the world [182,183]. This may be due both to the high
antioxidative, anti-inflammatory, and immunomodulatory properties of tea polyphenols as
well as their modulatory impact on human DNA. It is known that bioactive ingredients of
food and diet supplements can alter molecular expression and/or genetic structure [184].
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It is possible to modify one’s diet in such a way to improve one’s health and reduce the
risk of many diseases. However, the effectiveness of nutrigenomics can be ensured only if
we understand the interactions between a given nutrient and specific genes in the given
organ or tissue. Only then will one be able to predict how an individual genetic system
(DNA transcribed on mRNA, and then proteins) will respond to a specific nutrient [184].
Nutrients can modify the expression of genes involved in the organism’s immune response,
either directly or through changes in intestinal microflora [179]. It has been demonstrated
that EGCG reduces the level of expression of DNA damage-induced transcript-3 (Ddit-3),
the marker of endoplasmic reticulum stress and its further signaling targets including
Cdkn1a as well as protein phosphatase 1, regulatory subunit 15A (Ppp1r15a) [185]. The
lowered expression of the mentioned markers facilitates better pancreatic function and
lower insulin resistance as well as higher β cell vitality [184]. In type 1 diabetes, there
is a deficiency of the insulin receptor substrate Irs-2, whereas EGCG stimulates higher
expression of Irs-2 as well as B protein kinase (Akt) and O1 protein (Foxo1) [185]. Due to
the modulation of the expression of CLL/lymphoma 2 from B cells (Bcl-2), EGCG protects
β cells by producing insulin before the onset of cytotoxicity induced by proinflammatory
cytokines [186].

Green tea and EGCG exert a positive health impact without significant side effects;
nonetheless, caution should be exercised as under some circumstances (genetic conditions,
medicines), the consumption of tea may in fact have adverse consequences, up to and
including liver damage. Gallo et al. [182] went as far as to conclude that in certain specific
cases, green tea may be a potential trigger for autoimmune hepatitis. The hepatotoxicity is
most likely a result of enzymatic interactions (alcohol dehydrogenase, P450 cytochrome, mi-
tochondrial enzyme) leading to cell damage and interference with the systems of biological
response and metabolic reactions [187]. However, studies demonstrating hepatoprotective
qualities of green tea are decidedly more common [19,188,189].

Type 1 diabetes develops only in 10–15% of individuals with the specific genotype
predisposing them to the disease [190], which further confirms the key impact of environ-
mental factors in the disease’s induction. One should consider more widespread promotion
of tea consumption by individuals genetically predisposed for diabetes, especially con-
sidering the drink’s low price, easy availability, overall benefits to human health, and
above all, the fact that it can be safely used over extended periods of time, regardless of the
patient’s age.
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165. Rusak, G.; Šola, I.; Vujčić Bok, V. Matcha and Sencha green tea extracts with regard to their phenolics pattern and antioxidant and
antidiabetic activity during in vitro digestion. J. Food Sci. Technol. 2021, 58, 3568–3578. [CrossRef]

166. Ramírez-Sánchez, I.; Rodríguez, A.; Moreno-Ulloa, A.; Ceballos, G.; Villarreal, F. (-)-Epicatechin-induced recovery of mitochondria
from simulated diabetes: Potential role of endothelial nitric oxide synthase. Diabetes Vasc. Dis. Res. 2016, 13, 201–210. [CrossRef]

167. Joo, S.Y.; Song, Y.A.; Park, Y.L.; Myung, E.; Chung, C.Y.; Park, K.J.; Cho, S.B.; Lee, W.S.; Kim, H.S.; Rew, J.S.; et al. Epigallocatechin-
3-gallate Inhibits LPS-Induced NF-κB and MAPK Signaling Pathways in Bone Marrow-Derived Macrophages. Gut Liver 2012, 6,
188–196. [CrossRef]

168. Deng, X.; Hou, Y.; Zhou, H.; Li, Y.; Xue, Z.; Xue, X.; Huang, G.; Huang, K.; He, X.; Xu, W. Hypolipidemic, anti-inflammatory, and
anti-atherosclerotic effects of tea before and after microbial fermentation. Food Sci. Nutr. 2021, 9, 1160–1170. [CrossRef] [PubMed]

169. Manzel, A.; Muller, D.N.; Hafler, D.A.; Erdman, S.E.; Linker, R.A.; Kleinewietfeld, M. Role of “Western diet” in inflammatory
autoimmune diseases. Curr. Allergy Asthma Rep. 2014, 14, 404. [CrossRef]

170. Pérez-Burillo, S.; Navajas-Porras, B.; López-Maldonado, A.; Hinojosa-Nogueira, D.; Pastoriza, S.; Rufián-Henares, J.Á. Green Tea
and Its Relation to Human Gut Microbiome. Molecules 2021, 26, 3907. [CrossRef] [PubMed]

171. Al Bander, Z.; Nitert, M.D.; Mousa, A.; Naderpoor, N. The Gut Microbiota and Inflammation: An Overview. Int. J. Environ. Res.
Public Health 2020, 17, 7618. [CrossRef] [PubMed]

172. Samriz, O.; Mizrahi, H.; Werbner, M.; Shoenfeld, Y.; Avni, O.; Koren, O. Microbiota at the crossroads of autoimmunity. Autoim-
mun Rev. 2016, 15, 859–869. [CrossRef]

173. De Luca, F.; Shoenfeld, Y. The microbiome in autoimmune diseases. Clin. Exp. Immunol. 2019, 195, 74–85. [CrossRef]
174. Dias, R.; Bergamo, P.; Maurano, F.; Aufiero, V.R.; Luongo, D.; Mazzarella, G.; Bessa-Pereira, C.; Pérez-Gregorio, M.; Rossi, M.;

Freitas, V. First morphological-level insights into the efficiency of green tea catechins and grape seed procyanidins on a transgenic
mouse model of celiac disease enteropathy. Food Funct. 2021, 12, 5903–5912. [CrossRef] [PubMed]

175. Westerlind, H.; Palmqvist, I.; Saevarsdottir, S.; Alfredsson Lars Klareskog, L.; Di Giuseppe, D. Is tea consumption associated with
reduction of risk of rheumatoid arthritis? A Swedish case-control study. Arthritis Res. Ther. 2021, 23, 209. [CrossRef] [PubMed]

176. Dias, R.; Brás, N.; Fernandes, I.; Pérez-Gregorio, M.; Mateus, N.; Freitas, V. Molecular insights on the interaction and preventive
potential of epigallocatechin-3-gallate in Celiac Disease. Int. J. Biol. Macromol. 2018, 112, 1029–1037. [CrossRef] [PubMed]

177. Huynh, N.B. The Immunological Benefits of Green Tea (Camellia sinensis). Int. J. Biol. 2017, 9, 10–17. [CrossRef]
178. Berná, G.; Oliveras-López, M.J.; Jurado-Ruíz, E.; Tejedo, J.; Bedoya, F.; Soria, B.; Martín, F. Nutrigenetics and nutrigenomics

insights into diabetes etiopathogenesis. Nutrients 2014, 6, 5338–5369. [CrossRef]
179. Akil, A.A.; Jerman, L.F.; Yassin, E.; Padmajeya, S.S.; Al-Kurbi, A.; Fakhro, K.A. Reading between the (Genetic) Lines: How Epige-

netics is Unlocking Novel Therapies for Type 1 Diabetes. Cells 2020, 11, 2403. [CrossRef]
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