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Abstract: Diabetes is a serious chronic metabolic disease that causes complications over time, bringing
serious public health challenges that affect different countries across the world. The current clinical
drugs for diabetes may lead to adverse effects such as hypoglycemia and liver and abdominal
distension and pain, which prompt people to explore new treatments for diabetes without side effects.
The research objective of this review article is to systematically review studies on vitamins and
diabetes and to explain their possible mechanism of action, as well as to assess the role of vitamins as
drugs for the prevention and treatment of diabetes. To achieve our objective, we searched scientific
databases in PubMed Central, Medline databases and Web of Science for articles, using “vitamin”
and “diabetes” as key words. The results of numerous scientific investigations revealed that vitamin
levels were decreased in humans and animals with diabetes, and vitamins show promise for the
prevention and/or control of diabetes through anti-inflammation, antioxidation and the regulation
of lipid metabolism. However, a few studies showed that vitamins had no positive effect on the
development of diabetes. Currently, studies on vitamins in the treatment of diabetes are still very
limited, and there are no clinical data to clarify the dose—effect relationship between vitamins and
diabetes; therefore, vitamins are not recommended as routine drugs for the treatment of diabetes.
However, we still emphasize the great potential of vitamins in the prevention and treatment of
diabetes, and higher quality studies are needed in the future to reveal the role of vitamins in the
development of diabetes.
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1. Introduction

Diabetes is a chronic metabolic disorder syndrome that is characterized by hyper-
glycemia and insulin resistance [1]. It is not only a severe driver of chronic metabolic
diseases such as cardiovascular diseases (CVDs); it is also associated with many compli-
cations, such as diabetic kidney disease, diabetic retinopathy and diabetic neuropathy [2].
Although people have paid enough attention to the treatment of diabetes, its incidence has
remained high in recent years. The latest edition of the International Diabetes Federation
(IDF) Diabetes Atlas indicates that, if diabetes continues to be poorly treated, the amount
of people with diabetes will grow rapidly to 693 million, accounting for 9.9% of the world’s
population by 2040 [3].

Depending on the causes, symptoms and treatment, diabetes is generally divided
into three categories: type 1 diabetes (TIDM), type 2 diabetes (T2DM) and gestational
diabetes mellitus (GDM). T1DM is considered to be a class of autoimmune diseases for
which the hallmark feature is to elevate blood glucose concentrations due to the loss of
insulin-producing pancreatic 3-cells. T2DM, one of the most common metabolic disorders,
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is caused by a combination of two primary factors: defective insulin secretion by pancreatic
-cells and the inability of insulin-sensitive tissues to respond appropriately to insulin.
However, the cause of T2DM is complex and related to genetics and environment. GDM is
an abnormal situation during pregnancy since the hormones made by the placenta prevent
the body from using insulin effectively, it usual returns to normal after delivery [4]. At
present, the management of diabetes involves the use of pharmacological agents such as
oral hyperglycemia drugs and insulin injections. However, such treatments show limited
efficacy, with longitudinal studies demonstrating that they would lose activity on glycemic
control over time and may result in adverse effects, such as hypoglycemia and weight
gain [5]. The limitations of current pharmacological treatments have prompted scientists to
study the mechanism of diabetes and explore novel drugs. Evidence from epidemiological
studies has shown that people with diabetes tend to have lower levels of micronutrients
than healthy people; this finding has led to the renewed consideration of and focus on the
relationship between micronutrients and diabetes. It has been reported that, when the level
of 25(OH)VD in the blood is lower than normal, this results in the pancreatic 3-cells being
damaged [6]. Furthermore, the finding of vitamin D receptors on pancreatic (3-cells has
also promoted searches into the role of vitamins in the pathogenesis of the disease [7]. It is
generally believed that the occurrence of T2DM is caused by the inflammatory stimulation.
Therefore, it is reasonable that vitamin C, as a well-known antioxidant nutrient, can relieve
the symptoms of diabetes by reducing the level of oxidative stress in the human body [8].
Vitamin A and its metabolites have been shown to play important roles in the regulation of
glucose and lipid metabolism, implying VA’s potential role in the prevention and treatment
of diabetes [9].

Although many studies have found an association between micronutrients and dia-
betes, it is not yet clear how vitamins affect diabetes, and whether micronutrient deficiency
is a cause or a consequence of diabetes is still unknown. The aim of this review, therefore,
is to collect the evidence surrounding the role of vitamin supplements in the management
of diabetes and summarize the pathways of action that help guide current clinical practice.

2. Methods
Data Sources and Data Extraction

Systematic searches of the literature were conducted to locate peer-reviewed publica-
tions, using key terms including vitamins A-D and K, diabetes mellitus and the prevention
and treatment of diabetes mellitus. The literature search was performed in the databases
PubMed Central, Medline databases and Web of Science. Only peer-reviewed articles
in which the titles and abstracts involved the previously listed key terms were selected.
Publication selection included articles available from 1980 to 2023. (The research process is
shown in Figure 1, and the literature is summarized in Table 1.)

Table 1. Summary of the association between different types of vitamins and diabetes.

Reference Study Type Subjects Conclusion (Key Finding)
Vitamin A
Postmenopausal women, aged 50-79 y, Lower risks of diabetes were associated
[10] Cohort study n=153 with a higher intake of - and f3-carotene.

Carotenoids are known to have
antioxidant functions, which may

[11] Prospective study Human, n = 37,846 underlie the observed inverse
associations with diabetes.
Supplementation with «-tocopherol or
Randomized _ [-carotene had no preventive effect on
[12] controlled trial Male smokers aged 50-69 y, n = 29,133 the risk of type 2 diabetes in middle-aged

male smokers.

Adults without cardiovascular disease, [3-carotene was not associated with the

[13] Prospective study aged 45-84 y, 11 = 6814 risk of T2D.
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Table 1. Cont.

Reference

Study Type

Subjects

Conclusion (Key Finding)

[14]

Prospective cohort
study

Healthy Japanese, aged 40-79 y, n = 19,168

A higher dietary intake of fat-soluble
vitamins K and E, but not vitamin A or D,
was associated with lowered risk of type
2 diabetes among the Japanese
population.

[15]

Prospective cohort
study

Adults (8537 men and 8577 women),
n=17,111

The adequate intake of vitamin A may
help protect against diabetes, especially
in men.

[16]

Animal experiment

Dietary VA deficiency model mice

VA deficiency induced pancreatic islets
dysfunction by activating the ISC
population.

[17]

Animal experiment

C57BL/6, LRAT—/ — (lecithin retinol
acyltransferase null)

VA is essential for the maintenance of
[3-cell functions in adult pancreas.

(18]

Prospective study

Prediabetes, n = 1011

A U-shaped relationship existed between
serum retinol-binding protein 4 levels
(>55 ng/mL or <31 pg/mL) and the risk
of incident type 2 diabetes in subjects
with prediabetes.

[19]

Animal experiment

Transgenic mice expressing human RBP4

Retinol-binding protein 4 represses
insulin synthesis through the
STRA6/JAK2/STAT1/ISL-1 signaling
pathway.

Vitamin B

[20]

Randomized
controlled trial

Patients with diabetes, n = 31

The combined administration of vitamins
B1 and B6 to diabetic nephropathy
patients causes a decrease in DNA
glycation in leukocytes.

[21]

Cross-sectional
study

Microalbuminurics type 2 diabetics (1 = 20),
healthy individuals, n = 20,
macroalbuminuric type 2 diabetics, n = 20

Thiamine levels were reduced in the
diabetic population, and this reduction in
thiamine levels was negatively correlated
with the lipid profile in microalbuminuric
diabetics.

[22]

Animal experiment

Vitamin Bé6-deficient rats

Vitamin B6 supplementation could
normalize urinary 3-hydroxykynurenine
and xanthurenic levels in rats.

[23]

Cross-sectional

studies, animal

experiment, cell
experiments

Participants (BMI 20-68 kg/ m?); 3T3-L1,
SAT and VAT adipocyte cells

These results support the notion that the
in situ production of PLP is required for
physiological adipogenesis.

[24]

Cell experiments

3T3-L1 adipocyte cells

Vitamin B6 can act as an activator for
PPARYy, which may contribute to the
antitumor and anti-inflammatory effects
of vitamin B6.

[25]

Animal experiment

Mice with high-fat diet (HFD)

Vitamin B6 protects endothelial function
and improves insulin resistance, and low
Vitamin B6 status might be a risk factor
for NAFLD.

Vitamins C and E

[26]

Meta-analysis

Type 2 diabetic patients and vitamin C as
key words

There is no adequate evidence to support
vitamin C supplementation for
dyslipidemias in diabetic patients.
Specific groups of patients might have
benefited, including younger

diabetic patients.

[27]

Meta-analysis

Randomized controlled trials related to
diabetes

Vitamin C supplementation may be
potentially effective for improving
glycemic control and BP in people with
type 2 diabetes.
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Reference

Study Type

Subjects

Conclusion (Key Finding)

[28]

Meta-analysis

Randomized controlled trials related to
diabetes

The administration of chromium, CoQ10,
vitamin C and vitamin E as add-on
supplements for patients with T2DM
resulted in significant effects on
important glycemic control parameters.

[29]

Randomized
controlled trial

T2DM male patients, n = 40

Antioxidant vitamin supplementation
(VC/VE) can improve the clinical status
of type 2 diabetes mellitus and reduce or
prevent the pathogenesis and
complications of diabetes.

Randomized
controlled trial

Type 2 diabetic patients, n = 50

Vitamin C may have beneficial effects on
HDL-C in diabetic patients, without
having significant effects on plasma
glucose or other lipid parameters.

Randomized
controlled trial

Patients with T2DM mellitus, n = 70

Vitamin C is a powerful adjunct to the
treatment of T2DM.

Randomized
controlled trial

T2DM patients, n = 40

Chronic vitamin C administration has
beneficial effects upon glucose and lipid
metabolism in aged
non-insulin-dependent (type II) diabetic
patients.

Animal experiment

Diabetic rats

Vitamin E can regulate the activity of
phospholipase A(2) and PLA(2), reduce
the production of reactive oxygen species
and destructive oxides and maintain the
fluidity of liver cell membrane in
diabetic rats.

[34]

Animal experiment

Male Wistar rats

Antioxidants (VC) reduce insulin
resistance induced by
obesity/dyslipidemia in humans.

[35]

Animal experiment

OB/OB mice

Vitamin C supplementation can decrease
insulin glycation and ameliorate aspects
of the obesity—diabetes syndrome in
ob/ob mice.

[36]

Randomized
controlled trial

Participants with least three features of
metabolic syndrome, n = 80

Combined supplementation of
a-tocopherol AT + y-tocopherol GT was
able to reduce oxidative and nitration
stress and inflammation levels in subjects
with metabolic syndrome.

Meta-analysis

Vitamin C + glucose + insulin + HbAlc

Age, baseline BMI, plasma glucose levels
and effect size were the modifiers of the
effect of vitamin C on insulin
concentration.

Vitamin D

[38]

Retrospective study

Children with T1DM, n = 1148

The study supports the concept of
seasonality in TIDM diagnosis, implying
a possible relationship between clinical
expression of TIDM and various climatic
factors.

[39]

Retrospective study

Children with diabetes, n = 2166

There is a significant seasonal variation in
the incidence of T1DM in Danish
children, which may be related to virus
prevalence, sun exposure or vitamin

D levels.

[40]

Prospective study

Pregnant women, n = 2658

The polymorphisms of the VD metabolic
pathway gene were associated with
gestational 25(OH)D, and the associations
differ by seasons and VD supplements.
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Table 1. Cont.

Reference Study Type Subjects Conclusion (Key Finding)
Activation of VDR combined with the
Cell . t dismissal of the BAF complex is able to
[41] o experiment; Db/db mice; 3 cell improve B-cell function and thereby
Animal experiment glucose homeostasis in an
inflammation-driven diabetes model.
This is the first study highlighting the
unprecedented role of 1,25-D3
[42] Animal experiment Insulin resistance rat model (short-term effect) in the regulation of
glucose homeostasis and on the
prevention of insulin resistance.
Sustained serum 25-(OH)D
Randomized concentrations with cholecalciferol
[43] c oﬁﬁoﬁgz’;i al Children with T1D, n = 42 supplementation for one year improves
metabolic control and slows the decline
of RBCF in children with TIDM.
Oral vitamin D may serve as an adjuvant
Randomized . . _ to insulin therapy for children with
[44] controlled trial Children with T1D, 7 = 52 T1DM by augmenting residual beta-cell
function and improving insulin secretion.
Among persons at high risk for T2DM
not selected for vitamin D insufficiency,
Randomized : . _ vitamin D3 supplementation at a dose of
[45] controlled trial Adults with prediabetes, n = 2423 4000 IU per day did not result in a
significantly lower risk of diabetes than
the placebo.
Pancreases from vitamin D-deficient rats
exhibited a 48 percent reduction in
[46] Animal experiment Vitamin D deficiency rats insulin secretion cpmpgred to th?t for
pancreases from vitamin D-deficient rats
that had been replenished with
vitamin D.
Vitamin D supplementation significantly
Randomized improves peripheral insulin sensitivity
[47] anaomizel Participants with T2DM, n = 96 and B-cell function, suggesting that it
controlled trial . . > - .
may slow metabolic deterioration in this
population.
Vitamin K
Cross-sectional Men (aged 55-80), women Increasir}g dietary Phylloquinone intake
[48] analvsis (aged 60-80 years), 1 = 568 reduces inflammation and
Yy 8 y ’ inflammation-related molecules.
Cross-sectional Phylloquinone has beneficial effects on
[49] analysis Human, aged 26-81, n = 2719 glucose homeostasis in both men and
women.
Prospective cohort Phylloquinone and menaquinones
[50] P study Human, aged 20-70 y, n = 38,094 intakes may be associated with a reduced
risk of T2DM.
Appropriate supplementation of vitamin
. K can regulate insulin metabolism, and
[51] Cgﬁgiﬁggﬁil Man, aged 21, n =12 the increase in vitamin K intake is
associated with the decrease in
immunoreactive insulin.
Randomized _ Vitamin K2 may have a role in enhancing
[52] controlled trial Healthy man, n = 42 insulin sensitivity in healthy men.
- Mondian Patens i M 0 oy [0 el VK concntrtion my
randomization participants without diabetes, n = 51,336 T2DM at the genetic level.
Osteocalcin could promote (3-cell
[54] Animal experiment C57BL/ 6], fill with osteocalcin proliferation and insulin secretion, as

well as increase insulin sensitivity.
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Table 1. Cont.

Reference

Study Type

Subjects

Conclusion (Key Finding)

[55]

Cell experiment

Human monocytic THP-1 and mouse

RAW264.7 cells

The anti-inflammatory activity of vitamin
K is mediated via the inactivation of the
NF«B signaling pathway.

[56]

Animal experiment

Sprague Dawley rats

Long-term intake of vitamin K2 in SD
rats significantly reduced total fat mass
and serum glyceride levels, thereby
alleviating insulin resistance.

| | Database |

Screening

Analysis process

PubMed Central
Medline databases
Web of Science

—

Vitamin A, B, C, D, E, K
and / or Diabetes

Duplicate records removed

l

Records excluded based on
title and abstracts

Literature classification

Records sorted according to
the type of vitamin(n=56)

Biological functions

4

Vitamin and Diabetes

The results of different types

Cross-sectional study
Retrospective study
Prospective study
Case-control study

of studies were analyzed

trial
Animal experiments
Cell experiments

Di ion on i
of action

A
eskness D@_’

i

A
e 0@—'

1]

Anti-inflammatory activity

Anti-oxidant activity

Immunomodulatory

Lipid metabolism

Pancreatic p-Cell

Glycolysis

STRA6/JAK2/STAT1/ISL-1 signaling pathway
KYN-NAD signaling pathway

Short duration of micronutrients intervention
Small sample size

Lack of uniform biomarkers

Incompleted statistical methods

Multi Iti-ethnic, 1 le and
2 , large-samp!

high-quality clinical intervention studies are

still needed

Multi

combination, machine learning and other
tools were used to mine and analyze research
data

Results

4
Conclusions ,—>

Results of numerous scientific investigations
revealed that vitamins are effective in
preventing and treating diabetes. However, a
few studies showed that vitamins had no
positive effect on the development of
diabetes

We emphasize the great potential of vitamins
in the prevention and treatment of diabetes,
but they are not recommended as routine
prevention and treatment for diabetes at this
stage

Figure 1. The literature screening and research process of vitamins and diabetes.

3. Results and Discussion

3.1. Vitamin A

3.1.1. Biological Functions

Vitamin A (VA) is the first micronutrient to be discovered. VA refers to all compounds
with the biological activity of retinol. As an essential nutrient, VA is important for cell
division and organ and skeletal growth and maturation [9]. VA deficiency has several
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adverse consequences at different stages of life. Generally, infants require increased VA to
support rapid growth and help combat infections. During childhood, mild VA deficiency
leads to increased risk and severity of infectious disease morbidity, possibly by altering
the structure and function of the immune system. Severe VA deficiency can affect a
person throughout his/her whole life by leading to night blindness, anemia and weakened
resistance to infections [57]. There are two dietary sources of VA supplementation, one being
retinol, which can be obtained directly from animal foods, including dairy products, liver
and fish oil; the other is carotenoids, which are widely found in plant foods, which can be
converted into retinol in vivo, including (3-carotene, x-carotene, etc. [15]. The link between
VA and metabolism was first discovered from observational studies of liver biopsies that
T2DM patients showed two times-higher levels of hepatic VA content compared to healthy
individuals [58]. Subsequently, the association between VA and diabetes was evaluated in
different countries.

3.1.2. Vitamin A and Diabetes

The Association of Nutrients and Epidemiology study in the United States found an
inverse association between [3-carotene intake and the risk of diabetes, and similar results
were found in a large cohort study in the Netherlands involving 37,846 people [10,11].
However, the studies from Europe and United States found that there was no significant
association [12,13]. The studies were conducted in American and European populations,
whose diet is characterized by higher consumption of animal products and refined grains,
in conjunction with lower consumption of vegetables and fruits. The same contradiction
arises in Eastern populations with plant-based diets; for example, a prospective cohort
study in Japan reported the relation between fat-soluble vitamins and the risk of T2DM in
19,168 healthy Japanese people aged 40-to-79 years old, and the results show that dietary
VK and E were inversely associated with diabetes, but there was no significant association
with dietary VA or VD [14]. In contrast to the Japanese study, an epidemiological study
in China that lasted 26 years found that higher dietary intakes of total vitamins were
associated with a lower risk of diabetes in both men and women, and dietary retinol intake
was inversely related to a diabetes risk in men. The author argued that there may be a
ceiling effect of total VA on the prevention of diabetes because the inverse association
between VA intake and diabetes risk was only significant in the Chinese population with
low VA intake, which was much lower than the VA intake in Japanese subjects [15].

Many studies have attempted to explain the possible mechanisms of how VA affects the
development of diabetes. As mentioned above, VA shows an influence on cell development,
including pancreatic cells, meaning that it is useful for the production of insulin. Animal studies
showed that VA deficiency could lead to the loss of pancreatic 3-cell mass and reduced
insulin secretion, thereby causing hyperglycemia by inducing [3-cell apoptosis [16,17]. On
the other hand, retinol-binding protein 4 (RBP4), the primary circulating retinol transporter
that delivers retinol from the liver to peripheral target tissues, had been found to have a
positive U-shaped correlation between its level and the risk of T2DM, with the lowest risk
in the range of 31 to 55 ug/mL RBP4 [18]. RBP4, which plays a previously unrecognized
pathophysiological role in 3-cell dysfunction in T2DM by repressing insulin synthesis
through the STRA6/JAK2/STAT1/ISL-1 signaling pathway, may be selected as a promising
therapeutic target for the treatment of 3-cell dysfunction in T2DM [19]. In addition, VA
exerts its antioxidant function by activating transcriptional networks controlled by retinoic
acid receptors (RARs) and retinoic acid X receptors (RXRs) through retinoic acid (RA),
which helps diabetic patients reduce the level of free radicals in the body and thus relieve
inflammation [59].

The studies shown here appear to suggest that there is an association between the VA
level and the development of diabetes, but the results are contradictory for different studies.
Whether this phenomenon is associated with a different dietary structure, environment or
statistical methods remains to be studied; thus, more studies on the association between
VA and diabetes are needed to draw a firm conclusion in the future.
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3.2. B Vitamins
3.2.1. Biological Functions

B group vitamins, just as the name implies, are a group of compounds. It must be
supplemented every day since it can only stay in the body for a few hours as a kind of
water-soluble vitamin. As the dispensable nutrients for all human tissues, B vitamins
act as coenzymes to participate in the metabolism of sugar, protein and fat. The lack of
any B vitamins has negative impacts on the mitochondrial metabolism of amino acids,
glucose and fatty acids through the citric acid cycle and electron transport chain [60].
Vitamin B (VB) was once believed to be a single organic compound like vitamin C, but later
studies showed that it was actually a group of compounds with different structures named
separately, including vitamins B1 (thiamine), B2 (riboflavin), B3 (niacin), B5 (pantothenic
acid), B6 (pyridoxine), B12 (cyanocobalamin), B9 (folate) and B7 (biotin) [61]. Although B
vitamins are complementary and follow the “cask theory”, they show their own effects [60].
Many of them have been found to be associated with diabetes, but the current evidence is
still weak.

3.2.2. B Vitamins and Diabetes

VB1 was discovered as the first vitamin and was isolated in 1926 [62]. One research
study on PubMed related to “thiamine” and “diabetes” dated back to 1947; it described
thiamine deficiency in diabetic rats as compared to healthy rats [63]. In the past decades,
there have been sporadic reports. According to Polizzi et al., people with diabetes and
nephropathy exhibited elevated levels of DNA glycation in their leukocytes. However, the
levels of DNA glycation decreased after a five-month treatment involving thiamine and
pyridoxine supplements [20]. In a cross-sectional investigation, thiamine levels were shown
to be lower in people with diabetes compared to healthy controls, diabetes patients with
microalbuminuria and diabetes patients with macroalbuminuria. An inverse relationship
has also been discovered between thiamine levels and lipid profile in microalbuminuria [21].
Although there was possible selection bias in some of the studies, the results were consis-
tent across the different thiamine markers, suggesting that the requirement of thiamine
was higher in individuals with diabetes compared to those without diabetes [64]. Thi-
amine diphosphate (TDP), the active form of thiamine, may play an important role in
this process. TDP, as a coenzyme for transketolase (TK), the pyruvate-dehydrogenase
complex and a-ketoglutarate dehydrogenase, plays a fundamental role in intracellular
glucose metabolism. In particular, TK is able to shift excess fructose-6-phosphate and
glycerhaldeyde-3-phosphate from glycolysis into the pentose phosphate shunt and then
eliminate these potentially damaging metabolites from the cytosol [64].

Pyridoxine (B6) is another vitamin that has been reported to be more associated with di-
abetes. There are six common forms of vitamin B6, namely pyridoxine (PN), pyridoxal (PL),
pyridoxamine (PM) and their related 5'-phosphate derivatives (PNP, PLP and PMP) [65].
PLP concentrations are usually measured to assess the level of vitamin B6 in vivo. It has
been reported that PLP deficiency could impact diabetes in different ways. For example,
Oxenkrug proposed that dysregulation of the tryptophan-kynurenine and kynurenine—
nicotinamide adenine dinucleotide metabolic pathways is one of the mechanisms of insulin
resistance (IR), while PLP acts as a key enzyme in the kynurenine-nicotinamide pathway,
which could be impaired and lead to xanthinic acid over-formation, causing IR when PLP
is deficient [22,66]. Another hypothesis is that PLP may impact on insulin resistance by
regulating lipid metabolism, and it has been proposed that PLP might activate peroxisome
proliferator-activated receptor-y (PPAR-y), one of the master nuclear receptors involved
in the expression of adipogenesis genes [23]. Finally, there is evidence supporting the
idea that PLP deficiency increases homocysteine levels. Elevated homocysteine levels are
associated with obesity and impair endothelial function, leading to lipid accumulation
in the liver, which, in turn, leads to metabolism abnormalities that form IR [25,67,68]. It
is noteworthy that metformin is one of the first-line treatments for T2DM, but the risk of
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cobalamin deficiency is raised by the long-term use of metformin. Therefore, it is necessary
to ensure an adequate amount of vitamin B12 for people with T2DM [69].

In summary, although some studies have reported the association between B vitamins
and diabetes, the overall studies are not thorough, and the intervention time of VB is
generally short, so there is a lack of convincing evidence. In the future, we still need to
design studies with more details to explore the effects of B vitamins on diabetes. Given
the complementary effect of B vitamins, the effect of the overall intake of B vitamins on
diabetes should also be considered in the daily diet, rather than being limited to a single
B-vitamin member.

3.3. Antioxidant Vitamins C and E
3.3.1. Biological Functions

Vitamin C (VC, ascorbic acid) is a potent water-soluble antioxidant; it can act as
an electron donor that scavenges reactive oxygen species (ROS) and reactive nitrogen
species (RNS) to reduce oxidizing agents, and it neutralizes free radicals to protect DNA,
proteins and lipids from damage [70]. In addition, it replaces glucose in many biochemical
reactions due to their structural similarity and prevents non-enzymatic glycosylation [71].
Vitamin E (VE) refers to a family of fat-soluble compounds that includes tocopherol and
tocotrienol, also known as «-tocopherol. VE, as a putative radical scavenger, is probably the
most important inhibitor of radical-induced lipoprotein lipid peroxidation [72]. This lipid-
soluble agent can readily cross cell membranes and exert its effects both intracellularly and
in membranes. In addition, it can extinguish single oxygen species, as well as terminate free
radical chain reactions [29]. Oxidative stress is a state of imbalance between oxidation and
antioxidation in the body. Studies have found that markers of oxidative stress are elevated
in patients with diabetes and have confirmed that oxidative stress can stimulate insulin
secretion and glucose metabolism [70,73-76]. As our understanding of diabetes has grown,
it has become evident that oxidative and nitrosative redox alterations are underlying factors
in the pathogenesis of diabetes and their associated health complications [77]. Consequently,
antioxidant supplements have been proposed as one of the means of diabetes treatment.
Undoubtedly, VC and VE, as well-known antioxidants, have also become the focus of
diabetes research [29].

3.3.2. Vitamins C and E and Diabetes

The levels of blood glucose and HbA1C are a central measure of risk of diabetes and
its complications [28]. According to a meta-analysis that collected data from 1980 to 2020,
although there is no adequate evidence to support VC supplementation for dyslipidemias in
diabetic patients, VC supplementation can reduce the levels of FBS and HbA1C, especially
in younger diabetic patients [26]. Over the past 5 years, at least three similar meta-analyses
have demonstrated that VC supplementation effectively reduced the levels of fasting
glucose and HbA1C in patients [27,28,78]. Similarly, VE has also been found to be effective
in the management of T2DM. Several randomized controlled trials provided evidence
that the effects of VC and VE can restore insulin, lipid profile, fasting blood sugar (FBS),
homeostasis model assessment of insulin resistance (HOMA-IR), reduced glutathione
(GSH) and Quantitative Insulin Sensitivity Check Index (QISCI) to novel values. Moreover,
the author suggested that these possible protective effects of VC and VE may be mediated
through increasing QISCI and improving the non-enzymatic antioxidant system [29-31,79].
Fox example, the studies observed deceases in plasma concentrations of ROS and oxidative
stress with an increase in VC concentration, concomitant with improved insulin sensitivity,
after VC supplementation in patients with T2DM [32,80]. In addition, Rhee et al. found
that superoxide radical concentrations in the liver of streptozotocin-induced diabetic rats
were significantly higher than those of control livers. VE supplementation reduced liver
superoxide radical concentrations in a dose-dependent manner [33]. Changes in redox
signaling promote the attenuated activation of stress signaling pathways (including NF-«B,
JNK and MAPK)), and this finding has been verified by in vitro and animal studies [33,81,82].
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Overall, the antioxidant properties of VC and VE may improve insulin sensitivity by altering
oxidative stress signaling, but more clinical trials are needed to confirm this evidence.

On the one hand, it has been reported that VC and VE can control the symptoms
of hyperglycemia in diabetic patients by reducing lipid peroxidation and decreasing the
glycation of insulin in the pancreas, thus indicating that the ways that antioxidant VC
and VE supplements can improve the symptoms of diabetes were complex and multi-
directional [35,36]. Significantly, VC is one of the effective reducing agents in the body
which plays a key role in scavenging free radicals and protecting and maintaining the
reduction of some important substances such as VE and GSH [83]. For instance, VC reduces
tocopherol radical formed during lipid peroxidation back to x-tocopherol and, thus, may
protect against lipid peroxidation in part by regenerating alpha tocopherol. It was found
that VC-deficient rats have been found to have decreased levels of VE in their tissue, along
with increased lipid peroxidation, suggesting that VC-reduction protection of VE has been
working in the body [84]. Therefore, the interaction between VC and VE probably serves as
an important network of redox regulation within body cells and tissues.

It should be emphasized that antioxidant treatment has been widely shown to be effec-
tive in reducing oxidative stress and improving insulin resistance and glycemic outcomes
in rodent models and in cell-based experiments. However, the study findings showed that
antioxidant treatments in humans were not always effective, and, in some cases, they even
showed adverse effects. The reason for this may be related to the subjects: a meta-analysis
of studies examining the effects of VC administration on glucose, HbAlc and insulin
concentrations selected in the databases PubMed, Embase, Scopus and Cochrane Library
showed that patients with diabetes and older participants, as well as studies with longer
durations, had relatively greater reductions in glucose levels [37].

Beyond that, it is affected by the baseline vitamin levels of the subjects. We found that
VC-deficient patients showed significantly greater improvement in HbA1C and greater
reduction in plasma oxidative stress after VC supplementation compared with participants
with normal VC status [27]. Finally, the dose of vitamin supplementation must be con-
sidered. While most studies recommend discreetly supplementing with 500-1000 mg of
VC per day, individuals with (3-thalassemia and/or end-stage renal disease should aim
for lower levels of intake under medical supervision to avoid potential harm [85]. On the
other hand, infections or sepsis common in diabetics may require a greater VC intake to
achieve and maintain optimal concentrations [86,87]. Therefore, we are more in favor of the
rational choice of antioxidant vitamin supplements for personalized treatment of patients
with diabetes according to their physical conditions, rather than blindly supplementing
with mythical VC and VE products.

3.4. Vitamin D
3.4.1. Biological Functions

Over the past 100 years, many major breakthroughs and discoveries have occurred
in relation to vitamin D (VD). For a long time, VD has been mistaken for VA to prevent
the symptoms of rickets. It was not until 1922 that McLean et al. conducted a set of
dietary experiments and realized that it was in fact a new vitamin, which has been called
the “fourth vitamin”, that is, vitamin D [88]. After 1930, the chemical structure of VD
was determined, and the chemical properties of VD2 and VD3 were clarified in 1932
and 1936, respectively [89]. In 1972, 1,25(OH),D, the active metabolic form of vitamin D,
was discovered and found to be effective in preventing osteoporosis by promoting the
absorption and circulation of calcium and phosphorus through three pathways [90-92].

VD’s development has caused qualitative changes in the last 20 years. People are
no longer limited to its role in promoting the absorption of calcium and phosphorus;
they have gradually recognized that VD is a hormonogen, and its receptor (VDR) is
widely distributed throughout the brain, heart, pancreas, B lymphocytes and other tissues.
Deficiency of vitamin D may cause many diseases, including hypertension, colon cancer
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and diabetes [93-95]. Thus, the use of VD supplements has been proposed as a potential
intervention for reducing diabetes risk.

Vitamin D is usually obtained from food, but few natural foods contain enough of
VD; cod liver oil and oily fish are considered to be rich sources, while easily available milk
or breast milk contains only trace amounts of VD [96]. Most VD, in fact, comes from our
own skin, with which we convert 7-dihydrocholesterol into pre-VD that is subsequently
transported to the liver. Here, VD is hydroxylated by liver 25-hydroxylase (CYP2R1). The
resulting 25(OH)D3 is then hydroxylated in the kidney by 1-a-hydroxylase (CYP27B1),
generating the active hormone 1,25(0OH),D [97].

3.4.2. Vitamin D and Diabetes

VD insufficiency has long been suspected to be a risk factor for diabetes, and this theory
has been supported in some observational studies. It has been reported that there were
significantly more children with diabetes born during the spring-summer than in autumn—
winter in Greece during the period 1978-2008 [38]. Similarly, seasonal variation was also
observed with cases increasing during the cold months in Germany [98], Denmark [39] and
China [40]. In addition, statistics found that Sardinia and Finland are the two regions with
the highest incidence of T1D in the world, and there are also seasonal patterns [99]. The
researchers believed that latitude and solar radiation showed influence in the incidence of
TD, and VD was the first factor affected by both elements. It was also confirmed by the
World Health Organization Diabetes Mondiale, which analyzed the data of children aged
0-14 years between 1990 and 1999 and found that seasonal variation in T1D incidence rates
in children under 15 years of age was a real phenomenon [100]. However, these are only
hypotheses based on observation; other factors, such as sedentary behaviors, winter colds,
lifestyle changes, etc., may also be contributing to this outcome. In light of this, genetic
studies have also searched for a link between TD and the VD system. The United Kingdom
reported that genetic variations in CYP27B1, a key enzyme involved in VD metabolic
enzymes, affects susceptibility to T1D [101]. In addition, DHCR7 and CYP2R1 have also
been found to be linked to T1D [102], whereas the largest study to date found no association
between several VDR-gene single nucleotide polymorphisms (SNPs) and T1D [103]. Thus,
epidemiology points towards a role for the VD system in the onset of TD, but the genetic
data are conflicting. In order to verify this, more controlled intervention experiments have
been conducted. Determining how to prevent (3-cell exhaustion under diabetic conditions
is a major therapeutic challenge. Wei et al. used a compound named IBRD9 in combination
with VD to treat T2DM mice and found that IBRD appeared to increase the activation of VD
receptors, thereby improving the survival of be (3-cells, and this combination treatment has
been shown to return blood sugar to normal levels in diabetic mice [41]. In addition, Mendes
etal. investigated the short-term effect of 1,25(OH), D3 and cholecalciferol on the glycemia
and insulin sensitivity of control and dexamethasone-induced insulin-resistance rats, and
the results showed that 10,25(OH), D3 (short-term effect) plays an unprecedented role in
regulating glucose homeostasis and preventing insulin resistance [42]. The effectiveness of
animal studies has also led to interest in clinical research. Panjiyar et al. treated 42 children
aged 6-12 years with T1D, using 3000IU of cholecalciferol daily. With another 30 patients
as a case control group, they found a significantly smaller decline in C-peptide in the
D-treated group and a reduction in HbAlc levels [43]. Similarly, the results of a clinical
study in an Indian hospital concluded that oral VD may serve as an adjuvant to insulin
therapy for children with TIDM by augmenting residual beta-cell function and improving
insulin secretion [44]. Recently, a meta-analysis that included 4190 subjects in three studies
evaluated whether the administration of VD decreases the risk for diabetes among people
with prediabetes and concluded that VD reduced the risk for diabetes by 15% and the
absolute sick reduction of 3.3% [104]. Interestingly, a randomized double-blind clinical
trial in the United States had the opposite result. Pittas et al. screened people at high
risk of prediabetes for daily VD supplementation and found that a daily VD3 supplement
of 40001U did not significantly reduce the risk of diabetes in people at high risk without
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VD deficiency [45]. Obviously, current experimental studies cannot fully explain these
contradictory results. According to the current known pathogenesis of diabetes, T1D is
caused by the failure of pancreatic (3-cells to secrete normally due to the destruction of the
immune system. T2D results from impaired 3-cell function, increased insulin resistance
and systemic inflammation, and VD may influence the pathways all of above.

Mechanistically, 1,25(OH),;D can bind directly to VDR in (-cells, and 1,25(0OH),D
directly stimulates the expression of the insulin receptor and promotes insulin secre-
tion [45,105]. A large number of data support the claim that VD deficiency in rats can lead
to impaired insulin secretion and glucose tolerance, and VD supplementation can increase
insulin secretion by 48% to improve the damage [46]. In line with this, the laboratory of
Christina Cade also demonstrated that 1,25(OH);D3; improved impaired glucose clearance
and insulin secretion in VD-deficient rats; a dose dependence of this hypoglycemic action
was also established [106]. In some clinical studies, VD supplementation has also been
found to significantly increase peripheral insulin sensitivity and 3-cell function, suggest-
ing that it may slow metabolic deterioration in diabetic patients [47,107]. In addition,
an important part of the beneficial effect of VD on TD is the protection of the immune
system. It has been found that almost all immune cells express VDR, including monocytes,
macrophages and neutrophils [108-110]. At the same time, 1,25(0OH),;D3; combined with
VDR can downregulate the activity of NF-kB and reduce the expression of IL-1, IL-6 and
TNF-« in monocytes, while inflammation impairs (-cell function and insulin sensitiv-
ity [111]. However, caution is still needed to interpretate the results of VD intervention in
in vivo studies. The symptoms of diabetes not only include VD deficiency but also altered
parathyroid hormone (PTH) levels, altered caloric intake and hypocalcemia. Hypocalcemia,
in particular, has been shown to dramatically alters 3-cell function. Moreover, VD is a
growth factor that promotes calcium absorption, making it difficult to determine whether
DM may be caused by VD deficiency or be a direct result of calcium deficiency [111].

To sum up, most animal studies showed that VD deficiency increases the risk of TD
and conversely that treatment with VD decreases the risk. However, in the long run, it
cannot be ruled out that this may be due to the immunological effect of VD deficiency.
It is difficult to draw definitive conclusions from conflicting clinical trial results, but one
statement concerning VD and diabetes can be made with a reasonable degree of certainty:
severe VD deficiency should be avoided. VD supplementation may not be therapeutic after
the onset of the disease, but it still has a high possibility of delaying the risk of diabetes in
high-risk people.

3.5. Vitamin K
3.5.1. Biological Functions

Vitamin K is a fat-soluble vitamin with two natural forms: VK1 (phylloquinone)
and VK2 (menaquinones), which represent a family of fat-soluble compounds sharing a
common chemical structure of 2-methyl-1,4-napthoquinone [112]. VK1 is widely found
in leafy greens and algae, while VK2 can be produced by an array of bacteria, such as
gut microbes or bacteria capable of carrying out fermentation [113]. As a result, VK
deficiency is less common in adults, while it is usually found in infants since the amount
of phylloquinone obtained from breast milk is limited. As is well known, VK plays an
important role in regulating blood homeostasis and bone metabolism, such as osteoporosis,
cardiovascular disease and rheumatoid arthritis; these diseases all share a common feature
of chronic low-grade inflammation and oxidative stress, thus suggesting that VK is largely
involved in the expression of genes associated with oxidative stress and inflammatory
response [114]. This hypothesis was confirmed in animal studies. Ohsaki et al. showed
that VK inhibits LPS-induced inflammation in rats and macrophages by mediating the
inactivation of the NF-kB signaling pathway [55]. Furthermore, it has been reported that
VKH2 (the reduced form of VK) was able to prevent a redox imbalance by decreasing ROS
levels, which may be the role of VK as an antioxidant inflammation [115].
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3.5.2. Vitamin K and Diabetes

Several different types of studies have reported an association between VK and
diabetes, including observational studies, clinical intervention studies and Mendelian
randomization studies. In a cross-sectional study assessing the association between the
Mediterranean Diet and markers of metabolic risk associated with T2DM, the PREDIMED
center in Spain showed for the first time that increasing dietary intake of phylloquinone
can improve insulin resistance, supporting the protective role of VK1 in low-grade chronic
inflammatory disease [48]. Similarly, Yoshida et al. selected 2719 people without diabetes
in the Framingham Offspring study to evaluate the association between phylloquinone
intake, insulin sensitivity and blood glucose status, and their founding suggested that
phylloquinone intake may have a beneficial effect on glucose homeostasis, or it may serve
as a surrogate marker of other dietary or lifestyle factors that were not controlled in this
analysis [49]. In addition, Dihingia et al. conducted a case—control experiment in India
comparing VK1 levels in 25 patients with T2DM and 20 healthy volunteers and found
that the average fasting plasma VK1 level in diabetic patients (1.93 nmol/L) was lower
than that in the normal population (5.28 nmol/L). Moreover, fasting blood glucose was
negatively correlated with plasma VK1 concentration in diabetic patients [116]. The Euro-
pean Prospective Study of Cancer and Nutrition in the Netherlands, which included 38,094
subjects and followed up for up to 10 years, showed that the risk of diabetes decreased
with the increase in VK1 and VK2 intake [50]. Similar results were also reported in the
Iranian IMOS research center and the Spanish PREDIMED research center [48,117].

At present, most clinical studies exploring the intervention of VK in diabetes mainly
focus on diabetes-related metabolic indicators. For example, Sakamoto et al. conducted
a non-randomized clinical intervention study in Japan. Twelve young healthy men were
divided into three groups according to baseline serum descarboxy prothrombin (DP)
levels, and blood glucose status indexes were similar in all groups before intervention.
After 1 week of VK2 supplementation, the level of immunoreactive insulin (IRI) at 2 h
postprandial in the group with the highest DP level at baseline was significantly lower than
that before intervention (p < 0.05). These results suggested that, in subclinical VK-deficient
patients with high serum DP levels, appropriate supplementation of VK can regulate insulin
metabolism, and the increase in VK intake is associated with the decrease in IRI [51]. In
addition, Choi et al. randomly divided 42 healthy Korean men into a VK2 supplementation
group and control group. After 4 weeks of intervention, the insulin sensitivity index of
the experimental group was significantly higher than that at baseline, and the glucose
disposal index was also significantly higher than that before the intervention, while there
was no significant change in the control group. This suggested that VK2 may have a
role in enhancing insulin sensitivity in healthy men [52]. Mendelian randomization (MR)
is a type of study that uses genetic variation to infer causality between exposure and
disease outcomes. Zwakenberg et al. used MR analysis data from three studies: the
European Prospective Study of Cancer and Nutrition, the Diabetes Genetics Replication
and Meta-analysis, and the UK Biobank. The causal relationship between blood VK1
concentration and T2DM mellitus was investigated. A total of 69,647 patients with T2DM
and 551,336 participants without diabetes were included in the study; the researchers
calculated weighted genetic risk scores, and the inverse variance weighted analysis found
that each natural log-transformed unit (nmol/L) increase in serum VK1 was associated
with a 7% reduction in the risk of T2DM. Therefore, this study also further suggested that
the circulating VK1 concentration may be associated with the reduced risk of T2DM at the
genetic level [53].

At present, the mechanism of the effect of VK on diabetes is not clear, while the existing
studies suggested that it may be achieved by improving insulin resistance and thus affecting
the body’s glucose metabolism in the following three ways. One is the regulation of osteocalcin
(OCQ). OC is a VK-dependent protein that has been shown in animal studies to promote (3-cell
proliferation and insulin secretion, as well as increase insulin sensitivity [54,118]. In addition,
clinical studies also support that OC plays an important role in glucose metabolism by
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increasing insulin secretion and adiponectin expression [119-121]. The second way is through
an anti-inflammatory effect; it has been established that inflammation can induce insulin
resistance. Ohsaki et al. found that VK can inhibit the activation of NF-«B signaling pathway
by inhibiting IKKe/ {3 phosphorylation, so it can reduce the expression of inflammatory
factors and help improve insulin resistance [55]. The third way is the lipid-lowering effect.
Lipid accumulation in obese patients can cause a decrease in insulin sensitivity [122]. Sogabe
et al. found that the long-term intake of VK2 in SD rats significantly reduced total fat mass
and serum glyceride levels, thereby alleviating insulin resistance [56].

According to the above studies, the potential effect of VK on diabetes has been pre-
liminarily confirmed, but most of these studies use food frequency questionnaire (FFQ) to
collect and analyze the nutritional status of VK in individuals, but according to the test
of Beulens et al., it is suggested that the use of FFQ will bring large systematic error and
random error [50]. Beyond that, OC and matrix Gla protein (MGP) are commonly used
as VK biomarkers, but whether these biomarkers can be used as reliable criteria to assess
VK exposure or effect is still unclear [123]. Therefore, some studies have considered that
VK is not significantly associated with diabetes. In conclusion, it is still unclear whether
VK deficiency is the cause or result of diabetes. In the future, multicenter, multi-ethnic,
large-sample prospective cohort studies and clinical intervention studies are needed to
verify the relationship between VK deficiency and diabetes.

4. Conclusions

This review collected studies on the relationship between essential micronutrients
and diabetes mellitus and summarized the possible mechanisms. This review showed
that essential micronutrients may affect the development of diabetes through various
pathways, such as antioxidation and reducing islet sensitivity. However, it should not
be ignored that some studies believed that there was no significant association between
essential micronutrients and diabetes. It may be caused by the inconsistency in the inclusion
criteria for studies, the short duration of micronutrients intervention and the relatively
concentrated ethnicity of the subjects in a single study. Therefore, although there are
indications that micronutrients might beneficially regulate glucose and lipid metabolism,
the available evidence is still inconclusive. Thus, we do not recommend it as a routine
treatment for diabetes at this time. According to the investigation results, we found that the
use of vitamin supplements in developed countries is rising dramatically, yet most users
are unaware of the potential risks of overdose and drug interactions. At the same time,
in some developing and poor countries, the public is suffering from a range of diseases
caused by vitamin deficiency. In view of the importance of micronutrients for human
health, we believe that it is necessary to improve the public’s awareness of micronutrients
and recommend that the public should adjust the dietary structure in their daily diet to
ensure the intake of essential micronutrients according to their own health status.

In the future, larger, better and multi-ethnic prospective cohort studies and clinical
intervention studies should be performed, with the help of tools such as MR, metagenomics
and machine learning to mine and analyze experimental data in order to elucidate the
causal relationship between vitamins and diabetes.
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