Biometals (2024) 37:527-537
https://doi.org/10.1007/s10534-023-00568-9

RESEARCH

q

Check for
updates

Association between circulating micronutrient pattern,
glycemic control, and insulin resistance in type 2 diabetes

mellitus

Ramara Kadija Fonseca Santos - Silvanio Silvério Lopes da Costa -

Samir Hipdlito dos Santos - Vivianne de Sousa Rocha -

Ana Mara de Oliveira e Silva - Liliane Viana Pires

Received: 29 September 2023 / Accepted: 29 November 2023 / Published online: 10 January 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract The circulating micronutrient pattern in type
2 diabetes mellitus (T2DM) may impact glycemic con-
trol and insulin resistance; however, there is a scarcity of
studies that have evaluated the circulating micronutrient
pattern in the T2DM population. Therefore, our objec-
tive was to identify circulating micronutrient pattern
and their association with markers of glycemic control
and insulin resistance in individuals with T2DM. We
developed a cross-sectional observational study involv-
ing adults with T2DM in Sergipe, Brazil. We assessed
plasma levels of magnesium, zinc, calcium, potas-
sium, and serum 25-hydroxyvitamin D. Additionally,
also measured fasting glucose levels, the percentage
of glycated hemoglobin (%HbAlc), and calculated the
homeostatic model assessment for insulin resistance
(HOMA-IR). Patterns of body reserve were established
using principal component analysis and categorized
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into quartiles. Binary logistic regression models were
employed. We evaluated 114 individuals (63.7%
women), with a median age and body mass index of
49 years and 29.6 kg/m?, respectively. Two circulating
micronutrient patterns were identified, explaining 62.5%
of the variance: Pattern 1 (positive contributions from
magnesium, zinc, calcium, and potassium) and Pattern
2 (positive contributions from 25-hydroxyvitamin D
and zinc, with a negative contribution from potassium).
Lowest quartile for Pattern 1 and Pattern 2 exhibiting a
4.32-fold (p=0.019) and 3.97-fold (p=0.038) higher
likelihood of increasing HOMA-IR and %HbAlc val-
ues, respectively, compared to the larger quartiles. How-
ever, no associations were found between these patterns
and fasting glucose values. Lowest quartile for both
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patterns of micronutrients was associated with inad-
equate metabolic control in individuals with T2DM.

Keywords Type 2 diabetes mellitus -
Micronutrient - Glycemic control - Insulin resistance

Introduction

Type 2 diabetes mellitus is characterized by chronic
hyperglycemia, a condition resulting from the mal-
function of insulin secretion and/or action (American
Diabetes Association 2019). The progression of this
disease is often linked to deficiencies in micronutri-
ents that play a crucial role in carbohydrate metabo-
lism and insulin resistance (Bilous and Donnelly
2010). Vitamin D, magnesium (Mg), zinc (Zn), cal-
cium (Ca), and potassium (K) are key players in insu-
lin synthesis and secretion, each operating through
distinct mechanisms (Chausmer 1998; Pittas et al.
2007; Ozcaliskan Ilkay et al. 2019; Coregliano-Ring
et al. 2022). Additionally, these micronutrients con-
tribute to antioxidant and anti-inflammatory protec-
tion, potentially reducing insulin resistance (Zelko
et al. 2002; Kim et al. 2015; Pfeffer et al. 2018; Gru-
det et al. 2020; Liu and Dudley 2020).

Vitamin D interacts with vitamin D receptors
located in pancreatic beta cells, playing a direct role
in insulin synthesis (Zeitz et al. 2003; Neelankal
John and Jiang 2018) and aiding in the homeostasis
of Ca, Mg, and K (Pittas et al. 2007; Christakos et al.
2017). Both Ca and K participate in the exocytosis of
insulin granules, leading to the subsequent secretion
of the hormone (Saad 2002; Berridge 2017; Szym-
czak-Pajor et al. 2020). Meanwhile, Mg facilitates
the translocation of glucose transporters 4 (GLUT4)
and the phosphorylation of insulin receptors (Huang
2014). Furthermore, Zn aids in the storage of insulin
molecules as Zn crystals, which exhibit greater struc-
tural stability (Chausmer 1998).

Consequently, a combined deficiency of vitamin
D, Mg, Zn, Ca, and K may lead to poor glycemic con-
trol and insulin resistance in individuals with type 2
diabetes mellitus (Medalle et al. 1976; Ahmed and
Mohammed 2019). No studies have been identified in
the literature that assess the circulating concentration
of these micronutrients collectively, thereby estab-
lishing patterns of micronutrient reserves in individu-
als with type 2 diabetes mellitus.
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The hypothesis of this study posits that adequate
circulating micronutrient pattern of vitamin D, Mg,
Zn, Ca, and K are associated with better glycemic
control in individuals with type 2 diabetes melli-
tus. Thus, our objective was to establish circulating
micronutrient patterns and examine their relationship
with glycemic control and insulin resistance in indi-
viduals with type 2 diabetes mellitus.

Materials and methods
Participants and study design

An observational, cross-sectional study was con-
ducted involving 114 individuals with type 2 diabetes
mellitus. Eligibility criteria for inclusion in the study
comprised individuals aged between 19 and 59 years,
of both sexes, residing in Sergipe, Brazil. Participants
were recruited from Primary Health Care Units and
through voluntary participation, following promotion
of the research via digital media and within the com-
munity. The sample size was considered to provide
satisfactory statistical power (0.94), with alpha and
beta errors of 0.05, based on an expected outcome of
an odds ratio (OR) of 4.09 for percentage of glycated
hemoglobin (%HbAlc) (Li et al. 2018). The G-power
3.1.9.7 software was utilized to estimate the statistical
power of the sample.

Individuals who consumed tobacco and alcohol
daily were excluded, as were those who had ingested
vitamin and mineral supplements or medications,
including multivitamins and corticosteroids within
the 3 months leading up to the data collection date.
The exclusion criteria also encompassed individuals
with self-reported chronic non-communicable dis-
eases such as cancer, rheumatoid arthritis, chronic
kidney disease, and thyroid disorders. Those with
self-reported acute inflammatory conditions or infec-
tions were similarly excluded. Women who were
undergoing hormone replacement therapy were also
not included in the study.

Information regarding socioeconomic  status,
lifestyle, and medical history was collected using
a structured questionnaire. Anthropometric meas-
urements, including body weight and height, were
recorded to compute the body mass index (BMI) and
waist circumference (WC). Additionally, bioelectrical
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impedance was employed to evaluate body composi-
tion, specifically the percentage of body fat.

The assessment of individuals included the meas-
urement of serum concentrations of 25-hydroxyvita-
min D (25(OH)D) and plasma levels of Zn, Mg, Ca,
and K. Glycemic control markers, such as fasting glu-
cose and %HbAlc, insulin, C-peptide, and parathy-
roid hormone (PTH) were also evaluated. To assess
insulin resistance, the Homeostasis Model Assessment
for insulin resistance (HOMA-IR) was calculated.

Individuals diagnosed with type 2 diabetes mel-
litus, who met the inclusion criteria, were pre-con-
tacted via telephone or through community health
agents. They were invited to a designated location
to complete a socioeconomic questionnaire, undergo
an anthropometric assessment and body composition
evaluation, and provide biological samples.

Ethical aspects

The participants reviewed and signed the informed
consent form. The Ethics and Research Committee of
Federal University of Sergipe granted approval for the
study, under opinion number 3.012.056, in accord-
ance with the principles outlined in the Declaration
of Helsinki.

Anthropometric and body composition measurements

BMI was calculated using measured weight and
height and classified in accordance with the World
Health Organization (WHO) (Organization 2000).
WC was determined using a non-stretchable measur-
ing tape (Cescorf®, Porto Alegre, Brasil), positioned
midway between the last rib and the iliac crest, and
classified following WHO standards (World Health
Organization 2011).

The percentage of body fat was determined using
a tetrapolar bioelectrical impedance (Bioimpedance
Analyzer BIA 310, Biodynamics Corporation, Shore-
line, WA, USA). This involved the placement of four
electrodes: two on the right hand (one on the wrist
and one on the hand) and two on the right foot (one
on the ankle and one on the foot) (Ward 2019). Partic-
ipants were advised to abstain from strenuous physi-
cal activities, as well as the consumption of coffee,
chocolate, and tea, on the day preceding the exami-
nation. The examination was rescheduled for women
who were in their menstrual period. Individuals with

a body fat percentage exceeding 30% were classified
as having excess fat (Lohman 1992).

Collection of biological samples

Participants were directed to undergo a 10-h over-
night fast. Subsequently, 15 mL of blood was drawn
and distributed into various tubes for analysis. Tubes
containing ethylenediaminetetraacetic acid (Vacu-
ette, Greiner Bio-One, Brazil) were used to determine
%HbAlc. Tubes devoid of anticoagulants (Vacuette,
Greiner Bio-One, Brazil) were employed for assess-
ing serum concentrations of 25(OH)D, PTH, fasting
glucose, insulin, and C-peptide. Additionally, demin-
eralized polypropylene tube with a 30% sodium cit-
rate anticoagulant were utilized for the analysis of Zn,
Mg, Ca, and K in plasma.

To control contamination, all materials (including
glassware, plastics, tips, tubes) utilized for mineral
analyses were demineralized in a 20% nitric acid bath
for a minimum of 12 h and subsequently rinsed 10
times with deionized water (Morte et al. 2012). Ster-
ile materials were employed for other analyses.

Assessment of plasma micronutrient concentrations

The Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) with axial configuration
(model ES-720, Agilent, Mulgrave, Australia) was
employed to determine the concentration of miner-
als such as Zn (202.548 nm), Mg (279.553 nm), Ca
(211.276 nm), and K (766.491 nm) in plasma.

Sample digestion was carried out in a temperature-
controlled block digester equipped with polytetra-
fluoroethylene (PTFE) flasks and lids (model TEOO7-
A, TECNAL, Sdo Paulo, SP, Brazil). The samples
underwent a 2-h digestion process at 150 °C in a
digestion block utilizing 0.5 mL of the sample, 2 mL
of pure nitric acid, and 3 mL of ultrapure water (resis-
tivity of 18.2 MQ.cm) (Gehaka, Master System All,
SP, Brazil). Following digestion, the samples were
diluted to a final volume of 15 mL using ultrapure
water. Blank samples were also prepared for each
digestion, adhering to the same analysis conditions
(Castro et al. 2009). Each set of triplicates was ana-
lyzed three times, with three readings obtained from
each analysis.

To assess the precision and accuracy of the
method, we conducted addition and recovery tests
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at four levels (5 mg/L, 50 mg/L, 500 mg/L, and
1000 mg/L) for the elements Zn, Mg, Ca, and K,
aiming to represent the concentration ranges of these
minerals in plasma samples. Precision, expressed
by the relative standard deviation, was <10%, and
accuracy ranged from 87% (K) to 119% (Ca), dem-
onstrating that the method is suitable for determining
these elements in human plasma (Santos et al. 2021).
Additionally, a certified reference material [Seronorm
Trace Elements Serum (Sero, Billingstad, Norway)]
was reanalysed together with a blank and an interme-
diate calibration standard every 10 samples.

The limits of detection (LOD) and limits of quanti-
fication (LOQ) for the micronutrients were computed
to verify the method’s reliability (Silva et al. 2002;
Skoog et al. 2002). The LOD and LOQ values for Zn
analysis were 0.004 and 0.013 pg/dL; for Mg, 0.001
and 0.005 mg/dL; for Ca, 0.774 and 2.555 mg/L; and
for K, 0.033 and 0.111 mmol/L, respectively.

All mineral data were collected in milligrams
per liter and subsequently converted to the corre-
sponding units used in the reference cutoff points:
Mg>2.07 mg/dL (Rosanoff et al. 2022); Zn ideally
falls within 70-110 pg/dL (Gibson 2005); K is ideal
between 4 and 5 mmol/L (Kratz et al. 2004); and
Ca>41.9 mg/L (Deng et al. 2008).

Assessment of serum concentration of 25(OH)D and
PTH

The chemiluminescence method was utilized to deter-
mine serum concentrations of 25(OH)D and PTH,
using the DXI800 — Beckman Coulter® equipment
and corresponding kits. Individuals were classified as
having sufficient concentrations if 25(OH)D values
were >30 ng/mL and as having insufficient/deficient
concentrations if values were <30 ng/mL (Holick
et al. 2011). Participants with PTH values exceeding
65 pg/mL were characterized as having hyperparathy-
roidism (Khundmiri et al. 2016).

Assessment of biochemical markers of glycemic
control

The %HbAlc was measured using immunoturbidi-
metric inhibition, and fasting glycemia was assessed
using an enzymatic colorimetric method using com-
mercial kits (Labtest®, Lagoa Santa, Minas Gerais,
Brazil). Indicators of poor glycemic control include
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%HbAlc values>7% and fasting glycemia val-
ues > 130 mg/dL (Elsayed et al. 2023).

Insulin and C-peptide serum concentrations were
assessed using the Architect i11000SR immunoas-
say analyzer (Abbott®, Abbott Park, IL, USA) with
chemiluminescence. Commercial kits from Abbott®
were used for this purpose.

The HOMA-IR was determined using serum con-
centrations of C-peptide and fasting glucose, utilizing
the HOMA calculator from the University of Oxford,
United Kingdom. This calculation was based on the
updated homeostasis model (Levy et al. 1998). Insu-
lin resistance was identified when HOMA-IR values
exceeded 2.71 (Geloneze et al. 2009).

Statistical analysis

A descriptive analysis was performed on the data.
Categorical variables are presented in absolute fre-
quencies (n) and relative percentages (%). Con-
tinuous variables are expressed as either mean and
standard deviation or as median (25th—75th percen-
tile), depending on the data distribution determined
by the Kolmogorov—Smirnov test (Kolmogorov and
Smirnov 1933).

In order to discern circulating micronutrient pat-
tern, the data was initially standardized to account
for the variability in the units of measurement for the
evaluated micronutrients. The standardization process
was conducted on a scale from —1 to +1, utilizing
the z-score standardization formula (z = (x - p) / ©).
In this formula, z signifies the standardized value, x
denotes the original value, u is the mean of the origi-
nal values, and o represents the standard deviation of
the original values (Kreyszig et al. 2011).

The distribution of circulating nutrient reserves
was determined using principal component analy-
sis, which was based on z-score data. The selection
of factors was guided by the Kaiser criterion (eigen
value>1) and scree plot analysis, which was visu-
alized through an eigen value plot that accounted
for the total variance associated with each value
(Ledesma et al. 2015). To establish the reliability of
the factor analysis, Bartlett’s test of sphericity and the
Kaiser—Meyer—Olkin (KMO) test were employed. A
p-value of <0.05 in Bartlett’s test and a p-value of
>0.50 in the KMO test signified a valid factor analy-
sis (Kaiser 1974).
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The varimax method of orthogonal rotation was
employed to analyze factor loadings. A direct corre-
lation with the pattern was indicated by factor load-
ings >0.25, while an inverse correlation with the pat-
tern was suggested by loadings < —0.25 (Cunha et al.
2010).

Additionally, the discerned patterns of body micro-
nutrient reserves were categorized into quartiles and
incorporated into binary logistic regression models.
These models considered the following risk values
for dependent variables: fasting glucose > 130 mg/dL,
%HbAlc>7%, and HOMA-IR>2.71. The models
were calibrated for age, duration since diagnosis, and
BMI. The Hosmer and Lemeshow test were employed
to evaluate the model fit (Hosmer and Lemesbow
1980).

Statistical analyses were conducted using SPSS
Statistics version 28 software, with a p-value of
<0.05 deemed significant.

Results

A total of 114 individuals diagnosed with type 2 dia-
betes mellitus were evaluated. The median age was 49
years (ranging from 44 to 54 years), and the median
duration of diagnosis was 6 years (ranging from 2
to 11 years). Most of the participants were women
(63.7%). According to BMI, 44.6% of the sample
was classified with obesity, while 62.4% were classi-
fied with obesity based on body fat percentage. Poor
glycemic control was observed in 59.6% and 59.3%
of individuals when assessed using fasting glucose
and %HbAlc, respectively. Insulin resistance was
observed in 41.2% of the evaluated individuals. All
individuals (100%) exhibited Mg deficiency, while
deficiencies in vitamin D, Zn, and Ca were observed
in 42.1%, 49.1%, and 28.1% of the sample, respec-
tively. The majority of individuals (98.2%) had exces-
sive K levels (>5 mmol/L), while 1.8% had a defi-
ciency (<4 mmol/L). Regarding PTH concentration,
97.3% of individuals had normal secretion levels.
Table 1 presents the main clinical, anthropometric,
and biochemical characteristics related to micronutri-
ent concentrations and glycemic control markers.

Principal component analysis identified two circu-
lating micronutrient patterns, accounting for a total of
62.52% of the variance (Fig. 1).

Table 1 Clinical, anthropometric, and biochemical character-
istics of individuals with type 2 diabetes mellitus

Variable N=114

Sex, n (%)

Female 73 (63.7)

Male 41 (36.3)

Age (years) 49 (44-54)

Time of diagnostic (years) 6 (2-11)

Body weight (kg) 76.9 (68.2-87.3)
Height (m) 1.61+0.08

BMI (kg/m?3) 29.6 (25.74-33.74)
Low weight (< 18.5 kg/m?), n (%) 1(0.9)

Eutrophic (18.5-24.9 kg/m?), n (%) 17 (15.2)
Overweight (25-29.9 kg/m?), n (%) 44 (39.3)

Obesity (> 30 kg/m?), n (%) 50 (44.6)

WC (cm) 98.9 (91.5-105.65)
% Fat mass 33.81+7.93
Obesity (>30%), n (%) 68 (62.4)

Fasting glucose (mg/dL)
> 130 mg/dL, n (%)

153.0 (110.58-232.5)
68 (59.6)

HbAlc % 7.6 (6.4-9.75)
>T7%,n (%) 66 (59.3)
HOMA-IR 2.26 (1.77-3.27)
>2,71,n (%) 47 (41.2)

PTH (pg/mL) 3441+1.15

> 65pg/mL, n (%) 32.7)
<65pg/mL, n (%) 110 (97.3)
25(OH)D (mg/dL) 33.51+41.91
<30 mg/dL, n (%) 48 (42.1)

Plasma zinc (ug/dL)
<70 pg/dL, n (%)

Plasma magnesium (mg/dL)
<2.07 mg/dL, n (%)

Plasma calcium (mg/L)
<41.9 mg/L, n (%)

70.88 (52.23-107.72)
56 (49.1)

0.54 (0.49-0.61)

114 (100)

52.73 (38.61-73.32)
32(28.1)

Plasma potassium (mmol/L) 6.76 +1.17
<4 mmol/L, n (%) 2 (1.8)
>5 mmol/L, n (%) 112 (98.2)

Data presented as mean and standard deviation (X+SD),
in frequencies [n (%)], and median (25th —75th percentile).
BMI and HbAlc (%) assessed in 112 individuals, and body
fat percentage assessed in 109 individuals. Desirable reference
value: Mg>2.07 mg/dL (Rosanoff et al. 2022); Zn: 70-110 pg/
dL (Gibson 2005); K: 4-5 mmol/L (Kratz et al. 2004); and
Ca>41.9 mg/L (Deng et al. 2008). Abbreviations: BMI: Body
Mass Index; WC: waist circumference; HbAlc %: percent-
age of glycated hemoglobin; HOMA-IR: Homeostasis Model
Assessment of Insulin Resistance; PTH: parathyroid hormone;
25(0OH)D: 25-hydroxyvitamin D

Pattern 1 accounts for 40.7% of the variance,
demonstrating a positive correlation between fac-
tor loading and plasma levels of Zn, Mg, Ca, and K.
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Fig. 1 Scree plot of identi- Scree Plot
fied micronutrient body
reserve patterns. Bartlett
test, p-value <0.01. KMO 2,04
test, p-value=0.562
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Table 2 Factor loadings of patterns of body micronutrient
reserves in individuals with type 2 diabetes mellitus

Micronutrient Pattern 1 Pattern 2
25(OH)D 0.023 0.937
Magnesium 0.776 0.104
Zinc 0.533 0.279
Calcium 0.812 —0.038
Potassium 0.699 —0.351

Factor loading <—0.250 or >0.250[40]. Kaiser-Meyer-Olkin,
p=0.562; Bartlett’s test, p=0.00

The bold represents factors loading <—0.250 or > 0.250,
which were included in the pattern

Conversely, Pattern 2 accounts for 21.8% of the var-
iance, showing a positive correlation with 25(OH)
D and Zn but a negative correlation with K. Table 2
presents the factor loading attributed to the compo-
nents of these identified patterns.

Assessment of circulating micronutrient pat-
terns by quartiles revealed that the lowest quartile
of Pattern 1 had 4.32 times higher odds (p=0.019)
of insulin resistance, as evaluated by HOMA-IR,
compared to the highest quartile. Similarly, the low-
est quartile of Pattern 2 had 3.97 times higher odds
(p=0.038) of an increase in %HbAlc compared to
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the highest quartile. No associations were found
between the quartiles of Patterns 1 and 2 and
the outcome variables in the other tested models
(Table 3).

Discussion

Individuals with type 2 diabetes mellitus who have
lower quartiles of circulating micronutrient patterns,
as indicated by 25(OH)D, Zn, Mg, Ca, and K, often
exhibit inadequate metabolic control. This is evi-
denced by elevated %HbA1c and HOMA-IR values.

No studies were found in the literature that iden-
tified associations between circulating micronutrient
patterns and markers of glycemic control and insulin
resistance in individuals with type 2 diabetes melli-
tus. However, isolated deficiency of the micronutri-
ents included in the identified patterns is associated
with inadequate metabolic control in individuals with
type 2 diabetes, which can worsen in the joint pres-
ence of nutrient deficiencies.

Separately, the observed deficiency or insuffi-
ciency of 25(OH)D, along with Zn, Mg, and Ca defi-
ciencies in this study, aligns with findings from other
studies involving individuals with type 2 diabetes



Biometals (2024) 37:527-537

533

Table 3 Association between the pattern of body micronutrient reserves and markers of glycemic control and insulin resistance in

individuals with type 2 diabetes mellitus

Quartiles  Fasting glucose %HbAlc HOMA-IR

OR (EXP) 1C95% p-value OR (EXP) IC95% p-value OR (EXP) IC95% p-value
Pattern 1
Q1 3.091 0.943-10.129 0.062  2.338 0.728-7.515  0.154 4319 1.270-14.685 0.019*
Q2 1.712 0.560-5.234  0.346  2.807 0.890-8.858  0.078  2.958 0.897-9.752  0.075
Q3 1.905 0.616-5.892 0.263  2.603 0.819-8.271  0.105 1.873 0.556-6.321  0.312
Q4 1 (Ref) 1 (Ref) 1 (Ref)
Pattern 2
Ql 3.395 0.932-12.362 0.064  3.970 1.081-14.580 0.038* 1.715 0.515-5.711  0.380
Q2 2.036 0.614-6.747 0.245 3.176 0.934-10.799 0.064 1.290 0.419-3.967 0.657
Q3 1.193 0.380-3.752  0.762  2.167 0.674-6.969 0.194  0.162 0.162-1.694  0.280
Q4 1 (Ref) 1 (Ref) 1 (Ref)

Binary logistic regression model adjusted for sex, body mass index, and time of diagnosis. Risk values for dependent variables: Fast-
ing glucose> 130 mg/dL, HOMA-IR >2.71, and %HbAlc>7%. Fasting glucose and HOMA-IR were analyzed in 114 individuals,

and %HbAlc in 113 individuals

OR Odds Ratio; CI Confidence Interval; %HbAIc percentage of glycated hemoglobin; HOMA-IR Homeostasis Model Assessment of

Insulin Resistance; Q quartile

*Statistically significant

mellitus (Chutia and Lynrah 2015; Hassan et al. 2016;
Farooq et al. 2020; Hasanato 2020). An increase in
%HbAlc was associated with Zn deficiency (Farooq
et al. 2020), and lower concentrations of 25(OH)
D (Santos et al. 2018) and Ca serum levels (Hassan
et al. 2016) were found to be inversely correlated with
%HbAc in adults with type 2 diabetes mellitus. The
homeostasis of Ca metabolism, as assessed by plasma
Ca concentrations in this study, was upheld by the
high prevalence of individuals with adequate PTH
secretion. Moreover, a deficiency of Mg in individu-
als with type 2 diabetes mellitus was linked to higher
%HbA ¢ values (Zahra et al. 2021).

Furthermore, similar to our findings, individu-
als with type 2 diabetes and insulin resistance have
been shown to have higher K concentrations (Kim
et al. 2015). However, these body reserves of K can
be influenced by inadequate intake of food sources,
the presence of conditions that decrease absorption
and alter K metabolism, as well as the use of thiazide
diuretic medications. Nonetheless, this relationship
seems to be influenced by the duration of medication
use, diabetes diagnosis time, and the individual’s age
(Coregliano-Ring et al. 2022).

Vitamin D, Zn, Mg, Ca, and K play integral roles
in promoting glycemic control by acting together in

different mechanisms of insulin secretion and activ-
ity. Both Vitamin D and Zn influence insulin gene
activity, thereby aiding in hormone synthesis (Chaus-
mer 1998; Vardatsikos et al. 2013; Huang 2014;
Bertoccini et al. 2018). Furthermore, Vitamin D is
involved in the conversion of the proinsulin molecule
into insulin within the pancreas (Morré et al. 2020).
Concurrently, Zn enters the insulin vesicles via the
Zn transporter Znt8, resulting in the storage of insu-
lin molecules as zinc crystals, which enhances their
structural stability (Chausmer 1998). Consequently,
these micronutrients facilitate insulin synthesis and
secretion, the uptake of circulating glucose, and the
subsequent reduction in %HbAlc values and insulin
resistance (Chausmer 1998; Pittas et al. 2007; Ozcal-
iskan Ilkay et al. 2019; Palacios et al. 2020).

The 1,25(OH)D, active form of vitamin D, it binds
to its receptor and regulates the influx of Ca into the
beta cell, exocytosis of insulin granules and the sub-
sequent secretion of the hormone (Pittas et al. 2007;
Mauricio et al. 2008; Vondra and Hampl 2021). This
process also depends on sufficient concentrations
of K (Saad 2002). The closure of ATP-sensitive K
channels results in membrane depolarization, which
activates voltage-dependent Ca channels. This, in
turn, triggers insulin exocytosis due to increased
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intracellular Ca levels (Zeitz et al. 2003; Berridge
2015, 2017; Szymczak-Pajor et al. 2020).

Conversely, elevated K levels can induce mem-
brane hyperpolarization, which diminishes the cal-
cium influx into the cell, thereby inhibiting insulin
secretion (Ekmekcioglu et al. 2016). A study involv-
ing individuals with type 2 diabetes mellitus found
a correlation between low K intake and increased
micronutrient excretion and a higher mortality rate
(Yeung et al. 2022).

Insulin’s role in glucose uptake begins with its
binding to its receptor, which subsequently promotes
the translocation of GLUT4 to the cell membrane.
Mg aids this process by facilitating the phosphoryla-
tion of insulin receptors, triggering the transloca-
tion of GLUT4. This action enhances the uptake of
circulating glucose by peripheral tissues, thereby
aiding in maintaining appropriate glycemic control
(Morakinyo et al. 2018). Furthermore, the bioavail-
ability of vitamin D is also associated with the body’s
Mg reserve (Medalle et al. 1976; Reddy and Edwards
2017). Therefore, Mg deficiency observed in 100% of
individuals evaluated in our study, may contribute to
lower vitamin D activity in glycemic control.

Moreover, the correlation between the lower quar-
tile of circulating micronutrient patterns, as explained
by Zn, Mg, Ca, and K, and an increase in HOMA-IR,
may be attributed to their antioxidant and anti-inflam-
matory activity. The management of oxidative stress
and low-grade inflammation, often observed in this
population, contributes to the binding of insulin to
the receptor and the phosphorylation of its substrates
(Chausmer 1998; Prasad 2009; Jomova et al. 2022).

Our research revealed that individuals with type 2
diabetes mellitus who fall into the lower quartiles of
body micronutrient reserves, as determined by con-
centrations of 25(OH)D, Zn, Mg, Ca, and K, are more
likely to experience inadequate glycemic control and
insulin resistance. Furthermore, a prior study involv-
ing the same population indicated that insufficient
dietary intake of Mg, Zn, Ca, and K was linked to an
increased probability of elevated %HbAlc (Brandao-
Lima et al. 2018).

The present study did not evaluate outcomes in
relation to the use of medications or the class of oral
antidiabetic agents used by the study population,
which is a limitation. Despite this, the study is pio-
neering in its identification of circulating micronu-
trient patterns and their associations with glycemic
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control markers in a sample of individuals with type
2 diabetes mellitus, demonstrating satisfactory statis-
tical power. This research provides a foundation for
the development of further studies of a similar nature
in diverse populations. It also supports the initiation
of randomized clinical trials that consider circulating
micronutrient patterns when determining nutritional
strategies for glycemic control in individuals with
type 2 diabetes mellitus.

Conclusions

In summary, two distinct patterns of circulating
micronutrient pattern were identified in individu-
als with type 2 diabetes mellitus. A higher likeli-
hood of increased HOMA-IR was associated with
lower combined concentrations of Mg, Zn, Ca, and
K. Conversely, lower concentrations of 25(OH)D
and Zn were linked to a higher likelihood of elevated
%HbAlc. These associations were observed regard-
less of age, BMI, and time of diagnosis.

The results obtained highlight the necessity for
additional similar studies in diverse samples of indi-
viduals with type 2 diabetes mellitus. Moreover, these
findings support the development of randomized clin-
ical trials that consider body micronutrient reserves
patterns when determining nutritional strategies for
glycemic control in individuals with type 2 diabetes
mellitus.
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