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Abstract

This study determined the levels of Ca, Mg, Fe, Zn, Cu, and Na in various tissues samples (liver, 

brain, kidney, intestines, muscle and hair) of diabetic and non-diabetic rats by flame atomic 

absorption spectroscopy, in order to assess the role of element levels during T2DM. The ratios of 

Ca/Mg, Zn/Cu, Ca/Zn, and Mg/Zn in diabetic and non-diabetic rat tissues were also calculated. 

The determined element levels were further subjected to a student-t test statistical analysis and 

multiple-linear-regression in order to evaluate similarities, differences, and an inter-element 

association in tissues of diabetic and non-diabetic rats. The results of the study showed high 

variability in element levels and Ca/Mg Zn/Cu Mg/Zn Ca/Zn ratios in the tissues of diabetic and 

non-diabetic rats, but are tissue- and element-dependent, suggesting differences in the 

accumulation of the elements in tissues of diabetics and non-diabetics. The obtained significant 

differences in the levels of elements and Ca/Mg Zn/Cu Mg/Zn Ca/Zn ratios in several tissues of 

diabetic and non-diabetic rats in this study suggest that the investigated elements play considerable 

roles in the T2DM disease process. Strong inter-element associations (R2≥0.9) were observed for 

some elements in tissues of diabetic and non-diabetics rats. However, poor inter-elemental 

associations were obtained for some elements in the tissues of diabetic and non-diabetic rats.
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1. Introduction

Human health is highly dependent on vital exchanges that constantly occur in enzymatic 

systems activated by macro- and micro minerals or elements [1]. It is widely accepted that 

the human body’s metabolic activities can be impacted by the presence or lack of trace or 

macro elements [1,2]. For instance, calcium (Ca) and magnesium (Mg) are essential macro-

elements required for bone structure development and necessary for carbohydrate and 

protein metabolism [2,3]. Because, Mg and Ca aid to regulate both blood vessel dilation and 

heartbeat, a deficiency in either of these elements can negatively impact metabolism, and is 

often associated with hypertension [4,5]. An increased Ca/Mg ratio has been reported as a 

pathogenetic risk factor for the development of arteriosclerosis and hypertension [4,5]. Since 

type II diabetes mellitus (T2DM) is often accompanied by hypertension, the levels of both 

Ca and Mg directly impact the disease. Magnesium is important for glucose homeostasis, as 

it is a cofactor in the transport of glucose across cell membranes; it is the second most 

important intracellular cation after potassium [6]. Therefore, a deficiency in Mg has been 

linked to an increase in the complications associated with the metabolic T2DM disorder 

including diminished insulin secretion [6,7].

Iron (Fe) is also an element found in the heme proteins hemoglobin and myoglobin [8]. Iron 

deficiency may result in decreased immune function and an inhibition of hemoglobin 

synthesis, which leads to anemia, insomnia, and other health related complications [9,10]. 

Iron is important for cellular metabolism, and specifically affects glucose metabolism. Iron 

also impacts vascular dysfunction [11]. Copper (Cu) and Zinc (Zn) promote normal body 

metabolism, but are considered to be micro-elements due to their limited quantity in humans 

[8]. Copper is necessary in humans for the development of bone, connective tissue, and 

nerve coverings, while playing a key role in Fe metabolism [8]. The distributions and 

varying levels of Cu in different tissues, including the brain and liver have been reported [8]. 

Studies have also investigated the biomedical implications of Zn in human health. Zinc 

protects against oxidative stress and heart disease, and promotes normal cell growth. Zinc is 

also known to play an active role in muscular performance and endurance [12]. A deficiency 

in any of these micro elements can lead to undesirable pathological conditions. For instance, 

low Zn levels have been associated with both cancer patients and individuals who have 

T2DM [13,14]. Meanwhile, sodium (Na) is a macro-element, generally integrated into 

anatomic structures such as bone and nucleic acids.

T2DM is a chronic, metabolic disorder, resulting from insulin resistance and an abnormal 

increase in the blood glucose [15,16]. This disease can lead to a host of other health-related 

pathologies including atherosclerosis and hypertension, which affects millions across the 

globe [1]. Decreases in serum Mg levels have been observed in both T2DM, as well as in 

hypertension [7,17,18]. Increases in intracellular Ca/Mg ratios have also been suggested as a 

possible marker for hypertension, glucose intolerance, and insulin–resistant 

atherothrombogenic syndrome [17]. Research has demonstrated a close relationship between 

T2DM and hypertension due to the fact that T2DM is associated with advanced age, a 

person’s lifestyle, and obesity [19,20]. Hypertension also contributes to diabetic retinopathy, 

which is a primary cause of blindness [20]. However, it has been concluded that plasma Zn 

and Mg levels were not altered by non-insulin diabetes mellitus [21,22], but Cu plasma 
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levels did increase, indicating that the antagonistic relationship between Zn and Cu needs 

further investigation. Zinc deficiency is a common factor of T2DM, mainly because this 

element controls the structural integrity of insulin. Furthermore, Zn functions to neutralize 

the prevalence of free radicals and reduces the probability of oxidative stress in T2DM; 

decreased serum Cu reduces free radical production in the disease [23–25].

A limited number of studies have investigated the role of micro elements in T2DM, and the 

results are variable [26–28]. However, a study investigating a comparative analysis of micro 

element levels, Ca/Mg ratio, Cu/Zn ratio, and inter-element associations in various tissues of 

diabetic and non-diabetic rats is sparse, and not readily available. To the best of our 

knowledge, there are no prior investigations of the relationship between the Ca/Zn and 

Zn/Mg ratios in the tissues of diabetic or non-diabetics rats. An accurate understanding of 

the micro element levels of Ca/Mg, Cu/Zn, Ca/Zn, and Zn/Mg ratios, as well as the 

knowledge of the inter-elemental associations in tissues of diabetic and non-diabetic rats, is 

necessary and may provide insight to the T2DM disease process for medical diagnosis. 

Accordingly, this study investigated a comprehensive comparative analysis of the macro- 

and micro- element levels in different tissues (brain, liver, muscles, intestines, kidney and 

hair samples) of diabetic and non-diabetic rats. Additionally, this study is the first to 

investigate a comparative analysis of Ca/Mg ratio and Zn/Cu ratio as well as inter-elemental 

associations in different tissues of diabetic and non-diabetic rats.

2. Experimental

2.1. Experimental animals, sample collection, sample preparation, and element analysis

The experimental protocol in this study was approved by the Winston-Salem State 

University Institutional Animal Care and Use Committee prior to the commencement of the 

study. All necessary protocols, involving the use of animals in research were strictly 

observed in this study. Eight week old, male type II diabetic Goto-Kakizaki (n=8) and non-

diabetic Wistar rats (n=7) averaging 250 ± 50 g, were obtained from Charles River 

(Wilmington, MA). The diabetic and non-diabetic rats were fed with normal chow 

(Prolab®RMH 300, LabDiet, St. Louis, MO). The rodents were pair-fed where the amount 

of chow given was adjusted to approximately 5 g of chow/100 g body mass, with fluids ad 

libitum in identical pair-feeding. Daily, each rodent consumed ~14 g of chow based on an 

average body mass of ~280 ± 3.1 g. At day 0 of the experiment, the rats were divided into 

two groups (non-diabetic versus diabetic). After the 14day experimental period, each rodent 

was sacrificed. The brain, liver, muscles, intestines, kidneys, and hair samples were 

collected, placed in pre-nitric acid washed polyethylene bags and immediately refrigerated 

prior to the laboratory analysis.

A known weight of the diabetic and non-diabetic rat tissues and hair samples were digested, 

using official and standardized methods of analysis procedures [29] for approximately 6 h to 

ensure complete sample digestion. The digested samples were filtered (Whatman® filter 

paper, Fisher Scientific, USA) and diluted to the mark in a standard volumetric flask. 

Working range standard solutions used to construct the calibration curves for each element 

were prepared by serial dilution of 1000mg/L standard stock solutions of each element 

(Fisher Scientific, USA). The standard and the digested sample solutions were subjected to 
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element analysis using a flame atomic absorption spectrophotometer (Shimadzu, AA-6300), 

with a pre-mixed burner air-acetylene flame. The flow rates of the fuel and oxidant gases 

were always carefully optimized for each metal analysis. Other routine instrumental checks 

and calibrations were always performed on the spectrometer before use to ensure the 

accuracy, reliability and consistent performance of the spectrometer. The calibration curve 

for each element was constructed by plotting the absorbance obtained from FAAS analysis 

of the standard solution versus the element level. The constructed calibration curve for each 

element was subsequently utilized to determine the element level in the rat samples.

2.2. Statistical and regression analysis

The statistical and linear regression analysis and inter-element association in the tissues of 

diabetic and non-diabetic rats for pattern recognition samples were performed using 

chemometric software (The Unscrambler, CAMO Inc., 9.4).

3. Results and discussion

3.1. Calibration curves

Table 1 presents the results of the calibration curve parameters constructed for the 

investigation of elements in the diabetic and non-diabetic rats, showing the regression 

equation, square correlation coefficient (R2), wavelength used for AAS elemental analysis, 

the limits of detection (LOD), and limits of quantification (LOQ) of the elements analyzed. 

The LOD, which is defined as the minimum detectable amount of metal, was calculated 

using the equation: LOD = 3s/m; where s is the signal of the blank and m is the slope of the 

calibration curve. The limit of quantitation, defined as the lowest measurable element level, 

was evaluated using the formula: LOQ = 10s/m. The parameters used to calculate LOQ were 

as previously defined for LOD. The high values of the square correlation coefficients (R2) 

obtained in Table 1 demonstrate good linearity and high correlation of the absorbance with 

element levels.

3.2. Macro- and micro-element levels in diabetic and non-diabetic rats tissues

Table 2 shows an overall average element level in the liver, brain, muscles, kidneys, 

intestines, and hair samples in diabetic and non-diabetic rats. The element levels in diabetic 

and non-diabetic rats vary widely. The element levels in diabetic and non-diabetic rats were 

also tissues and element-dependent. An overall average Ca level of 30.3 μg/g (liver), 44.9 

μg/g (brain), 29.0 μg/g (muscles), 57.5 μg/g (kidney), 178 μg/g (intestine), and 188 μg/g 

(hair) were obtained in diabetic rat samples. However, the Ca level of 21.2 μg/g (liver), 103 

μg/g (brain), 37.5 μg/g (muscles), 47.8 μg/g (kidney), 125 μg/g (intestine), and 200 μg/g 

(hair) was obtained in non-diabetic rats. In general, the overall average Ca level increased in 

the liver (30.3 μg/g) of diabetic rats compared to a 21.2 μg/g Ca level in the non-diabetic 

rats. An average 103 μg/g Ca level measured in the brain of the non-diabetic rats was 

significantly higher than the 44.9 μg/g Ca level in the brain of the diabetic rats. On the 

contrary, a relatively greater Ca level of 178 μg/g was attained in the intestines of the 

diabetic rats, compared to a 125 μg/g Ca level in the non-diabetic rats. There was a 

comparative decrease in the Ca levels in hair of the diabetic rats (188 μg/g) versus the non-

diabetic rats (200 μg/g).
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An average level of Mg of 86.3 μg/g, 104 μg/g, 80.6 μg/g, 145 μg/g, 82.6 μg/g, 87 μg/g was 

obtained in the liver, brain, muscles, kidney, intestines, and hair samples of the diabetic rats, 

respectively. Similar Mg levels of 80.9 μg/g (liver), 106 μg/g (brain), 61 μg/g (muscles), 143 

μg/g (kidney), and 92 μg/g (intestines) were observed in the non-diabetic rats. However, an 

overall Mg level of 87 μg/g that was found in the diabetic rat hair sample was 10 times 

higher than the corresponding average of the 8.3 μg/g Mg level in the non-diabetic rat hair 

samples.

In general, compared with Ca, Mg, Na, and Fe levels, relatively lower Cu levels were 

measured in the diabetic and non-diabetic rats. An overall average Cu level of 2.6 μg/g 

(liver), 0.8 μg/g (brain), 0.02 μg/g (muscles), 2.0 μg/g (kidney), 1.12 μg/g (intestines), and 

5.66 μg/g (hair) were obtained in diabetic rat samples. The average Cu level seen in the non-

diabetic rats was 4.3 μg/g (liver), 1.9 μg/g (brain), 0.51 μg/g (muscles), 7.3 μg/g (kidney), 

1.34 μg/g (intestines), and 8.14 μg/g (hair). It is of considerable interest to note that the level 

of Cu in the kidney of the non-diabetic rats (7.3 μg/g) is approximately four times higher 

than the corresponding Cu level (2.0 μg/g) in the kidney of diabetic rats. The levels of Zn in 

the diabetic and non-diabetic rats are also organ-dependent. The highest Zn levels of 79.0 

μg/g and 89.6 μg/g were found in the hair samples of the diabetic and non-diabetic rats, 

respectively. An overall average level of Zn in the muscles of the non-diabetic rats (12.3 

μg/g) is three times higher than the Zn level (4.57 μg/g) in the muscles of diabetic rats. 

Relatively lower Zn levels of <0.1 μg/g and 0.9 μg/g, respectively, were observed in the 

kidney and intestines of diabetic rats. This can be compared to the higher, corresponding Zn 

levels of 3.45 μg/g in the kidneys and 8.84 μg/g in the intestines of the non-diabetic rats.

The overall average Fe level in the diabetic rat liver was 57.5 μg/g. An iron level of 24.5 

μg/g (brain), 4.57 μg/g (muscles), 33.9 μg/g (kidney), 11.3 μg/g (intestines), and 27.9 μg/g 

(hair) samples were also acquired in the diabetic conditions. The highest Fe level in diabetic 

rats was obtained in the liver (57.5 μg/g). An overall average Fe level in the non-diabetic 

tissues is approximately twice the Fe level in the diabetic state as shown in Table 2. As 

expected, Na had the highest level compared with the level of other elements in the diabetic 

and non-diabetic tissues. Although, the 1674 μg/g Na level in the hair sample of the non-

diabetic rats is notably higher, and nearly twice the Na level (904 μg/g) in the hair sample of 

the diabetic rats.

As previously discussed, macro and trace elements plays a considerable role in T2DM 

disease process and insulin sensitivity. For instance, Ca and Mg are macro-elements required 

for carbohydrates, and are also necessary to regulate both blood vessel dilation and 

heartbeat. Deficiencies in Ca and Mg can negatively impact metabolism, resulting in 

hypertension and complications associated with the metabolic T2DM disorder including 

diminished insulin secretion. Magnesium is also essential for glucose homeostasis, as it is a 

cofactor in the transport of glucose across cell membranes. A comprehensive roles and 

variations in macro and trace elements in progression of type 2 diabetes have been 

thoroughly reviewed [30]. The observed variations in macro and trace elements in diabetes 

rats and non-diabetes rats in this study are consistent with previously reported variations in 

macro and trace elements in type 2 diabetes patients and healthy individual. For instance, 

differences in variations in elements (Fe3+, Cu2+, Zn2+, Mn2+) in the blood serum of patients 
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with type 2 diabetes patients and health control humans have been reported [31]. Previous 

studies have also highlighted the critical roles and direct relationships between the levels of 

macro and trace elements and diabetes mellitus [32]. Besides, the influence of macro and 

trace elements on insulin activity and its implications on blood glucose reduction has been 

reported [33]. Most macro and trace elements generally serves as co-factors for many 

enzymes. Accordingly, macro and trace elements can activate insulin receptors sites 

necessary for glucose utilization [34] that may potentially increase insulin sensitivity or act 

as antioxidants in order to prevent tissue peroxidation [35].

3.3. Quality assurance of the analytical data and sample analysis

Each sample was analyzed in triplicate and the averages of the element levels in the rat 

samples were calculated, and used for data analysis. All necessary precautions were 

observed to ensure the accuracy of the results of this study. For example, the samples were 

immediately refrigerated prior to sample analysis to prevent sample decomposition or 

microbial growth. The element grade nitric acid (99.999%) purity grade was used for tissue 

digestion and standard solution preparation. All glassware were pre-soaked in 6 M HNO3 

for three days and thoroughly rinsed with de-ionized water before use to remove impurities 

and contaminants. All element sample analyses were also blank subtracted.

Reference and certified standard rat material for elements is not available. Therefore, a 

recovery study was performed for each metal to further evaluate the accuracy and reliability 

of the results of the element levels obtained in the analysis. The recovery study was 

performed by randomly spiking ten previously analyzed tissue samples with a known level 

of metal standard solution. The spiked samples were then subjected to HNO3 digestion and 

metal analysis procedures as previously described. The recovery of the metals in the spiked 

samples was evaluated by comparing the known level of the spiked metal with the level 

detected using the FAAS spectrometer. The recovery of the element analysis was within 80–

120% acceptable range of spike recovery [36].

3.4. Evaluation of differences in element level in diabetic and non-diabetic rats tissues 
using student t-test statistical analysis

The average levels of the elements obtained in the diabetic and non-diabetic rat tissues were 

further subjected to a statistical student t-test analysis [36] to further evaluate whether there 

is a significant difference between the average element levels obtained in the tissues of 

diabetic and non-diabetic rat tissues. At 95% confidence level and 13° of freedom, there was 

a significant difference between the average level of Ca (tcalculated 2.88, ttabulated 2.131–

2.228) in the kidney of diabetic and non-diabetic rats. Significant differences were also 

observed for the average level of Mg in the muscles (tcalculated 3.00, ttabulated 2.131–2.228) 

and hair samples (tcalculated 2.78, ttabulated 2.131–2.228) of diabetic and non-diabetic rats. 

Interestingly, the average levels of Cu were significantly different in the liver (tcalculated 3.85, 

ttabulated 2.131–2.228), brain (tcalculated 5.61, ttabulated 2.131–2.228), muscles (tcalculated 

10.6, ttabulated 2.131–2.228), kidney, (tcal 5.86, ttabulated 2.131–2.228), and hair samples 

(tcal 3.07, ttabulated 2.131–2.228) of diabetic and non-diabetic rats. At 95% confidence 

interval, the average levels of Zn were also significantly different in the muscles (tcalculated 

4.12, ttabulated 2.131–2.228), liver (tcalculated 2.97, ttabulated 2.131–2.228), and intestines 
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(tcalculated 2.40, ttabulated 2.131–2.228) of diabetic and non-diabetic rats. Furthermore, the 

average levels of Fe were found to be significantly different in the liver (tcalculated 7.3, 

ttabulated 2.131–2.228), muscles (tcalculated 4.38, ttab 2.131–2.228), kidney, (tcalculated 3.56, 

ttabulated 2.131–2.228), hair samples (tcalculated 3.90, ttabulated 2.131–2.228), and intestines 

(tcalculated 5.20, ttabulated 2.131–2.228) of diabetic and non-diabetic rats. A significant 

difference in the average Na levels (tcalculated 2.76, ttabulated 2.131–2.228) was also obtained 

in the hair samples of diabetic and non-diabetic rats. The observed significant differences in 

the levels of elements in several tissues of diabetic and non-diabetic rats further confirmed 

that the investigated elements play considerable roles in the T2DM disease process.

3.5. Ca/Mg, Zn/Cu, Ca/Zn and Zn/Mg ratio

As earlier discussed, the levels of Ca, Mg, Fe, Zn, and Cu have been widely used to evaluate 

the pathogenetic risk factors for the development of arteriosclerosis and hypertension in the 

diabetic disease process. For instance, Ca and Mg are essential macro-elements required for 

carbohydrates, and are required to regulate both blood vessel dilation and heartbeat. 

Deficiencies in Ca and Mg can negatively impact metabolism, resulting in hypertension and 

complications associated with the metabolic T2DM disorder including diminished insulin 

secretion. Magnesium is also essential for glucose homeostasis, as it is a cofactor in the 

transport of glucose across cell membranes. Furthermore, low Zn levels have been 

associated with both cancer patients and individuals who have T2DM. Calcium and Mg are 

group 2 elements in the periodic table, with similar physical and chemical reactivity, 

oxidation states, and charge/mass ratios. Cu and Zn are also transition elements, with similar 

charge/mass ratios and chemical reactivity.

The similarities in the physical and chemical reactivity of these elements can potentially 

result in one element mimicking another element in their chemical behavior or result in 

destructive competition and/or interfering with each other in their biochemical reactions. For 

example, high levels of Mg are known to hinder the utilization and absorption of Ca, 

affecting carbohydrate metabolism and reduction in insulin secretion [37]. More importantly, 

a high Ca/Mg level ratio has been associated with various health issues, including 

atherosclerosis, hypertension, glucose intolerance, insulin–resistant atherothrombogenic 

syndrome, low Ca absorption and utilization in humans [17,38,39]. Additionally, Ca/Mg 

imbalances may lead to other health related issues such as diabetes and alterations in insulin 

sensitivity [40], necessitating the need to critically evaluate the Ca/Mg ratio in humans. A 

reduced erythrocyte copper-zinc superoxide dismutase activity at high Zn levels has also 

been reported [41]. In addition, high levels of Zn have been implicated in low Cu plasma 

caeruloplasmin, serious anemia, and alterations in immune responses and serum lipids [42–

44]. High Zn/Cu ratio may also affect the utilization of Cu, resulting in Cu deficiency in the 

body. For instance, an increase in the Zn/Cu ratio has been observed in pancreatic cancer 

patients compared to healthy humans [45]. Evaluations of the Ca/Zn and Zn/Mg ratio are 

therefore required to gain better insight into the T2DM metabolic disorder and disease 

process.

Consequently, the Ca/Mg and Zn/Cu ratios of diabetic and non-diabetic rat tissues were 

further calculated for a comparative analysis. Table 3 shows the average Ca/Mg and Zn/Cu 
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ratios in various diabetic and non-diabetic rat tissues. The Ca/Mg ratio of 0.35, 0.44, 0.36, 

0.40, 2.17, and 2.16, were calculated in the liver, brain, muscles, kidney, intestines and hair 

samples of diabetic rats, respectively. It is of particular interest to note that the calculated 

Ca/Mg ratio of 24 in the hair sample of non-diabetic rats is eleven times larger than the 

corresponding calculated Ca/Mg ratio of 2.16 in the diabetic rat hair sample. The calculated 

Ca/Mg ratios of 0.96 and 0.70, respectively, in the brain and muscles of non-diabetic rats, 

are also twice the calculated Ca/Mg ratios for the brain (0.44) and muscles (0.36) of diabetic 

rats.

In general, the calculated Zn/Cu ratio in tissues of diabetic rats is higher than the 

corresponding Zn/Cu ratio in the tissues of non-diabetic rodents. The calculated Zn/Cu ratios 

for the diabetic liver, brain, muscles, kidney, intestines, and hair samples were: 7.2, 0.22, 

229, 0.5, 9.7, and 14, respectively. Conversely, the Zn/Cu ratio of the equivalent tissues for 

the non-diabetic state were 5.0 (liver), 0.41 (brain), 24 (muscles), 0.47 (kidney), 6.6 

(intestines), and 11 (hair). The calculated Zn/Cu ratio in the muscles for the diabetic rats is 

approximately 10 times larger than the corresponding Zn/Cu ratio in non-diabetic rats.

Previous studies have investigated the role of Ca/Mg and Zn/Cu ratios in functional health 

[17]. However, there are no studies that have examined the relationship between the Ca/Zn 

and Zn/Mg ratios in diabetic or non-diabetic rats to date. Accordingly, a comparative 

analysis of the Ca/Zn and Zn/Mg ratios was conducted for both diabetic and non-diabetic 

conditions. Table 3 shows the calculated Ca/Zn and Zn/Mg ratios in the diabetic and non-

diabetic rat tissues. The highest Ca/Zn ratios were found in the tissues of diabetic rats. The 

Ca/Zn ratios of: 1.62, 204, 6.35, 575, 198, and 2.38 were found in the liver, brain, muscles, 

kidney, intestines and hair samples of diabetic rats, respectively. Significantly lower Ca/Zn 

ratios of 0.99 (liver), 134 (brain), 3.05 (muscles), 13.9 (kidney), 14.1 (intestines), and 2.53 

(hair) were calculated in the non-diabetic rats. The results of Mg/Zn ratios in diabetic and 

non-diabetic rat tissues are very interesting. The highest Mg/Zn ratios were found in the 

kidney, brain, and intestines of both diabetic and non-diabetic rat tissues. The Mg/Zn ratios 

in all of the diabetic rat tissues were significantly larger than the corresponding Mg/Zn ratios 

in the tissues of non-diabetic rats. For example, the Mg/Zn ratio found in the diabetic kidney 

(1450) was 33 times larger than the Mg/Zn ratio in the absence of disease. Also, the Mg/Zn 

ratio in the diabetic intestines was 9 times larger than the non-diabetic Mg/Zn intestines 

ratio.

3.6. Correlations and inter-element associations in diabetic and non-diabetic rat tissues

To gain further insight of the inter-element association of elements in the tissues of diabetic 

and non-diabetic rats, the levels of elements were subjected to a linear regression. Tables 4 

through 9 show the summary of the results of the regression analysis of the inter-element 

associations in diabetic and non-diabetic rats. Strong correlations between Ca and Na (R2 

=0.9938), Ca and Mg (R2 =0.9403), Ca and Cu (R2 = 0.8938), and Ca and Zn (R2 = 0.8039) 

were obtained in diabetic liver (Table4). There were also strong correlations between Cu and 

Na (R2 = 0.9183), Mg and Zn (R2 = 0.8912), Mg and Na (R2 = 0.8987), Zn and Fe (R2 = 

0.8854) observed in the diabetic liver. Slight correlations between Zn and Na (R2 = 0.7676) 

and Mg and Cu (R2 = 0.7306), were also seen in the liver of diabetic rats. In contrast, the 
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element levels were generally poorly correlated in the liver of non-diabetic rat samples 

(Table 4). However, strong correlations between Mg and Na (R2 = 0.9978) were present; 

weak correlations between Ca and Mg (R2 = 0.564), as well as Zn and Fe (R2 = 0.6754) 

were observed in the liver of non-diabetic rats.

Poor correlations and inter-element associations were attained for most elements in the brain 

samples of diabetic and non-diabetic rats. Nevertheless, modest correlations were observed 

between Mg and Cu (R2 = 0.8506), Cu and Fe (R2 = 0.7328), Mg and Fe (R2 = 0.7277), and 

Mg and Zn (R2 = 0.648), in the diabetic brain (Table 5). On the contrary, only a strong inter-

element association occurred between Cu and Fe (R2 = 0.9674) in the non-diabetic rat brain 

samples (Table 5). A strong inter-element association between Mg and Zn (R2 = 0.9731), 

and a moderate correlation between Ca and Mg (R2 = 0.7716), Ca and Zn (R2 = 0.6219), and 

Fe and Cu (R2 = 0.5764) was found in the muscles of the diabetic rats (Table 6). However, 

the only observed inter-element associations in non-diabetic rat muscles occurred between 

Mg and Na (R2 = 0.9397), and between Ca and Zn (R2 = 0.5712) (Table 6).

Strong inter-element associations between Ca and Mg (R2 = 0.9995), Ca and Zn (R2 = 

0.9042), and Ca and Na (R2 = 0.9603) occurred in the intestines of the diabetic rats (Table 

7). Strong inter-element associations between Mg and Na (R2 = 0.9588), Mg and Zn (R2 = 

0.891), Mg and Na (R2 = 0.9684), Zn and Cu (R2 = 0.8534), Zn and Na (R2 = 0.7572) were 

also found in the intestines of diabetic rats. However, weak correlations between Mg and Cu 

(R2 = 0.5559), and between Ca and Cu (R2 = 0.5775) were observed in the intestines of 

diabetic rats. Modest inter-element associations were observed between Ca and Fe (R2 = 

0.6406), Mg and Cu (R2 = 0.777), Mg and Fe (R2 = 0.6961), Cu and Fe (R2 = 0.6401), Cu 

and Na (R2 = 0.676), and Fe and Na (R2 = 0.5646) in the diabetic intestines (Table 7). It is 

important to note that there was no correlation between Fe and any of the elements in the 

intestines of the non-diabetic state. Also, there was a strong correlation between Ca and Mg 

(R2 =0.9995) in the intestines of diabetic rats. On the contrary, Ca was poorly associated 

with Mg (R2 = 0.2702) in the non-diabetic intestines.

Strong correlations between Ca and Fe (R2 = 0.9976), Mg and Cu (R2 = 0.9276), Ca and Mg 

(R2 = 0.8114), Mg and Fe (R2 = 0.848), and Cu and Na (R2 = 0.8633) were also observed in 

the kidney of the diabetic rats (Table 8). There were weak inter-element associations 

displayed between Cu and Fe (R2 = 0.6115), Mg and Na (R2 = 0.6326), and Ca and Cu (R2 

= 0.5635) in the diabetic kidney. The inter-element association in the kidney of the non-

diabetic rats was significantly different from the corresponding inter-element association in 

the kidney of the diabetic rats. Apart from a weak association between Mg and Na (R2 = 

0.6768), all of the other elements were poorly correlated in the kidney of the non-diabetic rat 

samples (Table 8).

There were strong associations between Ca and Na (R2 = 0.8657), and Cu and Na (R2 = 

0.828) in the hair samples of the diabetic rats (Table 9). Meanwhile, weak associations 

between Ca and Cu (R2 = 0.5276), Mg and Cu (R2 = 0.6514), Mg and Zn (R2 = 0.5623), and 

Mg and Fe (R2 = 0.5748) occurred in the diabetic hair samples. Mg is fairly associated with 

Fe (R2 = 0.7363) and Na (R2 = 0.5381) in the hair samples of the non-diabetic rats (Table 9). 

A weak correlation between Fe and Na (R2 = 0.5225) was also observed in the hair samples 
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of non-diabetic rats. Copper and Zn had no association with any of the elements in the hair 

samples of the non-diabetic rats.

4. Conclusion

A comparative study to investigate macro- and micro- element levels in various tissues) and 

hair samples of diabetic and non-diabetic rats, by use of flame atomic absorption 

spectroscopy, was performed in order to evaluate the role of element levels in the T2DM 

disease process. Analysis of the Ca/Mg, Zn/Cu, Ca/Zn, and Mg/Zn ratios in the tissues of 

diabetic and non-diabetic rats was further determined. The element levels were further 

subjected to a regression analysis to evaluate the inter-element associations in the tissues of 

diabetic and non-diabetic rats. The results of the study showed a high variability in macro- 

and micro-element levels in the tissues of diabetic and non-diabetic rats. The element levels 

in diabetic and non-diabetic rats were found to be organ- and element-dependent, suggesting 

differences in the accumulation of the elements in tissues of diabetics and non-diabetics. 

However, the levels of Zn for all tissues were expected, as many diabetic individuals are 

deficient in this particular element. Significant differences in the levels of elements in 

several tissues of diabetic and non-diabetic rats were also observed in this study; this 

demonstrates that elements play considerable roles in the T2DM disease process. The 

Ca/Mg, Zn/Cu, Ca/Zn, and Mg/Zn ratios were considerably different in the tissues of 

diabetic and non-diabetic rats. The degree of inter-element associations in the tissues of 

diabetic and non-diabetic rats also varied. Strong correlations and inter-element associations 

were found for some elements. However, some elements are weakly or poorly associated in 

the tissues of diabetic and non-diabetic rats. The results of this study suggest differences in 

the macro- and micro element levels, Ca/Mg, Zn/Cu, Ca/Zn, and Mg/Zn ratios, and inter-

element associations in various tissues of diabetic and non-diabetic rats. The results of this 

study are very interesting and clearly suggest that the macro- and micro-element levels, and 

Ca/Mg, Zn/Cu, Ca/Zn, and Mg/Zn ratios play a considerable role in T2DM. Knowing that 

T2DM leads to a host of other health-related concerns such as atherosclerosis, hypertension 

and oxidative stress, there is a need for a robust study to gain insight into the cause of T2DM 

in humans, both for preventive measures, medical diagnosis, and possible T2DM therapy. 

Thus, this study will serve as the basis for future investigations of the role of macro- and 

micro-element levels, Ca/Mg, Zn/Cu, Ca/Zn, and Mg/Zn ratios, and inter-element 

associations in human tissues in T2DM diabetic patients.

Unarguably, more studies are required to fully explain the variability observed. Further 

studies are also necessary to fully evaluate the influence of the element levels, Ca/Mg, 

Zn/Cu, Ca/Zn, and Mg/Zn ratios, and inter-element associations obtained in the tissues of 

the diabetic and non-diabetic rats. There is ongoing research towards this effort in our 

laboratory, and the outcomes will be communicated in future manuscripts.

Acknowledgments

Winston Salem State University Research Initiation Program and NSF-RIA supplement grant # HRD1265019 are 
acknowledged for funding. The efforts of Austria Taylor, Yasmeen Pauldin, Breanna Mitchell, Joshua Watts, 
KaDesia Hawkins, Derrick Snipes, and David Pollard during laboratory sample preparation and AAS analysis is 
acknowledged and highly appreciated.

Presley et al. Page 10

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

[1]. Surya S, Salam AD, Tomy DVC, Betty KRA, Sunil C, Diabetes mellitus and medicinal plants-a 
review, Asian Pacific J. Trop. Dis 4 (2014) 337–347.

[2]. Agarwal A, Khanna P, Baidya DK, Arora MK, Trace elements in critical illness, J. Endocrinol. 
Metab 1 (2011) 57–63.

[3]. Neve J, Clinical implications of trace elements in endocrinology, Biol. Trace Elem. Res 32 (1992) 
173–185. [PubMed: 1375054] 

[4]. Kosch M, Hausberg M, Westermann G, Köneke J, Matzkies F, Rahn KH, Kisters K, Alterations in 
calcium and magnesium content of red cell membranes in patients with primary hypertension, 
Am. J. Hypertens 14 (2001) 254–258. [PubMed: 11281237] 

[5]. Kisters K, Wessels F, Küper HT, Faruk K, Ernst-Rudolf G, Bernhard HM, Increased calcium and 
decreased magnesium concentrations and an increased calcium/magnesium ratio in 
spontaneously hypertensive rats versus Wistar-Kyoto rats: relation to arteriosclerosis, Am. J. 
Hypertens 17 (2004) 59–62. [PubMed: 14700514] 

[6]. Ramadass S, Basu S, Srinivasan AR, Serum magnesium levels as an indicatorof status of diabetes 
mellitus type 2, Diabetes Metab. Syndr.: Clin. Res. Rev 9 (2015) 42–45.

[7]. Song Y, Dai Q, He K, Magnesium intake, insulin resistance, and type 2 diabetes, North Am. J. 
Med. Sci 6 (2013) 9–15.

[8]. Fraga CG, Relevance, essentiality and toxicity of trace elements in human health, Mol. Aspects 
Med 26 (2005) 235–244. [PubMed: 16125765] 

[9]. Huang S, Yang Y, Cheng C, Chen J, Lin C, The etiology and treatment outcome of iron deficiency 
and iron deficiency anemia in children, J. Pediatr. Hematol. Oncol 32 (2010) 282–285. [PubMed: 
20404750] 

[10]. Tapiero H, Gate L, Tew KD, Iron: deficiencies and requirements, Biomed. Pharmacother. 55 
(2001) 324–334. [PubMed: 11478585] 

[11]. Fernandez-Real JM, Lopez-Bermejo A, Ricart W, Cross-talk between iron metabolism and 
diabetes, Diabetes 51 (2002) 2348–2354. [PubMed: 12145144] 

[12]. Baltaci AK, Ozyurek K, Moculkoc R, Kurtoglu E, Ozkan Y, Celik I, Effects of zinc deficiency 
and supplementation on the glycogen contents of liver and plasma lactate and leptin levels of rats 
performing acute exercise, Biol. Trace Elem. Res 96 (2003) 227–236. [PubMed: 14716102] 

[13]. Martín-Lagos F, Navarro-Alarcón M, Terrés-Martos C, López-G H. de la Serrana, M.C. López-
Martínez, Serum copper and zinc concentrations in serum from patients with cancer and 
cardiovascular disease, Sci. Total Environ 204 (1997) 27–35. [PubMed: 9299767] 

[14]. Anetor JI, Senjobi A, Agbedana EO, Ajose O, A decreased serum magnesium and zinc levels: 
atherogenic implications in type-2 diabetes mellitus in Nigerians, Nutr. Health 6 (2002) 291–300.

[15]. Zimmet P, Alberti KG, Shaw J, Global and societal implication of the diabetes epidemic, Nature 
414 (2001) 782–787. [PubMed: 11742409] 

[16]. Hu FB, Stampfer MJ, Haffner SM, Soloman CG, Willett WC, Manson JE, Elevated risk of 
cardiovascular disease prior to clinical diagnosis of type 2 diabetes, Diabetes Care 25 (2002) 
1129–1134. [PubMed: 12087009] 

[17]. Haenni A, Berglund L, Reneland R, Andersson P, Lind L, Lithell H, The alterations in insulin 
sensitivity during angiotensin converting enzyme inhibitor treatment are related to changes in the 
calcium/magnesium balance, Am. J. Hypertens 10 (1997) 145–151. [PubMed: 9037321] 

[18]. Chaudhary K, Phadke G, Nistala R, Weidmeyer CE, McFarlane SI, Whaley-Connell A, The 
emerging role of biomarkers in diabetic and hypertensive chronic kidney disease, Curr. Diabetes 
Rep 10 (2010) 37–42.

[19]. Epstein M, Sowers JR, Diabetes mellitus and hypertension, Hypertension 19 (1992) 403–418. 
[PubMed: 1568757] 

[20]. Sowers JR, Epstein M, Diabetes mellitus and associated hypertension, vascular disease, and 
nephropathy, Hypertension 2 (1995) 869–879.

[21]. Behradmanesh S, Nasri H, Association of serum calcium with level of blood pressure in type 2 
diabetic patients, J. Nephropathol 2 (2013) 254–257. [PubMed: 24475458] 

Presley et al. Page 11

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[22]. Zargar AH, Shah NA, Masoodi SR, Laway BA, Dar FA, Khan AR, Wani AI, Copper, zinc, and 
magnesium levels in non-insulin dependent diabetes mellitus, Postgrad. Med. J 74 (1998) 665–
668. [PubMed: 10197198] 

[23]. Kazi TG, Afridi HI, Kazi N, Jamali MK, Arain MB, Jalbani N, Kandhro GA, Copper, chromium, 
manganese, iron, nickel, and zinc levels in biological samples of diabetes mellitus patients, Biol. 
Trace Elem. Res 122 (2008) 1–18. [PubMed: 18193174] 

[24]. Faure P, Lafond JL, Coudray C, Rossini E, Halimi S, Favier A, Blache D, Zinc prevents the 
structural and functional properties of free radical treated-insulin, Biochim. Biophys. Acta 1209 
(1994) 260–264. [PubMed: 7811700] 

[25]. Dosa MD, Adumitresi CR, Hanfan LT, Nechifor M, Zinc Copper and magnesium in non-insulin-
dependent diabetes mellitus treated with metformin, Intech Chapter 12 (2013) 209–228.

[26]. Diwan AG, Pradhan AB, Lingojwar D, Krishna KK, Singh P, Almelkar SI, Serum zinc, 
chromium, and magnesium levels in type-2 diabetes, Int. J. Diabetes Dev. Countries 26 (2006) 
122–123.

[27]. Sharma A, Dabla S, Agrawal RP, Barjatya H, Kothari RP, Kochar DK, Serum magnesium: an 
early predictor of course complications of diabetes mellitus, J. Indian Med. Assoc 105 (2007) 
16–20. [PubMed: 17802971] 

[28]. Meksawan K, Sermsri U, Chanvorachote P, Zinc supplementation improves anticancer activity of 
monocytes in type-2 diabetic patients with metabolic syndrome, Anticancer Res. 34 (2014) 295–
299. [PubMed: 24403477] 

[29]. Watson C, Official and Standardized Methods of Analysis 3rd Edn, The Royal Society of 
Chemistry, 1994.

[30]. Siddiqui K, Bawazeer N, Salini SJ, Variation in macro and trace elements in progression of type 2 
diabetes, Sci. World J (2014), 10.1155/2014/461591 (Volume).

[31]. Blazewicz A, Orlicz-Szczesna G, Prystupa A, Szczesny P, Use of ion chromatography for the 
determination of selected metals in blood serum of patients with type 2 diabetes, J. Trace Elem. 
Med. Biol 24 (2010) 14–19. [PubMed: 20122574] 

[32]. Nourmohammadi I, Shalmani IK, Shaabani M, Zinc, copper, chromium, manganese and 
magnesium levels in serum and hair of insulin-dependent diabetics, Arch. Iran. Med 3 (2000) 88–
100.

[33]. Candilish DJ, Minerals J. Am. Coll. Nutr 17 (2000) 286–310.

[34]. Vincent JB, Quest for the molecular mechanism of chromium action and its relationship to 
diabetes, Nutr. Rev 58 (2000) 67–72. [PubMed: 10812920] 

[35]. Kruse-Jarres JD, Ukgauer MR, Trace elements in diabetes mellitus: peculiarities and clinical 
validity of determinations in blood cells, J. Trace Elem. Med. Biol 14 (2000) 21–27. [PubMed: 
10836530] 

[36]. Harris DC, Quantitative Chemical Analysis, 7th edn, W.H. Freeman and Company, New York, 
2010.

[37]. Toba Y, Masuyam R, Katot K, Takadal Y, Aoet S, Suzuki K, Toba Y, Masuyama R, Katot K, 
Takadal Y, Effects of dietary magnesium level on calcium absorption in growing male rats, Nutr. 
Res 19 (1999) 783–793.

[38]. Kisters K, Wessels F, Küper H, Tokmak F, Krefting E, Gremmler B, Kosch M, Barenbrock M, 
Hausberg M, Increased calcium and decreased magnesium concentrations and an increased 
calcium/magnesium ratio in spontaneously hypertensive rats versus Wistar-Kyoto rats: relation to 
arteriosclerosis, Am. J. Hypertens 17 (2004) 59–62. [PubMed: 14700514] 

[39]. Kosch M, Hausberg M, Westermann G, Köneke J, Matzkies F, Rahn KH, Kisters K, Alterations 
in calcium and magnesium content of red cell membranes in patients with primary hypertension, 
Am. J. Hypertens 14 (2001) 254–258. [PubMed: 11281237] 

[40]. Haenni A, RetIeland LBR, Anderssson P, Lind L, Lithell H, The alterations in insulin sensitivity 
angiotensin converting enzyme in ii during inhibitor treatment are related to changes in the 
calcium/magnesium balance, Am. J. Hypertens 10 (1997) 145–151. [PubMed: 9037321] 

[41]. Fischer PWF, Giroux A, L’Abbk MR, Effect of zinc supplementation on copper status in adult 
man, Am. J. Clin. Nutr 40 (1984) 743–746. [PubMed: 6486080] 

Presley et al. Page 12

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[42]. Patterson WP, Winkelmann M, Perry M, C, zinc-induced ccopper deficiency: megamineral 
sideroblastic anemia, Ann. Intern. Med 103 (1985) 385–386. [PubMed: 4026086] 

[43]. Porter KG, McMaster D, Elmes ME, Love AH, Anaemia and low serum-copper during zinc 
therapy, Lancet 2 (1977) 774.

[44]. Chandra RK, Excessive intake of zinc impairs immune responses, J. Am. Med. Assoc 252 (1984) 
1443–1446.

[45]. Fabris C, Farini R, Favero GD, Gurrieri G, Piccoli A, Sturniolo GC, Panucci A, Naccarato R, 
Copper, zinc and copper/zinc ratio in chronic pancreatitis and pancreatic cancer, Clin. Biochem 
18 (1985) 373–375. [PubMed: 4092355] 

Presley et al. Page 13

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 14

Ta
b

le
 1

L
in

ea
r 

re
gr

es
si

on
 e

qu
at

io
n,

 li
ne

ar
 c

or
re

la
tio

n 
co

ef
fi

ci
en

t (
R

2 )
 o

f 
ca

lib
ra

tio
n 

cu
rv

es
, w

av
el

en
gt

h 
of

 d
et

ec
tio

n 
(n

m
),

 li
m

it 
of

 d
et

ec
tio

n 
(L

O
D

),
 a

nd
 li

m
it 

of
 

qu
an

tit
at

io
n 

(L
O

Q
) 

ob
ta

in
ed

 f
or

 e
ac

h 
el

em
en

t:.

E
le

m
en

t
R

eg
re

ss
io

n 
eq

ua
ti

on
R

2
W

av
el

en
gt

h 
(n

m
)

L
O

D
 (

μg
/g

)
L

O
Q

(μ
g/

g)

C
a

y 
=

 0
.0

04
0 

×
 +

 0
.0

04
8

0.
99

9
24

8.
3

0.
08

0
0.

25

M
g

y 
=

 0
.0

87
 ×

 +
0.

29
0.

97
3

22
8.

8
0.

03
0

0.
11

Z
n

y 
=

 0
.0

80
 ×

 +
0.

77
0.

92
2

21
3.

9
0.

03
0

0.
13

C
u

y 
=

 0
.0

92
 ×

 +
0.

05
5

0.
99

9
30

9.
93

0.
03

0
0.

12

F
e

y 
=

 0
.0

09
7 

×
 +

0.
00

29
0.

99
8

28
3.

3
0.

03
0

0.
10

N
a

y 
=

 0
.0

00
5 

×
 −

0.
00

02
0.

99
14

58
8.

21
0.

05
0

0.
16

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 15

Ta
b

le
 2

M
ac

ro
- 

an
d 

M
ic

ro
- 

E
le

m
en

t L
ev

el
s 

in
 D

ia
be

tic
 a

nd
 N

on
-D

ia
be

tic
 R

at
 T

is
su

es
.

O
rg

an
C

a 
(μ

g/
g)

M
g 

(μ
g/

g)
C

u 
(μ

g/
g)

Z
n 

(μ
g/

g)
F

e 
(μ

g/
g)

N
a 

(μ
g/

g)

a D
B

ra
t

b N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

L
iv

er
A

ve
ra

ge
30

.3
21

.2
86

.3
80

.9
2.

6
4.

3
18

.7
21

.5
57

.5
14

7
20

7
22

1

M
ax

im
um

48
.8

29
.2

13
5

15
2

3.
4

6.
0

24
.2

30
.0

81
.6

16
3

38
9

44
8

M
in

im
um

20
.9

16
.5

65
.0

51
.7

1.
6

3.
3

11
.5

12
.9

28
.2

93
.8

10
1

13
1

ST
D

E
V

12
.6

5.
1

32
.9

34
.5

0.
76

0.
95

5.
3

6.
3

22
.5

25
.0

12
6

10
6

B
ra

in
A

ve
ra

ge
44

.9
10

3
10

4
10

6
0.

8
1.

9
0.

22
0.

77
24

.5
27

.1
28

2
31

5

M
ax

im
um

60
.7

42
6

11
3

11
0

1.
2

2.
9

0.
22

0.
77

33
.0

35
.8

33
0

34
4

M
in

im
um

35
.6

26
95

10
2

0.
3

1.
7

<
0.

1
<

0.
1

3.
8

1.
7

17
4

29
6

ST
D

E
V

11
.6

14
9

7.
8

2.
3

0.
35

0.
41

2.
5

1.
5

14
.4

3.
9

72
.2

16
.6

M
us

cl
e

A
ve

ra
ge

29
.0

37
.5

80
.6

61
.0

0.
02

0.
51

4.
57

12
.3

6.
1

13
.2

20
7

16
7

M
ax

im
um

33
.1

11
0

96
.9

72
.0

0.
09

0.
68

8.
99

17
.4

10
.6

14
.7

29
1

21
5

M
in

im
um

25
.9

18
69

.1
42

.8
0

0.
33

<
0.

1
8.

75
2.

2
9.

8
14

2
10

8

ST
D

E
V

3.
0

32
.2

12
.8

12
.4

0.
05

0.
12

4.
2

2.
8

4.
0

1.
6

62
.4

38
.6

K
id

ne
y

A
ve

ra
ge

57
.5

47
.8

14
5

14
3

2.
0

7.
3

<
0.

1
3.

45
33

.9
70

.2
42

7
44

2

M
ax

im
um

66
.7

55
.5

16
1

15
8

3.
8

9.
7

<
0.

1
6.

69
47

.9
90

.5
46

8
50

6

M
in

im
um

52
.6

41
.7

12
7

12
8

0.
5

4.
8

<
0.

1
<

.0
1

6.
1

49
.1

34
5

40
4

ST
D

E
V

8.
0

4.
1

16
.9

10
.0

1.
7

1.
8

<
0.

1
3.

2
24

.0
13

.0
70

.6
33

.8

In
te

st
in

e
A

ve
ra

ge
17

8
12

5
82

.6
92

.3
1.

12
1.

34
0.

9
8.

84
11

.3
30

.9
21

8
27

2

M
ax

im
um

26
8

35
7

12
5

14
8

1.
17

2.
10

15
.4

15
.6

18
.1

42
.3

30
4

38
6

M
in

im
um

10
8

46
.1

48
.5

43
.1

0.
13

0.
6

1.
95

3.
95

2.
8

23
.2

13
2

12
8

ST
D

E
V

81
.5

11
8

39
.0

39
.3

0.
93

0.
50

7.
8

4.
1

7.
7

6.
7

86
.0

10
6

H
ai

r
A

ve
ra

ge
18

8
20

0
87

8.
34

5.
66

8.
14

79
.0

89
.6

27
.9

53
.1

90
4

16
74

M
ax

im
um

22
8

28
6

12
7

8.
34

7.
01

10
.6

10
3

13
0

37
.0

63
.6

10
72

27
86

M
in

im
um

15
8

12
1

51
.2

<
0.

1
4.

73
6.

02
33

.8
68

.2
12

.3
31

.5
76

1
65

2

ST
D

E
V

29
.4

63
.0

31
.0

73
.0

1.
1

1.
97

30
.9

25
.3

10
.9

14
.1

13
2

77
9

a D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
.

b N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 16

Ta
b

le
 3

A
ve

ra
ge

 o
rg

an
 C

a/
M

g,
 Z

n/
C

u,
 C

a/
Z

n 
an

d 
M

g/
Z

n 
ra

tio
s 

in
 d

ia
be

tic
 a

nd
 n

on
-d

ia
be

tic
 r

at
s.

O
rg

an
C

a/
M

g
Z

n/
C

u
C

a/
Z

n
M

g/
Z

n

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

L
iv

er
0.

35
0.

27
7.

2
5.

0
1.

62
0.

99
4.

61
3.

76

B
ra

in
0.

44
0.

96
0.

22
0.

41
20

4
13

4
47

3
13

8

M
us

cl
e

0.
36

0.
70

22
9

24
6.

35
3.

05
17

.8
4.

95

K
id

ne
y

0.
40

0.
34

0.
5

0.
47

57
5

13
.9

14
50

44

In
te

st
in

e
2.

17
1.

44
9.

7
6.

6
19

8
14

.1
91

.8
10

.4

H
ai

r
2.

16
24

14
11

2.
38

2.
53

1.
10

0.
09

D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
;

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 17

Ta
b

le
 4

In
te

r-
el

em
en

t a
ss

oc
ia

tio
ns

 (
sq

ua
re

 o
f 

co
rr

el
at

io
n 

co
ef

fi
ci

en
t, 

R
2 )

 in
 th

e 
liv

er
 o

f 
di

ab
et

ic
 a

nd
 n

on
-d

ia
be

tic
 r

at
s.

C
a

M
g

C
u

Z
n

F
e

N
a

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

C
a

0.
94

03
0.

56
40

0.
89

38
0.

00
31

0.
80

39
0.

01
88

0.
54

01
0.

10
42

0.
99

38
0.

46
77

M
g

0.
94

03
0.

56
40

0.
73

06
0.

00
81

0.
89

12
0.

17
45

0.
60

63
0.

00
87

0.
89

87
0.

99
78

C
u

0.
89

38
0.

00
31

0.
73

06
0.

00
81

0.
49

65
0.

41
16

0.
24

91
0.

26
89

0.
91

83
0.

00
80

Z
n

0.
80

39
0.

01
88

0.
89

12
0.

17
45

0.
49

65
0.

41
16

0.
88

54
0.

67
54

0.
76

76
0.

17
15

F
e

0.
54

01
0.

10
42

0.
60

63
0.

00
87

0.
24

91
0.

26
89

0.
88

54
0.

67
54

0.
52

28
0.

00
72

N
a

0.
99

38
0.

46
77

0.
89

87
0.

99
78

0.
91

83
0.

00
80

0.
76

76
0.

17
15

0.
52

28
0.

00
72

* D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
.

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 18

Ta
b

le
 5

In
te

r 
el

em
en

t a
ss

oc
ia

tio
ns

 (
sq

ua
re

 o
f 

co
rr

el
at

io
n 

co
ef

fi
ci

en
t, 

R
2 )

 in
 b

ra
in

 o
f 

di
ab

et
ic

 a
nd

 n
on

-d
ia

be
tic

 r
at

s.

C
a

M
g

C
u

Z
n

F
e

N
a

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

C
a

0.
03

01
0.

42
55

0.
02

58
0.

04
47

0.
29

23
0.

01
14

0.
06

81
0.

00
45

0.
04

59
0.

02
86

M
g

0.
03

01
0.

42
55

0.
85

06
0.

26
47

0.
64

8
0.

41
72

0.
72

77
0.

42
77

0.
00

62
0.

00
00

C
u

0.
02

58
0.

04
47

0.
85

06
0.

26
47

0.
48

98
0.

19
53

0.
73

28
0.

96
74

0.
00

30
0.

01
50

Z
n

0.
29

23
0.

01
14

0.
64

8
0.

41
72

0.
48

98
0.

19
53

0.
14

53
0.

29
86

0.
20

19
0.

00
40

Fe
0.

06
81

0.
00

45
0.

72
77

0.
42

77
0.

73
28

0.
96

74
0.

14
53

0.
29

86
0.

22
04

0.
00

95

N
a

0.
04

59
0.

02
86

0.
00

62
0.

00
00

0.
00

3
0.

01
50

0.
20

19
0.

00
40

0.
22

04
0.

00
95

* D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
.

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 19

Ta
b

le
 6

In
te

r 
el

em
en

t a
ss

oc
ia

tio
ns

 (
sq

ua
re

 o
f 

co
rr

el
at

io
n 

co
ef

fi
ci

en
t, 

R
2 )

 m
us

cl
e 

of
 d

ia
be

tic
 a

nd
 n

on
-d

ia
 in

 th
e 

be
tic

 r
at

s.

C
a

M
g

C
u

Z
n

F
e

N
a

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

C
a

0.
77

16
0.

28
21

0.
48

03
0.

36
29

0.
62

19
0.

57
12

0.
43

14
0.

23
17

0.
41

66
0.

22
05

M
g

0.
77

16
0.

28
21

0.
21

39
0.

08
78

0.
97

31
0.

21
28

0.
04

88
0.

23
03

0.
30

80
0.

93
97

C
u

0.
48

03
0.

36
29

0.
21

39
0.

08
78

0.
11

93
0.

13
12

0.
57

64
0.

11
05

0.
00

19
0.

11
24

Z
n

0.
62

19
0.

57
12

0.
97

31
0.

21
28

0.
11

93
0.

13
12

0.
00

33
0.

08
89

0.
25

91
0.

12
55

Fe
0.

43
14

0.
23

17
0.

04
88

0.
23

03
0.

57
64

0.
11

05
0.

00
33

0.
08

89
0.

12
50

0.
28

48

N
a

0.
41

66
0.

22
05

0.
30

8
0.

93
97

0.
00

19
0.

11
24

0.
25

91
0.

12
55

0.
12

50
0.

28
48

* D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
.

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 20

Ta
b

le
 7

In
te

r 
el

em
en

t a
ss

oc
ia

tio
ns

 (
sq

ua
re

 o
f 

co
rr

el
at

io
n 

co
ef

fi
ci

en
t, 

R
2 )

 in
 th

e 
in

te
st

in
e 

of
 d

ia
be

tic
 a

nd
 n

on
-d

ia
be

tic
 r

at
s.

C
a

M
g

C
u

Z
n

F
e

N
a

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

C
a

0.
99

95
0.

27
02

0.
57

75
0.

42
37

0.
90

42
0.

08
04

0.
01

37
0.

64
06

0.
96

03
0.

11
77

M
g

0.
99

95
0.

27
02

0.
55

59
0.

77
70

0.
89

10
0.

01
98

0.
01

92
0.

69
61

0.
96

84
0.

95
88

C
u

0.
57

75
0.

42
37

0.
55

59
0.

77
70

0.
85

34
0.

33
09

0.
30

99
0.

64
01

0.
37

85
0.

67
60

Z
n

0.
90

42
0.

08
04

0.
89

10
0.

01
98

0.
85

34
0.

33
09

0.
03

85
0.

01
66

0.
75

72
0.

01
05

Fe
0.

01
37

0.
64

06
0.

01
92

0.
69

61
0.

30
99

0.
64

01
0.

03
85

0.
01

66
0.

09
76

0.
56

46

N
a

0.
96

03
0.

11
77

0.
96

84
0.

95
88

0.
37

85
0.

67
60

0.
75

72
0.

01
05

0.
09

76
0.

56
46

* D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
.

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 21

Ta
b

le
 8

In
te

r 
el

em
en

t a
ss

oc
ia

tio
ns

 (
sq

ua
re

 o
f 

co
rr

el
at

io
n 

co
ef

fi
ci

en
t, 

R
2 )

 in
 th

e 
ki

dn
ey

s 
of

 d
ia

be
tic

 a
nd

 n
on

-d
ia

be
tic

 r
at

s.

C
a

M
g

C
u

Z
n

F
e

N
a

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

C
a

0.
81

14
0.

05
83

0.
56

35
0.

16
48

n/
a

0.
01

62
0.

99
76

0.
00

76
0.

20
53

0.
00

05

M
g

0.
81

14
0.

05
83

0.
92

76
0.

03
11

n/
a

0.
00

65
0.

84
8

0.
26

37
0.

63
26

0.
67

68

C
u

0.
56

35
0.

16
48

0.
92

76
0.

03
11

n/
a

0.
43

43
0.

61
15

0.
19

14
0.

86
33

0.
24

18

Z
n

n/
a

0.
01

62
n/

a
0.

00
65

n/
a

0.
43

43
n/

a
0.

01
58

n/
a

0.
00

35

Fe
0.

99
76

0.
00

76
0.

84
80

0.
26

37
0.

61
15

0.
19

14
n/

a
0.

01
58

0.
24

61
0.

66
10

N
a

0.
20

53
0.

00
05

0.
63

26
0.

67
68

0.
86

33
0.

24
18

n/
a

0.
00

35
0.

24
61

0.
66

10

* D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n=

8)
.

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n=

7)
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Presley et al. Page 22

Ta
b

le
 9

In
te

r 
el

em
en

t a
ss

oc
ia

tio
ns

 (
sq

ua
re

 o
f 

co
rr

el
at

io
n 

co
ef

fi
ci

en
t, 

R
2 )

 in
 th

e 
ha

ir
 s

am
pl

es
 o

f 
di

ab
et

ic
 a

nd
 n

on
-d

ia
be

tic
 r

at
s.

C
a

M
g

C
u

Z
n

F
e

N
a

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

D
B

ra
t

N
D

ra
t

C
a

0.
09

32
0.

48
88

0.
52

76
0.

26
35

0.
44

48
0.

08
51

0.
13

85
0.

29
96

0.
86

57
0.

87
93

M
g

0.
09

32
0.

48
88

0.
65

14
0.

36
23

0.
56

23
0.

01
00

0.
57

48
0.

73
63

0.
26

69
0.

53
81

C
u

0.
52

76
0.

26
35

0.
65

14
0.

36
23

0.
47

72
0.

28
53

0.
11

52
0.

41
35

0.
82

8
0.

20
24

Z
n

0.
44

48
0.

08
51

0.
56

23
0.

01
00

0.
47

72
0.

28
53

0.
04

17
0.

00
00

0.
39

78
0.

39
78

Fe
0.

13
85

0.
29

96
0.

57
48

0.
73

63
0.

11
52

0.
41

35
0.

04
17

0.
00

00
0.

00
65

0.
52

25

N
a

0.
86

57
0.

87
93

0.
26

69
0.

53
81

0.
82

8
0.

20
24

0.
39

78
0.

20
32

0.
00

65
0.

52
25

* D
B

ra
t, 

di
ab

et
ic

 r
at

 (
n 

=
 8

).

* N
D

ra
t, 

no
n-

di
ab

et
ic

 r
at

 (
n 

=
 7

).

J Trace Elem Med Biol. Author manuscript; available in PMC 2020 October 22.


	Abstract
	Introduction
	Experimental
	Experimental animals, sample collection, sample preparation, and element analysis
	Statistical and regression analysis

	Results and discussion
	Calibration curves
	Macro- and micro-element levels in diabetic and non-diabetic rats tissues
	Quality assurance of the analytical data and sample analysis
	Evaluation of differences in element level in diabetic and non-diabetic rats tissues using student t-test statistical analysis
	Ca/Mg, Zn/Cu, Ca/Zn and Zn/Mg ratio
	Correlations and inter-element associations in diabetic and non-diabetic rat tissues

	Conclusion
	References
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7
	Table 8
	Table 9

