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Abstract

:

Hypomagnesemia was historically prevalent in individuals with type 1 diabetes mellitus (T1DM), but contemporary results indicate an incidence comparable to that in the general population, likely due to improved treatment in recent decades, resulting in better glycemic control. However, a recent study found a significant difference between the serum Mg isotopic composition of T1DM individuals and controls, indicating that disruptions to Mg homeostasis persist. Significant deviations were also found in samples taken one year apart. To investigate whether the temporal variability in serum Mg isotopic composition is linked to the transient impact of administered insulin, Mg isotope ratios were determined in serum from 15 T1DM individuals before and one hour after insulin injection/meal consumption using multi-collector inductively coupled plasma-mass spectrometry. Consistent with results of the previous study, significant difference in the serum Mg isotopic composition was found between T1DM individuals and 10 sex-matched controls. However, the average difference between pre- and post-insulin injection/meal T1DM samples of 0.05 ± 0.13‰ (1SD) was not significant. No difference was observed for controls before (−0.12 ± 0.16‰) and after the meal (−0.10 ± 0.13‰) either, suggesting a lack of a postprandial Mg isotopic response within one hour of food consumption, and that the timing of the most recent meal may not require controlling for when determining serum Mg isotopic composition.
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1. Introduction


Diabetes mellitus is a metabolic disorder that is typically characterized by the loss of the ability of β-pancreatic cells to adequately produce and secrete insulin, leading to hyperglycemia [1]. According to a World Health Organization (WHO) report from 2018, diabetes mellitus is responsible for an estimated 1.5 million deaths annually, making it the eighth most fatal condition in the world [2]. In type 2 diabetes mellitus (T2DM), which is linked to genetics and lifestyle habits, cells do not respond adequately to insulin (insulin resistance), whereas type 1 diabetes mellitus (T1DM) is caused by an autoimmune response which attacks insulin-producing cells (β-cells) [1,3]. This triggers an absolute insulin deficiency, which necessitates the administration of exogenous insulin to maintain glucose homeostasis [4,5]. A common risk presented in individuals with T1DM is hypoglycemia, which can be consequence of strict glycemic control through treatment with insulin. Low blood glucose levels can lead to complications and can also be life-threatening—especially in the case of nocturnal hypoglycemia [4,5].



In the 1980s and early 1990s, hypomagnesemia (serum Mg levels < 17 mg L−1) was commonly reported in individuals with T1DM [6,7,8]. For example, in 1982, McNair et al. reported a high prevalence of hypomagnesemia (38%) and the inverse correlation of serum Mg concentration and glucose level [7]. This may be due to insulin playing a critical role in glucose and lipid metabolism and potentially modulating Mg transport from the extracellular to the intracellular space [9,10]. However, more recent studies have reported the prevalence of hypomagnesemia to be as low as 2.9% in cohorts of individuals with T1DM, which is comparable to the general population [8,11,12]. This has been attributed to the significantly improved treatment of T1DM in recent decades, resulting in better glycemic control [8]. Indeed, in a longitudinal study of 27,035 Austrians and Germans with T1DM, the proportion with good glycemic control (HbA1c ≤ 7.5%) rose from 25 to 45% between 1995 and 2004, while the proportion with poor glycemic control decreased from 40 to 16% [13]. However, the link between hypomagnesemia and poor glycemic control in individuals with T1DM is still being explored.



A 2020 systematic review and meta-analysis found an association between reduced serum Mg levels and poor glycemic control in T1DM, but results were conflicting [14]. A recent investigation found that this association may be limited to insulin-resistant individuals only, whereas another found that there may even be no association at all, going so far as to suggest that hypomagnesemia is currently not a relevant topic in routine care for individuals with T1DM [8,11,14]. However, Mg status is difficult to assess, possibly due to blood accounting for just ~1% of bodily Mg, with the rest being stored in muscle (27%), bone (53%), and other tissues (19%) [15,16,17,18]. Erythrocyte Mg concentrations have also been shown to be significantly lower in individuals with T1DM than controls, even in the absence of a difference between their plasma Mg concentrations, and this was attributed to urinary Mg loss [19]. In blood serum, about 55% of Mg exists as a free ion (iMg2+), this being the physiologically-active fraction, whereas 32% is protein-bound (predominantly to albumin), and 13% is in anionic complexes [20,21]. The Mg in blood and tissue are in a constant state of exchange, with the kidneys being capable of filtering up to 2400 mg of Mg per day [22]. The much larger exchangeable pool of Mg in muscle and other tissues is often drawn from to maintain a tight range of serum Mg concentrations, which can easily mask deficiency [15,23,24]. There may also be other potential markers of Mg status to consider. For example, the study of Grigoryan et al., which reported no difference between the serum Mg concentration of individuals with T1DM and healthy controls, found a significant difference between their serum Mg isotopic compositions [25]. Taken together, this evidence indicates that the disruption of Mg homeostasis remains a relevant topic in T1DM despite the reduced incidence of hypomagnesemia (as defined by serum Mg concentrations).



Magnesium has three naturally-occurring stable isotopes: 24Mg 25Mg, and 26Mg, with relative natural abundances of 78.99, 10.00, and 11.01%, respectively [26]. The tight regulation of blood serum Mg concentration (among other essential mineral elements) highlights a significant limitation of markers based on metal abundances alone. However, stable isotope ratios of essential mineral elements (e.g., 26Mg/24Mg, 65Cu/63Cu, and 66Zn/64Zn) can often reflect changes in metal homeostasis associated with a particular pathological condition when metal abundances do not [25,27,28]. For example, the stable Mg isotopic compositions (but not Mg concentration) of plasma, liver, kidney, and heart of obese minipigs are significantly different (relatively enriched in 24Mg) from those in lean minipigs [28]. Magnesium isotope ratio data also indicated that Mg metabolism is already disrupted in the earliest stages of deteriorating glucose metabolism, and it was suggested that the results obtained by Grigoryan et al. may not be specific to the T1DM condition, but instead to phenotypes associated with insulin resistance preceding clinical disease conditions [25,28]. However, in Grigoryan et al., a substantial difference (~1‰—the magnitude encompassing almost the entire range of δ26Mg values determined across the organs and tissues of a mammal) was also observed in the serum Mg isotopic compositions of the same T1DM individuals one year apart [25,29,30]. In the present study, the effect of administered insulin was investigated as a cause of temporal variability in the serum Mg isotopic composition through the comparison of blood serum samples collected before and one hour after insulin injection and meal consumption by T1DM individuals. The serum Mg isotopic response of healthy individuals after meal consumption was also examined.




2. Results


2.1. Quality Assurance/Quality Control


The quality of the sample digestion and the accuracy of Mg concentration measurements were monitored using the Seronorm™ Trace Elements Serum L-1 reference material (lot 1801802, SERO AS, Billingstad, Norway). As can be seen in Table 1, the Mg concentration was within the acceptable range provided for this reference material (18.6 to 21.6 mg L−1). The reproducibility and quality of the chromatographic procedure were monitored by processing the serum reference material alongside samples. Instrument performance and the accuracy of Mg isotope ratio measurements were monitored by the measurement of the Mg isotopic composition of a CPI Mg standard (CPI International), which agreed with previously reported data (Table 1). Magnesium isotopic analysis of the serum reference material yielded values that agreed with previously reported results (Table 1). The contribution of the Mg procedural blank was below 4% of the Mg signal intensity of samples.



Isotopic data are reported in delta (δ) notation relative to the international reference material, DSM3, where R is the ratio of the signal of xMg (25Mg or 26Mg) to 24Mg (Equation (1)).


    δ   x / 24     M g   s a m p l e   =       R   s a m p l e     x  /  24         R   D S M 3   x / 24     − 1   ⋅ 1000  



(1)







The slope of the fractionation line produced by the δ26Mg and δ25Mg values of all samples, standards, and reference materials analyzed for this study was within the range defined by kinetically (slope = 0.5110) and thermodynamically (slope = 0.5210) governed mass-dependent fractionation (Figure 1) [32]. This indicates the absence of resolvable polyatomic interferences or mass-independent isotope effects at the level of the precision attained.




2.2. Serum Mg Concentration and Clinical Parameters


The serum Mg concentration was determined in 20 serum samples (10 taken before meal, 10 taken after) from 10 healthy controls, and in 30 serum samples (15 taken before insulin injection/meal consumption, 15 taken after) from 15 individuals with T1DM (Table 2, Figure 2). No difference (p = 0.79) was observed between the serum Mg concentration before (mean = 22.5 ± 2.9 mg L−1) and after the meal (mean = 22.2 ± 2.5 mg L−1) in healthy controls, suggesting a lack of a postprandial response within one hour of food consumption. Also, no difference (p = 0.23) was observed in the diabetic group between samples taken before (mean = 20.9 ± 3.4 mg L−1) and one hour after insulin administration and consumption of the meal (mean = 19.9 ± 2.2 mg L−1). Seven out of 14 T1DM individuals in which HbA1c was determined had good glycemic control (HbA1c ≤ 7.5%), which is in-line with recent trends [13]. However, there was no correlation between glycemic control and serum Mg concentration (r = 0.33, p = 0.25). Data were not collected for insulin resistance markers (triglycerides/high-density lipoprotein (TG/HDL) ratio, TG levels, and total cholesterol/HDL ratio), but individuals with T1DM required only 0.04 to 0.42 insulin units (IU; 1 IU = 34.7 μg of pure crystalline insulin) per kg of body weight ahead of meal consumption, with a median of 0.10 IU kg−1. The daily insulin dosage for participants of this study was not available, but a daily dose of >1.5 IU kg−1 is considered to be suggestive of insulin resistance [33,34].



The serum Mg concentration is significantly lower in the diabetic group than in the control group when comparing the post-meal values (p = 0.021). The serum Mg concentration is also lower in the pre-meal samples from individuals with T1DM, but this difference failed to reach significance (p = 0.23). Despite the generally lower serum Mg concentration in T1DM individuals as compared to healthy controls, only one out of 15 (6.7%) T1DM individuals in this study had a serum Mg concentration that was consistently in the range of hypomagnesemia (<17.0 mg L−1) [35,36]. No control group participants had a value below 17.0 mg L−1. These results agree with other recent studies reporting a similar prevalence of hypomagnesemia in T1DM as compared to the general population [8,11,12].




2.3. Serum Mg Isotopic Composition


The serum Mg isotopic composition was determined in samples provided by healthy controls before and one hour after meal consumption, and in samples from T1DM individuals before and one hour after insulin injection/meal consumption (Table 3, Figure 3). For healthy controls, no difference (p = 0.49) was observed between the serum Mg isotopic composition before (mean δ26Mg = −0.12 ± 0.16‰) and after the meal (mean δ26Mg = −0.10 ± 0.13‰), suggesting a lack of a postprandial Mg isotopic response within one hour of food consumption. This indicates that as is the case for Cu and Zn, the timing of the most recent meal may not require controlling for when determining serum Mg isotopic composition [37,38,39]. Although two T1DM individuals had δ26Mg values that were 0.27 and 0.30‰ higher following insulin injection/meal consumption, no difference (p = 0.18) was observed overall in the T1DM group between samples taken before (mean δ26Mg = −0.30 ± 0.14‰) and after the meal (mean δ26Mg = −0.25 ± 0.15‰). However, δ26Mg values were significantly lower in the T1DM group than in the control group when comparing both the respective pre-insulin injection and/or meal (p = 0.0068) and post-insulin injection and/or meal values (p = 0.027). This is in agreement with previous results and provides additional evidence of the disruption of Mg homeostasis in T1DM, even with rates of hypomagnesemia (as defined by serum Mg concentration) that are largely similar to those of the general population [25].





3. Discussion


3.1. Potential Mechanisms behind Large Mg Isotopic Variations in T1DM


Blood serum samples collected before and one hour after insulin injection and meal consumption by T1DM individuals were analyzed to investigate whether previously identified temporal variability in the serum Mg isotopic composition (~1‰ in serum samples from the same T1DM individuals one year apart) is related to the temporary effect of administered insulin [25]. In Grigoryan et al., the serum δ26Mg values for T1DM ranged from −1.80 to −0.22‰ (on average 0.65‰ lower than that of the reference population), and in the one-year follow-up, the serum δ26Mg values for T1DM ranged from −1.54 to −0.32‰ (on average 0.75‰ lower). However, for some T1DM individuals, large differences were observed between the serum δ26Mg values for the two sampling events (up to 1.04‰). Whereas the relative enrichment of 24Mg in T1DM compared to controls observed in Grigoryan et al. was replicated, a significantly reduced magnitude of difference was observed in the present study. This is despite the pre- and post-meal serum δ26Mg values for controls being statistically indistinguishable (p = 0.92 and p = 0.41, respectively) from the control group of Grigoryan et al. [25]. In the present study, the average serum δ26Mg value for pre-injection/meal T1DM samples was 0.18‰ lower than in healthy controls (p = 0.0068), and for the post-injection/meal samples, the T1DM average was 0.15‰ lower (p = 0.027). The second blood sample was drawn one hour after finishing the meal in order to integrate both the rise in glycemia due to gastro-intestinal absorption and the effects of insulin, but this had little effect on the serum Mg concentration or isotopic composition. The greatest difference observed between serum δ26Mg values from any sample pair from T1DM individuals was 0.30‰, but the average difference between post-insulin injection/meal and pre-insulin injection/meal samples was 0.05 ± 0.13‰ (1SD), which is not significant (p = 0.18).



As opposed to the 50% of T1DM individuals from this study that were determined to have good glycemic control (HbA1c ≤ 7.5%), just three out of 15 (~20%) T1DM individuals from Grigoryan et al. in whom HbA1c was determined had good glycemic control. However, in Grigoryan et al., HbA1c and Mg isotopic compositions did not show a significant correlation, even when considering only individuals with poor glycemic control. Further, HbA1c varied little between samples collected one year apart, yet the serum δ26Mg values varied greatly in some cases. For example, a participant with good glycemic control consistently displaying 6.2% for HbA1c in year one and year two had serum δ26Mg values of −1.31 and −0.27‰, respectively. Conversely, a participant with poor glycemic control, measuring 10.6% for HbA1c in year two (no measurement available for year one) had serum δ26Mg values of −0.47‰ in year one and −1.51‰ in year two. Taken together, this information suggests that poor glycemic control is not a cause of large serum Mg isotopic variations in T1DM.



Insulin and glucose have been demonstrated to have opposing effects on intracellular Mg2+, and may represent two limbs of a biphasic intracellular Mg2+ regulatory system, with insulin increasing the concentration of intracellular Mg2+ [10]. With the consistent sampling conditions of the present study failing to capture the large serum Mg isotopic variations and the timing of the previous insulin dose and meal ahead of sampling for the study of Grigoryan et al. unknown, it remains possible to speculate that sampling during the period between insulin injection (when intracellular Mg2+ is increased—possibly due to the inhibitory effect of insulin on the mechanism responsible for Mg2+ efflux) and meal consumption may capture the Mg isotopic effect observed in Grigoryan et al. [10,40,41]. It is also possible that if sampling in the present study was delayed beyond one hour post-meal, the effect observed in Grigoryan et al. may be reproduced as there is still active insulin action. Future work in this area should be complemented by the quantification of erythrocyte Mg2+ and determination of its Mg isotopic composition.



Ultimately, the consistent relative enrichment of 24Mg in the serum of individuals with T1DM across two studies provides evidence for the serum Mg isotopic composition as a trait of T1DM. Alternatively, the serum Mg isotopic composition may be a marker of Mg status, even in the absence of hypomagnesemia as defined by serum Mg concentration, but further work is required to identify the underlying isotopic fractionation mechanism.




3.2. Insulin Resistance in T1DM


It was previously suggested that the relative enrichment of 24Mg in the serum of individuals with T1DM may not be specific to the T1DM condition, but instead to phenotypes associated with insulin resistance preceding clinical disease conditions [25,28]. Insulin resistance is a hallmark of T2DM, and though less common in T1DM, can be observed during pubertal development and inter-current illness, and may also be related to obesity, sedentary lifestyle, family history of T2DM, and weight gain associated with intensive insulin therapy [42,43]. Whereas all T1DM participants in the present study are past the age of puberty and raised no confounding health issues during recruitment, eight out of 15 participants are overweight (body mass index (BMI) ≥ 25 kg m−2), and one is obese (BMI ≥ 30 kg m−2) [44,45]. However, the data do not suggest a relationship between BMI and δ26Mg, and most participants in this study likely required a daily insulin dose of ≤1.5 IU kg−1 (median pre-meal insulin dose in this study = 0.10 IU kg−1). Taking into account the above considerations, it seems unlikely that insulin resistance plays a role in Mg isotopic fractionation in T1DM [8].




3.3. Contributions of Mg from Muscle and Bone


The loss of skeletal muscle mass and decline in muscle function is a normal part of the aging process, but individuals with T1DM begin to exhibit diabetes-associated muscle decline at a much younger age [46]. Given the muscle decline and that the much larger exchangeable pool of Mg in muscle and other tissues is often drawn from to supplement blood Mg levels as required in order to maintain Mg homeostasis, it is possible that contributions from muscle Mg may influence serum Mg isotopic compositions in individuals with T1DM [15,23,24]. In support of this, muscle displayed the lowest δ26Mg value (−1.23 ± 0.10‰) of 11 fluids and organs measured in aged (40–65 weeks) male wild type mice and the second lowest δ26Mg value (−1.15 ± 0.05‰) in young (14–28 weeks) male wild-type mice [30,47]. It is not known whether the T1DM individuals from Grigoryan et al. experienced muscle mass loss, but this could be a 24Mg-enriched source contributing to low serum δ26Mg values in individuals with T1DM [25].




3.4. Correlation between Serum Mg Concentration and Isotopic Composition


There is a lack of significant correlation between the serum Mg concentration and isotopic composition in all but one dataset between the present study and Grigoryan et al.—the exception being the T1DM group from Grigoryan et al., in which a highly significant inverse correlation was observed (r = −0.70, p < 0.0001) (Figure 4) [25]. The association of high serum Mg concentrations and low δ26Mg values also supports the theory of muscle as a Mg-rich, 26Mg-depleted Mg source in individuals with T1DM. However, the range of serum Mg concentrations determined in T1DM individuals from Grigoryan et al. (13.2 to 29.0 mg L−1) is almost identical to the range from this study (15.5 to 29.9 mg L−1), and this relationship was not observed in the present study, making the interpretation of this correlation a challenge.




3.5. Study Limitations


A limitation for the present study is that there are a number of factors that can influence Mg homeostasis, complicating the study of serum Mg dynamics [15]. Although all participants were provided the same meal, overall diet (trophic level of organism demonstrated to induce Mg, Ca, Cu, and Zn isotopic variations) was not controlled for and dietary habits were not recorded [39]. High phosphoric acid in soft drinks, a low protein diet (<30 mg day−1), and foods containing phytates, polyphenols, and oxalic acid (e.g., rice and nuts) have the ability to bind Mg and produce insoluble precipitates, reducing Mg bioavailability and absorption [48,49,50,51]. This is important because dietary differences have been shown to translate into changes in Mg isotopic compositions, with δ26Mg increasing from herbivores to higher-level consumers (i.e., secondary, tertiary, and above in the food chain) [52,53]. Therefore, omnivores would generally be expected to have a bodily Mg isotopic composition that is relatively enriched in 26Mg compared to vegetarians and vegans. Fluoride is commonly found in drinking water and other dietary staples, and prevents Mg absorption through binding and production of insoluble complexes [54,55,56]. Caffeine and alcohol increase renal excretion of Mg and common medications (e.g., antacids, antibiotics, oral contraceptives, and diuretics) have a negative effect on Mg absorption [15,57,58,59,60,61,62,63,64,65]. Further, the blood Mg concentration has been demonstrated to increase in response to Mg supplementation [23,24]. Other limitations include the relatively small sample sizes for the groups (control = 10; T1DM = 15) and the difference between their mean ages of 12 years. Finally, data were not collected on insulin resistance markers (TG levels, TG/HDL ratio, and total cholesterol/HDL ratio), which could have provided information on the link between insulin resistance and the disruption of Mg homeostasis in T1DM and test the hypothesis of Le Goff et al. [28,66].





4. Materials and Methods


4.1. Reagents and Materials


Blood samples were collected in Vacutainer BD SST™ ll Advance Tubes with Gel and Clot Activator (5 mL). Ultrapure water (resistivity > 18.2 MΩ cm) was obtained from a Milli-Q Element water purification system (Merck Millipore, Bedford, MA, USA). Trace metal analysis grade 14 M HNO3 and 12 M HCl (Fisher Chemicals, Leicestershire, UK) were further purified by sub-boiling distillation in a Savillex DST-4000 acid purification system (Savillex Corporation, Eden Prairie, MN, USA). Ultrapure TraceSELECT® 9.8 M hydrogen peroxide and ACS grade acetone were purchased from Sigma Aldrich (Overijse, Belgium).



A multi-element solution containing Na, Mg, K, Ca, Fe, Cu and Zn was prepared from single-element standard solutions (1000 mg L−1) from Inorganic Ventures (Christiansburg, VA, USA) for quantification purposes. A 1000 mg L−1 Ga standard solution (Inorganic Ventures) was used as an internal standard for element quantification. A standard solution, CPI Mg (CPI International, lot 109778-46), was used as an in-house isotopic standard for monitoring instrument performance and the accuracy and precision of the Mg isotope ratios. The Seronorm™ Trace Elements Serum reference material (lot 1801802, SERO AS, Billingstad, Norway) was also used for method evaluation.



Two-mL polypropylene chromatographic columns (Eichrom Technologies, Saint Jacques de la Lande, France) and AG50W-X8 strong cation exchange resin (hydrogen form, 8% cross-linkage, 100–200 mesh size) purchased from Bio-Rad (Temse, Belgium) were used for Mg isolation.




4.2. Study Design


This study was reviewed and approved (BC-05376) by an independent Medical Ethics Committee associated with Ghent University Hospital and Ghent University, and all subjects signed an informed consent form concerning this study. The study was conducted according to the guidelines of good clinical practice (ICH/GCP) and the Declaration of Helsinki established to protect people participating in clinical studies.



Participants were recruited by the Ghent University Hospital. Ten apparently healthy male participants (control group) and 15 males with T1DM (identified based on clinical diagnosis) were recruited for this study. The average age of the control group was 35.1 ± 14.6 (1SD) years and the T1DM group was 47.7 ± 16.5 (1SD) years. Participants were asked to consume their usual breakfast at 8:00 and arrive at the Ghent University Hospital at 11:00 to provide their first blood sample. Age, weight, and height were recorded at this time (Tables S1 and S2). In the event of hypoglycemia ahead of sampling, participants consumed food as needed. Diabetic participants typically injected insulin immediately following first blood sampling and began their meal within ~30 min. A standard meal (556 kcal) consisting of 4 slices of bread, 2 slices of cheese, and one portion of butter was provided as a lunch. A second blood sample was drawn one hour after finishing the meal in order to integrate both the rise in glycemia due to gastro-intestinal absorption and the effects of insulin. Routine tests, such as for glycemic control (HbA1C) and the presence/absence of anemia, were performed on individuals with T1DM (Table S2). The blood samples were centrifuged to remove the clot and the serum (supernatant) samples were immediately stored at −20 °C until further sample preparation in a class-10 clean lab (PicoTrace™, Göttingen, Germany) at the Department of Chemistry of Ghent University.




4.3. Sample Preparation


Samples were thawed and aliquots of ~0.25 mL were digested in closed Savillex® PFA beakers using 2 mL of 14 M HNO3 and 0.5 mL of 9.8 M H2O2 at 110 °C for 24 h. After cooling, the vessels were opened and the digests were evaporated to dryness at 90 °C. The residues were then dissolved in 1.2 mL of 0.4 M HCl for Mg isolation using cation exchange chromatography as described previously [25]. For determination of the Mg concentration, a small aliquot of each digested sample (in 0.4 M HCl) was taken, evaporated to dryness at 90 °C, and the residue dissolved in 0.3 M HNO3. Following isolation, samples were evaporated to dryness at 90 °C and dissolved in 0.3 M HNO3 for Mg isotopic analysis. Samples were further diluted for Mg quantification and isotope ratios measurement.




4.4. Instrumentation and Measurements


The Mg concentration was determined using an Agilent 8800 ICP-MS/MS instrument (ICP-QQQ, Agilent Technologies, Tokyo, Japan). To correct for signal drift, matrix effects, and instrument instability during element quantification, external calibration with Ga as internal standard (10 μg L−1) was used. The collision reaction cell was pressurized with the NH3/He gas mixture (9.93 ± 0.20 mol% in He, Mixture CRYSTAL, Air Liquide, Belgium) and pure He (99.9999%, ALPHAGAZ™ 2, Air Liquide, Belgium). The 24Mg nuclide was monitored in a mass shift approach (Q1 = 24, Q2 = 75, reaction product ion monitored: Mg(NH3)3+), whereas 71Ga was monitored on-mass [67]. Instrument operating conditions can be found in Table S3.



Magnesium isotope ratios (26Mg/24Mg and 25Mg/24Mg) were measured using a Thermo Scientific Neptune multi-collector inductively coupled plasma-mass spectrometry (MC-ICP-MS) instrument (Bremen, Germany) following the protocol reported by Grigoryan et al. [25]. Instrument operating conditions can be found in Table S4. The standard-sample bracketing (SSB) approach was used to correct for instrumental mass discrimination [68].




4.5. Statistical Analysis


Statistical analyses were performed using GraphPad Prism version 10.0.2 for Mac OS, GraphPad Software, Boston, MA, USA, www.graphpad.com (accessed on 8 October 2023). The normality of the datasets was tested using the Shapiro-Wilk’s test. To compare the control and T1DM groups, the Student’s t-test was used for parametric datasets, whereas the Mann-Whitney U test was used for non-parametric datasets. To evaluate any within-group differences before and after insulin injection and/or meal consumption, the paired t-test was used for parametric datasets, whereas the Wilcoxon matched-pairs signed-rank test was used for non-parametric datasets. The significance of relationships between variables was assessed using the Pearson correlation coefficient (parametric data) or the Spearman rank correlation coefficient (non-parametric data). If one of any two datasets being compared was non-parametric, the non-parametric test was employed. p-values of <0.05 were considered statistically significant.





5. Conclusions


This study Investigated the effect of administered insulin as a cause of temporal variability in the serum Mg isotopic composition through the comparison of blood serum samples collected before and one hour after insulin injection and meal consumption by T1DM individuals. The serum Mg isotopic response of healthy individuals after meal consumption was also examined. A significant difference in the serum Mg isotopic composition was found between T1DM individuals and controls, corroborating previous results [25]. This suggests that the disruption of Mg homeostasis persists in T1DM individuals despite only one out of 15 (6.7%) T1DM individuals in this study having a serum Mg concentration that is in the range of hypomagnesemia (<17.0 mg L−1). This is comparable rates of hypomagnesemia in the general population [8,11,12]. However, the average difference between pre- and post-insulin injection/meal T1DM samples of 0.05 ± 0.13‰ (1SD) was not significant (p = 0.18), indicating that the effect of administered insulin is not a cause of the temporal variability in the serum Mg isotopic composition previously observed in T1DM individuals [25]. No difference (p = 0.49) was observed for controls before (−0.12 ± 0.16‰) and after the meal (−0.10 ± 0.13‰), suggesting a lack of a postprandial Mg isotopic response within one hour of food consumption, and that the timing of the most recent meal may not require controlling for when determining serum Mg isotopic composition. Future work should investigate whether the large temporal Mg isotopic variations that were previously identified in the serum of T1DM individuals are captured by sampling during the period between insulin injection (when intracellular Mg2+ is increased) and meal consumption [25]. It is also possible that the large temporal Mg isotopic variations may be captured by delaying sampling beyond one hour post-meal as there is still active insulin action [25]. Future work in this area involving the analysis of Mg in serum should be complemented by the quantification of erythrocyte Mg2+ and determination of its Mg isotopic composition to elucidate the short-term Mg dynamics in blood following insulin injection.
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Figure 1. Bivariate (3-isotope) Mg isotope ratio plot for Mg isotope ratio data obtained for CPI Mg, Seronorm serum L-1, and blood serum samples from control group and individuals with T1DM. 
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Figure 2. Magnesium concentrations determined in blood serum samples drawn from control group and T1DM individuals before and one hour after insulin injection and/or consuming the standard meal. The box represents the 25–75th percentiles (with the median as a horizontal line, mean as a cross) and the whiskers represent the range. Outliers are denoted outside of the range if they exceed a distance of 1.5 times the interquartile range below the first quartile or above the third quartile. The threshold for significance was defined as p < 0.05 (*), n.s. means not significant. All other relationships displayed no statistical significance (p ≥ 0.05). 
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Figure 3. δ26Mg values determined in blood serum samples drawn from control group and T1DM individuals before and one hour after insulin injection and/or consuming the standard meal. The box represents the 25–75th percentiles (with the median as a horizontal line, mean as a cross) and the whiskers represent the range. Outliers are denoted outside of the range if they exceed a distance of 1.5 times the interquartile range below the first quartile or above the third quartile. The thresholds for significance were defined as p < 0.05 (*) and p < 0.01 (**), n.s. means not significant. All other relationships displayed no statistical significance (p ≥ 0.05). 






Figure 3. δ26Mg values determined in blood serum samples drawn from control group and T1DM individuals before and one hour after insulin injection and/or consuming the standard meal. The box represents the 25–75th percentiles (with the median as a horizontal line, mean as a cross) and the whiskers represent the range. Outliers are denoted outside of the range if they exceed a distance of 1.5 times the interquartile range below the first quartile or above the third quartile. The thresholds for significance were defined as p < 0.05 (*) and p < 0.01 (**), n.s. means not significant. All other relationships displayed no statistical significance (p ≥ 0.05).



[image: Ijms 24 15683 g003]







[image: Ijms 24 15683 g004] 





Figure 4. The relationship between serum Mg concentrations and δ26Mg in individuals with T1DM from Grigoryan et al. [25]. 
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Table 1. Elemental and isotopic analysis of reference materials for method validation.
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Material

	
n (m)

	
Mg ± 1SD (mg L−1)

	
n (m)

	
Measured δ26MgDSM3

± 2SD (‰)

	
Measured

δ25MgDSM3

± 2SD (‰)

	
Reported

δ26MgDSM3

± 2SD (‰)

	
Reported

δ25MgDSM3

± 2SD (‰)

	
References






	
CPI Mg

	
-

	
25

	
−1.41 ± 0.11

	
−0.73 ± 0.06

	
−1.39 ± 0.08

	
−0.73 ± 0.04

	
[30]




	
Seronorm serum L-1

	
2(2)

	
20.1 ± 0.4

	
5(2)

	
0.08 ± 0.10

	
0.03 ± 0.05

	
0.12 ± 0.11

	
0.06 ± 0.06

	
[30]




	

	

	

	

	

	
0.13 ± 0.11

	
0.06 ± 0.06

	
[31]




	

	

	

	

	

	
0.08 ± 0.06

	
0.04 ± 0.05

	
[25]








n = number of measurements performed, m = number of separate aliquots digested. 1SD = standard deviation, 2SD = standard deviation multiplied by two.













 





Table 2. Magnesium concentration in blood serum obtained from participants before and one hour after the insulin injection (only for T1DM) and/or standard meal consumption.
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Control Group

	
Type 1 Diabetes




	

	
Mg (mg L−1)

	
ΔMg (mg L−1)

	

	
Mg (mg L−1)

	
ΔMg (mg L−1)




	
Sample ID

	
Before

	
After

	
After—Before

	
Sample ID

	
Before

	
After

	
After—Before






	
MgG-1

	
25.2

	
25.1

	
−0.1

	
MgD-1

	
21.0

	
20.3

	
−0.7




	
MgG-2

	
21.9

	
24.7

	
2.8

	
MgD-2

	
18.5

	
17.6

	
−0.8




	
MgG-3

	
24.7

	
22.6

	
−2.1

	
MgD-3

	
17.1

	
21.1

	
4.0




	
MgG-4

	
28.5

	
23.1

	
−5.5

	
MgD-4

	
29.9

	
20.6

	
−9.3




	
MgG-5

	
20.7

	
20.7

	
0.0

	
MgD-5

	
21.9

	
21.1

	
−0.8




	
MgG-6

	
20.9

	
25.2

	
4.3

	
MgD-6

	
22.0

	
21.7

	
−0.3




	
MgG-7

	
23.2

	
23.0

	
−0.2

	
MgD-7

	
20.2

	
20.3

	
0.1




	
MgG-8

	
18.6

	
17.4

	
−1.3

	
MgD-8

	
21.2

	
21.8

	
0.6




	
MgG-9

	
20.4

	
19.6

	
−0.8

	
MgD-9

	
24.1

	
24.6

	
0.6




	
MgG-10

	
20.7

	
21.1

	
0.4

	
MgD-10

	
23.9

	
18.5

	
−5.3




	

	

	

	

	
MgD-11

	
21.2

	
19.5

	
−1.7




	

	

	

	

	
MgD-12

	
16.8

	
15.5

	
−1.3




	

	

	

	

	
MgD-13

	
17.8

	
19.3

	
1.5




	

	

	

	

	
MgD-14

	
18.8

	
18.7

	
−0.1




	

	

	

	

	
MgD-15

	
18.6

	
17.7

	
−0.9




	
Mean

	
22.5

	
22.2

	
−0.2

	
Mean

	
20.9

	
19.9

	
−1.0




	
1SD

	
2.9

	
2.5

	
2.6

	
1SD

	
3.4

	
2.2

	
3.0




	
n

	
10

	
10

	

	
n

	
15

	
15

	




	
1SE

	
0.9

	
0.8

	
0.8

	
1SE

	
0.9

	
0.6

	
0.8




	
Median

	
21.4

	
22.8

	
−0.2

	
Median

	
21.0

	
20.3

	
−0.7




	
Minimum

	
18.6

	
17.4

	
−5.5

	
Minimum

	
16.8

	
15.5

	
−9.3




	
Maximum

	
28.5

	
25.2

	
4.3

	
Maximum

	
29.9

	
24.6

	
4.0








ΔMg = Mgafter − Mgbefore. The typical precision on Mg concentration results as obtained with ICP-MS/MS was between 3 and 5%. The repeatability of the analytical procedure, expressed as the standard deviation of the Mg concentration determined for n = 2 aliquots of the same sample, did not exceed 1.3 mg L−1. 1SD = standard deviation, 1SE = standard error.













 





Table 3. δ26Mg value of blood serum drawn from participants one hour before and one hour after the insulin injection (only for T1DM) and/or standard meal consumption.






Table 3. δ26Mg value of blood serum drawn from participants one hour before and one hour after the insulin injection (only for T1DM) and/or standard meal consumption.





	
Control Group

	
Type 1 Diabetes




	

	
δ26MgDSM3 (‰)

	
Δ26Mg (‰)

	

	
δ26MgDSM3 (‰)

	
Δ26Mg (‰)




	
Sample ID

	
Before

	
After

	
After—Before

	
Sample ID

	
Before

	
After

	
After—Before






	
MgG-1

	
−0.21

	
−0.26

	
−0.05

	
MgD-1

	
−0.40

	
−0.39

	
0.00




	
MgG-2

	
−0.06

	
−0.03

	
0.03

	
MgD-2

	
−0.20

	
−0.10

	
0.10




	
MgG-3

	
−0.30

	
−0.25

	
0.05

	
MgD-3

	
−0.27

	
−0.23

	
0.04




	
MgG-4

	
−0.01

	
0.00

	
0.01

	
MgD-4

	
−0.30

	
0.00

	
0.30




	
MgG-5

	
−0.40

	
−0.28

	
0.12

	
MgD-5

	
−0.51

	
−0.24

	
0.27




	
MgG-6

	
−0.13

	
−0.17

	
−0.04

	
MgD-6

	
−0.45

	
−0.43

	
0.02




	
MgG-7

	
−0.16

	
−0.01

	
0.16

	
MgD-7

	
−0.36

	
−0.25

	
0.11




	
MgG-8

	
0.11

	
0.02

	
−0.09

	
MgD-8

	
0.00

	
−0.07

	
−0.07




	
MgG-9

	