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level with small fiber neuropathy 
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Purpose: We aimed to investigate the association between serum magnesium 
(Mg) levels and small fiber neuropathy among patients with type 2 diabetes 
mellitus (T2DM).

Methods: This study retrospectively collected data from patients with T2DM. 
Patients were divided based on the quartiles of the serum concentrations of 
Mg. Corneal confocal microscopy (CCM) was employed to determine the 
morphological parameters of corneal nerve fibers, including corneal nerve 
fiber length (CNFL), fiber density (CNFD), and branch density (CNBD). Pearson 
correlation analysis and multiple linear regression analyses were conducted 
to investigate the association between the serum levels of Mg and the 
morphological parameters of corneal nerve fibers.

Results: In total, 136 patients with T2DM were enrolled in this study. All 
morphological parameters of corneal nerve fibers increased with the increasing 
quartiles of serum Mg levels. Using Pearson correlation analysis, we  found a 
significant and positive association between the serum levels of Mg and CNFL 
(r  = 0.550, p  < 0.001), CNFD (r  = 0.432, p  < 0.001), and CNBD (r  = 0.425, 
p  < 0.001). After adjusting for covariates, the serum levels of Mg remained 
positively correlated with CNFL (β = 0.495, p  < 0.001), CNFD (β  = 0.361, 
p < 0.001), and CNBD (β = 0.374, p < 0.001) in the fully adjusted model.

Conclusion: The serum levels of Mg were positively and independently 
correlated with the morphological parameters of the corneal nerve among 
patients with T2DM. Serum Mg levels can serve as a potential biomarker for 
screening corneal small fiber neuropathy in patients with T2DM.
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Introduction

Corneal nerves primarily originate from the ophthalmic branch of the trigeminal nerve. 
They play a crucial role in maintaining the structural integrity and healthy function of the 
ocular surface by releasing neurotrophic factors (1). Long-term hyperglycemia in patients with 
diabetes can lead to corneal neuropathy. Corneal neuropathy is a type of small fiber neuropathy 
affecting the corneal nerves in patients with diabetes. It is characterized by corneal 
hypoesthesia, photophobia, ocular irritation or pain (2). Without timely diagnosis and 
treatment, it may lead to irreversible vision loss.

Corneal confocal microscopy (CCM) is a rapid and non-invasive technique that can 
help evaluate the morphology of small nerve fibers in a real-time manner (3, 4). It enables 
longitudinal studies of small nerve fibers in both animal models (5) and humans (6). It 
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is an invaluable tool for detecting and monitoring 
neurodegenerative changes in patients with diabetes (7). CCM 
showed a significant decrease in the corneal nerves of patients 
with type 1 or type 2 diabetes (8, 9). Decreased corneal nerve fiber 
length (CNFL) and corneal nerve fiber density (CNFD) are the 
characteristic features of small fiber neuropathy (10).

Although CCM can effectively assess small fiber neuropathy, its 
use in clinical practice is limited by several factors, such as high costs, 
low availability, and the need for skilled professionals. In addition, 
most patients with diabetes receive care in primary health care 
facilities, where there are usually no professional ophthalmologists or 
CCMs. Therefore, a brief, low-cost, and easily accessible screening 
marker is needed to diagnose diabetic corneal neuropathy.

Magnesium (Mg) ion is the fourth most abundant cation in the 
body (11), which plays a critical role in stabilizing blood glucose levels 
(12). There is a consensus that hypomagnesemia is closely associated 
with the development of diabetes mellitus (DM). Previous studies have 
shown that low serum level of Mg is an independent risk factor for 
heart failure, atrial fibrillation, diabetic nephropathy, and retinopathy 
in patients with type 2 diabetes mellitus (T2DM) (13). Recent studies 
have found that low serum levels of Mg are associated with peripheral 
neuropathy in patients with T2DM (14, 15). Small fiber neuropathy is 
generally considered an early manifestation of peripheral neuropathy 
(16); therefore, we hypothesized that there may be a similar association 
between the serum levels of Mg and small fiber neuropathy. This study 
explored the association between serum Mg levels and small fiber 
neuropathy among patients with T2DM.

Methods

Patients

Between December 2020 and December 2021, this retrospective, 
cross-sectional study was conducted at the Department of 
Ophthalmology, Fujian Medical University Union, Fuzhou, China. 
This study included patients with T2DM who underwent 
CCM. Patients were divided into four groups based on the quartiles 
of the serum concentrations of Mg. Patients were excluded if they had 
a history of malignancy, autoimmune diseases, wearing a contact lens, 
ocular trauma, any ocular surgery, or any other ocular or systemic 
diseases (except for T2DM) affecting the cornea. This study followed 
the principles of the Declaration of Helsinki and was approved by the 
Ethics Committee of the Fujian Medical Union.

Clinical and ophthalmologic assessments

Participants underwent a comprehensive medical assessment. 
Their body mass index (BMI), blood pressure (BP), fasting plasma 
glucose (FPG), glycated hemoglobin (HbA1c), serum Mg, total 
cholesterol (TC), triglyceride (TG), LDL-cholesterol (LDL-c), 
HDL-cholesterol (HDL-c), fasting C-peptide, and serum creatinine 
(SCr) levels were measured. Kidney function was assessed by 
estimating the glomerular filtration rate (eGFR). A thorough 
ophthalmic examination was done, including slit-lamp biomicroscopy, 
measurement of intraocular pressure, evaluation of dilated fundus, 
and CCM examination.

Corneal confocal microscopy

CCM examination was conducted using laser scanning confocal 
microscopy (Heidelberg Retinal Tomograph III Rostock Cornea Module; 
Heidelberg Engineering GmbH, Heidelberg, Germany) as described 
previously (17). All CCM examinations were conducted by a trained 
examiner. For each eye of each patient, three representative images of the 
central corneal sub-basal nerve plexus were selected and analyzed based 
on their quality, depth, optimal contrast, and focus position. The images 
were analyzed using validated and established automatic nerve analysis 
software (ACCMetrics; University of Manchester, Manchester, 
United Kingdom) (18). We quantified three morphological parameters of 
the corneal nerve: (1) CNFL, which represents the total length of all nerve 
fibers and branches (mm per 1 mm2); (2) CNFD, which indicates the total 
number of major nerves per 1 mm2; and (3) corneal nerve branch density 
(CNBD), which represents the number of branches emanating from 
major nerve trunks per 1 mm2.

Statistical analysis

The statistical analysis was conducted using SPSS (version 26; SPSS, 
Chicago, IL) and R software (version 4.2.3, R Foundation, Vienna, AUS). 
Continuous data are presented as mean ± standard deviation or median 
(interquartile range), while categorical data are presented as number (%). 
One-way analysis of variance (ANOVA) followed by Games-Howell’s post 
hoc test was used to compare normally distributed data. Non-normally 
distributed data were compared using the Kruskal-Wallis test. The 
Chi-square test was employed to compare categorical variables. Pearson 
correlation and multiple linear regression analysis were conducted to 
analyze the association between serum Mg levels and the morphological 
parameters of the corneal nerve. Covariates were selected based on 
previous studies (19–21) and clinical experience. Specifically, the 
following covariates were used in the regression models: age, gender, 
diabetes duration, BMI, SBP, HbA1c, FBG, triglyceride, TC, eGFR, and 
fasting C-peptide. Robust regression analysis was conducted to evaluate 
the robustness of the findings. Additionally, partial correlation analysis 
was conducted to determine the associations between metabolic variables 
and the morphological parameters of the corneal nerve, while controlling 
for age and sex. p < 0.05 was considered statistically significant.

Results

Demographic and clinical data

In total, 136 patients (272 eyes) diagnosed with T2DM were 
included in this study. Their demographic and clinical data are 
presented in Table 1. Participants were divided into four groups (Q1–
Q4) based on the quartiles of the serum concentrations of Mg: Q1: 
Mg < 0.81 mmol/L; Q2: 0.81 mmol/L ≤ Mg < 0.86 mmol/L; Q3: 
0.86 mmol/L ≤ Mg < 0.91 mmol/L; and Q4: Mg ≥ 0.91 mmol/L.  
We  found a significant difference in FBG (p  < 0.020), CNFD 
(p < 0.001), and CNBD (p < 0.001) among the four groups (Table 1). 
However, no significant differences were identified concerning other 
variables. Furthermore, among the four groups, all morphological 
parameters, including CNFL, CNFD, and CNBD, increased with the 
increase in the serum levels of Mg (Figures 1, 2).
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Correlation analysis

Pearson correlation analysis was conducted to assess the association 
between the serum levels of Mg and the morphological parameters of the 
corneal nerve. Our results revealed a strong positive association between 
the serum levels of Mg and CNFL (r = 0.550, p < 0.001) (Figure 3a). A 
moderate association was observed between the serum levels of Mg 
and  CNFD (r  = 0.432, p  < 0.001; Figure  3b) and CNBD (r  = 0.425, 
p < 0.001; Figure 3c). Considering age and gender as control variables, 
we conducted a partial correlation analysis to investigate the association 
between the serum levels of Mg, other metabolic indicators, and the 
morphological parameters of the corneal nerve. The serum levels of Mg 
remained positively correlated with CNFL, CNFD, and CNBD (Table 2). 
Furthermore, our findings revealed that FBG was negatively correlated 
with CNFL (r = −0.225, p = 0.009), CNFD (r = −0.179, p = 0.039), and 
CNBD (r = −0.215, p = 0.012). In contrast, fasting C-peptide was 
positively correlated with CNFL (r = 0.242, p = 0.005), CNFD (r = 0.247, 
p = 0.004), and CNBD (r = 0.215, p = 0.013). Furthermore, HbA1c was 
inversely correlated with CNFL (r = −0.181, p = 0.036). Besides, the 
duration of diabetes was negatively correlated with CNFD (r = −0.180, 
p = 0.037). Moreover, BMI was positively correlated with both CNFD 
and CNBD (r = 0.176, p = 0.042; r = 0.201, p = 0.020), and HDL-c was 
inversely correlated with CNFL and CNBD (r  = −0.173, p  = 0.046; 
r = −0.171, p = 0.049).

Finally, multiple linear regression analysis was employed to 
identify independent relationships between the serum levels of Mg 
and the morphological parameters of the corneal nerve. The outcomes 

of this analysis are expressed as standardized regression coefficients 
(β) (Table  3). The results demonstrated a significant association 
between the serum levels of Mg and CNFL (β = 0.550, p < 0.001), 
CNFD (β = 0.432, p < 0.001), and CNBD (β = 0.425, p < 0.001) before 
adjustments (model 1). After controlling for age, sex, and duration of 
diabetes (model 2), we found a positive association between the serum 
levels of Mg and CNFL (β = 0.546, p < 0.001), CNFD (β = 0.408, 
p < 0.001), and CNBD (β = 0.434, p < 0.001). The association between 
the serum levels of Mg and CNFL (β  =  0.495, p  < 0.001), CNFD 
(β = 0.361, p < 0.001), and CNBD (β = 0.374, p < 0.001) remained 
significant even after adjusting for BMI, SBP, HbA1c, FBG, TG, TC, 
eGFR, and fasting C-peptide (model 3). Additionally, robust 
regression analysis, which accounted for the effect of outliers, also 
confirmed a significant association between the serum levels of Mg 
and each morphological parameter of the corneal nerve.

Discussion

Patients with diabetes often present with corneal nerve damage, 
which affects the morphological parameters of the cornea, such as 
nerve fiber length, nerve density, and branching density (22). 
Additionally, corneal nerve damage may delay corneal wound healing 
and increase the risk of corneal infections (23). In this retrospective 
cross-sectional study, we found that the serum levels of Mg in patients 
with T2DM were positively associated with the morphological 
parameters of the corneal nerve (CNFL, CNFD, and CNBD) detected 

TABLE 1 Demographic and clinical characteristics of participants by serum magnesium levels quartile.

Q1 (n = 34) Q2 (n = 34) Q3 (n = 34) Q4 (n = 34) p

Male (n (%)) 64.7 64.7 61.8 61.8 0.988

Age (years) 61 ± 11.75 57.53 ± 11.44 56.76 ± 12.50 60.74 ± 10.62 0.315

BMI (kg/m2) 23.1 ± 3.85 24.89 ± 4.06 24.73 ± 3.38 24.60 ± 3.41 0.196

Duration of diabetes 

(years)
12 (5–20) 13 (5–20) 7.5 (2–18) 8.5 (4–14) 0.118

SBP (mmHg) 132.68 ± 16.69 132.94 ± 15.13 129.94 ± 18.53 132.68 ± 16.69 0.844

DBP (mmHg) 80.29 ± 10.67 82.68 ± 12.44 80.88 ± 9.92 80.29 ± 10.67 0.675

FBG (mmol/L) 8.40 ± 3.62 8.43 ± 2.88 7.92 ± 2.78 6.49 ± 1.67 0.020

HbA1c (%) 7.40 (8.60–10.90) 7.50 (8.30–9.70) 7.80 (8.90–10.20) 7.20 (8.05–9.10) 0.347

Fasting C-peptide (ng/

mL)
0.59 (0.41–0.83) 0.68 (0.42–0.92) 0.68 (0.43–0.80) 0.81 (0.53–1.08) 0.239

TG (mmol/L) 1.55 (1.17–2.35) 1.55 (1.12–2.56) 1.71 (1.10–2.17) 1.96 (1.16–2.62) 0.889

TC (mmol/L) 1.17 (1.55–2.35) 1.12 (1.55–2.56) 1.10 (1.71–2.17) 1.16 (1.96–2.62) 0.696

HDL (mmol/L) 1.08 (0.94–1.16) 1.05 (0.90–1.46) 1.00 (0.80–1.31) 1.01 (0.89–1.19) 0.558

LDL (mmol/L) 2.89 ± 1.26 3.09 ± 0.97 3.03 ± 0.96 2.93 ± 1.07 0.864

Cr (μmol/L) 63.50 (54.00–76.00) 67.00 (60.00–79.00) 66.50 (56.00–82.00) 73.00 (66.00–84.00) 0.126

eGFR (mL/min/1.73m2) 92.80 (81.40–101.00) 89.55 (80.80–101.20) 97.10 (86.90–106.90) 96.35 (81.40–104.70) 0.393

CNFL (mm/mm2) 10.83 ± 1.39 12.35 ± 1.15a 13.50 ± 1.72a,b 13.90 ± 2.06a,b <0.001

CNFD (number/mm2) 15.13 ± 2.78 17.89 ± 3.80a 19.85 ± 4.41a 20.63 ± 4.20a,b <0.001

CNBD (number/mm2) 18.44 ± 5.47 21.41 ± 7.05 26.02 ± 8.55a 29.04 ± 9.69a,b <0.001

Data are presented as mean ± SD or median (interquartile range). BMI, body mass index; BP, blood pressure; FBG, fasting blood glucose; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; TC, total cholesterol; TG, triglyceride; eGFR, estimated glomerular filtration rate. Statistical differences between groups are represented by the p values.
aSignificant difference compared with quartile 1.
bSignificant difference compared with quartile 2.
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FIGURE 1

Differences in CNFL (a), CNFD (b), and CNBD (c) between groups (Q1–4) based on the quartile of serum Mg levels. Statistical differences between 
groups are indicated by p values (*p < 0.05, ** p < 0.01, and *** p < 0.001).

FIGURE 2

Original and annotated representative images of the sub-basal nerve plexus in the Q1 group (a,e), Q2 group (b,f), Q3 group (c,g), and Q4 group (d,h) 
from age-matched patients. Red, fiber; blue, branch; green, branch point.

FIGURE 3

The associations between the serum levels of magnesium and morphological parameters of corneal nerve fibers. (a) Pearson correlation analysis 
revealed a strong association between serum magnesium levels and CNFL (r = 0.550, p < 0.001). (b,c) There was a moderate association between 
serum magnesium levels and CNFD (r = 0.432, p < 0.001) and CNBD (r = 0.425, p < 0.001).

https://doi.org/10.3389/fmed.2025.1509820
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Liu and Hu 10.3389/fmed.2025.1509820

Frontiers in Medicine 05 frontiersin.org

by CCM, a non-invasive imaging technique. After adjusting for 
potential confounding factors, we  found that elevated Mg levels 
remained an independent protective factor for CNFL, CNFD, and 
CNBD. Although CCM allows for the visualization of small corneal 
nerve fibers, its application needs expertise and is limited in some 
institutions due to high costs. These findings strongly suggest that 
elevated serum levels of Mg can serve as an independent protective 
factor for corneal nerves. Given the ease and cost-effectiveness of 
measuring the serum levels of Mg through routine laboratory tests, 
this biomarker can be  used as a practical tool for screening and 
monitoring small fiber neuropathy in patients with T2DM without 
imposing additional burdens.

Numerous epidemiological studies have shown that Mg is closely 
associated with diabetes and its complications (13). Mg may contribute 
to the development and progression of diabetes by affecting insulin 
resistance, insulin secretion, inflammatory responses, and oxidative 
stress (24, 25). Furthermore, Mg is essential for the survival and 
function of neurons (26). Recent studies have demonstrated a strong 
association between the serum levels of Mg and peripheral neuropathy 
associated with diabetes. For instance, the serum levels of Mg were 
significantly lower in patients with T2DM and abnormal nerve 

conduction compared to those with normal nerve conduction (15). 
Strom A et  al. reported that Mg concentrations were reduced in 
patients with recently diagnosed type 2 diabetes and diabetic 
sensorimotor polyneuropathy (27). Consistently, Mg supplementation 
was shown to improve neurobehavioral and electrophysiological 
functions (28). In the present study, a significant positive association 
was observed between the serum levels of Mg and the morphological 
parameters of the corneal nerve. This finding offers potential guidance 
for the early detection, monitoring, and treatment of diabetic corneal 
neuropathy. Additionally, lower serum levels of Mg and corneal nerve 
damage have also been observed in various metabolic-related 
disorders, such as prediabetes, glycemic variability, and metabolic 
syndrome (29–33). Given the significant role of these conditions in 
the pathogenesis and progression of diabetes, monitoring the serum 
levels of Mg and corneal nerve damage in such patients is of great 
clinical importance.

Although the pathological mechanisms underlying diabetic corneal 
neuropathy are not yet fully known, accumulating evidence shows that the 
inflammatory response, oxidative stress, and intracellular inositol 
concentrations play critical roles in the pathogenesis of diabetic corneal 
neuropathy (34). The serum levels of Mg have been shown to possess 

TABLE 2 Partial correlation analysis of corneal nerve fibers morphological parameters with clinical and serologic data (adjusted for age and gender).

Characteristics CNFL CNFD CNBD

r p r p r p

BMI 0.165 0.056 0.176 0.042 0.201 0.020

Duration of diabetes −0.133 0.126 −0.180 0.037 −0.008 0.930

SBP 0.029 0.736 0.037 0.673 0.021 0.814

DBP 0.024 0.780 0.015 0.864 0.045 0.605

FBG −0.225 0.009 −0.179 0.039 −0.215 0.012

HbA1c −0.181 0.036 −0.125 0.149 −0.140 0.107

Fasting C-peptide 0.242 0.005 0.247 0.004 0.215 0.013

TG −0.008 0.930 −0.022 0.805 −0.005 0.954

TC −0.109 0.211 −0.100 0.252 −0.025 0.778

HDL −0.173 0.046 −0.168 0.052 −0.171 0.049

LDL −0.109 0.209 0.046 0.594 −0.031 0.726

Cr 0.170 0.050 0.146 0.092 0.156 0.072

eGFR −0.060 0.491 −0.038 0.660 −0.030 0.734

Serum Mg 0.553 <0.001 0.427 <0.001 0.424 <0.001

TABLE 3 Multiple linear regression (MLR) analysis and robust regression of serum magnesium levels with corneal nerve fibers morphological 
parameters (as dependent variable).

Models Characteristics CNFL CNFD CNBD

MLR Robust MLR Robust MLR Robust

β p 
value

β p 
value

β p 
value

β p 
value

β p 
value

β p 
value

Model 1 Serum Mg 0.550 <0.001 0.526 <0.001 0.432 <0.001 0.408 <0.001 0.425 <0.001 0.398 <0.001

Model 2 Serum Mg 0.546 <0.001 0.525 <0.001 0.408 <0.001 0.386 <0.001 0.434 <0.001 0.408 <0.001

Model 3 Serum Mg 0.495 <0.001 0.476 <0.001 0.361 <0.001 0.348 <0.001 0.374 <0.001 0.349 <0.001

Model 1: a regression model including just serum magnesium.
Model 2: adjusted for serum magnesium, age, gender, diabetes duration.
Model 3: adjusted for serum magnesium, age, gender, diabetes duration, BMI, SBP, HbA1c, FBG, TG, TC, eGFR, and fasting C-peptide.
β is the standardized coefficient.
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anti-inflammatory and antioxidant properties (35). Decreased serum 
levels of Mg exacerbate oxidative stress and the inflammatory response 
(24, 25), primarily by attenuating oxidative stress kinases and upregulating 
pro-inflammatory factors, such as tumor necrosis factor-alpha (TNF-ɑ), 
interleukin-6 (IL-6), and interleukin-8 (IL-8) (36, 37). In addition, Zghoul 
et  al. reported that Mg supplementation can downregulate 
pro-inflammatory factors (38). Moreover, Mg can increase the intracellular 
concentrations of inositol by increasing the intracellular transport of 
inositol, which helps prevent further neurological damage (39). It has been 
suggested that decreased levels of myoinositol can lower the activity of 
membrane sodium-potassium adenosine triphosphatase (Na+/K+ 
ATPase), finally impairing the function and structure of nerve fibers (40). 
Based on these findings, it can concluded that the neuroprotective effects 
of serum Mg are associated with its ability to increase the intracellular 
concentrations of inositol and attenuate inflammation and oxidative stress. 
However, further studies are necessary to fully elucidate the mechanisms 
underlying the effect of serum Mg in small fiber neuropathy.

We also observed a positive association between C-peptide 
levels and corneal nerve parameters in patients with T2DM, 
which is consistent with the findings of Zuo et al. (19). Previous 
studies demonstrated that the C-peptide level can be regarded as 
a reliable indicator of hyperinsulinemia and can help predict the 
risk of developing diabetes (41, 42). Qiao et al. (43) reported the 
protective effects of C-peptide on diabetic peripheral neuropathy. 
Tam et  al. (44) indicated that the neuroprotective effects of 
C-peptide are linked to the mitogen-activated protein kinase 
pathways. Nevertheless, the role of C-peptide in corneal nerve 
function in patients with T2DM needs further studies. 
Meanwhile, HbA1c was inversely correlated with CNFL, and the 
duration of diabetes was negatively correlated with CNFD, 
consistent with the results of Pellegrini et al. (20) and Dehghani 
et al. (21). In addition, our data showed that BMI was positively 
correlated with CNFD and CNBD, while HDL-c was negatively 
correlated with CNFL and CNBD. Although high BMI and low 
HDL-c levels are considered risk factors for diabetes (45, 46). 
These inconsistencies may originate from differences in the study 
populations. Further studies are needed to investigate the reasons 
behind these discrepancies.

To the best of our knowledge, this study was the first to assess 
the association between the serum levels of Mg and small fiber 
neuropathy in individuals with T2DM. Our findings indicated a 
positive association between the serum levels of Mg and the 
morphological parameters of the corneal nerve. Therefore, the 
serum levels of Mg may serve as a potential indicator of small 
fiber neuropathy in individuals with T2DM. Our study provided 
a novel insight into the pathogenesis of small fiber neuropathy 
associated with diabetes. Despite strengths, it is crucial to 
acknowledge certain limitations to our study that warrant 
attention. Firstly, its retrospective nature could lead to selection 
bias. Secondly, due to the inherent nature of cross-sectional 
studies, we could not establish a causal relationship between the 
serum levels of Mg and corneal neuropathy. Thirdly, although 
we adjusted for several potential confounders, the possibility of 
residual confounding factors could not be completely ruled out. 
Finally, this study had a relatively small sample size. Therefore, 
large-scale population-based prospective and longitudinal studies 
are imperative to elucidate the association between the serum 
levels of Mg and corneal neuropathy. We intend to address these 
concerns in our future research endeavors.

Conclusion

In summary, our study revealed that the serum levels of Mg were 
positively and independently associated with the morphological 
parameters of the corneal nerve in patients with T2DM. Therefore, the 
serum levels of Mg may serve as a potential biomarker for screening small 
fiber neuropathy among patients with T2DM. Future studies are needed 
to prospectively confirm our clinical findings and investigate the role of 
serum Mg in the pathogenesis of small fiber neuropathy in patients 
with T2DM.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics 
Committee of the Fujian Medical Union. The studies were conducted 
in accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to 
participate in this study.

Author contributions

XL: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Resources, Software, Supervision, 
Validation, Visualization, Writing – original draft, Writing – review & 
editing. JH: Conceptualization, Funding acquisition, Project 
administration, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
funded by Joint Funds for the Innovation of Science and Technology, 
Fujian province (2020Y9060).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

https://doi.org/10.3389/fmed.2025.1509820
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Liu and Hu 10.3389/fmed.2025.1509820

Frontiers in Medicine 07 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Medeiros CS, Santhiago MR. Corneal nerves anatomy, function, injury and 

regeneration. Exp Eye Res. (2020) 200:108243. doi: 10.1016/j.exer.2020.108243

 2. Zhou Q, Yang L, Wang Q, Li Y, Wei C, Xie L. Mechanistic investigations of diabetic 
ocular surface diseases. Front Endocrinol (Lausanne). (2022) 13:1079541. doi: 
10.3389/fendo.2022.1079541

 3. Azmi S, Ferdousi M, Petropoulos IN, Ponirakis G, Alam U, Fadavi H, et al. Corneal 
confocal microscopy identifies small-Fiber neuropathy in subjects with impaired glucose 
tolerance who develop type 2 diabetes. Diabetes Care. (2015) 38:1502–8. doi: 
10.2337/dc14-2733

 4. Roszkowska AM, Licitra C, Tumminello G, Postorino EI, Colonna MR, Aragona P. 
Corneal nerves in diabetes-the role of the in vivo corneal confocal microscopy of the 
subbasal nerve plexus in the assessment of peripheral small fiber neuropathy. Surv 
Ophthalmol. (2021) 66:493–513. doi: 10.1016/j.survophthal.2020.09.003

 5. Alemi H, Dehghani S, Forouzanfar K, Surico PL, Narimatsu A, Musayeva A, et al. 
Insights into mustard gas keratopathy—characterizing corneal layer-specific changes in 
mice exposed to nitrogen mustard. Exp Eye Res. (2023) 236:109657. doi: 
10.1016/j.exer.2023.109657

 6. D'Onofrio L, Kalteniece A, Ferdousi M, Azmi S, Petropoulos IN, Ponirakis G, et al. 
Small nerve Fiber damage and Langerhans cells in type 1 and type 2 diabetes and LADA 
measured by corneal confocal microscopy. Invest Ophthalmol Vis Sci. (2021) 62:5. doi: 
10.1167/iovs.62.6.5

 7. Deák EA, Szalai E, Tóth N, Malik RA, Berta A, Csutak A. Longitudinal changes in 
corneal cell and nerve Fiber morphology in young patients with type 1 diabetes with 
and without diabetic retinopathy: a 2-year follow-up study. Invest Ophthalmol Vis Sci. 
(2019) 60:830–7. doi: 10.1167/iovs.18-24516

 8. Gad H, Al-Jarrah B, Saraswathi S, Mohamed S, Kalteniece A, Petropoulos IN, et al. 
Corneal confocal microscopy identifies a reduction in corneal keratocyte density and 
sub-basal nerves in children with type 1 diabetes mellitus. Br J Ophthalmol. (2021) 
106:1368–72. doi: 10.1136/bjophthalmol-2021-319057

 9. Jin Y, Wang W, Chen W, Guo S, Li C, Zhu D, et al. Corneal confocal microscopy: a 
useful tool for diagnosis of small fiber neuropathy in type 2 diabetes. J Diabetes Investig. 
(2021) 12:2183–9. doi: 10.1111/jdi.13616

 10. Thimm A, Carpinteiro A, Oubari S, Papathanasiou M, Kessler L, Rischpler C, et al. 
Corneal confocal microscopy to detect early immune-mediated small nerve fibre loss in 
AL amyloidosis. Ann Clin Transl Neurol. (2022) 9:853–63. doi: 10.1002/acn3.51565

 11. Ellison DH, Maeoka Y, McCormick JA. Molecular mechanisms of renal 
magnesium reabsorption. J Am  Soc Nephrol. (2021) 32:2125–36. doi: 
10.1681/ASN.2021010042

 12. Pelczyńska M, Moszak M, Bogdański P. The role of magnesium in the pathogenesis 
of metabolic disorders. Nutrients. (2022) 14:1714. doi: 10.3390/nu14091714

 13. Oost LJ, van der Heijden AAWA, Vermeulen EA, Bos C, Elders PJM, Slieker RC, 
et al. Serum magnesium is inversely associated with heart failure, atrial fibrillation, and 
microvascular complications in type 2 diabetes. Diabetes Care. (2021) 44:1757–65. doi: 
10.2337/dc21-0236

 14. Zhang Q, Ji L, Zheng H, Li Q, Xiong Q, Sun W, et al. Low serum phosphate and 
magnesium levels are associated with peripheral neuropathy in patients with type 2 
diabetes mellitus. Diabetes Res Clin Pract. (2018) 146:1–7. doi: 
10.1016/j.diabres.2018.09.015

 15. Chu C, Zhao W, Zhang Y, Li L, Lu J, Jiang L, et al. Low serum magnesium levels 
are associated with impaired peripheral nerve function in type 2 diabetic patients. Sci 
Rep. (2016) 6:32623. doi: 10.1038/srep32623

 16. Jolivalt CG, Marquez A, Quach D, Navarro Diaz MC, Anaya C, Kifle B, et al. 
Amelioration of both central and peripheral neuropathy in mouse models of type 1 and 
type 2 diabetes by the neurogenic molecule NSI-189. Diabetes. (2019) 68:2143–54. doi: 
10.2337/db19-0271

 17. Ferdousi M, Kalteniece A, Azmi S, Petropoulos IN, Ponirakis G, Alam U, et al. 
Diagnosis of neuropathy and risk factors for corneal nerve loss in type 1 and type 2 
diabetes: a corneal confocal microscopy study. Diabetes Care. (2021) 44:150–6. doi: 
10.2337/dc20-1482

 18. Chen X, Graham J, Dabbah MA, Petropoulos IN, Tavakoli M, Malik RA. An 
automatic tool for quantification of nerve fibers in corneal confocal microscopy 
images. IEEE Trans Biomed Eng. (2017) 64:786–94. doi: 
10.1109/TBME.2016.2573642

 19. Zuo A, Wang C, Li L, Qu J, Cao J, Chen L, et al. The Association of Fasting 
C-peptide with corneal neuropathy in patients with type 2 diabetes. J Diabetes Res. 
(2020) 2020:8883736–8. doi: 10.1155/2020/8883736

 20. Pellegrini M, Sebastiani S, Tucci L, Giannaccare G, Moscatiello S, Laffi G, et al. 
Association between alterations of corneal sub-basal nerve plexus analyzed with in vivo 
confocal microscopy and long-term glycemic variability. Eur J Ophthalmol. (2021) 
31:2294–9. doi: 10.1177/1120672120964126

 21. Dehghani C, Pritchard N, Edwards K, Russell AW, Malik RA, Efron N. Abnormal 
anterior corneal morphology in diabetes observed using in vivo laser-scanning confocal 
microscopy. Ocul Surf. (2016) 14:507–14. doi: 10.1016/j.jtos.2016.07.004

 22. Carmichael J, Fadavi H, Ishibashi F, Howard S, Boulton AJM, Shore AC, et al. 
Implementation of corneal confocal microscopy for screening and early detection of 
diabetic neuropathy in primary care alongside retinopathy screening: results from a 
feasibility study. Front Endocrinol (Lausanne). (2022) 13:891575. doi: 
10.3389/fendo.2022.891575

 23. Yu FX, Lee PSY, Yang L, Gao N, Zhang Y, Ljubimov AV, et al. The impact of sensory 
neuropathy and inflammation on epithelial wound healing in diabetic corneas. Prog 
Retin Eye Res. (2022) 89:101039. doi: 10.1016/j.preteyeres.2021.101039

 24. Morais JB, Severo JS, Santos LR, de Sousa Melo SR, de Oliveira SR, de Oliveira AR, 
et al. Role of magnesium in oxidative stress in individuals with obesity. Biol Trace Elem 
Res. (2017) 176:20–6. doi: 10.1007/s12011-016-0793-1

 25. Nielsen FH. Magnesium deficiency and increased inflammation: current 
perspectives. J Inflamm Res. (2018) 11:25–34. doi: 10.2147/JIR.S136742

 26. Hou H, Wang L, Fu T, Papasergi M, Yule DI, Xia H. Magnesium acts as a second 
messenger in the regulation of NMDA receptor-mediated CREB signaling in neurons. 
Mol Neurobiol. (2020) 57:2539–50. doi: 10.1007/s12035-020-01871-z

 27. Strom A, Strassburger K, Schmuck M, Shevalye H, Davidson E, Zivehe F, et al. 
Interaction between magnesium and methylglyoxal in diabetic polyneuropathy and 
neuronal models. Mol Metab. (2021) 43:101114. doi: 10.1016/j.molmet.2020.101114

 28. Chen YJ, Cheng FC, Chen CJ, Su HL, Sheu ML, Sheehan J, et al. Down-
regulated expression of magnesium transporter genes following a high magnesium 
diet attenuates sciatic nerve crush injury. Neurosurgery. (2019) 84:965–76. doi: 
10.1093/neuros/nyy120

 29. Kieboom BCT, Ligthart S, Dehghan A, Kurstjens S, de Baaij JHF, Franco OH, et al. 
Serum magnesium and the risk of prediabetes: a population-based cohort study. 
Diabetologia. (2017) 60:843–53. doi: 10.1007/s00125-017-4224-4

 30. De Clerck EEB, Schouten JSAG, Berendschot TTJM, Koolschijn RS, Nuijts 
RM, Schram MT, et al. Reduced corneal nerve fibre length in prediabetes and type 
2 diabetes: the Maastricht study. Acta Ophthalmol. (2020) 98:485–91. doi: 
10.1111/aos.14359

 31. Jin HY, Lee KA, Park TS. The impact of glycemic variability on diabetic peripheral 
neuropathy. Endocrine. (2016) 53:643–8. doi: 10.1007/s12020-016-1005-7

 32. Barbagallo M, Veronese N, Dominguez LJ. Magnesium in type 2 diabetes mellitus, 
obesity, and metabolic syndrome. Nutrients. (2022) 14:714. doi: 10.3390/nu14030714

 33. Issar T, Tummanapalli SS, Borire AA, Kwai NCG, Poynten AM, Arnold R, et al. 
Impact of the metabolic syndrome on peripheral nerve structure and function in type 
2 diabetes. Eur J Neurol. (2021) 28:2074–82. doi: 10.1111/ene.14805

 34. Zhou T, Lee A, Lo ACY, Kwok JSWJ. Diabetic corneal neuropathy: pathogenic 
mechanisms and therapeutic strategies. Front Pharmacol. (2022) 13:816062. doi: 
10.3389/fphar.2022.816062

 35. Zheltova AA, Kharitonova MV, Iezhitsa IN, Spasov AA. Magnesium deficiency 
and oxidative stress: an update. Biomedicine (Taipei). (2016) 6:20. doi: 10.7603/s40681- 
016-0020-6

 36. Feng J, Wang H, Jing Z, Wang Y, Cheng Y, Wang W, et al. Role of magnesium in type 
2 diabetes mellitus. Biol Trace Elem Res. (2020) 196:74–85. doi: 10.1007/s12011-019-01922-0

 37. Liu M, Dudley SC Jr. Magnesium, oxidative stress, inflammation, and cardiovascular 
disease. Antioxidants (Basel). (2020) 9:907. doi: 10.3390/antiox9100907

 38. Zghoul N, Alam-Eldin N, Mak IT, Silver B, Weglicki WB. Hypomagnesemia in 
diabetes patients: comparison of serum and intracellular measurement of responses to 
magnesium supplementation and its role in inflammation. Diabetes Metab Syndr Obes. 
(2018) 11:389–400. doi: 10.2147/DMSO.S168398

 39. Maier JA, Castiglioni S, Locatelli L, Zocchi M, Mazur A. Magnesium and 
inflammation: advances and perspectives. Semin Cell Dev Biol. (2021) 115:37–44. doi: 
10.1016/j.semcdb.2020.11.002

 40. Al Alawi AM, Majoni SW, Falhammar H. Magnesium and human health: 
perspectives and research directions. Int J Endocrinol. (2018) 2018:9041694–17. 
doi: 10.1155/2018/9041694

https://doi.org/10.3389/fmed.2025.1509820
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.exer.2020.108243
https://doi.org/10.3389/fendo.2022.1079541
https://doi.org/10.2337/dc14-2733
https://doi.org/10.1016/j.survophthal.2020.09.003
https://doi.org/10.1016/j.exer.2023.109657
https://doi.org/10.1167/iovs.62.6.5
https://doi.org/10.1167/iovs.18-24516
https://doi.org/10.1136/bjophthalmol-2021-319057
https://doi.org/10.1111/jdi.13616
https://doi.org/10.1002/acn3.51565
https://doi.org/10.1681/ASN.2021010042
https://doi.org/10.3390/nu14091714
https://doi.org/10.2337/dc21-0236
https://doi.org/10.1016/j.diabres.2018.09.015
https://doi.org/10.1038/srep32623
https://doi.org/10.2337/db19-0271
https://doi.org/10.2337/dc20-1482
https://doi.org/10.1109/TBME.2016.2573642
https://doi.org/10.1155/2020/8883736
https://doi.org/10.1177/1120672120964126
https://doi.org/10.1016/j.jtos.2016.07.004
https://doi.org/10.3389/fendo.2022.891575
https://doi.org/10.1016/j.preteyeres.2021.101039
https://doi.org/10.1007/s12011-016-0793-1
https://doi.org/10.2147/JIR.S136742
https://doi.org/10.1007/s12035-020-01871-z
https://doi.org/10.1016/j.molmet.2020.101114
https://doi.org/10.1093/neuros/nyy120
https://doi.org/10.1007/s00125-017-4224-4
https://doi.org/10.1111/aos.14359
https://doi.org/10.1007/s12020-016-1005-7
https://doi.org/10.3390/nu14030714
https://doi.org/10.1111/ene.14805
https://doi.org/10.3389/fphar.2022.816062
https://doi.org/10.7603/s40681-016-0020-6
https://doi.org/10.7603/s40681-016-0020-6
https://doi.org/10.1007/s12011-019-01922-0
https://doi.org/10.3390/antiox9100907
https://doi.org/10.2147/DMSO.S168398
https://doi.org/10.1016/j.semcdb.2020.11.002
https://doi.org/10.1155/2018/9041694


Liu and Hu 10.3389/fmed.2025.1509820

Frontiers in Medicine 08 frontiersin.org

 41. Shin D, Eom YS, Chon S, Kim BJ, Yu KS, Lee DH. Factors influencing insulin 
sensitivity during hyperinsulinemic-euglycemic clamp in healthy Korean male subjects. 
Diabetes Metab Syndr Obes. (2019) 12:469–76. doi: 10.2147/DMSO.S195350

 42. Tabung FK, Nimptsch K, Giovannucci EL. Postprandial duration influences 
the Association of Insulin-Related Dietary Indexes and Plasma C-peptide 
concentrations in adult men and women. J Nutr. (2019) 149:286–94. doi: 
10.1093/jn/nxy239

 43. Qiao X, Zheng H, Zhang S, Liu S, Xiong Q, Mao F, et al. C-peptide is independent 
associated with diabetic peripheral neuropathy: a community-based study. Diabetol 
Metab Syndr. (2017) 9:12. doi: 10.1186/s13098-017-0208-2

 44. Tam J, Diamond J, Maysinger D. Dual-action peptides: a new strategy in the 
treatment of diabetes-associated neuropathy. Drug Discov Today. (2006) 11:254–60. doi: 
10.1016/S1359-6446(05)03722-0

 45. Gobato AO, Vasques AC, Zambon MP, Barros Filho Ade A, Hessel G. Metabolic 
syndrome and insulin resistance in obese adolescents. Rev Paul Pediatr. (2014) 32:55–9. 
doi: 10.1590/s0103-05822014000100010

 46. Andersen ST, Witte DR, Dalsgaard EM, Andersen H, Nawroth P, Fleming T, et al. 
Risk factors for incident diabetic polyneuropathy in a cohort with screen-detected type 
2 diabetes followed for 13 years: ADDITION-Denmark. Diabetes Care. (2018) 
41:1068–75. doi: 10.2337/dc17-2062

https://doi.org/10.3389/fmed.2025.1509820
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.2147/DMSO.S195350
https://doi.org/10.1093/jn/nxy239
https://doi.org/10.1186/s13098-017-0208-2
https://doi.org/10.1016/S1359-6446(05)03722-0
https://doi.org/10.1590/s0103-05822014000100010
https://doi.org/10.2337/dc17-2062

	Association of serum magnesium level with small fiber neuropathy in patients with type 2 diabetes
	Introduction
	Methods
	Patients
	Clinical and ophthalmologic assessments
	Corneal confocal microscopy
	Statistical analysis

	Results
	Demographic and clinical data
	Correlation analysis

	Discussion
	Conclusion

	References

