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Abstract: Type 1 diabetes mellitus (T1DM) is associated with chronic complications, which are
the result of neurovascular changes. There is still a lack of universal biochemical markers of
microvascular damage. The present study aimed to investigate whether selected inflammatory
proteins are related to the prevalence of microvascular complications in adult T1DM patients.
The following markers were determined in a group of 100 T1DM participants: epidermal growth
factor (EGF), metalloproteinase 2 (MMP-2), growth/differentiation factor 15 (GDF-15), and interleukin
29 (IL-29). Screening for microvascular complications, such as autonomic and peripheral neuropathy,
diabetic kidney disease, and retinopathy, was conducted. The group was divided according to the
occurrence of microvascular complications. At least one complication was required for the patient to
be included in the microangiopathy group. The median EGF concentration in the microangiopathy
group was higher than in the group without microangiopathy (p = 0.03). Increasing EGF concentration
was a statistically significant predictor of the presence of microangiopathy in multivariate logistic
regression analysis (p < 0.0001). Additionally, a higher GDF-15 level was associated with diabetic
kidney disease, peripheral neuropathy, and proliferative retinopathy vs. nonproliferative retinopathy.
GDF-15 concentration correlated negatively with estimated glomerular filtration rate (eGFR) (r = −0.28;
p = 0.02). To conclude, higher EGF concentration is an independent predictor of the presence of
microvascular complications in T1DM patients. Besides the relation between GDF-15 and diabetic
kidney disease, it may be also associated with peripheral neuropathy and retinopathy.

Keywords: type 1 diabetes mellitus; neurovascular; microvascular; epidermal growth factor;
growth/differentiation factor 15; interleukin 29; EGF; GDF-15

1. Introduction

Type 1 diabetes is an autoimmune disease frequently associated with microangiopathic
complications [1]. Diabetic kidney disease, retinopathy, and peripheral and autonomic neuropathy
are among the microangiopathic complications. To maintain a high quality of life and similar life
expectancy to the normal population, early detection of complications is crucial in type 1 diabetes
mellitus (T1DM) patients. Despite very important progress in the control of the disease and novel
therapeutic options, the occurrence of neurovascular complications still cannot be fully prevented.
Therefore, new markers of microangiopathy are being searched for intensely.
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In the pathogenesis of diabetic complications development, processes affect actually existing
vessels as well as the proliferation of new vessels. This is regulated via growth factors such as
vascular endothelial growth factor (VEGF). However, there are publications questioning its main
role [2]. The formation of new vessels, as well as a dysfunctional endothelium by itself, results in
the secretion of inflammatory mediators such as tumor necrosis factor (TNF-α) and interleukin-6
(IL-6) [3]. There has been progress in knowledge thanks to studies focusing on glucotoxicity not only
in endothelial cells but also in neurons (similar mechanisms related to oxidative stress were induced
by intracellular high glucose concentration in the response of hyperglycemia). It has been proved that
the neurodegenerative process is involved not only in the development of diabetic neuropathy but
also in retinopathy. Altogether, microvascular complications have recently been called neurovascular
complications [4]. There is a need to discover new factors promoting proper angiogenesis and inhibiting
destructive processes, which may lead to the invention of new medications protecting against the
development of chronic neurovascular complications.

Some proteins are interesting in their biological functions and can be engaged in the development
of microangiopathy. What is more, no research has yet been conducted to explore them. One of them is
epidermal growth factor (EGF), which is secreted by many types of cells such as platelets, macrophages,
and fibroblasts. It activates its own receptors to promote cell proliferation and wound healing [5].
Preliminary studies have shown that EGF can be associated with the pathogenesis of microvascular
complications. However, the majority of studies were conducted on mice and cell cultures, and it
has been demonstrated that T1DM patients have higher blood concentrations of EGF as compared
with healthy controls [6]. It has already been found that activated EGF receptors promote retinal
dysfunction and vascular abnormalities in mouse models of diabetic retinopathy [7]. Studies on T1DM
patients have not been carried out to assess the connection between EGF and microangiopathy.

Growth/differentiation factor 15 (GDF-15) is a member of the transforming growth factor β (TGF-β)
superfamily. It is secreted in the course of cardiovascular disorders [8]. Besides its role in heart diseases,
there are preliminary studies concerning the role of GDF-15 in diabetic kidney disease development.
Higher GDF-15 concentrations were associated with a faster deterioration of kidney function but not
with the development of end-stage renal disease [9,10]. Moreover, genetic deletion of the GDF-15
gene resulted in renal damage in mice models of type 1 and type 2 diabetes [11]. This suggests its
probable nephroprotective role. Based on the above-mentioned publications, we have a strong premise
to expect an association between GDF-15 and microvascular changes, but no study has yet assessed its
concentration with regard to all complications of the disease.

Matrix metalloproteinases are a group of enzymes whose main task is the degradation of
extracellular matrix components (e.g., collagen, elastin, gelatin, laminin) [12]. Matrix metalloproteinase
2 (MMP-2) is a gelatinase, also known as gelatinase A. This enzyme was an object of research in T1DM
patients, and in comparison with healthy controls, its concentration was higher in T1DM subjects [2].
In microvascular disease, MMP-2 concentration has also been assessed. Patients with microalbuminuria
vs. patients with normal urine test results, and proliferative vs. nonproliferative retinopathy, had higher
MMP-2 concentrations [13]. However, the results of another study are contradictory [2]. Thus, there is
still no clear evidence that MMP-2 might be a marker of neurovascular disease in T1DM patients.

Interleukin 29 (IL-29, also known as interferon lambda 1, IFN-λ1) is a new member of the
recently discovered interferon lambda (IFN-λ) family. Dendritic cells and macrophages produce it as
a response to autoimmune processes or viral infections [14]. Elevated Il-29 levels were detected in
the following autoimmune disorders: Sjögren syndrome, rheumatoid arthritis, systemic sclerosis, and
psoriasis [15–18]. Increased concentrations of this interleukin were also found in atopic dermatitis and
asthma [19,20]. The literature data about this newly discovered protein are very limited. To the best of
the authors’ knowledge, this is the first research work aiming to assess the concentration of this protein
in T1DM patients.

Neurovascular complications still cannot be easily detected at an early stage. Therefore, this
study has attempted to broaden our knowledge about their determinants by assessment of serum
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concentrations of EGF, MMP-2, GDF-15, and Il-29 and their relationships with the prevalence of
microangiopathy in adult T1DM patients.

2. Materials and Methods

2.1. Study Population

This study was designed as a cross-sectional study. All experimental protocols conformed to the
ethical guidelines of the 1975 Declaration of Helsinki concerning research involving human subjects
and were approved by the Bioethical Committee of Poznan University of Medical Sciences (reference
numbers: 173/17, 174/17, and 87/19). Every participant was involved voluntarily and provided written
informed consent. The data that support the findings of this study are available from the corresponding
author upon reasonable request.

A cohort of T1DM adults with at least 5 years duration of the disease was recruited in the
Department of Internal Medicine and Diabetology in Poznan. Detailed inclusion and exclusion criteria
are presented in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion criteria

European Caucasian origin
Type 1 diabetes

Age between 18 and 50 years
Duration of the disease ≥ 5 years

Exclusion criteria

eGFR below 30 mL·min−1
·1.73 m−2

ALT or AST 1.5 times above upper limit of normal
Acute inflammation (hsCRP > 10 mg/L or symptoms)

Diabetic ketoacidosis or ketonuria
Neoplasm

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; eGFR, estimated glomerular filtration rate;
hsCRP, high-sensitivity C-reactive protein.

The final study sample included 100 consecutive patients, of which 53 (53%) were males. Every
patient was treated with intensive functional insulin therapy before admission to the hospital. Full
and detailed baseline characteristics are presented in Table 2 for EGF, in Supplementary Table S1 for
GDF-15 and MMP-2, and in Supplementary Table S2 for IL-29. Patients were selected randomly from a
group of 100 consecutively enrolled patients to measure GDF-15, MMP-2, and IL-29. The whole group
of 100 patients had EGF assessed.

The number of 100 participants was calculated based on assumption that each patient with
microangiopathy will have elevated markers. We assumed based on our experience that 30% of
participants will have at least one neurovascular complication (and simultaneously elevated markers)
and 5% of patients without microangiopathy will have elevated markers. Enrollment ratio was 2:1 in
calculation (about 30% with complications, 70% without), alpha 0.05, and power 0.9 [21,22].

Diagnosis of diabetes was made at least 5 years before study enrolment, and then American Diabetes
Association criteria must have been met: classic symptoms of hyperglycemia or hyperglycemic crisis,
and random plasma glucose concentration of ≥11.1 mmol/L [23]. Autoimmunology was confirmed by
detecting at least one out of three T1DM-specific autoantibodies against islet cells (ICA), glutamic acid
decarboxylase (GAD), and tyrosine phosphatase (IA-2).

2.2. Laboratory Assessment

Blood samples were obtained using a standard venipuncture between 06:00 and 10:00 after at least
8 h of overnight fasting. The concentrations in serum of the following proteins were measured: EGF,
GDF-15, MMP-2, and IL-29. Moreover, every patient had the following laboratory tests performed on
serum: alanine transaminase (ALT), aspartate transaminase (AST), estimated glomerular filtration rate
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(eGFR), glycated hemoglobin (in whole blood, HbA1c), high-density lipoprotein (HDL), high-sensitivity
C-reactive protein (hsCRP), low-density lipoprotein (LDL), total cholesterol (TC), and triglycerides (TG).

HbA1c was determined by turbidimetric inhibition immunoassay (TINIA) on a Cobas 6000
analyzer (Roche Diagnostics, Basel, Switzerland), and other measurements were performed using
enzymatic assays on a Cobas 6000 analyzer. Estimated glomerular filtration rate (eGFR) was calculated
afterwards using The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation, which
takes into account creatinine concentration in serum, age, and sex [24].

EGF, GDF-15, MMP-2, and IL-29 were measured by the EGF ELISA Kit (an intra-assay coefficient of
variation (CV) < 10% and inter-assay CV < 10%), GDF15 ELISA Kit (intra-assay CV < 5.3%, inter-assay
CV < 8.2%), MMP-2 ELISA Kit (intra-assay CV < 5.7%, inter-assay CV < 6.6%), and IL-29 ELISA Kit
(intra-assay CV < 5.5%, inter-assay CV < 6.5%), respectively (Aviva Systems Biology, San Diego, CA,
USA), which are enzyme immunoassays for quantitative in vitro laboratory measurements.

Laboratory analyses were performed on the same day, except concentrations of EGF, GDF-15,
MMP-2, and IL-29, which were measured from the serum, previously stored frozen at −80 ◦C, after all
samples were collected.

2.3. Evaluation of Neurovascular Complications

Patients were divided into two groups according to the presence or absence of microangiopathy.
At least one of the following complications qualified a patient to the group with microangiopathy:
retinopathy, diabetic kidney disease, peripheral and autonomic neuropathy [25].

Diabetic kidney disease was diagnosed in the case of reduced eGFR in the absence of signs or
symptoms of other primary causes of kidney damage, or after performing a 24 h urinary albumin
excretion measurement (expressed in mg) or random albumin/creatinine ratio measurement (expressed
in milligrams of albumin per gram of creatinine (mg/g)). Excessive physical activity, infections, heart
failure, and hematuria constituted exclusion criteria. Normoalbuminuria was defined as 24 h urinary
albumin excretion lower than 30 mg/24 h or albumin/creatinine ratio lower than 30 mg/g [26]. A higher
value of albumin/creatinine ratio was considered as abnormal. To make a diagnosis of diabetic kidney
disease, two subsequent abnormal urine test results were required over 10 years of T1DM duration or
confirmed diabetic retinopathy. In some cases, diagnosis was made before the study enrolment and
information was based on medical history.

Ophthalmological examination was performed using direct ophthalmoscopy through dilated
pupils according to the American Academy of Ophthalmology guidelines. The following categories of
result were applied in the current study: no retinopathy, nonproliferative retinopathy, and proliferative
retinopathy [27].

The diagnosis of diabetic peripheral neuropathy was based on American Diabetes Association
diagnostic criteria [28]. Two or more out of the following criteria were required to diagnose diabetic
peripheral neuropathy: symptoms reported by the patient, abnormal touch sensation (evaluated with
the Semmes–Weinstein 10 g monofilament at many sites on each foot), abnormal feeling of vibration
(128 Hz tuning fork), abnormal temperature sensation (TipTherm), abnormal Achilles tendon reflexes.

Cardiac autonomic neuropathy was assessed clinically with the validated ProSciCard III program
(CPS GmbH, Wetzlar, Germany, 2010) [29,30].

2.4. Assessment of Other Variables

Every participant underwent a basic physical examination that included blood pressure assessment
and anthropometric measurements. Hypertension was assessed as present if the patient reported so or
used antihypertensive medications or was newly diagnosed (by aneroid sphygmomanometer after at
least 10 min rest in a sitting position). Arterial hypertension was defined as a mean value of systolic
blood pressure (SBP) ≥ 140 mmHg and/or diastolic blood pressure (DBP) ≥ 90 mmHg. Body mass
index (BMI) was calculated using the following formula: BMI = weight/height2 [kg/m2].

Data on sociodemographic characteristics and medical history were collected via questionnaire.
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2.5. Statistical Analysis

The acquired data were analyzed using Statistica V13 software (StatSoft, Tulsa, OK, USA,
RRID:SCR_014213, http://www.statsoft.com). First, a Shapiro–Wilk test was applied to assess whether
qualitative variables were normally distributed. The distributions of all the qualitative variables were
not normal, thus nonparametric statistical tests were applied. Qualitative variables are expressed
as median and interquartile range (IQR), and categorical variables as number (%) of subjects. EGF
concentration is also presented as Log10EGF (decadic logarithm) because of the normality required in
multivariate linear regression analysis. In descriptive characteristics, comparisons of parameters on
dichotomous scales were prepared using a chi-square test, and for the remaining variables, which were
continuous, a Mann–Whitney U test was applied. The Spearman’s rank correlation coefficients were
calculated to estimate the correlations between selected parameters. A multivariate logistic regression
model was built to examine the relationships between EGF and the prevalence of neurovascular
complications. Additionally, EGF was also evaluated in terms of receiver operating characteristic
(ROC) curve with the Youden index to determine the cut-off. The p-value threshold was set at <0.05 for
statistical significance.

3. Results

3.1. General Analysis

The median age of participants was 29 (IQR: 25–34.5) years, and median T1DM duration was
12.5 (IQR: 9–16) years. Full baseline characteristics are presented in Table 2 for EGF, in Supplementary
Table S1 for GDF-15 and MMP-2, and in Supplementary Table S2 for IL-29. In the EGF study group,
32 (32%) participants were diagnosed with at least one neurovascular complication. The prevalence
of complications was as follows: the most frequent was retinopathy at 30% (19% proliferative, 11%
nonproliferative), while others, such as diabetic kidney disease at 8%, autonomic neuropathy at 9%,
and peripheral neuropathy at 5%, occurred less frequently.

Participants in the subgroup with microangiopathy as compared with the subgroup free of these
complications had longer disease duration (16 (14–18.5) vs. 11 (7–13.5) years; p < 0.001) and higher
abnormal creatinine/albumin ratio prevalence (28% vs. 1%; p < 0.001). We found no differences in Il-29,
GDF-15, and MMP-2 concentrations between these two subgroups.

http://www.statsoft.com
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Table 2. Characteristics of the study participants according to the presence of microangiopathy in the EGF cohort (number or median (IQR)).

Parameter
Value

All Participants (n = 100) With Microangiopathy (n = 32) Without Microangiopathy (n = 68) p *

Age, years 29 (25–34.5) 29 (25.5–34.5) 29.5 (25–34.5) 0.695
Men, n (%) 53 (53.0) 19 (59.4) 34 (50.0) 0.381 **

Smokers, n (%) 18 (18.0) 9 (28.1) 9 (13.2) 0.071 **
T1DM duration, years 12.5 (9–16) 16 (14–18.5) 11 (7–13.5) <0.001

Abnormal creatinine/albumin ratio, n (%) 10 (10) 9 (28) 1 (1) <0.001 ***
SBP, mmHg 125 (120–130) 130 (120–130) 120 (120–130) 0.449
DBP, mmHg 80 (70–83) 80 (80–90) 80 (70–80) 0.073
BMI, kg/m2 24.1 (22.1–26.8) 24.6 (21.9–27.5) 24.1 (22.2–26.4) 0.851
HbA1c, % 7.4 (6.8–8.3) 7.55 (6.95–8.1) 7.35 (6.7–8.3) 0.900

hsCRP, mg/L 1.08 (0.35–2.51) 1.42 (0.66–2.34) 0.97 (0.34–2.76) 0.363
ALT, U/L 17 (13–21) 18.5 (13–26) 15.5 (13–21) 0.213
AST, U/L 17 (15–20) 18.5 (15–22) 17 (14–20) 0.273

TC, mmol/L 4.69 (4.09–5.37) 4.84 (4.38–5.26) 4.65 (4.00–5.54) 0.739
HDL, mmol/L 1.68 (1.40–1.92) 1.70 (1.37–1.98) 1.68 (1.45–1.92) 0.770
LDL, mmol/L 2.78 (2.23–3.38) 2.68 (2.34–3.17) 2.82 (2.15–3.52) 0.787
TG, mmol/L 0.97 (0.70–1.27) 1.07 (0.87–1.66) 0.91 (0.66–1.20) 0.058

eGFR, mL·min−1
·1.73 m−2 109 (96–118) 102 (89–119) 109 (99–117) 0.233

EGF, pg/mL 36.5 (16–81.5) 57.5 (28.5–100.5) 28.5 (15–76) 0.032
Log10EGF 1.56 (1.20–1.91) 1.75 (1.45–2.00) 1.45 (1.18–1.88) 0.028

* p-value for comparison of groups in accordance with microangiopathy occurrence; ** χ2 test; *** Yates-corrected χ2 test; Mann–Whitney U test in every other case, where it is not
marked with ** or ***. Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; DBP, diastolic blood pressure; EGF, epidermal growth factor
concentration; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; IQR, interquartile range;
LDL, low-density lipoprotein; Log10EGF, decadic logarithm of epidermal growth factor concentration; SBP, systolic blood pressure; T1DM, type 1 diabetes; TC, total cholesterol; TG,
triglycerides; WHR, waist-to-hip ratio. A p-value less than 0.05 was considered statistically significant. The bolded p-values are those which are statistically significant.
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3.2. EGF and Neurovascular Complications

Participants in the subgroup with microangiopathy as compared with subgroup free of these
complications had higher EGF concentration (57.5 (IQR: 28.5–100.5) vs. 28.5 (IQR: 15–76) pg/mL;
p = 0.032).

Correlations between selected proteins and other parameters are presented in Supplementary
Table S3. Statistically significant positive correlations between EGF concentration and SBP (r = 0.21;
p = 0.035) and GDF-15 concentration (r = 0.33; p = 0.007) were found.

In multivariate logistic regression analysis (Table 3), increasing EGF turned out to be statistically
significantly associated with the presence of neurovascular complications (odds ratio (OR): 3.84; 95%
confidence interval (CI): 1.04–14.11; p = 0.04) after an adjustment for T1DM duration, HbA1c, BMI,
LDL, and SBP (p < 0.0001).

Table 3. Markers of the presence of neurovascular complications occurrence in multivariate logistic
regression analysis, with microangiopathy as the dependent variable and Log10EGF, T1DM duration,
HbA1c, BMI, LDL, and SBP as independent variables. For the entire model, p < 0.0001.

Predictors Odds Ratio (95% Confidence Interwal) p-Value

Log10EGF 3.84 (1.04–14.11) 0.040
T1DM duration 1.27 (1.13–1.44) <0.0001

HbA1c 1.05 (0.66–1.66) 0.829
BMI 0.98 (0.85–1.13) 0.749
LDL 1.06 (0.57–1.96) 0.859
SBP 0.99 (0.95–1.04) 0.828

Abbreviations: see Table 2. The bolded p-values are those which are statistically significant.

The ROC analysis for EGF at microangiopathy diagnosis revealed an EGF cut-off of 40 pg/mL
(Youden method, Youden index 0.26; sensitivity 0.66 and specificity 0.60; positive likelihood ratio (LR+)
0.78 and negative likelihood ratio (LR−) 0.27) as the best value that significantly indicated the presence
of neurovascular complications (area under the ROC curve (AUC): 0.636; 95% confidence interval (CI):
0.522–0.749; p = 0.019). A similar value for the crossing proportion point (cut-off 42 pg/mL; sensitivity
0.60 and specificity 0.61) was estimated.

3.3. GDF-15 and Neurovascular Complications

Patients with abnormal creatinine/albumin ratios had higher GDF-15 concentrations vs. patients
with normal ratios (57 (43.5–64) vs. 23 (15.6–41) pg/mL; p = 0.002). As expected, the concentration
of GDF-15 was also higher within the group of patients with diabetic kidney disease vs. patients
free from this complication (59 (42–66) vs. 25.5 (15.6–41.5) pg/mL; p = 0.004). Similar to the above,
patients with peripheral neuropathy had higher concentrations of GDF-15 vs. patients without it
(62 (42–73) vs. 28.5 (15.6–43) pg/mL; p = 0.045). Moreover, patients with proliferative retinopathy
had higher GDF-15 concentrations vs. patients with nonproliferative retinopathy (55 (30–66) vs.
15.6 (15.6–23) pg/mL; p = 0.023). Unfortunately, we found no statistically significant difference in
GDF-15 concentration between patients with and without retinopathy, as well as with and without
microangiopathy altogether.

GDF-15 concentration correlated positively with concentrations of hsCRP (r = 0.27; p = 0.027) and
MMP-2 (r = 0.27; p = 0.029), and negatively with eGFR (r = −0.28; p = 0.02).

In multivariate logistic regression analysis (Supplementary Table S4), increasing GDF-15 turned
out to be a statistically significant independent predictor of the prevalence of diabetic kidney disease
(OR: 1.07; 95% CI: 1.01–1.12; p = 0.015) after an adjustment for T1DM duration, HbA1c, BMI, and
smoking (p = 0.0002).
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4. Discussion

The present study was conducted with the aim of searching for new determinants of neurovascular
complications among selected novel inflammatory markers: EGF, MMP-2, GDF-15, and IL-29. The most
valuable result of the current study is the revealed relationship between EGF and microangiopathy.
In multivariate logistic regression analysis, this factor turned out to be a significant and independent
predictor of neurovascular complications in T1DM patients. ROC analysis showed that EGF
measurement can be especially used as a tool to exclude microangiopathic complications (LR− = 0.27).
The value of EGF to affirm diagnosis of microangiopathy is low (LR+ = 0.78). Hence, it probably cannot
be used to detect affected individuals, but it can be useful do detect individuals without microangiopathy.

Although it was previously revealed that blood concentration of EGF is higher among T1DM
patients vs. healthy controls, further analyses were not conducted [6]. Urinary EGF was examined
in a large cohort of 642 type 2 diabetic people to investigate its relationship with diabetic kidney
disease [31]. Lower urinary EGF-to-creatinine ratio was directly related to deterioration of renal
function in normoalbuminuric patients. Unfortunately, patients with diabetic kidney disease were not
enrolled in the above-mentioned study. Hence, it can be only a clue indicating the relationship between
EGF and renal function. Furthermore, the results of another study, where urinary EGF was measured
in a cohort of individuals with eGFR < 60 mL/min/1.73 m2 and urinary albuminuria > 300 mg/24 h,
revealed a lower concentration of urine EGF per gram of urine creatinine [32]. A study on mice
demonstrated that EGF might be involved in diabetic kidney disease development as it is a growth
factor also produced locally in distal tubular cells and it plays a significant role in the repair and
regeneration of renal tubules [33]. Lower urine EGF may provide evidence for the depletion of repair
mechanisms. There is no study evaluating an association between serum EGF and diabetic kidney
disease. Only one study aimed to assess EGF in serum and revealed higher EGF levels in patients
with diabetic kidney disease as compared with patients free of this complication [34]. Only one study
revealed higher EGF serum concentration in a cohort of people with diabetic retinopathy as compared
with controls without retinopathy [35]. However, T1DM patients were excluded from this study.
On the other hand, another study did not confirm that conclusion [36]. It is postulated that, similarly to
renal tubules, the retina also produces its own EGF [37]. Although EGF levels were also measured in
the vitreous fluid of patients with proliferative diabetic retinopathy, the levels were very low or below
the detection limit of the assay [38]. It is very probable that EGF takes part in local repair mechanisms
that are depleted at some stage of the microvascular disease. Therefore, a higher EGF concentration
can provide information about an intensive vascular repair process, but local production is too low to
be detected. It is important to emphasize that EGF is produced in every endothelium and can be a
marker of a damaged vessel. Also, atherosclerosis leads to an increase in EGF receptor expression [39].
Summarizing the above, EGF is probably connected with diabetic kidney disease. Other neurovascular
complications were not assessed. The novelty of the current research is its conclusion on the potential
role of EGF measured in serum as a universal marker of microangiopathy in T1DM patients.

In our study, GDF-15 turned out to be a statistically significant marker of diabetic kidney disease
occurrence. It also correlated with eGFR. The most important study to compare with this result is
a large and meticulously prepared prospective project named EURAGEDIC, conducted on T1DM
patients [9]. In this study, patients with diabetic kidney disease had higher GDF-15 concentrations,
similarly to our patients. Moreover, higher GDF-15 concentration was an independent predictor
of kidney function deterioration and all-cause mortality in patients with diabetic kidney disease.
In this study, eGFR also correlated negatively with GDF-15 level. The novel observation derived from
the current research is that a higher concentration of GDF-15 was observed within the group with
peripheral neuropathy vs. patients free from peripheral neuropathy. This is the first study reporting
such a relation. Moreover, patients with proliferative retinopathy had higher GDF-15 concentrations as
compared with patients with nonproliferative retinopathy. There is only one previous study aiming to
assess GDF-15 concentration in patients with retinal disease with an inflammatory component. GDF-15
was measured in the retina, and an elevated concentration was found. Some patients were diabetic, but
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proliferative diabetic retinopathy was compared with rhegmatogenous retinal detachment, idiopathic
epiretinal membranes, and macular holes, hence the study lacks a true control group. The biological
targets of GDF-15 are tissues where EGF is expressed: cardiomyocytes, endothelial cells, and vascular
smooth muscle cells. Its concentration is elevated during cell damage and inflammation [40]. There
are no more studies concerning GDF-15 and microvascular disease in diabetes mellitus, but it is very
possible that vascular inflammation results in increased GDF-15 production, which is revealed in
the current study. To conclude, our results suggest that not only diabetic kidney disease but also
other neurovascular complications are associated with the concentration of GDF-15. This very novel
observation requires further and profound research.

In our study, we did not obtain any relation between MMP-2 and diabetic microangiopathy.
This lack of relation between MMP-2 and microvascular changes is consistent with the available
literature. MMP-2 was previously an object of several studies in T1DM patients. The most important
study in this matter was conducted by Peeters et al. in a cohort of 493 T1DM subjects [13].
In this study, where there were higher plasma levels of MMP-2, higher levels of albuminuria were
detected. Additionally, more severe retinopathy was detected in patients with higher MMP-2
concentrations. Unfortunately, no relation at all between MMP-2 and microangiopathy was found in
the above-mentioned study. Higher concentrations of MMP-2 in diabetic vs. healthy subjects were
described in several studies [2,41]. However, these studies were performed on small cohorts and
did not present results consistent to Peeters et al. [13]. In one study, an even lower level of MMP-2
in diabetic nephropathy vs. diabetes without nephropathy was described [42]. Thrailkill et al. also
did not perform controlled examinations of retinopathy and neuropathy, which were only assessed
via questionnaire. MMP-2 was also previously investigated in the aqueous humor of the eyes of
patients with diabetic retinopathy, and increased activity was detected in patients with diabetic
retinopathy vs. patients free from this complication [43]. There are also studies indicating that
increased expression of MMP-2 exists in experimental models of renal injury during ischemia [44].
However, the exact mechanism is not a result of small vessel disease, so based on the results of our
study and previous research, it seems that MMP-2 is not an important factor influencing microvascular
changes in T1DM patients.

Another protein investigated in the current study was Il-29. Unfortunately, it turned out not to be
associated with the clinical parameters and prevalence of neurovascular complications. Probably, it is
associated with an acute autoimmune process that is not present in patients with a disease duration of
longer than 5 years, as was the case in our cohort. Moreover, inflammation within the small vessels in
the course of diabetes is very subtle and does not affect the whole organism as it does during acute
viral infections. Thus, although other interleukins such as IL-6 were found to be related to diabetes,
Il-29 seems not to take part in microvessel damage in the course of diabetes.

We must also address the mutual correlations between the pairs EGF/GDF-15 and GDF-15/MMP-2.
As they are inflammation-related proteins, even local and chronic inflammation can result in low
correlation. GDF-15 and EGF are probably associated with microangiopathy. MMP-2 is also described
as related to diabetic kidney disease, which was not reflected in the current study. However, it was
correlated with GDF-15 concentrations, which are related to diabetic kidney disease, so it can be a
reflection of such evidence.

Finally, several limitations of our study must be emphasized, including the fact that it was a
single-center trial and the limited size of the studied group. Another limitation is measurement of
GDF-15, MMP-2, and IL-29 not on all subjects. The whole group of 100 patients had EGF assessed.
Moreover, this study does not establish any causal link between the dysregulation of the investigated
proteins and the development of diabetic complications, as the conclusions on the relation were made
only on the basis of single-point measurements. We also cannot indicate tissue sources of examined
proteins. Our observation may become a useful background to plan a prospective study evaluating the
relationship between proteins such as EGF and GDF-15 and the prevalence of microvascular disease
within a population of patients with T1DM.
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5. Conclusions

To conclude, impacts of EGF and GDF-15 on the prevalence of neurovascular complications in the
course of T1DM are very possible. The results strongly indicate that in T1DM, serum EGF concentration
might serve as a useful marker to detect microangiopathy, while GDF-15 may probably be engaged to
some extent in microvascular damage as a marker of diabetic kidney disease, peripheral neuropathy,
and retinopathy. However, further and prospective studies on larger groups of patients should be
conducted in the future to assess the full clinical utility of these markers.
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correlation analysis), Supplementary Table S4. Markers of diabetic kidney disease occurrence in multivariate
logistic regression analysis, with diabetic kidney disease as the dependent variable and GDF-15, T1DM duration,
HbA1c, smoking, and BMI as independent variables. For the entire model, p = 0.0002.
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