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Background: Type 1 diabetes mellitus (TIDM) in children is associated with acute complications such as diabetic ketoacidosis
(DKA) and the severe risk of diabetic ketoacidosis-related cerebral edema (DKACE). Matrix metalloproteinases (MMPs) are
implicated in inflammation and tissue remodeling, potentially contributing to these complications. This study explores the role of
MMPs as biomarkers in pediatric TIDM patients with DKA and DKACE.

Methods: We conducted a systematic cross-sectional study at Jiangxi Children’s Hospital, enrolling 56 pediatric patients with T1DM,
categorized into three groups: T1DM without complications, DKA, and DKACE. Serum levels of MMP-2, MMP-3, and MMP-9 were
measured through ELISA. Statistical analyses assessed correlations between MMPs, glucose metabolism, and inflammatory markers,
evaluating potential biomarker utility in disease characterization.

Results: MMP-3 and MMP-9 levels were significantly elevated in the DKACE group compared to the TIDM and DKA groups,
exhibiting strong correlations with decreased pH and bicarbonate levels (both p < 0.001). MMP-2 levels were reduced in DKACE,
correlating positively with pH and bicarbonate levels. Post-clinical improvement analyses demonstrated no significant differences in
MMP levels between DKA and DKACE groups, suggesting stabilization post-treatment regardless of initial acidosis severity.
Conclusion: The distinct patterns of MMP-3 and MMP-9 elevations in DKACE highlight their potential as biomarkers for identifying
and monitoring severe DKA complications. The findings suggest these enzymes play a significant role in cerebral edema pathophy-
siology, making them viable targets for future therapeutic interventions.
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Introduction
Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease that destroys insulin-producing beta cells, causing
poor glucose control and risking complications like diabetic ketoacidosis (DKA) and diabetic ketoacidosis-related
cerebral edema (DKACE). As an acute complication marked by insulin deficiency, DKA presents both immediate and
long-term health risks. Cerebral edema (CE) is a formidable complication that may affect 0.5-1% of pediatric patients
suffering from DKA. This complication carries a grave prognosis, with mortality rates reaching as high as 50-60%.
Beyond mortality, the potential for significant damage to the central nervous system in survivors poses a substantial
clinical challenge.! These acute complications pose significant clinical challenges and contribute to increased morbidity
and potential mortality in the pediatric population. Understanding the pathophysiological mechanisms underlying these
complications is essential for improving patient outcomes and developing targeted therapeutic strategies.

Matrix metalloproteinases (MMPs), a family of zinc-dependent endopeptidases, are recognized for their role in the
degradation of extracellular matrix components. Recent studies have implicated MMPs in various pathological processes,
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Graphical Abstract

Participant Selection

Cross-Sectional Study
January 2022 - December 2023

Inclusion Criteria:
Age: 1-17 years
T1DM Diagnostic Criteria:
Random blood glucose = 11.1 mmol/L with symptoms
Fasting blood glucose 2 7.0 mmol/L
Blood glucose 2 11.1 mmol/L two hours post-OGTT

HpA1c 26.5% ‘ Exclusion Criteria:

Clinical T1DM presentation o Neurological disorders impacting
DKA Diagnostic Criteria: mental function

Hyperglycemia > 11 mmol/L History of central nervous system
Blood B-hydroxybutyrate > 3 mmol/L or urine ketones > 2+ insults or neoplasms

Venous blood pH < 7.3 or HCO3- < 15 mmol/L Anaphylactic shock history

o Incomplete clinical information

o o o o
o o

DKACE Diagnostic Criteria:

Abnormal pain response or posturing

Cranial nerve palsy

Neurogenic respiratory irregularities

At least one primary and one secondary criterion for DKACE

v

Total Participants Enrolled:

56 children
DKACE (n=19)
Time of Serum Sampling: Data Recorded:
o At admission « Demographics, birth history, concurrent infections
« Post-treatment when stable « Blood pressure, arterial blood gas, serum glucose, insulin, C-peptide, HbA1c

— . WBC count, CRP cytokine levels (IL-2, IL-4, IL-6, IL-10, IL-17, TNFa)

Molecular Testing:
o Serum MMPs (MMP-2, MMP-3, MMP-9) quantified using
ELISA

including inflammation, tissue remodeling, and vascular permeability, suggesting their potential involvement in the
exacerbation of TIDM complications. The role of MMPs in such pathophysiological states is increasingly recognized
for their ability to disrupt the function of cerebral vascular endothelial barriers and degrade extracellular matrix
components. Inflammatory and oxidative stress responses are exacerbated by MMP activity, which can further propagate
brain injury and complicate the clinical picture of DKA.* Research has underscored alterations in the balance between
MMPs and their endogenous inhibitors, tissue inhibitors of metalloproteinases (TIMPs), in various inflammation-related
diseases, including sepsis.”® MMPs have the potential to impair the function of the cerebral vascular endothelial barrier
and degrade extracellular matrix components. Their overexpression and dysregulation are closely associated with DKA.”
Notably, MMP-2, MMP-3, and MMP-9 have been highlighted in the context of neuroinflammation and blood-brain
barrier disruption, both of which are critical factors in the development of cerebral edema. As proteolytic enzymes,
MMPs are released predominantly by leukocytes during inflammatory states and are key mediators in the subsequent
inflammatory and oxidative processes that can lead to cerebral injury.® However, the correlation between MMPs and
DKACE remains unclear.

This study was designed to explore the correlation between MMP levels and the clinical spectrum of TIDM
complications in children. Through a comprehensive biochemical analysis, we aimed to elucidate the correlations
between MMP levels, glucose metabolism, and inflammatory markers, providing insights into the pathophysiology of
T1DM complications. Furthermore, we assessed the dynamics of MMP expression post-clinical intervention, contribut-
ing to the understanding of their role in disease stabilization and recovery in affected children. The findings from this
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study underscore the clinical relevance of MMPs in pediatric diabetes management and offer a foundation for future
research into therapeutic interventions targeting these proteolytic enzymes.

Materials and Methods

Participants

The selection criteria adhered strictly to the 2020 Expert Consensus Guidelines on Type 1 Diabetes in Chinese Children.
These guidelines provide comprehensive criteria ensuring uniformity and precision in the diagnosis and classification of
TIDM and its related complications, facilitating robust and reliable data collection for this study.” The study was
conducted in accordance with the Declaration of Helsinki (as revised in 2013). The study was approved by the Jiangxi
Children’s Hospital Ethics Committee (Ethics Approval No: JXSETYY-YXKY-20240117). Prior to the commencement
of the study, written informed consent was obtained from the parents or legal guardians of all participating subjects,
ensuring their comprehensive understanding of the study’s purpose, procedures, potential risks, and benefits.

Study Design

This study was systematically designed to investigate the biochemical and clinical parameters in pediatric patients with
T1DM and associated complications, with a particular focus on the role of matrix metalloproteinases. Conducted as
a cross-sectional study, it took place at Jiangxi Children’s Hospital over a span extending from January 2022 to
December 2023. Based on an estimated effect size from previous studies examining the role of matrix metalloproteinases
in diabetic complications and cerebral edema, and using a power of 80% and a significance level of 0.05, the minimum
sample size was calculated to be 45 participants. A total of 56 children were enrolled, classified into three distinct groups
based on their clinical conditions: those diagnosed with TIDM (n = 19), children experiencing Diabetic Ketoacidosis
(DKA, n = 17), and those suffering from Diabetic Ketoacidosis-Related Cerebral Edema (DKACE, n = 20). Participants
were recruited from various hospital departments, including the Departments of Endocrinology, Genetics, and
Metabolism, as well as the Pediatric Intensive Care Unit (PICU).

Inclusion and Exclusion Criteria
Participants were deemed eligible for inclusion in this study based on established diagnostic criteria for TIDM, DKA,
and DKACE. The recruitment process adhered to the following inclusion guidelines:

T1DM Diagnostic Criteria’ (Participants were included if they satisfied at least one of the following criteria): 1.
A random blood glucose level >11.1 mmol/L, in conjunction with typical diabetes-related symptoms and signs. 2.
A fasting blood glucose level >7.0 mmol/L. 3. A blood glucose level of >11.1 mmol/L two hours post-administration of
an oral glucose tolerance test (1.75 g/kg body weight of glucose, up to a maximum of 75 g). 4. A Hemoglobin Alc
(HbAlc) level >6.5%, determined using a method standardized by the National Glycohemoglobin Standardization
Program. 5. Clinical presentation consistent with TIDM subtype characteristics, including rapid onset, potential
ketoacidosis; initial C-peptide levels below the normal range or detection limit; and positive serology for at least one
of the following autoantibodies: glutamic acid decarboxylase (GAD65), insulinoma-associated antigen-2 (IA-2), ZnT8
transporter, or insulin antibodies. 6. Age at enrollment between 1 to 17 years, accompanied by comprehensive clinical
data availability.

DKA Diagnostic Criteria:'® 1. Hyperglycemia, characterized by a blood glucose level >11 mmol/L. 2. Presence of
ketone bodies, indicated by blood B-hydroxybutyrate >3 mmol/L or urine ketones >2+. 3. Acidosis, defined by a venous
blood pH <7.3 or serum bicarbonate (HCO3-) level <15 mmol/L.

DKACE Diagnostic Criteria:’ 1. Abnormal motor or verbal responses elicited by pain. 2. Presence of decorticate or
decerebrate posturing. 3. Cranial nerve palsy, notably involving cranial nerves III, V, or VI. 4. Neurogenic respiratory
irregularities, including snoring, tachypnea, Cheyne—Stokes respiration, or apnea. Primary Criteria: 1. Incontinence of
urine or feces that is not age-appropriate. 2. Altered level of consciousness. 3. Sustained reduction in heart rate by more
than 20 beats per minute, not associated with sleep or resuscitation activities. Secondary Criteria: 1. Episodes of
vomiting. 2. Headaches. 3. Drowsiness increasing difficulty in arousal. 4. Age less than 5 years. 5. Diastolic blood
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pressure exceeding 90 mmHg. For a diagnosis of DKACE, participants were required to meet at least one diagnostic
criterion and one primary criterion or one primary criterion and two secondary criteria.

Participants were excluded if they had: 1. Neurological disorders impacting mental function. 2. A history of central
nervous system insults or neoplasms. 3. Anaphylactic shock history. 4. Incomplete clinical information.

Data Collection and Clinical Assessment

Comprehensive demographic and clinical data were collected upon admission, including gender, age, birth history (full-
term or preterm), presence of concurrent infections, and duration of illness. Vital statistics such as systolic and diastolic
blood pressure were recorded. Laboratory analyses included arterial blood gas values, serum glucose, insulin, C-peptide
levels, HbAlc, white blood cells count, C-reactive protein (CRP), and cytokines including interleukins IL-2, IL-4, IL-6,
IL-10, IL-17, and tumor necrosis factor-alpha (TNFa).

Quantification of Matrix Metalloproteinases

Serum levels of matrix metalloproteinases (MMP-2, MMP-3, and MMP-9) were quantified using enzyme-linked immuno-
sorbent assay (ELISA) kits procured from Wuhan Boster Biological Engineering Co., Ltd. Blood samples, each with
a volume of 4 mL, were collected from the patients’ veins at the time of admission and following the completion of
treatment, once the patient’s condition was deemed stable MMP-9 was chosen for analysis due to its critical involvement in
the degradation of the extracellular matrix and its known association with blood-brain barrier disruption. The collected
blood samples were centrifuged to separate the serum, which was then used for subsequent analysis.

Statistical Analysis

Data analysis was conducted using SPSS version 27.0. For continuous variables that followed a normal distribution, the
means and standard deviations were calculated. Independent samples #-tests were used to compare two groups, while one-
way ANOVA was applied for comparisons among three or more groups. For variables not following a normal distribution,
data were expressed as medians and interquartile ranges. The Mann—Whitney U-test was utilized for comparing two groups,
and the Kruskal-Wallis Rank Sum Test was employed for three or more groups. Categorical data were presented as
percentages. Correlations between laboratory and clinical markers were explored using either Spearman correlation test or
Pearson’s correlation test, to ensure a comprehensive analysis of significant variables. A P-value of less than 0.05 was
considered indicative of statistically significant differences or associations across all tests.

Results

Baseline Characteristics of Study Subjects

The study included a total of 56 pediatric patients, categorized into three groups: T1DM without acute complications (n =
19), DKA without cerebral edema (n = 17), and DKACE (n = 20). The baseline characteristics of the participants are
detailed in Table 1. The median age of the entire cohort was 9.61 years, with no significant difference observed among
the TIDM, DKA, and DKACE groups (p = 0.54). The gender distribution was fairly balanced across all groups, with
females representing 57.14% of the total population. The distribution of females in each group was as follows: T1DM
(52.63%), DKA (64.71%), and DKACE (55.00%). This variation did not reach statistical significance (p = 0.74). Birth
history analysis revealed that the majority of participants, 85.71%, were born full-term, while a small percentage were
born prematurely (8.93%) or overdue (5.36%). The proportions were similar across the study groups, with no significant
differences detected (p = 0.67). The duration of illness prior to study entry displayed considerable variation, with
a median of 18 days [IQR: 7.00, 129.50] for the full cohort. Individual group medians were 31 days for TIDM, 30 days
for DKA, and 14 days for DKACE, yet these differences did not achieve statistical significance (p = 0.39). Infection
status at admission was present in 55.36% of patients overall, with greater incidence observed in the DKACE group
(70.00%), compared to T1IDM (42.11%) and DKA (52.94%). However, this difference was not statistically significant (p
= (.21). Mean systolic blood pressure was recorded at 110.00 mmHg [IQR: 99.75, 124.25] across all participants. The
systolic blood pressures were 106.00 mmHg, 116.00 mmHg, and 105.00 mmHg for the TIDM, DKA, and DKACE
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Table | Baseline Characteristics of Study Participants

Variable Overall TIDM Group DKA Group DKACE Group Test p-value®
(N =56) (N=19) (N=17) (N =20) Statistics
Age (years) 9.61 [6.21, 11.95] 8.00 [5.70, 11.95] 10.20 [7.90, 12.20] 9.61 [6.36, 11.75] 1.25 0.54
Gender (% Female) 0.59 0.74
Female (%) 32 (57.14) 10 (52.63) Il (64.71) 11 (55.00)
Male (%) 24 (42.86) 9 (47.37) 6 (35.29) 9 (45.00)
Birth History 0.67
Premature (%) 5 (8.93) 1 (5.26) 2(11.76) 2 (10.00)
Full-term (%) 48 (85.71) 16 (84.21) 14 (82.35) 18 (90.00)
Overdue (%) 3 (5.36) 2 (10.53) 1 (5.88) 0 (0.00)
Duration of illness (days) 18.00 [7.00, 129.50] 31.00 [14.00, 122.50] 30.00 [6.00, 365.00] 14.00 [7.00, 30.25] 1.87 0.39
Infection on admission (%) 3.13 0.21
Infection (%) 31 (55.36) 8 (42.11) 9 (52.94) 14 (70.00)
Non-infection (%) 25 (44.64) 11 (57.89) 8 (47.06) 6 (30.00)
Systolic BP (mmHg) 110.00 [99.75, 124.25] | 106.00 [100.50, 119.50] | 116.00 [110.00, 123.00] | 105.00 [96.75, 125.25] 2.9 0.23
Diastolic BP (mmHg) 70.38 (11.81) 68.11 (8.49) 74.12 (11.03) 69.35 (14.63) 1.29 0.28

Notes: * p-values determined using Kruskal-Wallis rank sum test and one-way ANOVA as appropriate. Median [IQR]; n (%); Mean (SD).
Abbreviation: TIDM, Type | Diabetes Mellitus; DKA, Diabetic Ketoacidosis; DKACE, Diabetic Ketoacidosis with Cerebral Edema.

groups, respectively (p = 0.23). Diastolic blood pressure averaged 70.38 mmHg (SD = 11.81) for the complete cohort;

while the readings were slightly higher in the DKA group, these differences were not statistically significant (p = 0.28).

Overall, the baseline characteristics among the three groups were largely comparable, with no statistically significant

differences noted in terms of age, gender, birth history, duration of illness, infection status on admission, or blood

pressure measurements.

Biochemical Indicator Comparisons

The detailed comparison of laboratory indicators across the three patient groups is presented in Table 2. The analysis

reveals significant differences in several biochemical markers, notably related to glucose metabolism and inflammatory

responses. Blood glucose levels were significantly elevated in the DKA Group and DKACE Group compared to the
T1DM Group, with medians of 23.90 mmol/L [20.56, 29.00] and 28.50 mmol/L [26.63, 34.17], respectively, versus
5.03 mmol/L [4.73, 5.74] in the TIDM group (p < 0.001). Similarly, glycated hemoglobin (HbAlc) percentages were

Table 2 Laboratory Indicator Comparison Across Three Patient Groups

Variable Overall TIDM Group DKA Group DKACE Group Test p-value®
(N = 56) (N=19) (N=17) (N = 20) Statistics

Blood Glucose (mmol/L) 21.45 [5.77, 29.00] 5.03 [4.73, 5.74] 23.90 [20.56, 29.00] 28.50 [26.63, 34.17] 39.06 <0.001
HbAlc (%) 12.05 [6.05, 13.93] 5.74 [4.98, 6.26] 12.40 [11.70, 13.90] 13.90 [12.10, 14.70] 36.19 <0.001
C-Peptide (ng/mL) 0.28 [0.14, 0.49] 0.27 [0.16, 0.44] 0.32 [0.21, 0.63] 0.27 [0.11, 0.41] 1.97 0.37
Insulin (IU/mL) 1.92 [1.07, 3.02] 2.08 [1.35, 3.46] 1.91 [0.64, 2.82] 2.00 [I.10, 2.89] 1.05 0.59
WBC (1019/L) 8.70 [5.58, 18.56] 5.28 [3.70, 8.07] 8.84 [6.35, 11.42] 21.04 [9.63, 25.19] 2426 <0.001
CRP (mg/L) 12.51 [3.76, 18.22] 11.93 [4.08, 15.69] 11.90 [2.84, 15.31] 19.04 [3.95, 25.12] 5.11 0.078
IL-2 (pg/mL) 6.42 (2.85) 4.44 (1.60) 6.41 (2.46) 8.31 (2.89) 12.85 <0.001
IL-6 (pg/mL) 10.49 (4.03) 7.44 (2.28) 10.09 (3.42) 13.74 (3.40) 20.69 <0.001
IL-10 (pg/mL) 9.04 [7.23, 13.02] 7.18 [4.81, 9.06] 9.54 [7.61, 11.68] 10.25 [8.22, 21.40] 13.13 0.001
IL-17 (pg/mL) 6.69 (3.70) 5.55 (3.88) 6.59 (2.98) 7.86 (3.88) 1.98 0.15
TNF-a (pg/mL) 9.22 (4.30) 5.70 (2.77) 8.15 (2.83) 13.48 (2.65) 40.95 <0.001
MMP-2 (ng/mL) 9.93 [2.02, 18.22] 18.90 [16.86, 23.62] 8.88 [6.84, 10.66] 0.83 [0.42, 2.68] 34.78 <0.001
MMP-3 (ng/mL) 16.73 [10.36, 27.12] 10.14 [7.22, 13.80] 16.07 [11.60, 18.11] 29.28 [26.04, 33.64] 36.65 <0.001
MMP-9 (ng/mL) 17.03 (6.16) 11.31 (2.73) 15.76 (3.86) 23.55 (3.38) 67.24 <0.001

Notes: Data are presented as Median [IQR] or Mean (SD) as appropriate. *p-values are calculated using the Kruskal-Wallis rank sum test or One-way ANOVA.
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Figure | Expression Levels of MMPs in Serum of Children with TIDM, DKA, and DKACE. (A) MMP-2 expression levels in serum of children with TIDM, DKA, and
DKACE. (B) MMP-3 expression levels in serum of children with TIDM, DKA, and DKACE. (C) MMP-9 expression levels in serum of children with TIDM, DKA, and
DKACE. Statistical analysis was performed using one-way ANOVA. * denotes P<0.05; **denotes P<0.01; ***denotes P<0.001; ****denotes P<0.0001.

markedly higher in the DKA and DKACE groups (12.40% [11.70, 13.90] and 13.90% [12.10, 14.70], respectively)
compared to the TIDM group (5.74% [4.98, 6.26]) with a highly significant p-value of <0.001. The inflammatory
markers exhibited distinct patterns across the groups. WBC counts, IL-2, IL-6, and TNF-a levels were significantly
elevated in the DKACE Group compared to other groups, indicating a heightened inflammatory response associated with
cerebral edema during DKA. The WBC count reached 21.04 x 10"9/L [9.63, 25.19] in the DKACE group (p < 0.001),
underscoring the inflammatory nature of this condition. MMPs displayed distinct trends between groups, emphasizing
their potential link with cerebral edema. MMP-2 levels were markedly lower in the DKACE Group at 0.83 ng/mL [0.42,
2.68] compared to the TIDM and DKA groups (p < 0.001) (Table 2 and Figure 1A). Conversely, MMP-3 and MMP-9
levels were highest in the DKACE Group, recording values of 29.28 ng/mL [26.04, 33.64] and 23.55 ng/mL (3.38),
respectively, indicating a potential correlation between elevated MMP levels and the presence of cerebral edema (p <
0.001 for both) (Table 2, Figure 1B and C). The analysis points towards significant variations in glucose metabolism,
inflammatory profiles, and MMP levels among the groups, with high MMP-3 and MMP-9 levels correlating with DKA-
related cerebral edema.

Correlation of MMP Levels with Blood Parameters and Inter-MMPs

Figure 2A presents a heatmap showcasing the expression levels of MMP-2, MMP-3, MMP-9, pH, and bicarbonate
(HCO3-) across different patient groups. T1DM patients prominently exhibit higher MMP-2 levels. Conversely, DKACE
patients show elevated levels of MMP-3 and MMP-9 compared to DKA and T1DM groups. Interestingly, DKACE
patients have decreased levels of HCO3- and pH. As shown in Figure 2B, a Spearman correlation heatmap indicates the
correlations among MMPs and blood chemistry parameters (Supplementary Tables 1-2). MMP-3 and MMP-9 exhibit
a strong positive correlation (r = 0.986, p < 0.0001), and both inversely correlate significantly with pH (MMP-3: r =
—0.941, MMP-9: r =—0.959, both p < 0.0001) and HCO3- (MMP-3: r = —0.763, MMP-9: r = —0.784, both p < 0.0001). In
contrast, MMP-2 correlates positively with pH (r = 0.608, p < 0.0001) and HCO3- (r = 0.444, p = 0.0006), highlighting
differential interaction dynamics with MMP-3 and MMP-9. Figure 2C illustrates the correlation between MMP-2 and
MMP-3 levels within patient groups. While no significant correlation is found in T1DM patients, a strong positive linear
correlation is evident in DKA (r = 0.8649, p < 0.0001) and DKACE (r = 0.6252, p = 0.0032) patients, especially
pronounced in DKA patients. In Figure 2D, consistent with previous observations, TIDM patients exhibit no significant
correlation between MMP-2 and MMP-9 levels, whereas DKA (r = 0.8793, p < 0.0001) and DKACE (r = 0.7053, p =
0.0005) patients show strong positive correlations, most notably in DKA patients. Figure 2E further demonstrates the

robust positive correlations between MMP-3 and MMP-9 across all patient groups, with significant linear correlations in
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Figure 2 Correlation of MMP Levels with Blood Parameters. (A) Heatmap illustrating the expression levels of MMP-2, MMP-3, MMP-9, pH, and bicarbonate (HCO3-) across
different patient groups. MMP levels are depicted by color gradients: red indicates levels above 40 ng/mL, white represents levels between 20—40 ng/mL, and blue denotes
levels below 20 ng/mL. (B) Spearman correlation heatmap showing correlations among MMPs and blood chemistry parameters in all patients. (C) Correlation between
MMP-2 and MMP-3 levels within TIDM, DKA, and DKACE patient groups. (D) Correlation between MMP-2 and MMP-9 levels. (E) Correlation between MMP-3 and MMP-9
levels.
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TIDM (r = 0.9379, p < 0.0001), DKA (r = 0.9937, p < 0.0001), and DKACE (r = 0.9435, p < 0.0001) patients. In
summary, Figure 2 suggests differential MMP expression profiles and correlations with blood pH and HCO3- levels in
pediatric diabetes patients. The findings indicate that MMP-3 and MMP-9 play a more intertwined role in DKA and
DKACE, particularly linked to lower pH and bicarbonate levels, which may be critical in understanding DK A-related
cerebral edema pathophysiology.

Comparison of MMP-2, MMP-3, and MMP-9 Levels Post-Clinical Improvement

In this section, we analyzed the post-clinical improvement levels of MMPs - specifically MMP-2, MMP-3, and MMP-9 -
in pediatric patients with DKA and those with DKACE. These analyses aimed to investigate potential differences in
MMP levels that could underpin cerebral edema development. The results are summarized in Table 3. The median post-
improvement level of MMP-2 in the DKACE group (1.65 ng/mL, IQR: 1.28, 4.84) was higher than that in the DKA
group (1.38 ng/mL, IQR: 1.04, 2.65). However, this difference did not reach statistical significance (P = 0.563),
indicating that MMP-2 levels did not significantly differ between the groups after clinical improvement. Similarly,
MMP-3 levels were slightly elevated in the DKACE group (median 3.36 ng/mL, IQR: 1.61, 6.16) compared to the DKA
group (median 2.93 ng/mL, IQR: 1.54, 3.98), yet this difference was not statistically significant (P = 0.52). With respect
to MMP-9, the median level was similar between the DKACE group (5.42 ng/mL, IQR: 3.72, 6.39) and the DKA group
(5.34 ng/mL, IQR: 2.79, 5.97). The P-value for this comparison was 0.739, suggesting no significant disparity in MMP-9
levels post-clinical improvement. Overall, the comparative analysis of MMP levels in DKA and DKACE pediatric
patients after clinical recovery did not reveal significant differences in the concentrations of MMP-2, MMP-3, and MMP-
9. These observations suggest a universal stabilization of MMP levels post-intervention, irrespective of the initial severity
of acidosis. This detailed exploration of MMP behavior post-stabilization underpins their utility as clinical biomarkers,
potentially offering valuable insights into the severity and progression of diabetic conditions during and post clinical
interventions.

Discussion

In this cross-sectional study, we investigated the involvement of MMPs in pediatric patients with TIDM and its acute
complications, notably DKA and DKACE. Our findings reveal significant differences in serum MMP-2, MMP-3, and
MMP-9 levels among T1DM, DKA, and DKACE groups. Notably, MMP-3 and MMP-9 were elevated in DKACE
patients, suggesting a potential role in cerebral edema pathophysiology. The post-treatment analysis indicated normal-
ization of MMP levels, supporting their potential as acute-Phase Inflammatory markers.

Our study aligns with reports indicating that approximately 30% of children with TIDM may experience DKA,'" and
1% of these cases could further develop cerebral edema if untreated.'? Previous studies support the increased incidence
of infections in DKA and DKACE cases, echoing our findings where infection rates were higher at the time of admission
in these groups.'® Additionally, current literature underscores the neuroinflammatory processes associated with DKACE,
which our study corroborated by highlighting the involvement of various inflammatory markers and cytokines in these
patients.'®!3

From a pathophysiological standpoint, DKA is characterized by inflammatory responses and chemokine secretion,
facilitating leukocyte adhesion to cerebral vessels, potentially leading to endothelial dysfunction and instability.'®
Previous research has emphasized the pivotal role of MMPs and inflammatory cytokines in exacerbating these

Table 3 Comparison of MMP-2, MMP-3, and MMP-9 Levels Post-Clinical

Improvement
Variable DKA Group (N = 17) | DKACE Group (N = 20) | P-value
MMP-2 (ng/mL) | 1.38 (1.04, 2.65) 1.65 (1.28, 4.84) 0.563
MMP-3 (ng/mL) | 2.93 (1.54, 3.98) 336 (1.61, 6.16) 0.52
MMP-9 (ng/mL) | 5.34 (2.79, 5.97) 5.42 (3.72, 6.39) 0.739

Note: Data are presented as Median [IQR].
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conditions.'”'® Our study identified elevated white blood cell counts and increased levels of pro-inflammatory cytokines
such as IL-2, IL-6, and TNF-a in the DKACE group, aligning with existing literature that denotes an activated

inflammatory response in these patients,'®"

suggesting the activation of inflammation-related factors in diabetic
patients.”""** Additionally, IL-17 enhances the production of pro-inflammatory cytokines (TNF-o, IL-1B, and IL-6),
potentially increasing free radicals and inducing B-cell destruction.®® Arif et al** found a significant increase in IL-17
expression in the pancreas of newly diagnosed T1DM patients. Moreover, treatment with IL-17 neutralizers can prevent
T1DM development in NOD mice and inhibit the formation of anti-GAD65 autoantibodies.” In this study, the elevated
IL-17 levels in DKACE patients, while not statistically significant, further hint at the inflammatory milieu present in
severe DKA cases.”’

In comparing our results to current literature, we noted similar patterns regarding the involvement of MMP-3 and
MMP-9 in neuroinflammatory and cerebrovascular permeability alterations.®* Our results show that levels of MMP-3,
and MMP-9 are higher in patients of the DKACE group compared to TIDM and DKA groups, and these levels are
negatively correlated with pH and HCO3- values. Research suggests that MMPs may exacerbate inflammatory responses,
with acidic pH directly stimulating the induction and release of cellular MMPs.**” Abdul Y et al*® found that serum
MMP-3 could serve as a biomarker for cerebral microvascular changes in diabetic patients, with high expression induced
in endothelial cells and astrocytes during hyperglycemia. Further studies®® highlights the role of MMP-3 in neural cell
death under hypoxic conditions. Additionally, a prior study reported that tissues with abundant leukocytes exhibit more
pronounced MMP-3 activity, posing as a main factor in brain tissue damage.*® Glaser N et al’' observed that serum and
brain tissue MMP-9 concentrations significantly increase during acute DKA in juvenile rats and decrease 24 hours post-
DKA, aligning with our study outcomes. Acute hyperglycemia has also been associated with increased serum MMP-9
levels.*> However, our study diverges from some reports by showing a decrease in MMP-2 levels in DKACE patients,
contrary to findings positing its upregulation in inflammatory scenarios.*> Garro A** reported lower circulating MMP-2
levels in early DKA children compared to diabetic controls. Our post-treatment analyses, conducted once clinical
stability was achieved, revealed attenuated MMP levels, reinforcing the notion of MMP upregulation during acute
phases, with subsequent normalization upon inflammation resolution, as seen in other studies.” These observations
reinforce the hypothesis of transient MMP upregulation during acute phases, followed by normalization upon inflamma-
tion resolution.

This study boasts several strengths, including a robust design with clearly defined patient groups and stringent
inclusion criteria based on expert consensus guidelines. Our inclusion of various biochemical markers allowed for
a comprehensive assessment of inflammatory responses and metabolic derangements across TIDM, DKA, and DKACE.
However, limitations include the relatively small sample size, potentially limiting generalizability, and the single-center
study setting, which may introduce regional biases. Additionally, the cross-sectional design precludes causal inferences
regarding MMP involvement in TIDM complications. The current study sheds light on the serum levels of MMPs and
their association with diabetic complications such as DKA and DKACE. While MMPs have been implicated in the
pathophysiology of BBB disruption, this study did not include specific BBB permeability markers such as monomeric
transthyretin, albumin, plasminogen, and fibrinogen. These markers could potentially offer deeper insights into the
mechanisms of BBB dysfunction and its relationship with MMPs. Therefore, we suggest that future studies could benefit
from integrating these markers to provide a more comprehensive understanding of BBB integrity in pediatric TIDM and
its associated complications.

Limitations of the Study and Future Scope

While serum markers such as MMPs provide valuable insights into the biochemical status of patients, it is important to
acknowledge that cerebrospinal fluid (CSF) analysis could potentially offer a deeper understanding of the role of these
enzymes in central nervous system complications. CSF samples would allow for a direct assessment of the local
inflammatory processes, which might not be fully reflected in serum levels. However, due to ethical constraints and
the invasive nature of lumbar puncture, CSF analysis was not feasible within the scope of this study. Thus, the findings
presented here are based on serum markers, which, while informative, may not entirely capture the complex interplay of
systemic and central nervous system inflammation in pediatric TIDM patients with complications like DKA and
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DKACE. Moreover, tissue inhibitor of metalloproteinases 1 (TIMP-1), a key regulator of MMP activity, was not included
in the current study due to resource limitations and sample size constraints. It is planned to be analyzed in future studies
to better understand the MMP/TIMP balance in DKA and cerebral edema pathology. Future studies will incorporate
additional markers such as monomeric transthyretin, albumin, plasminogen, and fibrinogen to evaluate their role in BBB
permeability. Furthermore, we propose to explore more specific BBB integrity assessments to enhance the accuracy of
diagnosing and predicting complications like DKACE. We also acknowledge the limitations of this study, particularly the
small sample size for PCT detection. These markers will be explored in future research to establish their potential as
biomarkers for BBB integrity and cerebral edema in pediatric TIDM patients. Finally, research into the underlying
molecular mechanisms linking MMP dysregulation to endothelial dysfunction and blood-brain barrier disruption in
diabetic complications would significantly advance our understanding of these pathological processes.

Conclusion

In conclusion, our study highlights significant shifts in MMP levels among pediatric TIDM patients with acute
complications, particularly emphasizing the role of MMP-3 and MMP-9 in DKACE. These findings underscore their
potential as biomarkers and therapeutic targets in managing DKA-related cerebral edema, aiming to improve clinical
outcomes in pediatric diabetes care. The absence of significant post-stabilization differences in MMP levels suggests an
eventual convergence towards homeostasis, marking their potential utility in assessing treatment efficacy. However,
further extensive research is crucial to unravel the intricate interactions between MMPs and clinical outcomes in DKA,
guiding future therapeutic interventions and optimizing management of pediatric diabetic complications.
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