Integrative Biomarker Analysis in Diabetic Foot: Lipids, Cellular Integrity, and Hydration Balance
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ABSTRACT
Background: Diabetic foot ulcers (DFUs) are a severe complication of type 2 diabetes mellitus (T2DM), linked to high morbidity and mortality. This study explores biomarkers related to DFU risk and progression to improve management strategies. This study was conducted to identify early biomarkers that could predict DFU risk before ulceration occurs.	Comment by ESTHER SOLER CLIMENT: 
[bookmark: _GoBack]Methods: A case-control study was conducted with 33 T2DM patients and 37 non-diabetic controls. Bioimpedance-derived metrics—phase angle (PA), extracellular water-to-total body water ratio (AEC/ACT), and extracellular mass-to-body cell mass ratio (ECMe/BCMe)—were analyzed alongside lipid profiles (total cholesterol, LDL, HDL), the Controlling Nutritional Status (CONUT) index, and the triglyceride-glucose index. DFU risk was classified using International Working Group on Diabetic Foot criteria.
Results:Low LDL levels (<50th percentile) correlated with reduced PA in cases (p < 0.001), indicating impaired cellular function and tissue repair. PA negatively correlated with DFU risk (p = 0.005), supporting its utility as a health marker. HDL positively correlated with AEC/ACT in cases (p = 0.004), suggesting its role in fluid regulation. The CONUT index correlated negatively with total cholesterol (p = 0.007) and LDL (p = 0.004), highlighting malnutrition's impact on lipid imbalances. Hydric indices increased across DFU risk groups, with AEC/ACT significantly higher in Risk Group 1 versus controls (p = 0.048). ECMe/BCMe correlated positively with AEC/ACT in low LDL cases (p = 0.013), reflecting metabolic stress.
Conclusions: LDL and PA are critical biomarkers for DFU risk and progression, offering insights into cellular integrity, tissue repair, and fluid balance. Integrating these biomarkers into clinical practice could optimize DFU management, reduce complications, and improve patient outcomes.

Background: Diabetic foot ulcers (DFUs), a severe complication of type 2 diabetes mellitus (T2DM)
Methods: This case-control study included 33 T2DM patients (cases) and 37 non-diabetic controls. Bioimpedance-derived metrics—phase angle (PA), extracellular water-to-total body water ratio (AEC/ACT), and extracellular mass-to-body cell mass ratio (ECMe/BCMe)—were analyzed alongside lipid profiles (total cholesterol, LDL, HDL), the Controlling Nutritional Status (CONUT) index, and the triglyceride-glucose index. Biomarker correlations with DFU risk, classified using International Working Group on Diabetic Foot criteria, were assessed.
Results: Low LDL levels (<50th percentile) correlated with PA in cases (p < 0.001), highlighting LDL’s role in membrane integrity and tissue repair. Low LDL levels were linked to poorer cellular function. PA negatively correlated with DFU risk (p = 0.005), supporting its utility as a health marker. In cases, HDL correlated positively with AEC/ACT (p = 0.004), suggesting its role in extracellular water regulation. The CONUT index correlated negatively with total cholesterol (p = 0.007) and LDL (p = 0.004), emphasizing malnutrition’s impact on lipid imbalances. Hydric indices increased across DFU risk groups, with AEC/ACT significantly higher in Risk Group 1 versus controls (p = 0.048). ECMe/BCMe correlated positively with AEC/ACT in low LDL cases (p = 0.013), reflecting metabolic stress-induced changes.
Conclusions: LDL and PA are critical biomarkers for DFU risk and progression. LDL supports membrane stability, while PA is a robust marker. Hydric indices offer insights into fluid balance and tissue dysfunction, aiding DFU stratification. Integrating these biomarkers into practice could optimize management, reduce DFU complications, and improve outcomes.
Background: Diabetic foot ulcers (DFUs), a severe complication of type 2 diabetes mellitus (T2DM), are a leading cause of morbidity and mortality, significantly increasing amputation and death risks. Identifying novel biomarkers could improve risk stratification and management.
Methods: This case-control study included 70 participants: 33 T2DM patients (cases) and 37 non-diabetic controls. Bioimpedance-derived metrics—phase angle (PA), extracellular water-to-total body water ratio (AEC/ACT), and extracellular mass-to-body cell mass ratio (ECMe/BCMe)—were analyzed alongside lipid profiles (total cholesterol, LDL, HDL), the Controlling Nutritional Status (CONUT) index, and the triglyceride-glucose (TyG) index. Biomarker correlations with DFU risk, classified using International Working Group on the Diabetic Foot (IWGDF) criteria, were assessed.
Results: Low LDL levels (<50th percentile) strongly correlated with PA in cases (r = 0.776, p < 0.001, R² = 0.571), highlighting LDL’s role in cellular membrane integrity and tissue repair. Extremely low LDL levels were linked to poorer cellular function. PA negatively correlated with DFU risk (r = -0.332, p = 0.005), supporting its utility as a cellular health marker. In cases, HDL correlated positively with AEC/ACT (p = 0.004), suggesting its role in extracellular water regulation. The CONUT index correlated negatively with total cholesterol (p = 0.007) and LDL (p = 0.004), emphasizing malnutrition’s impact on lipid imbalances. Hydric indices progressively increased across DFU risk groups, with AEC/ACT significantly higher in Risk Group 1 versus controls (p = 0.048). ECMe/BCMe correlated positively with AEC/ACT in low LDL cases (p = 0.013), reflecting metabolic stress-induced changes.
Conclusions: LDL cholesterol and PA are critical biomarkers for DFU risk and progression. LDL supports cellular membrane stability, while PA is a robust cellular health marker. Hydric indices (AEC/ACT, ECMe/BCMe) offer insights into fluid balance and tissue dysfunction, aiding DFU risk stratification. Integrating these biomarkers into clinical practice could optimize personalized management, reduce DFU-related complications, and improve outcomes.
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INTRODUCTION
NOTA AL REVISOR: We thank the reviewer for their insightful comment. We have added more details about phase angle and its correlation with diabetic foot ulcers in the introduction, along with appropriate references.	 	
Diabetes mellitus (DM) is among the most prevalent and challenging chronic diseases worldwide, characterized by persistent hyperglycemia due to insufficient insulin production, deficiency, or ineffective utilization. This condition significantly reduces life expectancy and contributes to severe, disabling, and costly complications (1). In 2022, the International Diabetes Federation (IDF) estimated that 537 million people (10.5% of the global population) were living with diabetes, a figure projected to reach 784 million (12.5%) by 2045 (2,3).
Among the two primary types of diabetes, type 2 diabetes mellitus (T2DM) is the most common, influenced by ethnicity, genetic predisposition, age, lifestyle, and environmental factors. These elements not only complicate disease management but also heighten the incidence of vascular complications. Emerging evidence identifies cellular senescence and oxidative stress, mediated by proteins like p66Shc, as central mechanisms linking chronic inflammation to impaired metabolic and vascular function in T2DM, thereby exacerbating complications (4–8).
Diabetic foot ulcers (DFUs) are among the most significant complications, affecting approximately 25% of diabetic patients. DFUs are associated with a markedly increased risk of amputation and mortality, with affected individuals experiencing a 2.5-fold higher mortality rate than those without DFUs (9–11).
The pathogenesis of DFUs is complex, often exacerbated by peripheral neuropathy and peripheral arterial disease, which can delay diagnosis and timely intervention. This underscores the critical importance of regular diabetic foot screenings, appropriate footwear, and patient education (12). Additionally, lifestyle interventions such as adherence to a Mediterranean diet and regular physical activity have proven effective in mitigating microvascular complications. However, recent evidence suggests that sarcopenia—a condition characterized by loss of muscle mass and function—further increases the risk of DFUs, necessitating comprehensive evaluations of diabetic populations (7, 8, 13, 14).
Advances in biomarker research have provided novel insights into metabolic risk factors associated with DFUs (15). Specifically, studies have identified correlations between Phase Angle (PA)—a marker of cellular membrane integrity—and the triglyceride-glucose index (TyG), an indicator of insulin resistance. Phase Angle (PA), derived from Bioelectrical Impedance Analysis (BIA), reflects cellular health by measuring the electrical properties of tissues and cells. It is calculated as the arctangent of the ratio between reactance and resistance (PA = arctan(Xc/R)) and is expressed in degrees (16). A lower PA indicates reduced cell membrane integrity and has been associated with various adverse health outcomes, including increased mortality and morbidity in chronic diseases (17, 18). In the context of DFUs, a reduced PA may reflect impaired cellular function and tissue repair capacity, contributing to ulcer development and delayed healing (19). Several studies have demonstrated a significant association between lower PA values and an increased risk of DFUs in patients with diabetes (20, 21). These findings enhance our understanding of the metabolic and cellular underpinnings of microvascular and neuropathic complications in T2DM. Notably, lipid imbalances, such as decreased HDL and elevated TyG levels, have been linked to an increased risk of diabetic foot complications, including amputation (16)	Comment by ESTHER SOLER CLIMENT: 	Comment by ESTHER SOLER CLIMENT: RESPUESTA AL REVISOR: Thank you for pointing out the need for clarification. We have added a few lines to provide background on what we refer to as 'cellular quality' in this context

Advances in biomarker research have provided novel insights into metabolic risk factors associated with DFUs (15). Specifically, studies have identified correlations between Phase Angle (PA)—a marker of cellular membrane integrity—and the triglyceride-glucose index (TyG), an indicator of insulin resistance. Preliminary analyses reveal that lower PA values and elevated TyG levels are significantly associated with a higher risk of diabetic foot complications. These findings enhance our understanding of the metabolic and cellular underpinnings of microvascular and neuropathic complications in T2DM. Notably, lipid imbalances, such as decreased HDL and elevated TyG levels, have been linked to an increased risk of diabetic foot complications, including amputation (16).
RESPUESTA AL REVISOR: Thank you for pointing out the need for clarification. We have added a few lines to provide background on what we refer to as 'cellular quality' in this context
Building on these findings, the present study aims to further explore the role of lipid biomarkers, particularly total cholesterol, LDL, and HDL, and their potential associations with PA. The working hypothesis posits that lipid profile imbalances may adversely affect cellular quality, which in this context refers to the integrity and functionality of cell membranes, impacting cellular metabolism and overall tissue health (16, 17). Compromised cellular quality, as reflected by lower PA values, may impair cellular processes such as nutrient uptake, waste removal, and cellular communication, all of which are crucial for maintaining tissue homeostasis and preventing ulcer development. Thus, lipid profile imbalances may adversely affect cellular quality, as measured by PA, thereby increasing the risk of foot ulcer development. By investigating these relationships, this research seeks to advance the understanding of the interplay between lipid metabolism, cellular integrity, and diabetic complications, ultimately contributing to more targeted and effective management strategies for at-risk diabetic patients.	Comment by ESTHER SOLER CLIMENT: : Thank you for pointing out the need for clarification. We have added a few lines to provide background on what we refer to as 'cellular quality' in this context

Building on these findings, the present study aims to further explore the role of lipid biomarkers, particularly total cholesterol, LDL, and HDL, and their potential associations with PA. The working hypothesis posits that lipid profile imbalances may adversely affect cellular quality, as measured by PA, thereby increasing the risk of foot ulcer development. By investigating these relationships, this research seeks to advance the understanding of the interplay between lipid metabolism, cellular integrity, and diabetic complications, ultimately contributing to more targeted and effective management strategies for at-risk diabetic patients.
Methods
Design
This comparative case-control study was conducted at the General Hospital of Elche (Alicante, Spain) between March and June 2023. Participants were divided into two groups: individuals with diabetes (cases) and non-diabetic individuals (controls) to identify predictive biomarkers for DFU risk. Inclusion criteria for cases included a diabetes diagnosis of over five years, age 18–80 years, regular clinical follow-ups, and a diabetic foot risk grade of 0, 1, or 2 per the International Working Group on the Diabetic Foot (IWGDF) classification, alongside recent blood test results. Controls were non-diabetic individuals aged 18–80 years within the hospital’s health department coverage area, with recent blood test results. Exclusion criteria included difficulties walking or standing, prior treatment with plantar orthoses, presence of lower extremity edema, wounds at electrode sites, or a diabetic foot risk grade 
of 3.
Data Collection
Participants attended two visits within three days. During the first visit, they received study information, signed informed consent, underwent diabetic foot assessment, and were assigned a risk grade. The second visit included body composition analysis (anthropometry and bioimpedance), hand dynamometry, and biochemical parameter collection from recent blood tests.
Ethics Approval and Consent to Participate
RESPUESTA AL REVISOR: Thank you for your observation. We have revised the manuscript accordingly. The name of the Research Ethics Committee has been added. The sentence now reads:
"Ethical approval was obtained from the Research Ethics Committee of the Elche General Hospital Health Department (Departamento de Salud Elche - Hospital General) (protocol PI 138/2022) on January 31, 2023."
The study followed the principles of the Declaration of Helsinki. Ethical approval was obtained from the Research Ethics Committee of the Elche General Hospital Health Department (Departamento de Salud Elche - Hospital General) (protocol PI 138/2022) on January 31, 2023. All participants provided signed informed consent.	Comment by ESTHER SOLER CLIMENT: Thank you for your observation. We have revised the manuscript accordingly. The name of the Research Ethics Committee has been added. The sentence now reads:
"Ethical approval was obtained from the Research Ethics Committee of the Elche General Hospital Health Department (Departamento de Salud Elche - Hospital General) (protocol PI 138/2022) on January 31, 2023."
The study followed the principles of the Declaration of Helsinki. Ethical approval was obtained from the Research Ethics Committee (protocol PI 138/2022) on January 31, 2023. All participants provided signed informed consent.
Variables
Outcome Variable: Risk Grade of Diabetic Foot
The 2019 IWGDF risk stratification system was used to assign a risk grade to each case group participant based on loss of protective sensitivity, arterial disease, or severe complications such as foot ulcers, lower limb amputation, or end-stage renal disease (12).
Predictive Variables
Data were collected using the TANITA MC-780MA Segmental Multi-Frequency Analyzer, which measured fat mass, muscle quality, total body water, metabolic age, basal metabolic rate, and PA. Measurements adhered to standardized conditions: no vigorous exercise within 24 hours, no large meals 2–4 hours prior, no caffeine or alcohol within 8 hours, and an empty bladder before assessment (17).
The Phase Angle (PA) is calculated as the arctangent of the ratio between reactance (Xc), reflecting tissue capacitive properties, and resistance (R), representing opposition to electrical current flow. Expressed in degrees, PA is a marker of cellular integrity and functionality. PA =(Resistance (R)Reactance (Xc)​)×(π180​) {1}
AEC/ACT Ratio. This ratio, indicating the proportion of extracellular water (AEC) to total body water (ACT), provides insights into fluid distribution. Elevated AEC/ACT ratios may suggest fluid retention, cellular dysfunction, or inflammation—conditions frequently associated with metabolic disorders such as diabetes. Chronic low-grade inflammation (metaflammation) contributes to systemic inflammation and cellular dysfunction, central to diabetes pathophysiology (18,19). Monitoring this ratio aids in identifying fluid imbalances and early inflammatory changes linked to diabetic complications. Studies have also shown that a higher extracellular-to-total body water ratio correlates with chronic kidney disease progression in type 2 diabetes, underscoring its relevance in metabolic assessments (20).
ECMe/BCMe Ratio. The extracellular mass (ECMe) to body cell mass (BCMe) ratio evaluates the balance between metabolically active cellular mass and extracellular structural components. Increased ratios may indicate sarcopenia, malnutrition, or tissue degradation, critical in assessing risks like diabetic foot ulcers (DFUs) (19,21). Integrating this ratio with other bioimpedance metrics enhances understanding of the patient’s metabolic and cellular status.
Bioimpedance Metrics Integration
The AEC/ACT and ECMe/BCMe ratios complement PA by offering detailed insights into fluid distribution and tissue composition. Together, they enable a holistic assessment of cellular health and functional integrity, essential for understanding the multifactorial risks in diabetes.
Additional Variables
Metabolic Age Difference. The difference between metabolic and chronological age offers further insights into aging-related metabolic risks.
Sarcopenia Risk Index. Estimated using the European Working Group on Sarcopenia in Older People (EWGSOP) algorithm (22), which includes assessments of walking speed, muscle strength, and muscle mass: A-Walking Speed: Measured over 4 meters; <0.8 m/s was considered poor performance. B-Muscle Strength: Assessed using the ActivForce 2 mechanical dynamometer. Measurements were triplicated, and the average of the two highest readings was used. Low muscle strength was defined as <30 kg per EWGSOP guidelines. 
Biochemical Parameters.
Biochemical variables included total cholesterol, LDL, HDL, albumin, total lymphocyte count, glucose, triglycerides, and glycosylated hemoglobin (HbA1c), all obtained from recent clinical blood tests.
TyG Index = ln⁡(fasting triglycerides (mg/dL) × fasting glucose (mg/dL) / 2)  {2}
The Controlling Nutritional Status (CONUT) score was calculated using serum albumin, total lymphocyte count, and total cholesterol levels (23).
Statistical Analysis
Sample size estimation was performed using Epi Info™, based on 13,182 diabetic individuals in the study area and a 6% expected ulcer frequency. With a 95% confidence level and a 9% confidence limit, the minimum sample size was 26 per group. Over 30 participants were recruited per group.	Comment by ESTHER SOLER CLIMENT: Thank you for your valuable comment. The minimum sample size of 26 participants per group was calculated using standard sample size estimation methods for proportions, with a 95% confidence level and a 9% confidence limit, which aligns with commonly accepted thresholds for exploratory studies in health research. While no formal citation is always required for widely accepted statistical assumptions (such as using a 95% confidence level), the formula applied is based on conventional epidemiological methodology, as described in sources such as Lwanga & Lemeshow's "Sample Size Determination in Health Studies" (WHO, 1991).
Furthermore, although the minimum required sample size was 26 participants per group, we recruited more than 30 participants in each group. This improves the robustness of our findings and increases the power of the statistical analysis. Having more than 30 participants per group is also beneficial because it allows for the approximation of normal distribution assumptions according to the central limit theorem, which strengthens the validity of parametric tests. The concern would arise if fewer participants than required had been recruited; however, our final sample exceeds the minimum required, supporting the reliability of our results.

RESPUESTA AL REVISOR: Thank you for your valuable comment. The minimum sample size of 26 participants per group was calculated using standard sample size estimation methods for proportions, with a 95% confidence level and a 9% confidence limit, which aligns with commonly accepted thresholds for exploratory studies in health research. While no formal citation is always required for widely accepted statistical assumptions (such as using a 95% confidence level), the formula applied is based on conventional epidemiological methodology, as described in sources such as Lwanga & Lemeshow's "Sample Size Determination in Health Studies" (WHO, 1991).
Furthermore, although the minimum required sample size was 26 participants per group, we recruited more than 30 participants in each group. This improves the robustness of our findings and increases the power of the statistical analysis. Having more than 30 participants per group is also beneficial because it allows for the approximation of normal distribution assumptions according to the central limit theorem, which strengthens the validity of parametric tests. The concern would arise if fewer participants than required had been recruited; however, our final sample exceeds the minimum required, supporting the reliability of our results.

Data analysis was conducted using Jamovi software. Normality was assessed with the Shapiro-Wilk test and visual inspection of histograms and Q-Q plots. For normally distributed data, Pearson correlations, Student’s t-tests, and one-way ANOVA were used. For non-normal data, Spearman correlations, Mann-Whitney U, or Kruskal-Wallis tests were applied. Statistical significance was set at p < 0.05, with high significance at p < 0.001. Multiple comparison corrections and imputation for missing data were included.
Group comparisons involved one-way ANOVA with Tukey post-hoc tests for normal variables and Kruskal-Wallis tests with Dwass-Steel-Critchlow-Fligner post-hoc adjustments for non-normal variables. A two-phase approach assessed correlations and biomarker relevance: initial analysis of all participants followed by stratified analysis by case-control status for validation.
Handling Missing Data
Missing data (<5%) were identified as "Missing Completely at Random" (MCAR). Multiple Imputation by Chained Equations (MICE) in R generated five imputed datasets, with predictor variables encompassing all relevant demographic and clinical data. Post-imputation checks ensured consistency between imputed and original data distributions. Analyses were performed on each imputed dataset, and Rubin’s rules were applied to combine results, ensuring robust estimates.

RESULTS 
Thank you for your observation. We clarify that none of the diabetic participants included in this study had a current or past diabetic foot ulcer (DFU). The classification of diabetic foot risk in our study strictly followed the guidelines established by the International Working Group on the Diabetic Foot (IWGDF). According to these guidelines, patients with a history of a diabetic foot ulcer are automatically classified as risk grade 3.
As explicitly stated in the Methods section, individuals with active or prior DFU (risk 3) were excluded from the study. Therefore, the diabetic participants included in our sample met the criteria for risk categories 0, 1, or 2 only, with no history of foot ulceration. This design ensures that the analysis focuses on identifying early predictive biomarkers for future DFU risk, rather than studying cases with already established ulcerative complications.
RESPUESTA AL REVISOR: Thank you for your comment. To clarify, the diabetic individuals included in the 'cases' group had a diabetic foot risk grade of 0, 1, or 2 per the IWGDF classification at the time of enrollment. While none of the participants had active diabetic foot ulcers at the time of enrollment, it is important to note that, in our cohort, approximately 30% of the patients with risk grade 2 had presented some healed lesions in the past. 
Table 1
The sociodemographic characteristics of the 70 participants showed that 61.4% were women and 38.6% were men. Of the total sample, 52.9% (n = 37) were controls, while 47.1% (n = 33) were cases, mainly individuals with type 2 diabetes. In terms of age distribution, 22.9% were under 45 years old, 41.4% were between 45 and 64 years, and 35.7% were 65 years or older. Most participants reported a medium socioeconomic level (78.6%), while 21.4% were classified as having a low socioeconomic level. Regarding educational attainment, 40.0% had completed primary education, 25.7% had secondary education, and 25.7% held a university degree. Among the cases, 30.3% (n = 10) were classified as risk group 0, 21.2% (n = 7) as risk group 1, and 48.5% (n = 16) as risk group 2. 	Comment by ESTHER SOLER CLIMENT: Thank you for your observation. We clarify that none of the diabetic participants included in this study had a current or past diabetic foot ulcer (DFU). The classification of diabetic foot risk in our study strictly followed the guidelines established by the International Working Group on the Diabetic Foot (IWGDF). According to these guidelines, patients with a history of a diabetic foot ulcer are automatically classified as risk grade 3.
As explicitly stated in the Methods section, individuals with active or prior DFU (risk 3) were excluded from the study. Therefore, the diabetic participants included in our sample met the criteria for risk categories 0, 1, or 2 only, with no history of foot ulceration. This design ensures that the analysis focuses on identifying early predictive biomarkers for future DFU risk, rather than studying cases with already established ulcerative complications.

Biomarker Analysis 
Table 21 	Comment by ESTHER SOLER CLIMENT: We appreciate the reviewer’s thoughtful observation. Indeed, sex-based analyses were considered during the statistical planning of the study. Preliminary analyses stratified by sex were performed; however, the sample size—although adequate for general exploratory purposes—was not sufficiently powered to support robust subgroup analyses, particularly for correlation and regression models. Given that the total sample included only 70 participants, with 27 men and 43 women, disaggregating the data by sex would have considerably reduced statistical power, increasing the likelihood of type II errors and limiting the interpretability and reliability of any sex-specific associations.
For this reason, and in the interest of presenting more stable and generalizable results, we chose to report the findings based on the entire sample. Nevertheless, we acknowledge the relevance of sex-specific analyses and have now included this consideration in the limitations section of the manuscript. We explicitly note that future studies should incorporate larger and more balanced samples to enable stratified analyses by sex, thereby uncovering potentially meaningful sex-based differences in lipid metabolism, cellular health, and diabetic foot risk.

RESPUESTA AL REVISOR: We appreciate the reviewer’s thoughtful observation. Indeed, sex-based analyses were considered during the statistical planning of the study. Preliminary analyses stratified by sex were performed; however, the sample size—although adequate for general exploratory purposes—was not sufficiently powered to support robust subgroup analyses, particularly for correlation and regression models. Given that the total sample included only 70 participants, with 27 men and 43 women, disaggregating the data by sex would have considerably reduced statistical power, increasing the likelihood of type II errors and limiting the interpretability and reliability of any sex-specific associations.
For this reason, and in the interest of presenting more stable and generalizable results, we chose to report the findings based on the entire sample. Nevertheless, we acknowledge the relevance of sex-specific analyses and have now included this consideration in the limitations section of the manuscript. We explicitly note that future studies should incorporate larger and more balanced samples to enable stratified analyses by sex, thereby uncovering potentially meaningful sex-based differences in lipid metabolism, cellular health, and diabetic foot risk.

Key results from Table 21 (correlation matrix and linear regressions between variables and diabetic foot risk across the entire sample) include: glycated hemoglobin, strongly correlated with diabetic foot risk (r = 0.560, p < 0.001) and a high R² (0.340), confirming it as a primary predictor. The TyG index, a marker of insulin resistance, also showed a significant correlation (r = 0.454, p < 0.001) with R² = 0.191, highlighting its importance in risk assessment. The CONUT index, associated with malnutrition, demonstrated a significant association (r = 0.430, p = 0.008) and a high R² (0.281), emphasizing its role as a metabolic risk marker. Additionally, metabolic age (r = 0.343, p = 0.004) and muscle mass (r = 0.310, p = 0.010) were significantly correlated, further supporting their contributions to risk development.
The PA showed a significant negative correlation with diabetic foot risk (r = -0.332, p = 0.005) and an R² of 0.097, indicating that lower cellular quality is associated with higher complication risk. Similarly, HDL demonstrated a significant negative correlation (r = -0.253, p = 0.039) but with a lower R² (0.054), suggesting a potentially protective role.
In contrast, some findings did not align with prior literature (24). Total cholesterol and LDL showed negative correlations with diabetic foot risk (r = -0.158, p = 0.200 and r = -0.216, p = 0.079, respectively), diverging from studies typically linking these variables to higher metabolic risk. Interestingly, specific PA relationships differed by group: in diabetic foot (cases), total cholesterol had a positive correlation (r = 0.394, p = 0.023), while in controls, the correlation was negative (r = -0.210, p = 0.241), suggesting distinct underlying mechanisms based on risk status.
RESPUESTA AL REVISOR: Thank you for your observation. You are absolutely right, and we appreciate your attention to detail. We have revised the manuscript to ensure consistency and have replaced “diabetic foot cases” with “diabetic patients (cases)” throughout the text to maintain uniform terminology.	Comment by ESTHER SOLER CLIMENT: Thank you for your observation. You are absolutely right, and we appreciate your attention to detail. We have revised the manuscript to ensure consistency and have replaced “diabetic foot cases” with “diabetic patients (cases)” throughout the text to maintain uniform terminology.
Table 3
Percentile analysis of total cholesterol, LDL, and HDL against PA revealed significant differences between cases and controls (Table 3). In diabetic foot (cases), low LDL levels strongly correlated with PA (r = 0.776, p < 0.001) and had a high R² (0.571, p < 0.001), while no significant relationship was observed at high LDL levels (r = -0.039, p = 0.881). Similarly, low total cholesterol levels in cases showed a positive, though non-significant, correlation with PA (r = 0.421, p = 0.104). HDL did not display significant correlations at any percentile, although a non-significant negative correlation was observed at high HDL levels (r = -0.415, p = 0.097).
In controls, correlations between PA and lipid variables were weaker and non-significant. Total cholesterol and LDL showed low positive correlations at both high and low levels (total cholesterol: r = 0.167, p = 0.537 at high levels; LDL: r = 0.209, p = 0.422 at high levels). Conversely, HDL exhibited a negative correlation at low levels (r = -0.378, p = 0.149), though not statistically significant.
RESPUESTA AL REVISOR: Thank you for your valuable observation. We have now clarified the number of patients in each group to provide a more precise interpretation of the comparison described in line 254. Among the total sample, 24 participants were receiving cholesterol-lowering treatment, of which 18 were diabetic patients (cases)—representing 54.5% of all cases—and 6 were controls, representing 16.2% of the control group.    
Descriptive analysis comparing patients with and without cholesterol treatment revealed slightly lower total cholesterol (180.542 mg/dL vs. 185.767 mg/dL) and LDL levels (95.292 mg/dL vs. 105.095 mg/dL) in the treated group, indicating a cholesterol-lowering effect. However, differences in HDL levels were less pronounced between treated and untreated groups. The untreated group (n = 43) had a mean HDL level of 57.744 mg/dL, a median of 56 mg/dL, and a standard deviation of 14.702, while the treated group (n = 24) had a slightly lower mean of 54.667 mg/dL, median of 53.5 mg/dL, and standard deviation of 19.053. Among the total sample, 24 participants were receiving cholesterol-lowering treatment, of which 18 were diabetic patients (cases)—representing 54.5% of all cases—and 6 were controls, representing 16.2% of the control group. 
Descriptive analysis comparing patients with and without cholesterol treatment revealed slightly lower total cholesterol (180.542 mg/dL vs. 185.767 mg/dL) and LDL levels (95.292 mg/dL vs. 105.095 mg/dL) in the treated group, indicating a cholesterol-lowering effect. However, differences in HDL levels were less pronounced between treated and untreated groups.
Table 4
Analysis of the CONUT variable (malnutrition index) and its relationship with total cholesterol, LDL, and HDL levels (Table 4) revealed notable trends. In the low total cholesterol group, CONUT showed a significant negative correlation (r = -0.627, p = 0.007) with an R² of 0.377 (p = 0.009), indicating an association between higher malnutrition index and lower cholesterol levels. In the high total cholesterol group, the correlation was also negative (r = -0.430, p = 0.059) but not statistically significant.
For LDL, a strong negative correlation was observed in the low-level group (r = -0.646, p = 0.004) with a high R² (0.572, p < 0.001), indicating a robust link between higher malnutrition index and reduced LDL levels. In the high LDL group, the correlation was weaker and marginally significant (r = -0.450, p = 0.049), with an R² of 0.118 (p = 0.150).
For HDL, no significant correlations were observed across percentiles. In the high HDL group, the correlation was positive but weak (r = 0.158, p = 0.460), while in the low HDL group, it was nearly null (r = 0.114, p = 0.711).
These findings highlight a significant negative correlation between CONUT and both total cholesterol and LDL in low-level groups, reinforcing the link between a higher malnutrition index and reduced cholesterol and LDL levels. In high-level groups, correlations were weaker and not significant. For HDL, no meaningful associations were found across percentiles.
Relationship of AEC/ACT and ECMe/BCMe with LDL
Analysis of LDL, AEC/ACT, and ECMe/BCMe revealed trends, though most were not significant. The ECMe/BCMe index, reflecting membrane lipid composition, and AEC/ACT, indicating intracellular-extracellular water balance, were examined in relation to LDL levels in controls and cases.
In controls (LDL < 113.5), LDL showed a non-normal distribution (p = 0.034), while AEC/ACT was normal (p = 0.065), and ECMe/BCMe was non-normal (p < 0.001). Spearman correlations indicated weak, non-significant negative relationships between LDL and AEC/ACT (ρ = -0.307, p = 0.247) and LDL and ECMe/BCMe (ρ = -0.151, p = 0.578). A weak positive correlation was observed between AEC/ACT and ECMe/BCMe (ρ = 0.336, p = 0.159), but it was not significant.
In the case group (LDL < 96), regression analyses did not identify AEC/ACT or ECMe/BCMe as significant predictors of LDL (R² = 0.159, p = 0.126; R² = 0.121, p = 0.186, respectively). However, a moderate and significant positive correlation was observed between AEC/ACT and ECMe/BCMe (ρ = 0.604, p = 0.013), indicating a consistent relationship between these markers in patients with lower LDL levels.
These findings suggest that while LDL levels were not significantly associated with cellular markers, the significant correlation between AEC/ACT and ECMe/BCMe in cases points to a potential metabolic connection under conditions of metabolic stress.
Table 5
The correlation and regression analysis between lipid biomarkers (total cholesterol, LDL, HDL) and cellular/hydration parameters (PA, AEC/ACT) in Table 5 revealed key findings in diabetic foot (cases) and controls, grouped by percentiles.
In cases, low LDL levels showed a significant positive correlation with PA (r = 0.776, p < 0.001, R² = 0.571), indicating a strong link between low LDL and better cellular integrity. High HDL levels correlated positively with AEC/ACT (r = 0.656, p = 0.004, R² = 0.437), suggesting an influence of HDL on extracellular water balance. Conversely, high HDL levels showed a moderate negative correlation with PA (r = -0.415, p = 0.097), while low total cholesterol had a positive correlation with PA (r = 0.421, p = 0.104); neither was statistically significant.
In controls, low LDL levels correlated positively with PA (r = 0.282, p = 0.290) and negatively with AEC/ACT (r = -0.307, p = 0.247), though neither reached significance. These trends indicate potential differences in the interplay between lipid markers and cellular parameters across groups and biomarker levels.
These findings underscore the significant relationship between low LDL and PA in cases, as well as the potential impact of high HDL on AEC/ACT in the same group.
Comparison of AEC/ACT Values Across Risk Groups
Figure 1
RESPUESTA AL REVISOR: Thank you for your comment and for highlighting this important point. We acknowledge the interest in visualizing the distribution across all four groups (Control, 0, 1, and 2). However, we made a deliberate methodological choice to group the participants into two combined categories in Figure 1 due to the limited sample size within some of the individual risk groups, which substantially reduced the statistical power of pairwise comparisons.
Specifically, Control and Risk 0 participants were combined into a single group (C-0) because they share the absence of any neurological or structural alterations in the feet. Conversely, Risk 1 and Risk 2 participants were grouped together (1-2) as they both present relevant neurological alterations, with some in Risk 2 also displaying structural changes. This dichotomous classification reflects a clinically meaningful distinction based on the presence or absence of pathologic foot findings and increases the number of observations per group, thus enhancing the robustness of the statistical comparisons.
This approach allowed us to detect statistically significant differences between the two broader categories (C-0 vs. 1-2) in the AEC/ACT index, as shown in Figure 1 (t=3.131, df=67, p=0.003). While an ANOVA test comparing the four individual groups did reach statistical significance (F=3.498, p=0.020), the post hoc analyses revealed limited pairwise significance (only between Control and Risk 1: p=0.048), likely due to reduced group sizes.
Moreover, assumptions of normality and homogeneity of variances were satisfied (Shapiro-Wilk: p=0.280; Levene’s test: p=0.728), supporting the validity of our grouping strategy.
For transparency, we have clarified this rationale in the figure legend and methods section. However, given the small subgroup sizes, we opted not to include an additional supplementary figure with individual group comparisons, as it may visually mislead readers regarding the strength of observed differences.

Figure 1 compares AEC/ACT values among the four risk groups (Control [C], 0, 1, and 2). Mean AEC/ACT values were significantly lower in Groups C and 0 compared to Groups 1 and 2 (t = 3.131, df = 67, p = 0.003). One-way ANOVA confirmed significant differences across groups (F = 3.498, df1 = 3, df2 = 65, p = 0.020), with post hoc Tukey analysis identifying a significant difference between Group C and Risk Group 1 (p = 0.048).
Assumptions of normality and variance homogeneity were met, as shown by the Shapiro-Wilk test (W = 0.979, p = 0.280) and Levene’s test (F = 0.436, p = 0.728), ensuring the robustness of the results. These findings suggest a progressive increase in AEC/ACT values with higher risk group classification, reflecting potential metabolic or hydric changes associated with diabetic foot risk.    
Table 6
Lipid Biomarkers and Cellular/Metabolic Parameters
Correlation and regression analyses between lipid biomarkers (total cholesterol, LDL, HDL) and cellular/metabolic parameters (PA, TyG index, extracellular and intracellular water) in Table 6 revealed key differences between diabetic foot (cases) and healthy controls.
In cases, total cholesterol showed significant positive correlations with PA (r = 0.394, p = 0.023) and a strong correlation with the TyG index (r = 0.586, p < 0.001). HDL exhibited significant negative correlations with intracellular water (r = -0.401, p = 0.021) and the TyG index (r = -0.538, p = 0.001). No significant correlations were observed between LDL and any cellular/metabolic parameters.
In controls, total cholesterol correlated positively with the TyG index (r = 0.405, p = 0.018) and negatively with intracellular water (r = -0.565, p < 0.001). LDL showed significant negative correlations with extracellular water (r = -0.380, p = 0.029) and intracellular water (r = -0.513, p = 0.002). HDL did not display significant correlations with any parameters in this group.
DISCUSSION
This study explores the intricate interactions between lipid biomarkers, cellular parameters, and hydric indices in diabetic foot, providing a multidimensional understanding of the chronic inflammation, metabolic dysregulation, and tissue deterioration driving this severe complication of type 2 diabetes mellitus (T2DM). The integration of biomarkers such as LDL cholesterol, PA, and hydric indices (AEC/ACT, ECMe/BCMe) offers critical insights into disease progression, supporting their role in risk stratification and therapeutic decision-making (25,26).
LDL and Cellular Function: Beyond Cardiovascular Risk
The positive correlation between low to moderate LDL levels (<50th percentile) and PA (r = 0.776, p < 0.001, R² = 0.571) underscores LDL’s role in maintaining cellular membrane stability and facilitating tissue regeneration under metabolic stress. These findings expand LDL's relevance beyond cardiovascular risk, highlighting its contribution to cellular repair processes essential in diabetic foot management (25,26).
LDL supports membrane fluidity and modulates the functionality of key proteins involved in signaling and repair, ensuring rapid adaptation to metabolic challenges (28,29). However, excessively low LDL levels (<30 mg/dL), often associated with aggressive statin therapies, may compromise these processes, impairing membrane repair and cellular homeostasis. This aligns with evidence suggesting a "U-shaped" relationship between LDL levels and mortality in T2DM, emphasizing the need for therapeutic ranges that balance cardiovascular protection with cellular metabolic needs (30,31).
Statins remain a cornerstone of cardiovascular disease prevention, but their potential adverse effects on glycemic control and tissue repair demand careful evaluation. Personalized LDL management, informed by biomarkers like PA, could optimize outcomes by addressing the dual roles of LDL in cardiovascular and cellular health (30–32).
PA: A Robust Marker of Cellular Health and Metabolic Risk
PA emerged as a reliable biomarker of cellular integrity, showing a significant negative correlation with diabetic foot risk (r = -0.332, p = 0.005, R² = 0.097). Its capacity to reflect cellular membrane stability and functional capacity makes it invaluable for assessing tissue repair potential in diabetic populations (33).
The observed correlation between PA and total cholesterol in diabetic foot (cases) (r = 0.394, p = 0.023) further emphasizes the importance of adequate lipid levels for maintaining membrane integrity. Cholesterol plays a critical role in preserving lipid bilayer dynamics, supporting cellular survival and repair under metabolic stress (35).
Additionally, oxidative stress and dysregulated hypoxia-inducible factor (HIF) pathways contribute to mitochondrial dysfunction, chronic inflammation, and impaired tissue repair, all processes linked to reduced PA levels. Addressing oxidative damage and improving oxygenation at the cellular level represent promising strategies for mitigating diabetic foot complications (19,33,34).
Hydric Balance and Its Clinical Implications
Hydric indices such as AEC/ACT and ECMe/BCMe proved essential for evaluating fluid distribution and metabolic dysregulation in diabetic foot. AEC/ACT ratios were significantly elevated in high-risk groups (p < 0.05), indicating extracellular water accumulation linked to chronic inflammation and vascular dysfunction (36). The positive correlation between HDL levels and AEC/ACT (r = 0.656, p = 0.004, R² = 0.437) suggests HDL's potential role in regulating hydric balance, although further studies are needed to confirm this association.
In cases with low LDL levels, ECMe/BCMe correlated positively with AEC/ACT (ρ = 0.604, p = 0.013), reflecting overhydration and reduced cellular mass under metabolic stress. These findings align with prior research demonstrating the predictive value of hydric indices, such as extracellular water-to-total body water ratios, in metabolic disease progression (20,33).
Integrating hydric assessments into diabetic foot care could enhance the understanding of tissue composition and fluid homeostasis, offering a more comprehensive approach to disease management.
The Role of Malnutrition in Diabetic Foot Risk
Nutritional status, assessed via the CONUT index, was strongly associated with diabetic foot risk. Negative correlations between CONUT and both total cholesterol (r = -0.627, p = 0.007) and LDL (r = -0.646, p = 0.004) in low-level groups highlight the exacerbation of lipid imbalances by malnutrition. These findings emphasize the importance of addressing nutritional deficits to support cellular repair and immune function in diabetic foot patients (38).
Malnutrition and muscle mass loss intensify inflammatory responses and impair healing, underscoring the need for nutritional interventions as part of multidisciplinary diabetic foot management strategies. Tailoring dietary plans to individual metabolic needs could mitigate these risks and improve clinical outcomes (39).
Key Interactions Between Biomarkers
Significant biomarker interactions underscore their crucial role in the comprehensive assessment of metabolic and cellular health in diabetic foot management. Reduced low-density lipoprotein (LDL) levels (<50th percentile) were significantly associated with a decrease in Phase Angle (PA) (r = 0.776, p < 0.001), indicating impaired cellular quality and compromised plasma membrane stability. This finding highlights the critical role of LDL in maintaining the structural integrity of cellular membranes and facilitating repair mechanisms, suggesting that its deficiency may exacerbate cellular dysfunction (25,26).
Furthermore, the mean PA was markedly lower in patients with higher diabetic foot risk (grades 1–2) compared to both the control group (p < 0.001) and those classified as grade 0 risk (p < 0.05) (16). This progressive decline in PA emphasizes its ability to reflect metabolic and cellular alterations associated with the progression of diabetic foot risk.
Nutritional status also significantly influences lipid biomarkers. The CONUT index, an assessment of malnutrition, showed significant negative correlations with total cholesterol and LDL in patients with low levels (r = -0.627, p = 0.007; r = -0.646, p = 0.004). This suggests that nutritional deficits exacerbate lipid imbalances, further compromising cellular health. These findings underscore the importance of LDL-derived lipids for cellular metabolism, as their imbalance is linked to metabolic stress and inflammatory responses (38).
Hydric indices such as the AEC/ACT index (intracellular-extracellular water balance) and ECMe/BCMe index (membrane lipid composition) further illustrate the relationship between metabolic stress and hydric-lipidic homeostasis. In patients with low LDL levels (<96 mg/dL), these indices showed a significant positive correlation (ρ = 0.604, p = 0.013), indicating a direct impact of metabolic stress on cellular regulation. Although LDL itself did not show direct correlations with these indices, the association between AEC/ACT and ECMe/BCMe emphasizes the interplay between cellular hydration and lipid composition under metabolic stress (40). Additionally, PA and the extracellular water-to-total body water ratio (ECW/TBW) have been associated with key blood parameters such as hemoglobin and hematocrit in diabetic patients, reinforcing their importance in metabolic balance (41).
Lipid biomarkers, including HDL, have been associated with improved outcomes in diabetic foot management. Elevated HDL levels predict lower rates of amputation and wound-related mortality, highlighting their role in extracellular water regulation and interaction with lipid and nutritional profiles (42,43). Systematic reviews have linked LDL, HDL, and apolipoproteins to diabetic foot ulcer risk, emphasizing the critical role of lipid balance in preventing tissue damage (24). Additionally, elevated LDL levels combined with immune markers such as CD63 on monocytes predict poor healing in diabetic foot ulcers, offering potential therapeutic targets (44,45).
Despite the critical role of LDL in cellular health, a global meta-analysis by Ulloque-Badaracco et al. (2022), encompassing 12 cohort studies and 26 case-control studies with 17,076 patients, found no direct correlation between low LDL levels and increased diabetic foot risk. However, the essential role of LDL in membrane integrity and tissue regeneration, beyond its cardiovascular implications, remains evident (24).
In statin management, regional differences are notable. European guidelines (ESC/EAS) adopt more conservative thresholds than their American counterparts (ACC/AHA), resulting in lower statin usage but greater specificity in patient selection (46). In regions such as Latin America, Asia, and Africa, economic barriers limit access to statins, with only 32.1% of very high-risk patients achieving LDL targets (47). Moreover, genetic variants like SLCO1B1, which modulate statin response, are more prevalent in Asian populations, emphasizing the need for personalized approaches (48).
In summary, these findings highlight the necessity of integrated strategies addressing malnutrition, dyslipidemia, hydric-lipidic imbalances, and tissue dysfunction in diabetic foot management. Maintaining optimal LDL levels, monitoring hydric indices such as AEC/ACT and ECMe/BCMe, and tailoring therapeutic interventions are fundamental measures to preserve cellular health and promote tissue repair.
Study Limitations
While this study provides valuable insights into lipid metabolism, cellular integrity, and hydric balance in diabetic foot, certain limitations should be considered. The sample size, although adequate for exploratory analyses, limits the broader applicability of the findings. Larger cohorts are needed to validate the observed relationships and ensure greater generalizability.
The cross-sectional design, which captures data at a single time point, prevents causal inferences. Longitudinal studies are required to elucidate temporal dynamics and establish causative links between the variables examined.
Additionally, the exclusion of individuals with advanced diabetic foot complications (IWGDF grade 3) narrows the scope of applicability to less severe cases. Future research should encompass a wider spectrum of disease severity to provide a more comprehensive understanding. Moreover, the role of dietary patterns in metabolic and cellular health remains unexplored, warranting further investigation in subsequent studies.
Despite these limitations, this study underscores the critical interplay between lipid profiles, cellular markers, and hydric balance in diabetic foot, paving the way for future research to refine therapeutic strategies and improve clinical outcomes.
CONCLUSIONS
This study reveals the multifaceted interplay between lipid biomarkers, cellular parameters, and hydric homeostasis in diabetic foot, offering novel insights into the mechanisms driving this severe complication. LDL cholesterol, often associated with cardiovascular risk, emerged as a critical modulator of cellular integrity and repair under metabolic stress. The significant positive correlation between LDL and PA in patients with low LDL levels (<50th percentile) highlights LDL's essential role in maintaining membrane stability and tissue regeneration. Conversely, extremely low LDL levels were associated with compromised cellular function, emphasizing the need to balance LDL reduction with cellular metabolic demands.
PA proved to be a reliable biomarker of cellular health, showing a negative correlation with diabetic foot risk and reflecting the metabolic and structural deterioration inherent in this condition. Hydric indices (AEC/ACT and ECMe/BCMe) correlated significantly with fluid distribution across compartments, underscoring their importance in tissue composition and hydric balance. These findings illustrate the impact of chronic inflammation and metabolic syndrome on endothelial dysfunction, oxidative stress, and impaired tissue remodeling, key drivers of diabetic foot progression.
Nutritional status, evaluated via the CONUT index, strongly correlated with diabetic foot risk, highlighting the compounding effects of malnutrition and muscle mass loss on inflammation, healing capacity, and immune function. These results underscore the vital role of nutritional assessment in managing diabetic foot patients and addressing underlying metabolic and tissue dysfunctions.
Clinical Implications and Future Challenges
Advanced Biomarker Integration
The findings emphasize the transformative potential of advanced biomarkers such as PA, hydric indices (AEC/ACT, ECMe/BCMe), and the TyG index in risk stratification and guiding targeted therapies for diabetic peripheral neuropathy (DPN) and diabetic foot. Incorporating these biomarkers into routine clinical practice could enable early identification of high-risk patients, allowing for more personalized and effective interventions.
Personalized LDL Management
Balancing LDL levels to avoid both deficiency and excess is essential for maintaining cellular health and supporting tissue repair. Therapeutic approaches must consider the dual role of LDL in cardiovascular protection and cellular repair, particularly in patients with advanced diabetic complications.
AI-Driven Precision Medicine
The integration of biomarkers into AI-driven platforms could revolutionize prevention and management by synthesizing clinical, metabolic, and cellular data. Such tools can enhance decision-making, optimize treatment strategies, and improve patient outcomes, particularly in areas such as amputation prevention, quality of life, and long-term survival.
Addressing Regional Disparities
Global disparities in statin usage guidelines, access to care, and adherence represent critical challenges. In low- and middle-income countries, economic barriers often limit access to therapies, with only 32.1% of very high-risk patients achieving LDL targets. Strategies must prioritize equitable access to medications, adherence support, and education to ensure effective management of diabetic foot worldwide.
Future Research Directions
Longitudinal studies are imperative to validate the causal relationships between biomarkers and clinical outcomes, including wound healing, amputation prevention, and mortality. Additionally, research should explore the interplay between neuromotor deficits—such as gait impairments, muscle weakness, and proprioceptive dysfunction—and cellular damage to inform targeted rehabilitation strategies. Investigating the impact of genetic factors, such as SLCO1B1 variants influencing statin response, will further refine personalized approaches to diabetic foot management.
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