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Backgrounds and Objective: Diabetic foot is a relatively severe complication in patients with type 2 diabetes (T2D), with
peripheral neuropathy and angiopathy frequently serving as risk factors. However, it is unknown how the other major systemic
metabolic factors impacted the profile of these patients, besides glucose management. Thus, we investigated the distinct characteristics
of patients with diabetic foot ulcers and their relationships with angiopathy.

Materials and Methods: We obtained the laboratory data of 334 diabetic patients at Shanghai Pudong Hospital from 2020 to 2023.
The comparisons were performed between the groups with or without diabetic foot, including glucose metabolism, lipids profile, liver
and kidney function, thyroid function, and serum iron. The association between metabolic factors and lower extremity computed
tomography angiography (CTA) was analyzed.

Results: We found significant disparities between groups in relation to age, serum protein content, liver transferase, serum creatinine,
estimated glomerular filtration rate (¢GFR), serum uric acid (UA), small dense low-density lipoprotein (sdLDL), lipoprotein A (LP(a)),
apolipoprotein A1 (APOAL1), thyroid function, serum iron, and hemoglobin (Hb) (p<0.05). The Spearman correlational analyses
showed that the severity of CTA, categorized by the unilateral or bilateral plaque or occlusion, was positively significantly correlated
with UA (r=0.499), triglyceride (TG) (r=0.751), whereas inversely correlated with serum albumin (r=—0.510), alanine aminotransfer-
ase (r=—0.523), direct bilirubin (DBil) (r=—0.494), total bilirubin (TBil) (r=—0.550), Hb (r=—0.646).

Conclusion: This cross-section investigation showed that compared to T2D only, the patients with diabetic foot ulcer (DFU) might
display similar glucose metabolic control context but adverse metabolic profiles, and this profile is associated with macrovascular
angiopathy characteristics and their severity.

Keywords: diabetic foot, macrovascular angiopathy, CTA, thyroid function, serum iron, serum bilirubin

Introduction

Diabetic foot is the infection, ulceration or destruction of tissues of the foot associated with neuropathy and/or peripheral artery
disease in the lower extremity of a person with (a history of) diabetes mellitus. Diabetic foot ulcer (DFU) is a break of the skin
of the foot that includes minimally the epidermis and part of the dermis in a diabetic patient.' To date, the summarized current
investigations showed that the incidence of DFU was inconsistently due to the variations in study plot, different study cohorts,
as well as the study time. It was also reported that from the year of 2010, the annual incidence of DFU could be expected from
0.2% to 11% in diabetic background or account for about 0.1-8% originated from community- and population-source.”
According to the survey from the International Diabetes Foundation, approximately 40 million to 60 million patients are
complicated with DFU, and this data changed remarkably from 9 million to 26 million in 2015.% In China, the DFU in the
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constitution of the cause of chronic wound rises sharply in recent years from 4.9% in 1996 to the 33% in 2007—2008 estimated
in 17 Chinese tertiary hospitals. According to a recent study, the incidence of newly onset DFU within 1 year in diabetic adults
aged above 50 years was 8.1%, and 31.6% recurrent in cured DFU.” Intriguingly, a previous epidemic study reported the there
were differences in risk factors distribution in DFU between the south and north Chinese patients: age, patient income,
coronary heart disease, retinopathy, HbA I¢, kidney function, and amputation rate seemed to pave for this divergency.’

The current standard care of DFU includes early recognition of risk factors such as poor glycemic control, peripheral
neuropathy (DPN) or arterial diseases (PAD), foot deformities, pre-ulcerative abnormalities, smoking, prior amputation,
retinopathy and nephropathy; evaluation of protective sensation, the surveillance of early foot problem, follow-up based on the
severity of DPN, PAD and vigilant for other pre-ulcerative or higher risks. In addition, the treatment of DFU is based on the
amplitude of risks for DFU, where the approaches regarding patients at higher risk include negative-pressure treatment,
administer growth factors, bioengineered tissue, acellular matrix tissue, stem cell therapy, hyperbaric oxygen therapy, and,
most recently, topical oxygen therapy. It is recommended that the initial treatment and evaluation encompass the following
principles: offloading of plantar ulcerations, debridement of necrotic, nonviable tissue, revascularization of ischemic wounds,
when necessary, management of infection: soft tissue or bone, and use of physiologic, topical dressings.°

However, the issue of slowly healing with higher recurrence above 20% remains unsolved in the past 15-20 years in
spite of the updating in techniques in treatment of DFU.” The mean risk for DFU in lifetime has been reported to be
within 12% to 25%, although it is proclaimed higher according to the study by Armstrong et al about 19% and 34%,
which could be possibly traced to the elongation of lifespan.® Foot ulcers or even lower extremity amputations are
predisposed by diabetic neuropathy and/or PAD,'®!" which significantly account for the major causes of morbidity and
mortality in diabetes.'*'? In a survey of 2010 from Chinese tertiary hospital, DFU accounts for 27.3% of the all causes of
amputation of lower extremity, and 56.5% in non-traumatic amputation. The data shows in 2012-2013, the total
amputation rate had been dropped to 19.03%, where the major amputation was 2.14%, and 16.88% of minor amputation.
The current annual mortality of DFU without amputation is 14.4%, whereas it escalates to the 40% in patients received
amputation regardless of major or minor.* Therefore, identification of feet with higher risks for DFU, pre-ulcerative
alterations, and immediately address the mild ulcerations, as well as improve the complications of lower-extremity as
soon as possible could postpone the incident of adverse consequences.

The presence of multiple risk factors, including age, duration of diabetes, poor glucose management, peripheral neuro-
pathy, peripheral arterial diseases (PAD), and foot deformities such as hammertoe or Charcot arthropathy, increases the
probability of developing DFU.*'* Moreover, in the advanced stages of type 2 diabetes (T2D), systemic features such as
nutritional status, obesity, renal function, and residual pancreatic function of the patient may influence the occurrence and
outcome of DFU.">'7 In recent years, there emerged multiple studies identifying the critical factors contributed to the DFU,
which reached to the consensus were listed as: age, gender, duration of DM, previous DFU, location of ulcer, smoking, prior
amputation, foot deformity, DPN, PAD, other metabolic factors such as hypertension, lipids, glycated hemoglobin A1C
(HbA1C), body mass index (BMI), kidney function and others.'® ?° Nonetheless, few clinical investigations identified
a comprehensive scenario for patients at risk for DFU, and fail to recognize the systemic factors such as hepatic function,
thyroid function, nutrients status, and their relationship with the macro-or micro-vasculopathy.

Therefore, this study seeks to provide a more thorough picture of the clinical profile of DFU-at-risk individuals,
including systemic parameters such as lipid parameters, thyroid function, and hepatic and renal function. By comparing
diabetes individuals with and without DFUs, we can uncover more significant underlying risk factors and related
comorbidities that contribute to DFU development. Endocrinologists will be able to implement targeted interventions,
such as nutrition education, cholesterol control techniques, and early diagnosis of peripheral neuropathy and vascular
disease, to reduce the incidence of DFU as a result of these findings.

Materials and Methods

Source of In-Patient Data
This comparison study will compare the diabetic patients with foot ulcers (DFU) against those without diabetic foot ulcers
(non DFU). A total of 334 patients were recruited from Pudong Hospital over the period of 2020-2023. Using a review of
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medical records, the demographic features, duration of diabetes, glycemic control, peripheral neuropathy, peripheral vascular
disease, foot deformities, time of insulin use, serum lipid, hepatic or renal function, as well as thyroid function will be
investigated. The information on the patients with DFU and non DFU at admission of wards was collected from Shanghai
Pudong Hospital’s in-patient information system from 2020 to 2023. The inclusion criteria for DFU were in conform with the
definition of DFU acclaimed by the International Working Group on the Diabetic Foot IWGDF), who were neither with
amputation history nor evidence of gangrene or severe ulcer determined by the risk stratification of Wagner (0-111 level). The
consciousness status of all included patients was evaluated with 15 scores by Glasgow Coma Scale (GCS). The initial screen
at admission examined the status of the lower extremity circuitry and peripheral nerve function via lower vascular ultrasound
examination, electromyography, sensation threshold tests, which supported the diagnoses of PAD or DPN; The condition of
these patients was stable at admission demonstrated by pertinent laboratory tests, which supported exclusion of the
possibilities of acute myocardial infarction, stroke, pulmonary embolism, acute pancreatitis, acute diabetic complication
such as diabetic hypoglycemic coma, diabetic ketoacidosis, hyperosmolar hyperglycemic state and other severe conditions.
We randomly included the appropriate amount non-DFU patients (n=250) corresponding (3:1) to the DFU patients (n=84) at
the same time, where duration of DM, fasting or postprandial plasma glucose value, and HbA1C were matched between two
groups. All of data were collected at the beginning of hospital admission. The subjects with TIDM, hypothyroidism, and
hyperthyroidism were excluded from the study. We also excluded extreme conditions such as diabetic ketoacidosis,
hyperglycemic hyperosmolar state, etc. The T2D diagnosis was established using World Health Organization (WHO)
guidelines published in 1999.2' The characteristics of the DFU and non-DFU patients are listed in Table 1.

Table | The Clinical and Demographic Characteristics of the Included DFU and Non-DFU

Patients
Characteristics Total DFU Non DFU P value
Patients (n) 334 84 250 /
Age (years) 67.34+13.36 70.32+14.04 64.04x13.21 0.0069
Gender (M/F) 174/160 53/31 1217129 0.023
Smoking history (years) 5.43+7.24 8.29+8.31 4.48+6.59 <0.0001
Duration of DM (years) 9.81+£7.42 9.71£7.66 9.84+7.352 0.888
BMI (kg/m?) 25.67+4.01 27.39+3.42 25.10+4.04 <0.0001
Amputation (n) 0 0 0 /
Woagner DFU classification / 0-11 0 /
Antidiabetic medications 126/63/145 51/9/24 75/54/121 <0.0001
(Insulin/ OADs/ combine)
SBP (mmHg) 135.5+£22.41 133.79£19.97 136.07+23.18 0.419
DBP (mmHg) 76.92+12.01 75.70x11.79 77.33+12.07 0.282
FPG (mmol/l) 9.32+3.99 9.99+4.45 9.09+3.79 0.076
2hPPG (mmol/l) 13.76+5.26 13.21£5.53 13.87+£5.22 0.547
HbAIlc (%) 9.3+2.31 8.82+2.18 9.45+2.33 0.057
HOMA-IR 1.36£3.19 1.71£5.70 1.21£0.96 0.422
HOMA-§ 40.68+39.31 39.35+47.76 41.18+35.35 0.736
TC (mmol/L) 4.24+£1.15 4.01£1.21 4.32+1.12 0.136
TG (mmol/L) 1.89+1.59 1.67+1.34 1.97+1.67 0.153
HDL (mmol/L) 0.99+0.30 0.90+0.30 1.03£0.29 0.858
LDL (mmol/L) 2.64x1.01 2.68+1.06 2.63%1.00 0.725
APOA2 (g/L) 354.11111.56 | 374.68+124.15 | 344.73%104.62 0.128
APOE (g/L) 40.41£19.58 42.94+19.71 39.26%19.51 0.288

Note: Bold marked p-value represents p<0.05.

Abbreviations: DFU, diabetic foot ulcer; non-DFU, non-diabetic foot ulcer; M/F, males or females patients; DM, diabetes
mellitus; BMI, bodyweight mass index; OADs, oral antidiabetic drugs; SBP, systolic blood pressure; DBP, diastolic blood
pressure; FPG, fasting plasma glucose; 2hPPG, 2 hours postprandial plasma glucose; HbAlc, glycated hemoglobin Alc;
HOMA-IR, Homeostatic assessment model of insulin resistance; HOMA-B, Homeostatic assessment model of  cell
function; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; APOA2,
apolipoprotein A2; APOE, apolipoprotein E.
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Blood Sampling and Evaluation of Laboratory Data

The laboratory data including blood sampling were recorded at admission of ward of every T2D patients on the diabetes
status, thyroid function, and trace micronutrients. All parameters, including biochemical indicators: fasting blood
glucose, lipid parameters, hepatic function, and kidney function indicators: estimated glomerular filtration rate (eGFR),
creatinine, and serum iron were analyzed via full-automatic biochemical analyzer (ADVIA chemistry XPT, SIEMENS,
USA). Hemoglobin A1C (HbA1C) was analyzed by an HbA1C analyzer (TOSOH GS8), which reflects the level of
glycemic control in the past 3 months. C-peptide and thyroid function indicators: thyroid stimulating hormone (TSH),
free triiodothyronine (FT3), free thyroxine (FT4), total triiodothyronine (TT3), total thyroxine (TT4), and anti-thyroid
peroxidase antibody (TPOADb), anti-thyroid globin antibody (TgAb), two markers of chronic lymphatic thyroiditis, were
processed via chemiluminescence methods, in a full-automatic chemiluminescence immunoassay analyzer (ADIVA
Centaur XPT, SIEMENS, USA); Procalcitonin via methods of immunofluorescent assay (Pylon, ETHealthcare, USA).
The circulation status of lower extremity was assessed via computed tomography angiography (CTA) (128 slice,
OMATOM DefinitionFlash, STEMENS) following blood sample.

Established HOMA-IR and HOMA-3 Models

In estimating and compare the insulin resistance and f-cell function in the groups with and without DFU, we performed
homeostasis model evaluation using fasting glucose and fasting C-peptide. This analysis was carried out in preparation
for the start of insulin therapy. The HOMA-IR and HOMA-f} were executed using a calculator that was downloaded from
the University of Oxford. http://www.dtu.ox.ac.uk/.

The Severity Score of Arterial Disease is Evaluated Using Lower Extremity Computed
CT Angiography

The feature of computed tomography angiography (CTA) of the lower extremities, which is highly related to systemic
parameters, reveals the location, severity of narrowing, perfusion status, and compensation of the lower limb’s local circulation.
We classified the severity of CTA according to five scores: Score=0 indicates that there are no plaque or narrowing; Score=1
indicates that there are unilateral plaque or narrowing; Score=2 indicates that there is unilateral occlusion; Score=3 indicates that
there are bilateral plaque or narrowing; and Score=4 indicates that there is bilateral partially or completely occlusion.

Statistical Analyses

We initiated the data analyses via software of SPSS (IBM, version 26.0) and Prism (GraphPad, version 9.0). Either
nonparametric analyses or two-way ANOVA were applicated for purposes of comparing distinction in levels of plasma
C-peptide, HbAlc, serum iron, and thyroid function in this study. The non parametric analyses, such as Spearman
correlational analyses, revealed the association between the age, gender, multiple metabolic variables with the severity of
DFU in CTA. Multilinear regression model was used to discern the critical independent factors related to the change in
thyroid hormone FT3. For the statistic results interpretation in the current study, p<0.05 was set as significance.

Results
The Difference in Age, Duration, Smoking History, Glucose Metabolic Context, Blood

Pressure, and Lipids Profile

After matching for the duration, fasting plasma glucose (FPG), HbAlc, HOMA-IR, HOMA-B, and systolic and diastolic
blood pressure (SBP and DBP), there is a significant difference in age between patients with and without DFU in the age
(DFU vs T2D: male: 70.32+14.04 years vs 64.04+13.21 years, p=0.0069; female: 75.88+£12.99 years vs 67.15+12.21
years, p=0.0017), smoking history (DFU vs T2D: 8.2948.31 years vs 4.48+6.59 years, p<0.0001), small dense low-
density lipoprotein (sdLDL, DFU vs T2D: 0.65+0.39 mmol/L vs 0.89+0.44 mmol/L, p=0.01), lipoprotein (LPa, DFU vs
T2D: 349.18+278.14 mmol/L vs 228.41£258.58 mmol/L, p=0.01) and apoA1 (DFU vs T2D: 0.96+0.22 g/L. vs 1.13+£0.20
g/L, p<0.001). The total cholesterol (TC), total triglyceride (TG), high-density lipoprotein (HDL), low-density lipopro-
tein (LDL), apoA2, and apoE levels showed no significant differences (Figure 1).
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Figure | The age (A), duration of diabetes (B), smoking history (C), blood pressure (D), glucose metabolism (E), hemoglobin Alc (F), HOMA-IR (G), HOMA-B (H), and
lipid profiles (I-N), sdLDL level (J), LP(a) level (K), APOALI level (L), APOA2 (M), APOE (N) between the patients with and without DFU. The results showed that despite
of matched parameters, there were significant disparities in age, smoking history, sdLDL level (J), LP(a) level (K), APOAI level (L) between the DFU and non DFU.
Notes: *p<0.05; *p<0.01; ***p<0.001; ****p<0.0001.

Abbreviations: ns, no significance; BG, blood glucose; FPG, fasting plasma glucose; 2hPPG, 2 hours postprandial plasma glucose; HbAlc, glycated hemoglobin Alc; BP,
blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMA-IR, Homeostasis model assessment of insulin resistance; HOMA-f, Homeostasis model
assessment of B cell function; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sdLDL, small dense low-density
lipoprotein; LP(a), lipoprotein a; APOAI, apolipoprotein Al; APOA2, apolipoprotein A2; APOE, apolipoprotein E.

The Distinction in Liver and Kidney Function Between Patients with Diabetic Foot and
Non DFU

We continuedly to compare the difference in liver and kidney function between such two groups and found that the
indices of proteins content, including serum albumin (DFU vs T2D: 35.27+5.21 g/L vs 38.07+4.28 g/L, p<0.0001),
showed substantially significant between the two groups, as well as ALT (DFU vs T2D: 18.38+13.24 U/L vs 24.09+12.36
U/L, p=0.003), whereas serum globulin (p=0.86), AST (p=0.87), bilirubin (DBiL p=0.43; SBiL: p=0.0529; TBiL:
p=0.15) demonstrated no difference.

Then, when we aimed to delineate the profile of kidney function between two groups, we only found that blood urea
nitrogen (BUN) (p=0.08) and urinary albumin to creatinine ratio (UACR) (p=0.39) were generally comparable, though
significant differences were found in levels of serum creatinine (SCr) (DFU vs T2D: 141.28+188.51 pumol/L vs 82.86
+69.84 umol/L, p=0.01), serum uric acid (UA) (DFU vs T2D: 370.64+144.87 umol/L vs 330.43+118.51 pmol/L, p=0.03)
and estimated glomerular filtration rate (eéGFR) (DFU vs T2D: 75.68+35.48 mL/min*1.73m? vs 86.88+26.49 mL/
min*1.73m?, p=0.01) (Figure 2).
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Figure 2 The disparity in protein concentration (A), bilirubin (B), transferase (C), and BUN (D), SCr (E), UA (F), eGFR (G), UACR (H) between patients with and without
DFU. The comparison results revealed that significant differences exist in hepatic and kidney function in terms of albumin content, ALT, SCr, UA, eGFR between the DFU
and non DFU.

Notes: *p<0.05; *p<0.01; ****¥p<0.0001.

Abbreviations: ns, no significance; BilL, bilirubin; DBIL, direct bilirubin; SBIL, indirect bilirubin; TBiL, total bilirubin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; Scr, serum creatinine; UA, uric acid; eGFR, estimated glomerular filtration rate; UACR, urinary albumin creatinine ratio.

Thyroid Function, Procalcitonin, Serum Iron, and Hemoglobin Comparisons Between
Patients with and without DFU

In a stepwise analysis, we evaluated the disparity of thyroid function between two groups, which may be decreased
during extreme conditions such as diabetic ketoacidosis (DKA), severe infection or diabetic foot ulcers, and may
predicted the severity of the underlying disecase. We found that the decreased level of FT3 (DFU vs T2D: 3.73+1.28
pmol/L vs 4.08+0.91 pmol/L, p=0.046), decreased level of FT4 (DFU vs T2D: 14.16+3.23 pmol/L vs 15.05+£2.32 pmol/
L, p=0.04), and decreased level of TT3 (DFU vs T2D: 1.11£0.47 nmol/L vs 1.28+0.37 nmol/L, p=0.01) in the group with
DFU (p<0.05), but not that of TT4 (p=0.24) and TPOAD (p=0.36). Although the levels of procalcitonin were elevated in
the diabetic foot with high variation, this dissimilarity did not reach significance (p=0.19). In addition, the level of serum
iron, which is related with thyroid function (DFU versus T2D: 9.06 5.24 mol/L vs 11.83 4.68 mol/L, p=0.0001), was
significantly lower in patients with DFU compared to those without, as did hemoglobin (Hb) (DFU vs T2D: 115.88
+21.67 g/L vs 130.87+19.57 g/L, p<0.0001) (Figure 3).
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Figure 3 The distinction of thyroid hormones: FT3 (A), FT4 (B), TT3 (C), TT4 (D), TPOAb (E), procalcitonin (F), hemoglobin (G), serum iron (H) between the patients
with DFU and non DFU. We found that compared with non DFU, the levels of FT3, FT4, TT3, Hb and serum iron were obviously different in DFU.
Notes: *p<0.05; ***p<0.001; ***p<0.0001.

Abbreviations: ns, no significance; FT3, free triiodothyronine; FT4, free thyroxine; TT3, total triiodothyronine; TT4, total thyroxine; TPOADb, thyroid peroxidase antibody;
Hb, hemoglobin.

The Relationship Between the Severity Score of Lower Extremity CTA and the

Multiple Metabolic Parameters in Patients with Diabetic Foot

We performed the Spearman correlational relationship between the CTA severity and aforementioned metabolic para-
meters and found that it positively significantly correlated with UA (r=0.499; p=0.043), triglyceride (TG) (r=0.751;
p=0.002), whereas it inversely correlated with serum albumin (r=—0.510; p=0.031), ALT (r=—0.523; p=0.026), DBIl (r=
—0.494; p=0.037), total bilirubin (TBil) (r=—0.550; p=0.018), Hb (r=—0.646; p=0.004) (Figure 4).

On the other hand, we also found a relationship between other metabolic parameters. Since iron is essential to the
proper function of the thyroid and multiple organs, we also found that iron was significantly decreased in DFU; therefore,
we observed that serum iron had significant relation with the serum protein content, including albumin (r=0.44, p=0.001),
globulin (r=—0.56; p<0.001), ALT (r=0.27; p=0.049), indirect bilirubin (r=0.53; p<0.001), total bilirubin (r=0.41;
p=0.002), triglyceride (r=0.26; p=0.01), LDL (r=0.28; p=0.046), sdLDL (r=0.72; p<0.001), APOA1 (r=0.41; p=0.008),
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Figure 4 The heatmap shows the correlations between the severity and multiple metabolic parameters in patients with DFU. The gradient in red represents the degree of
positive correlation, while the gradient in blue represents the degree of negative correlation, as shown by the color bar on the left side of the map. The correlational analyses
indicated that CTA severity were positively correlated with UA, TG, while inversely with serum albumin, ALT, DBil, TBil, Hb. The level of serum iron were correlated with
albumin, globin, ALT, SBil, TBil, TG, LDL, sdLDL, APOAI, FT3, FT4, TT3. We also found that FT3 is associated with age, FPG, albumin, globulin, SBil, TBil, iron, SCr, BUN,
UA, eGFR, TC, HDL, LDL, sdLDL, APOAI, PCT.

FT3 (1=0.56; p<0.001), FT4 (r=0.29; p=0.044), TT3 (r=0.50; p=0.002). We found FT3 is associated with Age (=—0.248;
p=0.046), FPG (r=0.614; p=0.004), albumin (r=0.457; p<0.001), globulin (r=—0.281; p=0.029), SBiL (r=0.461;
p<0.001), TBil (r=0.381; p=0.002), iron (r=0.564; p<0.001), SCr (r=—0.439; p<0.001), BUN (r=—0.489; p<0.001), UA
(r=—0.289; p=0.023), eGFR (r=0.549; p<0.001), TC (r=0.280; p=0.029); HDL (r=0.296; p=0.021), LDL (r=0.297,
p=0.02), sdLDL (r=0.436, p=0.029), APOA1 (r=0.523; p<0.001), PCT (r=—0.648, p=0.001) (Figure 4).

The Multilinear Regression Analyses on the Independent Predictor of FT3 in Metabolic

Parameters in the Patients with DFU

Since serum iron level is significantly associated with thyroid function, especially we found FT3 was reduced consider-
ably in DFU. We, thus, performed multilinear regression analyses on the independent variables to the change of the FT3.
We found that the levels of APOA1, SBiL, HOMA-f, and eGFR were the significant independent predictors of the
change in FT3 levels in patients with DFU (Table 2) (Figure 5A and B).
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Table 2 The Multilinear Regression Analyses on FT3 and Its Independent Predictors

Multilinear Regress
R 0.667 R? 0.444 | Adjusted R | 0.416 | Tolerance VIF
Variables B SE B t Sig
Constant 0.495 0.498 0.995 0.323
APOAI 1.828 0.528 0.308 3.459 0.001 0.889 1.125
SBiL 0.095 0.036 0.250 2.651 0.010 0.792 1.263
HOMA-B 0.007 0.002 0.295 3.482 0.001 0.983 1.017
eGFR 0.008 0.003 0.239 2.562 0.012 0.810 1.234

Discussion

The patients with diabetic foot were characterized by poor circulation, nerve damage, and a compromised ability to fight
local and/or systemic infections.”> Diabetic foot is one of the severe diabetic complications, if not properly managed,
could result in foot ulcers, infections, and even amputations. Patients with diabetes are at increased risk to develop
diabetic foot if they have uncontrolled hyperglycemia, which can cause peripheral neuropathy or angiopathy in the feet.
Common diabetic foot symptoms include foot discomfort or tingling, redness or swelling, open sores or non-healing
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Figure 5 (A) The presentation of bubble figure depicts the relationship between critical factors including eGFR, APOA|, HOMA-f and the change in FT3 levels. We found
that as with the increase in eGFR, the FT3 level is improved as the APOAI elevation, accompanied by the increase in HOMA-B. (B) The presentation of bubble figure depicts
the relationship between critical factors including eGFR, APOAI, SBIL and the change in FT3 levels. We found that as with the increase in eGFR, the FT3 level is improved as
the APOAI elevation, accompanied by the increase in substituted SBil.
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wounds, and alterations in the morphology or color of the feet.>>** For the prevention and management of diabetic foot,
appropriate foot care, including daily sanitation, regular checkups, wearing properly fitted shoes, and regulating glucose
levels, is essential.”> Multiple variables, including hyperglycemia, neuropathy, and peripheral artery disease, etc.,
contribute to the development of diabetic foot.'” A combination of reduced sensation, poor circulation, and local
infection of the wound can lead to foot ulcers or slow-healing wounds. Additionally, the presence of hyperglycemia
can contribute to bacterial infections that further worsen the condition.”® However, systemic factors besides glycemic
control also affect and facilitate the healing or worsening of DFU?’ (Figure 6).

There were also suggestions that other parameters connected to the severity of DFU, as defined by the Wagner scale, Texas
University stage scale, Foster classification, PEDIS and IWGDF.*® In the present study, we evaluated the complete metabolic
profile of patients with DFU and compared to the patients with non DFU. After matching the duration of diabetes, FPG,
2hPPG, and HbA1C, we identified a worsening condition in patients with DFU than in groups with non DFU; these
characteristics may be connected with the severity of CTA in DFU. These parameters may serve as biomarkers for the injury
to the lower extremities. This could assist clinicians decide not just to initiate anti-hyperglycemia therapy, but also a complete
strategy that could postpone the progression of diabetic foot ulcer.>* >

Firstly, after adjusting for the duration of diabetes, blood glucose, and HbA I¢c, we found an aging tendency of DFU in both
genders’ distributions, suggesting that aging is an independent risk factor in the DFU group; we also revealed that sdLDL,
a component of LDL and atherogenic particle, was significantly decreased in patients with DFU, but not TC, TG, HDL, or LDL
levels. Furthermore, as a major independent risk factor for cardiovascular disorders, LP(a) was shown to be higher in the DFU
group, suggesting that LP(a) may be a metabolic risk for cardiovascular disease in DFU patients.>** In addition, we found that
APOAL, a component of HDL, decreased significantly in DFU; whereas the levels of APOA2 and APOE, which are associated
with TG level, did not differ significantly, indicating that decreased APOA1 may be an early marker for cardiovascular lesion in
the patients with DFU.*

In addition, as an admission requirement, we examined the level of hepatic and renal function between two groups.
Interestingly, albumin, which reflects liver synthesis ability, and ALT, a liver injury biomarker, were shown to decrease in the
patients with DFU when compared with those of diabetes alone. Multiple risk factors may be underlying this status, such as
aging, malabsorption, overconsumption status, loss of protein, etc. could not be excluded as critical factors.**>” As for renal
function, we consistently observed substantial changes in Scr, UA, and eGFR levels (for SCr and eGFR are only mildly impaired
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Figure 6 Multiple local and systemic factors affect the progression of DFU. The blank arrows represent permanent acknowledged causes, while the black arrows indicate
systemic factors that could be rectified in whole or in part. It was uncertain whether abnormal thyroid function and bilirubin imbalance should be treated.
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in the group without DFU), suggesting a decline in renal filtration function in the patients with DFU attributed possibly to the
advanced diabetic nephropathy, in that the level of UACR exhibited as the urinary microalbumin stage (UACR: 30-300mg/g), as
well as overconsumption status in the group with DFU.**~° However, no significant differences in BUN and UACR were found
between the two groups.

Changes in thyroid function, procalcitonin, serum iron, and hemoglobin were studied using the method of stepwise
analysis. The DFU group had significantly lower levels of FT3, FT4, and TT3 compared to the control group. Despite the fact
that the thyroid function was generally within the normal range, this difference showed that, as a result of the poor metabolic
situation in the DFU group, the thyroid function may demonstrate a reduction in systemic metabolism. The decline of the
body’s mechanisms prompted the decrease in thyroid function.*® Concurrently, the level of TPOAb was moderately elevated
in the normal range and did not differ substantially between the two groups; consequently, the etiology of autoimmune
thyroiditis, such as Hashimoto disease, could be excluded. This decreased thyroid function also indicates the poor health
condition of DFU patients. The comparisons of procalcitonin, an infection biomarker, did not reveal a major difference
because we did not observe that all DFU patients had severe circulatory infection. Due to the decrease in serum iron (reference
level: Male: 11.6-31.3 mmol/L; Female: 9.0-30.4 mmol/L) and the moderate anemia in DFU (Hb>90g/L), the results suggest
that the systemic status of Hb and iron may be deficient, and it is associated with the severity of diabetes in DFU.*!

In furthermore, Spearman correlation analyses were conducted on DFU patients to evaluate the potential association
between systemic factors and the imaging severity score of the lower extremities. Additionally, we discovered that the
metabolic variables UA and TG were harmful, whereas albumin, ALT, DBIL, and Hb were related with a positive outcome in
DFU. Previous research indicates that bilirubin within the normal range may have antioxidant effects and may be a factor in
DFU recovery.*” In addition, analysis of serum iron revealed that it may be a nutrition indicator in DFU and is associated to
thyroid function; this effect has been established by a number of clinical studies.***° As a sensitive sign of the metabolic
health of the body, FT3 revealed many relationships with various parameters in this study, and its level is favorably associated
with a favorable prognosis, showing it is a crucial protective indicator in DFU.*®

Finally, we conducted a multilinear regression analysis to identify influential independent predictors of FT3 change. After
adjusting for the other thyroid hormone indices, the analytic results showed that APOA1, SBiL, FPG, HOMA-f, and eGFR
could account for approximately 40—45% of the causes of FT3 dynamic change. This may suggest to endocrinologists that FT3
is a sensitive systemic indicator for evaluating the metabolic condition of DFU patients.*® APOA1, SBiL, HOMA-B, and
eGFR were the primary determinants of the change in FT3 levels, as determined by this investigation (Table 2).

Emerging evidence have proclaimed the protective property of bilirubin in diabetic individuals with lower extremities
angiopathy, and endocrinologists are beginning to accept this.*”*** Multiple clinical studies have proved that there is
a reverse relationship between the levels of blood bilirubin and the severity or markers of lower extremity lesions, such
as ankle brachial index, atherosclerotic plaque, and arterial stiffness, etc.**° It has been hypothesized that bilirubin may
modulate oxidative stress.”’ As indicated by a previous large-sample clinical trial, serum bilirubin levels are inversely
correlated with C-response protein (CRP) levels in diabetic patients with peripheral arterial disease (PAD).”*> Some
studies concluded that serum bilirubin, especially indirect bilirubin (SBiL), could have a direct impact upon serum lipids
due to its hydrophobic properties, whereas DBIL poses lower anti-lipids effects owing to its hydrophilic attributes.>>?
Another human study confirmed the observation in rodent researches that serum bilirubin concentration was negatively
correlated with BMI and adiposity in obese participants, especially that urobilin is closely linear correlated with the BMI
and insulin resistance represented by HOMA-IR in female participants.>* Even though this phenomenon was not evident
in our study, we also found increased HOMA-IR and reduced bilirubin levels (Figure 5SA and B). One possible
explanation to this is that bilirubin could act as a hormonal signal binding to PPAR-a nuclear receptor, while cytochrome
P450 or glucuronyl UGT1A1 enzymes could promote the elimination of bilirubin from the circulation, which result in
overweight or obesity.”>° The metabolite of serum bilirubin is urobilin which could reabsorb from the intestine to the
liver through hepatic portal vein, and its level is associated with visceral fat area in obese. It was reported recently the
level of serum bilirubin were extraordinarily increased in elite athlete population, which indicates that higher normal
bilirubin could predispose a better physical performance, and the effect of regular physical activity could induce mildly
higher of serum bilirubin concentrations.>” Other clinical explorations have found that bilirubin is associated with the
renal function, macrovascular or microvascular complications such as urinary albumin excretion.’® % Therefore, these
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findings could support that mildly increased serum bilirubin, especially SBiL could be have a protective consequence on
DFU, thus, maintenance of the levels of SBiL or the antioxidant ability maybe a critical target for DFU.

On the other hand, we observed a decline in serum iron level in DFU, which was closely associated with lower euthyroid
function. Few clinical trials have investigated iron deficiency and iron supplementation in DFUj; hence, the relationship
between the concentration of serum iron and diabetes severity as well as its therapeutic effects in DFU patients remains
unclear.®' However, the iron is intimately associated with the antioxidant function of bilirubin and synthesis of hemoglobin.®*
The existence of overwhelmed oxidative stress, chronic inflammation, the disequilibrium immune components, repairment of
epithelium latency, and attenuated angiogenesis locally aggravate wound healing in diabetic patients.*> Heme oxygenase-1
(HO-1) determines the catabolic speed of heme, led to the generation of biliverdin, and the metabolites of which was
comprised of bilirubin and iron. Antioxidant therapy utilizing iron and other enzymes may play a role on anti-inflammatory,
proliferative, angiogenesis-promoting, and cytoprotection. In addition, a study on rodents investigated the effects of various
iron meal compositions on neuropathy and found that a low quantity of iron added to the diet could prevent peripheral nerve
inflammation and degeneration.®* Therefore, iron supplementation may be a helpful strategy for DFU rehabilitation.

For thyroid function, we have already understood its essential role in metabolic regulation, and the tendency of
decline in multiple severe systemic diseases, known as non-thyroidal illness syndrome. We previously have reported the
significant change of thyroid function in metabolic disorder such as diabetic ketoacidosis (DKA), and its relationship
with bone turnover activity.*>® To date, there is no guideline for thyroid hormone replacement therapy (thyroxin) in the
patients with DFU, due to its possible adverse influence on cardiovascular outcomes in elderly people. In severe acute
complications such as DKA and HHS, according to one study, there is a trend toward restoration of thyroid function, and
T4 treatment may not be necessary.®’ Therefore, we proposed that the administration of thyroxin to a patient with DFU
may be dependent on clinical manifestation, cardiovascular tolerance, and thyroid function.

In our clinical contact with DFU patients, evaluate and address the systemic conditions could be as well important as the
target of glycemic control, which includes better handling the metabolic risk factors like hypertension, dyslipidemia,
cardiovascular or cerebral vessel disorders prevention by anti-platelet or anti-coagulation therapy, improving the extremity
circulation and DPN status by some antioxidant therapy, as well dispose the hypothyroidism, antibiotic medication use in case
of infection, rectify the malnutrition, organ protection like ameliorate liver or kidney insufficiency, foot ulcer care by
sanitation, implement specific care by consultation of other department like surgery when it is necessary. For the medical
care givers or professionals, it is crucial to maintain updating of their care knowledge on DFU, enhance their foot care practice,
promote effective communication skills, and disseminate education on patients, which ensures the quality of foot care
delivered to the patients.*®*” As well it is essential for medical practitioner to recognize the systemic conditions and rise to
the occasion to the patients’ DFU needs. However, due to the multi-facet problems in foot care of DFU, a multi-discipline team
(MDT) work will be effective and benefit more for DFU treatment than single department disposals.”®

Limitations

The conclusion was supported by research conducted at one research center. In addition, further data on renal tubular
damage markers, tumor indicators, and microbial culture data should be included. Therefore, further research should be
conducted to corroborate the recent results.

Conclusion

In the present study, a comprehensive status of DFU patients was observed. Compared to patients with non DFU, the
patients with DFU had a worse metabolic profile. In addition, we discovered both protective and harmful systemic factors
for DFU. To promote the rehabilitation of DFU, it is essential to consider not only glycemic control, as well as
predisposed neuropathy and angiopathy, but also the amelioration of the reversible systemic factors, such as nutrition
status, liver and renal function, lipid control, and antioxidative therapy, etc. Iron supplementation may be required for
patients with DFU, although the necessity of thyroxine and biliverdin supplementation is questionable. Therefore, in the
future, results of these interventions will be complemented with more sample data examined by different institutions. The
relationships between DFU systemic conditions and renal microvascular indicators, tumor biomarkers, as well as
microorganism culture data will be deserved to be identified for the individualized rehabilitation.
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