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Abstract

:

Diabetic foot ulcers (DFUs) are classified as chronic wounds and are one of the most common complications of diabetes. In chronic wounds, management of inflammation is a key step in treatment. Nutrition plays an important role in managing and controlling inflammation. This study evaluated the effects of nutrition supplementation and education on inflammatory biomarkers in patients with DFUs. Eligible patients with foot ulcers were randomly assigned to either a treatment (n = 15) or control group (n = 14). Both groups received standard care for wound treatment from the clinic; however, the treatment group was also provided with nutritional supplementation and education. Plasma concentrations of inflammatory biomarkers, namely C-reactive protein (CRP), interleukin 6 (IL6), interleukin 10 (IL10), and tristetraprolin (TTP), were evaluated at baseline and every four weeks, until complete wound closure had occurred or up to 12 weeks. The mean plasma concentration of IL6 significantly decreased in the treatment group (p = 0.001). The interaction between time and group was not statistically significant for the mean plasma concentrations of CRP, IL10, and TTP during the 12 weeks of the study. The results of this study showed the positive effects of nutritional intervention on controlling inflammation in DFU patients. More clinical trials with a larger population and longer duration of time are needed to confirm our results.
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1. Introduction


Diabetic foot ulcers (DFU) are one of the most common causes of lower extremity amputation in diabetic patients [1]. About a quarter of people with diabetes will develop a foot ulcer, and up to 16% of DFUs will lead to amputation if they go untreated [2]. Wound healing is a complex process, including a series of interactions between various cell types, extracellular matrices, and cytokine mediators. Inflammation is a typical physiologic response to tissue injury, which is essential for disinfecting the wound area and tissue repair processes [3]. In normal wounds, acute inflammatory responses continue for a short duration of time and resolve promptly due to negative feedback mechanisms; however, in chronic wounds such as DFUs, inflammatory responses fail to regulate themselves, which results in chronic inflammation and deterioration of the healing process [4]. In DFU patients, hyperactivity of inflammatory cells results in a higher generation of reactive oxygen species (ROS), which, along with downregulation of anti-inflammatory factors such as interleukin 10 (IL10), will add to the burden of inflammation [5]. A high concentration of ROS can degrade the extracellular matrix by increasing the expression of matrix metalloproteinase (MMPs) and increasing the production of other free radicals, which worsens the healing process [6,7]. In addition to the high production of ROS in diabetes, there is a diminished ability to remove them due to defective reducing complexes (glutathione), reducing enzymes (glutathione reductase), and reducing amino acids (cysteine) [5]. A combination of hyperglycemia as well as hypoxia, caused by disrupted vasculature in diabetic patients, limits wound healing and inhibits neutrophil and macrophage function which increases the risk of infection [8,9]. Additionally, upregulation of proinflammatory cytokines interleukin 1β (IL1β), interleukin 6 (IL6), and tumor necrosis factor-alpha (TNF-alpha), alongside down-regulation of anti-inflammatory molecules, such as transforming growth factor-beta (TGF-β) and IL10, result in a chronic non-healing wound in diabetic patients [10,11]. Therefore, controlling inflammation and infection within and surrounding the wound site is a major goal in DFU wound care. IL6 and C-reactive protein (CRP) are among the best indicators of inflammation and wound healing in DFU patients. IL6 expression is strongly correlated with both glucose concentration and wound chronicity [12]. A high concentration of IL6 is also a promising predictor of delayed wound healing and infection in DFU patients [13,14]. Additionally, IL6 and CRP are both correlated with the size of the wound in patients with DFUs [15]. A study by Weigelt et al. showed that patients with grade 3 DFUs, according to the University of Texas Wound Classification [16], had significantly higher blood levels of CRP and IL6 compared to those with grade 1 [15]. Decreased expression of anti-inflammatory biomarkers, such as IL10, was also observed in keratinocytes and endothelial cells at the wound margins in DFU patients (p < 0.05) [17]. Evidence has shown that a low concentration of IL10 contributes to the development of non-healing wounds in diabetic patients [18]. Inhibition of inflammatory biomarkers increases the expression of anti-inflammatory biomarkers, such as IL10, which is essential for promoting wound healing [19,20]. Various dietary components, including antioxidant vitamins and minerals, have the potential to alleviate chronic inflammation and could play a key role in chronic-wound healing. Vitamins C, A, and E, as well as zinc, manganese, and copper, are strong antioxidants and show potent anti-inflammatory effects [21,22,23,24,25,26,27,28]. Therefore, it is essential to examine if these nutrients can shift diabetic wounds from chronic/non-healing to normal wounds by improving inflammation status. It has been reported that DFU patients have a significantly low intake of the aforementioned nutrients [29,30]. However, evidence of the benefit to wound healing in DFUs through management of inflammation is lacking for a combination of these essential nutrients. Thus, further studies addressing the efficacy of these nutrients in controlling inflammatory conditions linked to DFUs are required. The effectiveness of utilizing educational tools for improving blood glucose and foot self-care behavior in patients with type 2 diabetes has been reported [31,32]; however, to our knowledge the effects of nutrition education in improving inflammatory biomarkers in patients with DFUs have not been evaluated yet. This study provides valuable information about the effects of supplementing with a glucose control formula, consisting of essential nutrients for wound healing, as well as nutrition education on inflammatory biomarkers in patients with DFUs. This study hypothesized that improving dietary intake of antioxidants through nutritional supplementation and nutrition education would improve the inflammation status related to DFUs.




2. Materials and Methods


2.1. Sample Size


The sample size was calculated based on an effect size of Cohen’s d = 0.25 (standardized mean treatment difference) for the primary outcome measure (reduction in IL6 at 12 weeks), which would be a clinically meaningful change [33]. Using G*Power statistical software, and in order to have 80% power for detecting this difference with an α error of 0.05, we needed at least 24 patients. Anticipating a 10–20% dropout rate, the target sample size was 27–29, with 14–15 patients in each group (control, treatment).




2.2. Screening and Recruitment


This study was approved by the Institutional Review Board (IRB) of both Florida State University and Tallahassee Memorial Hospital (TMH, Tallahassee, FL, USA). The trial is also registered at clinicaltrials.gov(Identifier:NCT04055064). Due to the requirement of IRB regarding confidentiality of personal health information, a point of contact from the clinic (a nurse or one of the medical staff) was identified. They were educated about the study and informed of the inclusion/exclusion criteria. They explained the study and provided flyers to potential participants. Individuals who were willing to participate in the study were then referred to the researcher for further screening. Inclusion criteria were non-pregnant/non-lactating females or males between the ages of 30 and 70 years with type 1 or 2 diabetes. Participants must have been undergoing pharmacological treatment for glycemic control, with at least one foot ulcer of grade 1A based on the University of Texas classification [16].



Patients were excluded from the study if they had: used bioengineered tissue within four weeks prior to baseline; a history of radiation treatment to the ulcer site; hemoglobin A1c (HbA1c) > 12%; known immunosuppression; active malignancy; chronic kidney disease; liver failure/cirrhosis; or heart failure and/or myocardial infarction in the past three months. Additionally, excessive use of alcohol based on the World Health Organization standards, current use of warfarin, or any mental or physiological condition that may interfere with supplement intake warranted exclusion from the study.



After screening, eligible patients were informed about the details of the study and consent was obtained from patients who were interested in participating. This study was a randomized control trial with repeated measures. Participants were randomly assigned to either the treatment or the control group. All participants were consecutively enrolled in the study and followed up until the time that complete wound closure had occurred or up to 12 weeks, whichever came first.




2.3. Intervention/Treatment


All participants, irrespective of their grouping, received standard wound care from the TMH wound care clinic. Additionally, participants in the treatment group were instructed to consume two servings (474 mL) of Boost Glucose Control (Nestle Health Science, Bridgewater Township, NJ, USA), a proprietary produced glucose control nutritional formula (supplement) between meals, preferably one in the morning and one in the afternoon, for 12 weeks or until complete wound closure occurred. Participants in the intervention group were also educated about improving their dietary intake by increasing their consumption of low-fat/high-bioavailable protein sources, vegetables, and high-fiber carbohydrates, as well as decreasing their intake of refined and simple carbohydrates. Nutrition education was conducted in-person by the primary researcher (nutritionist) for 10 min at baseline. Participants were then reminded about the educational materials and were given a chance to ask questions during following visits until complete wound closure had occurred or up to 12 weeks. Consuming two servings of the supplement provided patients in the treatment group with a total energy of 500 calories, 28 g of protein, and essential vitamins and minerals for wound healing. A complete list of the nutrient content of the supplement is shown in Table S1.



We aimed to provide patients with a supplement that could deliver at least 50% of the RDA recommendation for essential nutrients. We anticipated that nutrition education would improve the dietary intake of nutrients and motivate patients to meet the remaining 50% of nutrient recommendations by consuming better food sources. Table 1 shows the recommended daily allowance (RDA) for nutrients involved in wound healing and compares it with the nutrient content of two servings of the supplement.




2.4. Data Collection


At baseline, all participants were asked about medical and medication history. Anthropometric measurements, dietary assessments, and blood sample collections were conducted at baseline and repeated every four weeks until complete wound closure had occurred or up to 12 weeks.




2.5. Blood Sampling and Processing


A finger stick blood collection was conducted to assess HbA1c using HbA1c Now + test (Polymer Technology Systems, Indianapolis, IN, USA). Venous blood samples were collected from an antecubital vein using a vacutainer brand collection set. Blood samples were collected for conducting enzyme-linked immunosorbent assay (ELISA) tests on inflammatory biomarkers. Blood samples were obtained at initial assessment/baseline, at 4, 8, and 12 weeks, or at the time of complete wound closure. These were taken at the wound care clinic and were then transported to the Florida State University (FSU) research lab, following the Centers for Disease Control (CDC) guidelines for transporting blood samples. In the FSU research lab, specimens were centrifuged, separated, and aliquoted into labeled tubes, and stored in a −80 °C freezer until needed for analysis.




2.6. Plasma Preparation


After collecting whole blood into anticoagulant tubes, cells were removed from the plasma by centrifugation using an IEC CL31R multispeed refrigerated centrifuge (Thermo Electron Corporation, Waltham, MA, USA) at 1500× g for 10 min [34]. Following centrifugation, plasma was immediately transferred into 0.5 mL aliquots and was stored at −80 °C until analysis.




2.7. Biochemical Analysis


The inflammatory biomarkers IL6, IL10, CRP, and TTP were examined to evaluate the effects of the intervention on inflammation in DFUs. Evaluation of IL6 and CRP was undertaken using a human C-Reactive Protein/CRP Quantikine ELISA Kit and a human IL6 Quantikine ELISA Kit from R&D systems (Biotechne, Minneapolis, MN, USA). For CRP, the mean CV% for intra-assay precision was 5.5% and for inter-assay precision was 6.5%. The reported mean CV% for IL6 for intra-assay precision was 2.6% and for inter-assay precision was 4.5%. Assessments of IL10 and TTP were conducted using human ELISA kits from MyBioSource (San Diego, CA, USA). The mean CV% for intra-assay and inter-assay for IL10 were 4.44% and 6.27%, respectively, and for TTP were ≤8% and ≤12%, respectively. We were not able to read the data following standard instructions for IL10 and TTP ELISA tests, since our population had an exceptionally low concentration of these biomarkers. After consulting with the company’s technical support, when evaluating IL10 using ELISA kits the first incubation time was increased to 2 h and the plate was put in a slow shaker during incubation. We also performed the test with standard curve assayed in serum diluent, and samples assayed and incubated at 4 °C overnight (20 h). No other changes were made to other procedures and protocols.




2.8. Statistical Analysis


Data were analyzed using the Statistical Package for Social Science (SPSS) version 25.0 (IBM SPSS). The statistical significance value was set at α < 0.05 for all tests. Descriptive statistics and independent-sample t-tests were used to compare means of potential confounding variables between groups at baseline. Multilevel modeling (mixed model) was used for the analysis of inflammatory biomarkers. The effects of potential confounding factors for different variables were examined and if the effect was significant, they were added as covariates to the model. If a significant F-statistic was obtained, Bonferroni’s post hoc test was used for pairwise comparisons.





3. Results


3.1. Baseline Characteristics


In total, 95 patients were screened, but only 42 met the inclusion criteria and were willing to participate in the study. Overall, 13 participants were excluded from the study due to a change in their clinic. Therefore, clinical, laboratory, and statistical analyses was performed on a total of 29 patients.




3.2. General Characteristics


Both groups had similar characteristics at baseline. The general characteristics of participants at baseline has been shown in Table 2.



The average age of the study population was 53.3 ± 11.1 years (mean ± SD). There were no statistically significant differences between participants regarding the duration of diabetes, estimated wound age, HbA1c, ethnicity, age, or body mass index (BMI) at baseline. Although the distribution of gender was different in the treatment and control groups, the effect of gender on each variable was examined and added to the model as a covariate if the effect was significant. The mean duration of diabetes was greater in the treatment group (14.4 ± 8 year) in comparison with the control group (11.7 ± 6 year); however, the difference was not statistically significant. There were no significant differences between the groups regarding indicators of socioeconomic status (SES) or other factors that could potentially affect the dietary intake of participants, including appetite problems or religious and cultural restrictions. Living, financial, and employment status, as well as a need for food assistance, were considered indicators of SES.




3.3. Changes in Plasma Concentrations of Inflammatory and Anti-Inflammatory Biomarkers during the Study Period


3.3.1. Changes in Plasma Concentrations of IL6 and CRP


There were no significant differences between the plasma concentrations of IL6 in the treatment and control groups at baseline (16.1 pg/mL vs. 15.8 pg/mL, respectively). The potential effects of confounding factors such as duration of diabetes, estimated wound age (p = 0.004), gender, HbA1c at baseline, age, smoking, and BMI were examined. Only estimated wound age had a statistically significant effect on the concentrations of IL6, therefore this was used as a covariate in the model. The mean concentration of IL6 significantly decreased in the plasma of the treatment group after adjustment of estimated wound age (p = 0.001). In the control group, the mean concentration of IL6 was 15 times higher than its concentration in the treatment group at the end of the study. Comparison of the mean concentrations of IL6 at different time-points of the study for the treatment and control groups are outlined in Figure 1.



There was no statistically significant difference between the mean concentration of CRP among the two groups at baseline. We examined the effects of potential confounding factors, such as HbA1c at baseline, age, gender (p = 0.02), smoking, estimated wound age (p < 0.001), duration of diabetes (p = 0.04), and BMI. The significant confounding factors (gender, estimated wound age, and duration of diabetes) were kept in the model for further analyses. The interaction between group and time was not statistically significant after adjustment of confounding factors.




3.3.2. Changes in Plasma Concentrations of IL10 and TTP


There was no statistically significant difference between the mean concentration of IL10 among the two groups at baseline. The effects of potential confounding factors, such as HbA1c at baseline, age, gender, smoking, estimated wound age, duration of diabetes, and BMI, were evaluated; however, none of these factors had a significant effect on the plasma concentration of IL10, and, therefore, they were removed from the model. The interaction between group and time was not statistically significant for IL10.



Similar to IL10, the effects of potential confounding factors on the concentrations of the TTP were evaluated. Only HbA1c at baseline (p = 0.03) and BMI (p = 0.01) yielded significant on the concentrations of TTP. Additionally, the effect of gender on the concentration of TTP tended to be significant (p = 0.06); therefore, we included these factors as covariates in the model. The mean plasma concentration of TTP in the treatment group was increased numerically from 361 pg/mL at baseline to 1243 pg/mL at the end of the study. In the control group, the mean plasma concentration of TTP increased from 355 pg/mL to 479 pg/mL. Although the interaction between group and time was not statistically significant after adjustment of the confounding factors, the mean increase in the plasma concentrations of TTP in the treatment group was about seven times higher than the control group. Please see Figure 2.






4. Discussion


Our results showed that nutritional supplementation, used concurrently with nutrition education, can strongly decrease the plasma concentrations of IL6 in DFU patients. In contrast, the plasma concentrations of IL6 were increased drastically in our control group at the end of the study. Evidence has shown that an increase in IL6 could be an indicator of wound infection [13]; however, we did not collect data on wound infections to confirm this in our population.



The plasma concentration of TTP increased numerically in our intervention group almost seven times more than the control group. TTP is an RNA binding protein that enforces the degradation of mRNA encoding cytokines and chemokines [35], and, therefore, reduces systemic inflammation through the under-expression of inflammatory mediators, including IL6, TNF alpha, and IL18 [36,37,38]. Additionally, TTP negatively regulates NF-κB signaling at the transcriptional corepressor level, which represses inflammatory gene transcription [39]. Although the interaction between time and group was not statistically significant for plasma concentrations of TTP, the observed numerical increase in TTP, along with a strong significant decrease in the concentrations of IL6 in our treatment group, might suggest positive effects of our intervention on controlling inflammation status via regulation of TTP in patients with DFUs. The positive effects of the intervention on increasing (numerically) the plasma concentration of TTP might also suggest the potential of a positive effect of our intervention on improvement of plasma concentrations of TTP during long-term application. These results are supported by other studies where they showed that serum and urinary levels of IL6 and IL18 were significantly elevated while TTP was significantly depressed in patients with diabetes [36]. We are not aware of a similar study which evaluates the effects of dietary supplementation or quality of diet on the concentrations of TTP. More clinical trials with a larger population and longer duration of time are needed to validate our findings.



Our findings are consistent with the results of a study by Afzali et al., which showed that nutritional supplementation for 12 weeks reduced inflammation in patients with DFUs [40]. Similarly, another study showed that nutritional supplementation could reduce rate of infection and antibiotic use in patients with DFUs [41]. We are not aware of any other study that examines the effects of dietary supplementation on inflammatory biomarkers in DFU patients. However, it has been reported that, in general, high-quality diets have beneficial effects on reducing concentrations of inflammatory biomarkers in various chronic conditions. An inverse association between intake of whole grains, fruits, nuts, and green leafy vegetables, and concentrations of IL6 and CRP, has been reported by several studies [42,43,44,45]. Therefore, providing nutrition education as part of the intervention in this study could have had synergistic effects on observed improvement of inflammation status in the intervention group. The strength of our study was to use both nutrition education and supplementation for improving inflammation status in patients with DFUs. To our knowledge, this is the first study to evaluate the effects of dietary intake of nutrients on concentrations of TTP as an inhibitory factor for inflammation. This anti-inflammatory protein could serve as the basis for novel approaches to chronic wound therapy.



Due to the relatively small sample size, we were not able to examine the effects of supplementation or education on inflammation status separately. Additionally, the potential effects of different blood-glucose-lowering medications, as well as the physical activity levels of the participants, were not evaluated. It has been reported that accumulation of advanced glycation end products (AGEs) contribute to DFUs [46,47]; however, we did not collect data on AGEs. Evidence has shown that inositol could decrease HbA1C in overweight patients with type 1 diabetes [48]. Moreover, it has been shown that inositol can reduce inflammation and oxidative stress related to diabetes in pregnant women with gestational diabetes [49]. Our supplement contained 200 mg of inositol per serving, which might have played a role in the observed improvement in inflammation status. Currently, there is no RDA for inositol. More studies need to be conducted to discover the optimum dosage of inositol for improving inflammation status in patients with DFUs. Analysis of dietary intake of our participants at baseline showed that our population had a significantly low intake of potent antioxidants such as vitamin E, vitamin A, zinc, copper, and manganese when compared with RDA recommendations; these data have been published elsewhere [50]. Presently, there are no recommendations for dietary intake of micronutrients/antioxidants for people with DFUs. Our aim in this study was to support participants in receiving an adequate amount of antioxidants based on the RDA recommendation; however, patients with DFUs might benefit from intakes above the RDA recommendation due to high production of ROS and the presence of an open wound. More clinical studies are needed to discover the optimum amount of each of these nutrients for improving inflammation status and wound healing in DFUs. In order to support the added benefits of other nutrients found in various foods, priority should be given to nutrition education to increase the quality of diet in this population. However, several studies showed that DFU patients could not receive an adequate amount of the essential nutrients from their food for several reasons [30,50,51,52]. When receiving enough nutrients from the diet is not possible, supplementing with optimum dosage of essential nutrients for improving conditions is recommended. Results of our study showed that educating patients with DFUs to consume high-quality diets, as well as providing them with supplements that support at least 50% of the RDA recommendation for antioxidants, have significant positive effects on improving inflammatory conditions. Currently, nutritional interventions or referral to dietitians are not part of standard care; however, as our results show, nutritional interventions are critical components of the wound healing process and should be an integral part of the treatment of DFUs.




5. Conclusions


Our findings showed that nutritional supplementation, along with nutrition education could significantly improve inflammation status in patients with DFUs. More clinical trials with larger sizes are needed to confirm our results.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu14122393/s1, Table S1: Nutrient composition of one serving (237 mL) of the nutritional supplement.





Author Contributions


Conceptualization, R.B. and M.S.; methodology, R.B., M.S. and C.L.; software, R.B.; formal analysis, R.B. and T.L.; investigation, R.B.; resources, R.B. and M.S.; data curation, R.B.; writing—original draft preparation, R.B.; writing—B.A., M.S., C.L. and N.A.; visualization, R.B.; supervision, M.S. and B.A.; project administration, R.B.; funding acquisition, R.B. and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of FLORIDA STATE UNIVERSITY (2016.18608, 14 July 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets generated from this study are available from the corresponding author upon reasonable request.




Acknowledgments


We sincerely thank the nurses, physicians, staff, and patients at the Tallahassee Memorial Wound Healing Center. We recognize Joshua Kukus and Arthur Cooper for providing us with exceptional IT support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singh, G.; Chawla, S. Amputation in Diabetic Patients. Med. J. Armed Forces India 2006, 62, 36–39. [Google Scholar] [CrossRef]

	



Association for the Advancement of Wound Care (AAWC). How to Heal a Wound and Find a Wound Clinic. 2016. Available online: http://aawconline.org/ (accessed on 29 November 2016).

	



Calder, P.C.; Albers, R.; Antoine, J.-M.; Blum, S.; Bourdet-Sicard, R.; Ferns, G.A.; Folkerts, G.; Friedmann, P.S.; Frost, G.S.; Guarner, F.; et al. Inflammatory Disease Processes and Interactions with Nutrition. Br. J. Nutr. 2009, 101, S1–S45. [Google Scholar] [CrossRef] [PubMed]

	



Brem, H.; Tomic-Canic, M. Cellular and Molecular Basis of Wound Healing in Diabetes. J. Clin. Investig. 2007, 117, 1219–1222. [Google Scholar] [CrossRef] [PubMed]

	



Blakytny, R.; Jude, E.B. Altered Molecular Mechanisms of Diabetic Foot Ulcers. Int. J. Low. Extrem. Wounds 2009, 8, 95–104. [Google Scholar] [CrossRef]

	



Poljsak, B.; Šuput, D.; Milisav, I. Achieving the Balance between ROS and Antioxidants: When to Use the Synthetic Antioxidants. Oxidative Med. Cell. Longev. 2013, 2013, e956792. [Google Scholar] [CrossRef]

	



Svineng, G.; Ravuri, C.; Rikardsen, O.; Huseby, N.-E.; Winberg, J.-O. The Role of Reactive Oxygen Species in Integrin and Matrix Metalloproteinase Expression and Function. Connect. Tissue Res. 2008, 49, 197–202. [Google Scholar] [CrossRef]

	



Falanga, V. Wound Healing and Its Impairment in the Diabetic Foot. Lancet 2005, 366, 1736–1743. [Google Scholar] [CrossRef]

	



Patel, V.; Chivukula, I.V.; Roy, S.; Khanna, S.; He, G.; Ojha, N.; Mehrotra, A.; Dias, L.M.; Hunt, T.K.; Sen, C.K. Oxygen: From the Benefits of Inducing VEGF Expression to Managing the Risk of Hyperbaric Stress. Antioxid. Redox Signal. 2005, 7, 1377–1387. [Google Scholar] [CrossRef]

	



Morey, M.; O’Gaora, P.; Pandit, A.; Hélary, C. Hyperglycemia Acts in Synergy with Hypoxia to Maintain the Pro-Inflammatory Phenotype of Macrophages. PLoS ONE 2019, 14, e0220577. [Google Scholar] [CrossRef]

	



Teena, R.; Dhamodharan, U.; Ali, D.; Rajesh, K.; Ramkumar, K.M. Gene Expression Profiling of Multiple Histone Deacetylases (HDAC) and Its Correlation with NRF2-Mediated Redox Regulation in the Pathogenesis of Diabetic Foot Ulcers. Biomolecules 2020, 10, 1466. [Google Scholar] [CrossRef]

	



Buscemi, S.; Batsis, J.A.; Parrinello, G.; Massenti, F.M.; Rosafio, G.; Sciascia, V.; Costa, F.; Pollina Addario, S.; Mendola, S.; Barile, A.M.; et al. Nutritional Predictors of Mortality after Discharge in Elderly Patients on a Medical Ward. Eur. J. Clin. Investig. 2016, 46, 609–618. [Google Scholar] [CrossRef] [PubMed]

	



Korkmaz, P.; Koçak, H.; Onbaşı, K.; Biçici, P.; Özmen, A.; Uyar, C.; Özatağ, D.M. The Role of Serum Procalcitonin, Interleukin-6, and Fibrinogen Levels in Differential Diagnosis of Diabetic Foot Ulcer Infection. J. Diabetes Res. 2018, 2018, 7104352. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.G.; Luckett-Chastain, L.R.; Calhoun, K.N.; Frempah, B.; Bastian, A.; Gallucci, R.M. Interleukin 6 Function in the Skin and Isolated Keratinocytes Is Modulated by Hyperglycemia. J. Immunol. Res. 2019, 2019, e5087847. [Google Scholar] [CrossRef] [PubMed]

	



Weigelt, C.; Rose, B.; Poschen, U.; Ziegler, D.; Friese, G.; Kempf, K.; Koenig, W.; Martin, S.; Herder, C. Immune Mediators in Patients With Acute Diabetic Foot Syndrome. Diabetes Care 2009, 32, 1491–1496. [Google Scholar] [CrossRef] [PubMed]

	



Oyibo, S.O.; Jude, E.B.; Tarawneh, I.; Nguyen, H.C.; Harkless, L.B.; Boulton, A.J.M. A Comparison of Two Diabetic Foot Ulcer Classification Systems: The Wagner and the University of Texas Wound Classification Systems. Diabetes Care 2001, 24, 84–88. [Google Scholar] [CrossRef]

	



Galkowska, H.; Wojewodzka, U.; Olszewski, W.L. Chemokines, Cytokines, and Growth Factors in Keratinocytes and Dermal Endothelial Cells in the Margin of Chronic Diabetic Foot Ulcers. Wound Repair Regen. 2006, 14, 558–565. [Google Scholar] [CrossRef]

	



Kaur, P.; Choudhury, D. Modulation of Inflammatory Dynamics by Insulin to Promote Wound Recovery of Diabetic Ulcers. In Wound Healing; IntechOpen: London, UK, 2020. [Google Scholar] [CrossRef]

	



Azevedo, F.F.; Carvalho, C.R.O.; Saad, M.J.A.; Lima, M.H.M.; Da Silva Cunha Breder, J. Insulin Topical Modulates Inflammatory Phase and the Angiogenesis of the Burns Wound Healing in Diabetic-Induced Rats. Diabetol. Metab. Syndr. 2015, 7, A259. [Google Scholar] [CrossRef]

	



DeClue, C.E.; Shornick, L.P. The Cytokine Milieu of Diabetic Wounds. Diabetes Manag. 2015, 5, 525–537. [Google Scholar] [CrossRef]

	



Barbosa, E.; Faintuch, J.; Machado Moreira, E.A.; Gonçalves da Silva, V.R.; Lopes Pereima, M.J.; Martins Fagundes, R.L.; Filho, D.W. Supplementation of Vitamin E, Vitamin C, and Zinc Attenuates Oxidative Stress in Burned Children: A Randomized, Double-Blind, Placebo-Controlled Pilot Study. J. Burn Care Res. 2009, 30, 859–866. [Google Scholar] [CrossRef]

	



Salgado, R.M.; Cruz-Castañeda, O.; Elizondo-Vázquez, F.; Pat, L.; De la Garza, A.; Cano-Colín, S.; Baena-Ocampo, L.; Krötzsch, E. Maltodextrin/Ascorbic Acid Stimulates Wound Closure by Increasing Collagen Turnover and TGF-Β1 Expression in Vitro and Changing the Stage of Inflammation from Chronic to Acute in Vivo. J. Tissue Viability 2017, 26, 131–137. [Google Scholar] [CrossRef]

	



Gross, R.L. The Effect of Ascorbate on Wound Healing. Int. Ophthalmol. Clin. 2000, 40, 51–57. [Google Scholar] [CrossRef] [PubMed]

	



Musalmah, M.; Fairuz, A.H.; Gapor, M.T.; Wan Ngah, W.Z. Effect of Vitamin E on Plasma Malondialdehyde, Antioxidant Enzyme Levels and the Rates of Wound Closures during Wound Healing in Normal and Diabetic Rats. Asia Pac. J. Clin. Nutr. 2002, 11, S448–S451. [Google Scholar] [CrossRef] [PubMed]

	



Sternberg, E.M. Neural Regulation of Innate Immunity: A Coordinated Nonspecific Host Response to Pathogens. Nat. Rev. Immunol. 2006, 6, 318–328. [Google Scholar] [CrossRef] [PubMed]

	



Holley, A.K.; Bakthavatchalu, V.; Velez-Roman, J.M.; St Clair, D.K. Manganese Superoxide Dismutase: Guardian of the Powerhouse. Int. J. Mol. Sci. 2011, 12, 7114–7162. [Google Scholar] [CrossRef]

	



Aschner, J.L.; Aschner, M. Nutritional Aspects of Manganese Homeostasis. Mol. Asp. Med. 2005, 26, 353–362. [Google Scholar] [CrossRef]

	



Das, A.; Chen, G.-F.; Kim, H.W.; Youn, S.-W.; Varadarajan, S.; McKinney, R.D.; Finney, L.; Ushio-Fukai, M.; Fukai, T. Abstract 16637: Antioxidant-1, a Novel Cu-Dependent Transcription Factor for NADPH Oxidase P47phox, Promotes Wound Healing by Regulating Inflammation and Angiogenesis. Circulation 2014, 130, A16637. [Google Scholar] [CrossRef]

	



Basiri, R.; Spicer, M.T.; Levenson, C.W.; Ormsbee, M.J.; Ledermann, T.; Arjmandi, B.H. Nutritional Supplementation Concurrent with Nutrition Education Accelerates the Wound Healing Process in Patients with Diabetic Foot Ulcers. Available online: https://pubmed.ncbi.nlm.nih.gov/32756299/ (accessed on 1 November 2020).

	



Maier, H.M.; Ilich-Ernst, J.; Arjmandi, B.; Kim, J.-S.; Spicer, M. Deficiencies in Nutritional Intake in Patients with Diabetic Foot Ulcers. J. Nutr. Ther. 2016, 5, 85–92. [Google Scholar] [CrossRef]

	



Nguyen, T.P.L.; Edwards, H.; Do, T.N.D.; Finlayson, K. Effectiveness of a Theory-Based Foot Care Education Program (3STEPFUN) in Improving Foot Self-Care Behaviours and Foot Risk Factors for Ulceration in People with Type 2 Diabetes. Diabetes Res. Clin. Pract. 2019, 152, 29–38. [Google Scholar] [CrossRef]

	



Defeudis, G.; Khazrai, Y.M.; Di Rosa, C.; Secchi, C.; Montedoro, A.; Maurizi, A.R.; Palermo, A.; Pozzilli, P.; Manfrini, S. Conversation MapsTM, an Effective Tool for the Management of Males and Females with Type 2 Diabetes and Mildly Impaired Glycemic Control. Hormones 2018, 17, 113–117. [Google Scholar] [CrossRef]

	



Cohen, J. A Power Primer. Psychol. Bull. 1992, 112, 155–159. [Google Scholar] [CrossRef]

	



Plasma and Serum Preparation-US. Available online: https://www.thermofisher.com/us/en/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/plasma-and-serum-preparation.html (accessed on 18 September 2019).

	



Kratochvill, F.; Gratz, N.; Qualls, J.E.; Van De Velde, L.-A.; Chi, H.; Kovarik, P.; Murray, P.J. Tristetraprolin Limits Inflammatory Cytokine Production in Tumor-Associated Macrophages in an MRNA Decay Independent Manner. Cancer Res. 2015, 75, 3054–3064. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Guo, J.; Zhang, Q.; Liu, D.; Wen, L.; Yang, Y.; Yang, L.; Liu, Z. The Expression of Tristetraprolin and Its Relationship with Urinary Proteins in Patients with Diabetic Nephropathy. PLoS ONE 2015, 10, e0141471. [Google Scholar] [CrossRef] [PubMed]

	



Patial, S.; Curtis, A.D.; Lai, W.S.; Stumpo, D.J.; Hill, G.D.; Flake, G.P.; Mannie, M.D.; Blackshear, P.J. Enhanced Stability of Tristetraprolin MRNA Protects Mice against Immune-Mediated Inflammatory Pathologies. Proc. Natl. Acad. Sci. USA 2016, 113, 1865–1870. [Google Scholar] [CrossRef] [PubMed]

	



Ross, E.A.; Smallie, T.; Ding, Q.; O’Neil, J.D.; Cunliffe, H.E.; Tang, T.; Rosner, D.R.; Klevernic, I.; Morrice, N.A.; Monaco, C.; et al. Dominant Suppression of Inflammation via Targeted Mutation of the MRNA Destabilizing Protein Tristetraprolin. J. Immunol. 2015, 195, 265–276. [Google Scholar] [CrossRef]

	



Liang, J.; Lei, T.; Song, Y.; Yanes, N.; Qi, Y.; Fu, M. RNA-Destabilizing Factor Tristetraprolin Negatively Regulates NF-ΚB Signaling. J. Biol. Chem. 2009, 284, 29383–29390. [Google Scholar] [CrossRef]

	



Afzali, H.; Jafari Kashi, A.H.; Momen-Heravi, M.; Razzaghi, R.; Amirani, E.; Bahmani, F.; Gilasi, H.R.; Asemi, Z. The Effects of Magnesium and Vitamin E Co-Supplementation on Wound Healing and Metabolic Status in Patients with Diabetic Foot Ulcer: A Randomized, Double-Blind, Placebo-Controlled Trial. Wound Repair Regen. 2019, 27, 277–284. [Google Scholar] [CrossRef]

	



Tatti, P.; Barber, A.E. The Use of a Specialized Nutritional Supplement for Diabetic Foot Ulcers Reduces the Use of Antibiotics. J. Endocrinol. Metab. 2012, 2, 26–31. [Google Scholar] [CrossRef]

	



Nettleton, J.A.; Steffen, L.M.; Mayer-Davis, E.J.; Jenny, N.S.; Jiang, R.; Herrington, D.M.; Jacobs, D.R. Dietary Patterns Are Associated with Biochemical Markers of Inflammation and Endothelial Activation in the Multi-Ethnic Study of Atherosclerosis (MESA). Am. J. Clin. Nutr. 2006, 83, 1369–1379. [Google Scholar] [CrossRef]

	



Anderson, A.L.; Harris, T.B.; Tylavsky, F.A.; Perry, S.E.; Houston, D.K.; Lee, J.S.; Kanaya, A.M.; Sahyoun, N.R. Dietary Patterns, Insulin Sensitivity and Inflammation in Older Adults. Eur. J. Clin. Nutr. 2012, 66, 18–24. [Google Scholar] [CrossRef]

	



Julia, C.; Meunier, N.; Touvier, M.; Ahluwalia, N.; Sapin, V.; Papet, I.; Cano, N.; Hercberg, S.; Galan, P.; Kesse-Guyot, E. Dietary Patterns and Risk of Elevated C-Reactive Protein Concentrations 12 Years Later. Br. J. Nutr. 2013, 110, 747–754. [Google Scholar] [CrossRef]

	



Ahluwalia, N.; Andreeva, V.A.; Kesse-Guyot, E.; Hercberg, S. Dietary Patterns, Inflammation and the Metabolic Syndrome. Diabetes Metab. 2013, 39, 99–110. [Google Scholar] [CrossRef] [PubMed]

	



Maier, H.M. Nutritional Status and the Relationship of Dietary and Serum Advanced Glycation End-Products with Inflammation, Oxidative Stress and Healing of Diabetic Foot Ulcers. Ph.D. Thesis, The Florida State University, Tallahassee, FA, USA, 2016. [Google Scholar]

	



Vouillarmet, J.; Maucort-Boulch, D.; Michon, P.; Thivolet, C. Advanced Glycation End Products Assessed by Skin Autofluorescence: A New Marker of Diabetic Foot Ulceration. Diabetes Technol. 2013, 15, 601–605. [Google Scholar] [CrossRef] [PubMed]

	



Maurizi, A.R.; Menduni, M.; Del Toro, R.; Kyanvash, S.; Maggi, D.; Guglielmi, C.; Pantano, A.L.; Defeudis, G.; Fioriti, E.; Manfrini, S.; et al. A Pilot Study of D-Chiro-Inositol plus Folic Acid in Overweight Patients with Type 1 Diabetes. Acta Diabetol. 2017, 54, 361–365. [Google Scholar] [CrossRef] [PubMed]

	



Baldassarre, M.P.A.; Di Tomo, P.; Centorame, G.; Pandolfi, A.; Di Pietro, N.; Consoli, A.; Formoso, G. Myoinositol Reduces Inflammation and Oxidative Stress in Human Endothelial Cells Exposed In Vivo to Chronic Hyperglycemia. Nutrients 2021, 13, 2210. [Google Scholar] [CrossRef] [PubMed]

	



Basiri, R.; Spicer, M.; Munoz, J.; Arjmandi, B. Nutritional Intervention Improves the Dietary Intake of Essential Micronutrients in Patients with Diabetic Foot Ulcers. Curr. Dev. Nutr. 2020, 4, 8. [Google Scholar] [CrossRef]

	



Wheeler, M.L.; Dunbar, S.A.; Jaacks, L.M.; Karmally, W.; Mayer-Davis, E.J.; Wylie-Rosett, J.; Yancy, W.S. Macronutrients, Food Groups, and Eating Patterns in the Management of Diabetes: A Systematic Review of the Literature, 2010. Diabetes Care 2012, 35, 434–445. [Google Scholar] [CrossRef]

	



Collins, R.; Burrows, T.; Donnelly, H.; Tehan, P.E. Macronutrient and Micronutrient Intake of Individuals with Diabetic Foot Ulceration: A Short Report. J. Hum. Nutr. Diet. 2021. epub ahead of print. [Google Scholar] [CrossRef]








[image: Nutrients 14 02393 g001 550] 





Figure 1. Comparison of mean plasma concentrations of IL6 (pg/mL) between the treatment and control group during the 12 weeks of the study. Bars represent the means ± SEM. * Denotes a significant time by group interaction (p < 0.05). 
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Figure 2. Comparison of mean plasma concentrations of TTP (pg/mL) between the treatment and control group during the 12 weeks of the study. Bars represent the means ± SEM. 
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Table 1. Comparison of content of two servings of supplement vs. RDA recommendations for antioxidants for age and gender.
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	Nutrient
	RDA for Nutrient
	Total from Two Supplements/Day
	% of RDA Provided; Men vs. Women if RDA Varied





	Vitamin C
	60
	204
	304%



	Vitamin A
	3000 IU
	2500 IU
	83%



	Vitamin E
	33.3 IU
	66 IU
	200%



	* Manganese

Men/Women
	2.3/1.8 mg
	0.8 mg
	35%/44%



	Copper
	0.9 mg
	0.8 mg
	88%



	Zinc

Men/Women
	11/8 mg
	6 mg
	54%/75%



	Protein

Men/Women
	56 g/46 g
	28 g
	50%/61%







* No established RDA for Manganese, numbers are showing adequate intake (AI). IU: international unit.
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Table 2. Baseline characteristics of participants by group.
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	Groups
	Treatment (n = 15)
	Control

(n = 14)
	p-Value





	Men/women
	8/7
	11/3
	0.08



	Age (year)

Means ± SD
	52.9 ± 9.74
	53.8 ± 12.8
	0.84



	Ethnicity

African American/white
	4/11
	3/11
	0.75



	BMI 1 (kg/m2)

Means ± SD
	33.5 ± 7.98
	34.1 ± 6.04
	0.84



	Diabetes Duration (year)

Means ± SD
	14.40 ± 8.03
	11.7 ± 6.17
	0.32



	Estimated wound age (m)

Means ± SD
	10.97 ± 15.09
	10.58 ± 18.27
	0.95



	HbA1c 2

Means ± SD
	7.95 ± 2.06
	8.40 ± 2.16
	0.57



	Smoking

(yes/no)
	3/12
	3/11
	1.00







1 BMI: Body Mass Index 2 HbA1C: Hemoglobin A1c.
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