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Abstract
AIM: To examine the contribution of toll-like receptors (TLRs) expression and activation to the prolonged inflammation often seen in human diabetic wounds. 
METHODS: Debridement wound tissue was collected from diabetic patients with informed consent. Total RNA and protein were isolated and subjected to real-time polymerase chain reaction and Western blot analyses. 
RESULTS: TLR1, 2, 4, and 6 mRNA expressions were increased significantly in wounds of diabetic patients compared with non-diabetic wounds (P < 0.05). MyD88 protein expression was significantly increased in diabetic wounds compared to non-diabetic wounds. IL-1β, TNF-α concentration nuclear factor-kappa B (NF-κB) activation, and TBARS were increased in diabetic wounds compared to non-diabetic wounds (P < 0.01). 
CONCLUSION: Collectively, our novel findings show that increased TLR expression, signaling, and activation may contribute to the hyper inflammation in the human diabetic wounds. 
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Core tip: Increased TLR2/4-MyD88-NF-(B expression and signaling with attendant oxidative stress may contribute to the hyperinflammation frequently seen in human diabetic wounds.
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INTRODUCTION
Diabetes mellitus (DM) is a constellation of metabolic aberrations that collectively manifest as debilitating pathological complications affecting the quality of life in DM patients. Around 348 million people worldwide and 36 million people in United States have DM and 40%–60% of these patients develop foot wounds accounting to more than 20% of all hospitalizations equating to one amputation every 30s[1-3]. Emerging experimental data and human studies suggest that systemic inflammation orchestrated by innate immune receptors plays a role in the pathogenesis of DM complications[4]. Toll-like receptors (TLRs) are pivotal innate immune receptors that induce inflammatory responses[5] and their expression and activation is increased in a plethora of inflammatory disorders including DM and its complications[6-9]. Recent data from our group and others have provided evidence that TLR expression, activation, and signaling are significantly increased in monocytes of DM patients, non-obese diabetic (NOD) mice, and db/db mice (see review, 4). In addition, we showed that genetic ablation of TLR2/4 in diabetic mice attenuates inflammation as indicated by decreased circulating cytokine/chemokine levels and improved wound healing[8-10]. However, it is not known if TLR expression and activation contributes to the uncontrolled inflammation seen in wounds of DM patients. Thus, in the present study, we examined TLR expression, signaling, and inflammation in human DM wounds.
MATERIALS AND METHODS
Patients 

The study population consisted of type 2 DM patients presenting for care of a diabetic ulcer located anywhere on the foot and non-DM patients (controls) with a leg ulcer, aged between 45-65 years. We collected wound tissues from diabetic (n = 8) and non-diabetic subjects (n = 4) during initial debridement as part of standard of care, with informed patient consent at the Sacramento VA clinics. Patient evaluations consisted of a medical history, physical examination, and wound site measurements (including location, size, presence of periulcerative tissue, and clinical infection) were recorded.  Serum glucose and HbA1c levels were extracted from patient charts that were done within the last 60 d. All the human study protocols were approved by the Institutional Review Board at University of California at Davis and VA of Northern California, MatherField CA.
Collection of debridement wound tissue
Study inclusion criteria were as follows: age 18 or older; ulcer size > 2 cm2 and < 25 cm2; ulcer duration of ≥ 4 wk; no clinical signs of infection; glycosylated haemoglobin (HbA1c) < 12%; and adequate circulation to the affected extremity Patients were excluded if any of the following preexisting conditions: presence of charcot foot, index ulcer probing to bone; currently receiving radiation or chemotherapy; known or suspected malignancy of current ulcer; diagnosis of autoimmune connective tissue disease; received a biomedical or topical growth factor for their wound within the previous 30 d; taking medications considered to be immune system modulators, antibiotics, with CRP levels (> 10 mg/dL), and CBC (WBC < 4 to > 11 K/mm3) indicative of infection. Debridement tissue was collected using sharp debridemnet technique[11] and immediately snap frozen in liquid nitrogen for mRNA and protein analyses.
Real time-PCR 
Total RNA was isolated from all the snap frozen wound tissues and mRNA expression was determined by REal time-PCR (RT-PCR) using commercial sequence-specific primers and probes purchased from SA Biosciences, Gaithersburg, MD, United States). The first strand of cDNA was synthesized using total RNA (1 μg per reaction). cDNA (50 ng) was amplified using primer probe sets for TLR1, TLR2, TLR4, TLR6,  Myeloid differentiation factor-88 (MyD88), Interleukin receptor activated kinase-1 (IRAK-1), myeloid differentiation protein-2 (MD2), nuclear factor-kappa B (NF-κB), tumor necrosis factor-alpha (TNF-α) and 18s (SA Biosciences) following the manufacturer's cycling parameters. Data were calculated using the 2−ΔΔCt method and are presented as ratio of transcripts for TLR gene normalized to 18s as described previously[8,9]. 
Western blot and ELISA
For Western blot assays, wound tissues were homogenized in tissue lysis buffer and total protein was determined using BCA protein quantitation method[8-10]. Equal amounts of protein (25 μg) were separated by SDS-PAGE, transferred to PVDF membranes, and were probed with MyD88 (Imgenix, United States) and β-actin (Santa Cruz, United States) antibodies as reported earlier[8,9]. Densitometric ratios of the bands were calculated as reported earlier[8,9] and expressed as MyD88/β-actin ratio. Interleukin-1beta (IL-1β) and TNF-α levels were measured in the wound tissue lysates using ELISA (R and D systems) assay as reported earlier[8-10]. Intra- and interassay coefficient of variation (CV) of ELISA assays were determined to be < 10%[8-10]. Nuclear extracts were used to perform NF-κB transcription factors activation assays (Active Motif, Carlsbad, CA, United States) to verify activation of NF-κB in the diabetic wounds, indicative of increased inflammation. Assays were performed in accordance to the manufacturer's protocols. Intra- and inter-assay CV for transcription factor assays was < 8%[8-10].
Thiobarbituric acid reactive substances
We measured oxidative stress through lipid peroxidations [Thiobarbituric acid reactive substances (TBARs)] in wound tissues to reflect the pathogenic mechanisms in impaired wound healing in DM wounds compared with control wounds. TBARs are a surrogate marker of oxidative stress and malondialdehyde equivalents were determined by reading the absorbance at 532 nm using 1,1,3,3-tetramethoxypropane as an external standard[8,12]. Results were expressed as malondialdehyde equivalents (nmol/mg protein) as reported previously[8,12].
Statistical analyses

Data are presented as mean ± SD. We used two-tailed t-tests with appropriate post hoc analyses. P < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism software[8-10].

RESULTS
All the patients had DM for > 5 years (mean glucose of 132 ± 10 mg/dL and HbA1c of 7.5% ± 0.8%) and are on routine standard care for a chronic diabetic foot ulcer of at least 4-week duration and showed no signs of clinical infection. We first examined mRNA levels of TLRs and associated inflammatory signaling mediators in DM and control wound tissue to test the hypothesis that increased TLR expression and activation accentuate inflammation in diabetic wounds, using RT-PCR. TLR1, TLR2, TLR4, TLR6, MyD88, IRAK-1, NF-κB, IL-1β, and TNF-α mRNA expression were significantly increased compared to non-diabetic wounds (P < 0.05) (Table 1) implicating a role for TLR-MyD88-NF-κB signaling on hyperinflammatory phenotype often seen in DM wounds[7-9]. The mRNA data was validated using Western blot and ELISA assays[7-9]. MyD88 is an immediate and common downstream adaptor molecule recruited by activated TLRs through their TIR domain. MyD88, in turn, recruits IRAK-1, leading to the activation of NF-κB transcription factor, and attendant inflammatory cytokine gene expression[5]. Thus, we chose MyD88 for further validation. As shown in Figure 1, MyD88 protein expression was significantly higher in DM wounds compared to the non-diabetic wounds (P < 0.05 vs non-diabetic wounds). Figure 2 depicts significantly increased NF-κB activation in the nuclear extracts of diabetic wounds compared to non-diabetic wounds (P < 0.001). Next, local IL-1β and TNF-α levels known to be expressed as a result of TLR-MyD88-NF-κB activation, were determined using ELISA assay. Figure 3 shows significantly increased IL-1β and TNF-α levels in DM wounds compared to non-diabetic wounds (P < 0.05) supporting our hypothesis that TLR signaling and activation contribute to the prolonged inflammation seen in DM wounds[7-9]. Because oxidative stress and inflammation are linked by TLRs[13] as a surrogate index of oxidative stress, we measured TBARS formation during an acid-heating reaction in wound tissues as described earlier[8,12]. Figure 4 depicts significantly higher TBAR levels in diabetic wounds compared to non-diabetic wounds (P < 0.01). Thus our data for the first time attests to the concept that persistent activation of TLR-MyD88-NF-κB signaling pathway and increased oxidative stress contribute to the hyperinflammation frequently seen in human DM wounds. 
DISCUSSION
The interactions among increased glucose levels elevated free fatty acids and resultant proinflammatory cytokines in DM have clear implications for the immune system[14,15]. A diabetic foot ulcer is primarily comprised of keratinocytes, dermal cells, and leukocytes with a coexisting paucity for angiogenesis[16]. All the evidence point towards uncontrolled inflammation and frequent bacterial colonization at the site of injury as the main causes for foot ulcers not healing in a timely manner or not heal at all[7,16]. In addition, chronic diabetic ulcers may also persist due to disrupted formation of granulation tissues and deep tissue necrosis[7,16,17]. Along with cell specific abnormalities, inflammatory cytokine expression such as IL-1β and TNFα are elevated and sustained by hyperglycemia implying the role of innate immunity[14,18]. TLRs in the wound bed environment play an important role in mediating innate immune functions and inflammation whereby potential healing may be impaired[6,8,9].
Studies in animal models as well as humans have suggested that inflammation is a major contributing factor to DM pathology primarily orchestrated by the innate immune receptors[8-10]. Mohammad et al[19] reported increased TLR2 and TLR4 expression in bone marrow derived macrophages of non-obese diabetic (NOD) mice, correlating with increased NF-(B activation and increased pro-inflammatory cytokines. Kim et al[20] using TLR2-/-, TLR4-/- knockouts, and NOD mice have demonstrated that TLR2 senses beta cell death and contributes to the instigation of autoimmune diabetes. Recently, we showed increased TLR2 and TLR4 expression, intracellular signaling, and TLR2/4 mediated inflammation in monocytes with significant correlation to HbA1c levels in DM patients[21,22]. Creely et al[23] showed increased TLR2 expression in the adipose tissue of type 2 diabetes (T2DM) patients with strong correlates to plasma endotoxin levels. Also, Song et al[24] reported increased TLR4 mRNA expression in differentiating adipose tissue of db/db mice. Furthermore, Davis et al[25] have shown that the TLR4-deficient 10ScN mouse strain fed with diet rich in saturated fat is protected from systemic inflammation. Taken together, these observations suggest a potential role for TLR2 and TLR4 in the pathology of DM. Furthermore, recent findings have shown increased TLR2/4 expression, signaling, ligands, and functional activation in DM subjects with and without complications[20,26]. All the above studies suggest that TLR activation and signaling contribute to the prolonged inflammatory condition seen in DM and may lead to complications in line with our current data.
Functional activation of TLRs includes dimerization and this results in cytokine production. TLR2 requires heterodimerization with TLR1 or TLR6 for activity[27]. We have previously shown that hyperglycemia induces TLR2/TLR6 heterodimerization resulting in cytokine secretion in human monocytes[14] consistent with the increased mRNA expression as  seen in this study. However, it is to be noted that characterization of dimerization events in vivo is technically challenging. Besides, we also observed changes in TLR1 mRNA expression and it is not known if either TLR1 or TLR6 by themselves are inflammatory and if TLR2/1 heterodimerization play a role in the peristent inflammation. TLR2 primarily activates MyD88-dependent signaling pathway[28]. The activation of MyD88-dependent signaling pathway leads to the induction of inflammatory cytokines[28]. There are studies showing delayed dermal wound healing in nondiabetic MyD88-deficient mice[29], suggesting that alternate TLR pathways may be active in diabetic milieu (for example, TLR4/MD2). Here, we provide the first evidence, that in human DM wounds, there is increased TLR2 and TLR4 expression, with corresponding increased NF-κB activity, increased expression of downstream adapter proteins such as MyD88 and IRAK-1, resulting in increased local pro-inflammatory cytokines. Similar findings were found when cells were treated in vitro under hyperglycemic, dyslipidemia, and increased oxidative stress conditions[4,6,27]. Thus, we suggest that abrogating inflammation in human DM wounds using TLR2/4 as a target appears to be a reasonable approach to alleviate inflammation accelerating DM wound-healing process. 
Collectively, these findings are best valued when recognizing that TLR activation, signaling, and inflammation may be undesirable for proper healing of wounds in DM patients. The limitations of the current study include the lack of correlative evidence between hyperglycemia, duration of diabetes, wound size, and TLR expression due to small sample size. Future and ongoing studies are focussed on collecting sequential wound debridement specimens, infected wound tissues to record the relationship between TLR activation and wound healing as this will aid in establishing the timing of the receptor expression and activation and the realtionship between innate immunity and infection in manifesting the impaired wound healing phenotype. At the same time, TLR expression and activation may be used as a cue for healing. Prolonged and exacerbated cytokine production leads to sustained inflammatory responses and impaired healing, causing extensive tissue damage (amputations in case of diabetic wounds). Therefore, it is important to understand local inflammatory mechanisms that might be useful in developing therpeutic strategies for the management of difficult wounds burdened by excessive inflammation. Our findings suggest a role for TLRs in the human DM wound pathology and emphasize the importance of understanding the various pathogenic mechanisms involved in a complicated wound-healing process.
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Figure 1 Representative Western blot showing the MyD88 protein expression in non-diabetic and diabetic wound tissues. Wound tissues were collected, lysed, and 25 μg protein was blotted for MyD88 and β-actin. Densitometric ratios (MyD88/(-actin) are indicated below. Each lane presents protein from an individual patient wound debridement tissue (n = 3/group).
Figure 2 The DNA-binding activity of nuclear nuclear factor-kappa B p65 in wound tissues was determined using ELISA technique. Values are normalized to mg nuclear protein and expressed as mean ± SD. bP < 0.001 vs non-diabetic.
Figure 3 Interleukin-1β and tumor necrosis factor-α concentration in wound tissues were determined by ELISA assay. Values are normalized to mg protein and expressed as mean ± SD. aP < 0.05 vs non-diabetic.  
Figure 4 Lipid peroxidation in wound tissue lysates were determined using thiobarbituric acid reactive substances assay as described in Materials and methods. Values are normalized to mg protein and expressed as mean ± SD. bP < 0.01 vs non-diabetic.
Table 1 Toll-like receptor pathway genes expressed in debridement wound tissue 

	Gene
	Non-diabetic wounds         

mRNA/18s ratio
	Diabetic wounds           mRNA/18s ratioa

	TLR1
	0.6  ± 0.1
	1.9 ± 0.4

	TLR2
	1.2 ± 0.3
	3.6 ± 0.5

	TLR4
	1.3 ± 0.2
	3.8 ± 0.2

	TLR6
	0.2 ± 0.1
	2 ± 0.5

	MyD88
	1.4 ± 0.2
	3.1 ± 0.4

	IRAK-1
	1.1 ± 0.1
	2.8 ± 0.6

	MD2
	0.2 ± 0.04
	1.6 ± 0.3

	NF-(B
	0.8 ± 0.05
	2.3 ± 0.2

	TNF-(
	1 ± 0.4
	2.6 ± 0.6


Human diabetic wounds (n = 8) show significantly higher mRNA/18s ratio compared to non-diabetic wounds (n = 4) (aP < 0.05 vs non-diabetic wounds). TLR: Toll-like receptor.
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