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SUMMARY:
We describe the reduction of reperfusion injury by 670 nm irradiation in a mouse model of ischemia and reperfusion by tourniquet placement. This 670 nm irradiation reduced the inflammatory response, decreased the number of proinflammatory macrophages, and increased the protective macrophages.  

ABSTRACT: 
Tissue damage and necrosis from inflammatory processes are a consequence of ischemia reperfusion injury (IRI). In skeletal muscle, ischemia reduces the aerobic energy capacity of muscle cells, leading to adverse biochemical alterations and inflammation. The goal of this study is to show that exposure to near-infrared light (NIR) during a period of ischemia reduces IRI by decreasing necrosis and inflammation in addition to decreasing proinflammatory M1 and increasing protective M2 macrophages. C57/Bl6 mice underwent unilateral tourniquet-induced hindlimb ischemia for 3 h followed by reperfusion for either 15 or 30 min. Mice were randomly assigned to 3 groups. Group 1 underwent IRI with 30 min reperfusion. Group 2 underwent IRI with a 15 min reperfusion. Each group consisted of 50% no-NIR and 50% NIR-treated mice with exposure of 50 mW/cm2 for 5 min/1 h after tourniquet closure. Group 3 were sham animals anesthetized for 3 h omitting IRI. 

Laser doppler flow imaging was performed on all mice to confirm ischemia and reperfusion. Flow data were expressed as the ratio of ischemic limb and the contralateral control. The mice were euthanized after reperfusion, and the quadriceps and gastrocnemius were harvested. Immunoprecipitation and western blot of macrophage-markers CD68 (M1) and CD206 (M2) were performed and normalized to CD14 expression. The expression of the inflammatory markers CXCL1 and CXCL5 was significantly reduced by NIR in the IRI group. A significant decrease in CD68 and an increase in CD206 expression was observed in animals receiving IR and NIR. Tissue necrosis was decreased by NIR in the IRI group, as visualized by 2,3,5-triphenyltetrazolium chloride (TTC) staining. The findings demonstrate that exposure to NIR reduced IRI and improved tissue survival. NIR reduced inflammation, decreased proinflammatory M1, and increased protective M2 macrophages. Exposure to NIR reduced inflammation and enhanced regeneration, leading to tissue protection following ischemia.  

INTRODUCTION:  
Ischemia reperfusion injury (IRI) is a clinical challenge seen following vascular injuries and the prolonged use of surgical tourniquets. Previous studies have shown that 60–90 min is the upper threshold for warm ischemia time, beyond which irreversible tissue damage can occur. More than any other single factor, the limitations of warm ischemia time limit the success and salvage of reimplantation of dysvascular limbs1,2.

In skeletal muscle, ischemia reduces the aerobic capacity of cells, leading to acute inflammation and adverse biochemical alterations. These effects are worsened by reperfusion, which stimulates the recruitment of neutrophils and the production of free radicals, further damaging the skeletal muscle. This can occur from vascular occlusion, whether the result of injury or the intentional use of a tourniquet to prevent hemorrhage. Some of the key mediators in this process are myeloperoxidase (MPO), an enzyme expressed by neutrophils that is integral to the respiratory burst function and production of free radicals3, and chemokines such as CXCL1 and CXCL5 that serve to recruit neutrophils to sites of acute inflammation4.
 
The femoral artery was not dissected to mimic an open tourniquet in an emergency. This approach is also based on the reproducibility of creating ischemia and reperfusion as well as a consistent blood-free area. Previous research has demonstrated that exposure to non-thermal infrared (NIR) light with a wavelength of 670 nm can increase vascular collateralization in a mouse ischemic hindlimb with NIR exposure over days, mitigating the effects of IRI5. Additionally, prior research has demonstrated that NIR light can induce the polarization of macrophages into either proinflammatory (M1) or prohealing (M2) phenotypes6. 

Any treatment that can minimize tissue damage and cellular death following hypoxia and reperfusion would be beneficial in increasing the success of limb salvage following vascular injuries. Therefore, the overall goal is to improve IRI by introducing 670 nm light treatment as a viable option to other treatment modalities. This paper is based on the hypothesis that exposure to NIR light during a period of ischemia decreases inflammation and tissue necrosis by decreasing the secretion of chemoattractant proteins and influx of inflammatory cells by inducing macrophages to take on an M2 phenotype.  

PROTOCOL:

1. Tourniquet placement

NOTE: A tourniquet was placed to induce ischemia and achieve a blood-free surgical field. 

1.1. Anesthetize a C57/Bl6 mouse with isoflurane in the induction chamber at a concentration of 3–5%.

1.2. Remove the mouse from the induction chamber when it does not respond to toe pinches. Place the mouse in a nose cone for continued anesthesia at 1.5–2% on a heating pad with a non-reflective mat below a laser doppler imager (LDI). 

1.3. Place the tourniquet around the left hindlimb (Figure 1).  

NOTE: Do not close the tourniquet yet. Measure the blood flow first (see section 2).

2. Blood flow measurement by LDI

NOTE: Blood flow was measured to confirm proper occlusion and reperfusion as described previously7.

2.1. Place the anesthetized mouse below the LDI (26 cm) onto a heating pad with a non-reflective surface in a prone position with stretched legs and paws facing upward.

2.2. Capture images by placing the mouse within the capturing area of the laser (16.1 cm x 16.1 cm). 

2.2.1. Adjust the laser to a scan speed of 4 ms/pixel. Capture images with the proprietary software by pushing the record button. Take images before, during occlusion, and during reperfusion by clicking on the record button.  

NOTE: The images are flow-related map images; red is good blood flow; blue is no blood flow. Confirm in the image that the occluded hindlimb is blue. Similarly, check the image to confirm that the previously occluded hindlimb is red on reperfusion. It is imperative to have a non-reflective mat for the LDI; otherwise, the reflection will affect the images.

2.3. Analyze the images with the provided software by defining a region of interest. Establish a ratio between the ischemic and control legs.

3. Ischemia and reperfusion protocol

3.1. Close the tourniquet around the anesthetized mouse’s hindlimb for 3 h.  

NOTE: Tightening the tourniquet creates ischemia, interrupting the blood flow.

3.2. Open the tourniquet after 3 h of occlusion; open and perfuse the hindlimb for 15 or 30 min. 

4. Tissue harvest

4.1. Increase anesthesia to 5% isoflurane to deeply anesthetize the mice. Perform a pneumothorax by opening the chest cavity with sharp scissors to ensure death. Harvest the gastrocnemii and the quadriceps muscles8-10.

4.2. Snap-freeze the collected tissue in liquid nitrogen and store at -80 °C for further analysis.

5. NIR application

NOTE: NIR is applied to lower inflammation and reduce reperfusion injury.

5.1. Apply 670 nm NIR at an intensity of 100 mW for 5 min once per hour during occlusion. 

5.2. Target the hindlimb with the fiber optic light source at a distance of 2.5 cm between the hindlimb and the light.  Do not expose the contralateral leg to NIR (see Figure 1 for the setup).

5.3. Shine the NIR light for 5 min per hour for the duration of the ischemic period.  

5.4. Instrument the sham group the same way. Do not close the tourniquet or apply NIR to the hindlimb.  

NOTE: The NIR light has a heat sink. The temperature does not increase within 5 min of light exposure11.

6. Necrosis TTC

NOTE: Tissue necrosis is assessed to visualize the reduction of necrosis in muscle tissue.

6.1. Stain fresh quadriceps muscles with TTC at 37 °C for 20–30 min in 1% TTC in 0.1 M phosphate buffer adjusted to pH 7.4.  

6.2. Observe red, stained live tissue based on the presence of a formazan precipitate. 

NOTE: The red staining is based on the reduction of TTC by dehydrogenase enzymes in healthy tissue. Necrotic tissue is unstained10.

6.3. Capture images of TTC-stained slices for analysis and measure the necrotic region by defining a region of interest. 

7. Western analysis for chlorotyrosine

7.1. Subject mice to the ischemia/reperfusion protocol (section 3). 

7.2. Harvest tissues (section 4) and isolate protein as previously described12. Determine the protein concentration by the Bradford assay13.

7.3. Use the total protein lysate to perform electrophoresis and blot for 3-chlorotyrosine as described previously12.

7.4	Perform a western blot on lysates of the gastrocnemii. 

7.4.1. Add Laemmli sample buffer containing 5% mercaptoethanol to the samples to obtain a concentration of 25 µg of total protein in 40 µL. 

7.4.2. Run the samples on a 4–15% Tris-glycine extended gel (see the Table of Materials) at 50 mV for 5 min. Increase the voltage to 100 mV for 1 h until the dye front runs out.

7.5. Incubate the gel in 1x transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol; adjust the pH to 8.3 if necessary) for 10 min.

7.6. Assemble the transfer sandwich (sponge, filter, gel, cellulose membrane, filter, sponge). Place a reusable ice pack in the transfer apparatus. Transfer for 30 min in the cold room at 100 mA.

NOTE: Ensure that no bubbles are trapped in the transfer sandwich, the blot is on the cathode and the gel on the anode.

7.7. Rinse the blot and block it in blocking buffer (see the Table of Materials) with 0.05% Tween for 30 min at room temperature. Wash the blot with Tris-buffered saline (TBS) containing 5% Tween three times for 5 min each before adding the primary antibody.

7.8. Incubate overnight with the primary polyclonal antibodies to 3-chlorotyrosine. Dilute the antibodies in blocking buffer with 0.05% Tween (1:1,000).

7.9. Use horseradish peroxidase (HRP)-conjugated donkey anti-mouse IgG and HRP-anti-goat IgG (1:10,000 dilution) as secondary antibodies.

7.10. Visualize bands of identity in the blots using enhanced chemiluminescence (ECL) reagent and an imaging system.

7.10.1. Mix components based on the manufacturer's protocol and incubate them with the blot for 3 min to bind the ECL reagents to the bands of interest. 

7.10.2. Image the blot with an imaging system (see the Table of Materials). Use imaging software such as ImageJ to measure the density and normalize the density values of the bands of interest to those of the control bands.

8. ELISA for CXCL1 and CXCL5

8.1. Isolate total protein from the gastrocnemii muscles as described previously12.

8.2. Assess the degree of inflammation by ELISA for CXCL1 and CXCL5 as previously described14 and according to the manufacturer’s instructions.

9. Immunoprecipitation followed by western analysis

9.1. Subject the mice to the ischemia/reperfusion protocol (section 3). 

9.2. Harvest the tissues (section 4) and isolate protein as previously described12. Determine the protein concentration by the Bradford Assay13. 

9.3. To concentrate the macrophage fraction of the total protein lysate, perform an immunoprecipitation for CD14 as described previously15.  

9.4. Use the CD14 immunoprecipitate to perform electrophoresis and blot for CD206 and CD68 as described previously12.  

9.5. Perform a western blot on lysates of the gastrocnemii as described in section 7. 

9.6	Incubate the immunoprecipitates overnight with the primary polyclonal antibodies to CD206 or CD68. Dilute the antibodies 1:200 in TBS.

9.7. Use HRP-conjugated donkey anti-mouse IgG and HRP-anti-goat IgG (1:10,000 dilution) as secondary antibodies.

9.8. Apply ECL reagent to the blot after mixing components based on the manufacturer's protocol and incubate for 3 min to visualize the bands of interest. Image the blot using an imaging system. 

10. Statistical analysis

10.1. Perform statistical analysis of data within and between groups with analysis of variance (ANOVA) for repeated measures followed by Bonferroni’s modification of Student’s t-test, p ≤ 0.05. 

10.2. Express data as mean ± standard error of the mean (SEM) or mean ± standard deviation (SD).

REPRESENTATIVE RESULTS:
Flow measurements confirmed ischemia and reperfusion
NIR light placement and the experimental protocol are depicted in Figure 1. A murine hindlimb ischemia model was developed and employed to assess the effect of NIR exposure on skeletal muscle IRI. As was expected, laser doppler flux imaging (Figure 2A) verified that the tourniquet was effective at inducing ischemia along with a return in blood flow to near-baseline for both NIR-treated (n = 6) and non-light-treated hindlimbs (n = 6). Thermal imaging (Figure 2A) also demonstrated that there was no heating of the limbs from the LED arrays, suggesting that the observed effects were attributable to NIR light and not thermal heating. 

NIR treatment reduces quadriceps infarction
Gross histological delineation of skeletal muscle tissue with TTC staining (Figure 3A) demonstrated a significant 1.5-fold decrease (p < 0.05) in the amount of necrotic tissue in NIR light-treated quadriceps (n = 3) after IRI compared to the non-NIR-exposed quadriceps (n = 3, Figure 3B). 

NIR application reduces chlorotyrosine expression in gastrocnemii
Western blot analysis of 3-chlorotyrosine adducts (Figure 4) was performed as a surrogate marker for the presence of acute-phase neutrophils. It demonstrated a significant 2.9-fold decrease (p < 0.05) in chlorotyrosine adduct expression in the NIR light-treated gastrocnemius after IRI compared to the non-NIR-exposed gastrocnemius. 

NIR application reduces the expression of CXCL1 and CXCL5 in gastrocnemii
An ELISA was employed to determine the expression levels of the two proinflammatory chemokines CXCL1 (Figure 5A) and CXCL5 (Figure 5B). NIR treatment reduced the expression of CXCL1 and CXCL5 significantly after 15 min of reperfusion. Only the expression level of CXCL5 was significantly reduced after 30 min of reperfusion.  

Effects of NIR treatment on macrophage phenotype in gastrocnemii
Immunoprecipitation for the macrophage marker CD14 followed by western blot analysis for M1 marker CD68 and M2 marker CD206 was performed to understand the contribution of M1 and M2 macrophages to the propagation of inflammation. These data show that NIR treatment reduced the expression level of the inflammatory M1 macrophage marker (Ischemia + NIR 5752 ± 154, Ischemia – NIR 6464 ± 213, Control 6524 ± 202) (Figure 6A) and increased the expression level of the protective M2 macrophage marker (Figure 6B) normalized to the expression level of the total macrophage marker (Ischemia + NIR 7378.68 ± 425, Ischemia – NIR 5853.67 ± 215, Control 5542.53 ± 220).

FIGURE AND TABLE LEGENDS:
Figure 1: Experimental protocol and the position of the fiber optic light source. Abbreviations: LDI = laser doppler imager; NIR = near-infrared.

Figure2: LDI measurements confirmed that the tourniquet was effective at inducing ischemia. (A) Flux Thermal images demonstrate interruption of blood flow and restoration of blood flow upon reperfusion. Analysis of flux images shows the interruption of blood flow during ischemia and the restoration of blood flow upon reperfusion in control (B) and R/NIR-treated mice (C). Abbreviations: LDI = laser doppler imager; R = reperfusion; NIR = near-infrared light. 

Figure 3: TTC staining of skeletal muscle tissue. (A) TTC staining; (B) analysis shows a significant decrease in infarcted skeletal muscle tissue. The scale bar (inches) depicts the size of the quadriceps muscle. *P ≤ 0.05. Abbreviations: NIR = near-infrared; TTC = 2,3,5-triphenyltetrazolium chloride.

Figure 4: 3-Chlorotyrosine expression levels in skeletal muscle after NIR irradiation. Western blot analysis showing a significant decrease in 3-chlorotyrosine expression levels in skeletal muscle after NIR irradiation. *P ≤ 0.05. Abbreviations: NIR = near-infrared; IL = ischemic limb; CL = contralateral limb. 

Figure 5: Expression levels of CXCL1 and CXCL5 determined by ELISA. (A) CXCL1 expression levels are significantly decreased at 15 min of reperfusion in the NIR group. This significant effect waned after 30 min when compared to the no-NIR control. (B) CXCL5 expression levels are significantly decreased at 15 and 30 min of reperfusion in the light group compared to the no-light group. *P ≤ 0.05. Abbreviations: NIR = near-infrared; ELISA = enzyme-linked immunosorbent assay.

Figure 6: Expression levels of M1 and M2 normalized to the total macrophage marker CD14 determined by immunoprecipitation followed by western blot analysis. (A) Expression level of M1 macrophage marker CD68 normalized to the macrophage marker CD14 expression. Light treatment reduced the expression level of the proinflammatory M1 marker CD68 significantly when compared to no-light treatment and control. (B) Expression level of protective M2 macrophage marker CD206 normalized to the macrophage marker CD14 expression. Light treatment increased the expression of CD206 significantly compared to no-light treatment and control. *P ≤ 0.05. Abbreviation: NIR = near-infrared.

DISCUSSION: 
This paper describes one of the first studies to focus on the reduction of reperfusion injury by NIR light treatment by changing the inflammatory response in the hindlimb. Ischemia reperfusion injury and NIR light treatment are not entirely novel. Other studies focused on ischemia reperfusion by NIR light. NIR light treatment has been successfully used in the reduction of myocardial infract size and reduction of renal damage after ischemia reperfusion injury. Quirk et al. reported a reduction in myocardial infarct size and reduction of ischemia reperfusion after NIR application16,17,18.   
The placement of a tourniquet is of great importance to stop bleeding after injury or create a blood-free area in a clinical setting during surgery and in emergency situations, including the battlefield19. Having prolonged ischemia followed by reperfusion raises the concern of reperfusion injury.

These data show that phototherapy in the form of a 670 nm LED light application reduces reperfusion injury by lowering the inflammatory response and changes macrophages from an inflammatory to an anti-inflammatory phenotype after tourniquet placement. The expression of the inflammatory marker, chlorotyrosine, is elevated after ischemia reperfusion, highlighting the injury (Figure 3). Chlorotyrosine is an oxidation end-product of MPO activity. Yu et al. reported an increase in chlorotyrosine expression as a marker of inflammation in an ischemia reperfusion model of murine stroke20. 

Furthermore, Souza et al. described a macrophage phenotype change 24 h after photobiomodulation using the macrophage cell line J774, concluding that NIR treatment modulates the inflammatory phases and improves tissue repair6,21. In addition to recruiting macrophages and various other immune cells, CXCL1 and CXCL5 have significant chemoattractant effects on neutrophils, which are most directly responsible for IRI. MCP-1 was not included in this analysis as it is strictly a monocyte/macrophage chemoattractant. CXCL1 and CXCL5 are produced by various cells, including macrophages, neutrophils, and epithelial cells4,22

The limitation of this study is the penetration depth of NIR light. Hu et al. describe penetration of 5 cm in most tissues using cadavers and comparing different areas23. This paper’s approach was to determine the polarization of M1 and M2 macrophages based on the concentration of all macrophages by immunoprecipitation followed by western blot analysis to determine changes in the contribution of M1 and M2 to inflammation after NIR treatment. Immunofluorescence, flow cytometry, and an entire panel of macrophage polarization markers were not performed. These findings show that inflammation in a reperfusion/injury setting was reduced by NIR light treatment and suggest a possible clinical application. The most critical steps in this protocol are the confirmation of occlusion and the application of NIR light once per hour for 5 min throughout the duration of ischemia.  
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