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Abstract

Control of inflammation is critical for the treatment of non-healing wounds, but a delicate balance 

exists between early inflammation that is essential for normal tissue repair and the pathologic 

inflammation that can occur later in the repair process. This necessitates the development of novel 

therapies that can target inflammation at the appropriate time during repair. Here, we found that 

SIRT3 is essential for normal healing and regulates inflammation in wound macrophages post-

injury. Under ‘pre-diabetic’ conditions, SIRT3 was decreased in wound macrophages and resulted 

in dysregulated inflammation. Further, we found that FABP4 regulates SIRT3 in human blood 

monocytes and inhibiting FABP4 in wound macrophages decreases inflammatory cytokine 

expression making FABP4 a viable target for the regulation of excess inflammation and wound 

repair in diabetes. Using a series of ex vivo and in vivo studies with genetically engineered mouse 

models, as well as diabetic human monocytes, we demonstrate that FABP4 expression is 

epigenetically upregulated in diabetic wound macrophages and, in turn, diminishes SIRT3 
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expression thereby promoting inflammation. These findings have significant implications for 

controlling inflammation and promoting tissue repair in diabetic wounds.
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INTRODUCTION

Impaired wound healing associated with chronic inflammation is a major complication of 

type 2 diabetes (T2D) and is the leading cause of non-traumatic amputation in the United 

States (Boulton et al., 2005). Wound healing is a tightly regulated process with distinct 

phases occurring in programmed succession (Diegelmann and Evans, 2004, Reinke and 

Sorg, 2012). Failure of progression through these discrete phases results in impaired healing. 

Normally, following the initial coagulation phase, neutrophils and monocyte/macrophages 

are recruited to the wound bed and the inflammatory phase ensues. As the injured tissue 

progresses through the inflammatory phase, the predominant macrophage phenotype in the 

wound bed changes when the wound transitions to the proliferative phase (Galli et al., 2011, 

Landen et al., 2016). During the initial part of the inflammatory phase, infiltrating 

monocytes recruited to the site of injury secrete proinflammatory mediators (Barrientos et 

al., 2008, Hubner et al., 1996). Then, towards the end of the inflammatory phase, they shift 

towards a reparative phenotype and secrete anti-inflammatory mediators that promote tissue 

repair (Barrientos et al., 2008, Galli et al., 2011, Landen et al., 2016, Porcheray et al., 2005). 

However, in T2D, the macrophages remain in a proinflammatory state and fail to shift to the 

reparative phenotype, resulting in chronic inflammation (Boniakowski et al., 2018, Falanga, 

2005, Kimball et al., 2018, Kimball et al., 2017a, Kimball et al., 2017b, Wetzler et al., 

2000).
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While it is unknown what drives inflammatory macrophage phenotype transition during 

wound healing, recent studies have suggested a strong link between inflammation and 

metabolism (Liu et al., 2012a). The coupling of these two entities appears to be, in part, due 

to sirtuins (Liu et al., 2015). Sirtuins are a family of nicotinamide adenine dinucleotide 

(NAD+)- dependent protein deacetylases that regulate important metabolic homeostatic 

mechanisms that are known to influence inflammatory pathways (Buechler et al., 2017, Imai 

et al., 2000, Liu et al., 2012a, Liu et al., 2012b). Sirtuin 3 (SIRT3), the primary 

mitochondrial deacetylase (Hirschey et al., 2010, Lombard et al., 2007, Onyango et al., 

2002), has been shown to be of particular importance to inflammation in adipose tissue (Xu 

et al., 2016). Importantly, SIRT3 has been implicated in the regulation of inflammation in 

human tissues and was recently found to be decreased in pancreatic islet cells of T2D 

patients (Caton et al., 2013). Although SIRT3 has been associated with adipocyte 

inflammation (Xu et al., 2016), its role in tissue repair, and specifically macrophage-

mediated inflammation, in normal and diabetic wound repair has not been examined.

While the exact regulation of SIRT3 is unknown, free monounsaturated fatty acids have been 

shown to upregulate SIRT3. Further, a fatty acid binding protein, FABP4, has been shown to 

inversely correlate with Sirt3 expression (Xu et al., 2016). The suggested mechanism is 

based upon findings that high levels of FABP4 result in fewer free monounsaturated fatty 

acids, thus decreasing their availability to increase SIRT3 (Xu et al., 2015). Additionally, 

recent evidence suggests that epigenetic modifications, such as histone methylation, play a 

critical role in the regulation of macrophage phenotype in both normal and diabetic wounds 

(Gallagher et al., 2015, Kimball et al., 2017a). Although direct epigenetic regulation of 

inflammatory cytokine expression in wound macrophages has been examined, the epigenetic 

regulation of upstream proteins, such as FABP4, during wound repair is unknown. To date, 

the role of SIRT3/FABP4 in vivo in macrophages and wound repair is unknown.

Here, we demonstrate that SIRT3 is essential for normal wound repair and is impaired in 

SIRT3-deficient mice. We show that wound macrophages from diabetic mice display 

reduced SIRT3 during the transition from an inflammatory to reparative phenotype and this 

results in increased inflammatory cytokine production. Further, we demonstrate that FABP4 

is increased in diabetic wound macrophages and regulates SIRT3 in human blood 

monocytes. Further, diabetic wound macrophages and human T2D monocytes treated ex 
vivo with an FABP4 inhibitor display increased Sirt3 and decreased inflammatory cytokine 

production. We demonstrate that FABP4 is epigenetically regulated, with increased 

activating histone 3 lysine 4 trimethylation (H3K4me3) on the Fabp4 promoter in diabetic 

wound macrophages. These findings suggest that FABP4 may be a viable therapeutic target 

to regulate macrophage phenotype and inflammation in diabetic wounds.

RESULTS

Sirt3 is essential for wound inflammation and tissue repair.

Recent studies have shown that SIRT3 plays a key role in the regulation of adipose tissue 

inflammation (Xu et al., 2016). Given that a regulated, macrophage-mediated inflammatory 

response is essential for tissue repair, we examined Sirt3 in wound macrophages following 

injury. Macrophages (CD11b+Ly6G−CD3−CD19−) were isolated by cell sorting from full 
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thickness biopsy wounds in C57BL/6 mice on days 1, 3, 5, and 7 post-injury and Sirt3 gene 

expression was examined. We identified a significant increase in Sirt3 expression on days 3 

and 5, during the transition in wound macrophages from an inflammatory to a reparative 

phenotype (Figure 1A). To determine whether this early increase in Sirt3 expression in 

macrophages is critical for wound healing, we wounded Sirt3−/− mice (Lombard et al., 2007) 

and their littermate controls (Sirt3+/+) and analyzed healing rates. We found significantly 

delayed wound healing in the Sirt3−/− mice compared with littermate controls, particularly 

during the early stages of healing (Figure 1B). Representative images of the delayed healing 

in the Sirt3−/− mice on day 3 compared with controls are shown. To further validate our 

findings we performed histological analysis of wounds at days 3 and 5. Histologic 

assessment confirmed that Sirt3−/− wound diameter was significantly greater and had less re-

epithelialization on the wound edge as compared to littermate controls (Figure 1C). Further, 

trichrome analysis revealed that collagen deposition was reduced in Sirt3−/− wounds as 

compared to littermate controls. We performed Ki67 staining to evaluate whether cellular 

proliferation was impacted by Sirt3 deletion. Microscopically, there appears to be a 

reduction in Ki67 staining at the wound edge in Sirt3−/−compared to controls but this did not 

reach significance when quantified (Figure S1). Despite no significant changes in Ki67 

staining, these data show that Sirt3 is necessary for normal wound healing.

Since SIRT3 is an important regulator of inflammation in adipose tissue, we examined if the 

absence of SIRT3 in macrophages alters wound healing by disrupting early inflammation 

that is necessary for tissue repair. To define the effects of SIRT3 on macrophage-mediated 

inflammation in wound repair, we examined the in vivo expression of key inflammatory 

cytokines important for healing in wound macrophages isolated from SIRT3-deficient mice. 

Wound macrophages (CD11b+Ly6G−CD3−CD19−) sorted from Sirt3−/− mice and littermate 

controls on day 3 were analyzed for inflammatory gene expression and Il1b, Tnfa, and Nos2 
expression were significantly increased in wound macrophages from Sirt3−/− wounds 

compared to controls (Figure 1D). To examine if the changes in gene expression correlated 

with cytokine production, intracellular flow cytometry of wound macrophages was 

performed. Using our previously described gating strategy for in vivo wound flow 

cytometry, we examined live, lineage- (CD3−CD19−Ter119−NK1.1−), non-neutrophil (Ly6G
−CD11b+Ly6Chi) cells (Kimball et al., 2018, Kimball et al., 2017a, Kimball et al., 2017b) 

from wounds of Sirt3−/− and controls and found that there was significantly increased IL1β 
in the Sirt3−/− recruited wound macrophages compared with controls (Figure 1E). Taken 

together, this data suggests that SIRT3 is important in vivo for macrophage-mediated 

inflammation in wound repair.

Adoptive transfer of Sirt3-competent macrophages to Sirt3-deficient wounds reduces 
inflammation and improves healing.

Since SIRT3 was upregulated in normal wound macrophages and mice lacking SIRT3 

demonstrated impaired healing, we sought to examine whether replenishment of Sirt3+/+ 

macrophages into SIRT3-deficient mice would restore wound healing. To investigate this, 

we performed an adoptive transfer with macrophages (CD11b+CD3−CD19−CD11c−Ly6G
−NK1.1−) isolated from Sirt3+/+ and Sirt3−/− spleens and adoptively transferred 1×106 cells 

into peripheral blood of Sirt3−/− mice. We found that the impairment in early wound healing 
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was restored in SIRT3-deficient mice that received Sirt3+/+ macrophages. Representative 

mouse wound images on days 0 and 3 are shown (Figure 2A). To ensure that the transferred 

cells effectively home to the wound site, we adoptively transferred splenic bone marrow 

macrophages (CD11b+CD3−CD19−CD11c−Ly6G−NK1.1−) from B6.SJL-PtprcaPepcb/BoyJ 

mice expressing CD45.1 into peripheral blood of wounded Sirt3−/− mice. We found that 3 

days following transfer, CD45.1+ cells were present in wounds from SIRT3-deficient mice 

(Figure 2B).

To examine if the improvement in wound healing seen in Sirt3−/− mice receiving Sirt3-

expressing cells was due to reduced expression of pro-inflammatory cytokines, we 

performed an adoptive transfer with macrophages (CD11b+CD3−CD19−CD11c−Ly6G
−NK1.1−) isolated from Sirt3+/+ and Sirt3−/− spleens and injected 1×106 cells into tail vein 

of Sirt3−/− mice. On day 3 we isolated macrophages directly from the wounds of recipient 

mice and analyzed for expression of Il1b, Tnfa, and Nos2. Wound macrophages isolated 

from mice that received Sirt3+/+ cells showed reduced expression of these inflammatory 

cytokines compared to those that received the Sirt3−/− cells (Figure 2C). Taken together, 

these results suggest that SIRT3 is essential for normal wound repair and that myeloid-

specific SIRT3 expression regulates inflammatory signaling leading to improved healing in 

SIRT3-deficient mice.

Sirt3 is significantly reduced in diabetic wound macrophages.

Impaired wound healing in T2D is secondary to failure to progress through the normal 

healing cascade and impaired resolution of inflammation. Further, previous studies have 

shown that mice lacking SIRT3 demonstrate significant metabolic abnormalities, rendering 

them functionally diabetic (Caton et al., 2013, Lantier et al., 2015). Given that SIRT3-

deficient mice demonstrate similar metabolic derangements to that seen in T2D and the 

established importance of regulated inflammation in diabetic wound repair, we examined the 

role of SIRT3 in diabetic wound healing. We used the diet-induced obese (DIO) mouse as a 

model of ‘prediabetes’ because it physiologically mirrors the development of T2D in 

humans and does not have leptin alterations that can alter innate immunity (Francisco et al., 

2018). We first examined wound healing in a cohort of Sirt3−/− mice, DIO mice, and normal 

diet littermate controls, and found that SIRT3-deficient mice and DIO mice demonstrated 

similarly impaired wound healing following acute injury, particularly in early healing. 

Representative images of mouse wounds on days 0 and 3 are shown for comparison (Figure 

3A). Histological analysis confirmed that for both Sirt3−/− and Sirt3+/+ DIO wounds, wound 

diameter was increased and collagen deposition decreased similarly compared to Sirt3+/+ 

controls (Figure 3A). Comparably, SIRT3 protein was significantly decreased in DIO whole 

wounds and wound macrophages compared with controls at day 3 (Figure 3B and Figure 

S2). Similar to Sirt3−/− wounds, although we visualized a decrease in Ki67 staining in 

Sirt3+/+ DIO wounds, this did not show to be significant when quantified (Figure S3). To 

verify that the difference between control and DIO was intrinsic to macrophages, we 

measured Sirt3 expression in wound macrophages (CD11b+CD3−CD19−Ly6G−) and non-

myeloid cells (CD11b−CD3+CD19+Ly6G+) isolated from the wound. We found that Sirt3 
expression was significantly lower in the non-myeloid cells compared to wound 

macrophages (Figure 3C). Next, to examine Sirt3 expression in DIO wound macrophages 
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over the course of wound healing, we isolated DIO and control wound macrophages (CD11b
+CD3−CD19−Ly6G−) on days 1, 3, 5, and 7 post-injury and assessed Sirt3 gene expression. 

Sirt3 expression was significantly elevated in normal wound macrophages on days 3 and 5, 

while it remained low in the DIO macrophages (Figure 3D). Taken together, these findings 

suggest that SIRT3 is altered in DIO wound macrophages during healing.

FABP4 epigenetically regulates Sirt3 in diabetic wound macrophages and controls wound 
inflammation.

Recent studies have found that in vitro macrophages lacking FABP4 demonstrate decreased 

inflammation via a SIRT3-dependent mechanism (Xu et al., 2016). Given the connection 

between FABP4, SIRT3, and inflammation, we first examined if inhibition of FABP4 could 

alter Sirt3 expression in human monocytes. Human peripheral blood CD14+ monocytes 

were sorted and incubated ex vivo with an FABP4 inhibitor (BMS-309403) or vehicle 

control. We identified a significant increase in SIRT3 expression in normal human 

monocytes incubated with the FABP4 inhibitor (Figure 4A), suggesting that FABP4 may 

regulate SIRT3 in human monocytes. Given that recent literature suggests that FABP4 is 

increased in a variety of tissues in T2D and our findings show that FABP4 regulates SIRT3 

in human monocytes, we examined the role of FABP4 in vivo in wound macrophages from 

our DIO mice and controls. We identified that there was a significant increase in Fabp4 
expression in early DIO wound macrophages, starting at day 3, compared with controls 

(Figure 4B). Protein levels were also significantly increased in DIO wound macrophages 

compared with controls (Figure 4C). Since FABP4 levels were increased in DIO wound 

macrophages, we examined the effect of FABP4 inhibition on Sirt3 and inflammatory 

cytokine gene expression. When DIO wound macrophages were cultured ex vivo with the 

FABP4 inhibitor (BMS-309403) or vehicle control for 6 hours, we found a significant 

reduction in the expression of inflammatory cytokines Il1b and Tnfa in FABP4 inhibitor-

treated DIO wound macrophages as compared to controls (Figure 4D).

Epigenetic regulation via histone methylation has been found to play a role in macrophage 

inflammation in wounds and T2D (Gallagher et al., 2015, Jaenisch and Bird, 2003). We and 

others have identified that trimethylation of histone 3, lysine 4 (H3K4me3) regulates the 

expression of inflammatory cytokine genes in wound macrophages (Carson et al., 2017, 

Kimball et al., 2017a, Kittan et al., 2013). Since there was a dramatic difference in FABP4 in 

diabetic wound macrophages compared to controls, we examined whether Fabp4 gene 

expression was epigenetically regulated by H3K4me3 in DIO wound macrophages. DIO and 

control wound macrophages were isolated and ChIP analysis was performed on the Fabp4 
promoter for H3K4me3 as previously described (Kimball et al., 2017a). DIO wound 

macrophages demonstrated significantly increased H3K4me3 on the Fabp4 promoter as 

compared to control wound macrophages (Figure 4E). This correlates with the increased 

FABP4 seen in the DIO wound macrophages and suggests that FABP4 may be 

epigenetically regulated. To translate these findings, we tested whether SIRT3 expression 

could be reversed by FABP4 inhibition in human diabetic monocytes. We isolated diabetic 

CD14+ peripheral blood monocytes and cultured them ex vivo with FABP4 inhibitor or 

vehicle. Consistent with our previous results, while SIRT3 expression was extremely low in 

the presence of the vehicle, FABP4 inhibition resulted in a greater than 100-fold increase in 
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SIRT3 expression in the human diabetic monocytes (Figure 4F). Taken together, these 

findings suggest that FABP4, likely through SIRT3 regulation, may be a viable target to 

control inflammation in DIO wounds. Further, our data suggest that FABP4 is epigenetically 

regulated, providing another therapeutic target to control macrophage-mediated 

inflammation in wounds through inhibition of Fabp4 gene expression.

DISCUSSION

It is well known that dysregulated inflammation is responsible for significant non-healing in 

T2D wounds (Boniakowski et al., 2017, Davis et al., 2018, Dinh et al., 2012); however, the 

molecular mechanisms responsible for this remain unclear. In this study, we found that 

SIRT3 is important for regulation of macrophage-mediated inflammation in normal wound 

healing, and that myeloid-specific SIRT3 was sufficient to rescue wound healing in SIRT3-

deficient mice. Given the role of SIRT3 in wound repair and inflammation, we evaluated 

SIRT3 in DIO wound macrophages and found these had decreased SIRT3 expression. We 

further identified that FABP4 is increased in DIO wound macrophages. Finally, we 

interrogated FABP4, an upstream regulator of SIRT3, and were able to increase SIRT3 

expression and decrease inflammatory cytokine production in wound macrophages and 

human monocytes. Taken together, our results suggest that SIRT3 plays a crucial role in the 

regulation of macrophage-mediated inflammation in wound healing, and that the 

manipulation of its upstream regulator, FABP4, may provide a therapeutic target to improve 

wound healing by controlling inflammation in diabetes.

Although our study displays insight into the mechanism behind dysregulated inflammation 

in wounds, there are a few limitations that should be addressed. While our study specifically 

examined the role of macrophages in inflammation in wound healing, it is well known that 

the wound healing process is complex, and that other cells and compensatory mechanisms 

are playing a role (Diegelmann and Evans, 2004, Reinke and Sorg, 2012). For example, 

since neutrophils play a key role in the early stages of wound healing (Theilgaard-Monch et 

al., 2004), it is possible that some of the healing deficits seen in our global Sirt3−/− mice are 

mediated by neutrophils, although the role of SIRT3 in neutrophils has not yet been 

investigated. Given the ubiquitous role SIRT3 plays in regulating inflammation and 

metabolism in multiple tissues (Dittenhafer-Reed et al., 2015, Giralt and Villarroya, 2012), it 

is possible that some of the effects mediated by SIRT3 may be impacting wound healing via 

an indirect influence on other tissues. For example, murine wounds heal by a combination of 

re-epithelialization and contraction (Chen et al., 2015) and studies have suggested that 

macrophages may regulate contraction in the wound (Goren et al., 2009, Newton et al., 

2004). Thus, contraction-related effects could be contributing to the delayed healing we 

observe in Sirt3−/− mice. Further, SIRT3 likely has other end target effects within wound 

macrophages that influence macrophage behavior. Since the macrophage response to injury 

is multifactorial, further studies assessing the role of SIRT3 in wound macrophages using 

more objective sequencing approaches is warranted.

Additionally, in our adoptive transfer studies, healing in Sirt3−/− mice receiving Sirt3−/− 

macrophages was delayed more than in naïve Sirt3−/− mice. This is likely due to 

manipulation of these mice and non-resident cells being introduced to them since the 
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allogeneic transfer (Sirt3+/+ into Sirt3−/−) also showed a shift in the healing curve. Although 

this is a side effect associated with this technique, adoptive transfer is one of the most 

commonly used methods for determining cell autonomy. Regardless of the difference 

between transferred and naïve wound curves, the allogenic transfer conferred an 

improvement in wound healing compared to the syngeneic transfer suggesting that restoring 

Sirt3 expression in circulating macrophages could improve wound repair.

To our knowledge, this study is the first to examine the role of SIRT3 on macrophage 

inflammation in both normal and diabetic wound healing. We have established that SIRT3 is 

dynamic during wound repair and is crucial during the early stages of healing. Loss of 

SIRT3 in macrophages results in an impaired inflammatory response and alters wound 

resolution via increased wound inflammation. These findings suggest that SIRT3 plays a 

significant role in dictating wound macrophage phenotype, which may have significance for 

many other secondary complications of T2D dictated by macrophage-mediated 

inflammation. Importantly, we identified that modulation of FABP4 can regulate SIRT3 in 

human blood monocytes and effectively decrease inflammation in diabetic wound 

macrophages. Thus, FABP4 may serve as a therapeutic target to improve wound healing in 

T2D. Although the exact molecular mechanisms that regulate FABP4 expression remain 

vague, understanding how FABP4/SIRT3 contribute to macrophage function in wounds will 

enhance knowledge regarding chronic inflammation in diabetic wounds.

MATERIAL & METHODS

Mice.

Male C57BL/6 and B6.SJL-PtprcaPepcb/BoyJ mice (Jackson Laboratory, Bar Harbor, ME) 

were obtained and maintained in breeding pairs by the University of Michigan Unit for 

Laboratory and Animal Medicine (ULAM). Mice were maintained on normal diet chow 

(ND) (13.5% kcal fat; lab diet) or high fat diet chow (HFD) (60% kcal fat, Research Diets, 

Inc.) for 10-12 weeks to generate the diet induced obese (DIO) model of glucose 

intolerance/insulin resistance. Sirtuin3−/− (Sirt3−/−) mice on a C57BL/6 background were 

obtained from Dr. David Lombard (University of Michigan). All animal procedures were 

approved under the University of Michigan Institutional Animal Care and Use Committee.

Wound Healing Assessment and Tissue Harvest.

Before wounding, mice were anesthetized, dorsal hair was removed with Veet, and skin was 

cleaned with sterile water. Full thickness back wounds were created by 4-mm punch biopsy 

(two wounds for wound monitoring, and four wounds for cell isolation, RNA, and protein 

experiments). An 8-megapixel iPad camera with an internal scale was used to monitor 

wound size. Wound area was calculated using ImageJ Software (Schneider et al., 2012) and 

was performed as a double-blind analysis to minimize bias. Initial wound size was 

calculated immediately after wounding, and wound closure was assessed over time as a 

percent of initial wound area. Wound tissue was harvested post-injury by 6-mm punch 

biopsy. Wounds were digested at 37°C for 30 min with Liberase (50 μg/mL; Roche) and 

DNaseI (20 units/mL; Sigma-Aldrich). Samples were filtered over a 100-mm cell strainer to 

produce a single-cell suspension.
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Wound histology.

Wounds were harvested and fixed in 10% formalin overnight before embedding in paraffin. 

Sections were selected at the wound center at the maximum wound diameter. 5 μm sections 

were stained with hematoxylin-eosin (H&E) and with Masson’s trichrome stain. For 

immunohistochemistry staining, slides were deparaffinized followed by antigen retrieval in 

citrate buffer. Slides were subsequently stained with Ki67 antibody (Abcam) as previously 

described (Bagchi et al., 2017). Images were captured using Olympus BX43 microscope and 

Olympus cellSens Dimension software. Percent re-epithelialization was calculated by 

measuring distance traveled by epithelial tongues on both sides of wound divided by total 

distance needed for full re-epithelialization. Wound diameter was calculated from and to the 

next leading epithelial wound edge across the maximum diameter of the wound. Trichrome 

and Ki67 staining were quantified using ImageJ software (Schneider et al., 2012). Double-

blind analyses were performed to minimize bias.

Wound Macrophage Isolation and Magnetic-Activated Cell Sorting (MACS).

Wounds were digested as described (Mirza et al., 2013). Single-cell suspensions were 

incubated with fluorescein isothiocyanate (FITC)-labeled anti-CD19, anti-CD3, and anti-

Ly6G magnetic beads (Biolegend) followed by anti-FITC microbeads. The eluent was then 

collected and incubated with anti-CD11b microbeads (Miltenyi Biotec) to isolate the non-

neutrophil, non-lymphocyte, CD11b+ cells. Cells were saved in Trizol® (Invitrogen) for 

quantitative PCR or fixed with 10% formalin for ChIP.

Quantitative Polymerase Chain Reaction (qPCR).

After being placed in Trizol® RNA was isolated following the standard protocol using 

chloroform, isopropyl alcohol, and ethyl alcohol. cDNA was then created using either 

iScript® (BioRad) or Superscript III® Reverse Transcriptase (ThermoFisher Scientific). 

Quantitative PCR was performed using primers specific for Il1b, Tnfa, Nos2, Sirt3, and 

Fabp4 (Thermo Fisher Scientic). All genes were normalized to 18s rRNA (Thermo Fisher 

Scientific) and their expression was analyzed using the 2∆Ct method. Data was compiled in 

Microsoft Excel (Microsoft) and presented using Prism software (GraphPad).

Western Blot.

Cells were lysed and centrifuged at 12,000g for 15 minutes. Equal amounts of cell extracts 

were fractionated by SDS-PAGE and transferred to PVDF membrane (ThermoFisher 

Scientific). Membranes were incubated in primary antibodies anti-SIRT3 (Cell Signaling), 

anti-FABP4 (Cell Signaling), and anti-β-actin (Sigma) overnight followed by secondary 

antibodies conjugated to horseradish peroxidase (Cell Signaling) and visualized using 

enhanced chemiluminescent substrate (Thermo-Fisher).

Flow Cytometry.

Before flow cytometry, single cell suspensions placed in ex vivo culture for 2 hours with 

GolgiStop 1:2,000 dilution (BD Biosciences). Gating strategy used selected live, lineage− 

(CD3−CD19−Ter119−NK1.1−), non-neutrophil (Ly6G−), CD11b+ cells. Cells were then 

fixed with 2% formaldehyde and then washed/permeabilized with BD perm/wash buffer (BD 
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Biosciences) for intra-cellular flow cytometry. After permeabilization, intra-cellular stain for 

anti-IL1β (BD Biosciences) was added. Cells were acquired on a 3-Laser Novocyte Flow 

Cytometer (Acea Biosciences, Inc.) and data was analyzed using FlowJo software version 

10.0 (Treestar, Inc.). To verify gating and purity, all populations were routinely back-gated.

Adoptive transfer.

Spleens from wild type Sirt3+/+ and Sirt3−/− mice were harvested and CD11b+CD3−CD11c
−CD19−Ly6G−NK1.1− cells were isolated as described above. 1×106 cells in 200 uL total 

volume were injected via tail vein into each recipient Sirt3−/− mouse. Recipient mice were 

wounded as described above and monitored for wound closure or euthanized, and wounds 

harvested for CD11b+CD3−CD19−Ly6G− macrophage isolation. Alternatively, spleens from 

B6.SJL-PtprcaPepcb/BoyJ mice were harvested and CD11b+CD3−CD11c−CD19−Ly6G
−NK1.1− cells were isolated and 1×106 cells in 200 uL total volume were injected into the 

tail vein of Sirt3−/− mice as described. Recipient mice were wounded, and wound 

macrophages were processed for flow cytometry for CD45.1/CD45.2 surface expression.

Ex vivo Macrophage Culture with FABP4 Inhibitor.

Cells isolated from wounds were cultured in the absence or presence of 50 μM FABP4 

inhibitor, BMS309403 (Tocris Bioscience), in complete medium. After 2h, Trizol was added 

to cells and RNA was extracted for analysis.

Chromatin Immunoprecipitation (ChIP) Assay.

ChIP was performed as previously described by our group (Ishii et al., 2009, Wen et al., 

2008). Briefly, cell lysates from CD11b+CD3−CD19−Ly6G− wound cells from control and 

DIO mice were incubated with anti-H3K4me3 antibody (Abcam) overnight followed by 

incubation with Protein A agarose beads (ThermoFisher Scientific). DNA eluted from beads 

was further purified and used in a PCR reaction with oligonucleotide primers to the 

promoter region of Fabp4 (5’-TGATCATTGCCAGGGAGAAC-3’, 5’- 

GGGCCAGATCATTTCCTTCA-3’).

Isolation of Human Monocytes from Peripheral Blood.

Thirty milliliters of peripheral blood were obtained from diabetic or non-diabetic subjects 

under the direction of institutional review board protocol (HUM#00060733). After red blood 

cell lysis and Ficoll separation, monocytes were isolated by using anti-CD14 magnetic 

beads.

Statistical Analysis.

Data were analyzed with GraphPad Prism software version 6.0. The statistical significance 

of differences between two groups was assessed by two-tailed Student t test. For 

experiments comparing more than 2 groups, a 2-way ANOVA followed by Newman-Keuls 

test for multiple comparisons was used. Unless otherwise specified, data are expressed as the 

mean +/− the standard error of the mean (SEM). A p-value of 0.05 or less was considered 

statistically significant.
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IRB Exemption.

Patient consent for experiments was not required because this study was deemed EXEMPT 

(IRB HUM# 00060733) since it uses human tissue left over from surgery as discarded 

material.

DATA AVAILABILITY.

There are no datasets included in this manuscript. No sequencing or microarray data is part 

of this manuscript.
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Figure 1. SIRT3 is important for normal wound healing.
A. Two wounds were created using a 4mm punch on the backs of wild type C57BL/6 mice. 

Wound macrophages (CD11b+CD3− CD19−Ly6G−) were isolated at baseline (day 0) and 

various time points post-injury and Sirt3 gene expression was assessed (n=20 mice; repeated 

2x). B: 4mm punch biopsies were created in Sirt3−/− mice and littermate controls (Sirt3+/+) 

and analyzed daily for changes in wound area using ImageJ software (n=10 mice; repeated 

1x). Representative photographs of the wounds of on days 0 and 3 post-injury are shown. C: 

Wounds from Sirt3−/− and Sirt3+/+ controls were harvested on day 5, paraffin embedded and 
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sectioned. Sections were selected at the wound center at the maximum wound diameter. 5 

μm sections were stained with hematoxylin-eosin (H&E) and Masson’s Trichrome. 

Representative sections are shown. Percent re-epithelialization was calculated by measuring 

distance traveled by epithelial tongues on both sides of wound divided by total distance for 

full re-epithelialization. Wound diameter was calculated from and to the next leading 

epithelial wound edge across the maximum diameter of the wound. Black bar over H&E 

sections denotes wound diameter. Trichrome staining was calculated using ImageJ software 

(n=3 mice). Black scale bar in magnified blowout denotes 100 µm scale. D: Wound 

macrophages (CD11b+CD3− CD19−Ly6G−) were isolated from Sirt3−/− mice and Sirt3+/+ 

controls on day 3 post-injury. Relative gene expression of Il1b, Tnfa, and Nos2 was 

measured (n=8 mice; repeated 2x). E: Wounds were harvested from Sirt3−/− and Sirt3+/+ 

controls on day 3 and processed for ex vivo intracellular flow cytometry. The gating strategy 

used for intracellular flow cytometry selecting live, lineage− (CD3−CD19−Ter119−NK1.1−), 

non-neutrophil (Ly6G−), CD11b+ cells is shown. Conservative gates were chosen to limit 

including cells in early apoptosis. Flow cytometry quantification of Ly6C revealed two 

populations of cells in both Sirt3−/− and Sirt3+/+ wounds, translating to Ly6Chi and Ly6Clo 

monocyte/macrophages. Intracellular cytokine quantification by flow cytometry of IL1β in 

Ly6Chi wound monocyte macrophages is shown (n=10 mice, repeated 1x). Data are 

presented as mean ± SEM. Data were analyzed for normality and 2-test Student t-test was 

performed. For data with multiple comparisons, ANOVA followed by Newman-Keuls 

multiple comparisons test was performed.
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Figure 2. Adoptive transfer of Sirt3-expressing macrophages decreases inflammation and 
improves wound healing in Sirt3-deficient mice
A: Monocyte/macrophage (CD11b+CD3−CD11c−CD19−Ly6G−NK1.1−) single cell 

suspensions were isolated from Sirt3−/− and Sirt3+/+ spleens by cell sorting. 1 × 106 cells 

were injected intravenously into wounded Sirt3−/− mice. Wound closure was measured using 

ImageJ software (n=5 mice, repeated 1x). B: Monocyte/macrophage (CD11b+CD3−CD11c
−CD19−Ly6G−NK1.1−) single cell suspensions were isolated from B6.SJL-PtprcaPepcb/

BoyJ spleens by cell sorting. 1 × 106 cells were injected intravenously into wounded Sirt3−/− 

mice. Wounds were harvested and processed for CD11b+CD3− CD19−Ly6G− 3 days post-
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injury and analyzed for CD45.1 and CD45.2 surface marker expression by flow cytometry. 

Bar chart shows relative levels of CD45.1 and CD45.2 as a percent of CD11b+CD3− 

CD19−Ly6G− cells (n=3 mice). C: Monocyte/macrophage (CD11b+CD3−CD11c
−CD19−Ly6G−NK1.1−) single cell suspensions were isolated from Sirt3+/+ or Sirt3−/− 

spleens by cell sorting. 1 × 106 cells were injected intravenously into Sirt3−/− mice and 

wounded. Wounds were harvested and processed for CD11b+CD3− CD19−Ly6G− 3 days 

post-injury. Relative gene expression of Il1b, Tnfa, and Nos2 was measured (n=6 mice). 

Data are presented as mean ± SEM. Data were analyzed for normality and 2-test Student t-
test was performed. For data with multiple comparisons, ANOVA followed by Newman-

Keuls multiple comparisons test was performed.
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Figure 3. Sirt3 expression is significantly reduced in diabetic mice compared with controls.
A: Wounds were created using 4 mm punch biopsies on the backs of DIO, Sirt3−/− mice and 

littermate controls (Sirt3+/+). Change in wound area was analyzed daily using ImageJ 

software (n=10 mice; repeated 2x). Wounds from DIO, Sirt3−/− mice and wild-type 

littermate controls (Sirt3+/+) were harvested on days 3 and 5, paraffin embedded and 

sectioned. Sections were selected at the wound center at the maximum wound diameter. 5 

μm sections were stained with hematoxylin-eosin (H&E) and Masson’s Trichrome. 

Representative sections are shown. Scale bars represent 2mm (trichrome) or 3mm (H&E) for 

low magnification images and 100µm for blowouts (trichrome). Wound diameter was 
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calculated from and to the next leading epithelial wound edge across the maximum diameter 

of the wound. Trichrome staining was calculated using ImageJ software (n=3 mice). B: 

Whole wounds were harvested from DIO mice and normal diet controls on day 3 post-

injury. SIRT3 protein expression was assessed using Western Blot (n=8 mice; repeated 4x). 

C: Wound macrophages (CD11b+CD3−CD19−Ly6G−) or CD11b−CD3+CD19+Ly6G+ cells 

were isolated from DIO mice and controls on day 3 post-injury by cell sorting. Sirt3 gene 

expression was measured. (n=10 mice, repeated 2x). D: Wound macrophages (CD11b
+CD3−CD19−Ly6G−) were isolated from DIO mice and controls on days 1, 3, 5, and 7 post-

injury by cell sorting. Sirt3 gene expression was measured. (n=10 wounds, repeated 2x). 

Data are presented as mean ± SEM. Data were analyzed for normality and 2-test Student t-
test was performed. For data with multiple comparisons, ANOVA followed by Newman-

Keuls multiple comparisons test was performed.
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Figure 4. FABP4 regulates SIRT3 in human monocytes.
A: Human peripheral blood monocytes (CD14+) were isolated and incubated ex vivo with 

FABP4 inhibitor (BMS309403) or vehicle control for 6 hours. Related SIRT3 gene 

expression was quantified and is shown as fold expression compared to vehicle-treated (n=3, 

repeated 1x in triplicate). B: Wound macrophages (CD11b+CD3−CD19−Ly6G−) were 

isolated from DIO mice and controls on days 1, 3, 5, and 7 post-injury by cell sorting. 

Relative Fabp4 gene expression is shown (n=4 mice/time point, repeated 2x). C: FABP4 

protein expression was assessed using Western Blot analysis (n=4 mice, repeated 2x). D: 

DIO wound macrophages (CD11b+CD3−CD19−Ly6G−) were isolated and incubated ex vivo 
for 6h with an FABP4 inhibitor (BMS309403) or vehicle control. Il1b and Tnfa gene 

expression is shown as fold change compared to vehicle-treated (n=14 mice, repeated 2x). E: 

DIO and control wound macrophages (CD11b+CD3−CD19−Ly6G−) were isolated by cell 

sorting on day 3. ChIP analysis was performed for H3K4me3 at the Fabp4 promoter (n=12 

mice, repeated 2x). F. Human peripheral blood monocytes (CD14+) were isolated from 

diabetic patients and incubated ex vivo with FABP4 inhibitor (BMS309403) or vehicle 

control for 6 hours. Sirt3 gene expression was quantified (n=3, repeated 1x). Data are 

presented as mean ± SEM. Data were analyzed for normality and 2-test Student t-test was 

performed. For data with multiple comparisons, ANOVA followed by Newman-Keuls 

multiple comparisons test was performed.
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