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Abstract  
The reasons for poor healing of pressure injuries are poorly understood. Vascular ulcers are 

worsened by extracellular release of hemoglobin, so we examined the impact of myoglobin (Mb) iron 

in murine muscle pressure injuries (mPI). Tests used Mb-knockout or treatment with deferoxamine 

iron chelator (DFO). 

Unlike acute injuries (from cardiotoxin), mPI regenerated poorly with a lack of viable immune 

cells, failure of phagocytosis, and abnormal deposition of iron. However, Mb-knockout or DFO-treated 

mPI displayed a reversal of the pathology: decreased tissue death, decreased iron deposition, 

decrease in markers of oxidative damage, and higher numbers of intact immune cells. Subsequently, 

DFO treatment improved myofiber regeneration and morphology. 

We conclude that myoglobin iron contributes to tissue death in mPI. Remarkably, a large 

fraction of muscle death in untreated mPI occurred later than, and was preventable by, DFO 

treatment, even though treatment started 12 hours after pressure was removed. This demonstrates 

an opportunity for post-pressure prevention to salvage tissue viability. 
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Introduction 
Pressure injuries (also called pressure ulcers, bedsores, decubiti, or pressure sores) are tissue 

damage caused by sustained pressure.  They are extremely painful (1), costly to prevent and treat (2), 

and they increase the risk of patient sepsis and death (3). Tissue death can be caused by mechanical 

deformation, ischemia, or both. Ischemia is often studied as ischemia-reperfusion injury, but poor 

clearance of damage factors may have unappreciated importance (4). 

Pressure injuries often heal poorly (5), especially if they involve deeper layers such as muscle 

(6, 7), but the reasons are for poor quality and quantity of healing are not clear. Some cases can be 

explained by complications or co-morbidities (infection, incontinence, poor circulation, 

hyperglycemia, chronic re-injury, advanced age) but pressure injuries can affect any immobile person 

(e.g., young adults with spinal cord injury). In this study, we ask whether some aspect of pressure-

induced injury is intrinsically inhospitable to regeneration and in need of intervention.   

Chronic ulcers of veins or arteries (e.g., venous stasis ulcers, sickle cell ulcers), have high levels 

of extracellular hemoglobin (Hb) released in the wound. For example, many have deposits of 

hemosiderin. Extracellular Hb and its breakdown products (e.g., hemin, iron) create oxidative stress 

(8, 9) and other effects that are detrimental to regeneration. For example, Hb decreases nitric oxide 

for angiogenesis (10, 11), and signals as a DAMP (damage-associated molecular pattern) to increase 

inflammation (12, 13). Systems exist to detoxify Hb (14), but Hb is also an innate immune factor with 

evolutionarily-conserved antimicrobial function. When extracellular Hb is activated by proteolytic 

cleavage, bacterial binding, or conformational change, it increases production of ROS (reactive oxygen 

species) (15); this process has been called “oxidative burst without phagocytes” (15, 16). Our earlier 

work used evolutionary conservation to identify ROS-producing fragments of Hb and crosstalk with 

tissue factor coagulation (17, 18). Therefore, globin proteins have multiple functions that may be 

detrimental to chronic wounds (19). 

Myoglobin release into plasma or urine has been observed after muscle pressure injuries (mPI) 

in multiple studies including DTI (deep tissue injury) (20-24), but was studied as a readout of damage 

rather than a source of damage. We reason by analogy to hemoglobin that extracellular myoglobin 

might create a hostile wound environment. An extracellular environment oxidizes globins to a ferric 

(Fe3+) state, which can be further oxidized to ferryl (FeIV = O) globin in the presence of endogenous 

peroxides such as hydrogen peroxide (25). Hydrogen peroxide is ubiquitous in contexts of cell stress, 

mitochondrial permeabilization, and cell death (26). Ferryl-Mb can oxidize macromolecules directly 

(8, 27, 28) and can form heme-to-protein cross-links (29). Most importantly, ferryl myoglobin can 

participate in a catalytic cycle of pseudo-peroxidase activity (redox cycling) (30). In a tissue context, 

myoglobin can induce ferroptosis, which is a form of non-apoptotic cell death associated with iron and 

characterized by lipid peroxidation (31). Dissociation of myoglobin into free heme or iron results in 

additional forms of toxicity, as described for hemoglobin.  

We hypothesize that mPI will have Mb-dependent dysfunctions that resemble the Hb-

dependent dysfunctions of vascular ulcers. Specifically, we hypothesize that introducing Mb-knockout 

or iron chelation therapy will partially normalize the mPI dysfunctions. In contrast, an injury to the 

same muscle by cardiotoxin injection (which does not block drainage of the wound) will not show 

significant Mb-dependent dysfunction. 

Deferoxamine (DFO), also known as desferrioxamine or desferoxamine, is an FDA-approved 

small-molecule iron chelator that improves iron overload syndromes (32, 33). DFO binds free iron and 

heme at a 1-to-1 ratio (32), scavenges free radicals (25, 34), reduces ferryl myoglobin to ferric 

myoglobin (28, 35), inhibits cross-linking of heme to protein (9), and prevents the formation of pro-
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oxidant globin and heme species. DFO can function as an activator of Hif1α (19, 36), a tool for 

promoting angiogenesis (37, 38), an antioxidant (39), or can join an anti-ischemic cocktail (40).  DFO 

appears in hundreds of studies of ischemic or inflammatory pathologies. In our study, subcutaneous 

DFO is used for testing the hypothesized role of myoglobin iron and as an anti-DAMP therapy for 

combating local iron overload. 

Assessing the contribution of myoglobin iron to pressure injury pathophysiology provides an 

opportunity to test several additional hypotheses about pressure injuries. First, our prior work in 

mathematical modeling (41) predicted that oxidative stress from myoglobin and other DAMPs could 

create secondary progression of pressure ulcers. Secondary progression means that otherwise viable 

tissue dies later from the environmental consequences of injury, rather than dying directly from the 

original injury. Pressure injuries are known to have gradual expansion of tissue death (42), consistent 

with secondary progression, but blocking secondary progression has not been clinically recognized as 

a goal for intervention (43). Therefore, our studies are designed to test whether tissue margins can be 

saved from dying, if we initiate iron chelation therapy 12 hours after pressure has ended. Second, we 

hypothesize that iron chelation therapy, by improving the early stages of injury response, will lead to 

better muscle tissue architecture (better morphogenesis) in long-term regeneration, even after 

treatment has ended.  This hypothesis will be tested by breeding inducible fluorescence into satellite 

cells (muscle stem cells bearing Pax7); this fluorescence causes newly regenerated muscle fibers light 

up against the dark background of pre-existing muscle. Third, establishing a pressure injury mouse 

model provides an opportunity to learn how much of the poor healing is independent of co-

morbidities and complications. To the best of our knowledge, pressure injuries have never been 

assessed for poor regeneration under aseptic conditions in young, healthy animals.  We hypothesize 

that even under these ideal circumstances, mPI will heal slowly and incompletely. Our fourth and final 

additional hypothesis is based on prior studies of blood-related conditions in which high levels of heme 

(e.g., hemin) can impair phagocyte functions of chemotaxis and phagocytosis (11, 44-50). Given that 

pressure ulcers often have slough or eschar, we hypothesize that mPI will have impaired phagocytosis, 

and that sterile mPI will have slough, despite the absence of bacterial biofilm.  If correct, this would 

imply that slough by itself is not sufficient to indicate infection (or bacterial colonization) of a wound.  

Results 

Magnet-induced pressure injury causes delayed healing and failure of muscle regeneration 

To compare wound healing between acute and chronic wounds, we injured the dorsal skinfold 

of mice using either cardiotoxin (CTX) or pressure (Suppl. Fig 1A-B) in healthy young adult mice under 

specific pathogen-free conditions. Both groups of mice received sham-treatment (injected with 0.9% 

saline subcutaneously for 16 days, or until mouse sacrifice, whichever was sooner). The normal 

uninjured mouse skinfold contains the following parallel layers: a thin epithelium (epidermis), a thicker 

layer of dermis, dermal white adipose tissue (dWAT), a muscle layer called the panniculus carnosus 

(PC), and a wavy layer of loose areolar tissue (Suppl. Fig 1C). After CTX killed the panniculus muscle, 

substantial muscle regeneration occurred by 10 days, in which immature muscle fibers displayed 

central nuclei (Fig 1A). At 40 days after acute injury, muscle was completely regenerated and mature, 

with peripherally-located nuclei (Fig 1C). In contrast, the pressure-injured wound bed remained filled 

with dead tissue at day 10, indicating a failure of phagocytosis or efferocytosis to clear the necrotic 

tissue (Fig 1B, 1E-F). Our pressure injuries showed no signs of infection and no epibole (Fig 1E). The 

dead epidermis, dermis, dWAT and panniculus layers were pushed upward at day 7 ± 2 as slough 

(necroslough, per the nomenclature of (51)) and remained at the surface, eventually becoming a dry 

eschar (Fig 1E). When the eschar dropped off (by day 15), the size of the epithelial opening was smaller 
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than the eschar, meaning that re-epithelialization had occurred underneath the eschar. Re-

epithelialization completed at day 21 ± 2. Despite successful closure of the epithelial layer, pressure 

injuries at 40 days had only partial regeneration of the panniculus carnosus layer (Fig 1D, 1G). At 90 

days after pressure injury, the dermis and epidermis had regenerated, but a hole remained in the 

panniculus muscle layer (Fig 1H), indicating a failure to regenerate (52). Suppl. Fig 2 provides a 

schematic to summarize the difference in timing and milestones, between the healthy healing of CTX 

damage, versus the impaired healing of pressure-induced damage. We conclude that mPI heal poorly 

in the absence of miocrobial pathogens and co-morbidities. 

Compressed regions of pressure injury display failure of immune infiltration  

To investigate the failure of phagocytosis at day 10, we studied tissue sections from day 3 post-

injury. Both cardiotoxin-induced and pressure-induced injuries had comprehensive death of muscle 

tissue, as indicated by karyolysis (dissolution of nuclear components), karyorrhexis (fragmentation of 

the nucleus) and acidification (eosinification) in H&E staining of the panniculus carnosus (Fig 2B). 

Cardiotoxin and pressure injuries had a difference in morphology: cells in pressure-injured tissues 

were flattened, and the thickness of the panniculus muscle layer was half of uninjured (Fig 2A-C; p < 

0.0001). Even more striking was the difference in immune cell numbers. The muscle layer of 

cardiotoxin wounds had six-fold higher levels of immune cell infiltrate than mPI (p < 0.0001; Fig 2A-B, 

and Fig 2D).  The panniculus layer of mPI was nearly devoid of intact immune cells. The absence of 

immune cell infiltrate is noteworthy because macrophages have specialized functions for iron-

scavenging (53, 54), and because free iron, when not adequately scavenged, can over-stimulate the 

innate immune response (55).   

 Another difference between mPI and CTX was in the level of citrullinated histone-3 (citH3), a 

marker of extracellular traps (ETs).  ETs are formed when phagocytes citrullinate their histones and 

eject nuclear and/or mitochondrial DNA (and associated factors), which can trap and kill pathogens 

during infection. The cell often dies in the process (ETosis). Extracellular traps (ETs) have been 

observed in sickle cell ulcers (56).  In day 3 wounds, levels of citrullinated histone-3 (citH3) were 10-

fold higher in mPI than in CTX (Fig 2E-G; p < 0.05).  Highest levels occurred near the muscle layer, such 

as the interface between the panniculus layer and the dWAT or dermis. This is consistent with the 

possibility that immune cells may have been present in the muscle layer of mPI before day 3 and then 

died of ETosis. Oxidative stress is a well-studied trigger of ETs, and other stimuli include hemin and 

heme-activated platelets (57, 58).   

Free iron remains in wound tissues after pressure injury 

Iron deposition was very high in mPI, as measured by Perls’ Prussian blue stain (Fig 2I), but was 

undetectable at the same time-point after cardiotoxin injury (Fig 2H-J; p < 0.05). Prussian blue detects 

accumulation of ferric Fe3+, typically in the form of ferritin and hemosiderin. The blue speckles in Fig 

2I are iron deposits in the extracellular matrix, and the blue ovals are iron-loaded immune cells (53, 

54).  Heme oxygenase-1 (HO-1) is an enzyme that performs heme degradation and serves as a marker 

of high heme or iron.  HO-1 was expressed by mPI wound tissues, at similar levels to cardiotoxin 

injured tissue (Fig 2K-M; ns). However, HO-1 expression was localized to the panniculus layer after 

cardiotoxin injury, but it was widespread across all layers after mPI (Fig 2K-L). 

Extracellular myoglobin harms macrophage viability in vitro 

Because immune cells were absent from the wound bed of mPI at Day 3, we asked whether free 

myoglobin (Mb) is cytotoxic to monocytic cells. Incubation of RAW264.7 cells in media containing 50 

μg/ml myoglobin (comparable to levels in muscle lysate) caused cell death and decreased ATP 
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production by 46% compared to cells cultured in media alone or treated with canonical M1 or M2 

stimuli (Suppl. Fig 3A-B; p < 0.0001). Prior studies of erythrophagocytosis found a similar effect in vitro 

(59). However, in vitro studies of oxidative stress can have extensive artifacts (60, 61), so we returned 

to the tissue context for studying Mb knockout.  

Myoglobin knockout mPI have less death and a less abnormal immune response  

To measure the contribution of myoglobin iron to mPI pathogenesis, we developed myoglobin 

knockout mice (Mb−/−) via CRISPR deletion of the entire gene from the germline. Note that prior 

studies of adult Mb−/− mice found no obvious phenotype (62-64). Mb−/− is often lethal to cardiac 

development during E9.5-E10.5, but some Mb−/− embryos survive to term (64). Among our Mb−/− that 

were born, all developed with normal feeding, weight gain, grooming, social behaviour, and lifespan. 

Deletion of Mb was confirmed by western blotting (Suppl. Fig 4A), immuno-staining (Suppl. Fig 4B-C), 

and DNA gel electrophoresis (data not shown). With H&E staining, we detected no knockout-induced 

changes to the tissues of our injury model (skin, panniculus carnosus layer, or loose areolar tissue) 

other than increased capillary density (by 17%, p < 0.05; Suppl. Fig 4D) and increased thickness of the 

dWAT layer in Mb−/− mice (by 43%, p < 0.05, Suppl. Fig 4D). Total iron was not significantly decreased 

(p = 0.066, Suppl. Fig 4E).   

We compared pressure ulcers in Mb−/− versus Mb+/+ mice (Suppl. Fig 4F) using elderly 20-month-

old animals. (The mPI in elderly were similar to mPI in young, except with milder increases in pressure-

induced oxidative damage, Suppl. Fig 5). At day 3 post-injury, Mb+/+ mice had high levels of iron (Fig 

3A), which appeared in the muscle, dWAT, and dermis, including both the extracellular space and in 

the small numbers of infiltrating immune cells. In contrast, Mb−/− mice had no detectable signal from 

Perls’ stain in any layer of the wound (Fig 3B-C; p < 0.001). HO-1 was also decreased by 57% in Mb−/− 

mPI compared to Mb+/+ (Fig 3D-F; P < 0.05). Levels of immune cell infiltrate were 233% greater in Mb−/− 

compared to Mb+/+ (Fig 3G-I; p < 0.05). In summary, measures of innate immune response became 

less abnormal after Mb knockout.   

The wound size was smaller in Mb−/− versus Mb+/+ (p < 0.05, measured as external area, Fig 3J 

and Suppl. Table 1). Histopathology scoring in the centre of the wound showed 50% decreased tissue 

death (p < 0.01, Fig 3G-H and Fig 3K).  Oxidative damage was lower in Mb-knockout wounds: DNA 

damage (8-OG, 8-hydroxy-2’-deoxyguanosine) was decreased by 87% (Fig 4A-E; p < 0.05), and lipid 

peroxidation (measured using BODIPY 581/591) was decreased by 61% (Fig 4F-J; p < 0.05).  Similarly, 

Mb−/− had roughly 56% decrease in CitH3 (Fig 4K-Q; p < 0.05). These improvements in the wound 

microenvironment extended beyond the muscle layer, because Mb+/+ wounds had high levels of 

BODIPY in the dWAT and dermis, and high levels of CitH3 throughout the wound. An additional 

measure of oxidative damage, 3-nitrotyrosine, showed the same pattern (Suppl. Fig 5A-E; 56% 

decrease, p < 0.05). 

A panel of cytokines, chemokines and growth factors were measured in muscle homogenates 

of mPI from Mb−/− versus Mb+/+ at day 3 (Suppl. Table 2).  The knockout wounds had lower levels of 

CXCL16, a cytokine associated with lipid peroxidation (65) (Suppl. Table 2; p < 0.05) and higher levels 

of PAI-1 (Serpin E1), a protease inhibitor associated with TGFβ (Suppl. Table 2; p < 0.01). Correction 

for multiple hypothesis-testing was performed using two-way ANOVA, and there were no significant 

differences in total protein between Mb−/− and Mb+/+. 

We next sought an orthogonal intervention to test the causal role of myoglobin iron. The FDA-

approved iron chelation drug deferoxamine (DFO) was administered via injection under the dorsal 

skinfold of 5-month-old mice, starting the morning after pressure induction finished, and repeated 

twice daily for up 16 days (Fig 5A). DFO- or saline-treated tissues were analysed at 3, 7, 10, 40, and 90 
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days (Suppl. Table 3). The same cohort of saline-treated mPI were compared against saline-treated 

CTX in Figs 1-2 (for day 3, 10 and 40 post-injury), and compared against DFO-treated mPI in Figs 5-6. 

Effects of iron chelation therapy on secondary progression of the wound 

Remarkably, DFO treatment caused a decrease in the amount of muscle tissue that died from 

the initial pressure injury, even though the pressure inductions were identical, and treatments did not 

begin until 12 hours after the last cycle of pressure.  That is, intervention only started after 

deformation-injury and reperfusion-injury had already occurred. At day 3 of treatment, DFO-treated 

wounds had 35% smaller diameter of dead PC tissue in cross-sections (Fig 5B; p < 0.01). This is 

consistent with our computational modeling prediction (41) that myoglobin-induced oxidative stress 

might alter the tipping point between survival and death, for a significant area of potentially viable 

tissue at the margins of the wound, during a period of time after pressure. 

Effects of iron chelation therapy on injury response at day 3 

Consistent with decreased death, DFO-treated mPI displayed 77% lower levels of iron 

deposition by Perls’ Prussian blue (Fig 5C-D; p < 0.05) compared to saline control (Fig 2I) at day 3. As 

in the elderly mPI, the young saline-treated mPI had iron accumulations in the extracellular space and 

immune cells of multiple layers, not just the panniculus muscle layer (Fig 2I). Similarly, levels of HO-1 

were 65% decreased (Fig 5E-F and Fig 2L; p < 0.01). To confirm that wounds were properly induced, 

Fig 5H-I show complete tissue death at the centres of the wounds in all animals. Re-epithelialization 

was not affected by the subcutaneous drug (Fig 5J and Suppl. Fig 7).  

DFO-treated wounds displayed less oxidative damage, as indicated by a 41% decrease in 8-OG 

(Fig 6A-E; p < 0.01), and 50% decrease in BODIPY 581/591 (Fig 6F-J; p < 0.001) at day 3. Change in 

tyrosine nitration was not significant (Suppl. Fig 8A-E). Citrullinated histone-3 (CitH3) dropped to 

undetectable levels in DFO-treated sections (Fig 6K-N and Fig 2F; p < 0.05). The high CitH3 found in 

control wounds was partially co-localized with F4/80, a pan-macrophage marker (Suppl. Fig 9A-C), but 

these markers may reflect debris or non-cellular localizations. Suppl. Table 4 shows additional 

measurements of cytokines, chemokines, and growth factors in DFO- versus saline-treated mPI at day 

3. CXCL16 levels decreased by 36% (p < 0.05). Later measurements at Day 10 (Suppl. Table 5) showed 

no significant differences between DFO and saline treatments. 

Effects of iron chelation therapy on immune infiltration and regeneration 

At 7 days, DFO-treated tissues displayed 156% greater immune infiltration (Fig 7L; p < 0.05), 

including 43% higher iNOS (Fig 7A-D and Fig 7K; p < 0.05), which is a marker of pro-inflammatory 

stimulation in many cell types. In addition, MerTK, which has been shown to promote macrophage 

survival (66) and phagocytic function (specifically efferocytosis or clearance of dead cells) (67), 

exhibited a 170% increase in expression in DFO-treated tissues (Suppl. Fig 10; p < 0.05). At day 10, 

DFO-treated wounds still had higher levels of immune infiltrate (p < 0.01 for histopathology and p < 

0.01 for count of DAPI nuclei), many of which were positive for Arginase-1 (Fig 7E-J and Fig 7M-O). 

Arginase-1 contributes to polyamine synthesis in wound healing. At day 10 of DFO-treatment, levels 

of Arginase-1 were two-fold higher in the wound bed (Fig 7N; p < 0.05) and immune cells showed 

119% greater distance of infiltration into injured tissue (Fig 7P; p < 0.01) compared to saline-treated 

control. Granulation was also dramatically improved. Granulation is a crucial stage of regeneration 

characterized by proliferation of epithelial, endothelial, and fibroblast cells, and the formation of new 

capillaries (with continued presence of immune infiltrate). In DFO-treated pressure ulcers, the number 

of small blood vessels was twice as high as in saline-treated (Suppl. Fig 11A-G; p < 0.01).  
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Quality and quantity of regeneration  

DFO treatment improved the extent of muscle regeneration (Fig 8A-F). Much of this 

improvement was complete by day 40, when treatment improved regeneration at the wound centre 

(Fig 8E; p < 0.05) and wound edge (Fig 8F and Suppl. Fig 12; p < 0.05).  In saline-treated wounds, 

myoblastic cells were observed at 40 days (Fig 8A and Fig 8C), indicating that muscle regeneration was 

still underway. When we extended the study to 90 days, no further increase in panniculus 

regeneration was detected (from 40 to 90 days) in saline-treated mPI. At the day 90 endpoint, DFO-

treated wounds had significantly smaller gaps in the original region of muscle (46% smaller area of un-

regenerated muscle; Fig 8G; p < 0.01) compared to saline. 

Compared to healthy regeneration (Fig 9A-C, cardiotoxin-injured), the newly regenerated 

myofibers in saline-treated wounds had pathological morphology, seen from branched or split fibers, 

thin fibers, wavy instead of straight axes, and disjoint angles between different bundles of fibers (Fig 

9D-F). Newly regenerated myofibers were distinguishable from pre-existing or never injured 

myofibers by their expression of fluorescent proteins, because our mice expressed the confetti 

transgene in Pax7-positive satellite cells and their progeny (52, 68). DFO-treated tissues displayed a 

far lower frequency (p < 0.001) of morphological malformations than saline-treated tissues (Fig 9G-J).  

Discussion  

Induction of mPI used a standard magnet method in mice, but instead of studying longitudinal 

re-epithelialization, we used tissue section timepoints to study the thin muscle layer of panniculus 

carnosus, also called the cutaneous muscle or the panniculus layer. This muscle regenerated slowly 

and incompletely from the magnet injury (Fig 1H), even under ideal conditions of youth, health, and 

lack of microbial pathogens. A hole remained in the panniculus layer at 40 days (in 7 out of 7 mice) 

and 90 days (in 5 out of 5 mice). For example, in Figure 1D, note that the adipose layer is immediately 

adjacent to loose areolar tissue at the wound centre, indicating that the panniculus layer is absent. 

Thus, we obtained a normoglycemic non-infected animal model of impaired healing. The mPI was 

compared against cardiotoxin injury, another form of myolysis damage to the same muscle, but 

cardiotoxin wounds displayed ideal regeneration (Fig 9) with fast speed and high quality. 

Mb knockout tested the hypothesis that myoglobin iron contributes to the pathologies of mPI. 

This hypothesis is based on analogy to poor-healing wounds that have hemolysis and poor drainage 

of hemoglobin (e.g., venous stasis), and also inspired by papers showing myoglobin is detectable in 

distal fluids after pressure ulcers (20, 23, 24). As expected, the iron deposits seen after wildtype mPI 

injury were absent from Mb−/−. Similarly, Mb−/− had far less oxidative damage. Because Mb normally 

serves to supply oxygen in muscle tissue, one might expect Mb−/− mice to experience increased tissue 

death due to the hypoxia of ischemia, but prior work showed Mb−/− mice are “surprisingly well 

adapted” to hypoxic conditions (69), capable of withstanding adrenergic stimulation (64), exercise and 

oxygen flux (63). In the mPI context, carrying wildtype Mb caused roughly twice as much tissue death 

as Mb−/−.  Some of that difference might be explained by developmental compensation (63) (e.g., 17% 

increase in capillary density), but we interpret that a large fraction of tissue death from mPI was 

downstream of Mb. Multiple other DAMPs including hemoglobin might have contributed to the iron 

accumulation and oxidative damage seen in the Mb+/+ case, but removing Mb was sufficient to 

alleviate the overload.  

The region of myglobin-related damage extended beyond muscle. Given the potential toxicity 

of myoglobin during ischemia-reperfusion (62-64, 70, 71) we were not surprised that muscle tissue 

enjoyed greater survival after Mb knockout. However, we were surprised that most other layers of 
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the wound improved too. Highly reactive oxygen species of iron toxicity (i.e., hydroxyl radical from the 

Fenton reaction) act locally where they are created, but the long-distance damage might arise from 

transport of the globin iron, or from milder ROS species, or both. Future work should use haptoglobin 

and hemopexin to analyze globin-dependent and heme-dependent mechanisms. 

The context of oxidative stress is important for interpreting the effects of myoglobin iron in 

mPI.  An environment with injured, ischemic, or dying cells is likely to have high levels of hydrogen 

peroxide  (72), for as long as mitochondria retain an electrochemical gradient.  When peroxides are 

present, globin proteins and their breakdown products have multiple mechanisms to create oxidative 

stress, including peroxidase and peroxygenase catalysis and tyrosine nitration (73). Nonspecific 

oxidative damage is likely to occur, but specific targeting may also be involved. Bacteria have evolved 

elaborate strategies to seize iron from hosts (74), and mammals have the hepcidin/ferroportin 

program to sequester iron during inflammation.  Nevertheless, some pathogens (e.g., hemolytic 

streptococci) can liberate iron faster than the host can sequester it.  In response, the innate immune 

system has mechanisms for amplifying ROS production by hemglobin in settings of hemolysis (15-18) 

rather minimizing the cytotoxicity. Some of this may be relevant to the toxicity of myolysis in mPI. 

Given the small amount of muscle in mPI, and given the large effect-size of the Mb−/− and DFO 

experiments, it is likely that some unappreciated mechanisms of damage are downstream of 

myoglobin iron in the mPI context. 

Endogenous iron homeostasis can be seen from the cardiotoxin injury, which had destruction 

of muscle, but no accumulation of iron detected by Perls’ stain (Fig 2J). Cardiotoxin and naniproin are 

snake venoms that cause myolysis (cytolysis) of myofibers (75, 76). Perls’ stain can only visualize high 

levels of iron, because it is unable “to detect iron except in massive deposition” (77, 78). Therefore, 

we interpret that cardiotoxin injuries probably experienced myoglobin release soon after muscle was 

lysed, but the myoglobin was sufficiently detoxified (or transported) to cause iron levels to fall short 

of the Perls’ threshold at day 3, and to permit fast speed and high quality of the eventual muscle 

regeneration (Fig 9). Permitting fast regeneration is a functional readout of an adequate system for 

iron detoxification (e.g., haptoglobin, hemopexin, ferritin). In contrast, levels of iron in mPI were 

greater than the detection threshold for Perls’ stain (Fig 2I), and many dysfunctions ensued. Even if 

there was comparable total myoglobin released from both cardiotoxin and mPI wounds, the mPI had 

additional disadvantages: there was death in multiple tissue types, and pressure caused disruption to 

arterial supply, venous clearance, and lymphatic drainage. In normal injuries, DAMPs and waste 

products exit via veins and lymphatic vessels. However, lymph vessels are occluded at very low 

pressure, and impaired lymphatic flow can persist after pressure is removed (79). Proper drainage of 

myoglobin is capable of causing toxicity for kidney (i.e., rhabdomyolysis), but the failure of drainage is 

what we believe caused iron toxicity at the site of the mPI wound. Poor drainage occurs not only in 

pressure injuries, but in ulcers of venous insufficiency, lymphedema, and many types of vascular 

disease. We speculate that anti-regenerative toxicity from globin iron is a shared pathology for many 

types of chronic wounds, and that insufficient bio-mechanical systems for transport/dilution of globin 

iron are at least as important as insufficient bio-chemical systems for binding/detoxification of globin 

iron.  

An orthogonal test used DFO iron chelation to assess the role of myoglobin iron in mPI. We 

injected DFO into mPI and found decreased levels of iron (Prussian blue), decreased oxidative damage 

(BODIPY and 8-OG), and decreased markers of a harsh environment (HO-1, CitH3, and CXCL16). 

Evidence of ferroptosis included iron, lipid peroxidation, oxidative stress, and CXCL16. Death in H&E 

sections was indicated by karyolysis and karyorrhexis.   
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Prevention studies usually attempt pre-injury prevention, which is to intervene before 

pressure is applied (39). What we studied is post-pressure prevention, because we asked whether 

tissue could be saved from dying, if we intervened in the time period 12 hours to 72 hours after 

pressure had finished.  In healthy young mice, magnets were placed and removed in 12-hour cycles, 

as part of a two-day process of creating a pressure ulcer. (See the negative timepoints in Fig 5A.) Drug 

injections began the morning of Day 1, which was 12 hours after the last pressure had been removed, 

and the third day after pressure began.  The remarkable observation (Fig 5B) is that the amount of 

death on Day 3 was not constant across the tissue sections, even though the so-called induction of the 

pressure ulcers was identical. mPI that received post-pressure DFO showed significantly smaller 

diameters of muscle death than saline-treated comparisons.  Our quantification used cross-sectional 

tissue slides, but a 35% decreased diameter of death equates to a 58% smaller circle of death. Such 

an effect-size was larger than expected.  We conclude that there is window of opportunity to intervene 

and save viability of tissue, after mechanical injury, hypoxic stress, nutrient stress, and reoxygenation 

injury have occurred, but before the full extent of secondary progression, damage-induced stress, 

oxidative stress, and inflammatory stress have propagated. In this mouse model, a significant 

opportunity occurred between 12 hr to 72 hr after off-loading. 

Secondary progression of wounds is well-documented in thermal burns, where post-burn 

treatment can lessen the progression of partial-thickness burns toward full-thickness. However, 

secondary progression has not, to the best of our knowledge, been previously targeted for medical 

intervention in pressure ulcers  (43). Mechanisms of secondary progression may include oxidative 

stress and ferroptosis (80, 81), and we cannot rule out reperfusion injury, platelet activation, 

extracellular traps, and DAMP-induced apoptosis / necroptosis (41).  

Other anti-DAMP strategies might achieve post-pressure prevention as well. Debridement is 

rightly an anti-DAMP strategy and might interrupt secondary progression. However, debridement of 

a nascent wound require more than visual guidance, perhaps a combination of doppler (measuring 

flow), near-infrared absorption (measuring oxygenation), and bioimpedance (measuring edema). 

Debridement by necrophages might migrate specifically toward globin iron. Physical removal of 

DAMPs might also occur by negative pressure therapy, provided the cutaneous surface is broken. (Fig 

3 illustrates that the epidermis may remain intact at early timepoints when DAMPs should be 

removed.) Therapies that stimulate wounds (e.g., low-frequency ultrasound, temperature, electrical 

pulses) should be tested for whether they reopen or improve fluid transit through veins and lymphatic 

vessels.  If so, then optimizing this stimulation with the goal of DAMP drainage/dilution might convert 

a poor-healing mPI into something like a cardiotoxin wound with healthy healing. The cardiotoxin data 

taught us that lysis of the panniculus carnosus and release of myoglobin iron are well-tolerated in the 

absence of pressure or vessel occlusion. Therapies to chelate iron would require refinement before 

human use, because release into systemic circulation risks side-effects. Limiting the iron chelators to 

the wound environment might be possible with scaffolds, dressings (37), or polymers. Anti-DAMP 

strategies that permit cross-contact with systemic circulation might come from endogenous factors of 

iron homeostasis, such as hemopexin and haptoglobin. 

Failure of phagocytosis and persistence of necrotic debris in mPI were particularly striking when 

compared against cardiotoxin injuries. Immune cells were essentially absent from the pressure-injured 

muscles of young healthy mice at Day 3. The wounds exhibited a normal spike in immune cell 

infiltration outside the wound margins, moving toward the wound (Suppl. Fig 6B), but infiltrate was 

not seen inside the compressed region, almost as if infiltration had been halted at the boundary. 

Initially we questioned whether the compressed architecture of the tissue might have blocked 

chemotaxis or occluded natural channels of migration. Closer inspection revealed that dead immune 
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cell fragments and inflammatory markers such as CitH3 were present in the compressed region (Suppl. 

Fig 6A), indicating that immune cells (tissue-resident and/or infiltrated) had been present and then 

died. Our interpretation of the CitH3 and oxidative stress is that the high-iron wounds displayed an 

unexpected combination of both excessive and inadequate immune response – excessive in terms 

ROS and CitH3 markers, but inadequate in phagocytic activity.  Other syndromes with iron overload 

have been recognized for decades to have poor function of phagocytes  (82-84). For example, in 

patients with thalassemia major, neutrophils and macrophages exhibit poor chemotaxis, defective 

lysis, and impaired phagocytosis (46, 85). Similar phenomena occur in hemolysis (48) and 

endometriosis (47). The same patterns are echoed in our mPI, where Mb−/− (Fig 3I) or DFO (Fig 7L-M) 

cause an increase in immune infiltration. Increased infiltration was especially prominent in the loose 

areolar tissue, but consistent across muscle, fat, and skin. 

CitH3 levels were high in both conditions that had high iron deposits (young and elderly mPI) 

and low in the three conditions that lacked iron deposits (cardiotoxin, knockout, DFO-treated). This is 

consistent with the ability of various phagocytic cell types to produce ETs upon exposure to heme, 

oxidative stress, or heme-activated platelets (57, 58). ETs can aid in antimicrobial defense, but are 

detrimental to regeneration, and ETs contribute to many disorders of sterile inflammation. Our 

induction of CitH3 was likely sterile as well: the mouse environment was negative for 39 categories of 

pathogen (Suppl. Table 6, including common dermal microbiota P.aeruginosa and S.aureus), and no 

bacteria could be detected in or near the wound by Gram staining.  

Slough is a clinical features of chronic wounds, and is useful for predicting poor healing (86). 

Although slough is commonly attributed to infection or pathogen-driven inflammation, it is not very 

informative at predicting which wounds will respond to antibiotic therapy.  In our mPI, we observed a 

non-pathogen origin of slough.  Dead tissue arose from failure of phagocytosis, early in the injury 

response process, but was not visible on the surface until competent inflammation and granulation 

pushed it upward.  This might give a false impression of being created by inflammation.  In the 

sloughing process, dead layers of recognizable muscle and skin were pushed upward by expansion of 

granulation tissue below. The slough remained attached to the external surface for more than a week 

before detaching spontaneously by Day 15.  The healthy margins originally had flat, parallel layers, but 

became distorted upward when the slough was expelled. In other words, the dead layers dragged the 

healthy layers with them. Since the healthy margins organize the geometry of regeneration, distorted 

margins might contribute to the subsequent disorganization and non-parallel geometry seen in Fig 9. 

Ironically, the dragging of healthy margins by slough suggests that the region has insufficient protease 

activity.  Obviously chronic wounds have a reputation for excessive protease activity, not insufficient 

activity, so we merely point out the recurring paradox that the early injury-response of mPI has some 

molecular characteristics of highly inflamed biochemistry (ROS markers and CitH3), but the large-scale 

tissue architecture suggests that multiple aspects of immune activity are under-performing. 

Debridement of slough is a topic of clinical debate. If human wounds experience disruption of 

healthy geometry because the margins are tethered to slough, that provides an additional explanation 

for why excisional debridement can be so helpful, and raises the question of whether debridement 

should occur earlier.  Current guidelines for removing slough depend on whether it plays a cytotoxic 

or protective role. Slough is an umbrella term describing multiple types of nonviable matter extruded 

from a wound: necroslough (dead tissue), leukoslough (inflammatory infiltrate), bioslough (of 

biofilms) and fibroslough (which presents like leukoslough but resists detachment) (51, 87). In our mPI, 

the slough was necroslough that dried into eschar. Re-epithelialization proceeded beneath its edges 

(and proliferative granulation tissue was adjacent to its center) so we conclude it was not cytotoxic. 

This is consistent with clinical practice to avoid debridement of an intact eschar unless there are signs 
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of infection (88). Interestingly, our slough arose from a mass that was probably very toxic when it 

formed. Toxicity is inferred from the oxidative damage at day 3, and indirectly from the phenomenon 

of secondary progression. It is possible that toxicity could disappear spontaneously if ROS are driven 

by an energy source that gets depleted (e.g., hydrogen peroxide, ATP, mitochondrial membrane 

potentials). 

Granulation tissue increased at Day 10 after DFO treatment. The angiogenic benefits of DFO 

have been widely reported in previous studies, where the mechanism of action was presumed to be 

stabilization of Hif1α (37, 38). HIF1α is degraded under normoxic conditions, whereas under hypoxia, 

the iron- and O2-dependent hydroxylation and degradation of Hif1α is decreased (89). Thus, iron 

chelators such as DFO can block HIF1α degradation, resulting in transcription of hypoxia-tolerance and 

angiogenic factors. However, a less recognized regulator of angiogenesis is myoglobin. Prior studies 

found that over-expression of myoglobin not only failed to protect against ischemic death of muscle 

tissue, but indeed impaired the subsequent angiogenesis (70, 71). This is consistent with our finding 

that Mb knockout improved tolerance to ischemic death of muscle tissue. In summary, DFO had strong 

pro-angiogenic benefits, but we cannot discriminate which fraction might be independent of Hif1α. 

Macrophage polarization has frequently been associated with environmental iron, and M2 

polarization has been downregulated (90) or upregulated (91) depending on dose or context. Iron-

scavenging macrophages from an iron-loaded tissue displayed both inflammatory (iNOS, IFNγ) and 

alternately-activated (Arg1, IL10) markers (92), which is consistent with our finding that both iNOS (at 

day 7) and Arg1 (at day 10) levels increased with iron chelation.  

Muscle regeneration was improved by DFO, including both short-term (day 10) and long-term 

(day 90) amounts. Although DFO has been reported to cause side-effects in healthy muscle, we found 

no detrimental effects in the iron-loaded context. DFO-treated tissues had smaller holes in the muscle 

sheet (i.e., smaller diameters for the region not regenerated at day 90) compared to saline-treated 

tissues. The morphology of the regenerated myofibers also improved, because untreated mPI 

regeneration displayed frequent myofiber defects such as branching and non-parallel alignment. Split 

fibers are considered defective regeneration (93) and are especially vulnerable to re-injury (94). DFO 

treatment brought dramatic improvements in myofiber morphology, but the reasons require further 

study.  Previous work on muscle tissue in pressure ulcers chose larger muscle groups such as the 

hindlimb (tibialis or gluteus muscle) (95-97) or trochanter (98, 99).  Some used the panniculus together 

with latissimus dorsi muscle (100), and some skin studies (42, 101) also commented on the panniculus 

carnosus. The panniculus layer is highly relevant to human pressure injuries because humans have a 

panniculus layer at the heel (52, 102), and the heel is one of the most common locations for high-stage 

pressure injuries. Impaired regeneration of muscle deprives soft tissues of cushioning (52, 103), and 

promotes wound recurrence. 

Skin regeneration was not significantly affected by subcutaneous DFO (Fig 5M and Suppl. Fig 

10A-F). Previous work found DFO accelerated skin closure (37), but these studies used topical or 

dressing-based delivery, as well as using a different mouse background. Other work studied the 

antioxidant and angiogenic benefits of DFO in preclinical models of ischemia-reperfusion injury (104-

107) and related conditions (108). We observe similar effects in muscle. 

Caveats to this work include the following.  Mouse wounds differ from human in several 

obvious ways, such as having denser hair follicle coverage, faster kinetics of DFO, different timing and 

ratio of phagocytic cells (109), and higher propensity for wound contraction. Although mice can heal 

skin wounds by contraction, our multi-layer mPI exhibited minimal contraction, as seen from prior 

work (52) and from the hole in the panniculus muscle layer at day 90. To decrease the impact of hair 
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follicles on results, we placed magnets on regions of skin that were in the resting phase of the hair 

cycle. Our experimental design is not capable of distinguishing ischemic from non-ischemic mechanical 

injuries. Likewise, we cannot distinguish compression-induced pathologies from lysate-induced 

pathologies. Also, our methods did not distinguish between different iron-containing species such as 

heme, hemin, free iron, globin protein, and globin cleavage products. Another limitation of our study 

is the limited number of myoglobin knockout mice (n = 3) compared with n = 7 for key timepoints of 

Mb+/+ analysis. This was necessary because Mb unconditional germline knockout had high rates of 

embryonic lethality. Despite the smaller sample size, several readouts were statistically significant. 

Another caveat of our study is the use of the panniculus carnosus muscle, which might not generalize 

to dissimilar muscles (e.g., the upper trochanter).  The location of the panniculus carnosus is relevant 

to heel ulcers (52), and the size was useful for proving that a small amount of muscle damage could 

disrupt a larger mixed-tissue wound. 

Conclusion 

Pressure injuries of muscle showed an inhospitable microenvironment, and poor regeneration 

did not require microbial pathogens, diabetes, comorbidities, or old age.  Without intervention to 

improve regeneration, a large gap in the muscle layer remained after 90 days. The initial response to 

mPI included death of immune cells and failure of phagocytosis, such that layers of necrotic skin, fat, 

and muscle remained in recognizable layers until they were expelled after two weeks as necroslough, 

resembling eschar.   

Myoglobin iron contributed to the severity, oxidative damage, and delayed healing of mPI.  We 

conclude that the poor healing of mPI shares a mechanistic underpinning with the poor healing of 

vascular ulcers. The biochemistry of globin iron and the biomechanics of poor DAMP drainage are 

likely both important. mPI research can therefore benefit from the lessons learned in globin overload 

syndromes such as compartment syndrome, rhabdomyolysis, and hemoglobinopathies. Globin 

overload occurred in our model, even though the volume of damaged muscle was far less than the 

volume of non-muscle tissue. 

Targeting myoglobin iron via gene knockout or iron chelation therapy caused an increase in 

viable immune cells in the wound bed, and revealed a rare instance in where greater number of 

immune cells correlated with decreased oxidative stress. The increased infiltrate was not sufficient to 

restore large-scale phagocytosis. 

Deferoxamine injections prevented death of tissue at the margins of the wound, when 

administered starting 12h after pressure was removed. Intervention to block secondary progression 

is a dramatic new opportunity for pressure injuries, like burns or strokes, to be stabilized shortly after 

injury, to decrease further loss of salvageable tissue. Deferoxamine injections also led to greater 

regeneration of muscle and higher quality of muscle, with straighter and more parallel muscle fibers.  

Straight and parallel fibers improve muscle viability, and healthy muscle will be a crucial defence 

against recurrence of pressure injuries when the patient eventually puts weight on the same location. 

Methods  

Mice  

Animal experiments were approved by the institutional animal care and use committee (IACUC 

SHS/2016/1257) of SingHealth, Singapore. To conditionally label Pax7+ muscle satellite stem cells in 

C57BL6 mice, the Pax7-Cre-ERT2 mouse (Jackson Laboratory, ME, USA) was crossed with the 

Brainbow2.1 (confetti; Jackson Laboratory, ME, USA) mouse. Pax7-Cre-ERT2 provides the Cre-ERT2 
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transgene downstream of the Pax7 stop codon, thereby limiting the Cre-ERT2 expression to Pax7+ 

cells. The Cre-ERT2 system provides tamoxifen-dependent induction of Cre recombinase, so that 

affected cells carry heritable rather than transient modification. Upon tamoxifen treatment, the Cre 

induction causes recombination of the confetti construct at its loxP loci, leading to gene expression of 

one of the four fluorescent proteins in the construct. The fluorescent proteins are mCerulean (CFPmem), 

hrGFP II (GFPnuc), mYFP (YFPcyt) and tdimer2(12) (RFPcyt). CFPmem contains a localization sequence 

enabling its transport to the myofibre membrane (sarcolemma) while GFPnuc contains a nuclear 

localization sequence. YFPcyt and RFPcyt have no localization sequences and are expected to localize to 

the cytoplasm. Experimental mice include 5-month-old adult mice and 20-month-old elderly mice. 

Myoglobin knockout mice (homozygous in the germline) were created by Cyagen (CA, US) using 

CRISPR/Cas9 nuclease-mediated genome editing (110, 111). 20-month-old mice (n = 3) were used in 

the knockout experiments. The myoglobin knockout mice were not injected with tamoxifen. 

Mice were euthanized via CO2 inhalation, followed by cervical dislocation, at timepoints of 

three, seven, ten, forty, and ninety days following completion of the injury protocol (pressure or toxin). 

Pressure injury via magnetic compression created two wounds (right and left) on the dorsum of each 

mouse. Similarly, two cardiotoxin injections were performed on each mouse at the right and left dorsal 

skinfold. Tissue samples were isolated and one wound tissue (from either pressure or toxin) was fixed 

in 4% paraformaldehyde at 4°C for eight hours, and then embedded in paraffin. The remaining wound 

tissue was snap-frozen with isopentane in a liquid nitrogen bath. 

 

 

Murine pressure injury model  

Mice were shaved and remaining hair was removed by hair removal cream (Veet, Reckitt, 

Slough, England) prior to injury. Muscle pressure ulcers were created in 4 to 5-month-old transgenic 

mice by applying a pair of ceramic magnets (Magnetic Source, Castle Rock, CO, part number: CD14C, 

grade 8) to the dorsal skinfold. The magnets were 5 mm thick and 12 mm in diameter, with an average 

weight of 2.7 g and pulling force of 640 g.  One of the elderly mice lacked sufficient skinfold for 12 mm 

magnets, so in that mouse and in its age- and sex-matched control, we used 5 mm magnets 

(neodymium magnets with a 1 mm spacer on one side; Liftontech Supreme Pte Ltd, Singapore). 

Because hair follicle (HF) stem cells contribute to wound healing, we attempted to minimize the HF 

differences by synchronizing the hair growth cycle and applying injury only to skin with HFs in telogen 

phase (non-pigmented skin). In the case where pigmented skin could not be avoided during magnet 

placement, i.e. one of the two wounds fell on skin with active hair cycle, that half was excluded from 

further analysis. Pressure ulcer induction was performed in two cycles. Each cycle was made up of a 

12-hour period of magnet placement followed by a 12-hour period without magnets (Suppl. Fig 1A). 

This procedure induces two pressure wounds on the back of the mouse, on the left and right side of 

the dorsal skinfold. The dorsal skinfold includes skin, adipose tissue, panniculus carnosus muscle, and 

loose areolar tissue. The mice were given an analgesic (buprenorphine at 0.1 mg/kg; Bupredyne, Jurox 

Animal Health, New Zealand) prior to magnet placement and again prior to magnet removal. Time 

points post-injury are measured from the end of last magnet cycle. No dressings were used and no 

debridements were performed.  

To treat the pressure injuries, mice were subcutaneously injected with deferoxamine (DFO) 

while control mice were injected with 0.9% saline (n = 7 each for day 3, 10 and 40 time-points, n = 4 

for day 7 and n = 5 for day 90; Suppl. Table 3).  The study was initially conducted using 3, 10 and 40 

days. When the day 7 and day 90 timepoints were added to the study, we already knew that DFO 
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treatment would give a large effect-size. The updated effect-size caused our power calculation to give 

a smaller sample-size for day 7 and day 90. The day 7 timepoint was added later because of the 

dramatic changes observed between day 3 and day 10, and the day 90 timepoint was added later 

because day 40 mPI showed signs of ongoing regeneration (myoblastic cells and immature myofibers), 

indicating that steady-state had not yet been reached at day 40.   

DFO was administered twice per day at 30mg/kg body weight (or 0.9% saline for control 

animals) for 16 days, or until mouse sacrifice, whichever was sooner. Under aesthesia, the dorsal 

skinfold (cranial to the wound) was pulled away from the spine to make a “tent,” and the needle was 

inserted into the tent (over the spine, near the left and right wounds). The first DFO treatment was 

given 12 hours after completion of the second and final cycle of pressure (Fig 5A). The dosing rationale 

was as follows: the recommended dose of DFO for iron overload in human patients is 20-60 mg/kg per 

day (maximum 80 mg/kg; (112)). Mice metabolize DFO faster than humans, so we took the 60 mg/kg 

per day human dosing and divided it into two half-doses per day.  

Murine cardiotoxin injury model 

To induce an acute injury in the panniculus carnosus muscle in the skinfold, mice were shaved 

and fur removed by hair removal cream (Veet, Reckitt, Slough, England) prior to injury. The mice were 

anaesthetized and 30 μl of toxin at 10 μM concentration was injected intramuscularly into the 

panniculus carnosus of the dorsal skinfold of each wound (left and right). Because commercial 

distribution of cardiotoxin from Naja mossambica was discontinued, some mice were injected with 

naniproin instead, while the term “cardiotoxin” has been used for the entire cohort. Naniproin is a 

Naja nigricollis homologue of cardiotoxin with 95% sequence identity. Naniproin induces myolysis 

comparable to cardiotoxin. All toxin-injected mice were given an analgesic (buprenorphine at 0.1 

mg/kg; Bupredyne, Jurox Animal Health, New Zealand) prior to injection. To control for the post-injury 

injections given to mPI mice, the toxin-injured mice were injected subcutaneously with 0.9% saline (n 

= 7) twice daily for 16 days or until mouse sacrifice, whichever was sooner (Suppl. Fig 1B). Tissues were 

harvested at day 3, 10 or 40 (n = 4). Uninjured healthy tissues were also collected as controls (n = 4).  

Histopathology scoring of H&E-stained sections 

H&E-stained slides were blinded and scored on the extent of tissue death, immune infiltration, 

granulation, and regeneration. The scoring for tissue death was defined as follows: 0—healthy tissue 

with zero or minimal death (<10% tissue area dead); 1—mild death (11-33%); 2—moderate death (34-

67%); 3—extensive tissue death (>67%). Death was identified by karyolysis, karyorrhexis, and 

acidification (eosinification). Scoring for tissue regeneration was defined as follows: 0 (minimal i.e., 

<10% regenerated), 1 (mild i.e., 11-33% regenerated), 2 (moderate i.e., 34-67% regenerated) to 3 

(extensive i.e., >67% regenerated). Scoring for granulation was defined as follows: 0—normal tissue 

with neither granulation nor neo-angiogenesis; 1—minimal granulation (less than 10% of tissue area); 

2—mild granulation (10% to 25% of tissue area); 3—moderate granulation (26% to 50% of tissue area); 

4—high granulation (51% to 75% of tissue area); and 5—extensive granulation (more than 75% of 

tissue area consisting of granulation tissue). Likewise, the scores for immune infiltration were defined 

as follows: 0—normal tissue without immune infiltration; 1—minimal immune infiltration (in less than 

10% of tissue); 2— mild immune infiltration (in 10% to 25% of tissue); 3—moderate immune 

infiltration (in 26% to 50% of tissue); 4—high immune infiltration (51% to 75% of tissue area); and 5—

extensive immune infiltration (more than 75% of tissue infiltrated by immune cells).  Therefore, on 

the scales for tissue death, regeneration, granulation and immune infiltration, an uninjured tissue 

would receive scores of 0, 3, 0, and 0, respectively. Scoring was performed for all treatments and all 
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time-points. The scoring of death, immune infiltration and regeneration was performed for the overall 

wound and each tissue layer. 

Immunofluorescence staining 

10 μm fixed paraffin-embedded sections or cryosections were blocked with 10% normal serum 

and permeabilized with 0.2% Tween 20. Staining was performed using antibodies against 8-

Oxoguanine (8-OG or 8-hydroxy-2’-deoxyguanosine; Abcam, Cambridge, UK, ab206461), F4/80 

(Abcam, ab6640), Arginase-1 (Arg1; Abcam, ab60176), MerTK (Abcam, ab95925), inducible nitric oxide 

synthase (iNOS; Cell Signalling Technology, MA, USA, #13120), citrullinated histone H3 (citH3; Abcam, 

ab5103), nitrotyrosine (Abcam, ab7048), and myoglobin (Cell Signalling Technology, 25919S). For 

detection, we used Alexa-Fluor 488-, 594- and 647-conjugated secondary antibodies (Abcam, 

ab150129, ab150064, ab150075 respectively) raised in appropriate species for the experiments. The 

slides were mounted with Vectashield Hardset with DAPI (Vector Laboratories, CA, USA) and images 

were acquired on a Leica TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) and 

analysed using LAS X software. For quantification, each wound consists of 512 x 512 image frames, 

covering all layers of the wound, and the number of frames depends on the size of the wound. Each 

512 x 512 image frame was thresholded using Fiji (ImageJ) as outlined by Shihan et al. (113), and the 

mean fluorescence intensity was computed. The mean intensity for each wound is computed by taking 

the mean of the frames. Text description has been added if specific layers were disproportionately 

responsible for the intensity. 

Statistical analyses 

In the analysis of DFO treatment in adult 5-month-old mice at multiple timepoints, treated mice 

were paired with age-and-sex-matched controls. Therefore, significance was measured using a paired 

test (two-tailed Student’s t-test for mPI+DFO versus mPI+saline). Mice were not paired for the other 

comparisons (i.e., adult 5-month-old mPI+saline versus CTX+saline cohorts2, and elderly 20-month-

old Mb−/− mPI+saline versus Mb+/+ mPI+saline cohorts), and statistical significance was analyzed using 

an unpaired two-tailed Student’s t-test. For multiple comparisons in Figure 9, in a one-way ANOVA 

(analysis of variance) was followed by the Tukey post-hoc test. For multiple comparisons in the 

Luminex assays (Supplementary Tables 2, 4, 5), the Student’s t-test was performed for each analyte, 

followed by the Bonferroni-Dunn correction for multiple hypothesis testing. Tests and plots were 

generated by GraphPad Prism (version 9.0.0 for Windows, GraphPad Software, CA, USA). An asterisk 

(*) refers to a p value less than 0.05, (**) means p < 0.01, (***) means p < 0.001 and (****) means p 

< 0.0001. “ns” means not significant. 
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Figure 1: Poor regeneration of muscle pressure injury (mPI), a model of chronic wound, compared with
cardiotoxin (CTX), a model of acute injury. H&E-stained sections of saline-treated wound tissues (A-B) at day 10
post-injury and (C-D) day 40 post-injury. Red arrows point to the panniculus carnosus layer. ‘+’ indicates where the
panniculus layer should be. Scale bars: 50 µm. Uninjured control tissue, stained with H&E, is shown in Suppl. Fig
1C. (E) Full cross-section of H&E-stained mPI, including uninjured edges, at day 10 post-injury. Note the eschar
attached to the wound surface. Scale bar: 500 µm. (F-G) Comparison of the regeneration scores for the panniculus
layer between mPI and CTX injuries at day 10 and day 40. (H) A multi-channel confocal image of the panniculus
layer shows a round hole remains in the muscle, 90 days after mPI. Scale bar: 1000 µm. All injuries are saline-
treated to permit comparison against later mPI treatments.
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Figure 2: Early-stage pathologies in the injury-response of mPI (3 days after injury). (A-B) H&E-stained
sections of saline-treated wound tissues, comparing magnet-induced mPI versus cardiotoxin (CTX) injury. Red
arrows point to the panniculus carnosus (PC) layer. (C) Thickness of PC layer. (D) Histopathology scoring of
immune infiltrate into the injured PC layer. (E-F) Immuno-staining for citrullinated histone-3 (CitH3, a marker for
extracellular traps, in red) in mPI versus CTX. DNA/nuclei were co-stained blue with DAPI. (G) Quantification of
CitH3 staining. (H-I) Perls’ Prussian blue iron staining (dark blue-grey), with nuclear fast red co-stain. (J)
Quantification of Perls’ staining. (K-L) Immuno-staining for heme oxygenase-1 (HO-1, a marker of heme and iron) in
mPI versus CTX. Note that the HO-1 positive signal in CTX injury is localized to the panniculus carnosus, and is
widespread across all layers in mPI. (M) Quantification of HO-1 staining. Scale bars: 50 µm.
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Figure 3: Myoglobin knockout decreased iron deposits and tissue death after mPI. (A-B) Perls’ Prussian blue
iron staining. (A) Note iron deposits in the extracellular space and in immune cells of Mb+/+ wound tissue, and note
that (B) Mb−/− tissues have no iron deposits in extracellular regions. (C) Quantification of Perls’ staining. (D-E)
Immuno-staining for HO-1 in Mb+/+ versus Mb−/− tissues at day 3 after mPI. Note that HO-1 is elevated in all layers
of Mb−/− except epidermis. (F) Quantification of HO-1 immuno-staining. (G-H) H&E-stained sections of Mb+/+
versus Mb−/− mPI. Paraffin-embedded wound sections derived from elderly Mb-wildtype mice had poor
cohesiveness (compared to elderly Mb-knockout or young) and exhibited greater cracking during identical sample
handling. (I) Amount of immune infiltrate, quantified by histopathology scoring on a scale of 0 to 5, performed on day
3 sections. (J) External wound area in Mb+/+ and −/− mice in the initial days following mPI from 12 mm magnets.
Statistical analysis compared four wounds from two age- and sex-matched animals using a Student’s t test for each
day. Consistent with these results, Suppl. Table 1 shows additional animals treated with different-sized magnets. (K)
Tissue death in the PC muscle layer by histopathology scoring (3 indicates pervasive death). Statistical analyses
were performed using an unpaired Student’s t test.
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Figure 4: Myoglobin knockout caused a more hospitable wound environment in mPI. (A-D) Immunostaining
of 8-oxaguanine (8-OG; in magenta) in Mb+/+ versus Mb−/− mPI. Nuclei were co-stained blue with DAPI. (B) and
(D) are bright-field images of (A) and (C), respectively. (E) Quantification of 8-OG staining. (F-I) BODIPY staining
(for lipid peroxidation) in Mb+/+ versus Mb−/−. (G) and (I) are bright-field images of (F) and (H), respectively. (J)
Quantification of BODIPY staining. (K-P) Immuno-staining for CitH3 (in red) in Mb+/+ versus Mb−/−. (L, O)
DNA/nuclei were co-stained blue with DAPI. (M) and (P) are bright-field images of (K) and (N), respectively. (Q)
Quantification of CitH3 staining. Scale bars: 50 µm. Blue dashed lines refer to mean fluorescence intensities for
uninjured dorsal skinfolds.
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Figure 5: Deferoxamine (DFO) iron
chelation therapy decreased iron
deposits at day 3 after mPI. (A)
Experimental schedule shows confetti
tamoxifen-induction of fluorescence, mPI
induction, treatment with DFO or saline,
and tissue harvest. (B) Diameter of the
dead region of the panniculus carnosus
(PC) muscle in tissue sections from DFO-
versus saline-treated mPI, 3 days post-
injury. (C) Perls’ Prussian blue iron
staining of DFO-treated wounds at the
wound center. (D) Quantification of Perls’
staining, showing comparison against
saline-treated mPI from Figure 2I. (E)
Immunostaining of HO-1 in DFO-treated
mPI. (F) Quantification of HO-1 staining,
showing comparison against saline-
treated mPI from Figure 2L. (G) H&E-
stained sections of DFO-treated mPI at
the wound center. (H) Histopathology
scoring of immune infiltrate at all layers of
the wound center at day 3, comparing
DFO-treated versus saline-treated mPI
(which appear in Fig 2B, D). (I)
Confirmation that injuries were properly
created, according to death of PC tissue
at the center of the wound
(histopathology scoring where 3 indicates
pervasive tissue death). (J) Skin wound
area following mPI in saline- and DFO-
treated mice. Scale bars: 50 µm. Blue
dashed lines refer to histology scores
and mean fluorescence intensities for
uninjured dorsal skinfolds. Statistical
analyses were performed using a paired
Student’s t test.
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Figure 6: DFO treatment improved the mPI microenvironment at early time-point (day 3). (A-D)
Immunostaining of 8-OG (for DNA damage) in saline-treated versus DFO-treated mPI. Nuclei were stained
blue with DAPI. (B) and (D) are bright-field images of (A) and (C), respectively. (E) Quantification of 8-OG.
(F-I) BODIPY staining (for lipid peroxidation) and brightfield in saline- versus DFO-treated mPI. (J)
Quantification of BODIPY. (K) CitH3 immuno-staining (L) with DNA/nuclear co-stain and (M) brightfield in
DFO-treated mPI at day 3. (N) Quantification of CitH3 staining in DFO-treated versus the saline-treated
mPI, which was analyzed in Fig 2F-G. Scale bars: 50 µm. Blue dashed lines refer to mean fluorescence
intensities for uninjured dorsal skinfolds.

J

E

DF
O

Sa
lin

e

8-OG + DAPI Bright-field

BODIPY

F G

H I

A B

C D

CitH3 + DAPI

L M N

DF
O

CitH3

K

DF
O

Sa
lin

e

BODIPY

Saline DFO
0

1

2

3

4

C
itH

3 
flu

or
es

ce
nc

e 
(a

.u
.) ✱

Saline DFO
0

2

4

6

8

8-
O

G
 fl

uo
re

sc
en

ce
 (a

.u
.) ✱✱

Saline DFO
0

1

2

3

4

5
BO

D
IP

Y 
flu

or
es

ce
nc

e 
 (a

.u
.) ✱✱✱

Bright-field

Bright-field

Bright-field

Bright-field8-OG + DAPI

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.03.07.483146doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.07.483146
http://creativecommons.org/licenses/by-nc/4.0/


Sa
lin

e
D

FO

Day 7

Arg-1 Arg-1 + BF

Arg-1 Arg-1 + BF

DAPI

DAPI

Day 10

Figure 7: DFO treatment improved immune
infiltration (7 and 10 days after mPI). (A-B) Immuno-
staining of inducible nitric oxide synthase (iNOS,
associated with pro-inflammatory activation) in saline-
versus DFO-treated mPI at day 7 post-injury. (C-D)
Nuclei are stained blue with DAPI, to show the count
of infiltrating cells. (E-F) Immuno-staining of Arginase-
1 in saline- versus DFO-treated mPI at day 10 post-
injury. (G-H) Nuclei are co-stained blue with DAPI. (I-J)
Merged brightfield and Arg-1 immuno-staining. (K)
Quantification of iNOS staining at day 7 between
saline- and DFO-treated. (L) Scoring of immune
infiltrate into the injured tissue at day 7. (M) Scoring of
immune infiltrate into the injured tissue at day 10. (N)
Quantification of Arg-1 staining. (O) Count of DAPI
nuclei. (P) Distance of tissue infiltrated by Arg-1+ cells
in saline- versus DFO-treated tissues. Scale bars: 50
µm. Blue dashed lines refer to histology scores and
mean fluorescence intensities for uninjured dorsal
skinfolds.
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Figure 8: DFO increased the extent of muscle regeneration at day 40 & day 90. (A-B) Confocal fluorescent
and (C-D) H&E-stained cross-sections of regenerated muscle fibers from saline- and DFO-treated mPI, 40 days
post-injury. Scale bars: 100 µm. (E-F) Histological scoring of PC muscle regeneration in saline- and DFO-treated
mPI versus acute CTX-injured tissues at the center and edge of the wound, 40 days post-injury. (G) Diameter of
gap (unregenerated region) in PC muscle layer at day 90 post-mPI between saline- and DFO-treated wounds.
Red dashed lines refer to PC regeneration scores at centre and intermediate regions after cardiotoxin injury at
day 40 and diameter of unregenerated PC layer at day 90 after cardiotoxin injury.
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Figure 9: DFO improved muscle morphology. Confocal
microscopy of confetti labelled muscle regeneration in ex vivo
tissue blocks. Note that unlabelled tissue types such as blood
vessels and hair create black shadows on top of the images. (A-
C) Left column shows healthy regeneration in the control
condition, toxin-induced injury, at 40 days. Experiment was
halted at 40 days due to complete regeneration. (D-F) Middle
column shows regenerated muscle fibers of saline-treated mPI,
90 days post-injury. Note the presence of non-parallel fibers,
bent fibers, and split fibers (i.e., fibers with one or more
branches). (G-I) Right column shows regenerated muscle fibers
of DFO-treated mPI, 90 days post-injury. (J) Quantification of
muscle fiber malformations. Scale bars: 100 μm.
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