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Abstract

Introduction: Diabetic foot ulcer infection (DFI) is an infectious disease of

the skin and soft tissue in diabetics notorious for making rapid progress and

being hard to cure. Staphylococcus aureus (S. aureus), most frequently detected

in DFI, recently was suggested as an intracellular pathogen that can invade

and survive within mammalian host cells. Autophagy in macrophages plays a

vital immune role in combating intracellular pathogens through bacterial

destruction, but there is a lack of empirical research about the infection

characteristics and autophagy in diabetic skin infection.

Methods: Here, we used streptozotocin‐induced Sprague Dawley rats as a

diabetic skin wound model to examine the S. aureus clearance ability and

wound healing in vitro. Western blot and immunofluorescence staining were

used to evaluate the autophagic flux of the macrophages in diabetic rats der-

mis, even with S. aureus infection.

Results: We demonstrated that infections in diabetic rats appeared more se-

vere and more invasive with weakened pathogen clearance ability of the host

immune system, which coincided with the suppressed autophagic flux in

dermal macrophages, featured by a significant increase in endogenous LC3II/I

and in p62.

Conclusions: Our results first provided convincing evidence that autophagy

of macrophages was dysfunctional in diabetes, especially after being infected

by S. aureus, which weakens the intracellular killing of S. aureus, potentially

worsens the infections, and accelerates the infection spread in the diabetic rat

model. Further understanding of the special immune crosstalk between dia-

betes host and S. aureus infection through autophagic factors will help to
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explain the complex clinical phenomenon and guarantee the development of

effective therapies for diabetic foot infections.

KEYWORD S

autophagy, diabetic foot infection, intracellular infection, Staphylococcus aureus

1 | INTRODUCTION

Foot ulcers are very common in diabetic patients with a
high prevalence between 15% and 25%.1 The ulcer in-
fections are frequent and were a leading cause of death
and crippling.2 Diabetic foot infection (DFI) is estimated
to be the most common reason for lower‐limb amputa-
tions and causes a large social and economical burden.3–5

Staphylococcus aureus (S. aureus) is the pathogen
most frequently isolated in DFI,6 with high drug re-
sistance, severe invasiveness, and poor prognosis. It was
regarded as an intracellular pathogen recently,7 and
could escape from the phagolysosomal pathway into the
cytoplasm. This strategy allows the extracellular bacteria
to become intracellular bacteria, and then replicate and
survive with the consequent killing of the eukaryotic host
cell and spreading of the infection,8,9 which is called
“bacterial internalization.” Different from the extra-
cellular bacteria, intracellular bacteria can escape routine
antibiotics under the “protection” of host cells, ad-
ditionally can disseminate to the deeper tissue and dis-
tant organs with the migration of host cells. Bacterial
internalization brought a series of problems to clinical
infection treatment, including antibiotics being invalid,
rapid deteriorating infection, and chronic infection,
prominently in DFI patients. Therefore, to investigate the
infection, the study of the characteristics and clearance of
S. aureus in DFI was necessary.

As the first physical and immunological defense line,
the skin is the body's most exposed environmental in-
terface. Recently, a new contribution in immune re-
sponse for several populations of cells residing in
different layers of the skin has emerged. The immune
system within the skin is located in both major structural
compartments, the epidermis and dermis, and consists of
several important types of immune‐competent cells.10

Macrophages are a major subpopulation of cells in the
dermis, and what is important, the first defense line
against pathogens.11,12 When a pathogen enters the
broken skin and causes infection, the macrophages can
migrate to the infection site to clear the pathogens via
xenophagy and phagocytosis.

Xenophagy plays an essential role in host defense
against invading pathogens,13–15 also known as anti-
bacterial autophagy. Autophagy is an intracellular pro-
cess that involves the degradation and recycling of
defective cytosolic proteins. Besides this housekeeping
function, the ability of autophagy to selectively target
intracellular pathogens for destruction is now regarded
as a key aspect of the innate immune response.
Accordingly, the autophagy of professional phagocytes,
as macrophages, plays a vital role in combating in-
tracellular pathogens.16 Therefore, the knowledge of au-
tophagy change against intracellular pathogens in the
macrophages in diabetes is important to reveal the causes
of incurable DFI, while remaining poorly elucidated.

Our in vitro study found that advanced glycation end
products (AGEs), a set of adducts formed on proteins by
glycation with reducing sugars such as glucose in dia-
betics, impaired autophagic flux of the host macrophages
by inducing autophagosome formation but blocking the
autophagosome‐lysosome fusion, which diminished in-
tracellular bactericidal capability of macrophages, and is
likely to increase the invasiveness of S. aureus in DFI,17

but this has not been verified in vivo. In this study, we
test the wound bacterial burden, the invasive and dis-
seminate capacity of S. aureus in diabetic rat skin infec-
tion to investigate DFU infection characteristics, and
examined the autophagic flux in diabetic rats' infected
wound skin and dermis macrophages, tried to investigate
the potential relationship between the autophagy and the
unique infection characteristic in diabetics. And we
showed that the diabetic rats appeared to have similar
features as the diabetic patients in the clinic after wound
infection, including defective bacteria clearance ability,
more invasive infection, and more chronic wounds. Be-
sides this, the overall situation (weight and blood glu-
cose) of the diabetic rats obviously worsened after
infection with S. aureus, while there were no differences
in the normal rats. Furthermore, we found that S. aureus
infection can trigger the autophagy of skin macrophages
in both the normal and diabetic rats, however, the au-
tophagic flux was blocked in the diabetic rats, which
could play an important role in the bacterial
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internalization. Ongoing analysis of autophagy in the
intracellular bacterium infection in diabetes will increase
our knowledge about the inner immune response to the
infection of DFU.

2 | METHODS

2.1 | Materials and bacterial strains

Monoclonal rabbit anti‐beta‐actin (ab8227), anti‐CD68
(ab125212), and monoclonal mouse anti‐LC3B (ab63817)
were obtained from Abcam. Monoclonal mouse anti‐P62
(AF5384), goat antimouse immunoglobulin G (IgG)
(H+L) horseradish peroxidase (HRP) (S0002), goat anti-
rabbit IgG (H+L) HRP (S0001) were obtained from Af-
finity Biosciences. Cy3‐AffiniPure Goat antimouse IgG
(H+L) (33208ES60), FITC‐AffiniPure Goat antimouse
IgG (H+L) (33208EA33), and 4′,6‐diamidino‐2‐
phenylindole (DAPI; 40727ES10) were obtained from
Yeasen. S. aureus strain NCTC8325 was kindly provided
by Dr. Wenjiao Chang (USTC). Bacteria were grown
overnight at 37°C in Luria‐Bertani broth (Huankai). The
optical density at 600 nm of bacterial cultures was mea-
sured to determine growth curves.

2.2 | Animals and wounding

Animal experimental procedures were undertaken ac-
cording to the protocols of the Guangdong Academy of
Medical Sciences. Seventy‐two Sprague Dawley rats were
allocated randomly into normal (n= 18), normal +
infection (n= 18), diabetic (n= 18), or diabetic +
infection (n= 18) groups by body weight. Diabetic groups
were given streptozotocin (STZ; Sigma‐Aldrich; 65 mg/kg
weight) injections and infection groups were inoculated
with NCTC8325. After STZ injection, the blood glucose of
tail vein was monitored with a blood glucose meter
(Omron) once a week. STZ‐treated rats were considered
to be diabetic when the concentration of blood glucose
was equal to or higher than 16.7 mmol/L. The dorsal skin
was shaved, treated with depilatory cream to remove
hair, and then cleaned with a povidone‐iodine solution
followed by an alcohol wipe. One circular, full‐thickness
wound was created on the dorsal skin of each rat using a
10mm biopsy punch. S. aureus NCTC8325 (5 × 108

colony‐forming units [CFUs]) was applied to wounds of
infected group animals, which were then covered with
sterile gauzes and fixed with the sterile band. Rats were
placed on a warming pad (37°C) until they fully re-
covered from surgery and were then re‐caged. On post-
operative day (POD) 0, 4, 7, and 10 images of wounds

with a ruler (six rats per time point per group) were
collected by the camera (E‐M10; Olympus), and the
wound area was analyzed by ImageJ. Wound healing
rates were calculated according to the formula (wound
area [POD 0]−wound area [POD N])/wound area
(POD 0). Skin wound granulation tissue, liver, kidney,
lung, and serum were isolated from rats as previously
described. All the tissues were divided into three parts,
then were frozen in liquid nitrogen or fixed in 4% for-
maldehyde, used to extract total protein or tissue stain
respectively. White blood cell counts (WBC) were de-
termined in whole blood. Finally, rats were anesthetized.

2.3 | Bacterial burdens

At specific postinfection time points, bacteria were collected
by rolling sterile swabs on the whole wound surface five
times and then eluting in 1ml of sterile phosphate‐buffered
saline (PBS). Equal weights of wound tissue, the muscle
under the wound, liver, kidney, and lung tissue were
isolated and homogenized in 1ml of sterile PBS. The swab
elutions and tissue homogenates were then serially diluted in
PBS and plated on tryptose soya agar (TSA) to determine the
tissue bacterial burden.18,19 Briefly, for swab culture, the PBS
containing wound swab was eluted with vortex oscillation
for 20 s × three times, and then continuously diluted with
sterile PBS to make a series of diluted bacterial solutions of
10−3, 10−4, and 10−5. Within 20min, 1ml of eluent was
added to a sterile TSA plate (three parallel plates were set for
each concentration gradient). After 48 h culture at 37°C and
5% CO2, two operators used ImageJ (version 1.36b) to count
the colonies on the TSA plate under the premise of double‐
blind, and the results were taken as the average. For tissue
culture, fresh tissue soaked in sterile PBS was dried with
the sterile filter paper, then were weighed and recorded. The
tissue was homogenized with a hand‐held electric homo-
genizer (Kimble), and then resuspended with 1ml sterile
PBS for homogenization, following by continuous dilu-
tion with sterile PBS in turn to make a series of diluted
bacterial solutions of 10−2, 10−3, and 10−4. Within 20min,
1ml of tissue homogenate was incubated to the TSA and
cultured as the swab culture. Populations of different bac-
terial species were differentiated by colony color, shape, and
size and then confirmed by biochemical methods.

2.4 | Hematoxylin and eosin staining
of tissue

Tissue fixed by 4% formaldehyde was loaded by paraffin
and sectioned with a thickness of 4 μm perpendicular to
the head and tail axis and the skin surface, and baked at
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60°C for 2 h to prevent paraffin flakes from falling off.
After dewaxing by xylene, gradient alcohol dehydration
(xylene I × 10min, xylene II × 10min, xylene III ×
10min, anhydrous alcohol I × 10min, anhydrous alcohol
II × 10min, 95% alcohol × 5min, 85% alcohol × 5min,
75% alcohol × 5min, double water rinsing, 5 min × 2
times), hematoxylin staining for 5–6 min, following by
adequate washing, eosin staining for 2–3 min, washing
with 70% alcohol until the color is moderate under the
microscope. Go through radiant alcohol dehydration,
xylene transparent, neutral resin after drying, finally
cover the histological slides of tissue samples with slide
seal, and observe with an optical microscope.

2.5 | Western blot

Tissue samples were treated with lysis buffer contained
phenylmethylsulfonyl fluoride after PBS washing. For
Western blot, the tissue lysates were resolved by sodium
dodecyl sulfate‐polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes probed with
anti‐LC3 (1:1000) and p62 (1:1000) monoclonal anti-
bodies. After combination with the secondary antibodies
(1:5000), the primary antibody's immunoreactive bands
were detected by enhanced chemiluminescence, and
signal values were normalized to the internal control
(β‐actin).

2.6 | Immunofluorescence staining

Immunofluorescence staining was performed to analyze
the colocalization of LC3, p62, and CD68. Paraffin sec-
tions of skin tissue were stained with primary antibodies
recognizing LC3 (1:1000), p62 (1:1000), or CD68 (1:500).
After washing with PBS, the binding of the primary an-
tibodies was revealed by Cy3‐AffiniPure Goat antimouse
IgG (H+L) and FITC‐AffiniPure Goat antimouse IgG
(H+L) and confocal laser scanning microscopy. CD68‐
positive staining emitted bright green fluorescence, and
LC3‐ or p62‐positive staining emitted red fluorescence.
Nuclei were stained with DAPI. Controls for antibody
specificity were included in all experiments; the primary
antibody was replaced with PBS.

2.7 | Statistical analyses

Results are presented as the mean ± standard deviation
(SD). All experiments were repeated at least three times.
Statistical analysis was performed with SPSS v20.0 (IBM).
Student's t‐test and one‐way analysis of variance were

used to analyze the differences in between‐group com-
parisons and multiple comparisons, especially. A two‐
tailed p< .05 was considered significant.

3 | RESULTS

3.1 | Wound infection by
S. aureus obviously worsened the overall
situation of the STZ rat skin wound model

Bodyweight and blood sugar were the main indexes to
evaluate the overall situation of diabetic rats. As Figure 1A, B
shows, there was no significant difference in both body
weight and blood sugar in normal rats after wound infection
with S. aureus. However, the blood sugar of diabetic rats
increased significantly on POD 7 (29.27± 3.34mmol/L for
noninfection vs. 33.27± 2.78mmol/L for infection; p< .01)
and POD 10 (22.37± 3.34mmol/L for noninfection vs.
24.57± 2.15mmol/L for infection; p< .05) after infection.
Compared with the noninfected group, bodyweight of in-
fected diabetic rats was decreased significantly on POD 10
(170.33± 19.45 g for infection vs. 256.67± 26.21 g for non-
infection; p< .05).

WBC in peripheral blood was an important index to
evaluate the inflammation reaction to the infection. As
Figure 1C shows, there was no significant difference
(p> .05) between normal rats and diabetic rats in WBC
when there was no infection. However, the WBC change
trends appeared different between the two groups after
S. aureus infection. For the normal rats, WBC showed a
significant increase at the earlier stage (POD 4)
([8.54 ± 1.73] × 109/L for infection vs. [7.11 ± 1.78] ×
109/L for noninfection; p< .05). But for the diabetic rats,
the WBC peak appeared later, (10.78 ± 3.13) × 109/L for
infection versus (7.63 ± 2.09) × 109/L for noninfection on
POD10 (p< .05). Additionally, WBC of the rats with deep
invasion and distant organ spread infection was sig-
nificantly higher than that of the ones without spread
([9.84 ± 3.31] × 109/L for infection versus [7.89 ± 2.47] ×
109/L for noninfection; p< .05; Table S1).

3.2 | S. aureus infection significantly
delayed wound healing of the STZ rat skin
wound model at the late‐stage

As per expectation, the skin wounds of diabetic rats were
more difficult to heal compared with normal ones，with
or without infection. After S. aureus infection, the nor-
mal rats' wound had slight purulent secretion on POD 4,
but no obvious empyema after POD 7, with abundant
granulation tissue and blood supply during the whole
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healing process. On the other hand, more obvious and
lasting empyema and ischemic state could be seen on
POD 4 and POD 7 in the diabetic rats' wound local after
S. aureus infection (Figure 2A). S. aureus infection did
not significantly affect the wound healing rate of normal
rats (p> .05) but significantly delayed the wound healing
of diabetic rats.

To the diabetic rats, there was no obvious difference in
the wound healing rate between the infection group and the
noninfection group at the early stage of wound infection
(POD 4; p> .05); but at the late stages (POD 7 and POD 10),
S. aureus infection significantly reduced the wound healing
rates of diabetic rats, respectively 64.50± 9.00% for non-
infection versus 36.00± 6.46% for infection (p< .05) on

POD 7 and 81.20± 1.06% for noninfection versus
47.55± 2.41% for infection (p< .05) on POD 10. In normal
rats, S. aureus infection had no significant impact on wound
healing (p> .05). With infection, 83.33% (5/6) of the wound
area was closed at the end of observation in the normal rats,
while none (0/6) was closed in the diabetic rats (Figure 2B).

3.3 | Bacterial killing ability was
attenuated in the skin wounds of the
STZ rat model

Throughout the process of the wound infection, higher
wound surface bacterial burdens were observed in

FIGURE 1 (A) Weight, (B) blood glucose,
and (C) WBC of the rats. In diabetes rats,
compared with diabetic rats on POD 0, *p< .05,
**p< .01; in normal rats, compared with normal
rats on POD 0, Δp< .01. POD, postoperation day;
WBC, white blood cell counts
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FIGURE 2 Staphylococcus aureus infection significantly delayed wound healing of the STZ rat skin wound model. (A) Wound images of
normal rats and diabetic rats with and without infection at different postoperation days (PODs). (B) Comparison of wound healing rates (%)
in different groups and different PODs. POD, postoperative day; STZ, streptozotocin. *p< .05, **p< .01

FIGURE 3 Bacterial killing ability is attenuated in STZ‐SD rat skin wounds. (A) The wound bacteria burden at POD 4, 7, 10 of normal
and diabetic rats was assessed by swab culture and (B) tissue culture. *p< .05, **p< .01. (C) H&E staining of muscle under the wound, liver,
kidney, and lung tissue of diabetic rats suffering from invasive infection or not. The yellow arrow indicates the presence of
Staphylococcus aureus in the tissue. Data are expressed as the means with standard errors from three different experiments, and t‐tests were
performed to validate statistical significance across conditions. CFU, colony‐forming unit; H&E, hematoxylin, and eosin; POD, postoperative
day; STZ‐SD, streptozotocin‐induced Sprague Dawley. *p< .05, **p< .001
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diabetic rats, together with elevated tissue bacterial load
(Figure 3A,B).

The results of swab culture showed that the wound
surface bacteria burden of diabetic rats on POD 7 was
73.54 times of the normal ones ([2.89 ± 0.06] × 105

CFU/ml for infection vs. [3.93 ± 0.35] × 103 CFU/ml for
noninfection; p< .01). Further on POD 10, the increasing
multiple rose to 138.66 times (p< .01). Wound tissue
culture showed similar results. On POD 4, 7, and 10, the
tissue bacteria burden of diabetic rats was significantly
higher, respectively 2.35, 2.63, and 645.50 folds of the
normal ones (p< .01). In addition, the changing trend of
bacteria load in diabetic and normal rats appeared ob-
viously different. The bacterial burden in the wound of
normal rats decreased gradually with infection time,
while the diabetic rats showed the opposite trend. The
bacterial load of diabetic rats on POD 10 was 1.87 times
(for wound surface) and 2.85 times (for wound tissue)
higher than that on POD4, respectively.

Five deep muscle infections were found in the rats,
four of which were diabetic rats (4/18) and one was
normal (1/18). Five rats suffered from hematogenous
spread infection to distant organs, all of which were
diabetic rats, including two liver S. aureus infections

(8.00 ± 0.67 CFU/100mg tissue), five kidney S. aureus
infections (8.33 ± 4.06 CFU/100mg tissue) and two lung
S. aureus infections (5.89 ± 5.52 CFU/100mg tissue;
Figure 3C and Table S1).

3.4 | Impaired autophagy in the skin
wounds of STZ rats

As autophagy is the predominant way to clear in-
tracellular pathogens, we examined LC3‐II and P62 ex-
pression to evaluate autophagy levels in the infected rat
skin. In contrast to normal rats, the significant accumu-
lation of LC3‐II and decreased P62 in wounded, non-
infected diabetic rat skin on POD 4 and POD 7 indicated
autophagy was triggered, and the autophagic flux was
continuous (Figure 4).

S. aureus infection promoted autophagic flux in the skin
tissues of normal rats on POD7, which featured increasing
LC3‐II and further decreasing P62. Notably, in diabetic rats,
effective autophagic flux was not induced by the S. aureus
infection; in contrast, the significant accumulation of LC3‐II
and P62 on POD4 and POD7 indicated the infection blocked
autophagic flux in diabetic rat skin.

FIGURE 4 Impaired autophagy in STZ‐SD rat skin wounds. (A) Protein lysates of rat skin wounds were analyzed by Western blot
analysis for LC3II/I and P62. Beta‐actin antibody was employed as a loading control. (B) Quantification of the conversion of LC3‐I to LC3‐II,
and of P62. Data are expressed as the means with standard errors from three different experiments, and t‐tests were performed to validate
statistical significance across conditions. POD, postoperative day; STZ‐SD, streptozotocin‐induced Sprague Dawley. Compared with the
normal rats: #p< .05; Compared with the diabetic rats: *p< .05
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3.5 | Autophagic flux of macrophages
was blocked in STZ‐SD rat skin, especially
after infection

To further investigate macrophages' autophagy levels in
rat skin, immunofluorescence staining of LC3, P62, and
CD68 was performed. The cytoplasmic localization of
macrophage LC3 and P62 was obviously increased in
diabetic rats compared with the normal group, which
were more intensive in the infection groups, especially
on POD 7 (Figure 5A, B). The colocalization rate of
LC3‐II and CD68 in infected diabetic rats was
84.51 ± 4.22%, significantly higher than that in non-
infected diabetic infected rats (44.32 ± 2.67%;
p< .05), and meant that infection can trigger autophagy
of dermis macrophages in diabetic rats (Figure 5C). But
meanwhile, the colocalization rate of P62 and CD68 rose
to 4.72‐fold after being infected by S. aureus (Figure 5D),
suggested a blockage of autophagic flux.

4 | DISCUSSION

DFI is a severe, common, and costly complication of
diabetes, featured by wound healing and infection
clearance disorders. As the most common Gram‐positive

Cocci in DFI, S. aureus infection and biofilm formation20

are frequently found in diabetic chronic foot wounds
with poor patients outcomes. However, the exact reasons
for the prolonged infection of S. aureus of DFI are still
unclear.21,22 In the present study, we confirmed the un-
ique infection performance when inoculated with the
same dose of S. aureus in a rat skin wound model of
diabetes.

Diabetic rats showed delayed wound healing, worsened
overall situation, defective pathogen clearance, with in-
creased invasiveness of the infections, which coincided with
the DFI patients in the clinic.23 Many studies showed cur-
ettage (tissue scraping) with a dermal curette or scalpel from
the base of a debrided ulcer, punch biopsy, or needle aspirate
of purulent secretions, generally provided more accurate
results than wound swabbing.24–26 To get more accurate and
comprehensive data, we used both swab culture and wound
tissue culture to evaluate the bacteria burden in this model.
Results showed that in the premise of adequate wound
debriding before sampling, swab culture could provide be-
lievable results in accordance with the tissue culture. So for
the clinic, if swabs are the only available method, they
should be taken only after debriding and cleaning the
wound. In the clinic, osteomyelitis secondary to DFI is re-
presentative of invasive infection, whose predominant pa-
thogen is S. aureus. Here, we confirmed that the diabetic rats

FIGURE 5 Autophagic flux of macrophages was blocked in STZ‐SD rat skin, especially after infection. (A) Immunofluorescence
staining of LC3 (red fluorescence) and CD 68 (green fluorescence) of the wound skin of normal rat, normal infected rat, diabetic rat, and
diabetic infected rat at POD 7, and the colocalization rate of LC3 and CD68 (C). (B) Immunofluorescence staining of P62 (red fluorescence)
and CD68 (green fluorescence) of the skin of the four groups at POD 7, and the colocalization rate of P62 and CD68 (D). POD, postoperative
day; STZ‐SD, streptozotocin‐induced Sprague Dawley. Compared with the normal rats: *p< .05; compared with the diabetic rats: #p< .05
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were prone to suffer from invasive infection, manifested as
the muscles infection, which was deep under the ulcer and
subcutaneous fascia. Moreover, in this study, all the hema-
togenous disseminated infections (lung infection, kidney
infection, and liver infection) secondary to skin infection
occurred in diabetic rats, and the kidney is the most sus-
ceptible organ. These results indicated that the immune cell
of diabetic rats could not kill or limit S. aureus effectively like
the normal rats, causing infection to become more
aggressive.

Besides this, some interesting change trends after
infection were found in this model. To the normal rats,
WBC in peripheral blood rose at a very early stage and
reached the peak rapidly, which ensured fighting the
pathogens in time. On the other hand, the bacteria bur-
den in the wound decreased with the infection time,
without antibacterial therapy, and the infection did not
delay wound healing. Unfortunately, the diabetic rats
showed a WBC increase at a very late stage, consequently
the continuously increasing bacterial burden and sig-
nificantly delayed healing. The results indicated that
delayed inflammatory response and deficiency of pro-
fessional immune cells could cause the impaired bacteria
killing in DFI.

Macrophages are the predominant resident profes-
sional immune cells in the dermis,27 which play essential
roles in the wound healing process, especially bacterial
killing. Circulating peripheral‐blood mononuclear cells
migrate into the wound area, and differentiate into
macrophages to engulf and digest pathogens indis-
criminately.12 The disturbance of the cutaneous en-
vironment, such as the high glucose and excessive AGEs
accumulation in diabetic patients has been shown to al-
ter the morphology, quantity, and function of the mac-
rophages, all of which could delay wound healing.28

Wound healing is a complex process that depends on
multiple factors, such as extracellular matrix, cytokines,
inflammatory cells, and repair cells, highly coordinated
in space and time. Autophagy affects wound healing over
the whole procedure. In the early inflammatory phase,
autophagy of the skin cells helps to eliminate pathogens
in the wound by the xenophagy pathway, meanwhile,
downregulates the inflammatory response to prevent
tissue damage caused by excessive inflammation. In the
following process of wound angiogenesis, autophagy can
affect angiogenesis through multiple hypoxia signal
pathways; however, excessive autophagy can lead to au-
tophagic death of constituent cells in this procedure.29

Some researchers found that the autophagic flux in
diabetic animal models were abnormal. Wang et al.30

observed increased autophagy in the retinas of type 1
diabetic rodents, and the activated autophagy promotes
the death of ganglion cells, eventually leading to retinal

degeneration in a rat model. Another team's work
showed that the number of autophagosomes in the po-
docytes of diabetic nephropathy (DN) rats decreased
obviously, which is involved in the pathogenesis of po-
docyte loss and leads to massive proteinuria in DN.31 In
this study, we found the autophagic flux was obviously
blocked in diabetic rats without wounds. However, the
blocked autophagic flux was activated after the wound,
furthermore, it presents an over‐activated state, com-
pared with the normal rat wound. Excessive autophagy
could lead to the lack of inflammatory response and
chronic inflammation in the early stage of diabetic
wounds. Moreover, it can cause a lack of repair cells due
to autophagic death. After infection, the autophagy flux
of skin macrophages in diabetic rats was obviously
blocked; finally, the whole autophagy effect was in-
hibited. Consequentially, for lack of “negative regula-
tion” of autophagy to the inflammatory response, the
inflammation aggravates to cause tissue damage in the
wound local. Additionally, the angiogenesis was affected
as well due to the autophagy inhibition, delaying wound
healing. More importantly, the blocking of autophagy
flux of macrophages directly leads to weakening the
killing ability of internalized pathogens.

The deficiency of host professional immune cells'
intracellular bacteria‐killing ability promotes pathogen
intracellularity, which plays a crucial role in the infection
spreading and invasion. Selective autophagy of macro-
phages acts as an innate immune defense mechanism
and a direct antimicrobial mechanism.14,32,33 Here, we
found the autophagy in the dermal macrophages of STZ
rats was impaired, especially after infection.

The autophagy process can be divided into three
steps: autophagosomes formation, autolysosomes for-
mation, and degradation. Briefly, when autophagy was
triggered, the LC3‐II wound is raised to structure the
biomembrane vesicles “autophagosomes” to enclose the
pathogens first; second, after the autophagosomes fused
with lysosomes to form autolysosome and finally the
contents were degraded in the autolysosome, and
meanwhile, p62 wound decrease. This whole process was
called autophagic flux.34

In this study, we observed that autophagy activation
already existed in diabetic rats' skin, especially with
wounds, coincident with the previous study. The S.
aureus infection further triggered the autophagy, but the
p62 did not decline like that in an intact autophagic flux,
instead of an obvious increase. That indicated some
mistake existed in the fusion or degradation step. That
would not only cause the S. aureus in the autophago-
somes to avoid being killed but also be protected by this
biomembrane vesicle to reproduce, invade, and dis-
seminate. This can be explained by our published
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research results in vitro, which revealed that AGEs im-
paired the host macrophages' autophagic flux via ele-
vating lysosomal Arl8 level in macrophage, a key
negative regulator in perinuclear positioning of lyso-
somes when autophagosome‐lysosome fuse, finally in-
ducing autophagosome formation but inhibiting the
autolysosome formation.17

It was once believed that S. aureus was an extracellular
infection, but recent research suggested that S. aureus is a
facultative intracellular pathogen, which can survive in host
cells that make the infection more invasive.7,35 In previous
studies, under certain conditions, specific S. aureus strains
were shown to subvert host autophagy by triggering autop-
hagosome formation while inhibiting the fusion of phago-
somes with lysosomes, creating a protective niche for
intracellular bacteria to grow and escape from the infected
cells.8,9 Compared with the “autophagy fight” approach of
other intracellular pathogens, this special strategy has been
named “autophagy hijacking.”36 This feature may differ by
the strains of S. aureus, their growth phase at the time of
infection, as well as MOI during the infection.7

In conclusion, our data showed that it is featured by
delayed wound healing, defective pathogen clearance,
increased invasiveness of the infections in the STZ rat
skin wound infection model, and S. aureus impaired
autophagic flux in the diabetic host macrophages by in-
ducing autophagosome formation but blocking the sub-
sequent course. The exact relationship and underlying
mechanisms of impairment of autophagy and infection
characteristics of DFI are still unclear.37 Further under-
standing of the special immune crosstalk between dia-
betes host and S. aureus infection through autophagic
factors will help to explain the complex clinical phe-
nomenon and guarantee the development of effective
therapies for DFIs.
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