
 

www.aging-us.com 6928 AGING 

INTRODUCTION 
 

Chronic wound healing occurs when a wound cannot 

restore the anatomical and functional integrity of the 

skin through a normal, orderly, and timely repair 

process, resulting in delayed wound healing [1]. The 

prevalence of various chronic diseases (diabetes) 

increases each year, leading to a higher incidence of 

associated chronic wounds. Although chronic 

refractory wounds are not immediately life-

threatening, the delay in wound healing (e.g., months 

or years) has serious effects on a patient’s recovery 

from the primary disease and quality of life. It is also a  

 

significant burden on a patient’s family, both 

financially and as caregivers [2]. Cutaneous wound 

healing includes inflammation, tissue regeneration, 

and tissue remodeling that involves a complex 

orchestration of resident stem cells, immune cells, 

cytokines, and the extracellular matrix (ECM) [3, 4]. 

However, imbalances or defects in these processes can 

perturb the delicate equilibrium of cells and signaling 

pathways that are necessary for complete tissue repair. 

These defects can result in chronic wounds and fibrotic 

scars that impair normal tissue function, leading to 

organ failure and death [5]. Tissue remodeling was 

considered to be the final step of cutaneous wound 

www.aging-us.com AGING 2020, Vol. 12, No. 8 

Research Paper 

AKT3 deficiency in M2 macrophages impairs cutaneous wound 
healing by disrupting tissue remodeling 
 

Song Gu1,2,*, Hanhao Dai1,*, Xilian Zhao1, Chang Gui3, Jianchao Gui1 
 
1Department of Sports Medicine and Joint Surgery, Nanjing First Hospital, Nanjing Medical University, Nanjing, 
P.R. China 
2Trauma Center, Shanghai General Hospital, Shanghai Jiaotong University School of Medicine, Shanghai,  
P.R. China 
3Department of Biomedical Engineering, Washington University in St. Louis, MO 63130, USA 
*Equal contribution 
 

Correspondence to: Jianchao Gui; email: gui1997@126.com  
Keywords: cutaneous wound healing, M2 macrophage, tissue remodeling, AKT3, AKT signaling 
Received: January 17, 2020 Accepted: March 4, 2020  Published: April 14, 2020 
 

Copyright: Gu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. 
 

ABSTRACT 
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tissue remodeling delayed wound healing. This delay was accompanied by defects in AKT3, collagen alpha-
1(I) chain (COL1A1), and collagen alpha-1(XI) chain (COL11A1) expression and AKT signaling. The defect in AKT3 
expression was M2 macrophage-specific, and decreased AKT3 protein levels were observed in CD68/CD206-
positive macrophages from delayed wound tissue. Downregulation of AKT3 in M2 macrophages did not 
influence cell polarization but impaired collagen organization by inhibiting COL1A1 and COL11A1 expression in 
human skin fibroblasts (HSFs). Moreover, a co-culture model revealed that the downregulation of AKT3 in the 
human monocytic cell line (THP-1)-derived M2 macrophages impaired HSF proliferation and migration. Finally, 
cutaneous wound healing in AKT3-/- mice was much slower than that of AKT3+/+ mice, and F4/80 macrophages 
from the AKT3-/- mice had an impaired ability to promote wound healing. Thus, the downregulation of AKT3 in 
M2 macrophages prolonged tissue remodeling and delayed cutaneous wound healing. 
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healing and also closely related to well wound closure 

[6]. ECM components provide a “scaffold” for 

different cell types involved in tissue remodeling that 

are essential for the tissue repair process [7].  

 

Complete wound healing and functional restoration of 

damaged skin in adults remain a significant challenge. 

Recent studies have demonstrated that the micro-

environment, which consists of diverse immune cells, is 

crucial for human cutaneous wound healing, especially 

for tissue remodeling [8]. The immune system is an 

active component of tissue repair and regeneration. At 

the initiation and terminal stages of wound healing, the 

injured skin requires the activation of an immune 

response, which is characterized by the massive 

recruitment of immune cells [9]. Among the various 

immune cell types, macrophages, particularly those of 

the M2 phenotype (i.e., M2 macrophages), play a 

predominant role in tissue remodeling [10]. It is 

noteworthy that an alternative macrophage phenotype 

(M2 macrophage) is educated by the microenvironment 

at the injury site [11–14]. Recent studies showed that 

M2 macrophages encourage constructive tissue 

remodeling due to their capacity to remodel the ECM 

and synthesize multiple cytokines and growth factors 

[5]. A lack of M2 macrophages during tissue 

remodeling leads to delayed wound healing [5]. 

Although tissue repair is orchestrated by numerous cell 

types, macrophages are involved at all stages of the 

wound repair response and, thus, have emerged as 

potentially important therapeutic targets [10, 15, 16]. 

Although the importance of macrophages in cutaneous 

wound healing is clear, the specific molecular 

mechanism underlying the role of M2 macrophages in 

this process is unknown. 

 

Signal transduction and activation are crucial for 

mammalian biological processes, such as growth, 

metabolism, angiogenesis, and wound healing [17]. 

AKT signaling plays a critical role in wound healing. 

Disrupted AKT signaling prolongs corneal epithelial 

wound healing by inhibiting epithelial cell proliferation 

[18]. The AKT pathway is also important for regulating 

macrophage survival, migration, and proliferation and 

orchestrating the responses of macrophages to different 

metabolic and inflammatory signals [19, 20]. AKT, also 

known as protein kinase B, is a key component of the 

PI3K/AKT signaling pathway. There are three AKT 

isoforms (i.e., AKT1, AKT2, and AKT3), which are 

responsible for different biological processes [21]. 

There is growing evidence that these isoforms are not 

redundant and have partially opposing effects [22]. 

Among the AKT isoforms, AKT3 is responsible for 

homeostasis and is frequently targeted by microRNA 

post-transcriptionally to attenuate peripheral nerve 

injury [23, 24]. Genetic ablation of AKT3 in 

macrophages promotes foam cell formation and 

atherosclerosis in mice [25]. We hypothesized that 

AKT3 might affect cutaneous wound healing through 

AKT signaling and AKT3-mediated M2 macrophage 

reprogramming. 

 

In the current study, we found that both prolonged 

tissue remodeling and downregulated AKT3 

expression occurred during delayed cutaneous wound 

healing. M2 macrophages derived from delayed 

wound tissue lacked AKT3 and were incapable of 

promoting human skin fibroblast (HSF) proliferation 

and migration. Genetic ablation of AKT3 in mice 

delayed cutaneous wound healing, specifically at the 

tissue remodeling stage. 

 

RESULTS 
 

Extracellular matrix remodeling and re-

epithelialization was weaker in delayed wound tissue 
 

Extracellular matrix components (e.g., fibronectin, 

elastin, and collagen) are essential for wound repair 

[26]. The restoration of tissue integrity is the result of 

neutrophils, monocytes, macrophages, fibroblasts, 

endothelial cells, and keratinocytes and the scaffold 

provided by the ECM [7, 27]. We found that tissue from 

cutaneous wounds with delayed healing had more 

inflammatory cells compared to tissue from wounds 

with a normal rate of healing (Figure 1A-a). Masson 

and EVG staining demonstrated that delayed wound 

tissue had significantly less assembled collagenous, 

muscular, and elastic fibers (Figure 1A-b). Re-

epithelialization is another essential process in wound 

healing [28]. IHC staining with the re-epithelialization 

marker CK5 revealed that re-epithelialization was not 

complete in the delayed wound tissue, and PCNA 

expression on the delayed wound tissue surface was 

decreased compared to normal wound tissue (Figure 

1B-a, b). There was also an increased number of 

apoptotic cells in the delayed wound tissue compared to 

the normal wound tissue (Figure 1B-c). 
 

To explore the mechanism of delayed wound healing 

and re-epithelialization, RNA sequencing with 

clustering analysis (heatmap and volcano) identified 

a total of 1792 downregulated genes and 1570 

upregulated genes (Figure 2A, 2B). Gene ontology 

(GO) and KEGG pathway analysis showed that the 

top 20 enrichment functions included ECM 

organization, interaction, and cell adhesion (Figure 

2C, 2D). These results demonstrated that the 

assembly of ECM-associated collagenous, muscular, 

and elastic fibers was weakened, and the re-

epithelization process was slowed in tissues with 

delayed wound healing. 
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AKT3, COL1A1, and COL11A1 levels were 

downregulated in delayed wound tissue 

 

To explore the molecular mechanism of impaired tissue 

remodeling, we evaluated three KEGG pathways 

associated with tissue remodeling, namely PI3K-AKT 

signaling, ECM-receptor interaction, and focal adhesion 

[7, 20]. These three KEGG pathways accounted for a 

total of 35 changed genes (Figure 3A). Based on the 

Venn data for the GO analysis, AKT3, COL1A1 

(collagen type I alpha 1 chain), and COL11A1 (collagen 

type XI alpha 1 chain) were significantly enriched 

(Figure 3B). These data were consistent with the KEGG 

pathway analysis. Gene Set Enrichment Analysis 

(GSEA) was also used to analyze the tissue remodeling-

associated gene set (Figure 3C a-d).  

 

COL1A1 and COL11A1 are components of the ECM 

and play a pivotal role in the tissue remodeling phase of 

cutaneous wound healing [29, 30]. We evaluated AKT3, 

COL1A1, and COL11A1 expression in both normal and 

delayed wound tissue and found that expression of all 

three genes was decreased in the delayed wound tissue 

(Figure 3D, 3E, Supplementary Figure 2A). Activation 

of AKT signaling was also diminished in the delayed 

wound tissue, as indicated by weak phosphorylation at 

S472 of AKT3 (Figure 3F, Supplementary Figure 2B). 

These results suggested that AKT3, COL1A1,

 

 
 

Figure 1. Impaired tissue remodeling and re-epithelization in delayed cutaneous wound tissue. (A) Histological staining of 
cutaneous wound tissue (200×). (a) H&E staining of sustained inflammatory cells and disordered tissue organization in the delayed cutaneous 
wound. (b) Masson staining of collagenous (blue) and muscular (red) fibers. Less staining was observed in the delayed wound tissue. (c) EVG 
staining of elastic fibers. Less staining occurred in the delayed wound tissue. (B) IHC and TUNEL staining of cutaneous wound tissue (200×). (a) 
CK-5 and PCNA expression levels are reduced in the delayed wound tissue. (b) Increased apoptosis (green cells) occurred in the delayed 
wound tissue. All the experiments were repeated at least three times. 
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and COL11A1 were downregulated, and AKT3-related 

AKT signaling was deficient in delayed wound tissue. 

 

AKT3 deficiency in M2 macrophages caused 

downregulation of COL1A1 and COL11A1 

 

M2 macrophages are crucial for cutaneous wound 

healing and healing of wounds in other organs [10, 28]. 

AKT3 deficiency in M2 macrophages is responsible for 

cholesterol metabolism which was closely corelated to 

wound repair [25, 31]. We evaluated whether the 

downregulation of AKT3 was M2 macrophage-specific 

and responsible for the changes observed in COL1A1 

and COL11A1 expression in the delayed wound tissue. 

GSEA revealed that PI3K-AKT signaling and 

phagosome-related genes (characteristic of macrophages) 

were negatively enriched in the delayed wound tissue 

(Figure 4A). The PI3K-AKT signaling and phagosome-

associated heatmaps revealed that AKT3, which was one 

of the top 10 changed genes, was decreased in both the 

PI3K-AKT3 signaling and phagosome categories for the 

delayed wound tissue (Figure 4B).  

 

 

 

Figure 2. Transcriptome analysis for normal and delayed cutaneous wound tissue. (A, B) Cluster analysis for cutaneous wound 
tissue (normal wound tissue, n = 5; delayed wound tissue, n = 8). (A) Heatmap and (B) volcano plot for cutaneous wound tissue collected 28 
days post-injury. (C) Gene expression profiles of normal and delayed cutaneous wound tissue generated by gene ontology (GO) analysis.  
(D) KEGG pathway analysis showed that the ECM-associated pathway was significantly enriched. Abbreviation: BB, biological process; CC, 
cellular component; MF, molecular function. All the experiments were repeated at least three times. 
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Immunofluorescence staining for CD68, CD206, and 

AKT3 demonstrated that AKT3 was downregulated in 

CD68/CD206-positive M2 macrophages, and there was 

less infiltration of this macrophage population into the 

delayed wound tissue (Figure 4C). qRT-PCR confirmed 

that the sorted CD68/CD206-positive cells were M2 

macrophages with decreased AKT3 mRNA levels 

(Figure 4D). In addition, total AKT3 and phospho-

rylated AKT3S472 protein levels were lower in the 

delayed wound tissue compared to the normal wound 

tissue (Figure 4E, Supplementary Figure 2C). 

Furthermore, decreased COL1A1 and COL11A1 

protein levels were observed in the CD68-positive 

macrophages (Figure 4F a-b). These results suggested 

that AKT3 expression was specifically altered in M2 

macrophages, leading to reduced infiltration into the 

wound and decreased COL1A1 and COL11A1 

expression.

 

 
 

Figure 3. Downregulation of AKT3, COL1A1, and COL11A1 in delayed cutaneous wound tissue. (A) Venn diagram of the KEGG 
pathway. (a) Venn analysis identified 35 genes that were enriched in PI3K-AKT signaling, ECM-receptor interactions, and focal adhesion.  
(b) The heatmap expression profile of the 35 changed genes. (B) Venn diagram of GO analysis for the tissue remodeling-associated biological 
functions. AKT3, COL1A1, and COL11A1 were enriched. (C a–d) Gene set enrichment analysis (GSEA) of cutaneous wound tissue. The genes 
associated with (a) cell adhesion molecules, (b) collagen metabolic processes, (c) focal adhesion, and (d) extracellular structural organization 
were negatively enriched in the delayed cutaneous wound tissue. (D) IHC staining of AKT3, COL1A1, and COL11A1 in cutaneous wound tissue 
(200 x). The levels of all three proteins were reduced in the delayed wound tissue. (E) Decreased AKT3, COL1A1, and COL11A1 protein levels 
in delayed cutaneous wound tissue. (F) Total AKT3 and phosphorylated-Ser472 AKT3 levels were decreased in delayed cutaneous wound 
tissue. All the experiments were repeated at least three times. 
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AKT3 knockdown in M2 macrophages impaired 

HSF proliferation and migration in ex vivo co-

culture model  
 

To further investigate the influence of AKT3 deficiency 

on M2 macrophages, we established a co-culture model 

of THP-1-derived M2 macrophages and HSFs using a 

transwell non-contact co-culture system (Figure 5A). 

QRT-PCR confirmed the differentiation of THP-1 cells 

into M2 macrophages (Supplementary Figure 1A). 

AKT3 knockdown with shAKT3 in M2 macrophages 

was verified by western blotting. Phosphorylation of 

AKT3S472 was also reduced in these M2 macrophages 

(Figure 5B).  

 

 
 

Figure 4. Loss of AKT3 in M2 macrophages inhibited extracellular COL1A1 and COL11A1 expression. (A) GSEA showed that 
negatively enriched genes were associated with PI3K-AKT signaling and phagosomes in delayed cutaneous wound tissue. (B) Heatmap of the 
top 10 genes related to PI3K-AKT signaling and phagosomes; AKT3 was downregulated in both functional enrichment sets in the delayed 
cutaneous wound tissue. (C) Immunofluorescence of cutaneous wound tissue (n = 6). CD68- (green) and CD206-(red) positive M2 
macrophages were reduced in the delayed cutaneous wound tissue. AKT3 (pink) was decreased in the M2 macrophages. (D) qRT-PCR showed 
decreased AKT3 mRNA expression in the delayed cutaneous wound tissue-derived M2 macrophages. (E) Western blotting verified the 
reduction and loss of AKT3 in M2 macrophages from delayed cutaneous wound tissue. (F) Immunofluorescence of COL1A1 and COL11A1 in 
CD68-positive macrophages in cutaneous wound tissue. (a) Decreased CD68-positive macrophage infiltration and COL1A1 protein expression 
were observed in delayed cutaneous wound tissue. (b) Decreased COL11A1 protein expression also accompanied the reduced CD68-positive 
macrophage infiltration. All the experiments were repeated at least three times. 
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In the ex vivo co-cultures, the M2 macrophages derived 

from the THP-1 cells significantly increased HSF 

proliferation, which was partially abolished by AKT3 

knockdown (Figure 5C, 5E). In contrast, M2Delayed 

macrophages failed to promote HSF proliferation 

compared to M2Normal macrophages (Figure 5D, 5F). 

Cell migration and scratch wound healing are 

considered to be the effector of wound healing [34]. In 

this study, we tested the effect of M2 macrophage co-

culture on the migration of HSFs in vitro. THP-1-

derived M2 macrophages significantly increased HSF 

migration, which was partially abrogated by AKT3 

knockdown in the M2 macrophages (Figure 5G). Not 

surprisingly, M2Delayed macrophages did not promote 

HSF migration compared to M2Normal macrophages 

(Figure 5H). Thus, the elimination of AKT3 expression 

in M2 macrophages impaired the proliferation and 

migration of co-cultured HSFs. 

 

The presence of the THP-1-derived M2 macrophages 

dramatically increased COL1A1 and COL11A1 

expression in the HSF cells; however, this effect was 

abolished by AKT3 knockdown in the M2 macrophages 

(Figure 5I, Supplementary Figure 2D). The patient-

derived M2 macrophages had a similar effect on the 

HSFs. Lower COL1A1 and COL11A1 expression levels 

were observed in the HSFs exposed to M2Delayed 

macrophages, which had decreased AKT3 levels 

compared to the M2Normal macrophages (Figure 5J). 

 

AKT3 knockout impeded cutaneous wound healing 

in vivo 
 

To study the functional role of Akt3 in cutaneous 

wound healing in vivo, we used CRISPR/Cas9 

technology to genetically ablate the AKT3 gene in 

C57BL/6 mice (Figure 6A). AKT3 expression and 

AKT3S472 phosphorylation were significantly reduced in 

the AKT3-/- mice compared to the AKT3+/+ mice 

(Figure 6B). Interestingly, loss of AKT3 did not alter 

mouse body weight (Supplementary Figure 1B).  

 

Therefore, we hypothesized that AKT3 might be 

involved in the regulation of cutaneous wound healing 

through its effects on M2 macrophage function. 

Although M2 macrophages are active in all stages of 

cutaneous wound healing, the most infiltration by these 

macrophages into the wound occurs during the tissue 

remodeling phase. We observed that on day 0 post-

injury, the wound lesion area was similar between the 

AKT3-/- and AKT3+/+ mice. By day 7 post-injury, the 

lesion areas of the AKT3-/- mice were significantly 

larger than those of the AKT3+/+ mice. Not surprisingly, 

the lesions of the AKT3+/+ mice were almost healed by 

day 14 post-injury. In contrast, the lesions of the AKT3-

/- mice were almost the same size as they were on day 7 

(Figure 6C). Histological analysis of the wound tissue 

showed that the wound structure in the AKT3+/+ mice 

demonstrated greater integrity and tightness compared 

to that of the AKT3-/- mice. In addition, collagenous, 

muscular, and elastic fibers were more abundant in the 

wound lesion area of the AKT3+/+ mice compared to 

that observed for the AKT3-/- mice (Figure 6D). AKT3 

knockout also affected ECM deposition by inhibiting 

COL1A1 and COL11A1 expression (Supplementary 

Figure 1C, 1D(a)). Moreover, AKT3 knockout 

decreased M2 macrophage infiltration into the 

cutaneous wound site (Figure 6E, Supplementary Figure 

1D(b)). These results suggested that loss of AKT3 

delayed cutaneous wound healing by disrupting the 

tissue remodeling process. 

 

During the tissue remodeling phase of wound healing, 

we observed that both TGF-β and IL-10 were expressed 

on days 7 and 14 post-injury, and the levels of 

expression were lower in the AKT3-/- mice (Figure 7A). 

AKT3 expression levels in these F4/80/CD206-positive 

M2 macrophages were also verified by western blotting 

(Figure 7B). Previous research demonstrated 

keratinocyte meditated epidermal proliferation was 

crucial for cutaneous wound healing and was positively 

regulated by Erk/Akt signaling pathway [33]. To further 

investigate M2 macrophage to proliferation and 

migration of mouse JB6 cells, we co-cultured these 

mouse-derived F4/80/CD206 positive M2 macrophages 

with the JB6 murine epidermal cell line, results 

demonstrated that M2 macrophages derived from the 

wound tissue of AKT3-/- mice lost their ability to 

promote cell proliferation and migration (Figure 7C–

7E). COL1A1 and COL11A1 expression levels were 

also decreased in the JB6 cells co-cultured with M2 

macrophages from the AKT3-/- mice (Figure 7F). 

Overall, our study demonstrated that decreased M2 

macrophage infiltration and impaired function were the 

underlying causes of delayed cutaneous wound healing. 

AKT3 deficiency in M2 macrophages appeared to be 

responsible for this abnormal M2 macrophage 

infiltration and function.  

 

DISCUSSION 
 

Restoration of cutaneous integrity after an injury is of 

vital importance. Intact skin provides the first barrier 

against invading microbes and pathogens. Loss of the 

integrity of large portions of the skin as a result of 

injury or illness can lead to major disabilities and even 

death [34]. Cutaneous wound healing consists of three 

main phases (i.e., inflammation, regeneration, and 

remodeling), which are tightly linked [35]. Delayed 

cutaneous wound healing is frequently encountered with 

the large wound lesions of patients with diabetes, 

vascular disease, or dermatosis [36, 37]. The present 
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Figure 5. AKT3 knockdown in M2 macrophages suppressed proliferation and migration as well as COL1A1 and COL11A1 
expression ex vivo. (A) Schematic of the M2 macrophage-HSF co-culture model. (B) Total AKT3 and associated phosphorylated AKT3Ser472 
levels in THP-1-derived M2 macrophages following AKT3 knockdown. (C–D) CCK-8 assay of the co-culture model. (C) Proliferation of co-
cultured HSFs was impaired following AKT3 knockdown in THP-1-derived M2 macrophages. (D) M2 macrophages isolated from delayed 
cutaneous wound tissue also lost their ability to facilitate HSF proliferation compared to M2 macrophages derived from normal wound tissue. 
(E, F) EdU assay of the co-culture model. (E) DNA replication induced by M2 macrophages in HSFs was abrogated by AKT3 knockdown in 
these macrophages. (F) M2 macrophages from delayed cutaneous wound tissue were incapable of promoting HSF DNA replication. (G, H) 
Transwell migration assay of the co-culture model. (G) HSF migration was impaired after co-culture with AKT3 knockdown in THP-1-derived 
M2 macrophages. (H) M2 macrophages isolated from delayed cutaneous wound tissue could not promote HSF migration. (I) COL1A1 and 
COL11A1 protein levels were increased in HSFs co-cultured with THP-1-derived M2 macrophages. AKT3 knockdown in the M2 macrophages 
decreased COL1A1 and COL11A1 expression in the co-cultured HSFs. (J) M2 macrophages from delayed cutaneous wound tissue were 
incapable of inducing COL1A1 and COL11A1 expression in co-cultured HSFs compared to normal wound tissue-derived M2 macrophages. All 
the experiments were repeated at least three times. 
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study consisted of male patients with injury to a large 

portion of their legs. We observed the absence of skin 

integrity in the delayed wound tissue that was 

accompanied by reduced numbers of collagenous, 

muscular, and elastic fibers. It is well known that re-

epithelialization of a wound plays a crucial role in 

maintaining cutaneous integrity [38, 39]. We observed 

slowed re-epithelialization in the delayed wound 

tissue. We also noticed that this wound tissue was 

incapable of proliferating compared to normal wound 

tissue. TUNEL staining suggested that there was 

excessive inflammation in the delayed wound tissue, 

which is consistent with data demonstrating that a 

chronic wound inflammatory response can contribute 

to delayed wound healing [40]. Our current results 

suggested that a disruption of the tissue remodeling 

phase may be the main cause of the delayed cutaneous 

wound healing. 

 

 
 

Figure 6. Loss of AKT3 delayed cutaneous wound healing in mice. (A) Schematic of AKT3 knockout in mice. (B) Western blotting for 
AKT3 levels in AKT3+/+ and AKT3-/- mice (n = 6). (C) AKT3 knockout delayed cutaneous wound healing in mice by days 7 and 14 post-injury.  
(D a–c) Histological staining of mouse cutaneous wound tissue. (a) H&E staining showed more inflammatory cells in the wound tissue of 
AKT3-/- mice and incomplete tissue integrity (n = 6). (b) Masson staining showed the numbers of collagenous and muscular fibers were 
reduced in the wound tissue of AKT3-/- mice (n = 6). (c) EVG staining showed that number of elastin fibers were decreased in the wound 
tissue of AKT3-/- mice (n = 6). (E) IF staining showed the F40/80 and CD206 expression in mouse cutaneous wound tissue. All the 
experiments were repeated at least three times. 
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We used next-generation sequencing to further 

investigate the molecular mechanisms involved in the 

impaired tissue remodeling observed with delayed 

cutaneous wound healing. We found that the ECM 

organization, ECM-receptor interactions, and cell 

adhesion were enriched. In particular, transcriptome 

analysis demonstrated that the expression of AKT3, 

COL1A1, and COL11A1 in delayed wound tissue was 

downregulated in three tissue remodeling-related 

processes, including PI3K-AKT signaling, focal 

adhesion, and ECM-receptor interaction. These changes 

were confirmed by IHC and western blotting. Based on 

these results, we asked whether the changes observed in 

AKT3, COL1A1, and COL11A1 expression were truly 

linked or just coincidental.  

 

M2 macrophages are indispensable for cutaneous 

wound healing, especially during the tissue remodeling 

phase [10]. A deficiency in AKT3-related PI3K-AKT 

signaling can suppress the polarization of these 

macrophages [41]. In the present study, GSEA revealed 

that PI3K-AKT signaling and phagosome-related genes 

were negatively enriched in the delayed wound tissue, 

with AKT3 being downregulated in both gene sets.  

We observed reduced CD68/CD206-positive M2 

macrophage infiltration in the delayed wound tissue, 

which was accompanied by decreased AKT3 expression 

in the M2 macrophage population and concomitant 

decreases in COL1A1 and COL11A1 expression in this 

tissue. Studies have shown that HSFs are the main 

sources of collagen in the skin [42]. Our current 

findings suggest that an AKT3 deficiency leads to the 

inability of M2 macrophages to induce COL1A1 and 

COL11A1 expression in cutaneous wounds (i.e., in 

HSFs). Indeed, AKT3 knockdown abolished M2 

macrophage-induced increases in HSF proliferation and 

migration and COL1A1 and COL11A1 expression in 

our co-culture system.  

 

 
 

Figure 7. M2 macrophages from AKT3-/- mice failed to promote cell proliferation and migration ex vivo. (A) TGF-β and IL-10 
mRNA levels were decreased in delayed cutaneous wound tissue 7th and 14th day post-injury in mice (n = 3). (B) Western blotting 
demonstrated the loss of AKT3 in M2 macrophages from AKT3-/- mice. (C, D) CCK-8 and EdU assays demonstrated that M2 macrophages from 
AKT3-/- mice were incapable of promoting JB6 cell proliferation (C) or DNA replication (D), respectively. (E) Transwell migration assay showed 
M2 macrophages from AKT3-/- mice could not promote JB6 cell migration. (F) COL1A1 and COL11A1 protein levels in JB6 were not increased 
by co-culture with M2 macrophages from AKT3-/- mice. (G) The schematic illustration of the role of M2 macrophage AKT3 deficiency in 
delayed cutaneous wound healing. All the experiments were repeated at least three times. 
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In the present study, we failed to connect AKT3 directly 

to the expression of COL1A1 and COL11A1 in HSFs. 

Understanding the mechanism underlying this 

phenomenon requires further investigation. AKT3 is a 

vital component of the PI3K-AKT signaling pathway, 

which is crucial for androgen receptor regulation [43, 

44]. However, the androgen receptor is negatively 

correlated with cutaneous and prostatic wound healing 

[45, 46]. Currently, we cannot exclude the influence of 

androgen on cutaneous wound healing in our study 

because the tissue samples that we analyzed were 

mainly obtained from middle-aged men. In addition, we 

need to analyze more wound tissue samples along with 

clinical data to clarify the relationship between low 

AKT3 levels and delayed cutaneous wound healing. 

 

AKTs are a family of protein kinase B involved in 

cellular biology. Although they share some properties, it 

is clear that they each have distinct functions. AKT1 

can enhance apoptosis and cell growth in mice [47], 

whereas AKT2 deficient mice have a diabetic 

phenotype and are resistant to insulin therapy [48]. In 

contrast, loss of AKT3 in mice induces foam cell 

formation and atherosclerosis [25]. Currently, very little 

is known about the role of AKT3 in delayed cutaneous 

wound healing. In the present study, we uncovered the 

potential of AKT3 deficiency to impair M2 macrophage 

infiltration and function in delayed cutaneous wound 

healing. Through the generation of an AKT3 knockout 

mouse model, we have identified a potential target for 

accelerating cutaneous wound healing in the absence of 

significant morbidity or death. Whether AKT3 plays a 

critical role in other M2 macrophage-associated 

biological processes is currently unknown. Future 

studies will evaluate the potential contribution of other 

AKT isoforms (AKT1 and AKT2) to delayed cutaneous 

wound healing. The classical and extensively activated 

PI3K/AKT/mTOR signaling pathway should also be 

included in the future research to clarify its function in 

cutaneous wound healing. Our transcriptome data 

suggest that these isoforms are unlikely to be involved 

in this process. Extensive studies have determined that 

AKT3 plays a role in the activation of the DNA repair 

pathway [49], suggesting that the involvement of AKT3 

in tissue injury repair is potentially wide-ranging and 

not limited to cutaneous wounds.  

 

MATERIALS AND METHODS 
 

Patients and cell culture  
 

The present study was approved by the ethics committee 

of Shanghai General Hospital. Crural wound tissue 

samples (n=13) were obtained from patients of Shanghai 

General Hospital. All samples were collected with 

informed consent. The inclusion criteria were as follows: 

male; 40 to 60 years of age; no diabetes; no vascular 

disease of the lower extremities; no nerve injury. Patients 

whose wound area showed no apparent reduction after 

standard treatment for one week were assigned to the 

delayed wound group. Patients that did not demonstrate 

delayed wound healing were assigned to the normal 

wound group. HSFs and JB6 cells were obtained from 

the Chinese Academy of Sciences Committee on Type 

Culture Collection Cell Bank (Shanghai, China). The 

HSFs and JB6 cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM; Gibco, Grand 

Island, NY) supplemented with 10% fetal bovine serum 

(FBS) and maintained in 5% CO2 at 37°C. The human 

monocytic cell line THP-1 was purchased from the 

American Type Culture Collection (ATCC, Manassas, 

VA, USA) and cultured in RPMI 1640 medium with 

10% FBS at 37°C and 5% CO2. THP-1 cells were 

differentiated into M2 macrophages, as previously 

described [28]. Briefly, THP-1 cells were incubated with 

100 nmol PMA for 30 h to induce differentiation into 

macrophages. After washing three times, the adherent 

macrophages were treated with IL-4 (20 ng/mL) and IL-

13 (20 ng/mL) to induce the CD68+/CD206+ M2 

phenotype. For macrophage sorting, wound tissue 

samples were digested at 37°C. The samples were 

incubated with fluorescein isothiocyanate (FITC)-CD68 

and phycoerythrin (PE)-CD206 or FITC-F4/80 

antibodies for 40 min. After filtering through a 70-µm 

nylon cell strainer, the samples were analyzed using a 

Sony SH800 flow cytometer (Sony Biotechnology, 

Japan). Ten thousand events were collected using a 

forward scatter threshold of 50,000 (5%). Debris was 

excluded according to the FSC/SSC (forward scatter/side 

scatter) dot plot.  

 

The establishment of in vitro macrophage co-culture 

model was followed the method which has been 

previously described [50]. THP-1 induced M2 macro-

phages and wound tissue sorted macrophages were 

seeded into Transwell chambers (Corning, New York, 

USA). The inserts with macrophages were put into the 

HSF or JB-6 cells, forming in vitro co-culture models to 

be applied in the following studies. 

 

Reagents and antibodies 
 

Phorbol-12-myristate-13-acetate (PMA, cat no. HY-

18739) were procured from MCE (Monmouth Junction, 

NJ, USA). Interleukin 4 (IL-4, cat no. AF-200-04-5) 

and Interleukin 13 (IL-13, cat no. AF-200-13-500) were 

purchased from Pepro Tech (Rocky Hill, NJ, USA). 

Antibodies were obtained commercially as below and 

diluted as recommendation in each experiment: 

 

1. AKT3 (cat no. PA5-29696), COL1A1 (cat no. PA5-

89281), COL11A1 (cat no. PA5-68410) and CD206 
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(cat no. MA5-16871) antibodies from Invitrogen 

(Carlsbad, CA, USA). 

2. Antibodies against CK5 (cytokeratin 5) (cat no. 

71536), PCNA (Proliferating Cell Nuclear Antigen) 

(cat no. 13110), COL1A1 (cat no. 39952), COL11A1 

(cat no. 96321), β-actin (cat no. 3700), CD68 (cat no. 

76437), F4/80 (cat no. 30325) from Cell Signaling 

Technology (Danvers, MA, USA). 

3. Antibody against phoso-AKT3ser472 (cat no. orb6790) 

from Biorbyt.  

4. Antibodies used in Fluorescence-Activated Cell 

Sorting (FACS) against CD68 (cat no. ab134351), 

CD163 (cat no. ab95613) and F4/80 (cat no. ab60343) 

from Abcam (Cambridge, MA). 

 

Histological analysis 
 

Hematoxylin-eosin (H&E), Masson’s trichrome, and 

elastic Van Gieson (EVG) staining were performed to 

detect wound healing and collagen deposition in 

the wound tissue. Immunohistochemistry (IHC) 

was performed on tissue sections using antibodies 

against CK5, PCNA, AKT3, COL1A1, and 

COL11A1. Immunofluorescence (IF) was carried out 

with antibodies against CD68, CD206, F4/80, 

COL1A1, and COL11A1 and observed using 

fluorescence microscopy. To be specific, formalin-

fixed, paraffin-embedded tissue samples were cut 

into 4-μm-thick sections. 0.01 M citrate buffer (pH 

6.0) was used for antigen retrieval which performed 

in a pressure cooker for 3 min. After blocked in 1% 

BSA for 1.5 h at room temperature, tissue sections 

were incubated with primary antibodies at 4°C. Then, 

for IF, the samples were incubated with secondary 

antibodies conjugated with Alexa fluor for 1 h at 

room temperature, counterstained with 4′,6-

diamidino-2-phenylindole dihydrochloride (DAPI) to 

detect nuclei and visualized using fluorescence 

microscopy. For IHC, the secondary antibody was 

diluted to 1:750 for recognizing primary antibodies. 

The staining for IHC was visualized using the 

VECTASTAIN ABC peroxidase system and 

peroxidase substrate DAB kit. 

 

RNA sequence 
 

The cutaneous wound tissues were obtained and 

extracted into total RNA using TRIzol® Reagent 

according the manufacturer’s instructions (Invitrogen). 

DNase I (TaKara) was used to remove genomic DNA 

and then the quality of RNA was examined by 2100 

Bioanalyser (Agilent) and quantified using the ND-2000 

(NanoDrop Technologies). The high-quality RNA 

sample (OD260/280=1.8~2.2, OD260/230≥2.0, RIN≥6.5, 

28S:18S≥1.0, >10μg) was used for sequencing library 

construction. 

Following TruSeqTM RNA sample preparation Kit 

from Illumina (San Diego, CA), RNA-seq transcriptome 

library was prepared using 10μg of total RNA. The raw 

paired end reads were trimmed and quality controlled 

by SeqPrep and Sickle with default parameters. Then 

clean reads were separately aligned to reference genome 

with orientation mode using TopHat software. 

Differential expression genes between two different 

samples was calculated according to the fragments per 

kilobase of exon per million mapped reads (FRKM) 

method. RSEM was used to quantify gene abundances. 

R statistical package software EdgeR was utilized for 

differential expression analysis. In addition, functional-

enrichment analysis including GO and KEGG were 

performed to identify which DEGs were significantly 

enriched in GO terms and metabolic pathways at 

Bonferroni-corrected P-value ≤0.05 compared with the 

whole-transcriptome background. GO functional enrich-

ment and KEGG pathway analysis were carried out by 

Goatools and KOBAS.  

 

shRNA transfection  

 

AKT3 and negative control shRNA were obtained from 

OBiO (Shanghai, China). The shRNA (50 nM) was 

transfected into THP-1-derived M2 macrophages using 

Attractene transfection reagent (Qiagen), according to 

the manufacturer’s protocol.  

 

RNA isolation and quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) 

 

Total RNA was extracted using Trizol (Invitrogen, Grand 

Island, NY). First-strand cDNA was synthesized using 

SuperScript III reverse transcriptase (Invitrogen, USA). 

mRNA expression was analyzed by qRT-PCR using 

PowerUp™ SYBR® Green Master Mix (Thermo 

Scientific, Waltham, MA, USA). Relative mRNA 

expression levels were quantified using the 2-ΔΔCt method 

with β-actin as the internal control. The specific primers 

used for qRT-PCR are listed in Supplementary Table 1. 

 

Total protein extraction and western blotting 
 

Cells were lysed on ice in RIPA buffer (Beyotime, 

Suzhou, China) containing 1% (v/v) protease inhibitor 

cocktail (Roche, Indianapolis, IN). For tissue proteins, 

tissues were homogenized and then lysed in RIPA 

buffer on ice for 30 min. Protein concentrations were 

determined using the Pierce BCA Protein Assay 

(Thermo Scientific, Waltham, MA, USA). Protein (20 

μg) was separated on 7.5 to 12.5% gels by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred onto polyvinylidene 

fluoride (PVDF) membranes (Millipore, Billerica, MA, 

USA). After blocking with skim milk, the membranes 
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were incubated with primary antibodies and then HRP-

conjugated secondary antibodies. The specific protein 

bands were visualized using the ECL substrate solution 

(NCM, Suzhou, China) and ChemiLucent ECL Detection 

System (Thermo Scientific, Waltham, MA, USA). 

 

Cell proliferation assays 
 

Co-cultured Cells (HSFs and JB6) (2000 per well) were 

plated in 96-well plates. When the control (vehicle)-

treated cells reached 95% confluence, the cells received 

the indicated treatments. At each time point, CCK-8 

reagent (20 μL) was added to each well and incubated at 

37°C for 2 h. The absorption values at 450 nm were 

measured using a multi-well plate reader (BioTek, 

Winooski, VT, USA). 

 

Cell proliferation was also examined using the Cell-

Light™ EdU DNA Cell Proliferation Kit (Ribobio, 

Guangzhou, China). EdU (5-ethynyl-2’-deoxyuridine) 

was added to the cells for 2 h. EdU incorporation was 

analyzed by fluorescence microscopy.  

 

Cell migration assay 
 

HSFs were seeded in the chambers of transwell inserts, 

and the bottom chambers were filled with normal 

control medium or conditioned medium. After 24 h, the 

cells remaining on the top side of the filter membrane 

were wiped off gently with a cotton swab. The cells that 

migrated to the lower surface were fixed with 10% 

buffered formalin, stained with 0.1% crystal violet for 

10 min at room temperature, and counted using an 

inverted microscope (Leica, Wetzlar, Germany).  

 

Animal experiments 
 

AKT3 knockout mice (AKT3-/-, C57BL/6 background) 

were generated by Model Organisms (Shanghai, China). 

Briefly, exons 3 to 5 were deleted from the AKT3-203 

transcript using CRISPR/Cas9 technology. The 

sequence of the guide RNA was 3′-TGAACCAGTCAG 

ACTGAAGA TGG-5′. The AKT3 knockout vector was 

injected into ES cells, and then the homologous 

recombination (HR) of ES cells was selected. The HR 

ES cells were injected into the blastocysts to generate 

chimera mice. The chimera mice were crossed with 

AKT3 wild-type mice (AKT3+/+, C57BL/6 background) 

to obtain the AKT3-/- mouse strain. The cutaneous 

wound model was established as previously described 

[51]. Briefly, mice were anesthetized with ketamine/ 

xylazine (100 mg·kg-1, i.p.), and the back skin was 

shaved and disinfected with an ethanol solution. Full-

thickness excisional wounds were created using a 10-

mm biopsy punch and left without cover during the 

wound healing process. 

Statistical analysis 
 

Data are presented as the mean ± SEM. Statistical 

analysis was performed using SPSS 17.0 software 

(SPSS Inc., Chicago, IL, USA). Groups were compared 

using the two-tailed Student’s t-test or one way 

ANOVA. *P < 0.05, **P<0.01, ***P<0.001 was 

considered statistically significant. Each experiment 

was performed in triplicate. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflict of 

interest. 

 

FUNDING 
 

There was no funding in this study.  

 

REFERENCES 
 

1. Lazarus GS, Cooper DM, Knighton DR, Margolis DJ, 
Pecoraro RE, Rodeheaver G, Robson MC. Definitions 
and guidelines for assessment of wounds  
and evaluation of healing. Arch Dermatol. 1994; 
130:489–93. 

 https://doi.org/10.1001/archderm.1994.01690040093
015 PMID:8166487 

2. Mostow EN. Diagnosis and classification of chronic 
wounds. Clin Dermatol. 1994; 12:3–9. 

 https://doi.org/10.1016/0738-081x(94)90251-8 
 PMID:8180943 

3. Mustoe TA, O'Shaughnessy K, Kloeters O. Chronic 
wound pathogenesis and current treatment strategies: 
a unifying hypothesis. Plast Reconstr Surg. 2006; 
117:35S–41S. 

 https://doi.org/10.1097/01.prs.0000225431.63010.1b 
 PMID:16799373 

4. Forbes SJ, Rosenthal N. Preparing the ground for tissue 
regeneration: from mechanism to therapy. Nat Med. 
2014; 20:857–69. 

 https://doi.org/10.1038/nm.3653 PMID:25100531 

5. Wynn TA, Vannella KM. Macrophages in Tissue 
Repair, Regeneration, and Fibrosis. Immunity. 2016; 
44:450–62. 

 https://doi.org/10.1016/j.immuni.2016.02.015 
 PMID:26982353 

6. Ho J, Walsh C, Yue D, Dardik A, Cheema U. Current 
Advancements and Strategies in Tissue Engineering for 
Wound Healing: A Comprehensive Review. Adv Wound 
Care (New Rochelle). 2017; 6:191–209. 

 https://doi.org/10.1089/wound.2016.0723 
 PMID:28616360 

https://doi.org/10.1001/archderm.1994.01690040093015
https://doi.org/10.1001/archderm.1994.01690040093015
https://www.ncbi.nlm.nih.gov/pubmed/8166487
https://doi.org/10.1016/0738-081x(94)90251-8
https://www.ncbi.nlm.nih.gov/pubmed/8180943
https://doi.org/10.1097/01.prs.0000225431.63010.1b
https://www.ncbi.nlm.nih.gov/pubmed/16799373
https://doi.org/10.1038/nm.3653
https://www.ncbi.nlm.nih.gov/pubmed/25100531
https://doi.org/10.1016/j.immuni.2016.02.015
https://www.ncbi.nlm.nih.gov/pubmed/26982353
https://doi.org/10.1089/wound.2016.0723
https://www.ncbi.nlm.nih.gov/pubmed/28616360


 

www.aging-us.com 6941 AGING 

7. Raghow R. The role of extracellular matrix in 
postinflammatory wound healing and fibrosis. FASEB J. 
1994; 8:823–31. 

 https://doi.org/10.1096/fasebj.8.11.8070631 
 PMID:8070631 

8. Godwin JW, Pinto AR, Rosenthal NA. Chasing the recipe 
for a pro-regenerative immune system. Semin Cell Dev 
Biol. 2017; 61:71–79. 

 https://doi.org/10.1016/j.semcdb.2016.08.008 
 PMID:27521522 

9. Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C, 
O'Neill LA, Perretti M, Rossi AG, Wallace JL. Resolution 
of inflammation: state of the art, definitions and terms. 
FASEB J. 2007; 21:325–32. 

 https://doi.org/10.1096/fj.06-7227rev 
 PMID:17267386 

10. Mosser DM, Edwards JP. Exploring the full spectrum of 
macrophage activation. Nat Rev Immunol. 2008; 
8:958–69. 

 https://doi.org/10.1038/nri2448 
 PMID:19029990 

11. Zhang Y, Desai A, Yang SY, Bae KB, Antczak MI, Fink SP, 
Tiwari S, Willis JE, Williams NS, Dawson DM, Wald D, 
Chen WD, Wang Z, et al. TISSUE REGENERATION. 
Inhibition of the prostaglandin-degrading enzyme 15-
PGDH potentiates tissue regeneration. Science. 2015; 
348:aaa2340. 

 https://doi.org/10.1126/science.aaa2340 
 PMID:26068857 

12. Peiseler M, Kubes P. Macrophages play an essential 
role in trauma-induced sterile inflammation and tissue 
repair. Eur J Trauma Emerg Surg. 2018; 44:335–49. 

 https://doi.org/10.1007/s00068-018-0956-1 
 PMID:29666944 

13. Vannella KM, Wynn TA. Mechanisms of Organ Injury 
and Repair by Macrophages. Annu Rev Physiol. 2017; 
79:593–17. 

 https://doi.org/10.1146/annurev-physiol-022516-
034356 PMID:27959618 

14. Patel U, Rajasingh S, Samanta S, Cao T, Dawn B, 
Rajasingh J. Macrophage polarization in response to 
epigenetic modifiers during infection and 
inflammation. Drug Discovery Today. 2017; 22:186–93. 

 https://doi.org/10.1016/j.drudis.2016.08.006 

15. Getts DR, Terry RL, Getts MT, Deffrasnes C, Müller M, 
van Vreden C, Ashhurst TM, Chami B, McCarthy D, Wu 
H, Ma J, Martin A, Shae LD, et al. Therapeutic 
inflammatory monocyte modulation using immune-
modifying microparticles. Sci Transl Med. 2014; 
6:219ra7. 

 https://doi.org/10.1126/scitranslmed.3007563 
 PMID:24431111 

16. Happle C, Lachmann N, Škuljec J, Wetzke M, 
Ackermann M, Brennig S, Mucci A, Jirmo AC, Groos S, 
Mirenska A, Hennig C, Rodt T, Bankstahl JP, et al. 
Pulmonary transplantation of macrophage progenitors 
as effective and long-lasting therapy for hereditary 
pulmonary alveolar proteinosis. Sci Transl Med. 2014; 
6:250ra113. 

 https://doi.org/10.1126/scitranslmed.3009750 
 PMID:25143363 

17. Clark RA, Pavlis M. Dysregulation of the mTOR pathway 
secondary to mutations or a hostile microenvironment 
contributes to cancer and poor wound healing. J Invest 
Dermatol. 2009; 129:529–31. 

 https://doi.org/10.1038/jid.2008.441 
 PMID:19209152 

18. Xu KP, Li Y, Ljubimov AV, Yu FS. High glucose 
suppresses epidermal growth factor 
receptor/phosphatidylinositol 3-kinase/Akt signaling 
pathway and attenuates corneal epithelial wound 
healing. Diabetes. 2009; 58:1077–85. 

 https://doi.org/10.2337/db08-0997 
 PMID:19188434 

19. Cheung M, Testa JR. Diverse mechanisms of AKT 
pathway activation in human malignancy. Curr Cancer 
Drug Targets. 2013; 13:234–44. 

 https://doi.org/10.2174/1568009611313030002 
 PMID:23297823 

20. Song G, Ouyang G, Bao S. The activation of Akt/PKB 
signaling pathway and cell survival. J Cell Mol Med. 
2005; 9:59–71. 

 https://doi.org/10.1111/j.1582-4934.2005.tb00337.x 
 PMID:15784165 

21. Hinz N, Jücker M. Distinct functions of AKT isoforms in 
breast cancer: a comprehensive review. Cell Commun 
Signal. 2019; 17:154. 

 https://doi.org/10.1186/s12964-019-0450-3 
 PMID:31752925 

22. Chin YR, Toker A. Function of Akt/PKB signaling to cell 
motility, invasion and the tumor stroma in cancer. Cell 
Signal. 2009; 21:470–6. 

 https://doi.org/10.1016/j.cellsig.2008.11.015 
 PMID:19110052 

23. Cai L, Liu X, Guo Q, Huang Q, Zhang Q, Cao Z. MiR-15a 
attenuates peripheral nerve injury-induced 
neuropathic pain by targeting AKT3 to regulate 
autophagy. Genes Genomics. 2020; 42:77–85. 

 https://doi.org/10.1007/s13258-019-00881-z 
 PMID:31736006 

24. Shi F, Deng Z, Zhou Z, Jiang CY, Zhao RZ, Sun F, Cui D, 
Bei XY, Yang BY, Sun Q, Wang XJ, Wu Q, Xia SJ, Han BM. 
QKI-6 inhibits bladder cancer malignant behaviours 
through down-regulating E2F3 and NF-κB signalling. J 

https://doi.org/10.1096/fasebj.8.11.8070631
https://www.ncbi.nlm.nih.gov/pubmed/8070631
https://doi.org/10.1016/j.semcdb.2016.08.008
https://www.ncbi.nlm.nih.gov/pubmed/27521522
https://doi.org/10.1096/fj.06-7227rev
https://www.ncbi.nlm.nih.gov/pubmed/17267386
https://doi.org/10.1038/nri2448
https://www.ncbi.nlm.nih.gov/pubmed/19029990
https://doi.org/10.1126/science.aaa2340
https://www.ncbi.nlm.nih.gov/pubmed/26068857
https://doi.org/10.1007/s00068-018-0956-1
https://www.ncbi.nlm.nih.gov/pubmed/29666944
https://doi.org/10.1146/annurev-physiol-022516-034356
https://doi.org/10.1146/annurev-physiol-022516-034356
https://www.ncbi.nlm.nih.gov/pubmed/27959618
https://doi.org/10.1016/j.drudis.2016.08.006
https://doi.org/10.1126/scitranslmed.3007563
https://www.ncbi.nlm.nih.gov/pubmed/24431111
https://doi.org/10.1126/scitranslmed.3009750
https://www.ncbi.nlm.nih.gov/pubmed/25143363
https://doi.org/10.1038/jid.2008.441
https://www.ncbi.nlm.nih.gov/pubmed/19209152
https://doi.org/10.2337/db08-0997
https://www.ncbi.nlm.nih.gov/pubmed/19188434
https://doi.org/10.2174/1568009611313030002
https://www.ncbi.nlm.nih.gov/pubmed/23297823
https://doi.org/10.1111/j.1582-4934.2005.tb00337.x
https://www.ncbi.nlm.nih.gov/pubmed/15784165
https://doi.org/10.1186/s12964-019-0450-3
https://www.ncbi.nlm.nih.gov/pubmed/31752925
https://doi.org/10.1016/j.cellsig.2008.11.015
https://www.ncbi.nlm.nih.gov/pubmed/19110052
https://doi.org/10.1007/s13258-019-00881-z
https://www.ncbi.nlm.nih.gov/pubmed/31736006


 

www.aging-us.com 6942 AGING 

Cell Mol Med. 2019; 23:6578–94. 
 https://doi.org/10.1111/jcmm.14481 
 PMID:31449345 

25. Ding L, Biswas S, Morton RE, Smith JD, Hay N, Byzova 
TV, Febbraio M, Podrez EA. Akt3 deficiency in 
macrophages promotes foam cell formation and 
atherosclerosis in mice. Cell Metab. 2012; 15:861–72. 

 https://doi.org/10.1016/j.cmet.2012.04.020 
 PMID:22632897 

26. Olczyk P, Mencner Ł, Komosinska-Vassev K. The role of 
the extracellular matrix components in cutaneous 
wound healing. Biomed Res Int. 2014; 2014:747584. 

 https://doi.org/10.1155/2014/747584 
 PMID:24772435 

27. Midwood KS, Williams LV, Schwarzbauer JE. Tissue 
repair and the dynamics of the extracellular matrix. Int 
J Biochem Cell Biol. 2004; 36:1031–7. 

 https://doi.org/10.1016/j.biocel.2003.12.003 
 PMID:15094118 

28. Shi F, Deng Z, Zhou Z, Jiang B, Jiang CY, Zhao RZ, Sun F, 
Cui D, Sun MH, Sun Q, Wang XJ, Wu Q, Xia SJ, Han BM. 
Heat injured stromal cells-derived exosomal EGFR 
enhances prostatic wound healing after thulium laser 
resection through EMT and NF-κB signaling. Prostate. 
2019; 79:1238–55. 

 https://doi.org/10.1002/pros.23827  
 PMID:31124594 

29. Otterço AN, Andrade AL, Brassolatti P, Pinto KNZ, 
Araújo HSS, Parizotto NA. Photobiomodulation 
mechanisms in the kinetics of the wound healing 
process in rats. J Photochem Photobiol B. 2018; 
183:22–29. 

 https://doi.org/10.1016/j.jphotobiol.2018.04.010 
 PMID:29684717 

30. Gumel AM, Razaif-Mazinah MR, Anis SN, Annuar MS. 
Poly (3-hydroxyalkanoates)-co-(6-hydroxyhexanoate) 
hydrogel promotes angiogenesis and collagen 
deposition during cutaneous wound healing in rats. 
Biomed Mater. 2015; 10:045001. 

 https://doi.org/10.1088/1748-6041/10/4/045001 
 PMID:26154416 

31. Kaunitz H. Cholesterol metabolism and tissue repair in 
arteriosclerosis. Proc Rudolf Virchow Med Soc City N Y. 
1970–1971; 28:57–64. 

 PMID:5293519 

32. Paluch EK, Aspalter IM, Sixt M. Focal Adhesion-
Independent Cell Migration. Annu Rev Cell Dev Biol. 
2016; 32:469–90. 

 https://doi.org/10.1146/annurev-cellbio-111315-
125341 PMID:27501447 

33. Zhou T, Yang Z, Chen Y, Chen Y, Huang Z, You B, Peng Y, 
Chen J. Estrogen Accelerates Cutaneous Wound 

Healing by Promoting Proliferation of Epidermal 
Keratinocytes via Erk/Akt Signaling Pathway. Cell 
Physiol Biochem. 2016; 38:959–68. 

 https://doi.org/10.1159/000443048 
 PMID:26938432 

34. Singer AJ, Clark RA. Cutaneous wound healing. N Engl J 
Med. 1999; 341:738–46. 

 https://doi.org/10.1056/NEJM199909023411006 
 PMID:10471461 

35. Parfejevs V, Debbache J, Shakhova O, Schaefer SM, 
Glausch M, Wegner M, Suter U, Riekstina U, Werner S, 
Sommer L. Injury-activated glial cells promote wound 
healing of the adult skin in mice. Nat Commun. 2018; 
9:236. 

 https://doi.org/10.1038/s41467-017-01488-2 
 PMID:29339718 

36. Nguyen CM, Tartar DM, Bagood MD, So M, Nguyen AV, 
Gallegos A, Fregoso D, Serrano J, Nguyen D, Degovics D, 
Adams A, Harouni B, Fuentes JJ, Gareau MG, Crawford 
RW, Soulika AM, Isseroff RR. Topical Fluoxetine as a 
Novel Therapeutic That Improves Wound Healing in 
Diabetic Mice. Diabetes. 2019; 68:1499–1507. 

 https://doi.org/10.2337/db18-1146 PMID:31048368 

37. Cheng TL, Chen PK, Huang WK, Kuo CH, Cho CF,  
Wang KC, Shi GY, Wu HL, Lai CH. Plasminogen/ 
thrombomodulin signaling enhances VEGF expression 
to promote cutaneous wound healing. J Mol Med 
(Berl). 2018; 96:1333–44. 

 https://doi.org/10.1007/s00109-018-1702-1 
 PMID:30341568 

38. Haensel D, Dai X. Epithelial-to-mesenchymal transition 
in cutaneous wound healing: Where we are and where 
we are heading. Dev Dyn. 2018; 247:473–80. 

 https://doi.org/10.1002/dvdy.24561 
 PMID:28795450 

39. Rousselle P, Braye F, Dayan G. Re-epithelialization of 
adult skin wounds: Cellular mechanisms and 
therapeutic strategies. Adv Drug Deliv Rev. 2019; 
146:344–65. 

 https://doi.org/10.1016/j.addr.2018.06.019 
 PMID:29981800 

40. Lohmann N, Schirmer L, Atallah P, Wandel E, Ferrer RA, 
Werner C, Simon JC, Franz S, Freudenberg U. 
Glycosaminoglycan-based hydrogels capture 
inflammatory chemokines and rescue defective wound 
healing in mice. Sci Transl Med. 2017; 9. 

 https://doi.org/10.1126/scitranslmed.aai9044 
 PMID:28424334 

41. Zhang LL, Zhang LF, Shi YB. Down-regulated paxillin 
suppresses cell proliferation and invasion by inhibiting 
M2 macrophage polarization in colon cancer. Biol 
Chem. 2018; 399:1285–95. 

https://doi.org/10.1111/jcmm.14481
https://www.ncbi.nlm.nih.gov/pubmed/31449345
https://doi.org/10.1016/j.cmet.2012.04.020
https://www.ncbi.nlm.nih.gov/pubmed/22632897
https://doi.org/10.1155/2014/747584
https://www.ncbi.nlm.nih.gov/pubmed/24772435
https://doi.org/10.1016/j.biocel.2003.12.003
https://www.ncbi.nlm.nih.gov/pubmed/15094118
https://doi.org/10.1002/pros.23827
https://www.ncbi.nlm.nih.gov/pubmed/31124594
https://doi.org/10.1016/j.jphotobiol.2018.04.010
https://www.ncbi.nlm.nih.gov/pubmed/29684717
https://doi.org/10.1088/1748-6041/10/4/045001
https://www.ncbi.nlm.nih.gov/pubmed/26154416
https://www.ncbi.nlm.nih.gov/pubmed/5293519
https://doi.org/10.1146/annurev-cellbio-111315-125341
https://doi.org/10.1146/annurev-cellbio-111315-125341
https://www.ncbi.nlm.nih.gov/pubmed/27501447
https://doi.org/10.1159/000443048
https://www.ncbi.nlm.nih.gov/pubmed/26938432
https://doi.org/10.1056/NEJM199909023411006
https://www.ncbi.nlm.nih.gov/pubmed/10471461
https://doi.org/10.1038/s41467-017-01488-2
https://www.ncbi.nlm.nih.gov/pubmed/29339718
https://doi.org/10.2337/db18-1146
https://www.ncbi.nlm.nih.gov/pubmed/31048368
https://doi.org/10.1007/s00109-018-1702-1
https://www.ncbi.nlm.nih.gov/pubmed/30341568
https://doi.org/10.1002/dvdy.24561
https://www.ncbi.nlm.nih.gov/pubmed/28795450
https://doi.org/10.1016/j.addr.2018.06.019
https://www.ncbi.nlm.nih.gov/pubmed/29981800
https://doi.org/10.1126/scitranslmed.aai9044
https://www.ncbi.nlm.nih.gov/pubmed/28424334


 

www.aging-us.com 6943 AGING 

 https://doi.org/10.1515/hsz-2018-0002 
 PMID:29924724 

42. Andrulewicz-Botulińska E, Kuźmicz I, Nazaruk J, Wosek 
J, Galicka A. The concentration-dependent effect of 
anethole on collagen, MMP-2 and GAG in human skin 
fibroblast cultures. Adv Med Sci. 2019; 64:111–116. 

 https://doi.org/10.1016/j.advms.2018.08.008 
 PMID:30640076 

43. Chan JJ, Tan TJY, Dent RA. Novel therapeutic avenues 
in triple-negative breast cancer: PI3K/AKT inhibition, 
androgen receptor blockade, and beyond. Ther Adv 
Med Oncol. 2019; 11. 

 https://doi.org/10.1177/1758835919880429 
 PMID:31636720 

44. Marques RB, Aghai A, de Ridder CMA, Stuurman D, 
Hoeben S, Boer A, Ellston RP, Barry ST, Davies BR, 
Trapman J, van Weerden WM. High Efficacy of 
Combination Therapy Using PI3K/AKT Inhibitors with 
Androgen Deprivation in Prostate Cancer Preclinical 
Models. Eur Urol. 2015; 67:1177–85. 

 https://doi.org/10.1016/j.eururo.2014.08.053 
 PMID:25220373 

45. Chang C, Yeh S, Lee SO, Chang TM. Androgen receptor 
(AR) pathophysiological roles in androgen-related 
diseases in skin, bone/muscle, metabolic syndrome 
and neuron/immune systems: lessons learned from 
mice lacking AR in specific cells. Nucl Recept Signal. 
2013; 11:e001. 

 https://doi.org/10.1621/nrs.11001 
 PMID:24653668 

46. Mukai K, Nakajima Y, Asano K, Nakatani T. Topical 
estrogen application to wounds promotes delayed 
cutaneous wound healing in 80-week-old female mice. 
PLoS One. 2019; 14:e0225880. 

 https://doi.org/10.1371/journal.pone.0225880 

 PMID:31774863 

47. Peng XD, Xu PZ, Chen ML, Hahn-Windgassen A, Skeen 
J, Jacobs J, Sundararajan D, Chen WS, Crawford SE, 
Coleman KG, Hay N. Dwarfism, impaired skin 
development, skeletal muscle atrophy, delayed bone 
development, and impeded adipogenesis in mice 
lacking Akt1 and Akt2. Genes Dev. 2003; 17:1352–65. 

 https://doi.org/10.1101/gad.1089403 
 PMID:12782654 

48. Hay N. Akt isoforms and glucose homeostasis - the 
leptin connection. Trends Endocrinol Metab. 2011; 
22:66–73. 

 https://doi.org/10.1016/j.tem.2010.09.003 
 PMID:20947368 

49. Turner KM, Sun Y, Ji P, Granberg KJ, Bernard B, Hu L, 
Cogdell DE, Zhou X, Yli-Harja O, Nykter M, Shmulevich 
I, Yung WK, Fuller GN, Zhang W. Genomically amplified 
Akt3 activates DNA repair pathway and promotes 
glioma progression. Proc Natl Acad Sci U S A. 2015; 
112:3421–6. 

 https://doi.org/10.1073/pnas.1414573112 
 PMID:25737557 

50. Deng Z, Shi F, Zhou Z, Sun F, Sun MH, Sun Q, Chen L, Li 
D, Jiang CY, Zhao RZ, Cui D, Wang XJ, Jing YF, et al. M1 
macrophage mediated increased reactive oxygen 
species (ROS) influence wound healing via the MAPK 
signaling in vitro and in vivo. Toxicol Appl Pharmacol. 
2019; 366:83–95. 

 https://doi.org/10.1016/j.taap.2019.01.022 
 PMID:30690042 

51. Jun JI, Kim KH, Lau LF. The matricellular protein CCN1 
mediates neutrophil efferocytosis in cutaneous wound 
healing. Nat Commun. 2015; 6:7386. 

 https://doi.org/10.1038/ncomms8386 
 PMID:26077348 

  

https://doi.org/10.1515/hsz-2018-0002
https://www.ncbi.nlm.nih.gov/pubmed/29924724
https://doi.org/10.1016/j.advms.2018.08.008
https://www.ncbi.nlm.nih.gov/pubmed/30640076
https://doi.org/10.1177/1758835919880429
https://www.ncbi.nlm.nih.gov/pubmed/31636720
https://doi.org/10.1016/j.eururo.2014.08.053
https://www.ncbi.nlm.nih.gov/pubmed/25220373
https://doi.org/10.1621/nrs.11001
https://www.ncbi.nlm.nih.gov/pubmed/24653668
https://doi.org/10.1371/journal.pone.0225880
https://www.ncbi.nlm.nih.gov/pubmed/31774863
https://doi.org/10.1101/gad.1089403
https://www.ncbi.nlm.nih.gov/pubmed/12782654
https://doi.org/10.1016/j.tem.2010.09.003
https://www.ncbi.nlm.nih.gov/pubmed/20947368
https://doi.org/10.1073/pnas.1414573112
https://www.ncbi.nlm.nih.gov/pubmed/25737557
https://doi.org/10.1016/j.taap.2019.01.022
https://www.ncbi.nlm.nih.gov/pubmed/30690042
https://doi.org/10.1038/ncomms8386
https://www.ncbi.nlm.nih.gov/pubmed/26077348


 

www.aging-us.com 6944 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 

 

Supplementary Figure 1. (A) CD68, CD163, and CD206 mRNA expression levels in THP-1-derived M2 macrophages measured using qRT-
PCR. (B) Body weights of AKT3+/+ and AKT3-/- mice. (C) COL1A1 and COL11A1 expression measured using Western bolting in wound tissue of 
AKT3+/+ and AKT3-/- mice. (D) The level of COL1A1, COL11A1 and F4/80 expression in cutaneous tissue of AKT3+/+ and AKT3-/- mice detected by 
IHC. All the experiments were repeated at least three times. 
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Supplementary Figure 2. (A) The quantified data of Figure 3E (n=3). (B) The quantified data of Figure 3F (n=3). (C) The quantified data of 
Figure 4E (n=3). (D) The quantified data of Figure 5I (n=3). All the experiments were repeated at least three times. 
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Supplementary Table 

 
 

Supplementary Table 1. Primer sequence. 

Gene symbol Forward primer Reverse primer 

AKT3 5’-TGTGGATTTACCTTATCCCCTCA-3’ 5’-GTTTGGCTTTGGTCGTTCTGT-3’ 

TGF-β 5’-AGCTGCGCTTGCAGAGATTA-3’  5’-AGCCCTGTATTCCGTCTCCT-3’ 

IL-10 5’-CTTACTGACTGGCATGAGGATCA-3’   5’-GCAGCTCTAGGAGCATGTGG-3’ 

CD206 5’-TCCGGGTGCTGTTCTCCTA-3’ 5’-CCAGTCTGTTTTTGATGGCACT-3’ 

CD163 5’-TTTGTCAACTTGAGTCCCTTCAC-3’ 5’-TCCCGCTACACTTGTTTTCAC-3’ 

CD68 5’-GGAAATGCCACGGTTCATCCA-3’ 5’-TGGGGTTCAGTACAGAGATGC-3’ 

β-actin 5’-CATTCCAAATATGAGATGCGTT-3’ 5’-TACACGAAAGCAATGCTATCAC-3’ 

 


