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a b s t r a c t

Macrophages undergo dynamic transitions between M1 and M2 states, exerting profound influences on

both inflammatory and regenerative processes. The biocompatible and wound-healing properties of de-

cellularized amniotic membrane (dAM) make it a subject of exploration for its potential impact on the

anti-inflammatory response of macrophages. Experimental findings unequivocally demonstrate that dAM

promotes anti-inflammatory M2 polarization of macrophage, with its cytokine-rich content posited as a

potential mediator. The application of RNA sequencing unveils differential gene expression, implicating

the hypoxia inducible factor-1α (HIF-1α) signaling pathway in this intricate interplay. Subsequent in-

vestigation further demonstrates that dAM facilitates anti-inflammatory M2 polarization of macrophage

through the upregulation of epidermal growth factor (EGF), which, in turn, activates the phosphatidyli-

nositol 3-kinase (PI3K)/protein kinase B (AKT) pathway and stabilizes HIF-1α. This cascade results in

a noteworthy augmentation of anti-inflammatory gene expression. This study significantly contributes

to advancing our comprehension of dAM’s immunomodulatory role in tissue repair, thereby suggesting

promising therapeutic potential.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Macrophages, a crucial type of immune cell, possess the abil-

ity to polarize into distinct states, namely M1 and M2, in response

to various stimuli and environmental conditions [1]. The process

of macrophage polarization plays a significant regulatory role in

tissue repair and regeneration. During both acute and chronic in-

flammation, M1 macrophages can generate pro-inflammatory fac-

tors, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-

1β), and IL-6, along with a range of oxidases, including nitric oxide

(NO), to facilitate antimicrobial activity and sterilization. This in-

flammatory response aids in the elimination of pathogens and tis-

sue damage, thereby promoting the initiation of the repair process

[2]. Subsequently, as the inflammation subsides, factors released

by M2 macrophages, such as IL-4, IL-10, and transforming growth

factor-β (TGF-β), foster cell proliferation, anti-inflammatory re-

sponses, anti-fibrotic mechanisms, and angiogenesis, driving tis-

sue repair and regeneration while mitigating excessive inflam-

matory reactions arising from tissue damage [3]. Moreover, M2

macrophages are capable of restraining excessive fibrotic reactions

in the aftermath of inflammation. They achieve this by secreting
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fibrolytic enzymes, including matrix metalloproteinases (MMPs),

which degrade the excessive deposition of collagen during fibro-

sis. Depending on external stimuli and the stage of tissue repair,

macrophages play a pivotal role in the eradication of inflammation

and the facilitation of tissue repair processes, thus promoting the

resolution of inflammation and the regeneration of tissue [4]. Con-

sequently, comprehensive investigation into the mechanisms gov-

erning macrophage polarization and the regulation of their polar-

ization states holds the potential to offer novel therapeutic strate-

gies and approaches for tissue repair and disease treatment.

Hydrogels have been frequently used to repair tissues after

injury because they can provide a moist environment, simulate

the extracellular matrix. However, it does not contain any ac-

tive cytokines by itself and must be combined with other cy-

tokines to work well [5–7]. Decellularized amniotic membrane

(dAM) is a natural material extensively utilized in the field of bio-

materials due to its wide range of unique properties [8]. Firstly,

it exhibits exceptional biocompatibility by eliminating the poten-

tial for cell immune reactions and rejection responses through

the removal of cells. Secondly, it possesses the capacity to en-

hance wound healing and tissue regeneration. This is attributed

to the presence of various bioactive molecules such as cytokines,

growth factors, and collagen proteins within the amniotic mem-
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Fig. 1. The characteristics of dAM and its effects on macrophages. (A) General appearance and scanning electron microscopy (SEM) images of dAM. (B) Cell morphology and

immunofluorescence images of live/dead (green and red), CD86 (green) and CD163 (red) for macrophage co-cultured with dAM. (C) Expression for dead cells for live/dead

staining. (D) CD86 positive staining for immunofluorescence images. (E) CD163 positive staining for immunofluorescence images. Data are presented as mean ± standard

deviation (SD) (n=3). one-way ANOVA. ∗∗P<0.01. (F) Western blot of CD86 and CD163 for macrophage co-cultured with dAM.

brane, which stimulate cell proliferation and differentiation, con-

sequently facilitating tissue repair and regeneration [9]. More-

over, dAM demonstrates remarkable characteristics as a biologi-

cal scaffold, closely resembling the structure of the natural extra-

cellular matrix (ECM). This provides a three-dimensional environ-

ment that supports and guides cell growth. Additionally, it pos-

sesses antimicrobial and anti-inflammatory properties, attributed

to the presence of bioactive molecules like antimicrobial peptides

and inflammation-regulating factors, which effectively inhibit bac-

terial growth and inflammatory responses, promoting wound heal-

ing and preventing infection. Previous studies have shown that

dAM can promote the anti-inflammatory response of macrophages

for tissue repair and regeneration; however, the specific underly-

ing molecular mechanisms remain unclear [10,11]. Therefore, the

objective of this study is to preliminarily explore the molecular

mechanisms through which dAM promotes the anti-inflammatory

response of macrophages.

The dAM is thin and fragile, and electron microscopy reveals its

porous 3D structure, which is characteristic of the ECM (Fig. 1A).

Macrophages were cultured on the dAM to investigate its effect on

macrophage polarization. NR8383 macrophages (iCell Bioscience

Inc., China) were purchased and cultured in a macrophage culture

medium (iCell Bioscience Inc., China). Subsequently, the cells were

transferred to sterilized dAM and incubated at 37 °C for 24h be-

fore being transferred to new culture plates. Harvesting of cells

was performed after 48h for subsequent analysis. Fig. 1B demon-

strates that there was no significant difference in cell morphol-

ogy between dAM and control groups. Cell viability staining re-

vealed no significant difference in apoptotic cell numbers between

dAM and control groups (Figs. 1B and C). Immunofluorescent stain-

ing of CD86 confirmed comparable expression levels between both

groups (Figs. 1B and D). Conversely, immunofluorescent staining

of CD163 displayed significantly higher expression of CD163 in

dAM group compared to control group, with statistical significance

(P<0.05, Figs. 1B and E). Western blot analysis of CD86 and CD163

corroborated the results obtained from immunofluorescent staining

(Fig. 1F). These findings suggest that dAM promotes polarization of

macrophages towards the M2 phenotype. Considering that the am-

niotic membrane is an integral part of the placenta and contains

an abundance of cytokine resources, the level of cytokines in the

dAM is higher, which confers favorable anti-inflammatory and im-

munomodulatory properties. Based on these observations, we hy-

pothesize that the cytokines present in the dAM actively partici-

pate in the process of macrophage polarization towards the anti-

inflammatory M2 phenotype.

To investigate the molecular mechanisms by which dAM pro-

motes macrophage polarization towards the M2 phenotype, we

conducted RNA sequencing on macrophages from the dAM and

control groups (Fig. 2A). This allowed us to identify differential

genes and enriched pathways in the two groups of macrophages.

We employed the DESeq2 R package for differential analysis, apply-

ing filtering criteria of log2FoldChange > 1 and P-adjust < 0.05 to

identify significantly differentially expressed genes. Consequently,

we visualized the differentially expressed genes using the heatmap
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Fig. 2. Macrophages transcriptome determined by RNA sequencing. (A) Schematic overview of RNA sequencing for dAM and control groups. (B) Heat map of differentially

expressed genes between dAM and control groups. (C) The volcano plot illustrating differentially regulated gene expression between dAM and control groups. (D) KEGG

pathway enrichment analysis of differentially expressed genes between dAM and control groups. (E) GO classification of differentially expressed genes between dAM and

control groups. (F) GSEA plots evaluating the changes of HIF-1α signaling pathway.

R package, using red to indicate high expression and blue to indi-

cate low expression in the respective samples (Fig. 2B). Addition-

ally, we created a volcano plot of the differentially expressed genes

using the ggplot2 R package, with red representing upregulated

genes and green representing downregulated genes. Our analysis

revealed 536 significantly differentially expressed genes between

the two groups, of which 421 genes exhibited increased expres-

sion and 115 genes exhibited decreased expression in the dAM

group compared to the control group (Fig. 2C). To gain further

insights into the functional implications of the differentially ex-

pressed genes, we conducted gene ontology (GO) enrichment anal-

ysis using the clusterProfiler R package. Our filtering criteria for

GO enrichment analysis were P-value < 0.05 and P-adjust < 0.05.

Notably, the differentially expressed genes showed significant en-

richment in the biological processes of regulation of inflammatory

response and cellular response to external stimulus. Additionally,

they were associated with various molecular functions related to

enzyme activity (Fig. 2E). We also performed Kyoto encyclopedia

of genes and genomes (KEGG) pathway enrichment analysis using

the clusterProfiler R package, applying filtering criteria of P-value <

0.05 and P-adjust < 0.05. This analysis revealed significant enrich-

ment of the differentially expressed genes in the HIF-1α signaling

pathway (Fig. 2D). Furthermore, our GSEA analysis using the RGSEA

R package indicated that the HIF-1α signaling pathway was sig-

nificantly activated in the dAM group compared to control group,

with statistically significant differences (P<0.05) (Fig. 2F). These

findings partially support our hypothesis that the cytokines abun-

dant in the dAM, as external stimuli, participate in the regulation

of the inflammatory response. Additionally, they suggest that the

molecular mechanisms underlying the promotion of macrophage
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Fig. 3. dAM promotes the anti-inflammatory response of macrophages via PI3K/AKT/HIF-1α pathway. (A) ELISA analysis of EGF in both fresh and lyophilized dAM. (B) West-

ern blot of EGF in both fresh and lyophilized dAM. (C) Western blot of PI3K, AKT and HIF-1α for macrophage co-cultured with dAM. (D) Representative immunofluorescence

images of PI3K, AKT and HIF-1α for macrophage co-cultured with dAM. (E) The relative fluorescence intensity (RFI) of PI3K, AKT and HIF-1α for immunofluorescence images.

(F) Relative mRNA expression of Arg1 and IL-10. (G) The released EGF by dAM promotes the anti-inflammatory response of macrophages via PI3K/AKT/HIF-1α pathway. Data

are presented as mean ± SD (n=3). one-way ANOVA. ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

polarization towards the M2 phenotype by dAM may be associated

with the cytokines present in the dAM, and this process is closely

linked to the HIF-1α signaling pathway.

HIF-1α, a pivotal cellular protein and subunit of HIF-1, plays a

crucial role in orchestrating cellular adaptive responses to varying

oxygen levels. Our investigation reveals that dAM facilitates the po-

larization of macrophages towards the anti-inflammatory M2 phe-

notype through the HIF-1α pathway. Under normoxic conditions,

HIF-1α undergoes proteasomal degradation, thereby maintaining a

lower cellular presence. Based on previous studies, we postulate

that dAM releases specific cell factors, augmenting the stability of

HIF-1α under normoxic conditions and inducing the macrophages’

polarization towards the anti-inflammatory M2 phenotype [12–14].

To scrutinize this phenomenon, we procured extracts from both

fresh and freeze-dried dAMs. Enzyme-linked immunosorbent as-

say (ELISA) and Western blot analyses unveiled a significantly el-

evated expression of epidermal growth factor (EGF) in both fresh

and freeze-dried samples compared to the control group (Figs. 3A

and B). Furthermore, Western blot and immunofluorescence stain-

ing demonstrated that dAM, relative to the control group, upregu-

lates the expression of phosphatidylinositol 3-kinase (PI3K, green),

protein kinase B (AKT, red), and HIF-1α (yellow) in macrophages

(Figs. 3C–E). This observation implies that the released EGF by

dAM initiates the activation and autophosphorylation of epider-

mal growth factor receptor (EGFR), subsequently activating the

PI3K/AKT pathway, culminating in the conversion of phosphatidyli-

nositol 4,5-bisphosphate (PIP2) to PIP3 and the ultimate activation

of AKT. Activated AKT, in turn, directly phosphorylates the HIF-1α
protein, preventing its degradation by the proteasome and eliciting

additional biological effects. RT-PCR results signify a significantly

higher gene expression of anti-inflammatory factors Arg-1 and IL-

10 in macrophages from the dAM group compared to the control

group (Fig. 3F). Consequently, the released EGF by dAM stabilizes

HIF-1α under normoxic conditions through the PI3K/AKT pathway,

activating the HIF-1α pathway, upregulating the expression of anti-

inflammatory factors Arg-1 and IL-10 in macrophages, and induc-

ing the polarization of macrophages towards the anti-inflammatory

M2 phenotype (Fig. 3G).
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Nowadays, dAM, a natural biological material, has garnered sig-

nificant attention for its role in fostering tissue repair and mod-

ulating the inflammatory process. Our research suggests that EGF

released from dAM plays a pivotal role in these processes. Serv-

ing as a growth factor, EGF can initiate the PI3K/AKT pathway

through binding to cell surface receptors, thereby influencing cell

survival, proliferation, and metabolism. Activation of this signal-

ing pathway has been observed to enhance the stability of HIF-1α,

subsequently activating the HIF-1α pathway. Through augmenting

the stability of HIF-1α, dAM can prompt macrophages to polarize

towards M2 macrophages. M2 macrophages are commonly asso-

ciated with anti-inflammatory and reparative processes, and the

heightened expression of the anti-inflammatory factors Arg-1 and

IL-10 further substantiates their capacity to regulate immune re-

sponses. This discovery bears significant clinical implications, par-

ticularly in the domain of promoting tissue repair. Nevertheless,

further research is imperative to delve into the intricate dynamic

regulatory mechanisms and effects under diverse pathological con-

ditions, ensuring both safety and effectiveness. In summary, this

study furnishes a crucial theoretical foundation for a more pro-

found comprehension of the role of dAM in immune regulation

and tissue repair.

This study investigates the molecular mechanisms through

which dAM exerts anti-inflammatory effects during the tissue re-

pair process. Specifically, it elucidates the roles of EGF release,

PI3K/AKT pathway activation, enhanced stability of HIF-1α, and

HIF-1α pathway activation in promoting macrophage polarization

towards the M2 phenotype and exerting anti-inflammatory ef-

fects. Overall, our research enhances the understanding of the im-

munomodulatory function of dAM in tissue repair, offering sub-

stantial theoretical underpinning for its potential therapeutic ap-

plications in promoting tissue regeneration. Nonetheless, future in-

vestigations should further elucidate its molecular mechanisms, re-

fine treatment strategies, and validate its feasibility in more intri-

cate in vivo settings.
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