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Bacterial colonization contributes i
to pathological scar formation via the
regulation of inflammatory response

Ning Yang'", Hao Zhang?', Yuheng Zhang'?", Bin Lin', Rong Huang', Tingting Cui*" and Xueyong Li""

Abstract

Background It has been established that inflammatory factors are involved in the formation of pathological scars.
Therefore, pathological scars are regarded to be highly associated with chronic inflammation, whereas what factors
contribute to this inflammation remains unclear.

Objective To confirm that bacterial colonization is involved in the formation of pathological scars, and to reveal
that the persistent inflammatory response mediated by macrophages due to bacterial colonization promotes scar
formation.

Methods This study included 23 normal skin controls and 58 untreated pathological scar samples. To detect the
presence of bacteria in surgically-excised scar samples and alterations of histology, as well as bacteria-associated gene
levels, histological staining, immunoelectron microscopy, microbiological and cell culture and molecular biology
detection methods were employed. The PICRUSt2 tool and BugBase were employed to identify pathways, genes, and
phenotypic differences.

Results We found that in pathological scars, bacteria were widely distributed both extracellularly and intracellularly,
with intracellular bacteria primarily located in the cytoplasm of macrophages and fibroblasts. A total of 2,260 bacterial
species were detected in pathological scars, primarily from the Clostridiales, Burkholderiales, Actinomycetales, and
Bacteroidales orders. Moreover, the pathogenicity and motility of colonizing bacteria were positively correlated with
the degree of scar hyperplasia and invasiveness. The lysates of four clinically-relevant bacterial species had differential
effects on the secretion of inflammatory cytokines from macrophages. When treated macrophage supernatant

was added to fibroblasts, collagen secretion was dysregulated, and fibroblast differentiation into myofibroblasts
prominently increased. In rat scar model, the expression of inflammatory factors and growth factors in the scar tissue
was increased, which activated the TGF-f/Smad signaling pathway, resulting in the increasing of a-SMA.

Ning Yang, Hao Zhang and Yuheng Zhang contributed equally to
this work.

*Correspondence:

Tingting Cui
cuitt_1210@126.com
Xueyong Li
lixueyong641123@163.com

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0002-9022-5312
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-06585-1&domain=pdf&date_stamp=2025-5-19

Yang et al. Journal of Translational Medicine (2025) 23:569

Page 2 of 17

Conclusions Persistent activation of macrophages by tissue-colonizing bacteria may be a key factor in promoting
inflammatory response and dysregulated collagen deposition in pathological scars, offering a potential new strategy

for preventing and treating pathological scars.

Keywords Bacterial colonization, Fibroblast, Macrophage, Chronic inflammation, Pathological Scar

Introduction

Pathological scars, which are thought to be the final
hurdle in wound healing, are benign fibroproliferative
skin tumors [1, 2]. Pathological scar is an excessive tissue
response of the body to dermal injury, mainly manifested
as immoderate proliferation of fibroblasts, deposition of
extracellular matrix, high infiltration of local inflamma-
tory cells, and high dermal vascularization, with or with-
out invasive growth to the surrounding normal skin [3,
4]. Unfortunately, the pathogenesis of scars has still been
a challenging problem for both clinicians and researchers
[5-7]. Race, skin tension, hormone level, and susceptibil-
ity gene have been reported to be associated with the for-
mation of pathological scar. The incidence of pathological
scar is different among different races. In China, it ranges
from 0.1 to 16.0%, accounting for 0.075-0.123% of all
hospitalized patients. The degree of hyperplasia of differ-
ent scars in the same patient or different segments of the
same scar showed enormous heterogeneity.

Chronic inflammation in the dermal reticular layer,
considered by some experienced researchers, was funda-
mental to the pathogenesis of pathological scars [8]. The
inflammatory response plays a dual role: on one hand, it
accelerates tissue repair by recruiting various cells, but
on the other hand, it drives atypical fibroblast prolif-
eration and abnormal deposition of extracellular matrix
components like collagen [9]. Existing studies have
manifested that proinflammatory factors, such as tumor
necrosis factor-a (TNF-a), transforming growth factor-f
(TGE-B), interleukin-1 (IL-1) and interleukin-6 (IL-6), as
well as immune cells, like macrophages, are enriched in
pathological scar tissues, which indicates the persistence
of inflammatory responses [10]. As a result, pathological
scars are thought to result from chronic inflammation,
though why this inflammation occur remains unclear [7].
A clear history of infection greatly increases the risk of
developing pathological scars [11, 12]. Some research-
ers report that pathological scars are secondary to insect
bites, skin punctures, vaccines, folliculitis, acne, chick-
enpox, and shingles infections [13]. Additionally, the
bacterial load before epithelialization is positively cor-
related with the risk of developing pathological scars
[14]. According to existing research, pathological scars
seem to be related to bacterial infection. Unfortunately,
the direct effect of bacterial colonization on the scar
remodeling stage is ill-defined [15]. There is no research
report on whether the original microorganism is still

morbigenous in the skin tissue after wound epithelializa-
tion and its effect on pathological scar formation.

This research was designed to find out the evidence of
pathogens colonization in human pathological scars and
further clarify the mechanism of pathological scar for-
mation, which may provide experimental and theoretical
basis for new therapeutic targets.

Materials and methods

Patients and sample collection

Inclusion criteria: scars that are raised above the skin sur-
face; accompanied by pain/itching; recent volume growth
with a surface that is red, flushed or purple. Exclusion
criteria: presence of chronic underlying diseases; chronic
wounds at the scar site; history of scar-related treatment;
immunodeficiency diseases; mental illness cannot coop-
erate with treatment or other conditions that are not
suitable for participation in this study. This study totally
involved 58 patients (34 females, 24 males, aged 3-76
years) with untreated pathological scars, along with 23
normal skin tissue samples (14 females, 9 males, aged
14-59 years) collected from the surgical area as controls.
To prevent contamination, three steps were followed to
eliminate environmental, iatrogenic, and experimental
contamination. None of them had received any treat-
ments previously. The samples were collected between
January 2021 and December 2021 at the Second Affili-
ated Hospital of Air Force Medical University. This study
complied with the guidelines provided by the World
Medical Association Declaration of Helsinki on Ethical
Principles for Medical Research Involving Humans for
studies, and was approved by the Ethics Committee of
the Second Affiliated Hospital of Air Force Medical Uni-
versity (No. 202011-33 and 202201-02).

Sample quality control standard

We created three filters to help eliminate environmen-
tal, iatrogenic, and experimental contamination. Firstly,
the same cryogenic storage tube was used to collect the
air in the operating room at the same time as surgical
resection and the sample separation to avoid air cross-
contamination in the operating room. These air samples
were submitted for examination with the tissue sample.
Secondly, although disinfection of the surgical area could
prevent postoperative infection, the surgical blade could
still carry epidermal colonization bacteria to the sample
surface. Therefore, after removing the entire scar tissue,
subcutaneous tissue and epidermis, a new surgical blade
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was replaced to separate the core dermal tissue. After
the operation, the separation blade and scar tissues were
submerged in the Luria Broth (LB) medium and culti-
vated for 3 days at 37 °C and 120 rpm. If the blade culture
results were positive, it proved that iatrogenic contami-
nation was introduced during the sample separation pro-
cess, and these samples would not be subjected to further
experiments. Thirdly, although the laboratory had strict
quality control standards, there was still a possibility of
contamination. A sterile saline control group (n=10) was
added to the DNA extraction, PCR amplification and
sequencing library of each batch sample. The bacterial
species in the filters were removed from the sequencing
results of each sample.

Animals and agents

SD rats were purchased from Air Force Medical Uni-
versity Animal Experiment Center. OriCell ° human
fibroblast cell line was obtained from Cyagen Biosci-
ences (HXXFB-00001). THP-1 cells line was obtained
from Procell (CL-0233). Propionibacterium acnes
(ATCC6919), Pseudomonas aeruginosa (ATCC27853),
Klebsiella pneumoniae (ATCC4352) and Staphylococcus
aureus (ATCC29213) were obtained from the American
Type Culture Collection (ATCC). All animal procedures
were approved by the Experimental Animal Ethics Com-
mittee of Air Force Medical University.

Bacteria DNA extraction, 16S amplification and deep
sequencing

Bacteria DNA was extracted from 58 pathological scar
and 23 normal skin tissue samples (dermal tissues using
the HiPure Tissue DNA Mini Kit (D3121-02, Magen,
Shanghai, China). The sequencing method was based
on Nejman et al’s [16]. and the data were uploaded
to the SRA database (BioProject accession number:
PRJNA811823). The sequencing results in air samples
and sterile saline samples were all eliminated from the
tissue samples, and then analyzed. 16S amplification,
deep sequencing and data analysis were entrusted to be
completed by Lianchuan Biotechnology Co., Ltd (Hang-
zhou, China).

Real-time quantitative PCR (RT-qPCR)

The V6 region of 16S ribosomal RNA was detected using
two bacterial primers. Each reaction used 40 ng of DNA,
re-peated three times. DNA was combined with two
primers (500 nM) and 10 uL. SYBR Green Mix (4472908,
Thermo Scientific, Waltham, MA, USA) in a 25 pL reac-
tion system. The RT-qPCR was performed using a Roche
LightCycler96 system (Basel, Swiss) at 95 °C for 10 min,
followed by 50 cycles of 95 °C for 15 s and 60 °C for 45 s.
Select Pseudomonas aeruginosa in logarithmic growth
period as reference standard, and draw the standard
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curve between bacterial number and Cq value, which was
used to estimate the bacterial load in each sample. Fifty-
eight sterile saline samples taken during surgery were
used as controls to account for environmental bacterial
contamination. The primers’ sequences were shown in
Supplementary Table 1.

H&E, Masson and Van Gieson staining

Three samples were randomly selected from each group
for subsequent experiments (human and SD rat) such as
full-layer paraffin sectioning and histological staining.
For H&E staining, sections were treated with Mayer’s
hematoxylin (C0105S, Beyotime, Shanghai, China), fol-
lowed by eosin (C0105S, Beyotime, Shanghai, China).
Sections were dehydrated with ethanol (95%, 100%) and
cleared using xylene. MASSON and Van Gieson staining
were conducted following the instructions using Masson
tricolor staining solution (G1006, Servicebio, Wuhan,
China) and Modified Van Gieson Ponceau S stain kit
(G1046, Servicebio, Wuhan, China).

Immunohistochemical assays

Paraffin sections of human or SD rats’ samples were
stained for a-SMA, bacterial Lipoteichoic Acid (LTA)
and Lipopolysaccharide (LPS), and paraffin sections of
normal skin were stained as control group. The sections
were deparaffinized with xylene, rehydrated with etha-
nol, and incubated in a blocking solution (PBS + 1% BSA)
at room temperature for 1 h. After overnight incubation
with primary antibodies at 4 °C, immunostaining was
performed using an avi-din-biotin-peroxidase complex
kit (DAB Peroxidase Substrate Kit, Vector Laboratories,
Burlingame, CA, USA). The slides were visualized using
a NikonDS-U3 automated slide scanner (DA-U3, Nikon,
Shanghai, China).

Immunoelectron microscopy analysis

Scar samples were transferred into an EP tube with fresh
IEM fixative (G1124-100ML, Servicebio, Wuhan, Hubei,
China) and stored at 4 °C. PBS containing 5% nonfat
milk and 0.1% Tween 20 (PBS-MT) was used to block
sections. The sections were incubated overnight at 4 °C
with specific antibodies against LPS (Lipopolysaccharide
Core, mAb WN1 222-5, HycultBiotech, Philadelphia,
PA, USA, #HM6011, 1:50 dilution). After washing, slides
were incubated with goat anti-mouse IgG conjugated
with 10-nm gold particles (G7777, Sigma, St. Louis, MO,
USA) for 1 h at 37 °C. Transmission electron micros-
copy was used to scan the samples (HT7800, HITACHI,
Tokyo, Japan).
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16S ribosomal ribonucleic acid fluorescence in situ
hybridization (16S rRNA FISH)

Pathological scar slides were deparaffinized, rehydrated,
and boiled in a retrieval solution for 15 min. The slides
were incubated with proteinase K (20 pug/mL, G1205, Ser-
vicebio, Wuhan, Hubei, China) for 10 min and then with
pre-hybridization solution for 1 h at 37 °C. Cy5-labeled
probes at 100 nM were hybridized overnight at 30 °C.
After washing, the slides were incubated with DAPI and
imaged using a fluorescence microscope (IXplore, Olym-
pus, Tokyo, Japan). The probes’ sequences were shown in
Supplementary Table 1.

Live in-situ bacteria labeling with fluorescent D-alanine
Three cases were randomly selected from the fresh scar
center samples obtained from the above experiments,
which were cut into 1 mm thick slices and incubated
for 24 h at 37 °C with blue fluorescently labeled D-ala-
nine (HADA, R&D Systems, Minneapolis, MN, USA)
or DMSO as a control. After washing, the slices were
fixed in 4% paraformaldehyde for 1 day at room tem-
perature and embedded in paraffin. Cross-sectional slices
were stained with DRAQ5 (ab108410, Abcam, UK) and
scanned using the Pannoramic MIDI automated slide
scanner (3D HISTECH, Budapest, Hungary).

Microbiological culture

Pathological scar tissue samples were transported to
our laboratory at 4°C in sterile containers without any
medium, cut into small pieces in PBS and finally, grown
in the LB medium (Aobox, China, 02-136) at 37 °C with
120 rpm shaking without grinding to avoid contamina-
tion. After 3-5 days of culture, smearing, Gram staining
and microscopic examination were conducted.

Establishment of the bacterial colonization model

Air Force Medical University’s Ethics Committee
approved protocols for animal experiments. SD rats
(200~250 g, males) obtained from Experimental Ani-
mal Centre of Air Force Medical University, Xi'an, China,
were acclimated for four weeks before the experiment.
Inhalational anesthesia was used to anesthetize rats with
4% isoflurane for induction and 2% isoflurane for mainte-
nance. After shaving, the back area was disinfected with
75% alcohol. Drew a 4 cm by 3 cm rectangle in the mid-
dle of the back.

P aeruginosa infection group (n=3, ATCC27853), P
acnes infection group (n=3, ATCC29213), S. aureus
infection group (n=3, ATCC6919) and K. pneu-
moniae infection group (n=3, ATCC4352) were ran-
domly selected, with saline solution control group
(n=3). Bacteria were washed with normal saline twice
(1000 rpm, 5 min) to prepare a bacterial suspension with
OD600nm =0.6. The bacterial solution (3 ml per animal)
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was injected into the dermis of the rat back using 1/2 cc
U-40 insulin syringes. All injection operations were per-
formed by the same surgeon. The full-thickness skins
were photographed and sampled at days 0, 7, 14, 28,
respectively.

Preparation of bacterial lysate

Bacteria, including P acwues, S. aureus, K. pneumoniae,
and P aeruginosa, were amplified, centrifuged at
1500 rpm for 5 min, and lysed using enzymes and ultra-
sound in an ice bath. The BCA protein concentration
standard curve was used to prepare the bacterial lysate.
The bacterial lysates were diluted to a protein concentra-
tion of 50 pg/mL.

Cell culture

THP-1 cells were cultured in THP-1 special medium
(CM-0233, Procell) and human primary fibroblasts were
cultured in DMEM complete medium (PM150210, Pro-
cell). THP-1 cells were first planted in the upper layer of
the 0.4-micron-diameter Transwell Chamber (CORN-
ING) and 100 ng/ml PMA (Phorbol 12-myristate 13-ace-
tate, BioGems) was added for 48 h to induce adhesions,
after reaching logarithmic growth stage, treated with
bacterial lysates for 24 h. After elution, human primary
fibroblasts were seeded into the lower layer and cultured
for 48 h.

Protein extraction and Immunoblotting analysis

After cells were lysed with RIPA buffer (Beyotime) con-
taining PMSE, protein concentrations were determined
using a BCA assay kit (Solarbio). Proteins were separated
by 10% SDS-PAGE, transferred to PVDF membranes, and
blocked with 5% skim milk for 1 h. The membranes were
incubated with primary antibodies, and then probed with
HRP-conjugated secondary antibodies. Enhanced che-
miluminescence substrate (Millipore) was used for visu-
alization. Antibodies were presented on Supplementary
Table 1.

Toxicity testing of bacterial lysate

The CCK-8 reagent kit (Topscience, Shanghai, China)
was used to detect the toxicity of four bacterial lysates
on THP-1 cells. The detection time points were set as the
Oth, 1st, 3rd, 5th, and 7th days.

Cell migration assay

A scratch test was conducted to assess the impact of
supernatant of THP-1 cells treated with bacterial lysates
on skin fibroblast migration. Cells were scratched in the
lower layer of Transwell Chamber using a pipette tip, and
serum-free DMEM medium was added. Cell migration
was observed using an optical microscope.
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Fig. 1 Bacterial DNA, RNA, Lipopolysaccharide and Lipoteichoic Acid were Present in pathological scar. (A) HE staining, LPS immunohistochemistry, LTA
immunohistochemistry, and 16 S rRNA FISH staining for human pathological scar samples. Scale bars, 100 um; (B) In situ bacterial culture and staining
results from human pathological scar tissue. Scale bars, 50 um; (C) Bacterial load in scar tissue from different pathogenic factors. t-test, * p < 0.05, ** p < 0.01,
*** p<0.001, the same below; (D&E) Bacteria within macrophages (D) and fibroblast (E), and bacterial composition in pathological scars. Nucleus (N),
microbody (MB), Golgi apparatus (Go), mitochondrion (M), microfilament (black arrow), autoph vacuole (AV), rough endoplasmic reticulum (RER), bacteria

(Bac). Scale bars, 2 umand 1 um

ELISA assay

ELISA was carried out in accordance with instruction
of ELISA Kit, including human IL-1 ELISA Set (Mlbio,
ml058034), human IL-6 ELISA Set (Mlbio, ml058097),
human TNF-a ELISA Set (Mlbio, ml077385), human
TGF-B1 ELISA Set (Mlbio, ml022522-2), Rat IL-1
ELISA Set (Sinobestbio, YX-091201R), rat IL-6 ELISA
Set (Sinobestbio, YX-091209R). To the THP-1 cells in
the upper layer of the Transwell Chamber, the super-
natants of that were collected to measure IL-1, IL-6,
TNF-a, and TGF-f1 using the commercial ELISA kit
(Pierce, Rockford, IL, USA) when cultured for 48 h after
treatment with bacterial lysates for 24 h. Bio-antibody
and isolated tissue homogenate were added to 96-well
plates pre-coated with antibody and incubated at 37 °C,
respectively. 60 min later, discarded the liquid, washed
the plates completely, and then streptavidin-HRP was
added and incubated at 37 °C for 30 min. To avoid light
exposure, poured chromogen solution into each well and
preserved for 15 min at 37 °C after washing completely.
Lastly, infused stop solution into each well and then mea-
sured absorbance at 450 nm. There were no bacteria or
bacterial lysate in the control group. All the samples were
tautologically measured 3 times.

Statistical analysis

Statistical analyses were conducted using Graph-
Pad Prism 8.0.1. Quantitative data are expressed as
mean tstandard deviation (SD) from a minimum of
three independent experiments. Comparisons between
two groups were performed using Student’s t-test, while
one-way ANOVA with Bonferroni post hoc analysis was
applied for multiple group comparisons. A p-value <0.05
was considered statistically significant.

Results

Bacteria emerges in pathological scars

The 58 samples were divided into five groups based on the
underlying cause: ear piercing (E), burns (B), infections
(I), surgeries (S), and trauma (T). To label the proteins
and nucleic acids of colonized bacteria, LPS was used as a
marker for Gram-negative bacteria, and LTA was used for
Gram-positive bacteria [17]. Highly-conserved 16S rRNA
sequences were also selected for FISH [18]. The staining
revealed that numerous bacteria were scattered through-
out the pathological scar tissue (Fig. 1A). As D-alanine is
exclusively used by bacteria for peptidoglycan synthesis

and not by mammalian cells, we further confirmed the
presence of live bacteria by culturing scar sections in
vitro with fluorescently labeled D-alanine or DMSO.
This revealed active bacterial biosynthesis in the scar tis-
sue, with bacteria distributed around the nuclei (Fig. 1B).
To quantify the bacterial load, we extracted 40 ng of
total DNA from each sample and performed RT-PCR.
Using Pseudomonas aeruginosa as a reference, we found
between 1x 10”5 and 10 x 10”5 bacteria per 40 ng DNA
in the scar tissue, with the highest bacterial load in the
infection-related group and the lowest in the surgical
group (Fig. 1C). Further structural analysis using immu-
noelectron and transmission electron microscopy con-
firmed that intracellular bacteria were free-floating in the
cytoplasm. Macrophages showed mild edema with intact
membranes and pseudopod projections. Their nuclei
exhibited irregular contours, heterochromatin aggrega-
tion, and focal membrane discontinuities. Mitochon-
dria demonstrated localized matrix pallor and swelling,
while RER displayed ribosome-rich cisternae. Abundant
microbodies and autophagolysosomes were present,
along with numerous L-type bacterial variants (lacking
cell walls) distributed within the cytoplasm (Fig. 1D). In
contrast, fibroblasts displayed intact membranes with
abundant microvilli, homogeneous cytoplasmic matri-
ces, and organized microfilament bundles. Organelles
were sparse, though mitochondria exhibited uniform
size, dense matrix, and parallel cristae. Nuclei contained
predominantly euchromatin with preserved membranes,
accompanied by occasional rough endoplasmic reticulum
(RER) with ribosomes and rare autophagolysosomes (1
per field). Minimal cytoplasmic bacteria were observed
(Fig. 1E).

No unique colonizing bacteria cause the formation of
pathological scars

Due to the low bacterial load and high species diver-
sity in the scar tissue, we employed 5R 16S sequencing,
which involves PCR amplification and sequencing of
five regions on the 16S rRNA gene. The Jaccard similar-
ity index quantifies the similarity between two sets by
comparing the ratio of their intersection to their union.
This metric is widely applied in biology to assess genetic
or species similarities [19]. Alpha diversity measures the
diversity within a single sample or habitat, capturing spe-
cies richness, evenness, and dominance. It is a fundamen-
tal concept in ecology, microbiology (e.g., microbiome
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research), and bioinformatics [20]. The Shannon Index
(or Shannon diversity index) evaluates diversity by incor-
porating both species richness (the number of species)
and evenness (the distribution of individuals among
species) [21]. Comparing the Jaccard similarity index of
scars from different etiologies revealed that scars of the
same etiology tended to have more similar bacterial com-
munities (Fig. 2A). Alpha diversity measures, including
observed species count and Shannon index, were used
to describe the diversity within each sample. Scar tis-
sues contained bacterial species with the types between
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27 and 241 (Fig. 2B), and there were no significant differ-
ences in the number of bacterial genera across different
etiologies. The Shannon index indicated relatively high
bacterial diversity in all scar samples, with no statistical
difference between groups (Fig. 2C). A total of 2,647 col-
onized bacteria were detected, 2,646 of which were found
in burn samples. 680 bacteria were unique to the burn
group. Across the five groups, 18 species of bacteria were
detected (Fig. 2D), but this does not indicate the unique-
ness of the colonizing species cause pathological scars.
We inferred that the occurrence of pathological scars is

Shannon diversity indexes
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Fig. 2 Human pathological Scars have different microbial compositions. (A) Jaccard similarity index analysis; (B) Analysis of observed species; (C) Alpha
diversity of bacterial communities. t-test, p < 0.01; (D) Wayne diagram of overlapping species across groups; (E) Bacterial species distribution by genus; (F)
Proportions of Gram-negative and Gram-positive bacteria; (G) Heatmap of bacterial species distribution; (H) Relative abundance of dominant bacterial

species
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a common pathological manifestation caused by bacterial
colonization. At the genus level, the top 10 most abun-
dant genera included Porphyromonas, Ruminococcaceae,
Comamonas, Limnobacter, Microbacterium, Anaerococ-
cus, Staphylococcus, Weissella, and Pseudomonas. Sig-
nificant differences in dominant genera were observed
across groups: Pseudomonas dominated the infection
group, Microbacterium the trauma group, and Porphy-
romonas the surgical group (Fig. 2E). Gram-negative bac-
teria predominated in most groups, except in the trauma
group where Gram-positive and Gram-negative bacteria
were found in nearly equal proportions (Fig. 2F and G).
At the species level, the top 20 most abundant strains
included Microbacterium laevaniformans, Propionibacte-
rium sp., Rhodococcus globerulus, Porphyromonas benois,
and Staphylococcus aureus (Fig. 2H).

The correlation between bacteria and clinical
manifestations of scars

To assess the potential impact of colonized bacteria
on scar tissue functions and metabolic processes, we
used PICRUSt2 software (https://github.com/picrust/p
icrust2) to compare gene sets with the KEGG database,
removing redundant gene sets. MetaCyc pathways were
enriched in cases where the expression level exceeded
10%, resulting in 391 MetaCyc pathways (Fig. 3A). Our
results indicated that the degree of scar hyperplasia in the
ear piercing, infection-related, and burn groups was sig-
nificantly higher than in the surgical and trauma groups
(Fig. 3B). This suggests a positive correlation between the
severity of hyperplasia and the pathogenic potential of
colonized bacteria, which may explain differences in scar
proliferation across different regions of the same patient.
Infiltrative growth, another characteristic of pathologi-
cal scars, was also more pronounced in the trauma and
infection-related groups compared to the surgical group
(Fig. 3C). A comparative analysis of the scars in burn
group or infection-related group and the scars in sur-
gery group was performed. The results showed the scars
of surgery group had a significantly higher abundance of
motility-related genes in the colonized microorganisms
than those of burn group or infection-related group, and
the colonized microorganisms in groups could synthesize
to varying degrees, including vancomycin, streptomycin,
and tetracycline (Fig. 3D and E). The synthesis of antibi-
otics by colonized bacteria may lead to resistance, render-
ing clinical treatments less effective. We found that 28%
of colonized bacteria in pathological scars were aerobic,
27% were anaerobic, and the remainder were facultative
anaerobes (Fig. 3F). When analyzing metabolic pathways,
we discovered that certain bacteria in dark red or deep
red scars—especially in the ear piercing, burn, and infec-
tion-related groups—could synthesize melanin, while no
such ability was found in the surgical group (Fig. 3G).
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Different bacteria promoted the expression of
inflammatory factors in different stages

According to the 16S sequencing results and the actual
situation of nosocomial infection, S. aureus, P aerugi-
nosa, K. pneumoniae and P. acnes were selected for in
vivo and in vitro experiments. These four kinds of bac-
teria at logarithmic growth stage were re-suspended into
OD600 nm = 0.6 bacterial suspension with normal saline
and intradermal injection was intravenously conducted
into the back skin of SD rats. Continuous macro photog-
raphy indicated that the inflammatory reaction reached
its peak on the 7th day, and the appearance showed
obvious redness and swelling, accompanied by differing
degrees of epidermal exfoliation (Fig. 4A, red arrow).The
skin lesions were progressively restored over time, and
the most severe lesions were caused by P. acnes. Patho-
logical sections at different time points demonstrated
that when the inflammatory reaction caused by bacteria
was restricted to the subcutaneous tissue, it had little
effect on the dermis. Once the inflammatory reaction
breaks through the junction of subcutaneous tissue and
dermal reticular layer, it will gradually spread to the epi-
dermis until it penetrates the whole skin layer (Fig. 4B).
And in a large number of sections, there was no acute
inflammatory response that confined to the dermis. This
was consistent with that pathological scar inflamma-
tion can reach to the depth of dermal reticular layer and
fibroblasts within the scar can migrate from the subcu-
taneous fascia. We detected the content of IL-1 and IL-6
in the skin tissues of rats before and after the injection
of bacterial lysates, and we found that the four kinds of
bacteria all promoted the expression of IL-1 at different
time points. On the other hand, bacteria like P acnes also
promoted the expression of IL-6 (Fig. 4C and D). In order
to further prove the stimulating effect of bacteria on rat
skin fibroblasts, we added four kinds of bacterial lysates
at 25 pg/mL, 50 pg/mL and 100 pg/mL into the culture
medium of rat skin fibroblasts. The results revealed that
after 2 h, IL-1 and IL-6 in supernatant began to increase,
and reached the peak at 3-5 days (Fig. 4E and F). We
found that the lysate of S. aureus did not induce signifi-
cant changes in IL-6, and the results were same in vivo.
Due to the different virulence of different bacteria lysates,
the expression of IL-1 and IL-6 indicated different con-
centration dependence.

Biological effects of bacterial lysates on THP-1 and human
primary skin fibroblasts

Macrophages and fibroblasts have been highly valued
in the study of scar pathogenesis due to their secretion
functions of various cytokines and extracellular matrix.
To investigate the biological effects of colonized bacte-
ria on THP-1 cells and human primary skin fibroblasts,
we selected P. acnues, P. aeruginosa, K. pneumoniae, and
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producing bacteria

S. aureus for in vitro experiments based on sequencing
results and their known pathogenicity in clinical infec-
tions (Fig. 5A). Bacterial lysates were prepared from loga-
rithmic phase bacterial cultures, centrifuged, and washed
before being added to THP-1 cell cultures at 50 pug/mL.
Cells were cultured at 37 °C with 5% CO, for 1, 3, 5, and
7 days for CCK-8 toxicity and proliferation assays. The
results indicated that the toxicity of the bacterial lysates
varied, with P acnes exhibiting the weakest toxicity. The

inhibition of cell growth was time-dependent, with lon-
ger exposure resulting in greater toxicity (Fig. 5B). A
scratch test was performed to assess the effect of super-
natant of THP-1 cells treated with bacterial lysates on
fibroblast migration. S. aureus group inhibited fibro-
blast migration, while P aeruginosa group promoted
it, with statistically significant differences (Fig. 5C and
D). To assess the direct impact of bacterial lysates on
THP-1 cells, the levels of IL-1, IL-6, TNF-a and TGF-B1
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Fig. 4 Bacteria can promote the expression of inflammatory factors at different time points. (A). Macroscopic images of dorsal skin of SD rats after injec-
tion of bacteria. Scale bars, 5 mm. (B). Successive sections showing inflammatory infiltration were stained with H&E and Masson. The area circled in red
is the site of inflammation. Scale bars, 500 um. (C&D). Bar chart shows the variation trend of IL-1 (C) and IL-6 (D) in the skin of SD rats that contains four
types of bacteria over time. (n=3, Tukey's multiple comparisons test) (E.&F). The line chart shows the changes of IL-1 (C) and IL-6 (D) expression in dorsal
skin of SD rats after injection of four kinds of bacteria over time. (n= 3, Tukey's multiple comparisons test)

in supernatants were detected by ELISA. The results expression of a-SMA increased and the ratio of Col I/
showed an increase in these factors at early stages, fol-  Col III decreased in human primary fibroblasts (Fig. 5F-
lowed by depletion over time (Fig. 5E). After co-culture I). The results suggest that bacterial lysate can affect the
with THP-1 cells treated with four bacterial lysates, the  growth of fibroblasts and extracellular matrix secretion
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Fig. 5 Bacterial lysate can affect the growth of fibroblasts and extracellular matrix secretion by influencing the secretion of various cytokines. (A) Sche-
matic diagram of cell culture in Transwell Chamber; (B) CCK-8 toxicity results for THP-1 cells treated with bacterial lysates. Using Tukey's mul-tiple com-
parisons test to calculate p-values; (C) Bar chart of migration analysis, with statistical significance. Using Tukey's multiple comparisons test to calculate
p-values; (D) Cell migration assay’s results of fibroblast migration in response to supernatant of THP-1 cells treated with bacterial lysates. Scale bars,
200 um; (E) The levels of IL-1, IL-6, TNF-0, and TGF-B1 in the supernatants following exposure to bacterial lysates; (F-1) (a) Western blotting pictures. (b)
Relative ratio of Col I/Col lll. (The bacterial lysates in F-I were S. aureus, P. aeruginosa, K. pneumoniae and P. acnes, respectively)

by influencing the secretion of various cytokines by mac-
rophages, and may play an important role in the mecha-
nism of scar formation.

Bacteria stimulated transdifferentiation of skin fibroblasts
to myofibroblasts

In human pathological scar samples, we found that fibro-
blasts at the site of bacterial deposition would highly
express a-SMA, and collagen fibers would also transform
into muscle fibers (Fig. 6A). Thus, we injected four kinds
of bacteria into the skin in the back of rats and observed
for 28 days, and we found the same results (Fig. 6B). To
further explore the mechanism, we detected the expres-
sion levels of TGF-B1 and TNF-« in rats tissues, and
found that four kinds of bacteria can all promote the
expression levels of TGF-B1 and TNF-a in different
degrees, among which P acnes had the most significant
promoting effect (Fig. 6C). The expression levels of TGE-
B1 and TNF-a and peak time were different due to the
different virulence and intensity of immune response
induced by different bacteria. It has been shown that
TNF-a binding to receptors can promote the expression
of TGEF-B1, which binds to receptors activates the Smad
family and promotes the expression of a-SMA. So, the
western blot analysis was used to detect the changes of
Smad3 and a-SMA expression stimulated by P aeru-
ginosa and P acnes over time, and the results showed
that the expression increased over time (Fig. 6D and
E). In order to prove that bacteria directly promote the
transdifferentiation of fibroblasts into myofibroblasts,
we added four bacterial lysates into rat skin fibroblasts
culture medium at 25 pg/ml, 50 pg/ml and 100 pg/ml.
TNF-a in supernatant was significantly increased at 2 h,
while TGF-B1 expression peaked at 3—5 days (Fig. 6F and
G).

Discussion

Pathological scarring occurs when wound repair pro-
gresses beyond epithelialization into persistent inflam-
mation and proliferation, causing tissue hyperplasia and
invasion of healthy skin. Common triggers include infec-
tions, burns, surgeries, and trauma. In China, ear pierc-
ings performed in non-sterile settings (e.g., barbershops)
frequently lead to pathological scars with characteristic
anatomical patterns, justifying their separate classifica-
tion. The underlying mechanism involves chronic reticu-
lar dermal inflammation, with sustained expression of

IL-1a, IL-6, TNF-a [22-24] and elevated CCL/CXCL
chemokines [25, 26]. This induces substantial inflamma-
tory cell infiltration [27-29], altering extracellular matrix
deposition. Local hypoxia from metabolic activity further
stimulates angiogenesis, sustaining chronic inflamma-
tion. Despite complex pathogenesis, scar tissue compo-
sition remains relatively simple, primarily characterized
by type I/III collagen ratios and fibroblast differentiation
states. Although chronic inflammation in pathological
scars has been increasingly studied, its fundamental ori-
gin remains elusive, hindering both mechanistic under-
standing and targeted therapy development.

While prior studies indicated bacterial clearance
post-epithelialization [22], persistent inflammation
(erythema, edema, hyperthermia, pain) in pathologi-
cal scars suggested potential bacterial colonization. Our
multi-method investigation confirmed bacterial pres-
ence via 16S rRNA sequencing and detection of LPS/
LTA proteins. Sterile saline controls excluded environ-
mental contamination. Immunofluorescence and TEM
revealed bacteria dispersed throughout scar tissue [30],
including wall-deficient intracellular forms resembling
L-type bacteria [31], which may be misinterpreted as
vesicles. Through 16S amplification and deep sequenc-
ing, we found that over 99% of bacteria in pathological
scars belonged to five phyla: Bacteroidetes, Proteobacte-
ria, Actinobacteria, Firmicutes, and Cyanobacteria. The
first four phyla are typical skin, gut, and oral microbiota
[32-35]. Similar to gut and skin microbiomes, scar bacte-
rial communities showed low phylum-level but high spe-
cies-level diversity [32]. These bacteria likely originated
from skin surfaces, hair follicles, sweat glands, or exter-
nal contaminants during wound healing, persisting in
granulation tissue post-epithelialization despite immune
defenses.

Microbiome analysis identified 2,648 bacterial spe-
cies, with 18 colonizers including Staphylococcus epi-
dermidis, Porphyromonas bennonis, and Streptomyces.
The absence of universal colonizers suggests bacterial
colonization itself (rather than specific species) triggers
inflammation. This may explain clinical heterogeneity in
scar characteristics (hyperplasia, invasion, morphology,
hypoxia, drug resistance) and variations between/within
scars. Ear-piercing scars dominated by Clostridiales
and Actinomycetales, which is associated with biofilm-
forming commensals from ear/nasal flora. Traumatic
scars enriched in Clostridiales and Bacteroidales, which
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Fig. 6 Bacteria stimulated transdifferentiation of skin fibroblasts to myofibroblasts. (A). Consecutive slices from human pathological scars were stained
with IHC (LPS, a-SMA), Masson, or Van Gieson. Scale bars, 100 um. (B). Consecutive slices from SD rat dorsal skin with Pseudomonas aeruginosa were
stained with H&E, Masson, Van Gieson, or IHC (LPS, a-SMA). Scale bars, 100 um. (C). Bar chart shows the variation trend of the contents of TNF-a and TGF-
B1 in the skin of SD rats that contained four types of bacteria over time. (n=3, Tukey's multiple comparisons test). (D&E). Western blot analyses of full
thickness skin tissue were performed to detect Smad3 (D) and a-SMA (E). 3-Actin served as loading control. (F&G). The line chart shows the changes of
TNF-a (F) and TGF-B1 (G) expression in human skin fibroblasts stimulated by four bacterial lysates over time. (n=3)

reflects environmental contaminants from initial injury.  Burkholderiales in post-infection scars was extremely
Surgical scars dominated by high Actinomycetales, high, and the proportion of Lactobacillales was also
which suggests iatrogenic inoculation from sebaceous higher than that other groups, which was also in line with
glands. The distribution of each phylum in burn scars the high lactate environment of infection.

is more balanced, it is worth noting that the proportion Notably, intracellular bacteria are known to influence
of Firmicutes is higher than others. The proportion of tumor metastasis, immune regulation, and metabolism
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[36, 37]. Investigating bacterial functions in pathological
scars may reveal novel pathogenic mechanisms. These
hyperproliferative scars share characteristics with non-
metastatic benign tumors [38]. BugBase analysis revealed
higher bacterial pathogenicity and motility in surgical
scars compared to burn or infection-related scars, cor-
relating with scar proliferation severity. PICRUSt2 pre-
dicted enriched pathways (collagen metabolism, TLR
signaling, oxidative stress) promoting hyperplasia via
ECM dysregulation, chronic inflammation, and oxida-
tive damage. Bacterial migration - either free or within
immune cells - may spread inflammation to adjacent tis-
sue, inducing aberrant fibroblast activation and collagen
dysmetabolism [39, 40]. Notably, antibiotic production
in microorganisms primarily reflects ecological competi-
tion, with antibiotic-producing bacteria typically harbor-
ing corresponding resistance genes - insights that could
inform targeted anti-infection strategies to minimize
scarring. These findings suggest pathological scars arise
from chronic bacterial inflammation rather than tumor-
like processes. Persistent bacterial colonization sustains
macrophage activation, spreading inflammation to adja-
cent tissue and promoting fibroblast activation, exces-
sive ECM deposition, and a-SMA expression. The scar’s
complex microenvironment and bacterial diversity signif-
icantly influence clinical presentation. Intriguingly, path-
ological scars exhibit aerobic glycolysis resembling the
tumor-associated Warburg effect [41, 42]. Scar micro-
biota analysis revealed only 28% aerobic and 27% anaer-
obic bacteria. In hypoxic scar tissue, aerobic bacteria
may exacerbate hypoxia, while intracellular anaerobes/
facultative anaerobes could mimic aerobic glycolysis by
altering cellular respiration. Notably, colonizing bac-
teria produced antibiotics (vancomycin, streptomycin,
tetracycline), potentially inducing local resistance and
compromising therapeutic efficacy through endogenous
antibiotic synthesis.

Pathological scars frequently exhibit erythematous or
purpuric discoloration due to neovascularization and
inflammation-induced vasodilation. Pigment-producing
dermal bacteria may intensify this hyperpigmentation.
Bacterial colonization sustains macrophage activation,
elevating pro-inflammatory cytokines (IL-1, IL-6, TNF-a,
TGE-P1). IL-1 promotes scarring via NF-kB/MAPK path-
ways [43], while IL-6 exacerbates fibrosis through fibro-
blast growth factors and enhances neutrophil/monocyte
recruitment, amplifying local inflammation [44]. Bacte-
rial stimulation significantly upregulated TGF-B1 expres-
sion, activating the Smad pathway and increasing a-SMA
levels, thereby promoting fibroblast-to-myofibroblast
transdifferentiation [45, 46]. These o-SMA +myofibro-
blasts excessively produced collagen I/III and metal-
loproteinase inhibitors, leading to pathological ECM
accumulation and tissue contracture. While normally
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reversible, persistent inflammatory stimuli (IL-1p, TNE-
a) or mechanical stress sustained myofibroblast activa-
tion. Importantly, we demonstrated persistent bacterial
colonization throughout scar formation, challenging pre-
vious assumptions of transient influence.

Transwell assays revealed differential fibroblast migra-
tion following macrophage activation by distinct bacte-
rial lysates, likely attributable to variant cytokine profiles.
Certain lysates enhanced fibroblast proliferation, col-
lagen secretion, and transdifferentiation via macro-
phages, potentially exacerbating fibrosis. Notably, while
infected fibroblasts showed no overt structural changes,
colonized macrophages exhibited edema and abundant
autolysosomes, suggesting active bacterial invasion when
host membranes remain intact. Although this study
employed lysates, future work should compare live bac-
teria’s effects. Fibroblasts may also directly respond to
infection through TLR-mediated signaling [47]. LPS, a
Gram-negative bacterial endotoxin, is known to trigger
human fibrotic disorders by activating fibroblast TLR4
signaling, thereby promoting scar formation [48, 49].
This study employed bacterial lysates rather than live
bacteria, demonstrating correlation but not causation
between bacterial components and scar formation. We
are currently conducting in-depth investigations using
attenuated bacterial strains and optimized immune cell
co-culture systems, which should better elucidate the tri-
partite interactions among bacteria, immune cells, and
fibroblasts. The specific effects of intracellular bacteria
on fibroblasts require further exploration.

Wounds provide ideal conditions for bacterial bio-
film formation, which promotes chronic inflammation,
abnormal fibroblast proliferation, and collagen deposi-
tion while impeding epithelial migration. The extracel-
lular polysaccharide matrix further limits antimicrobial
penetration, exacerbating scar formation. Combined
antibiofilm dressings, immunomodulation, and antifi-
brotic therapies may reduce scarring. To study bacte-
rial colonization effects, we developed an animal model
where subcutaneous bacterial injection induced inflam-
mation specifically at the dermal reticular layer junction,
bypassing traditional wounding methods. This effectively
mimics folliculitis-related and idiopathic pathological
scars. The model recapitulates key human scar features:
erythematous/hyperpigmented appearance, tissue hard-
ening, reduced mobility, and appendage loss, provid-
ing a platform for mechanistic studies and therapeutic
development.

This study demonstrated bacterial colonization in path-
ological scar tissue through genetic, proteomic, morpho-
logical, and functional analyses. Following the clinical
definition of colonization [50], we provide first evidence
that bacteria persist in scar tissue, inhabiting both extra-
cellular matrix and host cells while actively influencing
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cellular behavior. Colonizing bacteria and their metab-
olites promote inflammation, alter proliferation, and
dysregulate extracellular matrix deposition, ultimately
driving scar hyperplasia. Our findings suggest that bacte-
rial-induced chronic inflammation in the reticular dermis
may initiate pathological scarring.

Conclusion

The presence of colonized bacteria within pathologi-
cal scars continuously stimulates macrophages with the
bacterial bodies and their secreted toxins, leading to local
chronic. This results in the persistent activation of fibro-
blasts, which affects the clinical manifestations of patho-
logical scars. We speculated that chronic inflammation
in the dermal ret layer, caused by bacterial colonization,
may be one of the initiating factors in pathological scar
formation, which provide a potential new strategy for
preventing and treating pathological scars.

Clinical perspectives

Pathological scars are regarded to be highly associated
with chronic inflammation, whereas what factors con-
tribute to this inflammation remains unclear. We found
that the persistent inflammatory response mediated by
macrophages due to bacterial colonization played an
important role in pathological scar formation. This per-
sistent inflammation affected the secretion of cytokines
by macrophages, leading to dysregulated collagen secre-
tion by fibroblasts and their transformation into myo-
froblasts through activating the TGF-B/Smad signaling
pathway, resulting in the increasing of a-SMA, eventu-
ally leading to the formation of pathological scars. This
research present new insights into the causes of patho-
logical scars. Future research directions could include
not only diagnostic approaches to detect bacterial coloni-
zation that triggers pathological scar formation through
inflammatory activation, but also the development of tar-
geted preventive or therapeutic interventions.
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