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1. Abstract

Hypertrophic scarring is formed as a result of abnormal wound
healing. Efforts have been made to understand the mechanism of
hypertrophic scarring for prevention and treatment, mainly by us-
ing several model systems. However, animal models do not form
effectively hypertrophic scars. Desorption electrospray ionization
mass spectrometry imaging enabled label-free elucidation of the
spatial distribution of metabolites and lipids in skin tissue sam-
ples under ambient conditions of a 36-year-old female. It revealed
up-regulation of phospholipid sphingomyelin SM(18:0/16:1), m/z
235.18, and metabolite sphingosine, m/z 310.24, which resulted
in skin hardness and defects in the skin barrier function. The scar
tissue also showed downregulation of phospholipid cardiolipin
CL(62:2), m/z 1322.03 that indicated defects in autophagy func-
tion. These findings were supported by histopathological evalu-
ations of scar tissue which showed enlarged, disordered keloidal
collagen bundles in the deep dermis. Moreover, the scar tissue
showed defects in autophagy function and inflammation. Al-
though, limited by sample number, our results clearly revealed a
molecular signature of hypertrophic scarring in this human case
study.

2. Introduction

Skin tissue helps the body to maintain its dynamic constancy [1],
and healing ability. Wound healing is a complicated process that
involves generation of multiple cell types [2,3] that undergo in-
flammation, proliferation, and remodeling [4]. At the site of injury
keratinocytes migrate from the edge of wound into the epidermis,
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the immune system becomes activated, and macrophages initiate
wound healing.

Scars are the result of genetic predisposition and injuries [5], that
disturb the quality of life physically and psychologically [6, 7]. The
plausible links between macrophages, fibrogenic mediator trans-
forming growth factor-beta, endothelial growth factor (VEGF-A),
and hypertrophic scar formation have been reviewed recently
[8,9]. During the initial phases of wound healing pro-inflamma-
tory macrophages produce interleukin-6 (IL-6), interleukin-12
(IL-12), tumor necrosis factor-o. (TNF-a)), and chemokineligand2
(CCL2) that act as proinflammatory cytokines and chemokines [8].
During the remodeling process anti-inflammatory macrophages
are produced that generate interleukin-10 (IL-10), transform-
ing growth factor-p1 (TGF-B1), hemeoxygenase-1 (HO-1), and
arginase. These heal the wound and regenerate tissue [10]. The
purpose of anti-inflammation is to halt cell damage and promote
cell repair, but prolonged inflammation results in delay of wound
healing. Studies have shown that the metabolites of omega-6 fatty
acids are pro-inflammatory, whereas, omega-3 fatty acids are an-
ti-inflammatory in nature and are involved in wound healing [11].
Moreover, defects in the macrophage functions result in increased
deposition of collagen and activation of myofibroblasts that pro-
mote fibrosis [12]. The increased deposition of collagen, invasive
growth of fibroblasts, and decrease of cutaneous fat and hair folli-
cles result in scar formation [13].

Hypertrophic scar formation is a complex process, and the under-
lying mechanism is not completely known; therefore, the number
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of preventative and therapeutic measures are limited [14]. Hyper-
trophic scar is inflammatory disorder of reticular skin [15], can
cause severe functional and cosmetic disabilities, and is routinely
characterized by microscopic observations of thin tissue sections.
However, histology alone is unable to reveal the biomolecular
background of the scar [16]. Efforts have been made to understand
the mechanism of hypertrophic scar formation mainly by using
in-vivo models for phenotype, whereas in-vitro models for identi-
fication of pathways and drug development [17]. However, these
models are not ideal for the study of hypertrophic scarring. Despite
many efforts the in-vitro models do not form hypertrophic scars ef-
fectively [18,19]. Therefore, the origin and underlying mechanism
of hypertrophic scar has not been fully established. It is important
to find new therapeutic targets for treatment and remediation, but
these efforts are hampered by the lack of noninvasive anti-scarring
therapies.

This study demonstrates a promising potential strategy for further
elucidating the molecular basis of hypertrophic scar formation.
Mass spectrometry has emerged as a powerful technology for rap-
id and precise detection of complex molecular species [20,21]. De-
sorption electrospray ionization mass spectrometry imaging (DE-
SI-MSI), enabled label-free elucidation of the spatial distribution
of metabolites and lipids in tissue sections at ambient conditions
without any pretreatment [22,23]. The data revealed high through-
put detection of metabolites and lipids that resulted in formation
of hypertrophic scars. We recognize that our study is preliminary
and limited, necessitating the analysis of multiple samples and
control sets. Nevertheless, these findings of lipid composition may
provide insights into the treatment and prevention of hypertrophic
scar formation.

3. Material and Methods

Abnormal wound healing results in the formation of hypertrophic
scars [25]. A 36-year-old female had scar on abdomen that was
raised within a boundary. Surgical revision of scar was performed
with her consent, and the scar along with some normal skin to
serve as a control were made available for study (Figure S1).

3.1. Collection of Tissues Microscopic Observations

Discarded scar tissue and normal adjacent skin were obtained from
a 36-year- old female patient undergoing scar revision surgery in
the Department of Plastic and Reconstruction Surgery, Zhongshan
Hospital of Fudan University, Shanghai, China. The procedures
for tissue collection were approved by the ethical code of Fudan
University Hospitals in accordance with the Declaration of Helsin-
ki Principles. Prior to surgery the patient provided informed con-
sent. The tissue specimens were immediately frozen, prior to cryo-
sectioning. 10 um thin cryo-sections were prepared using Leica
CM1950 Cryostat Microtome, and were mounted on glass slides
provided by Tansol, China. The mounting temperature was set at
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-21 °C and the chamber temperature at -22 °C.
3.2. Histological Evaluations

The human skin tissues were subjected to Hematoxylin & Eosin
(H&E) staining, and Congo red staining for histological evalua-
tion. The H&E staining kit were obtained from Solarbio Life Sci-
ences (Cat# G1120), and Congo red dye was obtained from Rui-
bao and Biotech Co., Ltd (Cat# R1029). For immunohistochem-
ical analyses the following antibodies and materials were used:
Beclin-1 autophagy marker (Reego and Biology, 1:200), IBA-1
inflammation marker (Reego and Biology, 1:100). HRP-labelled
Goat anti-rabbit secondary antibody (Reego and Biology, 1:200),
DAB (DAKO, K5007), Normal rabbit serum (Boster, AR1010),
and BSA (Solarbio, A8020). High-resolution optical images of the
stained tissues were recorded by an Olympus CKX53 microscope
using Olympus cellSens 2.1 [ver.2.1] imaging software (Olympus,
Tokyo, Japan).

3.3. Desorption Electrospray Ionization Mass Spectrometry
Imaging (DESI-MSI)

The DESI-MSI source was controlled by OmniSpray 2-D (Proso-
lia, Inc), and was coupled with Velos Pro Ion Trap Mass Spectrom-
eter (Thermo Scientific, USA) for imaging of human skin tissues.
The spray head was made using a precision-cleaved emitter 50
pm ID x 150 um OD x 40 mm long. The solvent line tubing had
dimensions of 75 um ID x 150 um OD. The spray tip-to-surface
distance was ~1 mm, spray incident angle of 58°, and spray-to-
inlet distance ~5 mm. MS Data acquisition was performed using
XCalibur 2.2 software (Thermo Fisher Scientific Inc.). The nitro-
gen pressure was set at 1.02 MPa; spray voltage was 4 kV, the
capillary temperature at 275°C, and -Lens RF Level at 60.6%.
The human skin tissue samples were analyzed in the positive ion
mode. The histology compatible solvent used for both ion modes
was dimethylformamide/acetonitrile (DMF + ACN) (1:1, v/v) [23]
obtained from Fisher Chemical NJ, at flow rate of 1 uL/min. The
data files (.raw) were exported to FireFly 3 software (Prosolia Inc.)
that extracted and built the data set into (.ibd and .imzML) for-
mats. msIQuant software was used to convert imzML data files to
msiQuant readable format to view and analyze mass spectrometry
imaging data [26]. The ion images used a Synapt blue-red-yellow
color map. Yellow and red show high intensity signal, whereas
black represents no signal.

3.4. Extraction of Biomolecules from Skin Tissue

Fragments of tissue from normal and scar skin were taken into
tubes, and 3 ml of mixture of chloroform and methanol (2:1) was
added into each tube, that was followed by vortex. For the surface
extraction of lipids from tissues by phase separation, water was
added (5-fold) into each tube that was followed by vortex and cen-
trifugation. The organic layer was separated; it contained lipids
with hydrophobic nature. Residual lipids were extracted by the ad-
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dition of chloroform, methanol, water mixture (8:4:3) by repeating
the steps thrice, to obtain the total lipid extract [26]. The extraction
procedure produced organic fractions from each sample that were
dried in the vacuum evaporator at 25 °C for around 30 minutes.
The aqueous fractions were separates, centrifuged, transferred into
new tubes, and dried. The samples were then stored at -20 °C until
analysis. The residues were dissolved in methanol that was fol-
lowed by vortex, sonication, and centrifugation. For analysis in the
positive ion mode 0.5 % formic acid was added into each sample.

3.5. Electrospray Ionization Mass Spectrometry Analysis of
Tissue Extract

ESI-MS is a soft ionization technique that seldom disrupts the
chemical integrity of molecules in samples during analysis. Sam-
ples were introduced through a capillary tube into the Orbitrap
Elite mass spectrometer (Thermo Fisher). The instrument was op-
erated using the Orbitrap Elite software (Tune Plus 2.7). The data
acquisition and processing were performed by Thermo Xcalibur
(software version 3.0).

3.6. MS Settings

The organic and aqueous fractions of the samples were analyzed
at the positive and negative ion modes. The heated ESI source set-
tings were: Heater temperature: 50 °C, Sheath gas flow rate: 16
(arb), Auxillary gas flow rate: 8 (arb), Spray voltage: 4 kV for neg-
ative ion mode and 5 kV for positive ion mode was applied to the
capillary that generated an electric field gradient for the movement
of charged microdroplets into the mass spectrometer for analysis.
Capillary temperature was set at 275 °C, and the S-Lens RF Level
at 60.6 %. The Syringe pump flow rate was set at 5 pl/min. The
Define Scan window was set at, Analyzer: FTMS, Mass range:
Normal. The scan range for organic fractions was set at m/z 50
to m/z 1000, while the aqueous fractions were analyzed with the
maximum scan value set at m/z 2000. The resolution was set at
120,000, Scan type: full, Microscan: 1, and Maximum injection
time at 400 ms.

3.7. Identification of Phospholipids and Metabolites

The lipids and metabolites were identified by database search
including LIPID Maps structural database (LMSD) (http://lipid-
maps.org/data/structure/LMSDSearch.php?Mode=SetupTextOn-
tologySearch), and Human Metabolome Database (HMDB) search
engines (http://www.hmdb.ca/spectra/ms/search).

4. Results and Discussion

4.1. Surgical Revision of Scar

A number of studies have been conducted mainly by using sev-
eral in-vivo and in-vitro model systems, but these are not ideal to
study hypertrophic scar [17]. What might make the present study
of special interest is the study of human skin instead of a model
organism for direct evaluation of scar tissue sample from abdo-
men of a 36-year-old female after surgical revision with her con-
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sent to use the samples for research. The physical examination of
patient by the physician found that normal skin was soft (Figure
S1A) as compared to scar that was deformed, hard and rigid (Fig-
ure S1B) and suggested case of hypertrophic scar. Hypertrophic
scar restricts growth of tissue, and movement of appendages [27].
Previous studies have shown that prolonged wound healing may
undergo oxidative stress, which leads to alterations of gene expres-
sion and damages in the cell membrane and its organelles causing
hypertrophic scar formation [27]. A recent study has shown that fi-
broblasts derived from marginal and central areas of hypertrophic
scar exhibit different properties that makes understanding of hy-
pertrophic scar more complex and its treatment more difficult [29].
Surgical scar revision procedures are being used for improvement
of hypertrophic scars. Therefore, it is essential to understand the
disfiguring maladaptive process of scar formation to control and
assist in treatment of the pathology.

4.2. Profiling of Lipids and Metabolites in Skin Characteristic
of Hypertrophic Scar Formation

Clinically effective antiscar therapies are very limited [30]. The
long-term goal of the study is to identify new therapeutic targets
for reducing scarring. Fig. 1A shows microscopic optical images
of the surgically removed scar skin, and Fig. 2B shows normal
tissue (control) of the patient.

Molecular profiling of normal skin tissue (control) and scar sample
was performed by desorption electrospray ionization mass spec-
trometry imaging (DESI-MSI), recorded in positive ion mode.
The metabolites and lipids detected from the limited number of
normal skin (control) and scar skin from one individual hindered
the ability to detect statistically significant results. Nevertheless,
we did find that the mass spectra from the two groups showed
significant differences in the abundance of metabolites and lipids
as shown in 2D chemical maps (ion images) created using msl-
Quant software [24]. Phospholipids are the main constituents of
cell membranes and sub-cellular components [31]. They are in-
volved in cell growth and differentiation. Alterations in composi-
tion of membrane phospholipids affects the transport of molecules
between cell membrane and its organelles [32] and can result in
disease states [33]. The physical examination of the scar tissue
showed hardness as compared to adjacent skin that suggested in-
volvement of sphingomyelin based on previous reports, and was
thus easily selected from the list of predicted metabolites by hu-
man metablome data base search. Hypertrophic scar tissue showed
upregulation of phospholipid sphingomyelin SM(18:0/16:1), m/z
235.18 (Figure 2A), as compared to normal skin (control) (Fig-
ure 2C). The structural formula has been shown in (Figure 2E).
Sphingomyelin transports cholesterol from cell surface into the cy-
toplasmic organelles [34,35]. We suggest that the upregulation of
sphingomyelin SM(18:0/16:1), m/z 235.18 in the scar tissue might
lead to hardness of the tissue that was observed during physical ex-
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amination of the patient before surgery. It is supported by previous
report that suggested upregulation of sphingomyelin result in skin
hardness and pathology [36]. Moreover, the scar tissue showed up-
regulation of sphingosine, m/z 310.24 (Figure 2B) as compared
to normal (control) (Figure 2D). The structural formula has been
shown in (Figure 2F). The details of the other molecules detected
by DESI have been summarized in (Table S1).

Moreover, ESI-MS analysis of the normal skin (control) detected
cardiolipin CL(62:2), m/z 1322.03 (Figure 3A), that was downreg-
ulated in the scar (Figure 3B). The details of the other molecules

A Scar

Research Article

detected by ESI-MS has been summarized in (Table S2). Previ-
ous studies have shown that cardiolipin resides on mitochondrial
membranes and controls targeted removal of damaged mitochon-
dria through autophagy [37]. Autophagy is essential for removing
damaged organelles and misfolded proteins that delays aging. The
downregulation of CL(62:2), m/z 1322.03 indicated defects in the
autophagy function in the scar tissue. Previous studies have shown
that defects in autophagy results in ailments [37], including nerve
damage [38], myopathy [39], and cancer [40].

Figure 1: Microscopic optical images of the skin tissue sections. (A) Scar tissue showed abnormal texture, as compared with (B) normal skin (control)

that showed no abnormality. Scale bar: 100 pm.
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Figure 2: Profiling of lipids and metabolites in human skin scar, determined by DESI-MSI. (A, B) Scar tissue showing up-regulation of lipids and
metabolites, as compared with (C, D) normal skin (control). Colour bar: Yellow and red show high intensity signal, whereas black represents no signal.
Scale bar: 1 mm. Structural formula of phospholipid sphingomyelin was accessed from Human Metabolome Database (HMDB ID: HMDB0013464),
and structural formula of metabolite sphingosine was accessed from Lipid Maps database (LM ID: LMSP01080014). (E) Sphingomyelin SM(34:1),

m/z 235.18, and (F) Sphingosine, m/z 310.24.
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Figure 3: Scar tissue showed down-regulation of phospholipid cardiolipin. (A) Mass spectrum from normal skin tissue (control), and (B) mass spec-
trum from scar. (C) Structural formula of phospholipid cardiolipin CL(62:2), m/z 1322.03 accessed from Human Metabolome Database (HMDB ID:

HMDBO0075764).

4.3. Histological evaluation showed pathological sample was of
hypertrophic scar

4.3.1. Nodule like Structures in the Deep Dermis

Haematoxylin and eosin (H&E) staining of tissues revealed the
anatomy of the deep dermis. The scar tissue showed nodule-like
structures (Figure 4A-4D), as compared to normal skin (control)
that showed no abnormality (Figure 4E-4H). The histopathologi-
cal evaluation of the tissue revealed that it was a hypertrophic scar.
Our observation is supported by previous studies that have shown
nodule-structures in the deep dermis are associated with hypertro-
phic scarring [41-45].

4.3.2. Disordered Arrangement of Collagen Bundles, Defects in
Autophagy Function and Inflammation in Scar

Histological examination of skin tissues with Congo red staining
detected no abnormality in normal skin dermis (control) (Figure
5A). Whereas, the scar tissue section showed aggregates of blood
vessels, as well as thick and stretched collagen bundles in abun-
dance aligned in plane with the epidermis (Figure 5SB). This ob-
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servation is supported by previous study that has suggested that in-
creased deposition of collagen, and invasive growth of fibroblasts
result in scar formation [13]. Immunohistochemistry of the skin
tissues with the autophagy marker Beclin-1 antibody found no ab-
normality in the normal skin (control) (Figure 5C), but detected
cellular debris in scar tissue that suggested defects in the auto-
phagy function (Figure 5D), and is supported by other observation
made in this study that showed downregulation of phospholipid
cardiolipin CL(62:2), m/z 1322.03, in the tissue extracts of hy-
pertrophic scar (Figure 3B) as compared to normal skin (control)
(Figure 3A) that also suggested defects in the autophagy function.
Immunohistochemistry of the skin tissues with the inflammation
marker IBA-1 antibody found no abnormality in the normal skin
tissue (control) (Figure 5E), and detected aggregates of inflamma-
tory cells in the scar tissue that suggested prolonged inflammation
(Figure 5F). It is supported by previous study that has suggested
that hypertrophic scar is an inflammatory disorder of reticular skin
[15].
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Figure 4: Histopathological evaluation of tissues with H&E staining. (A-D) scar tissue showed nodule-like structures in the deep dermis, as compared
to (E-H) normal skin tissue (control) that showed no abnormalities. Magnification: 20X (A, E) and 40X (B-D and F-H). Scale bar: 500 um.
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Figure 5: Disordered arrangement of collagen bundles, defects in autophagy function and inflammation in scar. Histopathological evaluation of tissues
with Congo red staining. (A) Normal skin tissue (control) showed no abnormality, whereas (B) scar tissue showed aggregates of blood vessels and
stretched collagen bundles. Evaluation of tissues with Beclin-1 autophagy marker. (C) Normal skin tissue showed (control) no abnormality, whereas
(D) scar tissue showed cellular debris. Evaluation of tissues with IBA-1 inflammation marker. (E) Normal skin tissue (control) showed no abnormality,
whereas (F) scar tissue showed aggregates of inflammatory cells. Magnification: 40X (A-F). Scale bar: 500 um.
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5. Concluding Remarks

We examined a case of hypertropic scarring on abdominal skin
of a 36-year-old female. Comparison of a hypertrophic scar to
surrounding normal tissue as revealed by DESI-MSI upregula-
tion of phospholipid sphingomyelin SM(18:0/16:1), m/z 235.18,
and upregulation of metabolite sphingosine, m/z 310.24 which
suggest possible roles for these biomolecules in the development
and maintenance of hypertrophic scars. Moreover, the scar tissue
showed downregulation of phospholipid cardiolipin CL(62:2), m/z
1322.03 that suggested defects in autophagy function. Although
this work represents only one case study, it does indicate the prom-
ise of DESI-MSI in combination with histopathological staining
in understanding the molecular basis of the hypertrophic scarring
process. We suggest that multiple skin samples in follow-up stud-
ies will be needed to draw definite conclusions, but we find that
DESI-MSI might offer an excellent approach for understanding
better the molecular basis of hypertrophic scarring.
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