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Abstract
Background: Interleukin 1 beta (IL-1β) is considered to be a mediator of infectious, in�ammatory and
autoimmune diseases, and the kinetics of its production is relevant to understanding the pathogenesis of
these diseases. Lysophosphatidic acid (LPA), the structurally simplest bioactive phospholipid, is
necessary for homeostasis in various physiological and pathophysiological processes and plays a
pivotal role in wound healing. Skin trauma can not only weaken the barrier function, but also cause pain
and infection. Chronic wounds are characterized by impaired healing and uncontrolled in�ammation that
damages the protection of the immune system. The aim of this study is to investigate whether
in�ammatory factor IL-1β has an effect on LPA in the wound healing model.

Results: In this study, the kinetics of IL-1β gene expression was studied in vivo and in vitro with a wound
healing model by quantitative real-time polymerase chain reaction (qRT-PCR) through LPA treatment. As a
result, we found that LPA up-regulated in�ammatory factor IL-1β in HaCaT cell and skin wound healing.
The pro-in�ammatory cytokines IL-1β mRNA had higher expression in LPA-treated mice group 3 days
after the treatment. In vitro, after the treatment with LPA (20 μM) for 6, 12, and 24 hours, IL-1β mRNA
expression increased by 61.16%, 129.39%, and 117.07%, respectively.

Conclusion: These results strongly suggest that IL-1β may regulate LPA-accelerated skin wound healing.
IL-1β has signi�cant e�cacy, and our observations are of interest to the development of drugs targeting
LPA in skin therapy.

Background
Interleukin 1 beta (IL-1β) is an inducible polypeptide with many roles in host defense and homoeostasis.
It is also considered to be a mediator of infectious, in�ammatory and autoimmune diseases, and the
kinetics of its production is relevant to understanding the pathogenesis of these diseases [1]. The healing
of human wounds is part of the world’s major health problems. Especially, chronic wounds are
characterized by impaired healing and uncontrolled in�ammation that damages the protection of the
immune system and can lead to bacterial infections [2, 3]. Chronic hard-to-heal wounds are usually
accompanied by repeated infections, which then result in the necrosis of local tissue, and there is lack of
effective treatments, especially for diabetic wounds. This condition wastes medical resources and causes
amputation in severe cases [4]. Therefore, wound healing requires e�cient and rapid methods to update
the current treatments that are often ine�cient or limited, thereby meeting the clinical needs.

Lysophosphatidic acid (LPA) is positively correlated to wound healing [5]. LPA is the structurally simplest
bioactive phospholipid [6–8], 1-acyl-2-lyso-sn-glycero-3-phosphate [9]. It is endogenous, small molecule,
easily soluble in water, not easily degradable, and stable in vivo. LPA activates intracellular signaling
pathways through lysophosphatidic acid receptors (LPA1 ~ LPA6) [10], is primarily produced by autotaxin
(ATX) and catalyzed lysophosphatidylcholine [11, 12], and can be secreted by fat cells, cancer cells,
�broblasts, and platelets. LPA is a bioactive lipid medium necessary for homeostasis in various
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physiological and pathophysiological processes. Lysophosphatidic acid receptors mainly exist in the
heart and brain and have different biological effects, such as promoting cardiomyocyte hypertrophy [13,
14], having thrombogenic and atherogenic actions [15], being involved in Alzheimer’s disease and other
neurodegenerative diseases [16, 17], and promoting proliferation, migration and adhesion of ovarian
cancer, colon cancer, etc. Previous studies on LPA have mainly focused on cardiovascular and
cerebrovascular diseases and cancers, and few studies have been conducted on the skin, involving
invasion and metastasis of melanoma [18], �brosis [19], hair growth [20], and wound healing [21].

Wound healing provokes a series of complex events, including hemostasis, in�ammation, proliferation,
and remodeling [22, 23]. The in�ammatory phase involves activation of the innate immune system.
Neutrophils and monocytes are the main cells that migrate rapidly into the wound site after injury, and
neutrophils and macrophages release cytokines and growth factors [24]. Neutrophils phagocytose
cellular debris and microorganisms, release pro-in�ammatory cytokines, chemokines and angiogenic
growth factors, and produce reactive oxygen species [25]. Macrophages are the main response cells of
LPA, which regulate in�ammatory responses [26, 27]. The proliferation phase includes angiogenesis,
granulation tissue formation, and re-epithelialization [28]. Collagen �bril deposition and remodeling are
important repair processes in the later phase of granulation tissue formation [29]. LPA has been proved to
have the functions of promoting the proliferation and migration of �broblasts and epithelial cells [30]. In
addition, LPA can promote the synthesis of laminin 5 in keratinocytes. Laminin 5 may stimulate the
adhesion and migration of keratinocytes on the wound beds and form the basement membrane at the
dermal epidermal junction to repair the wound [31]. The e�ciency of skin wound healing largely depends
on the balance between cytokine-mediated pro-in�ammatory and pro-regenerative signals [32]. The
physiological and pathophysiological effects of LPA in the skin have been gradually explored. Moreover,
LPA stimulates the migration of human umbilical cord blood-derived mesenchymal stem cells to promote
the wound healing [33], plays a critical role in differentiation and maturation of hair follicle [34], and has a
favorable physiological role in oral wound healing [35].

LPA has a function in wound healing, however, the mechanism is still not clear, especially its relationship
with in�ammatory factors. In this study, we aim to �nd out the mechanism. We studied the effects of
in�ammatory factor IL-1β on LPA in wound healing model in vivo, hoping that it may be a new way of
wound healing based on LPA. Besides, we investigated the biological effect of LPA and provided a
theoretical reference for further study of the mechanism.

Methods
Animals and ethics

All animal protocols were approved by Animal Care Committee of Weifang Medical University (Weifang,
China). Female speci�c pathogen-free (SPF)-grade Kunming mice (KM mice) weighing 18-22 g and aged
4 weeks were purchased from Pengyue Animal Breeding Co., Ltd. (Jinan, China). The 130 mice were
random separated to control and experimental groups, and housed in individual cages at a constant
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temperature (22°C) and a relative humidity (50% ± 10%) for a 12 h light-dark cycle and were kept in the
environment for at least 7 days before the experiments. Throughout the experiment, the animals were
provided with food and water.

Mice excisional wound healing model

In this study, a full-thickness excision model of mouse back skin was used. The mouse were �rst
anesthetized under aseptic conditions. The hair of dorsal skin was roughly cleaned using a hair clipper,
completely depilated by applying N2S (10 g·L-1), and scrubbed with warm water at 37°C. A skin biopsy
punch (ID = 7 mm) was perpendicularly put on the dorsal skin and pushed downward with a circular
twisting motion. Next, the middle circular skin was removed with ophthalmic scissors. In this way, a full-
thickness excisional circular wound was created. Lysophosphatidic acid (LPA, C21H41O7P·xNa, L7260)
was purchased from Sigma (St. Louis, MO, USA). The mice were randomly divided into two groups, i.e., (i)
untreated group and (ii) LPA treated group. Each group contained 56 mice. Each animal was housed in a
separate cage to prevent further injuries to the wound due to �ghting. A Nikon camera (D60) was used to
take photos at the speci�ed time at a scale of 1 mm. The degree of wound closure was calculated
according to the formula: Wound closure = (A0-At) / A0, where A0 was the original wound area and At was
the wound area on day t after the wound.

Histopathological assessments

The mice after experimental modeling were humanely euthanized by CO2 inhalation in accordance with
Code of Practice for the Humane Killing of Animals. The dorsal skin of the mice (n = 8) was promptly
�xed with 4% paraformaldehyde for 24 hours, then samples were placed in PBS buffer at 4°C and
embedded in para�n blocks. The wound tissue was sequentially sectioned at 5 μm with a MICROM 17
M325 microtome (Thermo Fisher Scienti�c, DE). Then the skin sections were stained with H&E to
evaluate the presence of necrosis in�ammatory cells, hemorrhage, granulation tissue extent, re-
epithelialization, and thick epidermis formation. In order to explore the extent of collagen deposition and
collagenous �bers in healed tissue during the progress of wound healing, Masson’s trichrome staining
was performed using Masson’s trichrome staining kit (Solarbio, Beijing, China) according to the
manufacturer’s protocol. An Olympus BX53 microscope (Olympus, UK) was used to take images with the
scale bar of 100 μm.

RNA isolation and quantitative real time polymerase chain reaction

Total RNA was extracted from wound skin tissue of mice (n = 8) using 20 μM LPA or control on days 0, 3,
6, 9, 12 and 15, and total RNA was extracted from human HaCaT cells using 0, 5, 10 and 20 μM LPA, and
cultured in a serum-free medium for 6 hours, 12 hours and 24 hours using TRIzol reagent (CWBIO, Beijing,
China). 2 μg of total mRNA was reverse transcripted to cDNA in a 20 μL volumn using ReverTra Ace qPCR
RT Kit (TOYOBO, Qsaka, Japan) at 37°C for 15 mins and 98°C for 5 mins. Then cDNA was used in the
quantitative real-time polymerase chain reaction (qRT-PCR) to analyze the relative expression of mRNA
using SYBR® Green Realtime PCR Master Mix (TOYOBO, Qsaka, Japan) according to the manufacturer’s
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protocol. The mRNA expression levels were normalized to 18s rRNA for mice samples and GAPDH for
HaCaT cells. The following primers (Qingdao Personal Gene Biotechnology Co., Ltd, Qingdao, China) were
used in the reaction: IL-1β (human) forward: 5’-ACAGATGAAGTGCTCCTTCCA-3’, reverse: 5’-
GTCGGAGATTCGTAGCTGGAT-3’; IL-6 (human) forward: 5’-GGTGTTGCCTGCTGCCTTCC-3’, reverse: 5’-
GTTCTGAAGAGGTGAGTGGCTGTC-3’; GAPDH (human) forward: 5’-AGAAGGCTGGGGCTCATTTG-3’,
reverse: 5’-AGGGGCCATCCACAGTCTTC-3’; IL-1β (mouse) forward: 5’-TCGCAGCAGCACATCAACAAGAG-3’,
reverse: 5’-TGCTCATGTCCTCATCCTGGAAGG-3’; 18s rRNA (mouse) forward: 5’-
TTGACTCAACACGGGAAACC-3’, reverse: 5’-AGACAAATCGCCCACCAACACC-3’. We preincubated the qRT-
PCR conditions at 95°C for 30 seconds, then used LightCycler® 480 II (Roche Diagnostics International
Ltd, Switzerland) to apply 40 cycles of 95°C for 5 seconds, 55℃ for 10 seconds, and 72°C for 15
seconds. The relative IL-1β and IL-6 mRNA expressions were calculated using the 2−ΔΔCq method [36].

Cell culture and proliferation detection

A colorimetric assay was used to measure the proliferation of immortalized human HaCaT keratinocyte
cells (Kunming Institute of Zoology, CAS, China). The cells were cultured in Dulbecco’s modi�ed Eagle’s
medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco,
AU) and penicillin (100 U/ml)-streptomycin (100 mg/ml) (Solarbio, Beijing, China) at 37°C in a humidi�ed
atmosphere of 5% CO2. HaCaT cells (2×104 cells/well, 180 μL) were plated into 96-well plates (Corning
Incorporated, NY, USA). After adhering to the plate, the cells were incubated with vehicle (DMEM) or LPA
at different concentrations of 3.125, 6.25, 12.5, 25, 50 and 100 μM for 24 hours. Then 20 μL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution (Solarbio, Beijing, China) was
added to each well for a further 4 hour incubation at 37°C. After the cells were washed 3 times with PBS
(pH 7.4), the insoluble formazan product was dissolved by incubating with 150 μL DMSO. The
absorbance of each well was measured on an enzyme-linked immunosorbent assay (ELISA) microplate
reader at 490 nm. The optical density re�ects the level of cellular metabolic activity. Each experiment was
performed in quintuplicate.

Cell migration assay

The Ibidi culture inserts (Ibidi, Martinsried, DE) were placed in a 24-well culture plate (Corning
Incorporated, NY, USA). Each side were seeded with 15,000 HaCaT cells and then cultured with 5% CO2 at
37℃ for 24 hours. The inserts were removed and the cells were washed three times with PBS to remove
cell debris. Cells were cultured at 37°C in the medium of 20 μM LPA and the untreated cells were used as
control. A microscope (4× lens, Olympus IX71, UK) was used to take photographs at the beginning (0
hour) and every 6 hours for 48 hours. Jmicro Vision was used to measure the width of the cell-free area at
each time point at the scale bar of 500 μm.

Statistical analysis
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The collected data was analyzed using GraphPad Prism 8.0.2 software. All data were expressed as mean
± SD. One-way ANOVA with post hoc analysis was performed to analyze the data, and p < 0.05 was
considered statistically signi�cant.

Results
LPA accelerated wound healing

General morphology of the wounds was obtained for all treatment groups, as shown in Figure 1. The
wound area of each group decreased over time. Compared with the group treated with saline, the wound
closure of mice treated with LPA (20 μM) was signi�cantly faster, and there was no phenomenon of
in�ammation or infection [37].

LPA improved the quality of newly formed skin tissue

In general, LPA (20μM) treatment can lead to re-epithelialization with a well-de�ned epidermis, as shown
in the cross-sections from the wound tissues at day 15. The higher magni�cation of the sections further
con�rmed the good organization of these structures (Fig. 2A). Moreover, compared with control group,
wounds treated with LPA showed a higher content of collagen, which were well organized in �brils. This
can be proved by the higher amount of the blue color in the Masson’s Trichrome staining (Fig. 2A and B)
[38, 39]. Overall, these results indicated that LPA was able to accelerate the wound healing and improve
the quality of the newly formed skin tissue [40].

The dynamic alteration of IL-1β in vivo

Many factors can affect the speed of wound healing, especially cytokines [41]. A robust host
in�ammatory response is effective in isolating and controlling infection, as well as repairing the affected
tissues [42]. On the contrary, prolonged in�ammation is harmful and may lead to the deregulated stages
of the wound healing [24]. Wound healing can be improved by dampening in�ammation [43]. Both acute
and chronic in�ammation can hinder wound healing, leading to either chronic ulceration or scarring,
presenting multiple derangements [44]. To investigate the effect of LPA on wound healing speed in the
animal model, IL-1β was detected in this study. The pro-in�ammatory cytokines IL-1β mRNA had higher
expression in the mice treated by LPA for 3 days. However, compared with the saline treated group, both
of these cytokines showed a steady decrease on days 6, 9, 12 and 15 (Fig. 3) [1, 45]. IL-1β was up-
regulated in wound healing model of LPA treatment.

LPA promoted HaCaT cell proliferation

MTT assay was performed to investigate whether LPA can promote HaCaT cell proliferation. The effects
of LPA on the proliferation of HaCaT cells are shown in Figure 4. The result showed that LPA had a
dominant simulative effect on HaCaT cell proliferation [40]. The promotion rate of the proliferation of
HaCaT cells was dependent on the concentration of LPA. At concentrations of 3.125, 6.25, 12.5 and 25
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μM, the rates of proliferation of the HaCaT cells were increased by 17.41%, 19.94%, 28.35% and 10.56%,
respectively.

Effects of LPA on HaCaT cell migration

The effects of LPA on the migratory capacity of HaCaT cells were determined by their ability to induce in
vitro wound closure. Wound healing was simulated by the fusion of monolayer cells and the cells were
incubated for 48 hours. Compared with the control group and the Vitamin C group, the group treated with
LPA (20 μM) showed better migration of HaCaT cells (Fig. 5A and B) [46]. In other words, LPA can
signi�cantly in�uence cell migration.

Kinetics of IL-1β gene expression in vitro

To further explore the working principle of LPA, we stimulated HaCaT cells with or without LPA, and
determined IL-1β (Fig. 6A-C) and IL-6 (Fig. 6D-F) at different time points after stimulation [45]. Compared
with the control group, the IL-1β mRNA expression increased by 61.16%, 129.39% and 117.07% after 6, 12
and 24 hours of LPA (20 μM) treatment, respectively. Interestingly, compared with the control group, IL-6
mRNA expression increased by 33.04% and 291.69% after 6 and 12 hours of LPA (20 μM) treatment,
respectively. However, after 24 hour LPA treatment, IL-6 mRNA expression decreased by 71.97%.

Discussion
This study aimed to investigate the effects of the in�ammatory factor IL-1β on LPA in wound healing
model. We investigated the kinetics of IL-1β gene expression in vivo and in vitro. Those �ndings
suggested that IL-1β can regulate LPA- accelerated skin wound healing. The early in�ammatory response
helps to promote the wound healing by releasing some cytokines at the wound site, such as IL-1β, IL-6,
etc. [1, 47, 48]. We found the LPA treatment group had higher IL-1β gene expression in early in�ammatory
response.

The in�ammatory response plays an important role in the entire wound healing process. The skin is the
largest organ of the human body, which can effectively prevent the invasion of harmful substances and
keep the body in a relatively stable state [38]. Any unrepaired breach of the skin may impair its barrier
function and expose human tissues to microbial infections and mechanical damage [49]. Underlying
disease process, hypoxia of the wound bed, wound infection, and increased level of in�ammatory
mediators predispose wounds to become chronic [50]. Once skin damage occurs, the body will produce a
violent oxidative stress reaction and in�ammatory response to counteract the adverse factors in the
external environment to accelerate wound healing [46, 51, 52]. Some drugs [53, 54] can also promote
wound healing by regulating in�ammatory factors. Pro-in�ammatory cytokines may be relevant to acute
pain after surgical incision in the rat plantar [55].

Our works showed that LPA in vivo had many advantages in skin penetration, shortening repair time, and
increasing subcutaneous collagen, and had a signi�cant e�cacy on wound healing. Meanwhile, we also
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found that LPA up-regulated in�ammatory factor IL-1β in HaCaT cell during skin wound healing. The
proliferation and migration of epidermal cells participate in epidermal regeneration and promote wound
healing. HaCaT cells are human immortalized epidermal cells, non-tumor-derived human normal skin
immortalized keratinocytes, and their differentiation characteristics are similar to human normal
keratinocytes. We used MTT assay and cell migration assay to detect the proliferation effects of LPA on
HaCaT cells, and found that after the treatment with LPA (12.5 and 25 μM), the proliferation rate of
HaCaT cells was increased by 28.35%, 10.56%, respectively. In addition, compared with the control group,
the repair rate of scratch with 20 μM LPA in 48 hour increased 57.56%. These results showed that LPA
can signi�cantly promote the proliferation and migration of HaCaT cells and may promote skin wound
healing.

The growth factor such as phospholipid lysophosphatidic acid (LPA) and its analogs cyclic phosphatidic
acid (cPA) are both natural phospholipid mediator [12, 56]. cPA and LPA induce hyaluronic acid in human
skin �broblasts mainly by activating LPA1-Gi/o, phosphatidylinositol 3-kinase (PI3K), extracellular signal
regulated kinase (ERK), and cyclic adenosine monophosphate response element-binding protein (CREB)
signaling pathway [56]. Hyaluronic acid is a predominant component of the extracellular matrix and is
involved in cellular functions such as skin hydration, joint lubrication, and stimulating the migratory
response of keratinocytes in wound healing [45].

Wound healing in mice is very similar to that in humans, although human skin and mouse skin have an
anatomical difference, because mouse skin contains a subcutaneous panniculus carnosus muscle. We
use mice as a model of human wound healing, because mice are often used as a model to investigate
cytokines in vivo [57]. H&E staining and Masson’s trichrome staining exhibited that the mice treated with
LPA had higher re-epithelization and collagen deposition compared to the control. These results showed
that LPA signi�cantly accelerate wound healing [58].

More and more in vivo and in vitro evidences show that LPA is highly involved in skin disease [59-63].
Investigating the role of LPA in skin wound healing, skin scar, cutaneous melanoma, scleroderma, itchy
skin, allergic dermatitis, skin barrier, cutaneous pain and hair growth is helpful to understand the
physiological and pathophysiological role of LPA in skin. LPA is a bioactive phospholipid messenger
involved in multiple physiological and pathophysiological processes, and is a necessary bioactive lipid
medium to maintain homeostasis in many physiological and pathophysiological processes in the skin
through different cell signaling pathways.

In summary, IL-1β regulates LPA-accelerated skin wound healing. LPA is an effector compound, which
has potential wound healing ability by not only promoting migration and proliferation of keratinocytes,
but also regulating IL-1β. Further researches on the mechanism of LPA will help to explore its role in skin
therapy and develop drugs targeting LPA.

Abbreviations
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LPA, Lysophosphatidic acid; qRT-PCR, quantitative real time polymerase chain reaction; IL-1β, interleukin-1
beta; ATX, autotaxin; IL-6, interleukin-6; cPA, cyclic phosphatidic acid; PI3K, phosphatidylinositol 3-kinase;
ERK, extracellular signal regulated kinase; CREB, cyclic adenosine monophosphate response element-
binding protein
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Figures

Figure 1

Topical application of LPA accelerated the healing of full-thickness wounds in mice. (A) Images of a
representative mouse from each group 0, 3, 6, 9 and 12 days after the wound was created. Scale bar = 1
mm. (B) Quantitative analysis of wound closure by Image J software based on the images in A. Data are
expressed as mean ± SD (n = 8/group), *P < 0.05, **P < 0.01 vs. control.

Figure 2

Histological evaluation of wound cross-sections. (A) Tissues on the 15th day after wound was creased
were stained using Masson’s Trichrome and Hematoxylin and Eosin. Higher collagen content (blue) with
well-formed fibrils was observed in the LPA-treated tissues. Scale bar = 100 μm. (B) Determination of the
surface area of the blue positive collagen stained by Masson’s trichrome and collagen ratio from wounds
in mice using Image J software. Data are expressed as mean ± SD (n = 8/group), *P < 0.05, **P < 0.01 vs.
control.
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Figure 3

Effects of LPA on the expression of IL-1β mRNA in mice. Total RNA was extracted from wound skin tissue
of mice (n = 8) with 20 μM LPA treatment. The expression of IL-1β mRNA was measured three times.
Data are expressed as mean ± SD (n = 8/group), *P < 0.05, **P < 0.01 vs. control.
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Figure 4

Concentration dependence of the promotion effect of LPA on the proliferation of HaCaT cells. The
proliferation of HaCaT cells was measured using MTT assay at the LPA concentrations of 0, 3.125, 6.25,
12.5, 25, 50, and 100 μM. The cell viability was measured three times. Data are expressed as mean ± SD
(n = 3), *P < 0.05, **P < 0.01 vs. control.

Figure 5
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Effects of LPA on cell migration and cumulative wound closure rate. (A) Effects of LPA on the migration
of HaCaT cells were analyzed by IBIDI cell migration assays. Scale bar = 500 μm. (B) The results were
expressed as the percentage of the initial wound area calculated by Image J software based on A. Data
are expressed as mean ± SD (n = 3), *P < 0.05, **P < 0.01 vs. control.

Figure 6

Effects of LPA on the expression of mRNA in vitro. Total RNA was extracted from human HaCaT cells
treated with LPA. (A) IL-1β mRNA expression was measured 6 hours after injury. (B) IL-1β mRNA
expression was measured 12 hours after injury. (C) IL-1β mRNA expression was measured 24 hours after
injury. (D) IL-6 mRNA expression was measured 6 hours after injury. (E) IL-6 mRNA expression was
measured 12 hours after injury. (F) IL-6 mRNA expression was measured 24 hours after injury. Each
sample for each gene was measured three times. Data are expressed as mean ± SD (n = 3), *P < 0.05, **P
< 0.01 vs. control.
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