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Ropivacaine inhibits wound healing i

by suppressing the proliferation and migration
of keratinocytes via the PI3K/AKT/mTOR
Pathway

Xiaoyang Wu'", Quanyu Sun?’, Simeng He'", Ya Wu?, Shihan Du?, Lirong Gong?, Jianbo Yu'*" and
Haifeng Guo*'

Abstract

Background: After surgery, millions of people suffer from delayed healing or wound dehiscence with subsequent
severe complications, even death. Previous studies have reported that ropivacaine exhibits anti-proliferative and anti-
migratory activities on numerous cells. Whether ropivacaine is able to influence the proliferation and migration of
keratinocytes is still unclear. This study aimed to investigate the effect of ropivacaine on keratinocytes and its underly-
ing molecular mechanism.

Methods: Adult male Sprague-Dawley rats were allocated to establish wound healing models with or without 0.75%
ropivacaine treatment and assessed the epidermal thickness by HE staining. HaCaT cells were cultured to evaluate the
effect of ropivacaine on wound healing. The cell proliferation, apoptosis status and migration were detected in vitro.
Moreover, western blotting was used to examine expression to with PI3K/AKT/mTOR signaling pathways for molecular
studies and the changes in inflammatory factors (IL-6, IL-10, TNF-a) were detected by ELISA.

Results: In the present study, we found that ropivacaine delayed wound closure in vivo. In vitro experiments, it was
demonstrated that ropivacaine significantly inhibited the proliferation and migration of HaCaT cells via the suppres-
sion of PI3K/AKT/mTOR signaling pathway. Activation of PI3K/AKT/mTOR signaling pathway reversed the effects of
ropivacaine on the proliferation and migration of HaCaT cells. Furthermore, ropivacaine contributed to the release of
pro-inflammatory cytokines (IL.-6 and TNF-a) and inhibited the secretion of anti-inflammatory cytokines of keratino-
cytes (IL-10).

Conclusions: Our research demonstrated that ropivacaine treatment showed a more decreased wound closure rate.
Mechanistically, we found that ropivacaine suppressed the proliferation and migration of keratinocytes and altered
the expression of cytokines by inhibiting PI3K/AKT/mTOR pathway.
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liferative, and remodeling. During the healing process,
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keratinocytes are critical for re-establishing the exposed
epithelium and facilitating wound closure and skin bar-
rier function [5]. After trauma, keratinocytes are acti-
vated to participate in the re-epithelialization through
cell migration and proliferation [6]. Enhanced migration
of keratinocytes drives the spontaneous healing process,
while delayed migration indicates a negative effect.

Local anesthetics (LAs) are a group of commonly used
drugs for pain relief. Infiltration of the surgical incision
site with long-acting LAs at the end of the operation is a
common clinical practice for postoperative analgesia [7].
Since the direct contact between the LAs and the surgical
wounds, a growing concern has been recently attracted
to the potential adverse effects of long-acting LAs on
wound healing. Ropivacaine is considered one of the
safest long-acting LAs due to its low toxicity in the car-
diovascular and central nervous systems and is the most
widely used in postoperative incision infiltration [8—10].
Previous studies have reported that concentrations as
low as 10 uM have a dose-dependent inhibitory effect on
the proliferation of fibroblasts and tenocytes [11]. These
observations are worrisome. Even low concentrations of
ropivacaine can weaken the wound and delay its heal-
ing. However, the effect of ropivacaine on keratinocytes
needs further exploration.

PI3K is an intracellular phosphatidylinositol kinase and
AKT is a serine/threonine-specific protein kinase. PI3K/
AKT/mTOR pathway plays a crucial role in the prolif-
eration, migration, metabolism and apoptosis of various
cells [12-14]. Recent experimental studies have shown
that ropivacaine decreased the growth, migration and
invasion of gastric cancer cells by inactivating the PI3K/
AKT/mTOR signaling pathway [15]. In addition, ropiv-
acaine inhibits the apoptosis and proliferation of chronic
myeloid leukemia cells in a dose- and time-dependent
manner by suppressing the PI3K/AKT/mTOR path-
way [16]. However, whether ropivacaine participates in
wound healing, through the PI3K/AKT/mTOR signaling
pathway, remains unknown.

In this work, we investigated the effects of ropivacaine
on wound healing. In vitro and in vivo studies, we found
that the potential mechanism of action of ropivacaine in
delayed wound healing is inhibition of the PI3K/AKT/
mTOR pathway in keratinocytes.

Methods

Animal model for wound healing

In a total of 10 Sprague—Dawley rats (male, 200—
250 g, 4-week-old) were purchased from Vital River
(Beijing, China). All rats were housed at 25 °C with 12 h
light and dark photocycle, food and water supplied.
They were randomly divided into two groups (n=5 per
group), control and ropivacaine groups. All rats were first
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anesthetized with 2% ~3% isoflurane (R510-22, RWD
Life Science, China) inhalation for induction and 1.5%
isoflurane for maintenance. The back fur of the rats was
carefully shaved for the area assigned for wounding. Exci-
sional wounds with the size of 1 cm x 1 cm were created
on each rat at day 0. A total of 1 ml containing 0.75%
ropivacaine (ropivacaine group) or PBS (control group)
was injected into the surrounding tissue of the wound
once a day for 10 days. The wound areas were measured
every 2 days. The rate of wound closure was calculated as
follows: wound closure (%)=[(Day 0 wound area — Day
X wound area)/Day 0 wound area] x 100%. All experi-
mental procedures were approved by the Animal Ethics
Committee of the Tianjin Nankai Hospital (Approval No.
IRM-DWLL-2019042) and were performed in accord-
ance with the National Institutes of Health “Guidelines
for the Care and Use of Laboratory Animals”

Hematoxylin-eosin staining and histological analysis

Ten days later, rats were sacrificed and full-thickness skin
samples were obtained for histological analysis. Tissue
samples were immediately collected and fixed overnight
with 4% paraformaldehyde, embedded in paraffin, and
subsequently sectioned at a 4 um thickness for further
hematoxylin—eosin staining according to standard proce-
dures. HE samples were observed to assess the epidermal
thickness, and the epidermal thickness was measured by
Image] software.

Cell culture and drug action

HaCaT cells were purchased from the Cell Center of
the Chinese Academy of Sciences(Shanghai, China).
Cells were cultured and maintained in RPMI1640
medium (Gibco, ThermoFisher Scientific, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco;
ThermoFisher Scientific, USA) and 1% penicillin/strepto-
mycin (Invitrogen, CA, USA) in an incubator at 37 °C in
a humidified incubator under 5% CO2. Cells in the log-
arithmic growth phase were trypsinized by 0.25%
trypsin (Hyclone, USA) and used for the following
experiments. Ropivacaine (Naropen, AstraZeneca, Swe-
den) was dissolved in sterile physiological saline (0.9%
NaCl) and diluted to the given concentration. Cells were
treated with 2.5-10 pmol/ L of ropivacaine for 6-24 h and
then subjected to other experiments.

CCK-8 assay

HaCaT cells were trypsinized and resuspended at a den-
sity of 2 x 10®/mL, then inoculated in a 96-well plate wit
h 100 pL per well. Afterward, the 96-well plate was placed
in an incubator for further culture. The 96-well plate was
then placed into an incubator for further culture. After
6, 12, 24, and 48 h of incubation, 10 uL of CCK-8 reagent
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(Dojindo, Japan) was added to each well and incubated
for 2 h. Subsequently, the microplate reader measured
the absorbance (OD value) of each well at 450 nm.

Flow cytometry

Cell apoptosis assay was detected by flow cytometry
using an Annexin V-fluorescein isothiocyanate (FITC)
/ propidium iodide (PI) apoptosis kit (Absin, Shang-
hai, China) according to the manufacturer’s instruction.
Briefly, HaCaT cells were harvested using trypsin and
washed with ice-cold PBS after incubation for 48 h. After
that, the harvested cells were resuspended in a 300 pl
binding buffer and successively double-stained with
Annexin V-FITC (5 pl, 15 min) and PI (5 pl, 5 min) in the
dark at room temperature. The cells were subjected to
apoptosis analysis using flow cytometry.

Wound-healing assay

HaCaT cell migration was analyzed using a wound-heal-
ing assay. Briefly, cells were cultured in 6-well plates and
grown to 100% confluence. A scratch wound was created
using a 200-pl pipette tip and the cells were treated with
ropivacaine based on the experimental requirements
for 24 h. Images were captured under a microscope
(x 100; Olympus, Tokyo, Japan) and the percentage of
wound healing area was calculated using Image]J software.

Transwell assay

Transwell assay was performed by Corning Transwell
Kit. Initially, HaCaT cells were incubated in the upper
chamber with 100 uL serum-free growth medium in
a 24-well plate (1 x 10° cells/well). 600 ul of medium
containing 30% FBS was added to each lower cham-
ber. Thereafter, PBS or the required concentration of
ropivacaine were added into the lower chamber. After
24 h of cell incubation at 37 °C, the migrated HaCaT
cells were fixed by the mixture of formaldehyde and
acetic acid for 15 min, then washed with PBS, stained
with 0.1% crystal violet. Finally, images were obtained
under a microscope (x 10; Olympus, Tokyo, Japan) and
the number of migrated HaCaT cells was counted using
Image-Pro Plus 6.0 software.

Western blot

For evaluation of PISK/AKT/mTOR pathways, the pro-
teins were extracted from the treated cells using a total
protein isolation kit (Thermo Fischer Scientific, USA)
and their concentrations were determined by the BCA
protein assay kit (Sigma, USA). Equal quantities (30 pg/
lane) of protein were separated on 5-12% SDS-PAGE gel
and then were transferred to a PVDF membrane (0.2 pM,
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Bio-Rad, USA). After blocking with 5% skim milk in
TBST for 3 h and incubated overnight at 4 °C with pri-
mary antibody against PI3K (ab32089; 1:1,000; 110 kDa),
p-PI3K (ab182651; 1:1,000; 84 kDa), AKT (ab8805; 1:500;
57 kDa), p-AKT (ab38449; 1:500; 56 kDa), mTOR (ab2732;
1:2,000; 289 kDa), p-mTOR (ab109268; 1:2,000; 289 kDa)
and GAPDH (ab181602; 1:5,000; 36 kDa). Subsequently,
the membranes were washed with TBST 5 times (5 min
for each time) and then incubated with HRP-labeled sec-
ondary antibodies (CST7074; 1:2,000) for 1 h at room
temperature. The blots were visualized using an enhanced
chemiluminescence Western blot detection kit (170—
5070, Bio-Rad, USA), and the relative expression of target
proteins was quantified by the Image-Analysis system.
Membranes were cut out before blotting, and therefore
full-length blots were not available. Uncropped images
were shown in Supplementary Files.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from cultured HaCaT cells
treated with or without ropivacaine using an RNeasy
Mini Kit (Qiagen, Hilden, Germany) in accordance with
the manufacturer’s manuals. Isolated RNA (500 ng) was
converted into cDNA using Prime-Script RT reagent Kit
(TaKaRa Biotechnology Co., Ltd., China) under the con-
ditions: 37 °C for 15 min, 85 °C for 5 s, and 4 °C for 10 min
using the T100 Thermal Cycler (Bio-Rad, USA). RT-PCR
was performed using the 7500 real-time PCR system
(Applied Biosystems, USA) with the specific primers of

IL-6: forward 5-CCACTGCCTTCCCTACTTCA-3/,
reverse 5-TCTTGGTCCTTAGCCACTCC-3/; IL-10:
forward 5-CGCTGTCACCGCTTCTTCA-3’, reverse
“TCCCGTTCTCATCCATCTTCTC-3; TNF-a: for-
ward 5-TCTTCTCATTCCTGCTCGTG-3/, reverse
5-GAGGCTGACTTTCTCCTGGT-3’; GAPDH, for-
ward 5-ATGGGAAGCTGGTCATCAAC-3, reverse

5'-GGATGCAGGGATGATGTTCT-3'. PCR conditions
were as follows: pre-degeneration was performed at 95 °C
for 30 s, 40 cycles of denaturation at 95 °C for 5 s, anneal-
ing and extension at 60 °C for 34 s. The relative mRNA
levels for the specific genes were normalized to GAPDH
mRNA and calculated by the 2724 method.

ELISA

HaCaT cells were treated and cultured as per the above
method. The culture medium was collected and centri-
fuged at 300 g at 4 °C for 5 min. The supernatants were
gathered and the release of IL-6, IL-10 and TNF-a were
measured according to the protocols of the ELISA Kits
(BD Pharmingen).
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Statistical analysis

All data were presented as mean=+S.D. Differences
were compared by student’s t-test between two groups
or one-way analysis of variance (ANOVA) among mul-
tiple groups. Statistical analyses were carried out using
GraphPad Prism 8.3.0 software (GraphPad Software,
Inc., La Jolla, CA, USA) and P<0.05 was accepted as
statistically significant.

Results

Ropivacaine delayed wound closurein vivo

To investigate the effect of ropivacaine on wound heal-
ing in vivo, the experimental rats were divided into two
groups. After creating the skin injury model in rats (as
described in the Materials and method section), they
were treated with PBS or ropivacaine each day for a
total of 10 days. The wound area was measured every
2 days for a total of 10 days. As shown in Fig. 1A, B,
the ropivacaine group showed a more decreased
wound closure rate than the control group. Further-
more, we performed histopathological analysis and
microscopic assessment of epidermal thickness on the
final wound closure site. Compared with the control
group, the epidermis of the ropivacaine group was sig-
nificantly thinner (Fig. 1C, D). These findings indicate
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that ropivacaine impairs wound repair by inhibiting
re-epithelialization.

Ropivacaine inhibited the proliferation and induced
apoptosis of HaCaT cells

In order to investigate the effect of ropivacaine on HaCaT cells,
we initially treated it with a concentration gradient of ropi-
vacaine (0, 2.5, 510 pmol/L). A CCK-8 assay demonstrated
that ropivacaine significantly inhibited the proliferation of
HaCaT cells in a dose- and time- dependent manner (Fig. 2A,
B). Furthermore, the levels of apoptosis of HaCaT cells were
investigated and we found that ropivacaine treatment sig-
nificantly increased the apoptosis rate of HaCaT cells (Fig. 2C,
D). Therefore, these results indicated that ropivacaine had an
inhibitory effect on the proliferation of HaCaT cells in vitro,
which was possibly associated with increased apoptosis.

Ropivacaine suppressed the migration of HaCaT cells

Next, we investigated the effects of ropiv-
acaine on the migration ability of HaCaT cells via both
a scratch wound healing assay and a transwell assay.
Results of these assays indicated that ropivacaine sig-
nificantly inhibited HaCaT cells migration com-
pared with the control group (Fig. 3A-D). Furthermore,
we found that with increasing ropivacaine concentration,
there is increasing suppression of HaCaT cells migration

Day 2

Day 4

A Day 0

1cm

control

Acm

100 ¢ i
0

N g

ropivacaine

(]

B

-o- control

-#- ropivacaine

Ratio of wound area
o
T

*

0. 0—T—T—T71T T T T 7
0 1 2 3 4 5 6 7

Postinjury days

—T1 7
8 9 10

represent the mean £ S.D,; *P < 0.05, **P<0.01 vs. control

ropivacaine

Day 6 Day 8 Day 10
g 8

400

€

=

n 300

7]

[

f=
—' ﬁ *%
- = 200-

=

£

g 100

o

1T]

0- T

control ropivacaine
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(Fig. 3A-D). These data indicate that ropivacaine decreased
HaCaT cells migration in a dose-dependent manner.

Ropivacaine inhibited the activation of PI3K/AKT/mTOR
pathway in HaCaT cells

There have been many studies on the inhibition of PI3K/AKT
signaling pathway of ropivacaine in vivo and in vitro [15-17].
Meanwhile, activation of the PIBK/AKT/mTOR signaling
pathway has been confirmed to be closely related to the pro-
liferation and migration of human keratinocytes [18-20].
Thus, we speculated that ropivacaine may suppress keratino-
cyte proliferation and migration via the PI3K/AKT signaling
pathway, affecting healing adversely. As expected, western
blot analysis showed that the activities of PI3K, AKT, and
mTOR were modulated by ropivacaine (Fig. 4A). Compared
to controls, following treatment with ropivacaine, the levels of
phospho-PI3K, phospho-AKT and phospho-mTOR were sig-
nificantly decreased in a dose-dependent manner (Fig. 4B-D).
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The PI3K/AKT/mTOR signaling pathway was involved

in the ropivacaine-mediated suppression of HaCaT cells
proliferation and migration

To further confirm the involvement of the PI3K/
AKT/mTOR pathway in growth and signaling, we
used PI3K/AKT agonist (IGF-1) to further explore
the effects of ropivacaine (5 pmol/L) on HaCaT cells.
After adding IGF-1 (5 umol/L) for 24 h, the expres-
sion level of proteins in the PI3K/AKT/mTOR signal-
ing pathway was assessed by western blot analysis.
The results suggest that IGF-1 treatment weak-
ened the inhibitory effect of ropivacaine on the PI3K/
AKT/mTOR signal pathway (Fig. 5A-B). In addition,
activation of PI3BK/AKT/mTOR signaling intercepted
the negative effects of ropivacaine on HaCaT cells
regarding migration (Fig. 5C-F). We concluded that
ropivacaine inhibits keratinocytes migration via the
PI3K/AKT/mTOR pathway.
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Effects of ropivacaine on inflammatory cytokine secretion
in HaCaT cells

To examine the effect of ropivacaine treatment on
secreted cytokines in HaCaT cells, the mRNA expres-
sions and concentrations of pro-inflammatory
cytokines (IL-6 and TNF-a) and anti-inflammatory (IL-
10) were measured in the culture supernatants. Com-
pared with the control group, ropivacaine stimulated
IL-6 and TNF-a« mRNA expression and secretion and
inhibited the secretion and mRNA expression of IL-10
(Fig. 6A-B). However, IGF-1 intervention remark-
ably reversed the alterations induced by ropivacaine
(Fig. 6A-B).

Discussion

Wound healing is subject to sophisticated regulation
by a number of key factors. Failure in achieving wound
closure may cause delayed healing or wound dehiscence
with subsequent severe complications, even death [21,
22]. During cutaneous wound healing, keratinocytes
make up approximately 90%-95% of the epidermis and
act as an innate immune cell for skin homeostasis, which
is considered the most important in maintaining struc-
tural integrity and chemical barrier function of the skin
[5]. Also, it is well established that local anesthetic infil-
tration and infusion to the wound site, acting directly on
the application site, is considered a valuable technique




Wu et al. BMC Anesthesiology (2022) 22:106 Page 8 of 11
-
A_ 3.0+ control B 600 . control
g w ™= IGF-1 " = |GF-1
2 254 o T ropivacaine 500 T ropivacaine
8 T ropivacaine + IGF-1 ropivacaine + IGF-1
‘» — 2.0 400 #
23 # T T
g 1.5 # T 5, 300
X g T T [-% *x
o 104 = L ## 200 = 5
Ig . T T T #f
Q - *k
m n
0.0- T T T 0- T T T
IL-6 TNF-a IL-10 IL-6 TNF-a 1L-10
Fig. 6 Effects of ropivacaine on the gene expression and secretion of inflammatory cytokines in HaCaT cells. A Relative mRNA expression levels of
IL-6, IL-10 and TNF-a were evaluated by gRT-PCR in HaCaT cells; B The concentrations of inflammation-related cytokines in the culture supernatants
was measured by ELISA. Error bars represent the mean £ S.D,; **P<0.01 vs. control, #P < 0.05, ##P < 0.01 vs. ropivacaine group

to relieve pain. Ropivacaine, a long-acting regional anes-
thetic, is commonly selected for postoperative analgesia.
In this study, we found that ropivacaine delayed wound
closure in vivo. We wanted to further explore the func-
tion of ropivacaine on the proliferation, apoptosis and
migration of HaCaT cells during wound healing. Our
experiments showed that ropivacaine inhibited the PI3K/
AKT/mTOR signaling pathways, thus suppressing the
proliferation and migration of HaCaT cells. Understand-
ing the long-term impact of ropivacaine on wound heal-
ing may help design new therapies aiming at minimizing
the risk of adverse events.

Accumulating studies have proved that ropivacaine
exhibits anti-proliferative and anti-migratory activities
on numerous cells [23-26]. For example, ropivacaine
inhibits proliferation and promotes apoptosis of SH-
SY5Y cells (human neuroblastoma cell line) in a dose-
and time-dependent manner to induce neuronal injury
[27]. Besides, ropivacaine also suppresses MSC prolif-
eration and migration by reducing the expression of
ICAM-1 via the IkB—NF-«kB signaling pathway [28]. In
addition, ropivacaine plays an anti-proliferative role in
breast cancer cells through regulating the miR-27b-3p/
YAP axis [29]. In our study, we found that ropivacaine
promoted the apoptosis of HaCaT cells. Cell apopto-
sis inhibits healing. It can be seen from Figs. 2A and
2C that although ropivacaine is in 5 umol/L showed a
statistically significant effect on apoptosis. However,
at the same 5 pmol/L, ropivacaine inhibited prolifera-
tion by up to 40% but only induced apoptosis by about
10%. At 10 pmol/L, ropivacaine inhibited prolifera-
tion by up to 75% but only induced apoptosis by about
13%. Therefore, the effect of ropivacaine on HaCaT
cells mainly lies in proliferation rather than apoptosis.
Apart from this, the study stipulated that proliferation
and migration of HaCaT cells were suppressed by ropi-
vacaine in a dose- and time-dependent manner, which

may subsequently lead to delayed re-epithelialization,
impeding the wound healing progresses.

Furthermore, the mechanisms of the ropivacaine-
mediated suppression of proliferation and migration in
HaCaT cells were further investigated. Wound healing
is regulated by a complex network of signaling pathways
stimulated by various alert signaling peptides [30]. The
AKT family is at the center of an interconnected network
of protein kinases involved in epidermal barrier forma-
tion [31]. In healthy skin, the PI3K/AKT/mTOR pathway
controls several cellular processes and maintains epi-
dermal homeostasis [32]. Dysregulation of PI3K/AKT/
mTOR pathway in the skin contributes to several patho-
logical conditions. PI3K/AKT/mTOR over-expression
may contribute to uncontrolled proliferation in skin dis-
orders, including skin cancers, psoriasis, and atopic der-
matitis [32—34]. Whereas the deficient activity of PI3K/
AKT/mTOR leads to severe epidermal defects, including
disruption of keratinocytes integrity and delayed wound
healing [35, 36]. The PI3K/AKT/mTOR signaling path-
way is one of the numerous molecular signaling path-
ways that can affect the initiation of wound healing [37].
Notably, accumulating studies have shown that PI3K/
AKT/mTOR pathway is involved in the proliferation and
migration of keratinocytes [18, 38—40], indicating that it
may be associated with the migration and proliferation
of keratinocytes induced by ropivacaine. Our research
demonstrated that ropivacaine significantly inhibited
the activation of the PI3K, AKT, and mTOR proteins,
as evidenced by the decreased phosphorylation of these
proteins. Additionally, we found that the suppression
of proliferation and migration induced by ropivacaine
was significantly reversed after intervention with IGF-
1, a PIBK/AKT agonist. Therefore, we further confirmed
that ropivacaine promotes the proliferation and migra-
tion of HaCaT cells by inhibiting the PI3K/AKT/mTOR
pathway.
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The direct target of ropivacaine on the PI3K/Akt/
mTOR signal pathway is multifaceted in other studies.
Several studies demonstrate the PI3K/Akt/mTOR signal-
ing pathway involved in growth and survival as the tar-
gets of ropivacaine in cells. Gong et al. [41] have shown
that ropivacaine inhibits mitochondrial respiratory com-
plex I and II activities, thereby affecting the Akt/mTOR
pathway activity and inducing oxidative stress in breast
cancer cells. Similarly, ropivacaine can also affect mem-
brane proteins to affect Akt/mTOR signaling pathway.
Wang et al. [26] found that ropivacaine could interact
with ITGB1 protein and inhibit the expression of ITGB1
protein in colon cancer cells, thereby affecting its down-
stream Akt and ERK signaling pathways. Also, at the
molecular level, Zhang et al. [42] have demonstrated
that in the tumor xenograft experiment, ropivacaine
was confirmed to inhibit tumor growth, accompanied
by inhibition of the IGF-1 R/PI3K/AKT/mTOR signal-
ing axis. Even at the transcriptional level, Zhang et al.
[15] confirmed that ropivacaine inhibited the prolifera-
tion, migration, invasion and increased apoptosis of GC
cells by upregulating the expression of miR-520a-3p and
further regulating the WEE1 and PI3K/AKT signaling
pathways. Our future experiments, such as affinity chro-
matography, should be used to further understand the
direct molecular target of ropivacaine in HaCaT cells.

As mediators of migration and proliferation, cytokines
and chemokines are involved in all wound-healing phases
[43]. At the early stage, activated keratinocytes are the
principal source of cytokines (e.g., IL-6, IL-10, TNF-a)
acting on leukocytes, keratinocytes, and fibroblasts [44,
45]. It is generally known that IL-10 is an anti-inflam-
matory cytokine, while IL-6 and TNF-a are pro-inflam-
matory cytokines. IL-10 appears to influence the
wound-healing environment by decreasing the expres-
sion of pro-inflammatory/profibrotic mediators, promot-
ing angiogenesis [46, 47]. During wound healing, IL-6
affects fibrogenesis, angiogenesis, re-epithelialization and
granulation tissue formation [48, 49]. Physiological levels
of TNF-a promote cellular migration, proliferation, while
persistent and elevated TNF-a is detrimental to angio-
genesis and collagen fiber arrangement [46, 50]. Inflam-
matory cytokines are a necessary component of wound
healing; however, if they persist, they may hinder the
wound healing process. In the present study, we detected
mRNA expression and concentrations of IL-6, TNEF-
a, and IL-10 in the culture supernatants and the results
showed that the IL-10 mRNA level was significantly
decreased in the ropivacaine-treated group, whereas
the mRNA expression of IL-6 and TNF-a was signifi-
cantly reduced. Following this result, the concentration
of IL-6, IL-10, and TNF-a secreted from the HaCaT cells
showed the same trends. These findings indicated that
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ropivacaine contributed to the release of pro-inflam-
matory cytokines and inhibited the secretion of anti-
inflammatory cytokines of HaCaT cells. PI3K/AKT/
mTOR pathway activation has been reported to mediate
cytokine production and release and has been shown to
play an essential role in wound repair [47, 51]. Hence, we
performed we applied IGF-1 for estimating intervention
effects. The result demonstrated that IGF-1 intervention
remarkably reversed the downregulation of IL-10 and the
upregulation of IL-6 and TNF-a induced by ropivacaine
action, suggesting that PI3K/AKT/mTOR pathway is
involved in the process of ropivacaine-induced cytokines
expression alterations.

Limitation

Further studies are still required to confirm the effect
of ropivacaine on other cells tightly associated with
wound healing, such as fibroblasts and endothelial cells.
Also, the detailed molecular mechanisms should be fur-
ther determined to better understand the direct target of
ropivacaine on the PI3K/Akt/mTOR pathway.

Conclusion

Taken together, our research demonstrated that ropiv-
acaine treatment showed a more decreased wound clo-
sure rate. Mechanistically, we found that ropivacaine
suppressed the proliferation and migration of keratino-
cytes and altered the expression of cytokines by inhib-
iting PI3K/AKT/mTOR pathway. Our research may
help optimize the efficacy of ropivacaine while mini-
mizing the risk of adverse events in patients at an
increased risk for delayed wound healing.
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