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Pro-inflammatory ‘M1 macrophage’ vs anti-inflammatory
‘Hydrocortisone’ a new approach to wound healing in HaCaT cells
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ABSTRACT

Background and Aims: Wound healing is a process of repairing the skin that has lost its integrity through inflammation, prolif-
eration, and remodeling. Macrophages exhibit adaptability, transitioning from a pro-inflammatory "M1" to an anti-inflammatory
"M2" phenotype throughout wound healing for optimal outcomes. Hydrocortisone’s M2c polarization makes it a key agent for
balancing M1/M2 polarization. In this study, we specifically explored the effects of M1 macrophages and hydrocortisone on cell
migration and wound healing in HaCaT keratinocytes.

Methods: To better understand how macrophages contribute to wound healing, we created a co-culture scratch assay model
of HaCaT cells using M1-polarized macrophages derived from THP-1 cells. In addition, we administered hydrocortisone, ‘an
anti-inflammatory drug’, to our experimental groups to compare the effects. We determined the proliferation effects of different
concentrations of hydrocortisone and PMA on HaCaT cells. Then, we evaluated the effects of polarized M1 macrophages and
hydrocortisone on the wound healing of HaCaT cells by scratch assay and COL1A1 mRNA gene expression levels.

Results: As a result, it was determined that 100 puM hydrocortisone increased HaCaT cell migration and COLIAI mRNA gene
expression compared to control, while M1 polarized macrophages decreased these effects negatively.

Conclusion: To understand the macrophages responsible for the mechanisms of wound healing, much more study is required.
Macrophages are a vital component in the healing process for wounds, and the shifting of M1/M2 in the treatment of wounds can
potentially lead to the enlargement of novel treatment methods.
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INTRODUCTION vironment, play a role in wound healing. This has a negative
impact on wound closure, migration, and collagen expression,
particularly in diabetic wounds (Miao et al., 2012). Limiting the
M1 macrophage to the processes of bacteriophage, necrotic cell
removal, and proinflammatory cytokine secretion in the wound
microenvironment might be helpful in the wound healing pro-

dehydration (Rahmannia, Amini, Chien, & Bayat, 2022). Col-  (¢qq (Basu Mallik, Jayashree, & Shenoy, 2018). Establishing the
lagen type I, which is responsible for fiber formation, is pre-

dominantly present in the s.kin and is encoded by the COL]A_l will contribute to wound healing studies because the effects
gene. It constitutes approximately 90% of the total collagenin ¢ M2 macrophages on preventing tissue damage are known
the skin (OZtﬁI‘k, Cevikelli, Tﬂki, Gﬁven, & Klyan, 2023) (Louiselle Niemiec Zghelb & Liechty 2021)

The pivotal role of macrophages in the regulation of wound
healing is widely acknowledged. The cells demonstrate notable
adaptability and an altering phenotype, shifting from a pro-
inflammatory or "M 1" phenotype to an anti-inflammatory "M2"
phenotype during the distinct phases of the wound healing pro-

The process of wound healing holds significant importance in
enhancing the quality of life of patients as it facilitates the
restoration of skin integrity, the preservation of underlying tis-
sues, and safeguarding against potential risks of infection and

M1/M2 polarization balance in the wound microenvironment

Studies on macrophages are divided into different functional
categories: proinflammatory and anti-inflammatory responses;
M1 and M2 macrophages, respectively (Bashir, Sharma, Elahi,
& Khan, 2016). M1 macrophages can become polarized in
the combination of lipopolysaccharide (LPS) and interferon-

cess to facilitate ideal healing outcomes (Sharifiaghdam et al., gamma (IFN-y) (Engl'jr-OZtijrk & Dikmen, 2022; Orecchioni,
2022). M1 macrophages, along with other cells in the microen-
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Ghosheh, Pramod, & Ley, 2019; Chanput, Mes, Savelkoul, &
Wichers, 2013). Although M1 macrophages have potent an-
timicrobial activity, they can also exert the effect of mediat-
ing ROS-induced tissue damage and inhibiting tissue regen-
eration and wound healing (Huang, Li, Fu, & Xin, 2018).
The anti-inflammatory activity of M2 macrophages inhibits the
chronic inflammatory response to prevent this tissue damage
(Shapouri-Moghaddam, 2018). M2 macrophages, particularly
M2c¢ macrophages, are polarized by glucocorticoids, which
are anti-inflammatory agents (Engiir-Oztiirk & Dikmen, 2022;
Foey, 2014; Tu et al., 2017; Huang et al., 2018).

Wound healing is a process of tissue regeneration that in-
cludes inflammation as an initial step. If the physiological in-
flammatory response during wound healing is prolonged or
intensified, it results in a delay in the subsequent stages of
appropriate wound healing (Oztiirk et al., 2023). For these rea-
sons as well as to promote M2c macrophage polarization, anti-
inflammatory agents are required.

In this scope of study, to better understand how macrophages
contribute to wound healing, we created a co-culture assay
model of HaCaT cells using pro-inflammatory M1-polarized
macrophages derived from THP-1 cells. In addition, we admin-
istered hydrocortisone, ‘an anti-inflammatory drug’ provides
M2c polarization. We determined the proliferation effects of
different concentrations of hydrocortisone and PMA on Ha-
CaT cells. Then, we evaluated the effects of polarized M1
macrophages and hydrocortisone on the wound healing of Ha-
CaT cells by scratch assay and COLIA mRNA gene expression
levels.

MATERIALS AND METHODS
Cell culture and treatment

Human skin keratinocytes HaCaT cells (CLS No: 300493,
Germany) and human monocyte THP-1 cells (ATCC®TIB-
202™_ USA) were grown in RPMI-1640 medium supple-
mented with 10 % fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin at 37°C in a humidified incubator with a 5%
CO2 atmosphere.Hydrocortisone and phorbol-12-myristate-
13-acetate (PMA) (Sigma Aldrich, USA) were dissolved in
dimethyl sulfoxide (DMSO) as a stock solution.

Cell proliferation assay

HaCaT keratinocyte cell viability and proliferation were
evaluated by the MTT (3,4,5-dimethylthiazol-2-yl)-2-
diphenyltetrazolium bromide) method. HaCaT cells were
inoculated into 96-well plates at densities of 5 x 103 cells/well.
After 24h, they were treated with various concentrations of
PMA and hydrocortisone for 48h. After incubation, MTT
solution was added to reach a final concentration of 0.5 mg/mL
and incubated for 3 hours in the incubator. Then, crystals of
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MTT-formazan were dissolved by adding 100 pL of DMSO
to each well. At 540 nm, absorbances were measured using a
Cytation 3 cell imaging multi-mode reader (Bio-Tek).

Polarization of M1 subtype macrophages

In our previous study, differentiation of THP-1 monocyte cells
to MO macrophages and then polarization into M1 macrophages
were described (Engiir-Oztiirk & Dikmen, 2022). Briefly, PMA
was used to induce macrophage-like (MO) differentiation in
THP-1 cells for 24 hours. MO macrophages were polarized into
M1 macrophages after 24 hours of exposure to 20 ng/mL LPS
+ IFN-y.

Wound healing with scratch assay in a co-culture model

A co-culture model was established to investigate the ef-
fects of M1-polarized macrophages on HaCaT cell prolifera-
tion and wound healing. Using transwell inserts, M 1-polarized
macrophages were co-cultured with HaCaT cells. The HaCaT
cells and M1 macrophages were co-cultured using six-well plate
cell culture inserts with a 0.4-pm porous membrane dividing
the upper and lower chambers. Briefly, THP-1 monocytes were
seeded in the transwell apparatus’ upper chamber and stimu-
lated to differentiate into M 1 polarized macrophages with PMA,
IFN-gamma and LPS. HaCaT cells were seeded 1x10° cells
per well 24 h before M1 macrophage polarization ended. Before
the lower and upper chambers were assembled, a scratch assay
was performed to determine how the cytokines released by M1
macrophages affected the ability of HaCaT cells to proliferate
and migrate (Engiir-Oztiirk & Dikmen, 2022). After removing
the medium, a 100 pL sterile plastic pipette tip was used to cre-
ate alinear wound in the monolayer. The upper chambers, which
contained M1 macrophages, were then positioned directly on
cover of the HaCaT cells in the plates. For 48 h, HaCaT and M1
macrophage cells were incubated together. In addition, HaCaT
cells were incubated for 48 h at 100 pM hydrocortisone to de-
termine its effect on HaCaT cell proliferation during the wound
healing experiment. At the end of the incubation periods, the
wound was visualized with a Leica DM 300 light microscope
for analysis of diameter change(Yuksel, Dikmen, & Canturk,
2021).

RT-PCR analysis

RNA was isolated from HaCaT cells treated with hydrocor-
tisone or co-cultured with M1 polarized macrophages. Total
RNA isolation was performed on the MagNA Pure LC 2.0 sys-
tem (Roche, Germany), 500 ng total RNA was used for cDNA
synthesis from each RNA population and cDNA synthesis was
performed with Transcriptor High Fidelity cDNA Synthesis Kit
(Catalog no: 05091284001, Roche, Germany) according to the
manufacturer’s instructions. The total mRNA amounts of the
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samples were measured at 260 and 280 nm in the NanoDrop
2000® (Thermo Fisher, USA) spectrophotometer.

Quantitative real-time polymerase chain reaction (qRT-
PCR) was used to assess the mRNA levels of collagen
type I alpha 1 chain (COLIAI) gene expression in re-
lation to wound healing. As an internal positive control,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
levels were used. Probe—primer pairs for target genes were
supplied from Roche Diagnostic as real-time ready cata-
log assays. The primer sequences were COLIAI forward: 5-
GCA AGA CAG TGA TTG AAT ACA AAA CCA-3, re-
verse: 5- ATC AAA GGA GCG GAT CGA GTG GTC-3
and GAPDH forward: 5-CTCTGCTCCTC CTGTTCGAC-3,
reverse: 5- ACGACCAAATCCGTTGACTC-3. The real time
PCR mix kit (LightCycler® 480 Probes Master, Catalog no:
04707494001, Roche, Germany), containing 10 pL 2x Light-
Cycler® 480 Probes Master, 1 pL of each primer (Real Time
Ready Assay, Roche), 4 pL PCR grade water, and 5 pL of
cDNA were prepared. The cycling conditions included an ini-
tial incubation step at 95°C for 10 min, followed by 45 cycles
of amplification with 10 s at 95°C, 30 s at 60°C and 1s at 72°C.
The final cooling step was holding at 40°C for 30s. Results were
analyzed by advanced relative quantification with the LightCy-
cler® 480 System’s software (version 1.5.0.39) (Oztiirk et al.,
2023).

Statistical analysis

GraphPad Prism 8.0 software was used for one-way ANOVA
and Tukey’s post hoc test. P values represent the significance
of the results compared to the control group (P<0.0001%**%*
P<0.001*** P<0.01**, P<0.05* and P>0.05 n.s) (+ standard
deviation).

RESULTS

Proliferative effects of hydrocortisone were assessed using
the MTT assay

HaCaT cells were exposed to various concentrations of PMA
and hydrocortisone for 48h, and the proliferative effect of the
cells was determined by the MTT method. As a result, in com-
parison to the control group, PMA concentrations had no ef-
fect on cell proliferation (Figure 1). However, 100 pM hydro-
cortisone showed significant proliferative effects on the cells
(*¥***p<0.0001) (Figure 2).

M1 subtype polarization of THP-1-derived macrophages

In this study, THP-1 cells were exposed to PMA concentrations
for 24h in order to differentiate them into MO macrophages.
These MO cells were then polarized to M1 macrophages by in-
cubating them for 24 h with 20 ng/mL LPS+IFN-y. As a result,
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Figure 1. The HaCaT cells were treated with different concentrations of PMA
for 48 h and percentage cell viability was determined from MTT results.
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Figure 2. The HaCaT cells were treated with different concentrations of hy-
drocortisone for 48 h and percentage cell viability was determined from MTT
results.

THP-1 cells, MO macrophages, and M1 polarized macrophage
cells were photographed with a microscope (Leica DM 300)
(Figure 3).

Assessment of wound healing

Using a wound healing assay that measures cell population
growth, the spread and migratory capacities of HaCaT cells
were examined. The wound diameter change data, expressed
in graphics, was obtained with the measurement program (The
LAS Image Analysis Application) of the microscope (Leica
DM) on the photographs, an example of which is shown in Fig-
ure 4. Each of the 48-h control and hydrocortisone groups had
smaller wounds compared to the Oh control group. In addition,
when a comparison was made with the control group at 48h,
no significant difference was found between the hydrocortisone
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Figure 3. Microscope image of THP-1 cells (A), THP-1 derived macrophages (M0) and M1 polarized macrophage 10X objective.

and the control. As a result, the presence of M1 macrophages
negatively affected the migration of HaCaT cells and therefore
wound closure, while 100 pM hydrocortisone was effective in
cell proliferation but did not show a significant effect in terms
of wound closure (Figure 5).

Evaluation of COLIAT mRNA expression levels by
RT-PCR analysis

HaCaT cells were treated with hydrocortisone (100 pM) and co-
cultured with M1 macrophages, and mRNA expression levels of
the COLIAI gene were determined using RT-PCR. Expression
levels of the COLIAI gene were decreased in response to M1
macrophage co-culture (P<0.05*). Contrarily, in HaCaT cells
treated with 100 pM hydrocortisone, the expression levels of
the COLIAI gene increased approximately 1.5-fold (P<0.01%%)
(Figure 6).

DISCUSSION

The complex multicellular process of wound healing involves
keratinocytes, fibroblasts, endothelial cells, and inflammatory
cells (Leibovich & Ross, 1975; Loots et al., 1998; Huang et al.,
2019). For a very long time, fibroblasts and keratinocytes have
been the focus of studies on the repair of skin wounds. There-
fore, current research is aimed at evaluating intracellular wound
healing functions, and the focus of this evaluation is on these
cell types (Calabrese, Dhawan, Kapoor, Agathokleous, & Cal-
abrese, 2022). Therefore, the HaCaT keratinocyte cells used in
our study were a viable alternative for a modeling of the process
of healing wounds. During wound healing, macrophages play
important roles, and a delayed healing period is associated with
an ongoing inflammatory response (Huang et al., 2019). Recent
research indicates that wound-healing macrophages exist in a
variety of phenotypic states and may have a significant influ-
ence on the healing of wounds (Koh & DiPietro, 2011). The
classically M1 and alternatively M2 polarized macrophages are
defined (Engiir-Oztiirk & Dikmen, 2022). M1 macrophages are
pro-inflammatory and eliminate damaged tissue, and they are
crucial in the eradication of necrotic cells from the damage and

other debris during the initial periods of the inflammatory phase
(Calabrese et al., 2022;Delavary, van der Veer, van Egmond,
Niessen, & Beelen, 2011) Similar to the findings that we ob-
tained, Huang et al. demonstrated that the ability of cultured
keratinocytes to migrate was inhibited when M1 macrophages
were present in the environment (Huang et al., 2019).

In all wounds, macrophages are crucial, from contributing
to inflammation to killing pathogens to resolving inflamma-
tion and initiating tissue remodelling and regeneration M2
macrophages are important players in tissue repair (Kim &
Nair, 2019). M2 macrophages, particularly M2c macrophages,
are polarized by the presence of glucocorticoids (Engiir-Oztiirk
& Dikmen, 2022). It is widely known for its ability to reduce
inflammation; a glucocorticoid (e.g., hydrocortisone) controls
the increase of keratinocyte cells and regulates the dermal pro-
cess (Terao & Katayama, 2016). Also, topical applications with
anti-inflammatory drugs (such as corticosteroids) are one of
numerous treatments used to promote gingival wound healing
(Kongkadee, Wisuitiprot, Ingkaninan, & Waranuch, 2022).

Collagen I is one of the dermal extracellular matrix proteins
in the skin (Krieg & Aumailley, 2011). Specifically, collagen
type I, which is the product of the COLIAI gene, represents
the predominant form of collagen within the skin, compris-
ing approximately 90% of the total collagen content (Gelse,
Poschl, Aigner, 2003). Therefore, the effects on COLIAI gene
expression levels related to wound healing have been tested
in our study. The increased COLIAI mRNA expression levels
detected in HaCAT cells treated to hydrocortisone can be at-
tributed to pharmacologically induced anti-inflammatory prop-
erties, which is consistent with previous research findings (Wu
etal., 2017).

Our study findings indicate that the utilization of hydrocor-
tisone leads to an elevation in keratinocyte cell proliferation,
facilitates cell migration, and enhances collagen expression lev-
els in the environment of wound healing. Further research may
establish hydrocortisone as a valuable therapeutic agent for
M1/M2c conversion in the scope of wound healing treatment.




Istanbul Journal of Pharmacy

Control

Oh.

48 h.

HaCaT+M1 Macrophage

Figure 4. Scratch assay, photographs of HaCaT cells at 0 and 48. hours and wound diameter (A representative result for each group from two independent replicates

is shown, 10X objective).
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Figure 5. Effects of wound healing effects of M1 macrophage co-culture and
100 pM hydrocortisone on HaCaT cells on wound diameter change at 0 and
48 hours (+Sd., n=3, ns: not significant, p<0.0001**** compared to the 0 h.
control group).

CONCLUSION

Understanding the role of macrophages in the mechanisms of
wound healing will require extensive research. Macrophages
are a critical component of this dysregulation, and studies have
revealed that macrophage polarization and timing are becoming
increasingly important for both knowledge of disease progres-
sion and potential novel treatment methods.
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Figure 6. Changes in the mRNA expression levels (%) of wound healing related
COLIAI gene. The error bars represent the standard deviations (n =4, P<0.05%,
P<0.01%%).
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