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Abstract:

Background: Melatonin has been proven to have a regulatory influence on collagen accumulation in different types of wound. It

was found to inhibit collagen accumulation in the superficial wound model but increase it in the myocardial infarction scar. The aim

of the study is to determine the mechanism of melatonin action in the two wound types in rats.

Methods: Cells were isolated from both the superficial wound (subcutaneously inserted polypropylene net) and myocardial infarc-

tion scar (induced by ligation of the left coronary artery) and were identified by electron microscopy.

Results: Long-shaped cells forming whirl-like structures in culture (mainly identified as fibroblasts) were isolated from the superfi-

cial wound model, while myofibroblasts growing in a formless manner were acquired from the infarcted heart scar. Melatonin (10�7
M) increased collagen accumulation in both fibroblast and myofibroblast cultures. Luzindole (10�6 M), the blocker of both MT1 and

MT2 melatonin membrane receptors, inhibited the effect of melatonin on the two types of cells.

Conclusion: Regardless of various healing potentials demonstrated by the tested cells (different cell composition, growth and or-

ganization), their response to melatonin was similar. Moreover, in the two investigated cultures, augmentation of the collagen con-

tent by melatonin was reversed by luzindole, which indicates the possibility of melatonin membrane receptor involvement in that

process. The present results suggest that the increased melatonin-stimulated deposition of collagen observed in the infarcted heart of

rats could be dependent on activation of the melatonin membrane receptors on scar myofibroblasts.
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Introduction

Damage to the skin is followed by wound healing,

which restores its integrity. The repair process is initi-

ated by hemostasis, followed by an inflammatory re-

action, which allows delivery of defense cells to the

site of injury [14]. First, leukocytes are responsible

for phagocytosis of the damaged extracellular matrix

and clearance of necrotic cells from the wound. Fibro-

blasts, endothelial cells and epithelial cells then mi-

grate to the wound and proliferate. The fibroblasts are

transformed into myofibroblasts, the cells also syn-

thesizing an extracellular matrix component such as

collagen or glycosaminoglycans [18]; the transforma-

tion is induced by TGF b1, which is secreted by

macrophages [18]. On the third or fourth week after

wounding, the myofibroblasts undergo apoptosis.

Collagen fibers form a scaffold for the migrating and

proliferating cells as well as determine the tensile

strength of the wound [1]. The final step of the repair

comprises the contraction of the wound and remodel-

ing of the scar. During contraction, the wound mar-

gins are brought closer to each other by myofibro-

blasts or fibroblasts [12]. Scar remodeling comprises

two opposite processes running in parallel: collagen

synthesis and breakdown. Remodeling leads to both a

rearrangement of collagen fibers, making them better

organized and thicker, and also a decrease in the cel-

lularity of the granulation tissue [5].

Heart injury is caused by occlusion of the coronary

artery followed by necrosis of cardiomyocytes. The

myocardial infarction repair process is composed of

four overlapping steps: necrosis, inflammation, cell

proliferation and protein synthesis, as well as scar re-

modeling [2]. Myofibroblasts, the main source of col-

lagen in the healing environment of infarcted heart,

are more resistant to apoptosis and are found in the

scar even 19 years after infarction [26].

Development of the therapeutic strategies influenc-

ing the repair of both superficial wounds and internal

organs is dependent on a thorough understanding of

different types of wound healing. The repair process

remains under the regulatory influence of local and

endocrine factors [6-9]. Neuroendocrine response to

myocardial infarction was modified by melatonin [4].

Recent data suggest that melatonin secreted by the

pineal gland is involved in the regulation of collagen

deposition in the wounds. This effect is dependent on

the target organ [6, 8, 9], applied dose [8, 19] and time

of pineal hormone application [7]. Hence, while mela-

tonin reduces collagen accumulation in the superficial

wound, pinealectomy has the opposite effect to mela-

tonin in that it elevates the collagen content of

wounds in rats with intact hearts [6, 7]. Melatonin

treatment of the pinealectomized rats was found to re-

verse the effect of pineal gland removal and normal-

ized collagen content in the superficial wounds [6]. In

contrast to these results, pineal hormone was ob-

served to elevate collagen level in the infarcted heart

scar [8]. Both surgical and pharmacological pinealec-

tomies decreased collagen level in the myocardial in-

farction scar and the substitution with melatonin of

the pinealectomized rats normalized collagen content

in the infarcted heart scar [8]. These discrepancies

suggest that the various types of wound repair are

based on different regulatory mechanisms.

The aim of present study was to compare the ef-

fects of melatonin on collagen deposition in cultures

of cells isolated from a superficial wound and an in-

farcted heart scar of the same rat. Our intention is to

shed light on the mechanisms of melatonin action in

the two selected wound models. The purpose of the

study is to identify cells isolated from these investi-

gated wound models and make an assessment of their

healing potential. We decided to clarify, whether the

effects of melatonin observed in vivo [6–9] can be de-

pendent on the direct response of cells isolated from

the granulation tissue of the wounds, to melatonin.

Moreover, the role played by melatonin membrane re-

ceptor activation in the process of collagen deposi-

tion, as regulated by pineal hormone, will be ex-

plained.

Materials and Methods

Animals

Male Wistar rats (18 in total) weighing 280 ± 30 g

were housed with free access to commercial food pel-

lets (LSM, Bacutil, Poland), as well as tap water ad li-

bitum. All the animals were kept in light (L) – dark

(D) conditions of 12 h day and 12 h night. The light

was turned on at 07:00 h. The study was approved by

the Local Commission of Ethics no. 9 in £ódŸ.

The rats underwent myocardial infarction induction

and a polypropylene net was implanted. After 28

days, the scar of the infarcted heart and the polypro-
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pylene net, overgrown by granulation tissue, were re-

moved under aseptic conditions and were used for the

isolation of cells. The rats were not treated and served

as cell donors.

Left coronary artery ligation

Ligation of the left coronary artery was performed ac-

cording to the Seyle method with some modifications

[8]. The rats were anesthetized with pentobarbital,

ventilated with positive pressure through a tube in-

serted into the trachea and were attached to a small

animal respirator. After opening the pericardium, the

heart was exteriorized and the left coronary artery was

ligated with nylon suture 6/0. The ligation was per-

formed half way along an imaginary line between the

left margin of the pulmonary cone and the closest

point of insertion of the left auricular appendage. In

all rats, a 2 × 3 cm polypropylene net was inserted

subcutaneously as a superficial wound model and

closed with four sutures. After 4 weeks, all animals

were euthanized, the hearts were divided into the left

ventricle, right ventricle, scar and septum and the

weights of each portion were measured.

Cell cultures

The myocardial scars and granulation tissue of the su-

perficial wound model were removed under aseptic

conditions and stored in RPMI1640 medium with

gentamycin (25 µg/ml) and fungizone (2.5 µg/ml).

After mincing, the tissue was incubated for 3 h in

0.1% collagenase solution (37°C, 5% CO2) and then

the samples were centrifuged (5 min, 1,000 rpm). The

supernatant was discarded and the cells were washed

with DMEM containing 10% fetal calf serum, genta-

mycin and fungizone. The tissue was centrifuged

again (5 min, 1,000 rpm) and the cells were placed on

dishes. The non-adherent cells were washed out after

2 h. The adherent cells were incubated in a humidified

atmosphere of 5% CO2, at a temperature of 37°C. The

cells were grown to confluence and then were

trypsinized and passaged. The new culture was set up

with an initial cell density of 8 × 103/cm2.
The experiments were carried out on cells after the

second passage. During the experiment, the cells were

grown in DMEM containing 3% of calf serum with

gentamycin (25 µg/ml) and fungizone (2.5 µg/ml).

The medium was changed every day. In the first part

of the experiment, the cells were treated with mela-

tonin (Sigma, St. Louis, USA) at concentrations from

10�7 to 10�10 M. In the second part of experiment, the

cells were incubated with melatonin (10�7 M; MLT),

melatonin (10�7 M) with N-acetyl-2-benzyltryptamine

(luzindole, Tocris, Ellisville, MO, USA) at concentra-

tion of 10�6 M; (MLT-Lu) or luzindole alone (10�6 M;

Lu). In all experiments, two control groups were ap-

plied: one being an untreated control (CTR) group,

and the other a group with cells incubated with

DMSO, a solvent for melatonin and luzindole, at

a concentration of 0.005%. The total number of cells

and the number of necrotic (stained with trypan blue)

cells were counted in the Burker chamber on the 6th

day of the experiment. Total collagen content was

measured in the cultures on the last (6th) day of the ex-

periment. The cells were identified by electron mi-

croscopy [10]. In each part of the experiment, cells

from 7 animals were used.

Determination of collagen

The collagen was measured according to the method

described by Woessner [28]. The cell cultures were

vacuum-dried at 60°C. Samples of the total collagen

were assayed for hydroxyproline by hydrolysis with

6 M HCl (3 ml/culture) at 110°C for 24 h. Following

this, all the hydrolizates were evaporated to dryness in

a water bath and the precipitates were dissolved in

3 ml of redistilled water. NaOH (1 M) was used for

neutralization of the samples, which were diluted to

10 ml with redistilled water. Then, 0.5 ml samples

were taken for further analysis and diluted with redis-

tilled water to 2 ml final volume. Hydroxyproline was

oxidized to pyrrole by chloramine T in a citrate buffer

(pH = 6). To each sample 1.25 ml of chloramine T

was added and the samples were shaken for 5 min and

incubated for 20 min at 20°C. To remove the excess

of chloramine T, 1.25 ml of 3.15 M perchloric acid

was added. After 5 min, the samples were incubated

with 1 ml of 20% p-dimethylaminobenzaldehyde in

a 60°C water bath for 20 min. The optical density was

measured at 560 nm on a spectrophotometer.

Electron microscopy preparation

Initially cell suspensions were centrifuged in 2.5%

glutaraldehyde in cacodylic buffer at pH 7.4. The pel-

lets were washed with 0.13 M cacodylic buffer and

then fixed in 2% OsO4 for two hours. After rinsing in

0.13 M cacodylic buffer, cells were dehydrated in in-

644 Pharmacological Reports, 2013, 65, 642�649



creasing concentration of alcohol solutions and addi-

tionally, in propylene oxide. Specimens were embed-

ded in Araldite synthetic resin. Thin sections, 60 nm

thick, were placed on 300-mesh copper grid and con-

trasted with lead citrate and uranyl acetate. The cells

were examined and photographed under a Philips

EM301 electron microscope at 5,700– 25,000× mag-

nification.

Statistical analysis

The Kruskal-Wallis test was used for statistical analy-

sis. Statistical differences between the groups were

evaluated by multiple comparisons of mean ranks for

all groups – Dunn test [23]. The minimal level of sig-

nificance was p < 0.05.

Results

Ligation of the left coronary artery resulted in myo-

cardial infarction induction. The weight of the scar

was not markedly different between animals.

Ultrastructural findings (Figs. 1 and 2): in each of

experimental groups cells with long, thin cytoplasmic

processes were observed. The cytoplasmic content

was also similar in both types of cells. The nuclei (N)

were oval, euchromatic, with a thin, marginal zone of

heterochromatin. The nucleoli (Nu) were formed in

spongy-like structures, with clearly visible granular

and fibrilar components. The rough endoplasmic re-

ticulum (RER) was well-developed with long cister-

nae containing an homogenous substance of medium

density. The Golgi apparatus (GA) was large and well

developed with some dilated sacs, numerous vacuoles

and vesicles. In the cytoplasm of cells derived from

the infarcted milieu, the fibrilar bundles and small

caveoles (indicated by bold arrows and asterisks, re-

spectively) were found near the cell membrane. Thus,

the cells derived from infarcted area (Figs. 1A and

1B) were identified as myofibroblasts (fibrilar bun-

dles and caveoles in the cytoplasm). However, in cul-

tures obtained from the superficial wound, fibroblasts

(indicated by an absence of fibrilar bundles and

caveoles) predominated, although myofibroblasts were

also seen (Fig. 2).

Myofibroblasts isolated from the infarcted heart

scar displayed a polyhedral shape and grew in a form-
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Fig. 1. Electron micrograph of myofibroblasts isolated from the myo-
cardial infarction scar (A). Actin bundles near the cell membrane
(bold arrows) and caveolar system (asterisk) were observed. Magni-
fication 9,100´. Electron micrograph of myofibroblasts isolated from
the myocardial infarction scar (B). Highly ordered arrangement of ac-
tin fibers (bold arrows). Caveoles visible under a cell membrane (as-
terisk). Magnification 25,000´

Fig. 2. Electron micrograph of fibroblast (F) and myofibroblast (MF)
derived from granulation tissue of the superficial wound model (poly-
propylene net inserted subcutaneously). Ultrastructure of organelles
in both types of cells is similar. The main difference is the presence of
actin bundles near the myofibroblast cell membrane (bold arrows)
and caveoles (asterisk). Magnification: 9,100´. Detailed description
of the micrograph is given in the text
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less manner in the culture (Fig. 3A). The cells derived

from the superficial wound model formed whirl-like

structures of elongated cells in culture (Fig. 3B).

These areas were surrounded by polyhedral cells

growing in a chaotic manner (data not shown).

The number of myofibroblasts derived from the six

day heart scar culture was markedly higher (p = 0.01)

compared with those derived from cultures of cells

isolated from the superficial wound model (Fig. 4).

The numbers of necrotic cells are similar in the two

groups of cells and no statistically significant differ-

ences were found (data not shown).

Melatonin (MLT-7) at a concentration of 10�7 M

applied to the cultures of myofibroblasts derived from

an infarcted heart scar augmented the collagen level,

in contrast with the control cultures (p = 0.032; CTR)

and cells treated with DMSO (p = 0.01; Fig. 5A).

Moreover, in cell cultures from the superficial wound,

melatonin at a concentration of 10�7 M (MLT-7) in-

creased the collagen level when compared with the

control (p = 0.034) and cells treated with DMSO (p =

0.005; Fig. 5B). Other concentrations of the pineal

hormone (10�8–10�10 M) were not effective in the two

types of cells (Figs. 5A and 5B).

In the second part of experiment, melatonin applied

at a concentration of 10�7 M (MLT-7) increased colla-

gen content in the cultures of myofibroblasts derived

from the myocardial infarction scar (Fig. 6A) com-
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Fig. 3. Culture of myofibroblasts isolated from the scar of the in-
farcted heart (A). Culture of fibroblasts and myofibroblasts isolated
from granulation tissue of the superficial wound model (B). Inte-
grated modulation contrast, magnification 100´
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Fig. 4. Total cell number per plate in cultures of myofibroblasts iso-
lated from the infarcted heart scar (MI) and fibroblasts derived from
the granulation tissue of the superficial wound (SW) model (polypro-
pylene net inserted subcutaneously). Cells were seeded at an initial
cell density of 8 ´ 103/cm2. Each value expresses the mean of 6–7
samples ± standard deviation (SD)

Fig. 5. Total collagen content (µg/105 cells) in cultures isolated from
the myocardial infarction scar (A) or the superficial wound model (B).
Cultures are of control cells, cultured cells incubated with DMSO
(a solvent for melatonin) or melatonin at concentrations of 10�7 M
(MLT-7), 10�8 M (MLT-8), 10�9 M (MLT-9) and 10�10 M (MLT-10). Each
value expresses the mean of 6–7 samples ± standard deviation (SD)
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pared with those from the untreated control (CTR) (p

= 0.041) or DMSO-treated cells (p = 0.0004). How-

ever, in cultures incubated with both melatonin (10�7

M) and luzindole at a concentration of 10�6 M (MLT-

Lu), collagen accumulation was similar to the two ap-

plied controls and was significantly lower compared

with the group treated with melatonin only (p =

0.001). Luzindole (10�6 M; Lu) alone did not affect

collagen accumulation and the levels did not differ

from those of the controls. In the cell cultures isolated

from the peripheral wound model (Fig. 6B) compris-

ing mainly fibroblasts with few myofibroblasts, mela-

tonin at a concentration of 10�7 M (MLT) increased

collagen level compared to untreated controls (CTR;

p = 0.041) as well as cultures incubated with DMSO

(p = 0.04). However, in cultures treated with both

melatonin (10�7 M) and luzindole at a concentration

of 10�6 M (MLT-Lu), the effect of the pineal indo-

leamine was abolished, and the collagen content in

this group was lower than that of the melatonin-

treated cultures (p = 0.029). The collagen level in cell

cultures treated with luzindole (10�6 M; Lu) was simi-

lar to that observed in controls.

Discussion

Although myofibroblasts were isolated from the in-

farcted heart scar, fibroblasts were seen to predomi-

nate in the granulation tissue of the superficial wound

model (Figs. 1 and 2). These results could be ex-

plained by the observation that in normal superficial

wounds, the myofibroblasts undergo apoptosis after

2–3 weeks [5], but in myocardial infarction, these

cells are seen even several months after occlusion of

the coronary artery in rats [13] or a matter of years

later in man [26]. The myofibroblasts derived from

the scar of the infarcted heart are more resistant to

apoptosis than the cells from superficial wounds [2].

The cells isolated from an infarcted heart scar or su-

perficial wounds denoted different features in culture.

Thus, the cultures obtained from the two types of

wounds contain cells of different shape and cellular

organization (Figs. 3 and 4). Myofibroblasts derived

from the infarcted area of the heart grew more inten-

sively (Fig. 5). These observations indicate that cells

isolated from different types of wound have various

reparative potentials, as shown in vitro.

Jarvis and coworkers [13] confirmed that the pheno-

type of cultured cardiac ovine fibroblasts derived from

the infarcted area is different to that of cells isolated from

an intact myocardium. In particular, the myofibroblasts of

the infarcted space of the heart have a higher basal level

of procollagen type I (a1) mRNA compared with cells

derived from a non-infarcted myocardium. The authors

suggest that the changes observed in vitro are the result of

growth conditions in the infarcted environment [13].

Faster growth of canine fibroblasts derived from normal

myocardium when compared with cells of the infarcted

area has also been demonstrated [25].

In spite of the different in vitro features displayed

by cells derived from various types of wounds, the re-

sponse of both fibroblasts and myofibroblasts to

melatonin is similar. Thus, the pineal hormone aug-

ments collagen content in culture (Figs. 5A and 5B).

Melatonin-induced augmentation of collagen in the

infarcted heart scar [8] could be dependent on the di-

rect action of the pineal hormone on myofibroblasts

(Fig. 5A). Melatonin was shown previously to in-

crease collagen [8] and glycosaminoglycan [9] accu-

mulation by myofibroblasts isolated from the in-

farcted area and bone cells in vitro [17]. However,

while melatonin concentrations which elevate colla-

gen type I synthesis in bone cell culture range from

10�5 to 10�4 M, this is much higher than the melatonin
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Fig. 6. Total collagen content (µg/105 cells) in cultures isolated from
the myocardial infarction scar (A) or the superficial wound model (B)
in control cells, cultured cells incubated with DMSO, a solvent for
melatonin, or melatonin at concentration of 10�7 M (MLT), melatonin
(10�7 M) with luzindole at concentration of 10�6 M (MLT-Lu), and luzin-
dole alone (10�6 M; Lu). Each value expresses the mean of 6–7 sam-
ples ± standard deviation (SD)



concentrations needed to elevate total collagen accu-

mulation in myofibroblast cultures derived from the

infarcted area of the heart (10�8 and 10�7 M) [8; Fig.

6]. These melatonin concentrations are close to the

physiological concentrations of the pineal indo-

leamine [24].

Complex mechanism of melatonin action is postu-

lated. Thus, melatonin stimulates the membrane re-

ceptors MT1 and MT2 coupled with G protein [20,

21]. Melatonin was also found to accumulate in the

nuclei of the cells [11] and the pineal hormone is

thought to be bound by retinoid nuclear receptors

[27]. Furthermore, calmodulin has been proposed as

a cytoplasmatic receptor for melatonin. The activity

of nitric oxide synthetase in the rat brain was inhibited

after melatonin was bound to calmodulin [15]. The

pineal hormone acts as free radical scavenger [9] as

well as a stimulator of antioxidative enzyme activity

[3, 22]. Our results suggest that action of melatonin

on collagen accumulation in the cell cultures is de-

pendent on the activation of the melatonin membrane

receptors. Luzindole, the melatonin receptors (MT1
and MT2) blocker, inhibited the effect of melatonin on

the accumulation of collagen in the two investigated

cell cultures. However, there are some limitations of

the present study. In spite of fact that luzindole alone

applied to the cells did not showed any side effects,

they cannot be completely excluded. Hence, to fully

prove the involvement of melatonin membrane recep-

tor activation in collagen augmentation, the other ago-

nist or antagonist should be investigated. Moreover,

the expression of melatonin receptors on the investi-

gated cell cultures should be confirmed.

This is the first report demonstrating the involve-

ment of membrane receptors in the regulation of col-

lagen deposition by melatonin. In earlier studies, luz-

indole was found to diminish the stimulatory effect of

melatonin on the lipid metabolism in murine fibro-

blasts [16]. Moreover, luzindole has also been seen to

have an inhibitory effect on the melatonin-induced

expression of Cu/Zn-superoxide dismutase and glu-

tathione reductase in human corneal fibroblasts [3].

The present results shed additional light on the

mechanisms of the action of melatonin in vivo in

myocardial infarction. The data suggest that the direct

action of pineal hormone on the myofibroblasts of the

scar could be responsible for melatonin-induced aug-

mentation of collagen level in the infarcted area that

was observed in vivo [8]. Moreover, this effect is de-

pendent on the activation of melatonin membrane re-

ceptors on the cells synthesizing collagen. The data

obtained on the fibroblasts and myofibroblasts iso-

lated from the superficial wound model are contradic-

tory to those evaluated in vivo. Hence, the indirect ac-

tion of the pineal hormone on the superficial wound

model is suggested. Melatonin is known to have an

influence on the nervous, immune and endocrine sys-

tems and, in this way, is hypothesized to influence the

healing of the superficial wound.

The cells isolated from both the myocardial infarc-

tion scar and the granulation tissue of superficial

wounds were found to have different cellular compo-

sitions and healing potentials. Although the polarity,

shape and growth of the cells isolated from superficial

wounds, or myofibroblasts derived from an infarcted

environment, varied, their response to melatonin was

similar; melatonin elevated the collagen level in cul-

tures of both fibroblasts and myofibroblasts. The re-

duction of melatonin-induced collagen elevation by

luzindole suggests that this effect was dependent on

activation of melatonin membrane receptors MT1 or

MT2 by the pineal hormone. However, this hypothesis

should be further investigated. As described earlier,

augmentation of the collagen content by melatonin in

the infarcted heart [8] could be dependent on the di-

rect action of the pineal hormone on myofibroblasts.

This phenomenon is not involved in the regulation of

collagen deposition in superficial wounds. Due to the

differences described earlier, it is not possible to give

a single explanation for all the processes taking place

in all possible healing wounds. Furthermore, we pro-

pose that medicines inhibiting melatonin release

(b-blockers or calcium channel blockers) could be

considered as factors lowering collagen deposition [8]

and possibly influencing mechanical resistance of the

myocardial infarction scars. Hence, melatonin supple-

mentation in those patients is thought to improve the

effects of therapy.
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