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Abstract: In certain diseases of the pancreas, pancreatic stellate cells form an important part of
fibrosis and are critical for the development of cancer cells. A hypoxic condition develops within
the tumor, to which pancreatic stellate cells adapt and are able to proliferate. The consequence is the
growth of the tumor. Melatonin, the product of the pineal gland, is gaining attention as an agent
with therapeutic potential against pancreatic cancers. Its actions on tumor cells lead, in general,
to a reduction in cell viability and proliferation. However, its effects on pancreatic stellate cells
subjected to hypoxia are less known. In this study, we evaluated the actions of pharmacological
concentrations of melatonin (1 mM–1 µM) on pancreatic stellate cells subjected to hypoxia. The
results show that melatonin induced a decrease in cell viability at the highest concentrations tested.
Similarly, the incorporation of BrdU into DNA was diminished by melatonin. The expression of
cyclins A and D also was decreased in the presence of melatonin. Upon treatment of cells with
melatonin, increases in the expression of major markers of ER stress, namely BIP, phospho-eIF2α and
ATF-4, were detected. Modulation of apoptosis was noticed as an increase in caspase-3 activation. In
addition, changes in the phosphorylated state of p44/42, p38 and JNK MAPKs were detected in cells
treated with melatonin. A slight decrease in the content of α-smooth muscle actin was detected in
cells treated with melatonin. Finally, treatment of cells with melatonin decreased the expression of
matrix metalloproteinases 2, 3, 9 and 13. Our observations suggest that melatonin, at pharmacological
concentrations, diminishes the proliferation of pancreatic stellate cells subjected to hypoxia through
modulation of cell cycle, apoptosis and the activation of crucial MAPKs. Cellular responses might
involve certain ER stress regulator proteins. In view of the results, melatonin could be taken into
consideration as a potential therapeutic agent for pancreatic fibrosis.
Keywords: apoptosis; fibrosis; hypoxia; mitogen-activated protein kinases; melatonin; pancreatic
stellate cells
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1. Introduction
Pancreatic cancer and pancreatitis are diseases that affect the pancreas and are characterized by the development of a fibrotic tissue that overgrows within the gland and
progressively occupies most of the abnormal mass [1]. Activated pancreatic stellate cells
(PSCs) are majorly involved in the process of fibrosis. Their increase in number, together
with the release of signaling factors towards surrounding cells, creates an environment
favorable for the growth of malignant cells. Under these circumstances, the growing tissue can evolve towards pancreatic cancer [2]. Moreover, fibrosis acts as a barrier against
antitumor agents, thus emerging as an element of resistance in cancer therapy [3].
Due to the fast proliferation and accumulation of malignant cells within the tumor,
the oxygen supply to the cells is compromised, and therefore, a condition of hypoxia
develops [4]. Conversely to what would be expected from the low oxygen availability, the
cells contained in the abnormal mass exhibit adaptation and survive. As a consequence,
the tumor increases in size and can expand [5]. In relation to these observations, we have
recently shown that PSCs proliferate under hypoxia. Similar to tumor cells, PSCs undergo
certain changes that allow them to survive under a low oxygen supply [6]. Interestingly, the
maneuvers developed by PSCs under low oxygen availability could contribute to fibrosis
in the tumor and aid the growth of malignant cells [7].
Accumulation of metabolites that can enter signaling cascades and contribute to inflammation has been observed in hypoxia [8]. Additionally, tumor–stroma interactions are
of key importance for inflammation within the gland and for the development of pancreatic
ductal adenocarcinoma (PDAC), which exhibits a significant inflammatory response [9].
Therefore, it seems feasible that controlling the inflammatory response and the release
of cytokines by cells forming the tumor mass might facilitate the treatments and restrain
tumor growth. In this line, Porcelli et al. showed that activation of the TGF-β signaling in
cancer-associated fibroblasts promoted tumor invasion [10]. The authors suggested that
counteracting the high level of circulating proinflammatory/immunosuppressive cytokines
might serve as a strategy for the treatment of PDAC. Thus, at present, it is widely accepted
that a major challenge in the treatment of pancreatic cancer is the modulation of fibrosis
development within the tumor.
Melatonin, the major product of the pineal gland, exhibits pleiotropic effects on cell
physiology [11]. With time, research has given numerous pieces of evidence that signal
its potential as a therapeutic agent. With respect to cancer disease, it has been shown that
melatonin exerts antitumor action in brain cancer [12], breast cancer [13], colon cancer [14],
lung cancer [15], liver cancer [16] and pancreatic cancer [17]. Interestingly, melatonin
modulates the viability and proliferation of PSCs [18–21]; thus, its potential antifibrotic
action should be explored.
Former research of our laboratory has revealed that the oxidative state of PSCs can
be modulated by melatonin, which could influence their proliferative state. In addition,
we have observed that PSCs exhibit adaptation to hypoxia and increase their proliferation (findings mentioned above). Because PSCs are majorly involved in the process of
fibrosis that develops in pancreatic cancer and contribute to creating conditions that favor
the growth of cancer cells, including hypoxic conditions, in the present work we have
investigated the effects of melatonin on PSCs cultured under hypoxia. Bearing in mind the
antitumoral actions of melatonin and the effects that we have observed on PSCs, we aimed
to shed more light on the ways by which melatonin exerts its antiproliferative actions on
PSCs. Clarification of the mechanisms involved in the actions of melatonin to modulate
PSC physiology might help in the understanding of the ways by which pancreatic fibrosis
could be resolved or diminished by melatonin. In this sense, putative actions of melatonin
to decrease PSC proliferation could ease the treatment of pancreatic cancer. Thus, our major
objective was to investigate whether melatonin might control the development of fibrotic
tissue and might help in the therapy of cancer.
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2. Results
2.1. Effect of Melatonin on Cell Viability and Proliferation
We have previously shown that PSCs proliferate under hypoxia [6]. Moreover, we
have shown that melatonin decreases the viability of pancreatic cancer cells [22] and also
of PSCs incubated under normoxia [19–21]. To study whether melatonin also decreases
the viability of PSCs subjected to hypoxia, different preparations of PSCs were incubated
under hypoxia for 48 h in the absence (nontreated cells) or in the presence of melatonin
(1 mM, 100 µM, 10 µM or 1 µM). Separate batches of cells were exposed to thapsigargin
(Tps; 1 µM), which served as control for cell death [23]. In the presence of melatonin,
a statistically significant decrease in cell viability was observed at the higher concentrations
used (1 mM and 100 µM). Treatment of cells with Tps, used as control for cell death, evoked
a statistically significant decrease in cell viability (Figure 1A).
In the next step, we evaluated cell proliferation employing a kit based on 5-bromo-2deoxyuridine (BrdU). BrdU incorporation into the DNA of dividing cells is an indicator of
cell proliferation. In this set of experiments, cells were incubated for 48 h under hypoxia,
in the absence (nontreated cells) or in the presence of melatonin (1 mM, 100 µM, 10 µM
or 1 µM). Treatment of cells with melatonin induced a statistically significant decrease in
BrdU content at the concentration of 1 mM. In the presence of the other concentrations of
melatonin, slight decreases in BrdU content were observed, which were not statistically
significant in comparison with that noted in nontreated cells (Figure 1B). Incubation of cells
with Tps (1 µM) evoked a statistically significant decrease in BrdU content (Figure 1B).
Cyclins are a family of proteins with pivotal roles in the control of the cell cycle. In
this part of the study, we were interested in analyzing whether melatonin exerts any effect
on these proteins. Cyclin A is active in the early phases of division, and cyclin D regulates
the transition from G1 to S phase [24,25].
The expression of cyclins was studied by Western blot. For this purpose, cells were
incubated with melatonin (1 mM, 100 µM, 10 µM or 1 µM) for 4 h under hypoxia. Then,
cell lysates were analyzed to determine the levels of cyclin A and cyclin D. The effects
of melatonin on each cyclin are shown in Figure 1C–E. In general, melatonin induced a
decrease in the expression of cyclins A and D. However, in the case of cyclin A, melatonin
only decreased the level of protein at the concentrations of 1 mM and 100 µM. In the
presence of Tps (1 µM), the detection of cyclins A and D was decreased (Figure 1C–E).
2.2. Effect of Melatonin on Endoplasmic Reticulum Stress
ER stress is a condition that develops in cancer and inflammation [26]. It has also
been observed in viral infections and in metabolic, neurodegenerative and cardiovascular
diseases [27]. BiP/GRP78 is an endoplasmic reticulum (ER) chaperone that plays a key role
in the regulation of ER responses to stress. BiP exhibits antiapoptotic properties and has
the ability to control the activation of transmembrane ER stress sensors such as IRE1, PERK
and ATF6 [28].
In a first step, we incubated PSCs under hypoxia for 4 h in the absence of melatonin,
and the levels of BiP, phosphorylated eIF2α and ATF-4 were studied by Western blotting.
Under these conditions, we did not observe increases in the expression of the mentioned
proteins. On the contrary, the detection of such proteins was decreased in comparison with
the levels noted in cells incubated under normoxia (Supplementary Figure S1).
Next, we investigated whether ER stress is involved in the responses of PSCs to melatonin treatment under hypoxia. For this purpose, cells were incubated under hypoxia
and in the presence of melatonin (1 mM, 100 µM, 10 µM or 1 µM) for 4 h. Under these
conditions, we detected an increase in the level of BiP (Figure 2A,B), in the phosphorylation of eukaryotic initiation factor 2 (eIF2α; Figure 2A,C) and in the level of ATF-4
(Figure 2A,D) in comparison with the levels noted in cells incubated in hypoxia but in
the absence of melatonin. Treatment of cells with Tps (1 µM), an ER stress inducer [29]
(Figure 4A,B), induced increases in the levels of the three proteins studied (Figure 2A–D).
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100%). Tps (1 µM) was used as control for cell death (in %: 63.67 ± 2.21). (B) The bars show the effect of melatonin on BrdU
incorporation to DNA of dividing cells (in %: 90.88 ± 3.50; 95.36 ± 2.84; 97.19 ± 4.42; 92.81 ± 4.52; 62.38 ± 10.25; respectively
for 1 mM, 100 µM, 10 µM or 1 µM melatonin and 1 µM Tps). (C) The figure shows representative blots of the expression
of cyclin A and cyclin D, which were evaluated by Western blotting with specific antibodies. The band corresponding to
each protein is marked by an arrow. The molecular weight of each specific protein is given on the right side of each blot.
To ensure equal loading of proteins, the levels of β-actin were employed as controls under the tested conditions. (D,E)
The bars show the quantification of protein levels for cyclin A (76.13 ± 10.01; 87.20 ± 13.91; 96.71 ± 13.01; 109.7 ± 17.56;
60.68 ± 6.79; respectively for 1 mM, 100 µM, 10 µM or 1 µM melatonin and 1 µM Tps) and cyclin D (49.69 ± 7.24; 70.57 ± 8.50;
73.90 ± 4.23; 66.61 ± 6.83; 1.79 ± 1.80; respectively for 1 mM, 100 µM, 10 µM or 1 µM melatonin and 1 µM Tps). Values
show the mean ± SEM of normalized values expressed as % vs. nontreated cells (incubated under hypoxia and in the
absence of melatonin or Tps), which was considered 100%. In the graphs, a horizontal dashed line represents the value
achieved in nontreated cells. Data are representative of three to four independent experiments (n.s., nontreated cells; HPX,
hypoxia; Mel, melatonin; Tps, thapsigargin; *, p < 0.05; **, p < 0.01; and ***, p < 0.001 vs. nontreated cells).
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2.4. Effect of Melatonin on MAPK Activation
The MAPK pathway plays a pivotal role in cellular signaling. This family of proteins
transduces extracellular stimuli into phosphorylation events that control different cellular
responses, which include inflammation, stress response, differentiation, survival and
tumorigenesis [32].
Taking into account our results, we next evaluated the effect of melatonin treatment
on MAPK activation in PSCs subjected to hypoxia. For this purpose, cells were incubated
for 4 h under hypoxia and in the absence (nontreated cells) or in the presence of melatonin
(1 mM, 100 µM, 10 µM or 1 µM).
Analysis of cell lysates revealed a statistically significant decrease in the phosphorylated state of JNK in cells treated with 1 mM melatonin. Conversely, an increase in
phosphorylation was noted in samples from cells treated with the other concentrations of
melatonin, although the differences were not statistically significant compared with the
level detected in nontreated cells (Figure 4A,B). Melatonin treatment induced statistically
significant increases in the phosphorylation of p38 and of p44/42 at all concentrations
tested, in comparison with the values noted in nontreated cells (Figure 4A,C,D).
We next evaluated the involvement of p44/42 and p38 in the modulation of cell
viability in cells treated with melatonin under hypoxia. Thus, PSCs were incubated for
5 min in the presence of U0126 (10 µM) and SB203580 (10 µM), which are specific inhibitors
of p44/42 and p38, respectively. Thereafter, cells were incubated for an additional 48 h
under hypoxia and in the presence of melatonin (1 mM–1 µM). Separate batches of cells
were incubated in hypoxia and in the presence of the MAPK inhibitors. Cell viability was
compared with that observed in nontreated cells (incubated in the absence of melatonin and
without MAPK inhibitors). Inhibition of p44/42 and p38 significantly diminished viability
of cells in comparison with nonstimulated cells. Moreover, treatment with the inhibitors
decreased cell viability with respect to that noted in cells incubated in the presence of the
respective concentration of melatonin (Figure 4E).
2.5. Effect of Melatonin on α-sma Expression
Alpha-smooth muscle actin (α-sma) is a specific marker for activated PSCs. Moreover,
it has been signaled to exhibit an important role in fibrogenesis [33]. In this set of experiments, we studied the expression of α-sma in cells that had been incubated with melatonin
(1 mM–1 µM) for 4 h under hypoxia. The results revealed a decrease in the content of
α-sma in cells that had been treated with melatonin in comparison with cells incubated in
its absence. A similar effect was noted in cells treated with 1 µM Tps (Figure 5).
2.6. Effect of Melatonin on Matrix Metalloproteinase Expression
A major contributor to the development of fibrosis is the secretion and accumulation
of extracellular matrix components [34]. Matrix metalloproteinases (MMPs) are a family of
proteins involved in processes such as angiogenesis, invasiveness and metastasis, which
are considered important signs in cancer progression. The levels of members of this family
of proteins are increased in pancreatitis and tumors [35]. Moreover, high levels of MMPs
have been related to increased proliferation and migration of PSCs [36]. Because we had
observed that melatonin induced changes in different biomarkers that are related to cell
proliferation and that melatonin induced a decrease in cell viability, we decided to evaluate
the effect of melatonin on the expression of MMP-2, MMP-3, MMP-9 and MMP-13.
PSCs were incubated for 4 h under hypoxia and in the presence of melatonin (1 mM,
100 µM, 10 µM or 1 µM). Separate batches of cells were incubated in the absence of melatonin but under hypoxia (nontreated cells). In general, treatment of cells with melatonin
decreased the expression of MMPs, in comparison with the levels detected in nontreated
cells (Figure 6). Tps (1 µM) also decreased the expression of MMPs (Figure 6).
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Figure 4. Analysis of JNK, p38 and p44/42 MAPK activation in response to melatonin under hypoxia. After treatment,
Figure 4. Analysis of JNK, p38 and p44/42 MAPK activation in response to melatonin under hypoxia. After treatment, cell
lysates were processed for Western blotting analysis with specific antibodies against the phosphorylated form of each

protein. (A) Representative blots showing the phosphorylation states of JNK, p38 and p44/42. The band corresponding to
each protein is marked by an arrow. The molecular weight of each specific protein is given on the right side of each blot.
(B,C,D) The bars show the quantification of protein phosphorylation for p-JNK (61.99 ± 15.09; 132.2 ± 21.21; 147.7 ± 22.09;
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MMP-9 and MMP-13. To ensure equal loading of proteins, the levels of β-actin were employed as controls. The band
corresponding to each protein is marked by an arrow. The molecular weight of each specific protein is given on the
right side of each blot. (B) The bars show the quantification of protein expression for MMP-2 (83.12 ± 7.94; 91.20 ± 7.53;
90.11 ± 3.64; 82.29 ± 7.08; 39.98 ± 3.12; respectively for 1 mM, 100 µM, 10 µM or 1 µM melatonin and 1 µM Tps), MMP-3
(69.55 ± 8.51; 95.46 ± 8.22; 104.60 ± 12.99; 94.12 ± 26.45; 63.51 ± 18.61; respectively for 1 mM, 100 µM, 10 µM or 1 µM
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for 1 mM, 100 µM, 10 µM or 1 µM melatonin and 1 µM Tps) and MMP-13 (85.08 ± 5.43; 88.03 ± 12.44; 84.03 ± 16.66;
86.81 ± 14.15; 58.09 ± 5.64; respectively for 1 mM, 100 µM, 10 µM or 1 µM melatonin and 1 µM Tps). A horizontal dashed
line represents the value observed in nontreated cells (incubated under hypoxia and in the absence of drugs), which was
considered 100%. Values show the mean ± SEM of normalized values expressed as % vs. nontreated cells. Data are
representative of three to four separate experiments (n.s., nontreated cells; HPX, hypoxia; Mel, melatonin; Tps, thapsigargin;
*, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. nontreated cells).
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3. Discussion
PSCs are resident cells of the pancreas. Normally inactive, under certain conditions,
these cells undergo an activated state, and then a profibrogenic profile is set [37]. Particularly, PSCs have been pointed out as key contributors to the growth of pancreatic cancer,
because of their contribution to stroma formation [38,39].
Remarkably, a special condition of hypoxia develops within abnormal tissues that
exhibit a rapid development, as cancer tissues, due to the uncontrolled proliferation of cells
contained in the mass [4]. In conjunction with cancer cells, PSCs will also be subjected to
the low availability of O2 existing within the growing tumor. In order to survive, all types
of cells forming part of the mass will exhibit adaptation to the low availability of O2 [40].
In this line, we have recently shown that PSCs adapt to hypoxia and exhibit increased
proliferation capability with respect to PSCs grown in normoxia [6]. Under pathological conditions, such as inflammation and pancreatic cancer, PSCs contribute decisively
to the development of the fibrotic reaction within the tissue. Therefore, maneuvers to
reduce the amount of fibrotic tissue are considered a key tool in the treatment of these
diseases [35,41,42]. In fact, it is now well accepted that the microenvironment contributes
to the normalization of tumor cells. Hence, it might be feasible that modulation of stromal
cells, rather than their removal, could be effective for cancer treatment [43].
Melatonin has been proposed to exhibit potential as a therapeutic agent in inflammation and cancer. With respect to cancer disease, it has been shown that melatonin exerts
actions against a variety of tumors (for references, see introduction). As a part of the effects
of melatonin, a decrease in the viability of cancer cells has been highlighted [44–46]. Its
anticancer effects include the pancreas [22,47]. In addition, studies on PSCs have been conducted that show a decrease in cell viability in response to melatonin [18,20,21]. Moreover,
PSCs exhibit adaptation to hypoxia and increases in their proliferation and migration ability [6]. However, the ways by which melatonin exerts its antiproliferative actions on PSCs
are not completely understood, with special interest to hypoxia, and need further study.
Here we have shown that PSCs subjected to hypoxia exhibited a decrease in their
viability after treatment with melatonin. These observations are in agreement with those
reported formerly. In addition, our results have also shown that indoleamine decreases
the expression of cyclins, which are pivotal proteins for the control of the cell cycle [24,25].
A clearer effect was exerted on cyclin D. A decrease in the expression of cyclin A was
only noted with 1 mM and 100 µM melatonin. With regard to cyclin D, we have recently
shown that PSCs subjected to hypoxia displayed an increase in its expression. This could
be related to the increased proliferation that these cells exhibited [6]. Each of these cyclins
plays a key role in the control of a certain step within the cell cycle. Interestingly, melatonin
could regulate cell cycle via modulation of cyclin expression. In other words, those cells
that survive upon melatonin treatment could exhibit a slowing down of the cell cycle,
which might bring PSCs to a low proliferation rate. In relation to this, our results have
shown that melatonin treatment diminished BrdU incorporation into DNA, which is an
index of reduced cell proliferation. Therefore, our results suggest that melatonin could
counteract the increased proliferation of PSCs that has been detected under hypoxia [6].
The unfolded protein response (UPR) is a condition that develops in cells subjected
to stress, which promotes cell survival and adaptation to environmental conditions. The
sensors PERK, IRE1 and ATF6 are pivotal to the UPR, together with their downstream transcription factors. When activated, the consequent UPR will trigger adaptation or apoptosis
depending on the level of ER stress [48]. These proteins aim to restore homeostasis, but they
can also induce cell death [49]. Melatonin has been shown to stimulate ER stress in different
tumor cells, including the pancreas [50–52]. Our results have shown that PSCs subjected to
hypoxia did not exhibit ER stress. However, upon treatment with melatonin, ER stress was
observed. Our results are therefore in agreement with those previous observations.
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Previous results of our laboratory showed that melatonin induced apoptosis in PSCs
treated under normoxic conditions through caspase-3 activation [19]. This protein forms
part of a regulated pathway that controls cell death, and its activation in cancer cells determines a decrease in cell viability [53]. Activation of caspase-3 by melatonin in pancreatic
cancer cells has also been shown [22]. In the present work, we have shown that melatonin
also induced the activation of caspase-3 under hypoxia. Moreover, the connection of ER
stress with apoptosis has been signaled [54]. Thus, the induction of ER stress together with
the activation of apoptosis that we have detected could represent two major pathways
that might be recruited by melatonin in order to modulate the proliferation of PSCs. Interestingly, the cells that survive might enter the cell cycle in order to proliferate. However,
melatonin might modulate the cell cycle to prevent the exacerbation of cell proliferation.
This might be the reason why we observed a decrease in cell viability in the presence of
melatonin, which was not as dramatic as that exerted by Tps; i.e., there is a remaining
population of PSCs that survive and that could proliferate at a low rate, because the loss of
cells was not complete following treatment with melatonin.
Another effect that we have observed is the activation of key components of the MAPK
pathway in cells treated with melatonin. In a recent work, we showed that incubation of
PSCs under hypoxia induced decreases in the phosphorylated state of p44/42 and p38,
whereas an increase in the phosphorylation of JNK was noted [6]. In the present work, we
have detected an increase in the phosphorylation of p38 protein. Activation of this MAPK
is involved in cell death [55]. Moreover, it has been shown that melatonin-induced cell
death involves phosphorylation of p38 [56]. Our results agree with these observations and
suggest that the increase in p38 phosphorylation detected after treatment with melatonin
could be related to the decrease in cell viability and proliferation that we have observed.
We also detected a decrease in the phosphorylation of JNK. This was only detected
with the highest concentration of melatonin that we tested. Increases in its phosphorylation were observed at the other concentrations tested, but the differences were not
statistically significant with respect to nontreated cells. Interestingly, 1 mM melatonin was
the concentration that exerted the stronger effect on cell viability, cyclin expression and
caspase-3 activation. It has been suggested that the JNK pathway plays a pivotal role in
cell proliferation. JNK is phosphorylated in lung adenocarcinoma cells, hepatocellular
carcinoma, colorectal cancer and pancreatic cancer, where it contributes to the progression
of malignant cells and metastases [57–61]. Moreover, JNK phosphorylation is increased in
PSCs subjected to hypoxia, and its inhibition is related to a decrease in cell viability [6].
In addition, we observed an increase in the phosphorylation of p44/42 in PSCs
treated with melatonin. It is well known that this protein exerts a protective role [62].
From our point of view, the response that we have observed could be regarded as a
counterpart by which, upon treatment with melatonin, PSC viability does not drop to
an extent similar to that caused by Tps. In fact, increased phosphorylation of p44/42 by
melatonin has been shown in HepG2 cells, a tumor cell line [56], where viability dropped
upon melatonin treatment.
Our study suggests a parallel modulation of p44/42, p38 and JNK by melatonin, with
probable competitive eventual consequences. In other words, handling of MAPK equilibrium could be an additional mechanism by which melatonin controls the proliferation of
PSCs. Evidence in favor of this assumption is derived from the experiments in which cell
viability dropped in cells treated with the inhibitors of p44/42 and p38.
It has been shown that activation of PSCs subjected to hypoxia occurs. A major marker
of PSC activation is the expression of α-sma [63]. Interestingly, melatonin decreases the
expression of this protein in myofibroblasts [64], endothelial cells [65], liver [66] or lung [67].
These observations support an antifibrogenic action of melatonin in these tissues. Our
results have shown that melatonin induced a slight decrease in α-sma content. One possible
explanation for the lack of a strong effect of melatonin on α-sma expression could be that
melatonin does not completely reverse the activated state of PSCs subjected to hypoxia.
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The development of fibrosis as a consequence of hypoxia is documented in pancreatic
cancer [68]. MMPs comprise a multigene family of endopeptidases that are involved
in remodeling of extracellular matrix during fibrosis. Moreover, MMPs are implicated
in pathological processes, including cancer [69]. The activity of these proteins plays a
pivotal role in tumor growth, invasion and metastasis [70,71]. Recent findings of our
group showed that PSCs subjected to hypoxia exhibited an increase in the expression of
MMP-2 [6]. Now we have shown that melatonin induced decreases in the expression
of MMP-2, MMP-3, MMP-9 and MMP-13 in PSCs subjected to hypoxia. It has been
suggested that, under hypoxia, PSCs release molecules that can act on neighboring cells
to modulate their physiology. This might be related to the growth and proliferation of
malignancy [72]. In addition, the migration capability of PSCs depends on the release of
signaling factors by themselves. Accumulation of substances released by activated PSCs
towards the extracellular medium can stimulate the activation of additional PSCs and other
cells in the neighborhood. Because these proteins play a pivotal role in fibrosis and in
cancer progression, our results show evidence in favor of a potential antifibrotic action of
melatonin. A decrease in the secretion of components that could influence the remodeling
of the extracellular matrix might be the basis of a putative action of melatonin to reduce
the progression of abnormal tissue within the pancreas under hypoxia.
Taking into account the slight drop in cellular proliferation that was noted in the
presence of melatonin under hypoxia, which might be related to the changes observed in
the other biomarkers that we have studied, we could argue that melatonin might induce
a putative lower activated state of PSCs. However, we cannot assure that cells reached
complete quiescence. In a previous study by Estaras et al. [6], we showed that proliferation
of PSCs was increased by 29% and that the expression of cyclin D was increased by 50% in
cells subjected to hypoxia only, in comparison with the values detected in cells incubated
in normoxia. Furthermore, the phosphorylation of JNK was increased in hypoxia by 20%,
whereas the phosphorylation of p38 and of p44/42 dropped by 38% and 33%, respectively,
with respect to the levels detected in cells incubated in normoxia. Additionally, in PSCs
incubated under hypoxia, the expression of MMP-2, MMP-3, MMP-9 and MMP-13 was
increased by 63%, 236%, 18% and 98.5%, respectively, in comparison with the values
achieved in cells incubated in normoxia. All these previous observations are interesting,
because our present results show effects of melatonin that are contrary to those observed
in PSCs subjected to hypoxia only [6] and, hence, might support potential proquiescent
effects of melatonin.
Altogether, our observations agree with the antiproliferative effects of melatonin
that have been shown in pancreatic tumor cells [22] and in activated PSCs [19–21], the
latter being cultured under normoxic conditions. Moreover, our results suggest that these
effects also occur in hypoxia, a condition under which PSCs proliferate actively. The
concentrations of melatonin that we have used fall within a range over that found in blood
and, therefore, could be considered pharmacological and not physiological. However,
melatonin is synthesized in various tissues, including the gastrointestinal system, where it
could work in an autocrine or paracrine manner. This means that, in these tissues, melatonin
could reach concentrations that are higher than those found in blood. Accordingly, the
concentrations of melatonin found in blood cannot strictly define the local concentrations
of melatonin that are considered physiological, because the latter have not been defined to
date [73–76]. Concentrations of melatonin in the range of those employed in the present
study have been used previously in healthy cells. In pancreatic acinar cells, melatonin
stimulated the synthesis of antioxidant enzymes through Nrf2. This was considered a
protective action of melatonin on healthy cells [77]. Additionally, melatonin protected
pancreatic acinar cells against overstimulation with the secretagogue cholecystokinin,
avoiding accumulation of Ca2+ in the cytosol and modulating amylase release [78,79].
Thus, pharmacological concentrations of melatonin might be useful in the therapy of
pancreatic illnesses. Hypothetically, our results might have translational value to the clinic.
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However, in vivo studies need to be conducted to ascertain whether melatonin exerts the
effects that have been observed in vitro.
The hypoxic response and the circadian clock exhibit reciprocal regulation. It has
been suggested that hypoxia is gated by the circadian clock in vivo. In addition, hypoxia
conversely regulates the clock genes by slowing the circadian cycle and smoothening
the amplitude of oscillations. Hypoxia-inducible factor 1 is the key factor in charge of
this regulation [80]. Moreover, metabolic adaptation to hypoxia elevates acid production
within the tumor microenvironment. The acid produced during the cellular metabolic
response to hypoxia suppresses the circadian clock through diminished translation of clock
constituents. Suppression of the molecular clock’s oscillation affects the circadian transcriptome involving silencing of rapamycin complex 1 (mTORC1) signaling [81]. Another
study revealed that O2 use and management of its byproducts (ROS) exhibit circadian
variation due to changes in activity and metabolism during the day vs. the night. Thus, the
metabolic products generated under hypoxia are among the most important physiological
regulators of cellular differentiation/dedifferentiation. It is well known that blood flow is
disrupted in tumors. As a consequence, transport of O2 or endocrine circadian regulators
to the cells acquires key importance for circadian disruption and hypoxia in tumors. This
is the reason why it has been suggested that circadian rhythms and hypoxia are involved
in tumor growth and metastasis [82].
Finally, immune-based therapeutic strategies could be used to enhance PDAC cytotoxicity in order to restore immunity, which is disturbed in PDAC. In this line, the combination
of melatonin with well-known immune-targeting agents hitting the microenvironment
might reinforce the actions of treatments against fibrosis in PDAC [83]. In addition to
immune modulation, other intracellular pathways could be used to modulate fibrosis. In
this line, challenging the PI3K/mTOR pathway using inhibitors has been proposed to be
a valuable tool for the treatment of cancer [84]. Modulation of the PI3K/mTOR pathway
might enhance the therapeutic efficacy of melatonin by adding a significant antifibrosis
effect. This could represent a line for future research.
4. Materials and Methods
4.1. Chemicals
Collagenase was obtained from Worthington Biochemical Corporation (Labclinics,
Madrid, Spain). Cell Lytic for cell lysis and protein solubilization, crystal violet, protease
inhibitor cocktail (Complete, EDTA-free), thapsigargin and Tween-20 were purchased from
Sigma Chemicals Co. (Madrid, Spain). Fetal bovine serum, Hank’s balanced salts (HBSS),
horse serum, medium 199 and SuperSignal West Femto were obtained from Fisher Scientific
Inc. (Madrid, Spain). Polystyrene plates for cell culture were obtained from Thermo Fisher
Sci. (Madrid, Spain). Penicillin/streptomycin was purchased from BioWhittaker (Lonza,
Basel, Switzerland). Acrylamide, Bradford´s reagent, Tris/glycine/SDS buffer (10×) and
Tris/glycine buffer (10×) were from Bio-Rad (Madrid, Spain). 5-Bromo-2-deoxyuridine
(BrdU) cell proliferation assay kit was purchased from BioVision (Deltaclon S.L., Madrid,
Spain). SB203580 and U0126 were obtained from Tocris (Biogen Científica, Madrid, Spain).
Species-specific HRP-conjugated secondary antibodies were purchased from Thermo Fisher
Sci. (Madrid, Spain). All other analytical-grade chemicals used were obtained from Sigma
Chemicals Co. (Madrid, Spain).
4.2. Culture of Pancreatic Stellate Cells
PSCs were prepared and cultured using methods described previously. With the
procedure employed, an enriched culture of activated PSCs with no contamination of
other cell types was obtained [21]. The pancreas was obtained from Wistar rat pups
(4–5 days after birth). Briefly, the pancreas was subjected to enzymatic digestion with a
physiological buffer containing 130 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl2 , 1 mM MgCl2 ,
1.2 mM KH2 PO4 , 10 mM glucose, 10 mM HEPES, 0.01% trypsin inhibitor (soybean) and
0.2% bovine serum albumin (pH = 7.4 adjusted with NaOH) that was supplemented with
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30 units/mL collagenase from Worthington. After centrifugation (30× g for 5 min at 4 ◦ C) to
remove the supernatant with the enzyme, culture medium was added to the pellet. Culture
medium consisted of medium 199 supplemented with 4% horse serum, 10% FBS, a mixture
of antibiotics (0.1 mg/mL streptomycin, 100 IU penicillin) and 1 mM NaHCO3 . Next,
mechanical dissociation of the cells was carried out by gently pipetting the cell suspension
through tips of decreasing diameter. After centrifugation, cells were resuspended in culture
medium. Finally, cells were seeded on different substrates depending on the studies to be
carried out (round glass coverslips, 100 mm diameter Petri dishes, or multiwell polystyrene
plates) and grown in a humidified incubator at 37 ◦ C and 5% CO2 . The experiments were
carried out employing batches of cells obtained from different preparations. The number
of passages of the cells was kept to a minimum (at most one passage was performed). The
animals were supplied by the animal house of the University of Extremadura (Caceres,
Spain). Handling of animals and the experimental protocols used were approved and
performed according to the guidelines of the Ethical Committee for Animal Research
of the University of Extremadura (identification code 44/2016; 14 July 2016) and the
General Directorate of Agriculture and Livestock-Junta de Extremadura (identification
code 20160810; 10 August 2016). The mentioned guidelines comply with EU bioethical law.
4.3. Induction of Hypoxia
Hypoxia was induced by incubation of cells in a low-O2 (1%) atmosphere [6]. An incubator chamber (Okolab; Izasa Scientific, Madrid, Spain) was employed. Temperature
(37 ◦ C), humidity (90%) and air atmosphere (content of 1% O2 /5% CO2 /94% N2 ) were
electronically controlled.
4.4. Determination of Cell Viability and Proliferation
The crystal violet test was used to study the effect of treatments on cell viability [6].
Briefly, after treatment of cells with drugs, cells were washed with cold standard PBS
and fixed with 4% paraformaldehyde (15 min at room temperature, 23–25 ◦ C). Next, the
cells were stained by incubation in the presence of 0.1% crystal violet (20 min at room
temperature, 23–25 ◦ C). This incubation was followed by washing with distilled water.
Thereafter, water was removed, the wells were allowed to air dry and then 10% acetic
acid was added to each well of the plate. Finally, the absorbance of each sample was
measured at 590 nm employing a plate reader (CLARIOstar Plus, BMG Labtech., C-Viral,
Madrid, Spain).
Cell proliferation was further analyzed by detection of BrdU incorporation into the
DNA of growing cells as shown previously [19]. For this purpose, a commercially available
kit (BrdU Cell Proliferation Assay Kit, from Biovision) was used. The protocol used was
that suggested by the manufacturer. Absorbance of the samples was measured at 650 and
450 nm employing a plate reader (CLARIOstar Plus, BMG Labtech., C-Viral, Madrid, Spain).
Cells were subjected to drugs, and cellular viability or proliferation was compared
with that of nontreated cells (subjected to hypoxia, but incubated in the absence of drugs).
Data are shown as the mean change of absorbance expressed in percentage ± SEM (n)
with respect to cells subjected to hypoxia in the absence of drugs (nontreated cells; n is the
number of independent experiments).
Cell proliferation was further studied by detection of the expression of cyclin A and
cyclin D and by detection of phosphorylation of MAPKs (p44/42, p38 and JNK). These determinations were carried out by Western blotting analysis, employing specific antibodies
against respective proteins. Values are expressed as the mean ± SEM of normalized values
expressed as percentage vs. the level of the respective protein found in cells subjected to
hypoxia in the absence of drugs (nontreated cells; n is the number of independent experiments).
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4.5. Determination of Apoptosis
Induction of apoptosis was detected by determination of capase-3 activation. Caspase3 activation was determined employing previously described methods [19]. The cellpermeant substrate CellEvent Caspase-3/7 Green was used. This detection reagent consists
of a four amino acid peptide (DEVD) conjugated to a nucleic acid binding dye. This
cell-permeant substrate is intrinsically nonfluorescent because the DEVD peptide inhibits
the ability of the dye to bind to DNA. After activation of caspase-3 in apoptotic cells,
the DEVD peptide is cleaved, enabling the dye to bind to DNA and produce a bright,
fluorogenic response with absorption/emission maxima of 502/530 nm. Samples were
diluted in standard PBS to a final concentration 5 × 106 cells /mL. The cells were stained
with 1µL CellEvent Caspase-3/7 Green Detection Reagent (2 mM stock solution) and 1 µL
of Hoechst 33342 (16.2 mM stock solution). After thorough mixing, the cell suspension
was incubated at room temperature (23–25 ◦ C) in the dark for 25 min; then, cells were
loaded with 1 µL ethidium homodimer (1.167 mM in DMSO) and incubated for a further
5 min. Next, the samples were immediately run on the flow cytometer. The controls
consisted of unstained and single-stained controls to properly set gates and compensations.
Quantification of the fluorogenic response was performed by flow cytometry (Cytoflex
flow cytometer; Beckman Coulter, Brea, CA, USA), with absorption/emission maxima
of 502/530 nm. Unstained, single-stained, and fluorescence minus one (FMO) controls
were used to determine compensations and positive and negative events, as well as to
establish regions of interest. FlowJoV 10.4.1 Software (Ashland, OR, USA) was used for
the analysis. Data are expressed in percentage of increase ± SEM (n) with respect to
cells subjected to hypoxia in the absence of drugs (nontreated cells; n is the number of
independent experiments).
4.6. Determination of Endoplasmic Reticulum Stress
Activation of endoplasmic reticulum (ER) stress leads to the expression of certain
proteins that can be detected by Western blotting. Several markers of ER stress were
detected: BiP/GRP78, phospho-eIF2α and ATF-4. Specific antibodies against the respective protein were used. Data are expressed in percentage ± SEM (n) with respect to
cells subjected to hypoxia in the absence of drugs (nontreated cells; n is the number of
independent experiments).
4.7. Western Blot Analysis
Western blotting analysis was employed for the determination of protein expression
and/or phosphorylation, as described previously [22]. In brief, protein lysates (12 µg/lane)
of each sample were separated by SDS-PAGE, using 10% polyacrylamide gels, and were
transferred to nitrocellulose membranes. After blocking, the membranes were incubated
overnight with the desired specific primary antibody. The list of primary antibodies that
were used can be found in Table 1. After washing, the membranes were incubated for
1 h with the corresponding species-specific HRP-conjugated secondary antibody. Western
blot was revealed and the bands were detected using Syngene GBOX Chemi-XX9 Gel
Documentation System (C-Viral, Madrid, Spain). The software Image J (http://imagej.nih.
gov/ij/; accessed on 4 December 2020) was used for quantification of the intensity of the
bands [85]. Values are expressed as the mean ± SEM of normalized values expressed as
percentage vs. nontreated cells.
4.8. Statistical Analysis
Normality of data was analyzed using Shapiro–Wilk test. Statistical analysis was
performed by Mann–Whitney U test, and only p values < 0.05 were considered statistically
significant. The software employed was GraphPad Prism (version 6.01). For individual
comparisons and statistics between individual treatments, we employed the Student’s
t-test, and only p values < 0.05 were considered statistically significant.
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Table 1. Primary antibodies used in the study.
Antibody

Dilution

Supplier

ATF-4
β-Actin HRP-conjugated
BiP
Cyclin A
Cyclin D
MMP-2
MMP-3
MMP-9
MMP-13
p-eIF2α
eIF2α
p-JNK
JNK
p-p38
p38
p-p44/42
p44/42
α-sma

1:2000
1:50000
1:2000
1:2000
1:10000
1:2000
1:2000
1:2000
1:2000
1:2000
1:1000
1:1000
1:1000
1:1000
1:1000
1:2000
1:2000
1:1000

Abcam
Thermo Fisher
Cell Signaling
Thermo Fisher
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Thermo Fisher

The primary antibodies listed were specific for each protein. The detection of the desired protein was carried out
by Western blotting analysis, as described in Section 4. Thermo Fisher (Madrid, Spain); Abcam plc (Cambridge,
UK); Cell Signaling (C-Viral, Madrid, Spain).

5. Conclusions
In summary, melatonin decreased the viability and proliferation of PSCs, which we
have recently shown to be stimulated under hypoxia. Proliferating PSCs might contribute to
the growth of malignant cells and, thus, could lead to the growth of abnormal tissue within
a damaged pancreas. The effects that we have reported could be based on a proapoptotic
action of melatonin. Moreover, a certain level of ER stress and major members of the MAPK
family could be involved in the antiproliferative actions of melatonin. In addition, the cell
cycle could be repressed, leading to a lower cellular proliferation. Finally, a decrease in the
release of MMPs could contribute to the actions of melatonin. A summary of our findings
can be seen in Figure 7. Because PSCs play a pivotal role in the fibrotic reaction that takes
place in inflammation or cancer in the pancreas, where hypoxia exists, the conditions
created by melatonin might slow down the proliferation of PSCs. This could control the
fibrotic processes that can evolve under hypoxia and that could contribute to the survival
and development of transformed epithelia within the pancreas. Our findings, therefore,
support probable antiproliferative mechanisms by which melatonin could modulate fibrosis
within the pancreas. Melatonin could thus serve as an aid in the strategies directed to
control the development of fibrotic tissue within tumors and might help in the therapy
of cancer.
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Moreover,
our findings
support former results obtained in other cell types of the pancreas, with which we have
worked in the past: acinar cells, which were protected in the presence of melatonin, and
tumor cells, which exhibited apoptosis in the presence of melatonin. The limitations of
our study refer to the fact that we performed an in vitro study. In vivo studies need to be
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carried out in order to confirm the results obtained in vitro. Additionally, the involvement
of other intracellular pathways and/or adaptations of metabolism in the cellular responses
to melatonin needs to be further explored.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22115555/s1, Figure S1: Detection of ER stress markers in PSCs subjected to normoxia or
to hypoxia only. Supplementary material: original, uncropped and unadjusted images for blots.
Author Contributions: A.G.—Designed the study and wrote the manuscript. M.E. (Matias Estaras),
M.R.G.-P.—Acquisition and data analysis, interpreted and discussed results, reviewed and edited
the manuscript. V.R.—Interpreted and discussed results, reviewed and edited the manuscript.
M.F.-B., J.M.M., D.V., G.B.-F., D.L.-G.—Suggested parts of the manuscript, reviewed and edited the
manuscript. G.M.S.—Suggested discussion parts, reviewed and edited the manuscript. All authors
have read and agreed to the published version of the manuscript.
Funding: This study was partly funded by Ministerio de Economía y Competitividad (BFU201679259-R), Ministerio de Ciencia, Innovación y Universidades (EQC2018-004646-P) and Junta de
Extremadura-FEDER (GR18070). Mr. Matias Estaras was supported by a pre-doctoral fellowship
of Valhondo Calaff Foundation. The funding sources had no role in study design; in the collection,
analysis and interpretation of data; in the writing of the report; or in the decision to submit the paper
for publication.
Institutional Review Board Statement: Handling of animals and the experimental protocols applied
were approved and performed according to the guidelines of the Ethical Committee for Animal
Research of the University of Extremadura (reference 44/2016) and the Institutional Committee of
the Junta de Extremadura (reference 20160810).
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available from the corresponding author upon reasonable request.
Acknowledgments: The authors would like to thank Ana Moreno for her excellent technical support.
Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1.
2.
3.
4.
5.

6.

7.

8.
9.

10.

Jin, G.; Hong, W.; Guo, Y.; Bai, Y.; Chen, B. Molecular Mechanism of Pancreatic Stellate Cells Activation in Chronic Pancreatitis
and Pancreatic Cancer. J. Cancer 2020, 11, 1505–1515. [CrossRef]
Thomas, D.; Radhakrishnan, P. Pancreatic Stellate Cells: The Key Orchestrator of The Pancreatic Tumor Microenvironment. Adv.
Exp. Med. Biol. 2020, 1234, 57–70. [CrossRef] [PubMed]
Zinger, A.; Koren, L.; Adir, O.; Poley, M.; Alyan, M.; Yaari, Z.; Noor, N.; Krinsky, N.; Simon, A.; Gibori, H.; et al. Collagenase
Nanoparticles Enhance the Penetration of Drugs into Pancreatic Tumors. ACS Nano 2019, 13, 11008–11021. [CrossRef]
Flores-Martinez, A.; Garcia-Nunez, A.; Rojas, A.; Cano, D.A. Stabilization of HIF-2alpha impacts pancreas growth. Sci. Rep. 2018,
8, 13713. [CrossRef]
Nan, X.; Wang, J.; Cheng, H.; Yin, Z.; Sheng, J.; Qiu, B.; Lau, C.C.; Yustein, J.T.; Zhao, H.; Wong, S.T.C. Imatinib revives the
therapeutic potential of metformin on ewing sarcoma by attenuating tumor hypoxic response and inhibiting convergent signaling
pathways. Cancer Lett. 2020, 469, 195–206. [CrossRef] [PubMed]
Estaras, M.; Martinez-Morcillo, S.; Garcia, A.; Martinez, R.; Estevez, M.; Perez-Lopez, M.; Miguez, M.P.; Fernandez-Bermejo, M.;
Mateos, J.M.; Vara, D.; et al. Pancreatic stellate cells exhibit adaptation to oxidative stress evoked by hypoxia. Biol. Cell 2020, 112,
280–299. [CrossRef]
Erkan, M.; Reiser-Erkan, C.; Michalski, C.W.; Deucker, S.; Sauliunaite, D.; Streit, S.; Esposito, I.; Friess, H.; Kleeff, J. Cancer-stellate
cell interactions perpetuate the hypoxia-fibrosis cycle in pancreatic ductal adenocarcinoma. Neoplasia 2009, 11, 497–508. [CrossRef]
[PubMed]
McGarry, T.; Biniecka, M.; Veale, D.J.; Fearon, U. Hypoxia, oxidative stress and inflammation. Free Radic. Biol. Med. 2018, 125,
15–24. [CrossRef] [PubMed]
Liu, L.; Salnikov, A.V.; Bauer, N.; Aleksandrowicz, E.; Labsch, S.; Nwaeburu, C.; Mattern, J.; Gladkich, J.; Schemmer, P.; Werner,
J.; et al. Triptolide reverses hypoxia-induced epithelial-mesenchymal transition and stem-like features in pancreatic cancer by
NF-kappaB downregulation. Int. J. Cancer 2014, 134, 2489–2503. [CrossRef] [PubMed]
Porcelli, L.; Iacobazzi, R.M.; Di Fonte, R.; Serrati, S.; Intini, A.; Solimando, A.G.; Brunetti, O.; Calabrese, A.; Leonetti, F.; Azzariti,
A.; et al. CAFs and TGF-beta Signaling Activation by Mast Cells Contribute to Resistance to Gemcitabine/Nabpaclitaxel in
Pancreatic Cancer. Cancers (Basel) 2019, 11, 330. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 5555

11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

20 of 22

Zhang, J.J.; Meng, X.; Li, Y.; Zhou, Y.; Xu, D.P.; Li, S.; Li, H.B. Effects of Melatonin on Liver Injuries and Diseases. Int. J. Mol. Sci.
2017, 18, 673. [CrossRef] [PubMed]
Zhou, N.; Wei, Z.X.; Qi, Z.X. Inhibition of autophagy triggers melatonin-induced apoptosis in glioblastoma cells. BMC Neurosci.
2019, 20, 1–12. [CrossRef] [PubMed]
Liu, P.; Xie, X.; Yang, A.; Kong, Y.; Allen-Gipson, D.; Tian, Z.; Zhou, L.; Tang, H.; Xie, X. Melatonin Regulates Breast Cancer
Progression by the lnc010561/miR-30/FKBP3 Axis. Mol. Ther. Nucleic Acids 2020, 19, 765–774. [CrossRef]
Mirza-Aghazadeh-Attari, M.; Mohammadzadeh, A.; Mostavafi, S.; Mihanfar, A.; Ghazizadeh, S.; Sadighparvar, S.; Gholamzadeh,
S.; Majidinia, M.; Yousefi, B. Melatonin: An important anticancer agent in colorectal cancer. J. Cell Physiol. 2020, 235, 804–817.
[CrossRef] [PubMed]
Yang, Y.C.; Chiou, P.C.; Chen, P.C.; Liu, P.Y.; Huang, W.C.; Chao, C.C.; Tang, C.H. Melatonin reduces lung cancer stemness
through inhibiting of PLC, ERK, p38, beta-catenin, and Twist pathways. Environ. Toxicol. 2019, 34, 203–209. [CrossRef]
Chen, C.C.; Chen, C.Y.; Wang, S.H.; Yeh, C.T.; Su, S.C.; Ueng, S.H.; Chuang, W.Y.; Hsueh, C.; Wang, T.H. Melatonin Sensitizes
Hepatocellular Carcinoma Cells to Chemotherapy Through Long Non-Coding RNA RAD51-AS1-Mediated Suppression of DNA
Repair. Cancers (Basel) 2018, 10, 320. [CrossRef]
Li, W.; Wu, J.; Li, Z.; Zhou, Z.; Zheng, C.; Lin, L.; Tan, B.; Huang, M.; Fan, M. Melatonin induces cell apoptosis in Mia PaCa-2 cells
via the suppression of nuclear factor-kappaB and activation of ERK and JNK: A novel therapeutic implication for pancreatic
cancer. Oncol. Rep. 2016, 36, 2861–2867. [CrossRef]
Estaras, M.; Moreno, N.; Santofimia-Castano, P.; Martinez-Morcillo, S.; Roncero, V.; Blanco, G.; Lopez, D.; Fernandez-Bermejo, M.;
Mateos, J.M.; Iovanna, J.L.; et al. Melatonin induces reactive oxygen species generation and changes in glutathione levels and
reduces viability in human pancreatic stellate cells. J. Physiol. Biochem. 2019, 75, 185–197. [CrossRef]
Estaras, M.; Pena, F.J.; Tapia, J.A.; Fernandez-Bermejo, M.; Mateos, J.M.; Vara, D.; Roncero, V.; Blanco, G.; Lopez, D.; Salido, G.M.;
et al. Melatonin modulates proliferation of pancreatic stellate cells through caspase-3 activation and changes in cyclin A and D
expression. J. Physiol. Biochem. 2020, 76, 345–355. [CrossRef]
Gonzalez, A.; Estaras, M.; Martinez-Morcillo, S.; Martinez, R.; Garcia, A.; Estevez, M.; Santofimia-Castano, P.; Tapia, J.A.; Moreno,
N.; Perez-Lopez, M.; et al. Melatonin modulates red-ox state and decreases viability of rat pancreatic stellate cells. Sci. Rep. 2020,
10, 6352–6356. [CrossRef]
Santofimia-Castano, P.; Garcia-Sanchez, L.; Ruy, D.C.; Sanchez-Correa, B.; Fernandez-Bermejo, M.; Tarazona, R.; Salido, G.M.;
Gonzalez, A. Melatonin induces calcium mobilization and influences cell proliferation independently of MT1/MT2 receptor
activation in rat pancreatic stellate cells. Cell Biol. Toxicol. 2015, 31, 95–110. [CrossRef] [PubMed]
Gonzalez, A.; del Castillo-Vaquero, A.; Miro-Moran, A.; Tapia, J.A.; Salido, G.M. Melatonin reduces pancreatic tumor cell viability
by altering mitochondrial physiology. J. Pineal Res. 2011, 50, 250–260. [CrossRef]
Nath, R.; Raser, K.J.; Hajimohammadreza, I.; Wang, K.K. Thapsigargin induces apoptosis in SH-SY5Y neuroblastoma cells and
cerebrocortical cultures. Biochem. Mol. Biol. Int. 1997, 43, 197–205. [CrossRef]
Roskoski, R. Cyclin-dependent protein kinase inhibitors including palbociclib as anticancer drugs. Pharmacol. Res. 2016, 107,
249–275. [CrossRef]
Thakur, N.; Kumari, S.; Mehrotra, R. Association between Cyclin D1 G870A (rs9344) polymorphism and cancer risk in Indian
population: Meta-analysis and trial sequential analysis. Biosci. Rep. 2018, 38. [CrossRef]
Mohamed, E.; Cao, Y.; Rodriguez, P.C. Endoplasmic reticulum stress regulates tumor growth and anti-tumor immunity: A
promising opportunity for cancer immunotherapy. Cancer Immunol. Immunother. 2017, 66, 1069–1078. [CrossRef] [PubMed]
Fernandez, A.; Ordonez, R.; Reiter, R.J.; Gonzalez-Gallego, J.; Mauriz, J.L. Melatonin and endoplasmic reticulum stress: Relation
to autophagy and apoptosis. J. Pineal Res. 2015, 59, 292–307. [CrossRef] [PubMed]
Lee, A.S. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic reticulum stress. Methods 2005, 35,
373–381. [CrossRef] [PubMed]
Liu, Z.C.; Fu, Z.Q.; Song, J.; Zhang, J.Y.; Wei, Y.P.; Chu, J.; Han, L.; Qu, N.; Wang, J.Z.; Tian, Q. Bip enhanced the association of
GSK-3beta with tau during ER stress both in vivo and in vitro. J. Alzheimers Dis. 2012, 29, 727–740. [CrossRef] [PubMed]
Jaworek, J.; Leja-Szpak, A. Melatonin influences pancreatic cancerogenesis. Histol. Histopathol. 2014, 29, 423–431. [CrossRef]
[PubMed]
Dahmer, M.K. Caspases-2, -3, and -7 are involved in thapsigargin-induced apoptosis of SH-SY5Y neuroblastoma cells. J. Neurosci.
Res. 2005, 80, 576–583. [CrossRef] [PubMed]
Chen, C.; Nelson, L.J.; Avila, M.A.; Cubero, F.J. Mitogen-Activated Protein Kinases (MAPKs) and Cholangiocarcinoma: The
Missing Link. Cells 2019, 8, 1172. [CrossRef] [PubMed]
McCarroll, J.A.; Phillips, P.A.; Santucci, N.; Pirola, R.C.; Wilson, J.S.; Apte, M.V. Vitamin A inhibits pancreatic stellate cell
activation: Implications for treatment of pancreatic fibrosis. Gut 2006, 55, 79–89. [CrossRef] [PubMed]
Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Biol. 2014,
15, 786–801. [CrossRef]
Knapinska, A.M.; Estrada, C.A.; Fields, G.B. The Roles of Matrix Metalloproteinases in Pancreatic Cancer. Prog. Mol. Biol. Transl.
Sci. 2017, 148, 339–354. [CrossRef]
Li, Y.; Song, T.; Chen, Z.; Wang, Y.; Zhang, J.; Wang, X. Pancreatic Stellate Cells Activation and Matrix Metallopeptidase 2
Expression Correlate With Lymph Node Metastasis in Pancreatic Carcinoma. Am. J. Med. Sci. 2019, 357, 16–22. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 5555

37.
38.
39.
40.
41.

42.
43.
44.

45.
46.

47.
48.

49.
50.
51.

52.
53.

54.
55.
56.

57.
58.
59.
60.
61.

62.

21 of 22

Thomas, D.; Radhakrishnan, P. Tumor-stromal crosstalk in pancreatic cancer and tissue fibrosis. Mol. Cancer 2019, 18, 14.
[CrossRef]
Xiao, Y.; Zhang, H.; Ma, Q.; Huang, R.; Lu, J.; Liang, X.; Liu, X.; Zhang, Z.; Yu, L.; Pang, J.; et al. YAP1-mediated pancreatic stellate
cell activation inhibits pancreatic cancer cell proliferation. Cancer Lett. 2019, 462, 51–60. [CrossRef]
Yu, L.; Li, J.J.; Liang, X.L.; Wu, H.; Liang, Z. PSME3 Promotes TGFB1 Secretion by Pancreatic Cancer Cells to Induce Pancreatic
Stellate Cell Proliferation. J. Cancer 2019, 10, 2128–2138. [CrossRef]
Erkan, M.; Kurtoglu, M.; Kleeff, J. The role of hypoxia in pancreatic cancer: A potential therapeutic target? Expert Rev. Gastroenterol.
Hepatol. 2016, 10, 301–316. [CrossRef]
Birtolo, C.; Pham, H.; Morvaridi, S.; Chheda, C.; Go, V.L.; Ptasznik, A.; Edderkaoui, M.; Weisman, M.H.; Noss, E.; Brenner, M.B.;
et al. Cadherin-11 Is a Cell Surface Marker Up-Regulated in Activated Pancreatic Stellate Cells and Is Involved in Pancreatic
Cancer Cell Migration. Am. J. Pathol. 2017, 187, 146–155. [CrossRef] [PubMed]
Manohar, M.; Verma, A.K.; Venkateshaiah, S.U.; Sanders, N.L.; Mishra, A. Pathogenic mechanisms of pancreatitis. World J.
Gastrointest Pharmacol. Ther. 2017, 8, 10–25. [CrossRef] [PubMed]
Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–1437.
[CrossRef]
Chao, C.C.; Chen, P.C.; Chiou, P.C.; Hsu, C.J.; Liu, P.I.; Yang, Y.C.; Reiter, R.J.; Yang, S.F.; Tang, C.H. Melatonin suppresses lung
cancer metastasis by inhibition of epithelial-mesenchymal transition through targeting to Twist. Clin. Sci. (Lond.) 2019, 133,
709–722. [CrossRef] [PubMed]
Odeh, L.H.; Talib, W.H.; Basheti, I.A. Synergistic effect of thymoquinone and melatonin against breast cancer implanted in mice. J.
Cancer Res. Ther. 2018, 14, S324–S330. [CrossRef] [PubMed]
Wang, T.H.; Hsueh, C.; Chen, C.C.; Li, W.S.; Yeh, C.T.; Lian, J.H.; Chang, J.L.; Chen, C.Y. Melatonin Inhibits the Progression of
Hepatocellular Carcinoma through MicroRNA Let7i-3p Mediated RAF1 Reduction. Int. J. Mol. Sci. 2018, 19, 2687. [CrossRef]
[PubMed]
Tamtaji, O.R.; Mirhosseini, N.; Reiter, R.J.; Behnamfar, M.; Asemi, Z. Melatonin and pancreatic cancer: Current knowledge and
future perspectives. J. Cell Physiol. 2019, 234, 5372–5378. [CrossRef] [PubMed]
Moore, P.C.; Qi, J.Y.; Thamsen, M.; Ghosh, R.; Peng, J.; Gliedt, M.J.; Meza-Acevedo, R.; Warren, R.E.; Hiniker, A.; Kim, G.E.; et al.
Parallel Signaling through IRE1alpha and PERK Regulates Pancreatic Neuroendocrine Tumor Growth and Survival. Cancer Res.
2019, 79, 6190–6203. [CrossRef] [PubMed]
Iurlaro, R.; Munoz-Pinedo, C. Cell death induced by endoplasmic reticulum stress. FEBS J. 2016, 283, 2640–2652. [CrossRef]
Kim, H.S.; Han, T.Y.; Yoo, Y.M. Melatonin-Mediated Intracellular Insulin during 2-Deoxy-d-glucose Treatment Is Reduced through
Autophagy and EDC3 Protein in Insulinoma INS-1E Cells. Oxid. Med. Cell Longev. 2016, 2016, 2594703. [CrossRef]
Moreira, A.J.; Ordonez, R.; Cerski, C.T.; Picada, J.N.; Garcia-Palomo, A.; Marroni, N.P.; Mauriz, J.L.; Gonzalez-Gallego, J. Melatonin
Activates Endoplasmic Reticulum Stress and Apoptosis in Rats with Diethylnitrosamine-Induced Hepatocarcinogenesis. PLoS
ONE 2015, 10, e0144517. [CrossRef] [PubMed]
Yun, C.W.; Kim, S.; Lee, J.H.; Lee, S.H. Melatonin Promotes Apoptosis of Colorectal Cancer Cells via Superoxide-mediated ER
Stress by Inhibiting Cellular Prion Protein Expression. Anticancer Res. 2018, 38, 3951–3960. [CrossRef] [PubMed]
Reader, C.S.; Vallath, S.; Steele, C.W.; Haider, S.; Brentnall, A.; Desai, A.; Moore, K.M.; Jamieson, N.B.; Chang, D.; Bailey, P.; et al.
The integrin alphavbeta6 drives pancreatic cancer through diverse mechanisms and represents an effective target for therapy. J.
Pathol. 2019, 249, 332–342. [CrossRef] [PubMed]
Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 2012,
13, 89–102. [CrossRef] [PubMed]
Wang, J.L.; Ren, C.H.; Feng, J.; Ou, C.H.; Liu, L. Oleanolic acid inhibits mouse spinal cord injury through suppressing inflammation
and apoptosis via the blockage of p38 and JNK MAPKs. Biomed. Pharmacother. 2020, 123, 109752. [CrossRef] [PubMed]
Carbajo-Pescador, S.; Garcia-Palomo, A.; Martin-Renedo, J.; Piva, M.; Gonzalez-Gallego, J.; Mauriz, J.L. Melatonin modulation of
intracellular signaling pathways in hepatocarcinoma HepG2 cell line: Role of the MT1 receptor. J. Pineal Res. 2011, 51, 463–471.
[CrossRef]
Cao, X.; Fang, X.; Malik, W.S.; He, Y.; Li, X.; Xie, M.; Sun, W.; Xu, Y.; Liu, X. TRB3 interacts with ERK and JNK and contributes to
the proliferation, apoptosis, and migration of lung adenocarcinoma cells. J. Cell Physiol. 2020, 235, 538–547. [CrossRef]
Chan, K.K.; Leung, C.O.; Wong, C.C.; Ho, D.W.; Chok, K.S.; Lai, C.L.; Ng, I.O.; Lo, R.C. Secretory Stanniocalcin 1 promotes
metastasis of hepatocellular carcinoma through activation of JNK signaling pathway. Cancer Lett. 2017, 403, 330–338. [CrossRef]
Choi, J.H.; Ji, Y.G.; Ko, J.J.; Cho, H.J.; Lee, D.H. Activating P2X7 Receptors Increases Proliferation of Human Pancreatic Cancer
Cells via ERK1/2 and JNK. Pancreas 2018, 47, 643–651. [CrossRef]
Karatug Kacar, A.; Bolkent, S. Vitronectin, fibronectin and epidermal growth factor induce proliferation via the JNK and ERK
pathways in insulinoma INS-1 cells. Cytotechnology 2019, 71, 209–217. [CrossRef]
Xiao, B.; Chen, D.; Luo, S.; Hao, W.; Jing, F.; Liu, T.; Wang, S.; Geng, Y.; Li, L.; Xu, W.; et al. Extracellular translationally controlled
tumor protein promotes colorectal cancer invasion and metastasis through Cdc42/JNK/ MMP9 signaling. Oncotarget 2016, 7,
50057–50073. [CrossRef] [PubMed]
Guo, F.J.; Liu, Y.; Zhou, J.; Luo, S.; Zhao, W.; Li, X.; Liu, C. XBP1S protects cells from ER stress-induced apoptosis through Erk1/2
signaling pathway involving CHOP. Histochem. Cell Biol. 2012, 138, 447–460. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 5555

63.
64.
65.
66.

67.

68.
69.

70.
71.
72.

73.
74.
75.

76.

77.

78.
79.

80.
81.
82.
83.

84.

85.

22 of 22

Kim, J.J.; Lee, E.; Ryu, G.R.; Ko, S.H.; Ahn, Y.B.; Song, K.H. Hypoxia Increases beta-Cell Death by Activating Pancreatic Stellate
Cells within the Islet. Diabetes Metab. J. 2020, 44, 919–927. [CrossRef] [PubMed]
Li, N.; Wang, Z.; Gao, F.; Lei, Y.; Li, Z. Melatonin ameliorates renal fibroblast-myofibroblast transdifferentiation and renal fibrosis
through miR-21-5p regulation. J. Cell Mol. Med. 2020, 24, 5615–5628. [CrossRef] [PubMed]
Liu, F.; Zhang, S.; Xu, R.; Gao, S.; Yin, J. Melatonin Attenuates Endothelial-to-Mesenchymal Transition of Glomerular Endothelial
Cells via Regulating miR-497/ROCK in Diabetic Nephropathy. Kidney Blood Press Res. 2018, 43, 1425–1436. [CrossRef] [PubMed]
Crespo, I.; San-Miguel, B.; Fernandez, A.; Ortiz de Urbina, J.; Gonzalez-Gallego, J.; Tunon, M.J. Melatonin limits the expression
of profibrogenic genes and ameliorates the progression of hepatic fibrosis in mice. Transl. Res. 2015, 165, 346–357. [CrossRef]
[PubMed]
Zhao, H.; Wu, Q.Q.; Cao, L.F.; Qing, H.Y.; Zhang, C.; Chen, Y.H.; Wang, H.; Liu, R.Y.; Xu, D.X. Melatonin inhibits endoplasmic
reticulum stress and epithelial-mesenchymal transition during bleomycin-induced pulmonary fibrosis in mice. PLoS ONE 2014,
9, e97266. [CrossRef]
Kong, B.; Cheng, T.; Wu, W.; Regel, I.; Raulefs, S.; Friess, H.; Erkan, M.; Esposito, I.; Kleeff, J.; Michalski, C.W. Hypoxia-induced
endoplasmic reticulum stress characterizes a necrotic phenotype of pancreatic cancer. Oncotarget 2015, 6, 32154–32160. [CrossRef]
Popov, T.M.; Stancheva, G.; Goranova, T.E.; Rangachev, J.; Konov, D.; Todorov, S.; Stoyanov, O.; Kaneva, R.P.; Popova, D. Strong
Correlation Between mRNA Expression Levels of HIF-2alpha, VEGFR1, VEGFR2 and MMP2 in Laryngeal Carcinoma. Pathol.
Oncol. Res. 2016, 22, 741–746. [CrossRef]
Gialeli, C.; Theocharis, A.D.; Karamanos, N.K. Roles of matrix metalloproteinases in cancer progression and their pharmacological
targeting. FEBS J. 2011, 278, 16–27. [CrossRef] [PubMed]
Hadler-Olsen, E.; Winberg, J.O.; Uhlin-Hansen, L. Matrix metalloproteinases in cancer: Their value as diagnostic and prognostic
markers and therapeutic targets. Tumour. Biol. 2013, 34, 2041–2051. [CrossRef]
Nielsen, N.; Kondratska, K.; Ruck, T.; Hild, B.; Kovalenko, I.; Schimmelpfennig, S.; Welzig, J.; Sargin, S.; Lindemann, O.; Christian,
S.; et al. TRPC6 channels modulate the response of pancreatic stellate cells to hypoxia. Pflugers Arch. 2017, 469, 1567–1577.
[CrossRef]
Acuna-Castroviejo, D.; Escames, G.; Venegas, C.; Diaz-Casado, M.E.; Lima-Cabello, E.; Lopez, L.C.; Rosales-Corral, S.; Tan, D.X.;
Reiter, R.J. Extrapineal melatonin: Sources, regulation, and potential functions. Cell Mol. Life Sci. 2014, 71, 2997–3025. [CrossRef]
Chen, C.Q.; Fichna, J.; Bashashati, M.; Li, Y.Y.; Storr, M. Distribution, function and physiological role of melatonin in the lower
gut. World J. Gastroenterol. 2011, 17, 3888–3898. [CrossRef] [PubMed]
Garcia-Marin, R.; de Miguel, M.; Fernandez-Santos, J.M.; Carrillo-Vico, A.; Utrilla, J.C.; Morillo-Bernal, J.; Diaz-Parrado, E.;
Rodriguez-Prieto, I.; Guerrero, J.M.; Martin-Lacave, I. Melatonin-synthesizing enzymes and melatonin receptor in rat thyroid
cells. Histol. Histopathol. 2012, 27, 1429–1438. [CrossRef] [PubMed]
Martin, M.; Macias, M.; Leon, J.; Escames, G.; Khaldy, H.; Acuna-Castroviejo, D. Melatonin increases the activity of the oxidative
phosphorylation enzymes and the production of ATP in rat brain and liver mitochondria. Int. J. Biochem. Cell Biol. 2002, 34,
348–357. [CrossRef]
Santofimia-Castano, P.; Clea Ruy, D.; Garcia-Sanchez, L.; Jimenez-Blasco, D.; Fernandez-Bermejo, M.; Bolanos, J.P.; Salido, G.M.;
Gonzalez, A. Melatonin induces the expression of Nrf2-regulated antioxidant enzymes via PKC and Ca2+ influx activation in
mouse pancreatic acinar cells. Free Radic. Biol. Med. 2015, 87, 226–236. [CrossRef]
Santofimia-Castano, P.; Ruy, D.C.; Salido, G.M.; Gonzalez, A. Melatonin modulates Ca2+ mobilization and amylase release in
response to cholecystokinin octapeptide in mouse pancreatic acinar cells. J. Physiol. Biochem. 2013, 69, 897–908. [CrossRef]
Santofimia-Castano, P.; Ruy, D.C.; Fernandez-Bermejo, M.; Salido, G.M.; Gonzalez, A. Pharmacological dose of melatonin reduces
cytosolic calcium load in response to cholecystokinin in mouse pancreatic acinar cells. Mol. Cell Biochem. 2014, 397, 75–86.
[CrossRef]
Wu, Y.; Tang, D.; Liu, N.; Xiong, W.; Huang, H.; Li, Y.; Ma, Z.; Zhao, H.; Chen, P.; Qi, X.; et al. Reciprocal Regulation between the
Circadian Clock and Hypoxia Signaling at the Genome Level in Mammals. Cell Metab. 2017, 25, 73–85. [CrossRef] [PubMed]
Walton, Z.E.; Patel, C.H.; Brooks, R.C.; Yu, Y.; Ibrahim-Hashim, A.; Riddle, M.; Porcu, A.; Jiang, T.; Ecker, B.L.; Tameire, F.; et al.
Acid Suspends the Circadian Clock in Hypoxia through Inhibition of mTOR. Cell 2018, 174, 72–87.e32. [CrossRef] [PubMed]
Jensen, L.D. The circadian clock and hypoxia in tumor cell de-differentiation and metastasis. Biochim. Biophys. Acta 2015, 1850,
1633–1641. [CrossRef] [PubMed]
Argentiero, A.; De Summa, S.; Di Fonte, R.; Iacobazzi, R.M.; Porcelli, L.; Da Via, M.; Brunetti, O.; Azzariti, A.; Silvestris, N.;
Solimando, A.G. Gene Expression Comparison between the Lymph Node-Positive and -Negative Reveals a Peculiar Immune
Microenvironment Signature and a Theranostic Role for WNT Targeting in Pancreatic Ductal Adenocarcinoma: A Pilot Study.
Cancers (Basel) 2019, 11, 942. [CrossRef] [PubMed]
Lamanuzzi, A.; Saltarella, I.; Desantis, V.; Frassanito, M.A.; Leone, P.; Racanelli, V.; Nico, B.; Ribatti, D.; Ditonno, P.; Prete, M.; et al.
Inhibition of mTOR complex 2 restrains tumor angiogenesis in multiple myeloma. Oncotarget 2018, 9, 20563–20577. [CrossRef]
[PubMed]
Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

