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Caffeoylserotonin (CaS), one derivative of serotonin (5-HT), is 
a secondary metabolite produced in pepper fruits with strong 
antioxidant activities. In this study, we investigated the effect 
of CaS on proliferation and migration of human keratinocyte 
HaCaT cells compared to that of 5-HT. CaS enhanced 
keratinocyte proliferation even under serum deficient condition. 
This effect of CaS was mediated by serotonin 2B receptor 
(5-HT2BR) related to the cell proliferation effect of 5-HT. We 
also confirmed that both CaS and 5-HT induced G1 pro-
gression via 5-HT2BR/ERK pathway in HaCaT cells. However, 
Akt pathway was additionally involved in upregulated 
expression levels of cyclin D1 and cyclin E induced by CaS by 
activating 5-HT2BR. Moreover, CaS and 5-HT induced cell 
migration in HaCaT cells via 5-HT2BR. However, 5-HT 
regulated cell migration only through ERK/AP-1/MMP9 
pathway while additional Akt/NF-κB/MMP9 pathway was 
involved in the cell migration effect of CaS. These results 
suggest that CaS can enhance keratinocyte proliferation and 
migration. It might have potential as a reagent beneficial for 
wound closing and cell regeneration. [BMB Reports 2018; 
51(4): 188-193]

INTRODUCTION

Caffeoylserotonin (CaS), one of hydroxycinnamic acid amide 
derivatives of serotonin (5-HT), has been detected in pepper 
fruits as a secondary metabolite (1). CaS and 5-HT both 

possess strong radical scavenging activities. They can reduce 
intracellular ROS generation, lipid peroxidation, and oxidative 
stress-induced cell death in HepG2 and HaCaT cells (2). CaS 
protects against oxidative stress-induced cell death through 
activating Nrf2-mediated HO-1 induction via PI3K/Akt and/or 
PKC pathways in HaCaT cells (3). 

Skin is the first line of defense of our immune system. Innate 
immune cells, neutrophils, and macrophages will immediately 
secrete reactive oxygen species (ROS) after wounding to 
protect the tissue against invading pathogens, chemicals, 
injury, and UV (4). However, ROS may contribute to chronic 
and non-healing wounds. Low levels of ROS can inhibit the 
migration and proliferation of keratinocytes (5) whereas 
excessive amounts of ROS can lead to severe cell damage, 
premature aging, and cancer (6). Currently, there are strong 
evidences supporting the role of oxidative stress in the 
pathogenesis of chronic and non-healing ulcers (7). In this 
respect, several antioxidant reagents such as ascorbic acid, 
tocopherols, allopurinol, and other natural compounds have 
shown positive effects in improving wound repair process or 
preventing aging of damaged tissues (8-10). However, it is 
currently unclear whether CaS might have potential as a 
reagent to improve cell proliferation and wound healing 
process in damaged human skin tissue.

Therefore, the objective of this study was to investigate the 
effect of CaS on proliferation and migration of human 
keratinocyte HaCaT cells compared to that of 5-HT. Intere-
stingly, CaS promoted cell proliferation and cell migration 
even under serum deficient condition. We confirmed that such 
effect of CaS was mediated by serotonin 2B receptor 
(5-HT2BR) which was also associated with cell proliferation 
effect of 5-HT. Several reports have demonstrated that 5-HT 
can act as a mitogen mediated by 5-HT2BR/ERK pathway (11, 
12). We also confirmed that CaS and 5-HT both could induce 
G1 progression and cell migration via 5-HT2BR/ERK pathway 
in HaCaT cells. In addition, we found that CaS had an 
additional Akt pathway to upregulate expression levels of 
cyclin D1, cyclin E and MMP9 by activating 5-HT2BR. 
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Fig. 1. CaS attributes to cell cycle progression in HaCaT cells. 
(A-C) Kinetic FACS profiles of G1-arrested HaCaT cells for 24 h 
in the presence (filled symbols) or absence (empty symbols) of 
CaS under serum deprivation. **P ＜ 0.05, and ***P ＜ 0.005 
vs. untreated control. (D) Effect of CaS on cell proliferation was 
monitored using BrdU and 7-AAD double staining. Percentages of 
cells in sub-G1 (green), G1 (black), S (red), and G2/M (blue) 
phase are indicated in each flow cytometric dot plot. (E) RT-PCR 
analyses for cyclin D1, cyclin E, c-myc, c-fos for indicated time. 
(F) Western blotting analyses for cyclin D1, cyclin E, p-Rb, c-myc, 
c-fos for indicated time. β-actin was used as a loading control.

RESULTS

Effect of CaS on cell cycle progression and cell cycle 
regulators in HaCaT cells
To investigate whether CaS could enhance keratinocyte 
proliferation, we first examined its impact on cell cycle 
kinetics in human keratinocyte HaCaT cells. Unsynchronized 
HaCaT cells showed canonic distribution in G1, S, and G2/M 
phases. However, after 48 h of serum deprivation, cell cycle 
progression was significantly suppressed and most cells were 
synchronized at G1/S check point (S3). After adding 10 μM 
CaS into G1 synchronized cells, the percentage of HaCaT cells 
in G1 phase was decreased (from 100% to 61.8 ± 1.3%, P ＜ 
0.005, Fig. 1A). They were accumulated at S phase (from 0 to 
25.3 ± 3.2%, P ＜ 0.005, Fig. 1B) and G2/M phase (from 0 to 
11.7 ± 2.8%, P ＜ 0.005, Fig. 1C) compared to untreated 
control which was unchanged. These results demonstrated that 
CaS clearly attributed to cell cycle progression in HaCaT cells. 
Cell cycle analysis only determines the proportion of cell cycle 
phase without giving an index of cell proliferation. As a 
complementary approach to examine cell proliferation, 
anti-BrdU-FITC/7-AAD staining was performed to measure the 
effect of 10 μM CaS on DNA replication (Fig. 1D). In 

CaS-stimulated G1-arrested HaCaT cells, cell proportions of S 
and G2/M phases were gradually increased even under 
serum-deficient condition. Therefore, we concluded that CaS 
could promote cell proliferation in human keratinocytes in a 
time-dependent manner.

Moreover, we analyzed expression levels of key molecules 
that could control G1 phase progression of cells by CaS. As 
shown in Fig. 1E, mRNA levels of cyclin D1, cyclin E, and 
CDK2 were increased by CaS stimulation in a time-dependent 
manner. Moreover, mRNA levels of transcriptional factors 
c-Myc and c-Fos were increased by CaS stimulation in a 
time-dependent manner, in correlation with cell proliferation. 
However, mRNA level of CDK4 or and CDK6 was not 
significantly changed after CaS stimulation. Consistent with 
RT-PCR results, protein expression levels of cyclin D1, cyclin 
E, c-Myc, and c-Fos were also increased in a time-dependent 
manner after CaS stimulation. In addition, p-Rb protein 
appeared at 20 min after CaS stimulation (Fig. 1F). 

CaS triggers G1 progression via 5-HT2BR/ERK and Akt 
pathway
Among 13 serotonin receptors (5-HTRs) subtypes, 5-HT2BR 
and 5-HT7R variants are generally detected in normal and 
pathologic human keratinocytes (13). In this study, we also 
confirmed that 5-HT2BR mRNA was one main gene of 
serotonin receptors expressed in HaCaT cells under basal 
culture condition (S2, S4). Next, after treating HaCaT cells 
with CaS or 5-HT, we determined mRNA expression profiles of 
5-HT2BR (Fig. 2D and 2E). Expression levels of 5-HT2BR 
mRNA were increased in a time-dependent manner by the 
same dose (10 μM) of CaS or 5-HT. The 5-HT2BR protein 
levels was also increased in CaS or 5-HT treated cells, in 
agreement with RT-PCR results (Fig. 2F and 2G, first lines). 
Under 5-HT treatment condition, phosphorylation of ERK was 
stimulated in a time-dependent manner while phosphorylation 
of Akt was observed only at detectable level (Fig. 2G). 
However, CaS activated p-ERK and p-Akt pathways, with 
p-ERK being observed at earlier time than p-Akt under CaS 
treatment (Fig. 2F). We also examined expression levels of 
p-GSK3 and GSK3 to clarify the effect of CaS on 
Akt/GSK3/cyclin D1 pathway. A decrease in p-GSK3 was 
noted in CaS treated cells compared to an increase in p-Akt 
(Fig. 2F) or cyclin D1 (Fig. 1F). This result suggested that 
Akt/GSK3 pathway was also involved in the stimulation of 
cyclin D1 expression by CaS. There was no significant 
alteration in JNK or p38 pathway after treatment with 5-HT or 
CaS (S5).

Effect of 5-HT2BR inhibition on G1 progression mediated by 
CaS or 5-HT
To clarify that 5-HT2BR was a mediator of G1 progression 
activated by 5-HT or CaS, we investigated the effect of 
SB212205, a selective inhibitor of 5-HT2BR, on 5-HT or 
CaS-mediated G1 progression and related protein expression. 
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Fig. 2. Effect of inhibitor (SB) and siRNA for 5-HT2BR on G1 
progression induced by CaS or 5-HT. (A-C) SB and siRNA 
treatment induced delay of G1 release (B) and increase of G2/M 
population (D) without significant change in S population (C). 
RT-PCR analysis of 5-HT2B receptor in HaCaT cells after 
treatment with CaS (D) or 5-HT (E) for indicated time periods. (F) 
Western blotting analysis of 5-HT2B, p-Akt, Akt, p-ERK, ERK, 
p-GSK3, and GSK3 after CaS treatment. p-GSK3 level was 
decreased while p-ERK and p-Akt levels were increased in a time- 
dependent manner. (G) Western blotting analysis for 5-HT2BR, 
p-Akt, Akt, p-ERK, and ERK after 5-HT treatment. p-Akt was 
observed only at detectable level. (H) Cells were treated with 
SB215505 (10 μM) to inhibit 5-HT2BR for 30 min before 
treatment with 10 μM of 5-HT or CaS. SB215505 blocked ERK 
and Akt phosphorylation induced by CaS or 5-HT. (I) Cells were 
treated with A6730 (50 μM) to inhibit Akt and/or PD98059 (50 
μm) to inhibit MEK-1 for 30 min before treatment with 10 μM 
CaS for 1 h.

FACS analysis showed that CaS or 5-HT treatment stimulated 
the progression from G1 to S and G2/M phases and that 
SB212205 could partially offset their effects on the G1 
progression (Fig. 2A-C, S3). As shown in Fig. 2A, CaS treated 
cells showed the most pronounced reduction effect on G1 
population, followed by 5-HT treated cells, SB215505 treated 
cells before treatment with 5-HT, and SB215505 treated cells 
before treatment with CaS. G1 reduction might be accom-
panied by accumulations of sub-S or G2/M population. S 
population was also observed in the same condition as that for 
G1 population (Fig. 2B). The most pronounced effect in S 
population was its increase in CaS treated cells. This was 
reasonable because it was accompanied by the reduction of 
G1 population in CaS treated cells. Interestingly, the increase 
rate of S population in 5-HT treated cells was significantly 
lower than that in other treated cells. However, the population 
of G2/M in 5-HT treated cells was more rapidly accumulated 
compared to that in other treated cells (Fig. 2C). Consistent 

with results with SB212205, cell cycle releasing was clearly 
inhibited by 5-HT2BR-specific siRNA transfection (Fig. 2A-C, 
S3). These results suggested G1 progression strongly mediated 
through 5-HT2BR in CaS or 5-HT stimulated conditions. 
Moreover, we used SB212205 to determine whether the 
activation of ERK and Akt pathways by CaS was via 5-HT2BR. 
As shown in Fig. 2H, both expression levels of p-ERK and 
p-Akt were down-regulated in HaCaT cells by pretreatment 
with 10 μM SB212205 for 30 min before CaS treatment. 

To investigate which was the major pathway for cyclin D1 
expression induced by CaS, we used inhibitors of Akt and/or 
MEK-1 to pretreat cells for 30 min before CaS treatment (Fig. 
2I). In cells treated with CaS only, expression of p-Akt, p-ERK, 
cyclin D1, and cyclin E was clearly observed. However, 30 
min of pretreatment of cells with A6730 (50 μM), a selective 
inhibitor of Akt, completely abolished the expression of p-ERK, 
cyclin D1, and cyclin E evaluated at the same time point. 
PD98059 (50 μM), a selective inhibitor of MEK-1, reduced 
expression levels of CaS-induced p-Akt, cyclin D1, and cyclin 
E without abolishing their levels. These resultes showed that 
Akt can be major pathway for cyclin D1 expression.

5-HT is more effective than CaS for G2/M progression
As shown in Fig. 2, CaS induced G1 progression slightly faster 
than 5-HT whereas 5-HT accelerated the reduction of S 
portion and the accumulation of G2/M portion more rapidly 
than CaS. These results led to a hypothesis that effects of CaS 
and 5-HT were different depending on the stage of cell cycle. 
5-HT might promote S and/or G2/M phase more effectively 
compared to CaS. To address these possibilities, HaCaT cells 
were treated with nocodazole for 16 h to induce G2 arrest 
(Fig. 3A). After removing nocodazole, cell cycle was released 
with CaS or 5-HT. As shown in Fig. 3, part of synchronized 
cells at G2/M phase progressed to G1 phase and started DNA 
synthesis after treatment with CaS or 5-HT. Both 5-HT and CaS 
treated cells initiated and completed S phase with very similar 
kinetics. However, 5-HT was more effective than CaS in 
initiating S phase in HaCaT cells (Fig. 3C). We also wondered 
if G2/M progression was affected by 5-HT2BR. Cells pretreated 
with SB212205 before CaS or 5-HT treatment showed delays 
in G2/M progression compared to cells treated with CaS or 
5-HT (Fig. 3D). After remove nocodazole, G2/M synchronized 
cells progressed into cell cycle without CaS or 5-HT, but the 
levels of G1 progressed cells was less than 10% even after 24 
h whereas the levels of G1 progressed cells were reached 
about 50% under CaS or 5-HT (Fig. 3B and S6). Activation of 
the Cyclin B1/Cdk1 complex is necessary for the progression 
of cells from G2 to M phase (14). Therefore, we investigated 
the effect of CaS and 5-HT in activating cyclin B1. More 
elevated levels of Cyclin B were observed in 5-HT treated cells 
compared to those in CaS treated cells (Fig. 3E). This 
observation suggested that 5-HT accelerated G2/M progression 
in cells more than CaS. We also investigated whether 
5-HT2BR regulates the expression of cyclin B. However, there 
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Fig. 3. Effects of 5-HT2BR inhibitor (SB) on G2/M progression 
induced by CaS or 5-HT. (A) HaCaT cells synchronized at G2/M 
arrest by nocodazole were pretreated with 10 μM SB215505 
before treatment with CaS and 5-HT for 24 h. These cells were 
then fixed and stained with PI and analyzed by FACS. (B-D) 
SB215505 treatment induced delay of G1 release (B) and increase 
G2/M population (D) without causing significant change in S 
population (C). Filled symbols represent CaS or 5-HT treatment 
only. Empty symbols represent cells pre-treated with SB215505 
before 5-HT or CaS treatment. (E) Cells were pre-treated with 
SB215505 (10 μM) to inhibit 5-HT2BR for 30 min before treatment
with 10 μM of 5-HT or CaS. After 6 h of treatment with 5-HT or 
CaS, cell lysates were collected and cyclin B protein levels were 
measured by western blotting.

Fig. 4. Effect of CaS or 5-HT on cell migration. (A) HaCaT cells 
were pretreated with 10 μM SB215505 (SB). HaCaT monolayer 
was then scratched (dotted line) with 1 mL pipette tip and 
cultured with 5-HT or CaS for indicated time period. Magnifica-
tion, x20. (B) Level of cell migration into the wound scratch was 
quantified as percentage of open area. Blue square represents 
cells incubated with 10% FBS as positive control. Empty blue 
squares represent untreated control. Circle symbols represent cells 
treated with CaS. Triangle symbols represent cells treated with 
5-HT. Empty circle and triangle symbols represent cell pre-treated 
with SB215505 before 5-HT and CaS treatment, respectively. 
Values represent averages ± SE of three independent measurements
along the wound scratch. *P ＜ 0.1, **P ＜ 0.01, and ***P ＜
0.001 vs. untreated control at the same time point. (C-D) CaS 
and 5-HT induced MMP9 expression level in a time-dependent 
manner. Un-transfected cells or cells transiently transfected with 
siCon or si5HT2BR were cultured under CaS or 5-HT. Cells were 
harvested at 24 h after transfection and assayed. 5-HT2BR siRNA 
transfection inhibited MMP9 protein expression (E) as well as 
AP-1 (F) and NF-κB (G) levels.

were no significant differences in cyclin B level between cells 
pretreated with SB215505 and cells without such pretreat-
ment, indicating that 5-HT2BR was not involved in the 
regulation of cyclin B.

CaS and 5-HT enhance cell migration via 5-HT2BR
Migration abilities of CaS or 5-HT treated cells were 
determined in wounded space on culture plates for 72 h (Fig. 
4). CaS or 5-HT induced migration of HaCaT cells to a greater 
extent compared to control treatment. There was no significant 
difference in cell migration rate between 5-HT and CaS 
treatment groups. Cell migration rates were significantly 
decreased by pre-treatment with SB2122055, a HT2BR 
inhibitor, in both CaS and 5-HT induced dynamics (Fig. 4A 
and 4B, S7). After 72 h of incubation, significantly (2.1-fold) 
higher cell migration rate was observed in CaS treated cells 
without SB215505 pretreatment compared to that of cells 
pre-treated with SB215505 followed by CaS treatment. 
Similarly, significantly (2.8-fold) higher cell migration rate was 
observed in 5-HT treated cells without SB215505 pretreatment 
compared to that of cells pre-treated with SB215505 followed 
by 5-HT treatment. These results suggested that migration of 
5-HT-induced cells was inhibited more by SB215505 than that 
of CaS-induced cells.

In addition, both CaS and 5-HT increased MMP-9 expression 

in a time-dependent manner (Fig. 4C and D). It is well-known 
that mitogen-activated protein kinase (MAPK) and phospho-
inositide-3 kinase/protein kinase B (PI3K/Akt) pathways 
mediate MMP-9 release (15). Therefore, we examined whether 
5-HT2BR affected expression levels of MMP-9, signaling 
proteins (Akt and ERK), and transcription factors (AP-1 and 
NF-κB). Consistent with results shown in Fig. 2H, levels of 
p-ERK (induced by both 5-HT and CaS) and p-Akt (induced by 
CaS only) and expression of MMP-9 were clearly inhibited by 
5-HT2BR-specific siRNA transfection (Fig. 4E). Since the 
MMP-9 promoter contains AP-1 and NF-κB binding site, loss 
of AP-1 or NF-κB activation is expected to result in reduced 
MMP-9 gene expression and cell migration. AP-1 was 
activated by both CaS and 5-HT, NF-κB was activated only by 
CaS. Transfection with siRNA targeting HTR2B also decreased 
CaS- or 5-HT- induced AP-1 and NF-κB activation (Fig. 4F and 
4G). This means that 5-HT activates only p-ERK/AP-1/MMP-9 
pathway, whereas CaS can additionally activate p-Akt/NF-κB/ 
MMP-9 pathway for cell migration. 



CaS promotes cell proliferation and migration
Hye-Eun Kim, et al.

192 BMB Reports http://bmbreports.org

DISCUSSION

It has been reported that 5-HT can lead to cell proliferation via 
5-HT2BR in fibroblasts (11), β-cells (16), adult rat hepatocytes 
(17), and osteoblasts (18). CaS is one derivate of serotonin 
(5-HT). It could activate 5-HT2BR in HaCaT cells in a dose- 
dependent manner (Fig. 2D). Serotonin actions are mediated 
through interactions with membrane-bound receptors that can 
be categorized into seven families with at least 21 subtypes. 
Among those subtypes, 5-HT2BR and 5-HT7R variants were 
detected in both normal and pathologic human keratinocytes 
in our study whereas 5-HT2BR mRNA was found in the 
majority of HaCaT cells (S4). Based on these results, we 
hypothesized that CaS could enhance keratinocyte proliferation 
by mimicking 5-HT-induced proliferation via 5-HT2BR.

To test our hypothesis, we added CaS into HaCaT cells 
synchronized in G1 phase by serum starvation and measured 
changes in G1 population. As shown in Fig. 1, CaS progressed 
G1-synchronized cells (pass through G1 check point) into S 
and G2/M phases even under serum and growth factors deficit 
conditions. In addition, we confirmed that 5-HT activated the 
ERK pathway downstream of 5-HT2BR. However, CaS not 
only activated ERK, but also activated Akt. It also inhibited 
phosphorylation of GSK3 (Fig. 2F). GSK3 is the primary kinase 
that phosphorylates cyclin D1. Phosphorylated cyclin D1 is 
then translocated from the nucleus to the cytoplasm where it is 
degraded through the ubiquitin-dependent proteolysis pathway 
(19). Akt directly phosphorylates and inactivates GSK3. GSK3- 
induced cyclin D1 degradation is inhibited by the activation of 
Akt pathway (20). Moreover, we investigated that both cyclin 
D1 and cyclin E were more strongly inhibited by Akt inhibitor 
than those by ERK inhibitor (Fig. 2I). This suggests that G1 
progression induced by CaS is regulated by Akt more than that 
by ERK. In addition, we found that CaS and 5-HT had different 
effects depending on the stage of cell cycle. CaS induced faster 
G1 progression than 5-HT in G1 synchronized cells (Fig. 2A). 
And G2/M population was more rapidly decreased after 5-HT 
treatment than that after CaS treatment in G2 synchronized 
cells (Fig. 3D). In addition, 5-HT shortened the initiation time 
of S phase (Fig. 3C). All cell cycle progressions were postponed 
by 5-HT2BR inhibitor (Fig. 2 and 3), suggesting that both CaS 
and 5-HT could induce cell cycle progression through 
5-HT2BR in HaCaT cells.

We also compared cell migration rates between CaS and 
5-HT treatment conditions. There were no significant differences 
in cell migration rate between 5-HT and CaS treatments. 
However, keratinocyte migration after 5-HT treatment was 
more sensitive to 5-HT2BR inhibition than that after CaS 
treatment (Fig. 4B). Moreover, 5-HT regulated cell migration 
only through the ERK/AP-1/MMP9 pathway whereas CaS 
regulated cell migration through both ERK/AP-1/MMP9 and 
Akt/NF-κB/MMP9 pathways (Fig. 4F and G). This suggests that 
5-HT2BR can more strongly regulate G1 progression induced 
by CaS than that by 5-HT. Interestingly, both 5-HT and CaS 

significantly induced the expression level of 5-HT2BR (Fig. 2). 
Recently, it confirmed that 5-HT stimulated the expression of 
5-HT2BR via an AP-1-dependent mechanism in pulmonary 
artery smooth muscle cells (PASMCs) and hepatic cells (21, 
22). The promoter region of the human 5-HT2BR gene has 
several putative AP-1 motifs and NF-κB motifs (S8). It suggest 
that 5-HT can stimulate the expression of 5-HT2BR via an 
AP-1-dependent mechanism and CaS may stimulate 5-HT2BR 
expression through both only AP-1 also NF-κB (Fig. 4F and 4G).

In summary, we examined the effect of CaS on cell 
proliferation and migration in HaCaT cells compared to that of 
5-HT. Our results demonstrated that cell proliferation and 
migration were mediated by 5-HT2BR under CaS and 5-HT 
treatment conditions. CaS further activated Akt pathway to 
regulate cell proliferation and migration in addition to 
5-HT2BR/ERK pathway (S9). Our results provide novel insights 
into the valuable benefit of CaS and 5-HT for skin wound 
closure and anti-aging through comparative analysis of 
molecular mechanisms via 5-HT2BR. Taken together, these 
results suggest that CaS has potential to improve wound 
closure and cell regeneration in human keratinocytes.

MATERIALS AND METHODS

See supplementary information.
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