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Abstract: Catechu is a dried decoction from twigs with the leaves of Uncaria gambir. Its antioxidant,
anti-inflammatory, and antimicrobial activities have been previously reported because of its high
catechin and epicatechin content (>21%). It is also one of the components used in traditional Chinese
herbal medicine, “Jinchuang Ointment,” which has excellent efficacy in treating chronic diabetic
wounds. An in vivo zebrafish embryo platform and an in vitro cell-based tube formation assay
were used to measure the angiogenic activity of catechu extracts. Interestingly, for the first time,
catechu extracts stimulated angiogenic activity on both platforms. The expression of the IL-8 gene
was induced in HMECI cells after treatment with catechu extracts for 1 h only. In contrast, the
upregulation of FGFR2, FGFR3, NF-«B, STAT3, and vimentin persisted for 24 h. A summary of the
possible mechanisms underlying the angiogenic activity of catechu extracts in HMECI cells is shown.
Unexpectedly, catechu extracts inhibited the migration of HaCaT cells. These results can account for
the intense blood flow flux in porcine excisional wound sites in our previous studies, which provides
insights into the therapeutic activity of catechu extract in chronic diabetic wounds.
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1. Introduction

The traditional Chinese herbal medicine, “Jinchuang ointment,” has excellent efficacy in
the treatment of chronic non-healing wounds in patients with diabetes [1]. Its efficacy was also
examined and confirmed in a porcine excisional wound model [2]. This herbal medicine is
also effective for ulcers in people with leprosy (Hansen’s disease) [3]. This ointment contains
lard, wax, starch, borneol, camphor, frankincense, dragon blood, myrrh, and catechu. Dragon
blood is a red resin from the palm tree Daemonorops draco, grown in southeast Asia [4]. It
possesses intense angiogenic activity, as confirmed by a cell-based tube formation assay and
an in vivo zebrafish embryo assay [5,6]. The primary active molecule responsible for the
angiogenic activity in this red resin is dracorhodin. The content of dracorhodin in dragon
blood should generally be higher than 1%, as stated in Pharmacopeia [7,8].

Catechu is a dried decoction from twigs with leaves of Uncaria gambir Roxb. (Family
Rubiaceae) or the peeled branches and stems of Acacia catechu (L.f.) Willd, (Family Legumi-
nosae) [7]. The origins of Uncaria gambir Roxb. are Myanmar, Indonesia, and India, and
that of Acacia catechu (L.f.) Willd is the province of Yunnan and Guanxi in China [9]. As
stated in the Taiwan Herbal Pharmacopeia and Pharmacopeia of the People’s Republic of
China, the total amount of catechin and epicatechin in catechu should be >21.0% [7,10].
However, the Pharmacopeia of the People’s Republic of China reported that catechu was
prepared from Acacia catechu only. Previous studies have reported catechu from Uncaria
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gambir Roxb. It possesses antioxidant [11], anti-inflammatory [12], and antimicrobial activi-
ties [13]. Unsurprisingly, the aforementioned biological activities of catechu mainly result
from catechin and epicatechin [14]. It appears as irregular blocks with a dark brown color.
Figure 1 shows that each catechu block’s composition is not homogeneous. The content of
bioactive molecules may vary among each block, even for the same batch sample.

Figure 1. Appearance of catechu blocks.

Our previous results indicated that the Jinchuang ointment-treated group had a much
stronger blood flow flux in porcine excisional wound sites than the control group, as shown
by laser Doppler imaging analysis [2]. First, we attributed these results to the angiogenic
activity of dragon blood during wound healing. However, the content of dracorhodin in
dragon blood used in that experiment was only 0.06%, much lower than the 1% content
required in the Pharmacopeia! Therefore, this result implies that other components of
the Jinchuang ointment might also possess angiogenic activity. Here, for the first time,
we report the biological activities of catechu from Acacia catechu in angiogenesis, cell
proliferation, and migration. These results provide a scientific basis for the efficacy of
Jinchuang ointment in the treatment of non-healing wounds.

2. Results and Discussions
2.1. Determination of Catechin and Epicatechin Content in Catechu Samples from Uncaria gambir

The catechin and epicatechin contents in catechu samples were determined using
HPLC analysis. Calibration standard curves of catechin and epicatechin were constructed
over the concentrations investigated, from 500 pg/mL to 10 ug/mL for catechin and
500 pg/mL to 25 ug/mL for epicatechin. The correlation coefficients (R?) of catechin
and epicatechin were 0.9986 and 0.9968, respectively. The mass percentages of catechin
and epicatechin in catechu samples were 28.5% and 1.4%, respectively. Therefore, the
contents of both compounds in this sample were higher than 21.0%, which is consistent
with Pharmacopeia standards.

2.2. Catechu Extract-Induced Pro-Angiogenic Effects in Zebrafish Embryos

The possible toxic effects of crude catechu extracts on zebrafish embryos were first
examined by treating embryos with catechu extracts at concentrations ranging from
150 ug/mL to 1250 pg/mL. As shown in Table 1, none of the embryos died in the presence
of 300 ng/mL catechu extract. Therefore, zebrafish embryos were treated with 300 pg/mL
catechu extract from 55 to 72 hpf. The development of the sub-intestinal vein (SIV) was ex-
amined and photographed at 72 hpf. As shown in Figure 2, the formation of extra sprouts in
the sub-intestinal veins of fish embryos could be observed under a fluorescent microscope
during their development stage (Figure 2B, red arrowheads). The number of newly formed
sprout vessels and their corresponding length were measured in each embryo (Table 2).
Apparently, crude catechu extracts can stimulate new blood vessel formation. Due to the
toxic effect of crude catechu extracts, as shown in Table 1, the concentration of 300 pg/mL
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catechu extract was the maximum concentration used to treat fish embryos in this study.
Neither catechin nor epicatechin possessed angiogenic activity in zebrafish embryos, even
though their content was as high as 29% (data not shown).

Table 1. The toxicity of crude catechu extracts on zebrafish embryos. Zebrafish embryos were treated
with various concentrations of crude catechu extracts, from 1250 ug/mL to 150 ug/mL. About twenty
embryos were used for each experiment.

Catechu Conc.
(ug/mL)

1250 1000 800 600 500 400 300 150 Control

Embryo
survival rate

0% 0% 0% 0% 40% 60% 100% 100% 100%

100 pm

Figure 2. The pro-angiogenic effects on zebrafish embryos in the presence of 300 ug/mL catechu
extracts. (A) Control, and (B) Catechu extract-treated. Red arrows indicate the formation of extra
sprouts in the sub-intestinal veins of fish embryos. Sprout blood vessel number and blood vessel
length are listed. About twenty embryos were used for each group. The measured blood vessel
length unit (px) is defined using the software WenXin WximageView.

Table 2. The pro-angiogenic effects on zebrafish embryos in the presence of 300 pug/mL catechu
extracts. Blood vessel number and blood vessel length are listed. About twenty embryos were used
for each group. The measured blood vessel length unit (px) is defined using the software Image J.

Blood Vessel Number Control Catechu Extract-Treated
0 13 (65%) 8 (34.8%)
1 7 (35%) 10(43.5%)
2 0 (0.0%) 5 (21.7%)
3 0 (0.0%) 0 (0.0%)
Blood Vessel Length (px) Control Catechu Extract-Treated
0 13 (65%) 8 (34.8%)
1-200 5 (25%) 7 (30.4%)
201-500 2 (10%) 8 (34.8%)
>500 0 (0.0%) 1 (6.7%)

2.3. In Vitro Tube Formation Angiogenic Assay

There are three stages in the wound healing process: inflammatory, proliferative, and
remodeling. New blood vessel formation is essential in the proliferative stage because
it is responsible for oxygen and nutrient supply, and metabolic and tissue repair waste
disposal [15]. The angiogenic activity of the crude catechu extracts was also examined
using an in vitro tube formation assay. HUVECs and HMEC-1 cells were used in the
present study. As shown in Figure 3, the mesh number of the catechu-treated group was
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significantly higher than that of the control group in both cell types (** p < 0.005). Catechu
extracts promoted two different endothelial cell capillary tubes and network formation.
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Figure 3. Effect of catechu extracts on the tube and network formation of HMEC-1 and HUVEC
cells. (A) Representative photos of the tube formation assay at 24 h. HMEC-1 and HUVEC cells were
treated with 0.8 ng/mL and 1.0 ng/mL crude catechu extracts, respectively. The network formation
was quantified by the mesh number formation for (B) HMEC-1 and (C) HUVEC cells. Data are
presented as means + SD in three independent experiments. The p-value was calculated versus the
control using one-tailed test analysis; p < 0.005 is denoted as **.

2.4. Reverse Transcription and Quantitative Polymerase Chain Reaction

The possible molecular mechanisms underlying catechu-induced angiogenesis were
also investigated. IL-8 is a potent chemoattractant for neutrophils involved in the antigenic
response. Meanwhile, the IL-8 protein has been found to act as an inducer for the prolifera-
tion of endothelial cells [16-18]. Similar to autocrine growth and angiogenic factors, IL-8
can induce epithelial-mesenchymal transition (EMT) in various cells [19-21]. As shown in
Figure 4A, catechu treatment induces IL-8 expression at 1 h.

In contrast, upregulation of FGFR2, FGFR3, NF-kB, STAT3, and vimentin genes by
catechu treatment persisted for 24 h (Figure 4B-F). The binding of fibroblast growth factor
(FGF) to the FGF receptor (FGFR) on endothelial cells can trigger several cellular pro-
cesses such as proliferation, gene expression of growth factors, and angiogenesis [22-25].
Moreover, STAT3 signaling can be activated by FGFRs [26]. Both NF-kB and STAT3 are
transcription factors involved in various signaling pathways that lead to cellular growth,
proliferation, motility, adhesion, and angiogenesis.

Vimentin, a well-known marker of EMT, is the most abundant intermediate filament
protein in endothelial cells [27,28]. It engages in an array of cellular movements, and func-
tions as an organizer of cell adhesion and migration through assembly and disassembly [29].
The involvement of vimentin in angiogenesis has been reported previously [30-32]. A sum-
mary of the possible mechanisms underlying the angiogenic effect of catechu extracts in
HMEC1 is shown in Figure 5. Treatment with catechu induces the expression of FGFR2 and
FGFR3 and, in turn, triggers downstream signaling of factors such as NF-kB and STAT3,



Pharmaceuticals 2023, 16, 66 50f11

which leads to the proliferation, adhesion, and migration of endothelial cells. Finally,
various signaling molecules interact to induce vimentin expression and angiogenesis.
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Figure 4. Effects of catechu extracts on gene expression. HMEC-1 cells were treated with 0.1 ng/mL of
catechu extracts for 1, 2, 4, 6, and 24 h. The gene expression levels for (A) IL-8, (B) FGFR2, (C) FGFR3,
(D) NF-kB, (E) STAT3, and (F) vimentin were examined by quantitative PCR. Data are presented as
means + SD in three independent experiments. The p-value was calculated versus the control. Using
one-tailed test analysis, * indicates p < 0.05 and ** indicates p < 0.005 between different times after
catechu treatment. The DMSO group was the solvent control.
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Figure 5. Summary of the possible mechanism underlying the angiogenic effect of catechu extracts in
HMECT cells.
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2.5. Cell Proliferation Assay

The stimulatory effect of catechu extract on cell proliferation in both WS1 and HaCaT
cells was measured. The increased percentages of cell proliferation by 1.75, 3.5, 7, and
14 pug/mL catechu extracts at 24 h for W61 cells were 40.0 £ 5.7%, 60.0 £ 5.7%, 26.0 & 2.8%,
and 16.0 £ 5.7%, respectively (Figure 6A), and for HaCaT cells were 25.0 £ 3.2%, 39.8 & 4.8%,
23.9 £ 1.6%, and 10.2 & 4.8%, respectively (Figure 6B). For both cell types, the optimal
treatment concentration of catechu was 3.5 ug/mL.

200 200
A = B

160 160

L . *
120 ' y 120 .
80 80
40 40
0 0
75 35 7 14

DMSO 1.75 35 7 14 DMSO 1.

Relative Cell Number (%)

Catechu treatment (pg/ml) Catechu treatment (ug/ml)

Figure 6. Effects of catechu extracts on (A) WS1 and (B) HaCaT proliferation. Increased cell prolifera-
tion was observed after treatment with catechu extracts for 24 h. Data are presented as means + SD in
three independent experiments. The p-value was calculated versus the control. Using the one-tailed
test analysis, * indicates p < 0.05 and ** indicates p < 0.005 between different catechu concentrations.

2.6. In Vitro Wound Healing Assay

During wound healing, keratinocytes migrate toward the margins of the wound.
Therefore, the in vitro wound healing activity of crude catechu extracts was investigated.
HaCaT cells were treated with 0.4, 0.8, and 1.6 ng/mL of catechu extracts for 48 h. As
the incubation time increased, the number of cells that migrated into the gray gap area
delineated by the black line also progressively increased (Figure 7A). The migration of
HaCaT cells was inhibited by approximately 85.5%, 81.6%, and 90.3% in the presence of 0.4,
0.8, and 1.6 ug/mL of catechu extracts, respectively (Figure 7B).
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Figure 7. Effects of catechu extracts on wound healing. HaCaT cells were treated with 0.4, 0.8, and
1.6 mg/mL catechu extracts for 48 h. (A) The black lines denote the size of the cell-free gap at the
beginning of the catechu treatment. HaCaT cells that migrated into the black lines were calculated
using Image]J after 48 h. The quantitation data of wound healing ability are shown in (B). Data are
presented as means + SD in three independent experiments. Statistical significance: ** p < 0.005 versus
the control group (Con) using the one-tailed test analysis. The DMSO group was the solvent control.
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3. Materials and Methods
3.1. Materials

HPLC-grade acetonitrile and methanol were obtained from ECHO Chemical Co. Ltd.
(Miaoli, Taiwan). Pronase (catalog number: PRON-RO), 1-phenyl-2-thiourea (PTU), and
molecular biology-grade DMSO were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Catechin and epicatechin were obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). Quercetin was purchased from Alfa Aesar (Ward Hill, MA, USA). Catechu (dried
evaporated decoction from Uncaria gambir Roxb) was obtained from Hing Zong Co., Ltd.
(Kaohsiung, Taiwan) (batch number: 213N-107-02). Raw materials were imported from
Singapore (Figure 1).

3.2. HPLC Analysis of Catechu from Uncaria Gambir

A Hitachi L-7100 quaternary gradient pump and an L-7450 photodiode array detector
were used to conduct HPLC analysis. Chromatographic data collection and processing, and
pump and detector control were controlled using HSM software from Hitachi. A reverse-
phase HPLC column (uBondapak™ C18 Column, 125 A, 10 um, 3.9 x 300 mm from
Waters (Milford, MA, USA) was used for analysis. The HPLC separation conditions for
catechin, epicatechin, and quercetin were modified from previous studies [2,33]. Catechin
and epicatechin were analyzed using a gradient elution of A (H,O containing 0.1% formic
acid), B (10% CH3CN containing 0.1% formic acid), and C (90% CH3CN containing 0.1%
formic acid) at a flow rate of 1 mL/min [1]. The elution program is shown in Table 3. The
UV detection wavelength was 280 nm.

Table 3. The gradient elution program for HPLC analysis of catechu extracts.

Time (min) Eluent (B, C%)
0 0%, 0%
35 100%, 0%
18 96%, 4%
23 0%, 0%

3.3. Preparation of Crude Catechu Extracts

The catechu blocks were then ground into a fine powder. One gram of catechu powder
was dissolved in methanol (100 mL). After soaking overnight at room temperature, the
methanol extracts were transferred to a new vial. Another 40 mL of methanol was added
and the mixture was extracted at room temperature overnight. The final volume of the
extract was adjusted to 250 mL using methanol. Undissolved particles were removed by
centrifugation at 2500 x g for 10 min at room temperature and filtered using a 0.22 um PVDF
syringe filter. The filtrate was dried in a 1.5 mL Eppendorf tube using Savant Speed Vac™
Vacuum Concentrators (Thermo Fisher Scientific Inc. Waltham, MA, USA). The solids were
dissolved in DMSO for the subsequent in vivo and in vitro experiments.

3.4. In Vivo Zebrafish Embryo Angiogenesis Assay

The maintenance and treatment of zebrafish Danio rerio AB strains, wild-type, and Tg
(flil-EGFP) transgenic strains have been described previously [6,34]. Pronase (1 mg/mL)
and PTU (1.5 mg/mL) were used to treat fish embryos at 12 and 24 h post-fertilization
(hpf). At 55 hpf, fish embryos were moved to a 12-well plate, and five embryos were
tested together in each well. Catechu extracts in DMSO were diluted in E3 buffer (5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl,, and 0.33 mM MgSOy, pH 7.2) and the final working
solution contained 0.1% DMSQO only for the experimental groups. Mortality and angiogenic
phenotypes were observed at 72 hpf. Embryo blood vessel images were captured using
a fluorescent stereomicroscope (Model: NSZ818; Nexcope, Ningbo, China) equipped
with a CCD camera. Phenotypic quantification of sprout length was performed using
WenXin WximageView software (accessed on 11 Oct 2021) (http://www.wenxin.net.tw/
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TW /home/Default.asp). The Institutional Animal Care and Use Committee of Tzu Chi
Hospital approved all animal experiments in this study (case number: 111-15).

3.5. Cell Culture

Human keratinocytes (HaCaT) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS. Human fibroblast WS1 cells were cultured in Eagle’s min-
imum essential medium containing 10% FBS. Human umbilical vein endothelial cells
(HUVEC) were cultured in an endothelial cell growth medium-2 bulletkit (Lonza, Basel,
Switzerland). Human dermal microvascular endothelial cells (HMEC-1) were cultured
in MCDB131 medium containing 10% FBS, 10 ng/mL epidermal growth factor, 1 ug/mL
hydrocortisone, and 10 mM L-glutamine. HaCaT and HMEC-1 cells were kindly provided
by Professor Shinn-Jong Jiang (Department of Biochemistry, Tzu Chi University). WS1 and
HUVEC were purchased from the Bioresource Collection and Research Center (Hsinchu,
Taiwan). All the cell lines were incubated at 37 °C in a 5% CO; atmosphere.

3.6. In Vitro Tube Formation Angiogenesis Assay

Matrigel (10 uL; BD Biosciences, Bedford, MA, USA) was applied to the inner well
of a 15-well p-slide (ibidi USA, Fitchburg, WI, USA). After gel polymerization, the p-
slides were placed inside a CO, incubator for at least 30 min. Fifty microliters of 1 x 10*
HUVEC or HMEC-1 cells were mixed with the corresponding medium containing various
concentrations of catechu extracts and incubated for 24 h [1,35]. At that time point, the cell
tube or network formation was observed and photographed under a microscope.

3.7. Reverse Transcription and Quantitative Polymerase Chain Reaction

HMEC-1 cells were treated with 1 ng/mL of crude catechu extract. RNA was collected
after treatment with catechu for 1, 2, 4, 6, and 24 h, and isolated using a Gene-spin Total
RNA Purification Kit (Protech Technology Enterprise Co., Ltd., Taipei, Taiwan). Reverse
transcription was performed using the MMLV Reverse Transcription Kit (Protech Tech-
nology Enterprise Co., Ltd., Taipei, Taiwan). All the experimental steps were carefully
performed according to the manufacturer’s instructions [36]. The levels of $-actin mRNA
were used to normalize the mRNA expression levels of the target genes. The primers used
are listed in Table 4.

Table 4. Primer sequences for RT-qPCR of target genes.

Gene Primer Sequence Reference
FGFR2 FORWARD: GAGAAGGAGATCACGGCTTC [37]
REVERSE: AAGTCTGGCTTCTTGGTCGT
FGFR3 FORWARD: GCCTCCTCGGAGTCCTTG [38]
REVERSE: GCCTCCTCGGAGTCCTTG i
L8 FORWARD: CTCTCTTGGCAGCCTTCCTGA [39]
REVERSE: CCCTCTGCACCCAGTTTTCCTT
NF-KB FORWARD: CCTGGATGACTCTTGGGAAA [40]
REVERSE: TCAGCCAGCTGTTTCATGTC
STAT3 FORWARD: CATATGCGGCCAGCAAAGAA [41]
REVERSE: ATACCTGCTCTGAAGAAACT
Vi i FORWARD: TCAATGTTAAGATGGCCCTTG [42]
tmentn REVERSE: TGAGTGGGTATCAACCAGAGG
. FORWARD: AGAGCTACGAGCTGCCTGAC
[3-actin [43]

REVERSE: AGCACTGTGTTGGCGTACAG
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3.8. Cell Proliferation Assay

WS1 and HaCaT cells (4 x 10*/well) were seeded in 24-well plates and mixed with
different concentrations of catechu extract for 24 h. Adherent cells were dissociated from
the surface by treatment with 0.5% trypsin for 2-5 min. The number of cells was counted
using a hemocytometer [36].

3.9. In Vitro Wound Healing Assay

Culture-inserts 2 well (Ibidi Gmbh, Grifelfin, Germany) were placed on the center
area of the well in 12-well cell culture plates. HaCaT cells were seeded in each well and
incubated overnight. With 100% cell confluence, the culture inserts were removed, and the
culture medium was changed to a serum-free medium containing 0.4, 0.8, and 1.6 mg/mL
of catechu extracts. The culture insert was removed at 0 h. The area of the cell-free gap
zone was photographed and defined by drawing the lines. After 48 h, the cell-free gap
zone was photographed again and the cells that migrated into the cell-free gap zone acted
as an indicator of wound healing [5]. The cell number was counted manually using the
Image] software. The results for each group were compared.

4. Conclusions

Catechin and epicatechin are well known for their antioxidant, anti-inflammatory, and
antimicrobial activities. Due to the high amounts of catechin and epicatechin in catechu
(>21%), it is reasonable to assume that these constituents also play an essential role in
treating chronic diabetic wounds. Interestingly, the in vivo and in vitro angiogenic activity
of catechu was first reported in this study. These results can ideally account for the intense
blood flow flux at porcine excisional wound sites [2]. Unexpectedly, catechu extracts
inhibited the migration of HaCaT cells. However, the wound-healing activities of the other
three herbal constituents in “Jinchuang ointment,” dragon blood, frankincense, and myrrh,
have been reported previously [44-46]. In summary, these results provide insights into the
therapeutic activity of catechu extracts in chronic diabetic wounds.
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