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Abstract: Background: Dental implants are commonly used for missing teeth, for which success
depends heavily on the quality of the alveolar bone. The creation of an ideal implant site is a
key component in shortening the treatment time, which remains clinically challenging. Strontium
ranelate (Protos) is an anti-osteoporotic agent which has previously been used to promote bone
formation, however the systemic use of Protos has been linked to serious cardiovascular and venous
thromboembolic events, thus local delivery strategies may be better suited for this purpose. In this
study, a biodegradable, and biocompatible nanocarrier “polybutylcyanoacrylate” (PBCA) loaded with
strontium was constructed and its ability to promote bone formation was assessed. Methodology:
PBCA nanoparticles loaded with strontium (PBCA-Sr NPs) were synthesized using the emulsion
polymerization method, and their physical properties (zeta potential, size and shape) and entrapment
efficiency were characterized. Committed MSCs (osteoblasts) were derived from the differentiation of
cultured rat mesenchymal stem cells (MSC), which were tested with the PBCA-Sr NPs for cytotoxicity,
inflammatory response, bone formation and mineralization. Scanning electron microscopy was
performed following a 7-day treatment of PBCA-Sr NPs on decellularized procaine mandibular bone
blocks grafted with osteoblasts. Results: Spherical PBCA-Sr NPs of 166.7 & 2.3 nm, zeta potential
of —1.15 &+ 0.28 mV with a strontium loading efficiency of 90.04 £ 3.27% were constructed. The
presence of strontium was confirmed by energy-dispersive X-ray spectroscopy. Rat committed
MSCs incubated in PBCA-Sr NPs for 24 hrs showed viabilities in excess of 90% for concentrations
of up to 250 ug/mL, the cellular expression of osteocalcin and alkaline phosphatase were 1.4 and
1.3 times higher than the untreated control, and significantly higher than those treated with strontium
alone. Bone formation was evident following osteoblast engraftment on the decellularized procaine
mandibular bone block with PBCA-Sr NPs, which appeared superior to those treated with strontium
alone. Conclusion: Treatment of committed MSCs with PBCA-Sr NPs showed higher expression of
markers of bone formation when compared with strontium alone and which corresponded to greater
degree of bone formation observed on the 3-dimensinal decellularized procaine mandibular bone
block. Further quantitative analysis on the extent of new bone formation is warranted.

Keywords: strontium; bone formation; polybutylcyanoacrylate; nanotechnique
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1. Introduction

Dental implant therapy is a common reconstructive technique of replacing missing
tooth or teeth. The implant fixature must be placed in alveolar bone with sufficient bone
quantity and quality [1-3]. furthermore, shortening the treatment time by hastening
the development of an ideal implant site poses a great challenge in modern implant
rehabilitation [4-6]. It can be clinically challenging to improve bone density [7], therefore
new methods are required to optimize the implant site bone quality.

The bone mineral structure, Cajg (PO4)(s)(OH),, is approximated by the formula:
(Ca,X)(10)(PO4,HPO4,CO3)(6)(OH,Y),, where X are cations that can be substituted by
cations other than calcium ions [8]. Therefore, it is possible to change the bone density by
replacing calcium ions with other cations, including strontium. Strontium ranelate (Protos),
which is an oral anti-osteoporotic agent, has been shown to decrease bone resorption and
increase bone formation in vitro and in vivo (dual action bone agent) [9,10]. In addition,
the substitution of calcium ion by strontium is possible, which could alter the calcium ion
concentration in bone to affect bone cell adhesion, proliferation and morphology [11,12].
Thus, the interaction between strontium and calcium on biological properties of resident
cells would be taken into consideration for bone formation. In previous studies, systemic
use of Protos could promote bone formation in healthy rats and ovariectomized rats [13-15].
However, Protos has been taken off the shelf due to its cardiac-vascular risk [16-19].

The local use of strontium for promoting bone growth usually involves the incorpo-
ration of strontium into bone grafts [20-22]. Other strontium delivery methods include
strontium associated with collagen sponge [23], strontium-containing collagen membrane
and strontium dissolved in gel [24-27]. However, these methods are essentially matrices
acting as reservoirs of drugs which are released through biolysis. Apart from the pro-
motion of bone growth, strontium has bactericidal effects on Staphylococcus aureus and
Streptococcus faecalis when used locally [28-30]. The bactericidal effect of strontium could
improve outcome of dental implant therapy and implant-associated surgery because in-
fection would interfere with bone formation and implant osteointegration. Additionally,
the localized injection of strontium in a rat study revealed neither adverse effects on the
general health of the animal, nor at the injection site [31]. However, earlier studies showed
that a low oral dose of strontium promotes bone growth, but prevents bone formation at a
higher dose [32-34]. The optimum concentration of strontium ranelate on bone cell growth
is around 0.1 mM [35]. Therefore, the optimal level of strontium in local delivery is also
very important for the desired effect.

Because of the properties in biodegradation, biocompatibility, low toxicity, and stabil-
ity, nanocarriers are often used as drug delivery vehicles. Polybutylcyanoacrylate (PBCA)
is a polymeric colloidal carrier system which is widely used in drug delivery in various
settings such as central nervous system drug delivery, antiretroviral drug delivery, cancer
therapy and osteointegration [36—42]. In addition, the nanotechnology-based delivery
system can potentially overcome the pharmacokinetics to provide a slow but long-term
release of drugs and easy uptake by cells [41,43,44]. In this study PBCA nanoparticles
containing strontium are constructed as a local delivery strategy that differed from previous
methods, we hypothesize that the new material will promote bone formation in vitro.

2. Results
2.1. Characterization of Nanoparticles

The particle sizes and zeta potential of PBCA NPs and PBCA-Sr NPs were analyzed by
Zetasizer Nano ZS90 (Malvern, Worcestershire, UK), and the calculated loading efficiencies
of strontium of nanoparticles are shown in Table 1. The mean diameter of PBCA NPs
was measured at 126.1 = 0.8 nm. The encapsulation of strontium ranelate into PBCA
NPs increased the mean diameter to 166.7 &= 2.3 nm. The zeta potential measurements of
PBCA NPs (—1.93 £ 0.24 mV) and PBCA-Sr (—1.15 £ 0.28 mV) essentially remained nearly
neutral in charge. The acid emulsion polymerization method of nanoparticle synthesis
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produced a mono-dispersed sample with an entrapment efficiency for strontium ranelate
of more than 90%.

Table 1. The average diameter (Dav), zeta potential, polydispersity (PDI), and entrapment efficiency
of strontium of nanoparticles.

Sample Dav (nm) Zeta Potential (mV) PDI EE g, (%)
PBCA NPs 126.1 + 0.8 —1.93 +0.24 0.044 £ 0.009 -
PBCA-Sr NPs 166.7 £ 2.3 —1.15+0.28 0.241 + 0.019 90.04 + 3.27

n=3.

The morphology, geometry, and the elemental composition of the NPs were acquired
by field emission scanning electron microscopy (FE-SEM, SU8220, Tokyo, Japan), trans-
mission electron microscopy (TEM, H-7500, Hitachi, Tokyo, Japan), and energy-dispersive
spectrometry (EDS). The results showed that both PBCA NPs and PBCA-Sr NPs had
a uniform spheroid shape (Figure 1A). PBCA NPs were dark with smooth boundaries
(Figure 1B); whereas PBCA-Sr NPs displayed rough and irregular boundaries. Meanwhile,
PBCA NPs were smaller than PBCA-Sr NPs. The result indicated an increase in weight per-
centage of strontium corresponded to an increase in the size of PBCA NPs. To confirm the
encapsulation of strontium into PBCA NPs, PBCA-Sr NPs were analyzed by EDC, which
exhibited the presence high intensity of O, S and Sr elemental peaks, and low intensity of C
and N elemental peaks when compared with PBCA NPs. This significant increase in O, S
and Sr atomic percentage was taken as evidence for the existence of Sr on outer surface
layer (10 nm thickness) of PBCA-Sr NPs (Figure 1C).

2.2. Morphology and Differentiation Potential of the Rat MSCs

Primary rat bone marrow stromal cells (MSCs) were cultured from the marrows from
femurs and tibiae of 5-week-old Sprague-Dawley (SD) rats (BioLasco, Taipei, Taiwan)
to generate osteoblasts. The morphology of rat MSCs at passage-1 appeared as discrete
colonies similar to ESC aggregates that exhibited a clear boundary, bright large nucleoli and
scant cytoplasm in (Figure 2a). The rat MSCs colonies were detached from the cell cluster
by subculture over a number of passages. Rat MSCs were morphologically homogeneous,
spindle-shape and fibroblast-like at pssage-4 (Figure 2b).

To confirm the multi-lineage differentiation of rat MSCs, we assayed for adipogenesis
and osteogenesis in vitro. As shown in Figure 2c, after exposure to an adipogenic stimulus
for 7 days, morphologic changes in the cells as well as the formation of neutral lipid droplets
in the cytoplasm that stained red with Oil Red O were noted. As shown in Figure 2d,
after 7 days of culture in an osteogenic medium, morphologic changes in the cells from
spindle-shape to a flattened and broadened shape occurred following the induction period.
Osteogenic cells were positive for ALP staining. As shown in Figure 2e, after 3 weeks of
induced osteogenic differentiation, MSC developed into committed MSCs (osteoblastic
cells), as judged by their ability to mineralize the extracellular matrix which was positive
for Alizarin Red S staining.
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A
PBCA NPs PBCA-Sr NPs
B
PBCA NPs %BCA-SI‘ NPs
* -
C

Spectrum 1 IEFR— Weight% Atomic%

PBCA NPs
cK 67.58 72.92
N K 11.47 10.61
0K 19,97 16.18
SK 0.55 0.22
srL 0.44 0.06

Totals 100.00

B Flement Weight% Atomic%
PBCA-Sr NPs
CK 35.67 54.98
N K 4.13 5.45
0K 26.30 30.43
SK 5.38 3.11
SF L 28.53 6.03
0 1 2 3 4 g 8 7 8 9 10
Full Scale 661 cts Cursor: 0.000 ke Tatals 100.00

Figure 1. Analysis of PBCA-Sr. (A) FE-SEM images of PBCA NPs and PBCA-Sr NPs. Magnification: 200,000x. (B) TEM
images of PBCA NPs and PBCA-Sr NPs. Magnification: 200,000 x. (C) EDS analysis for PBCA NPs and PBCA-Sr NPs.
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Figure 2. The optical images of rat bone marrow stromal cells (MSCs) at passsage-1 (a) and passsage-4 (b). Differentiation

of rat MSCs into adipocytes and osteoblasts. Adipogenic MSC formed phase-bright vacuoles and were stained with oil red
O (c). ALP staining (d) and Alizarin Red S staining (e) of osteogenic rat MSCs. Scale bar = 100 um.

2.3. Assessment of Cytotoxicity

Cell viability, cell proliferation and cytotoxicity of Sr, PBCA NPs and PBCA-Sr NPs to
osteoblasts were estimated by the MTT assay, WST-1 and LDH assays. A concentration-
dependent cell viability profile of Sr, PBCA NPs and PBCA-Sr NPs were determined by the
MTT assay following 24 h of culture are shown in Figure 3A. The viability of committed
MSCs maintained over 90% with Sr concentrations of 0.05 to 10 mM, but Sr concentrations
of greater than 10 mM led to significant reductions in viability. PBCA NP concentration
in excess of 100 ug/mL and PBCA-Sr NPs concentration of more than 250 ug/mL were
found to be cytotoxic to the osteoblasts. The cell proliferation assay was carried out using
the WST-1 assay on committed MSCs cultured with different concentrations of NPs for
24 h. A concentration-dependent cell proliferation profile of Sr, PBCA NPs and PBCA-Sr
NPs are shown for Figure 3B. The result showed the viability is more than 90% at Sr
concentrations of up to 0.05 mM, PBCA NP concentrations of up to 250 pg/mL, and PBCA-
Sr NP concentrations of up to 250 pg/mL. Toxicity testing was carried out by the LDH
assay following 24 h of culture are shown in Figure 3C. The positive control is the amount
of LDH released from the lysed committed MSCs which was taken as “100% toxicity”. The
negative control is the amount of LDH released from untreated committed MSCs which
was denoted as “0% toxicity”. There was no significant difference between any of the
concentrations of Sr, PBCA NPs or PBCA-Sr NPs compared with negative control. The
result showed no significant toxicity at Sr concentrations of up to 0.05 mM, PBCA NP
concentrations of up to 250 pg/mL, and PBCA-Sr NP concentrations of up to 250 ug/mL.
On the other hand, the inflammatory cytokines IL-1«, IEN-y and TNF were assessed by the
CBA kit. Except for TNF, both IL-1«, IFN-y were not detected when the Sr concentration of
0.2 mM, similar changes were detected on PBCA-Sr NP with a concentration of 100 pg/mL.

2.4. The effect of Osteogenesis and Mineralization of PBCA-Sr NPs on Committed MSCs
2.4.1. 2D Culture

In order to demonstrate the effect of strontium-loaded nanoparticles on osteogenesis,
we examined the expression of osteocalcin and alkaline phosphatase on committed MSCs at
day-7 after treatment with PBCA NPs (50 pg/mL), Sr (0.1 mM) or PBCA-Sr NPs (50 pg/mL
containing 0.1 mM Sr) by western blotting analysis. As shown in Figure 4, the protein
expression levels of osteocalcin and alkaline phosphatase increased significantly in the
cells treated with PBCA-Sr NPs.
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Figure 3. Cell viability ((A). MTT assay), cell proliferation ((B). WST-1 assay) and cytotoxicity ((C). LDH assay) on committed
MSCs treated with strontium ranelate (Sr), and inflammatory cytokines (D), PBCA NPs or PBCA-Sr NPs for 24 h. n = 6;

*p <0.001, * p <0.05.
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Figure 4. (a) Western blot analysis of osteocalcin and alkaline phosphatase at day-7 after treated with
PBCA NPs (50 pg/mL), strontium ranelate (0.1 mM) or PBCA-Sr NPs (50 ug/mL containing 0.1 mM
Sr). B-actin was used as a loading control. (b) Quantitative analysis was presented. The expression
level of osteocalcin and alkaline phosphatase protein were normalized to control of $-actin. * p < 0.05,
** p <0.01 and *** p < 0.001.

Moreover, committed MSCs (1 x 10* cells/cm?) were treated with PBCA NPs (50 ug/mkL),
Sr (0.1 mM) or PBCA-Sr NPs (50 pg/mL containing 0.1 mM Sr) and incubated for 7 and
21 days. Alkaline phosphatase (ALP) staining and Alizarin Red S (ARS) staining were then
performed separately. ALP staining demonstrated that the intensity of ALP activity appeared
higher for PBCA-Sr NPs after 7 days (Figure 5a), this was also true for ARS staining (Figure 5b).
The quantified staining intensity showed significant increases in ALP and ARS stain intensity
for PBCA-Sr-NPs over Sr, PBCA-NPs and control (Figure 5c).
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Figure 5. Influence of Sr-NPs on committed MSCs. Committed MSCs was treated with strontium
ranelate (0.1 mM), PBCA NPs (50 pg/mL) or PBCA-Sr NPs (50 pg/mL containing 0.1 mM Sr).
(a) Alkaline phosphatase staining following exposure medium for 7 days. (b) Alizarin Red S staining
was performed at 21 days after treatment. Scale bar = 100 um. (c) Quantification of ALP and ARS as
a ratio to control. * p < 0.05.

2.4.2. 3D Culture

A 3-D bone model produced by the decellularization of procaine mandible bone
block was used to prove that the Sr-NP promote bone formation. Figure 6 shows the
SEM images of a decellularized procaine mandible bone block. As indicated in this figure,
the pore structure of bone block with different size is clearly evident. The morphology
indicated that the typical trabecular structure of cancellous bone is well preserved even
after decellularization. The committed MSCs engrafted bone blocks treated with PBCA-Sr
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NPs appeared to have better bone matrix deposition as indicated by the roughened surface
texture and the coverage of pores less than 30 microns.

In Figure 7, the SEM images shows that the committed MSCs attached on the bone
block have similar morphology at day-7 after treated with PBCA NPs (50 ug/mL), Sr
(0.1 mM) or PBCA-Sr NPs (50 pg/mL containing 0.1 mM Sr).

Figure 6. The morphology of procaine mandible bone block (a). FE-SEM images of procaine mandible
bone block (b). Magnification: 150 x.

150 X 500X

PBCA NPs

Sr

PBCA-Sr
NPs

Figure 7. FE-SEM images of committed MSCs in procaine mandible bone block. Cells were treated
with PBCA NPs (50 pg/mL), strontium ranelate (0.1 mM) or PBCA-Sr NPs (50 ug/mL containing
0.1 mM Sr) for 7 days. Areas highlighted in the red square are displayed under higher magnification
on the right side. Magnification: 150 x and 500 x.
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3. Discussion

Strontium (Sr) is a promising trace element that can trigger new bone formation by
inducing osteoblasts and preventing osteoclast activity. Strontium ranelate is a kind of
strontium-containing anti-osteoporotic drug, which can significantly reduce the probability
of fractures in patients with osteoporosis [45]. However, concerns over serious cardiovas-
cular and venous thromboembolic events associated with the systemic administration of
Protos has led to the exploration of local delivery strategies [46,47].

In this study, we have successfully synthesized and characterized a novel nanocarrier
“polybutylcyanoacrylate nanoparticle” loaded with strontium ranelate as a local drug
delivery system by the emulsion polymerization method [48]. The PBCA-Sr NPs were
spherical with diameters of 166.7 & 2.3 nm, zeta potential of —1.15 4= 0.28 mV, and strontium
ranelate loading efficiency of 90.04 £ 3.27%. The incorporation of strontium ranelate in
the PBCA nanoparticles leads to an increase in particles size, but does not affect the
zeta potential.

As a series of in vitro and in vivo studies have shown, strontium ranelate has been
demonstrated to modulate bone formation and bone resorption [49], accordingly, it has
been show that different strontium concentrations have different effects on bone formation
in vitro; for bone-forming cells, the most effective concentration is between 0.001 and 1 mM,
and for the reduction of bone resorbing cells, the most effective concentration is between
0.01 and 1 mM [50]. In our study, the concentration of strontium incorporated into PBCA
nanoparticle is within this range. Strontium has been proven to be an anti-inflammatory
drug [51]. In this study, when the Sr concentration was 0.2 mM, the PBCA NP concentration
was 100 ng/mL, and the PBCA-Sr NP concentration was 100 pg/mlL, the inflammatory
cytokines IL-1, IFN-y were undetected, with only low levels of TNF induced, which is
consistent with those reported in literature on the anti-inflammatory effect of Sr [52,53].
Strontium and calcium (Ca) in bones have similar cellular and physiochemical properties.
Although the exact mechanism of Sr in bone is not clear, it has been proposed that Sr
interacts with cellular targets by activating calcium-sensing receptor (CaSR) similar to
Ca®*, thereby acting as a signaling transduction pathway related to Ca-driven regulation of
bone metabolism [54]. The phosphatase activity (ALP) is one of the most commonly used
markers for osteoblast differentiation, and the enzyme activity is considered a necessary
prerequisite for bone mineralization. The role of osteocalcin is bone mineralization and
calcium ion homeostasis [55]. Strontium induces the higher expression of osteoblastic
genes such as alkaline phosphatase (ALP), osteocalcin (OCN) and bone sialoprotein, which
is accompanied by an increase in bone nodules and a decrease in the number of mature
osteoclasts in vitro [51]. Here, we demonstrated that culturing osteoblasts in vitro with
strontium-containing nanomaterials can meaningfully increase the expression of osteogenic
proteins such as ALP and OCN, and increase the formation of calcium deposits.

In order to understand the effect of Sr-NP on the growth of osteoblast in the 3-D bone
model, procaine mandible bone block decellularization was use to guide bone regeneration.
Similar to the expression of osteogenic proteins, the results showed greater degree of bone
matrix deposition on the raw surface of the trabecular bone following treatment with
PBCA-Sr NP as indicated by the roughened ultrasturactural surface texture of the bone
blocks and the coverage of pores less than 30 microns on the trabecular bone.

4. Materials and Methods
4.1. Synthesis of PBCA-Sr NPs

PBCA NP was synthesized by the emulsion polymerization method with minor modi-
fication [48]. 1% (v/v) butylcyanoacrylate (BCA, Sicomet, Sichel Werk, Hanover, Germany)
monomers were added drop by drop into 0.1 N HCl acidic polymerization medium contain-
ing 1% (w/v) dextran 70,000 (Sigma, St. Louis, MO, USA) and 0.5135 g (100 mM) strontium
ranelate (Protos®, Servier, France) at pH 2.0 (pH adjusted with 12 N HCI) under 400 rpm and
25 °C for 3 h. 0.1 N NaOH was mixed with NP suspension to terminate polymerization, and
then the suspension was centrifuged at 5250 g for 10 min. The larger polymer aggregates
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were separated from the nanoparticles suspension by filtration through 0.22 pum filtration
units. The drug-free NPs were prepared using the same method.

4.2. Characterization

The concentration of PBCA-Sr NPs in DPBS buffer at pH 7.4 was 2 mg/mL in charac-
terization analysis. The particle size and zeta potential of PBCA-Sr NPs were determined
by Zetasizer Nano ZS90 (Malvern, Worcestershire, UK) with photo correlation spectroscopy.
The geometry, surface morphology and the elemental composition of NPs were obtained
by a transmission electron microscope (TEM, H-7500, Hitachi, Tokyo, Japan), field emis-
sion scanning electron microscope (FE-SEM, SU8220, Tokyo, Japan) and energy-dispersive
spectrometry (EDS).

4.3. Evaluation of Entrapment Efficiency

The free drug in the supernatant was measured using inductively coupled plasma
mass spectroscopy (NexION 350X ICP-MS, PerkinElmer, Waltham, MA, USA). The en-
trapment efficiency of Sr, Ee, is defined as E. (%) = (Total weight of Sr—weight of Sr in
supernatant)/ (Total weight of Sr) x 100%.

4.4. Isolation of Rat Bone Marrow Stromal Cells

The primary bone marrow stromal cells (MSCs) were from the long bone marrow
of 5-week-old Sprague-Dawley (SD) rats (BioLasco, Taipei, Taiwan). The femurs and
tibiae were aseptically removed from the animals and dissected clean of attached muscles.
Bone marrow were flushed with 10 mL of cold PBS with 1% FBS and cells were washed
2-3 times with 1X PBS. Then, cells were cultured with «-MEM containing 10% define
FBS, antibiotics (100 U/mL penicillin G and 100 mg/mL streptomycin sulfate, Invitrogen,
California). Flasks were incubated in a humidified atmosphere with 5% CO; at 37 °C. After
8 days, nonadherent cells were removed and remaining adherent cells were detached by
trypsinization. When the culture is 80-90% confluence, the cells were passaged at the ratio
of 1:4 in 75-cm? tissue culture flasks. Cells from the 3th to the 4th (18-24 days) passage
were used for this study.

4.5. MSC Differentiation Potential

To induce adipogenesis, fourth-passage cells were seeded in 6-well plates at
2 x 10* cells/cm? and cultured in growth medium overnight. Cultures were then treated
with Complete Adipogenesis Differentiation Medium (StemPro® Adipogenesis Differ-
entiation Kit, Gibco, Carlsbad, CA, USA) for 7 days. Refeed cultures twice weekly and
adipogenesis was assessed at day 7. Cells were fixed with 4% paraformaldehyde and
stained with Oil Red O (Sigma) to evaluate adipogenesis via the accumulation of neu-
tral lipids.

To induce osteogenic differentiation, fourth-passage cells were seeded in 6-well plates
at2 x 10° cells/cm? and cultured in growth medium overnight. Cultures were then treated
with osteogenic medium consists of DMEM containing 10% FBS, antibiotics (100 U/mL
penicillin G and 100 mg/mL streptomycin sulfate), 100 nM Dexamethasone (Sigma, Saint
Louis), 10 mM f3-glycerophosphate (Sigma) and 50 uM L-ascorbate-2-phosphate (Sigma)
for 1 week and 3 weeks. Medium was replaced twice weekly. Osteogenic differentiation
was revealed after 1 week by ALP accumulation, as detected by microscopy after staining
with BCIP/NBT Liquid Substrate System (Sigma-Aldrich). In the other hand, On week 3
of osteogenic differentiation, the cells were stained using 2% alizarin red (Sigma) solution
(pH 4.2) to stain the calcium deposits.

4.6. Differentation of Rat Committed MSCs and Cell Culture

Rat MSCs were seeded with a density of 1 x 10* cells/cm? and incubated overnight.
Then, the medium was replaced with osteogenic medium consists of DMEM containing
10% FBS, antibiotics (100 U/mL penicillin G and 100 mg/mL streptomycin sulfate), 100 nM
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Dexamethason (Sigma, Saint Louis), 10 mM (-glycerophosphate (Sigma) and 50 pM
L-ascorbate-2-phosphate (Sigma) in a humidified CO; incubator at 37 °C. When the culture
is 80-90% confluence, the cells were passaged at the ratio of 1:4 in 75-cm? tissue culture
flasks. Cells from the 3th to the 4th passage were used for this study.

4.7. Evaluate the Effect of PBCA-Sr NPs on Osteoblasts in Vitro
4.7.1. Cell Viability Test
MTT Assay

The cytotoxicity of PBCA-Sr NPs to committed MSCs was estimated by 3-(4,5-
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay (Sigma). Cells were
seeded into a 96-well plate at a density is 10,000 cells/well and incubated overnight.
Then the cells were treated with different concentrations of NPs in 100 uL growth
medium and are incubated for 24 h. Then, the cells were incubation with 100 puL of
MTT solution (1 mg/mL) for 2 h at 37 °C in a humidified atmosphere of 5% CO;,
incubator. MTT solution was removed and replace with dimethylsuphoxide (DMSO,
Sigma-Aldrich) to solubilize the blue formazan crystals. The optical absorbance was
measured by an EnSpire Multimode Plate Reader (Perkin Elmer Inc., Waltham, MA,
USA) at wavelength of 570 nm. Percentage of cell viability was defined as the relative
absorbance of PBCA-Sr NPs -treated cells versus the control cells. The percentage of the
absorbance of control cells was taken as 100% viability.

WST-1 Assay

WST-1 assay was used to investigate the cell proliferation. Cells were seeded on
96-well plate at a density is 10,000 cells/well and incubated overnight. The cell viability
was estimated after cells exposure to different concentration of NPs for 24 h by WST-1 assay
(cell proliferation kit, Roche). The absorption is measured by a spectrophotometer (ELISA
reader) at a wavelength of 450 nm.

LDH Assay

Cells were seeded on 96-well plate at a density is 10,000 cells/well and incubated
overnight. Then, cells were added with different concentrations of NPs. After 24 h, the
cytotoxicity was estimated by LDH assay (cytotoxicity detection kit, Roche). The absorption
is measured by a spectrophotometer (ELISA reader) at a wavelength of 490 nm.

Determination of Inflammation

The committed MSCs are seeded into a 96-well plate at a density is 1 x 10* cells/cm?
and incubated overnight. The cell medium was collected after treating with different
concentrations of NPs for analyzing IL-1&, IFN-y and TNF-o by BD cytometric bead array
(CBA) kit (BD Biosciences, NJ, USA). The kit was performed according to the manufac-
turer’s instructions and analyzed by flow cytometry.

4.7.2. ALP Staining

The committed MSCs were treated with different concentrations of PBCA-Sr NPs for
7 days. Cells were washed with 1x PBS and fixed with 4% formaldehyde for 20 min at
room temperature. Then, BCIP/NBT Liquid Substrate System (Sigma-Aldrich) was added
for ALP staining.

4.7.3. Analysis of Calcium Deposition

The committed MSCs were treated with different concentrations of PBCA-Sr NPs for
21 days. Cells were washed with 1x PBS and fixed with 4% formaldehyde for 20 min at
room temperature. Then, 2% alizarin red (pH 4.2) was added for calcium staining.
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4.7.4. Western Blot Analysis

The committed MSCs were cultured with different concentrations of PBCA-Sr NPs
for 7 days. The cells were lysed using M-PER Mammalian Protein Extraction Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) and centrifuged at 12,000 rpm at 4 °C for
15 min. Protein concentration was measured by Bio-Rad protein assay reagent. Protein
separation was performed by using SDS polycarylamide gel electrophoresis (SDS-PAGE)
and transferred onto PVDF membrane. Blocking of non-specific binding was achieved by
placing the PVDF membrane in a 1% BSA blocking solution and stained with antibodies
specific for osteocalcin (OCN, 1:1000, Santa Cruz Biotechnology), alkaline phosphatase
(1:1000, Abcam, Cambridge, UK) or 3-actin (1:10000, Santa Cruz), gently shaken in room
temperature for 1 h, then washed 3 times for 15 min with washing buffer (10 mM Tris-base,
pH 7.5,100 mM NaCl 0.1% Tween 20). Secondary antibody diluted in peroxidase-containing
blocking buffer is added, incubated for 1 h, then, washed 3 times for 15 min with washing
buffer. The PVDF membrane was analyzed by chemiluminescent-base detection system for
detection of protein expression.

4.8. Generation of Procaine Mandibular Bone Block by Decellularization

The procaine mandibular bone samples were harvested from maker (Chia-Yi, Taiwan).
The procaine mandibular bone has been cut into a cuboid of 10 mm x 10 mm x 10 mm
and stored at —80 °C until use. The bone blocks were washed with 1x PBS+ 1x PSG
(antibiotics, 100 U/mL penicillin G and 100 mg/mL streptomycin sulfate). Then, bone
blocks were immersed in distilled water (ddH,O) and performed 2 cycle of thermal shock.
The solution was changed at every cycle. The step of thermal shock was heated at 121 °C
for 20 min, followed by freezing in liquid nitrogen overnight. To remove cellular debris,
bone blocks were washed with 1% Triton X-100 and then 0.1% Triton X-100. Bone blocks
were washed with ddH,O to remove residual Triton X-100. Bone blocks were dehydrated
in 50, 75, 95, and 100% ethanol. All these steps were performed under continuous shaking
at room temperature with the rotator shaker. Bone blocks were transferred to cell culture
dishes and allowed to dry at RT under a sterile laminar flow hood.

4.9. The Morphology of Osteoblasts Attached on Bone Block

After sterilization, pig bone blocks were transferred to 6-well culture plates. The
committed MSCs (1 x 10* cells/cm?) are seeded into bone block and incubated overnight.
The cells were cultured with different concentrations of PBCA-Sr NPs for 7 days. Sample
were rinsed in PBS and then fixed with 3% glutaraldehyde and 2% paraformaldehyde in
0.1 M cacodylate buffer (pH 7.4) at 4 °C for 2 h. The fixative was removed by washing with
0.1 M cacodylate buffer and post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer
at 4 °C or 1 h. Then the cells were dehydrated in a graded ethanol series (30, 50, 70, 95,
and 100%). The specimens were coated with platinum and the morphology of osteoblasts
attached on pig bone block is characterized by FE-SEM (S5U8220).

4.10. Statistics

Results were presented as mean =+ standard deviation. The data were analyzed
with a one-way analysis of variance (ANOVA), and the comparisons between pairs were
performed with Tukey HSD test. A p value of 0.05 or less indicated a significant statisti-
cal difference.

5. Conclusions

The nanoparticle-based delivery of Sr using PBCA NPs can aid bone formation by
increasing osteocalcin and alkaline phosphatase protein expression and promoting calcium
deposition in committed MSCs, which are superior to Sr alone. PBCA-Sr-NPs could
potentially be a biocompatible delivery system used locally for optimization of bone
quality in dental implantation.
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Association of urinary ketamine
and APOA1 levels with bladder
dysfunction in ketamine

abusers revealed via proteomics
and targeted metabolite analyses

Jo-Chuan Liu?, Yi-Ting Chen%3, Ya-Ju Hsieh?, Chia-Chun Wu?, Ming-Chyi Huang*®,
Yu-Chao Hsu®7, Chun-Te Wu’'8, Chih-Ken Chen’'®, Srinivas Dash! & Jau-Song Yu%210:11

Chronic ketamine abuse is associated with bladder dysfunction and cystitis. However, the effects of
ketamine abuse on the urinary proteome profile and the correlations among urinary proteins, urinary
ketamine (and metabolites) and clinicopathological features of ketamine-induced bladder dysfunction
remain to be established. Here, we recruited 56 ketamine abusers (KA) and 40 age-matched healthy
controls (HC) and applied the iTRAQ-based proteomics approach to unravel quantitative changes

in the urine proteome profile between the two groups. Many of the differentially regulated proteins
are involved in the complement and coagulation cascades and/or fibrotic disease. Among them,
asignificant increase in APOAL levels in KA relative to control samples (392.1 +59.9 ng/ml vs.
13.7+32.6 ng/ml, p<0.0001) was detected via ELISA. Moreover, urinary ketamine, norketamine and
dehydronorketamine contents (measured via LC-SRM-MS) were found to be positively correlated
with overactive bladder syndrome score (OABSS) and APOA1 levels with urinary RBC, WBC, OABSS
and numeric pain rating scale in KA. Collectively, our results may aid in developing new molecular
tool(s) for management of ketamine-induced bladder dysfunction. Moreover, information regarding
the differentially regulated proteins in urine of KA provides valuable clues to establish the molecular
mechanisms underlying ketamine-induced cystitis.

Abbreviations

APOA1 Apolipoprotein Al

AUC Area under the ROC curve

GO Gene ontology

HPF High power field

iTRAQ Isobaric tag for relative and absolute quantitation
HC Healthy control

KA Ketamine abuser

LC-MS/MS  Liquid chromatography tandem mass spectrometry
RBC Red blood cell

ROC Receiver operating characteristic curve

SAA4 Serum amyloid A-4 protein
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SRM Selected reaction monitoring
WBC White blood cell

K Ketamine

NK Norketamine

DHNK Dehydronorketamine

Ketamine hydrochloride, initially synthesized in 1962 by Calvin Stevens, a scientist at Parke-Davis Laboratories,
is a noncompetitive antagonist of N-methyl-p-aspartic acid receptor used as a general anesthetic with short-
term effect in both human and veterinary settings'. Ketamine undergoes N-demethylation by liver microsomal
cytochrome P450 enzymes to generate the primary metabolite norketamine® Dehydrogenation of norketamine
generates dehydronorketamine, which is conjugated to glucuronic acid before excretion in urine. Levels of
ketamine and its metabolites are detectable in urine up to 2 weeks after consumption using enzyme-linked
immunosorbent assay (ELISA)® or liquid chromatography-tandem mass spectrometry (LC-MS/MS)*.

In addition to its medical applications, ketamine is widely used as a recreational drug, especially in nightclubs
and parties. Besides several negative effects (increased heart and respiratory rates, convulsions, temporary paraly-
sis, nausea, vomiting, and hallucinations), use of ketamine can cause addictive effects, such as altered sensations,
out-of-body experiences and a euphoric rush®. Since the first report of “ketamine-associated ulcerative cystitis”
as a new clinical entity in 2007, accumulating evidence has supported an association of chronic ketamine
abuse with harmful physical effects, such as acute cardiac risk, ulcerative cystitis, lower urinary tract symptoms
(LUTS), kidney dysfunction, intense abdominal pain and unexplained deaths’. Secondary and irreversible renal
damage may occur in critical cases, leading to complete dependence on dialysis. Street ketamine abuse is not
only a drug problem but also correlated with severe urological conditions that cause a significant burden to
the healthcare system®°. This highlights the critical need to clarify the mechanisms underlying development of
ketamine-induced lower urinary tract dysfunction, which could provide useful clues for its clinical management.

Bladder dysfunction is one of the main characteristics of ketamine-induced LUTS, including irregular void-
ing frequency, decreased intercontraction intervals and bladder capacity, tissue fibrosis, injury to the urinary
barrier and reduced urothelium areas of the bladder wall'®'2. Serious bladder inflammation induces overactive
bladder syndrome, irritative bladder symptoms and bladder pain. For evaluation of overactive bladder syndrome,
scientists have developed a symptom assessment tool designated ‘overactive bladder symptom score’ (OABSS)
that includes symptoms such as urgency, frequency (daytime and nighttime) and urinary incontinence'?. It has
been reported that overactive bladder syndrome caused by serious bladder inflammation is frequently observed
in KA. These observations support the correlation between OABSS and urinary ketamine and its metabolites.

Ketamine and its metabolites are excreted via urine. Direct toxic effects of these compounds on uroepi-
thelial cells have been documented as one of the possible mechanisms underlying ketamine-induced bladder
dysfunction'>!®. Urine is in direct contact with uroepithelial cells and proteins released from damaged uroepithe-
lial cells and/or bladder wall during long-term exposure to ketamine and its metabolites may be enriched in urine
of KA. Therefore, non-invasive urine specimens of KA represent an ideal sample to identify useful indicators
and/or the pathological mechanisms underlying ketamine-induced bladder dysfunction. Although a number of
investigations have focused on the global changes in gene or protein expression levels in tissue specimens from
bladders of mice subjected to long-term consumption of ketamine'’~'* and KA, to our knowledge, no studies
have analyzed the proteome profile of urine samples from KA and relevant associations with ketamine-induced
LUTS or urinary ketamine and its metabolites.

Chronic ketamine abuse can induce bladder dysfunction but the molecular mechanism still remains unclear.
We supposed that direct toxic effects of ketamine and its metabolites may strongly affect uroepithelial cells or
bladder wall, cause release of proteins into urine, and induce bladder dysfunction, including overactive bladder
syndrome. The effects of ketamine abuse on the urinary proteome profile and the correlations among urinary
proteins, urinary ketamine (and metabolites) and clinicopathological features of ketamine-induced bladder
dysfunction need to be established. In the present investigation, we collected urine samples from KA and age-
matched healthy controls along with clinical information, including laboratory data on urine/serum samples,
OABSS and pain rating scales. LC-MS/MS was applied to measure the ketamine and metabolite contents in
urine samples of KA and the urine proteome profile alterations in KA versus healthy controls investigated using
the iTRAQ-based quantitative proteomics approach. Proteins displaying significantly altered levels were sub-
jected to bioinformatics analysis for disrupted biological pathways in KA, and the urinary levels of two target
proteins, APOA1 and SAA4, determined via ELISA in all enrolled subjects. Finally, the potential associations
among urinary target protein levels, ketamine and metabolite contents and clinicopathological features of KA
were evaluated.

Results

Study population and experimental design. We recruited 56 KA (41 males and 15 females) and 40
age-matched healthy controls (25 males and 15 females) for study. Examination times after ketamine uptake
for male and female KA were 6.0+£6.0 and 6.0 +4.8 days and average doses of ketamine uptake in the 90 days
before admission were 4.0+2.2 and 3.4+2.6 g per day, respectively (Table 1). Urine samples were collected
from all subjects for measurement of ketamine (and metabolite) contents as well as proteome profile analysis. A
schematic presentation of the strategy used is shown in Fig. 1. We initially assessed the ketamine, norketamine
and dehydronorketamine contents in individual KA urine samples via targeted metabolite analysis using LC-
SRM-MS. Subsequently, pooled urine protein samples from 4 subgroups (male HC, male KA, female HC and
female KA; 10 cases per group) were prepared for iTRAQ-based quantitative proteomics analysis to compare
the urinary proteome profiles between HC and KA for both genders. Proteins showing differential expression
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Male Female
Total enrolled subjects in this study
Group HC KA HC KA
Case no 25 41 15 15
Age (year) 31.4+6.7 |31.4%6.7 31.6+3.6 30.9+5.1
Inspection time after ketamine uptake (day) NA 6.0+£6.0 NA 6.0+-4.8
Average dose before admission for 90 days (g/day) | NA 4.0+22 NA 34+26
Enrolled subjects used for ITRAQ-based quantitative proteomics study
Group HC KA HC KA
Case no 10 10 10 10
Age (year) 319452 |31.8+13.7 |31.6£13.6 |28.9+45
Inspection time after ketamine uptake (day) NA 6.0+15.6 NA 6.8+5.3
Average dose before admission for 90 days (g/day) | NA 49+238 NA 3.8+3.0

Table 1. Demographic characteristics of enrolled subjects. HC healthy controls, KA ketamine abusers, NA not
applicable.
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Figure 1. Workflow for exploring urine proteome alteration in KA and the association between urine protein
levels, contents of ketamine and its metabolites and clinicopathlogical features of KA. Please refer to the text for
details.

patterns between HC and KA groups were selected for subsequent bioinformatics analysis to determine the bio-
logical network(s) potentially related to ketamine-induced bladder dysfunction. Several candidate proteins were
further selected for verification using western blot and ELISA in pooled and individual urine samples. The cor-
relations among urinary protein levels, contents of ketamine and its metabolites and clinicopathological features
of KA were additionally evaluated.

Clinicopathological features of KA. Clinical data on the 56 KA detailed in Table SI are summarized in
Table 2. Different clinical data were available from 40 to 54 cases. Forty cases (77%, 40/52) visited the addiction
center for ketamine detoxification 1 day or more after ketamine uptake and 46 cases (85%, 46/54) had consumed
more than 2 g ketamine per day over the 3 months before admission. Laboratory data showed that 10 (23%,
10/44) and 17 (39%, 17/44) subjects contained urine RBC and WBC > 5/HPE, respectively, implicating inflam-
mation in the lower urinary tract for more than a third of KA cases. Questionnaire-based survey data revealed
that 21 (51%, 21/41) and 14 (35%, 14/40) cases had overactive bladder syndrome score (OABSS)>6 and pain
rating scale > 50 mm, respectively, suggesting that a significant proportion of the KA group developed ketamine-
induced LUTS.
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Features Case no.* Mean +SD
Inspection time after ketamine uptake (day) (n=52)

<1 12 0.75+0.45
2-7 24 3.88+1.62
>7 16 13.13+4.65
Average dose before admission for 90 days (g/day) (n=54)

<1 8 0.89+0.21
2-5 37 3.56+1.46
>5 9 7.44+1.59
Urine RBC (RBC/HPF) (n=44)

<5 34 1.16 £0.67
>5 10 142.54+164.68
Urine WBC (WBC/HPF) (n=44)

<5 27 1.78 £1.30
>5 17 94.15+137.26
Serum creatinine (mg/dL) (n=46)

<1 41 0.75+0.14
>1 5 4.24+6.22
OABSS (overactive bladder syndrome score) (n=41)

0-5 20 2.45+1.61
6-9 13 7.15+1.14
10-15 8 11.63+1.77
Pain rating scale (mm)® (n=40)

0-50 26 11.19+13.87
51-100 14 77.32+13.85

Table 2. Clinicopathological features of ketamine abusers enrolled in this study. *Data from 2 to 16 cases of
KA are not available for each feature. *A person rates his/her pain on a scale of 0 to 100 nm. Zero means “no
pain’, and 100 means “the worst possible pain”

Urinary ketamine, norketamine and dehydronorketamine contents in KA. Ketamine and its
metabolites can be detected in biofluids, such as urine and plasma. Using tetra-deuterated ketamine, norketa-
mine and dehydronorketamine as internal standards, we developed a LC-SRM-MS method to estimate the con-
tents of ketamine and its metabolites in KA urine samples (“Material and methods” section). Figure S1 depicts
the response curves of ketamine, norketamine and dehydronorketamine in a urine matrix background. The limit
of detection (LOD) of ketamine, norketamine and dehydronorketamine with LC-SRM-MS was determined as
7.6, 36 and 176.8 ng/ml, respectively. Levels of ketamine and its metabolites in urine specimens of each KA were
determined in triplicate (Table S2). Ketamine, norketamine and dehydronorketamine were detected and quanti-
fied in 26, 17 and 29 KA subjects, respectively, with concentration ranges of 47-7121 (ketamine), 64-5461 (nor-
ketamine) and 202-12,953 (dehydronorketamine) ng/ml. Notably, levels of ketamine and its metabolites were
highly correlated (ketamine vs. norketamine (r=0.96, p <0.001), ketamine vs. dehydronorketamine (r=0.924,
p<0.001), norketamine vs. dehydronorketamine (r=0.943, p <0.001); Fig. S2). In general, higher levels of keta-
mine and metabolites were detected in urine samples from KA with higher ketamine uptake before hospital
admission and shorter examination time after ketamine uptake.

Quantitative proteome profiling of urine samples from KA and healthy controls. We applied
the iTRAQ-based proteomics approach for quantitative comparison of the urinary proteome profiles for both
genders of HC and KA groups using pooled urine protein samples from 4 subgroups (male HC, male KA,
female HC and female KA; 10 cases for each group) as shown in Table 1. Prior to iTRAQ labeling, each urine
sample was assessed via SDS-PAGE and silver staining to ensure protein quality. Starting from 36 pg, a total
of 1113 urinary proteins were quantified. Among the quantified proteins, levels of 143 and 137 proteins were
elevated (> mean + 1SD) and those of 104 and 118 proteins were reduced (< mean-1SD) in urine samples of male
and female KA, respectively, with 93 elevated and 33 diminished proteins common to both genders (Table S3,
Fig. 2A). A complete list of quantified proteins in urine samples of KA and healthy controls is presented in
Table S4, and up- and downregulated proteins listed in Tables S5 and S6, respectively. The results showed that
1/10-1/5 urinary proteins are significantly altered in KA compared to healthy subjects, clearly indicating a
profound effect of ketamine abuse on the urine protein profile. Assessment of the quantification data further
revealed a good correlation between fold changes of up- and down-regulated proteins in both men and women
(Fig. 2B), suggesting a similar effect of ketamine abuse on the urine protein profile in both genders. Determina-
tion of urinary proteins that are significantly altered in KA may be helpful in clarifying the mechanisms underly-
ing ketamine induced cystitis frequently observed in cases of long-term ketamine abuse.
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Figure 2. Quantitative comparison of urine proteome profiles between KA and HC for both genders. (A) Log,
ratio distribution of the 1113 quantified urine proteins between KA and HC of male (left panel) and female
(right panel) groups. The dashed lines indicate the boundaries at mean + SD. (B) Assessment of the correlation
between fold changes of up- and downregulated proteins in both genders. Good correlation (r=0.73, p <0.0001)
was observed for all the quantified proteins (left panel). Correlations of proteins showing > twofold changes in
both genders were further analyzed (r=0.57, p <0.0001; right panel).

Biological process network analysis of differentially regulated urinary proteins in KA. To
explore the biological processes potentially involved in the pathogenesis of ketamine cystitis, we applied DAVID,
an integrated software suite for functional analysis of experimental data, to analyze the 126 differentially regu-
lated urine proteins (93 elevated and 33 diminished) in both genders of the KA group. Gene ontology (GO)
network analysis showed involvement of these differentially regulated proteins in networks of complement
activation, proteolysis, fibrinolysis, innate immune response, platelet degranulation, and blood coagulation,
among other functions (Table S7). Further KEGG pathway analysis confirmed ‘complement and coagulation
cascades’ as the top pathway enriched from a proportion of differentially expressed proteins (protein count =20,
p value=1.001E-25, FDR = 1.04E-22; Table S8), which involves interactions among coagulation, complement
system and fibrinolysis (Fig. 3A).

Bladder fibrosis resulting from irreversible injury to the bladder is one of the major symptoms of ketamine
cystitis in heavy ketamine users. We searched FibroAtlas, a database of fibrotic diseases and associated genes?!,
to examine for fibrosis-related proteins in differentially expressed urinary proteins of KA. More than one-third
(46 of 126) of the proteins were annotated as fibrosis-related proteins in the FibroAtlas database (Table S9).
Among the 46 proteins, 32 were found to be related to hepatic fibrosis, cystic fibrosis, pulmonary fibrosis, idi-
opathic pulmonary fibrosis, cardiac fibrosis, renal fibrosis and/or acute interstitial pneumonia. Notably, ten have
been identified as fibrosis biomarkers, specifically, apolipoprotein A-I, alpha-2-macroglobulin, serotransferrin,
vitamin D-binding protein, chitinase-3-like protein 1, protein S100-A9, matrilysin, hemopexin, retinol-binding
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Figure 3. Biological process network analysis of differentially regulated urine proteins in KA. (A) KEGG
pathway map for the complement and coagulation cascades identified as the top pathway enriched from a
proportion of differentially expressed proteins (protein count =20, denoted by asterisks). (B) Protein-protein
interaction networks for 46 fibrosis-related proteins analyzed using STRING (PPI enrichment p-value < 10e-16,
average local clustering coefficient of 0.583). Line thickness indicates the strength of data support.
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protein 4 and osteopontin. Further analysis using the functional protein association network database (STRING)
with a high confidence setting (0.7) showed tight/complex associations between fibrosis-related proteins (PPI
enrichment p-value < 10e-16, average local clustering coefficient of 0.583; Fig. 3B).

Interestingly, several complement proteins, including complement C2, C3 and C5, have strong links to other
fibrosis-related proteins (n=16, 0.749 < score < 0.998), some of which (APOA1, GC, SPP1, TF) are known bio-
markers in idiopathic pulmonary, hepatic and cardiac fibrosis. The complement system stimulates immune
functions, including inflammation, phagocytosis and membrane attack, and a series of immune responses?.
Additionally, APOAL1 acts as a hub linking other fibrosis-related proteins in this network analysis (n= 16,
0.740 < score < 0.999; Fig. 3B), such as alpha-2-macroglobulin (A2M), apolipoprotein C-I (APOC1), fibrinogen
gamma chain (FGG), haptoglobin (HP), hemopexin (HPX), and osteopontin (SPP1), most of which are activated
in hepatic fibrosis. These results support an important role of APOA1 in ketamine-induced disorders.

Verification of differentially regulated proteins in urine samples of healthy controls and
KA. According to iTRAQ results and relevance to ketamine cystitis, four upregulated (apolipoprotein A-I
(APOAL1), serum amyloid A-4 protein (SAA4), heparin cofactor 2 (SERPIND1) and plasminogen (PLG)) and
one down-regulated (osteopontin (SPP1)) candidate proteins were selected for further verification in urine sam-
ples. Figure 4 depicts the results of MS analyses for quantification and identification of the five selected candi-
dates (Fig. 4A) as well as western blot of urine samples originally used for iTRAQ experiments using specific
antibodies against the five proteins (Fig. 4B). Our findings clearly showed consistency between MS-based and
antibody-based quantification results, although the fold difference for target proteins was generally higher using
western blot.

Next, we assessed levels of the five proteins in the 96 urine samples collected from 40 healthy controls and 56
KA via ELISA. However, upon testing of several commercially available ELISA kits, only two (for APOA1 and
SAA4) could be confidently used for measuring levels in urine. Notably, levels of APOA1L, but not SAA4, were
significantly increased in KA relative to control samples (392.1+59.9 ng/ml vs. 13.7 £32.6 ng/ml for APOAI,
p<0.0001; 1.0+ 1.3 ng/ml vs. 0.99 +2.1 ng/ml for SAA4, p=0.9) (Fig. 4C). Three representative cases of increased
APOAL levels in individual urine samples detected via western blot are shown in Fig. 4D. The AUC value of ROC
curve analysis for APOA1 in discrimination of KA (n=56) from controls (n=40) was 0.785(Fig. 4E), supporting
the utility of APOAL as a potential urinary indicator of chronic ketamine abuse.

Associations between urinary levels of ketamine and its metabolites and clinicopathological
features. Data on associations between urinary ketamine and metabolite levels and clinicopathological fea-
tures (5 items) are shown in Table 3. OABSS of the KA group were significantly associated with levels of ketamine
(r=0.338, p=0.038), norketamine (r=0.348, p=0.030) and dehydronorketamine (r=0.463, p=0.003). Ketamine
(r=0.358, p=0.030), but not norketamine and dehydronorketamine, showed significant association with the
pain rating scale of KA. Urinary RBC and WBC counts and serum creatinine levels were not significantly associ-
ated with levels of ketamine and its metabolites.

Associations between urinary APOA1/SAA4 levels and clinicopathological features of
KA. Urinary APOA1 was significantly associated with RBC (r=0.463, p=0.002), WBC (r=0.721, p<0.001),
OABSS (r=0.426, p=0.006) and pain rating scale (r=0.392, p=0.012), but not serum creatinine, or urinary lev-
els of ketamine and its metabolites (Table 4). Urinary SAA4 was significantly correlated with OABSS (r=0.415,
Pp=0.007) but no other clinicopathological features or urinary levels of ketamine and its metabolites.

Discussion

Urine is an information-rich fluid containing numerous proteins produced or shed in the kidney and urogenital
tract. Alterations of the human urinary proteome profile have been reported in response to disease or drug tox-
icity, particularly those affecting the kidney and urogenital tract?>. Although the detrimental effect of ketamine
abuse on the lower urinary tract has been well established for more than a decade, very little is known about
the urinary proteome profile and its association with ketamine-induced LUTS in KA. To our knowledge, the
present study is the first to explore this issue by simultaneously evaluating the levels of urine ketamine and its
metabolites in KA, comparing the urinary proteome profiles between KA and control subjects, and assessing
their relationships with the clinicopathological features of KA.

Using LC-SRM-MS, the concentration ranges of ketamine and its metabolites in urine specimens of KA col-
lected in this study were determined as 47-7121 ng/ml (for ketamine, median 584 ng/ml), 64-5461 ng/ml (for
norketamine, median 730 ng/ml) and 202-12,953 ng/ml (for dehydronorketamine, median 2212 ng/ml). Our
data are consistent with the findings of Cheng et al** on levels of ketamine and its metabolites in 22 urine speci-
mens collected from suspected drug users in Taiwan in 2004 determined via gas chromatography-mass spec-
trometry (GC-MS). The group found that the concentration range of ketamine was the narrowest (20-7196 ng/
ml) with the lowest median (332 ng/ml) while that of dehydronorketamine was the widest (36-17,629 ng/
ml) with the highest median (891 ng/ml). The concentration range of NK was between 25 and 7685 ng/ml*..
It is noted that only in half of the KA subjects that ketamine, norketamine and/or dehydronorketamine were
detected (Table S2). The reasons for this observation can be manifold. First, inspection time after ketamine
uptake varied significantly between KA subjects (0-24 days). Longer inspection time after ketamine uptake would
allow metabolization of more ketamine and removal of more metabolized ketamine from the body via urinary
excretion. Second, average dose of ketamine consumption for 90 days prior to admission differed significantly
between KA subjects (0.5-10 g/day). Clearing of ketamine from the body would be faster in KA subjects with
less dose of ketamine consumption. Third, personal variation of KA subjects in the ability to metabolize ketamine
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Figure 4. Validation of differentially regulated proteins in urine samples of HC and KA groups. (A) LC-MS/
MS quantification of five selected proteins (APOAI, PLG, SAA4, SERPIND1 and SPP1) with significantly
altered urinary levels between HC and KA. The low mass reporter ion region (used for quantification) in the
right panel is enlarged in the left panel. (B) Western blot analysis of the five selected proteins (50 pg) in urine
samples pooled respectively from HC and KA (three males and three females per group). Relative levels of each
protein quantified from the Western blot are denoted below the respective image. Full images of the cropped
blots are detailed in Fig. S3. (C) ELISA analysis of APOA1 and SAA4 levels in individual urine samples from
40 HC and 56 KA. (D) Western blot analysis of APOA1 in urine samples (50 ug protein) from three HC and
three KA. The position of APOA1 is denoted with an arrow. (E) ROC curve analysis of APOA1 with utility in
differentiating KA from HC.
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K NK DHNK
Item Feature (case no.) r p-value r p-value r p-value
1 Urine RBC (n=44) 0.209 0.207 0.083 0.610 0.177 0.257
2 Urine WBC (n=44) 0.127 0.447 -0.045 0.781 0.061 0.699
3 Serum creatinine (n=46) 0.210 0.193 0.226 0.149 0.210 0.166
4 OABSS (n=41) 0.338 0.038 0.348 0.030 0.463 0.003
5 Pain rating scale (n=40) 0.358 0.030 0.255 0.122 0.231 0.158

Table 3. Associations between urinary contents of ketamine and metabolites and clinicopathological features
of KA. K ketamine, NK norketamine, DHNK dehydronorketamine, OABSS overactive bladder syndrome score.

APOA1 SAA4
Item Feature (case no.) r p-value |r p-value
1 Urine RBC (n=44) 0.463 | 0.002 0.108 | 0.485
2 Urine WBC (n=44) 0.721 | 0.000 0.090 | 0.562
3 Serum creatinine (n=46) | 0.007 | 0.962 0.136 | 0.367
4 OABSS (n=41) 0.426 | 0.006 0.415 | 0.007
5 Pain rationg scale (n=40) |0.392 |0.012 0.279 |0.082
6 [K] (n=56) 0.202 |0.16 0.101 | 0.486
7 [NK] (n=56) 0.066 | 0.641 0.017 | 0.906
8 [DHNK] (n=56) 0.196 |0.151 |0.159 |0.247

Table 4. Correlations among clinicopathological features, APOA1 and SAA4 urine levels in 56 KA.

and remove metabolized ketamine from the body. All these factors can affect the detection/quantification of
ketamine, norketamine and dehydronorketamine in the urine specimens of KA subjects enrolled in the present
cross-sectional study.

Overactive bladder syndrome caused by serious bladder inflammation is frequently observed in KA. A recent
survey on 106 KA cases in Taiwan reported that 84% ketamine users developed LUTS after two years, with
an estimated OABSS of 5.25 +4.43'*. Among the 41 KA with available OABSS data enrolled in this study, 21
(51%, 21/41) had OABSS > 6 (Table 2), indicating moderate to severe overactive bladder syndrome in more than
half the KA participants. Based on both sets of available data (urinary levels of ketamine and metabolites and
clinicopathological features of KA), we observed a positive association between overactive bladder syndrome
(assessed via OABSS) and urinary levels of ketamine and its metabolites in KA (Table 3). While the reason for
this correlation is currently unknown, recent findings on the ability of ketamine to induce inflammation and
promote apoptosis in bladder tissues of a rat model and human SV-HUC-1 uroepithelial cells through regulating
the NLRP3/TXNIP axis may provide an important clue'®. It is possible that urinary ketamine directly activates
the TXNIP/NLRP3 signaling pathway in uroepithelial cells to generate an inflammatory microenvironment in
the affected bladder, which serves as one of the main factors causing overactive bladder syndrome?. However,
some confounding factors need to be considered in the study of association between OABSS and urinary levels
of ketamine and its metabolites in KA, including high variation of examination times after ketamine uptake,
detoxification treatment, duration of ketamine use, and any other diseases which might influence the results
potentially, such as urinary infection and sexually transmitted diseases.

Using pooled urine protein samples and the iTRAQ-based proteomics approach, we generated the first
quantitative urine proteome map comparing KA and healthy control subjects of both genders. Consequently, a
total of 126 differentially regulated proteins were identified (Table S3). Further bioinformatics analysis revealed
‘complement and coagulation cascades’ as the top pathway enriched from these differentially regulated proteins
(Table S7, Fig. 3A). Moreover, one-third (46 out of 126) of the differentially regulated proteins were annotated
as fibrosis-related proteins in the FibroAtlas database, including several (A2M, FGG, CPB2, C3, F13B, CFB, C2
and C5) in the complement and coagulation cascades (Table S8). An association between the complement and
coagulation cascades and specific fibrotic diseases has been previously reported*>?. For example, the extrinsic
coagulation pathway together with C5a can promote fibrosis in bronchopulmonary dysplasia (a serious pulmo-
nary fibrotic disorder) via the endothelin-1 signaling pathway?®. Moreover, significant upregulation of proteins
in the complement and coagulation cascades has been observed in colon and rectal tissues in a rat model of
radiation-induced colorectal fibrosis?’. These observations, together with our findings, raise the intriguing pos-
sibility that the complement and coagulation cascades are involved in the process of bladder fibrosis frequently
observed in heavy ketamine users. Further experiments are essential to validate this hypothesis and the associ-
ated mechanisms.

Among the upregulated candidate proteins in urine samples, we successfully detected increased levels of
APOAL via ELISA in KA (n = 56) relative to healthy controls (n =40) (Fig. 4C-E). This increase was significant,
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since all 40 healthy controls contained low urinary APOAL levels (0-26.2 ng/ml) whereas more than half (30
out of 56) KA displayed markedly higher urinary APOA1 levels (27.2-1830.8 ng/ml), indicating good power
of urinary APOAL1 to discriminate KA from control subjects (AUC=0.785). Notably, we observed significant
association of urinary APOAL levels with OABSS and pain rating scale in addition to urinary RBC/WBC levels
(Table 4). To our knowledge, APOA1 represents the first urine protein component associated with ketamine-
induced bladder dysfunction. Moreover, among the clinical parameters, urinary APOA1 showed the highest
correlation with WBC level (r=0.721, p<0.001) (Table 4), an important quantitative indicator of inflammation
in the kidney or lower urinary tract. This finding suggests that ketamine-induced inflammation in the kidney
or lower urinary tract serves as the major factor underlying elevation of urinary APOAL.

The issue of whether the drastic increase in urinary APOAL plays a pathophysiological role in the disease
process of ketamine-induced bladder dysfunction remains unclear. APOA1, a major component of high-density
lipoprotein (HDL) in plasma, mediates the reverse transport of cholesterol from peripheral cells to the liver
for excretion?®*?. In addition to its potential protective effects on the cardiovascular system and lowering of
cardiovascular disease risk, accumulating evidence over the past decade supports the multifunctional nature
of APOAL1 with immunity, anti-inflammation, apoptosis, anti-clotting and anti-aggregatory effects*". Regard-
ing anti-inflammation activity, APOA1 acts as a “negative” acute-phase protein that inhibits the production of
interleukin-1beta and tumor necrosis factor-alpha by blocking contact-mediated activation of monocytes by T
lymphocytes®. Interestingly, an idiopathic pulmonary fibrosis (IPF) animal model study showed that intranasal
treatment with APOA1 protein reduced the bleomycin-induced increase in the number of inflammatory cells and
collagen deposition in sham-treated mice in a dose-dependent manner, demonstrating anti-inflammatory and
anti-fibrotic effects of APOA1 protein on experimental lung injury and fibrosis®?. These previous findings raise
another intriguing possibility that elevated urinary APOA1 modulates acute or chronic inflammation during
ketamine-induced stress on bladder cells, which warrants further in-depth investigation.

One of the main limitations of this study is the small sample size used to verify the differentially regulated
proteins identified via iTRAQ proteomics. The validity of our findings should be tested with larger collections
of samples from different hospitals. Another limitation is the cross-sectional design of our study in which only
one urine specimen was obtained for each KA. Multiple urine samples longitudinally collected from a set of KA
subjects during the entire detoxification period should allow in-depth analysis of the correlations among urine
ketamine and its metabolites, urinary proteins and clinical features for individual subjects and minimize the
effects of personal variability.

Using the iTRAQ-based proteomics approach, we have demonstrated quantitative changes in the urine pro-
teome profile in KA relative to healthy controls. Many of the differentially regulated proteins are involved in
the complement and coagulation cascades and/or fibrotic disease. Among numerous up- and downregulated
candidate proteins, a significant increase in APOA1 expression in urine samples of KA was detected via ELISA.
This information, together with the urinary levels of ketamine, norketamine and dehydronorketamine (measured
via LC-SRM-MS) and clinical data (assessed via laboratory tests and a questionnaire-based survey), supports
positive associations of urinary ketamine and APOA1 with OABSS and pain rating scale, two of the main blad-
der dysfunction symptoms of KA. Identification of APOALI as the first urinary protein component associated
with ketamine-induced bladder dysfunction may aid in developing new molecular tool(s) for management of
ketamine-associated LUTS. Moreover, information regarding the differentially regulated proteins in urine of KA
provides valuable clues to establish the molecular mechanisms underlying ketamine-induced cystitis.

Material and methods

Study subjects and sample collection. All ketamine abusers (KA) and age-matched healthy controls
(HC) included for study were over 20 years of age. All HC urine samples (n=40) were collected at Chang Gung
University, Taoyuan, Taiwan, and urine samples of KA (n=56) admitted to an addiction center for ketamine
detoxification obtained at Taipei City Psychiatric Center between 2014 and 2017. All urine samples were stored
at — 80 °C. The study protocol was approved by the Medical Ethics and Human Clinical Trial Committee at
Chang Gung Memorial Hospital, Taiwan, and Taipei City Hospital (Taipei, Taiwan). Experiments were con-
ducted according to the principles of the Declaration of Helsinki and reviewed and approved by the Institutional
Review Board (IRB) of Chang Gung Medical Foundation (Taoyuan, Taiwan; IRB n0:106-0191C), and Taipei City
Hospital (Taipei, Taiwan; IRB no: TCHIRB-1030408). Prior to sample collection, an IRB-approved informed
consent form was signed by each participant. The inclusion criteria were as follows: (1) age between 18 and
60 years; (2) fulfilling DSM-IV-TR criteria for ketamine dependence as verified by two board-certified psychia-
trists; (3) last ketamine use within 30 days (by self-report) prior to admission; (4) an ability to read Chinese and
provide informed consent. The exclusion criteria were: (1) other substance use disorder (including abuse and
dependence) in the past year except nicotine; (2) history of schizophrenia, bipolar disorder, or major depres-
sive disorder, or having been treated with antipsychotics, mood stabilizers (including lithium, valproic acid,
carbamazepine, and quetiapine), or antidepressants; (3) history of systemic medical illnesses such as hyperten-
sion, metabolic disorders (e.g., diabetes mellitus), or renal or liver diseases; (4) history of head injury, loss of
consciousness, or neurological disorders; (5) inability or refusal to provide urine sample. Healthy controls were
enrolled from the volunteers in Chang Gung University with inclusion criteria as follows: (1) age between 18 and
60 years; (2) no other substance use disorder (including abuse and dependence) in the past year, except nicotine;
(3) no known systemic or neurological diseases such as hypertension, metabolic disorders (e.g., diabetes mel-
litus), or renal or liver diseases; (4) an ability to read Chinese and provide informed consent. All the participants
were given a comprehensive description of the study and then recruited after giving written informed consent.
The demographic characteristics of the 96 enrolled subjects are shown in Table 1 and clinical information on 56
KA (including laboratory data on urine/serum samples, OABSS and pain rating scales) in Table S1. For evalu-
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ation of overactive bladder syndrome, a total OABS score of <5 is defined as mild, 6-11 as moderate, and >12
as severe'®. The first morning urine samples were collected in the presence of a protease inhibitor cocktail tablet
(one tablet per 50 ml urine; Roche, Mannheim, Germany) and 1 mM sodium azide. Samples were centrifuged
at 5000xg for 30 min at 4 °C within 5 h to remove cells and debris, and supernatant fractions stored at—20 °C
until further use.

LC-SRM-MS analysis of ketamine and metabolites in urine samples. Ketamine and its metabo-
lites (norketamine and dehydronorketamine) were quantified using the LC-MS/MS-based assay according to
the method of Parkin et al.**, with slight modifications. Briefly, urine samples were spiked with an equal volume
of a mixture of tetra-deuterated ketamine (ketamine-D4) (Cerilliant, Round Rock, TX, USA) and its derivatives
(norketamine-D4 and dehydronorketamine-D4) (Toronto Research Chemicals, Ontario, Canada) at 1 pmol/pl
in 0.1% formic acid in methanol. Urine samples were centrifuged at 10,000xg for 10 min at 4 °C, and the col-
lected supernatant fractions subjected to LC-MS/MS analysis in the selected reaction monitoring (SRM) mode
using Waters ACQUITY UPLC (ultra-performance liquid chromatography; Hertfordshire, UK) coupled with a
HCT ultra mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). The mobile system was as follows:
A, 0.1% formic acid in water and B, acetonitrile with 0.1% formic acid. The flow rate was 60 pl/min and a linear
gradient was set as follows: 0 min, 8% B; 2 min, 8% B; 12 min, 18% B; 14 min, 20% B; 15 min, 95% B; 18 min,
95% B. MS data were acquired in the SRM mode: isolation with a 10 amu peak width the first time and 1 amu
the second time, followed by smart fragmentation ramping from 0.3 to 2 V. The peak areas of fragments were
detected and integrated using the software package DataAnalysis 4.2. (Bruker Corporation, MA, USA).

Quantification was performed by calculating the peak area ratio of the product ion for ketamine (m/z 220.1)
to its tetra-deuterated analog (m/z 224.1) ketamine-d4, norketamine (m/z 207.1) to norketamine-d4 (m/z 211.1),
and likewise, dehydronorketamine (m/z 205.0) to dehydronorketamine-d4 (m/z 209.0). Each urine sample was
analyzed in triplicate, and levels of ketamine, norketamine and dehydronorketamine calculated as mean + SD
(ng/ml). Assay linearity for ketamine, norketamine and dehydronorketamine was determined by constructing
response curves from urine to which no or nine different concentrations (fivefold serial dilutions ranging from
50 to 0.128 fmol/pl) of ketamine, norketamine and dehydronorketamine were added as calibrants (0.5 pmol/pl
tetra-deuterated analog). A linear regression model with a weighting function of log-transformed light to heavy
ratio (X axis) and peak area (Y axis) was applied and linearity achieved with R?>0.995. The limit of detection
(LOD) was defined as the lowest concentration with a mean signal-to-noise ratio of > 3 based on the peak height
of all three ion transitions and limit of quantification (LOQ) as signal-to-noise ratio > 10 of the quantifying ion
and at least 3 for the two qualifying transitions.

Concentration and desalting of urine samples.  Urine proteins were concentrated using a 10 kDa cen-
trifugal filter (Millipore, Carrigtwohill, Ireland) as described previously™. Briefly, urine samples (12.5 ml) were
centrifuged at 5000xg for 30 min at 4 °C in a filter tube, followed by the addition of 12.5 ml of 20% acetonitrile/
H,O and re-centrifugation. This process was repeated once using pure water for desalting. Samples were sub-
jected to an additional desalting step using 4 ml H,O to avoid possible interference from metabolites in the
labeling reaction for iTRAQ labeling. After estimation of protein quantity with a Pierce BCA protein assay kit
(Thermo Scientific, MA, USA), each concentrated/desalted urine sample was lyophilized and stored at—80 °C
for subsequent processing.

Tryptic digestion of urinary proteins and iTRAQ reagent labeling. We applied pooled urine sam-
ples from different groups (male HC, male KA, female HC and female KA; 10 cases per group) for iTRAQ-
based quantitative proteomics analysis to minimize individual variations and enhance signals. The 10 cases
were randomly selected from each subgroup with age between 26 and 36 to generate gender- and age-matched
subgroups. Equal amounts of protein (10 ug) from individual samples were pooled into a subgroup. Pooled
urinary protein (100 pg) from each subgroup was reduced, cysteine-blocked and digested with trypsin at 37 °C
for 16 h as described previously**. Digested peptides were labeled with iTRAQ reagent (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s protocol. Peptide mixtures of male HC, male KA, female
HC and female KA were labeled with iTRAQ tags 114, 115, 116 and 117, respectively. After incubation at room
temperature for 1 h, peptide mixtures were pooled and desalted via SPE (solid phase extraction) of Oasis HLB
(30 pum) cartridges (Waters, Massachusetts, USA) and vacuum dried.

Two-dimensional LC-MS/MS analysis. Dried iTRAQ labeling peptides (30 pig) were reconstituted in
50 ul HPLC mobile phase A (30% acetonitrile/0.1% formic acid) and loaded onto a homemade strong cation
exchange chromatography (SCX) column (Luna SCX 5 um, 0.5 x 255 mm, Phenomenex, Torrance, CA, USA) at
flow rate of 5 pl/min for 30 min. Peptides were eluted with 0-100% HPLC mobile phase B (0.5 M ammonium
chloride/30% acetonitrile/0.1% formic acid) and separated into 66 fractions using online 2D-HPLC (Dionex
Ultimate 3000; Thermo Fisher, San Jose, CA, USA). Each SCX fraction was further diluted in-line prior to trap of
reverse-phase column (Zorbax 300SB-C18 5 um, 0.3 x 5 mm; Agilent Technologies, Wilmington, DE, USA) and
diluted peptides were resolved on an analytical C18 column (Synergi Hydro-RP 2.5 um, 0.075 x 200 mm with a
15 pum tip; Phenomenex, Torrance, CA, USA). A linear gradient of fractionation was applied as follows: 3-28%
HPLC mobile phase C (99.9% acetonitrile/0.1% formic acid) for 37 min, 28-50% mobile phase C for 12 min,
50-95% mobile phase C for 2 min, 95% mobile phase C for 5 min, and 3% mobile phase C for 9 min), with a
flow rate of 0.3 pl/min. LC apparatus was coupled with a two-dimensional linear ion trap mass spectrometer
(LTQ-Orbitrap ELITE; Thermo Fisher, San Jose, CA, USA) controlled by Xcalibur 2.2 software (Thermo Fisher,
San Jose, CA, USA). Full-scan MS was performed in the Orbitrap over a range of 400 to 2000 Da and a resolu-
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tion of 60,000 at m/z 400. Internal calibration was performed using the ion signal of [Si (CH3)20]6H +at m/z
445.120025, 462.146574, and 536.165365 as lock masses. The twelve data-dependent MS/MS scan events of six
collision-induced dissociation (CID) mode and six high-energy collision induced dissociation (HCD) mode
were followed with one MS scan for the six most abundant precursor ions in a preview MS scan.

Sequence database search and quantitative data analysis. Data analysis was performed using Pro-
teome Discoverer software (version 1.4, Thermo Fisher Scientific) involving the reporter ion quantifier node for
iTRAQ quantification. MS/MS spectra were searched against the Swiss-Prot human sequence database (released
on 20,150,429, selected for Homo sapiens, 20,199 entries) using the Mascot search engine (Matrix Science, Lon-
don, UK; version 2.2.6). For protein identification, the precursor mass tolerance was set to 10 ppm and fragment
ion mass tolerance to 0.5 Da for CID mode by ion analysis and 0.05 Da for HCD mode by orbitap analysis,
with allowance for one missed cleavage from tryptic digestion. Fixed modification was set to methylthiolation
at cysteine (+45.99 Da) and variable modification to acetylation at protein N-terminus (+42.01 Da), oxidation
at methionine (+15.99 Da), pyroglutamate conversion at N-terminal glutamine (- 17.03 Da) and iTRAQ4-plex
labeling at lysine and peptide N-terminus (+144.10 Da). Data were filtered based on medium confidence of
peptide identification to ensure an overall false discovery rate below 0.01. Proteins with a single peptide hit were
removed, and quantitative data exported as Excel files from Proteome Discoverer and manually normalized,
such that log2 of iTRAQ ratio displayed a median value of zero for all peptides in a single given protein. Proteins
with log2 ratios above the mean of all log2 ratios plus one standard deviation (SD) of all log2 ratios were con-
sidered upregulated, and those with log2 ratios below the mean minus one SD were classified as downregulated.

Bioinformatics and network analysis.  The Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID, v6.7, http://david.abcc.ncifcrf.gov/) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
database resource were used to test for the enrichment of biological processes***°. Proprietorial gene ontology
(GO) biological process with a false-discovery rate (FDR) < 0.05 was considered significant in enrichment analy-
sis. Fibrosis-related proteins were retrieved from FibroAtlas, a database for the exploration of fibrotic diseases
and their genes®!. Protein—protein interaction networks were analyzed using STRING: functional protein asso-
ciation networks (version 11.0)%.

Western blot analysis. Western blot was analysis performed as described previously*. Briefly, urine sam-
ples (containing 50 ug protein) were resolved on 10% SDS gels and transferred to PVDF membrane that were
probed using primary antibodies against the candidate proteins of interest, including anti-APOA1 (Proteintech,
Rosemont, USA), anti-SERPIND1 (Proteintech), anti-osteopontin (Proteintech), anti-plasminogen (Thermo
Fisher, Rockford, USA) and anti-SAA4 (Abnova, Taipei, Taiwan). The relative signal intensity of each target pro-
tein detected in the blots was quantified using a computing densitometer (Molecular Dynamics, Sunnyvale, CA).

Quantification of APOA1 and SAA4 by ELISA.  APOA1 and SAA4 levels in urine samples were meas-
ured using sandwich ELISA kits (R&D Systems, MN, USA) and Elabscience (Hubei, China), respectively,
according the manufacturers’ protocols. Briefly, 100 pl of each urine sample (2- and fourfold diluted for HC
and KU subjects, respectively) was added to the wells of antibody-coated microplates and incubated at room
temperature for 2 h, followed by five washes with wash buffer. Biotinylated antibody was added to the wells
and incubated for 1 h. After a further five washes with wash buffer, 200 pl substrate solution was added to each
well and incubated for 30 min at room temperature. Finally, 50 pl stop solution was added to each well and the
color intensity measured at different times at a wavelength of 450 nm using a Spectra Max M5 microplate reader
(Molecular Devices, Sunnyvale, CA).

Statistical analysis. The correlations between ELISA data and clinicopathological features of patients were
analyzed with the non-parametric Mann-Whitney U test using the statistical package SPSS 15.0 (SPSS Inc.,
Chicago, IL, USA). Receiver operator characteristic (ROC) curve and area under the curve (AUC) analyses were
utilized to detect the optimal cutoft point that produced the greatest total accuracy for clinical classification.
Spearman correlation analysis was applied to assess the correlations between urine contents of ketamine (and
metabolites), ELISA data and clinicopathological features of ketamine users. Results are presented as coefficient
of correlation (r) and the corresponding p-value. Statistical assessments were two-tailed and significance set at
p<0.05.

Ethics approval and consent to participate. The study protocol was approved by the Medical Ethics
and Human Clinical Trial Committee at Chang Gung Memorial Hospital, Taiwan and Taipei City Hospital,
Taipei, Taiwan. This study was conducted according to the principles expressed in the Declaration of Helsinki
and was reviewed and approved by the Institutional Review Board (IRB) of Chang Gung Medical Foundation,
Taoyuan, Taiwan (IRB n0:106-0191C) and Taipei City Hospital, Taipei, Taiwan (IRB no: TCHIRB-1030408). All
subjects gave their written informed consent.

Data availability
The datasets generated and/or analyzed in the current study are not publicly available due to patient privacy,
however they are available from the corresponding author on reasonable request.
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Psoriasis is a long-lasting inflammatory skin disease lacking proper cure. Dysregulated activation of neutrophils
is a major pathogenic factor in psoriasis. Formyl peptide receptor 1 (FPR1) triggers neutrophil activation in
response to bacteria- or mitochondria-derived N-formyl peptides, but its significance in neutrophilic psoriasis
remains unknown. In this study, we discovered two derivatives of ursolic acid, 3p-hydroxyurs-12,18-dien-28-oic
acid (randialic acid B, RAB) and 3f-hydroxyurs-12,19-dien-28-oic acid (tomentosolic acid, TA), as FPR1 in-
hibitors in human neutrophils with ability to suppress psoriatic symptoms in mice. Both RAB and TA, triterpe-
noids of traditional medicinal plant Ilex kaushue, selectively inhibited reactive oxygen species production,
elastase release, and CD11b expression in human neutrophils activated by FPR1, but not non-FPR1 agonists.
Importantly, RAB and TA inhibited the binding of N-formyl peptide to FPR1 in human neutrophils, neutrophil-
like THP-1 cells, and hFPR1-transfected HEK293 cells, indicating FPR1 antagonism. Moreover, in assays induced
by various concentrations of FPR1 agonist, both RAB and TA acted competitively for its binding to the FPR1
receptor. The FPR1-downstream signaling such as Ca%* mobilisation and activation of Akt and MAPKs was also
competitively inhibited. In addition, imiquimod-induced psoriasis-like symptoms, including epidermal hyper-
plasia, desquamation with scaling, neutrophil skin infiltration, and transepidermal water loss were significantly
reduced by both RAB and TA. The results illustrate a possible role of human neutrophils FPR1 receptor in
psoriasis-like inflammation. Accordingly, triterpenoids RAB and TA represent novel FPR1 antagonists and exhibit
therapeutic potential for treating neutrophilic inflammatory skin diseases.

Psoriasis

1. Introduction neutrophil cell membrane. Then, the neutrophils activated via FPR1

migrate to the site of infection, produce reactive oxygen species (ROS),

The immune system is the first line of defense against human path-
ogens, where neutrophils participate in both innate and adaptive im-
mune responses [1,2]. When a pathogen invades the host, bacterial N-
formyl peptide is associated with the formyl peptide receptor 1 (FPR1), a
Gi-protein coupled receptor (GPCR) expressed on the surface of host

release proteases and neutrophil extracellular traps (NETSs) in order to
kill pathogens [3]. But when neutrophils are overactivated in response
to pathogen or abberant immune signal, these toxic substances will also
cause injury to host tissues, leading to various acute, chronic or auto-
immune inflammatory diseases such as life-threatening sepsis [4],
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AM, Fluo-3 acetoxymethyl ester; fMLF, N-formyl-methionyl-leucyl-phenylalanine; fMMYALF, N-formyl-Met-Met-Tyr-Ala-Leu-Phe; fNLFNYK, N-formyl-Nle-Leu-Phe-
Nle-Tyr-Lys-fluorescein; GPCR, G;-protein coupled receptor; HE, hydroethidine; IMQ, imiquimod; Ly6G, lymphocyte antigen 6 complex locus G6D; m3M3FBS, N-(3-
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rheumatoid arthritis [5], chronic obstructive pulmonary disease (COPD)
and asthma [6], psoriasis [7], or atherosclerosis [8], but also
coronavirus-associated acute respiratory distress syndrome (ARDS) [9].
Therefore, the inhibition of the FPR1 is considered as an effective
strategy for the treatment of inflammation-related diseases [10].

Psoriasis is a chronic and recurrent immune skin disease, affecting
approx. 2 to 3% of the world’s total population. Histopathological fea-
tures caused by psoriasis include epidermis thickening and infiltration of
immune cells, resulting in abnormal skin production [7]. The cause of
psoriasis is still not fully understood, but unlike other inflammatory skin
diseases, there are multiple types of immune cells participating in the
pathogenesis of psoriasis, including macrophages, lymphocytes and
neutrophils with growing evidence for a crucial role of neutrophils [11].
However, the available treatments do not fully utilize important role of
neutrophils in psoriasis.

Triterpenoids represent phytochemicals abundant in nature that
possess anti-inflammatory [12] and anticancer activities [13]. Previ-
ously, 3f-hydroxyurs-12,18-dien-28-oic acid (randialic acid B, RAB) and
3p-hydroxyurs-12,19-dien-28-oic acid (tomentosolic acid, TA), the un-
saturated derivatives of ursolic acid, were isolated from Ilex kaushue
(syn. I kudingcha) [14], a traditional Chinese medicine used for
millennia to treat inflammation-related health disorders [15]. There is a
lack of knowledge on the anti-inflammatory effects of these triterpe-
noids but also the correlation between FPR1 expression and psoriasis is
rather unknown.

Thus, in the current study, we delve into the anti-inflammatory ef-
fects of triterpenoids RAB and TA in human neutrophils, molecular
mechanism targeting FPR1 and effects on psoriasis-like inflammation in
mice.

2. Materials and methods
2.1. Reagents and antibodies

Randialic acid B and tomentosolic acid were obtained from Ilex
kaushue and identified using comprehensive spectroscopic data analysis
including 1D and 2D NMR as previously described [14]. Compounds
were dissolved in DMSO for experiments. Dextran, ferricytochrome c,
cytochalasin B (CB), Triton X-100, a-tocopherol (vitamin E), 1,1-dis-
phenyl-2-picryl-hydrazyl (DPPH), N-formyl-methionyl-leucyl-phenylal-
anine (fMLF), 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), xanthine oxidase, DMSO, phorbol 12-myris-
tate 13-acetate, PMA and N-(3-trifluoromethylphenyl)-2,4,6-trime-
thylbenzenesulfonamide (m3M3FBS), butyryl cAMP, luminol were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ficoll-Paque TM
PLUS was purchased from GE Healthcare (Buckinghamshire, UK). Fetal
bovine serum (FBS), HBSS and DMEM, were purchased from Gibco
(Grand Island, NY, USA). Trypan blue was purchased from Biological
Industries (Beit Haemek, Israel). Methoxysuccinyl-Ala-Ala-Pro-Val-p-
nitroanilide was purchased from Calbiochem (La Jolla, CA, USA).
Hydroethidine (dihydroethidine, HE) and Hoechst 33342 (Trihydro-
chloride, Trihydrate - 10 mg/mL solution in water, Cat# H3570) were
purchased from Invitrogen (Carlsbad, CA, USA). N-Formyl-Met-Met-Tyr-
Ala-Leu-Phe (fMMYALF) was purchased from GeneDireX (Las Vegas,
NV, USA). MMK1 and LTB4 were purchased from Tocris Bioscience
(Bristol, United Kingdom). IL8 was purchased from ProSpec (Ness-
Ziona, Israel). Anti-human CD11b (activation epitope) FITC (CBRM1/5)
antibody (Thermo Fisher Scientific, Cat# 11-0113-42, RRID:
AB_2572437, Waltham, MA, USA) was purchased from eBioscience (San
Diego, CA, USA). Anti-mouse lymphocyte antigen 6 complex locus 6D
(Ly6G) antibody (BioLegend Cat# 127602, RRID:AB_1089180; San
Diego, CA, USA), anti-mouse Ki67 [SP6] antibody (GeneTex Cat#
GTX16667, RRID:AB_422351; Hsinchu, Taiwan), and anti-human mye-
loperoxidase (MPO) antibody (Abcam Cat# ab9535, RRID:AB_307322;
Cambridge, MA, USA), anti-rabbit Poly-HRP-IgG (<25ug/mL) contain-
ing 10% (v/v) animal serum in tris-buffered saline/0.1% ProClin™ 950
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and anti-rat IgG (H&L) Affinity Pure, HRP conjugate (ImmunoReagents
Inc., RbxRt-003-DHRPX; Raleigh, NC, USA) were used for immunohis-
tochemical experiments. Fluo-3 acetoxymethyl ester (Fluo-3/AM) and
N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys-fluorescein (fNLFNYK) were pur-
chased from Molecular Probes (Eugene, OR, USA). Xanthine was pur-
chased from Santa Cruz Biotechnology (Dallas, TX, USA). 2-(4-
Iodopheny])-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
monosodium salt (water-soluble tetrazolium-1, WST-1) was purchased
from Dojindo Laboratories (Kunamoto, Japan). Antibody for p38 MAPK
(Cell Signaling Technology Cat# 9212, RRID:AB_330713), phospho-p38
MAPK (Thr180/Tyr182) (Cell Signaling Technology Cat# 9211, RRID:
AB_331641), SAPK/JNK (56G8) (Cell Signaling Technology Cat# 9258,
RRID:AB_2141027), phospho-SAPK/JNK (Thr183/Tyr185) (Cell
Signaling Technology Cat# 9251, RRID:AB_331659), Akt (pan) (C67E7)
(Cell Signaling Technology Cat# 4691, RRID:AB_915783), phospho-Akt
(Ser-473) (193H12) (Cell Signaling Technology Cat# 4058, RRID:
AB_331168), ERK p44/42 MAPK (Erkl/2) (137F5) (Cell Signaling
Technology Cat# 4695, RRID:AB_390779) and phospho-ERK p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling Technology Cat#
4370, RRID:AB_2315112) antibodies were purchased from Cell
Signaling (Beverly, MA, USA). Secondary goat anti-rabbit IgG (H+L)
antibody, HRP-linked (Thermo Fisher Scientific Cat# 31460, RRID:
AB_228341) was used for Western blotting experiments.

2.2. Preparation of human neutrophils

The experiment was approved by the Institutional Review Board of
Chang Gung University Hospital (Registration number: IRB 100 1278C)
and written consent was obtained from every blood donor. Elbow vein
blood was collected from healthy volunteers 20 to 30 years of age
without medication using a vacuum sterile blood collection tube con-
taining heparin as anticoagulant [16]. The blood was centrifuged at 650
g and 25 °C for 10 min. After removing the plasma supernatant, 3%
dextran was added, mixed, and left at room temperature for 25 min to
allow the red blood cells to settle. The upper suspension containing
neutrophil was centrifuged with Ficoll-Paque, using gradient centrifu-
gation at 200 x g at 20 °C for 35 min to separate different types of white
blood cells. Residual red blood cells were washed with a hypotonic so-
lution and removed after centrifugation at 200 x g for 8 min at 4 °C.
More than 98% of viable neutrophils were calculated using trypan blue
exclusion technique. Finally, the isolated neutrophils were suspended in
Ca%*-free HBSS at pH 7.4 and kept at 4 °C before subsequent
experiments.

2.3. Cell culture and differentiation of THP-1 cells

THP-1 cell line (purchased from the Center for Bioresources Con-
servation and Research, Institute of Food Science; ATCC Cat# TIB-202,
RRID:CVCL_0006) was human monocytic leukemia cell line and was
cultured in Roswell Park Memorial Institute (RPMI) 1640 culture me-
dium (containing 10% FBS, 1% glutamine and 1% anti-
biotic—antimycotic solution, i.e. 100 U-mL™! penicillin, 100 pg-mL™?
streptomycin, and 2.5 pg~mL’1 amphotericin B) in a constant tempera-
ture incubator at 37 °C and 5% CO5 incubator. When the THP-1 cell line
was incubated with 300 pM dibutyryl cAMP for 48 h, the cells differ-
entiated into a large number of neutrophil-like cells expressing FPR1
used for subsequent experiments [17].

2.4. HEK293 cells transfection with human FPR1 (hFPR1)

HEK293 cell line (purchased from the Center for Bioresources Con-
servation and Research, Institute of Food Science; ATCC Cat# CRL-1573,
RRID:CVCL_0045), a human embryonic kidney cell line, was cultured
using DMEM medium (containing 10% FBS, 1% non-essential amino
acid, 1% glutamine and 1% antibiotic—antimycotic solution) in 37° C
with 5% CO; incubator. The cell line was transfected with a pCMV6-AC
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vector containing the human FPR1 gene (hFPR1) (NM-002029, OriGene,
Rockville, MD, USA) for 72 hr using X-tremeGENE, Hp DNA Trans-
fection reagent (Roche, Mannheim, Germany) according to the in-
structions of the manufacturer. The transfected HEK293 cells were
cultured with G418 (geneticin, 3 mg-mL™!) and only G418-resistant
clones were used for subsequent experiments [17]. Because hFPR1-
transfected HEK293 cells may express different FPR1 receptor expres-
sion levels, a further selection of high FPR1 expressing cells was per-
formed. The hFPR1-transfected HEK293 cells were subcultured, diluted,
regrown, and incubated with G418 medium. The cells (5 x 10°
cells~mL’1) were activated by fNLFNYK (3 nM) in HBSS at 4 °C for 30
min, and FPR1 expression was detected by flow cytometer. The FPR1
expressing cells were recultured again until a single type of cells with
high FPR1 expression was obtained.

2.5. Reactive oxygen species (ROS) and reactive nitrogen species (RNS)

When the neutrophils are activated, the protein complex NADPH
oxidase located on the cell membrane and in the cytoplasm will consume
oxygen in the process of respiratory burst to produce a large number of
reactive oxygen molecules such as superoxide radicals.

2.5.1. Determination of extracellular superoxide anion generation
Extracellular superoxide was measured using assay utilizing ferri-
cytochrome ¢ which cannot penetrate into the cell, and thus can only
interact with superoxide from outside the cell [18]. Upon the reaction
with radicals, ferricytochrome c is reduced, and it has a light-absorbing
reaction at a wavelength of 550 nm. The neutrophil suspension (6 x 10°
cellsmL™1) and 0.5 mg-mL~! ferricytochrome ¢ solution containing 1
mM CaCl, were preheated at 37 °C for 5 min. The test compounds or
DMSO were added, and after 2 min, the priming agent cytochalasin B
(CB, 1 pg-mL~!; except PMA) was added to amplify the reaction. After
another 3 min, the cells were stimulated with 0.1 uM fMLF, 0.1 pM
fMMYALF, 0.3 pM MMK-1, 15 pM m3M3FBS, or 10 nM PMA (3 x 10°
cells-mL™!) for 10 min, and the change in absorbance at a wavelength of
550 nm (Hitachi, U-3010, Tokyo) was continuously measured to eval-
uate the effect of the test compounds. The superoxide generation was
calculated based on the absorbance differences between measurements
with and without SOD (100 U-mL_l) divided by the extinction coeffi-
cient for the reduction of ferricytochrome c (¢ = 21.1-mM 110 mm™ 1.

2.5.2. Determination of total ROS release

The total, i.e. intracellular and extracellular reactive oxygen species
(ROS) were determined using 5-amino-2,3-dihydrophthalazine-1,4-
dione (luminol) to react with reactive oxygen molecules which gener-
ates chemiluminescence and was further enhanced by horseradish
peroxidase (HRP) to detect the total amount of ROS inside and outside
the cells [19]. The experiment was performed on a 96 well microplate,
and 37.5 pM luminol was added to the test compounds at 37 °C for 5
min. Finally, the cells were primed with CB (1 pg-mL’l) and activated
with 0.1 pM fMLF and 0.1 pM fMMYALF. The generation of ROS radicals
was measured using a 96-well chemiluminometer (Tecan, Infinite F200
Pro; Tecan Group, Mannedorf, Switzerland).

2.5.3. Determination of intracellular superoxide anion generation

The intracellular superoxide radicals were determined using hydro-
ethidine (HE), a molecule that penetrates into the cell and reacts with
intracellular superoxide radicals to produce a red fluorescence
(ethidium E') [20]. The experiment was performed at 37 °C in the
presence of 1 mM CaCl,. Neutrophils (1 x 10° cells-mLfl) were incu-
bated with 1 pM HE for 12 min, and then the test compounds or DMSO
were added. After 2 min, a priming agent CB (1 pg-mL™") was added.
Finally, 3 min after the priming agent, fMLF (0.1 pM) and MMK1 (0.3
pM) were added for another 5 min, and the fluorescence intensity was
measured by a flow cytometer.

Biochemical Pharmacology 190 (2021) 114596

2.5.4. Determination of ROS/RNS scavenging activity

In order to clarify whether RAB and TA have the ability to directly
scavenge free radicals, a cell-free system assays of superoxide (xanthine/
xanthine oxidase) and nitrogen radicals 1,1-disphenyl-2-picryl-hydrazyl
(DPPH) and 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonic  acid
(ABTS) in cell-free systems were utilized [21].

Superoxide anion scavenging assay uses xanthine/xanthine oxidase
to produce superoxide which further reduces WST-1. Compounds scav-
enging effect was evaluated by measuring the amount of reduced WST-1.
In a 50 mM Tris buffer (pH 7.4), 0.3 mM WST-1 and 0.02 U-mL !
xanthine oxidase were mixed and the test compounds or SOD were
added, followed by incubation at 30 °C for 3 min, and addition of 0.1
mM xanthine for 10 min. Changes in absorbance were measured at 450
nm, and SOD was used as a positive control.

Nitrogen radicals (RNS) were detected using 1,1-disphenyl-2-picryl-
hydrazyl (DPPH), a stable nitrogen-centered free radical. DPPH was
dissolved in 99% ethanol to prepare a 100 pM solution. In the experi-
ment, the tested compounds were reacted with DPPH for 15 min at 25
°C, and the absorbance at 517 nm was measured. a-Tocopherol (vitamin
E), which is known to have strong scavenging activity, was used as a
positive control.

Also, 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) is
a nitrogen-centered radical. In a cell-free system, 7 mM ABTS and 2.45
mM potassium persulfate were dissolved in ddH3O, to form stable ni-
trogen radical ABTS", reacted with the test compounds for 15 min at
room temperature, and measured the absorbance at 734 nm.
a-Tocopherol was used as a positive control.

2.6. Cytotoxicity test

When a cell is damaged or dying, the cell membrane loses its
integrity, and LDH stored in the cytoplasm is released outside the cell. By
detecting the amount of LDH, we could evaluate whether the test
compound is toxic to the cells [22]. The human neutrophil suspension
(6 x 10° cells-mL™!) were preheated at 37 °C for 5 min in the presence of
CaCls (1 mM). Then the test compounds were added to interact with the
cells for 15 min, 1 h or 3 h. In a total LDH release control, 0.1% of Triton
X-100 were incubated with cells for 30 min to completely lyse the cells.
The cells were centrifuged at 4 °C for 200 x g for 8 min, and LDH reagent
was added to supernatant reacted at room temperature for 30 min in the
dark. The absorbance was measured at 492 nm, and the LDH release was
calculated and compared to the total LDH release set as 100%.

2.7. Determination of elastase release

Activated neutrophils release large amount of elastase through the
degranulation of azurophilic granules [22]. In this experiment, elastase
specific substrate (methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide) was
used to evaluate the effect of test compounds on elastase release. Neu-
trophils (6 x 10° cells-mL~!) were mixed with the substrate (0.1 mM)
containing CaCl, (1 mM) at 37 °C for 5 min and then the test compounds
were added. After 2 min, CB (0.5 pg-mL™%; except for LTB4 and IL8 2
pg-mL~1) was added for 3 min to amplify the reaction, and finally cells
were stimulated with 0.1 pM fMLF, 0.1 pM fMMYALF, 0.3 pM MMK1, 15
uM m3M3FBS, 0.1 pM LTB4, or 100 ng-mL ! IL8 for 10 min. The change
in absorbance was measured at 405 nm to evaluate the percentage of
elastase release of the test compounds in comparison with the fMLF/CB-
activated, drug-free control.

2.8. Determination of elastase enzymatic activity

The compounds were further tested for direct inhibition of elastase
enzymatic activity [19]. The neutrophil suspension (6 x 10° cells-mL™1)
was preheated for 5 min in the presence of CaCl, (1 mM) at 37 °C.
Priming agent CB (1.5 pg-mL ') was added for 2 min, followed by fMLF
(0.1 pM) for 20 min to release the elastase. The supernatant was
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centrifuged at 1000 g for 5 min at 4 °C. Then, the supernatant containing
elastase was preheated at 37 °C for 5 min, and the test compounds were
added. Finally, 0.1 mM of substrate methoxysuccinyl-Ala-Ala-Pro-Val-p-
nitroanilide was added for 10 min. The effect of the test compounds was
evaluated by measuring the absorbance at 405 nm.

2.9. Cell surface CD11b expression measurement

The following experiment was performed to evaluate the effect on
CD11b integrin expression on the cell surface in stimulated neutrophils,
important for the regulation of cell adhesion and migration [20]. Human
neutrophils (2.5 x 10° cells-mL 1) containing CaCly (1 mM) were mixed
with the test compounds for 5 min at 37 °C. After 2 min, CB (0.5
pg-mL 1) was added and then cells were stimulated with 0.1 pM fMLF or
0.3 pM MMK]1 for 5 min. The reaction was stopped on ice. The cells were
centrifuged at 200 x g at 4 °C for 8 min, the supernatant was removed
and cells were resuspended in HBSS containing 0.5% (w/v) BSA. FITC-
labeled anti-CD11b (1 pg) was added at 4 °C for 90 min in the dark,
and the immunofluorescence was immediately measured by flow
cytometry.

2.10. Cell adhesion assay

The mouse brain microvascular endothelial cell line bEnd.3 was used
to simulate the environment of neutrophils in the microvasculature and
observe the effect of test compounds on the neutrophils’ adhesion [23].
Bend.3 cell line (purchased from the Center for Bioresources Conser-
vation and Research, Institute of Food Science, ATCC Cat# CRL-2299,
RRID:CVCL_0170) is a mouse brain microvascular endothelial cell line
and was cultured using DMEM (containing 10% FBS and 1% anti-
biotic-antimycotic solution) at 37 °C with 5% CO. Neutrophils were
pretreated with 1 ng-mL ™' Hoechst 33342 dye at 37 °C. After washing
away the dye by centrifugation at 200 x g for 8 min, the neutrophils
suspension containing CaCl, (1 mM) was incubated at 37 °C for 5 min,
and the test compounds were added for 2 min, followed by CB (0.5
pg-mL 1) for another 3 min. Afterwards, a solution of 0.1 pM fMLF was
added to bEnd.3 cells, and then mixed and co-cultured with the
neutrophil suspension at 37 °C for 15 min. The unattached neutrophils
to bEnd.3 were removed by rinsing with HBSS. Then, 4% para-
formaldehyde (PFA) was added to fix the cells, and adherent neutrophils
were counted using a fluorescence microscope (IX81; Olympus, Center
Valley, PA, USA).

2.11. Receptor binding test

The potency of compounds to directly inhibit binding to the cell
surface receptor FPR1 was investigated (24). Fluorescent labelled pep-
tide N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys-fluorescein (fNLFNYK) is a
structural analog of fMLF that specifically binds to FPR1. Human neu-
trophils (2 x 10° cells~mL’l), THP-1 cells differentiated into neutrophil-
like cells (5 x 10° cells~rnL’1), or HEK293 cells transfected with hFPR1
(2.5 x 10° cells-mL~1) were incubated with tested compounds at 4 °C for
5 min. Then fNLFNYK (3 nM) was added and reacted for 30 min.
Collected cells were analysed by flow cytometry and a decrease in
fluorescence level indicated the amount of receptor bound by the test
compounds, where FMLF was used as a control.

2.12. Determination of intracellular calcium concentration ( [Ca”],)

For measurement of intracellular calcium, neutrophils (6 x 108
cells-mL ") were incubated with Fluo-3/AM (2 uM) at 37 °C for 30 min,
and then the supernatant was removed after centrifugation at 200 x g at
4 °C for 8 min [22]. The resuspended cells in HBSS stained with Fluo-3/
AM were treated with test compounds for 5 min in the presence of 1 mM
CaCl, at 37 °C and then stimulated by 0.1 pM fMLF (or 0.1 pM — 1 pM),
0.3 pM MMK-1, 15 pM m3M3FBS, 0.1 pM LTB4, or 100 pg-rnL’l IL8. The
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fluorescence changes were monitored using a Hitachi F-4500 spectro-
fluorometer (Tokyo, Japan) with continuous stirring at 37 °C in a quartz
cuvette. The excitation and emission wavelengths were set to 488 nm
and 520 nm, respectively. Finally, 0.05% Triton X-100 was added to
obtain the maximum fluorescence value (Fyhax), and 20 mM EGTA was
added to obtain the minimum fluorescence value (Fp;,). The amount of
change in intracellular Ca®* concentration was calculated according to
the following formula: [Ca®"]; = Kq x [(F — Fumin)/(Fmax — F)1, where F,
Fmax and Fn, are measured fluorescence intensities and Ky is the
dissociation constant of Fluo-3/AM, set as 400 nM.

2.13. Immunoblotting analysis

Intracellular protein expression and phosphorylation regulate
different cellular physiological functions. Immunoblotting of target
proteins by specific antibodies is used to bind and quantify the changes
in intracellular proteins [25]. Human neutrophils (2.5 x 107 cells-mL’l)
containing CaCly (1 mM) were incubated at 37 °C and the test com-
pounds were added for 5 min, followed by the addition of fMLF for 25
sec. The reaction was stopped by the addition of sample buffer (62.5 mM
Tris-HCL, pH = 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue
and 5% 2-mercaptoethanol). The cells were mixed and heated at 100 °C
for 15 min to fully lyse the cells and release the protein. The lysed cells
were centrifuged at 14,000 rpm at 4 °C for 20 min and the supernatant
was collected. Proteins were quantified and separated by SDS-PAGE gel
electrophoresis using 12% acrylamide gel. The proteins were then
transferred to a nitrocellulose membrane, which was soaked by 5% skim
milk powder (in TBST containing 0.1% tween 20) at room temperature
for one hour to block non-specific binding. Then, the membrane was
immersed with corresponding primary antibodies in 5% BSA at 4 °C
overnight. Finally, the membrane was incubated with HRP secondary
antibodies in 5% BSA at room temperature for one hour, and then
enhanced chemiluminescence reagent (Amersham Bioscience, Piscat-
away, NJ, USA) was added. The fluorescent bands of phosphorylated
and total proteins were visualised using a densitometer (UVP Bio-
spectrum Imaging System, LLC, Upland, CA, USA). Corresponding rabbit
primary antibodies for p38, phospho-p38, JNK, phospho-JNK, Akt,
phospho-Akt (Ser-473), ERK, phospho-ERK (1:2000) and HRP-linked
anti-rabbit IgG, antibodies (1:10000) were used for quantification of
total and phosphorylated MAPK and Akt proteins [26]. The quantitative
ratios for all samples were normalized to the corresponding total
protein.

2.14. Psoriasis skin model

2.14.1. Psoriasis-like skin inflammation induced by imiquimod (IMQ)
Imiquimod (IMQ)-induced model of psoriatic-like skin symptoms is
widely accepted psoriasis animal model when employed appropriately
[27-29]. The effect of compounds on psoriasis-like inflammation was
evaluated in mice [30]. This study was performed with approval by the
Institutional Animal Care and Use Committee of Chang Gung University,
Taiwan (IACUC approval No. CGU14-150). Experimental procedures
were carried out in accordance with the ARRIVE [31,32] with all efforts
made to minimize the number of animals used and their sufferings. In
the experiment, 7-week-old BALB/c white female mice (20 g weight)
were housed in an air-conditioned room with 12 h light-dark cycle. On
the first day, the hair on the back of mice was shaved with a razor, and
then hair removal cream was applied. After 10 to 15 min, hair removal
cream was washed to completely remove the hair on the back of the
mouse. The mice were randomly divided into four groups for each
treatment: sham treated with vehicle only (i.v.); compound only (i.v.);
IMQ + vehicle (i.v.), and IMQ + compound (i.v.). Compounds RAB (10
mg~kg*1) or TA (10 mg-kgfl) were dissolved in DMSO, tween 80, and
saline (1:2:7) and the solution of RAB, TA or vehicle alone was admin-
istered intravenously (50 pL, i.v.) every other day. A dose of 62.5 mg of a
5% w/w IMQ cream (Aldara, 3 M Health Care Limited, Loughborough,
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Fig. 1. Randialic acid B (left panel) and tomentosolic acid (right panel) significantly inhibit superoxide anion generation in human neutrophils induced by activators
of FPR1, but not by non-FPR1 activators. None of them have antioxidant effects. (A) The chemical structures of randialic acid B (RAB, left) and tomentosolic acid (TA,
right). (B) RAB and TA significantly inhibit activators of FPR1, but not non-FPR1, induced superoxide anion generation in human neutrophils. Human neutrophils
were incubated with DMSO (as control), randialic acid B (RAB, 0.1-10 pM, left panel) or tomentosolic acid (TA, 0.1-10 pM, right panel) for 5 min and then activated
by fMLF (0.1 pM)/CB (1 pg-mL 1), fMMYALF (0.1 uM)/CB (1 pg-mL~1), MMK1 (0.3 uM)/CB (1 pg-mL~"), m3M3FBS (15 pM)/CB (1 pg-mL~?), or PMA (10 nM) for
another 10 min. Extracellular superoxide anion generation was measured based on ferricytochrome ¢ reduction. Results are expressed as ICsq values, i.e., concen-
tration necessary for 50% inhibition. (C) Concentration-dependent effects of RAB and TA on superoxide generation using FPR1 activators (fMLF and fMMYALF) and
non-FPR1 activators (MMK1, m3M3FBS or PMA). All data are presented as means + SD (n = 6). * p < 0.05 compared with activator alone (t-test). (D) Superoxide
anion scavenging effects of RAB or TA (0.1-3 pM) were assayed in a cell-free xanthine/xanthine oxidase system. Reduction of WST-1 was measured spectropho-
Eometrically at 450 nm. SOD (10 U/ml) was used as the positive control. Data are presented as means + SD (n = 3).

<

United Kingdom) was applied on the back of the mice to induce the
psoriasis-like symptoms in the mouse skin, daily for five consecutive
days. When both drug and IMQ were applied on the same day, it was
performed with a 30 min interval. Mice were sacrificed on the sixth day
after the first IMQ application using overdose of 30 mg/kg Zoletil 50 and
6 mg/kg xylazine. The skin appearance was observed (photographed by
a digital camera and by hand-held digital microscope), histology,
immunological staining and degree of water dispersion (described below
in next Section 2.14.2) tests were performed to evaluate the level of
psoriasis-like symptoms in mice [33]. For the analysis, the skin samples
were isolated, fixed in 10% paraformaldehyde, and buffered in phos-
phate saline. Afterwards, the skin histology was observed by staining
with hematoxylin-eosin (H&E), and the stained slides were visualized by
a light microscope. For immunohistochemical analysis, the unstained
slides of formalin-fixed paraffin-embedded skin sections were dewaxed
and rehydrated, followed by the heat-induced epitope retrieval treat-
ment with Bond Epitope Retrieval Solution 2, pH 9 (Leica Biosystems
DS9800) according to manufacturer’s protocol. The reaction was
blocked using normal serum solution. Skin samples sections were then
incubated with primary antibodies, i.e., rabbit polyclonal anti-mouse
Ki67, goat polyclonal anti-mouse Ly6G or goat polyclonal anti-human
MPO antibodies for 1 h at 25-27 °C. After washing with phosphate sa-
line solution containing 0.5% Tween 20, the sections were incubated
with the biotinylated donkey anti-goat IgG secondary antibodies
(Jackson ImmunoResearch Labs Cat# 705-001-003, RRID:AB_2340383)
for 20 min at 25-27 °C. Vectastatin Elite avidin-biotin complex kit
(Vector Laboratories, Burlingame, CA, United States) was utilized for
color reaction and the photomicrographs were captured using a micro-
scope equipped with Olympus DP72 digital color camera.

2.14.2. Transepidermal water loss (TEWL)

The skin is the largest organ of the human body and covers the entire
body surface. Skin serves as the first line of defense against pathogens
but is also regulating body temperature and preventing water loss. Many
of the symptoms of psoriasis such as redness, scaling, and dry skin
desquamation are the result of immune response causing damage to the
stratum corneum and thus affecting the skin’s water retention function.
Tewameter® (Courage & Khazawa, Cologne, Germany) was used to
measure the humidity in a moisture-proof box to maintain the humidity
of the environment and prevent errors caused by atmospheric distur-
bances. The instrument’s probe was placed on the back of the mouse and
pressed against the skin, while the degree of skin damage was estimated
by detecting the moisture lost by the stratum corneum. Each measure-
ment was detected for 30 sec, monitoring the change in relative hu-
midity and temperature to reach a stable curve. The average value was
then expressed as a value of water dispersion with the unit of g-m?h.

2.15. Data and statistical analysis

Experimental data were expressed as means + SD of at least three
independent measurements. Comparisons were carried out using Stu-
dent’s t-test for two groups, or two-way ANOVA with Bonferroni’s post-
hoc test (when F achieved p < 0.05 and no significant variance in-
homogeneity) for multiple groups (SigmaPlot, Systat Software, San Jose,
CA, USA). A value of p < 0.05 was considered statistically significant.

6

The 50% inhibitory concentration (ICs) was calculated from the dos-
e-response curve obtained by plotting the percentage of inhibition
versus concentrations (linear function, Microsoft Office). Graphs were
plotted using SigmaPlot software. Equalization, randomization, and
blinding were used for each group in both in vitro and in vivo
experiments.

In ligand-receptor inhibitory assay (Fig. 7), superoxide generation or
elastase release versus log [fMLF] were plotted to generate familiar
sigmoid concentration-effect curve. Data normalization was employed
as follows: For experiments where fluorescence intensity was measured
employing flow cytochemistry (Fig. 3; 5A and 5B; 6) and adhesion assay
(Fig. 5C), each value was divided by the mean of basal values and
expressed in the form of fold of basal (labelled as ‘Fold of basal’ in Y axis
of the figures). When analyzing the expression of phosphorylated pro-
tein levels in cells by Western blot (Fig. 9), detected protein expression
intensities were first divided by the total protein and then expressed as
% of the maximal detected value (labelled as ‘% of maximal’ in Y axis of
the figure). This was done to control for unwanted sources of variation.

3. Results

3.1. Randialic acid B and tomentosolic acid selectively inhibit FPR1
stimulant-activated extracellular and intracellular superoxide anion
generation by human neutrophils

First, we aimed to explore whether randialic acid B (RAB) and
tomentosolic acid (TA) (Fig. 1A) have anti-inflammatory effects in
human neutrophils. Neutrophils feature several offensive strategies to
fight pathogens, one of which is the formation and release of ROS,
mostly superoxide radicals, during a process called the respiratory burst.
We used various neutrophil activators, including FPR stimulators such
as fMLF (exogenous FPR1 stimulator), fMMYALF (endogenous FPR1
stimulator), or MMK1 (FPR2 stimulator), and stimulators of specific
molecular signaling pathways, such as m3M3FBS (phospholipase C, PLC
inducer) and PMA (protein kinase C, PKC inducer). According to the
results (Fig. 1B and C), both RAB and TA demonstrated a concentration-
dependent effect on the inhibition of extracellular superoxide produc-
tion upon activation by both FPR1 stimulators, the exogenous fMLF or
endogenous fMMYALF, with submicromolar ICsy values. In addition,
both RAB and TA were unable to inhibit extracellular superoxide radi-
cals produced by using the FPR2 stimulator MMK1 as well as the in-
ducers of PLC signaling (m3M3FBS) and PKC signaling (PMA) pathways,
indicating that FPR2 and the PLC or PKC pathways are not main mo-
lecular targets of RAB and TA (Fig. 1B and C). Also, RAB and TA did not
trigger superoxide generation in resting neutrophils. These results sug-
gested that RAB and TA selectively inhibit interaction with FPR1.

Furthermore, the production of total (intracellular and extracellular)
ROS radicals was evaluated using luminol peroxidase system. The re-
sults showed that RAB and TA had a significant and concentration-
dependent inhibitory effect on the ROS production in neutrophils acti-
vated by FPR1 stimulators fMLF and fMMYALF (Fig. 2).

Further, to verify the effect of RAB and TA on the intracellular su-
peroxide radicals in the neutrophils activated by FPR1 (fMLF) or FPR2
stimulator (MMK1), hydroethidine (HE) was utilized. The results
revealed that RAB and TA inhibited fMLF-stimulated intracellular
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Fig. 2. Randialic acid B (left panel) and tomentosolic acid (right panel) inhibit ROS generation in FPR1 stimulators-activated human neutrophils in the luminol-
enhanced chemiluminescence. Human neutrophils were incubated with DMSO (as control) or randialic acid B (RAB, 0.1-3 pM, left) or tomentosolic acid (TA,
0.1-3 pM, right) for 5 min and activated by (A) fMLF (0.1 pM), and (B) fMMYALF (0.1 pM)/CB (1 pg/ml) for another 6 or 15 min. The ROS formation was measured
using the luminol peroxidase system. Peak chemiluminescence expressed as area under curve (AUC) of chemiluminescence levels was calculated and is presented as
the means + SD (n = 3).
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Fig. 3. Randialic acid B (left panel) and tomentosolic acid (right panel) selectively inhibits reactive oxygen species (ROS) generation in human neutrophils activated
by FPR1 stimulator, but not by FPR2 stimulator. Hydroethidine (HE)-labeled human neutrophils were incubated with DMSO (as control), randialic acid B (RAB,
0.1-3 pM, left panel) or tomentosolic acid (TA, 0.1-3 pM, right panel) for 5 min and then activated by (A) fMLF (0.1 uM)/CB (1 pg-mL’l) or (B) MMK1 (0.3 yM)/CB
(1 pg-mL~Y) for another 5 min. The ROS formation was determined based on HE fluorescence intensity by flow cytometry. Representative histograms of flow
cytometry are shown. Fluorescent intensities were calculated and are presented as means + SD (n = 6). * p < 0.05 compared with the activator alone (t-test). HE,
hydroethidine; FPR, formyl peptide receptor.
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Fig. 4. Randialic acid B (left panel) and tomentosolic acid (right panel) significantly inhibit elastase release induced by activators of FPR1, but not by non-FPR1
activators. None of them inhibit elastase enzymatic activity at an effective concentration range. (A) RAB and TA significantly inhibit activators of FPR1, but not
non-FPR1, induced elastase release in human neutrophils. Human neutrophils were incubated with DMSO (as control), randialic acid B (RAB, 0.1-10 pM, left panel)
or tomentosolic acid (TA, 0.1-10 pM, right panel) for 5 min and then activated by fMLF (0.1 pM)/CB (0.5 pg~mL’1), fMMYALF (0.1 pM)/CB (0.5 pg~mL’1), MMK1
(0.3 uM)/CB (0.5 pg-mL~"), m3M3FBS (15 pM)/CB (0.5 pg-mL~'), LTB4 (0.1 uM)/CB (2 pg-mL~?), and IL8 (100 ng-mL~')/CB (2 pg-mL~") for another 10 min.
Results are expressed as ICsg values, i.e., concentration necessary for 50% inhibition. (B) Concentration-dependent effects of RAB and TA on elastase release using
FPR1 activators (fMLF and fMMYALF) and non-FPR1 activators (MMK1, m3M3FBS, LTB4 or IL8). Elastase release was measured spectrophotometrically at 405 nm.
All data are presented as means + SD (n = 6). * p < 0.05 compared with activator alone (t-test). (C) Human neutrophils were incubated with fMLF/CB for 15 min. The
elastase supernatant was obtained and incubated with DMSO (as control), randialic acid B (RAB, 0.1-10 pM) or tomentosolic acid (TA, 0.1-10 pM) for 2 min before
the addition of substrate (100 pM). Elastase activity was measured at 405 nm. Data are presented as means + SD (n = 6). * p < 0.05 compared with the control group

(t-test).

3.2. Randidlic acid B and tomentosolic acid do not directly scavenge

superoxide production in a concentration-dependent manner with ICsg
superoxide radicals and nitrogen radicals or cause cytotoxicity

of 0.10 &+ 0.02 pM and 0.11 + 0.02 pM, respectively (Fig. 3A). None of
the compounds inhibited the production of intracellular superoxide
radicals induced by MMK1 (Fig. 3B) which further suggested a selective
effect on the FPR1 pathway.

The inhibitory effects of RAB and TA on superoxide anion generation
didn’t exclude a possibility of their direct interaction with radicals
themselves. Therefore, the cell-free system was utilized to determine
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Fig. 5. Randialic acid B (left panel) and tomentosolic
acid (right panel) inhibit CD11b expression and
adhesion in human neutrophils activated by FPR1
stimulator, but not by FPR2 stimulator. Human neu-
trophils were incubated with DMSO (as control),
randialic acid B (RAB, 0.1-3 uM, left panel), or
tomentosolic acid (TA, 0.1-3 pM, right panel) for 5
min and then activated by (A) fMLF (0.1 pM)/CB (0.5
pg-mL ™) or (B) MMK1 (0.3 uM)/CB (0.5 pg-mL ™) for
another 5 min. The fluorescence intensity of the FITC-
CD11b antibody was determined by flow cytometry.
Fluorescence intensities are shown as means + SD
(Fig. 5A, n = 4; Fig. 5B, n = 5; Fig. 5C, n = 6). *p <
0.05 compared with activator alone (t-test). FPR,
formyl peptide receptor. (C) Hoechst-labelled neu-
trophils were incubated with DMSO (as control), RAB
(3 pM, left), or TA (3 pM, right) for 5 min, and then
co-cultured with epithelial cells in fMLF (0.1 pM)/CB
(0.5 pg~mL’1) for another 15 min. Adherent neutro-
phils on bEND.3 cells were detected by fluorescent
microscopy. Bar 200 pm. Representative histograms
for fluorescent microscopy are shown. Adherent neu-
trophils were counted and quantified. All data are
expressed as means £+ SD (n = 6). * p < 0.05
compared with fMLF alone (t-test). FPR, formyl pep-
tide receptor.
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Fig. 7. Randialic acid B (left panel) and tomentosolic acid (right panel) competitively inhibit (A) superoxide anion generation and (B) elastase release in fMLF-
activated human neutrophils. Human neutrophils were incubated with DMSO (as control), randialic acid B (RAB, 3 pM, left panel), or tomentosolic acid (TA, 3
UM, right panel) for 5 min and then activated by fMLF (0.003-100 uM for superoxide, 0.003-300 pM for elastase)/CB (1 pg-mL~ for superoxide, 0.5 pg-mL ™! for
elastase) for another 10 min. (A) Superoxide anion generation was measured based on ferricytochrome c¢ reduction. (B) Elastase release was measured spectro-
photometrically at 405 nm. All data are presented as means + SD (n = 6). * p < 0.05 compared to the fMLF alone (two-way ANOVA).

whether the test compounds can directly scavenge free radicals. The
experiment revealed no scavenging effect of RAB and TA on scavenging
superoxide radicals produced by xanthine/xanthine oxidase (Fig. 1D) or
nitrogen radicals DPPH and ABTS (data not shown). Another concern, a
toxic effect of RAB and TA towards human neutrophils, was eliminated
by detecting the amount of LDH enzyme. The result showed that neither
RAB nor TA were toxic at concentrations 0.1-10 pM during 15 min to 3h
treatment (data not shown).

3.3. Randialic acid B and tomentosolic acid selectively inhibit FPR1
stimulant-activated elastase release in human neutrophils

Degranulation is another important offensive feature of neutrophils
where enzymes and proteases are released from granules. Neutrophils
were activated by various specific inducers, including fMLF, fMMYALF
(both FPR1), MMK1 (FPR2), LTB4 (BLT1 receptor), IL8 (CXC chemokine
receptors), and m3M3FBS (PLC pathway). The results (Fig. 4A and B)
demonstrated that RAB and TA selectively and dose-dependently
inhibited elastase release activated by both exogenous and endoge-
nous FPR1 stimulators, fMLF and fMMYALF, with submicromolar ICsg
values. The effects of RAB and TA on the FPR2 stimulant, MMK1-
induced degranulation were noticeably weaker (over 10-folds). Simi-
larly, weak to no effects on elastase release were observed by using
stimulators specific for different signal transduction, such as m3M3FBS,
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LTB4, and IL8 (Fig. 4A and B). Overall, the results demonstrated the
specificity of RAB and TA towards the FPR1 pathway. The profound
effects of RAB and TA on elastase release didn’t exclude direct binding
and inhibition of elastase enzymatic activity. Therefore, collected elas-
tase was incubated with RAB and TA in the cell-free system. Neither RAB
nor TA could inhibit elastase enzymatic activity at an effective con-
centration range 0.1 to 3 pM (Fig. 4C).

3.4. Randialic acid B and tomentosolic acid inhibit the expression of
CD11b, a surface neutrophil adhesion molecule, and adhesion induced by
FPR1 stimulator

When neutrophils are activated, the expression of integrin CD11b/
CD18 on the cell membrane is enhanced, thereby increasing the affinity
with vascular endothelial cells, which facilitates the adherence of neu-
trophils to the vessel wall and finally allows the penetration via endo-
thelial cells to reach the infected tissues [34]. In the first experiment, we
detected the expression of CD11b fluorometrically using FITC-calibrated
CD11b antibody in neutrophils activated either by fMLF, an FPR1
agonist, or by MMKI1, an FPR2 agonist. The results showed that RAB and
TA inhibited CD11b expression in fMLF-activated neutrophils in a
concentration-dependent manner (Fig. 5A) but had no effect on MMK1-
activated CD11b expression (Fig. 5B) indicating specificity for FPR1
pathway. In the following experiment, the mouse brain microvascular
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Fig. 8. Randialic acid B (left panel) and tomentosolic acid (right panel) competitively inhibit calcium mobilisation in fMLF-activated human neutrophils. (A) Fluo-3/
AM-labeled neutrophils were incubated with DMSO (as control), randialic acid B (RAB, 0.3-3 uM, left), or tomentosolic acid (TA, 0.3-3 pM, right) and then activated
with fMLF (0.1 pM) in the presence of Ca®* (1 mM). Fluorescence was monitored at 37°C with stirring. All data are presented as means + SD (n = 5). * p < 0.05
compared with the control (t-test). (B) Fluo-3/AM-labeled neutrophils were incubated with DMSO (as control), randialic acid B (RAB, 3 pM, left), or tomentosolic acid
(TA, 3 pM, right) and then activated with fMLF (0.03-1 uM). All data are presented as the means + SD (n = 3).

endothelial cell line bEnd.3 was used to mimic the adhesion of neutro-
phils in the vascular endothelium. The results revealed that RAB and TA
effectively inhibited the adhesion of fMLF-activated neutrophils to
bEnd.3 endothelial cells (Fig. 5C).

3.5. Randialic acid B and tomentosolic acid bind to FPR1 on the surface
of the neutrophil cell membrane, as well as neutrophil-like cells and
hFPR1-transfected cells

A stimulus, such as N-formyl peptide fMLF, combines with the FPR1
receptor present on the neutrophil cell membrane which triggers a
cascade leading to respiratory burst, degranulation and production of
inflammatory mediators by human neutrophils [9]. To understand
whether RAB and TA inhibit neutrophil activation by binding to FPR1,
the receptor-binding assay was performed utilizing the fluorescent
labelled FPR1 specific ligand, an fMLF analog, fNLFNYK fluorescein dye
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[24]. According to the results, both RAB and TA decreased fNLFNYK
binding to FPR1 on the surface of human neutrophils in a dose-
dependent manner as illustrated by a marked shift of the fluorescent
peak to the left (Fig. 6A). The ICs¢ for RAB and TA to FPR1 in human
neutrophils was calculated as 1.28 + 0.26 pM and 1.23 £ 0.22 pM,
respectively. An FRP1 agonist, fMLF, served as positive control which
completely inhibited the binding of fNLFNYK dye to the receptor. This
result demonstrates that both RAB and TA interact with the FPRI1 re-
ceptor and thus prevent the exposure of the FPR1 receptor to its
fNLFNYK ligand. Furthermore, to understand whether RAB and TA also
bind to FPR1 in different cell types, we used THP-1 cells (human
monocytic cell line) differentiated into neutrophil-like cells and HEK293
cells (human embryonic kidney cells) with human FPR1 receptor
(hFPR1) transfected onto the cell membrane. Both RAB and TA
decreased fNLFNYK binding to FPR1 on the surface of differentiated
THP-1 cells in a concentration-dependent manner with the ICsg of 4.08
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Fig. 9. Randialic acid B (left panel) and tomentosolic
acid (right panel) competitively inhibit fMLF-
induced phosphorylation of p38, ERK, JNK or Akt
in human neutrophils. Human neutrophils were
incubated with DMSO (as control), randialic acid B
(RAB, 3 pM, left) or tomentosolic acid (TA, 0.1-10
pM, right) for 5 min before stimulation with or
without fMLF for another 25 s. Phosphorylation of
(A) p38, (B) ERK, (C) JNK and (D) Akt analyzed by
immunoblotting with antibodies raised against the
phosphorylated and total form of each protein. Data
are normalized to the corresponding total protein
level and expressed as means + SD relative to the
mean maximal ratio (n = 6). * p < 0.05 compared
with the corresponding control group (two-way
ANOVA).
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Fig. 10. Randialic acid B (left panel) and tomentosolic acid (right panel) reduce imiquimod (IMQ)-induced psoriasis-like skin lesions in mice. BALB/c mice were
treated daily with vehicle (10% DMSO), randialic acid B (RAB, 10 mgvkg’l, left) or tomentosolic acid (TA, 10 mg~kg’1, right) by intravenous injection before in-
duction of psoriasis-like inflammation by applying 5% imiquimod (IMQ) cream on the shaved back skin for 5 consecutive days. (A) Phenotypical presentation of the
back skin at day 5. (B) Microscopic presentation of the back skin. (C) Histological analyses of mouse back skin by H&E staining and immunohistochemistry staining
for Ki67, Ly6g, and MPO (n = 6 mice). Scale bars, 100 um. (D) RAB (left) and TA (right) attenuate the degree of transepidermal water loss (TEWL) in IMQ-treated
mice. The transepidermal water loss was measured by tewameter and expressed as means + SD (n = 6). * p < 0.05 compared with the corresponding control group

(two-way ANOVA).
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+ 0.48 pM and 3.39 + 0.32 pM, respectively (Fig. 6B). Similarly, both
RAB and TA reduced binding of the activating ligand fNLFNYK to its cell
surface receptor in HEK293 cells transfected with hFPR1 with ICsq of
0.98 + 0.06 pM and 0.27 + 0.10 pM, respectively (Fig. 6C).

3.6. Randialic acid B and tomentosolic acid attenuate the activation of
neutrophils by competitively inhibiting fMLF

The above experiments proved that both RAB and TA can inhibit the
binding of fMLF to FPR1, thus the next aim was to explore the type of
ligand-receptor inhibition. In this test, we used different concentrations
of fMLF (0.003-100 pM) to stimulate human neutrophils. Both RAB (3
pM) and TA (3 pM) markedly inhibited superoxide radical production
(Fig. 7A) or elastase release (Fig. 7B) upon stimulation with low con-
centrations of fMLF, but the effect diminished with high concentrations
of fMLF, producing parallel rightward shift in the concen-
tration-response curve of fMLF. This demonstrated that both RAB and
TA act as competitive inhibitors of fMLF binding to the FPR1 receptor.

3.7. Randidlic acid B and tomentosolic acid inhibit fMLF-stimulated Ca®*
modulation in human neutrophils

When a GPCR receptor FPR1 is stimulated, a downstream molecular
cascade is turned on leading to calcium mobilisation via inositol-1,4,5-
triphosphate (IP3) and PLC pathway, followed by activation of
signaling proteins and the release of effector molecules by neutrophils
[35]. We evaluated the effect of RAB and TA on intracellular calcium
concentration ([Ca2+]i) in neutrophils stimulated by fMLF, an FPR1
agonist. Such activation in the presence of extracellular calcium would
cause a transient increase in [Ca2+]i until reaching a maximum ([Ca2+]i
peak) and subsequently [Ca%*]; would come back to equilibrium, usu-
ally within a minute. Experimental results illustrated that RAB and TA
cause a concentration-dependent inhibition of the transient increase of
[Ca2+]i stimulated by fMLF in neutrophils (Fig. 8A). Both RAB and TA
reduced the maximum peak of calcium influx triggered by FPR1 agonist
as well as shortened the calcium recovery time t;,» indicating down-
stream effects of RAB and TA on neutrophil activation. In additional
experiments, we evaluated the effects of RAB and TA on calcium
mobilisation in neutrophils stimulated by non-FPR1 stimulators,
including MMK1 (FPR2 agonist), m3M3FBS (PLC agonist), LTB4 (BLT1
receptor), and IL8 (CXCR receptor). The results revealed that RAB and
TA did not affect [Ca2+]i in the neutrophils activated by non-FPR1
stimuli (data not shown). We also used increasing concentrations of
fMLF (0.03-1 pM) to activate neutrophils and the results indicated that
both RAB and TA competitively inhibited calcium mobilisation
(Fig. 8B). These findings indicated that RAB and TA competitively and
selectively inhibit FPR1 agonist-activated calcium mobilisation.

3.8. Randialic acid B and tomentosolic acid competitively inhibit the
phosphorylation of MAPKs and Akt downstream signals in FPR1 agonist-
induced neutrophils.

The activation and phosphorylation of signaling proteins, such as
MAPK or Akt, regulate physiological functions of neutrophils, including
respiratory burst, degranulation or adhesion. Immunoblotting experi-
ments revealed that RAB and TA (3 pM) markedly inhibited the phos-
phorylation of MAPK (p38, Fig. 9A; ERK, Fig. 9B; JNK, Fig. 9C) and Akt
(Fig. 9D) proteins in fMLF-activated human neutrophils. It was also
demonstrated that MAPKs and Akt phosphorylation is gradually
impaired upon activation of neutrophils with increasing concentration
of FPR1 inducer (fMLF, 0.03-1 pM). This result confirmed that RAB and
TA act as antagonists of FPR1 and have a competitive relationship with
fMLF.
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3.9. Randialic acid B and tomentosolic acid are effective in attenuating
the symptoms of psoriasis induced by IMQ in mice

In our experiments, both RAB and TA have been proven to act as
FPR1 competitive antagonists, however, there is a lack of understanding
whether inhibitor of FPR1 would be effective in the treatment of pso-
riasis. Therefore, we utilized a psoriasis-like inflammation mouse model
induced by imiquimod (IMQ), an agonist of toll-like receptors [36]. The
typical psoriatic skin symptoms include erythema, plaques, silvery-
white scales, hyperkeratosis, epidermis thickening, and importantly,
neutrophil infiltration concentrated within so-called Munro’s micro-
abscesses. To understand whether RAB and TA, antagonists of FPR1, are
applicable for the treatment of psoriasis, we administered a dose of 10
mg-kg ™! of RAB or TA intravenously every second day and applied IMQ
to the shaved back of the mouse daily for five consecutive days. Daily
observation of the skin structure indicated that the IMQ-treated skin
began to appear slightly dry on the third day, and consequently, ery-
thema and skin scaling were observed on the fifth day (Fig. 10A). The
microscopic observation of the IMQ-experimental group of mice clearly
revealed the formation of erythema and silvery-white scales compared
with the healthy, rosy and smooth skin of the IMQ-free group (Fig. 10B).
On the contrary, the skin condition of RAB or TA-treated groups was
markedly improved showing almost no scaling, reduced erythema and
dryness (Fig. 10B). The skin samples from the back of the mice were
further analysed, using hematoxylin-eosin (H&E) staining for histology,
immunohistochemical staining by Ki67 for the epidermal proliferation,
and using Ly6G and MPO as markers for neutrophil infiltration
(Fig. 10C). IMQ-treated skin featured hyperkeratosis, epidermis thick-
ening and neutrophil infiltration with the formation of Munro’s micro-
abscesses while these hallmarks of psoriasis were significantly reduced
in the mice treated with RAB and TA.

In psoriatic skin, the stratum corneum is damaged which affects the
skin’s water retention function. The transepidermal water loss (TEWL)
reflects the integrity of the stratum corneum and is commonly used as a
reference index in the evaluation of psoriasis severity or treatment
progress. According to our data, TEWL of the IMQ group was increased
continuously, indicating compromised integrity of the stratum corneum,
resulting in a significant increase in the water loss through the skin.
Importantly, in both RAB and TA treatment groups, the TEWL values
were significantly reduced with only a slight difference from normal skin
group (Fig. 10D). The aforementioned results indicated that both RAB
and TA, which were demonstrated to act as FPR1 antagonists, can
effectively ameliorate the symptoms of psoriasis induced by IMQ.

4. Discussion and conclusions

Psoriasis is a long-lasting inflammatory skin disease caused by poor
regulation of the immune response. Up to date, there is still no radical
cure available. In the pathogenesis of psoriasis, the keratinocytes are
activated, a large number of immune cells is attracted and infiltrated to
the skin causing damage to the skin cells and leading to abnormal pro-
liferation of the skin epidermis and dermis, thereby forming a dry lesion.
The process includes binding DNA fragments of keratinocytes with
antimicrobial peptide LL-37 and the release of various interleukins
(particularly IL-17) from dendritic cells, Thl, and Th17 cells [36].
Recently, an increasing number of studies point to the importance of
neutrophils involvement in psoriasis [37]. One of the key features is the
formation of Munro’s microabscesses that is correlated with the accu-
mulation of neutrophils in the epidermis [38]. It has been demonstrated
that experimental depletion of neutrophils improved the course of pso-
riasis in patients [10,39].

Neutrophils usually respond to pathogen- or damage-associated
chemotactic molecular patterns (PAMPs and DAMPs) from the envi-
ronment, which are recognized by transmembrane GPCRs (such as
FPR1) on the cell surface [40]. Respiratory burst and degranulation are
key inflammatory features of neutrophils to fight pathogens or sterile
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MMK-1

Fig. 11. Schematic mechanism of suppressive effects of randialic acid B (RAB) and tomentosolic acid (TA) on neutrophilic activation and psoriasis-like inflammation.
Molecular targets inhibited by RAB and TA are indicated in red. RAB and TA selectively and competitively inhibited FPR1 and subsequently neutrophils activation,
including calcium mobilisation, Akt and MAPKs signaling, respiratory burst, degranulation and adhesion. The results were further illustrated in vivo using the IMQ-
induced psoriasis-like inflammation mouse model. FPR1, formyl peptide receptor 1. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

inflammation. These offensive features are usually initiated by activa-
tion of FPR1 pathway. The modulation of FPR1 function by natural
products such as triterpenoids RAB and TA demonstrated in the present
study can facilitate the development of new anti-inflammatory agents.

Triterpenes are pentacyclic compounds abundant in nature with
more than 20,000 combinations that exert various bioactivity profiles
with particular importance of ursane, oleanane and lupane type [41].
The presence of a C-28 carboxylic group (RAB and TA, Fig. 1A) has been
reported as a structural prerequisite for anti-inflammatory activity in
vivo [42]. Ursolic acid has been previously isolated from various plants
of different families, such as Ilex (Aquifoliaceae) (14), Eucalyptus
(Myrtaceae) [43] or Pyrola (Pyrolaceae) [44]. On the other hand, very
few studies reported on the isolation of unsaturated derivatives of
ursulic acid, i.e., tomentosolic acid (TA, also known as sanguisorbige-
nin) or randialic acid B (RAB, also known as vanguerolic acid). TA was
isolated only from Sanguisorba officinalis (Rosaceae) [45] and Vangueria
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tomentosa (Rubiaceae) [46] while RAB from Randia dumetorium
(Rubiaceae) [47], Vangueria tomentosa [46] and Ilex cornuta [48].
However, these triterpenes could be also obtained from triterpenoid
saponins of various plants such as Sanguisorba [49] or Ilex [14], simply
by hydrolysis of the glycosidic bond. For instance, RAB and TA were
previously obtained from a saponin glycoside latifolioside G, one of the
major components of Ilex kaushue [14]. Both Ilex kaushue and Sanqui-
sorba officinalis are traditional medicines used for the treatment of in-
flammatory diseases [50]. Interestingly, the plants are either roasted or
boiled before consumption which may facilitate hydrolysis of these sa-
ponins and production of active aglycons RAB or TA [51]. Thus, the
potent activity of RAB and TA to treat neutrophilic inflammation may be
correlated to the therapeutic effect and traditional use of 1. kaushue.
Ursolic acid has been reported to exert anti-inflammatory activities
through suppression of NO synthase, COX-2, and the NF-xB pathway
[52]. A previous study revealed the inhibitory effects of ursolic acid on
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respiratory burst and degranulation in human neutrophils induced by
fMLF [18]. Interestingly, in agreement with previous preliminary results
[14], we found that both RAB and TA are up to five-folds more active in
the inhibition of superoxide generation and elastase release compared to
ursolic acid. That motivated us to study the regulation of neutrophil
activation by RAB and TA. Previously, ursolic acid inhibited superoxide
generation in vitro while did not possess the radicals scavenging abilities
[18,53]. Similarly, RAB and TA did not scavenge the superoxide or other
radicals. Furthermore, the experimental results of respiratory burst,
degranulation, adhesion, binding and calcium influx assays, suggested
that RAB and TA selectively inhibit interaction with FPR1 in the
competitive manner with fMLF, a physiological FPR1 agonist. The
selectivity towards the FPR1 receptor was proved by multiple experi-
ments. Most importantly, the FPR1 on the surface of the cell membrane
of different cells (neutrophils, THP1 neutrophil-like cells, hFPR1-
transfected HEK293) was blocked by both RAB and TA in FPR1
receptor-binding assay. Both compounds inhibited FPR1 binding with
fNLFNYK, a specific and well-established FPR1 analog for FPR1 binding
evaluation [17,23] which confirmed interaction with FPR1 regardless
the cells origin. Furthermore, the ligand-receptor interaction experiment
demonstrated a competitive inhibitory relationship with FPR1. Thus,
RAB and TA proved to block FPR1, preventing transmission of trans-
duction signals to downstream which leads to the suppression of in-
flammatory response [54]. The downstream signals, such as
intracellular Ca%*, an important second messenger, together with MAPK
and Akt signaling transduction were all inhibited by RAB and TA pre-
treatment. These processes would ultimately affect multiple cellular
physiological functions, including respiratory burst and degranulation
in human neutrophils [54].

Previously, it was demonstrated that modulation of FPR1 signalling
might be a good approach to treat COPD [55], hepatic injury [56], lung
injury [17], colitis or sterile inflammation (9). It has been revealed that
both genetic ablation of the FPR1 and application of FPR1 antagonist
(cyclosporine H) could attenuate smoking-induced lung emphysema in
mice [55]. It is important to note that there are currently no FPR1 in-
hibitors available in clinical use. Among experimental FPR1 antagonists,
several compounds were identified, including the clinical drug propofol
[57], neolignan honokiol [23], dipeptide HCH6-1 [17] or hederagenin
saponin SMG-1 [58]. Both RAB and TA can be obtained by simple hy-
drolysis of saponins abundant in nature. Also, the triterpenoid structure
of RAB and TA may serve as a lead compound for development of FPR1
antagonists.

Interestingly, a calcium-sensing molecule STIM1 knock-out mice
were evaluated using IMQ-induced psoriasis-like skin model, and the
mice displayed improved symptoms of psoriasis and reduced neutrophil
infiltration in the epidermis. The gene ablation of STIM1, which is
related to the chemoattractant FPR1 pathway, impaired neutrophils
contribution to psoriatic inflammation [59]. Moreover, FPR1 gene is
among the genes consistently elevated by IMQ and associated with
upregulated inflammation, and immune response [60]. It is known, that
effective regulation of immune cells over-activation in psoriasis disease
can help improve the psoriatic symptoms [61]. However, there are
currently no studies using FPR1 antagonists to treat psoriasis. Therefore,
we used the psoriatic mouse model induced by IMQ, where mice
developed dry skin, silver scales and erythema. Meanwhile, the skin of
mice treated with RAB or TA was improved, i.e., the symptoms of dry
skin and silver scales were suppressed, and neutrophils dissemination
which is correlated with the presence of Munro’s microabscesses was
reduced. The number of Ly6G™ cells in the dermis and subcutaneous
tissue, which was also previously correlated with the scaling [62] was
diminished. The profound effect of FPR1 antagonists on psoriatic skin
suggests a potential utilization of FPR1 inhibitors in the treatment of
autoimmune neutrophilic skin diseases.

In conclusion, RAB and TA are selective inhibitors of FPR1, acting
primarily by reducing the stimulation of N-formyl peptide by binding to
FPR1 on the neutrophil cell membrane (Fig. 11). The inhibition of FPR1
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by RAB or TA is competitive and leads to the inhibition of superoxide
radical production, elastase release, adhesion and downstream signaling
by neutrophils. The FPR1 competitive antagonists RAB and TA proved
effective in improving the appearance of the IMQ-induced psoriatic skin,
reducing neutrophil infiltration, and also reversing the aberrant degree
of skin water dispersion. Therefore, RAB and TA have the potential for
further development as effective FPR1 antagonists in the treatment of
neutrophilic inflammatory disorders including psoriasis.
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Abstract

In this study, different probiotics commonly used to produce fermented dairy products were
inoculated independently for Chenopodium formosanum Koidz. fermentation. The strain
with the highest level of antioxidant activity was selected and the fermentation process was
further optimized via response surface methodology (RSM). Lactobacillus plantarum BCRC
11697 was chosen because, compared to other lactic acid bacteria, it exhibits increased
free radical scavenging ability and can produce more phenolic compounds, DPPH (from
72.6% t0 93.2%), and ABTS (from 64.2% to 76.9%). Using RSM, we further optimize the fer-
mentation protocol of BCRC 11697 by adjusting the initial fermentation pH, agitation speed,
and temperature to reach the highest level of antioxidant activity (73.5% of DPPH and
93.8% of ABTS). The optimal protocol (pH 5.55, 104 rpm, and 24.4°C) resulted in a signifi-
cant increase in the amount of phenolic compounds as well as the DPPH and ABTS free
radical scavenging ability of BCRC 11697 products. The ICsq of the DPPH and ABTS free
radical scavenging ability were 0.33 and 2.35 mg/mL, respectively, and both protease and
tannase activity increased after RSM. An increase in lower molecular weight (<24 kDa)
protein hydrolysates was also observed. Results indicated that djulis fermented by L. plan-
tarum can be a powerful source of natural antioxidants for preventing free radical-initiated
diseases.
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Introduction

Djulis (Chenopodium formosanum Koidz.) is a traditional crop from the same genus as quinoa
(Chenopodiun quinoa), and it is cultivated and consumed as food or used as a wine starter in
Taiwan [1]. Reports have shown that djulis exhibits beneficial effects on anti-inflammation,
anti-diabetes, anti-oxidation, and immune regulation [1, 2]. Bioactive components and pig-
ments such as peptides, betacyanin (red), betaxanthins (yellow), and polyphenols contribute to
the aforementioned effects. Other ingredients, such as rutin and chlorogenic acid, can also
restore the injury from UVB on HaCaT cells by reducing the level of interleukin-6 and reactive
oxygen species (ROS) [3].

Lactic acid bacteria (LAB) are widely known strains of probiotics. Several studies have indi-
cated that LAB exhibit multiple functions, such as modulating gut health, improving liver
function, and decreasing cholesterol levels and blood pressure [4-6]. LAB can also enahnce
the flavor of fermented products and increase the amount of antioxidative compounds in
dairy products through bioconversion [7]. For example, Hsieh et al. [8] reported that heat
killed cells and cytoplasmic fraction forms of Lactobacillus acidophilus BCRC 14079 grown in
taro waste medium showed enhanced anti-tumor and immune-modulatory properties. Bian-
chi et al. [9] reported that synbiotic fermented beverages combining quinoa and soy had favor-
able nutritional, rheological, and sensory characteristics.

Traditionally, optimal fermentation condition are determined using a one-factor-at-a-time
approach [10]. However, this method is both time-consuming and costly in terms of materials
and human resources. In worst-case scenarios, the interactions among parameters are often
overlooked, resulting in misleading conclusions. As an alternative, response surface methodol-
ogy (RSM) is a statistical method for simultaneously validating the effects of and interactions
among different parameters [8, 11]. RSM has been used in various fermentation applications
such as wine making [12], bioethanol production [13], exopolysaccharides [14], and biomass
production [8, 15].

The aim of the present study was to select suitable LAB strains for djulis fermentation to
enhance antioxidant activity for the development of health-promoting beverages. Antioxidant
activity of LAB-fermented djulis was evaluated according to 2,2’-azinobis-(3-ethylbenzthiazo-
line-6-sulphonate) (ABTS) and 2,2-diphynyl-1-picrylhydrazyl (DPPH) free radical scavenging
ability. We employed RSM to determine the optimal fermentation parameters (initial pH, agi-
tation speed and cultivation temperature) for achieving the highest level of antioxidant activity.
Possible causes for the increased bioactivity after djulis fermentation and composition analysis
of djulis samples before and after fermentation were also investigated.

Materials and methods

Materials

Domestic djulis was purchased from Pingtung, Taiwan. Lactobacilli MRS Broth was provided
by Hardy diagnostics (Santa Maria, CA, USA). We purchased 95% Ethanol and methanol
from Echo Chemical, Co., Ltd. (Taipei, Taiwan), and 2,2’-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS), gallic acid, Folin-Ciocalteu phenol reagent, and o,
a-diphenyl-B-picrylhydrazyl (DPPH) from Sigma-Aldrich Co. (St. Louis, MO, USA). Agar
and peptone were provided by Bioshop Inc. (Burlington, ON, Canada).

Microorganisms and medium

Bifidobacterium infantis BCRC14602, Bifidobacterium adolescentis BCRC14606, Bifidobacter-
ium bifidum BCRC14615, Bifidobacterium longum BCRC14634, Bifidobacterium breve
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BCRC11846, Lactobacillus rhamnosus GG BCRC16000, Lactobacillus delbrueckii subsp.
bulgaricus BCRC10696, Lactobacillus plantarum BCRC11697, Lactobacillus acidophilus
BCRC14079, Streptococcus salivarius subsp. thermophiles BCRC14085 were purchased from
Bioresource Collection and Research Center (BCRC, Hsinchu city, Taiwan). All LAB strains
were grown in MRS medium (Sigma-Aldrich, MI, USA). For storage, stock cultures were kept
in 20% glycerol at -80°C. Viable cells were grown in MRS medium at 37°C for 20 hours as
inoculum and sub-cultured twice a month [16]. The standard growth curve was measured at
600 nm using a Multiskan GO microplate spectrophotometer (Thermo Scientific, Waltham,
MA, USA).

Djulis fermentation

Djulis was crushed into powder, filtered using a 0.6 mm mesh and then stored at -20°C until
use. Djulis powder was combined with 10 times the amount of ddH,O (w/v) and sterilized at
90°C for 10 minutes. After cooling to room temperature, samples were inoculated with 1%
LAB (~7log CFU mL 1) as a seed culture and then fermented at 37°C for 48 hours. To deter-
mine the optimal fermentation time, LAB samples were taken every 12 hours and monitored
for their pH, bacteria number, total phenolic content (TPC), ABTS, and DPPH. The optimal
LAB was chosen based on the ABTS and DPPH assay results.

Anti-oxidant activity

DPPH assay. Fermented djulis samples were freeze-dried and diluted to 5 mg/mL (deion-
ized water). They were then mixed with DPPH ethanol solution (100 uM) at 1:1 ratio in a
96-well tissue culture plate to carry out the reaction in the dark for 30 minutes. Finally, the
samples were analyzed at the 517 nm wavelength using the microplate spectrophotometer
[17]. DPPH scavenging activity of the djulis extracts was calculated as follows:

DPPH scavenging activity(%) = [1 — (A1 — A2)/A0] x 100. (1)

where AO = DPPH (without samples), A1 = Sample + DPPH, and A2 = Sample (without
DPPH). We used this method to screen the optimal LAB for djulis fermentation. Once the
optimal fermentation protocol was evaluated, the IC50 was calculated to provide an absolute
number. ICs, of the djulis samples was obtained from the regression curve between concentra-
tion and DPPH scavenging activity.

ABST assay. Fermented djulis samples were freeze-dried and diluted to 5 mg/mL (80%
methanol). A 2.5 mM K,04S, solution was prepared with K,03S, and 7 mM 2,2’-azinobis
(3-ethylbenzothia-zoline-6-sulfonic acid) solution. The solution was placed in the dark for 12
—16 hours until it became blue-green due to the formation of ABTS™. The ABTS™ solution
was diluted with 0.2 M phosphate buffer solution (pH 7.4) until its OD34 reached to 0.7+0.02.
Each sample (3 uL) was added to ABTS™ solution (300 pL) in the dark for 6 minutes [17].
After the reaction was completed, the samples were analyzed at 734 nm using the microplate
spectrophotometer. The ABTS scavenging activity of the djulis was calculated as follows:

ABTS(%) = [AC — AS]/AC x 100. (2)

where AC = ABTS (without samples); AS = Sample + ABTS.

Determination of the TPC. The TPCs was determined using Folin-Ciocalteu’s reagent
following the methods described by Wu et al. [13] but with slight modifications. Briefly, each
extract (100 mg) was dissolved in a solution of 5 mL of 3% HCI in methanol/deionized water
(1:1), and the resulting mixture (100 uL) was added to 100 uL of 10% aqueous sodium carbon-
ate solution. After 2 minutes, 100 uL of 50% Folin-Ciocalteu’s reagent was added to the
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mixture. After the solution had stood for 30 minutes, absorbance was measured at 750 nm
against a blank. TPC was calculated based on the calibration curve of gallic acid, and this is
reported as mg gallic acid equivalent per 1 g of dry djulis powder (mg GAE/1 gdw).

Enzyme activity. Protease activity was determined by taking aliquots of 100 uL of the fer-
mented liquid and adding 100 pL of 0.1 M sodium phosphate buffer (pH 5.7). To this mixture,
100 pL of substrate was added and incubated for 30 minutes at 50°C for the two cultivars. The
reaction was stopped by adding 500 pL of trichloroacetic acid at 10% (v/v) and centrifuged at
10,000 x g for 5 minutes. We then added 200uL of 1.8 M NaOH to the supernatant. Readings
were taken using a spectrophotometer at 280nm. For quantification, an enzymatic unit was
considered the amount of enzyme required to increase the absorbance by 0.01 [18]. To mea-
sure the tannase activity, the sample solution (100 L) was incubated with 300 uL of 1.0% (w/
v) tannic acid within a 0.2 M acetate buffer (pH 5.0) at 40°C for 30 minutes. The reaction was
then terminated at 0°C by adding 2 mL bovine serum albumin (1 mg/mL), causing the remain-
ing tannic acid to precipitate out of the solution. The samples were then centrifuged (5,000 x g,
10 min), and the precipitate was dissolved in 2 mL of sodium dodecyl sulfate (SDS)-triethano-
lamine (1% w/v, triethanolamine) solution. Absorbency was measured at 550 nm after addi-
tion of 1 mL of FeCl; (0.13 M). One unit of tannase was defined as the amount of
enzymerequired to hydrolyze 1y mole of ester linkage of tannic acid in 1 minute under specific
conditions [19].

Optimization for djulis fermentation. RSM using the Box-Behnken design was per-
formed to select the optimal conditions for djulis fermentation. Three variables, namely the
initial pH (5, 6, 7), agitation speed (50, 100, 150 rpm), and cultivation temperature (20, 25,
30°C), were optimized based on the results of a set of experiments. A total of 15 runs were per-
formed to establish a model and predict the optimal conditions. Three levels of design were
introduced: low, medium, and high (respectively labeled as -1, 0, and 1 in Table 1. Minitab
software was used to predict the optimal values of the three variables according to the follow-
ing second-order polynomial equation:

Y =B+ ZB,-Xi + ZBiiX? + EZBUXin

where Y'is the dependent variable and represents the predicted response on ABTS ability; By
represents the fitted response at the design’s center point; B;, B;;, and Bjjare the coefficient for
linear, quadratic, and cross-product regression, respectively; and X; and X; (with j =i + 1) are
the coded independent variables (X; = initial pH, X, = agitation speed, and X3 = fermentation
temperature).

SDS gel electrophoresis. Djulis samples weighing approximately 0.1 g were mixed with
15 mL of deionized water and stirred for 30 minutes at room temperature. Next, 0.1 M NaOH
was added to adjust the pH to 9.0, and the samples were stirred for another 30 minutes, centri-
fuged at 4,500 x g for 20 minutes, and then 0.1 N HCL was added to adjust the pH to 5.0. After
removal of the supernatant, the samples were mixed with 500 pL of 63 mM Tris-HCI solution
(pH 8.0). The obtained djulis protein samples were quantitated with a protein assay kit (Bio-

Table 1. Range and corresponding levels of the independent variables.

Variable Range values of coded levels

-1 0 1
pH (X)) 5 6 7
Rpm (X,) 50 100 150
Temperature (X3, °C) 20 25 30

https://doi.org/10.1371/journal.pone.0249250.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0249250 May 11, 2021 4/14

1011


https://doi.org/10.1371/journal.pone.0249250.t001
https://doi.org/10.1371/journal.pone.0249250

PLOS ONE

Chenopodium formosanum Koidz. fermentation by lactic acid bacteria with enhanced antioxidant activity

Rad Laboratories, Hercules, CA, USA) [20]. The total proteins were used for SDS gel electro-
phoresis analysis, and all samples were subjected to 15% SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) for 180 minutes at 60 V (stacking gel) and 120 V (separating gel). The
separating gel was shaken and washed with deionized water three times at 70 rpm. After the
deionized water was removed, RAPIDStain was added to completely submerge the gel, and it
was shaken at 70 rpm for 1 hour. Finally, the gel was washed with two to three times deionized
water at 70 rpm (10-15 minutes/time).

Composition analysis of fermented djulis samples. Fermented djulis samples were ana-
lyzed for their moisture, carbohydrate, protein, fat, and ash content following methods
described in the literature [13] but with slight modifications. Crude protein content (g/100 g
dry matter) was evaluated using the Kjeldahl method on the basis of nitrogen level and multi-
plied by 5.7. Crude fat content (g/100 g dry matter) was measured using Soxhlet extraction
with petroleum ether. Moisture was determined by oven-drying at 105°C. Ash content was
determined by placing samples overnight in a furnace at 600°C. Total carbohydrate content
(g/100 g dry matter) was obtained by taking the difference between 100 and the sum of the ash
content, moisture, crude fat, and crude protein.

Statistical analysis. All experiments were conducted with three independent evaluations
and with three replications for each sample. Values are expressed as the mean + SD. Minitab
software (Minitab Inc., University City, Pennsylvania, USA) was used to perform one-way
ANOVA and Duncan’s new multiple range tests as well as RSM evaluation and analysis. Dif-
ferences were considered statistically significant differences where p < 0.05.

Results and discussions

Strain selection for djulis fermentation

To improve the functional properties, nutritional value, and taste of djulis, we fermented djulis
grains using different strains of LAB. Djulis samples were inoculated with 10 strains of LAB,
and were measured for their DPPH and ABTS radical scavenging activity after 24 hours of fer-
mentation. The results showed that all 10 strains of LAB promoted the antioxidant activity of
djulis. However, amongst all samples, L. plantarum BCRC 16000 and 11697 exhibited rela-
tively higher performance for DPPH activity (93.2%) (Fig 1A). Additionally, the ABTS radical
scavenging activity assay demonstrated that L. plantarum BCRC 11697 showed significantly
higher ABTS radical scavenging activity (76.9%) compared to the control (64.2%) (p < 0.05).
Fig 1C shows the TPC was in line with the results regarding L. plantarum BCRC 11697 fer-
mentation and antioxidant activity. L. plantarum BCRC 11697 produced more phenolic com-
pounds than did the other strains. Past studies have reported that a correlation coefficient of
R =0.966 between ABTS and TPC, and R = 0.939 between DPPH and TPC [21]. Turkan [22]
also reported that polyphenols are antioxidants that reduce ROS and reactive nitrogen species.
This could explain why L. plantarum BCRC 11697 performed the best in the DPPH and ABTS
tests. L. plantarum is a common LAB strain used in fermented plant-based foods, and it is
often applied to the metabolic bacteria model of phenolic compounds [23]. Moreover, it can
degrade phenolic compounds in food, and produce some compounds that affect food flavor
and enhance antioxidant activity [23]. For example, all strains of L. plantarum secretes TanBLp
(tannase), and tannase can hydrolyze the ester bond of gallic acids and protocatechuic acids
[23]. Furthermore, feruloyl esterases are involved in releasing enzymes from plant cell walls
and promoting antioxidant activity [24]. ABTS and DPPH assays are widely used methods for
assessing antioxidant activity in natural herbal products. Both assays are spectrophotometric
techniques based on the quenching of stable colored radicals (ABTS or DPPH) and show the
radical scavenging ability of antioxidants even when present in complex plant extracts [25].
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Both methods are rapid, simple, inexpensive and widely used to measure the ability of com-
pounds to act as free radical scavengers or hydrogen donors, and to evaluate the antioxidant
activity of complex extracts. Several studies have also adopted ABTS and DPPH assays to eval-
uate the quinoa antioxidant activity [17, 26, 27].

To determine the optimal djulis fermentation time for L. plantarum BCRC 11697, we car-
ried out 54-hour cultivation with samples collected every 6 hours. As shown in Fig 1(A), all
LAB strains exhibited similar DPPH scavenging effect, while BCRC11697 showed significantly
higher ABTS amongst all the strains (Fig 1(B)); as such, we chose BCRC 11697 for the remain-
der of the study and used ABTS as the indicator.

Fig 2 shows the results of the ABTS radical scavenging activity, CFU, and pH values during
fermentation. ABTS activity in the fermented djulis samples peaked after 24 hours of fermen-
tation (77%) and then decreased gradually after 48 hours. Therefore, 24 hours was selected as
the fermentation time for the remainder of the study. Moreover, lactic acidification improved
the extraction of total phenols when the selected strain was used, and this has also been
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reported in previous research [26]. Esterase activity released the complex glycosylated-pheno-
lic compounds into the corresponding phenolic acids during fermentation.

RSM optimization

A set of individual experiments was conducted for each variable (X;: initial pH, X,: agitation
speed, and Xj: temperature) in order to elucidate the specific effect of each parameter on
ABTS antioxidation ability. We investigated initial pH values ranging from 2 to 10 for solu-
tions of djulis powder mixed with deionized water for cultivation. An initial pH of 6 yielded
the highest ABTS antioxidant activity (ICsy: 2.59 mg/mL) among the fermented samples (S1A
Fig). Initial pH values of 5, 6, and 7 were chosen as experimental values. Different agitation
speeds were also evaluated for ABTS antioxidant ability. Results showed that samples obtained
at 100 rpm of agitation had the best ABTS (ICs: 2.39 mg/mL). Therefore, agitation speeds of
50, 100 and 150 rpm were chosen as experimental values (S1B Fig). For the temperature
parameter, we evaluated temperatures ranging from 15°C to 40°C. Results showed the best fer-
mentation temperature to be 25°C, which gave the lowest ABTS ICs: 2.44 mg/mL). Therefore,
fermentation temperatures of 20°C, 25°C, and 30°C were chosen as experimental values (S1C
Fig). Based on the results from the one-factor-at-a-time approach, RSM was applied to deter-
mine and to optimize the three fermentation parameters in order to achieve the highest ABTS
anti-oxidation ability in the fermented djulis product (Table 1). The results are summarized in
Table 2. Multiple regression was applied to the experimentally determined data in Eq (1) to
estimate the regression coefficients, and the following second-order polynomial equation was
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Table 2. Experimental range and values in the central composite design for optimizing the fermentation conditions.

StdOrder RunOrder PtType Blocks Initial pH RPM Tm. (°C) ABTS-ICso
(mg/mL)

12 1 2 1 6 150 30 3.50
8 2 2 1 7 100 30 3.65
5 3 2 1 5 100 20 3.26
9 4 2 1 6 50 20 3.50
7 5 2 1 5 100 30 3.57
4 6 2 1 7 150 25 3.20
2 7 2 1 7 50 25 3.41
11 8 2 1 6 50 30 4.04
14 9 0 1 6 100 25 2.97
3 10 2 1 5 150 25 3.24
1 11 2 1 5 50 25 3.28
10 12 2 1 6 150 20 3.66
6 13 2 1 7 100 20 3.65
15 14 0 1 6 100 25 3.14
13 15 0 1 6 100 25 2.83

https://doi.org/10.1371/journal.pone.0249250.t002

obtained using Minitab software:

Y = 13.2626 — 0.4305X, + 0.0031X, — 0.7593X, + 0.0804X + 0.00009X: + 0.0188X’
— 0.00085X, X, — 0.0152X,X, — 0.0007X,X,.

where Y = ABTS free radical scavenging ability-ICsp; theory value: X; = initial pH; X, = agita-
tion speed (rpm); X3 = fermentative temperature (°C).

The predicted optimal parameters of X;, X,, and X; were obtained by applying the regres-
sion analysis of Eq (2); these were pH 5.55, 104 rpm, and 24.4°C. The predicted value of ABT-
S-1Cs, was 2.42 mg/mL which approximates our experimental result (2.35 mg/mL).

The coefficient of determination of the regression for the response related to the significant
effects in the model was R? = 0.946 (Table 3). Hence, the sample variation of 94.6% for ABT-
S-ICs, was associated with the three independent variables. The interaction between tempera-
ture and agitation speed can be observed from the results (p < 0.05). We hypothesize that is
because the heating process can be accelerated by the increased agitation speed, resulting in a
favored environment for LAB growth and TPC production. Similar results were reported by
Dinarvand et al. [28]. They reported that the interaction between temperature and agitation
speed affected the production of invertase from Aspergillus niger. The surface plots for ABT-
S-ICsq are shown in Fig 3. The initial ABTS-ICsq increased with the initial pH, reaching an
optimal ABTS-ICs, value approximately 5.55, which declined gradually above the optimal pH
due to inactivation of the tannase, which accords with previous reports [23, 25]. The adequacy
of the full quadratic model of liquefaction was also evaluated via ANOVA. The model sum-
mary statistics in Table 3 indicate the adequacy of the models including linear, 2-factor inter-
actions and quadratic terms (P < 0.05). The lack-of-fit error was nonsignificant (p = 0.842),
verifying the accuracy fit of the second-order model (Eq 2) to the true response of ABTS-ICs,.

For the following assay, we chose pH 5.55, 104 rpm and 24.4°C as our fermentation condi-
tions. Between the unfermented and fermented djulis samples, the fermented sample exhibited
markedly higher antioxidant ability. For example, the ICs, of ABTS was 3.4 mg/mL before fer-
mentation, and this decreased to 2.35 mg/ml after optimization. In addition, the ICs, of DPPH
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Table 3. Estimated regression coefficients for ABTS free radical scavenging ability-ICs,.

Sources DF Sum of squares Mean squares F-value P-value
Model 9 1.24941 0.138824 9.74 0.011 Significant
pH 1 0.0386 0.038597 2.71 0.161
RPM 1 0.04905 0.049049 3.44 0.123
Tm. 1 0.06107 0.061074 4.29 0.093
pH? 1 0.00356 0.023883 1.68 0.252
RPM? 1 0.13241 0.186733 13.1 0.015 Significant
Tm.? 1 0.812 0.812001 56.98 0.001 Significant
pH*RPM 1 0.00728 0.007285 0.51 0.507
pH Tm. 1 0.02307 0.023075 1.62 0.259
RPM*Tm. 1 0.12236 0.12236 8.59 0.033 Significant
Residual error 5 0.07126 0.014251
Lack of fit 3 0.02082 0.006939 0.28 0.842
Pure error 2 0.05044 0.025219
R’ 94.60%
Adjusted R 84.89%

DF refers to degrees of freedom, which differs significantly (p < 0.05). The optimal starting reaction conditions for anti-oxidation were pH 5.55, 104 rpm and 24.4°C.

https://doi.org/10.1371/journal.pone.0249250.t003

was 1.11 mg/mL before fermentation, decreasing to 0.33 mg/mL (p < 0.05) after RSM

(Table 4). Compared to the TPC in the unfermented djulis samples, that in the fermented sam-
ples exhibited a significant increased from 9.33 to 28.97 (mg of gallic acid/gdw) (p < 0.05).
(Table 4).
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Table 4. Changes in TPC, cell number, pH, and DPPH and ABTS radical scavenging activity in djulis fermented with L. plantarum BCRC 11697.

Group TCP ABTS-ICs, DPPH-IC;5, |log CFU/ml pH Protease activity Tannase activity
(mg of gallic acid/gdw) (mg/ml) (mg/ml) (U/mg-protein) (U/mg-protein)

Unfermented 9.33+0.25° 3.40 +0.32° 1.11 + 0.20 7.31+£0.04° 5.55+0.02° ND ND

Fermented 27.68+021° 2.44+0.26° 1.01+0.17* 7.42+0.08° 421+0.03° 1.69+0.17° 0.88 +0.11°

Fermented-RSM 28.97 +0.19° 2.35 + 0.46° 0.33 +0.02° 8.61+0.32° 4.09+0.01° 2.53+021° 1.12 £0.09°

Statistical differences were calculated using Duncan’s new multiple range test. Values are presented as the mean + SD of three independent experiments with the

different superscripts (a, b) indicating significantly differences (p < 0.05). ND: not detected.

https://doi.org/10.1371/journal.pone.0249250.t004

The increase of TPC is due to the presence of protease (2.53 U/mg-protein), tannase (1.12
U/mg-protein), and other enzymes used in enzymatic hydrolysis. Solid-state fermentation has
also been adopted for cereal grains fermentation using fungi in previous research [29] that
reported significantly greater antioxidant properties in the fermented products than unfer-
mented grains. In the case of quinoa fermentation, that study reported an increase of 2.46 mg/
g in TPC content after 35 days of fermentation. For our case, the TPC content of fermented
djulis increased by 19.64 mg/g after 24 hours, which provided a fast and economically feasible
method for the up-scaled production of antioxidant-rich ingredients.

Changes of djulis components through fermentation

Principal components analysis showed that the freeze-dried powder of the fermented djulis
contained 68.80% carbohydrates, 17.01% crude protein, 4.12% crude fat, 5.71% ash, and 4.37%
moisture (Table 5). A slight decrease in carbohydrates, protein, and fat was observed due to
the presence of enzymes partaking in hydrolysis and oxidation, which was discussed in a previ-
ous study [29]. LAB utilized the carbohydrates, protein and fat of the djulis since it was the
only nutrient within the medium. Some nutrients could be hydrolyzed into small molecules
such as peptides, oligosaccharides, and short-chain fatty acids due to the presence of related
enzymes.

Protein hydrolyzation

Fermented grain products are consumed in many countries and are one of the most crucial
sources of bioactive peptides [29]. Grains fermented using bacteria (LAB and Bacillus spp.)
yield many different types of fermented products that possess a multitudinous array therapeu-
tic properties, such as antioxidant, antihypertensive, antimicrobial, antidiabetic, and antican-
cer activity [29].

A previous study identified five peptides with antioxidant activity (ABTS and DPPH) after
LAB fermentation through the hydrolysis of quinoa protein [26]. The size of each peptide was
approximately 5-9 amino acid residues. Another study demonstrated that the bands between

Table 5. Carbohydrates, protein, fat, ash and moisture of Chenopodium formosanum Koidz. fermented product.

Carbohydrates Protein Fat Ash Moisture
(g/100 g) (g/100 g) (/100 g) (g/100 g) (g/100 g)
Quinoa 74 16.3 7 2.7 0
Djulis 70.62 £ 0.15 19.15+0.32 4.34+0.17 2.62 +0.08 3.27+£0.21
Dry powder of fermented djulis 68.80 +0.16 17.01+0.29 4.12+0.54 5.71+0.08 4.37 £0.21

Values are presented as mean + SD of three independent experiments.

https://doi.org/10.1371/journal.pone.0249250.t005
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Fig 4.
https://doi.org/10.1371/journal.pone.0249250.9004

53 and 41 kDa, two bands around 32 to 24 kDa, and bands under 24 kDa potentially have anti-
oxidant activity as well [30]. The present study employed SDS-PAGE to determine the protein
distribution of unfermented and fermented djulis. Our results showed that proteins of djulis
had been hydrolyzed after fermentation. For example, two bands were between 24 and 32 kDa,
one major band under 24 kDa disappeared after fermentation, and more bands with lower
molecular weight were observed after fermentation (Fig 4). These results aligned with the
behavior of wheat after L. plantarum M616 fermentation [30]. Virtanen et al. [30] also
reported that milk whey protein hydrolysate weighing 4-20 kDa showed remarkably high anti-
oxidant activity compared to that of the original milk whey protein.

Conclusions

We applied RSM to determine the optimal fermentation conditions and to evaluate the inter-
action among the initial pH, agitation speed, and temperature. Our results show that L. plan-
tarum BCRC 11697 is the optimal LAB strain for djulis submerged fermentation among the 10
candidates of LAB strains were investigated. After RSM-assisted optimization, we observed
significant improvement in the free radical scavenging activity of DPPH and ABTS and in
TPC. The presence of protease and tannase activity also supports that L. plantarum BCRC
11697 enhances free radical scavenging bioactivity through protein hydrolysis and the release
of bound-phenolic compounds. In conclusion, fermented djulis using LAB shows potential for
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commercialization as a beverage. Future studies will need to investigate the up-scaled produc-
tion of djulis content, determination of the specific mechanisms of antioxidation and identifi-
cation of bioactive peptides for the findings of this study to be employed in commercial
applications.

Supporting information

S1 Fig. (A) Initial pH-The ABTS radical scavenging activity of Chenopodium formosanum
Koidz. fermented with Lactobacillus plantarum BCRC 11697. (B) RPM-The ABTS radical
scavenging activity of Chenopodium formosanum Koidz. fermented with Lactobacillus plan-
tarum BCRC 11697. (C) Fermentation temperature-The ABTS radical scavenging activity of
Chenopodium formosanum Koidz. fermented with Lactobacillus plantarum BCRC 11697. Sta-
tistical differences were calculated by Duncan’s new multiple range test. Values are presented
as mean * SD of three independent experiments with different superscripts (a, b, ¢, d) are sig-
nificantly different (p < 0.05).
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Among adolescent girls, overweight or obesity has both physical and psychological involvement. We conducted a randomized
controlled trial of moxibustion using a moxa burner. Fifty-four eligible girls aged 15-18 years with a body mass index (BMI)
greater than 25.3 were enrolled in the study. The girls were randomly allocated to the treatment (n=27) and control (n=27)
groups. The girls underwent treatment three times per week for 8 weeks (24 treatments). Moxibustion was applied to the RN12,
RNG6, ST25, ST36, and SP6 acupoints. Physical assessments were BMI, waist-to-hip ratio (WHR), and body fat ratio (BFR).
Psychological outcomes were measured using the Rosenberg Self-Esteem Scale (RSE). Data were collected at the beginning of the
study (baseline), week 4, and week 8. Of the 54 participants, 46 completed the trial. The difference in mean BMI from baseline
between the two groups was 0.097 (p = 0.655) at week 4 and —0.794 (p = 0.001) at week 8. The mean WHR of the treatment group
was significantly reduced compared with baseline, with a —0.011 (p = 0.017) and —0.035 (p < 0.001) mean change at weeks 4 and 8,
respectively. The mean BFR was slightly reduced (—0.253;p = 0.474 ) at week 4 compared with baseline in the treatment group. At
week 8, it was significantly reduced (-2.068; p <0.001) from baseline in the treatment group. The mean RSE in the treatment
group showed no significant increase from baseline at week 4 (0.155 points, p = 0.803), but it improved significantly from baseline
at week 8 (1.606 points, p = 0.021) compared to that in the control group. No obvious adverse effect was reported during this
study. Moxibustion using a moxa burner may be an effective and safe intervention for overweight adolescent girls, having both
physical and psychological benefits.

1. Introduction

Overweight in adolescents is a major health concern
worldwide because it is a strong predictor of high risks of
cardiovascular disease, type 2 diabetes, and other health
problems [1, 2]. Moreover, adolescents with overweight or
obesity have a greater risk of adulthood overweight or

obesity regardless of race or ethnicity [3]. Because the
prevalence of overweight in adolescents has increased in
several developed and developing countries [4-6], it has
garnered more public attention to promote health im-
provements. In Taiwan, the prevalence of adolescent over-
weight was 12%-34% in a large-scale nationwide survey [7].
Being overweight or obese is more likely to contribute to
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major psychological problems among girls than among boys
[8,9]. Adolescent girls who developed a negative body image
were found to be at a greater risk of subsequent psycho-
logical difficulties, such as frustration or a sense of failure
[10]. Social aspects of overweight or obesity, such as prej-
udice and discrimination, also play a role in adolescent
mental development as adolescents mature into adulthood.

Traditional Chinese medicine (TCM) techniques, in-
cluding acupuncture, body or auricular acupoint stimula-
tion, and acupoint catgut embedding, have become
increasingly widely applied for controlling overweight and
obesity. Moxibustion is a thermal stimulation method that
employs ignited material applied onto or above the surface
of the skin of a patient [11]. It can also be applied above
acupoints on the surface of the patient’s skin by using moxa
sticks [12]. From the viewpoint of traditional Chinese
medicine, moxibustion dredges meridians, relieves stagna-
tion, and regulates qi-blood balance. This simple and safe
therapeutic technique has been employed to treat myriad
diseases [13] and is relatively noninvasive compared with
acupuncture or acupoint catgut embedding. However,
clinical trials on moxibustion and adolescents with over-
weight remain scant.

This clinical trial evaluated the effectiveness of mox-
ibustion on adolescent girls with overweight. We hypoth-
esized that, at the end of the 8-week intervention period,
patients in the moxibustion group would exhibit more
substantial improvement in both physical and psychological
function than would those in the control group.

2. Materials and Methods

2.1. Subject Selection. A randomized controlled trial was
executed to ascertain the effectiveness of moxibustion
among adolescent girls with overweight who were from a
nursing school in Northern Taiwan. In total, 54 eligible
participants aged from 15 to 18 years were enrolled. The
participants all had a body mass index (BMI) greater than
25.3, which is the World Health Organization’s (WHO’s)
definition of overweight. Participants were randomly allo-
cated to the treatment group (N=27) or control group
(N=27) using computer-generated numbers. Participants
who, during the trial, had catastrophic diseases, wounds on
the abdomen, or any signs of acute inflammation, as well as
those who were pregnant, were excluded. Moreover, par-
ticipants who missed more than three consecutive sessions
during the 8-week intervention were excluded from the trial.
The process of this randomized controlled trial was ap-
proved by the Institutional Review Board of the Chang Gung
Memorial Foundation (95-1478B).

2.2. Moxibustion Intervention. Moxibustion interventions
were performed thrice weekly for 8 weeks (24 treatments in
total). Moxibustion was applied to the RN12 (zhong wan),
RNG6 (qi hai), ST25 (tian shu), ST36 (zu san li), and SP6 (san
yin jiao) acupoints. The intervention was performed using a
moxa burner (Figure 1(a)), with placing one end of a moxa
stick; therefore, the distance between the lit end of the moxa
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stick and the corresponding acupoint was stable. A metal
mesh was attached to the bottom of the moxa burner to
prevent burns resulting from falling ash. Each standardized
moxa stick weighed 30-32 g. For moxibustion intervention of
10 min/acupoint, 4 + 1 g of moxa material was ignited. After a
brief introductory session of the usage of a moxa burner and
the locations of all acupoints to ensure standardization of the
treatment process, the participants were asked to work in
pairs. One participant lay down and held two moxa burners
applied to bilateral ST25, while another fellow participant
held two burners applied to bilateral SP6 (Figure 1(b)) for the
first 10 minutes. Then, the participants took out all moxa
sticks to clean the ashes in the moxa burners, kept moxa sticks
ignited, and inserted them into burners. Afterwards, the
participant shifted two moxa burners to RN12 and RN6, while
the fellow participant applied the moxa burners to bilateral
ST36 for another 10 minutes. After a complete 20-minute
moxibustion treatment, the participant and her partner ex-
changed their positions for another 20-minute intervention.
During the entire 40-minute intervention, the participants
could adjust the moxa sticks if they felt the skin too hot or not
hot enough; otherwise, they were told to keep the moxa sticks
in place to avoid experimental bias. Participants were told to
maintain their daily routines following each intervention.
Participants who missed one treatment were asked to perform
moxibustion at home using moxa burners and material
provided by the research staff.

2.3. Control Intervention. Participants in the control group
were encouraged to maintain their daily routines during the
8-week study period. They were asked not to participate in
moxibustion or acupuncture treatment or new exercise
programs or diets. They received a 1-week (i.e., three
treatments) supply of moxa burners and material following
the study period and were taught how to use them, in return
for their participation.

2.4. Assessment. The physical and psychological variables
were measured at the beginning of the study (baseline), week
4, and week 8. The physical outcomes were changes in the
BMI, waist-to-hip ratio (WHR), and body fat ratio (BFR).
Data were acquired using a digital medical scale (HW-999,
Super View, Taiwan) for BMI measurement and In Body 3.0
for WHR and BFR measurement in the laboratory to avoid
measurement bias.

The Rosenberg Self-Esteem Scale (RSE) was used to
assess the psychological changes in the participants during
the intervention [14]. The RSE is a validated social survey
questionnaire and has been widely used in studies on ad-
olescents with obesity [15-17]. In total, 10 items are rated on
a 4-point scale on the RSE; total scores range from 10 to 40.
Heavier weights of adolescent girls are correlated with lower
RSE scores [18].

2.5. Data Analysis. SPSS v.15 for Windows was used for data
processing and analysis. A statistically significant change was
defined as p<0.05. Differences in general demographic
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FIGURE 1: Moxa burner (a) and an example of moxibustion intervention (b). The participant (lay down) held two moxa burners applied to
bilateral ST25, while the fellow participant held two burners applied to bilateral SP6 for the first 10 minutes. After the moxa burners were
cleaned, the participant shifted two moxa burners to RN12 and RN6, while the fellow participant applied the moxa burners to bilateral ST36
for another 10 minutes. After a complete 20-minute intervention, the two participants swapped their positions for another 20-minute

moxibustion treatment.

information between the two groups were measured using
the chi-squared test. An independent-sample t-test was
performed to compare the BMI, WHR, BFR, and RSE score
between the two groups at the beginning of the study.
Moreover, generalized estimating equations (GEEs) were
used to assess the improvements in the BMI, WHR, BEFR,
and RSE score at the end of week 4 and week 8.

3. Results

In total, 54 participants were enrolled in this study. Figure 2
shows the screening, randomization, and evaluation algorithm
used in this study. Three participants in the treatment group
and four participants in the control group dropped out of the
study because of scheduling conflicts; one participant in the
control group dropped out of the study because of dysmen-
orrhea at week 2. The dropout rate of this study was 14.9%.

3.1. Baseline Data of the Participants. Table 1 presents the
baseline data of the participants after randomization, and no
difference between the mean age, BMI, WHR, BFR, and RSE
score was observed. The average participant was obese
(mean BMI>30), had high cardiovascular risk (mean
WHR > 0.85), and had a high amount of body fat (mean
BFR >40). The mean RSE score was between 26 and 27.

Questionnaires on diet preference and medicine usage
also revealed no differences (Table 2). Participants in the
treatment group were more likely to have attempted to lose
weight (N'=21, 87.5%) than were those in the control group
(N=14, 63.5%); however, this result was not statistically
significant (p = 0.058). Most participants did not take
regular food supplements or medicine to lose weight.
Heterogeneity was examined, and the result showed no
statistical significance (p > 0.05).

3.2. Moxibustion Improved Both Physical and Psychological
Outcomes of the Participants. The physical and psychological
evaluation data were analyzed using GEEs and are

summarized in Table 3. Line charts of our data are provided
in Figures 3(a)-3(d).

At week 4, the BMI of the treatment group was slightly
increased compared with that of the control group (Table 3,
Figure 3(a)). The difference in BMI change from baseline
between the treatment group and control group was 0.097
(p = 0.655) at week 4 and —0.794 (p = 0.001) at week 8. In
summary, after 8 weeks of moxibustion intervention, the
treatment group participants’ mean BMI score was 0.794
lower than that of the control group participants.

The treatment group exhibited a significant decrease
(=0.011; p =0.017 and —0.035; p<0.001) in WHR after 4
and 8 weeks’ intervention, respectively, from baseline (Ta-
ble 3, Figure 3(b)).

The treatment group showed a slight, nonsignificant
decrease (—0.253; p = 0.474) in BFR from baseline at week 4.
However, at week 8, a significant decrease (—2.068;
p<0.001) in BFR from baseline was observed (Table 3,
Figure 3(c)).

The RSE score of the treatment group was slightly higher
(0.155; p = 0.803) at week 4. At week 8, the treatment group
showed a significant improvement from baseline (1.606
points; p =0.021) than the control group (Table 3,
Figure 3(d)).

3.3. Moxibustion Caused No Adverse Effects during the Trial.
No obvious adverse effects, such as burn injuries or irrita-
tion, were observed during the 8-week intervention. One
participant dropped out of the control group because of
dysmenorrhea at week 2; this was unrelated to the mox-
ibustion intervention.

4. Discussion

To the best of our knowledge, this is the first integrated
clinical trial to evaluate the effects of moxibustion on ad-
olescent girls with overweight. Moxibustion is usually ap-
plied in combination with other acupuncture treatments,
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54 participants with a BMI greater
than 25.3 were enrolled
54 underwent baseline
evaluation and randomization
27 were assigned to 27 were assigned to
treatment group control group
3 dropped out due 4 dropped out due
™| to schedule conflict | to schedule conflict
24 completed the 4-wk 1 dropped out due
evaluation | todysmenorrhea
22 completed the 4-wk
24 completed the 8-wk evaluation
evaluation
22 completed the 8-wk
evaluation
FIGURE 2: Screening, randomization, and evaluation algorithm.
TaBLE 1: Baseline characteristics of the participants.
. Treatment group (N=24) Control group (N=22)
Variable Mean + SD Mean + SD P
Age, yr 17.17 £0.92 17.50 £ 1.01 0.247
Body mass index 31.26 £3.80 31.63 £4.39 0.761
Waist-to-hip ratio 0.94 +£0.06 0.94 £0.62 0.978
Body fat ratio 40.93+4.18 40.51 +3.86 0.728
RSE* 26.58 +4.13 26.36 +3.82 0.853

*RSE: Rosenberg Self-Esteem Scale.

such as needle acupuncture, electroacupuncture, laser
acupuncture, or even more invasive acupoint catgut em-
bedding therapy [19, 20]. On the aspect of weight reduction,
moxibustion with warming needle acupuncture may be one
of the optimal methods in losing weight [20]. However, there
was no clinical trial investigating purely moxibustion in
losing weight. Among 34 eligible trials analyzed in one
literature review, only one study used moxibustion with
other acupuncture therapies to lose weight [20]. Herein, we
conducted a randomized controlled trial to apply simply
moxibustion in treating obesity or overweight. Our results
support moxibustion’s efficacy in reducing the BMI, WHR,
and BFR, as well as increasing self-esteem in adolescent girls
with overweight. All participants tolerated moxibustion
using the noninvasive and easy-to-use moxa burner fa-
vorably without severe adverse events. The findings of this
study may have important implications for managing the
global health issue—adolescent obesity or overweight.

We enrolled all participants according to the WHO
definition of overweight (i.e., a BMI greater than 25.3).
However, the average BMI in our study participants was
more than 30 in both groups (Table 1), which is defined as
obese.

The results of our questionnaires revealed that 35
(76.08%) of the participants had previously attempted to lose
weight (Table 2). Most adolescents with overweight or
obesity reported that they had attempted to lost weight,
according to an international survey [21]. Furthermore,
most respondents to the survey in our study stated that they
did not spend money on losing weight, which may have been
because of economic status. Additionally, more than 90% of
participants in one study reported a habit of late-night
snacking, which is a risk factor for adolescent obesity [22].
Another study indicated that circadian rhythm and food
intake interact to play a pivotal role in the development of
adolescent obesity, perhaps because of the strong adverse
association between glucose and insulin at nighttime [23].

According to the viewpoint of traditional Chinese
medicine, the disease pattern observed in obese adolescents
was yang deficiency and qi stagnation. Moxibustion has been
used for warming yang and dredging meridians, which is
favorably indicated for treating obesity. In addition to
moxibustion, acupuncture and acupoint catgut embedding
are used to treat adolescents with obesity in Taiwan.
However, several adverse effects of these treatments—such
as pain, hematoma, and granuloma—have been reported
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TaBLE 2: Results of the questionnaire on diet habits and medicine use of the participants.
. Treatment group (N =24) Control group (N=22)

Variable Nunﬁ)er }()%) Nu;gnberp (%) p

Ever attempted to lose weight 0.058
No 3 (12.5) 8 (36.4)
Yes 21 (87.5) 14 (63.6)

Exercised to lose weight 0.253
No 7 (29.2) 10 (45.5)
Yes 17 (70.8) 12 (54.5)

On diet to lose weight 0.253
No 7 (29.2) 10 (45.5)
Yes 17 (70.8) 12 (54.5)

Use of food supplement to lose weight 0.187
No 20 (83.3) 21 (95.5)
Yes 4 (16.7) 1 (4.5)

Use of herbal medicine to lose weight 0.268
No 19 (79.2) 20 (90.9)
Yes 5 (20.8) 2(9.1)

Use of other medicine to lose weight 0.333
No 23 (95.8) 22 (100)
Yes 1(4.2) 0 (0)

Cost per month to lose weight 0.229
0 TWD 16 (66.7) 19 (86.4)
1-1000 TWD 4 (16.7) 3 (13.6)
1001-2000 TWD 1(4.2) 0 (0)
>2001 TWD 3 (12.5) 0 (0)

A habit of a midnight snack 0.642
No 2 (8.3) 2 (9.1)
Yes 22 (91.7) 20 (90.9)

Prefer Chinese eating style 0.243
No 5 (20.8) 8 (36.4)
Yes 19 (79.2) 14 (63.6)

Prefer Western eating style 0.136
No 10 (41.7) 14 (63.6)
Yes 14 (58.3) 8 (36.4)

[24]. The safe and easy-to-use moxa burner and material
used in our study may have contributed to the low with-
drawal rate (14.8%) compared with that in studies using
needle acupuncture (25%-27%) [25].

Our results revealed that moxibustion reduced the WHR
earlier than the other measures, with a significant reduction
(p=0.017) in WHR observed at week 4 (Table 3,
Figure 3(b)). This anthropometrical change may reduce the
risk of cardiovascular disease because WHR is strongly
associated with coronary artery calcification in young adults,
and this parameter is frequently used for cardiovascular risk
evaluation [26]. This is consistent with the correlation be-
tween visceral fat and coronary atherosclerosis. The body
shape of the participants was more “apple-shaped”
(WHR>0.85) at baseline and seemed to be more “pear-
shaped” following the moxibustion intervention. The results
revealed that moxibustion reduces the cardiovascular risk of
girls with overweight or obesity.

Our findings were broadly consistent with those of
other studies on acupuncture or moxibustion [19, 27]. The
results may be because of the abdominal acupoints used in
our study: RN12, RN6, and bilateral ST25 are traditionally
used for adjusting bowel movements and treating con-
stipation, whereas ST36 and SP6 are used for dredging

meridians and relieving stagnation, especially in the
stomach and spleen channels, with stagnation also corre-
lated with obesity. One clinical trial indicated that warming
needle acupuncture applied to abdominal acupoints
(RN12, RN9, RN6, RN3, ST25, and ST28) may have long-
term therapeutic effect on simple obesity with spleen
deficiency pattern [28]. Previous study indicated that
moxibustion-like thermal stimulation to the mouse ab-
domen decreased the size of white adipose tissue and induced
formation of beige adipocytes [29]. Electroacupuncture
stimulation to acupoints RN12, SP6, and ST36 may regulate
gastrointestinal motility in vivo through the vagus-gastric
neural pathway [30, 31]. Similarly, diet-induced obese rats
treated by electroacupuncture applied to ST25, RN12, SP6,
and ST36 showed the mechanisms to reduce weight and
appetite may be related to hypothalamic Tscl promoter
demethylation and mTORCI signaling pathway inhibition
[32]. However, the detailed molecular mechanism responsible
for weight reduction by simply moxibustion is yet to be clearly
identified.

Other physical variables, such as BMI and BFR, showed
no significant decrease until week 8. These results were
similar to those of other studies that used acupuncture to
treat children with obesity [33], suggesting that acupuncture
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TaBLE 3: Generalized estimating equation analysis of outcome measurements.

Evidence-Based Complementary and Alternative Medicine

(A) body mass index S Standard error p
Group
Treatment vs. control 31.627
Time course
4™ week vs. baseline -0.268
8™ week vs. baseline -0.077
Group * time course (treatment vs. control)
4™ week vs. baseline 0.097 0.218 0.655
8™ week vs. baseline -0.794 0.248 0.001**
(B) waist-to-hip ratio
Group
Treatment vs. control 0.944
Time course
4™ week vs. baseline -0.002
8™ week vs. baseline -4.63
Group * time course (treatment vs. control)
4™ week vs. baseline —-0.011 0.004 0.017*
8" week vs. baseline -0.035 0.007 <0.001***
(C) body fat ratio
Group
Treatment vs. control 40.509
Time course
4™ week vs. baseline -0.268
8™ week vs. baseline 0.068
Group * time course (treatment vs. control)
4™ week vs. baseline -0.253 0.353 0.474
8™ week vs. baseline -2.068 0.548 <0.001***
(D) Rosenberg self-Esteem Scale
Group
Treatment vs. control 26.364
Time course
4™ week vs. baseline 0.136
8™ week vs. baseline 0.227
Group * time course (treatment vs. control)
4™ week vs. baseline 0.155 0.622 0.803
8™ week vs. baseline 1.606 0.698 0.021*

The outcome measurements are body mass index (A), waist-to-hip ratio (B), body fat ratio (C), and Rosenberg Self-Esteem Scale (D) (N=46). * p <0.05,

**p<0.01, ***p<0.001.

significantly reduces visceral fat and WHR without signif-
icantly changing body weight.

The association between overweight or obesity and self-
esteem was reported to be tenuous in other studies on Han
and other ethnic groups [9, 34, 35]. However, overweight or
obesity may increase the risk of developing body image
dissatisfaction, which may in turn impair self-esteem [36]. In
particular, girls with overweight in our study reported an
increase in self-esteem after moxibustion (Table 3,
Figure 3(d)). The mean baseline RSE scores of the two
groups were 26.58 (treatment) and 26.36 (control), which
did not statistically differ. As expected, moxibustion suc-
cessfully increased the mean RSE score by 1.606 in the
treatment group, indicating that the self-esteem of the
participants was increased by the intervention.

The moxa burner is a relatively safe device, according to
our study. The burner, which has a fine metal mesh at the
bottom, allows heat to pass without ashes falling onto the
skin. During the 8-week intervention, no adverse effects or
burns were reported, probably because this safe moxibustion

device was used and its method of use was effectively
explained. Although other studies have reported potentially
adverse effects from moxibustion, such as allergies, burns,
and infections [37], no participant in our treatment group
withdrew because of these adverse effects.

4.1. Limitations. Our study had several limitations. First, the
trial was not double blinded because performing sham
moxibustion is difficult. To date, no validated double-
blinded studies on moxibustion have been reported in the
literature. Other studies have performed sham moxibustion
by using devices to prevent heat radiating from the moxa
burner to the patient’s skin [38]. However, the sensation of
heat may play a role in the process of moxibustion. Second,
this study was conducted in only one nursing school in
Northern Taiwan. Thus, the generalization of the results to
other populations with different backgrounds may be lim-
ited. Third, the measurements were taken thrice only,
without long-term follow-up, because of our limited
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Body mass index

Waist-to-hip ratio

33.00 .. 097

Control group P =0.001 Control group p < 0.001***
32.00 0.95
31.00 0.93
30.00 Treatment group 0.91 Treatment group
29.00 0.89

Baseline Week 4 Week 8 Baseline Week 4 Week 8
(@) (b)

Body fat ratio Rosenberg self-esteem scale
42.00 wxx 29.00 = *

Control group P < 0.001 p=0021
41.00

28.00 Treatment group
40.00
27.00
3900 Treatmentgroup | | & ____g--------
38.00 26.00
Control grou
37.00 25.00 grotp
Baseline Week 4 Week 8 Baseline Week 4 Week 8

(c)

(d)

FIGURE 3: Mean changes in four variables at weeks 4 and 8 by the treatment group. The mean changes in body mass index (a), waist-to-hip
ratio (b), body fat ratio (c), and rosenberg self-esteem scale (d) were measured at baseline, week 4, and week 8 between the treatment group

and control croup. *p <0.05, **p<0.01, and *** p <0.001.

research funding and resources. Fourth, we may enroll more
eligible samples in our further study to strengthen our re-
sults because the error bars in Figure 3 seem to be excessive.
We believe the results of our study may provide a com-
prehensive knowing in designing a larger-scale randomized
controlled trial in the future to improve statistical power.

5. Conclusions

Moxibustion intervention may help improve some physical
and psychological variables of adolescent girls with over-
weight, including the WHR and BFR, as well as the BMI and
RSE score. This simple and safe therapeutic method is
worthy of promotion by public health authorities.
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Antrodia cinnamomea exhibits anti-inflammatory, antioxidant, and immunomodulatory
activities. We aimed to explore the antipsoriatic potential of 2,4-dimethoxy-6-
methylbenzene-1,3-diol (DMD) derived from A. cinnamomea. The macrophages
activated by imiquimod (IMQ) were used as the cell model for examining the anti-
inflammatory effect of DMD in vitro. A significantly high inhibition of IL-23 and IL-6 by
DMD was observed in THP-1 macrophages and bone marrow-derived mouse
macrophages. The conditioned medium of DMD-treated macrophages could reduce
neutrophil migration and keratinocyte overproliferation. DMD could downregulate
cytokine/chemokine by suppressing the phosphorylation of mitogen-activated protein
kinases (MAPKSs) and NF-kB. We also observed inhibition of GDAP1L1/Drp1 translocation
from the cytoplasm to mitochondria by DMD intervention. Thus, mitochondrial fission
could be a novel target for treating psoriatic inflammation. A psoriasiform mouse model
treated by IMQ showed reduced scaling, erythema, and skin thickening after topical
application of DMD. Compared to the IMQ stimulation only, the active compound
decreased epidermal thickness by about 2-fold. DMD diminished the number of
infiltrating macrophages and neutrophils and their related cytokine/chemokine
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production in the lesional skin. Immunostaining of the IMQ-treated skin demonstrated the
inhibition of GDAP1LI and phosphorylated Drp1 by DMD. The present study provides
insight regarding the potential use of DMD as an effective treatment modality for

psoriatic inflammation.

Keywords: Antrodia cinnamomea, 2,4-dimethoxy-6-methylbenzene-1,3-diol, psoriasis, macrophage,

GDAP1L1, Drp1

INTRODUCTION

Psoriasis is one of the most common autoimmune skin disorders.
Patients with psoriasis are characterized by red and thick plaques
covered with silver multilayered scales. IL-23/helper T cell type
17 (Th17) axis is recognized to have a key role in psoriasis (1).
Typical histopathology of psoriatic lesions includes epidermal
hyperplasia, elongated rete ridge, and immune cell infiltration.
The estimated global prevalence of psoriasis is 2%-3% (2).
Approximately 80% of the patients with psoriasis are classified
as mild-to-moderate (3), for which topical drug treatment is
feasible. However, the topical treatment is far from satisfactory
due to the time-consuming therapeutic course, frustration with
efficacy, and side effects (4). There is an urgent need to develop
new antipsoriatic agents with improved therapeutic efficiency
and safety. The development of antipsoriatic candidates from
natural resources can potentially achieve the purposes of
superior therapeutic effectiveness and fewer adverse effects (5).
Nearly 39%—-62% patient population in Asia and the Middle East
use complementary and alternative medicine for treating
psoriasis (6) And nearly 47% of the patients in South Europe
use plant extracts as a remedy against psoriasis (7).

Many natural compounds derived from mushrooms are
known to exhibit anti-inflammatory and immunomodulatory
activities (8). The mushroom Antrodia cinnamomea is used as a
medicinal herb because of its biological properties. A.
cinnamomea is traditionally used to treat diarrhea, abdominal
pain, hypertension, cancers, and itchy skin (9). The extracts and
bioactive compounds from A. cinnamomea are reported to show
biological effects such as anti-inflammatory, antioxidant,
antitumor, antihyperlipidemic, and hepatoprotective activities
(10). The ethanolic extract derived from A. cinnamomea inhibits
Th17 cell infiltration in the dermis of the psoriasiform lesion and
can thus be a therapeutic option for psoriasis (11). Previous
investigations (12, 13) suggest the anti-inflammatory activity of
some benzenoids isolated from A. cinnamomea on the activated
T cells and macrophages. Likewise, we demonstrated in a
previous study (14) that the benzenoid 2,4-dimethoxy-6-
methylbenzene-1,3-diol (DMD) from A. cinnamomea exerts
anti-inflammatory activity in atopic dermatitis-like skin in
mice. In that study, we mainly explored the therapeutic
potential of DMD on psoriasis treatment based upon the cell-
based and in vivo animal studies.

Psoriasis is generally regarded as a T cell-mediated disease.
Nevertheless, there is increasing evidence indicating that
macrophages also play an essential role in psoriasis pathogenesis
(15). Macrophages difterentiate from monocytes in the blood, enter

the host tissue, and are influenced by the local environment.
Macrophages are largely infiltrated in the dermal layer of
psoriasis to release cytokines IL-23, IL-6, and TNF-o during the
development of the lesion (16). We aimed to explore an effective
strategy to treat psoriasis by regulating macrophage activation and
to elucidate the possible mechanisms of DMD-mediated inhibition
of inflammation using the macrophages (the differentiated THP-1
cells) as the cell model. Imiquimod (IMQ) is a Toll-like receptor
(TLR)7 ligand which acts as an immune stimulator for
macrophages (17). We used IMQ to activate macrophages and
induce psoriasis-like plaque in mice for evaluating the anti-
inflammatory effect of DMD in psoriasis treatment.

MATERIALS AND METHODS

Reagents and Antibodies

Menadione, tert-butylhydroquinone (TBHQ) and phorbol 12-
myristate 13-acetate (PMA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). IMQ cream (Aldara®, 5%) was acquired
from 3M Pharmaceuticals (Leicestershire, UK). Phospho (p)-
JNK, p-ERK, p-p38, p-p65, JNK, ERK, p38, CCR7, Drpl and
GAPDH antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). F4/80 and Ly6G
antibodies were purchased from Abcam (Cambridge, MA,
USA). The anti-Ly6G antibody was purchased from
eBiosciences (San Diego, CA, USA). GDAPILI and mtHSP70
antibodies were purchased from Invitrogen (Carlsbad, CA,
USA). The antibody targeting phospho-Drpl-S616 was
obtained from Biorbyt (St. Louis, MO, USA).

DMD From A. cinnamomea

DMD was obtained by partitioning and silica gel column
chromatography. The detailed information of the extraction
and isolation was described earlier (14). The chemical structure
of DMD is illustrated in Supplementary Figure 1.

Cell Lines, Primary Cells, and Cell Culture

Human monocytic leukemia THP-1 cell line was maintained in
RPMI 1640 supplemented with 10% heat-inactivated FBS and
100 U/mL penicillin and streptomycin. Before the experiments,
THP-1 cells were differentiated into macrophages by treating
with phorbol 12-myristate 13-acetate (100 ng/mL) for 36 h,
followed by overnight incubation in a fresh medium. Bone
marrow was collected from the femur and tibia of BALB/c
mice to generate bone marrow-derived macrophages
(BMDMs) following an earlier published protocol (18). For
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testing the effect of DMD on activated THP-1 and BMDMs, the
cells were pretreated with DMD for 1 h and then incubated with
IMQ (10 ug/mL) for 24 h. HaCaT cells, the immortalized cell line
of human keratinocytes, were cultured in DMEMs supplemented
with 10% FBS and 100 U/mL penicillin-streptomycin at 37°C.
Human primary neutrophils were obtained from healthy, 20-30
years old volunteers using a protocol approved by the
Institutional Review Board at Chang Gung Memorial Hospital
(201701925B0). All volunteers provided written informed
consent for participation. The neutrophils were purified by
sedimentation prior to centrifugation and erythrocyte lysis
following the protocol in a previous report (19).

Cytotoxicity Assay

The cytotoxicity of DMD was studied by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) analysis. The
macrophages were cultured in DMEM at a density of 2 x 10°
cells/well and incubated at 37°C for 24 h. Then DMD (1-40 ug/
mL) was added into the cell suspension and incubated for 24 h.
The cells in a blank medium were used as the control. MTT (0.5
mg/mL) present in culture medium (200 pL) was incorporated in
the cell suspension, which was further incubated at 37°C for 4 h.
The THP-1 viability was detected by a spectrophotometer at 570
nm. The trypan blue assay was also used to evaluate the cell
viability. After treating DMD for 24 h, the cells were removed
and stained with 0.4% trypan blue. The number of unstained
viable cells was counted in a hemocytometer under light
microscope (Leica DMi8).

Total RNA Extraction and Real-Time
Quantitative Polymerase Chain

Reaction (RT-qPCR)

Total cellular RNA was extracted using the Direct-zol kit with
RNase-free DNase 1 digestion to remove genomic DNA
contamination according to the manufacturer’s instructions.
Reverse transcription to ¢cDNA was performed by iScript
cDNA Synthesis kit. RT-qPCR was carried out by a CFX
Connect RT PCR Detection System using iQ SYBR Green
Supermix. The level of GAPDH was used to normalize the
mRNA level. The primer sequences used for amplification
from mouse and human species are listed in Supplementary
Table 1 and Supplementary Table 2, respectively.

Enzyme-Linked Immunosorbent

Assay (ELISA)

The level of cytokines and chemokines in the supernatant of the
cell medium was quantified using ELISA kits (BioLegend)
according to the manufacturer’s instructions. The absorbance
was measured at 450 nm on a microplate spectrophotometer.
The concentration of cytokines and chemokines was estimated
based on the corresponding standard curves.

Immunoblotting

The level of mitogen-activated protein kinases (MAPKs), NF-xB,
ganglioside-induced differentiation-associated protein 1 like 1
(GDAP1L1), dynamin-related protein 1 (Drpl), and Drpl S616

were estimated by western blotting. The cells were collected and
added to the lysis buffer. The nuclear pellets were obtained after
centrifugation at 400 x g and 4°C for 5 min. After probe
sonication, the protein fraction was obtained by centrifugation
at 8,000 x g and 4°C for 10 min. For quantification, protein assay
dye was mixed with the protein fraction, and separated by 10%
acrylamide SDS-PAGE, and transferred to a polyvinylidene
difluoride membrane. The membrane was incubated with the
primary antibody (1:1000 dilution) at 4°C overnight.
Subsequently, the membrane was washed using tris-buffered
saline and incubated with horseradish peroxidase-conjugated
secondary antibody (1:5000 dilution) for 1 h. The
immunoreactive bands were detected by Western Lightning
Plus-ECL. Anti-GAPDH or anti-actin antibody was used as the
loading control.

Wound Healing Assay

Fresh neutrophils (4 x 10° cells/well) were seeded in a six-well
plate and cultured in the complete DMEM medium. The cells
were scraped using a 200 UL pipette tip to achieve a noncellular
region, and the culture medium was then replaced by the
conditioned medium of THP-1 cells after IMQ stimulation
with or without DMD intervention (10 pug/mL). After 4 h, the
migration number of the neutrophils was measured by using
Image] software.

Chemotaxis Assay

The neutrophil migration initiated by the conditioned medium
of THP-1 cells was evaluated by the Boyden chamber migration
analysis. Briefly, the isolated human neutrophils were added to
DMEM supplemented with 0.25% BSA. The neutrophils (4 x 10°
cells/well) were added to the upper well of the Boyden chamber.
The conditioned medium harvested from macrophages was
added into the lower well. The plate was stored at 37°C for 4 h
before placing it on ice, and 100 puL of 0.5 M EDTA was
incorporated into the well at 4°C for 10 min. The well insert
was removed and the cell suspension was collected. Then
neutrophil count was estimated using a Moxi Z Mini-
Automated Cell Counter kit.

Isolation of Cytosolic and

Mitochondrial Fractions

GDAPIL1 and Drpl levels in cytosol and mitochondria of
macrophages were determined by western blotting. The
separation of mitochondria from cytoplasm was performed as
described previously (18). In brief, the macrophages were
collected, then the Mitochondria Isolation kit was used to
separate the cellular components according to the
manufacturer’s instructions. Cytoplasmic and mitochondrial
proteins were quantified by western blotting using the same
method described in the section of immunoblotting. The p38 and
mitochondrial HSP70 (mtHSP70) were employed as the loading
control for cytosolic and mitochondrial fractions, respectively.

Immunofluorescence Staining
To appraise the expression of GDAPIL1 and Drpl S616 in
THP-1 cells, immunofluorescence staining was carried out. The
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cells were cultured on coverslips and then labeled with
MitoTracker Red for staining mitochondria. The macrophages
were fixed with 4% paraformaldehyde for 15 min at room
temperature. The fixed macrophages were permeabilized with
Triton X-100 for 5 min and then blocked with 1% BSA for
30 min. For immunofluorescence staining, primary antibodies
against GDAPI1L1 or Drpl S616 were used followed by the
incubation of secondary antibody conjugated with Alexa Fluor
488 or 594. The cells were monitored under a confocal
microscope (Zeiss LSM780). Quantification and measurement
of mitochondrial length was performed with MetaMorph
(Molecular Devices) by an investigator blinded to experimental
groups. Mitochondrial length was classified into three categories;
<0.5 pm, 0.5-2 um, and >2 pum. The resulting data were
visualized using GraphPad Prism software.

Immunoprecipitation

Total mitochondrial fraction extract (100 pg) was incubated with
GDAPILI antibody overnight at 4°C. Protein A beads were
added to the mixtures and incubated for 1 h at 4°C. After five
washings with lysis buffer, the immunoprecipitants were
subjected to SDS/PAGE and analyzed by immunoblotting as
indicated antibodies.

Animals

Female BALB/c mice (8-weeks old) were purchased from the
National Laboratory Animal Center (Taipei, Taiwan). All animal
experiments were approved by the Institutional Animal Care and
Use Committee of Chang Gung University and complied with
Directive 86/109/EEC from the European Commission
(CGU108-101).

IMQ-Induced Psoriasiform Skin in Mice

A psoriasis-like lesion was evoked on the back of the BALB/c
mouse following a protocol from van der Fits et al., with
modifications (20). The mouse received a daily topical dose of
62.5 mg 5% IMQ cream (Aldara, 3M) on the shaved area of the
dorsal skin for five consecutive days. Before 30 min of IMQ
cream treatment, 100 pL DMD (1 mg/mL) in PEG400/PBS (3:7)
was topically administered on the back. The vehicle was dried
during this 30-min period. The skin surface appearance was
visualized using a portable digital magnifier (Mini Scope-V,
M&T Optics). The subjective evaluation of the severity was
estimated by the cumulative score (scaling plus erythema) with
a scale from 0 to 8 based on the Psoriasis Area and Severity Index
(PASI). Transepidermal water loss (TEWL) was detected by a
Tewameter TM300 (Courage and Khazaka). The animals were
sacrificed on day 6 for further histological examination and
detection of cytokine/chemokine expression. The skin was
extracted following a previously described method (21). The
skin extract was used to determine proinflammatory mediators
by RT-qPCR. The protocol for RT-qPCR was the same as that
mentioned in the section for the in vitro THP-1 study.

Histology
The skin sample was fixed in 10% formaldehyde and embedded
in paraffin and then stained with hematoxylin and eosin (H&E).

The unstained slice of skin sample was prepared for
immunohistochemistry (IHC). After dewaxing and
rehydration, the skin section was subjected to heat-induced
epitope retrieval using the Bond Epitope Retrieval Solution 2
according to the manufacturer’s instructions, followed by the
blocking with diluted normal serum. The section was incubated
with rabbit polyclonal anti-mouse Ki67, Ly6G, F4/80, GDAP1LI,
or Drpl S616 antibody (1:100 dilution) for 1 h at room
temperature, washed with 0.5% Tween 20 in saline, and
subsequently incubated with biotinylated donkey anti-rabbit
IgG at ambient temperature for 20 min. The
photomicrographs were observed under an optical microscope
(Leica DMi8). Quantification of the IHC-stained sections was
performed by AlphaView software. Each section was examined
independently by two investigators in a blinded manner.
Numbers of positive cells were evaluated by counting the
numbers of cells (original manifestation x200) for three
sections of three mice per group.

Statistical Analysis

The statistical differences in the data of different treatment
groups were measured using the one-way analysis of variance
followed by Tukey’s multiple comparison test. The data
distribution was checked by Kolmogorov-Smirnov test. The
levels of probability including 0.05, 0.01, and 0.001 were
considered statistically significant.

RESULTS

DMD Inhibits Cytokine/Chemokine
Expression in Activated Macrophages
IMQ was used as the activator to evoke the macrophage
stimulation in this study. We tested the effect of IMQ on
THP-1 viability to determine its cytotoxicity to the
macrophages. Although slight cytotoxicity determined by
MTT assay was found after IMQ treatment, the viability
could still surpass 80% for the activator concentrations
between 1 and 20 pug/mL (the left panel of Figure 1A). In
addition to the evaluation of cell viability, MTT assay is a
method to assess cell metabolic activity. The MTT assay is
dependent on the mitochondrial respiration. The slight
reduction of MTT by IMQ may suggest the involvement of
IMQ in the metabolic activity of THP-1 cells. No cell viability
reduction by IMQ was detected using trypan blue analysis (the
right panel of Figure 1A), demonstrating a minimal
cytotoxicity of IMQ. Then, an IMQ dose of 10 ug/mL was
used in the subsequent experiments. Up to a concentration of
20 pug/mL, DMD had no effect on the viability for both MTT
and trypan blue analyses (Figure 1B), while following the
treatment with 40 ug/mL DMD the viability percentage was
94% in the MTT assay. The non-cytotoxic dose of 10 pg/mL
DMD was selected to investigate the anti-inflammatory effect
on macrophages.

To further elucidate the role of DMD on the cytokine
expression, RT-qPCR analysis was carried out for the five genes
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FIGURE 1 | DMD inhibit IMQ-induced inflammatory cytokines in THP-1 and BMDMs. (A, B) Cell viability in THP-1 cells determined by MTT and trypan blue assays
after incubation with IMQ and DMD in the indicated concentration, respectively, for 24 h (n=3). (C) RT-gPCR analysis of the cytokines in IMQ-stimulated THP-1 cells
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control. *P < 0.05, **P < 0.01, and **P < 0.001 when compared to IMQ group. Data are represented as mean + SEM.

of IL-23, IL-6, IL-24, TNF, and IL-8. IMQ was able to increase the
expression of these inflammatory factors with a statistical
significance (Figure 1C). The mRNA detection verified a
decrease in cytokine level after DMD versus IMQ stimulation.
At 10 ug/mL, DMD totally inhibited IL-23, IL-6, IL-24, and TNF
to the baseline control. The expression of the cytokines in
macrophages was further confirmed by ELISA. The protein and
mRNA expression showed a consistent trend (Figure 1D).
BMDMs, the primary macrophages derived from the mouse,
were used as another macrophage model for treating the effect
of DMD on inflammation attenuation. Similar to THP-1 cells,
IMQ induced some cytotoxicity against BMDMs (Supplementary
Figure 2). DMD produced a limited cytotoxicity on BMDMs. The
viability of BMDMs could be maintained to 75% after DMD

treatment at the highest concentration (40 ug/mL). In vitro,
BMDMs also expressed IL-23 and IL-6 at high levels after IMQ
stimulation (Figure 1E), and this upregulation could be reduced in
the DMD-treated groups. To understand the capacity of
chemokines, we analyzed mRNA expression of nine chemokines
in IMQ-activated macrophages and observed a high level of CCR7,
CCL1, CCL2, CCIL4L2, CCL20, CCL22, CXCL3, CXCLS6, and
CXCRS5 in stimulated THP-1 (Figure 2A), and this could be
abolished by DMD treatment. This result suggests the
involvement of DMD in the regulation of macrophage
chemotaxis. We also observed upregulated GDAP1L1 mRNA by
IMQ and a 70-fold decrease to that of the baseline after DMD
treatment (Figure 2B). GDAPILI is a paralog of GDAP1 and
predominantly governs mitochondrial dynamics.

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 664425

1035


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Chuang et al.

Benzoid Mitigates Psoriasiform Inflammation

GDAP1L1
p-p65

GAPDH

N

Keratinocyte proliferation (%)
Cell number (x10% /well)

Ctrl

IMQ IMQ+DMD Ctrl IMQ IMQ+DMD

(A) RT-gPCR analysis of the chemokines in IMQ-stimulated THP-1 cells following DMD treatment (n=4). (B) RT-gPCR

NF-xB, MAPKSs, and GDAP1L1 was determined, respectively. (F) Neutrophil migration was measured by wound healin
conditioned medium of THP-1 cells for 24 h to determine the rate of migration into the scratched area. Wound healing
between scratch edges at 0 and 24 h. (G) Neutrophil invasion was measured by the Boyden chamber invasion assay.
chambers. The cells were allowed to invade for 4 h, and the rate of invasion was quantified (n=4). (H) Keratinocyte prol

group. Data are represented as mean + SEM.

STAT3

GAPDH

A
40 o 5 5 N Y *
I I I
3 5 ) . 5 % g o
< o 30 < = < e Oc
05 -] 34 0o 34 Z0100
] I3 7] D
1 3f i £
Eg £ £ 2] E 22 Esg
o ) ) N g 50
& 10 prt 3 e
S [SENE o 11 b1
o o o Q
04 0- © 04
Ctrl IMQ IMQ+DMD Ctrl IMQ IMQ+DMD Ctrl IMQ IMQ+DMD Ctrl IMQ IMQ+DMD
300 - 120 - 6 150 *o
< < _ 904 < <
0 §200 08 SR 0 5100
% 3 £ % 60 28 Y
) £5 €5 (3
o 100 ~ s ©s 2 © 5 50
« N 304 = -
5} o %) 2
o o 3] S
0- 0- 04
ctl  IMQ IMQ+DMD ctl  IMQ IMQ+DMD ctl  IMQ IMQ+DMD ctl  IMQ IMQ+DMD
B C
L8 o z ™ r IMQ (10 yg/ml) -+ +
Q o woxk - -
X 6 S _9 DMD (pg/ml) 10
h F
s s
2¢%4 E £ 60 P-P65 | M- e
£Eg <&
n o o
8 2 E 30
& g GAPDH
Ctrl IMQ IMQ+DMD Ctrl IMQ IMQ+DMD
E
D DMD (10 pg/ml)
IMQ (h 1 2 4 1 2 4 MQ (10 pgfml) - E
(h) - DMD (ug/ml) - - 10 20

E T T
[ =S ]
[ |

p-ERK - o us
. ' - F G
ERK | — - -] - - | 0 “
p-p38 ‘r - u‘u — - %150 %‘,g 30 e
P3G [ ———— - — g 35
] gE
g S0 £ 210
AGtin == o e o | : 5
= Ctrl IMQ IMQ+DMD Ctrl IMQ IMQ+DMD
H |
T bl lusi
0 zorypan ue exclusion IMQ (10 pg/ml) i + + + +
o ; DMD (ug/ml) = = 5 10 20
p-STAT3 |~ =]

H

FIGURE 2 | DMD inhibit IMQ-induced activation in THP-1 cells through MAPK and NF-kB pathways, and block neutrophil invasion and keratinocyte proliferation.
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cells following DMD treatment (n=4). (C-E) THP-1 cells were treated with IMQ in the presence or absence of DMD. Immunoblotting analysis of phosphorylation of

g assay. Neutrophils were treated with the
was quantified by measuring the distance
Neutrophils were loaded on the top

liferation induced by the conditioned medium

of THP-1 cells was measured using the MTT and trypan blue assays (n=3). (I) Immunoblotting of the phosphorylation of STAT3 in keratinocytes stimulated with the
conditioned medium of THP-1 cells for 24 h. One out of three independent experiments is shown. *P < 0.05, **P < 0.01, and ***P < 0.001 when compared to IMQ

Frontiers in Immunology | www.frontiersin.org

1036

May 2021 | Volume 12 | Article 664425


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Chuang et al.

Benzoid Mitigates Psoriasiform Inflammation

DMD Inhibits Cytokine/Chemokine
Expression by Blocking the

MAPK/NF-xB Signaling

To elucidate the signaling pathways through which DMD
attenuated the inflammation, we checked the possible role of
NF-kB. Western blot analysis displayed that IMQ upregulated
the expression of p-p65 that was a subunit of p-NF-xB
(Figure 2C), while a significantly opposite effect was observed
after DMD treatment in macrophages. DMD inhibited the
phosphorylation of p65 by 2-fold as measured by densitometry
(Supplementary Figure 3A). To examine the possible role of
MAPKSs in the inflammation suppression by DMD, we studied
the IMQ-induced phosphorylation of JNK, ERK, and p38 in
macrophages. The maximum expression of the phosphorylated
MAPKSs was detected at 2 h after IMQ stimulation (Figure 2D and
Supplementary Figure 3B), while DMD could reverse the
phosphorylation, clearly indicating the anti-inflammatory activity
of DMD through the downregulation of MAPKs and NF-xB.
GDAPI1L1 is an important marker that showed a significant
decrease after DMD treatment of activated THP-1 macrophages.
Immunoblotting revealed that GDAP1L1 protein level increased
after IMQ and arrested by DMD treatments in a dose-dependent
manner (Figure 2E and Supplementary Figure 3C).

The Conditioned Medium of DMD-Treated
Macrophages Prevents Neutrophil
Migration and Keratinocyte Proliferation

In psoriasis, macrophage chemotaxis may mediate the interplay
between the macrophages and the other cells. To gain an in-
depth understanding of the chemotaxis, we validated the effect of
IMQ-activated macrophage conditioned medium on neutrophil
invasion and keratinocyte proliferation. The wound-healing
assay showed that DMD-treated macrophage medium
suppressed wound closure in neutrophils (Figure 2F).
Moreover, the DMD-treated group had lowered the average
number of migrating neutrophils permeating the transwell
membrane (Figure 2G). The conditioned medium from IMQ-
stimulated macrophages promoted keratinocyte proliferation by
about 2-fold as measured by both MTT and trypan blue assays
(Figure 2H). This effect was inhibited by DMD at 10 ug/mL. The
keratinocyte proliferation in psoriasis is in close association with
the signal transducer and activator of transcription 3 (STAT3)
pathway. The IMQ-treated conditioned medium enhanced
STATS3 activation in keratinocytes, which was observed in the
form of increased p-STAT3 (Figure 2I and Supplementary
Figure 3D), which was considerably reduced upon the
intervention of DMD. Our data demonstrated that DMD was
effective in suppressing neutrophil and keratinocyte activation
via the inhibition of macrophage chemotaxis.

GDAP1L1/Drp1 Axis Participates in
DMD-Induced Inhibition on

Macrophage Activation

According to the cell-based study, we found a possible role of
GDAPILI in the inhibition of activated macrophage by DMD.

GDAPILI is a mitochondrial fission factor. Mitochondrial
fission and fusion are required for maintaining mitochondrial
functions related to biogenesis, apoptosis, neurodegeneration,
and inflammation. Following IMQ stimulation, the GDAPIL1
level was significantly increased at the indicated times as verified
by densitometry (Figure 3A and Supplementary Figure 4).
DMD treatment at 10 pug/mL blocked IMQ-stimulated
GDAPIL1 expression. The activity of GDAPIL1 to induce
mitochondrial fission depends upon another fission factor
Drpl. The fission needs the phosphorylated Drpl at the S616
site and translocation of Drpl from the cytoplasm to
mitochondria. We found an increase in IMQ-mediated Drpl
phosphorylation in THP-1 (Figure 3A), and this elevation could
be reduced by DMD. GDAPI1LLI is a cytosolic protein that is also
delivered to the mitochondria in response to external stimuli. We
found the association between GDAP1L1 and mitochondria after
IMQ treatment (Supplementary Figure 5), which increased
following the increase in treatment duration. To appraise
whether DMD affected GDAP1L1 and Drpl location, cytosol
and mitochondria were isolated from IMQ-treated macrophages
and more GDAPIL1 was expressed in the mitochondria after
IMQ stimulation (Figure 3B). We found a minimal expression of
the cytosolic specific marker p38 in the mitochondrial fraction.
Menadione is a quinone-related derivative used as a positive
control in oxidative stress-induction studies. Mitochondrial
translocation of GDAPI1L1 was found after menadione
treatment. DMD not only reduced GDAP1L1 production but
also decreased IMQ- and menadione-induced GDAPIL1
translocation. Menadione is conjugated to form menadione-S-
glutathione by glutathione S-transferase to induce stress.
Glutathione conjugation detoxifies tertiary butylhydroquinone
(TBHQ). TBHQ could reduce the GDAPI1L1 transfer to
mitochondria sensitized by menadione. IMQ and menadione
also strongly increased the expression of Drpl in mitochondria
without a significant change of total Drpl. DMD treatment
abolished the elevated GDAPIL1 in mitochondria. However,
this phenomenon was not detected in the case of menadione-
treated cells intervened by TBHQ.

We then examined the phosphorylated Drpl at S616 in
mitochondria. The level of mitochondrial Drpl and Drpl S616
increased in THP-1 stimulated with IMQ and menadione
(Figure 3C) and this increase in the active form of Drpl in
mitochondria was blocked by DMD, as was confirmed by
immunofluorescence analysis (the left panel of Figure 3D).
Colocalization of Drpl S616 with mitochondria was observed
using double immunofluorescence staining. The estimation of
mitochondrial length showed a decreased average length after
IMQ intervention (the upper right panel of Figure 3D),
suggesting a fission of mitochondria after an inflammation
stimulation. DMD treatment could reverse this reduction to
the control baseline level. We also found an increased
proportion of mitochondria with short length (<0.5 wm) by
IMQ stimulation (the lower right panel of Figure 3D). Again,
this increase could be reversed to baseline control by DMD.
Based on the above-mentioned results, we speculated that Drpl
might complex with GDAP1Ll. We employed
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immunoprecipitation to check if GDAP1LI and Drpl were
associated to interact with each other. The GDAPI1LI antibody
could successfully pull down both GDAP1L1 and Drpl
(Figure 3E). GDAPI1LI indeed coprecipitated with Drpl when
transiently expressed in THP-1 cells. Both Drpl S616 and
GDAPILI expression was upregulated in mitochondria after
IMQ stimulation, as shown by the immunofluorescence image
(Figure 3F). An appreciable overlap was observed between both
fission factors and mitochondria. GDAPILI1 possibly colocalized
with phosphorylated Drp1 in mitochondria. We verified that the
DMD-induced inflammation suppression was mediated by
regulating GDAP1L1/Drpl translocation to mitochondria.

DMD Alleviates Psoriasiform Lesion in
IMQ-Induced Mouse Model

IMQ was topically applied on mouse skin to generate psoriasis-
like plaque for evaluating the anti-inflammatory activity of
DMD. The pure compound from A. cinnamomea was topically
administered on the skin of the back treated with IMQ cream for
five consecutive days (Figure 4A). Compared to the healthy skin,
scaling, erythema, and thickening in the IMQ-treated skin were
observed in the macroscopic and microscopic visualization of the
skin surface (Figure 4B). These symptoms suggest a typical
psoriasis feature. DMD-treated groups displayed the clearance of
these signs compared to the only IMQ-treated group. The
cumulative score estimated by scaling and redness was

significantly reduced by DMD as compared to the only IMQ
treatment group (Figure 4C). TEWL, as an indicator of
cutaneous barrier property, exhibited a 4-fold increase after
IMQ stimulation (Figure 4D). No improvement of skin barrier
dysfunction was detected after DMD intervention. The
epidermal thickness increased by about 3-fold by IMQ
activation as compared to normal skin (Figure 4E). This
histological sign was relieved by DMD. The epidermal
thickness of IMQ-treated skin was reduced from 77 to 50 um
after DMD treatment. The Munro’s microabscess in IMQ-
stimulated lesion was reduced by 6.8-fold after treatment of
DMD (Figure 4F).

In vivo efficacy of DMD on psoriasiform lesions was
qualitatively monitored using histology. Representative H&E
staining from healthy skin revealed normal morphology with
no damage to the epidermis and dermis (Figure 5A). H&E-
stained IMQ-treated skin showed typical histological hallmarks
of psoriasis, including acanthosis, hyperkeratosis, elongated rete
ridge, and immune cell infiltration. IHC staining for Ki67, a
proliferation biomarker revealed a remarkable increase of Ki67
in the basal layer after IMQ treatment (red arrows in Figure 5B).
The higher power magnification of the histology is revealed in
the upper left corner of each image. DMD effectively suppressed
epidermal hyperproliferation in mice. The neutrophil infiltration
in the stratum corneum and dermis could be visualized by Ly6G
staining (red arrows in Figure 5C). The IHC showed clouds of

IMQ Cream

DMD treatment  Sacrifice

(9]
o

_ 107 - ctrl 40

3 - IMQ ok
S 8{ - IMQ+DMD

g 30

2 6

o 29

£ 4

3 *k

E 2 10

o

0 1 2 3 4
Day

[}
)

Ctrl IMQ IMQ+DMD

FIGURE 4 | DMD attenuate IMQ-induced psoriasis-like inflammation in a mouse model. (A) Scheme of the experimental protocol for AC or DMD treatment in IMQ-
induced psoriasis-like inflammation model in mice. (B) Phenotypical and microscopic images of IMQ-induced psoriasis-like inflammation on mouse skin with and
without the treatment by AC or DMD after 5 days. (C) The cumulative score (scaling plus erythema from O to 4 each) is depicted. (D) TEWL was measured on Day
6. (E) Epidermal thicknesses measured according to H&E-stained histology. (F) Munro’s microabscesses measured using an image analysis system. All experiments
were performed at least three times. **P < 0.01 and ***P < 0.001 when compared to IMQ group. Scale bar, 100 um. Data are represented as mean + SEM. (n=6).

Ctrl MQ

IMQ+DMD

a2 A NN
o o o°o a

Acanthosis (um)
eo
o
Microabscesse (number/area)
v

Ctrl IMQ IMQ+DMD Ctrl IMQ IMQ+DMD

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 664425

1039


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Chuang et al.

Benzoid Mitigates Psoriasiform Inflammation

ctrl IMQ IMQ+DMD

Ly6G

Positive cells / section

ctrl IMQ IMQ+DMD

F4/80

Positive cells / section
N & @
o 8 8 8

Ctrl IMQ IMQ+DMD

GDAP1L1
600- o

Positive cells / section
. 8 %

cl IMQ IMQ+DMD

Drp15616

Positive cells / section

ctl  IMQ IMQ+DMD

A Ctrl IMQ IMQ+DMD
w
o3
I
B
cic
L9l
=
L3
5 X
<
=
C
L]
50
o ©
£33
5
0 A
z =
D
n
Q
g5
£8
<
Su
o
1]
=
E
-
-
-
o
<
(=]
(&)
F
©
b
©
(%)
-~
o
S
o
FIGURE 5 | DMD attenuate IMQ-induced psoriasis-like inflammation in a mouse model as observed by skin histology. (A) Histological assessment of the skin by
H&E staining. (B) Histological assessment of the skin by Ki67 staining. (C) Histological assessment of the skin by Ly6G staining. (D) Histological assessment of the
skin by F4/80 staining. (E) Histological assessment of the skin by GDAP1L1 staining. (F) Histological assessment of the skin by Drp1 S616 staining. The upper left
corner of each image indicates the higher power magnification of the red frame. The red arrow indicates the location of the antibody-stained cells. The quantification
of the antibody-positive cells is shown in the right panel of each figure. ***P < 0.001 when compared to IMQ group. Data are represented as mean + SEM. (n=9).

Ly6G expression in the dermis after the IMQ challenge. In
addition, DMD inhibited infiltrating neutrophils to a certain
level. To detect macrophages, the skin was immunostained with
F4/80 and its expression was observed in epidermal and dermal
layers in IMQ-treated mouse (red arrows in Figure 5D),
suggesting that macrophages were recruited to the lesional
plaque. DMD could mitigate the macrophage infiltration.
Strong immunoreactivity for GDAP1L1 and Drpl S616 was
observed in the psoriasiform lesion (red arrows in Figures
5E, F). Like the macrophage distribution, GDAPIL1 mainly
expressed throughout the viable epidermis and dermis.
Expression of both fission factors decreased after and DMD-
treatment of the skin compared to IMQ stimulation alone.
All quantification of the antibody-positive cell count was

estimated by AlphaView software and depicted in the right panel
of Figure 5. A statistically significant reduction of antibody-positive
cell count was observed after topical administration of DMD on
IMQ-treated mouse skin.

The mRNA level of the inflammation-related cytokines and
chemokines including IL-23, IL-6, IL-17A, IL-24, TNF,
and CXCL2 in mouse skin was determined through RT-qPCR
and a dramatic increase in proinflammatory mediator expression
was observed after the IMQ challenge (Figures 6A-F). The
cytokines/chemokines in psoriasiform skin could be restrained
to baseline control by DMD. These data clearly demonstrate
the ability of DMD to reduce inflammation caused by IMQ.
F4/80 mRNA level was significantly increased in IMQ-activated
mouse skin and decreased after DMD application (Figure 6G).
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Collectively, the in vivo data prove the anti-inflammatory
potential of DMD on the psoriasis-like lesions, especially on
macrophages and IL-23/Th17 signaling.

DISCUSSION

Macrophages are thought to have a vital role in the induction of
inflammation and autoimmune skin diseases such as psoriasis (1,
16). Therefore, we employed macrophages as the main cell model
for evaluating the effect of DMD on the attenuation of psoriasis.
The cutaneous macrophages in psoriatic plaque can release
cytokines IL-6, TNF, and IL-1P for developing inflammation
(22). Cytokines influence cell proliferation in psoriasis (23).
Multiple cytokine-signaling including IL-23, IL-6, IL-24, and
TNF is known to be important in psoriatic pathogenesis (24).
The TLR stimulated by IMQ can initiate macrophage activation
to express proinflammatory cytokines (25). Among these

cytokines, IL-23 plays a preliminary role in macrophages to
initiate psoriasis development (26). IL-23 is important for
inducing IL-6-dependent epidermal hyperplasia and cytokine
production in psoriasis. DMD could restrain the upregulation of
IL-23 in the activated macrophages in the early stage, followed by
the inhibition of IL-6 expression. In the psoriatic skin, one of the
major sources of TNF is macrophage (4, 16). Upregulation of
TNF was also largely inhibited by DMD. Psoriasis development
can be triggered by TNF receptor 1-dependent upregulation of
IL-24 (27). IL-24 is a member of the IL-20 family induced by
IL-6, TNF, and IL-1P in psoriasis. Macrophages and T
lymphocytes are the primary cells expressing IL-24 (28). Here,
we confirmed the repression of IL-24 by DMD.

The cytokines including IL-24 and TNF-o. mediate the
crosstalk between immune cells and keratinocytes. The release
of these cytokines stimulates keratinocyte proliferation and
amplifies the inflammation in the psoriatic lesions (29).
Macrophages accumulate in the psoriatic lesions and release
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cytokines to prompt the excessive proliferation of keratinocytes
(30). We found that the conditioned medium of DMD-treated
THP-1 could successfully inhibit keratinocyte proliferation and
p-STAT3 expression. Hyperproliferation of keratinocytes in
psoriasis correlates with the STAT3 pathway (31). STAT3
activation in keratinocytes is regarded as the main effector
producing cytokines, which in turn leads to the positive
feedback loop of psoriasis. DMD not only suppressed
macrophage activation but also restrained the following
interplay between macrophages and keratinocytes to
restrict inflammation.

Another key factor generating the crosstalk between
immune cells and keratinocytes is chemotaxis. Immune cell
recruitment in psoriatic lesions depends on the chemotactic
proteins, including chemokines and their receptors (32). The
function of chemokines and cytokines shows some overlaps,
but chemokines are primarily recognized for their capacity to
modulate cell migration. Among the chemokines, CCL20 is a
major contributor to immune cell infiltration in psoriasis (33).
CCL20 expression is largely increased by TNF-o., IL-24, and
IEN-y (27, 29). CCL20 attracts dendritic cells and Th17 cells to
sustain the inflammatory response through a feedback loop
(26). DMD was found to significantly suppress CCL20,
resulting in the blockage of the vicious inflammatory cycle.
Besides CCL20, DMD was capable of inhibiting a series of
chemokines and the receptors including CC, and CXC
chemokines. CC chemokines majorly recruit T cells and
monocytes, whereas CXC chemokines predominantly recruit
neutrophils in psoriasis (34). For instance, enhanced CCL2
release by macrophages induces monocyte migration to the
psoriasiform lesions in mice (35). CCL4L2 and CCL22 are
pivotal chemokines in patients with psoriasis to stimulate the
chemotactic infiltration of dendritic cells and macrophages
(36, 37). A principal histopathological feature of psoriasis is the
inflammatory infiltration of neutrophils in the stratum
corneum (Munro’s microabscess) and dermis. Chemokine
production by the stimulated macrophages acts as a
chemoattractant for neutrophil accumulation (38). Our in
vitro wound healing and transwell assays demonstrated the
blockage of neutrophil migration after the suppression of
chemokine subset in macrophages treated by DMD.

The binding of chemokines and some stimulators to the
corresponding receptors can activate the downstream signaling
pathways including those of MAPKs and NF-xB. IMQ is
reported to bind with TLR, resulting in MAPKs
phosphorylation and NF-xB to generate cytokines and
chemokines (39). Overexpression of p-JNK, p-ERK, and p-p38
was inhibited by DMD, suggesting the possible role of this
compound in MAPK regulation. Among MAPKs, ERK
regulates IL-24 expression in psoriatic lesions (40). Our result
verified IL-24 downregulation by DMD through the ERK-
dependent signaling. MAPKs regulate the downstream
signaling of the transcription factor NF-xB in macrophages to
produce cytokines and chemokines for psoriasis development
(41). We speculated that both MAPKs and NF-kB pathways
participate in DMD-induced cytokine/chemokine arrest.

The RNA sequencing study showed a potential role of
GDAPILI in the anti-inflammatory activity of DMD against
macrophages. GDAPIL1 is a mitochondrial fission factor
governing the mitochondrial dynamics. Under oxidative stress,
GDAPILI translocates to the mitochondria. Mitochondrial
fission and fusion need to be controlled to keep the balance
required for the persistence of mitochondrial morphology.
Mitochondrial dynamics mediate energy output, quality
control, and the generation of reactive oxygen species (ROS)
(42). The defect in mitochondrial membrane dynamics
predominantly affects neuron functions to cause
neurodegenerative diseases (43). Mitochondrial fission raised
as a result of a high level of stress may be one of the main
causes of inflammation and immune dysregulation (44). Due to
its central role in mitochondrial fission, Drp1 is a prime target for
regulatory pathways. Drpl mainly exists in the cytosol but
partially moves to the outer membrane of mitochondria for
mediating the process of fission (45). Drpl-mediated
fragmentation leads to ROS generation, which is implicated in
the pathogenesis of Alzheimer’s and Parkinson’s diseases (46).
Translocation of Drpl to mitochondria depends on the
phosphorylation at S616. Phosphorylation regulates the cycling
of Drpl between the cytoplasm and mitochondrial membrane to
prompt fission (47). In this study, IMQ treatment-induced
GDAPILI1 expression and translocation, which is involved in
the proinflammatory factor expression. GDAPILI could induce
inflammation in the presence of Drpl and inhibition of
GDAPI1L1 and Drpl S616 translocation to mitochondria
mediated by DMD prevented macrophage activation. Some
fission factors are associated with apoptotic induction, whereas
GDAPILI elicits mitochondrial fragmentation without inducing
apoptosis (48). Thus, we ruled out the apoptosis pathway
mediating the effect of DMD on macrophage activation.

Mitochondrial fission may be fundamental for dominating
the production of proinflammatory mediators. A previous study
(49) demonstrated that downregulation of Drpl attenuates
proinflammatory factors via the reduced MAPK and NF-kB
signaling in microglial cells. ERK can trigger mitochondrial
fission through phosphorylation of Drpl at S616 and its
translocation to mitochondria (50). Our experimental data
inferred that DMD arrested MAPK signaling, blocking the
translocation of Drpl S616 and the subsequent fission. The
mechanisms by which GDAPIL1/Drpl axis regulates
macrophage activation are unclear. There is little evidence to
link GDAP1L1/Drpl with inflammation. Zhang et al. (51)
reported that Drpl gene expression increases in atopic
dermatitis, and other autoimmune skin diseases. However,
Therianou et al. (52) demonstrated a contrary result in lesional
psoriatic skin. Further study is needed to yield detailed insight
into the molecular pathways that mediate GDAP1L1/Drpl
translocation in psoriasis.

The topical treatment of IMQ cream on murine skin creates
inflammation resembling the symptoms of human psoriasis (20).
IMQ caused phenotypic changes in psoriasis, including
epidermal hyperplasia, inflammatory cell infiltration, and IL-
23/Thl17 axis activation. Relieving these pathological events is
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critical for psoriasis management. DMD effectively ameliorated
IMQ-triggered inflammation and hyperproliferation. The
epidermal thickness of IMQ-treated mouse skin could be
reduced by 47% after DMD application. Based on the same
protocol of psoriasis-like lesion induction by IMQ, our previous
data (53) demonstrated that betamethasone as a positive control
could decrease epidermal thickness by 43%. This indicates a
comparable therapeutic efficacy between DMD and the drug
used in clinics. IHC and RT-qPCR results manifested a large
accumulation of macrophages and neutrophils in viable skin of
the psoriasiform lesion. This observation confirmed the
macrophage recruitment in the epidermis and dermis of IMQ-

treated mouse skin as was proved in the previous study (54). Our
experimental data convincingly demonstrated that a decrease in
macrophage recruitment by topical DMD contributed to the
resolution of psoriasiform inflammation. We found that DMD
application inhibited IMQ-induced overexpression of GDAP1L1
and Drpl in mouse skin. IL-23 and IL-17 are highly involved in
the IMQ-induced animal model of psoriasis (55). In psoriatic
lesions, IL-23 is greatly expressed in dendritic cells and
macrophages (56). IL-17A is important in relieving psoriasis
by upregulating cytokines IL-6, IL-1B, and TNF-o. (57).
Overexpressed IL-17A in psoriatic skin leads to the
proliferation and abnormal differentiation of keratinocytes
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(58). Macrophages express low levels of IL-17A (16). Psoriasis is
a complex disease with a dynamic interaction between immune
cells and keratinocytes, as well as their cytokines and chemokines
(59). Activation of a confederacy of cell types in psoriasis
includes T cells, mast cells, dendritic cells, neutrophils,
macrophages, and keratinocytes. As psoriasis develops, T cells
and neutrophils are reported to release IL-17A (16, 60). Our data
manifested downregulation of IL-17A in IMQ-treated skin by
DMD, which might directly or indirectly act on different
immune cells with or without macrophage intervention. IL-
17A further recruits dendritic cells and Th17 cells to the
psoriatic lesion. The production of IL-1B and TNF-o from
macrophages can be stimulated by IL-17A (61), which also acts
on keratinocytes to increase their proliferation and chemokine
expression. Blocking IL-17A by DMD led to the inhibition of
epidermal thickening as detected in our study. IL-24 is another
cytokine largely produced by macrophages to direct keratinocyte
proliferation (33). In addition to macrophages, IL-24 is produced
by T cells, mast cells, and keratinocytes in psoriatic plaque (40).
The inhibition of IL-24 by topically applied DMD could be
beneficial in diminishing keratinocyte proliferation according to
IHC. Neutralization of cytokines by DMD not only decreased
the number of macrophages in viable skin, but also the number
of neutrophils in the stratum corneum and dermis. Inhibition of
neutrophil recruitment impeded the aberrant interplay between
neutrophils and keratinocytes, thus blocking the keratinocyte
hyperproliferation induced by neutrophil cytokines/chemokines.
The significant reduction of GDAP1L1 and Drpl S616 in IMQ-
stimulated skin by DMD corroborated with the in vitro result of
translocation inhibition.

The findings in the mechanistic and animal studies suggest
the multiple antipsoriatic mechanisms of DMD. This compound
suppressed IMQ-induced expression of proinflammatory
cytokines/chemokines by obstructing of MAPK and NF-kB
phosphorylation in macrophages. We also verified that DMD
downregulated proinflammatory factors via the inhibition of
GDAPI1L1 and Drpl translocation and Drpl phosphorylation.
This inhibition might be mediated by decreasing the
overexpression of p-NF-kB. Further neutrophil recruitment
and keratinocyte hyperproliferation could be prevented by
inhibiting macrophage activation after DMD management. The
possible mechanisms of action of DMD are depicted in Figure 7.
The safety of topically applied DMD was examined earlier and
shows a negligible irritation in healthy mouse skin (14). A
satisfactory therapeutic efficacy and safety could be achieved
for topical DMD application.

CONCLUSIONS

The present work investigated the anti-inflammatory potential of
a pure compound (DMD) derived from A. cinnamomea for
mitigating psoriasiform plaque. The in vitro assay on THP-1 cells
presented DMD-mediated inhibition of overexpressed cytokine/
chemokine. The conditioned medium of the activated

macrophages treated with DMD could suppress neutrophil
migration and keratinocyte proliferation. The in vivo animal
study showed relief in psoriasiform symptoms after DMD
treatment. In addition, cytokine/chemokine upregulation and
macrophage recruitment in the psoriasis-like lesion were
alleviated in vivo. DMD downregulated proinflammatory
mediators through the MAPKs and NF-xB pathways. The
finding in this study also revealed that the GDAP1L1/Drpl
signaling axis plays a critical role in macrophages as an
activator of IMQ-induced proinflammatory factors. This axis
could be a target of anti-inflammatory DMD to reduce the
lesions. This natural compound, DMD, sheds new light on the
therapeutic approach against psoriasis.
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Abstract: Fucoxanthin is isolated from brown algae and was previously reported to have multiple
pharmacological effects, including anti-tumor and anti-obesity effects in mice. Fucoxanthin also
decreases the levels of inflammatory cytokines in the bronchoalveolar lavage fluid (BALF) of asth-
matic mice. The purpose of the present study was to investigate the effects of fucoxanthin on the
oxidative and inflammatory responses in inflammatory human tracheal epithelial BEAS-2B cells
and attenuated airway hyperresponsiveness (AHR), airway inflammation, and oxidative stress in
asthmatic mice. Fucoxanthin significantly decreased monocyte cell adherence to BEAS-2B cells. In
addition, fucoxanthin inhibited the production of pro-inflammatory cytokines, eotaxin, and reactive
oxygen species in BEAS-2B cells. Ovalbumin (OVA)-sensitized mice were treated by intraperitoneal
injections of fucoxanthin (10 mg/kg or 30 mg/kg), which significantly alleviated AHR, goblet cell hy-
perplasia and eosinophil infiltration in the lungs, and decreased Th2 cytokine production in the BALF.
Furthermore, fucoxanthin significantly increased glutathione and superoxide dismutase levels and
reduced malondialdehyde (MDA) levels in the lungs of asthmatic mice. These data demonstrate that
fucoxanthin attenuates inflammation and oxidative stress in inflammatory tracheal epithelial cells
and improves the pathological changes related to asthma in mice. Thus, fucoxanthin has therapeutic
potential for improving asthma.

Keywords: airway hyperresponsiveness; asthma; fucoxanthin; oxidative stress; tracheal epithe-
lial cells

1. Introduction

Bronchial asthma is one of the most common respiratory allergies and inflammatory
diseases globally. Severe air pollution produces more suspended particles and chemical
irritants and increases the prevalence of asthma and respiratory disease in developing
and developed countries [1]. The characteristics of sudden asthma include chest tightness,
difficulty breathing, shortness of breath, dry cough, and paroxysmal wheezing [2]. Many
studies have pointed out that the airways of patients with chronic asthma are excessively
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sensitive to allergens, chemical irritants, and particle pollution. Other studies have con-
firmed that mites, cigarette smoke, pollen, cold air, and ozone may stimulate sudden
allergic reactions in the airways and asthma attacks [3]. Continuous inflammation of the
respiratory tract is an important factor that worsens the pathological symptoms of asthma.
In patients with asthma, allergic stimulants also induce hyperplasia and sensitivity of the
tracheal epithelial cells. These tracheal epithelial cells increase mucus secretion, leading to
airway obstruction, breathing difficulties, and even suffocation [4].

Recent studies have shown that activated T cells and inflamed macrophages in the
lungs of asthmatic patients release high amounts of IL-4 and TNF-« [5]. These cytokines
lead to the inflammation and oxidation of the tracheal epithelial cells and the secretion
of more inflammatory cytokines, chemokines, and eotaxins. Eotaxins not only attract
more eosinophils to infiltrate the lungs, but inflammatory cytokines and chemokines also
cause more severe airway inflammation, oxidative cell damage, and airway remodeling,
leading to worsening lung function and aggravated breathing difficulties in patients with
asthma [6]. Therefore, inflamed tracheal epithelial cells play an important role in the
pathological features of patients with acute asthma and severe persistent asthma.

Many studies have confirmed that the deterioration of allergic asthma is closely
related to immune system disorders or imbalanced immune cell activation. Massive
proliferation and activation of Th2 cells and ILC2 are important factors in the induction of
immune system disorders in asthma patients [7]. Excessive activation of Th2 cells results
in the release of a large amount of cytokines IL-4, IL-5, and IL-13, causing eosinophil
infiltration into the lungs, airway hyperresponsiveness (AHR), and the induction of mast
cell and eosinophil release of inflammatory, oxidative, and allergic molecules to damage
the epithelial cells in airways [5]. Th2 cell-associated cytokines can also induce goblet cell
proliferation in the trachea, stimulating the secretion of large amounts of mucus to block the
airways [8]. In sudden asthma attacks, the airway epithelial cells secrete more inflammatory
chemokines to attract more immune cells to infiltrate the lungs, including neutrophils,
macrophages, and eosinophils. These activated immune cells and airway epithelial cells
may release excess reactive oxygen species (ROS), exacerbating the inflammation and
oxidative damage to the lungs of asthmatic patients and causing damage to the lung cells
and tissues [9]. In the lungs of asthma patients, the synergistic effect of excessive ROS and
IL-13 leads to more serious AHR and airway remodeling, increase the thickness of airway
smooth muscle, and reduce the gas exchange rate of the respiratory system [7]. Therefore,
reducing the activity of Th2 cells in the lungs and the expression of ROS and inflammation-
related signaling molecules in the lung and airway epithelial cells is a strategy to improve
the development of asthma.

Clinically, drugs commonly used to treat or prevent asthma include bronchodilators
as well as anti-inflammatory and anti-allergy drugs. Inhaled steroids and oral steroids
are commonly used to treat or prevent asthma, but some patients have side effects on
steroids [10]. The use of steroid drugs is limited and invalid for treating neutrophilic
asthma or severe asthma patients [11]. Therefore, the development of new effective drugs
for treating asthma is expected by many researchers and clinicians.

Some traditional Chinese herbs and pure plant compounds have been found to im-
prove asthma [12-14]. However, the relationship between the pure compounds or extracts
isolated from algae and the improvement of asthma symptoms has been studied infre-
quently. Fucoxanthin is a carotenoid pigment and is abundant in brown seaweeds (Phaeo-
phyceae) and marine diatoms (Bacillariophyta) [15]. Fucoxanthin has multiple biological
functions and potential health benefits in animal models and cell experiments [16-18]. Fu-
coxanthin has been demonstrated to inhibit inflammatory mediators and pro-inflammatory
cytokines in LPS-stimulated macrophages, and it could decrease lung fibrosis in bleomycin-
induced mice [19,20]. Furthermore, fucoxanthin could decrease ROS expression by pro-
moting neuroprotective effects by regulating the Nrf2-autophagy pathways in a mouse
model of traumatic brain injury [21]. Recently, fucoxanthin was found to decrease inflam-
matory cytokine expression in the bronchoalveolar lavage fluid (BALF) of asthmatic mice
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and reduce the levels of total IgE, histamine, and malondialdehyde (MDA) in the serum
of mice with allergic rhinitis [22,23]. However, whether fucoxanthin reduces oxidative
stress in the lungs, goblet cell hyperplasia, and mucus hypersecretion in the trachea is still
unclear. In the current study, we examined whether fucoxanthin attenuates the oxidative
responses and inflammatory cytokine expression in human tracheal epithelial cells. We
also investigated whether fucoxanthin ameliorated the molecular mechanisms underlying
oxidative stress in the lungs, airway inflammation, and pathological lesions in the lungs of
asthmatic mice.

2. Materials and Methods
2.1. Materials

Fucoxanthin (the purity was >95% by HPLC) was purchased from Sigma Aldrich
(St. Louis, MO, USA). For cell experiments, the concentration of the stock solution was
100 mM, with DMSO as the solvent. DMSO was <0.1% of the culture medium as described
previously [24]. For asthmatic animal experiments, fucoxanthin was dissolved in DMSO,
and the working solution was formulated as 10 mg/50 puL and 30 mg/50 pL.

2.2. Cell Viability Assay

Cell viability was assayed using cell counting kit-8 (CCK-8, Sigma) as described
previously [25]. Cells (10*/well) were seeded in 96-well culture plates and treated with
various concentrations of fucoxanthin for 24 h. Cells treated with the CCK-8 solution
were used to determine cell viability using a microplate reader (Multiskan FC, Thermo,
Waltham, MA, USA).

2.3. BEAS-2B Cell Culture and Fucoxanthin Treatment

Human bronchial epithelial cells (BEAS-2B; American Type Culture Collection, Manassas,
VA, USA) were seeded into 24-well culture plates in DMEM/F12 medium supplemented
with 10% FBS and 100 U/mL penicillin and streptomycin. BEAS-2B cells were treated
with various concentrations of fucoxanthin (0-30 uM) for 1 h. Subsequently, the cells
were induced with 10 ng/mL TNF-o« and 10 ng/mL IL-4 for 24 h. The supernatants were
collected, and the chemokine or cytokine levels were detected using specific ELISA kits.

2.4. Cell-Cell Adhesion Assay

BEAS-2B cells were treated with fucoxanthin and incubated with 10 ng/mL TNF-«/IL-4
for 24 h. Human monocytic THP-1 cells were purchased from the Bioresource Collection
and Research Center (BCRC, Taiwan) and cultured in RPMI 1640 medium. The THP-1 cells
were treated with calcein-AM solution (Sigma) for 30 min as described previously [26].
We co-cultured the THP-1 and BEAS-2B cells and detected the adherent THP-1 cells using
fluorescence microscopy (Olympus, Tokyo, Japan).

2.5. ROS Production in BEAS-2B Cells

BEAS-2B cells were treated with fucoxanthin for 1 h and incubated with TNF-«/IL-4
for 24 h. Next, the BEAS-2B cells were stimulated with 2/,7’-dichlorofluorescin diacetate
(DCFH-DA) for 30 min, and the intracellular ROS was observed using fluorescence mi-
croscopy (Olympus) as described previously [26]. Moreover, the cells were lysed, and the
ROS production was detected, both using a multi-mode microplate reader (BioTek synergy
HT, Winooski, VT, USA).

2.6. Animal Experiments

Six-week-old female BALB/c mice were purchased from the National Laboratory
Animal Center (Taipei, Taiwan). All mice were housed in temperature-controlled animal
housing under a 12-h light-dark cycle and were raised with food and water available
ad libitum. The animal experiments were approved and carried out in accordance with
the guidelines from the Laboratory Animal Care Committee of Chang Gung University
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of Science and Technology (IACUC approval number: 2019-003). Mice were randomly
divided into the five following experimental groups (n = 10 each): normal control group
(N) mice were sensitized with normal saline and treated with DMSO by intraperitoneal
injection; OVA control group (OVA) mice were sensitized with OVA and treated with
DMSO by intraperitoneal injection; prednisolone positive control group (P) mice were
sensitized with OVA and treated with 5 mg/kg prednisolone by intraperitoneal injection; or
fucoxanthin experiment groups, in which OVA-sensitized mice were treated with 10 mg/kg
or 30 mg/kg fucoxanthin (Ful0 and Fu30 groups, respectively) by intraperitoneal injection.

2.7. Mouse Sensitization and Administration of Fucoxanthin

Mice were treated with or without the sensitized solution containing 0.8 mg aluminum
hydroxide (Thermo, Rockford, IL, USA) and 50 ug ovalbumin (OVA; Sigma) in 200 puL
normal saline by intraperitoneal injections on days 1-3 and 14. Subsequently, mice were
challenged with 2% OVA via an inhaled atomized vapor for 30 min on days 14, 17, 20,
23, and 27 using an ultrasonic nebulizer. The mice were treated with fucoxanthin, pred-
nisolone, or DMSO solution by intraperitoneal injection 1 h before the challenge of OVA or
methacholine (Sigma) inhalation (on day 28). AHR was detected on day 28, and the mice
were sacrificed to evaluate oxidative stress, inflammatory response, asthma pathology, and
immune regulation on day 29.

2.8. Airway Hyperresponsiveness

AHR was assessed to demonstrate airway function as described previously [27].
Mice were put in a single chamber and allowed to inhale 0 to 40 mg/mL aerosolized
methacholine to detect the enhanced pause (Penh) using whole-body plethysmography
(Buxco Electronics, Troy, NY, USA).

2.9. Histological Analysis of Lung Tissue

Lung tissues were removed and fixed with 10% formalin before being embedded in
paraffin and cut into 6-pm sections. A section of lung biopsy was treated with Masson’s
trichrome stain to detect collagen expression. The lung section was also stained using
hematoxylin and eosin (HE) solution to examine the eosinophil infiltration of the lungs
using a 5-point scoring system and stained with periodic acid-Schiff (PAS) solution (Sigma)
to observe the goblet cell hyperplasia of the trachea as described previously [27].

2.10. Serum Collection and Splenocyte Culture

Mice were anesthetized with isoflurane and blood was collected from the orbital
vascular plexus. The blood was centrifuged at 6000 rpm for 5 min; the serum was then
collected and stored at —80 °C. The serum would detect OVA-specific antibody expression
by ELISA as described previously [28]. In addition, 5 x 10° splenocytes/mL were incubated
with 100 nug/mL OVA for 5 continuous days, and cytokine levels were detected using a
specific ELISA kit as described previously [29].

2.11. Bronchoalveolar Lavage Fluid and Cell Counting

The BALF was collected as described previously [30]. Mice were anesthetized and
sacrificed using an indwelling needle to intubate the trachea to wash the lungs and airways.
The lavage fluid was centrifuged, and the supernatant was collected to detect cytokine and
chemokine levels. We used Giemsa stain solution (Sigma) to identify the morphology of
the different immune cells.

2.12. RNA Isolation and Quantitative Real-Time PCR

Lung tissues were homogenized, and RNA were extracted, both using TRI reagent
(Sigma). Using the cDNA synthesis kit (Bio-Rad, San Francisco, CA, USA), we synthesized
the cDNA and investigated the specific gene expression using SYBR Green in the quantita-
tive real-time PCR procedure using a spectrofluorometric thermal cycler (iCycler; Bio-Rad).
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2.13. ELISA

Supernatant from BEAS-2B cell culture medium and BALF was used to detect CCL5,
CCL11, CCL24, MCP-1, TNF-«, IL-4, IL-5, IL-6, IL-8, and IL-13 levels using specific ELISA
kits (R&D Systems, Minneapolis, MN, USA) as described previously [28]. Serum OVA-
specific IgG1, IgG2a, and IgE were assayed by specific ELISA kits (BD Biosciences, San
Diego, CA, USA). OVA-IgG1 and OVA-IgG2a standard curves were obtained using serum
from OVA-sensitized mice; the serum was diluted 5-fold to observe OVA-IgE by measuring
absorbance at 450 nm.

2.14. Immunohistochemical Staining

Paraffin-embedded sections of lung tissues were incubated with a specific COX-2
antibody (1:100; ab15191, Abcam, Cambridge, UK) overnight, followed by a secondary
antibody. The slides were treated with DAB substrate solution to detect COX-2 expression
as described previously [31].

2.15. MDA Activity

MDA activity in the lungs was detected using a lipid peroxidation assay kit (Sigma)
according to the manufacturer’s instructions. The lung tissues were homogenized using
a homogenizer (FastPrep-24, MP Biomedicals, Santa Ana, CA, USA) and treated with
perchloric acid (150 uL, 2N) for protein precipitation. The samples were centrifuged to
collect the supernatant, and MDA activity was detected using a multi-mode microplate
reader (BioTek Synergy HT).

2.16. Glutathione (GSH), Superoxide Dismutase (SOD), and Catalase (CAT) Assay

We used a glutathione assay kit, a superoxide dismutase assay kit, and a catalase assay
kit (Sigma) to detect the levels of GSH, SOD, and CAT in the lung tissues according to the
manufacturer’s instructions.

2.17. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) fol-
lowed by a Kruskal-Wallis test. All data are expressed as the mean = standard error of the
mean (SEM), and at least three independent experiments were analyzed. A p value < 0.05
was considered significant.

3. Results
3.1. Fucoxanthin Reduced Inflammatory Mediators and Cell Adhesion in BEAS-2B Cells

The cytotoxicity of fucoxanthin in the BEAS-2B cells was determined using the CCK8
assay. Fucoxanthin did not demonstrate significant cytotoxic effects at a concentration
<50 uM, and subsequent experiments used fucoxanthin at 0-30 uM (Figure 1A). In the
BEAS-2B cells, fucoxanthin significantly decreased the levels of CCL5, CCL11, CCL24, IL-6,
IL-8, and MCP-1 compared to the TNF-«/IL-4-stimulated BEAS-2B cells (Figure 1B-G).
Fucoxanthin also reduced THP-1 cell adherence to the TNF-ot/IL-4-activated BEAS-2B cells
(Figure 2A,B).
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Figure 1. The effects of fucoxanthin (Fu) on cytokine and chemokine production in BEAS-2B cells.
(A) Cell viability with increasing concentrations of Fu. (B) ELISA results for IL-6, (C) IL-8, (D) MCP-1,
(E) CCLS5, (F) CCL11, and (G) CCL24 levels in BEAS-2B cells treated with TNF-«/IL-4 and/or Fu.
Three independent experiments were analyzed. Data are presented as the mean 4= SEM. * p < 0.05,
** p < 0.01 compared to BEAS-2B cells stimulated with TNF-« and IL-4.
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Figure 2. Fucoxanthin (Fu) inhibited THP-1 cell adherence to activated BEAS-2B cells. (A) Fluorescence microscopy
images of THP-1 cells labeled with calcein-AM and mixed with normal (N) and TNF-«/IL-4-activated BEAS-2B cells in
the absence or presence of Fu. (B) Fluorescence intensity of monocytic cell adhesion to BEAS-2B cells. Three independent
experiments were analyzed. Data are presented as the mean + SEM. ** p < 0.01 compared to BEAS-2B cells stimulated with
TNF-« and IL-4.

3.2. Effect of Fucoxanthin on ROS Production

Fluorescence microscopy showed that fucoxanthin reduced intracellular ROS produc-
tion compared to TNF-a/IL-4-stimulated BEAS-2B cells (Figure 3A,B). Furthermore, in the
BEAS-2B cells treated with DCFH-DA, fucoxanthin significantly attenuated ROS levels in
the TNF-a/IL-4-stimulated BEAS-2B cells (Figure 3C).
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Figure 3. The effects of fucoxanthin (Fu) on ROS production in activated BEAS-2B cells. (A) Flu-
orescence microscopy images of intracellular ROS. (B) Fluorescence intensity of intracellular ROS.
(C) Percentages of ROS detected in TNF-a/IL-4-activated BEAS-2B cells in the absence or presence
of Fu compared to untreated cells (N). Three independent experiments were analyzed. Data are
presented as mean & SEM. * p < 0.05, ** p < 0.01 compared to BEAS-2B cells stimulated with TNF-oc
and IL-4.
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3.3. Fucoxanthin Attenuated AHR in Asthmatic Mice

The process of sensitization and asthma induction is shown in Figure 4A. Penh values
can be used as indicators of AHR. Mice inhaled gradually increasing doses of methacholine
(0-40 mg/mL) to assess whether fucoxanthin could recover airway function in an OVA-
induced allergic asthma murine model. The Penh values significantly increased when
OVA-sensitized mice inhaled gradually increasing doses of methacholine compared to
normal mice (Figure 4B). Inhalation of high-dose methacholine (40 mg/mL), fucoxanthin
treatment, or prednisolone treatment significantly reduced the Penh values compared to
the OVA group (7.99 & 0.47 vs. P: 4.10 £ 0.18, p < 0.01; Ful0: 6.08 & 0.46, p < 0.05; and
Fu30: 5.09 £ 0.35, p < 0.01). Therefore, the experimental results confirmed that fucoxanthin
can significantly decrease AHR in asthmatic mice.

(A) IP Fucoxanthin
DAY 1 2 3 14 17 20 23 27 28 29
+t1+1 +t 4+ + 1+ 1
OVA IP IP IP IP
IH IH IH IH IH
AHR Sacrifice
(B) ©)
- Normal -4 Full N
81 = ova - Fu30 1.5 x 106 || 7z ova
* d —= Fu10
6 = Fu30
- *k — 106 _—
g @
A 41 o
*k o
5.0x10°
2
01— : . . . 0
0 10 20 30 40
Methacholine (mg/ml)

Figure 4. The effect of fucoxanthin (Fu) on AHR and cell counts in the BALF of asthmatic mice.
(A) On days 1-3 and 14, the mice were sensitized with OVA via intraperitoneal injection (IP) and
then challenged with 2% OVA inhalation (IH) on days 14, 17, 20, 23, and 27. One hour before
the OVA challenge or methacholine inhalation, the mice were treated with fucoxanthin or DMSO
(n = 10 mice/group) via intraperitoneal injection. (B) The mice inhaled increasing doses of metha-
choline and AHR, assessed as Penh values. (C) The inflammatory cells in the BALF were measured.
Three independent experiments were analyzed. Data are presented as mean £+ SEM. * p < 0.05,
** p < 0.01 compared to the OVA control group. 10 mg/kg and 30 mg/kg fucoxanthin were named as
Ful0 and Fu30, respectively. 5 mg/kg prednisolone was named as P.

3.4. Fucoxanthin Inhibited Eosinophils in the BALF

Inflammatory cells in the BALF stained with Giemsa solution in the OVA group of
asthmatic mice had higher numbers of eosinophils than normal mice. The OVA-sensitized
asthmatic mice treated with fucoxanthin had significantly reduced numbers of eosinophils
compared to the OVA control group. We also found that the total number of cells in asth-
matic mice was significantly reduced after treatment with fucoxanthin (Ful0: 1.13 x 10° +
8.75 x 10%, p < 0.01; Fu30: 1.02 x 10° £ 4.97 x 10%, p < 0.01) or prednisolone (7.72 x 10°
+ 4.98 x 10, p < 0.01) compared to the OVA control group (1.49 x 10° + 6.21 x 10%
Figure 4C).

3.5. Fucoxanthin Modulated Chemokine and Cytokine Expression in the BALF and Lung Tissue

In the BALE, fucoxanthin significantly inhibited the levels of TNF-«, IL-4, IL-5, IL-6,
IL-13, CCL11, and CCL24 compared to the OVA-sensitized mice (Figure 5). Fucoxanthin
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also resulted in significantly higher IFN-y expression in the BALF than in the OVA group
(Figure 5D). In the lung tissues, fucoxanthin significantly suppressed MUC5AC, TNEF-«,
IL-6, IL-4, IL-5, IL-13, CCL11, and CCL-24 expression and significantly increased IFN-y
expression compared to the OVA-sensitized asthmatic mice (Figure 6).
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Figure 5. The effects of fucoxanthin (Fu) on the cytokine and chemokine levels in the BALF. (A) The
concentrations of IL-4, (B) IL-5, (C) IL-13, (D) IFN-y, (E) IL-6, (F) TNF-«, (G) CCL11, and (H) CCL24
were measured by ELISA using BALF from normal (N) and OVA-stimulated (OVA) mice with or
without Fu (10 or 30 uM) treatment. Three independent experiments were analyzed. Data are
presented as mean + SEM. * p < 0.05, ** p < 0.01 compared to the OVA control group. 10 mg/kg
and 30 mg/kg fucoxanthin were named as Ful0 and Fu30, respectively. 5 mg/kg prednisolone was

named as P.
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Figure 6. The effects of fucoxanthin (Fu) on cytokine, chemokine, and inflammatory mediator mRNA expression in the
lungs. Gene expression levels were determined by the real-time RT-PCR of RNA extracted from the lung tissues of normal
(N) and OVA-stimulated (OVA) mice with or without Fu (10 or 30 uM) treatment. (A) Muc5AC, (B) TNF-«, (C) IL-6, (D) IL-4,
(E) IL-5, (F) IL-13, (G) IEN-y, (H) CCL11, and (I) CCL24. Fold changes in expression were measured relative to 3-actin
(internal control). Three independent experiments were analyzed. Data are presented as mean &+ SEM. * p < 0.05, ** p < 0.01
compared to the OVA control group. 10 mg/kg and 30 mg/kg fucoxanthin were named as Ful0 and Fu30, respectively.
5 mg/kg prednisolone was named as P.

3.6. Fucoxanthin Reduced Goblet Cell Hyperplasia and Eosinophil Infiltration in Lung Tissue

HE staining demonstrated that OVA-sensitized mice treated with fucoxanthin or pred-
nisolone had reduced eosinophil infiltration of the lungs compared to the OVA control
group (Figure 7A). Thus, fucoxanthin and prednisolone significantly decreased the inflam-
matory pathology score in the OVA-sensitized asthmatic mice (Figure 7B). Goblet cells
were detected in the trachea by PAS staining, and fucoxanthin or prednisolone treatment
of the OVA-sensitized mice significantly reduced goblet cell hyperplasia compared to the
OVA control group (Figure 7C,D).

3.7. Fucoxanthin Reduced Collagen and COX-2 Expression in the Lungs

Lung collagen accumulation was indicated by Masson’s trichrome stain. Fucoxan-
thin decreased collagen expression in the lung tissues from asthmatic mice (Figure 7E,F).
Moreover, fucoxanthin significantly decreased the gene expression of COX-2 in the lungs
of OVA-sensitized mice (Figure 8A). Subsequently, immunohistochemical staining demon-
strated that fucoxanthin could decrease COX-2 expression in the lung tissue compared to
the OVA control group (Figure 8B).
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Figure 7. The effects of fucoxanthin (Fu) on asthmatic lung tissue. Histological sections of lung tissues from normal (N) and
OVA-stimulated (OVA) mice with or without Fu (10 or 30 pM) treatment. (A) Fu reduced eosinophil infiltration. HE stain,
200x magnification. (B) Inflammation was scored by a pathological evaluation of inflammatory cell infiltration in lung
sections. (C) PAS-stained lung sections show goblet cell hyperplasia. Goblet cells are indicated by arrows. 200x magnifi-
cation. (D) Results were expressed as the number of PAS-positive cells per 100 um of the basement membrane. (E) Lung
sections were stained with Masson’s trichrome stain to detect collagen expression. 200 x magnification. (F) Quantitative
analysis of collagen in lung sections. Three independent experiments were analyzed. Data are presented as mean &+ SEM.
*p <0.05, ** p <0.01 compared to the OVA control group. 10 mg/kg and 30 mg/kg fucoxanthin were named as Ful0 and
Fu30, respectively. 5 mg/kg prednisolone was named as P.
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Figure 8. The effects of fucoxanthin (Fu) on COX-2 expression in the lung tissues from OVA-sensitized
mice. (A) COX-2 gene expression was detected by real-time RT-PCR and fold-changes in expression
measured relative to 3-actin (internal control). (B) COX-2 expression was analyzed by immunohis-
tochemistry staining and labeled as a brown colored drop. Three independent experiments were
analyzed. Data are presented as mean + SEM. * p < 0.05, ** p < 0.01 compared to the OVA control
group. 10 mg/kg and 30 mg/kg fucoxanthin were named as Ful0 and Fu30, respectively. 5 mg/kg

prednisolone was named as P.

3.8. Fucoxanthin Modulated Antioxidant Enzyme Levels in the Lungs

Fucoxanthin significantly increased GSH, SOD, and CAT expression and decreased
MDA activity in the lung tissues compared to the OVA-sensitized mice (Figure 9A-D).
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Figure 9. The effect of fucoxanthin (Fu) on oxidative stress factors. (A) CAT, (B) SOD, (C) GSH,
and (D) MDA activity in the lung tissues from the mice. Three independent experiments were
analyzed. Data are presented as mean + SEM. * p < 0.05, ** p < 0.01 compared to the OVA control
group. 10 mg/kg and 30 mg/kg fucoxanthin were named as Ful0 and Fu30, respectively. 5 mg/kg

prednisolone was named as P.

3.9. Fucoxanthin Modulated Serum Antibody and Splenocyte Cytokine Levels

In the serum from OVA-sensitized mice, fucoxanthin significantly decreased OVA-
IgG1 and OVA-IgE and increased OVA-IgG2a levels (Figure 10A—C). In the supernatant
from splenocyte cultures, fucoxanthin also clearly reduced IL-4, IL-5, and IL-13 expression
and promoted IFN-y expression compared to OVA-sensitized mice (Figure 10D-G).
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in (Fu) effects on OVA-specific antibodies in serum. The serum levels of (A) OVA-IgE, (B) OVA-

IgGy, and (C) OVA-IgG,, are shown for normal (N) and OVA-stimulated (OVA) mice treated without or with prednisolone
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and Fu30). Fu modulated the levels of (D) IFN-vy, (E) IL-4, (F) IL-5, and (G) IL-13 produced

by OVA-activated splenocytes. All data are the means £ SEM. * p <0.05, ** p <0.01 compared to the OVA control group.
10 mg/kg and 30 mg/kg fucoxanthin were named as Ful0 and Fu30, respectively. 5 mg/kg prednisolone was named as P.

4. Discussion

Brown seaweeds contain a variety of biologically active compounds, including polyphe-
nols, omega-3 polyunsaturated fatty acids, fucosterol, fucoidan, and fucoxanthin [32].
Fucoxanthin is a carotenoid, an orange-red pigment found in the chloroplasts [16]. Recent
studies have shown that fucoxanthin has anti-inflammatory, anti-oxidant, and anti-tumor
effects in cell and animal experiments [15,18,20,33]. Fucoxanthin also inhibits the expres-
sion of inflammatory cytokines and inflammatory signaling molecules in LPS-induced
macrophages, and can decrease oxygen-glucose deprivation and re-oxygenation-induced
ROS expression in neurons [33]. Fucoxanthin could protect cerebral ischemic/reperfusion
injury rats from nerve inflammation and oxidative stress by promoting the Nrf2/HO-1
signaling pathway [21]. Previous studies have shown that 50 mg/kg fucoxanthin can re-
duce the inflammatory cytokine levels in the BALF of mice [22]. Furthermore, in the mouse
allergic rhinitis model induced by OVA, fucoxanthin treatment reduces the MDA levels in
the nasal mucosa and serum, and reduces eosinophil infiltration in the nasal cavity [23].
However, whether fucoxanthin can improve lung inflammation and antioxidant effects in
the tracheal epithelial cells and asthmatic mice is unclear. In addition, in the current study;,
the mice were treated with different doses of fucoxanthin for 7 consecutive days for animal
toxicity testing, which demonstrated that daily administration of 100 mg/kg, 50 mg/kg,
and 30 mg/kg fucoxanthin caused 37.5%, 12.5%, and 0% mortality, respectively (data not
shown). We also found that the mice treated with 100 mg/kg and 50 mg/kg fucoxanthin by
intraperitoneal injection had significantly lower activity and appetite than the normal mice
and the mice treated with 30 mg/kg fucoxanthin (data not shown). Therefore, the animal
experiments used 10 mg/kg or 30 mg/kg fucoxanthin to investigate whether fucoxanthin
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can improve the asthma pathology in OVA-sensitized asthmatic mice. We also evaluated
the molecular mechanism by which fucoxanthin reduces airway inflammation and oxida-
tive stress in asthmatic mice and analyzed the effect of fucoxanthin on inflammation and
oxidative stress in inflamed tracheal epithelial cells.

Our experiments used TNF-«/IL-4 to stimulate human tracheal epithelial cells, sim-
ulating lung inflammation immune cells that release TNF-a and IL-4 to induce tracheal
epithelial cell activation. Under the protection of fucoxanthin treatment, we found that
TNF-o/IL-4-stimulated BEAS-2B cells had reduced IL-6 secretion to inhibit the inflam-
matory response in the airways. Previous experiments in asthmatic animals have found
that ROS can stimulate the activation of the airway and tracheal epithelial cells, and the
release of more chemokines to attract inflammatory immune cell infiltration into the lungs
for the release of more inflammatory mediators, causing lung cell damage and apopto-
sis [34,35]. In the current study, under the protection of fucoxanthin treatment, we found
that TNF-«/IL-4-stimulation in BEAS-2B cells reduced the release of 1L-8, MCP-1, and
CCL5, which would contribute to a reduction in macrophage and neutrophil infiltration of
the lungs as well as inflammation and oxidative damage in the lung tissue. Therefore, we
think that fucoxanthin could inhibit the inflammation of tracheal epithelial cells to release
more ROS and chemokines, reducing lung cell damage.

Asthma attacks are mainly induced by allergens or airway irritants to cause acute
allergies and inflammatory reactions in the airways. However, chronic asthma is often
caused by long-term allergic stimulation of the airways, causing inflammation and ox-
idative damage, and gradually weakening the physiological function of the respiratory
system [36]. We found that fucoxanthin can reduce ROS levels in inflamed BEAS-2B cells,
indicating that fucoxanthin can reduce oxidative damage to tracheal epithelial cells. In
addition, fucoxanthin inhibited the expression of MCP-1, CCL5, and IL-8, which would
suppress the migration of neutrophils or macrophages into the lungs. Therefore, we think
that fucoxanthin can inhibit the activation of inflammatory tracheal epithelial cells and
reduce ROS release and chemokine secretion in tracheal epithelial cells.

SOD, CAT, and GSH are common antioxidant enzymes that can reduce lung cell
damage and fibrosis in the lungs of patients with COPD or asthma [37]. Lipid peroxidation
is a danger signal of cell damage and would produce abundant MDA as a marker of
oxidative stress in cells and tissues [38,39]. In the current study, fucoxanthin promoted
SOD, CAT, and GSH expression and decreased MDA expression in the lungs of asthmatic
mice (Figure 9). Thus, fucoxanthin could regulate and improve lung peroxidation in
asthmatic mice. Previous studies found that fucoxanthin can enhance the Nrf2/HO-1
pathway to improve GSH and SOD expression and reduce brain damage in rat models of
traumatic brain injury [21]. Therefore, fucoxanthin has a protective ability against oxidative
stress for maintaining lung function in asthmatic mice.

AHR can detect the airflow and frequency of breathing, and has clinical value as
an important indicator to evaluate lung function [40]. Previous studies have found that
inflammation and oxidative stress stimulate excessive AHR and exacerbate the deteriora-
tion of lung function [41]. Allergens or respiratory irritants can induce excessive tracheal
contraction and mucus hypersecretion in asthmatic patients, leading to airway obstruction
and dyspnea during asthma attacks. Therefore, patients need to breathe more quickly
to increase the rate of ventilation, resulting in an increased AHR value in patients with
asthma [42]. We used whole body plethysmography to detect AHR in mice and demon-
strated that fucoxanthin reduced the AHR and the breathing difficulties caused by rapid
breathing in asthmatic mice. Many previous studies have pointed out that the lungs of
asthmatic patients have increased IL-13 expression, and activated Th2 cells increase IL-13
secretion to promote AHR [43]. Our experiments showed that the lung tissues, BALFE, and
spleen cell culture medium for asthmatic mice had significantly reduced IL-13 levels and
reduced AHR values after treatment with fucoxanthin (Figures 4-6 and 10). Therefore, our
results confirmed that fucoxanthin mainly inhibited IL-13 production to reduce AHR in
asthmatic mice.

1060



Cells 2021, 10, 1311

15 0of 18

Asthma patients have a lot of eosinophilic infiltration in the lungs and respiratory tract.
Activated Th2 cells in the lungs of asthmatic patients release excess IL-5, which induces
the differentiation of bone marrow cells to produce mature eosinophils [44]. In addition,
tracheal epithelial cells from asthmatic patients release eotaxins (CCL11 and CCL24) to
attract mature eosinophil migration into the lungs [45]. The activated eosinophils release
a large amount of basic proteins, stimulate mast cell activation and degranulation, and
release allergic mediators to cause allergic reactions in the lungs of asthmatic patients [5]. In
addition, IL-4 could activate B-cell differentiation and secrete IgE to bind the FceR1 of mast
cells. After exposure to allergens, the mast cells are activated to release leukotrienes and
histamine, causing respiratory sensitization and inflammation [46]. Therefore, fucoxanthin
reduces the production of IL-4 and IgE by inhibiting Th2 cell activity, decreasing mast
cell activation, and improving the pathological changes in bronchial asthma. Previous
researchers have found that fucoxanthin can suppress the levels of histamine and total
IgE in serum from allergic rhinitis mice [23]. In our asthmatic mouse model, the BALF
and lungs expressed higher IL-5 and eotaxin levels than normal mice (Figures 5 and 6).
Fucoxanthin has the ability to reduce IL-5 production to suppress eosinophil infiltration in
the lungs of asthmatic mice. In addition, fucoxanthin inhibits CCL11 and CCL24 levels in
tracheal epithelial cells and lung tissue, which reduces eosinophil migration into the lungs.
Therefore, fucoxanthin could reduce the infiltration of eosinophils into the lungs and BALF
of asthmatic mice.

THP-1 cells simulated the adherence of immune cells in the inflamed tracheal epithelial
cell model. Fucoxanthin reduced the adherence of THP-1 cells to tracheal epithelial cells
(Figure 2). We think that fucoxanthin could inhibit IL-5 secretion in the lung and BALF to
reduce the inflammatory response of tracheal epithelial cells to release eotaxins.

The airway epithelial cells secreted appropriate glycoprotein mucus that could ad-
here to air pollution particles and microorganisms, reducing damage in the lungs and
respiratory tract [9]. However, the airway remodeling in asthmatic patients leads to the
thickening of the tracheal smooth muscle and the narrowing of the airways [4]. Induced
by allergens or chemical stimuli, tracheal epithelial cells increase and differentiate into
sensitive goblet cells. These goblet cells secrete excessive mucus and block the airways [47].
Our experiments used PAS staining to observe the goblet cell hyperplasia in asthmatic mice
and demonstrated that fucoxanthin significantly reduces tracheal goblet cell hyperplasia
and decreases Muc5Ac gene expression in the lungs of asthmatic mice (Figures 6 and 7).
Therefore, fucoxanthin can reduce the symptoms of dyspnea caused by excessive secretion
of respiratory mucus in asthmatic mice.

Previous studies found that IL-4 and IL-13 released by activated Th2 cells increase
goblet cell proliferation in the tracheas of asthmatic mice [48]. However, fucoxanthin has
the ability to reduce the expression of IL-4 and IL-13 in spleen cell culture medium, BALF,
and lung tissue from asthmatic mice. Therefore, we think that fucoxanthin could reduce
the secretion of IL-4 and IL-13 by Th2 cells to reduce the proliferation of goblet cells in the
trachea and reduce the breathing difficulties caused by excessive mucus secretion.

Continued inflammation and oxidative damage will increase collagen deposition in
the lungs and cause severe pulmonary fibrosis, worsening the respiratory physiology of
the lungs [49]. The BALF and lungs of asthmatic patients have increased expression of
TGF- and lung tissue fibrosis [50]. Some studies have pointed out that IL-13 would also
drive the expression of TGF-f3, exacerbating lung fibrosis [5,51]. Anti-IL-13 (tralokinumab)
can improve lung fibrosis in asthmatic patients [52]. In the current study, fucoxanthin sig-
nificantly inhibited collagen deposition in the lungs of asthmatic mice (Figure 7). Therefore,
we speculate that fucoxanthin improves pulmonary fibrosis and AHR in asthmatic mice by
reducing the activity of IL-13.

5. Conclusions

Collectively, we confirmed that fucoxanthin significantly suppresses AHR, eosinophil
infiltration, and mucus secretion by suppressing airway inflammation, oxidative stress,
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and Th2 cytokine expression in asthmatic mice. Fucoxanthin also decreased ROS, pro-
inflammatory cytokine, and eotaxin levels in BEAS-2B cells, and suppressed monocyte cell
adherence to inflammatory BEAS-2B cells. Therefore, this study demonstrates that fucox-
anthin has excellent potential for ameliorating or regulating inflammation and oxidative
stress in asthma.
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Abstract: This study aims to comprehensively explore the phytoconstituents as well as investigate the
different biological activities of Chasmanthe aethiopica (Iridaceae) for the first time. Metabolic profiling
of the leaf methanol extract of C. aethiopica (CAL) was carried out using HPLC-PDA-ESI-MS/MS.
Twenty-nine compounds were annotated belonging to various phytochemical classes including
organic acids, cinnamic acid derivatives, flavonoids, isoflavonoids, and fatty acids. Myricetin-3-O-
rhamnoside was the major compound identified. GLC/MS analysis of the n-hexane fraction (CAL-A)
resulted in the identification of 45 compounds with palmitic acid (16.08%) and methyl hexadecanoic
acid ester (11.91%) representing the major constituents. CAL-A exhibited a potent anti-allergic
activity as evidenced by its potent inhibition of -hexosaminidase release triggered by A23187 and
IgE by 72.7% and 48.7%, respectively. Results were comparable to that of dexamethasone (10 nM)
in the A23187 degranulation assay showing 80.7% inhibition for f-hexosaminidase release. Both
the n-hexane (CAL-A) and dichloromethane (CAL-B) fractions exhibited potent anti-inflammatory
activity manifested by the significant inhibition of superoxide anion generation and prohibition
of elastase release. CAL showed anti-hyperglycemic activity in vivo using streptozotocin-induced

Plants 2021, 10, 1118. https:/ /doi.org/10.3390/plants10061118

https:/ /www.mdpi.com/journal/plants

1065


https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-2382-8241
https://orcid.org/0000-0002-8988-8610
https://orcid.org/0000-0002-4357-0981
https://orcid.org/0000-0002-5780-3977
https://orcid.org/0000-0003-2549-4193
https://orcid.org/0000-0002-7875-4510
https://orcid.org/0000-0002-5871-2639
https://doi.org/10.3390/plants10061118
https://doi.org/10.3390/plants10061118
https://doi.org/10.3390/plants10061118
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/plants10061118
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants10061118?type=check_update&version=2

Plants 2021, 10, 1118

2 of 20

diabetic rat model by reducing fasting blood glucose levels (FBG) by 53.44% as compared with
STZ-treated rats along with a substantial increase in serum insulin by 22.22%. Molecular modeling
studies indicated that dicaffeoylquinic acid showed the highest fitting with free binding energies (AG)
of —47.24 and —60.50 Kcal/mol for human a-amylase and a-glucosidase, respectively confirming its
anti-hyperglycemic activity. Thus, C. aethiopica leaf extract could serve as an effective antioxidant
natural remedy combating inflammation, allergy, and hyperglycemia.

Keywords: anti-allergic; antihyperglycemic; Chasmanthe aethiopica; anti-inflammatory; GC/MS;
LC/MS

1. Introduction

Oxidative stress can be defined as the disturbance in the balance between antioxidants
and free radicals within the body that leads to cell and tissue destruction. During the normal
process of metabolism, the body releases free radicals with the concomitant production of
natural antioxidants to antagonize and neutralize these free radicals. However, a multitude
of factors results in the massive production of free radicals that exaggerates oxidative
stress including the unhealthy diet and lifestyle, environmental factors such as exposure
to radiation and pollution as well as the natural body immune response that temporarily
contributes to oxidative stress [1]. Oxidative stress can provoke an inflammation that
consequently releases excess free radicals that in turn promote more oxidative stress
resulting in a vicious cycle. Chronic exposure to inflammation because of oxidative stress
can elicit various human ailments such as diabetes mellitus, allergy, and cardiovascular
disease in addition to cancer, and neurodegenerative disorders [2]. ROS can oxidize
guanosine in DNA to 8-oxoguanosine which can lead to mutations and in consequence the
genetic diseases such as cancer.

Diabetes mellitus has been recently considered the third leading cause of death fol-
lowing cancer and cardiovascular disorders with high prevalence all over the globe [3]. It
adversely affects human health causing serious harmful changes in all parts of the body
particularly the nerves and blood vessels [4]. Allergy is another global health threat that is
also triggered by oxidative stress. It can threaten life in cases of severe asthma and anaphy-
laxis and can also interfere with the quality of life in cases of chronic allergic conditions
exemplified by allergic rhinitis and eczema [5]. Despite the presence of numerous synthetic
agents that could alleviate inflammation, relieve allergy, or manipulate hyperglycemia,
drugs of natural origin always constitute the main key player in curing various human
ailments due to their acceptable prices and safety in comparison with synthetic agents [6].

Chasmanthe aethiopica (Iridaceae) (syn. Antholyza aethiopica L.) is native to South Africa
and is characterized by being a deciduous, bulbous plant that grows up to a height of 0.6 m
with pale green lanceolate leaves [7]. Although members of family Iridaceae are popular
by the presence of a wide array of compounds represented by flavonoids, isoflavonoids,
xanthones, and quinones to which numerous biological activities including antioxidant,
anti-inflammatory, antidiabetic, and phytoestrogenic effects are attributed [8,9], nothing
was found in the literature regarding the phytochemical profile or the biological potential
of C. aethiopica.

This study aims to comprehensively study the phytoconstituents as well as biologically
investigate the different activities of the plant for the first time. Herein, we evaluated the
anti-allergic and anti-inflammatory activity of the 80% methanol leaf extract of C. aethiopica
(CAL) as well as its successive fractions in vitro. Additionally, the antihyperglycemic
potential of CAL was assessed using streptozotocin-induced diabetes in a rat model.
Moreover, metabolic profiling of CAL and its bioactive fractions was performed using
LC/MS (Liquid Chromatography coupled with Mass Spectrometry) and GLC/MS (Gas—
Liquid Chromatography coupled with Mass Spectrometry). To understand the reasons
behind the antihyperglycemic activity, molecular modeling experiments were performed

1066



Plants 2021, 10, 1118 30f20

on the identified compounds from the bioactive fractions using human a-glucosidase and
a-amylase, as crucial enzymes entangled in the occurrence and dissemination of diabetes.

2. Results and Discussion

2.1. Gas-Liquid Chromatography Coupled with Mass Spectroscopy (GLC-MS) Analysis
Characterization of the n-hexane fraction (CAL-A) of the leaf methanol extract (CAL)

of C. aethiopica using GLC analysis (Figure 1) resulted in the tentative identification of

45 compounds belonging to sterols and fatty acids accounting for 91.62% of the total n-

hexane fraction constituents as illustrated in Table 1. Palmitic acid (16.08 %) and methyl

hexadecanoic acid ester (11.91%) represent the major constituents in the CAL-A fraction.

Table 1. Chemical profile of C. aethiopica L. n-hexane fraction (CAL-A) by GLC-MS.

No. Rt Compound Name RlIgxp. * RI;;? Content% l\ggl:z}:r Identification ¢
1. 3144 Methyl pentadecanoic acid ester 1806 1812 0.15 Ci16H30, MS, RI
2. 31.68 Neophytadiene 1818 1817 0.50 CyoHss MS, RI
3. 3185 Hexahydrofarnesyl acetone 1826 1825 5.30 CygH360 MS, RI
4. 3347 7-Hexadecenoic acidmethyl ester (Z) 1903 1900 0.68 Ci17H340, MS, RI
5. 33.54 Hexadecanoic acid methyl ester 1907 1907 11.91 Cq17H340, MS, RI
6. 3445 Palmitic acid 1950 1950 16.08 C16H320, MS, RI
7. 3499 Heptadecanoic acid methyl ester 1976 1978 0.14 C18H360, MS, RI
8. 35.55 15-Methyl hexadecanoic acid methyl ester 2003 1996 0.52 C18H360, MS, RI
9. 36.77 16-Methyl heptadecanoic acid methyl ester 2070 2077 0.25 C19H350, MS, RI
10. 36.90 Linoleic acid methyl ester 2077 2075 242 C19H340, MS, RI
11. 37.03 Oleic acidmethyl ester 2085 2085 4.10 C19H360, MS, RI
12. 37.25 Phytol 2096 2096 1.50 CyoHyoO MS, RI
13. 3748 Methyl stearate 2109 2109 2.08 Cy9H350, MS, RI
14. 37.89 Linolenic acid 2131 2134 3.74 Ci18H300, MS, RI
15. 38.24 Stearic acid 2150 2155 0.83 C18H3602 MS, RI
16. 41.08 Eicosanoic acid methyl ester 2306 2307 0.57 Cy1Hy4 0, MS, RI
17. 41.62 4,8,12,16-Tetramethylheptadecan-4-olide 2336 2364 1.99 Cr1HyOs MS
18. 42.84 2,2'-Methylene-bis-(6-tert butyl-4-methylphenol) 2403 2398 0.13 Cy3H3,0, MS, RI
19. 43.86 n-Pentacosane 2469 2500 1.46 Co5Hsp MS
20. 44.22 Palmitic acid f-monoglyceride 2492 2498 0.16 C19H3g04 MS, RI
Docosanoic acid methyl ester
21. 4441 Behenic acid methyl ester 2504 2492 0.40 Co314602 MS, RI
22. 4544 11-Methylpentacosane 2570 2565 1.99 CoeHsy MS, RI
23. 45.97 Tricosanoic acid methyl ester 2605 2615 0.05 Cr4Hyg0O, MS, RI
24. 4695 2-Methylhexacosane 2668 2663 241 Cy7Hsg MS, RI
25. 47.49 Tetracosanoic acid methyl ester 2702 2714 0.14 Cy5H500, MS, RI
26. 48.42 2-Methylheptacosane 2762 2762 2.47 CpgHsg MS
27. 4943 x-Tocospiro A 2827 2860 413 Cp9HgOy4 MS
28. 49.74 a-Tocospiro B 2847 2881 4.62 Co9Hs0O4 MS
29. 49.83 2-Methyl octacosane, 2852 2857 3.57 Ca9Hgp MS, RI
30. 50.20 Cholesta-2,4-diene 2876 2872 0.09 CoyHyy MS, RI
31. 51.19 15-Methylnonacosane 2940 2935 2.05 CsoHgp MS, RI
32. 5251 n-Triacontane 3025 3003 2.02 C3oHgn MS, RI
33. 52.94 B-Sitosterol propionate 3053 - 1.77 C3Hs40, MS
34. 53.31 «-Tocopherol 3076 3112 1.76 Cy9H500, MS
35. 53.84 Hentriacontane 3110 3103 1.33 C31Hgg MS, RI
36. 55.31 Dotriacontane 3205 3202 0.64 CspHgg MS, RI
37. 56.36 Chondrillasterol 3272 3295 1.54 Cy9HygO MS, RI
38. 57.16 B-Amyrin 3323 3337 0.42 C30H500 MS, RI
39. 5743 7-Sitosterol 3341 3351 0.17 Cy9H500 MS, RI
40. 58.06 a-Amyrin 3381 3376 1.53 C39Hs00 MS, RI
41. 58.23 Stigmasta-3,5-dien-7-one 3392 - 0.29 CpoHyO MS
42. 59.07 B-Amyrin acetate 3446 3438 0.76 C3Hz5,0, MS, RI
43.  60.05 Lupeol acetate 3509 3525 0.64 C3H5,0, MS, RI
44. 60.42 Hexadecanoic acid, 3,7,11,15-tetramethyl-2-hexadecenyl ester 3533 3568 2.32 C3¢Hy0O, MS, RI
Total identified (%) 91.62

? Retention index determined experimentally on RTX-5MS column relative to n-alkane series (C8-C28), b Published retention indices,
¢ Identification was based on comparison of mass spectral data (MS) and retention indices (RI) with those of NIST Mass Spectral Library
(2017), Wiley Registry of Mass Spectral Data 8th edition and literature.
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Figure 1. GLC-chromatogram of C. aethiopica L. n-hexane fraction (CAL-A) on Rtx-5MS column.

2.2. HPLC-PDA-ESI-MS/MS Analysis for Characterization of C. aethiopica Methanol Extract

Metabolite profiling of C. aethiopica total leaf extract (CAL) was carried out using
HPLC-PDA-ESI-MS/MS analysis. A total of 29 chromatographic peaks were annotated
using simultaneously acquired HPLC-PDA, and HPLC-MS base peak chromatograms
(Figure 2). Tentative metabolite assignments were achieved by comparison of mass and UV
spectral data of the detected compounds in both negative and positive ionization modes
with reported data alongside online public databases. The identified secondary metabolites
are listed in Table 2 along with their spectroscopic data. Compounds were illustrated in
Figure 3. Several classes of compounds were identified in C. aethiopica total leaf extract
including organic acids, cinnamic acid derivatives, flavonoids, isoflavonoids, and fatty
acids. Flavonoids represented the most abundant class of metabolites detected in CAL. This
is the first comprehensive metabolites profiling of genus Chasmanthe using HPLC-ESI-MS.

2.2.1. Flavonoids

Flavonols, mainly myricetin, in addition to several distinct flavones, markedly tricin
and 6-hydroxyluteolin derivatives, were reported in Ixieae as important chemotaxonomic
markers [10,11]. In the current study, tricin-O-rhamnoside (12), myricetin-3-O-rhamnoside
(15), myricetin (16), 6-hydroxyluteolin-O-rhamnoside (18), and 6-hydroxyluteolin (19)
were identified in C. aethiopica methanol extract. A mass loss of 308 amu suggested a
loss of 6-thamnosylhexose (rutinose) or a p-coumaroylhexose. However, acylation with
p-coumaric acid results in a typical bathochromic shift in band I to Apax of 310-316 nm
in the ultraviolet/visible (UV-VIS) spectra of flavonols and a pseudo molecular ion that
is 146 amu greater than the parent glycoside. Moreover, acylation of the sugar residue
causes a subsequent increase in the retention time in a chromatographic analysis [12,13].
Myricetin-O-coumaroyl-hexoside (9, 11) and myricetin-p-coumaroyl-rhamnosyl-hexoside
(20) were identified herein, exhibiting Amax of 310-316 nm and pseudomolecular ions
[M — H]™ at m/z 625 and 771, respectively.

Several isoflavonoids were identified in C. aethiopica methanol extract including iris-
tectorin A/B (10), irigenol-C-hexoside (14), hydroxy-iristectrigenin-O-hexoside (17), iriflo-
genin (21), dihydroxy-methoxy-6,7-methylenedioxy isoflavone (22). Mass spectrometry
cannot generally distinguish isoflavones from flavones, where both classes follow a similar
fragmentation pathway via retro Diels—Alder (RDA) fragmentation resulting in identi-
cal product ions for both classes of compounds [14]. However, conjugation between A-
and B-rings is lacking in isoflavone structures. Thus, UV spectra of isoflavones could
be distinguished from those of flavones by displaying a low-intensity band I absorption.
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Moreover, the increased A-ring oxygenation results in a bathochromic shift in band II from
249 nm in 7,4’-dihydroxyisoflavone to 261 nm in 5,7,4’-trihydroxyisoflavone and 270 nm in
5,6,7 4'-tetrahydroxyisoflavone. The spectra of isoflavones are not affected by changes in
B-ring oxygenation patterns [14].

2.2.2. Fatty Acids

Several fatty acids could be annotated in the second half of the base peak chro-
matogram in ESI negative mode of C. aethiopica methanol extract exhibiting intense
[M — H]™ pseudo-molecular ions characteristic of fatty acids. Monohydroxy unsaturated
fatty acids including hydroxy-octadecatrienoic acid (25), hydroxy-octadecadienoic acid
(26), and hydroxy-octadecenoic acid (27) could be detected exhibiting quasi molecular ions
[M — H]™ at m/z 293, 295, 297, respectively. A mass difference of 2 amu between the identi-
fied fatty acids indicates an additional double bond [15]. A dihydroxy polyunsaturated fatty
acid was identified as dihydroxy-octadecadienoic acid (24) exhibiting [M — H]™ at m/z 311.
Monohydroxy saturated fatty acids including hydroxy-hexadecanoic acid (28) and hydroxy-
octadecanoic acid (29) were also assigned. Moreover, dihydroxy-23-oxo-12-oleanen-28-oic
acid-O-pentosyl dihexoside (23) was identified in C. aethiopica methanol extract.

Miscellaneous compounds including quinic acid (1), phenylalanine (2), protocatechuic
acid (3), dicaffeoyl quinic acid and its isomer (4-5), hydroxy-methoxy acetophenone-O-
hexoside (6), caffeoyl quinic acid and its isomer (7-8) were also identified in C. aethiopica
methanol extract.

RT: 0.00-5996 SM 3G 16
100+ )

15

Relatlve Abundance
i

Figure 2. HPLC-ESI-MS base peak chromatogram of C. aethiopica leaf total methanol extract in the
negative ion mode.
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2.3. In Vitro Evaluation of the Anti-Allergic Activity

C. aethiopica leaf total methanol extract (CAL), as well as its various fractions, were as-
sessed for their anti-allergic potential using A23187- and antigen (IgE+DNP-BSA)-induced
degranulation assays, and the results were illustrated in Table 3. The cytotoxic effect against
rat basophilic leukemia (RBL-2H3) for all the samples was evaluated using MTT assay.
All samples exhibited toxic effects to RBL-2H3 cells (viability below 80%) at concentra-
tion > 10 pg/mL except for CAL-A which showed no cytotoxicity at the tested doses.
Samples that were nontoxic were further examined for their anti-allergic effect. All the
tested samples revealed weak inhibition percentage in both degranulation assays as illus-
trated in Table 3 except for CAL-A. It exhibited potent anti-allergic activity as evidenced by
its pronounced inhibition percentage on B-hexosaminidase release triggered by A23187
and IgE by 72.7 and 48.7%, respectively, approaching that of dexamethasone especially in
A23187 degranulation assay that revealed 80.7% inhibition for f-hexosaminidase release
at 10 nM. This considerable anti-allergic activity comes following the anti-asthmatic and
anti-allergic potential of previously studied Iridaceae plants such as Crocus sativus [34]
and Dietes bicolor [35]. The hydroxy fatty acids and their esters, the predominant com-
pounds in CAL-A, were previously reported to possess a significant anti-allergic activity
as demonstrated in vitro and by ChemGPS-NP (chemical global positioning system for
natural products) [36].
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Figure 3. Major compounds identified in C. aethiopica leaf total methanol extract using HPLC-ESI-MS in the negative

ion mode.
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Table 3. Anti-allergic effects of C. aethiopica leaf total methanol extract and its fractions at different concentrations using

degranulation assay in RBL-2H3 cell line.

Sample Inhibition % of A23187-Induced Inhibition % of Antigen-Induced
B-Hexosaminidase Release ? B-Hexosaminidase Release ?

1 pg/mL 10 pg/mL 100 pg/mL 200 pg/mL 1ug/mL 10 ug/mL 100 pg/mL 200 pg/mL
CAL NS © TOX d TOX ¢ TOX 4 NS © TOX 4 TOX ¢ TOX 4
CAL-A NS b 80+49 413454 7274 20w NS b 40+17 120+52 487 + 8.6 ***
CAL-B NS © TOX TOX 4 TOX 4 NS © TOX TOX 4 TOX d
CAL-C NS¢ TOX TOX d TOX d NS © TOX 4 TOX ¢ TOX 4
CAL-D NS © TOX d TOX ¢ TOX d NS © TOX 4 TOX ¢ TOX 4
CAL-E NS ¢ TOX 4 TOX 4 TOX 4 NS ¢© TOX 4 TOX 4 TOX 4

CAL: C. aethiopica leaf total methanol extract; CAL-A: C. aethiopica n-hexane fraction; CAL-B: C. aethiopica dichloromethane fraction; CAL-C:
C. aethiopica ethyl acetate fraction; CAL-D: C. aethiopica n-butanol fraction; CAL-E: C. aethiopica remaining aqueous fraction. # Results are
presented as mean + S.E.M. value (n = 3). *** p < 0.001 compared with the control value (A23187 or antigen only). Dexamethasone, a
positive control, inhibited 80.7 & 3.8% (A23187-induced) and 79.7 + 2.5% (antigen-induced) degranulation at a concentration of 10 nM.
b NS: Not significant inhibition (degranulation more than 85 % of control) (n = 1). © NS: Not significant inhibition (degranulation more than
85 % of control) (n = 2). 4 TOX: toxic (viability less than 80% of control). ©¢ CAL-A inhibited A23187-induced f-hexosaminidase release with
ICs 127.7 pg/mL.

2.4. In Vitro Evaluation of Anti-Inflammatory Activity

The anti-inflammatory activity of C. aethiopica leaf total methanol extract and its frac-
tions on superoxide anion generation and elastase release in FMLF/CB-induced human
neutrophils was evaluated. Results displayed in Table 4 showed that both n-hexane (CAL-
A) and dichloromethane (CAL-B) fractions revealed potent anti-inflammatory activity
manifested by significant inhibition in the generation of superoxide anion and prohibi-
tion of elastase release. CLA-A inhibited the generation of superoxide anion and elastase
release by 68.68 and 65.18%, respectively at 10 ug/mL showing ICsy equal to 5.32 and
5.8 ug/mL, respectively. CAL-B exhibited 58.31 and 68.08% inhibition of superoxide anion
generation and elastase release, respectively, at 10 pg/mL exhibiting ICsg values of 7.04
and 5.73 ug/mL, respectively. Many Iridaceae plants showed potent anti-inflammatory
and immunomodulating effects in previous studies [35]. Noteworthy to highlight that
the cellular model of isolated human neutrophils was established to elucidate the anti-
inflammatory effect in this study as neutrophils are considered the first line of defense
versus microbial infections in addition to being the most abundant circulating leukocytes.
Moreover, they greatly contribute to the damage of tissues during several autoimmune
and inflammatory diseases [37]. Elastase is a serine protease released by activated human
neutrophils and can break several biomarkers comprising elastin in addition to being
considered as inflammatory disorders marker. Initiation of elastase release is triggered
by formyl peptides such as fMLF in neutrophils; thus, efficient elastase inhibitors can
act as a logic strategy to protect tissue from excessive damage caused by inflammatory
mediators [38]. The superoxide radical plays a pivotal role in the neutrophil-medicated
acute inflammatory response. Superoxide radicals are produced by neutrophils to help
in killing invasive microbes where superoxide evolved from actively phagocytizing neu-
trophils that attracts additional neutrophils via reaction and activation of latent chemotactic
factors present in plasma. Hence, natural products that effectively prohibit superoxide-
dependent chemotactic factor, serve as promising anti-inflammatory agents [39]. Thus, the
anti-inflammatory effect is measured through the inhibition of superoxide anion generation
and elastase liberation in our ongoing study:.
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Table 4. Inhibitory effects of C. aethiopica leaf total methanol extract and its fractions on superoxide
anion generation and elastase release in FMLF/CB-induced human neutrophils.

Superoxide Anion Elastase Release
Sample
ICsp (ng/mL) 2 Inhibition% ICsp (ug/mL) 2 Inhibition%

CAL >10 36.45 4 2.58 *** >10 1527 £2.13 **
CAL-A 5.32 + 0.46 68.68 + 3.87 *** 5.80 + 0.34 65.18 £ 6.81 ***
CAL-B 7.04 + 1.28 58.31 4 3.76 *** 5.73 & 0.64 68.08 £ 7.25 ***
CAL-C >10 43.84 4 1.94 *** >10 24.51 4+ 4.05 **
CAL-D >10 2247 £553* b b
CAL-E >10 26.49 £ 2.73 *** >10 5.30 &+ 2.67

CAL: C. aethiopica leaf total methanol extract; CAL-A: C. aethiopica n-hexane fraction; CAL-B: C aethiopica
dichloromethane fraction; CAL-C: C. aethiopica ethyl acetate fraction; CAL-D: C. aethiopica n-butanol fraction;
CAL-E: C. aethiopica remaining aqueous fraction. ? Percentage of inhibition at 10 ug/mL concentration. Results
are presented as mean = S.EM. (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the control value
(FMLF/CB). b Sample CAL-D had promoting effects (23.86 = 3.78% in the presence of CB) on elastase release in
human neutrophils.

2.5. In Vitro Antioxidant Activity Using DPPH Assay

The main mechanistic basis for most in vitro antioxidant assays takes place by either
HAT (hydrogen atom transfer) or ET (election transfer) reactions. DPPH is monitored by
determining the color change of the DPPH radical. The DPPH assay relied upon election
transfer reaction, wherein DPPH itself reacts as a radical and a probe. The presence of
antioxidants in any sample lightens the color of DPPH by donating an electron/hydrogen
atom to the unpaired electron of DPPH that turns the purple color of DPPH colorless, which
is measured using UV-VIS spectrophotometer at a wavelength of 517 nm [40]. The DPPH
assay showed that C. aethiopica leaf total methanol extract showed substantial antioxidant
potential with an ICs equals of 0.56 mg/mL that may be attributed to the richness of
the extract with phytoconstituents belonging to different classes represented mainly by
flavonoids and phenolic acid as revealed from the LC/MS analysis.

2.6. In Vitro Anti-Hyperglyceamic Activity

The anti-hyperglycemic activity of the C. aethiopica leaf total methanol extract (CAL)
was evaluated in vitro using 3T3-L1 adipocytes using two concentrations which are 30 and
50 pg/mL that were further compared with insulin and pioglitazone, positive controls,
using the same concentrations. Results displayed in Table 5 clarified that the concentration
of glucose was decreased from 23.9 and 24.1 mmol/L to 22.8 and 22.6 mmol/L after
treatment with 30 and 50 pg/mL of CAL, respectively. This showed a moderate reduction
in the culture medium glucose concentration estimated by 4.6 and 6.2% as compared
to untreated control group. CAL approaches in this regard insulin and pioglitazone
that showed 6.3 and 4.37% reduction at 30 ug/mL and 10.5% reduction at 50 pg/mL as
compared to untreated control group.

Table 5. Effect of C. aethiopica leaf total methanol extract (CAL) at concentrations of 30 and 50 ug/mL
on glucose consumption in media of 3T3-L1 adipocyte cultures.

Glucose Concentration in mmol/L

30 pg/mL 50 pug/mL
Pioglitazone 229+07 2110+ 0.6 *
Insulin 2244+04* 21.56 £0.7 *
CAL 228 £0.9 226£0.1*
Control 239+0.7 241 £0.6
Medium 253 £ 0.6 25.0£0.6

Data are measured in triplicates (n = 3) and presented as means £ SEM. * Significantly different from the untreated
control group at p < 0.05.
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2.7. In Vivo Assessment of the Antihyperglycemic Activity

The antihyperglycemic effect of C. aethiopica leaf total methanol extract (CAL) was
evaluated in STZ-induced diabetic rats. The injection of STZ into animals triggered a
considerable increase in FBG level by 278% when compared to the normal control group
(Figure 4). This change was concomitant with a significant reduction in the serum insulin
level by 52.63%, with regard to the normal group. Meanwhile when GLB was administered
to STZ-diabetic rats it caused a notable decrease in FBG level by 28.57% accompanied
by a marked increase in serum insulin level by 22.22% in comparison with STZ-treated
rats. However, the administration of the CAL to STZ-treated rats elicited a significant
reduction in FBG level by 53.44%, as compared with the STZ-treated rats with concomitant
elevation in serum insulin estimated by 22.22%. The results of CAL suggested a potent
antihyperglycemic effect approaching that of GLB. The effectiveness of CAL as a promising
antihyperglycemic is attributed to its richness by flavonoids and phenolic acids. These
secondary metabolites were previously showed to possess antihyperglycemic activity
via acting as potent a-glucosidase inhibitors [41,42]. It is noteworthy to mention that
myricetin derivatives exhibited considerable a-amylase as well as a-glucosidase inhibitory
activity. They also displayed an insulin-like action via stimulating glucose and lipid
uptake as well as enhancing adiponectin production by stimulating the insulin signaling
pathway in a manner similar to insulin. Myricetin derivatives trigger Aktl, protein kinase
B, peroxisome proliferator-activated receptor gamma, and Slc2a4, glucose transporter,
genes up-regulation resulting in antihyperglycemic activity [43]. Moreover, quinic acid and
its derivatives effectively stimulate Ca?*-dependent mitochondrial function and increase
insulin production from B-cells of the pancreas [44]. The plant product quinic acid activates
Ca?*-dependent mitochondrial function and promotes insulin secretion from pancreatic
beta cells. The plant product quinic acid activates Ca?*-dependent mitochondrial function
and promotes insulin secretion from pancreatic beta cells. The plant product quinic acid
activates Ca?*-dependent mitochondrial function and promotes insulin secretion from
pancreatic beta cell [44].
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Figure 4. Effect of intraperitoneal injection of 20 mg/kg/day of C. aethiopica leaf total methanol extract (CAL) and
600 pg/kg/day glibenclamide (GLB) on FBG (A) and serum insulin (B) levels in STZ-induced diabetic rats. Data are
measured in triplicates (n = 3) and presented as means £ S.E.M. * Significantly different from the STZ-treated group at

p < 0.05; FBG was assessed using a glucose oxidase kit; serum insulin was determined by an immunoassay Kkit.

2.8. Molecular Modeling

Docking of most of the major compounds identified from C. aethiopica leaf total
methanol extract inside the active centers of human a-amylase (HA) and human «a-
glucosidase (HG) was performed to further ascertain the results of the in vitro and in vivo
study and provides an outline for the probable mechanism of action. Most of the docked
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compounds showed certain fitting within the active sites of both examined enzymes. Di-
caffeoylquinic acid revealed the highest fitting with free binding energies (AG) equals to
—47.24 and —60.50 Kcal/mol for human a-amylase (HG) and human a-glucosidase (HG),
respectively (Table 6). The highest fitting of dicaffeoylquinic acid at human a-amylase (HA)
is attributed to the formation of two conventional H-bonds with His 305 and Arg 195, two
m-alkyl interactions with Ile 235 and Leu 162, two C-H bonds with Asp 300 and Thr 163
in addition to the formation of many Van der Waals interactions. Regarding acarbose, it
forms six conventional H- bonds with Gly 306, Asp197, Gln 63, His 291, Arg 195 and Asp
300, two alkyl interactions with Leu 162 and Leu 165, two C-H bonds with Glu 233 and
His 305 in addition to Van der Waals interactions with many amino acid residues at the
active site (Figure 5). The firm binding of dicaffeoylquinic acid at the active site of human
a-glucosidase (HG) can be interpreted by the formation of multiple tight bonds at the active
sites, namely, seven conventional H-bonds with Gln 1561, His 1584, Asp 1279, Lys 1460, and
Asp 1157; two - interactions with Phe 1560 and Tyr 1251; and hydrophobic C-H bonds
with Pro 1159 and Tyr 125 in addition to the formation of many Van der Waals interactions
with most of the amino acid moieties present at the active site of the enzyme together with
an attractive charged ionic bond formation between the carboxylic acid moiety of the quinic
acid and Lys 1460 residue in the active site (Figure 6). These results for dicaffeoylquinic
acid approached that of acarbose, the standard antihyperglycemic agent that displayed
AG of —76.29 and —89.19 Kcal/mol for human a-amylase (HG) and human a-glucosidase
(HG), respectively. Acarbose formed eleven H-bonds with GIn 1158, Lys 1460, Lys 1164,
Asp 1157, Arg 1510, and Asp 1420, in addition to two C-H bonds with Trp 1369 and Asp
1526 at the human a-glucosidase (HG) active center.

Table 6. Free binding energies (AG) of the major identified compounds with human a-amylase (HA) and human «-

glucosidase (HG) enzymes active centers using molecular docking with pH- and rule-based methods and expressed

in kcal /mol.

Human «-Amylase (HA) Human «-Glucosidase (HG)
Compound
pH-Based Rule-Based pH-Based Rule-Based

Quinic acid —15.49 —15.49 —15.23 —15.23
Phenyl alanine —32.81 —32.81 —28.53 —28.53
Protocatecheuic acid —31.44 —31.40 —31.84 —31.80
Dicaffeoylquinic acid —47.24 —47.24 —60.50 —60.50
Caffeoyl quinic acid —38.43 —38.43 —37.68 —37.68
Iristectorin —4.17 —4.17 —14.84 —14.84
Myricetin-3-O-rhamnoside —26.44 —21.14 —27.30 —22.92
Myricetin —44.05 —41.05 —45.83 —41.82
6-Hydroxyluteolin 7-O-rhamnoside —39.66 —20.66 —45.68 —23.64
6-Hydroxyluteolin —33.45 —21.66 —36.10 —23.82
Iriflogenin —11.57 —11.57 —13.41 —13.41
Dihydroxy-linoleic acid —23.28 —23.28 —29.60 —29.60

Hydroxy-linolenic acid -3.89 -3.69 0.17 0.12
Hydroxy-oleic acid —32.61 —32.61 —35.86 —35.86
Hydroxy-stearic acid —44.62 —44.62 —52.17 —52.17
Hydroxy-palmitic acid —44.62 —44.62 —48.43 —48.43
Acarbose —76.29 —76.29 —89.19 —89.19
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Figure 5. 2D and 3Dbinding modes of dicaffeoylquinic acid (A) and acarbose (B) within human amylase (HA) active centers
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centers employing C-docker protocol.

3. Materials and Methods
3.1. Chemical Reagents and Kits

Glibenclamide (GLB), streptozotocin (STZ),

Figure 6. 2D and 3D binding modes of dicaffeoylquinic acid (A) and acarbose (B) within human glucosidase (HG) active

[3-(4,5-dimethylthiazol-2-y1)-2,5-

diphenyltetrazolium bromide] (MTT), Dulbecco’s modified Eagle’s medium-high glu-
cose powder (DMEM), streptomycin, calcium ionophore A23187, o-phthalaldehyde, p-
nitrophenyl-N-acetyl-D-glucosaminide (p-NAG), dexamethasone, and penicillin were
bought from Sigma-Aldrich (St. Louis, MO, USA). Roche Diagnostics Germany (Mannheim,
Germany) kindly supplied glucotest strips. The radioimmunoassay kit used for deter-
mination of insulin level and the glucose oxidase kit were purchased from Amersham
Biosciences; (Piscataway, NJ, USA) and Siemens Healthcare Diagnostics (Deerfield, IL,
USA), respectively. DNP-BSA (dinitrophenyl-conjugated bovine serum albumin) and FBS
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(fetal bovine serum) were obtained from Merck (Kenilworth, NJ, USA) and Hyclone (Logan,
UT, USA), respectively. Other kits used for assessment of LPO (lipid peroxidation) and
MDA (malondialdehyde) were obtained from Fluka (Buchs, Switzerland). Dr. Daniel H.
Conrad (Virginia Commonwealth University, Richmond, VA, USA) generously supplied
Mouse anti-DNP IgE antibody. All other solvents for LC/MS as well as GLC/MS analyses
were of analytical grade.

3.2. Plant Material

C. aethiopica (Iridaceae) leaves were collected from El-Rai botanical garden, El Kanater
El Khayreya, Qalyubiya, Egypt. The plants were kindly identified and authenticated by
Mrs. Therese Labib, Consultant of Plant Taxonomy at the Ministry of Agriculture and
former Director of Orman Botanical Garden, Giza, Egypt, and Dr. Mohammed El-Gebaly,
Department of Botany, National Research Centre (NRC), Giza, Egypt. Voucher specimens
were deposited in the herbarium of Pharmacognosy Department, Faculty of Pharmacy, Ain
Shams University (voucher specimen number: PHG-P-CA-261).

3.3. Preparation of the Plant Extract and Its Fractions

Air-dried leaves of C. aethiopica L. (100 g) were powdered and percolated in 80%
methanol (1 L x 3) followed by its filtration. The obtained filtrate was concomitantly
evaporated under reduced pressure and temperature (45 °C) until dryness and lyophilized
to give 25.50 g of the total methanol extract (CAL). The solid residue (20 g) was dissolved in
water: methanol (1: 4) and then partitioned successively with n-hexane, dichloromethane,
ethyl acetate, and n-butanol to give CAL-A (2.67 g), CAL-B (3.74 g), CAL-C (2.34 g), and
CAL-D (1.16 g), respectively. The remaining aqueous fraction CAL-E was 9.58 g.

3.4. Gas-Liquid Chromatography Coupled with Mass Spectroscopy (GLC-MS) Analysis

GLC-MS analysis was achieved on Shimadzu GCMS-QP 2010 (Shimadzu Corporation,
Koyoto, Japan) equipped with Rtx-5MS (30 m x 0.25 mm i.d. x 0.25 um film thickness)
capillary column (Restek, PA, USA) and coupled to a Shimadzu mass spectrometer. Initial
column temperature was set at 50 °C for 3 min; 50-300 °C at a rate of 5 °C/min and then
10 min isothermal at 300 °C. The injector temperature was 280 °C. The carrier gas (helium)
flow rate was set at 1.37 mL/min. The interface and ion source temperatures were adjusted
to 280 and 220 °C, respectively. Diluted samples (1% v/v) were injected in split mode with
split ratio 15:1. The injection volume was 1 uL. Mass spectra were recorded in EI mode of
70 eV, scanning from m/z 35 to 500.

Compound Identification

The tentative identification of the compounds found by GLC-MS was performed based
on their retention indices relative to a homologous series of n-alkanes (Cg—Cpg) injected
under the same conditions and comparing their mass spectra with those in the National
Institute of Standards and Technology (NIST) and Wiley library database in addition to
literature [45-52].

3.5. HPLC-PDA-ESI-MS/MS Analysis

HPLC-PDA-ESI-MS/MS analysis was carried out on a Finnigan LCQ-Duo ion trap
mass spectrometer (Thermo Quest, San Jose, CA, USA) with an ESI source coupled to a
Finnigan Surveyor HPLC system (Accela autosampler, MS pump plus, and PDA detector
plus) (Thermo, San Jose, CA, USA) with an EC 150/3 Nucleodur 100-3 C18ec column
(Macherey-Nagel, Diiren, Germany). A gradient of water and acetonitrile (ACN) (with
0.1% formic acid for ESI* mode and without formic acid for ESI™ mode) was applied from
2% to 100% ACN in 60 min at 30 °C at a flow rate of 0.5 mL/min. The injection volume
was 20 pL. All samples were measured in the positive and negative ion mode. The MS was
operated at +10 V capillary voltage for ESI* and —10 V for ESI™, 240 °C source temperature,
and high purity nitrogen as a sheath and auxiliary gas at a flow rate of 80 and 40 (arbitrary
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units), respectively. The ions were detected in a mass range of 50-2000 m/z. A collision
energy of 35 eV was used in MS/MS fragmentation. Data acquisitions and analyses were
executed by Xcalibur™ 2.0.7 software (Thermo Scientific, Karlsruhe, Germany). Tentative
metabolite assignments were achieved by comparison of mass and UV spectral data of the
detected compounds in both negative and positive ionization modes with reported data
alongside online public databases where references are added Table 2.

3.6. In Vitro Biological Evaluation
3.6.1. In Vitro Assessment of the Anti-Allergic Activity
Cell Culture and Cell Viability Assay

The mucosal mast cell-derived rat basophilic leukemia (RBL-2H3) cell line was ob-
tained from the American Type Culture Collection. The growth of RBL-2H3 was carried
out in a DMEM medium containing 10% FBS in addition to 100 U/mL penicillin and
100 ug/mL streptomycin. The culturing of cells was done in 10 cm cell culture dishes
(Cellstar) using a humidified chamber containing 5% CO; in the air and were kept at 37 °C.
A methyl thiazole tetrazolium (MTT) assay was performed to assess the probable toxic
effects of the tested samples concerning RBL-2H3 cells [53] as previously described [54-57].

Degranulation Assays in Mast Cells

The extent of A23187-induced degranulation in RBL-2H3 cells was evaluated us-
ing a B-hexosaminidase activity assay as formerly described [54,58]. The release of -
hexosaminidase from activated RBL-2H3 cells induced by IgE was assessed following the
method described earlier [59]. Dexamethasone (10 nM) was used as a positive control.
Absorbance was determined using a microplate reader at A = 405 nm. The percentage of in-
hibition of B-hexosaminidase release from RBL-2H3 cells was computed using the following
equation, calculated as a percentage of the control value (untreated stimulated cells:

(ODsample — ODspontaneous)

100
(ODcontrol — ODspontaneous) %

Inhibition (%) = |1 —

3.6.2. In Vitro Assessment of Anti-Inflammatory Activity

The assessment of anti-inflammatory activity was performed using human neutrophils
in which blood was withdrawn from healthy volunteers (20-35 years old) following a
protocol approved by the institutional review board at Chang Gung Memorial Hospital
adopting a standard method as formerly described [60]. However, the inhibition of super-
oxide generation was assessed using the assay based on the reduction of ferricytochrome c
as previously reported [60]. Meanwhile, the release of elastase from activated neutrophils
was measured using the elastase substrate, N-methoxysuccinyl-Ala-Pro-Val-p-nitroanilide,
following the previously described procedure [60].

3.6.3. In Vitro Antioxidant Activity Evaluation Using DPPH Assay

The ability of CAL to donate hydrogen atom or an electron was determined via
bleaching the purple color of DPPH® methanol solution 0.2, 0.4, 0.6, and 1.0 mg/mL that
was performed in triplicate. Briefly, 50 uL of each concentration of the tested sample was
added to 5 mL of 0.004% methanol solution of DPPH. After 30 min incubation at room
temperature, the absorbance was measured versus a blank at A = 517 nm using a Shimadzu
UV-1601 spectrophotometer (Kyoto, Japan). The percentage of inhibition of DPPH® was
calculated using the following equation: Free radical scavenging activity = [Ac — As/Ac]
x 100, where Ac: absorbance of control and As: absorbance of sample. The ICsq of ascorbic
acid, positive control, was 1.6 pg/mL [61].

3.6.4. In Vitro Anti-Hyperglycemic Evaluation Using 3T3-L1 Adipocyte Culture

Stock solutions of the tested sample at 30 and 50 ug/mL in DMSO were used in which
DMSO concentration does not exceed 0.1% in the medium of working solutions. However,
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the stock solution of insulin was prepared by dissolving 10> M of insulin in 0.01 M of acetic
acid; pH 3.0 [62]. 5 x 10° cells/mL of mouse pre-adipocytes 3T3-L1 cells obtained from
the American Type Culture Collection (ATCC) were used and cultured in DMEM medium
supplemented with 5.56 mmol/L D-glucose, 10% FBS, and 1% PS (penicillin-streptomycin)
solutions. The cells were kept at 37 °C in a humidified condition composing of 95% air
and 5% CO,. After achieving 100% confluence, the cells were treated with 25 mmol/L
D-glucose, 0.32 uM insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 1 pM dexamethasone
for 48 h to improve their differentiation. Cells treated with CAL as well as control untreated
cells were kept in DMEM media with 25 mmol/L D-glucose for 24 h. Pioglitazone and
insulin were employed as a positive control meanwhile the concentrations of glucose in the
medium were employed as a tool to assess anti-hyperglycemic effectiveness of the tested
sample [62].

3.7. In Vivo Biological Evaluation
3.7.1. Animals and Animal Treatment

Rats (Wister male) of 150-250 g, were provided by King Fahd Medical Research Center,
King Abdulaziz University, Jeddah, Saudi Arabia, animal facility. The study protocol
received approval from the local ethics committee for animal care, Taibah University, Saudi
Arabia (Approval number TUCDREC/20160131). The animals were kept under standard
conditions of temperature, relative humidity, as well as day and light cycle. Animals were
allowed free access to standard laboratory food as previously reported [62] and as indicated
by the WHO (World Health Organization) [62].

3.7.2. Diabetes Induction in Rats

The induction of diabetes in rats was achieved by the intraperitoneal administration
of streptozotocin (mg/kg) as a single dose as previously described [63]. Enzymatic strips
were used to examine the existence of glucose in the urine on the third day. Glibenclamide
was utilized as a positive control.

3.7.3. Experimental Protocol

The animals were randomly distributed into four groups, 8 animals per group. The
experimental protocol was done following what was previously reported in which groups
1, 2, and 3 represented the normal, streptozotocin (STZ), and glibenclamide (GLB) adminis-
tered groups, respectively [62]. The fourth group orally received 20 mg/kg body weight of
the leaf methanol extract of C. aethiopica L. (CAL) for ten successive days. Scarification was
done on the 11th day of treatment by cervical dislocation after light ether anesthesia. The
separated serum was subjected to centrifugation and used for the determination of glucose
and insulin levels.

3.7.4. Assessment of the Biochemical Parameters

Serum glucose and insulin were assessed using the glucose oxidase assay and Amer-
sham insulin immune reactive kit, respectively [62,64], as listed by the manufacturer [65].

3.8. Statistical Analysis

Statistical analysis was done using one-way ANOVA followed by Dunnet’s test which
was done using Sigma Plot (Systat software, San Jose, CA, USA) in case of anti-allergic
evaluation; student’s t-test (SigmaPlot) for anti-inflammatory assay; however, for the
antihyperglycemic determination, ANOVA was followed by Tukey—Kramer multiple com-
parison test (p < 0.05). Results were given as means £ S.E.M. Graphs were plotted using
GraphPad Prism 6 software (GraphPad Inc., La Jolla, CA, USA).

3.9. Molecular Modeling

Molecular docking of the identified compounds from the total methanol leaf extract
(CAL) was performed using Discovery Studio 2.5 (Accelrys Inc., San Diego, CA, USA)

1080



Plants 2021, 10, 1118

17 of 20

References

implementing C-docker protocol on human a-amylase (HA) (PDB ID 1B2Y) and humana-
glucosidase (HG) (PDB ID 3TOP), retrieved from the protein data bank (www.pdb.org,
accessed on 28 May 2021) using both pH based and rule-based methods. This was done
following the previously reported method [3,35,66].

4. Conclusions

This study comprehensively studies the phytoconstituents as well as the different
biological activities of the C. aethiopica for the first time. GC analyses revealed that palmitic
acid and methyl hexadecanoic acid ester are the predominant compounds in C. aethiopica
n-hexane fraction of the leaf extract. Meanwhile, myricetin-3-O-rhamnoside was the major
compound in C. aethiopica total methanol extract as displayed in HPLC-PDA-ESI-MS/MS
analysis. C. aethiopica n-hexane exhibited the highest anti-allergic and anti-inflammatory
potential whereas C. aethiopica total methanol extract showed a potent antihyperglycemic
activity in streptozotocin-induced diabetes in an animal model that was further confirmed
using in silico studies. C. aethiopica could serve as an effective antioxidant natural remedy
combating inflammation, allergy, and hyperglycemia that will be welcomed by a large
category of patients worldwide. Further studies are recommended for the isolation and
structural elucidation of the compounds existing in the extract with subsequent assessment
of their biological activities.
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ABSTRACT

Fruits are rich in antioxidants, including nutrients and substances, which have the ability to
prevent oxidative damage. The purpose of this study was to evaluate the antioxidants and antioxidative
activity of guava, papaya, pitaya (white meat), and pyrus nivalis in Taiwan. The juice was extracted by
masticating juicer. The antioxidant nutrient and substance, including vitamin C and total polyphenols,
and the antioxidant activity, including trolox equivalent antioxidant activity, radical scavenging activity
and nitrite scavenging activity were analyzed. The results showed that the contents of vitamin C and total
polyphenols were the highest in guava juice. In terms of antioxidant activity, guava juice had the strongest
total antioxidant activity, papaya juice and guava juice had the strongest free radical scavenging activity,
and papaya juice had the strongest nitrite scavenging capacity. The Pearson Correlation test showed that

the vitamin C content and total polyphenol content of all juice samples were highly positively correlated

"
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with the trolox equivalent antioxidant activity.
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ABAEEFRHABR T EELF S THADY
H (Reactive oxygen species ROS) o f 4o 38 A AL
& (hydrogen peroxide * H,0,) ~ # & #& A, (singlet
oxygen > 'Oy~ A& A & # F (superoxide anion
radical > "O,”) & # #& A & X (hydroxyl radical *
‘OH) ¥ (Zorov, Juhaszova, & Sollott, 2014) *> °T
EHABAMKEG T CHERFGRE ¥ 5
B R EEAKE AR EYH - X AR
(deoxyribonucleic acid, DNA) 4 ° # % #t 7ed6 i »
AwEEBRE  ChERR BRI  G A
e AR KIE SRR T A Z LA M (Fehrenbach
& Northoff, 2001; Ross & Jenkin, 1998)
FEARRFT AT EH AR
(Antioxidants) » BLtEE A EZAME » BAIEA
AL Fa S o KR EGIAALH % B FF
SREHE > QIS E - RAEER - RRAE -
FREFH ST EEMSBFERE  BRERES
REF (REE 207 ° Hldo ¥ 418 %1% A2
JE 8938 e > # 4 F C (vitamin C) & 48 % B (total
polyphenols) & & A M F 689 3 % > 48 # 89 B-
3t & % (B-carotene) B| € 3% /v 50-139% : @K &
7 21°C 4 % 14 X 1% > 40 4= % (lycopene) 3% o
11~14% (Bashir & Abu-Goukh, 2003; Perkins-Veazie
& Collins, 2006) ° /KR 69 FL AACRE F7 > VA Az A4
BBEGRAMT » GAAREE  EoKRF®R
TRBREG AR B E KR > ThAE KR
WMEREGRE FEALEIEN » BIANH AR

ZHET o T TUAF A AKE B > Bldo il
% 7T % (Centrifugal Juicer) ~ 1% & #% (Masticating
Juicer) ~ J& 7+ 1% It # (Triturating Juicer) & & #% it
# (Press Juicer) % (Nnamdi, Onyejiuwa, & Ogbuke,
2020) ° #HAR T Z R AAARM AR F @ 0 T H A
RAGE T ERT A A BITRAAT T B
A 100% WMAETZHREZCEE ﬁ%hﬂmﬁ&
A AFASAAEREESHEYE r>09) LAk

MRAEFTHEARENNRAWEFTRDZTA GE
A (r>08) 124 S B A5 FRERAIS R

A AFRAAMBER RS r<0.13) (4lBiE &
BB FE 0 2013)c mHAEHEFTEAKR  AlF AR

15 M B AR RT AT AL AT 0 R AR RAR
BEERIGRAEFHAKREGERTEAZY
W 25 FHAERAAFRHTEDTREZ ST
ARSEMNBEEZBEEABEECAEZRS BT A
BRH AR DR EE AR~ G R KFR
R(ATHBEEGKER) ATE > FE LB K
R (HEBABESERELE > 2017) ° HER
ZARRABEEET » SR ITIRANAH S E
B AuaAer o B 3AE L AAL Al A AL AL AE 7 B
g 48 B o

W~ M %

— > BRAfE

AEBRIAKR » BAK A REITR ?? PR 2
Moo GAEARE ~ pH A ~ VB RAE | B o M5 S5k

T akﬁ%&@%ﬁmax;%o&

B (HBRE&HRE 2015)° 18 B B4 &%h$mz%,%%%ﬁ FELRAENM
KRR A B#LZ b WAAGH B RT R4 BER—AF LR AKE
54 Studies of Antioxidants and Antioxidative Activity of Fresh Juice in Taiwan

Yi-Jr Chen', Ming-Hoang Lai’, Jen-Fang Liu’

1086



REMALER FE2twih 53FEZ

60 8 TERE——OF<A

DOI: 10.6192/CGUST.202106_(34).5

DA o ZBBEBEAUARBEEET » BEAME
p“%fi‘U"SE’ » VAR E #E s #45 4°C T4 10,000 rpm A
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M (HRE & #HRE > 2015) ° ALK 5T &
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L & AL 71 (Trolox equivalent antioxidant capacity,
TEAC)® # @ X 7 M 7/ (Radical scavenging
activity) & Az A4 BR Bl & '% 77 (Nitrite scavenging
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VT R AKRT R AL AR E K
(HB666R * HUROM) #% it # » it #& (mL) +~ T
BE (9 HE RS o TR AR A A M
(MASTER- M * ATAGO) #|&
TR E 69 B E A B 14 mL & L 0.1N NaOH
AT o pHAE 8.1 B il T 485 s ABRIRIA R T & (pH
meter) B & pH 14 c BRE W % R+ > BRETF 7
K&+ AXF X B X (100/S) X (1/25) X 100 : A
X & 0.IN NaOH 4 46 89 84 #& (mL) » F X & 0.IN
NaOH & & 69 748 » 45 54 1B K & 0.IN
NaOH /&% 1 mL 48 & éﬁﬁﬂx@xz (g) * 1F1HBR 5
00064 > S KEAXMAFIR T F10g (REF &
B ifE A > 2005) © pH WA ABR i 4E B & BB o A/
B P VARE . (°Brix) + (%) 3+ H Mg o

¥ 45 B °Brix ° 7

/l%] /&@x

I~ L AALE oA
1.2 % CA2E

BL200 uL 89 Ak A Ao A 300 uL 89 5%
Trichloroacetic acid (TCA) 7% 4°C F ¥A 12,000 rpm
Ao 5 948 o B EF i Am A 100 uL 8 DNPH
working reagent > # 60°C T & 60 4% » /Ki& 5
548 0 BrAm A 400 pL %9 85% H,SO, solution %%
BJ&E 20 7484 » A RHEAM K 520 nm T
AT R A (Roe & Kuether, 1943) » 3E4] F 4 4 %
C A% % & o L R Bk & €045 0 pg/mL ~ 20 pg/mL ~
40 pg/mL ~ 60 pg/mL ~ 80 pg/mL ~ 100 pg/mL >
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47 i B M @ 8 9 AT (simple linear regression)

A R b= B B SR ST IE AR A X A48 ¥k B © DNPH
working reagent B % 7 % : L 9N H,SO, e % 2.2%
2 4-Dinitrophenylhydrazine & #& * $2 5% Thiourea
YRR A 0.6% CuSO, + SH,O @A 20 1 ¢ 1 Hef]
R (E@A 0 2011) °

2. MBS F

B 0.5 mL 4k A A 4°C Z 10% TCA 0.5 mL
18 R 24 1 EE L 0 ¥4 10,000 rpm A 3 445 0 B
EFREATIAN o HH 02 mL EF R ImA 1 mL
ddH,0 > & %2 A 0.1 mL Folin-Ciocalteus reagent
REHAK FESHE > HmA01 mL20%
Na,CO; B&3 4 » ARAFH 2 I BF » AR
7% & 750 nm TR R AL o 4] A Gallic acid
B R Bl R & 845 0 pg/mL ~ 20 pg/mL ~ 40 pg/
mL ~ 60 pg/mL ~ 80 pg/mL ~ 100 pg/mL » i 47 f§
B 4R M © 8 547 (simple linear regression) * #| Al
LR AR A RAZMERE (HRE & R
¥ 2015) °

- RRALER S
1. g adb

BOI0uL B A A A 990 uL ABTS (2 °
2'-Azino-bis—[3-ethylbenthiazoline sulfonic acid]) B
WABERRESEY  RIE10 54 AR
A4 & 734 nm T Bl R K AE o 3 A A Trolox
BB R REE (0-4 mM) > AT ] B 40 & 5 47
(simple linear regression) » #] i 3t & & & 4 3+ F AR
AZAHIRE - ABTS B R REE 7%«
7 mM ABTS "A =R KM E /£ 734 nm T » Rt
183 0.700 £ 0.020 ° ABTS B & K87 5 75 ik e
7 ikt vA 245 mM K,S,0; B¢ % 7 mM ABTS * %
BmEAFE12E 1618 FRLELKE (RER
% 52012) °

2. awAFRA

BL 300 uL B A A2 A 75 pL 1 mM 2,2-Diphenyl-
1-picrylhydrazyl (DPPH) ( & #1 & G % » YA F 85 5
R ) ERREHY > EEBTRIE3 54
200 uL BJE R VA5 E A K 517 nm T
B E R AL (ODs;) ¢ % ¥A ddH,0 #47 Lk AR R E
BAE B B 4 o iR A VA TR & (scavenging effect
%) KT 0 HRFEIFFEFT XA [1-(#A ODs/ £E
%1 ODs;;)] X 100 ( ## & » 2000) °

3. BB BETR N

FL0.4 mL kA e A NaNO, (& 5 pug/mL) 0.3
mL 7 37°C B J& 10 4% » HAe X\ 0.4 % Sulfanilic
acid 02 mL> AEBRRIES 54 KEMA02
% N-(1-Naphthyl)ethylenediamine dihydrochloride
(NEDA)O.1mL® AT B RES5 54 A5k
B A & 538 nm T OB T R AL o A
NaNoO, fic # &~ Fl ik & 6,46 0 ug/mL ~ 1 pg/mL ~
2 ug/mL ~ 3 pg/mL ~ 4 pg/mL ~ 5 pg/mL » i 47 f
B 4 W B 9 AT (simple linear regression) * #| Al
SLE BB G R RAARIRE (HRE & #HR
¥ 0 2015) ° FHMR A AF TR E (scavenging effect %)
BT HRFEFHES XA [1-(H A ODyy @ 4
ODs;)] X 100 ©

R RS

VA t test AT AT EAE KR M 2 &8 R
R 0 & p <005 A 7iE R &£ o L Pearson
Correlation test 47 F Bk AR A M HEZ 547 »
% #8 Bl 1% 8 (correlation coefficient, r) & —1 & 1 »
AT AZAMME o A4 03 %03 M ATIER
KA E@IKE M AR 03 E 0640306
ZH R TFEQRAETEAAR A4 -06E-09
B06E09ZH » AREBRAGZEAMN -
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AR > mARBRILA G KR BRI o sbwAE K KRG EEZHAE "ﬁé%&?;ﬁ%’ KR AT

k— i wHEARZIRENE

f El: CRERES s Ve 5 .
HRE TRE RS b 954 3 oH 4 B B L
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The Development of Alternative Meat Industry Driven by the Trend of Net
Zero Carbon Emissions, Research Progress and Future Challenges
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ABSTRACT
In the changing trend of global consumers’ dietary habits, the importance of meat alternatives is
increasing due to consumers’ increasing awareness of the future environment and health in their diets,
such as animal diseases, depletion of natural resources and greenhouse gas emissions. We introduced
in detail the types, ingredients, processing technology, production efficiency, product characteristics

and market conditions of artificial meat information, advantages, and challenges. We also analyzed the
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trends, nutrition, health and safety of artificial meat research. At present, the artificial meat products on

the market are plant-based meat, using plant protein for processing to make the texture and taste similar

to meat products. Proteins from different plant sources also make different contributions to plant-based

meat. The application of techniques such as extruding gives plant-base meat different physical properties.

Nowadays, plant-based meat is mainly sold in Western countries. As consumers’ interest in this product

is increasing day by day, Asian countries will also become potential markets in the future. In terms of

the environment, plant-based meat is also conducive to reducing carbon emissions, energy consumption

and land use. This sustainable development of future has high potential. plant-based meat is expected to

promote the food market in the future.

Keywords: artificial meat, plant-based meat, meat alternatives
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Abstract: In December 2020, the U.K. authorities reported to the World Health Organization (WHO)
that a new COVID-19 variant, considered to be a variant under investigation from December 2020
(VUI-202012/01), was identified through viral genomic sequencing. Although several other mutants
were previously reported, VUI-202012/01 proved to be about 70% more transmissible. Hence, the
usefulness and effectiveness of the newly U.S. Food and Drug Administration (FDA)-approved
COVID-19 vaccines against these new variants are doubtfully questioned. As a result of these
unexpected mutants from COVID-19 and due to lack of time, much research interest is directed
toward assessing secondary metabolites as potential candidates for developing lead pharmaceuticals.
In this study, a marine-derived fungus Aspergillus terreus was investigated, affording two butenolide
derivatives, butyrolactones I (1) and III (2), a meroterpenoid, terretonin (3), and 4-hydroxy-3-(3-
methylbut-2-enyl)benzaldehyde (4). Chemical structures were unambiguously determined based
on mass spectrometry and extensive 1D/2D NMR analyses experiments. Compounds (1-4) were
assessed for their in vitro anti-inflammatory, antiallergic, and in silico COVID-19 main protease (MP*®)
and elastase inhibitory activities. Among the tested compounds, only 1 revealed significant activities
comparable to or even more potent than respective standard drugs, which makes butyrolactone I (1)
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a potential lead entity for developing a new remedy to treat and/or control the currently devastating
and deadly effects of COVID-19 pandemic and elastase-related inflammatory complications.

Keywords: Aspergillus terreus; butenolides; antiallergic; COVID-19 MP™; elastase

1. Introduction

For more than a year now, since 2019, the whole world has been faced with the
Coronavirus Disease 2019 (COVID-19) pandemic, believed to be caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV 2), a zoonotic viral infection that first
emerged and was reported in Wuhan, China in December 2019 [1,2]. During this year,
scientists from all around the globe set new horizons for collaborations to race against
time to produce a dependable and a reliable vaccine. This mission was accomplished
in December 2020 when the U.S. Food and Drug Administration (FDA) issued the first
Emergency Use Authorization (EUA) for the Pfizer-BioNTech vaccine [3] and the United
Kingdom approved the emergency use of the Oxford-AstraZeneca vaccine for the preven-
tion of the COVID-19 in individuals 16 years of age or older [4]. However, simultaneously,
two new viral variants were identified at two widely spaced localities in London, United
Kingdom, designated as a variant under investigation of December 2020 (VUI-202012/01)
and in Cape Town, South Africa, named 501.V2, that both shared a common worrying
feature of being up to 70% more transmissible [5]. New variants are not the only ones
evolved by SARS-CoV-2, but they are the ones that succeeded in adopting uncontrolled
transmission among humans, forcing several countries to move back to strict lockdowns,
social distancing and other infection control measures [5]. These two new variants also
raised questions about the efficacy and effectiveness of the approved vaccines against them,
which will take more time to figure out.

In other domains, more research efforts have been directed toward finding out other
treatment alternatives to ease COVID-19 severity in vulnerable patients, especially acute
respiratory distress symptoms mainly caused by neutrophil elastase (NE) enzyme, an
intracellular enzyme stored in azurophilic granules of polymorphonuclear neutrophils
(PMNs) that are a major component of human innate immunity [6,7]. Although NE’s main
function is to devastate functional proteins of xenobiotics and/or pathogens of various
origins, it has also been found to induce deleterious effects on the lungs as elastin-rich
connective tissue affording pathologic edematous symptoms such as acute lung injury
(ALI), acute respiratory distress syndrome (ARDS), or chronic obstructive pulmonary
disorder (COPD) [7,8]. Moreover, NE contributes to the invasion of SARS-CoV-2 into host
cells and plays a role in the COVID-associated ARDS, developed usually in the late stage
of the COVID disease. Currently, sivelestat is the only approved NE inhibitor for the
treatment of ARDS (in Korea and Japan) [9].

Fungi from various environments proved to be a prolific source producing a plethora
of secondary metabolites with intriguing spectrum of biological activities and/or indus-
trial applications [10]. The Aspergillus genus is among the most abundant fungal genera,
comprising about 250 species, and is a major source contributing to the discovery of bioac-
tive fungal metabolites [11]. Aspergillus terreus is a widely distributed fungus in diverse
environments including extreme living conditions of high salinity [12], high tempera-
ture [13], high alkalinity [14], and drought [15]. Its ability to accommodate these extreme
conditions stressed its probable evolution of gene clusters or regulatory mechanism to
acclimatize these environments that may also induce the biosynthesis of a wide variety
of fungal secondary metabolites including alkaloids, polyketides, peptides, terpenes, and
lignans [11,16-19]. Butenolides (a rare type of lignans) and terretonins (meroterpenoids)
are considered as typical metabolites of the genus Aspergillus that have exhibited a wide
range of bioactivities such as antibacterial [20], cytotoxic [21], anti-inflammatory [22],
antioxidant [23], and antiviral activities [24].
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As part of our ongoing research directed toward exploring secondary metabolites for
their relevant bioactivities, we investigated those obtained from a marine-derived fungus
Aspergillus terreus for their in vitro anti-inflammatory, antiallergic, and in silico molecular
modeling against the COVID-19 main protease (MP™) as a potential target for developing
an antiviral drug. In this study, we report the isolation and identification of four different
fungal metabolites (1-4) (Figure 1), their in vitro bioactivity assessment, and their in silico
docking study results.

o)
OH
HO { o
/ o)
vy
o)
OCHj
2
OH
o)
H
4

Figure 1. Chemical structures of 1-4.

2. Results and Discussion
2.1. Isolation and Characterization of Main Secondary Metabolites in the Fungal Extract

A detailed chromatographic investigation of the solid rice culture extract from the
cultivated fungal strain Aspergillus terreus derived from the marine annelide Spirorbis sp.
was performed by applying different chromatographic procedures; that is, MS, 1D and 2D
NMR spectral analyses, and comparing the obtained results with the reported literature.
The obtained results afforded four different compounds.

Compound 1 was isolated as an orange-coloured amophous solid. Its UV spectrum
revealed two absorption maxima (Amax) at 210 and 307 nm. The HRESIMS revealed
the presence of two pseudomolecular ion peaks at m/z 447.12980 [M + Na]* (calcd. for
Co4H407Na, 447.13092) and at m/z 423.12077 [M — H]~ (calcd. for Co4H»307, 423.12201).
Hence, the molecular formula was established to be C4H»407, indicating the existence of
13 degrees of unsaturation. The 3C NMR, DEPT, and HMQC spectra of 1 differentiated
the presence of 11 quaternary carbons including two carbonyl groups (8¢ 170.1 and 6¢
169.8), three oxygenated olefinic carbons (6¢ 157.2, d¢ 153.2, and 5¢ 144.9), five olefinic
carbons (8¢ 137.7, 133.9, 128.8, 124.6, and 121.8), and one aliphatic quaternary carbon
(8¢ 86.2). In addition, eight tertiary, two secondary, and three primary carbons were also
distinguished. The 'H NMR spectrum of 1 clearly revealed the existence of two different
aromatic systems, one recognized as 1,4-disubstituted phenyl and illustrated by two proton
resonances each integrated for two protons at 6y 6.90 (2H, d, | = 8.8 Hz) and at 0y 7.61 (2H,
d, ] = 8.8 Hz). The second aromatic spin system was shown to be an 1,3 4-trisubstituted
aromatic moiety as represented by three different proton resonances at oy 6.59 (1H, dd,
] =8.1,2.0 Hz), 8y 6.52 (1H, d, ] = 8.1 Hz), and 6y 6.51 (1H, d, ] = 2.0 Hz). Moreover, the 'H
NMR spectrum displayed three singlet methyl groups including one oxygenated methoxy
group (811 3.75/8¢ 53.7) and two olefinic methyl groups at 8y 1.65 and b1y 1.59 ppm directly
connected to carbon peaks at 8¢ 25.7 and 8¢ 17.7 ppm, respectively. By comparing the
obtained data with the reported fungal metabolites in the literature, they revealed a great
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agreement to butyrolactone I, a butenolide fungal metabolite first reported from Aspergillus
terreus var. Africans IFO8355 [25-27].

Compound 2 was purified as a yellow-coloured amorphous solid showing absorption
maxima (Amax) in its UV spectrum at 225 and 308 nm similar to those shown by 1. The
HRESIMS of 2 exhibited two pseudomolecular ion peaks at m/z 463.12586 [M + Na]*
(caled. for Co4Hp4OgNa, 463.12691) and at m/z 439.11538 [M — H] ™~ (calcd. for Cp4H»30s,
439.11654), indicating the molecular formula to be Cp4H4Os, differing by an additional
oxygen atom compared with butyrolactone I (1) and similarly having 13 degrees of unsat-
uration. The 'H and *C NMR spectra of 2 revealed a close similarity to 1, except for the
disappearance of the characteristic isoprenyl peaks and the existence of two oxygenated sp®
carbons differentiated into one methine (6c 69.7) and one aliphatic quaternary carbon (6¢
76.8) together with two singlet methyl groups at 6y 1.21 (6¢ 24.8) and 811 1.24 (5¢ 22.0). The
HMBC spectrum of 2 exhibited clear long-range correlations from the two singlet methyl
groups to two carbons at 0c 69.7 and &¢ 76.8, suggesting the replacement of isoprenyl
moiety by an epoxy ring. By searching the reported literature, compound 2 was confirmed
to be butyrolactone III [28,29].

Compound 3 was obtained as a creamy-coloured amorphous solid, with its UV
spectrum showing two absorption maxima (Amax) at 220 and 278 nm. The molecular
formula was determined to be CysH3,Og based on its HRESIMS spectrum, which disclosed
the presence of two pseudomolecular ion peaks at m/z 489.2070 [M + H]J* (calcd. for
C6H3309, 489.2125), at m/z 511.1887 [M + Na]* (caled. for CocH3,O9Na, 511.1944), and
at m/z 487.1971 [M — H]™ (calcd. for CysH31O9, 487.1968), indicating the existence of
11 degrees of unsaturation. Both 1D and 2D NMR spectra of 3 revealed a similar pattern
to those presented by terretonin, a meroterpenoid previously reported from A. terreus
fungus [30,31].

Compound 4 was obtained as a red-coloured solid powder. Its '>*C NMR spectrum
revealed twelve distinct carbon resonances that can be differentiated through 'H NMR and
HMQC experiment into four quaternary (5¢ 161.1, 132.2, 128.5, and 128.4), five tertiary
including one aldehyde carbon at 6c 191.1 s, together with three aromatic carbons (8¢
130.7, 8¢ 130.1, and 8¢ 115.1) and an olefinic carbon at 5¢c 121.9 [6y 5.29 (1H, td, | =74,
1.5 Hz)]; one secondary carbon at 6c 27.7 [6y 3.26 (2H, d, ] = 7.4 Hz)]; in addition to
two primary carbons at 6c 25.5 [0y 1.71 (3H, d, ] = 1.5 Hz)], and 6¢ 17.6 [6y 1.68 (3H,
d, ] =15Hz)]. The 'H NMR spectrum in DMSO-d;; revealed a clear 1,3,4-trisubstituted
aromatic moiety through three proton resonances at 6y 7.60 (1H, d, | = 8.2, 2.2 Hz), oy
758 (1H, d, ] = 2.2 Hz), and &y 6.95 (1H, d, ] = 8.2 Hz). In addition, it also showed two
deshielded protons at 6y 10.58 and 811 9.75 ppm ascribed for an aromatic hydroxyl group
and an aldehyde moiety, respectively. By comparing the obtained 1D and 2D NMR data of
4 with the reported literature, it turned out to be identical to those reported for 4-hydroxy-
3-(3-methylbut-2-enyl)benzaldehyde, a fungal metabolite first reported in 2012 from the
root rotting pathogen Heterobasidion occidentale [32] and later reported from the fruits of
Narthecium ossifragum [33].

Based on the previous reports about the activity of butyrolactones, they have been dis-
tinguished as potent inhibitors of cyclin-dependent kinases (CDKs) that play an important
role in the occurrence of various diseases such as cancer, Alzheimer’s disease, Parkinson’s
disease, stroke, diabetes, glomerulonephritis, and inflammation. Isolated butyrolactones
(1 and 2) along with terretonin (3) and 4-hydroxy-3-(3-methylbut-2-enyl)benzaldehyde (4)
were subjected to in vitro antiallergic, anti-inflammatory, anti-HCoV-229, and neutrophil
elastase enzymatic assays. The viability assays towards the cells used in the tests were
also performed.

2.2. Degranulation Assay in Mast Cells

The toxicity of isolated compounds was tested on RBL-2H3 cells up to 100 uM. The
results revealed that all tested compounds were non-toxic as illustrated by the viability
rate exceeding 90%. Isolated compounds (1-4) were then tested for their antiallergic
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activity via determining their inhibitory activities against A23187- and antigen-induced
B-hexosaminidase release in RBL-2H3 cells. Calcium ionophore A23187 induces calcium
transport into the mast cell membrane, whereas antigen (IgE plus DNP-BSA) acts via
the FceRI receptor, resembling a physiological condition. The attained results (Table 1)
displayed that only butyrolactone I (1), among the tested compounds, showed moderate
antiallergic activity, illustrated via inhibiting A23187- and antigen-induced degranulation
with ICsg values of 39.7 and 41.6 uM, respectively, compared with azelastine as a standard
antiallergic drug (34.5 and 35.5% at 10 uM, respectively). The obtained results are in
accordance with and supported by the previously reported activity of 1 in alleviating
ovalbumin-induced allergy symptoms via reducing the levels of histamine and mouse
mast cell proteinases [34].

Table 1. Inhibitory activity of butyrolactone I (1) on A23187- and antigen-induced degranulation.

Cell Viability, = Inhibition of A23187-Induced Inhibition of Antigen-Induced

Compound. RBL-2H3 ? Degranulation ® Degranulation ¢
% (100 uM) ICso (uM) 4 ICsq (uM) 4
Butyrolactone I (1) >90% 39.7¢ 416f
Butyrolactone III (2) >90% >100 >100
Terretonin (3) >90% >100 >100
4-Hydroxy-3-(3-methylbut-2-
enyl)benzaldehyde >90% >100 >100
4)

2 The cytotoxicity of samples to RBL-2H3 was evaluated using MTT viability assay. The results are presented as mean (n = 3) compared
with untreated control (DMSO). All samples were nontoxic towards RBL-2H3 cells. b Azelastine (10 uM) was used as a positive control and
inhibited 34.5 £ 2.5% of A23187-induced degranulation. The inhibition of degranulation was assessed by A23187-induced -hexosaminidase
release in RBL-2H3 cells. The results are presented as mean & S.E.M. (1 = 3). ¢ Azelastine (10 uM) was used as a positive control and inhibited
35.5 & 8.1% of antigen-induced degranulation. The inhibition of degranulation was assessed by antigen-induced B-hexosaminidase release
in RBL-2H3 cells. The results are presented as mean & S.EM (1 = 3). d Concentration necessary for 50% inhibition (ICsp). © Butyrolactone I
(1) showed dose-dependent inhibition of A23187-induced degranulation with 26.0 £ 2.4% (10 uM) and 98.7 £ 0.7% inhibition at 100 uM.
f Butyrolactone I (1) showed dose-dependent inhibition of antigen-induced degranulation with 30.0 & 3.3% (10 uM) and 87.0 £ 2.4%
inhibition at 100 uM. >100, not active (insignificant inhibition of degranulation at 100 uM, below 20%).

2.3. Human Neutrophil Viability, Elastase Release, and Elastase Enzymatic Assays

The results of an in vitro anti-inflammatory assay of compounds 1-4 (Table 2) revealed
that only butyrolactone I (1) featured potent inhibitory activities against neutrophil elastase
release (ICsp = 2.30 uM). Interestingly, butyrolacotone I (1) rather than III (2) exhibited
significant activities more potent than genistein used as a standard drug (ICsy = 32.67 uM).
Further, the cell viability assay based on lactate dehydrogenase release was performed to
exclude toxic effects of 1 on human neutrophils. Both butyrolactone I (1) and III (2) were
non-toxic to neutrophils (Table 2). Human neutrophil elastase plays a pivotal role in the
development of several inflammatory symptoms including respiratory harmful effects
accompanying several acute and chronic respiratory disorders [8]. In the cell-free system,
butyrolacotone I (1) revealed a dose-dependent direct inhibitory effect on the enzymatic
activity of elastase (Figure 2) with an ICsy value of 16.70 uM (Table 2). Based on these
results, the anti-inflammatory effects of 1 were, at least partly, attributed to its interaction
with elastase enzyme. Therefore, we performed the following in silico molecular modeling
experiment to simulate and identify the interaction sites.
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Table 2. Effects of the isolated compounds from the marine-derived fungus Aspergillus terreus on elastase release, viability,
and elastase enzymatic activity in vitro.

Elastase Release in Human Cell viability, Human Elastase Enzymatic Activity

Compound Neutrophils * Neutrophils € (Cell-Free) 4

ICs (UMD ® % (10 M) ICs (UMD ®

Butyrolactone I (1) 2.30 £0.27 94.13 £2.31 16.70 + 2.64
Butyrolactone III (2) >10 98.25 + 1.77 >30
Terretonin (3) >10 n.t. n.t.

4-Hydroxy-3-(3-methylbut-2-
enyl)benzaldehyde >10 n.t. n.t.
(4)

? Inhibition of elastase release in fMLF/cytochalasin B (CB)-induced human neutrophils. Genistein inhibited elastase release with an ICs
value 32.67 + 1.45. ¥ Concentration necessary for 50% inhibition (ICsg). The results are presented as mean + S.EM. (n = 3). * p < 0.05,
**p <0.01, ** p < 0.001 compared with the control (0.1% DMSO). ¢ Percentage of cell viability (%) at 10 uM. The results are based on the
lactate dehydrogenase release and presented as mean + S.E.M. (1 = 3). 4 Sivelestat was used as a positive control and inhibited elastase
enzyme with an ICsg value 17.92 £ 4.66 nM. n.t.: not tested.
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Figure 2. In vitro elastase inhibitory activity of butyrolactone I (1) in the cell-free system. The results
are presented as mean £ S.EM. (n =3). *p < 0.05, ** p < 0.01 compared with the control (0.1% DMSO).

2.4. Molecular Docking Studies

Docking studies were used to investigate the affinity of isolated compounds to the
human neutrophil elastase (NE). The crystal structure of NE is available in the protein data
bank (PDB) with the ID 1H1B co-crystalized with GW475151. Validation of the docking
procedure was reported earlier, where the co-crystalized ligand was redocked in the active
site with a docking score of —6.9 kcal/mol, and an RMSD of 1.317 between docked, and
crystalized structures [35]. The co-crystalized ligand is known to form a hydrogen bond
with Ser195 that is important for binding [36]. In this study, we have docked the isolated
compounds (1-4) in the active site of the human NE. Out of the tested compounds, only
butyrolactone I (1) has shown a docking score superior to that of the co-crystalized ligand
(Table 3). All of tested compounds were found to form a hydrogen bond with Ser195
similar to GW475151, the co-crystalized ligand. It is worth mentioning here that 1 was
found to inhibit human elastase in vitro with an ICsq of 16.70 M (Table 2). The binding
mode of compound 1 as well as its interaction with amino acids in the active site is shown
in Figure 3. Butyrolactone III (2), which is a very similar structure, did not show similar
results in either elastase assays (Table 3, no noticed inhibition at concentration up to 10 uM)
or docking study. This might be attributed to the fact that the isoprene part of butyrolactone
I (1) is docked in a hydrophobic side pocket, forming hydrophobic interactions with Phe21
and Leu99, as can be seen in Figure 3. This binding mode will not be favored for the
epoxide ring of butyrolactone III (2), leading to a flipped alternative binding mode that is
missing the key interaction with Ser195.
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Table 3. Docking results of tested compounds in the active sites of human NE (1H1B) and SARS-CoV-2 main protease
(6LU7). Amino acids’ interactions with both the co-crystalized ligands and tested ligands are shown bold.

1H1B (Elastase) 6LU7 (MP™)

Ligand Binding Affinity Interacting Binding Affinity . .
(keal/mol) Residues (keal/mol) Interacting Residues
Butyrolactone I (1) -7.3 Ser195-Argl47 —7.3 Gly143-Ser144- His163-Glu166
Thr26- Leu141-Gly143- Ser144-
Butyrolactone III (2) —6.7 Ser195-Argl47 —-7.8 Cys145- His163- Glu166
Terretonin (3) —6.7 Ser195- Val216 -7.8 Asnl142- Gly143- His163
4-Hydroxy-3-(3-methylbut- } ! ) 3
2-enyl)benzaldehyde —5.1 Ser195- Cyc191 ~5.6 Leul4]-Gly143-Serl4d-Cys145
@) Glul66
1H1B-Ligand —6.9 Ser195 - -

6lu7-Ligand

Phe140, Gly143, His163, His164,

- - ~7.1(3rd pose) Glu166, GIn189, Thr190

Figure 3. Docking of compound butyrolactone I (1) (blue) in the active site of human NE. (a) Interactions of 1 with amino
acids in the active site. (b) Docking pose of 1.

In addition to the human NE, we were also interested in investigating the potential
binding and inhibitory activities of isolated compounds against SARS-CoV-2 main protease
(MP™) owing to the current pandemic situation. The viral main protease is a key enzyme
in the virus life cycle that has been the target for several investigations since the beginning
of last year. The target crystal structure is available under PDB ID of 6LU7 co-crystalized
with a peptide-like inhibitor called N3 [35]. It was found to interact with several amino
acids in the active site, including Phe140, Gly143, His163, His164, Glul66, GIn189, and
Thr190. Several research groups investigated synthetic and natural products for their
inhibition of this target among other SARS-CoV-2 targets [36-38]. We have previously used
the same target to investigate the potential inhibition of phytochemicals from the Jordanian
hawksbeard [39]. We also reported validation of the same docking procedure through the
docking of N3 co-crystalized ligand in the active site of 6LU7 [39]. The docking score of the
co-crystalized ligand was found to be —7.1 kcal/mol.

Among the tested compounds, butyrolactone III (2) and terretonin (3) have shown the
best scores (—7.8 kcal/mol) compared with the co-crystalized ligand N3 (—7.1 kcal/mol),
as shown in Table 3. Both compounds were found to bind in the same pocket where N3
binds, but each overlaps with slightly different parts of N3, as shown in Figure 4. In
addition, both compounds were able to maintain two of the hydrogen bonds seen with N3,
which include hydrogen bonds with Gly143 and His163.
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Figure 4. Poses and interactions of tested compounds in the active site of SARS-CoV-2 main protease
(6LU7). (a) Interactions of butyrolactone III (2) (Cyan) in the active site. (b) Overlapping of butyro-
lactone III (2) with co-crystalized ligand N3 (yellow). (c) Interactions of terretonin (3) (pink) in the
active site. (d) Overlapping of terretonin (3) with co-crystallized ligand N3 (yellow). (e) Binding pose
of butyrolactone I (1). (f) Overlapping of the binding poses of butyrolactone I (1) and butyrolactone
II (2). (g) Structure of the co-crystallized ligand (N3) in 6LU7 pdb file.

Beside these two hydrogen bonds, both compounds were found to form other hydro-
gen bonds and hydrophobic interactions with residues in the active site of the SARS-CoV-2
main protease, as shown in Table 3 and Figure 4. In addition to these two compounds, bu-
tyrolactone I (1) has also shown a docking score that is better than that of the co-crystalized
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ligand (N3), but weaker than 2 and 3. The docking pose of butyrolactone I (1) in the
active site of the main protease is shown in Figure 4e. This docking pose is very similar,
as expected, to the proposed binding pose of butyrolactone III (2), as seen in Figure 4f.
Compound 4, on the other hand, showed the lowest binding affinity (-5.6 kcal/mol) to
SARS-CoV-2 main protease compared with the co-crystalized ligand N3. Furthermore, we
performed an in vitro human coronavirus 229E (HCoV-229) assay to determine possible
protective effects of compounds 1-4 (10 uM) against the HCoV-229 infection in Huh? cells;
however, none of the compounds exerted effects (see supplementary materials, Figure S1).

These results suggest a potential role of these isolated compounds in the inhibition of
the SARS-CoV-2 main protease with a possible role in controlling the new virus and late
stage of coronavirus-associated ARDS inflammation. The results also support the need for
further investigation of these compounds as well as the natural products reservoir for new
leads that could help us with our battle against the COVID-19 virus.

3. Materials and Methods
3.1. General Experimental Procedures

A Perkin-Elmer-241 MC polarimeter was used for determining optical rotation. Chro-
matographic separation procedures were performed applying column chromatography
with different stationary phases such as silica gel 60 M (0.04-0.063 mm) and Sephadex
LH20. For screening purposes, ready-made silica gel 60 F»s4 TLC plates (Merck, Darm-
stadt, Germany) were used. For visualization purposes of TLC plates, UV light at 254
and 365 nm wavelengths was applied as a non-destructive technique or after spraying
with anisaldehyde reagent and heating. Final purification of fractions was achieved using
preparative HPLC (Agilent, Santa Clara, CA, U.S.A.) on Zorbax Eclipse XDB-C18 (Agilent
technologies, Santa Clara, CA, U.S.A.) preparative column (9.4 mm x 250 mm, L x ID;
5 um particle size) at a flow rate of 2 mL/min and UV screening detection at 210 to 330 nm.
A standard gradient elution was applied using (MeOH, in Water): 0 min, 10% MeOH; 5 min,
10% MeOH; 40 min, 90% MeOH, with a flow rate of 1 mL/min. Each solvent ratio/flow
timetable will be present for the compounds purified by HPLC. Preparative TLC separation
was done using Flat Bottom TLC Chamber (Camag®, Muttenz, Switzerland). Silica gel 60
(0.04-0.063, Merck, Darmstadt, Germany) and Sephadex® LH-20 (Sigma-Aldrich, St. Louis,
MO, USA) were used for column chromatography and separation was monitored using
normal phase silica gel precoated plates Fps4 (Merck, Darmstadt, Germany). An Agilent
600 MHz spectrometer (Santa Clara, CA, USA) was used for 1D (H and '3C NMR) and 2D
NMR spectra (chemical shifts in ppm). Chloroform-d, DMSO-dg and methanol-d4 NMR
solvents (Sigma Aldrich, Munich, Germany) were used to dissolve the isolated compounds.
Supplementary materials of this study includes HPLC chromatograms, Mass, 1D, and
2D NMR spectra of isolated compounds along with NMR data for each compound in a
tabulated form.

3.2. Sponge and Fungal Strain Material

The fungus Aspergillus terreus was separated from the annelide Spirorbis sp., which
was collected by one of our co-authors (B.G.) from Marmara Sea, Istanbul, Turkey in July,
2018. For identification, this fungus was cultured on Sabouraud 4% dextrose agar (SDA,
Merck, Germany) at room temperature for a week in an incubator (Ntive, Turkey). The
fungus was identified as Aspergillus terreus (GenBank accession number MT273950) based
on DNA amplification and ITS (internal transcribed spacer) sequencing data analysis, as
reported previously in the literature. This fungal strain was deposited in the laboratory of
the Department of Pharmacognosy, Faculty of Pharmacy, Ankara University (B.K.).

3.3. Fermentation, Extraction, and Isolation

The fungal strain was cultivated on a 100 mL solid rice medium prepared by au-
toclaving (100 g of rice and 100 mL of distilled water containing 3.5% artificial sea salt
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in a 60-piece 2000 mL Erlenmeyer flask). Fermentation continued for 30 days at room
temperature away from light under static conditions.

To discontinue the fermentation process, ethyl acetate (EtOAc) (3 x 350 mL) was
added to each flask to stop the growth of cells. After adding EtOAc, flasks were shaken for
12 h, then filtered, and EtOAC filtrate was pooled and evaporated under reduced pressure
until yielding a solid residue (3.7 g). The crude extract was then partitioned between
n-hexane and 90% aqueous MeOH by liquid-liquid fractionation, where both fractions
were collected and dried up under vacuum. The aqueous 90% MeOH phase (1.3 g) was
subjected to vacuum liquid chromatography (VLC) using silica gel 60 as a stationary phase
and the mobile phase started with n-hexane/EtOAc (30:70) followed by a gradient elution
development of DCM/MeOH (100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 30:70, 10:90, 0:100),
respectively, affording ten fractions (AT-1~AT-10).

All obtained fractions were subjected to TLC and analytical HPLC procedures. Frac-
tion AT-2 was chosen for further preparative TLC and HPLC purification procedures.
Fraction AT-2 (272 mg), eluted with DCM/MeOH (100:0), was applied on column chro-
matography using silica gel (Qingdao Haiyang Chemical HG/T2354-92) as stationary
phase and petroleum ether/EtOAc as mobile phase at ratios of 4:1, 3:1, 2:1, and 1:1, each
300 mL, respectively, yielding 1 (4.4 mg), 2 (5.3 mg), and 4 (1.8 mg). The subfraction of
AT-4 (78 mg) from silica column application was applied on column chromatography using
silica gel as the stationary phase and petroleum ether/EtOAc as the mobile phase at ratios
of 4:1, 3:1, 2:1, and 1:1, each 200 mL, followed by preparative HPLC for final purification to
yield 3 (2.0 mg).

Butyrolactone I (1). Orange-coloured amophous solid; [oc]zDO +91.0° (c 0.02, MeOH); UV
(MeOH) Amax 210 and 307 nm; 'H and 3C NMR, see supplementary material Table S1;
HRESIMS m/z 447.12980 [M + Na]* (caled. for Cp4H>4O7Na, 447.13092) and at m/z
423.12077 [M — H]~ (calcd. for Co4Hp307, 423.12201).

Butyrolactone 1II (2). Yellow-coloured amorphous solid; [ochz)o +76.0° (¢ 0.02, MeOH); UV
(MeOH) Amax 225 and 308 nm; 'H and 3C NMR, see supplementary material Table S2;
HRESIMS m/z 463.12586 [M + Na]* (caled. for CpyH>4OgNa, 463.12691) and at m/z
439.11538 [M — H]~ (calcd. for CpsHasOs, 423.11654).

Terretonin (3). Creamy-coloured amorphous solid; [oc]zDO —112.4° (¢ 0.02, MeOH); UV
(MeOH) Amax 220 and 278 nm; 'H and 3C NMR, see supplementary material Table S3;
HRESIMS m/z 489.2070 [M + H]J* (caled. for CoH3309, 489.2125), m/z 511.1887 [M + Na]*
(calcd. for CysH30O9Na, 511.1944), and m/z 487.1971 [M — H]~ (calcd. for CygH3z1Oo,
487.1968).

4-Hydroxy-3-(3-methylbut-2-enyl)benzaldehyde (4). Red-coloured solid powder; 'H and '3C
NMR, see supplementary material Table S4.

3.4. Degranulation Assay and MTT Cell Viability Assay in Mast Cells

The mucosal mast-cell-derived rat basophilic leukemia cells (RBL-2H3) were pur-
chased from Bioresource Collection and Research Center (Hsin-Chu, Taiwan). The cells
were cultured in DMEM containing 10% FBS, 100 U/mL penicillin, and 100 pug/mL strep-
tomycin in 10 cm cell culture dishes at 37 °C in a humidified chamber with 5% CO; in
air. The level of degranulation in RBL-2H3 cells was evaluated using B-hexosaminidase
release assay induced by A23187 or antigen as reported before with some modifications [40].
Briefly, the cells were seeded in a 96-well plate (2 x 10% cells/well, for the A23187-induced
assay) or a 48-well plate (3 x 10* cells/well, for the antigen-induced assay) overnight. The
cells for the antigen-induced assay were sensitized with anti-DNP IgE (0.5 pg/mL; Sigma)
during seeding overnight. RBL-2H3 cells were then treated with the samples (0.5, 5, and
50 uM) for 30 min in Tyrode’s buffer with a maximal DMSO dose of 0.5%. For the A23187-
induced assay, the cells were activated by addition of A23187 (final concentration 0.5 uM),
while cells for the antigen-induced assay were activated by the addition of DNP-BSA (final
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concentration 100 ng/mL) for 30 min. Azelastine (10 uM) served as the positive control.
The amount of B-hexosaminidase was detected using the method utilizing p-NAG as the
substrate according to the procedure described before [41].

The viability of the RBL-2H3 cells in the presence of the samples (10 and 100 uM) was
determined using the methylthiazole tetrazolium (MTT) assay according to a previous
method [41].

3.5. Elastase Release Assay and Lactate Dehydrogenase (LDH) Viability Assay by
Human Neutrophils

The human neutrophils were obtained from venous blood of healthy adult volun-
teers (20-30 years old) following the reported procedure [42]. Elastase release by the
activated neutrophils was determined using elastase substrate (N-methoxysuccinyl-Ala-
Ala-Pro-Val-p-nitroanilide) according to the previous methodology [42]. The tested samples’
concentration was 1 to 10 uM and the total incubation time in fMLF/CB-induced cells was
15 min. Genistein was used as the positive control. Cytotoxicity test was performed based
on the release of LDH stored in the cytoplasm out of the cells [43]. Briefly, preheated (37 °C,
5 min, 1 mM CaCl,) human neutrophils (6 x 10° cells-mL~!) were incubated with test
compounds for 15 min. Total LDH release control was represented as completely lysed cells
by 0.1% of Triton X-100 solution incubated with cells for 30 min. The cells were centrifuged
at 4 °C for 200x g for 8 min, and LDH reagent was added to supernatant and reacted at
room temperature for 30 min in the dark. The absorbance was then measured at 492 nm,
and the LDH release was calculated and compared to the total LDH release set as 100%.

3.6. Determination of Elastase Enzymatic Activity

The compounds were further tested for direct inhibition of elastase enzymatic ac-
tivity [43]. The neutrophil suspension (6 x 10° cells mL~!) was preheated for 5 min in
the presence of CaCl, (1 mM) at 37 °C. Priming agent CB (1.5 pg mL~!) was added for
2 min, followed by fMLF (0.1 uM) for 20 min to release the elastase from the cells. After
centrifugation at 1000 g for 5 min at 4 °C, the supernatant containing elastase was pre-
heated at 37 °C for 5 min, and the test compounds were added. Then, 0.1 mM of substrate
methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide was added for 10 min. The effect of the
compounds on elastase enzymatic activity was quantified by measuring the absorbance at
405 nm.

3.7. Molecular Modeling Studies

Docking study was done using the procedure we reported and validated earlier [39].
Tested compounds were downloaded from Pubchem (www.pubchem.ncbi.nlm.nih.gov,
accessed on 10 May 2021) or built from the 2D structures. Ligands and proteins were
prepared as reported earlier [44]. Docking analysis and image preparation were done
using PyMol. The proposed binding mode of the isolated compounds with neutrophil
elastase (NE) and SARS-CoV-2 main protease (MP™) was studied using Autodock Vina
and a method similar to what we reported earlier [39]. Here, crystal structures of NE (PDB
ID:1H1B) and SARS-CoV-2 MP™ (PDB ID: 6LU7) were used. Prepared and co-crystalized
ligands were docked in a grid box in the active site (25 x 25 x 25 A3, centered on co-
crystalized ligand) using exhaustiveness of 16. For each ligand, the top nine binding poses
were ranked according to their binding affinities and the predicted binding interactions
were analyzed. The pose with the best binding affinity and binding mode similar to
co-crystalized ligand was reported.

3.8. Coronavirus 229E Assay

The protective effects of the samples against human coronavirus 229E (HCoV-229)
were determined similarly to the previously described method [45]. Huh? cells (human
liver carcinoma cell line) were infected with 9TCID50 (median tissue culture infectious
dose) of each coronavirus 229E in the presence or absence of the compounds or vehicle.
After incubation at 33 °C for 6 days, the surviving cells were then stained with MTT (3-[4.5-
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dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide). The percentage of surviving cells
was then calculated.

4. Conclusions

Two butenolides, butyrolactons I (1) and III (2), along with one meroterpenoid, ter-
retonin (3), and a prenylated hydroxybenzaldehyde derivative (4) were isolated from a
marine-derived fungus Aspergillus terreus. Interestingly, butyrolactone I (1) revealed signifi-
cant in vitro antiallergic, anti-inflammatory, and antielastase activity. These results were
supported by molecular docking studies that also exhibited a possible potential role of
1 for inhibiting SARS-CoV-2 main protease, an essential enzyme for producing the viral
functional proteins. These results shed more light on butyrolactone I (1) and other buteno-
lide derivatives as potential candidates for developing lead compounds that may pave
the way for producing new pharmaceuticals against SARS-CoV-2 and/or its pathological
effects, in particular, ARDS, granting additional time for the immune system to fight for
the patient’s life.

Supplementary Materials: The following are available online, Figure S1: Human coronavirus 229E
(HCoV-229E) protective activity, Table S1: 1H and 13C NMR Data of butyrolactone I (1), Table S2:
1H and 13C NMR Data of butyrolactone III (2), Table S3: 1H and 13C NMR Data of terretonin (3),
Table S4: 1H and 13C NMR Data of 4-hydroxy-3-(3-methylbut-2-enyl)benzaldehyde (4).
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Abstract: Pancreatic cancer (PC) is an aggressive cancer with a high mortality rate, necessitating
the development of effective diagnostic, prognostic and predictive biomarkers for disease manage-
ment. Aberrantly fucosylated proteins in PC are considered a valuable resource of clinically useful
biomarkers. The main objective of the present study was to identify novel plasma glycobiomarkers
of PC using the iTRAQ quantitative proteomics approach coupled with Aleuria aurantia lectin (AAL)-
based glycopeptide enrichment and isotope-coded glycosylation site-specific tagging, with a view
to analyzing the glycoproteome profiles of plasma samples from patients with non-metastatic and
metastatic PC and gallstones (GS). As a result, 22 glycopeptides with significantly elevated levels
in plasma samples of PC were identified. Fucosylated SERPINA1 (fuco-SERPINA1) was selected
for further validation in 121 plasma samples (50 GS and 71 PC) using an AAL-based reverse lectin
ELISA technique developed in-house. Our analyses revealed significantly higher plasma levels
of fuco-SERPINAT1 in PC than GS subjects (310.7 ng/mL v.s. 153.6 ng/mL, p = 0.0114). Elevated
fuco-SERPINAT1 levels were associated with higher TNM stage (p = 0.024) and poorer prognosis for
overall survival (log-rank test, p = 0.0083). The increased plasma fuco-SERPINAL levels support the
utility of this protein as a novel prognosticator for PC.

Keywords: pancreatic cancer; plasma; glycobiomarker; AAL; iTRAQ-based quantitative proteome;
reverse lectin-based ELISA; fucosylated SERPINA1

1. Introduction

Pancreatic cancer (PC) is the most lethal malignant disease associated with a high
mortality rate. The 5-year survival rates of PC are reported as ~8% and 9% in the United
States [1] and European Union [2], respectively. In 2016, PC was ranked the eighth leading
cause of cancer-related mortality in Taiwan. Since the majority of early-stage (stage I or II)
PC cases are asymptomatic, ~80% patients present at later stages (stage III or IV) of disease
progression with metastatic spread and unresectable tumors at the time of diagnosis [3,4].
For patients with locally resectable non-metastatic disease, surgical resection followed
by adjuvant chemotherapy is the main treatment modality. Chemotherapy administered
to patients with advanced disease is frequently associated with treatment resistance and
unfavorable side effects. Effective management of PC thus remains a major challenge [5].
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Reliable diagnostic, prognostic and predictive biomarkers of PC for better patient stratifica-
tion and guidance of therapy choices remain an urgent medical requirement. Among the
currently available tumor biomarkers, CA19-9 is commonly used to monitor PC. However,
CA19-9 is not an effective biomarker for early detection in view of its false-positive results
in chronic pancreatitis, biliary tract inflammation and cancers in other organs, including
stomach, colon, ovary, uterus and liver [6,7].

Protein glycosylation, the most abundant posttranslational modification, plays fun-
damental roles in protein function. Aberrant protein glycosylation is known to regulate
numerous disease processes including malignant transformation [8]. For example, pre-
vious studies have reported significant involvement of aberrant protein fucosylation in
tumorigenesis of PC [9,10]. To facilitate systematic identification of glycoproteins involved
in the regulation of normal biological functions and/or disease processes, the lectin-based
approach has been employed to enrich glycopeptides for proteomic analysis [11,12]. Glyco-
proteomic analysis of N-linked glycopeptides using lectin-affinity capture coupled with
isotope-coded glycosylation site-specific tagging (IGOT) and isobaric tag for relative and
absolute quantitation (iTRAQ) labeling has also been developed to quantify and identify
glycopeptides with accurate glycosylated sites [11,12]. In 2014, Nie et al. [13] used a mi-
croarray of 16 lectins to identify Aleuria aurantia lectin (AAL), which recognizes terminal
a-linked fucose, as a useful tool to distinguish PC. The group further applied AAL-affinity
capture coupled with TMT labeling and label-free approaches to identify three serum
proteins (x-1 antichymotrypsin, thrombospondin-1 and haptoglobin) as a potential marker
panel for PC detection [13].

Following the initial discovery of dysregulated glycoproteins in biological samples,
researchers often need to develop methods to quantify glycosylation changes of specific
target glycoproteins in a large number of samples, such as serum/plasma, in a high-
throughput manner. For example, lectin-based antibody microarrays and lectin-based
immunosorbent assays (lectin-ELISA) have been developed, both of which are based on
coating antibodies to slides or 96-well plates followed by capture of antigens in samples
and subsequent detection of captured antigens by lectin [14-16]. However, glycans on
the antibodies used for coating to slides or plates may interfere with the assays, and
further experimental designs to diminish this type of interference are required [17,18].
To circumvent this issue, a reverse lectin-based ELISA system whereby specific lectins
are coated to slides or plates followed by capture of glycoproteins in samples and their
detection with specific antibodies has been applied successfully to quantify different
glycoproteins in serum/plasma samples [19,20].

In the present study, AAL was used as a glycopeptide enrichment tool for identifying
novel biomarkers from abundant protein-depleted plasma samples collected from PC patients
and subjects with gallstones (GS) by application of IGOT coupled with MS analysis. Numer-
ous plasma glycopeptides upregulated in PC patients compared to controls and predicted
to harbor core or antennary fucose were identified. Among them, fucosylated SERPINA1
(fuco-SERPINAT1) displaying the highest fold change between the metastatic PC and GS groups
was selected for further verification. Furthermore, a reverse lectin-based ELISA assay was
developed in-house to evaluate the biomarker potential of fuco-SERPINA1.

2. Results
2.1. Study Population and Experimental Design

We recruited 30 subjects (10 metastasis-free PC patients (M0), 10 PC patients with
distant metastasis (M1) and 10 subjects with gallstones (GS)) for the discovery experi-
ment and an additional 91 subjects (40 GS and 51 PC) for verification experiments. The
clinicopathological characteristics of the enrolled subjects are shown in Table 1. Plasma
samples were collected from all subjects for measurement of proteins and glycoproteins.
To establish useful plasma glycobiomarkers for PC, three groups of pooled plasma samples
from GS, M0 and M1 groups (10 cases per group) were subjected to depletion of the top
14 high-abundance proteins followed by iTRAQ labeling (with three plex 114, 115 and 116)
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and 2D-LC-MS/MS analysis for systemic comparison of differential expression of proteins
and glycoproteins. For glycoproteomic analysis, Aleuria aurantia lectin (AAL), identified
as an ideal lectin for discrimination of PC from normal and other pancreatitis cases [13],
was applied to enrich glycopeptides and N-glycosidase (PNGase F) used to eliminate
glycan from asparagine (Asn) in H,'®O-containing solution for transferring Asn to aspartic
acid (Asp) with 80 labeling to enhance the accuracy of identifying glycopeptides in MS
analysis. 80-labeled glycopeptides containing fucose and upregulated in PC were selected
as targets for verification. Glyco-SERPINA1, one of the candidate targets in plasma samples
of PC and GS, was further validated using reverse AAL-based ELISA. The workflow of our
study design is presented in Figure 1.

Table 1. Clinicopathological characteristics of the enrolled subjects used in this study.

Characteristics Gallstones Non-Metastatic Metastatic PC
(GS) PC (MO0) M1)

(For Discovery Experiment, n = 30) - - -
Female 6 5 1

Gender Male 4 5 9

Age (years) * 629 £11.0 61.5+9.38 59.9+93

. T3 - 4 4

Tumor size (T) Ta ) 6 6
Lymph node Yes - 8 8
metastasis (N) No - 2 2
Distant Yes - 0 10
metastasis (M) No - 10 0
Stage -1 - 4 0
I-1v - 6 10

(Total enrolled subjects, n = 121) - - -
Female 29 12 12

Gender Male 21 15 32

Age (years) 54.4 +13.2 61.3 £12.2 62.44+99

T1 - 1 0

. T2 - 1 4

Tumor size (T) T3 . 15 23
T4 - 10 16
Lymph node Yes - 21 37
metastasis (N) No - 6 7
Distant Yes - 0 44
metastasis (M) No - 27 0
Stage I-1T - 17 0
nI-1v - 10 44

? Data are shown in mean =+ standard d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>