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Growing Importance of Natural Products Research
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Natural products and preparations based on them play a stable and ever-increasing role in human
and veterinary medicine, agriculture, in food and the cosmetic industry, and in other increasing
numbers of fields. Their importance is based on the fact that they are mostly bound to renewable
sources, which in fact makes them valuable within a circular economy, inter alia. At the same time,
natural products give the origin of stereochemistry, optical activity, regioselectivity, chirality, and
many other concepts and directions within science, development, and industry in a scope, which is
indispensable. They serve as a constant powerful stimulus and model that inspires researchers to
create new effective tools, similar to natural ones for controlling bioregulation mechanisms and solving
practical problems. This was the reason for organizing this Special Issue aimed to underline current
developments in all fields connected to natural products.

Hence, the Molecules Special Issue “Synthesis, Study and Utilization of Natural Products” brought
in 15 papers, four reviews, and 11 full research communications.

The scope of the selected topics was rather broad, it showed the importance of the pegylated
purpurin 18 for photodynamic therapy of cancer [1], it presented the anti-platelet aggregation activity
study of ginkgolide-1,2,3-triazole derivatives [2], it showed that the overexpression of the melatonin
synthesis-related gene SLCOMT1 improves the resistance of tomato to salt stress [3]. Another study
revealed the effects of isosorbide incorporation into flexible polyurethane foams: reversible urethane
linkages and antioxidant activity [4]. The synthesis and in vitro evaluation of caffeoylquinic acid
derivatives as potential hypolipidemic agents [5] and the first total synthesis of varioxiranol A [6]
were also presented. Another study introduced to the readers the preparation of polysaccharides
from Ramulus mori, and their antioxidant, anti-inflammatory, and antibacterial activities [7]. Studied
were also the effect of enzymolysis on the performance of soy protein-based adhesive [8] and the
study of new octadecanoid enantiomers from the whole plants of Plantago depressa [9]. Connected
studies that combined the biological properties of another type of secondary metabolite described the
biosynthesis of fluorescent β subunits of C-phycocyanin from Spirulina subsalsa in Escherichia coli, and
their antioxidant properties [10] and presented the synthesis of the sex pheromone of the tea tussock
moth based on a resource chemistry strategy [11].

Review articles described well the synthesis and anticancer activity of CDDO and CDDO-Me,
two derivatives of natural triterpenoids [12], the advances in biosynthesis, pharmacology, and
pharmacokinetics of pinocembrin, a promising natural small-molecule drug [13], as well as recent
advances in the discovery and biosynthetic study of eukaryotic RiPP natural products [14]. Another
review article addressed the issue of whether polyphenols could help in the control of rheumatoid
arthritis [15].

Summing up, the current development in the chemistry of natural products proved to be so
exciting that now Molecules itself organized recently several special issues oriented to this unfinished

Molecules 2020, 25, 6; doi:10.3390/molecules25010006 www.mdpi.com/journal/molecules1
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and fruitful field of the activity of the world chemical community. It is important to wish chemists
and their friends in connected fields much enthusiasm and success in their work as it brings so many
useful fruits and tools for all humankind.

Acknowledgments: The Guest Editor wish to thank all the authors for their contributions to this Special Issue, all
the Reviewers for their work in evaluating the submitted articles and the editorial staff of Molecules for their
kind assistance.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Purpurin 18 derivatives with a polyethylene glycol (PEG) linker were synthesized as
novel photosensitizers (PSs) with the goal of using them in photodynamic therapy (PDT) for cancer.
These compounds, derived from a second-generation PS, exhibit absorption at long wavelengths;
considerable singlet oxygen generation and, in contrast to purpurin 18, have higher hydrophilicity
due to decreased logP. Together, these properties make them potentially ideal PSs. To verify this,
we screened the developed compounds for cell uptake, intracellular localization, antitumor activity
and induced cell death type. All of the tested compounds were taken up into cancer cells of various
origin and localized in organelles known to be important PDT targets, specifically, mitochondria and
the endoplasmic reticulum. The incorporation of a zinc ion and PEGylation significantly enhanced the
photosensitizing efficacy, decreasing IC50 (half maximal inhibitory compound concentration) in HeLa
cells by up to 170 times compared with the parental purpurin 18. At effective PDT concentrations,
the predominant type of induced cell death was apoptosis. Overall, our results show that the
PEGylated derivatives presented have significant potential as novel PSs with substantially augmented
phototoxicity for application in the PDT of cervical, prostate, pancreatic and breast cancer.

Keywords: apoptosis; cancer cells; cytotoxicity; flow cytometry; live-cell fluorescence microscopy;
PEGylated purpurin 18; photodynamic therapy; photosensitizer; phototoxicity; singlet oxygen

1. Introduction

Chlorins are natural photosensitive chlorophyll derivatives containing twenty π electrons in the
aromatic ring. Various modified substructures derived from their basic core have been discovered within
the plant kingdom [1–4]. Owing to their strong absorption between 650–700 nm, wavelengths that
penetrate tissue effectively, chlorins have been investigated as photosensitizers (PSs) for use in the
photodynamic therapy (PDT) of cancerous and noncancerous diseases [5–8].

Molecules 2019, 24, 4477; doi:10.3390/molecules24244477 www.mdpi.com/journal/molecules3
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During the PDT treatment of cancer, ubiquitous oxygen in the triplet state turns into highly reactive
singlet oxygen [9] that triggers cell death via oxidative damage to proteins, lipids and other cellular
content, resulting in apoptosis [7,10], necrosis [11] and/or autophagy [12]. In addition to these direct
mechanisms of tumor elimination, PDT leads to microvascular damage [13], which is a significant
advantage over traditionally used treatments, such as chemo- and radiotherapy. Moreover, PDT
also induces immunogenic cell death by stimulating the immune system response to the tumor [13].
PS-induced phototoxic damage initiates the release of anti-inflammatory mediators that attract
neutrophils and other immune cells [14]. Indeed, a PS can even trigger adaptive immunity leading to
long-term immune response [15].

Chlorins possess optimal properties for use in PDT but are rather hydrophobic and,
thus, aggregate in aqueous media, limiting their application. Consequently, various chemical
modifications of chlorin-based PSs have been investigated with the aim of improving their
physico-chemical characteristics: core metalation [16]; PEGylation [17–20]; conjugation with
peptides [21–24], amino acids [1,25–27], sugars [28–31], choline [7,32] and gold nanoparticles [32].

A chlorin worth further derivatization is purpurin 18 (compound 1, Scheme 1), which comprises
a fused anhydride and an aliphatic side chain terminated with a carboxylic group. With its strong
absorption at 700 nm and good singlet oxygen quantum yield (0.7) [33], this PS has been previously
evaluated as a highly potent inductor of PDT-mediated cell death [6,34,35]. Nevertheless, in its natural
form, its hydrophobicity causes aggregation at physiological pH and, thus, preferential localization in
compartments undesirable for PDT, such as lipid vesicles and lysosomes. Moreover, under the in vivo
conditions of PDT, the anhydride ring moiety is readily hydrolyzed into another PS chlorin, p6 [36],
which is less effective than compound 1 [34].

Scheme 1. Synthesis of derivatives of PEGylated purpurin 18 (compound 1). Reagents and conditions:
(a) Zn(OAc)2·2H2O, MeOH, CHCl3, 50 ◦C, 13 h; yield of compound 2 was 61%; (b) DIC, EDIPA, THF,
HOBt, 24 h, RT (22 ◦C); yield of compound 3 was 41% over two steps; (c) TFA, wet DCM, 1 h, RT
(22 ◦C); yield of compound 4 was 56%.

However, despite the drawbacks associated with compound 1, the natural advantages of purpurins
makes it worthwhile to investigate the modification of this chlorin. Therefore, we here synthesize and
evaluate PEGylated derivatives of compound 1 as novel PDT agents. We show that the attachment

4
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of short PEG3 moieties terminated by Boc (3) or an amino group (4) via an amide bond to the zinc
chelate of purpurin 18 (2) does not hamper its ability to generate singlet oxygen in cell culture media
in vitro; in fact, it actually enhances singlet oxygen generation, and photodynamic efficiency, by a
factor of at least two. Furthermore, live-cell imaging showed that the PEGylation of compound 1

improves PS accumulation in the mitochondria and endoplasmic reticulum, the preferred targets for
PDT drugs; in the case of compound 4, it also improves PS accumulation in lysosomes. Moreover,
compound phototoxicity and dark toxicity were compared in six cancerous cell lines using WST-1 assay.
These tests confirmed the increased PDT efficacy of the PEGylated analogues of compound 1; these
analogues also augmented the proportion of apoptotic cells when photoactivated. In addition, we
show that these novel compounds have enhanced hydrophilicity (calculated) and are weaker binders
of the prevalent transport protein, human serum albumin (HSA), than the parental compound.

2. Results and Discussion

2.1. Synthesis of Purpurin 18 Derivatives

The single carboxylic moiety of compound 1 was chosen as the site of synthetic modifications
to its structure. A purpurin zinc complex (2) was prepared as described by Olshevskaya et
al. [37]. Purpurin-18-PEG3-amine conjugates 3 and 4 were synthesized in three steps (see Scheme 1).
The conjugation of Boc-protected PEG3-diamine to 1 was performed using carbodiimide chemistry.
N, N-diisopropylcarbodiimide (DIC) with N-hydroxybenzotriazole (HOBt) and Hünig’s base (EDIPA)
were used as the coupling conditions. PEGylated compound 1 was only filtered through a silica plug
and the first dark band collected as crude product. Zinc was inserted into the chlorin core using
zinc(II) acetate as a metal donor and product 2 was purified by two-step column chromatography
with a yield of 41%. The Boc protecting group was cleaved by an excess of trifluoroacetic acid (TFA)
in wet dichloromethane (DCM) to obtain amine 4 with a yield of 56%. The obtained products were
lyophilized from aqueous dioxane and stored in a fridge in the dark. The acquired spectra are shown
in Supplementary Information (SI, Figures S1–S6-2), Section 1.

2.2. Singlet Oxygen Generation

The quantum yield of singlet oxygen production by the PSs was evaluated using
absorption spectrometry, with 9,10-anthracenediyl-bis(methylene)dimalonic acid (AB) as the probe.
The PS-mediated singlet oxygen production was monitored by decreases in the absorbance of AB at 381
and 403 nm, which were due to the formation of the corresponding endoperoxide [38,39]. There was
a negligible decrease in AB absorption without PS (SI, Figure S6-3). The rate of a decrease in AB

relative absorbance was considered to be proportional to singlet oxygen production.
The singlet oxygen quantum yield for a tested compound (φx) was compared with the known

quantum yield (φs) of a standard
φx = φs γx/γs

where γx and γs are chemical photodynamic efficiencies of the tested and standard compounds,
respectively, evaluated from the AB absorbance decrease plotted against relative light exposure (IA)
(Figure 1). Using the singlet oxygen quantum yield of Rose Bengal (RB) in phosphate buffered saline
φs = 0.75 [40,41], quantum yields for RB and studied compounds 1–4 were evaluated in Dulbecco’s
Modified Eagle Medium with fetal bovine serum (DMEM+FBS) (Table 1, SI Figure S6-4).
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Figure 1. Depletion of 9,10-anthracenediyl-bis(methylene)dimalonic acid (AB, 7 × 10−5 M) with
photosensitizer-generated singlet oxygen in Dulbecco’s Modified Eagle Medium with 10% fetal bovine
serum. Photosensitizers: (A) compound 1 (7.7 × 10−6 M, 1.5 × 10−5 M), (B) compound 2 (8.0 × 10−6

M, 1.6 × 10−5 M), (C) compound 3 (7.2 × 10−6 M, 1.4 × 10−5 M), (D) compound 4 (7.5 × 10−6 M,
1.5 × 10−5 M). The experiments were duplicated.  —Solution exposed to light,  —Solution
kept in dark. crel,AB—Relative concentration of AB (actual concentration with respect to concentration
at experiment start).

Table 1. Estimated chemical photodynamic efficiencies γ and singlet oxygen quantum yields φ for
compounds 1–4. Values were measured in phosphate buffered saline (PBS) (except φs = 0.75 of RB in
PBS, as reported by Gottfried et al. [40]) and cell culture media supplemented with 10% fetal bovine
serum (DMEM+FBS). Standard deviations of all calculated values were less than 10%.

Compound Solvent γ × 104 φ

RB PBS 16.5 0.75 1

DMEM+FBS 2.68 0.122
1 DMEM+FBS 0.34 0.015
2 DMEM+FBS 1.23 0.056
3 DMEM+FBS 0.63 0.029
4 DMEM+FBS 0.81 0.037

1 Reference value according to Gottfried et al. [40].
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2.3. Uptake and Intracellular Localization of the Compounds

The ability of a PS to cross the plasma membrane is the initial prerequisite for good PDT
efficacy [42,43]. Therefore, using live-cell fluorescence microscopy, we determined the ability of
compound 1 and its derivatives 2–4 (0.2 to 2 μM) to accumulate in human cells of various origin
after 3, 16 and 24 h. Cell lines derived from breast (MCF-7), prostate (PC-3, LNCaP) and cervical
(HeLa) carcinoma, as well as from pancreatic adenocarcinoma (MiaPaCa-2) and immortalized human
keratinocytes (HaCaT), were used. Based on the microscopic images (Figure 2, SI, Figure S7), it is clear
that the efficacy of the cell uptake of the individual compounds varied. At the same concentration and
incubation time, the fluorescence emission intensities (Table 2; SI, Figure S16) of compounds 1 and 2

were weaker than those of PEGylated derivatives 3 and 4 (data in Table 2 for PC-3 cells). Compared with
compounds 3 and 4, the low fluorescence emission intensities of compounds 1 and 2 might be caused
by their less efficient penetration through the plasma membrane and/or by faster efflux. In turn, this
could be due to their distinct molecule sizes as well as to differences in their lipophilicity, which is one
of the key factors for compound penetration through cell membranes. The lipophilicity of compounds
may be enhanced at the lower pH of cancer cells. This has been documented by the increased uptake
of hematoporphyrin at lower than physiological pH [44,45], though it was not observed for mTHPP,
mTHPC and TPPS2a [45]. Similarly, Sharma et al. reported the augmented cell uptake of chlorin
p6 at decreased pH for Colo-205 cells, but not for MCF-7 cells [46]. Therefore, apart from being pH
dependent, the cell uptake of a PS is also cell line specific. This corresponds with the uptake and
intracellular localization of compounds 1–4 differing both among the tested compounds and evaluated
cell lines.

Figure 2. Fluorescence microscopy images of intracellular localization of purpurin 18 (compound 1)
and its derivatives (compounds 2–4) at 0.5 μM concentration in human cancer cell lines of MCF-7
(breast carcinoma) and PC-3 (prostate carcinoma) after 24 h incubation. In the first and third columns,
there are bright field images; the second and fourth columns show compound localization. The scale
bars represent 20 μm.
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Table 2. Corrected total cell fluorescence (CTCF) of compounds 1–4 (1 μM, 24 h) localized in PC-3 cells
(see Figure S16 for raw data).

Compound CTCF × 103

1 1.404 ± 0.134
2 1.593 ± 0.208
3 5.042 ± 0.263
4 6.643 ± 0.405

Sharma et al. [36] reported that the aggregation of compound 1 (6 μM) led to its limited availability.
Nevertheless, probably due to the lower concentration used (0.5 μM), we did not observe any
aggregation of this compound but, rather, homogenous localization in the intracellular space of the
HaCaT, LNCaP and PC-3 cells (Figure 2 and SI, Figure S7) after 3 h. In the MCF-7 cells (Figure 2),
compounds 1–3 localized in organelles visible as a network-like structure. Compound 4 localized in the
HaCaT and PC-3 cells, preferentially in small vesicles with high fluorescence intensity. Regarding the
MCF-7 cell line, compound 4 localized in both a network-like structure and in small vesicles with high
fluorescence intensity.

2.4. Colocalization Study

To determine the exact intracellular localization of the tested compounds, commercial markers
of cell organelles were used. Colocalization with the endoplasmic reticulum marker,
ER-Tracker Blue-White DPX, was detected for all tested compounds in the PC-3 (Figure 3),
MCF-7, LNCaP and HaCaT cells (SI, Figures S8–S10). Moreover, compounds 1–3 colocalized with
mitochondrial sensors (MitoTracker Green and/or our patented green-emitting dimethinium salt [47])
in the PC-3 (Figure 4), MCF-7, LNCaP and HaCaT cells (SI, Figures S11–S13). Compound 4 also
localized in the endoplasmic reticulum, but not in the mitochondria of the PC-3, MCF-7, LNCaP and
HaCaT cells. Because another fluorescent signal not originating from the endoplasmic reticulum was
surprisingly detected, further colocalization studies were performed. Using fluorescent markers of
the Golgi apparatus (CellLight Golgi-GFP) and lysosomes (LysoTracker Green DND-26), lysosomal
localization was confirmed, except in the Golgi apparatus (SI, Figure S14) of compound 4 in the HaCaT
(SI, Figure S15), PC-3 (Figure 5) and MCF-7 cells.

Figure 3. Cont.
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Figure 3. Fluorescence microscopy images of localization of purpurin 18 (compound 1) and its
derivatives (compounds 2–4) in the endoplasmic reticulum of human PC-3 cells derived from prostate
carcinoma. Colocalization of compounds 1–2 (0.5 μM, 24 h) or compounds 3–4 (0.5 μM, 24 h) with
ER-Tracker™ Blue-White DPX (70 nM, 30 min). (A,E,I,M) Bright-field images; (B,F,J,N) localization of
the tested compounds; (C,G,K,O) ER-Tracker™ Blue-White DPX; (D,H,L,P) merged fluorescent images.
The scale bars represent 20 μm.

Figure 4. Fluorescence microscopy images of localization of purpurin 18 (compound 1) and its
derivatives (compounds 2–4) in the mitochondria of human PC-3 cells derived from prostate carcinoma.
Colocalization of compounds 1–2 (0.5 μM, 3 h) or compounds 3–4 (0.5 μM, 3 h) with a mitosensor
(70 nM, 10 min) based on our patented dimethinium salt [47]. (A,E,I,M) Bright-field images; (B,F,J,N)
localization of the tested compounds; (C,G,K,O) mitosensor; (D,H,L,P) merge of the fluorescent images.
The scale bars represent 20 μm.
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Figure 5. Fluorescence microscopy images of compound 4 localization in lysosomes of human PC-3 cells
derived from prostate carcinoma. Colocalization of compound 4 (0.5 μM, 24 h) with LysoTracker Green
DND-26 (70 nM, 20 min). (A) Bright-field images; (B) localization of compound 4; (C) LysoTracker
Green DND-26; (D) merge of the fluorescent images. The scale bars represent 20 μm.

The results for compound 1 correspond to those reported by other research groups focused on
chlorophyll-derived PS photochemistry. The localization of purpurin 18 and its derivative chlorin
p6 has been detected in the mitochondria, lysosomes and endoplasmic reticulum [19,42,48–52].
The localization of any PS in such organelles is key to high PDT efficacy.

2.5. Photo- and Dark Toxicity of the Compounds In Vitro

PSs 2–4 not only exhibited localization in preferable cell organelles (meaning that high
PDT efficacy can be expected) but also produced good quantum yields (Table 1) exceeding
those of compound 1 (Table 1). Therefore, we investigated their phototoxicity in human cancer
cells. LNCaP, PC-3, MCF-7, U-2 OS (osteosarcoma), MIA PaCa-2 and HeLa cells were treated with
compounds 1–4 (0.5–10 μM) for 24 h followed by light activation (light dose of 4 J·cm−2, 13 min)
and incubation (a further 24 h). Dark toxicity (without photoactivation) was also evaluated for all
compounds. Compound toxicity is expressed as a decrease in cell viability (SI, Figures S17 and 18) and
by half maximal inhibitory compound concentration (IC50) values (Table 3).

Table 3. Photo- and dark toxicity of compounds 1–4 in human cancer cell lines in vitro 24 h after
photoactivation (48 h after compound treatment).

IC50 (μM) 1

Compound 1 2 3 4

Cell
Line

Light Dark Light Dark Light Dark Light Dark

LNCAP 0.34 ±
0.02 >10 0.47 ±

0.03 >10 0.04 ±
0.03

7.20 ±
0.08

0.02 ±
0.00 >10

PC-3 0.16 ±
0.01 >10 0.21 ±

0.01 >10 2.33 ±
0.03 >10 0.65 ±

0.00 >10

U-2OS 1.96 ±
0.01 >10 7.01 ±

0.05 >10 3.17 ±
0.05 >10 1.83 ±

0.01 >10

MIA
PACA-2

1.51 ±
0.03 >10 1.04 ±

0.03 >10 1.12 ±
0.01 >10 0.45 ±

0.05 >10

MCF-7 1.62 ±
0.02 >10 2.95 ±

0.01 >10 2.00 ±
0.02 >10 0.59 ±

0.03 >10

HELA 3.40 ±
0.02 >10 >10 >10 0.06 ±

0.05
7.95 ±
0.06

0.02 ±
0.01 >10

1 IC50—Half maximal inhibitory compound concentration.

Up to a concentration of 10 μM, compound 1 did not induce any dark toxicity in the MCF-7,
PC-3, MIA PaCa-2 and U-2 OS cells. This corresponds to the assumption that compound 1 (and thereby
potentially also its derivatives) has low dark toxicity, as reported for a number of human cancer cell
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lines (HL-60 [8], Colo-205 [36], Hep-G2 [42], A549 [53,54], MCF-7 [55]). Darmostuk et al. [6] determined
that the IC50 (dark toxicity) of compound 1 exceeded 100 μM in HaCaT and VH10 cells and was 54 μM
for NIH 3T3 cells. In our case, compound 1 did not exhibit dark toxicity up to 10 μM (the highest
concentration tested), thus fulfilling a basic criterion for use in PDT. Likewise, the novel derivatives
2–4 did not display any dark toxicity (up to 10 μM), except in the case of compound 3 in the LNCaP
and HeLa cells, whose IC50 values were 7.20 and 7.95 μM, respectively.

After light activation, a significant decrease in cell viability was observed, especially for compounds
3 and 4. Compound 1 exhibited the highest phototoxicity in the prostatic cancer cell lines with IC50

values of 0.16 and 0.34 μM for the PC-3 and LNCaP cells, respectively. Regarding U-2 OS, MIA PaCa-2
and MCF-7, the phototoxic effect of compound 1 corresponded to IC50 values below 2 μM. Compound
2, which contained a zinc ion but no PEG3 spacers, exhibited higher phototoxicity than compound 1

(IC50 = 1.04 μM) in the MIA PaCa-2 cells and slightly increased IC50 values for the prostatic cancer
cell lines: 0.21 and 0.47 μM for PC-3 and LNCaP, respectively. Interestingly, PEGylated derivatives 3

and 4 of compound 1 manifested extraordinary phototoxicity in the LNCaP cells; IC50 values of 0.02
and 0.04 μM for compounds 4 and 3 were 18 and 9 times lower, respectively, than those for parental
compound 1. An even bigger difference in phototoxicity between the parental compound and its
PEGylated derivatives was detected in the HeLa cells, for which there was an approximately 170-
and 57-fold decrease in the IC50 values of compounds 4 and 3, respectively. In contrast, up to 10 μM,
compound 2 did not reach IC50 in the HeLa cells. The slightly increased phototoxicity of compounds 3

and 4 was also determined in the MIA PaCa-2 cells and, in the case of compound 4, in the MCF-7 cells.
Overall, the HeLa, LNCaP and MIA PaCa-2 cell lines were most sensitive to the PEGylated derivatives
of compound 1.

These results correspond to the compound localization determined by live-cell fluorescence
microscopy, during which the highest fluorescence emission intensities were detected for compounds
3 and 4. As previously reported [17,19,20,56,57], derivatization by a PEG spacer leads to increased
compound hydrophilicity and, thus, to improved aqueous solubility, which in the case of porphyrins
leads reduced aggregate formation. Thus, here the incorporation of a PEG3 spacer probably improved
the bioavailability of the compounds, resulting in the augmented cell uptake of compounds 3 and
4 compared with compound 1 and its zinc derivative. Moreover, the presence of a zinc ion in the
structure of compound 1 enhances absorption in the red region of the visible spectra, which facilitates
deeper tissue penetration.

Similar to purpurinimides [58], compounds 1–4 passively diffused into the cells, but their
intracellular localization differed after light treatment, upon which compounds 3 and 4 may have
translocated to and/or become better sequestered in sensitive organelles, probably the mitochondria,
thereby enhancing PDT efficacy. Another possible explanation for the enhanced efficiency of compounds
3 and 4 is that they induce different mechanisms of action and cell death type than compounds 1 and 2.
We investigate the latter below.

2.6. Evaluation of Cell Death

To date, three different mechanisms of PDT action in cancer have been proposed [59]: direct
cell damage, vascular shutdown and immune response activation. The photoactivation of a PS
results in an acute stress response that leads to changes in calcium ion concentration and lipid
metabolism, as well as the production of cytokines and stress response mediators [60]. These responses
hamper mitochondrial processes, resulting in reactive oxygen species production and, consequently, in
damage to the mitochondrial membrane; such damage induces cytochrome c release into cytosol [7],
which, in turn, causes apoptosis. In addition to apoptosis, at excessive PS concentrations, PDT can also
lead to cell death via necrosis; sometimes, a combination of both apoptosis and necrosis is involved.
What is not yet clear is the role of autophagy, which also can occur under certain PDT conditions.
There is considerable disagreement between researchers regarding the effect of autophagy on PDT
outcome, with some suggesting it enhances outcome and others that it inhibits efficacy; this debate is
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comprehensively reviewed in Mroz et al. [60] Generally, the prevalent cell death type is dependent not
only on the structure, intracellular localization and concentration of a PS, but also on the light dose
applied and on cell origin.

To verify the mechanism of cell death induced by the tested PSs, MCF-7 cells were treated with
compounds 1–4 (0.1–5 μM) for 24 h and photoactivated (light dose of 4 J·cm−2). After a further 24 h
of incubation, the cells were stained with Annexin V and propidium iodide (PI) and cell death type
was determined by flow cytometry. The controls (untreated photoactivated and nonphotoactivated
cells) displayed a physiological level of ca. 10% of apoptotic cells, corresponding with [61,62],
but exhibited no necrosis (Figure 6, SI Table S1). Similar results were detected for compound 1 at
0.1–1 μM concentration without photoactivation. However, at the highest tested concentration (5
μM, no photoactivation) while the proportion of apoptotic cells remained ca. 10%, necrotic cells
accounted for ca. 11% of all cells (Figure 6, SI Table S1). At 5 μM, very similar results were observed
for compounds 2–4. At this highest concentration, the mechanism of cell death was probably governed
by excessive PS concentration, corresponding to Stefano et al. [8]. At lower concentrations (0.1–1 μM)
of compounds 2–4, the proportion of apoptotic cells [ca. 10% to 22% compared with almost no necrotic
cells (0% to 0.1%)] increased in direct dependence to concentration.

Figure 6. Dose-dependent mechanisms of cell death in MCF-7 cells induced by compounds 1–4 after
24-h treatment and light induction (Light) measured by flow cytometry. Control represents untreated
cells and cells incubated with the same compounds without illumination (Dark). Total light dose was
4 J·cm−2. The data values and the errors are stated in Table S1 in Supplementary information.

More interestingly, after photoactivation, the proportion of apoptotic cells among the MCF-7
cells treated with compound 1 rose to 52% as the concentration rose to 1 μM (Figure 6, SI Table
S1). Under the same conditions, compound 2 induced apoptosis in 32% of cells. More promisingly,
after photoactivation of the PEGylated derivatives of purpurin 18, compounds 3 and 4 (1 μM) triggered
apoptosis in 61% and 68% of cells, respectively. Figure 6 and Table S1 in SI make it clear that the level
of necrotic cells did not exceed 1.7% (mostly only 0.1%) after the photoactivation of compounds 1–4

(1 μM).
Researchers who have tested other PSs have reported similar results. For example, Stefano et al. [8]

reported that HL-60 cells treated with a low concentration (0.2 μM) of photoactivated compound 1

(light dose of 1 J·cm−2) predominantly underwent apoptosis, while at higher concentrations (>2 μM)
necrosis was prevalent. Tsai et al. showed that not only the concentration and the structure of
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a PS influences cell death type but also the light dose applied; for instance, at a light dose of 8 J·cm−2,
5-aminolevulic acid (ALA, 1 mM, 3 h; a precursor of protoporphyrin IX) induced the apoptosis of
MCF-7 cells while a doubled light dose induced necrosis [63]. Light dose also affected cell death type
in Sharma et al. [36], in which the 5 min light treatment (10 W·m−2) of compound 1 in liposomes caused
the apoptosis of Colo-205 cells while 40 min treatment caused necrosis. These findings indicate that
manipulating the desired type of cell death in PDT involves achieving a careful balance between PS
type, PS concentration, light dose and cell line.

In summary, it is probable that both the site of PS localization and the initial location of PDT-related
damage determine which cell death pathway is activated. It is possible that autophagy is initially
activated to rescue the cells, but that later, when the PDT effect is sufficient and the cells are damaged
beyond repair, apoptosis occurs [60]. Following this, at high PS doses, necrosis takes place, as the
proteins participating in autophagy and apoptosis are destroyed and cellular integrity is lost.

2.7. Molecular Docking of Purpurin 18 Derivatives with Human Serum Albumin

To ensure that a PS is efficiently delivered to a pathological site in the body, it should interact with
transport proteins, particularly albumins such as human serum albumin (HSA). HSA, one of the most
abundant plasma proteins, is the key endogenous vehicle for the biodistribution of molecules by blood
plasma [64]. Thus, we studied the association constants of compounds 1–4 by performing molecular
docking with HSA.

The docked ligands, purpurin 18 and its three derivatives (Scheme 1), differed in zinc ion
coordination (2–4) and PEG spacers (3–4). Moreover, the carboxyl group of compound 3 contained
poly (ethylene glycol) diamine (PEGDA) with a tert-butyloxycarbonyl protecting group on the nitrogen
atom; compound 4 was derivatized with PEGDA without a protecting group. The binding pocket
for porphyrins in HSA is localized in its 1B domain [65,66]; similarly our ligands were docked to
this domain, albeit with a different orientation. Regarding compound 1, the following were present:
hydrophobic interactions for LEU135, LEU139, ALA158, LEU115 and PHE149; π–π interactions for
TYR161 and TYR138 with pyrrole cycles; a hydrogen bond between the carboxylic group and ARG186.
Compounds 2–4 were stabilized in their HSA binding sites by similar hydrophobic interactions,
as well as by the π–π interaction of TYR161 and TYR138 with pyrrole cycles and by the interaction of the
hydroxyl group of TYR161 with Zn2+. Furthermore, compound 2 formed a hydrogen bond between the
carboxyl group and ARG117 in HSA. The PEGDA spacer in compounds 3 and 4 was partially exposed
to the solvent. The only interaction observed for compound 4, with no PEGDA protecting group,
was that of the terminal nitrogen with ASP187.

Figure 7 shows the positions of docked compounds 1–4 with the lowest binding energies.
The ligand-HSA binding energies are summarized in Table 4. The presence of a zinc ion and/or PEGDA
spacer affected the binding mode by which the ligands docked to the HSA. Compound 1 docked
with the lowest binding energy and ligand 4 with the highest (Table 5). Compound 2 was rotated
by ca. 45◦, resulting in the polar part of the glutaric acid anhydride being partially docked to the
nonpolar part of the HSA binding pocket. This is probably the reason why compound 2 had a higher
binding energy to HSA than compound 1; a similar phenomenon was observed by Akimova et al. [67].
The zinc ion in compounds 2–4 interacted with the hydroxyl group of TYR161 in HSA; a comparable
interaction was described for a complex of HSA with heme and hemin [65,68]. Other authors have
also reported the increased binding affinity of HSA to a PS after a metal ion was introduced to the
PS [69–74]. The PEGDA spacer in compounds 3 and 4 was oriented out of the cavity and led to
molecule rotation (Figure 7). In some cases, the scoring function can assign a better score to bigger, but
worse, ligands based on the higher number of interactions, but this is not the case of compounds 3 and
4. In these compounds, despite the porphyrin core being to some extent symmetric, the binding modes
with higher binding energies were not as favorable as the binding modes for compounds 1 and 2.
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Figure 7. Best positions of docked ligands 1–4 shown in licorice representation. Carbon atoms are
shown in light blue, hydrogen atoms in white, nitrogen atoms in dark blue, oxygen atoms in red and
zinc atoms in grey. Human serum albumin is depicted as a ribbon. The images were captured by
VMD software (Theoretical and Computational Biophysics Group, NIH Center for Macromolecular
Modeling and Bioinformatics at the Beckman Institute, University of Illinois at Urbana-Champaign,
USA, version 1.9.2).
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Table 4. Calculated binding energy of docked ligands (compounds 1–4) with human serum albumin.

Ligands Calculated Binding Energy (kcal/mol)

1 −13.37
2 −11.58
3 −9.32
4 −8.52

Table 5. Calculated logarithm of partition coefficients between n-octanol and water (logP) for
compounds 1–4.

Compounds Calculated logP

1 4.55
2 3.78
3 4.05
4 2.88

Since HSA binds a wide range of compounds and, thus, is able to reduce their active concentration
in blood plasma, it reduces their bioavailability, thereby leading to decreased activity [75–77].
Because the HSA complex with compound 1 exhibited the lowest binding energy, it is less vulnerable
to dissociation than compounds 2–4, meaning that a higher free concentration of the novel derivatives
and, consequently, higher activity can be expected.

2.8. Logarithm of Partition Coefficients

The lipophilicity of xenobiotics affects their binding to blood proteins and plays a key role in
molecular discovery [78]. The level of their affinity to these proteins is expressed by the quantitative
descriptor of lipophilicity, logP (partition coefficient between n-octanol and water): the more lipophilic
the compound, the stronger its binding to these proteins [79]. Moreover, compound lipophilicity
also has a direct impact on its other pharmacological parameters, such as distribution volume and
biological half-life. Because logP is related to the cell uptake level of a compound, logP was calculated
for our purpurin 18 derivatives. The data presented in Table 5 show that all compounds had logP
of less than 5, which indicates that they should yield a good PDT response [54]. The derivatization
of compound 1 with a metal ion and/or a PEG spacer led to lower logP values; the corresponding
increase in hydrophilicity is an important factor for the use of such a compound in PDT. Gryshuk et al.
described an inverse relationship between the lipophilicity and photosensing efficacy of purpurinimides,
compounds structurally related to ours. At the same light doses, the purpurinimide concentrations
effective for PDT were 30× lower for hydrophilic derivatives than for hydrophobic ones [58].

The logP results confirm those obtained by our docking study. Probably due to the absence
of a PEGDA protecting group, the most hydrophilic compound was 4, whose complex with HSA
also displayed the highest binding energy. Conversely, compound 1 docked to HSA with the lowest
binding energy and exhibited the highest logP. The presence of a zinc ion decreased the lipophilicity of
compound 2 while correspondingly increasing its binding energy. The PEGDA spacer in compound 3

resulted in it having higher lipophilicity, but a less favorable binding energy, than compound 2.
Our experimental data showed that compounds 3 and 4 exhibited the highest PDT efficacy,

suggesting that the PDT activity of the studied ligands increased as their lipophilicity decreased.
However, this is in contrast with Akimova et al. [67], who reported that the increased lipophilicity of
structurally related compounds resulted in enhanced PDT. Furthermore, Henderson et al. [80], showing
the dependence of PDT activity on lipophilicity for various pyropheophorbides, found that the best
PDT outcome was achieved at a logP of between 5.6 and 6.6; at higher and lower values, PDT efficacy
decreased. Based on these studies, we assume that the same is valid for our tested compounds; namely,
as lipophilicity reduced, logP shifted closer to the optimal.
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Indeed, when evaluating the pharmacological properties of compounds, it is necessary to
consider the fact that their ability to cross cell membranes and, thus, accumulate in cells is improved
with augmented lipophilicity [81]. Although compound 1 theoretically had the highest lipophilicity,
it exhibited the lowest binding energy in our docking study with HSA. It seems that its high lipophilicity
enhances not only its ability to pass through biological membranes but also its binding affinity to HSA,
which, in turn, lowers its active concentration and leads to reduced PDT activity. This corresponds
with the results of our in vitro experiments. The docking study also showed that compounds 3 and 4

exhibited higher binding energies than compounds 1 and 2. From this, we conclude that lower binding
energy and higher lipophilicity negatively influenced the active concentrations of the compounds,
thereby reducing their PDT efficacy. Other researchers have reached similar conclusions about the
significant impact of PS lipophilicity on PDT outcome [80,82,83].

3. Materials and Methods

3.1. Chemistry

3.1.1. General Methods and Materials

Boc-protected PEG-3 amine was purchased from Iris Biotech GMBH (Marktredwitz, Germany),
purpurin 18 (compound 1) from Frontier Scientific, Inc. (Utah, USA). These chemicals were used as
supplied. Other common chemicals were purchased from Sigma-Aldrich (Missouri, USA). NMR spectra
were recorded by Agilent 400-MR DDR2 (Varian, Palo Alto, USA) spectrometer (1H 400 MHz),
solvent CD3OD was used as calibrator. Chemical shifts are given in δ (ppm). HRMS spectra were
measured by Micro Q-TOF with ESI ionization (Thermo Scientific, Waltham, USA). For thin-layer
chromatograms, aluminum TLC sheets for detection in UV light (TLC Silica gel 60 F254, Merck,
Darmstadt, Germany) were used. For column chromatography, silica gel (30-60 μm, SiliTech, MP
Biomedicals, Eschwege, Germany) was used.

3.1.2. Synthesis of Purpurin Zinc Complex—Compound 2

{3-[(22S,23S)-17-Ethenyl-12-ethyl-13,18,22,27-tetramethyl-3,5-dioxo-4-oxa-8,24,25,26-tetraazahexacycl
o[19.2.1.16,9.111,14.116,19.02,7]heptacosa-1(24),2(7),6(27),9,11(26),12,14,16,18,20-decaen-23-yl-κ4N8,N24,
N25,N26]propanoato(2-)}zinc36

To a solution of compound 1 (30 mg, 53 μmol) in chloroform (7 mL), Zn(OAc)2·2H2O (117 mg,
0.53 mmol; in 3 mL of MeOH) was added. This mixture was stirred for 12 h at 45 ◦C. The solvents
were removed under reduced pressure and the residue was chromatographed (CHCl3-MeOH, 40/1).
The obtained product was redissolved in a small amount of chloroform and precipitated by the addition
of hexanes. Product 2 (20 mg, 32 μmol; Figure 8) was obtained as a dark green solid in 61% yield.
After analyses, the product was lyophilized from 1,4-dioxane. RF = 0.7 in DCM-MeOH, 10/1. 1H NMR
(400 MHz, CD3OD) δ: 1.42 (t, J = 7.2 Hz, 3 H), 1.77 (d, J = 7.0 Hz, 3 H), 1.98–2.08 (m, 1 H), 2.39–2.59 (m,
2 H), 2.72 (dt, J = 10.0, 4.9 Hz, 1 H), 2.76–2.82 (m, 2 H), 3.18 (s, 3 H), 4.33 (q, J = 7.3 Hz, 1 H), 5.04 (dd,
J = 9.0, 2.0 Hz, 1 H), 6.01 (dd, J = 11.5, 1.0 Hz, 1 H), 6.09 (dd, J = 17.8, 1.0 Hz, 1 H), 7.78 (dd, J = 17.8,
11.5 Hz, 1 H), 8.38 (s, 1 H), 8.78 (br. s., 1 H), 8.84 (br. s., 1 H); Figure S1 in SI. HRMS-ESI: monoisotopic
mass 626.15077 Da, found m/z 625.14392 [M-H]−; Figure S4 in SI.
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Figure 8. Structure of compound 2.

3.1.3. Synthesis of Purpurin-PEG3-Boc Zinc Complex—Compound 3

[Tert-butyl{15-[(22S,23S)-17-ethenyl-12-ethyl-13,18,22,27-tetramethyl-3,5-dioxo-4-oxa-8,24,25,26-tetra
azahexacyclo[19.2.1.16,9.111,14.116,19.02,7]heptacosa-1(24),2(7),6(27),9,11(26),12,14,16,18,20-decaen-23-yl-
κ4N8,N24,N25,N26]-13-oxo-3,6,9-trioxa-12-azapentadecan-1-yl}carbamatato(2-)]zinc

To a solution of compound 1 (150 mg, 0.27 mmol) and Boc-PEG3-diamine (124 mg, 0.43 mmol)
in THF (5 mL), EDIPA (70 mg, 0.54 mmol) and HOBt (37 mg, 0.27 mmol) were added. The mixture
was stirred for 5 min, after which DIC (50 mg, 0.4 mmol in 1 mL of THF) was added and the mixture
was stirred for 24 h. Then, the solvent was evaporated and the residue was filtered through a
short pad of silica (DCM-MeOH, 25/1) to obtain the crude product (250 mg), RF = 0.5 (DCM-MeOH,
20/1). This material was redissolved in chloroform (7 mL) and the solution of Zn(OAc)2·2H2O
(658 mg, 3 mmol) in MeOH (3 mL) was added. The mixture was stirred overnight at 60 ◦C.
Thereafter, the mixture was diluted with chloroform (90 mL) and washed with brine (1 × 100 mL) and
water (1 × 100 mL), dried over Na2SO4, filtered and the solvent was evaporated under reduced pressure.
The residue was chromatographed using AcOEt-MeOH, 20/1 as an eluent to obtain compound 3 (99
mg, 0.11 mmol; Figure 9) as a green solid in 41% yield. RF = 0.48 in DCM-MeOH, 10/1. 1H NMR (400
MHz, CD3OD) δ: 1.25 (t, J = 7. 6 Hz, 3 H), 1.37 (s, 8 H), 1.80 (d, J = 7.4 Hz, 3 H), 1.94–2.06 (m, 1 H),
2.31–2.43 (m, 2 H), 2.54 (s, 3 H), 2.55–2.62 (m, 1 H), 2.84 (tt, J = 14.3, 7.2 Hz, 2 H), 3.09 (q, J = 5.5 Hz, 2
H), 3.15 (d, J = 2.7 Hz, 5 H), 3.32–3.36 (m, 2 H), 3.40–3.55 (m, 9 H), 4.31 (q, J = 7.3 Hz, 1 H), 5.05 (d, J
= 8.2 Hz, 1 H), 5.96 (dd, J = 11.4, 1.6 Hz, 1 H), 6.05 (dd, J = 18.0, 1.6 Hz, 1 H), 7.70 (dd, J = 17.8, 11.4
Hz, 1 H), 8.01 (t, J = 5.3 Hz, NH), 8.34 (s, 1 H), 8.44 (s, 1 H), 8.55 (s, 1 H); Figure S2 in SI. HRMS-ESI:
monoisotopic mass 900.34002 Da, found m/z 923.32928 [M+Na]+; Figure S5 in SI.

Figure 9. Structure of compound 3.

3.1.4. Synthesis of Purpurin-PEG3-Amine Zinc Complex—Compound 4

[N-(2-{2-[2-(2-Aminoethoxy)ethoxy]ethoxy}ethyl)-3-[(22S,23S)-17-ethenyl-12-ethyl-13,18,22,27-tetrame
thyl-3,5-dioxo-4-oxa-8,24,25,26-tetraazahexacyclo[19.2.1.16,9.111,14.116,19.02,7]heptacosa-1(24),2(7),6(27),
9,11(26),12,14,16,18,20-decaen-23-yl-κ4N8,N24,N25,N26]propanamidato(2-)]zinc

Purpurin derivative 3 (99 mg, 0.11 mmol) was dissolved in DCM (5 mL). Five drops of water
were added and TFA (1 mL) was added dropwise via a syringe. The mixture was stirred for
1 h, after which it was repetitively evaporated with toluene. The residue was chromatographed
(triethylamine-deactivated silica) CHCl3-MeOH (30/1→10/1) to obtain product 4 (66 mg, 0.08 mmol;
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Figure 10) as a dark green solid in 56% yield. RF = 0.2 in DCM-MeOH, 10/1. 1H NMR (400 MHz,
CD3OD) δ: 1.30 (t, J = 7.6 Hz, 3 H), 1.76 (d, J = 7.4 Hz, 3 H), 1.80–2.09 (m, 4 H), 2.14–2.26 (m, 2 H),
2.28–2.43 (m, 2 H), 2.65 (s, 3 H), 2.70–2.85 (m, 3 H), 2.89–3.03 (m, 3 H), 3.05 (s, 3 H), 3.13 (s, 3 H),
3.15–3.19 (m, 2 H), 3.21–3.25 (m, 2 H), 4.25 (q, J = 7.3 Hz, 1 H), 5.07 (dd, J = 7, 2.4 Hz, 1 H), 5.95 (dd,
J = 11.4, 1.2 Hz, 1 H), 6.03 (dd, J = 17.8, 1.2 Hz, 1 H), 7.72 (dd, J = 17.8, 11.5 Hz, 1 H), 8.31 (s, 1 H), 8.54
(s, 1 H), 8.69 (s, 1 H); Figure S3 in SI. HRMS-ESI: monoisotopic mass 800.28759 Da, found m/z 801.29590
[M+H]+, 823.27637 [M+Na]+; Figure S6 in SI.

Figure 10. Structure of compound 4.

3.2. Indirect Spectrophotometric Measurement of Singlet Oxygen Production

3.2.1. Data Measurement

Singlet oxygen production by compounds 1–4 in DMEM + FBS was evaluated using
9,10-anthracenediyl-bis(methylene)dimalonic acid (AB, Sigma Aldrich, Saint Loui, MO, USA) as
a compound reactive with singlet oxygen. A photosensitizer Rose Bengal (RB, 95%, Sigma Aldrich,
Saint Loui, MO, USA) was used as a reference. A stock solution of RB was prepared in water.
Stock solutions of compounds 1–4 were prepared by dissolving a solid in DMSO. Working solutions
were prepared by diluting the stock solutions with air-saturated solvent which was either phosphate
buffered saline (PBS, pH 7.4) or DMEM + FBS. Concentrations of the working solutions of RB and
compounds 1–4 were 1.34 × 10−5, 3.19 × 10−4, 3.34 × 10−4, 2.99 × 10−4 and 3.12 × 10−4 M, respectively.
A stock solution of AB was prepared by dissolving solid substance in DMSO (4.87 × 10−3 M). Two
different amounts of RB and compounds 1–4 (25 and 50 μL of stock solution) and 15 μL of AB stock
solution were mixed with 1 mL of solvent in a plastic cuvette (1.000 cm, PMMA, Kartell, Milan, Italy).
Two replicates of the same PS concentration were prepared. The first was kept in the dark, the second
was illuminated. Absorption spectra of both solutions (illuminated and kept in the dark) were collected
against the recorded baseline (Cintra 404, GBC Scientific, 270–800 nm, step 0.2 nm, slit 2 nm) after 0,
10, 20, 30 and 40 min All experiments were done in duplicates.

A 150 W halogen lamp with an edge-pass filter (Panchromar filter (58 mm), VEB Glastechnik
Lommatzsch, Lommatzch, Germany) that transmitted light at wavelengths longer than 500 nm was
used for illumination of solutions. The fluency rate at the cuvette was 5 mW·cm−2. Relative spectral
emission intensity of the illuminationg source was measured using spectrofluorometer Fluoromax 2
(Horiba Scientific, Horiba Ltd., Kyoto, Japan). The lamp illuminated a plate made of barium sulfate
positioned on front surface accessory of the spectrofluorometer and its spectrum was recorded as
reported by Pavlíčková et al. [5]

Emission correction function supplied by manufacturer was applied to the measured spectra.
The same correction factor was used to correct spectra of quinine sulfate solution in sulfuric acid and
results corresponded well with standard spectra by Velapoldi and Tønnesen [84].

3.2.2. Data Evaluation

Data were evaluated using MS Excel 2010 (Microsoft, Redmond, WA, USA) with a procedure
described in detail by Pavlíčková et al. [5] Briefly, from concentrations and a spectrum of a tested
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compound, its absorbance A(λ,t) in solutions was estimated, and then, relative exposure IA(t) for
solution illuminated for time t was calculated as

IA(t) =

t∫

0

λ2∫

λ1

I(λ)
I0
·
(
1− 10−A(λ,τ)

)
·dλdτ

where I(λ)/I0 is source relative emission intensity in photons per wavelength λ and A(λ,t) is
absorbance of a tested compound at wavelength λ and time τ from the beginning of illumination.
Wavelength integration limits were λ1 = 450 nm and λ2 = 800 nm, and trapezoidal rule for integration
was used for absorbance in intervals between spectral measurements. Chemical photodynamical
efficiency γx of a photosensitizer was evaluated supposing single exponential dependence of relative
AB concentration on light exposure

crel,AB = exp[−γx IA(t)]

Then singlet oxygen quantum yields of photosensitizers were calculated using RB in PBS and
DMEM+FBS, respectively, as a standard (φ = 0.75 in PBS, according to Gottfried et al. [40,41])
using equation

φx = φs γx/γs

where φx is estimated quantum yield; φs is quantum yield for the standard and γx and γs,
respectively, are chemical photodynamical efficiencies of an evaluated compound and a standard,
respectively.

3.3. Biology

3.3.1. Cell Lines and Cultivation Conditions

In our study, we used the following human cell lines: MCF-7 (breast carcinoma), LNCaP (prostate
carcinoma, PSMA+), PC-3 (prostate carcinoma), U-2 OS (osteosarcoma), MIA PaCa-2 (pancreatic
adenocarcinoma), HeLa (cervical carcinoma) and HaCaT (keratinocytes). Unless otherwise specified,
the cells were cultured in DMEM medium GlutaMAX (Merck, Kenilworth, NJ, USA) supplemented
with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA). Cells were maintained at exponential
phase of growth under standard physiological conditions at 37 ◦C in humidified atmosphere with 5%
CO2.

3.3.2. Cell Uptake of Purpurin 18 Derivatives

The number of 1× 105 cells was seeded on individual 35-mm glass bottom (1.5#) dishes for live-cell
imaging (MatTek Corporation, Ashland, MA, USA) and left to adhere for 16 h. Then, the cells were
washed with PBS and incubated with compounds 1–4 (0.2, 0.5 and 1 μM) dissolved in complete cell
cultivation medium without phenol red at 37 ◦C for 3 and 24 h. After that, the cells were washed twice
with PBS and the medium was exchanged for phenol-red free DMEM. Stock solutions of compounds
1–4 were prepared in dimethylsulfoxide (DMSO) fresh before the experiments. The final concentration
of the vehicle (DMSO) in cell culture medium did not exceed 0.02%.

3.3.3. Determination of Intracellular Localization of Purpurin 18 Derivatives

In order to determine the intracellular localization of compounds 1–4, the cells were seeded and
treated with the tested compounds as described in Section 3.3.2. Then, the cells were incubated with
a marker for staining of endoplasmic reticulum (ER-TrackerTM Blue-White DPX, 70 nM, 30 min),
mitochondria (a green-emitting dimethinium salt from Bříza et al. [47], 70 nM, 10 min and MitoTracker™
Green FM, 70 nM, 15 min), lysosomes (LysoTracker Green DND-26, 70 nM, 15 min) and Golgi apparatus
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(CellLight™ Golgi-GFP, BacMam 2.0, 24 h, 2 × 104 particles per cell). All the markers used from stock
solutions as supplied by the manufacturer (Thermo Fisher Scientific, Waltham, MA, USA).

3.3.4. Fluorescence Microscopy

The intracellular localization of purpurin 18 derivatives was studied by real-time live-cell
fluorescence microscopy at 37 ◦C and in 5% CO2 atmosphere. The images were acquired by an inverse
fluorescence microscope Olympus IX-81 operated by xCellence System (Olympus, Tokyo, Japan) using
a high-stability 150 W xenon arc burner and EM-CCD camera C9100-02 (Hamamatsu, Herrsching am
Ammersee, Germany). Living cells were analyzed under physiological conditions (37 ◦C, 5% CO2) by
a 60× oil immersion objective (Olympus, Tokyo, Japan) with the numerical aperture of 1.4. All images
were deconvolved using xCellence 2D deconvolution module and background-corrected.

3.3.5. Corrected Total Cell Fluorescence

To calculate corrected total cell fluorescence (CTCF), the number of 1 × 105 PC-3 cells was
seeded in DMEM+FBS onto glass-bottom MatTek dishes (35 mm, 1.5#). After 16 h, compounds 1–4

at 1 μM concentration were added to the cells in DMEM with 10% FBS and incubated for another
24 h. Then, the medium was removed, the cells were washed with PBS, which was replaced with
FluoroBrite DMEM media (Thermo Fisher Scientific, Waltham, MA, USA) and subjected to fluorescence
microscopy. The fluorescence emission intensity was measured in cells in at least 10 view fields at
600×magnification. The images were taken at the same exposition time (600 ms) and light intensity
(100%). Then, the data were evaluated using ImageJ 1.52a software by an equation:

CTCF = Integrated Density − (Area of selected cell ×Mean fluorescence of background readings).

3.3.6. Cell Lines and Cultivation Conditions

Photo- and dark toxicity of compounds 1–4 was evaluated in vitro by WST-1 viability assay
(Sigma, Saint Loui, MO, USA) similarly as in Rimpelová et al. [85]. The WST-1 assay is based on
reduction of a tetrazolium salt (WST-1 substrate) into soluble formazan in metabolically active cells.
The following cell lines were used: MCF-7, LNCaP, PC-3, U-2 OS, MIA PaCa-2 and HeLa. The cells
were seeded into individual wells of 96-well plates (3500 cells per well; except of LNCaP, for which
7000 cells per well was seeded) in 100 μL of DMEM media supplemented with 10% FBS. After 16 h
of incubation, the cells were treated with the tested compounds (0.5, 1, 5 and 10 μM) in 100 μL of
DMEM with 10% FBS. Then, after 24 h, the cells were washed with PBS, and 100 μL of phenol red-free
DMEM was added. One half of the samples was illuminated by 150-W halogen lamp for 13 min with
an edge-pass filter (Panchromar, filter (58 mm), VEB Glastechnik Lommatzsch, Lommatzch, Germany)
that transmitted wavelengths longer than 500 nm (the total light dose of 4 J·cm−2). The second half of
the samples was kept in the dark. Next, 24 h after illumination, the cell culture medium was removed
and 100 μL of fresh phenol red-free DMEM with 4 μL of WST-1 was added. After 2-h incubation,
the absorbance of formed formazan was measured spectrophotometrically at 450 nm (the reference
wavelength of 650 nm) using UV–Vis spectrometer (Tecan). The absorbance is directly proportional to
the oxidoreductase activity, and thus to the number of metabolically active cells. Cells treated only
with cell culture medium and cells treated with a vehicle (DMSO) served as controls. All samples were
tested in quadruplicates. The IC50 values were determined (GraphPad Prism 6) as the concentration
necessary to kill 50% of cells.

3.3.7. Cell Death Evaluation by Flow Cytometry

Evaluation of the proportion of dead cells was adapted from Vermes et al. [86] MCF-7 cells were
plated in a 6-well plate (25,000 cells per well) and treated with compounds 1–4 (0.1–5 μM) for 24 h. Then,
the cells were illuminated for 13 min by a 150-W halogen lamp with an edge-pass filter transmitting
wavelengths longer than 500 nm (the total light dose of 4 J·cm−2). The cells were incubated at standard
cultivation conditions for next 24 h. Afterwards, the cells were harvested by trypsinization, washed
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in cold PBS and resuspended in annexin-binding buffer followed by labeling with Alexa Fluor® 488
Annexin V and propidium iodide according to the manufacturer’s protocol (Dead Cell Apoptosis Kit,
Thermo Fisher Scientific, Waltham, MA, USA) as described in Kirakci et al. [87] and Rumlová et al. [88].
The stained cells were then analyzed by flow cytometer BD FACSAria III, by which live and dead
(necrotic and apoptotic) cells were determined using BD FACSDiva 8. The experiments were done
in triplicates.

3.4. Theoretical Studies

3.4.1. Docking Into Human Serum Albumin

Three-dimensional structures of compounds 1–4 (ligands) were created by CORINA Classic
(v. 4.2.0; Molecular Networks GmbH, Nuremberg, Germany) software. Other modifications of ligands
and proteins were done by Maestro (v. 2018-4, NY, USA) software. To minimize the ligand energy
and addition of missing hydrogen atoms, a function “ligand preparation” with the force field OPLS3e
was used. The structure of HSA protein with the code of 1N5U was obtained from Protein Data Bank
(PDB; https://www.rcsb.org/structure/1N5U) database. From the structure of HAS 1N5U, molecules
of myristic acid, protoporphyrin IX and water were removed. In order to define the binding pocket,
we chose four amino acids (TYR161, MET123, HIS146, LYS190) present in the binding pocket of HSA and
using the function “receptor grid generator”, a small and big box was created with the edge length
depending on the docked ligand (Table 6). The molecule center was not enabled to leave the small
box and the molecule as whole could not overhang the big box. In addition to minimization and
optimization of the HSA structure, all amino acids present in this protein were assigned a protonation
state corresponding to pH 7 using a function PROPKA. OPLS3e was used as force field. Ligand docking
was done in the “extra precisions” mode.

Table 6. Edge size of a box used for ligand docking.

Ligand Box Edge Size (Å)

Small Big

1 14 22
2 14 22
3 15 30
4 15 28

3.4.2. Calculation of the Logarithm of a Partition Coefficient

For compounds 1–4, logP between n-octanol and water was calculated as the arithmetic average
of results obtained by algorithms XLOGP3, WLOGP, MLOGP, SILICO-IT in SwissADME software
(Molecular Modeling Group, Swiss Institute of Bioinformatics, Lausanne, Switzerland) [89,90].

4. Conclusions

We have designed, synthesized and presented the biological activity of two PEGylated derivatives
of purpurin 18 (compound 1). Compared to their parent compound, both derivatives (compounds 3

and 4) exhibited improved accumulation in all of the tested cell lines (PC-3, LNCaP, MCF-7 and HaCaT).
Live-cell fluorescence microscopy showed that compounds 3 and 4 localized predominantly in the
endoplasmic reticulum and mitochondria, which are desired targets for PDT; moreover, compound 4

also localized in lysosomes. Upon illumination, both compounds efficiently generated singlet oxygen
production. This corresponded with their good photodynamic activity at nanomolar to micromolar
concentrations in all tested cell lines, with the strongest effect detected for compounds 3 and 4 in
the LNCaP and HeLa cell lines, respectively. At submicromolar concentrations, the photoactivated
compounds 1–4 prevalently induced apoptosis with negligible necrosis. The most efficient apoptosis
inducers (61% to 68% of cells in apoptosis) were compounds 3 and 4. In terms of photodynamic therapy,
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we believe that our PEGylated derivatives have the ability to outperform their parent photosensitizer
purpurin 18, application of which is limited by its aggregation. Furthermore, their enhanced water
solubility can overcome the high hydrophobicity and, thus, limited bioavailability associated with
photosensitizers, such as chlorin, currently used in photodynamic therapy.
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Abstract: Ginkgolides are the major active component of Ginkgo biloba for inhibition of platelet
activating factor receptor. An azide-alkyne Huisgen cycloaddition reaction was used to introduce a
triazole nucleus into the target ginkgolide molecules. A series of ginkgolide-1,2,3-triazole conjugates
with varied functional groups including benzyl, phenyl and heterocycle moieties was thus synthesized.
Many of the designed derivatives showed potent antiplatelet aggregation activities with IC50 values
of 5~21 nM.

Keywords: ginkgolide; platelet-activating factor receptor; inhibitor

1. Introduction

Ginkgo biloba, also named maidenhair tree, the only surviving species from the family Ginkgoaceae
has existed for more than 180 million years, and for this reason it was called a “living fossil” by Darwin.
G. biloba has been used as a traditional Chinese medicine for a long time for the treatment of lung
weakness, asthma, coughing, cancer, etc [1,2]. Ginkgo has also been popular in the Western world since
1965, when a German company developed from ginkgo extracts a botanical medicine named EGB761,
with various effects on central nervous system (CNS) diseases, including Alzheimer’s disease, dementia,
hypomnesia, etc [3,4]. The main components of ginkgo extracts are terpene trilactones (including
ginkgolides and bilobalide) and flavonoids [5,6]. Since flavonoids are deemed to hardly penetrate the
blood-brain barrier, it is assumed the terpene trilactones from ginkgo extracts should be the major
active components for the CNS effects and cardiovascular activity [7,8]. As a natural phospholipid
agonist of the platelet activating factor of platelet activating factor receptor (PAFR), platelet activating
factor (PAF) regulates various physiological activities of the CNS and peripheral nervous system,
including platelet aggregation, blood pressure regulation, inflammation, long-term enhancement of
CNS, etc [9]. It’s reported that ginkgolides could competitively inhibit the platelet-activating factor
receptor (PAFR), resulting in the observed CNS protection and antithrombotic effects [10,11].

To date, 10 ginkgolides (ginkgolide A~Q) [5,6,12] and two bilobalides (bilobalide and
bilobanol) [13,14] have been isolated and from G. biloba and their structures elucidated. Most natural
ginkgolides displayed significant activity against PAFR, while the bilobalides didn’t. In particular,
ginkgolide B is the most potent PAFR antagonist discovered in nature [1]. Since the 1970s,
many investigations on the structural modifications and structure-activity relationship of ginkgolides
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have been conducted. It is revealed that both ring C and ring D are essential for anti-PAFR activity [15].
Substituents at the C-7 position decrease the activity [16]. It’s noteworthy that the introduction of bulky
or aromatic substituents at 10-OH could help to increase activity against PAFR [17,18]. The 1,2,3-triazole
moiety, also known simply as triazole, acts as an important structural fragment widely used to construct
new drug molecules [19]. The triazole is an electron isostere of the amide group, which easily forms
hydrogen bonds, coordination bonds, etc., helping to form a variety of non-covalent bond interactions
with target proteins [19,20].

In this paper, a series of ginkgolide derivatives with 1,2,3-triazole moieties connected with
various benzyl, phenyl and heterocycle moieties at the C-10 position were designed and synthetized.
Their antiplatelet aggregation activities were also evaluated and several derivatives displayed more
potent inhibitory effects against PAFR than the natural ginkgolide B, with IC50 values of 5~21 nM,
or about 10 to 20 times higher than the natural compound.

2. Results and Discussion

2.1. Chemistry

Drugability is improved when the triazole moiety is introduced into some leads [20]. The azide-alkyne
Huisgen cycloaddition reaction, also known as the Huisgen 1,3-dipolar cycloaddition, has been proved
to be a powerful tool in construction of triazoles [21]. In this reaction, the azide moiety reacts to a
terminal alkyne group to form the triazole ring. The copper(I) catalyst improves both the reaction rate
and selectivity. A series of ginkgolide-1,2,3-triazole conjugates with varied functional groups including
benzyl, phenyl and heterocycle moieties was synthesized via this method.

10-O-Propargylated ginkgolide B (3) was synthesized in 65% yield by mixing ginkgolide B (1)
and 3-bromoprop-1-yne (2) with potassium carbonate in anhydrous acetonitrile for several hours
(Scheme 1). 10-O-Propargylated ginkgolide A (3′) and 10-O-propargylated ginkgolide C (3”) were
obtained in 32% and 69% yield, respectively from the corresponding ginkgolide A (1′) and ginkgolide
C (1”) following the same scheme.

 
Scheme 1. Formation of 10-O-propargylated ginkgolides 3, 3′ and 3”.

The target molecules, 10-substituted 1,2,3-triazole-ginkgolide B derivatives 5, were synthesized using
the copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction [21] by mixing 10-O-propargylated
ginkgolide B (3) with a series of azides 4 in a three-phase solvent, using copper(I) as catalyst (Scheme 2).
The 1,2,3-triazole-ginkgolide A derivatives (5′) and 1,2,3-triazole-ginkgolide ginkgolide C derivatives
(5”) were obtained by the same route.

Azides 4a–4ee were synthesized by firstly mixing the corresponding aniline, sodium nitrite and
concentrated hydrochloride in ethyl acetate at 0 ◦C for 30 min, then adding sodium azide to the system
at room temperature and stirring for another two hours (Scheme 3) [22–24]. The resulting products are
listed in Table 1.
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Scheme 2. Formation of 10-substituted 1,2,3-triazole-ginkgolide derivatives 5, 5′ and 5”.

Scheme 3. Preparation of azides 4a–4ee.

Table 1. Synthesized azides 4a–4ee.

Entry Azide Ar Yield

1 4a Ph 77
2 4b 2-Cl-Ph 88
3 4c 3-Cl-Ph 91
4 4d 4-Cl-Ph 75
5 4e 2-Cl, 6Cl-Ph 72
6 4f 2-Cl, 4Cl-Ph 71
7 4g 3-Cl, 4Cl-Ph 87
8 4h 3-F-Ph 88
9 4i 3-CF3, 4-Cl-Ph 62
10 4j 4-OCF3-Ph 86
11 4k 3-CF3, 5-CF3Ph 91
12 4l 4-tertbutyl-Ph 76
13 4m 3-Br-Ph 62
14 4n 2-Me-Ph 75
15 4o 2-OH-Ph 92
16 4p 2-CN-Ph 88
17 4q 3-Me-Ph 74
18 4r 3-isopropyl-Ph 87
19 4s 3-COOEt-Ph 78
20 4t 3-COOH-Ph 78
21 4u 4-Me-Ph 65
22 4v 4-OMe-Ph 87
23 4w 4-F-Ph 74
24 4x 4-Br-Ph 63
25 4y 4-CF3-Ph 77
26 4z 4-NO2-Ph 67
27 4aa 4-COOMe-Ph 87
28 4bb 4-COOH-Ph 76
29 4cc 3-OMe,5-OMe-Ph 79
30 4dd 3-Cl, 4F-Ph 87
31 4ee 3-pyridine 68

Azides 4ff–4gg were synthesized by mixing the corresponding benzyl bromide and sodium azide
in DMF for two hours (Scheme 4) [22,25]. The resulting products are listed in Table 2.
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Scheme 4. Preparation of azides 4ff, 4gg.

Table 2. Synthesized azides 4ff–4gg.

Entry Azide Ar Yield

1 4ff Bn 82
2 4gg 2-Me-Bn 77

Following the reaction shown in Scheme 2, using 10-O-propargylated ginkgolide B 3 and azides
4a-4gg, compounds 5a-5gg were obtained (Figure 1).

 
Figure 1. Structures of 10-substituted 1,2,3-triazole-ginkgolide B derivatives 5a–5gg.
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Following the reaction shown in Scheme 2, using 10-O-propargylated ginkgolide A 3′,
10-O-propargylated ginkgolide C 3” and azides 4a, 4n, 4p, 4ff, 4gg, compounds 5′a-5′gg, 5”a-5”gg

were obtained as illustrated in Figure 2.

 

Figure 2. Structures of 10-substituted 1,2,3-triazole-ginkgolide A derivatives 5′a-5′gg and 10-substituted
1,2,3-triazole-ginkgolide C derivatives 5”a-5”gg.

2.2. Biology

Since ginkgolide derivatives have shown antiplatelet aggregation activities as reported
before [15–18], the as-synthesized ginkgolide-1,2,3-triazole derivatives were expected to show improved
biological potency.

Firstly, the newly synthesized 10-substituted 1,2,3-triazole-ginkgolide B derivatives (5) were tested
by the method of Born [26,27]. The result was given in Figure 3. Which showed some of them exhibited
considerable activity better than ginkgolide B. The best results were obtained with compounds 5a, 5n,
5p, 5ff and 5gg.

From the results shown above, we can preliminarily conclude that non-substituted benzyl
(compound 5a) and phenyl (compound 5ff) 1,2,3-triazole conjugates have significantly enhanced
antiplatelet aggregation activities compared to ginkgolide B (1). We can also see that the substitution at
the meta- or/and para- positions of the benzyl group reduce the activity. Some small steric hindrance
groups (such as methyl and cyano groups) substituted at the ortho-position of the phenyl (compounds
5n and 5p) and benzyl (compound 5gg) groups maintain or slightly reduce the activity.
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Figure 3. Antiplatelet aggregation activities of the 10-substituted 1,2,3-triazole-ginkgolide B derivatives.
Ginkgolide B (1) was used as reference.

In further studies, 10-substituted 1,2,3-triazole-ginkgolide A 5′ and ginkgolide C 5” derivatives,
having the same moieties as the most active ginkgolide B derivatives 5a, 5n, 5p, 5ff and 5gg,
were synthesized and their antiplatelet aggregation activities tested and reported as inhibition ratios at
50 nM). The results are shown in Figure 4. Some of them exhibit better activity than not only their
precursors 1′ or 1”, but also ginkgolide B (1). The best results were obtained with compounds 5′a, 5′ff,
5′gg and 5”gg.
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Figure 4. Antiplatelet aggregation activity activities of the 10-substituted 1,2,3-triazole-ginkgolide A
and ginkgolide C derivatives. Ginkgolide B (1), ginkgolide A (1′) and ginkgolide C (1”) were used
as reference.

The most active compounds obtained by method above, 5a, 5n, 5p, 5q, 5ff, 5gg, 5′a, 5′ff, 5′gg and
5”gg, were further examined in order to get their activity expressed as an IC50 value. The results are
listed in Table 3.

As we can see, compounds 5a, 5p, 5ff, 5gg and 5′a display promising antiplatelet aggregation
activity with IC50 values ranging from 5–21 nM. Among them compounds 5ff and 5gg were the best
among the series of compounds, showing about a 20-fold increase in comparison with the natural
ginkgolide B (1).
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Table 3. In vitro antiplatelet aggregation activity study of some of ginkgolide-1,2,3-triazole derivatives.

Compound
PAF-Induced Platelet

Aggregation IC50 (nM)
Compound

PAF-Induced Platelet
Aggregation IC50 (nM)

1 130.1 ± 20.0 5ff 5.31 ± 1.84
1′ 580.4 ± 50.3 5gg 5.68 ± 0.71
1” 7540 ± 662 5′a 18.55 ± 2.25
5a 7.74 ± 1.89 5′ff 25.37 ± 4.25
5n 20.63 ± 2.84 5′gg 71.47 ± 6.26
5p 10.19 ± 2.03 5”gg 37.68 ± 4.17
5q 44.33 ± 4.42

In order to verify if the most active ginkgolide-1,2,3-triazole derivatives could also be considered
as potential antiplatelet aggregation therapeutics, compounds 5a, 5n, 5p, 5q, 5ff, 5gg, 5′a, 5′ff and
5”gg were examined to confirm their cytotoxicity using an LDH assay [28]. The results are shown in
Figure 5.
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Figure 5. Cytotoxicity of some of ginkgolide-1,2,3-triazole derivatives: (a) Tested at 1 μM concentration.
(b) Tested at 10 μM concentration. Ginkgolide B (1) was used as reference.

In addition, compounds 5a, 5p, 5ff, 5gg and 5′a were examined to confirm their toxicity on
platelets using the LDH assay [29]. The results are shown in Figure 6.
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Figure 6. Toxicity on platelets of some of ginkgolide-1,2,3-triazole derivatives: (a) Tested at 1 μM
concentration. (b) Tested at 10 μM concentration. Ginkgolide B (1) was used as reference.

As shown in results above, these most active compounds did not demonstrate toxicity towards
cardiomyocytes and platelets (p > 0.05) up to 10 μM (almost two order of magnitude higher than IC50

of ginkgolide B), which suggest that they have a broad therapeutic window/safety window.

3. Materials and Methods

3.1. Compound Synthesis

3.1.1. General Experimental Procedures

All solvents and reagents of analytical grade were obtained from commercial sources.
Flash chromatography was performed using silica gel (200–300 mesh, Qingdao Marine Chemical Group
Co., Qingdao, China). All reactions were monitored by TLC on silica gel plates (Merck, Darmstadt,
Germany). NMR spectra were recorded in CDCl3 or DMSO at 400 or 600 MHz for 1H-NMR and 125
or 150 MHz for 13C-NMR on an Ascent 400 or 600 spectrometer (Bruker, Fallanden, Switzerland).
The solvent signal was used as an internal standard. ESI-MS were recorded on an 1200/MSD mass
spectrometer (Agilent, Santa Clara, CA, USA). HREIMS were recorded on a LTQ Orbitrap XL mass
spectrometer (Thermo, Bremen, Germany).

3.1.2. General Procedures for the Preparation 10-O-propargylated Ginkgolides

Propargyl bromide (2.4 mmol) were slowly added to a mixture of ginkgolide (1, 1′ or 1”, 2.0 mmol)
and K2CO3 (4.0 mmol) in acetonitrile (15 mL). The reaction mixture was refluxed for 24 h under an
argon atmosphere and then was extracted with EtOAc three times. The combined organic phases
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were dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was purified by
chromatography (SiO2, petroleum ether (PE)/EtOAc stepwise elution, 1:1 to EtOAc).

10-O-Propargylated ginkgolide B (3). Following the described procedure, 602 mg (65%) of compound
3 were obtained from 829 mg (2.0 mmol) of ginkgolide B (1). 1H-NMR (600 MHz, DMSO-d6) δ 6.46
(s, 1H), 6.14 (s, 1H), 5.32 (d, J = 4.1 Hz, 1H), 5.19 (s, 1H), 5.15 (d, J = 4.9 Hz, 1H), 4.69 (ddd, J = 70.7,
15.8, 2.5 Hz, 2H), 4.61 (d, J = 6.8 Hz, 1H), 4.09 (dd, J = 6.9, 4.9 Hz, 1H), 3.62 (t, J = 2.4 Hz, 1H), 2.84 (q,
J = 7.1 Hz, 1H), 2.13 (dd, J = 13.6, 4.6 Hz, 1H), 1.99 (s, 1H), 1.87 (td, J = 13.9, 4.2 Hz, 1H), 1.71 (dd, J =
14.4, 4.5 Hz, 1H), 1.11 (d, J = 7.2 Hz, 3H), 1.05 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.77, 172.56,
170.63, 110.02, 99.51, 93.37, 83.06, 79.71, 79.29, 74.96, 74.12, 72.41, 67.84, 60.23, 57.91, 49.08, 41.96, 36.96,
32.29, 29.38 (3C), 8.44. HRMS (ESI): m/z calcd for C23H26O10 [M + H]+: 463.1599, found 463.1531.

10-O-Propargylated ginkgolide A (3′), Following the described procedure, 286 mg (32%) of compound
3′ were obtained from 797 mg (2.0 mmol) of ginkgolide A (1′). 1H-NMR (600 MHz, DMSO-d6) δ 6.43 (s,
1H), 6.12 (s, 1H), 5.10 (s, 1H), 5.00 (d, J = 4.1 Hz, 1H), 4.86 (t, J = 7.7 Hz, 1H), 4.72 (dd, J = 15.6, 2.5 Hz,
1H), 4.50 (dd, J = 15.5, 2.5 Hz, 1H), 3.59 (s, 1H), 3.17 (d, J = 5.2 Hz, 1H), 2.91 (q, J = 7.2 Hz, 1H), 2.75 (dd,
J = 15.1, 7.2 Hz, 1H), 2.08 (dd, J = 13.7, 4.8 Hz, 1H), 1.99 (s, 1H), 1.95 (dd, J = 13.8, 4.3 Hz, 1H), 1.82 (dd,
J = 15.1, 8.2 Hz, 1H), 1.72 (dd, J = 14.1, 4.8 Hz, 1H), 1.23 (s, 2H), 1.12 (d, J = 7.2 Hz, 3H), 1.03 (s, 9H).
13C-NMR (150 MHz, DMSO-d6) δ 176.91,172.75, 170.96, 110.08, 100.94, 87.95, 86.48, 85.31, 79.49, 78.95,
75.32, 68.67, 66.83, 57.81, 49.07, 49.03, 36.78, 36.45, 32.25, 29.24 (3C), 8.64. HRMS (ESI): m/z calcd for
C23H26O9 [M + H]+: 447.1650, found 447.1582.

10-O-Propargylated ginkgolide C (3”). Following the described procedure, 669 mg (69%) of compound
3” were obtained from 861 mg (2.0 mmol) of ginkgolide A (1”). 1H-NMR (600 MHz, DMSO-d6) δ 6.47
(s, 1H), 6.17 (s, 1H), 5.68 (d, J = 6.1 Hz, 1H), 5.26 (d, J = 5.0 Hz, 1H), 5.18 (s, 1H), 4.71 (ddd, J = 67.5, 15.8,
2.5 Hz, 2H), 4.59 (d, J = 6.6 Hz, 1H), 4.06–4.01 (m, 2H), 3.99 (ddd, J = 12.6 Hz, 6.1 Hz, 4.3 Hz, 1H), 3.63
(s, 1H), 2.82 (q, J = 7.1 Hz, 1H), 2.50 (s, 2H), 1.99 (s, 2H), 1.54 (d, J = 12.5 Hz, 1H), 1.18 (t, J = 7.1 Hz, 2H),
1.12 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.73, 172.50, 170.90, 109.86, 99.26, 93.45, 83.06, 79.82,
79.29, 74.79, 74.17, 73.95, 67.05, 64.01, 60.23, 58.01, 49.26, 41.94, 32.20, 21.23 (3C), 8.48. HRMS (ESI): m/z
calcd for C23H26O11 [M + H]+: 479.1548, found 479.1472.

3.1.3. General Procedures for the Preparation of 10-Substituted 1,2,3-triazole-Ginkgolide Derivatives

Sodium ascorbate (0.03 mmol) and CuSO4 (0.01 mmol) were added in single portions to a solution
of 10-O-propargylated ginkgolide 3, 3′ or 3” (0.1 mmol) and corresponding azide 4 (0.11 mmol) in
1:1:1 t-BuOH/ H2O/THF (3 mL). The reaction mixture was stirred at room temperature for 48 h under
an argon atmosphere and then was extracted with EtOAc three times. The combined organic phases
were dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was purified by
chromatography (SiO2, PE/EtOAc 1:3 stepwise elution to EtOAc) to afford the appropriate compound 5.

10-O-(1-Phenyl-1H-1,2,3-triazole) ginkgolide B (5a). Following the described procedure, 42.3 mg
(73%) of compound 5a were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide B (3).
1H-NMR (400 MHz, DMSO-d6) δ 8.798 (1H, s), 7.88 (d, J = 7.6 Hz, 2H), 7.50–7.64 (m, 3H), 6.47 (s, 1H),
6.20 (s, 1H), 5.52 (d, J = 4.4 Hz, 1H), 5.45 (d, J = 12.0 Hz, 1H), 4.93 (d, J = 12.0 Hz, 1H), 4.63 (d, J = 6.8
Hz, 1H), 4.21 (dd, J = 6.8 Hz, 4.8 Hz, 1H), 2.88 (q, J = 6.8 Hz, 1H), 2.11 (dd, J = 13.6 Hz, 4.0 Hz, 1H), 1.84
(ddd, J = 14.0 Hz, 13.6 Hz, 4.0 Hz, 1H), 1.73 (dd, J =14.4 Hz, 4.0 Hz, 1H), 1.13 (d, J = 7.2 Hz, 3H), 1.02 (s,
9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.32, 172.51, 170.12, 143.76, 136.46, 129.96 (2C), 128.94, 121.59,
120.23 (2C), 109.68, 98.88, 92.62, 82.47, 78.49, 75.16, 73.77, 71.96, 67.34, 63.00, 48.73, 41.56, 36.54, 31.73,
28.64 (3C), 7.84. HRMS (ESI): m/z calcd for C29H31N3O10 [M + H]+: 582.2082, found 582.2062.

10-O-(1-(2-Chlorophenyl)-1H-1,2,3-triazole) ginkgolide B (5b). Following the described procedure,
21.0 mg (34%) of compound 5b were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ 7.78 (d, J = 1.2 Hz, 1H), 7.58–7.71 (m,2H), 6.47 (s,
1H), 6.20 (s, 1H), 5.50 (d, J = 4.8 Hz, 1H), 5.46 (d, J = 12.0 Hz, 1H), 5.33–5.35 (m, 2H), 4.97 (d, J = 12.0 Hz,
1H), 4.64 (d, J = 7.2 Hz, 1H), 4.21 (dd, J = 7.2 Hz, 4.8 Hz, 1H), 2.88 (q, J = 7.0 Hz, 1H), 2.12 (dd, J = 13.6
Hz, 4.0 Hz, 1H), 1.85 (ddd, J = 14.4 Hz, 13.4 Hz, 4.0 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.0 Hz,1H), 1.12 (d,
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J = 6.8 Hz, 3H), 1.02 (s, 9H), 176.30, 172.47, 170.10, 142.91, 134.30, 131.77, 130.60, 128.52, 128.39, 128.31,
125.43, 109.67, 98.86, 92.58, 82.46, 78.47, 75.25, 73.74, 71.93, 67.32, 63.07, 48.72, 41.55, 36.51, 31.72, 28.65
(3C), 8.57 (s,1H). 13C-NMR (125 MHz, DMSO-d6) δ7.82, 7.80 (d, J = 1.2 Hz, 1H). HRMS (ESI): m/z calcd
for C29H30ClN3O10 [M + H]+: 616.1692, found 616.1670.

10-O-(1-(3-Chlorophenyl)-1H-1,2,3-triazole) ginkgolide B (5c). Following the described procedure, 40.1
mg (65%) of compound 5c were obtained as method 1, from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3).1H-NMR (400 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.02 (s, 1H), 7.59–7.91 (m, 3H), 6.47
(s, 1H), 6.20 (s, 1H), 5.43–5.46 (m, 2H), 5.33 (s, 2H), 4.93 (d, J = 12.0 Hz, 1H), 4.64 (d, J = 6.8 Hz, 1H),
4.20 (dd, J = 7.0 Hz, 4.6 Hz, 1H), 2.88 (q, J = 6.8 Hz, 1H), 2.11 (dd, J = 13.0 Hz, 3.8 Hz, 1H), 1.86 (ddd,
J = 14.2 Hz, 13.4 Hz, 3.8 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 4.0 Hz, 1H), 1.12(d, J = 6.8 Hz, 3H), 1.02 (s, 9H).
13C-NMR (125 MHz, DMSO-d6) δ 176.28, 172.46, 170.08, 143.82, 137.48, 134.20, 131.69, 128.74, 121.91,
120.02, 118.84, 109.66, 98.88, 92.60, 82.47, 78.45, 75.14, 73.75, 71.93, 67.29, 62.90, 48.71, 41.53, 36.51, 31.70,
28.62 (3C), 7.82. HRMS (ESI): m/z calcd for C29H30ClN3O10 [M + H]+: 616.1692, found 616.1674.

10-O-(1-(4-Chlorophenyl)-1H-1,2,3-triazole) ginkgolide B (5d). Following the described procedure,
20.3 mg (33%) of compound 5d were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ8.82 (s,1H), 7.68–7.94 (dd, 4H), 6.47 (s, 1H), 6.20 (s,
1H), 5.43–5.48 (m, 2H), 5.32–5.33 (m, 2H), 4.92 (d, J = 8.0 Hz, 1H), 4.63 (d, J = 7.2 Hz, 1H), 4.20 (dd,
J = 7.0 Hz, 4.6 Hz, 1H), 2.88 (q, J = 6.8 Hz, 1H), 2.11 (dd, J = 13.0 Hz, 3.8 Hz, 1H), 1.83 (ddd, J = 14.4Hz,
13.2Hz, 4.0 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 4.0 Hz, 1H), 1.13 (d, J = 7.2 Hz, 3H), 1.02 (s, 9H). 13C-NMR
(125 MHz, DMSO-d6) δ 176.28, 172.46, 170.08, 143.87, 135.24, 133.19, 129.91 (2C), 121.90 (2C), 121.73,
109.66, 98.87, 92.60, 82.46, 78.45, 75.16, 73.74, 71.92, 67.30, 62.93, 48.70, 41.53, 36.51, 31.70, 28.62 (3C),
7.81. HRMS (ESI): m/z calcd for C29H30ClN3O10 [M + H]+: 616.1692, found 616.1671.

10-O-(1-(2,6-Dichlorophenyl)-1H-1,2,3-triazole) ginkgolide B (5e). Following the described procedure,
34.5 mg (53%) of compound 5e were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ8.54 (s,1H), 7.68–7.81(m, 3H), 6.48 (s, 1H), 6.20 (s,
1H), 5.47 (d, J = 12.0 Hz, 1H), 5.32–5.54 (m, 2H), 5.24 (d, J = 4.4 Hz, 1H), 4.99 (d, J = 12.4 Hz, 1H), 4.64
(d, J = 7.2 Hz, 1H), 4.19 (dd, J = 7.2 Hz, 4.6 Hz, 1H), 2.87 (q, J = 7.2 Hz, 1H), 2.13 (dd, J = 13.2 Hz, 4.0
Hz, 1H), 1.84 (ddd, J = 14.2 Hz, 13.4 Hz, 4.0 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.0 Hz, 1H), 1.12 (d, J = 7.2
Hz, 3H), 1.03 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.27, 172.38, 170.07, 143.11, 133.04, 132.58
(2C), 132.42, 129.26 (2C), 125.88, 109.68, 98.82, 92.40, 82.48, 78.45, 75.51, 73.74, 71.91, 67.28, 63.20, 48.68,
41.54, 36.50, 31.74, 28.69 (3C), 7.80. HRMS (ESI): m/z calcd for C29H29Cl2N3O10 [M + H]+: 650.1303,
found 650.1287.

10-O-(1-(2,4-Dichlorophenyl)-1H-1,2,3-triazole) ginkgolide B (5f). Following the described procedure,
29.3 mg (45%) of compound 5f were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide
B (3). 1H-NMR (400 MHz, DMSO-d6) δ 8.57 (s,1H), 8.02(d, J = 2.4 Hz, 1H), 7.68–7.76(m, 2H), 6.47 (s,
1H), 6.20 (s, 1H), 5.43–5.48 (m, 2H), 5.33–5.40 (m, 2H), 4.96 (d, J = 12.4Hz, 1H), 4.63 (d, J = 7.2 Hz,
1H), 4.20 (dd, J = 7.2 Hz, 4.8Hz, 1H), 2.88 (q, J = 6.8 Hz, 1H), 2.12 (dd, J = 12.8 Hz, 4.0Hz, 1H), 1.84
(ddd, J = 14.2 Hz, 13.2 Hz, 4.0 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.0 Hz, 1H), 1.12(d, J = 6.8 Hz, 3H), 1.02
(s, 9H).13C-NMR (125 MHz, DMSO-d6) δ 176.27, 172.44, 170.07, 143.02, 135.51, 133.34, 130.16, 129.64,
129.49, 128.65, 125.51, 109.65, 98.85, 92.58, 82.45, 78.44, 75.27, 73.71, 71.91, 67.30, 63.03, 59.71, 48.69,
41.53, 36.49, 31.71, 28.64 (3C), 7.81. HRMS (ESI): m/z calcd for C29H29Cl2N3O10 [M + H]+: 650.1303,
found 650.1289.

10-O-(1-(3,5-Dichlorophenyl)-1H-1,2,3-triazole) ginkgolide B (5g). Following the described procedure,
38.3 mg (34%) of compound 5g were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ 8.92 (s,1H), 8.05 (d, J = 1.6 Hz, 2H), 7.80 (t, J =
1.6 Hz, 1H), 6.48 (s, 1H), 6.20 (s, 1H), 5.44 (d, J = 12.0 Hz,1H), 5.36 (d, J = 4.8 Hz, 1H), 5.32–5.35 (m,
2H), 4.93 (d, J = 12.0 Hz, 1H), 4.63 (d, J = 7.2 Hz, 1H), 4.20 (dd, J = 7.2 Hz, 4.6Hz, 1H), 2.87 (q, J = 7.2
Hz, 1H), 2.11 (dd, J = 12.8 Hz, 4.0 Hz, 1H), 1.83 (ddd, J = 14.4 Hz, 13.2 Hz, 4.0 Hz, 1H), 1.73 (dd, J =
14.4 Hz, 4.0 Hz, 1H), 1.12 (d, J = 7.2 Hz, 3H), 1.02 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.28,
172.43, 170.08, 143.90, 138.05, 135.26 (2C), 128.27, 122.22, 118.98, 118.88, 109.66, 98.91, 92.60, 82.49, 78.44,
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75.17, 73.75, 71.93, 67.28, 62.84, 48.71, 41.52, 36.51, 31.71, 28.62 (3C), 7.84. HRMS (ESI): m/z calcd for
C29H29Cl2N3O10 [M + H]+: 650.1303, found 650.1287.

10-O-(1-(3-Fluorophenyl)-1H-1,2,3-triazole) ginkgolide B (5h). Following the described procedure,
32.4 mg (54%) of compound 5h were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3).1H-NMR (400 MHz, DMSO-d6) δ 7.99 (s, 1H), 7.16–7.54 (m, 4H), 6.01 (s, 1H), 5.67 (d, J
= 11.6 Hz, 1H), 5.53 (d, J = 3.6 Hz, 1H), 5.05 (d, J = 4.4 Hz, 1H), 4.96 (s, 1H), 4.91 (d, J = 11.2 Hz, 1H),
4.64 (d, J = 7.6 Hz, 1H), 4.40 (dd, J = 7.6 Hz, 4.4 Hz, 1H), 3.07 (q, J = 6.8 Hz, 1H), 2.84 (s, 1H), 2.28 (dd, J
= 12.8 Hz, 4.2 Hz, 1H), 2.05 (ddd, J = 16.8 Hz, 10.8 Hz, 4.0 Hz, 1H), 1.98 (dd, J = 14.2 Hz, 4.2 Hz, 1H),
1.30 (d, J = 6.8 Hz, 3H), 1.13 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.28, 172.46, 170.08, 143.86,
137.64, 131.93, 121.85, 116.14, 115.66, 109.66, 107.83, 107.62, 92.60, 82.47, 78.45, 75.17, 73.75, 71.93, 67.30,
62.92, 48.71, 41.53, 36.51, 31.71, 28.62 (3C), 7.82. HRMS (ESI): m/z calcd for C29H31FN3O10 [M +H]+:
600.1993, found 600.2014.

10-O-(1-(4-Chloro-3-trifluoromethylphenyl)-1H-1,2,3-triazole) ginkgolide B (5i). Following the
described procedure, 27.9 mg (41%) of compound 5i were obtained from 46.2 mg (0.1 mmol) of
10-O-propargylated ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ 8.07 (s,1H), 7.70–8.09 (m, 3H),
6.01 (s, 1H,), 5.65 (d, J = 11.6 Hz, 1H), 5.52 (d, J = 4.0 Hz, 1H), 5.06 (d, J = 4.0 Hz, 1H), 4.97 (s, 1H), 4.91
(d, J = 11.6 Hz, 1H), 4.62 (d, J = 8.0 Hz, 1H), 4.38 (dd, J = 7.6 Hz, 4.4 Hz, 1H), 3.07 (q, J = 7.0 Hz, 1H),
2.98 (s, 1H), 2.28 (dd, J = 12.8 Hz, 4.0 Hz, 1H), 2.04 (ddd, J = 14.0 Hz, 13.2 Hz, 4.0 Hz, 1H), 1.95 (dd, J =
14.4 Hz, 4.0 Hz, 1H), 1.30 (d, J = 6.8 Hz, 3H), 1.12 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.27,
172.44, 170.07, 143.99, 135.40, 133.39, 130.69, 128.15, 127.83, 125.51, 122.25, 119.60, 109.66, 98.88, 92.56,
82.47, 78.43, 75.19, 73.74, 71.93, 67.28, 62.84, 48.70, 41.53, 36.50, 31.70, 28.62 (3C), 7.82. HRMS (ESI): m/z
calcd for C30H29ClF3N3O10 [M + H]+: 684.1566, found 684.1544.

10-O-(1-(4-Trifluoromethoxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5j). Following the described
procedure, 20.6 mg (31%) of compound 5j were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ 8.83 (s,1H), 8.03 (d, J = 9.0 Hz, 2H), 7.65 (d, J = 8.4
Hz, 2H), 6.47 (s, 1H), 6.20 (s, 1H), 5.43–5.49 (m, 2H), 5.32–5.34 (m, 2H), 4.93 (d, J = 12.0 Hz, 1H), 4.62 (d,
J = 7.2 Hz, 1H), 4.21 (dd, J = 7.2 Hz, 4.6 Hz, 1H), 2.88 (q, J = 7.0 Hz, 1H), 2.11 (dd, J = 13.2 Hz, 4.0 Hz,
1H), 1.84 (ddd, J = 14.2 Hz, 13.4 Hz, 4.0 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 4.0 Hz, 1H), 1.13(d, J = 7.2 Hz,
3H), 1.02 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.28, 172.46, 170.08, 148.02, 143.91, 135.30, 122.63
(2C), 122.30 (2C), 121.97, 121.00, 109.66, 98.87, 92.61, 82.46, 78.45, 75.17, 73.74, 71.93, 67.30, 62.94, 48.71,
41.53, 36.51, 31.70, 28.62 (3C), 7.81. HRMS (ESI): m/z calcd for C30H30F3N3O11 [M + H]+: 666.1905,
found 666.1887.

10-O-(1-(3,5-Ditrifluoromethylphenyl)-1H-1,2,3-triazole) ginkgolide B (5k). Following the described
procedure, 32.3 mg (45%) of compound 5k were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ 9.14 (s, 1H), 8.62 (s, 2H), 8.31 (s, 1H), 6.48 (s, 1H),
6.21 (s, 1H), 5.47 (d, J = 12.0 Hz, 1H), 5.35 (s, 1H), 5.30–5.33 (m, 2H), 4.96 (d, J = 12.0 Hz, 1H), 4.64 (d, J
= 7.2 Hz, 1H), 4.21 (dd, J = 7.2 Hz, 4.8 Hz, 1H), 2.88 (q, J = 6.8 Hz, 1H), 2.12 (dd, J = 12.8 Hz, 4.0 Hz,1H),
1.71–1.87 (m, 2H), 1.13 (d, J = 6.8 Hz, 3H), 1.03 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.28, 172.44,
170.07, 144.01, 137.73, 132.00 (2C), 131.73 (2C), 123.81, 122.64, 121.64, 121.07, 109.68, 98.90, 92.54, 82.49,
78.42, 75.22, 73.77, 71.94, 62.78, 48.71, 41.53, 36.50, 31.71, 28.63 (3C), 7.83. HRMS (ESI): m/z calcd for
C31H29F6N3O10 [M + H]+: 718.1830, found 718.1808.

10-O-(1-(4-tert-Butylphenyl)-1H-1,2,3-triazole) ginkgolide B (5l). Following the described procedure,
35.0 mg (55%) of compound 5l were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide
B (3). 1H-NMR (400 MHz, DMSO-d6) δ 8.75 (s, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.8 Hz, 2H), 6.47
(s, 1H), 6.20 (s, 1H), 5.58 (d, J = 4.4 Hz, 1H), 5.44 (d, J = 12.0 Hz, 1H), 5.33 (s, 2H), 4.93 (d, J = 12.0 Hz,
1H), 4.63 (d, J = 7.2 Hz, 1H), 4.21 (dd, J = 7.2 Hz, 4.6 Hz, 1H), 2.88 (q, J = 7.2 Hz, 1H), 2.11 (dd, J = 13.2
Hz, 4.0 Hz, 1H), 1.83 (ddd, J = 14.4 Hz, 13.2 Hz, 4.0 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 3.8 Hz, 1H), 1.33
(s, 9H), 1.13 (d, J = 7.2 Hz, 3H), 1.01 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ 176.29, 172.50, 170.08,
150.60, 143.60, 134.13, 126.64 (2C), 121.49, 119.98 (2C), 109.65, 98.84, 92.60, 82.43, 78.46, 75.09, 73.73,
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71.93, 67.32, 62.97, 48.71, 41.54, 36.51, 34.50, 31.70, 30.95 (3C), 28.62 (3C), 7.80. HRMS (ESI): m/z calcd
for C33H39N3O10 [M + H]+: 638.2708, found 638.2689.

10-O-(1-(3-Bromophenyl)-1H-1,2,3-triazole) ginkgolide B (5m). Following the described procedure,
38.3 mg (58%) of compound 5m were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (400 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.14 (t, J = 2.0 Hz, 1H), 7.94 (dd, J = 8.2
Hz, 1.4 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.58 (t, J = 8.0 Hz, 1H), 6.47 (s, 1H), 6.20 (s, 1H), 5.43–5.46 (m,
2H), 5.33 (s, 2H), 4.93 (d, J = 12.0 Hz, 1H), 4.63 (d, J = 7.2 Hz, 1H), 4.20 (dd, J = 7.2 Hz, 4.6 Hz, 1H), 2.88
(q, J = 7.2 Hz, 1H), 2.11 (dd, J = 13.2 Hz, 4.0 Hz, 1H), 1.83 (ddd, J = 14.4 Hz, 13.2 Hz, 4.0 Hz, 1H), 1.73
(dd, J = 14.4 Hz, 4.2 Hz, 1H), 1.12 (d, J = 7.2 Hz, 3H), 1.01 (s, 9H). 13C-NMR (125 MHz, DMSO-d6) δ
176.28, 172.46, 170.08, 143.79, 137.55, 131.90, 131.66, 122.77, 122.43, 121.92, 119.23, 109.66, 98.88, 92.60,
82.47, 78.45, 75.13, 73.75, 71.93, 67.29, 62.89, 48.71, 41.53, 36.51, 31.70, 28.62 (3C), 7.83. HRMS (ESI): m/z
calcd for C29H31BrN3O10 [M + H]+: 660.1193, found 660.1207.

10-O-(1-(2-Methylphenyl)-1H-1,2,3-triazole) ginkgolide B (5n). Following the described procedure,
39.3 mg (66%) of compound 5n were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.46 (s, 1H), 7.52–7.47 (m, 2H), 7.46–7.41 (m, 2H),
6.47 (s, 1H), 6.20(s, 1H), 5.57 (d, J = 4.6 Hz, 1H), 5.45 (d, J = 12.2 Hz, 1H), 5.35–5.33 (m, 2H), 4.97 (d, J =
12.1 Hz, 1H), 4.64 (d, J = 7.2 Hz, 1H), 4.21 (dd, J = 7.2, 4.7 Hz, 1H), 2.89 (q, J = 7.0 Hz, 1H), 2.15 (s, 3H),
2.13 (dd, J = 13.7, 4.5 Hz, 1H), 1.91–1.80 (m, 1H), 1.75 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz,
3H), 1.03 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.83, 173.02, 170.63, 143.35, 136.56, 133.54, 131.90,
130.45, 127.53, 126.45, 125.28, 110.16, 99.33, 93.08, 82.94, 79.01, 75.62, 74.23, 72.43, 67.83, 63.57, 49.20,
41.90, 37.01, 32.22, 29.14 (3C), 17.84, 8.32. HRMS (ESI): m/z calcd for C30H34N3O10 [M + H]+: 596.2244,
found 596.2249.

10-O-(1-(2-Hydroxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5o). Following the described procedure,
22.1 mg (37%) of compound 5o were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 10.59 (s, 1H), 8.51 (s, 1H), 7.60 (dd, J = 7.9, 1.6 Hz,
1H), 7.36 (ddd, J = 8.2, 7.5, 1.7 Hz, 1H), 7.12 (dd, J = 8.2, 1.2 Hz, 1H), 7.00 (td, J = 7.8, 1.3 Hz, 1H), 6.46 (s,
1H), 6.20 (s, 1H), 5.64 (d, J = 4.7 Hz, 1H), 5.45 (d, J = 12.2 Hz, 1H), 5.34–5.32 (m, 2H), 4.93 (d, J = 12.1 Hz,
1H), 4.63 (d, J = 7.2 Hz, 1H), 4.22 (dd, J = 7.2, 4.5 Hz, 1H), 2.92–2.84 (m, 1H), 2.12 (dd, J = 13.3 Hz, 4.4
Hz, 1H), 1.84 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.3 Hz, 4.3 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02
(s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 175.74, 171.96, 169.55, 149.06, 141.97, 129.74, 124.60, 124.12,
123.73, 118.97, 116.45, 109.07, 98.23, 91.99, 81.83, 77.91, 74.66, 73.13, 71.35, 66.74, 62.61, 48.10, 40.98, 35.93,
31.15, 28.07 (3C), 7.23. HRMS (ESI): m/z calcd for C29H32N3O11 [M + H]+: 598.2037, found 598.2051.

10-O-(1-(2-Cyanophenyl)-1H-1,2,3-triazole) ginkgolide B (5p). Following the described procedure,
25.5 mg (42%) of compound 5p were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.74 (s, 1H), 8.16 (dd, J = 7.8, 1.3 Hz, 1H), 7.98 (td,
J = 7.9, 1.4 Hz, 1H), 7.90–7.86 (m, 1H), 7.79 (td, J = 7.7, 1.1 Hz, 1H), 6.49 (s, 1H), 6.20 (s, 1H), 5.48 (d,
J = 12.4 Hz, 2H), 5.37–5.30 (m, 2H), 4.99 (d, J = 12.3 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.22 (d, J = 7.1
Hz, 1H), 2.92–2.85 (m, 1H), 2.11 (dd, J = 13.5, 4.5 Hz, 1H), 1.86 (dt, J = 13.7, 7.0 Hz, 1H), 1.74 (dd, J =
14.4, 4.5 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.81, 172.97,
170.63, 144.21, 138.10, 135.41, 135.30, 130.92, 126.18, 124.91, 116.22, 110.16, 107.43, 99.41, 93.18, 82.97,
79.00, 75.76, 74.22, 72.41, 67.82, 63.48, 49.20, 42.04, 37.01, 32.22, 29.13 (3C), 8.35. HRMS (ESI): m/z calcd
for C30H31N4O10 [M + H]+: 607.2040, found 607.2050.

10-O-(1-(3-Methylphenyl)-1H-1,2,3-triazole) ginkgolide B (5q). Following the described procedure,
26.8 mg (45%) of compound 5q were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.78 (s, 1H), 7.72 (t, J = 2.6 Hz, 1H), 7.68–7.63 (m,
1H), 7.50 (t, J = 7.8 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 6.47 (s, 1H), 6.20 (s, 1H), 5.50 (d, J = 4.5 Hz, 1H),
5.44 (d, J = 12.1 Hz, 1H), 5.33 (d, J = 4.8 Hz, 2H), 4.93 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H),
4.22–4.18 (m, 1H), 2.88 (q, J = 7.1 Hz, 1H), 2.42 (s, 3H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.83 (td, J =
13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4, 4.3 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150
MHz, DMSO-d6) δ 175.72, 171.93, 169.53, 143.06, 139.14, 135.83, 129.16, 128.93, 120.98, 120.04, 116.73,
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109.08, 98.26, 92.00, 81.87, 77.89, 74.53, 73.16, 71.35, 66.72, 62.36, 48.11, 40.97, 35.93, 31.13, 28.04 (3C),
20.32, 7.25. HRMS (ESI): m/z calcd for C30H34N3O10 [M + H]+: 596.2244, found 596.2255.

10-O-(1-(3-Isopropylphenyl)-1H-1,2,3-triazole) ginkgolide B (5r). Following the described procedure,
34.3 mg (55%) of compound 5r were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide
B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.81 (s, 1H), 7.75 (t, J = 1.8 Hz, 1H), 7.68–7.67 (m, 1H), 7.53 (t, J
= 7.9 Hz, 1H), 7.41 (d, J = 7.7 Hz, 1H), 6.50 (s, 1H), 6.20 (s, 1H), 5.54 (d, J = 4.6 Hz, 1H), 5.45 (d, J =
12.1 Hz, 1H), 5.34 (d, J = 3.4 Hz, 2H), 4.94 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.22 (dd, J =
7.1 Hz, 4.5 Hz, 1H), 3.06–2.99 (m, 1H), 2.89 (q, J = 7.0 Hz, 1H), 2.12 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.83
(td, J = 13.8, 4.2 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.3 Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H), 1.13 (d, J = 7.1 Hz,
3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.83, 173.02, 170.63, 150.14, 144.04, 136.99, 130.39,
127.50, 122.12, 118.67, 118.27, 110.16, 99.35, 93.06, 82.94, 78.99, 75.60, 74.25, 72.44, 67.81, 63.41, 49.19,
42.04, 37.00, 33.87, 32.20, 29.11 (3C), 24.11 (2C), 8.32. HRMS (ESI): m/z calcd for C32H38N3O10 [M +H]+:
624.2557, found 624.2565.

10-O-(1-(3-Ethylcarboxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5s). Following the described
procedure, 17.6 mg (27%) of compound 5s were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.94 (s, 1H), 8.40 (s, 1H), 8.18 (dd, J = 8.1, 0.8 Hz,
1H), 8.08 (dd, J = 7.8, 0.9 Hz, 1H), 7.79 (t, J = 8.0 Hz, 1H), 6.49 (s, 1H), 6.21 (s, 1H), 5.48 (d, J = 4.6 Hz,
1H), 5.46 (d, J = 12.2 Hz, 1H), 5.36–5.31 (m, 2H), 4.95 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.38 (q,
J = 7.1 Hz, 2H), 4.22 (dd, J = 7.1, 4.6 Hz, 1H), 2.89 (q, J = 7.0 Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H),
1.84 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.36 (t, J = 7.1 Hz, 3H), 1.13 (d, J =
7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.81, 173.00, 170.61, 165.21, 144.41, 137.17,
132.08, 131.16, 129.77, 125.17, 122.46, 120.88, 110.16, 99.37, 93.11, 82.96, 78.98, 75.64, 74.23, 72.43, 67.80,
63.39, 61.85, 49.20, 42.04, 37.00, 32.21, 29.12 (3C), 14.59, 8.34. HRMS (ESI): m/z calcd for C32H36N3O12

[M + H]+: 654.2299, found 654.2309.
10-O-(1-(3-Carboxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5t). Following the described procedure,

15.6 mg (25%) of compound 5t were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide
B (3). 1H-NMR (600 MHz, DMSO-d6) δ 13.45 (s, 1H), 8.94 (s, 1H), 8.38 (s, 1H), 8.16–8.14 (m, 1H),
8.11–7.99 (m, 1H), 7.76 (t, J = 7.9 Hz, 1H), 6.47 (s, 1H), 6.21 (s, 1H), 5.47–5.44 (m, 2H), 5.35–5.28 (m,
2H), 4.94 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.21 (dd, J = 7.1 Hz, 4.6 Hz, 1H), 2.89 (q, J = 7.1
Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.84 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.4
Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.81, 173.01, 170.62,
166.75, 144.21, 136.99, 133.01, 130.95, 129.88, 124.72, 122.30, 120.85, 110.07, 99.24, 92.99, 82.94, 78.93,
75.54, 74.21, 72.38, 67.74, 63.34, 49.20, 42.04, 36.74, 32.20, 29.12 (3C), 8.26. HRMS (ESI): m/z calcd for
C30H32N3O12 [M + H]+: 626.1986, found 626.1998.

10-O-(1-(4-Methylphenyl)-1H-1,2,3-triazole) ginkgolide B (5u). Following the described procedure,
31.5 mg (53%) of compound 5u were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.75 (s, 1H), 7.76 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.1
Hz, 2H), 6.46 (s, 1H), 6.20 (s, 1H), 5.53 (d, J = 4.6 Hz, 1H), 5.44 (d, J = 12.2 Hz, 1H), 5.33 (d, J = 3.2 Hz,
2H), 4.92 (d, J = 12.1 Hz, 1H), 4.63 (d, J = 7.1 Hz, 1H), 4.21 (dd, J = 7.2, 4.6 Hz, 1H), 2.88 (q, J = 7.0 Hz,
1H), 2.39 (s, 3H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.83 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.73 (dd, J = 14.4
Hz, 4.3 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 175.72, 171.94,
169.52, 142.94, 137.81, 133.34, 129.57 (2C), 120.81, 119.40 (2C), 109.01, 98.21, 91.97, 81.84, 77.84, 74.37,
73.03, 71.26, 66.65, 62.28, 47.99, 40.81, 35.83, 30.92, 28.04 (3C), 19.99, 7.01. HRMS (ESI): m/z calcd for
C30H34N3O10 [M + H]+: 596.2244, found 596.2251.

10-O-(1-(4-Methoxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5v). Following the described procedure,
20.8 mg (34%) of compound 5v were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.69 (s, 1H), 7.78 (d, J = 9.0 Hz, 2H), 7.15 (d, J =
9.1 Hz, 2H), 6.47 (s, 1H), 6.20 (s, 1H), 5.57 (d, J = 4.6 Hz, 1H), 5.44 (d, J = 12.1 Hz, 1H), 5.33 (s, 2H),
4.92 (d, J = 12.1 Hz, 1H), 4.63 (d, J = 7.2 Hz, 1H), 4.21 (dd, J = 7.2, 4.6 Hz, 1H), 3.84 (s, 3H), 2.88 (q, J
= 7.1 Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.83 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4
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Hz, 4.3 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.83, 173.02,
170.63, 159.92, 144.00, 130.31, 122.40 (2C), 121.94, 115.42 (2C), 110.16, 99.34, 93.08, 82.93, 79.00, 75.43,
74.13, 72.34, 67.75, 63.27, 55.84, 49.09, 41.96, 36.94, 32.01, 28.95 (3C), 8.19. HRMS (ESI): m/z calcd for
C30H34N3O11 [M + H]+: 612.2193, found 612.2205.

10-O-(1-(4-Fluorophenyl)-1H-1,2,3-triazole) ginkgolide B (5w). Following the described procedure,
13.5 mg (22%) of compound 5w were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.69 (s, 1H), 7.93–7.89 (m, 2H), 7.49–7.44 (m, 2H),
6.64 (s, 1H), 6.19 (s, 1H), 5.63 (d, J = 4.5 Hz, 1H), 5.46 (d, J = 12.2 Hz, 1H), 5.37 (d, J = 4.1 Hz, 1H), 5.31 (s,
1H), 4.97 (d, J = 12.2 Hz, 1H), 4.65 (d, J = 7.1 Hz, 1H), 4.24 (dd, J = 7.1 Hz, 4.4 Hz, 1H), 2.91 (q, J = 7.1 Hz,
1H), 2.14 (dd, J = 13.5 Hz, 4.5 Hz, 1H), 1.86 (td, J = 13.9 Hz, 4.2 Hz, 1H), 1.75 (dd, J = 14.4 Hz, 4.5 Hz,
1H), 1.15 (d, J = 7.1 Hz, 3H), 1.03 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 177.01, 172.98, 170.81, 162.28
(d, JC-F = 246.4 Hz), 144.27, 133.33 (d, JC-F = 2.5 Hz), 123.18 (d, JC-F = 8.9 Hz, 2C), 122.14, 117.30 (d, JC-F

= 23.3 Hz, 2C), 110.18, 99.41, 93.08, 82.95, 79.16, 75.63, 74.28, 72.44, 67.85, 63.41, 49.21, 42.02, 36.95, 32.11,
29.03 (3C), 7.94. HRMS (ESI): m/z calcd for C29H31FN3O10 [M + H]+: 600.1993, found 600.2010.

10-O-(1-(4-Bromophenyl)-1H-1,2,3-triazole) ginkgolide B (5x). Following the described procedure, 18.5
mg (28%) of compound 5x were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide B
(3). 1H-NMR (600 MHz, DMSO-d6) δ 8.83 (s, 1H), 7.88–7.85 (m, 2H), 7.85–7.81 (m, 2H), 6.47 (s, 1H), 6.20
(s, 1H), 5.47 (d, J = 4.6 Hz, 1H), 5.45 (d, J = 12.2 Hz, 1H), 5.33 (d, J = 4.1 Hz, 1H), 4.93 (d, J = 12.1 Hz, 1H),
4.63 (d, J = 7.1 Hz, 1H), 4.21 (dd, J = 7.1 Hz, 4.6 Hz, 1H), 2.88 (q, J = 7.1 Hz, 1H), 2.11 (dd, J = 13.4 Hz,
4.4 Hz, 1H), 1.83 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.3 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H),
1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.80, 172.99, 170.60, 144.39, 136.14, 133.35 (2C), 122.63
(2C), 122.20, 122.09, 110.16, 99.36, 93.10, 82.96, 78.97, 75.65, 74.23, 72.42, 67.79, 63.33, 49.02, 41.91, 36.81,
32.10, 28.98 (3C), 8.26. HRMS (ESI): m/z calcd for C29H31BrN3O10 [M + H]+: 660.1193, found 660.1208.

10-O-(1-(4-Trifluoromethylphenyl)-1H-1,2,3-triazole)ginkgolide B (5y). Following the described
procedure, 20.1 mg (31%) of compound 5y were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.95 (s, 1H), 8.15 (d, J = 8.4 Hz, 2H), 8.02 (d, J =
8.6 Hz, 2H), 6.47 (s, 1H), 6.21 (s, 1H), 5.47 (d, J = 12.2 Hz, 1H), 5.45 (d, J = 4.6 Hz, 1H), 5.35–5.32 (m,
2H), 4.95 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.21 (dd, J = 7.1 Hz, 4.6 Hz, 1H), 2.89 (q, J = 7.1
Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.84 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.4
Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.81, 172.98, 170.61,
144.59, 139.72, 129.34 (q, JC-F = 32.1 Hz), 127.78 (q, JC-F = 3.6 Hz, 2C), 124.27 (q, J = 270.5 Hz), 122.50,
121.21 (2C), 110.16, 99.38, 93.12, 82.97, 78.97, 75.68, 74.24, 72.42, 67.80, 63.39, 49.19, 42.04, 37.01, 32.21,
29.12 (3C), 8.34. HRMS (ESI): m/z calcd for C30H31F3N3O10 [M + H]+: 650.1962, found 650.1967.

10-O-(1-(4-Nitrophenyl)-1H-1,2,3-triazole) ginkgolide B (5z). Following the described procedure, 21.9
mg (35%) of compound 5z were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide B
(3). 1H-NMR (600 MHz, DMSO-d6) δ 9.00 (s, 1H), 8.49–8.47 (m, 2H), 8.23–8.20 (m, 2H), 6.47 (s, 1H), 6.20
(d, J = 6.2 Hz, 1H), 5.46 (t, J = 12.2 Hz, 1H), 5.40 (d, J = 4.6 Hz, 1H), 5.36–5.32 (m, 2H), 4.95 (d, J = 12.1
Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.21 (dd, J = 7.1 Hz, 4.6 Hz, 1H), 2.93–2.84 (m, 1H), 2.11 (dd, J = 13.4 Hz,
4.4 Hz, 1H), 1.84 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H),
1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.79, 172.97, 170.60, 147.38, 144.82, 141.16, 126.13 (2C),
122.76, 121.30 (2C), 110.16, 99.39, 93.14, 82.98, 78.96, 75.74, 74.23, 72.41, 67.79, 63.37, 49.19, 42.04, 37.01,
32.22, 29.13 (3C), 8.35. HRMS (ESI): m/z calcd for C29H31N4O12 [M + H]+: 627.1938, found 627.1948.

10-O-(1-(4-Methylcarboxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5aa). Following the described
procedure, 18.5 mg (29%) of compound 5aa were obtained from 46.2 mg (0.1 mmol) of
10-O-propargylated ginkgolide B (3), 1H-NMR (600 MHz, DMSO-d6) δ 8.94 (s, 1H), 8.20–8.16 (m, 2H),
8.09–8.06 (m, 2H), 6.47 (s, 1H), 6.21 (s, 1H), 5.46 (d, J = 12.2 Hz, 1H), 5.42 (d, J = 4.6 Hz, 1H), 5.36–5.28
(m, 2H), 4.94 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.21 (dd, J = 7.1 Hz, 4.6 Hz, 1H), 3.90 (s, 3H),
2.88 (q, J = 7.1 Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.84 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.74 (dd, J =
14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.80,
172.98, 170.60, 165.79, 144.58, 140.11, 131.53 (2C), 130.08, 122.40, 120.57 (2C), 110.16, 99.38, 93.12, 82.97,
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78.97, 75.71, 74.23, 72.42, 67.79, 63.41, 52.64, 49.03, 42.04, 36.70, 32.12, 28.90 (3C), 8.29. HRMS (ESI): m/z
calcd for C31H34N3O12 [M + H]+: 640.2142, found 640.2154.

10-O-(1-(4-Carboxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5bb). Following the described procedure,
16.3 mg (26%) of compound 5bb were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated
ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.88 (s, 1H), 8.16 (d, J = 8.4 Hz, 2H), 8.16 (d, J = 8.4
Hz, 2H), 6.50 (s, 1H), 6.19 (s, 1H), 5.49–5.44 (m, 2H), 5.35–5.32 (m, 2H), 4.94 (d, J = 12.0 Hz, 1H), 4.63 (d,
J = 7.2 Hz, 1H), 4.21 (dd, J = 7.2 Hz, 4.2 Hz, 1H), 2.88 (q, J = 7.2 Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz,
1H), 1.83 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s,
9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.84, 172.98, 170.50, 166.86, 144.40, 139.78, 131.60 (2C), 131.29,
122.20, 120.28 (2C), 109.95, 99.28, 93.09, 82.95, 79.01, 75.55, 74.25, 72.32, 67.76, 63.29, 49.16, 41.92, 36.87,
32.10, 29.11 (3C), 8.25. HRMS (ESI): m/z calcd for C30H32N3O12 [M + H]+: 626.1986, found 626.1998.

10-O-(1-(3,5-Dimethoxyphenyl)-1H-1,2,3-triazole) ginkgolide B (5cc). Following the described
procedure, 22.5 mg (35%) of compound 5cc were obtained from 46.2 mg (0.1 mmol) of
10-O-propargylated ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.79 (s, 1H), 7.05 (d, J =
2.4 Hz, 2H), 6.63 (t, J = 2.4 Hz, 1H), 6.52 (s, 1H), 6.18 (s, 1H), 5.52 (s, J = 4.2 Hz, 1H), 5.43 (d, J = 12.0 Hz,
1H), 5.34 (d, J = 4.2 Hz, 1H), 5.32 (s, 1H), 4.92 (d, J = 12.0 Hz, 1H), 4.63 (d, J = 7.2 Hz, 1H), 4.22 (dd, J =
7.2 Hz, 4.2 Hz, 1H), 3.84 (s, 6H), 2.88 (q, J = 7.2 Hz, 1H), 2.11 (dd, J = 13.4 Hz, 4.4 Hz, 1H), 1.83 (td, J =
13.8, 4.2 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150
MHz, DMSO-d6) δ 176.87, 173.00, 170.66, 161.70 (2C), 144.08, 138.40, 122.15, 110.17, 100.86, 99.37, 98.98
(2C), 93.05, 82.94, 79.03, 75.60, 74.26, 72.43, 67.81, 63.37, 56.21 (2C), 49.20, 42.03, 36.98, 32.17, 29.09 (3C),
8.31. HRMS (ESI): m/z calcd for C31H36N3O12 [M + H]+: 642.2299, found 642.2308.

10-O-(1-(3-Chloro-4-fluorophenyl)-1H-1,2,3-triazole) ginkgolide B (5dd). Following the described
procedure, 29.2 mg (46%) of compound 5dd were obtained from 46.2 mg (0.1 mmol) of
10-O-propargylated ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.83 (s, 1H), 8.20–8.18 (m, 1H),
8.00–7.88 (m, 1H), 7.75–7.60 (m, 1H), 6.48 (s, 1H), 6.20 (s, 1H), 5.46–5.41 (m, 2H), 5.33 (s, 2H), 4.93 (d, J =
12.0 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.23–4.17 (m, 1H), 2.88 (q, J = 7.2 Hz, 1H), 2.11 (dd, J = 13.4 Hz,
4.4 Hz, 1H), 1.83 (td, J = 13.8 Hz, 4.2 Hz, 1H), 1.73 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H),
1.02 (s, 9H). HRMS (ESI): m/z calcd for C29H30ClFN3O10 [M + H]+: 634.1604, found 634.1619.

10-O-(1-(3-Pyridinyl)-1H-1,2,3-triazole) ginkgolide B (5ee). Following the described procedure, 45.7
mg (67%) of compound 5ee were obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide
B (3). 1H-NMR (600 MHz, DMSO-d6) δ 9.13 (d, J = 2.5 Hz, 1H), 8.88 (s, 1H), 8.71 (d, J = 4.8 Hz, 1H),
8.35–8.30 (m, 1H), 7.68 (dd, J = 8.4, 4.8 Hz, 1H), 6.49 (s, 1H), 6.21 (s, 1H), 5.49 (d, J = 4.8 Hz, 1H), 5.47 (d,
J = 12.0 Hz, 1H), 5.34 (d, J = 3.2 Hz, 2H), 4.95 (d, J = 12.1 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 4.21 (dd, J =
7.1 Hz, 4.5 Hz, 1H), 2.88 (q, J = 7.0 Hz, 1H), 2.12 (dd, J = 13.5 Hz, 4.5 Hz, 1H), 1.85 (td, J = 13.8 Hz, 4.2
Hz, 1H), 1.74 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.03 (s, 9H). 13C-NMR (150 MHz,
DMSO-d6) δ 176.80, 172.99, 170.59, 150.41, 144.45, 141.84, 133.59, 128.59, 125.10, 122.47, 110.07, 99.32,
92.92, 82.84, 78.99, 75.45, 73.96, 72.07, 67.61, 63.29, 48.94, 42.04, 36.71, 31.75, 29.12 (3C), 8.16. HRMS
(ESI): m/z calcd for C28H31N4O10 [M + H]+: 583.2040, found 583.2056.

10-O-(1-Benzyl-1H-1,2,3-triazole) ginkgolide B (5ff). Following the described procedure, 42.8 mg
(72%) of compound 5ffwere obtained from 46.2 mg (0.1 mmol) of 10-O-propargylated ginkgolide B (3).
1H-NMR (600 MHz, DMSO-d6) δ 8.17 (s, 1H), 7.41–7.30 (m, 5H), 6.47 (s, 1H), 6.17 (s, 1H), 5.64 (d, J = 4.4
Hz, 1H), 5.61 (s, 2H), 5.35–5.31 (m, 2H), 5.27 (s, 1H), 4.84 (d, J = 12.1 Hz, 1H), 4.62 (d, J = 7.2 Hz, 1H),
4.17 (dd, J = 7.1 Hz, 4.5 Hz, 1H), 2.86 (q, J = 7.0 Hz, 1H), 2.09 (dd, J = 12.9 Hz, 3.9 Hz, 1H), 1.77 (td, J =
13.8 Hz, 4.2 Hz, 1H), 1.70 (dd, J = 14.4 Hz, 4.4 Hz, 1H), 1.12 (d, J = 7.1 Hz, 3H), 0.98 (s, 9H). 13C-NMR
(150 MHz, DMSO-d6) δ 176.83, 172.99, 170.62, 143.50, 136.17, 129.26 (2C), 128.69, 128.48 (2C), 123.01,
109.77, 98.98, 92.78, 82.56, 78.85, 75.51, 74.03, 72.28, 67.54, 63.16, 53.19, 48.92, 41.92, 36.77, 31.99, 28.81
(3C), 8.15. HRMS (ESI): m/z calcd for C30H34N3O10 [M + H]+: 596.2244, found 596.2266.

10-O-(((Anthracen-2-yloxy)methyl)-1H-1,2,3-triazole) ginkgolide B (5gg). Following the described
procedure, 43.5 mg (70%) of compound 5gg were obtained from 46.2 mg (0.1 mmol) of
10-O-propargylated ginkgolide B (3). 1H-NMR (600 MHz, DMSO-d6) δ 8.22 (s, 1H), 7.93 (dd, J
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= 7.8 Hz, 1.3 Hz, 1H), 7.73 (td, J = 7.7 Hz, 1.4 Hz, 1H), 7.58 (td, J = 7.7 Hz, 1.2 Hz, 1H), 7.38 (dd, J = 7.9
Hz, 1.1 Hz, 1H), 6.45 (s, 1H), 6.17 (s, 1H), 5.83 (s, 2H), 5.58 (d, J = 4.6 Hz, 1H), 5.36 (d, J = 12.2 Hz, 1H),
5.31 (d, J = 3.9 Hz, 1H), 5.28 (s, 1H), 4.86 (d, J = 12.1 Hz, 1H), 4.61 (d, J = 7.2 Hz, 1H), 4.17 (dd, J = 7.2
Hz, 4.2 Hz, 1H), 4.03 (q, J = 7.1 Hz, 1H), 2.87 (q, J = 7.1 Hz, 1H), 2.50 (s, 2H), 2.09 (dd, J = 13.0 Hz, 4.1
Hz, 1H), 1.99 (s, 2H), 1.83–1.68 (m, 2H), 1.18 (t, J = 7.1 Hz, 2H), 1.12 (d, J = 7.1 Hz, 3H), 0.98 (s, 9H). 13C
NMR (150 MHz, DMSO-d6) δ 176.91, 172.97, 170.70, 143.52, 138.80, 134.36, 133.90, 130.22, 129.89, 124.13,
117.45, 111.79, 110.15, 99.32, 82.87, 79.06, 75.62, 74.19, 72.42, 67.81, 63.54, 60.34, 51.71, 49.15, 42.02, 36.92,
32.12, 29.04(3C), 8.25. HRMS (ESI): m/z calcd for C31H32N4O10 [M + H]+: 621.2198, found 621.2170.

10-O-(1-Phenyl-1H-1,2,3-triazole) ginkgolide A (5′a). Following the described procedure, 36.2 mg
(64%) of compound 5′a were obtained from 44.6 mg (0.1 mmol) of 10-O-propargylated ginkgolide A
(3′). 1H-NMR (600 MHz, DMSO-d6) δ 8.51 (s, 1H), 7.48 (s, 2H), 7.43 (d, J = 16.7 Hz, 2H), 6.45–6.32 (m,
1H), 6.15 (s, 1H), 5.36 (d, J = 12.0 Hz, 1H), 5.23 (s, 1H), 4.95 (d, J = 4.0 Hz, 1H), 4.89 (d, J = 11.9 Hz,
1H), 4.83 (dd, J = 8.4 Hz, 7.3 Hz, 1H), 3.85–3.71 (m, 2H), 3.62–3.56 (m, 1H), 3.17 (d, J = 5.3 Hz, 1H),
2.95 (q, J = 7.1 Hz, 1H), 2.75 (dd, J = 15.1 Hz, 7.2 Hz, 1H), 2.04 (dd, J = 13.6 Hz, 5.0 Hz, 1H), 2.01–1.91
(m, 2H), 1.91–1.80 (m, 2H), 1.79–1.70 (m, 3H), 1.70–1.63 (m, 1H), 1.13 (d, J = 7.1 Hz, 3H), 1.02 (s, 9H).
13C-NMR (150 MHz, DMSO-d6) δ 176.98, 173.22, 171.05, 144.45, 130.41(2C), 122.91, 120.67(2C), 110.14,
100.81, 87.96, 86.50, 85.31, 75.74, 68.63, 66.81, 66.19, 63.35, 49.16, 36.78, 36.45, 33.62, 32.19, 29.17(3C),
23.75, 8.59. HRMS (ESI): m/z calcd for C29H31N3O9 [M + H]+: 566.2133, found 566.2111.

10-O-(1-(2-Methylphenyl)-1H-1,2,3-triazole) ginkgolide A (5′n). Following the described procedure,
40.0 mg (69%) of compound 5′n were obtained from 44.6 mg (0.1 mmol) of 10-O-propargylated
ginkgolide A (3′). 1H-NMR (600 MHz, DMSO-d6) δ 8.51 (s, 1H), 7.52–7.48 (m, 2H), 7.44 (dd, J = 2.2, 1.0
Hz, 2H), 6.40 (s, 1H), 6.15 (s, 1H), 5.40–5.33 (m, 2H), 5.23 (s, 1H), 4.95 (d, J = 4.1 Hz, 1H), 4.89 (d, J =
11.9 Hz, 1H), 4.83 (d, J = 1.1 Hz, 1H), 3.82–3.75 (m, 2H), 3.60 (s, 1H), 3.17 (d, J = 5.3 Hz, 1H), 2.95 (d, J
= 7.2 Hz, 1H), 2.75 (dd, J = 15.1 Hz, 7.2 Hz, 1H), 2.15 (s, 3H), 1.97 (s, 1H), 1.78–1.69 (m, 3H), 1.13 (d,
J = 7.1 Hz, 3H), 1.02 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.97, 173.19, 171.05, 143.65, 136.71,
133.55, 131.87, 130.34, 127.50, 126.51, 126.03, 110.13, 100.79, 97.64, 87.94, 86.50, 85.35, 75.74, 67.49, 63.53,
49.07, 41.66, 40.47, 36.78, 32.20, 29.16(3C), 17.87, 8.59. HRMS (ESI): m/z calcd for C30H33N3O9 [M + H]
+: 580.2197, found 580.2266.

10-O-(1-(2-Cyanophenyl)-1H-1,2,3-triazole) ginkgolide A (5′p)., Following the described procedure,
34.3 mg (58%) of compound 5′p were obtained from 446 mg (0.1 mmol) of 10-O-propargylated
ginkgolide A (3′). 1H-NMR (600 MHz, DMSO-d6) δ 8.82 (s, 1H), 8.16 (dd, J = 7.9, 1.5 Hz, 1H), 7.98 (td, J
= 7.9, 1.5 Hz, 1H), 7.91 (dd, J = 8.2, 1.2 Hz, 1H), 7.79 (td, J = 7.7, 1.2 Hz, 1H), 6.41 (s, 1H), 6.16 (s, 1H),
5.41 (d, J = 11.9 Hz, 1H), 5.39–5.35 (m, 2H), 5.26 (s, 1H), 4.97–4.87 (m, 2H), 4.82 (t, J = 7.8 Hz, 1H), 2.95 (q,
J = 7.1 Hz, 1H), 2.79–2.72 (m, 1H), 1.40 (s, 3H), 1.13 (d, J = 7.2 Hz, 3H), 1.04 (s, 9H). 13C-NMR (150 MHz,
DMSO-d6) δ 174.85, 171.03, 168.75, 142.36, 133.25, 133.10, 128.73, 128.69, 124.10, 123.44, 110.75, 108.04,
108.01, 98.77, 95.53, 85.83, 84.40, 83.30, 73.77, 66.57, 64.74, 61.33, 47.05, 39.68, 34.68, 34.37, 31.51(3C), 8.07.
HRMS (ESI): m/z calcd for C30H30N4O9 [M + H] +: 591.2093, found 591.2062.

10-O-(1-Benzyl -1H-1,2,3-triazole) ginkgolide A (5′ff). Following the described procedure, 39.4 mg
(68%) of compound 5′ff were obtained from 44.6 mg (0.1 mmol) of 10-O-propargylated ginkgolide
A (3′). 1H-NMR (600 MHz, DMSO-d6) δ 8.25 (s, 1H), 7.38 (dd, J = 8.0, 6.4 Hz, 2H), 7.34–7.22 (m, 3H),
6.40 (s, 1H), 6.12 (s, 1H), 5.61 (d, J = 6.9 Hz, 2H), 5.24 (d, J = 11.6 Hz, 1H), 5.16 (s, 1H), 4.92 (d, J = 4.0
Hz, 1H), 4.82 (t, J = 7.8 Hz, 1H), 4.76 (d, J = 11.6 Hz, 1H), 4.03 (q, J = 7.1 Hz, 1H), 2.94 (d, J = 7.2 Hz,
1H), 2.65 (dd, J = 15.1 Hz, 7.2 Hz, 1H), 2.50 (p, J = 1.8 Hz, 3H), 2.05–1.99 (m, 1H), 1.99 (s, 1H), 1.90 (d, J
= 4.4 Hz, 1H), 1.84 (dd, J = 15.1, 8.4 Hz, 1H), 1.70 (dd, J = 14.1, 4.7 Hz, 1H), 1.17 (t, J = 7.1 Hz, 1H),
1.12 (dd, J = 7.1, 4.0 Hz, 3H), 0.98 (d, J = 3.6 Hz, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 177.20, 173.13,
171.32, 136.27, 129.28(2C), 128.74, 128.39, 124.82, 110.16, 110.03, 101.11, 88.10, 86.53, 85.77, 75.61, 68.76,
66.93, 63.50, 63.40, 53.55, 53.35, 49.15, 40.86, 36.82, 32.04, 29.02(3C), 8.71. HRMS (ESI): m/z calcd for
C30H33N3O9 [M + H] +: 580.2297, found 580.2267.

10-O-(((Anthracen-2-yloxy)methyl)-1H-1,2,3-triazole) ginkgolide A (5′gg). Following the described
procedure, 36.9 mg (61%) of compound 5′gg were obtained from 44.6 mg (0.1 mmol) of
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10-O-propargylated ginkgolide A (3′). 1H-NMR (600 MHz, DMSO-d6) δ 8.29 (s, 1H), 7.92 (dd, J
= 7.7, 1.4 Hz, 1H), 7.82–7.69 (m, 1H), 7.57 (td, J = 7.7, 1.2 Hz, 1H), 7.44–7.26 (m, 1H), 6.40 (s, 1H), 6.13 (s,
1H), 5.83 (s, 2H), 5.27 (d, J = 11.8 Hz, 1H), 5.18 (s, 1H), 4.90 (d, J = 4.0 Hz, 1H), 4.83 (dd, J = 8.2 Hz, 7.3
Hz, 1H), 4.78 (d, J = 11.7 Hz, 1H), 4.03 (q, J = 7.1 Hz, 19H), 2.95 (q, J = 7.2 Hz, 1H), 2.66 (dd, J = 15.2 Hz,
7.2 Hz, 1H), 2.51 (p, J = 1.8 Hz, 4H), 1.90–1.82 (m, 2H), 1.72 (dd, J = 14.1 Hz, 4.7 Hz, 2H), 1.40 (s, 3H),
1.13 (d, J = 7.2 Hz, 3H), 0.99 (d, J = 5.3 Hz, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.93, 173.14, 170.81,
143.66, 139.26, 134.29, 133.85, 129.91, 129.68, 125.44, 117.45, 111.68, 110.09, 100.82, 87.90, 86.50, 85.33,
75.74, 68.63, 66.81, 63.47, 60.22, 51.47, 49.03, 40.89, 36.40, 32.14, 29.10(3C), 8.56. HRMS (ESI): m/z calcd
for C31H32N4O9 [M + H] +: 605.2249, found 605.2219.

10-O-(1-Phenyl-1H-1,2,3-triazole) ginkgolide C (5”a). Following the described procedure, 31.1 mg
(52%) of compound 5”a were obtained from 47.8 mg (0.1 mmol) of 10-O-propargylated ginkgolide C
(3”). 1H-NMR (600 MHz, DMSO-d6) δ 8.83 (s, 1H), 7.88 (dt, J = 7.9, 1.1 Hz, 2H), 7.63 (dd, J = 8.8, 7.2 Hz,
3H), 7.53 (t, J = 7.4 Hz, 1H), 6.48 (s, 1H), 6.23 (s, 1H), 5.64 (t, J = 5.3 Hz, 2H), 5.46 (d, J = 12.2 Hz, 1H),
5.32 (s, 1H), 4.99 (d, J = 4.2 Hz, 2H), 4.63 (d, J = 7.0 Hz, 1H), 4.32 (s, 1H), 4.17 (dd, J = 7.0 Hz, 4.6 Hz,
1H), 2.98–2.78 (m, 1H), 1.99 (s, 1H), 1.57 (d, J = 12.5 Hz, 1H), 1.43–1.35 (m, 2H), 1.32–1.27 (m, 1H), 1.24
(s, 2H), 1.17 (t, J = 7.1 Hz, 1H), 1.13 (d, J = 7.1 Hz, 4H), 1.10 (s, 3H), 1.07 (s, 9H). 13C-NMR (150 MHz,
DMSO-d6) δ 176.79, 172.94, 170.86, 162.28, 144.14, 136.89, 130.50, 122.14, 120.73, 110.04, 99.08, 93.14,
82.93, 75.47, 74.09, 67.05, 64.03, 63.52, 60.84, 49.35, 42.03, 35.12, 32.08, 19.09(3C), 14.32, 8.34. HRMS (ESI):
m/z calcd for C29H31N3O11 [M + H] +: 598.2039, found 598.2003.

10-O-(1-(2-Methylphenyl)-1H-1,2,3-triazole) ginkgolide C (5”n). Following the described procedure,
28.7 mg (47%) of compound 5”n were obtained from 47.8 mg (0.1 mmol) of 10-O-propargylated
ginkgolide C (3”). 1H-NMR (600 MHz, DMSO-d6) δ 8.47 (s, 1H), 7.50 (d, J = 2.2 Hz, 2H), 7.44 (d, J = 1.4
Hz, 2H), 6.48 (s, 1H), 6.23 (s, 1H), 5.68 (d, J = 4.7 Hz, 1H), 5.66 (dd, J = 6.2 Hz, 2.5 Hz, 1H), 5.49–5.43 (m,
1H), 5.32 (s, 1H), 5.02–5.00 (m, 2H), 5.00–4.96 (m, 1H), 4.65–4.61 (m, 1H), 4.17 (dd, J = 7.0 Hz, 4.7 Hz,
1H), 2.86 (d, J = 7.1 Hz, 1H), 2.16 (s, 3H), 1.13 (d, J = 7.1 Hz, 4H), 1.10 (d, J = 3.7 Hz, 6H), 1.08 (s, 9H).
13C-NMR (150 MHz, DMSO-d6) δ 176.81, 172.95, 170.89, 143.24, 136.51, 133.52, 131.93, 130.49, 127.57,
126.41, 125.27, 110.03, 99.05, 93.12, 82.92, 79.36, 75.41, 74.07, 69.35, 67.06, 64.05, 60.27, 49.38, 42.03, 32.10,
21.23(3C), 17.86, 8.34. HRMS (ESI): m/z calcd for C30H33N3O11 [M + H] +: 612.2195, found 612.2157.

10-O-(1-(2-Cyanophenyl) -1H-1,2,3-triazole) ginkgolide C (5”p). Following the described procedure,
24.3 mg (39%) of compound 5”p were obtained from 47.8 mg (0.1 mmol) of 10-O-propargylated
ginkgolide C (3”). 1H-NMR (600 MHz, DMSO-d6) δ 8.78 (s, 1H), 8.17 (dd, J = 7.7, 1.4 Hz, 1H), 7.99 (td, J
= 7.8 Hz, 1.5 Hz, 1H), 7.88 (dd, J = 8.2 Hz, 1.1 Hz, 1H), 7.79 (td, J = 7.7 Hz, 1.1 Hz, 1H), 6.48 (s, 1H), 6.23
(s, 1H), 5.64 (d, J = 6.1 Hz, 1H), 5.60 (d, J = 4.7 Hz, 1H), 5.49 (d, J = 12.4 Hz, 1H), 5.32 (s, 1H), 5.03 (d, J =
12.4 Hz, 1H), 5.01 (d, J = 4.2 Hz, 1H), 4.63 (d, J = 7.0 Hz, 1H), 4.17 (dd, J = 7.0 Hz, 4.7 Hz, 1H), 3.97 (ddd,
J = 12.5 Hz, 6.1 Hz, 4.2 Hz, 1H), 2.86 (q, J = 7.1 Hz, 1H), 1.57 (d, J = 12.5 Hz, 1H), 1.13 (d, J = 7.1 Hz,
3H), 1.08 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.78, 172.90, 170.87, 143.98, 135.47, 126.10, 124.92,
116.26, 110.05, 107.36, 99.11, 93.18, 82.95, 79.34, 75.46, 74.18, 74.07, 67.04, 64.02, 63.40, 60.25, 49.37, 42.03,
32.10, 27.01, 22.55, 21.24(3C), 8.35. HRMS (ESI): m/z calcd for C30H30N4O11 [M + H] +: 623.1991, found
623.1956.

10-O-(1-Benzyl-1H-1,2,3-triazole) ginkgolide C (5”ff). Following the described procedure, 26.9 mg
(44%) of compound 5”ffwere obtained from 47.8 mg (0.1 mmol) of 10-O-propargylated ginkgolide C
(3”). 1H-NMR (600 MHz, DMSO-d6) δ 8.19 (s, 1H), 7.40–7.37 (m, 2H), 7.35–7.32 (m, 3H), 6.46 (s, 1H),
6.20 (s, 1H), 5.73 (s, 1H), 5.62 (s, 3H), 5.35 (d, J = 12.2 Hz, 1H), 5.25 (s, 1H), 4.97 (d, J = 4.2 Hz, 1H), 4.87
(d, J = 12.2 Hz, 1H), 4.61 (d, J = 7.2 Hz, 1H), 4.13 (d, J = 5.7 Hz, 1H), 3.90 (d, J = 11.4 Hz, 1H), 2.84 (q, J =
7.1 Hz, 1H), 1.55 (dd, J = 12.5 Hz, 5.2 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H), 1.12 (d, J = 7.1 Hz, 4H), 1.10–1.09
(m, 2H), 1.03 (s, 9H). 13C-NMR (150 MHz, DMSO-d6) δ 176.81, 172.93, 170.87, 143.32, 136.15, 129.29(2C),
128.75, 128.56, 123.60, 110.01, 98.96, 93.02, 82.83, 79.33, 75.34, 74.01, 67.04, 64.00, 63.56, 60.27, 53.51,
49.30, 42.03, 32.04, 29.07, 21.23(3C), 8.27. HRMS (ESI): m/z calcd for C30H33N4O11 [M + H]+: 612.2195,
found 612.2156.
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10-O-(((Anthracen-2-yloxy)methyl)-1H-1,2,3-triazole) ginkgolide C (5”gg). Following the described
procedure, 32.5 mg (51%) of compound 5”gg were obtained from 47.8 mg (0.1 mmol) of
10-O-propargylated ginkgolide C (3”). 1H-NMR (600 MHz, DMSO-d6) δ 8.25 (s, 1H), 7.93 (dd, J
= 7.7, 1.4 Hz, 1H), 7.74 (td, J = 7.7 Hz, 1.4 Hz, 1H), 7.58 (td, J = 7.7 Hz, 1.2 Hz, 1H), 7.40 (dd, J = 7.8 Hz,
1.1 Hz, 1H), 6.46 (s, 1H), 6.20 (s, 1H), 5.84 (s, 2H), 5.70 (d, J = 4.8 Hz, 1H), 5.62 (d, J = 6.1 Hz, 1H), 5.37
(d, J = 12.2 Hz, 1H), 5.26 (s, 1H), 4.98 (d, J = 4.2 Hz, 1H), 4.90 (d, J = 12.1 Hz, 1H), 4.61 (d, J = 7.0 Hz,
1H), 4.13 (dd, J = 7.1 Hz, 4.4 Hz, 1H), 3.90 (dt, J = 12.4 Hz, 4.7 Hz, 1H), 2.84 (q, J = 7.0 Hz, 1H), 2.50 (s,
3H), 1.55 (d, J = 12.5 Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H), 1.12 (d, J = 7.2 Hz, 3H), 1.04 (s, 9H). 13C NMR (150
MHz, DMSO-d6) δ 176.83, 172.94, 170.92, 143.37, 138.90, 134.36, 133.88, 130.11, 129.85, 124.19, 117.47,
111.82, 110.02, 98.99, 82.84, 79.33, 75.38, 74.15, 74.01, 67.05, 64.01, 63.53, 60.27, 51.69, 49.33, 42.03, 32.04,
21.22 (3C), 8.28. HRMS (ESI): m/z calcd for C31H32N4O11 [M + H]+: 637.2148, found 637.2117

3.2. Antiplatelet Aggregation Activity Assay

The in vitro antiplatelet aggregation activity of the newly synthesized 10-substituted
1,2,3-triazole-ginkgolide derivatives was tested by the method of Born [26]. Blood samples (2 mL)
from male New Zealand rabbits (2–2.5 kg body weight) were drawn into vacutainer tubes containing
200 μL of 3.2% sodium citrate. Platelet-rich plasma (PRP) was prepared by centrifuging the blood
at 250× g for 10 min at 4 ◦C. The PRP was diluted with platelet-poor plasma obtained by further
centrifuging at 3000× g for 10 min. The remaining blood was further centrifuged at 1600× g for 5 min to
obtain platelet-poor plasma (PPP) as control group. Platelet aggregation was induced by PAF (10 nM)
after incubating platelets with different concentrations of samples, and the maximum rate of platelet
aggregation (RPA%) within 5 min was measured with a Helena Platelet aggregometer instrument [27].
The inhibition ratio was calculated according to the following formula:

Inhibition ratio (%) = (1−(RPA% of test group) / (RPA% of control group)) × 100%

In primary screening, the activities were expressed directly as inhibition ratio at 50 nM
concentration. The activity of the most active ginkgolide-1,2,3-triazole derivatives was further expressed
as the IC50 value (the concentration required to inhibit platelet aggregatory response by 50%). The values
shown in the tables were calculated by linear regression from a single experimental curve with no less
than four data points, each point being the mean of the percentage inhibition at a given concentration
obtained from three independent experiments.

3.3. LDH Assay

3.3.1. Preparation of H9c2 Cells

H9c2 cardio myoblast cells were grown in DMEM supplemented with 10% FBS, 100 U/mL
penicillin-streptomycin. Cells were cultured at 37 ◦C with 5% CO2. The cells were subcultured when
they reached 70–80% confluence [28]. Then the cells were seeded at 1 × 104 cells per well in 96-well
plate and incubated overnight. Then the cells were exposed to ginkgolide-1,2,3-triazole derivatives
(1 μM and 10 μM).

3.3.2. Preparation of Washed Platelets

Rat blood was collected in 3.8% sodium citrate vacuum anticoagulant tubes and centrifuged at
100× g for 15 min to obtain platelet-rich plasma (PRP). The PRP was centrifuged at 1000× g for 10 min
at 37 ◦C. Then the platelet pellets were suspended in Tyrode’s solution (pH 7.4). The washed platelets
were adjusted to 3.6 × 108 platelets/mL. Washed platelets (3.6 × 108 cells/mL) were pre-incubated
with ginkgolide-1,2,3-triazole derivatives (1 μM and 10 μM) or 0.1% DMSO for 20 min at 37 ◦C,
then centrifuged at 1700× g, 10 min and the supernatant collected [29].
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3.3.3. Measurement of Lactate Dehydrogenase (LDH)

The assays to measure of LDH release were conducted in 96-well plates according to the
manufacturer’s protocol. The LDH levels were measured at 490 nm using a microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA). Cell cytotoxicity was also detected by the LDH activity assay kit.
Cells incubated with 0.1% dimethyl sulfoxide (DMSO) served as the control group [28,29].

4. Conclusions

In summary, a series of ginkgolide-1,2,3-triazole conjugates were synthesized through a
copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction of the corresponding 10-O-propargylated
ginkgolides with benzyl, phenyl and heterocyclic azides. Five of them (compounds 5a, 5p, 5ff, 5gg and
5′a) displayed promising antiplatelet aggregation activities with IC50 values ranging from 5–21 nM.
Compounds 5ff and 5gg, having a benzyl group attached at the triazole nucleus were the best among
the series of compounds. The most active compounds may be regarded as safe towards normal cells
and platelets at therapeutic concentrations.
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Abstract: Melatonin can increase plant resistance to stress, and exogenous melatonin has been
reported to promote stress resistance in plants. In this study, a melatonin biosynthesis-related
SlCOMT1 gene was cloned from tomato (Solanum lycopersicum Mill. cv. Ailsa Craig), which is highly
expressed in fruits compared with other organs. The protein was found to locate in the cytoplasm.
Melatonin content in SlCOMT1 overexpression transgenic tomato plants was significantly higher
than that in wild-type plants. Under 800 mM NaCl stress, the transcript level of SlCOMT1 in tomato
leaf was positively related to the melatonin contents. Furthermore, compared with that in wild-type
plants, levels of superoxide and hydrogen peroxide were lower while the content of proline was
higher in SlCOMT1 transgenic tomatoes. Therefore, SlCOMT1 was closely associated with melatonin
biosynthesis confers the significant salt tolerance, providing a clue to cope with the growing global
problem of salination in agricultural production.

Keywords: tomato; SlCOMT1; melatonin; genetical transformation; salt stress

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is also known as the pineal hormone, because it was
first detected in the pineal gland of cattle by Lerner and colleagues in 1958 [1]. Since then, melatonin has
been reported to regulate important physiological processes in mammals [2–5], such as circadian rhythm,
mood, sleep, body temperature, activity, food intake, sexual behavior, and seasonal reproduction [6].
In addition to its physiochemical functions in mammals, melatonin also plays important roles in
plant physiology [7]. Melatonin from plants, i.e., ‘phytomelatonin’, was originally regarded as an
endogenous antioxidant molecule [8]. Based upon its powerful ROS scavenging activity, its roles in
plant development as well as the resistance of plants to biotic and abiotic stress are also recognized.
In detail, various physiological functions of melatonin in plants have been discovered, including
promotion of explants growth, formation of the rhizome, induction of leaf senescence, and regulation
of flowering, photosynthesis, circadian rhythms, and seed germination [9–17]. As mentioned above,
phytomelatonin itself shows an effective antioxidative property, and it could clear the ROS generated
under different kinds of abiotic stresses such as chemical pollution, ultraviolet radiation, herbicides,
drought, heat, cold, and salinity, thus enhancing the abiotic resistances for plants [18–21].
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The synthesis of melatonin is accomplished through four main reactions involving at least six
enzymes, namely, tryptophan hydroxylase (TPH, EC 1.14.16.4), tryptophan decarboxylase (TDC, EC
4.1.1.28), tryptamine 5-hydroxylase (T5H, EC 1.1.13), serotonin N-acetyltransferase (SNAT, EC 2.3.1.87),
N-acetylserotonin-O-methyltransferase (ASMT, EC 2.1.1.4), and caffeic acid O-methyl-transferase
(COMT, EC 2.1.1.68) [22]. Tryptamine is produced by TDC in the cytoplasm, followed by serotonin
generation in the endoplasmic reticulum [23]. Afterwards, serotonin is converted into N-acetylserotonin
in the chloroplast and 5-methoxytryptamine in the cytoplasm by SNAT and ASMT, through acetylation
and methylation, respectively. Then, these two intermediates are converted to melatonin by ASMT
in the cytoplasm or SNAT in the chloroplast [24,25]. Similar to ASMT, COMT has been reported to
play a pivotal role in the synthesis of phytomelatonin, specifically existing in the plant cytoplasm [26].
In Arabidopsis, serotonin can be converted to 5-methoxytryptamine by COMT methylation in the
third step of melatonin synthesis, and then catalyzed by SNAT to melatonin [27]. On the basis of the
type of enzymatic catalysis, COMT also belongs to the O-methyltransferase (OMT) family. The OMT
family converts methylation sites on S-adenosyl-l-methionine into various secondary metabolites,
including flavonoids, phenyl- propanoids, and alkaloids [28]. Some plants, including dicots, lack ASMT
homologs, suggesting that COMT plays an important role in the last step of melatonin synthesis [26,27].
In Arabidopsis, the catalytic activity of COMT is much higher than that of ASMT during the synthesis of
melatonin, and the melatonin content is significantly reduced in mutant Arabidopsis when the COMT
gene is silenced [26]. In plants, COMT gene improves melatonin production and positively contributes
to strengthen both biotic and abiotic stress resistance in plants [29,30].

Tomato, one of the most highly consumed and extremely important horticultural plants, has been
studied as a model plant for some aspects of plant growth and development [31]. Thus, it represents
an ideal model organism to study the melatonin synthesis pathway. In recent years, several
investigators have studied the effects of exogenous melatonin on tomato plants exposed to abiotic
stress. For example, supplying additional melatonin improved the resistance to cadmium and
water deficit in tomatoes [32,33]. Furthermore, exogenous melatonin promoted root development by
regulating auxin and nitric oxide signaling in tomato [34]. In our study, SlCOMT1, a gene related
to the biosynthesis of melatonin, was isolated from tomato. Phylogenetic relationships, subcellular
localization and temporal-spatial expression were analyzed. To further characterize its potential
stress-tolerant function in tomato, transgenic tomato plant with exogenous SlCOMT1 was generated
and analyzed. Furthermore, the relationship between melatonin production and salt resistance of
transgenic tomato plants was investigated.

2. Results

2.1. Molecular Cloning and Sequence Analysis of SlCOMT1

To investigate the function of the melatonin biosynthesis-related gene COMT in tomato, AtCOMT
gene sequence from Arabidopsis was used to search the tomato genome. Five similar sequences were
identified, which were then aligned using an online tool (http//:www.ncbi.nlm.nih.gov/). The results
show that the SlCOMT1 protein contains a dimerization domain (11–62aa) at the 5′ end and an
adomet-MTase domain (105aa–321aa) at the 3′ end (Figure 1A). Phylogenetic tree analysis revealed
protein homology between SlCOMT1 and AtCOMT (Figure 1B), showing that SlCOMT1 is the closest
homolog of AtCOMT in tomato, with amino acid sequence similarity between them at 69.29%.
Therefore, the gene was identified and designated as SlCOMT1 (LOC101251452) (Figure 1C).
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Figure 1. Bioinformatic analysis of the SlCOMT1 protein. (A) Two domains of the SlCOMT1
protein. (B) Phylogenetic tree was constructed using the five tomato COMT proteins and Arabidopsis
AtCOMT protein. (C) Comparison of predicted SlCOMT1 protein sequence with AtCOMT. SlCOMT1
(XP_004235028.1), AtCOMT (NP_200227.1). Sl, Solanum lycopersicum; At, Arabidopsis thaliana.

To obtain the SlCOMT1 gene from tomato, specific SlCOMT1-F/R primers were used for
PCR (Supplementary Table S1), and a band of expected size was detected on a 1.2% agarose gel
(Supplementary Figure S1), which was sequenced and characterized. The full-length SlCOMT1
cDNA is 1023 bp, encoding a protein of 341 amino acids with a molecular weight of 37 kD and with
an isoelectric point of 5.74. The SlCOMT1-PET32a recombinant vector was constructed to induce
expression of the SlCOMT1 protein. The result shows that the SlCOMT1 protein is approximately
54 kD with a His-tag which is in line with our prediction (Figure 2).

Figure 2. Induction of the SlCOMT1 protein in vitro. Lane 1, bacterial solution with no IPTG (control);
lane 2, bacterial solution with IPTG cultured for 6 h at 37 ◦C; lane 3, supernatant derived from
pET32a-SlCOMT cell lysate; and lane 4, precipitated SlCOMT1 protein.

Compared with COMT proteins in other plants, the SlCOMT1 protein sequence shows various
conserved functional regions (Figure 3A). These proteins share five structurally conservative domains,
including VVDVGGGTG, EHVGGDMF, GINFDLPHV, GGKERT, and NGKVI (Figure 3B), indicating
that the sequence and function of SlCOMT1 are similar to these of other plant COMT proteins.
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Figure 3. Evolution relationship of SlCOMT1 with other COMT proteins. (A) Comparison of amino
acid sequences between tomato SlCOMT1 and COMT from other species, including In, Ipomoea nil
(BAE94400.1); Oe, Olea europaea (XP_022844536.1); Vv, Vitis vinifera (XP_003634161.1); Rs, Rauvolfia
serpentine (AOZ21153.1); Cc, Capsicum chinense (BAR88175.1); Sp, Solaum pennellii (XP_015070697.1);
and Cs, Camellia sinensis (ADN27527.1); (B) Five conserved domains of the COMT proteins.

2.2. Phylogenetic Tree Analysis of SlCOMT1

To reveal the relationship between the SlCOMT1 protein and other plant COMT proteins, the
phylogenetic tree of SlCOMT1 and other COMT proteins was constructed using MEGA 5.0 (Figure 4).
The results show that SlCOMT1 and S. tuberosum COMT protein are classified into one category,
suggesting that SlCOMT1 and StCOMT are derived from a recent ancestor, since reported in two
congeneric species.

Figure 4. Phylogenetic analysis of the SlCOMT1 protein and its homologs. The proteins in the
phylogenetic tree include Bp, Betula pendula (FJ667539.2); Jr, Juglans regia (XP_018828596.1); Pt, Populus
Table 002321948. Me, Manihot esculenta (XP_021627291.1); Dz, Durio zibethinus (XP_022736469.1);
Ga, Gossypium arboretum (XP_017611038.1); Ls, Liquidambar styraciflua (AF139533.1); Tt, Thalictrum
tuberosum (AF064694.1); Na, Nicotiana attenuata (OIT03318.1); St, Solanum tuberosum (XP_015164331.1);
Si, Sesamum indicum (XP_011075886.2); Dc, Daucus carota (XM_017381671.1); As, Anthriscus sylvestris
(AB820126.1); and Ca, Capsicum annuum (NP_001311774.1).
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2.3. Structure Prediction of SlCOMT1 Protein

The SOPMA online tool (https://npsa-prabi.ibcp.fr/cgi-bin/secpred_sopma.pl) was used to predict
the secondary structure of the SlCOMT1 protein. The results suggest that the secondary structure
of the protein is mainly composed of four parts, of which α-helices account for 46.2%, followed by
random coils (29.24%), extended strands (16.08%), and β-turns (8.48%) (Figure 5A). Additionally,
a three-dimensional structure of the SlCOMT1 protein was constructed to verify the above results
using the Phyre 2 online tool (http://sbg.bio.ic.ac.phyre/) (Figure 5B).

Figure 5. Structure prediction of the SlCOMT1 protein. (A) The secondary structure prediction of the
SlCOMT1 protein. The blue indicates α-helices; purple indicates random coils; red indicates extended
strands; green indicates β-turns; and the horizontal numbers indicate the positions of the amino acids.
(B): The predicted three-dimensional structure of the SlCOMT1 protein.

2.4. SlCOMT1 Protein Subcellularly Localized in the Cytoplasm

The subcellular localization of SlCOMT1 in tobacco leaves was determined using a chimeric
SlCOMT1-GFP fusion protein and a transient transfection assay. Green fluorescence was observed in
the cytoplasm of epidermal cells transfected with the 35S:SlCOMT1-GFP plasmid (Figure 6), revealing
that SlCOMT1 is localized in the cytoplasm.

Figure 6. Localization of SlCOMT1. (A) Green fluorescence of SlCOMT1-PRI. (B) Bright-field image
of Agrobacterium-infiltrated tobacco leaf. (C) The merged fluorescent images. The tobacco leaves
were injected with the transgenic Agrobacterium liquid, and then cultivated in the culture chamber
for 2 days and observed by confocal microscopy. GFP, Green Fluorescence Protein; DIC, Diascoptic
Lighting Channel.
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2.5. Temporal and Spatial Expression of SlCOMT1

The temporal and spatial expression of SlCOMT1 was investigated by real-time PCR. The results
show that SlCOMT1 is constitutively expressed in tomato tissues, including roots, shoots, leaves,
flowers, and fruits, with variable expression levels in these tissues. The lowest expression is in roots
and the highest expression is in fruits (Figure 7), suggesting that SlCOMT1 might be involved in the
regulation of fruit development.

Figure 7. Expression levels of SlCOMT1 in different tomato tissues.

2.6. SlCOMT1 Overexpression Increased the Melatonin Content and Salt Resistance in Tomato

To characterize the function of the SlCOMT1 gene in plants, SlCOMT1 driven by the 35S promoter
was genetically transformed into tomato to generate transgenic lines, and two with different transcript
levels were used for further study, namely, OE-1 and OE-2 (Supplementary Figure S2). In light of
the role of COMT in the synthesis of melatonin, the melatonin content was measured in wild-type
and transgenic tomato plants. The content of melatonin was higher (30–35 pg/mL) in overexpression
transgenic plants, compared to 27.365 pg/mL in wild-type plants (Figure 8A), indicating that SlCOMT1
functions in melatonin production.

Figure 8. (A) Melatonin content in WT, OE-1, and OE-2 tomato plants. The same letter in the same
growing season means no significant differences among three biological replicates (p < 0.05). Error bars
represent standard error. (B) Growth status of WT, OE-1, and OE-2 after 800 mM NaCl treatment. WT,
wild-type; OE, overexpression transgenic tomato.

It was reported that exogenous melatonin could increase the resistance of plants to salt stress
in apple [35]. In the current study, wild-type and transgenic tomato plants were treated using
800 mM NaCl. One week later, the leaves appeared droop in wild-type tomato and displayed wilting.
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In contrast, the leaves looked normal and healthy in transgenic plants (Figure 8B). Additionally, the
levels of superoxide, hydrogen peroxide and proline were measured in both wild-type and transgenic
plants. Under normal development, the levels of superoxide, hydrogen peroxide and proline varied
slightly both in wild-type and transgenic tomato plants (Figure 9A–C). Compared with control plants,
the levels of superoxide and hydrogen peroxide increased both in wild-type and transgenic tomato
plants under treatment using 800 mM NaCl, but they were lower in transgenic plants (Figure 9A,B).
On the contrary, the level of proline was significantly higher in transgenic plants than in control plants
(Figure 9C). Thus, overexpression of SlCOMT1 improves melatonin production and enhances salt
tolerance in tomato.

Figure 9. (A–C) were respectively the contents of superoxide, hydrogen peroxide, and proline in WT,
OE-1, and OE-2 tomato plants, respectively. The same letter in the same growing season means no
significant differences among three biological replicates (p < 0.05). Error bars represent SE.

3. Discussion

A high concentration of salt in soil is one of the most serious abiotic stresses for plants [36].
Melatonin plays important roles in various mechanisms that protect plants from external environmental
stresses [17,37]. In this study, five COMT homologous genes were identified in the tomato genome,
and the melatonin synthesis-related gene SlCOMT1 was isolated based on homology comparison using
Arabidopsis AtCOMT protein and the five tomato COMT proteins. Furthermore, SlCOMT1 protein was
localized in the cytoplasm, suggesting that it might catalyze serotonin into 5-methoxytryptamine in
the cytoplasm.

During normal cellular metabolism, ROS are generated by oxidative reaction process of
mitochondrial respiration and photosynthesis process, and they act as signaling molecules during
cellular repair processes at low amounts [38]. Once the plant is under environment stresses, its cells
simultaneously initiate a series of response mechanisms and stress signals, such as the activation of
cellular ROS scavenging mechanisms, which can trigger the production of reactive oxygen scavenging
enzymes and antioxidants, including POD and SOD which work on scavenging excessive ROS, thereby
alleviating or eliminating oxidative stress [39]. Under salt stress, the dynamic equilibrium of the
production and elimination of reactive oxygen species in plant cells is disrupted, thereby causing
the production of superoxide. Therefore, onset of cellular oxidative damage is the hallmark of salt
stress, which is indicated by levels of superoxide and hydrogen peroxide [40]. Furthermore, proline in
small amount plays multiple roles, such as stabilization of membrane and proteins, redox homeostasis
and regulation of salt stress-responsive genes expression [41,42]. Superoxide, hydrogen peroxide and
proline contents can respond to many environmental stresses in plants, including salt stress, and the
accumulation of hydrogen peroxide and superoxide can disrupt the dynamic balance of cells under
environmental stress [43–45]. Exogenous melatonin could have helped the tomato plants to bear the
environmental stress by regulating the antioxidant system, proline and carbohydrates metabolism [46].
In this study, under treatment using NaCl, SlCOMT1 overexpression transgenic plants displayed the
increased proline and the decreased hydrogen peroxide and superoxide levels, which were resulted
from the reduced oxidative damage by extra melatonin that can scavenge ROS in plant cells. As a result,
melatonin produced by the SlCOMT1 overexpression improved the growth characteristics of tomato
compared to wild-type plants.

54



Molecules 2019, 24, 1514

There are many cases suggesting that exogenous melatonin plays important roles in plant
development and abiotic stress tolerances. For instance, exogenous melatonin has been reported to
promote seed germination and seedling growth, and regulate the expression of growth-related genes
involved in cell wall growth and expansion [46]. The molecule could improve plant tolerance to
alkaline stress, drought stress, Cd stress and salinity stress by improving photosynthesis activity [47].
In addition, exogenous melatonin could confer cold tolerance in cucumber seedling by upregulating
the expression of ZAT12 gene accompanied by higher endogenous polyamine accumulation and
higher ROS clearance system activity [48]. In this study, the melatonin content was elevated with the
increased expression level of SlCOMT1 in tomato, indicating that the SlCOMT1 gene was involved in
the synthesis of melatonin. Additionally, SlCOMT1 overexpression transgenic tomato plants enhanced
the resistance to salt stress. Therefore, the results indicate that SlCOMT1 may be a key factor in
regulating the response of plants against abiotic stresses by elevating melatonin production, therefore
enhancing resistance to abiotic stress in tomato and other plants.

In conclusion, the present study shows that melatonin biosynthesis-related gene SlCOMT1 isolated
from tomato is localized in the cytoplasm, and is highly expressed in fruits. Melatonin content in
SlCOMT1 overexpression transgenic tomato plants is significantly higher than that in wild-type plants.
The transgenic plants display increased proline levels and decreased hydrogen peroxide and superoxide
levels, and the transgenic tomatoes tolerated salt stress better than the wild-type tomatoes. The results
indicate that SlCOMT1 is closely relate to melatonin production and functions in the improvement of
plant resistance to abiotic stress.

4. Materials and Methods

4.1. Plant Materials

Tomato (S. lycopersicum Mill. cv. Ailsa Craig) was used for generating transgenic plant. After
the surface of the tomato seeds was sterilized and soaked, the seeds were placed on a wet filter
paper in a petri dish in a dark environment at 28 ◦C for germination. The seeds were transferred to
a seedling tray containing sand and peat (1:1). After leaf growth, the seedlings were transplanted to
pots containing matrix culture.

4.2. Cloning and Homology Analysis of the SlCOMT1 Gene

RNA Plant Plus reagent (Tiangen, Beijing, China) was used for total RNA extraction from tomato
leaves. The total RNA served as the template for the synthesis of cDNA using the PrimeScript
first-strand cDNA synthesis kit (Takara, Dalian, China). Primers (Supplementary Table S1) were
designed based on sequences downloaded from the tomato genome website, and PCR was carried out
using cDNA as a template. The reaction volume was 50 μL (Supplementary Table S2). The reaction
consisted of 35 cycles (Supplementary Table S3). The PCR products were separated by 1.2% agarose
gel electrophoresis, and the desired band was recovered and ligated to the pMD18-T cloning vector
for sequencing.

4.3. Bioinformatics Analysis of the SlCOMT1 Gene

The sequence of the amplified gene was used to identify its ORF by DNAStar Lasergene EditSeq
(7.1.0, DNAStar, Madison, WI, USA), and then the nucleotide sequence was translated into an amino
acid sequence by DNAMAN 6.0.3.99 software (Lynnon Biosoft, San Ramon, CA, USA). Nucleotide and
amino acid sequence similarity alignments were performed by Blast (http://blast.ncbi.nlm.nih.gov/).
The ProtParam protein analysis tool (http://web.expasy.org/protparam/) was used to analyze the
molecular weight, theoretical isoelectric point, and other protein properties. The 3D model of the
encoded protein was generated using the Phyre 2 online tool (http://sbg.bio.ic.ac.phyre2/, London,
England). The neighbor-joining phylogenetic tree of SlCOMT1 was constructed using MEGA 5.0
software (Arizona State University, Tempe, AZ, USA).
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4.4. Expression Analysis of the SlCOMT1 Gene

The BIO-RAD IQ5 (Bio-Rad, Hercules, CA, USA) was used for real-time PCR. The internal
reference gene was 18S. All PCR reactions were performed three times. The reaction volume was 20 μL
( Supplementary Table S4). The real-time PCR reaction conditions were as follows: pre-denaturation at
95 ◦C for 10 min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 15 s,
and extension at 60 ◦C for 45 s. The 2−ΔΔCT method was used for quantitative analysis.

4.5. Construction of the Prokaryotic Expression Vector

We designed specific restriction site primers based on the SlCOMT1 gene sequence: SlCOMT1-Sma
I–F (5′–CCCGGGAATGCAACTGGCGAGTGCC–3′, the underlined nucleotides correspond to the
Sma I site) and SlCOMT1-Pst I-R (5′–CTGCAGAGAGATTCTTGGTGAATTCCA–3′, the underlined
nucleotides correspond to the Pst I site) (Supplementary Table S1). The SlCOMT1 pMD18-T plasmid
served as the template for PCR, followed by product purification. In addition, the pET-32a expression
vector and purified PCR product were digested with Sma I and Pst I, and the digested products were
recovered. The recovered, digested products were ligated using T4 ligase at 16 ◦C overnight, and E. coli
BL21 were transformed with the pET32a-SlCOMT1 recombinant plasmid. Bacterial colonies were
screened for ampicillin resistance. The positive clones were sent to Qingdao Qingke for sequencing
and identification.

4.6. Induction of SlCOMT1 Protein Expression

To verify the substrate specificity of the SlCOMT1 protein, we introduced the SlCOMT1 cDNA
into the pET32a expression vector containing a His tag and expressed it in E. coli. We collected 1 mL
of the bacterial solution, which served as the control. To the remaining bacterial solution, we added
1 mM IPTG, and after 6 h of induction at 37 ◦C, 1 mL of the bacterial solution was withdrawn, and
the remaining bacterial solution was centrifuged to collect the bacterial cells. The bacterial cells were
resuspended in 3 mL of 8 M urea and sonicated. The supernatant and precipitate were collected. After
denaturing the precipitate, 1 mL of the solution was collected once again. All samples were subjected
to SDS-PAGE.

4.7. Establishment of Genetically Modified Tomatoes

Firstly, construction of the SlCOMT1 expression vector was performed as follows. Specific
restriction site primers were designed as shown in Supplementary Table S1. SlCOMT1 was digested
from the pMD18-T cloning vector and purified, followed by the digestion of the pCXSN-Myc vector with
the same enzymes. Both fragments were ligated with T4 ligase at 16 ◦C for subsequent transformation
into E. coli, and positive clones were identified. The SlCOMT1-Myc overexpression vector was
transformed into Agrobacterium LBA4404 to obtain overexpressing (OE-SlCOMT1) transgenic tomato
plants. Afterwards, SlCOMT1 overexpression transgenic tomatoes were obtained as follows. Wild-type
tomato seeds were sterilized with 70% ethanol, treated with 26% sodium hypochlorite, and then
washed with sterile ddH2O 4–5 times. The seeds were placed in seed germination medium for
cultivation. After one week, the seeds germinated and reached the cotyledon stage. The cotyledons
were cut into leaf discs and stem segments (Supplementary Figure S3A), respectively, transferred to
pre-culture medium with the incision side down (Supplementary Table S5), and cultured in a dark
environment for two days. A single agrobacterium colony carrying the expression plasmid was cultured
in LB medium supplemented with antibiotics (kanamycin and rifampicin) at 28 ◦C under constant
agitation. When the OD600 reached 0.6, the bacterial cells were collected and suspended in MS medium.
The pre-cultured explants were infected for 10 min, and the excess bacterial liquid on the surface
of the explants was absorbed by a filter paper. The inoculated explants were placed on pre-culture
medium and cultured in a dark environment at 28 ◦C for 1 day. Thereafter, the infected explants
were placed on tomato differentiation medium (Supplementary Table S6) and cultured under normal
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conditions. When the adventitious buds grew into 2–3 cm seedlings (Supplementary Figure S3B,C),
they were cut and transferred to rooting medium, with 3–4 strains per culture flask. The seedling roots
(Supplementary Figure S3D) were washed, transplanted to pots containing vermiculite and perlite
(1:1 ratio), and covered with a moisturizing film for 3–5 days. The moisturizing film was gradually
removed to yield healthy tomato seedlings. Thereafter, the seedlings were transplanted for cultivation.

4.8. Subcellular Localization of the SlCOMT1

Confocal laser-scanning microscope (Zeiss LSM 510 META, Jena, Germany) was used to investigate
the subcellular localization of SlCOMT1. Primers containing Sal I and Bam HI restriction sites
(Supplementary Table S1) were used for PCR. The PCR product was gel purified and ligated into
the 35S:PRI101-GFP vector. The expression plasmid was transformed into Agrobacterium 4401 by the
freeze-thaw method, and then injected into two-week old tobacco leaves. After transient expression,
images were acquired with a confocal microscope.

4.9. Molecular Identification of Transgenic Tomato

Transgenic tomatoes were performed by PCR and quantitative RT-PCR. To identify the transgenic
tomatoes, the cDNA of both wild-type and transgenic plants were used as a template to detect the
expression level of SlCOMT1, the plasmid DNA of SlCOMT1 was used as positive control, and ddH2O
as negative control. The transgenic samples with increased SlCOMT1 expression level were used
for further study. Transcript level of SlCOMT1 was detected using quantitative RT-PCR. Primers for
quantitative RT-PCR (Supplementary Table S1) were used to detect the expression level of SlCOMT1.
Quantitative RT-PCR reaction conditions were listed as Supplementary Table S4, with 30 cycles for
fluorescence collection from denaturation to extension, and finally making a quantitative analysis by
2−ΔΔCT method.

4.10. Measurement of Melatonin Content

Wild-type and transgenic tomato plants with uniform growth potential were weighed and 0.1 g
of fresh leaves were used to determine the melatonin content. Melatonin content in the leaves was
measured using an enzyme-linked immunosorbent assay (Shanghai Enzyme Biotechnology, Shanghai,
China). The standard, blank, and sample wells were assayed individually, and the absorbance at
450 nm was measured. The standard curve was generated after measuring the standard product,
and the wild-type and transgenic tomato plants were assayed individually.

4.11. NaCl Treatment of Transgenic Tomato Plants and Detection of Hydrogen Peroxide, Superoxide and Proline

Wild-type and transgenic tomato seedlings with uniform growth potential were domesticated and
then transplanted to medium containing matrix culture. After a period of healthy plant growth, we
harvested 0.1 g of different plant leaves, and the contents of proline, hydrogen peroxide, and superoxide
in the plants were determined. Two groups each made of both wild-type and transgenic tomato plants
with uniform growth potential were selected. The first group served as the control; wild-type and
transgenic tomato plants were treated using water. The second group served as the treatment group.
Tomato plants were planted in 500 mL pots (matrix culture). Wild-type and SlCOMT1 overexpression
transgenic plants both growing five leaves were treated using 200 mL 800 mM NaCl twice a week at
the same time. One week later, 0.1 g of different plant parts were harvested. Groups of three samples
were pooled and used to measure the content of hydrogen peroxide, superoxide and proline. This
experiment was repeated three times, and the results of three parallel experiments were averaged.
The DPS data combing system and Tukey’s multiple comparison method (p < 0.05; p < 0.01) were used
for statistical analysis.

Supplementary Materials: The supplementary materials are available online.
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Abstract: Isosorbide (ISB), a nontoxic bio-based bicyclic diol composed from two fuzed furans, was
incorporated into the preparation of flexible polyurethane foams (FPUFs) for use as a cell opener and
to impart antioxidant properties to the resulting foam. A novel method for cell opening was designed
based on the anticipated reversibility of the urethane linkages formed by ISB with isocyanate. FPUFs
containing various amounts of ISB (up to 5 wt%) were successfully prepared without any noticeable
deterioration in the appearance and physical properties of the resulting foams. The air permeability
of these resulting FPUFs was increased and this could be further improved by thermal treatment
at 160 ◦C. The urethane units based on ISB enabled cell window opening, as anticipated, through
the reversible urethane linkage. The ISB-containing FPUFs also demonstrated better antioxidant
activity by impeding discoloration. Thus, ISB, a nontoxic, bio-based diol, can be a valuable raw
material (or additive) for eco-friendly FPUFs without seriously compromising the physical properties
of these FPUFs.

Keywords: isosorbide; reversible urethane linkages; cell opening; antioxidant activity; radical
scavenger; flexible polyurethane foam

1. Introduction

Polyurethane foams (PUFs) are versatile plastics that have many advantages over other types
of foams, such as ease of processing, low density, and excellent physical properties [1]. Among
PUFs, flexible PUFs (FPUFs) that have an open cell structure possess excellent air permeability
and the physical properties of FPUFs, such as density and resilience, are easily controllable by
varying the polyurethane formulation recipe [1–3]. Thus, FPUFs are widely used in many different
industries, such as those making cushions for furniture and automobiles, sound-absorbing materials,
and packaging materials [4–10]. PUFs are commonly manufactured according to the following steps:
(1) Mixing of polymer components with blowing agents; (2) nucleation and growth of cells; (3) gelation
and crosslinking; and (4) cell opening and curing [11–13]. The opening of cell windows greatly
affects the air permeability of FPUFs and also imparts various physical properties to the FPUFs
for a variety of applications. Cell opening is typically induced through a combination of internal
and external parameters. Internal parameters include the viscosity of the liquid resin [14,15], urea
precipitation [16,17], catalyst balance [13,18,19], the effect of surfactant on bubble nucleation and
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stability [20,21], and the addition of fillers or additives to facilitate cell opening [22–25]. External
parameters enable cell opening after foaming through physical or chemical treatment, such as crushing
and reticulation [1,24,26–28]. Furthermore, it is critical that the cell structure and walls corresponding
to the polymer matrix must be robust enough to withstand the harsh processes involved in cell opening.

With increasing concerns over environmental issues and the depletion of petroleum-based
raw materials, the manufacturing of products based on environmentally-friendly raw material
sources, without negatively affecting the performance of the final product, is becoming increasingly
important [29,30]. Accordingly, interest has grown dramatically in bio-based materials derived
from natural resources that are nontoxic to humans and environmentally friendly [29,31–34].
1,4:3,6-dianhydrosorbitol or isosorbide (ISB) is one such bio-based resource that can be derived from
a natural product. ISB is manufactured via the dehydration of D-sorbitol which can be obtained
by hydration of D-glucose [35–39]. ISB is a bicyclic diol composed of tetrahydrofuran rings and
hydroxyl groups at carbons 2 and 5. The hydroxyl groups in ISB can be found in two distinct
orientations, exo and endo, and can be easily modified according to the desired applications [40,41].
Moreover, ISB has been attracting significant interest from multiple fields because of its unique
rigid bicyclic structure, nontoxicity, and its ability to improve the heat resistance and mechanical
properties of polymers [38,42–44]. For example, ISB can be used to replace bisphenol-A for the
manufacture of polycarbonates with properties of high mechanical strength and also to impart
ultraviolet (UV)-resistance to polymers [43,45]. Thus, ISB can be a substitute for the role of an aromatic
diol due to its bulky and rigid structure.

It is well-known that the urethane units formed by the reaction between the active hydrogen in
hydroxyl and isocyanate groups are reversible between 150 and 200 ◦C, and this feature can induce
easier dissociation at the lower temperatures as the steric hindrance of both the hydroxyl groups
and isocyanate groups increases [46–50]. In particular, phenolic hydroxyl groups can be used as
a general blocking agent by reacting with the isocyanate groups to form a phenolic urethane in
order to improve the storage stability of isocyanates from attack of moisture and oxygen [49,50].
At elevated temperatures, this bond can dissociate back to phenolic hydroxyl groups (blocking agent)
and isocyanate groups and the regenerated isocyanate groups can participate in further polymerization
reactions with hydroxyl or amine groups to form a thermally stable urethane or urea linkages. ISB,
which has heterocyclic rings and two secondary hydroxyl groups, is structurally similar to the phenolic
hydroxyl group. Thus, we expect that the hydroxyl groups can react reversibly with isocyanate groups
to form urethane units that can be dissociated at specific temperatures. Accordingly, in this study, we
proposed a novel process for the cell opening of FPUFs via a reversible urethane formation reaction
between the hydroxyl groups in ISB and the aromatic isocyanate groups (Scheme 1). Thus, effects of
isosorbide incorporation into the formulations of FPUFs on the foam properties were investigated.
The core temperature of FPUFs typically rises to around 140–160 ◦C during foaming, which is sufficient
to trigger urethane dissociation for units containing ISB [11,51]. As the high core temperature is
reached, the dissociation of ISB-based urethane units causes a decrease in the molecular weight and
modulus of polymers, and one can then expect that the relatively thin cell window layers will be broken
for cell opening. The free isocyanate groups generated by the reversible urethane linkages can react
with adjacent free hydroxyl groups to form urethane linkages. The free isocyanate groups may react
with adjacent –NH in urethane or urea groups to form allophanate or biuret groups, respectively [49].

Another interesting observation is that FPUFs based on ISB have been shown to possess better
antioxidant activity, as compared with FPUFs without ISB. In general, additives such as UV stabilizers,
UV absorbers, and free radical scavengers are added in the formulation of PUFs to prevent discoloration
and yellowing through oxidation [52,53]. Thus, imparting innate antioxidant activity is also important
for FPUFs and this paper demonstrates that ISB can play the role of antioxidant as well as that of
cell opener.

In this study, ISB was incorporated to FPUFs by dissolution in conventional poly (propylene
glycol) (PPG), which enabled stable foaming during FPUF formation without deformation, shrinkage,
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or collapse. We investigated the effects of ISB on the air permeability, resilience, and thermal and
mechanical properties of FPUFs. To the best of our knowledge, there are no other studies to date on the
effect of ISB as a cell opener and antioxidant in polymers, especially FPUFs. We will thus demonstrate
that ISB can be considered an attractive bio-based additive for the manufacturing of FPUFs.

 
Scheme 1. Thermal reversibility of a urethane linkage formed by the reaction between ISB and an
aromatic diisocyanate.

2. Materials and Methods

2.1. Materials

ISB (molecular weight: 146.1 g/mol, hydroxyl value: 767.8 mg KOH/g) was obtained from
Samyang Co., Ltd. (Dae-Jeon, Korea). Commercially available poly(propylene glycol) (PPG, TF-3000)
with the number average molecular weight of 3000 g/mol and hydroxyl value of 56.1 mg KOH/g
was obtained from SKC (Ul-San, Korea). Toluene diisocyanate (TDI-80, isomer ratio 2,4/2,6 = 8/2)
was obtained from the OCI Company Ltd. (Gun-San, Korea). TDI-80 is one of popular diisocyanates
in PU industries for beds and furniture. Silicone surfactant (Niax silicone L-580) was obtained from
Momentive (Waterford, NY, USA). Both amine catalysts A-1 (70% bis[2-dimethylaminoethyl] ether in
dipropylene glycol [DPG]) and 33-LV (33% triethylenediamine in DPG) were purchased from Aldrich
(Yong-In, Korea). Dibutyltin dilaurate (DBTDL) from Aldrich was used to facilitate gelation. Distilled
water was used as the blowing agent. PPG was dehydrated at 80 ◦C prior to use under vacuum.
All chemicals were used as received.

2.2. Preparation of FPUFs Based on ISB

ISB was dissolved in PPG at 90 ◦C and then the ISB-polyol mixture was allowed to cool down to
room temperature. The concentration of ISB in the polyol mixture was varied: 1; 2; 3; 4; and 5 wt%.
The polyol mixtures of various ISB content were transparent and stable at room temperature (no
precipitation or crystallization was observed) (Figure S1). FPUFs were prepared in two steps: Firstly,
L-580 (1.20 part per hundred polyol (phr)), A-1 (0.13 phr), 33-LV (0.50 phr), DBTDL (0.16 phr), and
distilled water (3.00 phr) were added to the polyol mixture containing various amounts of ISB and were
mixed for 30 s; secondly, the stoichiometrically required amount of TDI-80 to react with PPG, ISB, and
distilled water was quickly poured into the polyol mixture and vigorously mixed under mechanical
stirring at 3000 rpm for 7 s. The isocyanate index was fixed at 100. Then the mixture was poured
into a wooden open mold (200 mm × 200 mm × 200 mm) for a free rise. During the foaming, the
characteristic times (cream time, rise time, and gel time) were recorded using a stopwatch according to
ASTM D7487-13. Cream time (CT) is the time between the start of mixing and the point at which fine
bubbles begin to appear. Rise time (RT) is the time at which the foam stops expanding, as observed
visually. Gel time (GT) time at which long strings of tacky material can be pulled away from the surface
of the foam when the surface is touched by the edge of a tongue depressor or similar implement.
The FPUFs were demolded and cured at 110 ◦C for one day before characterization. After curing, visible
deformations (shrinkage and collapse) were not observed (Figure S2) and the additional processes for
cell opening, such as crushing and reticulation, were not performed. The samples were named PUF-IX,
where X was the content of ISB in the conventional PPG mixture. Table 1 summarizes the formulation
for the FPUFs with various amounts of ISB, which were designed to manufacture general purpose
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FPUFs for bed and furniture with density values of about 30 kg/m3. The bio-content in FPUFs with
various ISB content is shown in Table S1.

Table 1. Sample code and formulation for FPUFs with various amounts of ISB.

Sample Code
PUF-I0 PUF-I1 PUF-I2 PUF-I3 PUF-I4 PUF-I5

(Composition by wt.)

Polyol part
TF-3000 100 99.0 98.0 97.0 96.0 95.0

ISB - 1.00 2.00 3.00 4.00 5.00
L-580 1.20 1.20 1.20 1.20 1.20 1.20
A-1 0.13 0.13 0.13 0.13 0.13 0.13

33-LV 0.50 0.50 0.50 0.50 0.50 0.50
DBTDL 0.16 0.16 0.16 0.16 0.16 0.16

Distilled water 3.00 3.00 3.00 3.00 3.00 3.00
Isocyanate part

TDI-80 37.7 38.8 39.9 41.0 42.1 43.2

Isocyanate index 100 100 100 100 100 100

2.3. Preparation of Polyurethane (PU) Films Based on ISB

To confirm the reversible feature of the urethane linkages formed between the isocyanate
groups and hydroxyl groups in ISB, PU films of differing ISB content were prepared using the
same components as the FPUFs, but without a silicone surfactant, amine catalyst, and blowing agent.
The ISB/PPG (TF-3000) mixture was mixed with the stoichiometrically required amount of TDI-80.
DBTDL at 0.1 wt% with respect to the polyol weight was added to promote gelation. Then, the mixture
was degassed under vacuum and poured into a glass mold. Finally, the PU films were cured at 110 ◦C
for 24 h. The samples were named PU-IX, where X was the content of ISB (wt%) with respect to the
total PPG weight. The sample code and formulation for PU films with various ISB content are shown
in Table S2.

2.4. Free Radical Scavenging of PU Films Based on ISB

The free radical scavenging activity of the PU films was evaluated according to the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) method [54–56]. Without exposure to light, 100 mg of the PU film containing
ISB (5 wt%) was immersed in 3 mL of 0.3 mM DPPH solution (in methanol). The DPPH solution
containing a PU film without ISB was also prepared as a control for comparison. The absorbance of
the DPPH solution was measured at 515 nm on a Jasco V-670 (Easton, MD, USA) UV-vis spectrometer.
The decrease in the absorbance at this wavelength was monitored hourly. The percentage of free
radical scavenging activity was calculated using the following Equation (1):

Free Radical Scavenging Activity (%) = [(Ab − As)/Ab] × 100 (1)

where Ab is the absorbance of blank DPPH solution without PU film and As is the absorbance of the
DPPH solution containing PU films.

2.5. Characterization

Reversibility of urethane linkages was monitored using a Jasco Fourier-transform infrared (FTIR)
spectrometer (FTIR 2000, Easton, MD, USA) equipped with a heating block, thermocouple, and digital
thermal controller. The PU films were dissolved in dimethylformamide and the solution was coated on
a KBr window. The solvent was then removed with mild heating (60 ◦C). FTIR spectra were recorded
in the wave number range from 4000 to 500 cm−1 at a resolution of 4 cm−1. SEM was performed on
a Jeol JSM 6400 (Akishima, Tokyo, Japan) to examine the cell morphology at an accelerating voltage
of 20 kV. The samples were prepared by coating with gold to avoid charging of the electrons before
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measurement. The average cell size and thickness of cell walls were determined by using analysis
software. About 60–70 cells per each sample were counted to determine the average cell size and
thickness of cell walls. Air permeability of the FPUFs was evaluated using a Hallam F0023 foam
porosity tester (Victoria, Australia), according to ASTM D 3574. The test specimens were cut into
50 mm × 50 mm × 25 mm (width × length × height) pieces and placed in the test cavity. The pressure
differential was controlled at 125 Pa and it was maintained for 10 s. The tensile properties of the
FPUFs, such as tensile stress and elongation at break, were measured using a universal testing machine
(UTM, Z020, Zwick/Roell, Ulm, Germany). Dog bone specimens (10 mm thick) were used for the
measurements and the crosshead speed were set at 500 mm/min. The tensile tests of four specimens
per sample were evaluated and averaged. Tear strength was evaluated using a UTM and the procedure
for tear strength testing was identical to that of the tensile test. Compression force deflection (CFD)
was measured using UTM (Z020, Zwick/Roell, Ulm, Germany) according to ASTM D 3574. Three
specimens per samples were measured and averaged. The resilience of FPUFs was evaluated by
employing a ball rebounding tester according to ASTM D 3574. The center of the test specimens
(100 mm × 100 mm × 50 mm; width × length × height) was located at the bottom center of the tube.
Then, a 16.3 g steel ball (16 mm diameter) was dropped from a height of 500 mm and the maximum
rebound height was recorded. The median of three specimens per sample was obtained. The thermal
decomposition behavior of the FPUFs was investigated by employing TGA from TA instruments (Q50
machine, New Castle, DE, USA). Small pieces of sample were placed on a platinum pan and heated
from room temperature to 800 ◦C at a heating rate of 20 ◦C/min under nitrogen. TGA measurements
were performed thrice per sample and representative data were used for analysis. Dynamic mechanical
property measurements of the FPUFs were carried out on a DMA from TA instruments (Q800, New
Castle, DE, USA) in tension mode from −100 ◦C to 150 ◦C at a heating rate of 5 ◦C/min (frequency of
1 Hz and amplitude of 15%).

3. Results and Discussion

3.1. Physical Properties of FPUFs Based on ISB

For all the FPUFs in this study, the same amounts of catalyst and blowing agent were added
during formulation. Thus, the changes in reactivity and density are entirely dependent on ISB content
and the effects of ISB. ISB was successfully incorporated into FPUFs, and these FPUFs formed open
cellular structures without any deterioration (shrinkage or collapse). Table 2 shows the reactivity
and density of FPUFs formed with differing amounts of ISB. The CT was found to increase with
increasing ISB content. In the formulations of FPUFs, the amount of TDI-80 increased with increasing
ISB content due to the increased hydroxyl value of polyols, while the catalyst content was fixed. Thus,
the concentrations of the catalysts in the formulations were lowered with increasing the ISB content.
The increase of CT with increasing ISB content is attributable to the decrease of catalysts concentrations
as well as the increased viscosity of the polyol/ISB mixture (Table S3). This increased difficulty in
reactive contact of the reagent molecules and hampered the blowing reaction. Accordingly, FPUFs
based on ISB exhibited a slower RT, as compared with the control FPUF (PUF-I0). FPUFs with less ISB
content (PUF-I1 and PUF-I2) showed an increased GT; however, GT decreased with increasing ISB
content. This was mainly due to the increased number of hydroxyls in the polyol/ISB mixture because
there are more hydroxyl groups that are capable of reacting with isocyanate groups in the overall
mixture. Thus, more urethane bonds could be formed by the incorporation of ISB. Furthermore, the
hydroxyl groups of the short diol, ISB, can approach isocyanate groups more easily than those hydroxyl
groups of conventional PPG, leading to a decrease in GT. Density was an important parameter in the
physical properties of FPUFs and it strongly depended on the amount of blowing agent [13]. Since the
same amount of distilled water was used for the preparation of all FPUFs, all the FPUFs had a similar
density (30 ± 1 kg/m3). This indicated that the incorporation of ISB did not influence the density
of FPUF.
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Table 2. Characteristics of FPUFs with differing amounts of ISB.

Sample Code PUF-I0 PUF-I1 PUF-I2 PUF-I3 PUF-I4 PUF-I5

CT (s) 11 11 13 14 16 17
RT (s) 72 79 79 76 76 76
GT (s) 93 101 98 90 86 76

Density (kg/m3) 31 31 30 29 30 31

Figure 1 shows the scanning electron microscopy (SEM) images of the various FPUFs studied.
All the FPUFs showed spherical or polyhedral shapes. Broken and contorted cells were not observed;
thus, incorporation of ISB did not lead to such negative effects. Average cell size, average thickness of
cell walls, and the number of cells per unit area of ISB-containing FPUFs are summarized in Table S4.
The incorporation of ISB to FPUFs led to a slight decrease in average thickness of cell walls due to
the slower CT. That is, slower CT implies the slow increase in mixture viscosity allowing the liquid
layer between the bubbles to thin during initial cell formation. On the other hand, the average cell
size of FPUFs containing ISB was reduced in comparison with that of control FPUF (PUF-I0) due to
the decreased GT. Thus, it was observed that the number of cells of ISB-containing FPUFs per unit
area were larger than that of control FPUF. The fast formation of urethane or urea linkage may restrict
the growth and coalescence of bubbles, and this leads to the formation of smaller cell sizes. Some
of the cell windows were also found partially open but most of them were closed. In this study, the
FPUFs did not allow any physical and chemical treatment after their preparation to confirm the effect
of ISB as a cell opener. The air permeability of FPUFs was investigated to quantitatively evaluate
the degree of cell opening and the results are shown in Figure 2. The air permeability of the FPUFs
increased with increasing ISB content. The maximum air permeability was found for 2 wt% ISB content
(0.021 m3/min). This was nearly three times that of the control FPUF (0.006 m3/min). Further increases
in ISB content led to decreased air permeability due increased formation of closed cells. In general,
closed cells can be formed when the gelation dominates the blowing reaction during formation of
FPUFs. As shown in Table 2, the incorporation of ISB slowed the blowing reaction and accelerated the
gelation reaction. Accordingly, the air permeability of FPUFs with high ISB content became reduced.

ISB contains a fuzed bicyclic furan structure; thus, it can impart stiff properties and lead to a
high glass-transition temperature [38]. Another factor for concern is that FPUFs based on ISB might
exhibit a lower crosslinking density. Because ISB has two hydroxyl groups, the incorporation of ISB
into FPUFs leads to a longer distance between the physical crosslinking points (Figure S3). Therefore,
the addition of ISB may have both a reinforcing effect (from the fused bicyclic furan) and a plasticizing
effect (by lowering the crosslinking density). Figure 3a shows the tensile properties of the FPUFs with
various ISB content. The tensile strength of the FPUFs based on ISB was enhanced compared with the
control FPUF (103.0 kPa). Tensile strength was found to increase with increasing ISB content and the
maximum was 155.6 kPa for PUF-I5. When 2 wt% ISB was incorporated into FPUF, a slight decrease
in the tensile strength (108.4 kPa) was observed, which was attributed to the higher air permeability.
In general, the mechanical properties of FPUFs weaken as the open cell content increases [4,57]. FPUFs
based on ISB also showed an increased elongation at break compared with the control FPUF, which
was attributed to decrease in crosslinking density of the polymer network. When a high content of ISB
was incorporated (PUF-I4 and PUF-I5), a decrease in the elongation was observed at break due to the
increased stiffness.

Figure 3b shows the tear strength of the various FPUFs. The tear strength of FPUFs based on ISB
was comparable or slightly improved over that of the control FPUF. The observed decrease and thus
weakening in tear strength for PUF-I2 was caused by the increase in open cell windows. Furthermore,
ISB-containing FPUFs prepared in this study exhibited the comparable or superior tensile and tear
strength to reference FPUFs in the literature (100–150 kPa for tensile strength and 500–880 N/m for
tear strength) [1–3,27].
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Figure 1. SEM images of the various FPUFs studied.

 
Figure 2. Air permeability of the various FPUFs studied.
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Figure 3. (a) Tensile strength and elongation at break; and (b) tear strength of the various FPUFs.

Figure 4 shows the CFD of the FPUFs with various ISB content. CFDs of FPUFs with lower ISB
content (PUF-I1 and PUF-I2) were lower than that of PUF-I0 due to the increased air permeability. It is
speculated that the increase of cell opening led to the decrease in resistance to external compression
force. Further increase of ISB content led to an increase of CFD, which is attributed to the increased
stiffness by the incorporation of ISB as well as decreased air permeability (increased closed cell content).
The slightly enhanced CFD value of PUF-I5 (3.61 kPa) was observed compared with PUF-I0. However,
CFD of ISB-based FPUFs prepared in this study showed a lower value compared with that of reference
FPUF in the literature (>4~5 kPa) [58].

 
Figure 4. CFD of FPUFs with various ISB content.

The resilience of FPUFs is another important parameter for specific FPUF applications, such as
automotive seats and furniture. The resilience of FPUF is strongly affected by the molecular weight
and structure of soft and hard domains, crosslinking density, fillers, and the proportion of open
cells [59–61]. The resilience of FPUF is generally evaluated by the ball rebounding test and loss factor
(tan δ) in dynamic mechanical analyzer (DMA) measurement. The maximum ball rebound height of the
prepared FPUFs is presented in Figure 5a. All the ISB containing FPUFs exhibited a lower rebounding
height than the control FPUF (PUF-I0). This was attributed to the decreased crosslinking density
from ISB incorporation [59]. However, ball rebounding height of ISB-containing FPUFs did not show
significant trend with ISB content. Figure 5b–d show the DMA results (storage modulus, loss modulus,
and tan δ curves) of the various FPUFs. The glass-transition temperature (Tg) was determined as the
maximum point in the tan δ curve, and the results are summarized in Table 3. The storage moduli of
the FPUFs with less ISB content (PUF-I1 and PUF-I2) at room temperature were lower than the control
FPUF. This was mainly due to the loosening of the crosslinking network caused by the lengthened
physical crosslinking points; thus, the Tgs of ISB-containing FPUFs were reduced (Table 3). On the
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other hand, further increase in ISB content led to an increase in the storage modulus and Tg again,
resulting from the increased stiffness by the addition of ISB with rigid bicyclic ring. The peak value
and width of the tan δ curves is another meaningful indicator of resilient performance of FPUFs [25,61].
As shown in Figure 5d, the tan δ values of the ISB-containing FPUFs were higher compared with the
PUF-I0 at room temperature; therefore, a decreased resilience can be expected for the ISB-containing
FPUFs. In common with ball rebounding test, the significant change in resilience performance of
ISB-containing FPUFs was not found to depend on ISB content. It indicates that resilient performance
of FPUFs was reduced by the incorporation of ISB, but no significantly affect on ISB content.

 
Figure 5. (a) Maximum rebounding height (%); (b) temperature dependence of storage modulus;
(c) loss modulus; and (d) tan δ curves of the various FPUFs.

Table 3. Glass transition temperature (Tg) of the various FPUFs determined by DMA.

Sample Code PUF-I0 PUF-I1 PUF-I2 PUF-I3 PUF-I4 PUF-I5

Tg (◦C) −36.7 −37.8 −37.7 −37.4 −31.4 −31.2

3.2. Cell Opening by the Reversibility of Urethane Units Based on ISB in FPUFs

We studied the effect of ISB as a thermally triggered reversible cell opening agent (Scheme 1).
In general, the core temperature of the FPUF during foaming of slab stocks in the plants approaches
160 ◦C due to the exothermic heat of reaction [11]. This temperature is sufficient for urethane bonds
formed by ISB in the polymer network to form and break reversibly. At that moment, the modulus of
polymers, especially for thin cell windows, weakens and then the weak cell windows can be opened.
One important consideration for FPUFs is that the solid matrix that forms the cell strut and wall should
be strong enough to withstand the harsh cell opening conditions. If the solid matrix is too weak, the
cell walls break and the overall structure can even collapse, leading to serious deterioration of the
mechanical properties of the FPUFs. In this experimental study, the foam dimensions prepared in
the laboratory were too small for the temperature to reach 160 ◦C during the foaming. While the air
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permeability of the ISB-containing FPUFs was improved, as compared with the control FPUF (Figure 2),
the ISB-containing FPUFs were thermally treated in a convection oven (160 ◦C) to confirm the desired
effect of ISB as a cell opener via thermal reversibility of the urethane linkages. Before thermal treatment,
the reversibility of the urethane linkages formed by ISB and isocyanate groups was confirmed using
temperature-variable FTIR. It is difficult to evaluate the reversibility of urethane bonds in a foam, thus
we prepared PU films using the same raw materials but without surfactant, catalyst, and distilled
water (see experimental section for details). The chemical compositions of PU films were different
from those of FPUFs since PU films were prepared in the absence of distilled water; thus they did
not contain urea linkages. According to Delebe and Rolph, the urea linkages are more stable than
urethane linkages thermally [47,48]. Temperature-dependent FTIR spectra of PUF-I0 and PUF-I5 are
shown in Figure S4. When the temperature was increased above 160 ◦C, the peak intensity of urea
carbonyl groups (C=O) at 1690 cm−1 decreased significantly in both FTIR spectra of PUF-I0 and PUF-I5,
as shown in Figure S4c,d. Accordingly, peaks due to the isocyanate groups could also be observed at
2270 cm−1 (Figure S4e,f). The generation of isocyanate groups for PUF-I0 was attributed to the thermal
reversibility of urea bonds, while that for PUF-I5 was due to the thermal reversibility of both urethane
and urea bonds. The isocyanate peak in FTIR of PUF-I0 was observed at higher temperature (180 ◦C)
compared with PUF-I5 (160 ◦C), implying that the reversibility of ISB-based urethane linkages appeared
at lower temperature. Consequently, the PU films without urea linkages would be the better choice to
confirm the reversibility of ISB-based urethane linkages. Figure 6 shows the FTIR spectra of PU films
with or without ISB at different temperatures. To facilitate comparison of the temperature-dependent
changes, all the FTIR spectra were normalized against the intensity of the C–O peak in the soft segments
(1110 cm−1) [5,62,63]. The absorption peak of the isocyanate group can be observed at 2270 cm−1.
An expansion of the FTIR spectra near the characteristic peak of the isocyanate group for the PU films
with differing ISB content is shown in Figure S5. No isocyanate peak was observed across the entire
temperature range for PU films without ISB (PU-I0). However, the PU film with 5 wt% ISB showed a
clear absorption peak near 2270 cm−1, corresponding with the isocyanate group when the temperature
exceeded 160 ◦C (Figure S5). Furthermore, while PU-I0 showed a slight decrease in peak intensity at
1730 cm−1 (assigned to the absorption of carbonyl of urethane groups) as the temperature changed,
PU-I5 showed a large decrease in the peak intensity with increasing temperature. The decrease of peak
intensity at 1730 cm−1 is attributable to the reversible urethane groups. Therefore, the reversibility of
urethane groups at elevated temperatures (at least 160 ◦C) was confirmed for ISB-containing PU films
and cell opening thermal treatment should be performed above 160 ◦C.

The thermal reversibility of ISB-based urethane units was also confirmed by thermogravimetric
analysis (TGA) measurements. Figure 7 shows the thermogravimetry (TG) and derivative TG (DTG)
thermograms measured under nitrogen atmosphere. The TG and DTG curves revealed two main
decomposition stages. The first stage occurs at 270 ◦C and corresponds to the dissociation and
break down of the hard segments. The second stage occurs at 360 ◦C and is associated with the
decomposition of the soft segments; that is, conventional PPG [30,64]. The characteristic temperatures
of various FPUFs obtained from TGA measurement were summarized in Table 4. The two maximum
decomposition temperatures did not show significant changes depending on ISB content. All the
FPUFs exhibited the almost similar maximum decomposition temperature of soft and hard segments.
One remarkable observation was that the shoulder at about 240 ◦C in the decomposition of the hard
segments became increasingly prominent as the ISB content increased. This shoulder was not observed
in PUF-I0, but it could be evidently observed for the FPUFs containing ISB. To determine what this
shoulder peak indicated, we scrutinized our FTIR data. Both hydroxyl groups and isocyanate groups
were completely consumed during the preparation of the FPUFs (Figure S6). No peaks corresponding
to the free hydroxyl (3400–3600 cm−1) or the isocyanate functional groups (2270 cm−1) were observed
in the FTIR spectra of any of the FPUFs studied. Therefore, the shoulder peak is strongly believed to
be the decomposition of hard segments specific to the reversible urethane linkages formed between
the hydroxyl groups of ISB and the isocyanate groups. Accordingly, T5% and T10% were reduced with
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increasing ISB content due to the thermal decomposition of ISB, resulting from the reversibility of
ISB-based urethane linkages at elevated temperature.

 
Figure 6. Temperature-dependent FTIR spectra of PU films: (a) PU-I0; (b) PU-I5; (c) PU-I0 expanded at
1650–1850 cm−1; and (d) PU-I5 expanded at 1650–1850 cm−1.

 
Figure 7. TG (a) and DTG (b) thermograms of FPUFs containing various amounts of ISB in nitrogen
gas atmosphere.

SEM images of the FPUFs after thermal treatment at 160 ◦C are presented in Figure 8. The average
cell size and average thickness of cell walls are summarized in Table S4. The average thickness of
cell walls of FPUFs after thermal treatment was not significantly changed compared with those of
FPUFs before thermal treatment. However, the average cell size was slightly reduced after thermal
treatment. When compared with the SEM images of FPUFs before thermal treatment (Figure 1), almost
all of the cell windows in the ISB-containing FPUFs were opened without serious destruction of
the cell wall and of the overall structure. Furthermore, the opening of the cell windows occurred
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more noticeably for the FPUFs with higher ISB content. This indicates that cell opening can occur
through the designed reversible urethane linkages formed by the hydroxyl groups of ISB and the
isocyanate groups. Figure 9 shows the air permeability of the studied FPUFs after thermal treatment at
160 ◦C. The air permeability data revealed that the air permeability of FPUFs based on ISB increased
significantly, in good agreement with the SEM images. PUF-I0 also exhibited increased air permeability
after thermal treatment (0.028 m3/min), indicating that thermal treatment itself causes cell opening
for even FPUFs without ISB. However, the ISB-containing FPUFs showed better air permeability as
compared with PUF-I0, suggesting that the designed reversible urethane linkages based on ISB can
additionally weaken the modulus of the polymer to further promote the opening of cell windows.
The maximum air permeability was obtained for the FPUF with 3 wt% ISB after the thermal treatment.

 
Figure 8. SEM images of the FPUFs after thermal treatment at 160 ◦C.
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Table 4. Characteristic decomposition temperatures of various FPUF.

Sample Code PUF-I0 PUF-I1 PUF-I2 PUF-I3 PUF-I4 PUF-I5

T5%
(a) (◦C) 230.2 228.5 225.3 223.7 221.3 221.3

T10%
(b) (◦C) 250.2 248.6 246.2 243.0 239.5 238.2

Tmax1
(c) (◦C) 273.3 274.3 274.3 274.3 273.3 274.3

Tmax2
(d) (◦C) 359.7 357.8 357.8 358.7 360.5 355.8

(a) T5% indicates the decomposition temperature at 5 wt% of weight loss; (b) T10% indicates the decomposition
temperature at 10 wt% of weight loss; (c) Tmax1 indicates the maximum decomposition temperature of first
decomposition stage; and (d) Tmax2 indicates the maximum decomposition temperature of second decomposition stage.

 
Figure 9. Air permeability of the FPUFs with various ISB content after thermal treatment at 160 ◦C.

3.3. Antioxidant Activity of ISB-containing FPUFs

Interestingly, we found that the difference in yellowing was significant for the ISB-containing
FPUFs after thermal treatment at 160 ◦C. In general, polymers or plastics containing aromatic rings
exhibit yellowing by atmospheric oxygen, light, and heat, causing change from the original color to
yellow (yellowing). As is shown in Figure 10, all the FPUFs were bright beige before the thermal
treatment. After thermal treatment, the observed discoloration was dependent on the ISB content.
In other words, the control FPUF without ISB showed much yellowing after the thermal treatment
at 160 ◦C; however, the levels of yellowing decreased as the ISB content in the FPUFs increased.
Additionally, when PUF-I0 and PUF-I5 were left under ambient conditions (in air) for more than 30 days,
the degree of yellowing between the two foams was noticeably different (Figure S7). The yellow index
(YI) of the FPUF samples was investigated according to ASTM E313 and the results are presented
in Table 5. As the content of ISB increased, the YI value of FPUFs significantly decreased. The YI
value decreased from 46.40 for PUF-I0 to 19.72 for PUF-I5. Thus, the FPUFs containing ISB were
demonstrated to prevent or slow FPUF oxidation caused by external factors (oxygen, light, and heat)
and showed better antioxidant properties, as compared with the control FPUF without ISB. Further
studies on the effects of ISB in comparison with the commercial anti-yellowing agents for FPUFs are
necessary for the practical applications in industries.

Table 5. YI of the FPUFs after thermal treatment at 160 ◦C.

Sample Code PUF-I0 PUF-I1 PUF-I2 PUF-I3 PUF-I4 PUF-I5

YI 46.4 45.3 35.0 29.2 23.6 19.7
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Figure 10. Color comparison of FPUF samples (a) before and (b) after thermal treatment at 160 ◦C.

In general, antioxidants can possess a variety of functional groups depending on the specific
starting material, which includes phenolic hydroxyls, amines, and phosphoryl groups. Specific to
polymers, phenolic antioxidants or hindered amine light stabilizers are widely used as primary
antioxidants to stabilize polymers or plastics from the UV-mediated oxidation by absorbing UV light
or scavenging the resulting free radicals [54,65,66]. The antioxidant activity of ISB can be inferred
from the following: At least some ISB may be autoxidized on exposure to atmospheric oxygen, as
is shown in Scheme 2 [67]. Matsubara et al. in their study reported that tetrahydrofuran (THF) and
tetrahydropyran (THP) groups can be easily oxidized at the α-position to the ring oxygen atom to
form peroxides [68]. Therefore, it is postulated that ISB may prevent degradative polymer oxidation
through oxygen capture or free radical scavenging. Another possibility is that the hydroxyl groups on
ISB can be oxidized to form a ketone, although the oxidation of the hydroxyl group on ISB will have
low levels of conversion (4%) in the absence of a catalyst (Scheme 3) [69]. The two hydroxyl groups on
ISB can both be oxidized and different amounts of Gibbs free energy are required for the oxidation
of these hydroxyls (compared to generic secondary alcohols), due to the higher steric hindrance of
endo-hydroxyl groups. This means that ISB itself will demonstrate lower antioxidant activity outside
of a FPUF. In the 2,2-diphenyl-1-picrylhydrazyl (DPPH) test of ISB, the free radical scavenging activity
of the pure ISB solution (0.3 mM in methanol) showed a lower value (5.1%) than the equivalent value
for ISB-containing PU (Figure S8).

 
Scheme 2. Scheme for furan ring autoxidation in ISB [67].

 
Scheme 3. Scheme for possible hydroxyl group oxidation in ISB [69].

As shown in Schemes 2 and 3, free radicals formed in ISB molecules can act as a radical scavenger
to terminate the chain reaction of free radicals and stabilize the polymers from oxidation. Accordingly,
free radical scavenging activity of ISB-containing PU films was evaluated by using the DPPH method,
which is widely used for evaluation of the antioxidant activities of polymers [55,56]. Figure 11 shows
free radical scavenging activity of PU samples with or without ISB, and this test was performed by using
PU films containing ISB instead of FPUFs as the foams absorbed the DPPH solution. The representative
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PU films with 0 and 5 wt% ISB of polyols (PU-I0 and PU-I5, respectively), were tested. The blank DPPH
solution without sample showed almost constant absorbance over time while the DPPH solution
containing PU films showed a decrease in absorbance over time at 515 nm. Because conventional PPG
for FPUF contains an antioxidant in general, the absorbance of the ISB-free PU film (PU-I0) decreased.
However, a far greater decrease in absorbance was observed for PU-I5. After immersion time of 4 h,
the free radical scavenging activity calculated using Equation (1) was 68.7% and 82.3% for the PU film
free of and the PU film containing ISB, respectively, which indicated that the ISB-containing PU film
possesses better antioxidant activity. For future work, more experiments and analyses are needed to
elucidate the antioxidant mechanism of ISB.

 
Figure 11. Free radical scavenging activity of PU films with or without ISB.

4. Conclusions

The rigid bicyclic diol, ISB, could be successfully incorporated into the FPUFs. ISB was miscible
with conventional PPG up to 5 wt% of polyols, and the effects of ISB as a cell opener on the FPUFs were
investigated. The maximum improvement in air permeability of FPUFs was observed in FPUF with
2 wt% of ISB in polyol. The slight decrease in air permeability of ISB-based FPUFs with further increase
of ISB content above 2wt% was attributed to the increase of gelation rate, hindering the cell opening of
FPUFs. The FPUFs based on ISB also exhibited comparable or superior mechanical properties (tensile
strength and tear strength) in comparison with the control FPUF without ISB (PUF-I0) due to the
inherent nature of ISB having a rigid and stiff bicyclic structure. Cell opening of ISB-containing FPUFs
was studied additionally by heating to 160 ◦C, the core temperature of FPUFs during the foaming in
the plants for the slab stock production. The air permeability of the FPUFs after the thermal treatment
was significantly improved; in particular, the ISB-containing FPUFs showed 100% increases in air
permeability compared with the control FPUF. Thus, the reversibility of the urethane linkages can be
helpful for decreasing the modulus of the polymer at elevated temperatures and for promoting the
cell opening.

Interestingly, the FPUFs containing ISB exhibited excellent antioxidant activity. In the DPPH test,
the ISB-containing PU film showed increased free radical scavenging activity (up to 82.3%) compared
with the ISB-free control (62.5%), indicating the better antioxidant activity of the ISB-based PU polymer.
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In addition, the yellow index of PUF-I5 was significantly lower than that of PUF-I0 after thermal
treatment at 160 ◦C. Consequently, ISB is a promising bio-based raw material or additive for FPUFs
as both an antioxidant and a cell opener without serious deterioration on the physical properties
of FPUFs.

Supplementary Materials: Figure S1: Photographs of TF-3000 (PPG)/ISB mixture samples containing different
amount of ISB. The last numbers of the sample codes denote wt% of ISB in the samples, Figure S2: Photographs of
FPUFs investigated in this study, Figure S3: Schematic illustration of crosslinked network structures of (a) PU
without ISB and (b) those with ISB, Figure S4: Temperature-dependent FTIR spectra of PUF-I0 and PUF-I5: (a)
PUF-I0; (b) PUF-I5; (c) PUF-I0 expanded at 1660–1850 cm−1; (d) PUF-I5 expanded at 1660–1850 cm−1; (e) PUF-I0
expanded at 2150–2400 cm−1; (f) PUF-I5 expanded at 2150–2400 cm−1, Figure S5: Temperature-dependent FTIR
spectra of PU films based on different concentrations of ISB, Figure S6: FTIR spectra of different FPUFs after curing
at room temperature for 1 h, Figure S7: Photographs of PUF-I0 (left) and PUF-I5 (right) left at room temperature
for 30 days, Figure S8: Free radical scavenging activity of ISB solution in methanol (0.3 mM) by DPPH method at
room temperature, Table S1: Bio-based content of FPUFs investigated, Table S2: Sample code and formulation
for PU films with various ISB content, Table S3: Shear viscosity of PPG/ISB mixture at 25 ◦C, Table S4: Average
cell size, average thickness of cell walls, and the number of cells per unit area of FPUFs with various ISB content
before and after thermal treatment.
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Abstract: A series of novel caffeoylquinic acid derivatives of chlorogenic acid have been designed
and synthesized. Biological evaluation indicated that several synthesized derivatives exhibited
moderate to good lipid-lowering effects on oleic acid-elicited lipid accumulation in HepG2 liver cells.
Particularly, derivatives 3d, 3g, 4c and 4d exhibited more potential lipid-lowering effect than the
positive control simvastatin and chlorogenic acid. Further studies on the mechanism of 3d, 3g, 4c

and 4d revealed that the lipid-lowering effects were related to their regulation of TG levels and merit
further investigation.

Keywords: caffeoylquinic acids; chlorogenic acid; derivatives; lipid-lowering effects; oleic
acid-elicited; HepG2 cells

1. Introduction

Hyperlipidemia is among the key risk factors for cardio-vascular diseases (CVD), inducing
essential hypertension (EHT), coronary heart disease (CHD), heart failure, atherosclerosis (AS), and
sudden cardiac death (SCD). Several studies [1–5] have provided evidence that low-density lipoprotein
cholesterol (LDL-c) has been considered as the main risk factor of CHD and AS [6,7], and the increased
circulating levels of triglycerides (TG) show a significant influence on CHD and AS [8,9]. Therefore,
it is quite beneficial to research and explore anti-hypolipidemic agents that could modulate the
dysregulation of lipid metabolism and decrease the elevated levels of serum TG [10].

Pandanus tectorius (L.) Parkins. (PTPs, Figure 1), distributed in South China, is a traditional
folk medicine for the treatment of leprosy, bronchitis, measles, dermatitis, and diabetes [11,12].
Chlorogenic acid (3-O-caffeoylquinic acid, 1, Figure 1) is one of the secondary phenolic metabolites,
which is one of the the primary components found in PTPs, and was reported to have potential
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antioxidant, antimicrobial, anti-inflammatory, and anti-hpyerglycemic effects [13–16]. In particular,
chlorogenic acids and their analogues, which contain one or more caffeoylquinic acid scaffolds, also
efficiently improve hypercholesterolemia and hyperglycemia. In addition, as a kind of rich natural
product, chlorogenic acids and their analogues are widely distributed in a variety of plants that
show hypolipidemic functions, such as Hypericum salsugineum, L. czeczottianus, L. nissolia, Hypericum
androsaemum L., and Ipomea batatas L. [17–20]. Moreover, our previous studies revealed that some
of the natural caffeoylquinic acids were confirmed to possess obvious anti-hyperlipidemia activity
and could significantly inhibit lipid accumulation and TG levels in the liver [10,12]. Recently, we
also found that the chlorogenic acid derivatives (chlorogenic acid diketal, 2, Figure 1) could still
significantly decrease lipid accumulation in oleic acid-elicited HepG2 cells, in spite of the ketal
substituent on the 1,4,5-position hydroxyl and carboxyl group. However, despite the promising and
diverse pharmacological properties of caffeoylquinic acid analogues, synthesis and investigation of
the structure–activity relationships of caffeoylquinic acid derivatives’ lipid-decreasing effect has not
been discussed yet.

Figure 1. The plant Pandanus tectorius (L.) Parkins. and the structures of chlorogenic acid (1) and its
analogues Chlorogenic acid diketal (2).

In this present research, we describe the synthesis of fourteen novel caffeoylquinic acid derivatives
with various amines (n-butylamine, isobutylamine, n-octylamine, propargylamine, benzylamine,
piperidine, and cyclohexylamine) which were appended to the 1-position carboxyl group of chlorogenic
acid. Meanwhile, in view of the remaining chlorogenic acid diketal attenuating lipid accumulation
activity, we also designed the amide derivatives with 4, 5-position hydroxyl groups substituted by
ketal (isopropylidene). Therefore, the purpose of this study was to synthesize novel caffeoylquinic
acid derivatives (3a–g, 4a–g, Figure 2) and investigate the effects of derivatives on oleic acid-elicited
lipid accumulation in HepG2 cells. The underlying lipid-lowering effect mechanisms of derivatives
were also elucidated using intracellular TG quantification.

Figure 2. The structures of chlorogenic acid derivatives.
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2. Results and Discussion

2.1. Chemistry

The synthesis of derivatives 3a–g and 4a–g is outlined in Scheme 1. The naturally abundant
chlorogenic acid (1) was treated with dimethyoxypropane (DMP) and p-toluenesulfonic acid (TsOH)
in dry acetone to obtain chlorogenic acid ketal derivative 5. Compounds 3a–g were attained
via amidation with various amines (n-butylamine, isobutylamine, n-octylamine, propargylamine,
benzylamine, piperidine, and cyclohexylamine) of 1-position carboxyl group of compound 5 in
BOP (benzotriazol-1-yl-oxytris (dimethylamino) phosphoniumhexa-fluorophosphate) and DIEA
(dimethyltriethylamine) conditions, and then followed by deprotection at 4,5-position ketal in the
presence of a TFA/DCM (trifluoroacetic acid/ dichloromethane) solution, to gain compounds 4a–g.

 
Scheme 1. The synthesis of compounds 3a–g and 4a–g. Reagents and conditions: (A) DMP, TsOH,
acetone; (B) BOP, DIEA, amines; (c) TFA, DCM, H2O (9:1:1).

2.2. Biological Results and Discussion

2.2.1. Lipid-Lowering Effects of Chlorogenic Acid and Compounds 3a–g and 4a–g on Oleic
Acid-Elicited Lipid Accumulation in HepG2 Liver Cells

The lipid-lowering effects of chlorogenic acid and its derivatives against oleic acid-elicited lipid
accumulation in HepG2 liver cells were detected using the Oil red O staining assay. The MTS
assay indicated that 10 μmol/L chlorogenic acid derivatives 3a–3g (Figure 3a) and 4a–4g (Figure 3b)
displayed no cytotoxicity, within 24 h, to HepG2 liver cells. Oil red O staining results showed that some
derivatives exhibited moderate to good regulation effects on oleic acid-elicited lipid accumulation
in HepG2 liver cells. As shown in Figure 3c–d, the preliminary test of compounds 3a–g and 4a–g at
10 μmol/L revealed that 3d, 3f, 3g, 4a, and 4c–g better moderated the lipid-lowering effects of HepG2
cells. Treatment of HepG2 liver cells with compounds 3d, 3g, 4a, and 4c–g exhibited better regulating
effects than chlorogenic acid (CA). The absorbance decreased from 0.261 (with oleic acid treatment
alone) to 0.249, 0.255, and 0.249 after treatment with 10 μmol/L compounds 3d, 3f, and 3g in Figure 3c,
respectively. In Figure 3d, the absorbance decreased from 0.282 (oleic acid alone) to 0.271, 0.267, 0.270,
0.273, 0.271, and 0.272 after treatment with 10 μmol/L derivatives 4a and 4c–g in Figure 3b, respectively.
The Oil red O staining images are shown in Figure 3e. Among them, derivatives 3d, 3g, 4c, and 4d

exhibited more potent regulation effects than the others, after treatment for 24 h, which suggests that
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3d, 3g, 4c, and 4d deserve further evaluation as potential hypolipidemic agents for regulation on oleic
acid-elicited lipid accumulation in HepG2 liver cells.

Figure 3. The nontoxic effects of chlorogenic acid and its derivatives on cell viability. (A) Cells treated
with 10 μmol/L compounds 3a–3g, for 24 h, respectively, and (B) compounds 4a–g, for 24 h, respectively.
The regulation effects of chlorogenic acid and its derivatives on oleic acid-elicited lipid accumulation
in HepG2 liver cells. HepG2 cells were co-incubated in serum-free DMEM containing 100 μmol/L
oleic acid (OA) (Model) and co-treated with 10 μmol/L of simvastatin (SimV) or chlorogenic acid (CA),
(C) compounds 3a–g, for 24 h, respectively, and (D) compounds 4a–g, for 24 h, respectively. (E) Oil
red O staining images. The data are expressed as the mean ± SEM (n = 8) from three independent
experiments. ### p < 0.001 versus blank group (Blk); * p < 0.05 versus OA-treated cells; ** p < 0.01
versus OA-treated cells; *** p < 0.001 versus OA-treated cells.

The primary structure-activity relationships (SARs) suggested that, compared to the positive
groups, simvastatin (SimV) and chlorogenic acid (CA), the amide derivatives of chlorogenic acid with
4, 5-position hydroxyl groups substituted by ketal had weaker potency than those with 4, 5-position
hydroxyl groups exposed. Beyond that, the derivatives 3–4d, 3–4f, and 3–4g with propynylamine,
piperidine and cyclohexylamine groups could better regulate lipid accumulation after oleic acid
treatment, indicating that the introduction of propargyl, piperidyl, and cyclohexyl groups could
ameliorate lipid accumulation. Among them, derivative 3–4d exhibited more potent lipid-lowering
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effects compared to the other compounds, which means that the propargyl group is a favourable
substituent for regulation of lipid accumulation in HepG2 liver cells. However, derivatives 3–4b,
including isobutyl group, were inert, suggesting that the isobutyl group was negative factor in the
derivatives. In addition, the above derivatives show lipid-lowering effects in Figure 3a–b, illustrating
that the 1-position carboxyl group and 4, 5-position hydroxyl groups of chlorogenic acid were not
essential groups for regulating lipid effects and different groups on the 1-position carboxyl group
influenced lipid-lowering activities obviously.

2.2.2. Inhibitory Effects of Compounds 3d, 3g, 4c, and 4d Toward Triglycerides

On account of the preferable potency and typical structure, derivatives 3d, 3g, 4c, and 4d were
chosen for further investigation with simvastatin and chlorogenic acid. We measured the levels
of TG in HepG2 liver cells and found that consumptions of 3d, 3g, 4c, and 4d markedly reduced
the content of TG in liver cells (49.63%, 48.56%, 49.00%, and 48.72% by 10 μmol/L derivatives,
respectively). The efficacy of 3d, 3g, 4c, and 4d in decreasing TG levels was a little weaker than that of
simvastatin, but better than that of chlorogenic acid, in decreasing TG levels at 10 μmol/L (Figure 4).
Taken together, these results indicate that derivatives 3d, 3g, 4c, and 4d inhibited TG levels markedly
on oleic acid-elicited lipid accumulation in HepG2 liver cells.

Figure 4. Inhibitory effects of compounds toward triglycerides in HepG2 liver cells. Positive control:
simvastatin (SimV, 47.89%) and chlorogenic acid (CA, 51.51%); blank (Blk, 45.30%): DMEM; OA
(56.61%): oleic acid. Intracellular levels of triglycerides were measured by kits according to the
manufacturer’s instructions. Bars depict the means ± SEM in triplicate. ## p < 0.01 versus blank group
(Blk); * p < 0.05 versus OA-treated cells.

3. Experimental Section

3.1. General Information

All the reagents were used without further purification unless otherwise specified. Solvents were
dried and redistilled prior to use in the usual manner. Analytical TLC was performed using silica gel
HF254. Preparative column chromatography was performed with silica gel H. 1H and 13C-NMR spectra
were recorded on a Bruker Advance III 600 MHz spectrometer. HRMS was obtained on a Thermofisher
LTQ-Obitrap XL. Chlorogenic acid, DMP (Dimethyoxypropane), TsOH (p-Toluenesulfonic
acid), BOP (Benzotriazol-1-yl-oxytris (dimethylamino)phosphoniumhexa-fluorophosphate), DIEA
(Dimethyltriethylamine), TFA (trifluoroacetic acid), and DCM (dichloromethane) were purchased from
the Energy Chemical Company. Dulbecco’s modified Eagle medium (DMEM) fetal bovine serum was
purchased from Corning Inc (Corning, CA, USA). Penicillin and streptomycin were procured from
Hyclone (South Logan, UT, USA). Simvastatin, oil-red O, oleic acid (OA), and dimethyl Sulphoxide
DMSO were purchased from Sigma-Aldrich (St. Louis, MO, USA). The kits for Triglyceride (TG) were
purchased from Jian Cheng Biotechnology Company (Nanjing, China). The Total RNA extraction
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reagent Trizol (Ambion, Austin, TX, USA), the PrimeScript RT reagent kit, and the SYBR-Green PCR
kit were purchased from Transgene Biotech, Inc. (Beijing, China).

3.2. Chemistry

3.2.1. Procedure for the Synthesis of Intermediate 5

To a suspension of chlorogenic acid (7.0 g, 19.8 mmol) in dry acetone (60 mL) and DMP (40 mL),
catalytic amount of TsOH (50 mg, 0.26 mmol) was added. Then the reaction mixture was stirred at
room temperature for 30 min. Reaction was monitored by TLC. The crude mixture was neutralized
with Na2CO3 powder to pH 6. Then the suspension was filtered out and the filtrate was evaporated
and the crude product was subjected to column chromatography (eluent: PE-EtOAc, 1:1) to offer a
pure light-yellow solid compound 5 (6.8 g, 87% yield).

3.2.2. General Procedure for the Synthesis of Compounds 3a–g

To a mixture of compound 5 (2.4 g, 6.1 mmol) and BOP (2.7 g, 6.1 mmol) in dry THF (100 mL),
organic base DIEA (1.6 g, 12.2 mmol) was added and stirred at room temperature under N2 air.
Then various amines (n-butylamine, isobutylamine, n-octylamine, propargylamine, benzylamine,
piperidine, and cyclohexylamine) (6.7 mmol) were dropped and reacted respectively for 4–16 h.
When complete, the reaction solvent was evaporated and the crude product was subjected to column
chromatography (eluent: DCM-CH3OH, 10:1) to gain pure compound 3a–g as a light-yellow solid.

1-N-n-butyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3a): Yellowish powder, 81% yield; 1H-NMR
(600 MHz, DMSO) δ: 9.58(s, 1H, Ph-OH), 9.14(s, 1H, Ph-OH), 7.71 (t, J = 6.0 Hz, 1H, NH), 7.48 (d,
J = 15.8 Hz, 1H, H-7′), 7.05 (d, J = 1.7 Hz, 1H, H-2′), 7.00 (dd, J = 8.3 Hz, 1.7 Hz, 1H, H-6′), 6.77 (d,
J = 8.2 Hz, 1H, H-5′), 6.24 (d, J = 15.9 Hz, 1H, H-8′), 5.41 (s, 1H, H-1), 5.37–5.32 (m, 1H, H-3), 4.43–4.41
(m, 1H, H-4), 4.13–4.11 (m, 1H, H-5), 3.11–3.01 (m, 2H, NH-CH2), 2.26–2.22 (m, 1H, H-2), 1.99–1.94 (m,
1H, H-2), 1.80–1.73 (m, 2H, H-6), 1.42 (s, 3H, CH3-C-O), 1.39–1.36 (m, 2H, NH-CH2-CH2), 1.26–1.22
(m, 5H, CH3-C-O, CH2-CH3), 0.84 (t, J =7.3 Hz, 3H, CH2-CH3); 13C-NMR (150 MHz, DMSO) δ: 175.0,
165.9, 148.4, 145.6, 145.3, 125.6, 121.4, 115.8, 114.9, 114.1, 108.0, 76.9, 74.1, 73.5, 70.9, 38.2, 37.0, 34.5, 31.2,
28.0, 25.9, 19.4, 13.7; HRMS (ESI): Calcd for [M + Na]+ C23H31NNaO8: 472.1947, found 472.1948.

1-N-isobutyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3b): Yellowish powder, 77% yield; 1H-NMR
(600 MHz, DMSO) δ: 7.70 (t, J = 6.1 Hz, 1H, NH), 7.47 (d, J =15.8 Hz, 1H, H-7′), 7.04 (d, J = 2.0 Hz, 1H,
H-2′), 7.00 (dd, J = 8.2 Hz, 2.0 Hz, 1H, H-6′), 6.76 (d, J = 8.2 Hz, 1H, H-5′), 6.24 (d, J = 15.9 Hz, 1H, H-8′),
5.47 (br, 1H, H-1), 5.37–5.33 (m, 1H, H-3), 4.43–4.41 (m, 1H, H-4), 4.14–4.11 (m, 1H, H-5), 2.94–2.86 (m,
2H, NH-CH2), 2.26–2.22 (m, 1H, H-2), 1.99–1.96 (m, 1H, H-2), 1.80–1.75 (m, 2H, H-6), 1.74–1.69 (m,
1H, NH-CH2-CH), 1.42 (s, 3H, CH3-C-O), 1.26 (s, 3H, CH3-C-O), 0.82–0.80 (m, 6H, 2×CH3); 13C-NMR
(150 MHz, DMSO) δ: 175.1, 165.9, 148.5, 145.6, 145.4, 125.6, 121.4, 115.8, 114.9, 114.1, 108.0, 76.9, 74.2,
73.6, 70.9, 45.9, 37.1, 34.4, 28.1, 26.0, 20.0; HRMS (ESI): Calcd for [M + Na]+ C23H31NNaO8: 472.1947,
found 472.1946.

1-N-n-octyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3c): Yellowish powder, 82% yield; 1H-NMR
(600 MHz, DMSO) δ: 7.74 (t, J = 5.9 Hz, 1H, NH), 7.47 (d, J =15.8 Hz, 1H, H-7′), 7.04 (d, J = 2.0 Hz, 1H,
H-2′), 7.00 (dd, J = 8.2 Hz, 2.0 Hz, 1H, H-6′), 6.76 (d, J = 8.2 Hz, 1H, H-5′), 6.24 (d, J = 15.9 Hz, 1H, H-8′),
5.44 (br, 1H, H-1), 5.36–5.31 (m, 1H, H-3), 4.43–4.40 (m, 1H, H-4), 4.13–4.11 (m, 1H, H-5), 3.10–2.98
(m, 2H, NH-CH2), 2.25–2.22 (m, 1H, H-2), 1.97–1.94 (m, 1H, H-2), 1.75–1.74 (m, 2H, H-6), 1.41 (s, 3H,
CH3-C-O), 1.40–1.37 (m, 2H, NH-CH2-CH2), 1.25 (s, 3H, CH3-C-O), 1.25–1.19 (m, 10H, (CH2)5-CH3),
0.83 (t, J =7.1 Hz, 3H, (CH2)5-CH3); 13C-NMR (150 MHz, DMSO) δ: 174.9, 165.8, 148.4, 145.5, 145.2,
125.5, 121.3, 115.7, 114.8, 114.0, 107.9, 76.8, 73.9, 73.4, 70.8, 38.4, 37.0, 34.5, 31.1, 28.9, 28.6, 28.5, 27.9, 26.1,
25.8, 22.0, 13.8; HRMS (ESI): Calcd for [M + Na]+ C27H39NNaO8: 528.2573, found 528.2578.
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1-N-propargyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3d): Yellowish powder, 75% yield;
1H-NMR (600 MHz, DMSO) δ: 8.16 (t, J = 5.8 Hz, 1H, NH), 7.47 (d, J =15.8 Hz, 1H, H-7′), 7.04
(d, J = 2.0 Hz, 1H, H-2′), 7.00 (dd, J = 8.2 Hz, 2.0 Hz, 1H, H-6′), 6.76 (d, J = 8.2 Hz, 1H, H-5′), 6.24 (d,
J = 15.8 Hz, 1H, H-8′), 5.50 (s, 1H, H-1), 5.35–5.31 (m, 1H, H-3), 4.43–4.41 (m, 1H, H-4), 4.14–4.12 (m, 1H,
H-5), 3.84 (dd, J = 5.8 Hz, 2.5 Hz, 2H, NH-CH2), 3.03 (t, J = 2.5 Hz, 1H, CCH), 2.25–2.22 (m, 1H, H-2),
2.00–1.95 (m, 1H, H-2), 1.79–1.70 (m, 2H, H-6), 1.42 (s, 3H, CH3-C-O), 1.26 (s, 3H, CH3-C-O); 13C-NMR
(150 MHz, DMSO) δ: 175.3, 166.0, 148.5, 145.7, 145.5, 125.7, 121.5, 115.9, 114.9, 114.2, 108.2, 81.2, 76.9,
74.2, 73.6, 72.6, 70.9, 37.0, 34.3, 28.4, 28.1, 26.0; HRMS (ESI): Calcd for [M + Na]+ C22H25NNaO8:
454.1478, found 454.1480.

1-N-benzyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3e): Yellowish powder, 79% yield; 1H-NMR
(600 MHz, DMSO) δ: 8.32 (t, J = 6.2 Hz, 1H, NH), 7.48 (d, J =15.8 Hz, 1H, H-7′), 7.31–7.28 (m, 2H, Ph-H),
7.24–7.20 (m, 3H, Ph-H), 7.05 (d, J = 2.0 Hz, 1H, H-2′), 7.01 (dd, J = 8.2 Hz, 2.0 Hz, 1H, H-6′), 6.77 (d,
J = 8.2 Hz, 1H, H-5′), 6.25 (d, J = 15.9 Hz, 1H, H-8′), 5.55 (br, 1H, H-1), 5.39–5.35 (m, 1H, H-3), 4.45–4.42
(m, 1H, H-4), 4.32–4.25 (m, 2H, NH-CH2), 4.15–4.13 (m, 1H, H-5), 2.29–2.25 (m, 1H, H-2), 2.04–2.01 (m,
1H, H-2), 1.84–1.76 (m, 2H, H-6), 1.43 (s, 3H, CH3-C-O), 1.26 (s, 3H, CH3-C-O); 13C-NMR (150 MHz,
DMSO) δ: 175.2, 165.8, 148.4, 145.5, 145.3, 139.5, 128.1, 126.9, 126.7, 125.5, 121.3, 115.7, 114.8, 114.0,
108.0, 76.8, 74.1, 73.4, 70.8, 42.0, 37.0, 34.5, 27.9, 25.8; HRMS (ESI): Calcd for [M + Na]+ C26H29NNaO8:
506.1791, found 506.1790.

1-N-piperidyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3f): Yellowish powder, 64% yield; 1H-NMR
(600 MHz, DMSO) δ: 9.59(s, 1H, Ph-OH), 9.15(s, 1H, Ph-OH), 7.48 (d, J =15.8 Hz, 1H, H-7′), 7.04 (d,
J = 1.5 Hz, 1H, H-2′), 7.00 (dd, J = 8.1 Hz, 1.5 Hz, 1H, H-6′), 6.77 (d, J = 8.0 Hz, 1H, H-5′), 6.22 (d,
J = 15.9 Hz, 1H, H-8′), 5.62 (s, 1H, H-1), 5.32–5.29 (m, 1H, H-3), 4.45–4.42 (m, 1H, H-4), 4.08–4.06 (m,
1H, H-5), 3.97–3.59 (m, 2H, NH-CH2), 3.55–3.43 (m, 1H, NH-CH), 3.35–3.17 (m, 1H, NH-CH), 2.33–2.30
(m, 1H, H-2), 2.01–1.98 (m, 1H, H-2), 1.90–1.86 (m, 2H, H-6), 1.58–1.50 (m, 2H, CH2), 1.49–1.37 (m, 2H,
CH3-C-O, (CH2)2), 1.25 (m, 3H, CH3-C-O); 13C-NMR (150 MHz, DMSO) δ: 171.5, 165.8, 148.5, 145.6,
145.4, 125.5, 121.3, 115.8, 114.8, 114.0, 108.0, 76.1, 74.8, 73.2, 70.6, 37.0, 36.8, 34.5, 29.0, 27.9, 25.8, 25.5,
24.2; HRMS (ESI): Calcd for [M + Na]+ C24H31NNaO8: 484.1947, found 484.1949.

1-N-cyclohexyl-4, 5-di-O-Isopropylidene-Chlorogenic Acid Amide (3g): Yellowish powder, 71% yield;
1H-NMR (400 MHz, DMSO) δ: 7.47 (d, J =15.8 Hz, 1H, H-7′), 7.38 (d, J = 8.2 Hz, 1H, NH), 7.04–6.99 (m,
2H, H-2′, 6′), 6.76 (d, J = 8.1 Hz, 1H, H-5′), 6.24 (d, J =15.8 Hz, 1H, H-8′), 5.44 (br, 1H, H-1), 5.37–5.30
(m, 1H, H-3), 4.42–4.41 (m, 1H, H-4), 4.14–4.11 (m, 1H, H-5), 3.51–3.49 (m, 1H, NH-CH), 2.25–2.20
(m, 1H, H-2), 1.97–1.91 (m, 1H, H-2), 1.77–1.75(m, 2H, H-6), 1.67–1.65 (m, 4H, CH(CH2)2), 1.41 (s, 3H,
CH3-C-O), 1.26–1.10 (m, 9H, CH3-C-O, (CH2)3); 13C-NMR (100 MHz, DMSO) δ: 174.1, 165.8, 148.4,
145.5, 145.3, 125.5, 121.3, 115.7, 114.8, 114.0, 108.0, 76.8, 74.0, 73.5, 70.9, 47.4, 37.0, 34.4, 32.1, 28.0, 25.9,
25.1, 24.4; HRMS (ESI): Calcd for [M + Na]+ C25H33NNaO8: 498.2104, found 498.2106.

3.2.3. General Procedure for the Synthesis of Compounds 4a–g

A mixture of compound 3a–g (1.7 mmol) and TFA-DCM-H2O (10 mL) was stirred and reacted for
4 h at room temperature. Then the reaction solvent was concentrated and the residue was purified
by silica gel column chromatography (eluent: DCM-CH3OH, 8:1) to get pure compound 4a-g as a
light-yellow solid.

1-N-n-butyl-Chlorogenic Acid Amide (4a): Yellowish powder, 78% yield; 1H-NMR (600 MHz, MeOD)
δ: 7.58 (d, J = 15.9 Hz, 1H, H-7′), 7.05 (d, J = 1.9 Hz, 1H, H-2′), 6.95 (dd, J = 8.2 Hz, 1.9 Hz, 1H, H-6′),
6.78 (d, J = 8.1 Hz, 1H, H-5′), 6.29 (d, J = 15.9 Hz, 1H, H-8′), 5.42–5.38 (m, 1H, H-3), 4.24–4.23 (m, 1H,
H-4), 3.72–3.70 (m, 1H, H-5), 3.21–3.19 (m, 2H, NH-CH2), 2.12–2.07 (m, 2H, H-2), 2.02–2.00 (m, 1H,
H-6), 1.95–1.91 (m, 1H, H-6), 1.52–1.47 (m, 2H, NH-CH2-CH2), 1.36–1.32 (m, 2H, CH2-CH3), 0.93 (t,
J = 7.4 Hz, 3H, CH2-CH3); 13C-NMR (150 MHz, MeOD) δ: 176.6, 169.0, 149.6, 147.0, 146.8, 127.8, 122.9,
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116.5, 115.4, 115.2, 77.8, 74.4, 72.7, 71.9, 40.0, 39.9, 38.7, 32.6, 21.0, 14.1; HRMS (ESI): Calcd for [M + Na]+

C20H27NNaO8: 432.1634, found 432.1636.

1-N-Isobuty-Chlorogenic Acid Amide (4b): Yellowish powder, 85% yield; 1H-NMR (600 MHz, MeOD) δ:
7.57 (d, J =15.7 Hz, 1H, H-7′), 7.05 (s, 1H, H-2′), 6.99–6.89 (m, 1H, H-6′), 6.78 (d, J = 7.7 Hz, 1H, H-5′),
6.29 (d, J =15.7 Hz, 1H, H-8′), 5.46–5.37 (m, 1H, H-3), 4.30–4.18 (m, 1H, H-4), 3.78–3.66 (m, 1H, H-5),
3.09–2.95 (m, 2H, NH-CH2), 2.11–1.94 (m, 1H, H-2, 6), 1.85–1.73 (m, 1H, NH-CH2-CH), 0.94–0.84 (m,
6H, 2 × CH3); 13C-NMR (150 MHz, MeOD) δ: 176.7, 169.0, 149.5, 147.0, 146.7, 127.7, 122.9, 116.5, 115.3,
115.2, 77.8, 74.3, 72.6, 71.9, 47.6, 40.0, 38.7, 29.6, 20.3; HRMS (ESI): Calcd for [M + Na]+ C20H27NNaO8:
432.1634, found 432.1638.

1-N-n-octyl-Chlorogenic Acid Amide (4c): Yellowish powder, 76% yield; 1H-NMR (400 MHz, MeOD) δ:
7.58 (d, J = 15.9 Hz, 1H, H-7′), 7.05 (d, J = 1.9 Hz, 1H, H-2′), 6.95 (dd, J = 8.2 Hz, 1.9 Hz, 1H, H-6′),
6.78 (d, J = 8.2 Hz, 1H, H-5′), 6.29 (d, J = 15.9 Hz, 1H, H-8′), 5.43–5.37 (m, 1H, H-3), 4.24–4.23 (m, 1H,
H-4), 3.72–3.69 (m, 1H, H-5), 3.20–3.17 (m, 2H, NH-CH2), 2.13–1.90 (m, 1H, H-2, 6), 1.52–1.49 (m, 2H,
NH-CH2-CH2), 1.34–1.26 (m, 10H, (CH2)5-CH3), 0.87 (t, J =7.1 Hz, 3H, -CH3); 13C-NMR (100 MHz,
MeOD) δ: 176.6, 169.0, 149.6, 147.0, 146.8, 127.8, 123.0, 116.5, 115.3, 115.1, 77.7, 74.4, 72.7, 72.0, 40.2,
40.0, 38.7, 33.0, 30.5, 30.4, 27.9, 23.7, 14.4; HRMS (ESI): Calcd for [M + Na]+ C24H35NNaO8: 488.2260,
found 488.2252.

1-N-Propargyl-Chlorogenic Acid Amide (4d): Yellowish powder, 69% yield; 1H-NMR (400 MHz, MeOD)
δ: 7.57 (d, J = 15.9 Hz, 1H, H-7′), 7.11–7.00 (m, 1H, H-2′), 6.99–6.89 (m, 1H, H-6′), 6.78 (d, J = 8.0 Hz,
1H, H-5′), 6.29 (d, J = 15.9 Hz, 1H, H-8′), 5.43–5.37 (m, 1H, H-3), 4.29–4.19 (m, 1H, H-4), 4.03–4.92 (m,
2H, NH-CH2), 3.74–3.71 (m, 1H, H-5), 2.61–2.49 (m, 1H, CCH), 2.15–1.95 (m, 4H, H-2, 6); 13C-NMR
(100 MHz, MeOD) δ: 176.5, 169.0, 149.5, 147.0, 146.7, 127.7, 123.0, 116.5, 115.3, 115.1, 80.5, 77.8, 74.3, 72.5,
72.1, 71.8, 39.8, 38.5, 29.4; HRMS (ESI): Calcd for [M + Na]+ C19H21NNaO8: 414.1165, found 414.1667.

1-N-benzyl-Chlorogenic Acid Amide (4e): Yellowish powder, 73% yield; 1H-NMR (600 MHz, MeOD) δ:
7.58 (d, J = 15.9 Hz, 1H, H-7′), 7.32–7.22 (m, 5H, Ph-H), 7.05 (s, 1H, H-2′), 6.96–6.94 (m, 1H, H-6′), 6.78
(d, J = 8.1 Hz, 1H, H-5′), 6.29 (d, J =15.8 Hz, 1H, H-8′), 5.45–5.39 (m, 1H, H-3), 4.39 (m, 2H, NH-CH2),
4.26–4.25 (m, 1H, H-4), 3.73–3.69 (m, 1H, H-5), 2.17–1.97 (m, 4H, H-2, 6); 13C-NMR (150 MHz, MeOD)
δ: 176.8, 169.0, 149.5, 147.0, 146.8, 139.9, 129.5, 128.2, 128.2, 128.0, 122.9, 116.5, 115.4, 115.2, 77.9, 74.4,
72.7, 71.9, 43.8, 40.0, 38.8; HRMS (ESI): Calcd for [M + Na]+ C23H25NNaO8: 466.1448, found 466.1484.

1-N-piperidyl-Chlorogenic Acid Amide (4f): Yellowish powder, 61% yield; 1H-NMR (600 MHz, MeOD) δ:
7.57 (d, J = 15.9 Hz, 1H, H-7′), 7.05 (d, J = 1.9 Hz, 1H, H-2′), 6.95 (dd, J = 8.2 Hz, 2.0 Hz, 1H, H-6′), 6.78
(d, J = 8.2 Hz, 1H, H-5′), 6.26 (d, J = 15.9 Hz, 1H, H-8′), 5.36–5.33 (m, 1H, H-3), 4.28–4.27 (m, 1H, H-4),
4.06–3.79 (m, 2H, NH-CH2), 3.73–3.71 (m, 1H, H-5), 3.63–3.38 (m, 2H, NH-CH2), 2.33–2.01 (m, 4H, H-2,
6), 1.68–1.61 (m, 2H, CH2), 1.60–1.48 (m, 4H, (CH2)2), 1.90–1.86 (m, 2H, H-6), 1.58–1.50 (m, 2H, CH2),
1.49–1.37 (m, 2H, CH3-C-O, (CH2)2); 13C-NMR (150 MHz, MeOD) δ: 173.2, 168.8, 149.6, 147.2, 146.8,
127.8, 123.0, 116.5, 115.3, 115.2, 78.6, 73.3, 72.4, 71.6, 40.0, 39.2, 38.7, 30.7, 25.6; HRMS (ESI): Calcd for
[M + Na]+ C21H27NNaO8: 444.1634, found 444.1637.

1-N-cyclohexyl-chlorogenic acid amide (4g): Yellowish powder, 64% yield; 1H-NMR (600 MHz, MeOD)
δ: 7.57 (d, J = 15.9 Hz, 1H, H-7′), 7.05 (d, J = 2.0 Hz, 1H, H-2′), 6.95 (dd, J = 8.2 Hz, 2.0 Hz, 1H, H-6′),
6.78 (d, J = 8.2 Hz, 1H, H-5′), 6.29 (d, J =16.0 Hz, 1H, H-8′), 5.42–5.36 (m, 1H, H-3), 4.24–4.22 (m, 1H,
H-4), 3.72–3.69 (m, 1H, H-5), 3.65–3.58 (m, 1H, NH-CH), 2.12–1.89 (m, 4H, H-2, 6), 1.84–1.82 (m, 2H,
CH2), 1.77–1.73(m, 2H, CH2), 1.65–1.58 (m, 2H, CH2), 1.40–1.34 (m, 2H, CH2), 1.26–1.23 (m, 2H, CH2);
13C-NMR (150 MHz, MeOD) δ: 175.7, 169.0, 149.6, 147.0, 146.8, 127.8, 122.9, 116.5, 115.4, 115.2, 77.6,
74.4, 72.7, 72.0, 49.6, 40.0, 38.7, 33.6, 30.7, 26.5, 26.1; HRMS (ESI): Calcd for [M + Na]+ C22H29NNaO8:
458.1791, found 458.1795.

The spectrograms of the compounds 3a–g and 4a–g are shown in the Electronic Supplementary
Material (ESM).
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3.3. Evaluation of the Biological Activity

3.3.1. Cell Culture

HepG2 cells were originated from American Type Culture Collection (ATCC) (Manassas, VA, USA)
and obtained from the Peking Union Medical College (Beijing, China). HepG2 cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1%
penicillin, and streptomycin at 37 ◦C in a 5% CO2 atmosphere. When grown to 70%–80% confluence,
cells were incubated in serum-free DMEM containing 100 μmol/L oleic acid and co-treated with
10 μmol/L of simvastatin or chlorogenic acid, compound 3a–g, and 4a–g for 24 h respectively. Cells
maintained in serum-free DMEM were used as the blank control. Compounds were dissolved in
dimethyl sulphoxide (DMSO) and an equal volume of it was added in the control group.

3.3.2. Cell Viability Assay

Cell viability was examined using MTS assay. HepG2 cells in 96-well culture plates were treated
with 10 μmol/L compounds. The cells were incubated for 24 h and the MTS reagent was added to
each well according to the instruction of CellTiter 96®Aqueous One Solution Cell Proliferation Assay
(promega corperation, Beijing, China). The absorbance at 490 nm was measured using a microplate
reader (ThermoFisher Ltd., Shanghai, China).

3.3.3. Oil red O staining

The cells with 70–80% confluence in 96 well plates were incubated in serum-free DMEM + OA
(oleic acid) (100 μmol/L) and 10 μmol/L of chlorogenic acid, compound 3a–g, and 4a–g, respectively,
or the positive control simvastatin (10 μmol/L), for 24 h. Cells were then fixed with 4% w/v paraformal
deyde (30 min, room temperature) and stained with 0.5% filtered oil-red O solution (15 min, room
temperature). The staining was evaluated by a Tecan Infinite M1000Pro Microplate Reader and
spectrophotometry at 358 nm.

3.3.4. Intracellular TG Quantification

HepG2 cells with 70–80% confluence in 6 well plates were incubated in serum-free DMEM + OA
(100 μmol/L) and 10 μmol/L of chlorogenic acid, compound 3a–g, and 4a–g, respectively, or the
positive control simvastatin (10 μmol/L) for 24 h. The cells were subjected to TG quantification
as introduced by the protocol of Triglyceride Quantification Kit. Each experiment was repeated in
triplicate, with duplicates each.

3.3.5. Statistical Analysis

Data are expressed as mean ± SEM. One-way ANOVA was used to determine significant
differences among groups, after which the modified Students t-test with the Bonferroni correction was
used for comparison between individual groups. All statistical analyses were performed with SPSS
17.0 software (SPSS Inc., Chicago, IL, USA). The value p < 0.05 was considered statistically significant.

4. Conclusions

In summary, fourteen caffeoylquinic acid derivatives of chlorogenic acid were designed,
synthesized, and evaluated for their lipid-lowering effects. Several of the derivatives showed
potent lipid-lowering activity against oleic acid-elicited lipid accumulation in HepG2 liver cells.
Particularly, derivatives 3d, 3g, 4c, and 4d exhibited more potential lipid-lowering effect than the
positive simvastatin and chlorogenic acid. Preliminary SAR analysis has shown that the propargyl
group of the amide derivatives had a good impact on the protective effect. Further research on
mechanism of 3d, 3g, 4c, and 4d revealed that it was related to the regulation of TG levels. These
above results suggest that derivatives 3d, 3g, 4c, and 4d may be a promising therapeutic candidate as
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potential hypolipidemic agents. Further studies to design the derivatives of chlorogenic acid coupled
with naturally occurring kinds of amino acids, as well as to explore the mechanism of action of this
novel class of compounds is, planned to start in our group in the near future [21–23].
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Abstract: The paper describes the first total synthesis of natural varioxiranol A by chiral pool
approach and confirmation of its absolute configuration by single-crystal X-ray analysis. The target
varioxiranol A and its 4-epimer were obtained after 10 steps from single and available chiral
source 1,2-O-isopropylidene-D-glyceraldehyde in an overall yield of 10% and 6%, respectively.
A synthetic strategy based on the Julia–Kocieński coupling reaction between aromatic sulfone and
corresponding aldose derivative makes it possible to prepare other interesting polyketide derivatives
(varioxiranols B-G, varioxirane, varioxiranediols).

Keywords: synthesis of natural products; varioxiranol A; 4-epi-varioxiranol A; absolute structure;
Emericella variecolor

1. Introduction

The fungus Emericella variecolor [1] is considered as a promising source of interesting bioactive
compounds. During the past several decades, the large number of natural products of this origin had
been isolated and evaluated for their diversiform biological activities. First, Dunn and Johnstone [2]
isolated from a static culture of a pure strain of the fungus Aspergillus variecolor (imperfect state of
Emericella variecolor) 2-methoxy-6-(3,4-dihydroxyhepta-1,5-dienyl) benzyl alcohol 1 (Figure 1) along
with other metabolites-6-methoxymellein, siderin, andibenin, and andilesin A–C. The structure of 1

was established by NMR spectroscopy [3], absolute configuration (3R,4S) was later determined by total
synthesis [4], and the trivial name “andytriol” was kindly suggested by prof. Johnstone and used for
the first time in the manuscript dealing with the synthesis [4]. In 2002, Malmstrøm et al. [5] reported the
isolation of benzyl alcohols (varitriol 3, varioxirane 2), prenylxanthones (shamixanthone, varixanthone,
tajixanthone), and cyclopentanones from a strain of E. variecolor derived from a Caribbean sponge.
In particular, 3 showed notably increased potency toward selected renal, CNS, and breast cancer cell
lines. The authors also proposed a hypothetical biogenetic relationship between these products via
enzymatic intramolecular SN2 epoxide ring opening and pointed out that natural andytriol 1 could be
involved in this biosynthetic pathway to 3 via epoxide 2. Recently, seven new polyketide derivatives
with benzyl alcohol structural motif, namely varioxiranols A–G, isolated by chemical examination of a
sponge (Cinachyrella sp.)-associated E. variecolor fungus and tested for lipid-lowering effects against
oleic acid, elicited lipid accumulation in HepG2 liver cells. Among these secondary metabolites,
varioxiranol A 4 exerted inhibition activity and showed no toxicity [6].

Molecules 2019, 24, 862; doi:10.3390/molecules24050862 www.mdpi.com/journal/molecules91
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Figure 1. Natural compounds isolated from a strain of Emericella variecolor 1–8.

Interesting activity against drug-resistant microbial pathogens was observed by varioxiranediols 6

and 7. These metabolites of formal cyclisation of varioxirane 2 and varioxiranol A 4 were isolated from
the same endophytic fungus. The structure and absolute configuration of 6 [7] and varioxiranediols
A 7 and B 8 [8] were confirmed by the X-ray analysis supporting the structural relationship of the
isolated natural compounds.

In the course of our long-term program directed towards the synthesis of natural compounds and
secondary metabolites isolated from E. variecolor, we have developed the synthesis of varitriol 3 [9–13],
andytriol 1 [4], and varioxirane 2 [4] and examined their antitumor activity. Herein, we describe the
first total synthesis of natural varioxiranol A 4 and its 4-epimer 9 that should also be general route for
the synthesis of all other varioxiranols, varioxirane, and varioxiranediols.

2. Results and Discussion

The synthetic strategy takes advantage of our previous synthesis of andytriol 1. Target compounds
could be readily obtained by coupling of the known sulfone 11 [4] bearing benzyl alcohol moiety with
corresponding aldehydes via Julia–Kocieński olefination (Scheme 1). The aldehydic partner for the
olefination, dihydroxyhexanal 10, having the configuration of natural enantiomer 4 and its 4-epimer 9

at C-2, could be accessible from D-glyceraldehyde by introduction of the propyl group at C-1 followed
by the oxidation of carbon at the other end (C-3).

 
Scheme 1. Retrosynthetic analysis of 4 and 9.
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The synthesis of varioxiranols A 4 commenced from isopropylidene-D-glyceraldehyde,
a commercially available starting material, or readily obtainable from D-mannitol via the
route using standard carbohydrate chemistry [14]. The required six-carbon chain of the key
fragment 10 [15] was obtained by the Grignard addition of propylmagnesium chloride to
isopropylidene-D-glyceraldehyde in THF/Et2O [15] (Scheme 2). A diastereomeric mixture of partially
protected L-erythro/ D-threo hexenetriols 12 was isolated in the ratio of 67:33 with 71% yield. To prepare
both epimers of varioxiranol A 4, we continued synthesis with the mixture of diastereomers 12.
The aldehydic partner for the Julia–Kocieński coupling, hexenose derivative 10 was prepared using
a selective protection–deprotection sequence. Firstly, free hydroxyl group of 12 was protected as
tert-butyldimethylsilylether 13 with good yield (92%). Acidic hydrolysis of 13 with trifluoroacetic
acid in dichloromethane afforded vicinal diol 14 (93%) which was selectively tritylated on terminal
hydroxyl group to give 15. Subsequent acetylation of 15 provided fully protected triol 16 (87%).
Selective deprotection of primary hydroxy group was then achieved by smooth tritylether hydrolysis
using formic acid in ether furnishing alcohol 17 [16], however, as an inseparable mixture along with the
product of the acetyl group migration 20 taking place even during MPLC. Swern oxidation of primary
hydroxyl group under conventional reaction conditions provided desired aldehyde 10, which was
used in the next step without further purification. The crude aldehyde was subjected to Julia–Kocieński
coupling with 2-methoxy-6-[(1-phenyl-1H-tetrazol-5-ylsulfonyl)methyl]benzyl acetate 11, which was
prepared according to the literature [4]. Thus, potassium hexamethyldisilazane was added to a nearly
equimolar mixture of sulfone 11 and aldehyde 10 in dimethoxyethane at −60 ◦C and stirred for 40 min
at room temperature affording coupling products 18/19 in 41% yield (in ratio 70:30) and with excellent
E-selectivity. The resulting alkenes 18/19 could be separated by MPLC and preparative TLC. The final
steps, removal of all protecting groups, were run in parallel with the pure diastereomers 18 and
19. The first, basic hydrolysis of acetyl groups with K2CO3 in MeOH, was followed by treatment of
the crude mixture with TBAF in THF and finally, flash chromatography purification furnished the
target compounds (+)-4 and 9 in 92% and 57% yield, respectively, over the last two steps. The 1H
and 13C NMR, HRMS spectra, and the specific rotation {[α]20

D +2.5 (c 0.207, MeOH), lit. [2], [α]20
D +5.8

(c 0.53, MeOH)} of synthetic varioxiranol A 4 were in good agreement with the reported data for the
natural product.
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erythro threo
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α c

erythro threo

D D  
Scheme 2. Synthesis of natural varioxiranol A 4 and 4-epi-varioxiranol A 9. Reagents and conditions:
(a) prop-1-ylmagnesium chloride, THF, Et2O, r.t., 1 h; (b) TBSCl, imidazole, CH2Cl2, 0 ◦C to r.t., 23 h;
(c) TFA (50%), CH2Cl2, r.t., 1 h; (d) TrCl, Et3N, DMAP, CH2Cl2, 0 ◦C to r.t., 15 h; (e) Ac2O, DMAP,
CH2Cl2, r.t., 30 min; (f) HCOOH/Et2O (1/1), r.t., 50 min; (g) DMSO, (COCl)2, Et3N, CH2Cl2, −78 ◦C to
r.t., 2.5 h; (h) KHMDS, dimethoxyethane, sulfone 11, CH2Cl2, −60 ◦C to r.t., 40 min; (i) K2CO3, MeOH,
r.t. 2.5 h; (j) TBAF × 3H2O, THF, 0 ◦C to r.t., 4.5 h.

Definitive confirmation of absolute configuration of the target compound has been provided by
single-crystal X-ray analysis. An X-ray study of both epimers confirmed 3R,4S (anti) configuration of
the natural varioxiranol A 4 and 3R,4R (syn) configuration of its 4-epimer 9 (Figure 2). Interestingly,
the crystal lattice of the 4-epimer 9 is composed of S-cis and S-trans conformers (two crystallographic
independent molecules in cell; see Supplementary Materials).

varioxiranol A 4 

Figure 2. Cont.
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4-epi-varioxiranol A 9 (S-trans conformer) 

 
4-epi-varioxiranol A 9 (S-cis conformer) 

Figure 2. A ball-and-stick view of crystal structures 4 and 9.

3. Experimental Section

3.1. General Methods

Commercial reagents were used without further purification. All solvents were distilled before
use. Hexanes refer to the fraction boiling at 60–65 ◦C. Flash column liquid chromatography (FLC)
was performed on silica gel Kieselgel 60 (40–63 μm, 230–400 mesh, Merck, Darmstadt, Germany)
and analytical thin-layer chromatography (TLC) was performed on aluminium plates precoated
with either 0.2 mm (DC-Alufolien, Merck) or 0.25 mm silica gel 60 F254 (ALUGRAM® SIL G/UV254,
Macherey-Nagel, Fisher Scientific, Loughborough, UK). The compounds were visualized by UV
fluorescence and by dipping the plates in an aqueous H2SO4 solution of cerium sulphate/ammonium
molybdate followed by charring with a heat gun. Melting points were obtained using a
Boecius apparatus (Büchi®melting point apparatus Model B-545, BÜCHI Labortechnik AG, Flawil,
Switzerland) and are uncorrected. Optical rotations were measured with a JASCO P-2000 polarimeter
(JASCO, Easton, MD, USA) and are given in units of 10−1 deg.cm2.g−1. FTIR spectra were obtained
on a Nicolet 5700 spectrometer (Thermo Electron, Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a Smart Orbit (diamond crystal ATR) accessory, using the reflectance technique
(4000–400 cm−1).1H and 13C NMR spectra were recorded on either 300 (75) MHz or 600 (150) MHz
Varian spectrometer (Varian Inc., Palo Alto, CA, USA). Chemical shifts (δ) are quoted in ppm and
are referenced to tetramethylsilane (TMS, δ = 0 ppm) as internal standard for 1H NMR and to CDCl3
peak (δ = 77.16 ppm in case of 13C NMR). High-resolution mass spectra (HRMS) were recorded on an
OrbitrapVelos mass spectrometer (Thermo Scientific, Waltham, MA, USA; Bremen, Germany) with
a heated electrospray ionisation (HESI) source. The mass spectrometer was operated with full scan
(50–2000 amu) in positive or negative FT mode (at a resolution of 100,000). The analyte was dissolved
in methanol and infused via syringe pump at a rate of 5 mL/min. The heated capillary was maintained
at 275 ◦C with a source heater temperature of 50 ◦C and the sheath, auxiliary, and sweep gases were at
10, 5, and 0 units, respectively. Source voltage was set to 3.5 kV.

Data collection and cell refinement of 4 and 9 were made on a Stoe StadiVari diffractometer (Stoe &
Cie GmbH, Darmstadt, Germany) using a Pilatus3R 300K HPAD detector and the microfocus source
Xenocs Genix3D Cu HF (λ = 1.54186 Å). The structures were solved using SHELXT [17] and refined by
the full-matrix least-squares procedure with SHELXL (ver. 2018/3) (for 4) [18] or CRYSTALS (ver. 14.61)
(9) [19]. The structures were drawn using the OLEX2 package [20]. The absolute configurations of
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both compounds were determined. The Flack parameter x = −0.08(5) for 9 was calculated by Parsons
method [21]. The absolute structure of very small crystal of 4 is impossible to determine based on the
Flack parameter, however, using Hooft parameter [22] with (Gaussian) statistics led to the conclusive
value of y = 0.07(11). The deposition numbers CCDC 1892452 (4) and CCDC 1892453 (9) contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge from
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK.

3.2. (2R,3S)-1,2-O-Isopropylidene-hexane-1,2,3-triol (L-erythro-12) and
(2R,3R)-1,2-O-isopropylidene-hexane-1,2,3-triol (D-threo-12)

A solution of propylmagnesium chloride in diethyl ether (2.0 M solution, 5.8 mL, 11.6 mmol) was
added dropwise to a stirred solution of freshly distilled 1,2-O-isopropylidene-D-glyceraldehyde (1 g,
7.68 mmol) in dry THF (62 mL) at room temperature. Following the addition, the reaction mixture
was stirred for 1 h (TLC control). The reaction was quenched by pouring into a sat. aqueous NH4Cl
(62 mL), the aqueous layer was extracted with diethyl ether (3 × 35 mL), and the combined organic
layers were dried and concentrated. The residue was purified by MPLC (gradient AcOEt/hexanes
0/100 to 30/70) to give 12 (954 mg, 71%, L-erythro-12/D-threo-12 67:33) as colorless liquid. 1H NMR
(600 MHz, CDCl3) δ (L-erythro-12) 0.95 (t, H-6, J = 7.1 Hz, 3H), 1.33–1.44 (m, H-4, H-5a, 2 × CH3, 9H),
1.51–1.59 (m, H-5b, 1H), 1.96 (d, OH, J = 2.9 Hz, 1H), 3.78–3.82 (m, H-3, 1H), 3.91 (dd, H-1a, J = 7.3,
8.0 Hz, 1H), 3.97 (dd, H-1b, J = 6.5, 8.0 Hz, 1H), 4.04 (ddd, H-2, J = 4.0, 6.5, 7.2 Hz, 1H); δ (D-threo-12)
0.94 (t, H-6, J = 7.2 Hz, 3H), 1.30–1.36 (m, H-4a, 1H), 1.37 (s, CH3, 3H), 1.37–1.44 (m, H-5a, 1H), 1.44 (s,
CH3, 3H), 1.44–1.48 (m, H-4b, 1H), 1.53–1.59 (m, H-5b, 1H), 2.15 (d, OH, J = 5.2 Hz, 1H), 3.48-3.53 (m,
H-3, 1H), 3.73 (dd, H-1a, J = 6.3, 7.7 Hz, 1H), 3.96–4.00 (m, H-2, 1H), 4.02 (dd, H-1b, J = 6.6, 7.8 Hz, 1H);
13C NMR (150 MHz, CDCl3) δ (L-erythro-12) 14.2 (C-6), 19.1 (C-5), 25.5 (CH3), 26.6 (CH3), 34.8 (C-4),
64.6 (C-1), 70.5 (C-3), 78.8 (C-2), 109.0 (Cq); δ (D-threo-12) 14.2 (C-6), 18.9 (C-5), 25.5 (CH3), 26.8 (CH3),
36.0 (C-4), 66.3 (C-1), 72.2 (C-3), 79.3 (C-2), 109.5 (Cq); HRMS (ESI) calcd for C9H18O3Na+ [M + Na]+:
197.1148, found: 197.1148.

3.3. (2R,3S)-1,2-O-Isopropylidene-3-O-tert-butyldimethylsilyl-hexane-1,2,3-triol (L-erythro-13) and
(2R,3R)-1,2-O-isopropylidene-3-O-tert-butyldimethylsilyl-hexane-1,2,3-triol (D-threo-13)

Imidazole (1.09 g, 16.0 mmol) was added to a solution of diastereomeric mixture 12 (928 mg,
5.33 mmol) in dry CH2Cl2 (11 mL) at room temperature. The mixture was subsequently cooled to
0 ◦C and tert-butyldimethylsilyl chloride (1.61 g, 10.7 mmol) was added. The reaction mixture was
then stirred for 23 h at room temperature. After the dilution with CH2Cl2 (140 mL), the reaction
mixture was washed with water (2 × 140 mL), the water phase was extracted with CH2Cl2 (3 ×
90 mL), and combined organic layers were dried and concentrated. The residue was purified by MPLC
(isocratic AcOEt/hexanes 2/98) to afford 13 (1.42 g, 92%, L-erythro-13/D-threo-13 67:33) as colorless
liquid. 1H NMR (600 MHz, CDCl3) δ (L-erythro-13) 0.06 (s, CH3, 3H), 0.07 (s, CH3, 3H), 0.88 (s, tBu,
9H), 0.91 (t, H-6, J = 7.3 Hz, 3H), 1.34 (s, CH3, 3H), 1.35–1.47 (m, H-4a, H-5, CH3, 6H), 1.49–1.52 (m,
H-4b, 1H), 3.73–3.76 (m, H-3, 1H), 3.80–3.84 (m, H-1a, 1H), 3.96–4.00 (m, H-1b, H-2c, 2H); δ (D-threo-13)
0.07 (s, CH3, 3H), 0.08 (s, CH3, 3H), 0.89 (s, tBu, 9H), 0.91 (t, H-6, J = 7.2 Hz, 3H), 1.30–1.39 (H-4, H-5a,
CH3, 6H), 1.41 (s, CH3, 3H), 1.45-1.50 (m, H-5b, 1H), 3.69 (ddd, H-3, J = 4.2, 6.0, 7.7 Hz, 1H), 3.71 (dd,
H-1a, J = 7.4, 8.2 Hz, 1H), 3.94 (dd, H-1b, J = 6.6, 8.2 Hz, 1H), 4.04 (ddd, H-2, J = 6.0, 6.6, 7.3 Hz, 1H);
13C NMR (150 MHz, CDCl3) δ (L-erythro-13) −4.2 (CH3), −4.1 (CH3), 14.5 (C-6), 17.8 (C-5), 18.2 (tBu),
25.6 (CH3), 26.0 (tBu), 26.8 (CH3), 37.0 (C-4), 66.6 (C-1), 72.4 (C-3), 78.4 (C-2), 109.0 (Cq); δ (D-threo-13)
−4.5 (CH3), −4.1 (CH3), 14.4 (C-6), 18.4 (tBu), 19.0 (C-5), 25.4 (CH3), 26.1 (tBu), 26.6 (CH3), 34.7 (C-4),
65.7 (C-1), 73.2 (C-3), 78.9 (C-2), 109.2 (Cq); HRMS (ESI) calcd for C15H32O3SiNa+ [M + Na]+: 311.2013,
found: 311.2013.
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3.4. (2R,3S)-3-O-tert-Butyldimethylsilyl-hexane-1,2,3-triol (L-erythro-14) and
(2R,3R)-3-O-tert-butyldimethylsilyl-hexane-1,2,3-triol (D-threo-14)

Trifluoroacetic acid (50%, 3.3 mL) was added dropwise to a vigorously stirred solution of
compound 13 (1.39 g, 4.81 mmol) in CH2Cl2 (120 mL) at room temperature. The reaction mixture
was stirred for 55 min, then diluted with CH2Cl2 (220 mL), and washed with sat. aqueous NaHCO3

(60 mL) and water (2 × 130 mL). The organic phase was dried and concentrated to give crude 14

(1.11 g, 93%, L-erythro-14/D-threo-14 67:33) as colorless oil, which was used in the next step without
further purification. 1H NMR (600 MHz, CDCl3) δ (L-erythro-14) 0.09 (s, CH3, 3H), 0.11 (s, CH3, 3H),
0.89 (s, tBu, 9H), 0.91 (t, H-6, J = 7.3 Hz, 3H), 1.26–1.44 (m, H-4a, H-5, 3H), 1.52–1.58 (m, H-4b, 1H), 2.20
(bs, 2x OH, 2H), 3.60 (ddd, H-2, J = 3.5, 3.7, 5.5 Hz, 1H), 3.66 (dd, H-1a, J = 3.5, 11.5 Hz, 1H), 3.79 (dd,
H-1b, J = 5.5, 11.5 Hz, 1H), 3.83 (ddd, H-3, J = 3.7, 5.6, 6.6 Hz, 1H); δ (D-threo-14) 0.08 (s, CH3, 3H),
0.09 (s, CH3, 3H), 0.90 (s, tBu, 9H), 0.92 (t, H-6, J = 7.3 Hz, 3H), 1.28–1.44 (m, H-4a, H-5, 3H), 1.61–1.68
(m, H-4b, 1H), 2.20 (bs, 2 × OH, 2H), 3.56-3.60 (m, H-1, H-2, 3H), 3.68 (ddd, H-3, J = 2.8, 4.6, 6.9 Hz,
1H); 13C NMR (150 MHz, CDCl3) δ (L-erythro-14) −4.5 (CH3), −4.4 (CH3), 14.4 (C-6), 18.2 (tBu), 18.7
(C-5), 26.0 (tBu), 35.8 (C-4), 63.4 (C-1), 73.2 (C-2), 75.3 (C-3); δ (D-threo-14) −4.6 (CH3), −4.0 (CH3), 14.4
(C-6), 18.2 (tBu), 18.4 (C-5), 26.0 (tBu), 36.2 (C-4), 64.7 (C-1), 72.4 (C-3), 73.1 (C-2); HRMS (ESI) calcd for
C12H28O3SiNa+ [M + Na]+: 271.1700, found: 271.1700.

3.5. (2R,3S)-3-O-tert-Butyldimethylsilyl-1-O-trityl-hexane-1,2,3-triol (L-erythro-15) and
(2R,3R)-3-O-tert-butyldimethylsilyl-1-O-trityl-hexane-1,2,3-triol (D-threo-15)

A solution of trityl chloride (1.01 g, 3.64 mmol) in dry CH2Cl2 (2.4 mL) was cooled to 0 ◦C,
and triethylamine (0.95 mL, 6.84 mmol) and DMAP (46 mg, 0.37 mmol) were added. Subsequently,
a solution of compound 14 (772 mg, 3.11 mmol) in CH2Cl2 (2.4 mL) was added dropwise.
After warming to room temperature, the reaction mixture was stirred for 15 h, then quenched with
sat. aqueous NH4Cl (25 mL), the aqueous layer was extracted with CH2Cl2 (3 × 10 mL), and the
combined organic layers were dried and concentrated. The residue was purified by MPLC (gradient
AcOEt/hexanes 0/100 to 5/95) to afford 15 (1.01 g, 74% brsm, L-erythro-15/D-threo-15 64:36) as
colorless oil. 1H NMR (600 MHz, CDCl3) δ (L-erythro-15) −0.07 (s, CH3, 3H), 0.01 (s, CH3, 3H), 0.79 (s,
tBu, 9H), 0.85 (t, H-6, J = 7.2 Hz, 3H), 1.21–1.28 (m, H-4a, H-5a, 2H), 1.36–1.47 (m, H-4b, H-5b, 2H), 2.36
(d, OH, J = 2.8 Hz, 1H), 3.17 (dd, H-1a, J = 7.7, 9.4 Hz, 1H), 3.23 (dd, H-1b, J = 4.5, 9.4 Hz, 1H), 3.69
(ddd, H-3, J = 4.1, 4.5, 6.9 Hz, 1H), 3.79-3.83 (m, H-2, 1H), 7.22–7.25 (m, Tr-Hp, 3H), 7.28–7.32 (m, Tr-Hm,
6H), 7.42–7.45 (m, Tr-Ho, 6H); δ (D-threo-15) -0.13 (s, CH3, 3H), 0.02 (s, CH3, 3H), 0.78 (s, tBu, 9H), 0.90
(t, H-6, J = 7.2 Hz, 3H), 1.30-1.35 (m, H-4a, H-5, 3H), 1.58–1.63 (m, H-4b, 1H), 2.37 (d, OH, J = 7.5 Hz,
1H), 3.03 (dd, H-1a, J = 6.1, 9.4 Hz, 1H), 3.22 (dd, H-1b, J = 6.3, 9.4 Hz, 1H), 3.65–3.69 (m, H-2, 1H),
3.79-3.82 (m, H-3, 1H), 7.22–7.25 (m, Tr-Hp, 3H), 7.27–7.31 (m, Tr-Hm, 6H), 7.42–7.45 (m, Tr-Ho, 6H);
13C NMR (150 MHz, CDCl3) δ (L-erythro-15) −4.4 (CH3), −4.3 (CH3), 14.4 (C-6), 18.2 (tBu), 18.3 (C-5),
26.0 (tBu), 34.5 (C-4), 65.1 (C-1), 73.3 (C-3), 73.5 (C-2), 86.9 (Trt-Cq), 127.2 (3 × Tr-Cp), 128.0 (6 × Tr-Cm),
128.8 (6 × Tr-Co), 144.1 (3 × Tr-Cipso); δ (D-threo-15) −4.7 (CH3), −4.1 (CH3), 14.4 (C-6), 18.2 (tBu),
18.7 (C-5), 26.0 (tBu), 36.1 (C-4), 65.3 (C-1), 71.8 (C-2), 71.9 (C-3), 86.8 (Tr-Cq), 127.1 (3 × Tr-Cp), 127.9
(6 × Tr-Cm), 128.8 (6 × Tr-Co), 144.2 (3 × Tr-Cipso); HRMS (ESI) calcd for C31H42O3SiNa+ [M + Na]+:
513.2795, found: 513.2795.

3.6. (2R,3S)-2-O-Acetyl-3-O-tert-butyldimethylsilyl-1-O-trityl-hexane-1,2,3-triol (L-erythro-16) and
(2R,3R)-2-O-acetyl-3-O-tert-butyldimethylsilyl-1-O-trityl-hexane-1,2,3-triol (D-threo-16)

DMAP (771 mg, 6.32 mmol) and Ac2O (0.60 mL, 6.32 mmol) were added to a soluion of triol 15

(1.03 g, 2.11 mmol) in dry CH2Cl2 (30 mL) at room temperature. The reaction mixture was stirred
for 30 min and quenched with sat. aqueous NaHCO3 (30 mL). The water phase was extracted with
CH2Cl2 (3 × 40 mL), combined organic layers were dried and concentrated. The residue was purified
by MPLC (gradient AcOEt/hexanes 0/100 to 5/95) to give 16 (975 mg, 87%, L-erythro-16/D-threo-16

65:35) as colorless oil. 1H NMR (600 MHz, CDCl3) δ (L-erythro-16) -0.10 (s, CH3, 3H), -0.04 (s, CH3,
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3H), 0.74 (s, tBu, 9H), 0.85 (t, H-6, J = 7.1 Hz, 3H), 1.22–1.39 (m, H-4, H-5, 4H), 2.10 (s, C(O)CH3, 3H),
3.25–3.29 (m, H-1, 2H), 3.78 (ddd, H-3, J = 3.5, 5.0, 6.7 Hz, 1H), 5.15 (ddd, H-2, J = 3.5, 4.7, 6.8 Hz, 1H),
7.20–7.24 (m, Tr-Hp, 3H), 7.27–7.30 (m, Tr-Hm, 6H), 7.40–7.43 (m, Tr-Ho, 6H); δ (D-threo-16) 0.01 (s,
CH3, 3H), 0.02 (s, CH3, 3H), 0.79 (s, tBu, 9H), 0.80 (t, H-6, J = 7.1 Hz, 3H), 1.16–1.30 (m, H-4a, H-5,
3H), 1.33–1.38 (m, H-4b, 1H), 2.15 (s, C(O)CH3, 3H), 3.17 (dd, H-1a, J = 6.8, 10.2 Hz, 1H), 3.25 (dd,
H-1b, J = 2.7, 10.2 Hz, 1H), 3.86 (ddd, H-3, J = 4.3, 5.5, 6.8 Hz, 1H), 5.07 (ddd, H-2, J = 2.7, 5.5, 6.8 Hz,
1H), 7.20–7.24 (m, Tr-Hp, 3H), 7.27-7.30 (m, Tr-Hm, 6H), 7.40–7.43 (m, Tr-Ho, 6H); 13C NMR (150 MHz,
CDCl3) δ (L-erythro-16) −4.6 (CH3), −4.4 (CH3), 14.3 (C-6), 18.1 (tBu), 18.7 (C-5), 21.4 (C(O)CH3), 25.9
(tBu), 36.1 (C-4), 62.3 (C-1), 72.5 (C-3), 76.0 (C-2), 86.8 (Tr-Cq), 127.1 (3 × Tr-Cp), 127.9 (6 × Tr-Cm),
128.8 (6 × Tr-Co), 144.1 (3 × Tr-Cipso), 170.5 (C(O)CH3); δ (D-threo-16) −4.4 (CH3), −4.4 (CH3), 14.3
(C-6), 18.1 (tBu), 18.5 (C-5), 21.5 (C(O)CH3), 25.9 (tBu), 35.1 (C-4), 62.6 (C-1), 70.9 (C-3), 75.8 (C-2), 86.5
(Tr-Cq), 127.1 (3 × Tr-Cp), 127.9 (6 × Tr-Cm), 128.8 (6 × Tr-Co), 144.1 (3 × Tr-Cipso), 170.7 (C(O)CH3);
HRMS (ESI) calcd for C33H44O4SiNa+ [M + Na]+: 555.2901, found: 555.2901.

3.7. (2R,3S)-2-O-Acetyl-3-O-tert-butyldimethylsilyl-hexane-1,2,3-triol (L-erythro-17) and
(2R,3R)-2-O-acetyl-3-O-tert-butyldimethylsilyl-hexane-1,2,3-triol (D-threo-17)

Formic acid (12.2 mL) was added to a solution of protected triol 16 (959 mg, 1.80 mmol) in
diethyl ether (12.2 mL) at 0 ◦C. The reaction mixture was stirred for 50 min at room temperature,
diluted with diethyl ether (30 mL), and cooled to 0 ◦C. Sat. aqueous NaHCO3 (equimolar to formic
acid, 323 mmol) was added with vigorous stirring to neutralize the reaction mixture (accompanied
by the separation of two layers). The water phase was extracted with diethyl ether (3 × 50 mL)
and the combined organic layers were dried and concentrated. The residue was purified by MPLC
(gradient AcOEt/hexanes 0/100 to 10/90) to afford 346 mg (66%) of yellowish oil as an inseparable
mixture of 17 (L-erythro-17/D-threo-17 63:37) and 20 (L-erythro-20/D-threo-20 58:42, the product of
the acetyl group migration of 17 taking place even during MPLC) in ratio 82:18. 1H NMR (600 MHz,
CDCl3) δ (L-erythro-17) 0.07 (s, CH3, 3H), 0.11 (s, CH3, 3H), 0.90 (s, tBu, 9H), 0.93 (t, H-6, J = 7.3 Hz,
3H), 1.31–1.36 (m, H-5a, 1H), 1.48–1.55 (m, H-4, H-5b, 3H), 2.12 (s, C(O)CH3, 3H), 2.68 (dd, OH, J = 3.7,
7.7 Hz, 1H), 3.81–3.85 (m, H-1a, 1H), 3.90–3.95 (m, H-1b, H-3, 2H), 4.77 (dt, H-2, J = 3.1, 4.9 Hz, 1H); δ
(D-threo-17) 0.08 (s, CH3, 3H), 0.12 (s, CH3, 3H), 0.90 (s, tBu, 9H), 0.91 (t, H-6, J = 7.2 Hz, 3H), 1.24–1.33
(m, H-5a, 1H), 1.35–1.45 (m, H-4a, H-5b, 2H), 1.46–1.54 (m, H-4b, 1H), 2.11 (s, C(O)CH3, 3H), 2.13–2.16
(m, OH, 1H), 3.69–3.73 (m, H-1a, 1H), 3.84–3.90 (m, H-1b, H-3, 2H), 4.87 (ddd, H-2, J = 4.1, 4.8, 6.5 Hz,
1H); δ (L-erythro-20) 0.08 (s, CH3, 3H), 0.09 (s, CH3, 3H), 0.90 (s, tBu, 9H), 0.92 (t, H-6, J = 7.1 Hz, 3H),
1.29–1.34 (m, H-4a, 1H), 1.38–1.44 (m, H-5, 2H), 1.55–1.61 (m, H-4b, 1H), 2.10 (s, C(O)CH3, 3H), 2.32 (d,
OH, J = 4.7 Hz, 1H), 3.75-3.78 (m, H-3, 1H), 3.78-3.82 (m, H-2, 1H), 4.06 (dd, H-1a, J = 7.7, 11.6 Hz, 1H),
4.23 (dd, H-1b, J = 3.0, 11.6 Hz, 1H); δ (D-threo-20) 0.08 (s, CH3, 3H), 0.10 (s, CH3, 3H), 0.90 (s, tBu, 9H),
0.92 (t, H-6, J = 7.1 Hz, 3H), 1.31-1.44 (m, H-4a, H-5, 3H), 1.64–1.71 (m, H-4a, 1H), 2.09 (s, C(O)CH3,
3H), 2.40 (d, OH, J = 7.8 Hz, 1H), 3.68-3.71 (m, H-3, 1H), 3.72-3.75 (m, H-2, 1H), 4.05 (dd, H-1a, J =
5.1, 11.3 Hz, 1H), 4.08 (dd, H-1b, J = 7.0, 11.3 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ (L-erythro-17)
−4.5, −4.5 (2 × CH3), 14.3 (C-6), 18.2 (tBu), 18.8 (C-5), 21.4 (C(O)CH3), 25.9 (tBu), 36.8 (C-4), 61.9 (C-1),
73.8 (C-3), 76.6 (C-2), 171.2 (C(O)CH3); δ (D-threo-17) = −4.4 (CH3), −4.4 (CH3), 14.4 (C-6), 18.1 (tBu),
18.9 (C-5), 21.3 (C(O)CH3), 25.9 (tBu), 34.8 (C-4), 62.0 (C-1), 71.5 (C-3), 76.7 (C-2), 171.2 (C(O)CH3); δ
(L-erythro-20) −4.5 (CH3), −4.3 (CH3), 14.4 (C-6), 18.2 (tBu), 18.4 (C-5), 21.1 (C(O)CH3), 26.0 (tBu),
34.9 (C-4), 65.8 (C-1), 72.6 (C-2), 73.2 (C-3), 171.5 (C(O)CH3); δ (D-threo-20) −4.7 (CH3),-4.1 (CH3), 14.3
(C-6), 18.2 (tBu), 18.6 (C-5), 21.1 (C(O)CH3), 26.0 (tBu), 35.9 (C-4), 66.2 (C-1), 70.8 (C-2), 71.9 (C-3), 171.2
(C(O)CH3); HRMS (ESI) calcd for C14H30O4SiNa+ [M + Na]+: 313.1806, found: 313.1806.

3.8. (2R,3S)-2-O-Acetyl-4,5,6-trideoxy-3-O-tert-butyldimethylsilyl- L-erythro-hexose (L-erythro-10) and
(2R,3R)-2-O-acetyl-4,5,6-trideoxy-3-O-tert-butyldimethylsilyl- D-threo-hexose (D-threo-10)

Oxalyl chloride (2.0 M in CH2Cl2, 0.85 mL, 1.70 mmol) was added dropwise to a solution of
dimethyl sulfoxide (0.18 mL, 2.56 mmol) in dry CH2Cl2 (3.9 mL) at -78 ◦C. After 30 min of stirring
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at −78 ◦C, a solution of alcohol 17 (330 mg, 82:18 mixture with 20, 0.93 mmol of 17) in dry CH2Cl2
(1.9 mL) was added dropwise. The reaction mixture was stirred at −78 ◦C for 30 min and Et3N
(0.63 mL, 4.54 mmol) was added. After 1 h of stirring at −78 ◦C, the reaction mixture was allowed to
reach room temperature slowly (additional 1 h). Subsequently, the reaction mixture was concentrated,
dry diethyl ether was added to the residue, and the mixture was filtered through a short silicagel
column. The filtrate was concentrated to give the crude aldehyde 10 which was immediately used in
the following step without further purification.

3.9. (3R,4S)-3-O-Acetyl-1-(2-acetoxymethyl-3-methoxyphenyl)-4-O-tert-butyldimethylsilyl-hept-1-ene-3,4-
diol (18) and
(3R,4R)-3-O-acetyl-1-(2-acetoxymethyl-3-methoxyphenyl)-4-O-tert-butyldimethylsilyl-hept-1-ene-3,4-diol (19)

Sulfone 11 (457 mg, 1.14 mmol) in dry DME (10.5 mL) was slowly added to a solution of the
crude aldehyde 10 (theor. 0.93 mmol) in dry DME (10.5 mL) and the mixture was cooled to −60
◦C. Subsequently, KHMDS (0.5 M in toluene, 3.97 mL, 1.99 mmol) was added dropwise keeping
−60 ◦C and the reaction mixture was allowed to reach room temperature. The reaction mixture was
stirred for 40 min, quenched with sat. aqueous NH4Cl (20 mL), and diluted with AcOEt (20 mL).
The aqueous layer was extracted with AcOEt (3 × 20 mL) and the combined organic layers were
dried and concentrated. The residue (18/19 70:30) was repeatedly purified by MPLC (gradient
AcOEt/hexanes 0/100 to 5/95) and preparative TLC to afford 18 (79 mg, 18%), 19 (22 mg, 5%), and the
mixture of 18 and 19 (78 mg, 18%) as colorless oils over two steps (41% overall yield).

1H NMR (600 MHz, CDCl3) δ (18) 0.06 (s, CH3, 3H), 0.10 (s, CH3, 3H), 0.90 (t, H-7, J = 7.0 Hz, 3H),
0.91 (s, tBu, 9H), 1.30-1.36 (m, H-6a, 1H), 1.39–1.48 (m, H-5, H-6b, 3H), 2.06 (s, C(O)CH3), 3H), 2.09 (s,
C(O)CH3), 3H), 3.84 (s, OCH3, 3H), 3.85–3.88 (m, H-4, 1H), 5.25 (d, CH2OAc, J = 11.8 Hz, 1H), 5.27 (d,
CH2OAc, J = 11.8 Hz, 1H), 5.33 (ddd, H-3, J = 1.0, 2.8, 7.6 Hz, 1H), 6.18 (dd, H-2, J = 7.6, 15.9 Hz, 1H),
6.84 (d, H-4′, J = 8.2 Hz, 1H), 6.85 (d, H-1, J = 15.9 Hz, 1H), 7.11 (d, H-6′, J = 7.8 Hz, 1H), 7.30 (t, H-5′,
J = 8.1 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ (18) −4.4 (CH3), −4.2 (CH3), 14.3 (C-7), 18.4 (tBu), 18.9
(C-6), 21.1 (C(O)CH3), 21.5 (C(O)CH3), 26.0 (tBu), 36.3 (C-5), 56.0 (OCH3), 57.7 (CH2OAc), 73.8 (C-4),
77.9 (C-3), 110.3 (C-4′), 118.9 (C-6′), 121.5 (C-2′), 127.5 (C-2), 130.0 (C-5′), 131.2 (C-1), 139.0 (C-1′), 158.6
(C-3′), 170.2 (C(O)CH3), 171.2 (C(O)CH3); HRMS (ESI) calcd for C25H40O6SiNa+ [M + Na]+: 487.2486,
found: 487.2486; [α]20

D −48.8 (c 1.131 MeOH).
1H NMR (600 MHz, CDCl3) δ (19) 0.08 (s, CH3, 3H), 0.11 (s, CH3, 3H), 0.89 (t, H-7, J = 7.0 Hz, 3H),

0.90 (s, tBu, 9H), 1.30–1.37 (m, H-6a, 1H), 1.38-1.50 (m, H-5, H-6b, 3H), 2.06 (s, C(O)CH3), 3H), 2.11 (s,
C(O)CH3), 3H), 3.80 (ddd, H-4, J = 3.6, 6.0, 7.2 Hz, 1H), 3.84 (s, OCH3, 3H), 5.26 (s, CH2OAc, 2H), 5.38
(ddd, H-3, J = 1.4, 6.1, 6.1 Hz, 1H), 6.11 (dd, H-2, J = 6.2, 15.9 Hz, 1H), 6.83 (d, H-4′, J = 8.3 Hz, 1H), 6.84
(dd, H-1, J = 1.3, 15.9 Hz, 1H), 7.09 (d, H-6′, J = 7.8 Hz, 1H), 7.29 (t, H-5′, J = 8.1 Hz, 1H); 13C NMR
(150 MHz, CDCl3) δ (19) −4.4 (CH3), −4.2 (CH3), 14.5 (C-7), 18.2 (tBu), 18.5 (C-6), 21.1 (C(O)CH3), 21.4
(C(O)CH3), 26.0 (tBu), 35.3 (C-5), 56.0 (OCH3), 57.7 (CH2OAc), 73.0 (C-4), 76.8 (C-3), 110.2 (C-4′), 118.8
(C-6′), 121.4 (C-2′), 128.1 (C-2), 129.5 (C-1), 130.0 (C-5′), 139.0 (C-1′), 158.6 (C-3′), 170.2 (C(O)CH3), 171.2
(C(O)CH3); HRMS (ESI) calcd for C25H40O6SiNa+ [M + Na]+: 487.2486, found: 487.2486; [α]20

D +5.5
(c 0.431 MeOH).

3.10. Varioxiranol A (4)

Compound 18 (21.1 mg, 0.045 mmol) was dissolved in methanol (2 mL) and K2CO3 (12.6 mg,
0.091 mol) was added. The reaction mixture was stirred at room temperature for 2.5 h, diluted with
AcOEt (4 mL) and with water (4 mL). The water phase was extracted with AcOEt (4 × 2 mL) and
combined organic layers were dried and concentrated. The residue was diluted in THF (0.5 mL),
the solution was cooled to 0 ◦C, and TBAF × 3H2O in THF (1.0 M solution, 46 μL, 0.046 mmol) was
added. The reaction mixture was stirred at room temperature for 4.5 h and quenched with sat. aqueous
NH4Cl (5 mL), the aqueous layer was extracted with CH2Cl2 (3 × 5 mL), and the combined organic
layers were dried and concentrated. The residue was purified by FLC (isocratic acetone/CH2Cl2 20/80
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then 50/50) to afford varioxiranol A (4, 11.1 mg, 92% over two steps) as colorless crystalline solid that
was subsequently recrystallized from AcOEt-hexanes. 1H NMR (600 MHz, CDCl3) δ (4) 0.94 (t, H-7, J
= 7.2 Hz, 3H), 1.36-1.43 (m, H-6a, 1H), 1.43–1.48 (m, H-5, 2H), 1.51–1.57 (m, H-6b, 1H), 2.09 (d, OH,
J = 4.3 Hz, 1H), 2.20 (t, OH, J = 5.8 Hz, 1H), 2.22 (d, OH, J = 4.6 Hz, 1H), 3.78–3.82 (m, H-4, 1H), 3.87 (s,
OCH3, 3H), 4.26–4.30 (m, H-3, 1H), 4.76–4.83 (m, CH2OH, 2H), 6.19 (dd, H-2, J = 6.9, 15.8 Hz, 1H), 6.84
(d, H-4′, J = 8.2 Hz, 1H), 7.02 (d, H-1, J = 15.8 Hz, 1H), 7.10 (d, H-6′, J = 7.9 Hz, 1H), 7.25 (t, H-5′, J =
8.2 Hz, 1H); 13C NMR (150 MHz, acetone-d6) δ (4) 14.5 (C-7), 19.8 (C-6), 35.7 (C-5), 55.5 (CH2OH), 56.1
(OCH3), 75.0 (C-4), 76.7 (C-3), 110.4 (C-4′), 119.4 (C-6′), 127.9 (C-2′), 129.2 (C-1), 129.3 (C-5′), 133.7 (C-2),
139.6 (C-1′), 158.9 (C-3′); HRMS (ESI) calcd for C15H22O4Na+ [M+Na]+: 289.1410, found: 289.1410;
[α]20

D +2.5 (c 0.207 MeOH); mp 120–121 ◦C.

3.11. 4-epi-Varioxiranol A (9)

Compound 19 (20.8 mg, 0.045 mmol) was dissolved in methanol (2 mL) and K2CO3 (12.4 mg,
0.090 mmol) was added. The reaction mixture was stirred at room temperature for 2.5 h and diluted
with AcOEt (4 mL) and with water (4 mL). The water phase was extracted with AcOEt (4 × 2 mL)
and combined organic layers were dried and concentrated. The residue was diluted in THF (0.5 mL),
the solution was cooled to 0 ◦C, and TBAF × 3H2O in THF (1.0 M solution, 45 μL, 0.045 mmol) was
added. The reaction mixture was stirred at room temperature for 4.5 h and quenched with sat. aqueous
NH4Cl (5 mL). The aqueous layer was extracted with CH2Cl2 (3 × 5 mL) and the combined organic
layers were dried and concentrated. The residue was purified by FLC (isocratic acetone/CH2Cl2 30/70)
to afford 4-epi-varioxiranol A (9, 6.8 mg, 57% over two steps) that was subsequently recrystallized
from CH2Cl2-hexanes yielding colorless crystalline solid. 1H NMR (600 MHz, CDCl3) δ (9) 0.94 (t, H-7,
J = 7.1 Hz, 3H), 1.39–1.45 (m, H-6a, 1H), 1.46–1.56 (m, H-5, H-6b, 3H), 2.20 (t, OH, J = 6.3 Hz, 1H),
2.28 (d, OH, J = 4.3 Hz, 1H), 2.40 (d, OH, J = 4.3 Hz, 1H), 3.56–3.61 (m, H-4, 1H), 3.87 (s, OCH3, 3H),
4.10–4.14 (m, H-3, 1H), 4.78 (dd, CH2OH, J = 6.3, 12.1 Hz, 1H), 4.81 (dd, CH2OH, J = 6.3, 12.1 Hz, 1H),
6.12 (dd, H-2, J = 6.8, 15.8 Hz, 1H), 6.84 (d, H-4′, J = 8.2 Hz, 1H), 7.04 (d, H-1, J = 15.8 Hz, 1H), 7.08 (d,
H-6′, J = 7.8 Hz, 1H), 7.25 (t, H-5′, J = 8.0 Hz, 1H); 13C NMR (150 MHz, CDCl3) δ (9) 14.2 (C-7), 19.0
(C-6), 35.4 (C-5), 55.8 (OCH3), 56.6 (CH2OH), 74.5 (C-4), 76.3 (C-3), 110.0 (C-4′), 119.4 (C-6′), 126.4 (C-2′),
129.1 (C-5′), 129.8 (C-1), 132.6 (C-2), 137.7 (C-1′), 158.2 (C-3′); HRMS (ESI) calcd for C15H22O4Na+ [M +
Na]+: 289.1410, found: 289.1410; [α]20

D +45.0 (c 0.094 MeOH); mp 112–113 ◦C.

Supplementary Materials: The following are available online, S1: Copies of 1H NMR and 13C NMR spectra for
all new compounds.
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Abstract: The extraction of Ramulus mori polysaccharides (RMPs) was optimized using response surface
methodology (RSM). The optimal process conditions, which gave the highest yield of RMPs (6.25%)
were 80 ◦C, 50 min, and a solid–liquid ratio of 1:40 (g/mL), with the extraction performed twice.
The RMPs contained seven monosaccharides, namely, mannose, rhamnose; glucuronic acid, glucose,
xylose, galactose, and arabinose, in a 1.36:2.68:0.46:328.17:1.53:21.80:6.16 molar ratio. The glass transition
and melting temperatures of RMPs were 83 and 473 ◦C, respectively. RMPs were α-polysaccharides
and had surfaces that resembled a porous sponge, as observed by scanning electron microscopy. RMPs
inhibited the proliferation of Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa and
showed antioxidant activity (assessed by three different methods), although it was generally weaker
than that of vitamin C. RMPs showed anti-inflammatory activity in a concentration-dependent manner.
This study provides a basis for exploring the potential uses of RMPs.

Keywords: Ramulus mori; polysaccharides; bioactivity

1. Introduction

Mulberry (Morus alba L.) is a perennial woody plant with many ecological effects, including
improving air quality, protecting of water resources, soil integration, and improving of microclimates [1].
In recent years, mulberry has been used to restore vegetation in the Three Gorges Reservoir Region,
control rocky desertification, and reconstruct ecological landscapes in China [2,3]. Mulberry leaves
are used to rear the domesticated silkworm, with constant pruning critical for the accumulation of
leaves to feed more silkworms. During annual cutting, tons of mulberry branches are discarded and
burned, representing a significant waste of resources and causing substantial environmental pollution.
Mulberry branch, Ramulus mori, is a traditional Chinese medicine. Modern studies have shown that
R. mori contains flavonoids, polyphenols, alkaloids, polysaccharides, and other active ingredients [4–6]
that can have curative effects, including diabetes-alleviating and liver-protecting effects [7,8].

Response surface methodology (RSM), is a collection of statistical and mathematical techniques
that are effective for developing, improving, and optimizing processes [9] and products [10]. RSM has
been widely used to optimize process variables for the extraction of polysaccharides [11], flavonoids [12],
alkaloids [13], and saponins [14] from various materials.

Anti-diabetic effects mediated by R. mori polysaccharides (RMPs) have long been the focus of
studies on these natural products [7,8]. However, the structural characterization, and antibacterial,
antioxidant, and anti-inflammatory activities of RMPs have yet to be reported. A basic understanding of
the structure and biological activity of RMPs is essential for future applications of these polysaccharides.

Molecules 2019, 24, 856; doi:10.3390/molecules24050856 www.mdpi.com/journal/molecules102
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This study aimed to obtain an optimal extraction method for RMPs and explore the potential value of
RMPs in the pharmaceutical and food industries.

2. Results and Discussion

2.1. Single-Factor Experiments

Preliminary studies were conducted to investigate the influence of the solid–liquid ratio on
the RMP extraction yield when the other extraction parameters were fixed as follows: Extraction
temperature, 70 ◦C; extraction time, 30 min; number of extractions, one. As shown in Figure 1a,
the RMP yield increased from 3.96% to 5.00% with an increase in the solid–liquid ratio from 1:10
to 1:40. When the solid–liquid ratio was further increased, the RMP yield decreased to 4.26%.
The polysaccharides were rapidly dissolved, which resulted in an increased yield. However, the
viscosity of the solvent increased with an increasing solid–liquid ratio, resulting in an increase in the
diffusion distance toward the internal tissues [15]. Therefore, the RMP yield increased slowly with
increasing solid–liquid ratio, but with a downward trend at the highest solid–liquid ratio (Figure 1a).
To achieve increased RMP production using less solvent and in a shorter time, 1:40 was selected as the
optimum solid–liquid ratio.

Figure 1. Relationships between (a) solid–liquid ratio, (b) extraction temperature, (c) extraction time,
and (d) number of extractions and R. mori polysaccharide (RMP) yield in single-factor experiments.

Figure 1b shows the effect of extraction temperature on the RMP yield. Different extraction
temperatures were used, with the other extraction parameters fixed as follows: Solid–liquid ratio, 1:40;
extraction time, 30 min; number of extractions, one. The RMP yield increased from 1.44% to 5.94%
when the extraction temperature was increased from 40 to 80 ◦C, perhaps due to the higher solubility
and diffusivity of the polysaccharides in water at higher temperatures [16]. Accordingly, 80 ◦C was
selected as the optimum extraction temperature.
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The effect of different extraction times (10, 20, 30, 40, 50, and 60 min) on the RMP yield was
investigated, with the other extraction parameters fixed as follows: Solid–liquid ratio, 1:40; extraction
temperature, 80 ◦C; number of extractions, one. As shown in Figure 1c, the RMP yield increased with
increasing extraction time from 10 to 40 min, with RMP production approaching a maximum at 40 min
(5.18%) and decreasing thereafter. This decrease indicated that longer extraction times led to thermal
instability and degradation of the RMPs [17]. Consequently, 40 min was selected as the optimal RMP
extraction times.

The effect of a different number of extractions (1–4) on the RMP yield was investigated, with the
other extraction parameters fixed as follows: Solid–liquid ratio, 1:40; extraction temperature, 80 ◦C; and
extraction time, 40 min (Figure 1d). The yield increased as the number of extractions increased from one
to four. Therefore, three extractions was selected as the optimum number for subsequent experiments.

2.2. Model Fitting and Statistical Analysis

According to these single-factor experiments, the ultrasound assisted extraction variables were
established (Table 1). The actual and predictive values of responses (RMP yields) under different
conditions are shown in Table 1. The predicted response value (YRMP) was based on the following
second order polynomial equation:

YRMP = 4.38 + 1.79X1 + 0.24X2 + 0.031X3 + 0.51X4 + 0.38X1X2 + 0.35X1X3 − 0.56X1X4 +
0.14X2X3 − 0.23X2X4 + 0.23X3X4 − 0.47 X1

2 − 0.33 X2
2 − 0.50 X3

2 + 0.073X4
2 (1)

where YRMP is the RMP yield and X1, X2, X3, and X4 are the coded variables for extraction temperature,
extraction time, solid–liquid ratio, and number of extractions, respectively. From the response surface
method, analysis of variance (ANOVA) for the screening test model in Table 2 gave a determination
coefficient (R2) of 0.9997. The coefficient of variation was low, at only 0.83%, indicating that this model
(Equation (1)) had a high and reliable degree of precision. As shown in Table 2, the large F-value
(3356.14) and low p-value (<0.0001 **) indicated that this model was accurate.

Table 1. Experimental design with predicted and experimental extraction yield of RMPs.

Independent Variables Symbol
Range and Level

−1 0 +1

Extraction temperature (◦C) X1 60 70 80
Extraction time (min) X2 30 40 50

Solid-liquid ratio (g/mL) X3 1:30 1:40 1:50
Numbers of extraction X4 2 3 4

Run
Coded Variable Levels Extraction Yield (%)

X1 X2 X3 X4 Experimental Predicted

1 60 30 1:40 3 1.91 1.93
2 80 30 1:40 3 4.74 4.75
3 60 50 1:40 3 1.63 1.65
4 80 50 1:40 3 5.97 5.99
5 70 40 1:30 2 3.63 3.63
6 70 40 1:50 2 3.22 3.24
7 70 40 1:30 4 4.20 4.21
8 70 40 1:50 4 4.69 4.72
9 60 40 1:40 2 1.12 1.12
10 80 40 1:40 2 5.81 5.82
11 60 40 1:40 4 3.27 3.26
12 80 40 1:40 4 5.73 5.73
13 70 30 1:30 3 3.41 3.42
14 70 50 1:30 3 3.59 3.61
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Table 1. Cont.

Run
Coded Variable Levels Extraction Yield (%)

X1 X2 X3 X4 Experimental Predicted

15 70 30 1:50 3 3.22 3.20
16 70 50 1:50 3 3.97 3.96
17 60 40 1:30 3 1.95 1.93
18 80 40 1:30 3 4.85 4.82
19 60 40 1:50 3 1.31 1.30
20 80 40 1:50 3 5.59 5.58
21 70 30 1:40 2 3.15 3.14
22 70 50 1:40 2 4.10 4.08
23 70 30 1:40 4 4.64 4.63
24 70 50 1:40 4 4.67 4.65
25 70 40 1:40 3 4.42 4.38
26 70 40 1:40 3 4.39 4.38
27 70 40 1:40 3 4.37 4.38
28 70 40 1:40 3 4.41 4.38
29 70 40 1:40 3 4.31 4.38

Table 2. Analysis of variance for the response surface regression model.

Source Sum of Squares df Mean Square F P

Model 48.41 14 3.46 3356.14 <0.0001 **
X1 38.52 1 38.52 37385.9 <0.0001 **
X2 0.68 1 0.68 661.55 <0.0001 **
X3 0.011 1 0.011 11.07 0.0050 **
X4 3.17 1 3.17 3078.94 <0.0001 **

X1X2 0.57 1 0.57 553.23 <0.0001 **
X1X3 0.48 1 0.48 462.07 <0.0001 **
X1X4 1.24 1 1.24 1206.6 <0.0001 **
X2X3 0.081 1 0.081 78.83 <0.0001 **
X2X4 0.21 1 0.21 205.37 <0.0001 **
X3X4 0.2 1 0.2 196.53 <0.0001 **
X1

2 1.44 1 1.44 1393.12 <0.0001 **
X2

2 0.71 1 0.71 687.3 <0.0001 **
X3

2 1.63 1 1.63 1584.35 <0.0001 **
X4

2 0.035 1 0.035 33.86 <0.0001 **
Residual 0.014 14 0.001

Lack of fit 0.0068 10 0.0068 0.36 0.9138
Pure error 0.0076 4 0.0019
Cor. total 48.43 28

R2 = 0.9997; R2
adj = 0.9994; R2

pred = 0.9989; RSN = 210.828; CV = 0.83%

** P < 0.01.

2.3. Optimization of RMP Extraction

The 3D response surface plots are shown in Figure 2a–f. The optimal values of the tested
variables provided the highest RMP yield of 6.37%. The predicted variable parameters were as follows:
Extraction temperature, 80 ◦C; extraction time, 50 min; solid–liquid ratio, 1:42.86 (g/mL); number of
extractions, two. However, the solid–liquid ratio was modified to 1:40 (g/mL) in consideration of the
actual production process. Under these conditions, the experimental RMP yield was 6.25 ± 0.38%
(n = 3), which was close to the predicted value (P > 0.05). This result validated the response model and
the existence of an ideal optimum point.
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Figure 2. 3D response surface plots showing the interaction effects on the RMP extraction yield:
(a) Solid–liquid ratio and extraction temperature; (b) extraction time and extraction temperature;
(c) number of extractions and extraction temperature; (d) number of extractions and solid–liquid ratio;
(e) number of extractions and extraction time; and (f) and solid–liquid ratio and extraction time.

2.4. Identification of Monosaccharides

The monosaccharide composition of the RMPs was analyzed by ultra-performance liquid
chromatography coupled with a tunable ultraviolet detector (UPLC-TUV; Figure 3a). The RMPs
consisted of mannose, rhamnose, glucuronic acid, glucose, xylose, galactose, and arabinose at a molar
ratio of 1.36:2.68:0.46:328.17:1.53:21.80:6.16 (Table 3).
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Figure 3. (a) Chromatograms of monosaccharide standards and samples (A: monosaccharide standards;
B: hydrolyzed RMPs; C: unhydrolyzed RMPs; a: mannose; b: rhamnose; c: glucuronic acid; d: glucose;
e; xylose; f: galactose; and g: arabinose); (b) DSC thermogram of RMPs; (c) FT-IR spectra of RMPs;
(d) SEM photograph of RMPs (3000×).

Table 3. Chromatography information and contents of monosaccharide.

Monosaccharide Regression Equations R2 Sample Hydrolyzed
(μg/mL)

Sample Unhydrolyzed
(μg/mL)

RMPs
(μg/mL)

a-Mannose Y = 1.53e + 0.04X − 7.38 0.9998 2.79 0.34 2.45
b-Rhamnose Y = 1.29e + 0.04X + 1.62 0.9999 12.07 7.67 4.40

c-Glucuronic Acid Y = 1.13e + 0.04X + 1.25 0.9996 1.15 0.25 0.90
d- Glucose Y = 1.31e + 0.04X + 1.44 0.9998 593.59 2.88 590.71
e-Xylose Y = 3.08e + 0.04X − 6.61 0.9992 2.69 0.40 2.29

f-Galactose Y = 1.09e + 0.04X − 7.97 0.9979 40.33 1.05 39.28
g-Arabinose Y = 3.30e + 0.04X − 2.12 0.9986 9.52 ND 9.52

Means and standard deviations are based on three replicates. ND: Not detected.

2.5. Differential Scanning Calorimetry (DSC) Analysis

Figure 3b shows the DSC diagram of the RMPs. During the heating process, the solid structure of
the RMPs was altered at 83 ◦C. An exothermic peak was observed at 470 ◦C, which indicated that the
RMPs were in a molten state, and then oxidized and decomposed. Previous studies have suggested
that the thermal behavior of polysaccharides is influenced by their chemical composition, physical
form, mannose content, and molecular weight [18,19].

2.6. FT-IR Spectroscopy Analysis

The IR spectrum of the RMPs (Figure 3c) exhibited bands at 3386.63, 2926.51, and 1406.02 cm−1

indicating –OH stretching, C–H stretching, and C–H bending vibrations, respectively, which are
characteristic absorption bands of carbohydrates [20]. The band at 847.44 cm−1 was characteristic of an
α-polysaccharide [21]. Furthermore, absorption peaks at 1024.45, 1079.41, and 1152.63 cm−1 suggested
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the presence of C–O and C–C bands in RMPs [22]. The peaks at 2360.27 cm−1 and 2341.95 cm−1 were
attributed to CO2 and H2O trapped in the sample, respectively [23].

2.7. Morphological Analysis

The surface of the RMPs resembled a rugged sponge (Figure 3d), perhaps due to freeze-drying
and water evaporation. Zhu found that the antitumor activity of polysaccharides isolated from
Cordyceps gunnii differed depending on the extraction method [24]. PPSMAE (polysaccharides from
microwave-assisted extraction) had the strongest antitumor activity, perhaps due to the small and thin
lamellar structure of PPSMAE, such that the tumor cells could be fully exposed to the polysaccharides.
Therefore, observing the surface structure of the polysaccharides could provide a scientific basis for
the biological activity of RMPs.

2.8. Antibacterial Activity of RMPs

Figure 4a–c illustrate the antimicrobial activity of RMPs against E. coli, S. aureus, and P. aeruginosa.
The antibacterial system consisted of three different bacteria (105 CFU/mL) incubated with different
RPM concentrations, and the absorbance was measured at 600 nm. The results indicated that
Gram-negative bacteria P. aeruginosa had the highest sensitivity (P < 0.01) to RMPs at the studied
concentrations (Figure 4c). The highest bacterial resistance against RMPs was observed for S. aureus
(Figure 4b). It has been suggested that polysaccharides might change the cell wall and membrane
permeability of bacteria, or act as a barrier that inhibits bacterial growth by blocking nutrient
import [25]. As shown in Figure 4a, the results for E. coli, in which the absorbance increased with
increasing RMP concentration, did not support these theories. This might be attributed to the ability of
E. coli to hydrolyze the RMPs and use the produced monosaccharides as a nutritional source [26].

Figure 4. Antibacterial and antioxidant activity of RMPs. Effects of RMPs on the proliferation of (a) E. coli,
(b) S. aureus, and (c) P. aeruginosa. (d) Hydroxyl radical scavenging activity; (e) superoxide-radical
scavenging activity; and (f) reducing the power of RMPs. Values shown are means ± SD obtained from
three measurements. Abbreviations: CFD, Cefobid; AMP, ampicillin; and VC, vitamin C. ** P < 0.01 and
* P < 0.05.
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2.9. Antioxidant Activity of RMPs

Antioxidant mechanisms include the suppression of hydroxyl radical generations and the
scavenging of generated hydroxyl radicals [27]. As shown in Figure 4e, the scavenging activity
of the RMPs solution (1.0 mL) toward hydroxyl radicals reached 73.97%, which was 33% lower than
that of VC. The superoxide radical is the most active reactive oxygen species and is involved in
many physiological and pathological processes [28]. As shown in Figure 4f, the scavenging effects of
RMPs increased as the volume was increased from 0.2 to 1.0 mL. When the volume was 1.0 mL, the
scavenging rates of RMPs and VC were 37.61% and 74.50%, respectively. In the reducing-power assay,
RMPs reduced Fe3+ to Fe2+, which was monitored by measuring the formation of Perl’s Prussian blue
at 700 nm [29]. Although the reducing power of RMPs at volumes of 0.1–0.5 mL was lower than that of
VC, it still reached 0.28 at a volume of 0.5 mL (Figure 4g). According to the results of the above three
analyses, RMPs possessed antioxidant activity but were less active than VC. We speculated that the
antioxidant activity of RMPs might be related to the high glucose content, although further study is
needed to validate this claim.

2.10. Effect of RMPs on NO Production Inhibition

Inflammation is a complex process associated with the immune response. When pathogens invade
the human body, endotoxins or cytokines induce macrophages and other cells to express an inducible
NO synthase that, through NO generation, plays an important role in the cytotoxicity of activated
macrophages and the immunoinflammatory response [30]. Significant inhibition of NO production in a
concentration-dependent manner was observed at an RMP concentration of 0.5–10.0 mg/mL (Figure 5a,
Table 4). The effect on NO production was even greater than that of the positive control group at an
RMP concentration of 10.0 mg/mL. These results indicated that RMPs exhibited antibacterial action
and would relieve the inflammatory response caused by infection.

Figure 5. Anti-inflammatory activity of RMPs. (a) Effect of RMPs on inhibiting NO production and
(b) the cell viability of RAW 264.7 cells. Abbreviations: LPS, lipopolysaccharides; ASP, aspirin. Different
letters (a-f) indicate significant difference between groups (P < 0.05) and same letters indicate P > 0.05.
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Table 4. Anti-inflammatory activity of RMPs.

Group NO Production (μM) Cell Viability (%)

Control 0.40 ± 0.17 f 100.00 ± 0.00 a

LPS 40.36 ± 1.92 a —
ASP 1.0 mg/mL 20.14 ± 1.12 e 33.80 ± 0.32 d

RMP 0.5 mg/mL 36.56 ± 0.77 b 104.02 ± 8.10 a

RMP 1.0 mg/mL 35.38 ± 0.65 b 104.42 ± 5.48 a

RMP 2.5 mg/mL 30.79 ± 1.33 c 101.68 ± 6.54 a

RMP 5.0 mg/mL 31.36 ± 1.37 c 98.03 ± 1.88 a,b

RMP 7.5 mg/mL 25.23 ± 1.09 d 90.52 ± 2.28 b

RMP 10.0 mg/mL 19.03 ± 0.22 e 73.29 ± 2.91 c

Same letter means P > 0.05; different letters mean P < 0.05. Abbreviations: LPS, lipopolysaccharides; ASP, aspirin.

2.11. Effect of RMPs on the Cell Viability of RAW 264.7 Cells

RAW 264.7 cells were treated with RMPs at concentrations of 0.5, 1.0, 2.5, 5.0, 7.5, and 10.0 mg/mL
with 1.0 μg/mL LPS. The results showed that treatment with RMPs at concentrations of 0.5, 1.0,
2.5, and 5.0 mg/mL had no obvious toxic effect on cell growth compared with the control group.
The cell viability of aspirin (1.0 mg/mL) was 33.8%, which was the lowest among all the groups tested.
In general, RMPs did not exhibit any toxic effects in the concentration range of 0.5–2.5 mg/mL.

3. Materials and Methods

3.1. Materials

R. mori was obtained from the mulberry breeding center at Southwest University, Chongqing, China.
E. coli, P. aeruginosa, and S. aureus were obtained from the Laboratory of Silkworm Pathophysiology
and Application of Microbial Research of Southwest University. RAW 264.7 cells were provided by
Procell Co., Ltd (Wuhan, China). Aspirin, vitamin C, lipopolysaccharides, and DMSO were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Streptomycin, penicillin, fetal bovine serum, trypsin, and
Dulbecco’s modified Eagle medium (DMEM) were purchased from Gibco (Grand Island, NY, USA).

3.2. Extraction of RMPs

The dry biomass powder (10 g) was extracted with water (400 mL). The mixture was treated
with ultrasound for 50 min in a water bath at 80 ◦C. After being centrifuged at 10,000× g for 5 min,
the supernatant was collected. The RMP in pellets was extracted again using the same method. The
supernatant gathered from two extractions was combined. Four times the volume of 95% ethanol
was slowly added to the supernatant and the mixture was stored at 4 ◦C overnight for sedimentation.
The precipitate was collected by centrifugation at 10,000× g for 5 min. The coarse RMPs were then
washed and deproteinized using the Sevag method. The total carbohydrate content was measured by
the phenol–H2SO4 assay for RMPs [31], using glucose as a standard (R2 = 0.9969).

3.3. Experimental Design and Statistical Analysis

The Box–Behnken design (BBD, design expert software, version 8.0.5) was applied to determine
the experimental conditions, which combined four independent variables at three levels, namely,
extraction temperature (X1: 60, 70, and 80 ◦C ), extraction time (X2: 30, 40, and 50 min), solid–liquid
ratio (X3: 1:30, 1:40, and 1:50), and number of extractions (X4: 2, 3, and 4). Data were analyzed using a
quadratic polynomial model that expressed the response as a function of the independent variables as
follows:

Y = A0 +
4

∑
i=1

AiXi +
4

∑
i=1

AiiX2
ii +

3

∑
i=1

4

∑
j=i+1

AijXiXj, (2)
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where Y is the value of the studied response predicted by the model, A0 is a constant coefficient, Ai is
the linear coefficient for each independent variable, Aii is the interaction coefficient, and Xi and Xj are
the actual values of the independent variables.

3.4. UPLC Analysis of The Monosaccharide Composition of RMPs

According to a literature method [32], RMPs were hydrolyzed into monosaccharides and 1-phenyl-
3-methyl-5-pyrazolone (PMP)-labeled monosaccharides were derived for use in the UPLC system.
Chromatographic separation was conducted on a Waters Acquity UPLC I-Class system, including a
tunable UV detector and an ACQUITY UPLC BEH C18 column (1 mm × 100 mm, 1.7 μm, Waters,
Milford, MA, USA). The column temperature was set at 40 ◦C. Gradient elution was conducted
by varying the proportion of each mobile phase at a flow rate of 0.17 mL/min. Mobile phase A
consisted of 50 mM NH4OAc–NH3 in H2O (pH 9.5) and mobile phase B was acetonitrile. The gradient
elution comprised a linear increase from 8% to 15% B over 5.5 min and was then held at 15% B
for 2.5 min. The wavelength was 250 nm and the injection volume was 1 μL. Glucose, glucuronic
acid, mannose, rhamnose, xylose, galactose, and arabinose with purity greater than 98% were
purchased from ChromaBio (Chengdu, China) and used to prepare the standard solution. The
correlation coefficients (R2) and linearity ranges of the seven monosaccharides were as follows:
Glucose (R2 = 0.9998, 0–1600 μg/mL), glucuronic acid (R2 = 0.9996, 0–10 μg/mL), mannose (R2 = 0.9998,
0–40 μg/mL), rhamnose (R2 = 0.9999, 0–80 μg/mL), xylose (R2 = 0.9992, 0–80 μg/mL), galactose
(R2 = 0.9979, 0–60 μg/mL), and arabinose (R2 = 0.9986, 0–100 μg/mL).

3.5. FT-IR Analysis of RMPs

RMPs were identified by Fourier transform infrared spectroscopy (Thermo Scientific, MA, USA)
in the frequency range of 4000–500 cm−1 using the KBr pressed-disk method. The dried RMPs were
mixed with KBr powder and pressed into 1-mm pellets for measurement. Three replicate spectra
were obtained.

3.6. Antibacterial Experiments In Vitro

Three different bacteria (105 CFU/mL) were inoculated into sterile LB liquid medium, containing
RMPs at concentrations of 1, 5, 10, 15, and 20 mg/mL. Ampicillin (AMP) and Cefobid (CFD) were
used as positive control groups. The absorbance of the cell concentrations was measured at 600 nm to
assess the antibacterial activity of RMPs after incubation for 24 h at 37 ◦C [26].

3.7. Antioxidant Activity of RMPs

Three different methods were used to analyze the antioxidant activity of RMPs, namely, a hydroxyl
radical scavenging assay, a superoxide-radical scavenging assay, and a reducing-power assay. The
hydroxyl radical scavenging activity, superoxide radical scavenging activity, and reducing-power of the
RMPs were determined using a previously reported method with slight modification [33–35]. Vitamin
C (VC) was diluted in deionized water and used as a positive control in the above three experiments.

3.8. Determination of Anti-Inflammatory Activity

The cell viability was analyzed using a CKK-8 assay in vitro. RAW 264.7 cells were seeded into
96-well culture plates (105 cells/well) and incubated at 37 ◦C with 5% CO2 for 24 h. Cells were exposed
to the culture medium containing RMPs at concentrations of 0.5, 1.0, 2.5, 5.0, 7.5, and 10 mg/mL.
After incubation for 24 h, 10 μL of CKK-8 solution was added to each well. The absorbance was then
detected at 450 nm after incubation at 37 ◦C for 1 h. RAW 264.7 cells (105 cells/mL) were plated in
96-well plates and subsequently treated with lipopolysaccharides (LPS, 103 ng/mL) in the presence of
different RMPs concentrations (0.5, 1.0, 2.5, 5.0, 7.5, and 10 mg/mL) for 24 h. Aspirin (ASP) was used
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as a positive control. The supernatant of each culture (50 μL) was mixed with Griess reagent (100 μL)
and then the amount of NO production was determined.

4. Conclusions

RSM was applied to optimize the RMP extraction conditions. The optimum conditions for maximum
biomass in RMP production were a solid–liquid ratio of 1:40 (g/mL), 80 ◦C, 50 min, with extraction
performed twice. The RMPs contained seven monosaccharides, namely, mannose, rhamnose, glucuronic
acid, glucose, xylose, galactose, and arabinose with molar a ratio of 1.36:2.68:0.46:328.17:1.53:21.80:6.16.
The RMPs were α-polysaccharides with characteristic absorption bands of carbohydrates and a
loose porous sponge-like surface. The RMPs showed significant antibacterial, antioxidant, and anti-
inflammatory activities. This study provides a basis for exploring the potential uses of RMPs.
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Abstract: In this study, bromelain was used to break soy protein molecules into polypeptide chains,
and triglycidylamine (TGA) was added to develop a bio-adhesive. The viscosity, residual rate,
functional groups, thermal behavior, and fracture surface of different adhesives were measured.
A three-ply plywood was fabricated and evaluated. The results showed that using 0.1 wt% bromelain
improved the soy protein isolate (SPI) content of the adhesive from 12 wt% to 18 wt%, with viscosity
remaining constant, but reduced the residual rate by 9.6% and the wet shear strength of the resultant
plywood by 69.8%. After the addition of 9 wt% TGA, the residual rate of the SPI/bromelain/TGA
adhesive improved by 13.7%, and the wet shear strength of the resultant plywood increased by 681.3%
relative to that of the SPI/bromelain adhesive. The wet shear strength was 30.2% higher than that of
the SPI/TGA adhesive, which was attributed to the breakage of protein molecules into polypeptide
chains. This occurrence led to (1) the formation of more interlocks with the wood surface during the
curing process of the adhesive and (2) the exposure and reaction of more hydrophilic groups with TGA
to produce a denser cross-linked network in the adhesive. This denser network exhibited enhanced
thermal stability and created a ductile fracture surface after the enzymatic hydrolysis process.

Keywords: soy protein isolate; bromelain; triglycidylamine; viscosity; water resistance; adhesive

1. Introduction

Biomass adhesives, such as tannin, lignin, carbohydrate, unsaturated oil, and protein-based
adhesives, have been widely studied as alternatives to formaldehyde-based adhesives to eliminate
formaldehyde hazard in wood panels [1]. Among these biomass adhesives, the soy protein adhesive is
a rich, formaldehyde-free, low-cost raw material and exhibits considerable potential for development [2].
However, poor water resistance limits the application of soy protein adhesives [3]. Most studies have
focused on using chemical modification to improve the performance of soy protein-based adhesives [4],
such as denaturing agent modification [5], graft modification [6], biomimetic modification [7],
latex modification [8], and synthetic resin modification [9]. Polyacrylamide and epoxide have been
proven to be effective as cross-linkers for soy protein-based adhesives, with the resultant plywood
meeting the requirements for interior plywood [10,11]. However, these modified adhesives have
a low solid content and high viscosity, resulting in a panel that is difficult to apply and has poor
production stability.

Wood is a porous material. The bond strength of a wood panel mainly comes from mechanical
interlocking after the curing process of the adhesive [12]. The high molecule weight of the soy
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protein-based adhesive impedes its penetration into the wood, thus barely forming an interlock,
resulting in a low bond strength and wood failure. In addition, soy protein is the aggregation of
high-molecular-weight polypeptide chains with the complex quaternary structure, which implies
numerous active groups in the interior of the protein, resulting in a low reactivity of protein.
From another perspective, a high molecular weight of protein leads to a high viscosity and low
solid content of the resultant adhesive, which means a lot water is introduced into the wood panel
during the fabrication process, leading to poor production stability of the resultant panel.

In recent years, enzyme technology has gradually developed. Driving this new thrust are three
major new goals, that is, maximizing the exploitation of renewable resources as sources of raw
materials for the production of multifunctional polymers, development of an environmentally friendly
process, and development of biodegradable products [13]. Enzyme technology has been widely used.
For example, the use of enzymes for the selective hydrolysis/treatment of polymers and materials [14],
the mild surface functionalization of polymers such as polyethylene terephthalate (PET) and polylactic
acid (PLA), and the subsequent coupling of molecules and grafting of molecules on wood after
enzymatic pre-treatment has achieved certain results [15,16]. The enzyme technology is becoming
increasinly more mature. Enzyme modified soy protein is also a feasible method.

In the current study, a protein endonuclease–bromelain was used to break down protein molecules
into polypeptide chains to reduce the viscosity and improve the solid content of the soy protein isolate
(SPI) adhesive. The active groups on soy protein molecule chains were also exposed during this
process. These polypeptide chains then reacted with a laboratory-made cross-linker triglycidylamine
(TGA) to develop a soy protein-based adhesive. The effects of the low molecular weight of protein
on the performance of the resultant adhesive, including the viscosity, residual rate and the functional
groups, thermostability, and fracture surface, were characterized. Three-ply plywood samples were
fabricated using the resultant adhesives, and their wet shear strengths were evaluated.

2. Materials and Methods

2.1. Materials

SPI with 95% protein content was obtained from Yuwang Ecological Food Industry Co, Ltd.
(Jinan, China) [17]. Poplar veneer (200 × 200 × 1.5 mm, 8% moisture content) from Hebei Province
of China was provided. Bromelain (BR, 300 u/mg, CAS # 37189-34-7) was purchased from Shanghai
Yuanye Group (Shanghai, China). Triethylamine, a laboratory-made epoxy cross-linker, was also used.
The reaction pathway of TGA is systhsized following our previous research [18] and illustrated in
Figure 1. Epichlorohydrin and aqueous ammonia with a mole ratio of 5:1 was placed into a three-necked
flask equipped with a condenser and a stirrer. The mixture was stirred continuously at a rate
of 800 rpm. Ammonium triflate was used to catalyze the reaction at 23 ◦C for 48 h, and then at
35 ◦C for 3 h. The residual epichlorohydrin and ammonium hydroxide were removed by a vacuum
distillation, and the result was a colorless syrup consisting mostly of tris(3-chloro-2-hydroxypropyl)
amine. An excess of sodium hydroxide solution (50%) was added for the epoxy-ring closure reaction
at 20 ◦C for 2 h. Because the reaction was highly exothermal, an external ice-water cooling circulator
was required to hold the temperature. The precipitate of sodium chloride was filtered off, and the
residue was vacuum distilled to obtain pure viscous TGA.

 
Figure 1. The synthesis procedure of cross-linker triglycidylamine (TGA).
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2.2. Preparation of Soy Protein Adhesive

Protein and water were mixed to develop an SPI adhesive (Table 1). Bromelain was added to the
SPI adhesive and then stirred in a water bath at 50 ◦C for 20 min, allowing full digestion. The mixture
was then placed in a water bath at 90 ◦C and then stirred for 10 min to deactivate bromelain. TGA was
ultimately added into the mixture to develop the final adhesives.

Table 1. Various adhesive formulations. SPI—Soy protein isolate; TGA—Triglycidylamine.

Sample SPI (g) Distilled Water (g) Bromelain (g) TGA (g)

0 12 88 0 0
1 18 82 0.1 0
2 18 82 0.1 3
3 18 82 0.1 6
4 18 82 0.1 9
5 18 82 0.1 12
6 18 82 0 9

2.3. Preparation and Evaluation of Plywood

Three layers of poplar plywood were prepared in this study. The adhesive was evenly coated
on both sides of the core veneer with glue spreading of 200 g/m2. The coated plywood was placed
between two uncoated veneers, perpendicular to the grain of the adjacent veneer. The laminated
plywood was hot-pressed at 120 ◦C and 1.0 MPa for 6 min, and two sheets of plywood were produced
using the same adhesive formulation. The shear strength of the plywood was determined in accordance
with the Chinese National Standard GB/T 17657 (2013) [19]. The prepared plywood was allowed
to remain at room temperature for at least 24 h. Twelve specimens measuring 100 mm × 25 mm
(glue area, 25 mm × 25 mm) were uniformly cut from the center and the edges of the two sheets
of plywood.

2.4. Viscosity

The viscosity of the soybean adhesives was measured using a Brook field DV-II viscometer,
employing the rotor with a spinning rate of 100 rpm. An average of three replicate measurements was
reported as the viscosity of each sample.

2.5. Residual Rate Test

The adhesive sample was placed in an oven at 120 ± 2 ◦C until a constant weight was obtained
and then ground into 100 mesh powder (0.15 mm) using a ceramic mortar. To determine mass loss,
the cured adhesive was wrapped with a qualitative filter paper and then placed in a glass with distilled
water [20]. After blistering for 6 h in an oven at 60 ± 2 ◦C, the sample was dried (120 ± 2 ◦C, 3 h)
and weighed. The mass loss was determined by calculating the difference in weight before and
after hydrolysis.

2.6. Wet Shear Strength Measurement

In accordance with the Chinese National Standard (GB/T 17657-2013), the wet shear strength
of the second-grade plywood (interior use plywood) was determined. Twelve plywood specimens
(25 mm × 100 mm) were cut from two pieces of plywood, immersed in water at 63 ◦C for 3 h, dried at
room temperature for 10 min, and subjected to tensile testing. Wet shear strength was calculated using
Equation (1). The standard deviation of the data was calculated.

Shear strength =
Force (N)

Gluing area (m2)
(1)
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2.7. Fourier Transform Infrared (FTIR) Spectroscopy

The different adhesive samples prepared were cured in an oven at 120 ± 2 ◦C until a constant
weight was obtained. Then, we ground the adhesive into a powder. FTIR spectra of the different cured
adhesives were recorded using a Nicolet 7600 spectrometer (Nicolet Instrument Corporation, Madison,
WI, USA) from 500 to 4000 cm−1 with a 4 cm−1 resolution using 32 scans.

2.8. Thermogravimetric (TG)

The different adhesives were cured in an oven at 120 ± 2 ◦C until a constant weight was obtained,
and we then ground the adhesive into a powder. The thermal stabilities of the cured adhesive samples
were tested using a TGA instrument (TA Q50, Waters Company, Milford, MA, USA). Approximately
5 mg powdered samples were weighed in a platinum cup and scanned from 30 to 600 ◦C at a heating
rate of 10 ◦C min−1 in a nitrogen environment while recording the weight change.

2.9. Scanning Electron Microscopy (SEM)

The fracture surface micrographs of cured adhesives were measured using a JSM-6500F field
emission scanning electron microscope (FE-SEM) (JEOL USA Inc., Peabody, MA, USA). Prior to testing,
the fracture surface was placed on an aluminum stub and a 10 nm gold film was coated on using an ion
sputter (HITACHI MCIOOO, Tokyo, Japan).

3. Results and Discussion

3.1. Viscosity

Extremely high viscosity rendered the coating process difficult and ineffective; meanwhile,
extremely low viscosity led to the over penetration of adhesive into the wood surface in the
manufacture of plywood [21]. A wood adhesive requires a suitable viscosity to ensure strong contact
with wood. In addition, it should exhibit adequate penetration and mechanical interlocking with the
substrates [22].

Table 2 shows that the native SPI adhesive (adhesive 0) contains 12 wt% of SPI; the viscosity
is 61,000 cP, which presents no flowability in the adhesive. As a protein endonuclease, bromelain
broke soy protein molecules into polypeptide chains, reducing the molecular weight of the soy protein
and exhibiting low viscosity. When the SPI content was increased to 18 wt%, the development of
a uniform pure soy protein adhesive was impeded. However, when using bromelain in the adhesive
formulation, the viscosity of adhesive (1) reached 62,880 cP, which was similar to that that of adhesive
(0). This similarity indicated that enzymatic hydrolysis effectively increased the solid content of the
soy protein adhesive. Further addition of TGA into the adhesive treated with enzymatic hydrolysis
led to a gradual decrease in viscosity from 62,880 cP to 285 cP. With the addition of 3 wt% TGA into
the adhesive formulation, the viscosity of adhesive (2) decreased by 48.64% relative to that of adhesive
(1). Further addition of TGA to 12 wt% caused a reduction in the viscosity of adhesive (5) by 99% to
285 cP. This decrease was attributed to the low molecular weight of TGA, which reduced the friction in
the decomposed soy protein macromolecules, consequently decreasing the viscosity of the adhesive.
However, the viscosity of adhesive (5) was too low, such that the adhesive could easily over penetrate
the wood surface during gluing, preventing the formation of an adhesive layer. As a control, adhesive
(6) contained 18 wt% SPI and 9 wt% TGA, and its viscosity was 2200 cP, which was 211% higher than
that of adhesive (4). This result also indicated that enzymatic hydrolysis effectively decreased the
viscosity of the adhesive.

Table 2. Initial viscosity of different adhesive samples: 0 (12 wt% SPI), 1 (18 wt% SPI/bromelain),
2 (18 wt% SPI/bromelain/3 wt% TGA), 3 (18 wt% SPI/bromelain/6wt% TGA), 4 (18 wt%
SPI/bromelain/9 wt% TGA), 5 (18 wt% SPI/bromelain /12 wt% TGA), and 6 (18 wt% SPI/9 wt% TGA).

Sample 0 1 2 3 4 5 6

Viscosity (cP) 61,000 ± 2896 62,880 ± 3263 32,293 ± 1892 2439 ± 433 707 ± 82 285 ± 57 2200 ± 387
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3.2. Residual Rate Test

When the flour of the cured adhesive was immersed in water, the amount of insoluble mass
determined the cross-link density and water resistance of the adhesive [23]. The bond strength of the
native SPI adhesive was mainly based on the hydrogen bond between active groups. Owing to the
hydrophilicity of most active groups, SPI adhesive (0) exhibited poor water resistance.

Figure 2 showed that the residual rate of SPI adhesive (0) was 92.17%. After enzymatic hydrolysis,
the residual rate of adhesive (1) decreases to 83.29%, indicating a reduction in the water resistance of the
adhesive. This effect was attributed to the following reasons: First, bromelain reduced the molecular
weight of soy protein by breaking down protein into molecular chains. This process produced small soy
protein molecules, which were easier to dissolve in water. Second, enzymatic hydrolysis exposed the
hydrophilic groups of the protein, such as –NH2, –COOH, which further reduced the water resistance
of the SPI adhesives. When 3 wt% TGA was added to the adhesive formulation, the residue rate
of the adhesive increased by 4.75% relative to that of adhesive (1). With a further increase in TGA
addition to 9 wt%, the residual rate increased by 13.70% to the maximum value, which was higher
than that of adhesive (6). This effect was attributed to the cross-linking of the epoxy groups of TGA
with the exposed active groups of soy protein chains, as well as the formation of a more compact
cross-linked network structure, resulting in improved water resistance of the adhesive. With an increase
in the number of epoxy groups, more cross-linking reactions led to the formation of a more compact
cross-linked network structure. However, when TGA reached 12 wt%, the residue ratio decreased
by 4% to 90.90%, indicating excessive TGA dosage. Soluble TGA was eluted from the filter paper,
resulting in the reduction of the residue ratio.

Figure 2. Residual rates of different adhesive samples: 0 (12 wt% soy protein isolate (SPI)), 1 (18 wt%
SPI/bromelain), 2 (18 wt% SPI/bromelain/3 wt% TGA), 3 (18 wt% SPI/bromelain/6 wt% TGA),
4 (18 wt% SPI/bromelain/9 wt% TGA), 5 (18 wt% SPI/bromelain/12 wt% TGA), and 6 (18 wt% SPI/
9 wt% TGA).

3.3. Wet Shear Strength Measurement

Generally speaking, the wet shear strength of interior plywood required over 0.7 MPa according
to the Chinese national standard. The wet shear strength of the plywood bonded by commercial
adhesives are ranged from 0.7 to 1.2 MPa. The wet shear strength of the different adhesive samples
is shown in Figure 3. The bond strength of the native SPI adhesive (adhesive 0) primarily resulted
from the intermolecular hydrogen bond of soy protein, which was easily broken by moisture [24].
Thus, the wet shear strength of the plywood bonded with adhesive (0) was 0.53 MPa. After enzymatic
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hydrolysis, the wet shear strength of the plywood bonded with adhesive (1) decreased by 69.8%
to 0.16 MPa. The 1, 2 level structures of protein are important for the bond strength formation of
the protein adhesive. When the 1, 2 level structure was broken by bromelain, the bond strength
was markedly reduced. When 3 wt% TGA was added to the adhesive formulation, the wet shear
strength of the plywood bonded with adhesive (2) increased by 381% relative to that of adhesive (1).
With a further increase in TGA addition to 9 wt%, the wet shear strength of the plywood reached
1.25 MPa, which increased by six times compared with that of adhesive (1). When TGA was added
to the SPI-based adhesives, cross-linking occurred between the epoxy group and the reactive group
(–NH2, –COOH), followed by the replacement of the weak hydrogen bond with a stable chemical
bond. Simultaneously, a compact cross-linked network structure and a rigid curing system were
formed, which improved the wet shear strength of the resultant plywood. As a control, the wet shear
strength of the plywood bonded with adhesive (6) was 0.96 MPa, which was 30.2% lower than that
of adhesive (4). This result could be attributed to the following reasons: First, the SPI molecule was
degraded to polypeptide chains by bromelain, which exposed more active groups and produced more
reactive sites to increase the reactivity of the adhesive, resulting in a denser cross-linked network
structure formation and an increase in the water resistance of the adhesive. Second, with enzymatic
hydrolysis, the viscosity of the adhesive was markedly reduced, and the permeability of the adhesive
was improved. These changes led to enhanced mechanical interlocking with the wood formed, further
improving the wet shear strength of the adhesive. Third, enzymatic hydrolysis also improved the solid
content of the adhesive, which helped to improve the adhesive bond performance. A schematic of the
adhesive reaction is presented in Figure 4. With the addition of 12 wt% TGA, the wet shear strength of
the plywood was reduced to 0.91 MPa. This reduction was attributed to the considerably low viscosity
of the adhesive, which led to the overpenetration of the wood surface and a reduction in the bond
strength of the plywood.

Figure 3. Wet shear strength of the different adhesive samples: 0 (12 wt% SPI), 1 (18 wt%
SPI/bromelain), 2 (18 wt% SPI/bromelain/3 wt% TGA), 3 (18 wt% SPI/bromelain/6 wt% TGA),
4 (18 wt% SPI/bromelain/9 wt% TGA), 5 (18 wt% SPI/bromelain/12 wt% TGA), and 6 (18 wt% SPI/
9 wt% TGA).
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Figure 4. Cross-linking network of the soy protein adhesive.

3.4. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

Figure 5 presents the Fourier transform infrared spectra of the adhesives. The corresponding
bending vibrations of free and bound N–H and O–H groups were approximately located at 3303 cm−1,
which formed hydrogen bonds with the carbonyl group of the peptide linkage in soy protein [25].
The peak observed at about 2930 cm−1 was attributed to the symmetric and asymmetric stretching
vibrations of the –CH2 group in the different adhesives [26]. In all adhesives, three characteristic bands
of amides, namely, C=O stretching (amide I); N–H bending (amide II); N–H in-plane vibrations and
the C–N stretching vibration (amide III), were observed at 1661, 1515, and 1238 cm−1, respectively [27].
The peaks at 1441 and 1384 cm−1 were the –CH2 deformation vibrations of the methyl group and the
COO– stretching vibration, respectively [28].
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Figure 5. Fourier-transform infrared spectra of the different adhesive samples: 0 (12 wt% SPI), 1 (18 wt%
SPI/bromelain), 2 (18 wt% SPI/bromelain/3 wt% TGA), 3 (18 wt% SPI/bromelain/6 wt% TGA),
4 (18 wt% SPI/bromelain/9 wt% TGA), 5 (18 wt% SPI/ bromelain/12 wt% TGA), and 6 (18 wt% SPI/
9 wt% TGA).

In the mixed adhesives, the C–O bending absorption peak at 1059 cm−1 increased gradually with
an increase in TGA addition. This result indicated that the TGA was well distributed in the adhesive
system. No new peaks of the epoxy groups were found around 910 cm−1 after adding TGA into the
adhesive formulation, indicating that the epoxy groups reacted with the active groups. With an increase
in TGA addition, the peak of COO– at 1384 cm−1 gradually decreased, and a new peak of the carbonyl
group gradually appeared at 1738 cm−1, which resulted from the esterification between the epoxy
group and the carbonyl group of soy protein molecules. This finding was consistent with previous
studies [29]. In addition, the soy protein adhesive contained numerous amino groups (–NH2) because
the activation energy of the epoxy group with the amino group reaction was lower than that of the
epoxy group with the carbonyl group reaction. TGA reacted faster with the amino groups in the soy
protein molecules, indicating the occurrence of cross-linking. The peak of the C–O group at 1059 cm−1

in adhesive (4) was lower than that of adhesive (6), which might have resulted from the cross-linking of
more TGA with reactive groups and the formation of a more compact cross-linked network structure.
The cross-linking reaction between the TGA and the active groups led to the conversion of weak
hydrogen bonds in the soy protein to rigid chemical bonds. This conversion reduced the number of
hydrophilic groups and increased the cross-link density, thereby improving the water resistance of the
soy protein adhesive.

3.5. Thermogravimetric (TG) Analysis

Figure 6 shows the thermogravimetric and derivative thermal gravimetric curves of various
adhesives. The thermal degradation of the adhesive can be divided into three stages. The slight
weight loss before the temperature reached 130 ◦C was attributed to the evaporation of the residual
moisture in the adhesive samples. The first stage was the post-reaction stage in the 130–200 ◦C
temperature range. This was the result of the further curing reaction between SPI and the cross-linking
agent, which produced vapor and gases, resulting in mass loss [30]. The second stage was the initial
degradation stage in the 200–270 ◦C temperature range, which was attributed to the degradation
of small molecules and the breakdown of some unstable chemical bonds. The third stage was the
degradation phase of the framework structure in the 270–370 ◦C temperature range, which was caused
by the degradation of the cross-linked network structure [31]. After the third degradation stage, further
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heating caused the breakdown of the C–C, C–N, and C–O linkages and the decomposition of soy
protein backbone peptide bonds, which produced gases such as CO, CO2, NH3, and H2S [32,33].

Figure 6. Thermogravimetric (TG, left) and derivative thermogravimetric (DTG, right) curves of the
different adhesive samples: 0 (12 wt% SPI), 1 (18 wt% SPI/bromelain), 2 (18 wt% SPI/bromelain/
3 wt% TGA), 3 (18 wt% SPI/bromelain/6 wt% TGA), 4 (18 wt% SPI/bromelain/9 wt% TGA), 5 (18 wt%
SPI/bromelain/12 wt% TGA), and 6 (18 wt% SPI/9 wt% TGA).

Compared with the adhesives without TGA, the adhesives with TGA showed a new peak around
235 ◦C in the second stage. This new peak was improved with an increase in TGA addition, indicating
that TGA reacted with active groups and that the structure of the adhesive changed. In the third stage,
the peak of the adhesives with TGA shifted to a higher temperature, indicating an improvement in
the thermal stability of the adhesives by forming a new structure. In the second and third stages,
the degradation rate of adhesive (1) was lower than that of adhesive (0), indicating that the reduction
in molecular weight by enzymatic hydrolysis improved the thermal stability of the adhesive. The peak
degradation rate of adhesive (4) was lower than that of adhesive (6) in the third stage, also suggesting
that enzymatic hydrolysis improved the thermal stability of the resultant adhesive. The cross-linking
reaction between TGA and the enzymatic hydrolysis of soy protein molecules formed a more stable
cross-linked network structure than that of the native soy protein adhesive.

3.6. Scanning Electron Microscopy (SEM) Analysis

Fracture surface micrographs of various types of cured adhesives are shown in Figure 7.
SPI adhesive (0) showed a loose surface with sparse rifts. These sparse rifts could be the channels for
subsequent water intrusion, reducing the water resistance of the adhesive [34]. After enzymatic
hydrolysis, broken SPI molecular chains exposed more hydrophilic groups and increased the
hydrophilic characteristic of adhesive (1). This occurrence resulted in a more disordered fracture
surface and larger rifts, leading to a reduction in the water resistance of adhesive (1). However,
with an increase in TGA addition, the cracks of enzymatic hydrolysis adhesives in the fracture surface
became uniform, and the rifts disappeared gradually. These effects indicated that TGA cross-linked
with soy protein molecules to increase the cross-link density, which improved the water resistance of
the adhesive. Compared with adhesive (0), adhesive (6) had a smoother fracture surface and fewer
cracks, indicating that TGA addition increased the brittleness of the adhesive. Enzymatic hydrolysis
created a ductile fracture surface of adhesive (4) relative to adhesive (6), indicating an increase in the
toughness of the adhesive, which contributed to the bond performance of the adhesive.

123



Molecules 2018, 23, 2752

 
Figure 7. Fracture surface micrographs of the different cured adhesive samples: 0 (12 wt% SPI),
1 (18 wt% SPI/bromelain), 2 (18 wt% SPI/bromelain/3 wt% TGA), 3 (18 wt% SPI/bromelain/6 wt%
TGA), 4 (18 wt% SPI/bromelain/9 wt% TGA), 5 (18 wt% SPI/bromelain/12 wt% TGA), and 6 (18 wt%
SPI/9 wt% TGA).

4. Conclusions

From the study on the modification of soy protein adhesives by enzymatic hydrolysis,
the following conclusions were drawn:

(1) Using 0.1 wt% bromelain effectively reduced the viscosity of the SPI adhesive by 67.9% and
improved the SPI content of the adhesive from 12 wt% to 18 wt%, while maintaining a similar
viscosity. After the enzymatic hydrolysis process, the residual rate of the SPI/bromelain adhesive
markedly decreased by 9.6%, and the wet shear strength of the resultant plywood was reduced
to 70.4%. These reductions were attributed to the breakdown of the soy protein molecules into
polypeptide chains and the exposure of more hydrophilic groups.

(2) With the addition of 9 wt% TGA, the residual rate of the SPI/bromelain/TGA adhesive improved
by 13.7%, and the wet shear strength of the resultant plywood increased by 681.3% to 1.25 MPa,
relative to that of the SPI/bromelain adhesive. This wet shear strength was 30.2% higher than

124



Molecules 2018, 23, 2752

that of the SPI/TGA adhesive. This improvement was attributed to the breakdown of soy protein
molecules into polypeptide chains. This occurrence led to (1) the formation of more interlocks
with the wood surface during the curing process of the adhesive and (2) the exposure of more
hydrophilic groups and increase in the reactivity of protein with TGA, leading to a denser
cross-linked network produced in the adhesive.

(3) The formed cross-linked structure exhibited a higher thermal stability after enzymatic hydrolysis,
indicating an improvement in the cross-link density of the adhesive. This structure also created
a ductile fracture surface of the adhesive, indicating an improvement in the toughness of
the adhesive.
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Abstract: In this study, 19 octadecanoid derivatives—four pairs of enantiomers (1–8), two racemic
/scalemic mixtures (9–10), and nine biosynthetically related analogues—were obtained from the
ethanolic extract of a Chinese medicinal plant, Plantago depressa Willd. Their structures were
elucidated on the basis of detailed spectroscopic analyses, with the absolute configurations of the
new compounds assigned by time-dependent density functional theory (TD-DFT)-based electronic
circular dichroism (ECD) calculations. Six of them (1, 3–6, and 9) were reported for the first time,
while 2, 7, and 8 have been previously described as derivatives and are currently obtained as natural
products. Our bioassays have established that selective compounds show in vitro anti-inflammatory
activity by inhibiting lipopolysaccharide-induced nitric oxide (NO) production in mouse macrophage
RAW 264.7 cells.

Keywords: Plantago depressa; octadecanoid; fatty acid; natural enantiomer; anti-inflammation

1. Introduction

The genus Plantago L. (family Plantaginaceae) consists of more than 190 species that are widely
distributed in temperate and tropical areas all over the world. There are 20 Plantago plants that
grow in China, including two invasive and one cultivated species [1]. P. depressa Willd. is a very
common species found in most Asian countries [1], and its whole plants have long been used in
traditional Chinese medicine as “Cheqian Cao” for the treatment of oedema, cough, carbuncle, etc. [2].
Previous chemical investigations of this medicinal plant have revealed the presence of phenylethanoid
glycosides [3–5], iridoid glucosides [6,7], alkaloids [8], and so on [6,7,9]. However, few reports have
dealt with the lipid constituents from P. depressa until now [10]. In the present work, we carried out
an intensive chemical study on the EtOAc partition generated from the ethanolic extract of the whole
plants of P. depressa, which resulted in the isolation of a series of fatty acid derivatives—four pairs
of enantiomers (1–8), two racemic/scalemic mixtures (9–10) (Figure 1), and nine related analogues
(11–19). The structures of these compounds were fully characterized by comprehensive spectroscopic
analyses, with the absolute stereochemistry of the new compounds established via calculated ECD data.
The in vitro antimicrobial, anti-acetylcholinesterase, and anti-inflammatory activities of these lipid
molecules were tested; only two known compounds exhibited moderate anti-inflammatory effects.
Herein, we describe the separation, structural characterization, and biological evaluations of these
plant lipids.

Molecules 2018, 23, 1723; doi:10.3390/molecules23071723 www.mdpi.com/journal/molecules127



Molecules 2018, 23, 1723

Figure 1. Chemical structures of 1–10 from Plantago depressa.

2. Results

Compounds 1/2—colorless gum—were assigned the molecular formula of C19H32O4 by positive
mode high resolution electrospray ionization mass spectrometry [(+)-HR-ESIMS] analysis at m/z
325.2368 ([M + H]+, calcd 325.2373). The 1H NMR (nuclear magnetic resonance) data (Table 1)
revealed the presence of a conjugated diene [6.20 (d, J = 15.6 Hz, H-10), 6.25 (dd, J = 15.3, 5.9 Hz,
H-13), 6.41 (dd, J = 15.3, 10.8 Hz, H-12), 7.27 (dd, J = 15.6, 10.8 Hz, H-11)], an oxygenated methine
(δH 4.17, m), a methoxy (δH 3.65, s), and a methyl [δH 0.92 (t, J = 7.4 Hz)] group. The 13C NMR
data (Table 2) showed signals of a conjugated ketone (δC 203.7, C-9), an ester carbonyl (δC 176.0,
C-1), four olefinic (δC 128.8, 130.3, 144.3, 148.5; C-10 to C-13), an oxygenated methine (δC 72.6,
C-14), a methoxy (δC 52.0), ten aliphatic methylene (δC 23.7, 25.5, 26.0, 28.7, 30.0, 30.1, 30.2, 37.8,
34.8, 41.0), and a methyl (δC 14.4, C-18) carbon. These spectral features were similar to those of
compound 10 isolated from the fungus Pleurocybella porrigens [11] but with an additional methoxy
group, suggestive of a methyl ester derivative. Detailed examination of 2D 1H-1H COSY (correlated
spectroscopy) and HMBC (heteronuclear multiple-bond correlation) data (Figure 2) confirmed the
above conclusion with key HMBC correlations from H2-7, H2-8, H-10 and H-11 to C-9 (δC 203.7), and
H2-2, H2-3 and OCH3 to C-1 (δC 176.0,). Therefore, compounds 1/2 were characterized as methyl
(10E,12E)-14-hydroxy-9-oxo-10,12-octadecadienoate. Further spectroscopic analyses revealed that
compared with the reported (–)-enantiomer of compound 10 (porrigenic acid) [12], 1/2 were neither
active enough in the [α]D measurement, nor showed decent Cotton effect in the ECD experiment; this
alerted us of its racemic or scalemic nature. Subsequent chiral high performance liquid chromatography
(HPLC) analysis clearly revealed a pair of enantiomers in a ratio of ca. 55:45 (Supplementary
Information Figure S2). On reviewing the literature, the (+)-enantiomer (1) was identified to be
a new compound, while the (−)-enantiomer (2) was a new natural product that had been reported
as the methyl ester of porrigenic acid (10) during structure characterization [12]. It is worth noting
that the absolute configuration of compound 2 was initially determined as S using allylic benzoate
method [12]. However, the assignment was apparently not rigorous because this ECD method was
originally developed to assign absolute stereochemistry of allylic alcohol (hydroxyl group adjacent to a
double bond chromophore) [13], but the chromophore in compound 2 is an α,β,γ,δ-conjugated ketone.
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We therefore employed the time-dependent density functional theory (TD-DFT) method to calculate
the ECD spectra (Figure 3) of the two enantiomers and finally differentiated them from each other.

Table 1. 1H NMR data for 1–6 and 9 (600 MHz).

Position 1/2 a 3/4 a 5/6 b 9 b

2 2.32, t (7.4) 2.31, t (7.4) 2.29, t (7.6) 2.30, t (7.5)
3 1.60, m 1.61, m 1.61, m 1.62, m
4 1.34, m 1.33, m 1.32, m 1.32, m
5 1.34, m 1.33, m 1.32, m 1.32, m
6 1.34, m 1.33, m 1.32, m 1.32, m
7 1.60, m 1.61, m 1.61, m 1.61, m
8 2.61, t (7.3) 2.61, t (7.4) 2.55, t (7.5) 2.55, t (7.4)
10 6.20, d (15.6) 6.23, d (15.5) 6.20, d (15.6) 6.21, d (15.5)
11 7.27, dd (15.6, 10.8) 7.31, dd (15.5, 11.2) 7.15, dd (15.6, 10.8) 7.16, dd (15.6, 11.0)
12 6.41, dd (15.3, 10.8) 6.43, dd (15.1, 11.2) 6.49, dd (15.5, 10.8) 6.50, dd (15.3, 11.0)
13 6.25, dd (15.3, 5.9) 6.75, dd (15.1, 10.9) 6.21, dd (15.5, 6.0) 6.25, dd (15.3, 6.8)
14 4.17, m 6.39, dd (15.2, 10.9) 4.70, dd (6.0, 2.7) 4.62, dd (6.8, 5.1)
15 1.55, m 5.81, dd (15.2, 7.8) 3.62, dd (7.6, 2.7) 3.86, dd (7.7, 5.1)

16 1.34, m 3.62, m 3.97, ddd (9.3, 7.6,
2.9)

3.76, ddd (9.4, 7.7,
2.8)

17 1.37, m 1.61, m 1.76, m 1.74, m
2.07, m 2.08, m

18 0.92, t (7.4) 0.90, t (7.4) 1.08, t (7.3) 1.07, t (7.2)
1-OMe 3.65, s 3.65, s 3.67, s 3.67, s
16-OMe 3.28, s

a In CD3OD; b in CDCl3.

Table 2. 13C NMR data for 1–6 and 9 (150 MHz).

Position 1/2 a 3/4 a 5/6 b 9 b

1 176.0 176.0 174.5 174.5
2 34.8 34.8 34.2 34.2
3 26.0 26.0 25.0 25.0
4 30.0 c 30.0 d 29.1 e 29.1 f

5 30.1 c 30.2 d 29.2 e 29.2 f

6 30.2 c 30.2 d 29.2 e 29.2 f

7 25.5 25.5 24.3 24.3
8 41.0 41.1 40.8 40.8
9 203.7 203.5 201.0 200.9

10 130.3 130.5 130.6 130.9
11 144.3 144.5 141.1 141.0
12 128.8 131.9 130.3 131.5
13 148.5 142.3 141.7 139.4
14 72.6 133.2 71.0 72.5
15 37.8 140.2 76.5 76.6
16 28.7 84.5 64.6 64.7
17 23.7 29.2 26.8 26.6
18 14.4 9.9 10.7 10.6

1-OMe 52.0 52.0 51.7 51.6
16-OMe 56.7

a In CD3OD; b in CDCl3; c–f Interchangeable assignments.
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Figure 2. 1H-1H COSY and selected HMBC correlations for 1–6 and 9.

Figure 3. Experimental and calculated ECD spectra for 1–6.

Compounds 3/4 had the molecular formula of C20H32O4 as deduced from the (+)-HR-ESIMS ion
peak at m/z 337.2369 ([M + H]+, calcd 337.2373), which was 14 mass units (CH2) more than that of
compounds 7/8 [14,15] indicative of a methylated analogue. Analysis of the NMR data (Tables 1 and 2)
for compounds 3/4 confirmed this hypothesis, with extra signals for a methoxy group (δH 3.28, δC

56.7) and the downfield shifted C-16 resonance (δC 84.5) in contrast with that (δC 74.2) in compounds
7/8. Further inspection of 2D NMR data (Figure 2) corroborated this structural assignment, revealing
key HMBC correlations with the methoxy protons to C-16. Compounds 3/4 were thus characterized
to be methyl (10E,12E,14E)-16-methoxy-9-oxo-10,12,14-octadecatrienoate. Similar to compounds 1/2,
the optical rotation and ECD data of compounds 3/4 suggested a scalemic mixture with nearly zero
[α]D and no Cotton effect, respectively. The two pure enantiomers were further separated from each
other by chiral HPLC and structurally differentiated by comparing their experimental ECD spectra
with the calculated ones (Figure 3).

Compounds 5/6 were determined to be monochlorinated on the basis of the ESIMS (electrospray
ionization mass spectrometry) isotope ion peak at m/z 397.1/399.1 ([M + Na]+, ca. 3:1) and were
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assigned the molecular formula of C19H32O5Cl by (+)-HR-ESIMS analysis at m/z 397.1756 ([M + Na]+,
calcd 397.1752). The NMR data (Tables 1 and 2) for compounds 5/6 also displayed resonances for
several functional groups as those in compounds 1/2, such as two carbonyls (δC 174.5 and 201.0),
a diene (δC 130.6, 141.1 and 130.3, 141.7; δH 6.20, 7.15 and 6.49, 6.21), and an ester methoxyl (δC 51.7;
δH 3.67). Meanwhile, compounds 5/6 possessed three sp3 methines (δC 64.6, 71.0 and 76.5; δH 3.97,
4.70 and 3.62) compared with only one in compounds 1/2, which was ascribed to two hydroxyl and a
chlorine substituents by analyzing the molecular composition and chemical shifts of these methines.
Subsequent acquisition of 2D 1H-1H COSY and HMBC data (Figure 2) confirmed the establishment
of the planar structure of compounds 5/6 as shown, and the substitution pattern of 14-OH, 15-OH,
and 16-Cl for the C-14–C-16 fragment was supported by the lower chemical shift for C-16 than those
for C-14 and C-15 [16]. The relative configuration of compounds 5/6 was determined by the J-based
configuration analysis method [17]. The magnitudes of J14,15 (2.7 Hz) and J15,16 (7.6 Hz) indicated a
syn-relationship between H-14 and H-15 and an anti-relationship between H-15 and H-16, respectively.
Alerted by the cases of compounds 1–4, compounds 5/6 were also subjected to chiral HPLC analysis
and indeed proved to be another pair of enantiomers. The absolute configurations of compounds
5/6 were further assigned by comparing their experimental ECD spectra with the computed ones
(Figure 3).

Compound 9 was assigned the molecular formula of C19H32O5Cl—same as compounds
5/6—based on the (+)-HR-ESIMS ion peak at m/z 397.1757 ([M + Na]+, calcd 397.1752), supportive of
an isomer of the latter. Analysis of the NMR data (Tables 1 and 2) for compound 9 corroborated this
conclusion, with very similar NMR data suggesting that they were diastereoisomers of the same planar
structure; this was further confirmed by examination of 2D NMR correlations (Figure 2). Detailed
NMR comparison between compounds 9 and 5/6 revealed nearly superimposable 1H and 13C NMR
spectra, and the only difference was attributable to signals across CH-13 to CH-16 moiety. Obvious
NMR variations were observed for resonances from H-13 to H-16, C-13 to C-14, and J14,15 (Tables 1
and 2), which all suggested an inverted C-14 configuration in compound 9 compared with that in
compounds 5/6. The structure and relative configuration of compound 9 were thus elucidated. It was
inferable that compound 9 could also be enantiomeric mixture in light of the aforementioned examples
of its cometabolites. However, it was not further separated on chiral HPLC due to degradation during
storage, as indicated by subsequent 1H NMR measurement. Moreover, the scarce amount of sample
prevented us from further investigation.

In addition to the above-described molecules, compounds 7/8 were also demonstrated
to be enantiomeric mixtures and separated by chiral HPLC. They had been reported in
mixture as the methylation derivatives of their corresponding fatty acids [14,15], and we
herein report them as enantiomerically pure isolates as new natural products. Compound 10

had been previously obtained in scalemic form [11] and (−)-form [12], respectively, from the
same fungus by two Japanese research groups. In the current work, it was obtained as a
nearly racemic mixture ([α]21

D 0.3; c 0.10, MeOH) and was not separable on both normal-phase
and reversed-phase chiral HPLC columns. The other known analogues were identified to be
(9Z,12Z,14E)-16-oxo-octadecatrienoic acid (11) [18], (10Z,12E,14Z)-9,16-dioxo-octadecatrienoic acid
(12) [19], linoleic acid (13) [20], β-(9′Z,12′Z,15′Z)-octadecatrienoic acid monoglyceride (14) [21],
1-O-(9Z,12Z)-octadecadienoyl glycerol (15) [22], α-(9′Z,12′Z,15′Z)-octadecatrienoic acid monoglyceride
(16) [21], 1-O-(10E,12E)-9-oxo-octadecadienoyl glycerol (17) [23], 1-O-(9Z,11E)-13-oxo-octadecadienoyl
glycerol (18) [24], and 1-O-(9Z,11E)-9-oxo-octadecadienoyl glycerol (19) [24] by spectroscopic data.

Most compounds (only those with enough amount) were screened for their antimicrobial,
anti-acetylcholinesterase, and anti-inflammatory activities (Supplementary Information Tables S1
and S2); only compounds 13 and 18 displayed anti-inflammatory effect with moderate inhibition
against nitric oxide (NO) production with IC50 values of 13.08 ± 0.25 and 7.64 ± 0.21 μM, respectively.
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3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a Rudolph VI polarimeter (Rudolph Research Analytical,
Hackettstown, NJ, USA) with a 10 cm length cell. NMR experiments were recorded on a Bruker
Avance DRX600 spectrometer (Bruker BioSpin AG, Fallanden, Switzerland) and referenced to residual
solvent peaks (CD3OD: δH 3.31, δC 49.00; CDCl3: δH 7.26, δC 77.16). HR-ESIMS spectra were obtained
on an Agilent 6545 Q-TOF mass spectrometer (Agilent Technologies Inc., Waldbronn, Germany).
ESIMS analyses were carried out on an Agilent 1260-6460 Triple Quad LC-MS instrument (Agilent
Technologies Inc., Waldbronn, Germany). UV spectra were obtained on a Shimadzu UV-2600
spectrophotometer (Shimadzu, Kyoto, Japan) with a 1 cm pathway cell. Normal HPLC separation
was performed using an Agilent 1260 series LC instruments (Agilent Technologies Inc., Waldbronn,
Germany) coupled with an Agilent SB-C18 (9.4 × 250 mm) column (Agilent Technologies Inc.,
Santa Clara, CA, USA). Chiral MZ(2) RH 5u (4.6 × 250 mm) chiral column (Phenomenex, Washington,
CD, USA) and CHIRALPAK AD-H (4.6 × 250 mm) chiral column (Daicel Corporation, Tokyo, Japan)
were used for chiral HPLC analysis and separation. ECD spectra were acquired on a Chirascan circular
dichroism spectrometer (Applied Photophysics Ltd., Surrey, UK). Column chromatography (CC) was
performed on D101-macroporous absorption resin (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), MCI gel (CHP20P, Mitsubishi Chemical Corporation, Tokyo, Japan), reversed phase C18 silica
gel (Merck KGaA, Darmstadt, Germany), Sephadex LH-20 (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden), and silica gel (300–400 mesh; Qingdao Marine Chemical Ltd., Qingdao, China). All solvents
used for CC were of analytical grade (Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China) and
solvents used for HPLC were of HPLC grade (Oceanpak Alexative Chemical Ltd., Goteborg, Sweden).
Pre-coated silica gel GF254 plates (Qingdao Haiyang Chemical Co., Ltd., Qingdao, China) were used
for thin-layer chromatography (TLC) monitoring.

3.2. Plant Material

The whole plants of P. depressa were collected in June 2016 at Mount Kunyu, Shandong Province,
and were authenticated by Prof. Jie Zhou from University of Jinan. A voucher specimen has been
deposited at School of Biological Science and Technology, University of Jinan (Accession number:
npmc-007).

3.3. Extraction and Isolation

The air-dried powder of the whole plants of P. depressa (15 kg) was extracted with 95% EtOH at
room temperature three times to afford a crude extract (0.9 kg). The extract was then suspended in
2.0 L water and partitioned with EtOAc (2.0 L × 3). The EtOAc extract (300 g) was subjected to CC
over D101-macroporous absorption resin and eluted with EtOH-H2O (30%, 50%, 80% and 95%) to
afford four fractions (A–D). Fraction C (80%, 87 g) was subjected to passage over an MCI gel column
and eluted with MeOH-H2O (50% to 100%) to give five subfractions (C1–C5). C1 was then separated
by silica gel CC eluted with petroleum ether-acetone (4:1 to 1:1) to produce two eluents (C1-1 and
C1-2), and C1-1 was further purified by HPLC (3.0 mL/min 80% MeOH-H2O, tR = 10.0 min) to afford
7/8 (3.1 mg). Fraction C2 was then separated by silica gel CC eluted with petroleum ether-acetone
(8:1 to 1:1) to produce eleven subfractions (C2-1–C2-11). C2-4 was subjected to silica gel CC eluted
with CHCl3-MeOH (100:1 to 10:1) to give five major eluents (C2-4-1–C2-4-5), and C2-4-4 was then
purified by HPLC (3.0 mL/min 80% MeOH-H2O, tR = 15.0 min) to afford 3/4 (1.0 mg). Fraction C2-6
was subjected to silica gel CC eluted with CHCl3-MeOH (100:1 to 10:1) to give two major subfractions
(C2-6-1 and C2-6-2), C2-6-2 was then purified by HPLC (3.0 mL/min 80% MeOH-H2O, tR = 9.5 min)
to afford 1/2 (3.5 mg). Fraction C2-11 was chromatographed on an RP-C18 silica gel column to give
three subfractions (C2-11-1–C2-11-3), and C2-11-3 was then purified by HPLC (3.0 mL/min 80%
MeOH-H2O, tR = 10.0 min and 11.0 min, respectively) to afford 9 (2.5 mg) and 5/6 (2.0 mg). Fraction
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C3 was then separated by silica gel CC eluted with petroleum ether-acetone (20:1 to 1:1) to produce
five subfractions (C3-1–C3-5), and C3-4 was then chromatographed on an RP-C18 silica gel column
to give seven eluents (C3-4-1–C3-4-7). Fraction C3-4-7 was subjected to silica gel CC eluted with
CHCl3-MeOH (200:1 to 10:1) to give two major fractions—C3-4-7-1 and C3-4-7-2—and C3-4-7-1 was
further purified by HPLC (3.0 mL/min 90% MeOH-H2O, tR = 15.5 min) to afford 12 (5.0 mg). Fraction
C3-5 was chromatographed on an RP-C18 silica gel column to give seven subfractions (C3-5-1–C3-5-7).
Fraction C3-5-3 was subjected to Sephadex LH-20 CC to give two subfractions (C3-5-3-1–C3-5-3-2),
and C3-5-3-1 was further purified by HPLC (3.0 mL/min 90% MeOH-H2O, tR = 11.0 min) to afford 10

(1.0 mg). Fraction C3-5-7 was subjected to Sephadex LH-20 CC to give one major fraction (C3-5-7-1),
which was further purified by HPLC (3.0 mL/min 95% MeOH-H2O, tR = 10.0 min, 11.0 min and 12.5
min, respectively) to afford 17 (1.0 mg), 18 (1.2 mg), and 19 (1.0 mg). Fraction C4 was then separated by
silica gel CC eluted with petroleum ether-acetone (20:1 to 1:1) to produce six subfractions (C4-1–C4-6).
Fraction C4-1 was chromatographed on an RP-C18 silica gel column to give twelve subfractions
(C4-1-1–C4-1-12), and C4-1-12 was then purified by HPLC (3.0 mL/min 85% MeOH-H2O, tR = 7.5 min
and 10.0 min, respectively) to afford 15 (2.8 mg) and 16 (1.6 mg). Fraction C4-4 was chromatographed
on an RP-C18 silica gel column to give four subfractions (C4-4-1–C4-4-4). Fraction C4-4-4 was subjected
to silica gel CC eluted with CHCl3-MeOH (200:1 to 10:1) to give five major eluents (C4-4-4-1–C4-4-4-5),
and C4-4-4-5 was further purified by HPLC (3.0 mL/min 85% MeOH-H2O, tR = 10.0 min) to afford 11

(1.8 mg). Fraction C4-6 was subjected to Sephadex LH-20 CC to give six subfractions (C4-6-1–C4-6-6).
C4-6-6 was subjected to silica gel CC eluted with petroleum ether-acetone (50:1 to 1:1) to give two major
eluents (C4-6-6-1–C4-6-6-2), and C4-6-6-2 was then purified by HPLC (3.0 mL/min 90% MeOH-H2O,
tR = 11.0 min and 17.5 min, respectively) to afford 14 (5 mg) and 13 (1 mg).

Furthermore, compounds 1–8 were separated by chiral HPLC on a Chiral MZ(2) RH column as
follows: 1.0 mL/min MeCN to yield 2 (0.7 mg, tR = 1.8 min) and 1 (1.2 mg, tR = 2.4 min), 1.0 mL/min
80% MeCN-H2O to afford 3 (0.2 mg, tR = 11.6 min) and 4 (0.2 mg, tR = 12.4 min), 1.0 mL/min 80%
MeCN-H2O to give 6 (0.3 mg, tR = 4.5 min) and 5 (0.2 mg, tR = 4.9 min), and 1.0 mL/min 80%
MeCN-H2O to furnish 7 (1.1 mg, tR = 6.8 min) and 8 (1.0 mg, tR = 7.3 min).

Compounds 1/2: Colorless gum; [α]21
D +29.1 (1: c 0.12, MeOH) and −27.1 (2: c 0.07, MeOH); UV (MeOH)

λmax (log ε) 275 (3.2); 1H NMR (CD3OD) see Table 1; 13C NMR (CD3OD) see Table 2; (+)-ESIMS m/z
347.1 [M + Na]+; (+)-HR-ESIMS m/z 325.2368 [M + H]+ (calcd for C19H33O4, 325.2373).

Compounds 3/4: Colorless gum; [α]21
D −10.0 (3: c 0.01, MeOH) and +11.1 (4: c 0.01, MeOH); UV (MeOH)

λmax (log ε) 310 (3.4); 1H NMR (CD3OD) see Table 1; 13C NMR (CD3OD) see Table 2; (+)-ESIMS m/z
359.2 [M + Na]+; (+)-HR-ESIMS m/z 337.2369 [M + H]+ (calcd for C20H33O4, 337.2373).

Compounds 5/6: Colorless gum; [α]21
D −12.6 (5: c 0.02, MeOH) and +14.1 (6: c 0.04, MeOH); UV

(MeOH) λmax (log ε) 265 (3.5); 1H NMR (CDCl3) see Table 1; 13C NMR (CDCl3) see Table 2; (+)-ESIMS
m/z 397.1 [M + Na]+; (+)-HR-ESIMS m/z 397.1756 [M + Na]+ (calcd for C19H32O5Cl, 397.1752).

Compound 9: Colorless gum; 1H NMR (CDCl3) see Table 1; 13C NMR (CDCl3) see Table 2; (+)-ESIMS
m/z 397.1 [M + Na]+; (+)-HR-ESIMS m/z 397.1757 [M + Na]+ (calcd for C19H32O5Cl, 397.1752).

3.4. Antimicrobial Assay

The antimicrobial assays were performed as we have reported earlier [25].

3.5. Anti-Acetylcholinesterase Assay

The anti-acetylcholinesterase assay was conducted as we have described earlier [26].

3.6. Anti-Inflammatory Assay

Determination of nitric oxide production. Briefly, RAW 264.7 cells were plated into 96-well
plates and pretreated with a series of concentrations of compounds for 1 h before treatment with
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1 μg/mL LPS. After 24 h incubation, detection of accumulated nitric oxide in the cell supernatants was
assayed by Griess reagent kit (Beyotime Institute of Biotechnology) according to the manufacturer’s
instructions. Equal volumes of culture supernatant and Griess reagent were mixed, and the absorbance
at 540 nm was measured using a Microplate Reader (Tecan, Switzerland).

Cell viability assay. RAW 264.7 cells were seeded into 96-well plates at 1 × 104 cells/well and
allowed to attach for 24 h. The medium was replaced with 100 μL medium containing the indicated
concentrations of compounds and further incubated for 24 h. 10 μL of MTT (5 mg/mL in PBS) was
added into each well and the plates were incubated for 4 h at 37 ◦C. Supernatants were aspirated and
formed formazan was dissolved in 100 μL of dimethyl sulfoxide (DMSO). The optical density (OD)
was measured at an absorbance wavelength of 490 nm using a Microplate Reader (Tecan, Switzerland).

3.7. ECD Calculations

Conformational analysis within an energy window of 3.0 kcal/mol was performed by using
the OPLS3 [27,28] molecular mechanics force field via the MacroModel [29] panel of Maestro 10.2.
The conformers were then further optimized with the software package Gaussian 09 [30] at the
B3LYP/6-311++G(2d,p) level, and the harmonic vibrational frequencies were also calculated to confirm
their stability. Then, the 30 lowest electronic transitions for the obtained conformers in vacuum were
calculated using TD-DFT method at the B3LYP/6-311++G(2d,p) level. ECD spectra of the conformers
were simulated using a Gaussian function with a half-bandwidth of 0.26 eV. The overall theoretical
ECD spectra were obtained according to the Boltzmann weighting of each conformer.

Supplementary Materials: The following materials are available online, raw spectroscopic data including chiral
HPLC analyses, HR-ESIMS, and NMR (1H, 13C, 1H-1H COSY, HSQC, and HMBC) spectra for new compounds
1–6 and 9.
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Abstract: Phycocyanin, which covalently binds phycocyanobilin chromophores, is not only a candidate
fluorescent probe for biological imaging, but also a potential antioxidative agent for healthcare.
Herein, a plasmid harboring two cassettes was constructed, with cpcB from Spirulina subsalsa in
one cassette and the fusion gene cpcS::ho1::pcyA in the other, and then expressed in Escherichia coli.
PCB-CpcB(C-82), a fluorescent phycocyanin β subunit, was biosynthesized in E. coli, exhibiting an
absorption maximum at 620 nm and fluorescence emission maximum at 640 nm. When cpcS was
replaced by cpcT, PCB-CpcB(C-153), another fluorescent phycocyaninβ subunit, was produced, exhibiting
an absorption maximum at 590 nm and fluorescence emission maximum at 620 nm. These two
fluorescent biliproteins showed stronger scavenging activity toward hydroxyl and DPPH free radicals
than apo-CpcB. The IC50 values for hydroxyl radical scavenging by PCB-CpcB(C-82), PCB-CpcB(C-153),
and apo-CpcB were 38.72 ± 2.48 μg/mL, 51.06 ± 6.74 μg/mL, and 81.82 ± 0.67 μg/mL, respectively,
and the values for DPPH radical scavenging were 201.00 ± 5.86 μg/mL, 240.34 ± 4.03 μg/mL, and
352.93 ± 26.30 μg/mL, respectively. The comparative antioxidant capacities of the proteins were
PCB-CpcB(C-82) > PCB-CpcB(C-153) > apo-CpcB, due to bilin binding. The two fluorescent biliproteins
exhibited a significant effect on relieving the growth of E. coli cells injured by H2O2. The results of
this study suggest that the fluorescent phycocyanin β subunits of S. subsalsa were reconstructed by
one expression vector in E. coli, and could be developed as potential antioxidants.

Keywords: phycocyanin; biosynthesis; antioxidant; Spirulina; gene expression; apo-CpcB

1. Introduction

Phycobiliproteins are a type of light-harvesting biliprotein involved in photosynthesis in
cyanobacteria and some eukaryotic alga [1–3]. Phycobiliproteins consist of at least two dissimilar
types of peptides, with linear tetrapyrrole prosthetic groups covalently attached to the apoprotein
via cysteine thioether linkages [4,5]. Phycobiliproteins exhibit unique absorbance and fluorescence
properties and can be classified into three types, based on their absorbance maxima: phycoerythrin
(PE, λmax: 540–570 nm), phycocyanin (PC, λmax: 610–620 nm), and allophycocyanin (APC, λmax:
650–655 nm) [6]. C-phycocyanin (CPC), one of the major phycobiliproteins, is composed of α and β

subunits in the form of (αβ)3 or (αβ)6 aggregates. The α or β subunits of CPC can be assembled by
apoproteins and chromophore groups in vivo or in vitro, with catalysis by the chromophore lyase.
First, ferredoxin-dependent heme oxygenase (HO1) catalyzes the oxidative cleavage of the host heme to
generate biliverdin [7], which is then reduced to phycocyanobilin (PCB) by phycocyanobilin:ferredoxin
oxidoreductase (PcyA) [8]. Then, PCB is covalently attached to the apoprotein, which is catalyzed
by specific lyases to generate fluorescent CPC. The lyases CpcE and CpcF are responsible for the

Molecules 2018, 23, 1369; doi:10.3390/molecules23061369 www.mdpi.com/journal/molecules137
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attachment of PCB to the CPC α subunit [9]. The lyase CpcS catalyzes the attachment of PCB to
the chromophore binding site Cys-β84 of CPC, while CpcT is able to bind PCB to Cys-β155 [10].
There are four genes that are considered to be essential for the formation of fluorescent CPC β

subunits in Escherichia coli: cpcB, encoding apo-β-CPC (CpcB); cpcS or cpcT, encoding CpcS or
CpcT, respectively; and ho1 and pcyA, encoding HO1 and PcyA, respectively. Recently, a modular
approach that requires only two DNA segments was reported [11]. The first segment is the cpcB
gene from Mastigocladus laminosus, and the second is the fusion gene cpcS::ho1::pcyA or cpcT::ho1::pcyA,
which was constructed as an end-to-end fusion of the respective genes from Nostoc sp. PCC 7120.
The new synthetic pathway, despite requiring two plasmids, facilitates heterologous production of
phycobiliproteins and the use of phycobiliproteins as fluorescent protein probes.

Spirulina is a genus of planktonic blue–green algae found in the alkaline water of volcanic lakes.
Several in-vitro experiments have shown that Spirulina and its extracts, especially CPC, exhibit a
variety of pharmacological effects, such as neuroprotective effects [12], hepatoprotective abilities [13],
renoprotective effects [14], cardiovascular protective effects [15], and the elimination of cataracts [16],
which is generally attributed to the antioxidant and free radical scavenging properties of CPC.
Several studies have shown that the antioxidant activity is related to not only the bilin chromophore
but also the apoprotein [17–19]. Some studies have been previously conducted to clone and express
the relevant genes for producing α-CPC (apo-α-CPC and fluorescent α-CPC) in E. coli and evaluate
their antioxidant activity [20,21]. Recently, recombinant apo-β-CPC has been shown to possess higher
free radical scavenging activity than apo-α-CPC [22], and to be able to protect red blood cells from
antioxidative damage [19]. The β-CPC subunits are considered to be highly effective antioxidants
for pharmaceutical applications. However, to our knowledge, no report has been published on the
antioxidant properties of recombinant fluorescent β-CPC.

In this study, the cpcB gene was cloned from Spirulina subsalsa. A modular approach with only
one plasmid was employed to co-express the cpcB gene, as well as the fusion genes cpcS::ho1::pcyA or
cpcT::ho1::pcyA, in E. coli, where the fluorescent biliproteins PCB-CpcB(C-82) and PCB-CpcB(C-153) were
biosynthesized. Recombinant β-CPCs from S. subsalsa with a His tag were purified by Ni2+-chelated
affinity chromatography, and showed similar spectral characteristics to previously reported fluorescent
β-CPC submits [10]. Furthermore, the antioxidant activity of PCB-CpcB(C-82) and PCB-CpcB(C-153)
was evaluated and compared with that of apo-CpcB. The result suggested that PCB-CpcB(C-82) and
PCB-CpcB(C-153) hold great potential to be used as therapeutic agents for healthcare.

2. Results

2.1. Cloning of the cpcB Gene and Plasmid Construction

Using designed primers, the 519-bp cpcB gene was amplified from S. subsalsa genomic
DNA. A recombinant plasmid carrying the cpcB gene, namely, pETDuet-cpcB, was successfully
constructed. Restriction enzyme digestion and DNA sequencing results showed that the cpcB
gene was correctly inserted into the first multiple cloning sites of pETDuet, and fused in frame
with the short hexahistidine tag sequence at the 5′ end. The final expression vectors, namely,
pETDuet-cpcB-cpcS::ho1::pcyA and pETDuet-cpcB-cpcT::ho1::pcyA, were constructed by our methods.
These vectors harbored pBR322-derived ColE1 replicons and lacI operator sequences for tight control
of expression. Two cassettes of the final expression vectors carried cpcB and the genes encoding the
fused enzymes under the control of separate T7 promoters (Figure 1). The cpcB gene followed by a His
tag was in the first cassette for further purification. Upon analysis, the vectors exhibited the correct
restriction enzyme patterns. Sequencing data showed the correct open reading frames in the correct
orientations for cpcB, cpcS, cpcT, ho1 and pcyA in the vector pETDuet.

138



Molecules 2018, 23, 1369

Figure 1. Schematic representation of the expression vectors pETDuet-cpcB-cpcS::ho1::pcyA (A) and
pETDuet-cpcB-cpcT::ho1::pcyA (B).

2.2. Expression and Purification

After induction with IPTG, the transformants harboring pETDuet-cpcB-cpcS::ho1::pcyA and
pETDuet-cpcB-cpcT::ho1::pcyA exhibited a distinct blue-green color (Figure 2a,b), which implied
that both PCB-CpcB(C-82) and PCB-CpcB(C-153) might be synthesized. The recombinant E. coli
harboring pETDuet-cpcB as a control did not exhibit any color, due to a lack of phycobilin and lyases.
Visualization of the three purified proteins with a purity ratio of 0.45 for PCB-CpcB(C-82) and 0.37 for
PCB-CpcB(C-153) (Table 1) on a Coomassie blue-stained SDS-PAGE gel showed only one distinct band
of 20 kDa, corresponding to the calculated molecular mass of apo-CpcB plus a His tag (Figure 2c).
Covalent binding of the chromophore was confirmed upon exposure to Zn2+ and UV illumination,
which resulted in a fluorescent emission (Figure 2d). The results confirmed the production of apo-CpcB
and the chromophorylated derivatives of apo-CpcB in E. coli.

Figure 2. Color of the cell pellets of transformants harboring pETDuet-cpcB-cpcT::ho1::pcyA (a) or
pETDuet-cpcB-cpcS::ho1::pcyA (b), and analysis of purified recombinant proteins by gradient SDS-PAGE
(c) and chromoprotein Zn2+ electrophoresis (d). (c) Lane 1 shows standard protein makers—the
protein bands correspond to 75, 60, 45, 35, 25, 20 and 15 kDa (from top to bottom); lane 2 shows
PCB-CpcB(C-153); lane 3 shows PCB-CpcB(C-82); lane 4 shows apo-CpcB. (d) The chromoprotein Zn2+

electrophoresis results corresponding to lanes 1–4.
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Table 1. IC50 values representing the hydroxyl and DPPH free radical scavenging capacities of various proteins.a

Recombinant
Proteins

Absorption Fluorescence
Chromophore-Binding

Rate (Amax/A280)

IC50 Values (μg/mL)

Hydroxyl Radical
Scavenging Activity

DPPH Free Radical
Scavenging Activity

apo-CpcB 0 0 0 81.82 ± 0.67 352.93 ± 26.30
PCB-CpcB(C-82) 621 646 0.45 38.72 ± 2.48 201.00 ± 5.86
PCB-CpcB(C-153) 602 629 0.37 51.06 ± 6.74 240.34 ± 4.03
Ascorbic acid – – – – 49.91 ± 0.32

Mannitol – – – 245.72 ± 9.43 –
a The values are presented as the mean ± SEM.

2.3. Absorbance and Fluorescence Spectrometry

Recombinant biliproteins were further analyzed for spectral characteristics of absorption and
emission. The results showed that both biliproteins exhibited unique absorption and fluorescence
spectra in the visible region (Figure 3). PCB-CpcB(C-82) had an absorption maximum at approximately
621 nm and an emission maximum at approximately 646 nm, whereas PCB-CpcB(C-153) exhibited an
absorption maximum at approximately 602 nm, with an emission maximum at approximately 629 nm
(Table 1). The absorption and emission spectra of both biliproteins were similar to those of previously
reported phycocyanins [10]. The recombinant proteins also exhibited a characteristic absorption peak
at approximately 280 nm in the UV region, corresponding to the total protein concentration. The ratio
of the absorption maxima of biliproteins (Aλmax) to the absorption at 280 nm (A280) can reflect the
approximate bilin-binding rate. The results showed that the bilin-binding rate of PCB-CpcB(C-82)
(A621/A280) was 0.45, which was slightly higher than that of PCB-CpcB(C-153) (A602/A280 = 0.37)
(Table 1), indicating that PCB-CpcB(C-82) may have higher antioxidant activity than PCB-CpcB(C-153),
due to high bilin content.

Figure 3. Absorption (A) and fluorescence (B) of the purified recombinant biliproteins PCB-CpcB(C-82)
(dashed line) and PCB-CpcB(C-153) (solid line).

2.4. Antioxidant Activity of Fluorescent Phycocyanin

Different concentrations of recombinant proteins were examined for antioxidant abilities by
two different antioxidant assays, including assays of hydroxyl radical and DPPH radical scavenging
activities. A deoxyribose assay was conducted to study the hydroxyl radical scavenging activity of
apo-CpcB, PCB-CpcB(C-82), and PCB-CpcB(C-153), plus that of mannitol as a control. The result
showed that all recombinant phycocyanins exhibited distinct hydroxyl radical scavenging activity,
and the scavenging rates increased with increasing protein concentration (Figure 4). The recombinant
phycocyanins exhibited higher hydroxyl radical scavenging activity than mannitol (Figure 4A).
Furthermore, the scavenging activity of PCB-CpcB(C-82), with an IC50 value of 38.72 ± 2.48 μg/mL,
was higher than that of PCB-CpcB(C-153), which has an IC50 value of 51.06 ± 6.74 μg/mL (Table 1).
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Apo-CpcB exhibited the lowest activity of the three recombinant proteins, with an IC50 value of
81.82 ± 0.67 μg/mL, but higher activity than previously reported apo-CpcB from Spirulina platensis [22].

Figure 4. (A) Hydroxyl and (B) DPPH free radical scavenging activities of recombinant biliproteins;
(�) PCB-CpcB(C-82); (�) PCB-CpcB(C-153); ( ) apo-CpcB; (�) Mannitol (A) or ascorbic acid
(B) (positive control).

The stable radical DPPH was used for determination of the antioxidant activity of apo-CpcB,
PCB-CpcB(C-82), and PCB-CpcB(C-153), as well as that of ascorbic acid (Vc) as a control. The results
showed that recombinant phycocyanins had DPPH free radical scavenging activity, and this activity
increased with increasing protein concentration. However, the recombinant proteins exhibited
significantly lower DPPH radical scavenging activity than ascorbic acid (Figure 4B). The IC50 values of
PCB-CpcB(C-82), PCB-CpcB(C-153), and apo-CpcB were 201.00 ± 5.86 μg/mL, 240.34 ± 4.03 μg/mL,
and 352.93 ± 26.30 μg/mL, respectively, which were 4~7 times higher than the IC50 value of ascorbic
acid, which was 49.91 ± 0.32 μg/mL (Table 1).

The above results indicated that the three recombinant phycocyanins exhibited distinct scavenging
capacities for both hydroxyl and DPPH radicals. The scavenging activity decreased in the following
order: PCB-CpcB(C-82) > PCB-CpcB(C-153) > apo-CpcB. The antioxidant activity order of these
phycocyanins significantly correlated with the rate of binding of bilin to the phycocyanin. Bilin and
the apoprotein together contribute to the antioxidant properties of phycocyanin.

To detect the inhibition of the cellular oxidative injury by the recombinant biliproteins, the purified
PCB-CpcB(C-82), PCB-CpcB(C-153), and apo-CpcB were respectively added into an E. coli culture
system containing 3 and 6 mM H2O2 at a final concentration of 20 μg/mL. The results are shown in
Figure 5. The addition of H2O2 made the growth of E. coli cells become slower compared to the control
without H2O2, implying that E. coli cells were injured. The addition of the recombinant biliproteins
significantly improves the survival of E. coli cells whether the concentration of H2O2 was 3 (Figure 5A)
or 6 mM (Figure 5B). The inhibitory effect of the three recombinant phycocyanins on the oxidative
injury of E. coli cells decreased in the following order: PCB-CpcB(C-82) > PCB-CpcB(C-153) > apo-CpcB.
This is consistent with the effects of the hydroxyl and DPPH radical scavenging activities.
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Figure 5. Inhibition of the cellular oxidative injury by the recombinant biliproteins (20 μg/mL).
The samples were treated with 3 mM H2O2 (A) and 6 mM H2O2 (B); (�) PCB-CpcB(C-82);
(�) PCB-CpcB(C-153); ( ) apo-CpcB; (�) the control without H2O2 and the recombinant biliproteins;
(�) the control with H2O2, but without the recombinant biliproteins.

3. Discussion

Phycocyanins (PCs) are versatile biliproteins consisting of α and β subunits, and include fluorescent
dyes [23], color additives [24], and antioxidant drugs [25]. Recombinant phycocyanins have received
much attention due to their instability, the time-consuming purification process, the multimeric states
of native phycocyanin, and especially because recombinant phycocyanins could potentially be used as
genetically-encoded red and near-infrared fluorescent probes [26]. However, the multiple transformations
involved in the process of phycocyanin biosynthesis are tedious and unpredictable. Wu et al. previously
proposed a two-plasmid expression system with only two DNA segments to overcome this obstacle [11].
In this study, only one plasmid was needed to produce recombinant β subunits of C-phycocyanin, which
emitted strong red fluorescence similar to that previously reported [11], further simplifying the biosynthesis
of phycocyanin. Culture growth included only one resistant marker, which increased the stability of the
transformants and reduced costs and antibiotic pollution in industrial applications. Guan et al. previously
reported a different one-plasmid method, which employed a typical ribosomal binding site to construct
an expression vector containing five genes [20]. Both one-plasmid methods could improve the rate of
multigene transformation, which would be very important for the biosynthesis of phycocyanin in certain
bacterial, fungal, plant, and animal cells.

Phycocyanin from Spirulina has attracted much attention because of the antioxidant properties and
pharmacological effects of Spirulina. Some recombinant holo- and apophycocyanin α subunits have
been reported to have higher antioxidant activities than the native phycocyanin [18,20]. The β subunits,
which contain two bilin binding sites, are more complex, and might be more promising antioxidative
agents than the α subunits [19]. To date, the antioxidant properties of recombinant fluorescent
phycocyanin β subunits have not been reported, although those of recombinant apo-phycocyanin
β subunits have been confirmed [22]. In this study, the antioxidant capacity of two recombinant
fluorescent phycocyanin β subunits of S. subsalsa was assessed by radical scavenging assays, using
hydroxyl and DPPH radicals, and by the inhibition effect of cellular oxidative injury. Our results
indicated that the fluorescent phycocyanin β subunits had significantly better antioxidant potential
than the apoprotein. The scavenging activity of the fluorescent phycocyanin C82-β subunit toward
hydroxyl and DPPH radicals was 2.5 and 1.7 times higher than that of the apoprotein, respectively, and
the scavenging activity of the fluorescent phycocyanin C153-β subunit was 1.5 and 1.4 times higher than
that of the apoprotein, respectively. Meanwhile, the inhibition of the E. coli cells growth caused by H2O2

can be restored to some extent by the fluorescent phycocyanins β subunits, indicating that they have a
good protective effect on the growth of E. coli cells injured by H2O2. As antioxidants, the fluorescent
phycocyanin β subunits have a strong prospects for application in the food and medical industries.
Moreover, Cherdkiatikul and Suwanwong reported that for both allophycocyanin and c-phycocyanin
of Spirulina, the apo-β subunit possessed higher scavenging activity toward hydroxyl and peroxyl
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radicals than the apo-α subunit [22]. It is believed that the fluorescent phycocyanin β subunits have
better antioxidant properties than the corresponding α subunits, but further confirmation is needed
considering bilin content. In additional, more reactive oxygen or nitrogen species, such as superoxide
anion, peroxynitrite, peroxyl radical, singlet oxygen, hydrogen peroxide, and hypochlorous acid [27]
should be further considered for better assessment of the scavenging properties of the fluorescent
phycocyanin β subunits.

The apoprotein of phycocyanin exhibited potent antioxidant activity, but bilin remained the major
factor that influenced the antioxidative capability of phycocyanin. Our studies suggest that antioxidant
activity increases significantly with chromophorylation of CpcB. Compared with the 153β subunit,
the 82β subunit has a high chromophore binding rate (Amax/A280 = 0.45 vs. 0.37), which contributes
to the strong antioxidant properties of the 82β subunit (IC50 = 38.72 vs. 51.06 μg/mL or 201 vs.
240.34 μg/mL). Moreover, the two fluorescent β subunits also showed stronger inhibition of oxidative
injury to E. coli cells than the apo-protein. It is speculated that the differences in the bilin binding rate
among recombinant phycocyanin β subunits are responsible for the differences in antioxidant activities,
but the antioxidant capabilities may also be associated with exposure levels of the chromophore
embedded in the binding pocket. Nevertheless, it is believed that improved chromophore binding
rates could significantly enhance the antioxidant capability of phycocyanin. The rate of bilin binding to
the apoprotein is associated with various factors, such as expression and culture conditions, host strains
and expression vectors, and characteristics of lyases and apoproteins [28,29]. Furthermore, in addition
to the differences in amino acid sequences, homologs of the α or β subunits may exhibit distinct
bilin-binding abilities. Therefore, it is necessary to assess the antioxidant capabilities of homologous
α or β subunits of phycocyanin from different cyanobacteria, which, in combination with genetic
modification, could further improve the antioxidant activity of phycocyanin.

To increase the bilin content of the recombinant phycocyanin β subunit, we attempted to
simultaneously attach phycocyanobilin to two bilin binding sites of the β subunit in E. coli, in the
presence of the lyases CpcS and CpcT. The fluorescent 82β subunit was obtained instead of the expected
holo-β subunit, which may be due to the relatively low kinetic constants of CpcT compared with
those of CpcS [30]. Future studies should be directed toward synthetizing the phycocyanin holo-β
subunit in vivo or in vitro, and determining the antioxidative potential of this subunit. Notably, the
fluorescent phycocyanin holo-β subunit should be an excellent candidate for antioxidant therapy, due
to the increased bilin-binding capacity of this subunit.

4. Materials and Methods

4.1. Cyanobacterial Cultivation and DNA Extraction

Living alga S. subsalsa FACHB351 was obtained from the Freshwater Algae Culture Collection at the
Institute of Hydrobiology, Chinese Academy of Sciences. The alga was cultured in SP medium at 25 ◦C.
The light intensity was 50 μmol·m−2·s−1, with a 12 h light/12 h dark photoperiod cycle. The filaments were
collected by centrifugation (5000 rpm) at the log phase. The Spirulina genomic DNA was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions.

4.2. Primer Design and PCR Amplification

The cpcB gene was amplified from S. subsalsa FACHB351 genomic DNA by polymerase chain
reaction (PCR). The sequence for the primer design was obtained from the GenBank nucleotide
sequence database (accession no. AY244667). The primers used to amplify the cpcB gene were as
follows: forward primer, 5′-CAC GAG CTC TAT GTT TGA CGC ATT TAC AAG GGT TG-3′; reverse
primer, 5′-TAT AAG CTT TTA GGC AAC AGC AGC AGC AGC G-3′. These primers were synthesized
by Genscript. The resulting product was digested with the restriction enzymes Sac I and Hind III, and
inserted into a Sac I- and Hind III-digested pUC57 cloning vector (Thermo Scientific®, San Jose, CA,
USA), to generate the plasmid pUC57-cpcB, which was then sequenced to verify the integrity of cpcB.
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4.3. Construction of the Expression Vector and Transformation

The cpcB gene of Spirulina was subcloned from pUC57-cpcB into the first expression
cassette of an expression vector, namely, pETDuet (Novagen), yielding the plasmid pETDuet-cpcB.
The plasmids co-expressing the phycobiliprotein lyase, heme oxygenase, and ferredoxin oxidoreductase
(namely, pET30a-cpcS::ho1::pcyA and pET30a-cpcT::ho1::pcyA) were constructed as described by
Wu et al. [11]. The constructs cpcS::ho1::pcyA and cpcT::ho1::pcyA were digested with Nde I and Xho I
and individually inserted into the second expression cassette of the plasmid pETDuet-cpcB, yielding
two expression plasmids, namely, pETDuet-cpcB-cpcS::ho1::pcyA and pETDuet-cpcB-cpcT::ho1::pcyA.
The cpcB gene and the fused gene were located in two different expression cassettes of pETDuet.
Each cassette contained a T7 promoter followed by a ribosome-binding site. The two expression
plasmids were confirmed by restriction enzyme digestion analysis and DNA sequencing, then
the plasmids were individually transformed into E. coli BL21 (DE3) cells, according to standard
procedures. The plasmid pETDuet-cpcB, as a control, was also transformed into E. coli BL21 (DE3) cells.
Transformants were selected with ampicillin.

4.4. Protein Expression and Purification

Transformed E. coli containing the constructed plasmids were cultured at 37 ◦C in Luria-Bertani
(LB) medium, supplemented with ampicillin (100 μg/mL), until the optical density at 600 nm
(OD600) was 0.5. Production of fluorescent biliprotein was induced by the addition of 1 mM
isopropyl-β-D-thiogalactoside (IPTG). Cells were incubated with shaking at 150 rpm at 18 ◦C for
12 h in the dark. The cells were centrifuged at 9200× g for 5 min at 4 ◦C. Cell pellets were rinsed
twice with distilled water and then re-suspended in ice-cold potassium phosphate buffer (KPB; 20 mM,
pH 7.4) containing 0.5 M NaCl, and sonicated for 4 min at 200 W (JY92, SCIENTZ Biotechnology,
Ningbo, China). The suspension was centrifuged via Ni2+-affinity chromatography on chelating
Sepharose (Amersham Biosciences, Uppsala, Sweden) equilibrated with KPB containing 0.5 M NaCl.
The proteins remaining on the column were eluted with the saline KPB, which also contained imidazole
(0.5 M). After collection, the protein sample was dialyzed against the saline KPB overnight at 4 ◦C
in the dark. The protein concentration was measured using the BCA Protein Assay Reagent Kit
(Thermo Scientific, Waltham, MA, USA). The purified proteins were stored at −20 ◦C until further use.

4.5. Electrophoretic Analysis

The protein samples were analyzed by polyacrylamide gel electrophoresis in the presence of SDS.
The SDS-PAGE gel was composed of a 10% separation gel and 5% stacking gel. The samples were boiled
with 2× SDS sample buffer containing 30 mM β-mercaptoethanol for 5 min. The purified proteins were
visualized by staining with Coomassie blue, and bilins were identified by Zn2+-induced fluorescence.

4.6. Spectral Analyses

Absorbance spectra were obtained on a Perkin Elmer Lambda 365 spectrophotometer.
Fluorescence spectra were recorded at room temperature with a model LS 55 spectrofluorimeter
(Perkin Elmer, Waltham, MA, USA). Excitation and emission slits were set at 10 nm for all
measurements, with a scanning speed of 1200 nm/min.

4.7. Determination of Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging ability of fluorescent phycocyanin was estimated by the
deoxyribose assay. This method was performed as previously described by Bermejo et al. [31] and
Cherdkiatikul and Suwanwong [22], with minor modifications. The reaction mixture contained 20 mM
KPB (pH 7.4), 2.8 mM deoxyribose, 100 μM FeCl3, 100 μM EDTA, 1 mM H2O2, 100 μM ascorbic
acid, and the test sample (50, 100, 150, 200, or 250 μg/mL). Solutions of FeCl3 and ascorbic acid were
prepared immediately before use in de-aerated water and were mixed prior to addition into the reaction
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mixture. The reaction mixture (total of 500 μL) was incubated for 30 min at 37 ◦C. After incubation, the
color was developed by adding 250 μL of thiobarbituric acid (1% w/v in 50 mM KOH) and 250 μL of
trichloroacetic acid (2.8% w/v in deionized water), and heating the mixture in a boiling water bath
for 15 min. The sample was then allowed to cool and diluted twofold with 20 mM KPB (pH 7.4).
The absorbance was measured at 532 nm. KPB was the negative control. Mannitol, a classic hydroxyl
radical scavenger, was used as a positive control. The hydroxyl radical scavenging activity was
calculated using the following formula:

Hydroxyl radical scavenging activity (%) = [(A0 − A1)/A0] × 100

where A0 is the absorbance of the negative control, and A1 is the absorbance of the sample or the
positive control. The IC50 (defined as the sample concentration at which 50% of the hydroxyl radicals
were scavenged) was calculated for each sample.

4.8. Determination of DPPH Free Radical Scavenging Activity

The DPPH radical scavenging activity of fluorescent phycocyanin was tested according to the
method of Xu et al. [32], with some modifications. The purified recombinant protein was diluted
with KPB to 50, 100, 150, 200, and 250 μg/mL. Two milliliters of each dilution was added to a series
of cuvettes following the addition of 500 μL of and ethanolic solution of DPPH (0.02%) and 1 mL of
ethanol. The mixtures were gently mixed and incubated for 1 h at room temperature. The absorbance
at 517 nm was measured after incubation. KPB was the negative control, and ascorbic acid was used as
a positive control. DPPH radical scavenging activities were calculated by using the following formula:

DPPH radical scavenging activity (%) = [(A0 − A1 + A2)/A0] × 100

where A0 is the absorbance of the negative control; A1 is the absorbance of the test sample and the
positive control; and A2 is the absorbance of the blank, without DPPH.

4.9. Inhibition of the Cellular Oxidative Injury by the Recombinant Biliproteins

Inhibition of the cellular oxidative injury by the recombinant biliproteins was performed as
previously described by Yu et al. [21], with some modifications. E. coli BL21 (DE3) were grown
overnight at 37 ◦C in 5 mL LB media. Aliquots of E. coli broths were separately transferred into five
tubes pre-equipped with a 5 ml LB medium until OD600 = 0.1. The recombinant biliproteins were
respectively added to the above three tubes at a final concentration of 20 μg/mL. A solution of 30%
H2O2 was added to the above tubes, at a final concentration of 3 or 6 mM. The E. coli BL21 (DE3) cells
without H2O2 and with H2O2 but without the recombinant phycocyanins were used as the control
group. The E. coli BL21 (DE3) cells were cultured at 100 rpm for 7 h at 37 ◦C, and then the absorbance
at 600 nm was determined every other hour. The growth curves of E. coli BL21 (DE3) cells were plotted
to determine the inhibition of E. coli cells oxidative injury.

4.10. Statistics and Data Processing

All experiments were repeated at least three times. Data are presented as the mean ± SEM.
The difference was considered statistically significant when p < 0.05. Statistical analysis was performed
with SPSS (SPSS 17 for Windows, SPSS Inc., Chicago, IL, USA), using the IC50 values that were calculated.

5. Conclusions

We have cloned the cpcB gene encoding the phycocyanin β subunit from S. subsalsa FACHB351 and
achieved the biosynthesis of two fluorescent phycocyanin β subunits, namely, PCB-CpcB(C-82) and
PCB-CpcB(C-153), in E. coli with a one-plasmid method. The recombinant biliproteins exhibited
significantly stronger scavenging activity toward hydroxyl and DPPH free radicals, and a stronger
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inhibitory effect on oxidative injury to E. coli cells than the recombinant apo-CpcB, due to covalent binding
of the bilin chromophore to the apoprotein. The recombinant fluorescent phycocyanin β subunits possess
high antioxidant capacities, and have potential applications in the food and pharmaceutical industries.
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Abstract: Synthesis of the sex pheromone of the tea tussock moth in 33% overall yield over 10
steps was achieved. Moreover, the chiral pool concept was applied in the asymmetric synthesis.
The synthesis used a chemical available on a large-scale from recycling of wastewater from the steroid
industry. The carbon skeleton was constructed using the C4+C5+C8 strategy. Based on this strategy,
the original chiral center was totally retained.

Keywords: insect sex pheromone; tea tussock moth; total synthesis; resource chemistry

1. Introduction

Today, safer agricultural produce demands that farming procedures be performed in a greener
way. In this context, integrated pest management (IPM) is proposed, which is a broad-based approach
that integrates practices for the economic control of pests. Among them, using low-dose pheromones
to control pest has been accepted by more and more agricutural providers. In East Asia, a kind
of pest called tea tussock moth (Euproctis pseudoconspersa) causes huge destruction in tea orchids.
The bit leaves may fall off and decrease the gross product. If this kind of pest was controlled by
pheromone, the tea leaves could be provided better than before. The main component of the moth’s sex
pheromone was first reported by Wakamura as 10,14-dimethyl-l-pentadecyl isobutyrate [1,2]. Then,
a field attraction attempt was tested using crude extract from females and synthetic pheromones [3],
and the result revealed that both S and R configurations have similar luring activities. As continuation
of our interest in green agrochemicals [4–7], a synthesis of insect pheromone 1 based on a resource
chemistry strategy was envisioned. As a matter of fact, there are several synthetic approaches to this
compound in the literature. Ichikawa [8] and Zhao [2] synthesized the tussock moth pheromone (R)-1
from (S)-citronellol or its corresponding bromide. Very recently, a synthesis of tussock pheromone
based on a protective-group-free strategy [9] has been reported by our group, in which the Evans’
template was adopted to control the chirality.

Some 4000 tons of sapogenin are produced every year by the Chinese steroid industry. If a
new H2O2 oxidation procedure were to be applied to pregna-16,20-diol, a large quantity of
(5S)-3-hydroxy-5-methyltetrahydro-2H-pyran-2-one (2) could become available, and 1000 tons of
chiral material could be recycled. Tian et al. developed a toolkit of chiral building blocks from
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this resource chemical [10] and used it to achieve several syntheses of natural compounds [6,11–13].
He coined the term “resource chemical”, which refers to large-scale and useful substances. Herein,
we discuss the synthesis of the pheromone of the tea tussock moth based on this resource chemical.

2. Results and Discussions

As Scheme 1 shows, the retrosynthesis was based on two Julia coupling reactions, namely a
C4+C5+C8 strategy. The left hand C4 synthon was easily obtained, and the right C8 subunit was
a protected aldehyde 3. The middle unit can be derived from a chiral methyl aldehyde, which is a
large-scale resource chemical derivative.

 

Scheme 1. Retrosynthesis of compound 1 based on Julia olefination and a resource-chemical.

As Scheme 2 shows, the synthesis commenced from chiral lactone 2 which was
ring-opened [14,15] under basic conditions and subjected to selective benzylation to give compound 4.
In practice it proved laborious to purify the very polar hydroxyacid, so it was used directly without
further purification. To reduce the carboxylic acid effectively, the ethyl ester 5 could be obtained
in 75% yield for two steps under acid-catalyzed esterification conditions [11], but according to the
1H-NMR and 13C-NMR spectra (supplementary material), it could be observed that the hydroxyl
group in the 2-position was partially epimerized. We suspect this resulted from the basic conditions
used. We could observe some small peaks and high peaks with a height ratio of c.a. 1:3. Fortunately,
the chirality of the desired methyl group didn’t matter. The subsequent reduction by LiAlH4 gave the
vicinal diol 6 in 80% yield, which is a good substrate for an aldehyde. Therefore, the chiral aldehyde
(R)-4-(benzyloxy)-3-methylbutanal 7 could be produced in 93% yield after a conventional oxidative
diol cleavage using NaIO4 in aqueous solvent. Several preparation methods of compound 7 that can
be found in the literature. Aside from Wei’s route [11], the rest require more chemical operations [16],
an expensive chiral auxiliary such as the Evans template [17–19] or poisonous cyanide [20]. The e.e.
was determined by comparison of the optical rotation value [α]D

25 + 10.6 (c 0.7, CHCl3); lit. [17]
[α]D

20 + 10.4 (c 0.7, CHCl3). Next, at −78–−50 ◦C, a Julia-Kocienski reaction was performed between
5-(isobutylsulfonyl)-1-phenyl-1H-tetrazole (8), which was prepared according to the literature [21] and
the chiral aldehyde 7, affording the coupling product 9 in 87% yield (E/Z ratio of 1:1). The subsequent
hydrogenation of the C=C double bond and removal of the benzyl protecting group was achieved
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in one-pot in 86% yield. (R)-2,6-dimethylheptan-1-ol (10) was converted into a Julia sulfone reagent
12 through the Mitsunobu protocol [22], followed by an oxidative reaction (83% and 99% yield,
respectively). A Julia-Lythgoe reaction between aldehyde 3 and sulfone 12 gave the corresponding
alkene product 13 in 79% yield with an E/Z ratio of 2:1. To prevent the isomerization and racemization
of the chiral center, alkene 13 was subjected to Pt/C catalytic hydrogenation [23], giving (S)-1 in 99%
yield. All the analytic data for synthetic compound 1 are in accordance with that reported in the
literature [8,9].

Scheme 2. Synthesis of (S)-1 through a double Julia approach.

As Scheme 3 shows, similar to the literature [9], octane-1,8-diol was esterified selectively with
70% yield using a stoichiometric amount of isobutyric acid at presence of catalytic sulfuric acid in
toluene [24]. Then, a pyridinium chlorochromate (PCC) [25] oxidation was applied, and the aldehyde
3 was produced in 90% yield (Scheme 3).

 

Scheme 3. Synthesis of compound 3.
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3. Experimental Section

3.1. General Methods

THF was distilled from sodium/benzophenone and CH2Cl2 was distilled from CaH2 before use.
Reactions were monitored by thin-layer chromatography (TLC) on glass plates coated with silica gel with
fluorescent indicator. Flash chromatography was performed on silica gel (200–300) with petroleum/EtOAc
as the eluent. Optical rotations were measured on a polarimeter with a sodium lamp. HRMS spectra were
measured on a LCMS-IT-TOF or LTQ-Orbitrap-XL apparatus. IR spectra were recorded using a Fourier
transform infrared spectrometer. NMR spectra were recorded on a AC-500 MHz instrument (Bruker,
Madison, WI, USA). Chemical shifts were reported in δ (ppm) and referenced to an internal TMS standard
for 1H-NMR and CDCl3 (77.16 ppm) for 13C- NMR (Supplementary material).

3.2. Ethyl (4R)-5-(Benzyloxy)-2-Hydroxy-4-Methylpentanoate (5)

The raw material 2 was obtained from the Pharmaceutical Factory of Shaanxi Academy of Science,
Yangling, China as a strong basic, aqueous solution. If the water was removed, a large-scale raw
(70–75% purity) brown solid could be obtained. In this paper, this solution was acidified to pH = 1,
filtered, and the filtrate was extracted with ethyl acetate to afford crude 2. Compound 2 was purified
through column chromatography. Because the straight separation of 2 from proved laborious, the raw
lactone 2 was used directly sometimes to save time.

To purified lactone 2 (6.5 g, 50 mmol), toluene (100 mL) and powdered NaOH (8 g, 200 mmol)
were added. After the mixture was refluxed for 6 h, at the same time, the produced water was removed
through a Dean-Stark trap, and then BnCl (15.8 g, 125 mmol) was added in 3–5 batches, and the
reaction mixture was allowed to react for another 12 h. Then, water (100 mL) was added, and the
aqueous phase was extracted with Et2O (70 mL × 3). The organic phases were discarded, and the
aqueous phase was acidified with concentrated hydrochloric acid to pH = 1. The resulting aqueous
phase was extracted with EtOAc (70 mL × 3), and the combined organic layers were dried over MgSO4,
filtered, and concentrated to give the crude acid without further purification. The above crude acid
was dissolved in EtOH (150 mL), and then H2SO4 (5.00 mL, 98%) was added dropwise. After the
mixture was refluxed for 4 h, it was monitored by TLC. Then, the reaction was dispensed into EtOAc
(250 mL), and washed with water, saturated NaHCO3, and brine. The solvent was evaporated, and
the residue was purified through column chromatography to give the ester 5 with partly epimerized
hydroxyl group 8.9 g as a yellowish oil. IR (film) νmax 3450, 2958, 2851, 2359, 1737, 1458, 1211, 1092,
740, 701 cm−1; 1H-NMR (500 MHz, CDCl3) δ 7.33–7.37 (m, 5H), 4.22−4.35 (m, 3H), 3.30−3.40 (m, 1H),
3.31−3.38 (m, 2H), 2.04−2.14 (m, 1H), 1.62−1.77 (m, 2H), 1.29 (t, J = 7.1 Hz, 2H), 1.05 (d, J = 6.8 Hz, 3H);
13C-NMR (125 MHz, CDCl3) δ 175.4, 138.2, 130.2, 128.4, 127.6, 75.8, 73.1, 69.3, 61.5 39.3, 30.6, 16.8, 14.2.

3.3. (R)-4-(Benzyloxy)-3-Methylbutanal (7)

To a suspension of LAH (1.11 g, 30.0 mmol) in THF (45 mL), a solution of ester 5 (5.2 g, 19.5 mmol)
in THF (10 mL) was added dropwise in an ice bath. The reaction mixture was warmed to r.t after being
stirred for 3 h, followed by another stirring for 10 h. The resulting mixture was carefully quenched
with water (1 mL) and aqueous NaOH (5%, 2 mL), and the precipitated salt was filtered. The cake
was washed with THF (30 mL), combined with the filtrate, and concentrated to give the crude diol
without further purification. From the crude NMR, we could see there were two diastereomers in ca
1:3. At 0 ◦C, to diol 6 (1.2g 5 mmol) in water (20 mL), sulfuric acid was added to pH = 6. Then NaIO4

(1.6 g, 7.5 mmol) was added portionwise and the resulting mixture was stirred for 1.5 h. After the
reaction was complete, the mixture was extracted with Et2O (30 mL × 3), and the combined organic
layers were washed with brine. The extract was dried, filtrated, and concentrated to give the aldehyde
7 as a colorless oil with 87% yield in two steps. [α]D

25 +10.6 (c 0.7, CHCl3); 1H-NMR (500 MHz, CDCl3)
δ: 9.80 (t, 1H, J = 3.2Hz), 7.32–7.41 (m, 5H), 4.53 (s, 2H), 3.42 (dd, J = 9.1, 5.2 Hz, 1H), 3.26 (dd, J = 9.1,
7.7 Hz, 1H), 2.56 (ddd, J = 16.2, 6.3, 2.3 Hz, 1H), 2.30–2.44 (m, 1H), 2.28 (ddd, J = 16.2, 7.0, 2.1 Hz, 1H),
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0.99 (d, J = 6.8 Hz, 3H); 13C-NMR (125 MHz, CDCl3) δ: 202.4, 138.3, 128.4, 127.6, 127.6, 74.9, 73.1, 48.5,
29.2, 17.1.

3.4. (2R)-(((2,6-Dimethylhept-4-en-1-yl)oxy)Methyl)Benzene (9)

To a stirred solution of compound 8 (2.4 g, 8.9 mmol) in THF (30.0 mL) at –78 ◦C under argon,
NaHMDS (2.0 M in THF, 5.60 mL, 11.3 mmol) was added dropwise. After 30 min, a solution of
compound 7 (1.4 g, 7.26mmol) in THF (10.0 mL) was added dropwise. Upon stirring at −78 ◦C for
2 h, the reaction was warmed to −50 ◦C overnight. After the reaction was quenched with saturated
aqueous NH4Cl at −50 ◦C, it was extracted with ethyl acetate, washed with brine, dried over anhydrous
Na2SO4, concentrated, and purified by flash chromatography on silica gel (hexanes: ethyl acetate =
20:1) to give E/Z ca. 1:1 mixture of compound 9 as a pale-yellow oil (1.9 g, 87%). [α]D

25 + 1.32 (c 2.5,
CHCl3). 1H-NMR (500 MHz, CDCl3) δ 7.34–7.25 (m, 5H), 5.37–5.22 (m, 2H), 4.5 (d, J = 2.5 Hz, 2H),
3.36–3.23 (m, 2H), 2.6–2.11 (m, 2H), 1.96–1.79 (m, 2H), 0.96–0.9 (m, 9H); 13C-NMR (125 MHz, CDCl3) δ
139.4, 138.7, 128.3, 127.6, 127.6, 127.4, 125.2, 124.8, 75.5, 75.4, 73.0, 73.0, 36.6, 34.0, 33.8, 31.3, 31.1, 26.4,
23.1, 23.1, 22.7, 22.7, 17.0, 16.8.

3.5. (R)-2,6-dimethylheptan-1-ol (10)

To a solution of ether 9 (1.6 g, 6.89 mmol) in methanol (50 mL), Pd/C (10%, 0.3 g) was added and
the atmosphere was exchanged with H2. The reaction mixture was stirred for 24 h and monitored by
TLC. After completion, the catalyst was filtered through a Celite pad, and the filtrate was evaporated,
giving compound 10 after flash column purification as a pale-yellow oil (0.85 g, 86%). [α]D

25 + 4.68 (c
2.4, CHCl3). 1H-NMR (500 MHz, CDCl3) δ 3.53-3.49 (m, 1H), 3.44-3.39 (m, 1H), 1.61 (s, 1H), 1.56–1.51
(m, 1H), 1.36–1.08 (m, 7H), 0.92 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.4 Hz, 6H); 13C-NMR (125 MHz, CDCl3)
δ 68.4, 35.8, 33.4, 27.9, 24.7, 22.7, 22.6, 16.6.

3.6. (R)-2-((2,6-Dimethylheptyl)thio)Benzo[d]Thiazole (11)

Under argon, to a flask with (R)-2,6-dimethylheptan-1-ol 10 (0.7 g, 4.85mmol), THF (25 mL),
benzo[d]thiazole-2-thiol (1.0 g, 6.0 mmol), and TPP (1.5 g, 6.0 mmol) were added. To this mixture,
DIAD (1.1 mL, 6.0mmol) was added dropwise at 0 ◦C. After the reaction was completed, the volatile
was evaporated, and the residue was purified through column chromatography to give compound 11

(1.2 g, 83% yield). [α]D
25 –3.63 (c 3.1, CHCl3). 1H-NMR (500 MHz, CDCl3) δ 7.9 (d, J = 8.1 Hz, 1H), 7.79

(d, J = 8 Hz, 1H), 7.45 (t, J = 7.3 Hz, 1H), 7.33 (t, J = 7.3 Hz, 1H), 3.48–3.22 (m, 2H), 2.01–1.95 (m, 1H),
1.6–1.3 (m, 5H), 1.24–1.2 (m, 2H), 1.12 (d, J = 6.7Hz, 3H), 0.92 (d, J = 6.6 Hz, 6H); 13C-NMR (125 MHz,
CDCl3) δ 167.79, 153.38, 135.19, 126.0, 124.09, 121.45, 120.91, 40.78, 39.06, 36.35, 33.3, 27.95, 24.69, 22.71,
22.6, 19.4. HRMS (ESI) m/z calcd. for C16H24NO2S2

+ (M + H)+: 326.1248, found 326.1245.

3.7. (R)-2-((2,6-Dimethylheptyl)Sulfonyl)Benzo[d]Thiazole (12)

To a solution of compound 11 (1.0 g, 3.61mmol) in CH2Cl2 (35 mL), mCPBA (4.7 g, 70%, 5.6 eq)
was added, and the reaction mixture was stirred for 12 h at r.t. Then, saturated Na2S2O3 was added
to quench the reaction, and the reaction was neutralized using saturated Na2CO3 and extracted with
CH2Cl2. The combined organic layers were washed with brine, and the extract was dried over MgSO4,
filtrated, and concentrated to give compound 12 as a colorless oil with 99% yield. [α]D

25 − 2.99 (c 2.6,
CHCl3). 1H-NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 7.6 Hz, 1H), 7.66–7.58 (m,
2H), 3.56 (dd, J = 14.3, 4.7 Hz, 1H), 3.35 (dd, J = 14.3, 8.0 Hz, 1H), 2.31–2.25 (m, 1H), 1.49–1.43 (m, 2H),
1.34–1.25 (m, 3H), 1.14 (d, J = 6.7 Hz, 3H), 1.11–1.06 (m, 2H), 0.82(d, J = 6.5, 3H), 0.81(d, J = 6.5 Hz, 3H);
13C-NMR (125 MHz, CDCl3) δ 166.83, 152.76, 136.79, 127.98, 127.64, 125.46, 122.37, 60.83, 38.7, 36.89,
28.57, 27.84, 24.08, 22.57, 22.49, 19.91. HRMS (ESI) m/z calcd. for C16H24NO2S2

+ (M + H)+: 326.1248,
found 326.1245.
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3.8. 8-Hydroxyoctyl Isobutyrate 15

To a solution of octane-1,8-diol (7.3 g, 50 mmol) and isobutyric acid (4.2 g, 48 mmol) in toluene
(100 mL), four drops of concentrated sulfuric acid were added, and the reaction mixture was warmed
to 75 ◦C for 20 h. The reaction mixture was diluted using ethyl acetate (200 mL) and washed with
water, NaHCO3, and brine, then dried over MgSO4. The solvent was evaporated, and the residue was
purified through column chromatography to give compound 15 (8.8 g, 85%) as a colorless oil. 1H-
NMR (500 MHz, CDCl3) δ 4.04 (t, J = 6.7 Hz, 2H), 3.62 (t, J = 6.6 Hz, 2H), 2.55–2.49 (m, 1H), 2.03 (s, 1H),
1.62–1.52 (m, 4H), 1.32 (s, 8H), 1.15 (d, J = 7.0 Hz, 6H); 13C-NMR (125 MHz, CDCl3) δ 177.26, 64.31,
62.93, 34.02, 32.70, 29.24, 29.15, 28.59, 25.79, 25.62, 18.97.

3.9. 8-Oxo-Octyl Isobutyrate (3)

To a solution of 8-hydroxyoctyl isobutyrate 15 (2.8 g, 13 mmol) in CH2Cl2 (30 mL), silica gel
(200 mesh, 2 g) and PCC (4.2 g, 19.5 mmol) were added. The above reaction mixture was stirred
overnight, followed by the addition of ether (50 mL). Then, the solution of crude aldehyde was
decanted and purified through flash column chromatography to give 8-oxooctyl isobutyrate 3 (2.6 g,
94%) as a colorless oil. 1H-NMR (500 MHz, CDCl3) δ 9.76 (t, J = 1.8 Hz, 1H), 4.05 (t, J = 6.7 Hz, 2H),
2.56–2.50 (m, 1H), 2.42 (td, J = 1.7, 7.3 Hz, 2H), 1.64–1.61 (m, 4H), 1.34 (s, 6H), 1.15 (d, J = 7.0 Hz, 6H);
13C-NMR (125 MHz, CDCl3) δ 202.69, 177.22, 64.22, 43.83, 34.02, 29.0, 28.95, 28.55, 25.69, 21.94, 18.99.

3.10. (R)-10,14-Dimethylpentadec-8-en-1-yl Isobutyrate (13)

Under argon, NaHMDS (1.6 mL, 2.0 M in THF, 3.2 mmol) was added dropwise to a solution of
compound 12 (0.8 g, 2.5 mmol) in anhydrous THF (25 mL) at –78 ◦C. After half an hour, 8-oxooctyl
isobutyrate 3 (0.7 g, 3.3 mmol) in THF (10 mL) was added. The reaction mixture was stirred under
the same temperature for 3 h, followed by stirring for another 12 h at –50 ◦C. After the reaction was
quenched with saturated aqueous NH4Cl at –50 ◦C, it was extracted with ethyl acetate, washed with
brine, dried over anhydrous Na2SO4, concentrated, and purified by flash chromatography on silica
gel (hexanes: ethyl acetate = 30:1) to give compound 13 as a pale-yellow oil (0.6 g, 79%). [α]D

25 + 3.06
(c 2.5, CHCl3). 1H-NMR (500 MHz, CDCl3) δ 7.33–7.25 (m, 5H), 5.36–5.08 (m, 2H), 4.49–4.44 (m, 2H),
4.06–4.03 (m, 2H), 3.49–3.39 (m, 2H), 2.65–2.5 (m, 2H), 2.07–1.93 (m, 2H), 1.7–1.43 (m, 4H), 1.3 (s, 8H),
1.16 (d, J = 7.0 Hz, 6H), 0.98–0.95 (m, 3H); 13C-NMR (125 MHz, CDCl3) δ 177.25, 138.76, 138.73, 135.53,
129.05, 128.34, 127.66, 127.61, 127.47, 72.99, 68.82, 64.4, 37.28, 34.08, 29.85, 29.25, 29.19, 28.68, 28.61,
27.43, 25.93, 25.9, 21.51, 19.05.

3.11. (S)-10,14-Dimethylpentadecyl Isobutyrate (1)

To a solution of compound 13 (0.3 g, 9.3 mmol) in ethanol (15 mL), Pt/C (10%, 6 mg) was added
and the atmosphere was exchanged with H2. The reaction mixture was then stirred for 24 h and
monitored by TLC. After completion, the catalyst was filtered through a Celite pad, and the filtrate was
evaporated. The residue was purified by flash chromatography on silica gel (PE/EA = 30:1) to give
compound 1 (0.28 g, 93%) as a colorless oil: [α]D

25 − 0.28 (c 2.4, CHCl3). 1H-NMR (500 MHz, CDCl3) δ
4.05 (t, J = 6.8 Hz, 2H), 2.56–2.5 (m, 1H), 1.65–1.59 (m, 2H), 1.55–1.5 (m, 1H), 1.36–1.19 (m, 17H), 1.16 (d,
J = 7.1 Hz, 6H), 1.15–1.04 (m, 4H), 0.85 (dd, J = 6.7, 13.2 Hz, 9H); 13C-NMR (500 MHz, CDCl3) δ 177.26,
64.42, 39.4, 37.34, 37.12, 34.08, 32.79, 30.0, 29.62, 29.55, 29.27, 28.68, 28.00, 27.09, 25.93, 24.82, 22.73, 22.64,
19.73, 19.03. HRMS (ESI) m/z calcd. for C21H43O2

+ (M + H)+: 327.32576, found 327.32599.

4. Conclusions

Based on a chiral pool strategy, an efficient synthesis of (S)-10,14-dimethylpentadecyl isobutyrate,
the sex pheromone of the tea tussock moth, was achieved. The longest linear synthetic step was 10
steps, and the overall yield was 33%. The key step was accomplished by a double Julia coupling. This
synthesis will be helpful in research involving the differences between the biological effects of R-1
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and S-1. The scale-up and evaluation of the biological activities of the sex pheromone is currently
under investigation.
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Abstract: Triterpenoids are natural compounds synthesized by plants through cyclization of squalene,
known for their weak anti-inflammatory activity. 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid
(CDDO), and its C28 modified derivative, methyl-ester (CDDO-Me, also known as bardoxolone
methyl), are two synthetic derivatives of oleanolic acid, synthesized more than 20 years ago, in an
attempt to enhance the anti-inflammatory behavior of the natural compound. These molecules have
been extensively investigated for their strong ability to exert antiproliferative, antiangiogenic, and
antimetastatic activities, and to induce apoptosis and differentiation in cancer cells. Here, we discuss
the chemical properties of natural triterpenoids, the pathways of synthesis and the biological effects of
CDDO and its derivative CDDO-Me. At nanomolar doses, CDDO and CDDO-Me have been shown to
protect cells and tissues from oxidative stress by increasing the transcriptional activity of the nuclear
factor (erythroid-derived 2)-like 2 (Nrf2). At doses higher than 100 nM, CDDO and CDDO-Me are
able to modulate the differentiation of a variety of cell types, both tumor cell lines or primary culture
cell, while at micromolar doses these compounds exert an anticancer effect in multiple manners; by
inducing extrinsic or intrinsic apoptotic pathways, or autophagic cell death, by inhibiting telomerase
activity, by disrupting mitochondrial functions through Lon protease inhibition, and by blocking
the deubiquitylating enzyme USP7. CDDO-Me demonstrated its efficacy as anticancer drugs in
different mouse models, and versus several types of cancer. Several clinical trials have been started
in humans for evaluating CDDO-Me efficacy as anticancer and anti-inflammatory drug; despite
promising results, significant increase in heart failure events represented an obstacle for the clinical
use of CDDO-Me.

Keywords: triterpenoids; bardoxolone methyl; anticancer drug; mitochondria

1. Introduction

Triterpenoids are natural compounds synthesized by plants through cyclization of squalene
and represent one of the most numerous and diverse group of secondary metabolites, ubiquitously
distributed in the plant kingdom [1]. So far, more than 20,000 natural triterpenoids are known [2],
predominantly found in several medicinal plants, in wax-like coatings of various fruits such as apples,
and in herbs including rosemary, oregano, and thyme [3–5]. The biological significance of these
molecules is not completely clear: if the antibacterial and antifungal properties of some of them, such
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as oleananes, can explain their accumulation in fruits, most of these compounds present in plants are
not toxic for herbivores or omnivores, and so have no obvious deterrent effect.

For centuries, extracts containing triterpenoids—which resemble steroids in chemical
structure—have been used in Asian countries for medical purposes, as antibacterial, antifungal,
antiviral, anti-inflammatory, antioxidant, antidiabetic, and hepato- and cardio-protective agents [3].
Oleanolic acid, one of these naturally-occurring triterpenoids, has a mild anti-inflammatory
effect and a weak antitumorigenic activity [6–8]. However, most of the natural triterpenoids,
including oleanolic acid, display their pharmacological activity at high concentration, up to
40 uM [9–11]. In an attempt to improve and enhance the biological activity of natural triterpenoids,
a series of chemical modifications have been introduced to the structure of the molecules, and
synthetic triterpenoids derived from oleanolic acid and ursolic acid have been obtained that
exhibit optimized bioactivity such as potent anti-inflammatory and antitumorigenic activities [12].
In particular, 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO), and its C28 modified
derivatives, methyl-ester (CDDO-Me, also known as bardoxolone methyl), and imidazole (CDDO-Im)
have been extensively investigated for their strong antiproliferative, antiangiogenic, antimetastatic
activities, and for their capability to induce apoptosis and differentiation in cancer cells. Here, we
discuss the chemical properties of natural triterpenoids, the pathways of synthesis and the biological
effects of CDDO and its derivative CDDO-Me.

2. Chemical Properties and Synthesis Pathways of Triterpenoids

Triterpenoids present a carbon skeleton containing six isoprene units, which are derived from the
acyclic C30 hydrocarbon squalene, an important precursor for synthesis of all plant and animal sterols,
including cholesterol and steroid hormones in humans.

In plants, terpenoids share a common biosynthetic origin: all terpenoids derive from
the repetitive fusion of isoprene (C5H8) units, and the number of isoprene units determines
their classification. First, an isopentenyl pyrophosphate (IPP) is generated by the mevalonate
(MVA)/3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) pathway or the 2-C-methyl-d-erythritol
4-phosphate (MEP)/1-deoxy-d-xylulose 5-phosphate (DOXP)/non-MVA pathway. Then, the IPP is
isomerized to dimethylallyl pyrophosphate (DMAPP), and the condensation of IPP and DMAPP units,
catalyzed by specific prenyltransferases, forms prenylated pyrophosphates, the precursors of different
terpenoid classes. Terpenoid synthases modify these precursors to terpenoid skeletons [13], which
are further modified to different terpenoids [14]. Synthesis of triterpenoids is obtained through a
condensation of two IPP units with a DMAPP unit, which generates the C15 farnesyl pyrophosphate
(FPP). Two FPP are fused ‘head-to-head’ to generate squalene, the linear C30 precursor of triterpenoids.
Then, squalene is epoxidized to 2,3-oxidosqualene [15] and cyclized to tetra- or pentacyclic structures
by specific oxidosqualene cyclases (Figure 1). Oleanolic acid, one of these pentacyclic triterpenoids, is
the precursor of several synthetic or semisynthetic compounds, including CDDO, CDDO-Me, and
CDDO-Im [1].
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Figure 1. Synthesis pathway in plants and structure of oleanolic acid. See text for details. Abbreviations:
DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; FPP, farnesyl pyrophosphate;
FPS, farnesyl pyrophosphate synthase; SQS, squalene synthase; SQE, squalene epoxidase: BAS,
β-amyrin synthase; CYP716, P450 enzymes belonging to CP71 group (CP716A12, CP716A15, CP716A17,
CP716AL1). Enzyme names are in blue.

Total synthesis of naturally occurring pentacyclic triterpenes, which have at least eight chiral
centers, and in particular of oleanolic acid, has been at the center of intense research activity for decades.
The first enantioselective total synthesis of oleanolic acid was reported in 1993 [16]. Oleanolic acid
derivatives were firstly synthesized in 1998, in an attempt to identify new inhibitors of nitric oxide
(NO) production in macrophages [17]. Honda et al. randomly modified the structure of oleanolic
acid and obtained about 60 compounds, which were tested in vitro as inhibitors of the production of
NO induced by IFN-γ. Several compounds showed significant inhibitory activity and one of them
(3,12-dioxoolean-1,9-dien-28-oic acid) displayed the highest activity (IC50 = 7 μM) [17]. In a following
study, the same research group reported the synthesis of a much more potent compound, named
CDDO, whose inhibitory activity was comparable to that of dexamethasone [18]. A further efficient
and multi-gram level synthesis procedure of CDDO-Me was described in 2013 [19]. The synthesis
pathway of CDDO, as described in [18] is illustrated in the Figure 2A; Figure 2B shows the structure of
CDDO and of its methyl derivative, CDDO-Me.
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Figure 2. Structures and synthesis of CDDO and CDDO-Me, two synthetic derivatives of oleanolic
acid. (A) Synthesis pathway of CDDO, as described by Honda et al. [18]. Compound 2 was obtained
from the already known compound 1 by alkali hydrolysis and Jones oxidation. Compound 3 was
obtained by formylation of 2 with ethyl formate; compound 4 was obtained from 3 by addition of
hydroxylamine, and compound 5 by cleavage of isoxazole 16 with sodium methoxide and subsequent
double bond introduction at C1 with PhSeC1–H2O2. CDDO (compound 6) was obtained from 5 by
halogenolysis of 5 with lithium iodide in dimethylformamide. (B) Structure of CDDO and CDDO-Me.
CDDO-Me is the C28 methyl ester of CDDO.
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3. Anticancer Effects of Triterpenoids

Triterpenoids have pleiotropic effects. At low doses they display anti-inflammatory, antioxidative
stress effects, while at intermediate doses they are able to induce cell differentiation and at high doses
they exert cytotoxic, antiproliferative, and proapoptotic effects. Thus, they can theoretically have an
anticancer activity at multiple levels: the low doses of these molecules can prevent the process of
carcinogenesis and mitigate the damage of procarcinogens, while at intermediate–high levels they can
slow down the proliferation of cancer cells, and/or cause cell death by apoptosis.

The antiproliferative activity of CDDO-Me is generally observed at concentrations ranging from
0.1 to 1.0 μM, and the proapoptotic activity can be seen with concentrations above 0.5 μM. CDDO is
slightly less effective than CDDO-Me and is active at concentrations 5–10 times higher.

As far as antiproliferative effect is concerned, the most striking features of these molecules are
their capability to inhibit cell growth independently from p53 status, and the fact that inhibition is
often observed in neoplastic cells, but not in their normal counterpart. The latter point has particularly
drawn the attention of researchers for using CDDO and its derivatives in cancer treatment.

It has been proposed that the effects of CDDO and CDDO-Me are largely mediated by the presence
of two electrophilic Michael acceptor sites in the A and C rings, which allow the formation of adducts
with proteins containing redox-sensitive Cys residues; this effect has been directly demonstrated in
the case of relevant targets such as the IκB kinase (IKK), the ubiquitin-specific-processing protease
7 (USP7) or the erythroblastic oncogene B2 (ErbB2) [20–23]. All these proteins contain specific Cys
crucial for their functions, and CDDO and CDDO-Me interact only with some of them, in a specific
manner. This mechanism of action has been directly proved in the case of IKK: the Cys179 is specifically
targeted in this protein, and when this residue is mutated, the effect of CDDO-Me on NF-κB pathway
is abrogated.

Thus, different concentrations of CDDO and CDDO-Me can have different—even opposite—effects
on target cells because of the diverse binding affinity for target proteins when forming Michael adducts.
At low concentrations, these synthetic triterpenoids interact with kelch-like ECH-associated protein 1
(Keap1) and activate a cytoprotective pathway, while at higher concentrations other proteins (such as
PPAR-γ, USP7, IKK, Lonp1) are targeted to inhibit proliferation or induce apoptosis. It must be noted
that the formation of Michael adducts by CDDO and CDDO-Me is reversible. Thus, it is possible that
CDDO and CDDO-Me induce a biological response in a cell by binding a specific target, but they may
not remain bound to this target, making the effect transient.

3.1. Effects In Vitro at Low Doses

At nanomolar concentrations, CDDO and CDDO-Me have been shown to protect cells and tissues
from oxidative stress by increasing the transcriptional activity of the nuclear factor (erythroid-derived
2)-like 2 (Nrf2). Nrf2 is the principal regulator of the phase II cellular antioxidant response and
represents an endogenous defense mechanism against toxic cell stress [24]. Under physiological
conditions, Nrf2 is sequestered in the cytosol by its repressor protein, Keap1, and is subsequently
ubiquitinated and degraded [25,26]. During cell stress, ubiquitination of Nrf2 by Keap1 is disrupted,
allowing Nrf2 to translocate to the nucleus, and up-regulate genes containing an antioxidant response
element (ARE) in their promoter regions [27]. Nrf2- regulated genes facilitate a variety of functions,
including antioxidative activity, detoxification and transport of xenobiotics, proteasome activity,
and well as glutathione homeostasis [28]. Electrophilic compounds have been shown to induce the
activation of the Nrf2 pathway and many of them (including CDDO), have demonstrated cytoprotective
responses against oxidative and inflammatory stress in vitro [29–31]. Along with the activation of the
antioxidative response, nanomolar doses of CDDO and its derivatives have also an antioxidant effect.
The mechanisms at the basis of this effect is not completely understood, but is at least in part due to
the capability of these molecules to suppress iNOS in innate immune cells [18,32], and to reduce the
expression of proinflammatory cytokines, including (but not limited to) tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, IL-6, and interferon (IFN)-γ in a variety of cell types [33–40]. It is interesting to note

160



Molecules 2019, 24, 4097

that CDDO-Me has an opposite effect in M2 macrophages, as it reduces anti-inflammatory cytokines
like IL-10 and increases the production of TNF-α and IL-6 [40].

While the activation of Keap1/Nrf2/ARE pathway by CDDO and its derivatives has been shown
to be beneficial in several experimental models of human diseases, such as neurodegenerative
diseases [30,31,41–44], eye diseases [45,46], and lung pathologies [47,48], the lines of evidence of a
possible effect on cancer development are less convincing. Indeed, several studies have provided
evidence that CDDO, CDDO-Me can act as a chemopreventer in vivo (see Section 5) but few of them
have shown a possible role of the Nrf2 pathway in this process. This is probably because in some tumor
models, activation of the Nrf2 pathway does not prevent cancer development but can be detrimental
by aiding carcinogenesis or giving rise to resistance to chemotherapeutic drugs.

Synthetic triterpenoids can also have an antiproliferative and proapoptotic effect at these low
doses. CDDO-me inhibits the activation of the PI3K/Akt/mTOR pathway, which is often dysregulated
in cancer [49,50]. In human prostate cancer cells, CDDO-Me inhibits the activity of p-Akt and mTOR
and of their downstream targets [51,52] and overexpression of Akt leads to resistance to CDDO-Me [52].
The inhibition of this pathway is likely ROS-dependent, as the inhibition of ROS generation by
antioxidants like N-acetylcysteine (NAC) prevents the inhibition of constitutively active Akt, nuclear
factor κB (NF-κB), and mTOR by CDDO-Me. A similar mechanism of action has been demonstrated
in several other cancer cell lines, such as pancreatic cancer cells [53,54], colorectal cancer cells [55,56],
ovarian cancer cells [57,58], human glioblastoma and neuroblastoma cell lines [55], suggesting that this
is a general phenomenon.

3.2. Effects In Vitro at Intermediate Doses

At doses higher than those needed for activating Nrf2 pathways (>100 nM), CDDO and CDDO-Me
are able to modulate the differentiation of a variety of cell types, both tumor cell lines and primary
culture cells. This effect has been observed in human leukemia cell lines, monocytic cell lines,
osteosarcoma and adipocytes, while an effect on stem cells or progenitor cells has been observed with
CDDO-Im, but not with CDDO or CDDO-Me [59–64].

The mechanisms that underpin the induction of cell differentiation by the CDDO and CDDO-Me
are far from being clear, and several factors involved in cell differentiation have been identified as
targets of synthetic triterpenoid activity.

The most convincing data have been obtained in preadipocytes, where CDDO has been shown
to induce adipocyte differentiation by modulating PPAR-γ activity. In these cells, CDDO shows a
biphasic activity. When used at doses ranging from 10 to 100 nM, it induces differentiation of 3T3-L1
preadipocytes. At the dose of 1 uM, CDDO fails to induce differentiation, and inhibits that caused by
all other known differentiating molecules, such as rosiglitazone. While the mechanism of inhibition is
unknown, the differentiation effect is due to the binding of CDDO to PPAR-γ, which is an agonist.
Unlike the cases of IKKβ, JAK, or STAT3, CDDO binds to PPAR-γ in a non-covalent and reversible
manner, as no direct adduct formation has been observed. It is interesting to note that, even if CDDO-Me
can bind to PPAR-γ with similar affinity, CDDO-Ma acts as an antagonist of the transactivator; this
striking difference is due to the fact that CDDO releases the nuclear receptor corepressor (NCoR) from
PPAR-γ, while CDDO-Me does not [65]. The involvement of PPAR-γ in the differentiation activity
of synthetic triterpenoids has been independently confirmed in other cell models, such as the acute
promyelocytic leukemia (AML) HL-60, NB4, and MR2 cell lines, and in patient-derived primary
AML blasts. In HL-60 cells, CDDO induces PPAR-γ activation, and enhances binding of the vitamin
D-interacting protein (DRIP205) coactivator to PPAR-γ. Accordingly, the PPAR-γ antagonist T007
blocks differentiation in HL-60 cells treated with CDDO, and the differentiation induced by CDDO is
enhanced in the same cells overexpressing DRIP205 [66].

CDDO is able to enhance the differentiating effect of all-trans-retinoic acid (ATRA) in two models
of acute promyelocytic leukemia (APL): in the ATRA-sensitive cell line NB4, CDDO enhances the
differentiating effect of ATRA, while in the ATRA-resistant MR2 cell line it partially reverses ATRA
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resistance [63]. These effects are mediated by CDDO-induction of PPAR-γ, and by enhancing the ability
of ATRA to induce retinoic acid receptor (RAR) β2 gene expression in APL cells. Independently from
the effect on PPAR-γ , the combination of ATRA and CDDO partially increases histone acetylation in
the RARβ2 promoter, which in turn allows the recruitment of RARE to the RARβ2 promoter [63].

CDDO is also able to induce differentiation in a PPAR-γ independent manner. In osteosarcoma
cells, differentiation induced by CDDO is abrogated by the overexpression of the extrinsic caspase-8
inhibitor cytokine response modifier A (CrmA), suggesting that CDDO-induced differentiation is
mediated by caspase-8 activity [67].

3.3. Effects In Vitro at High Doses

At high doses (about 1–10 μM, depending on the molecule and cell model) CCDO and its
derivatives exert an anticancer activity through several mechanisms, often selective for proliferating
cancer cells but not for non-transformed cells. Although most of the mechanisms described below
act directly on cancer cells, CDDO and its derivatives can also redirect and reactivate the immune
response versus cancer cells [40].

3.3.1. Induction of Apoptosis

Apoptosis can be triggered via either the caspase-mediated extrinsic or intrinsic pathways [68].
In the extrinsic or death receptor mediated pathway, binding of death ligands (e.g., FasL, TRAIL) with
their death receptors activates initiator caspase-8, which cleaves and activates effector caspases 3, 6, and
7, which ultimately lead to apoptosis [68]. The intrinsic apoptotic pathway is triggered by stimuli that
trigger permeabilization of mitochondria and release of cytochrome-c (cyt-c) into the cytoplasm [69].
Cyt-c binds to Apaf-1 and forms the apoptosome, which in turn recruits and activates caspase-9, the
first caspase of the intrinsic pathway effector caspases 3, 6, and 7 [68].

The literature discussing how CDDO and CDDO-Me trigger apoptosis is extensive, with notable
discrepancies in the different cell models. As a general rule, CDDO has been shown to activate extrinsic
apoptosis, while CDDO-Me activates the intrinsic pathway [67,70–73]. CDDO exerts its activity on
extrinsic pathway at multiple levels. First, it activates caspase-8, which in turns leads to the activation
of caspase-3 and, via cleavage of Bid, to the release of cytochrome c from mitochondria. Second,
treatment with CDDO upregulates death receptors (DR) 4 and 5 and downregulates the antiapoptotic
protein cellular FLICE-like inhibitory protein (c-FLIP) [74,75]. Conversely, convincing lines of evidence
have been reported that CDDO-Me preferentially activates the intrinsic pathway, by upregulating the
proapoptotic protein Bax, or by permeabilizing the inner mitochondrial membrane, so favoring cyt-c
release [72,76]. Nevertheless, some models in which CDDO-Me activates the extrinsic pathway have
been reported: by depleting GSH and causing reticulum stress, CDDO-Me activates c-Jun NH2-terminal
kinase (JNK), which activates CCAAT/enhancer-binding protein homologous protein (CHOP). CHOP
in turn upregulates decoy receptor (DR) 5, so favoring apoptosis [77,78].

The mechanisms by which CDDO and CDDO-Me initiate the apoptotic cascade are far from being
clear. One proposed mechanism is that these molecules disrupt the oxidative balance of cells, but it is
difficult to establish if increase in cellular ROS is an initiating event, or if it is rather a consequence
of mitochondrial perturbation [79]. CDDO and CDDO-Me decrease intracellular GSH levels [79],
one of the most important scavengers of reactive oxygen species (ROS). The maintenance of correct
GSH levels is important not only for scavenging ROS but also for preventing apoptosis triggered by
mitochondria, which do not synthetize GSH but import it from the cytosol [80]. The cytotoxic effects of
CDDOs are mediated by a rapid and selective decrease of mitochondrial GSH (mGSH) which leads
to caspase-independent apoptosis [76]. In this model, CDDO-Im induced depletion of mGSH occurs
prior to the onset of apoptosis and results in the generation of ROS, mitochondrial dysfunction, and
intracellular glutathione pool oxidation. Treatment with the triterpenoid induced rapid alterations
in the cytoplasmic morphology that were insensitive to the pharmacological inhibition of caspases.
Similarly, the loss of mitochondrial membrane potential was also not prevented by the inhibition of
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caspases. Notably, cotreatment with sulfhydryl antioxidants prevents the depletion of mGSH, the loss
of mitochondrial membrane potential, and the shrinking of cytoplasm, suggesting that redox stress can
mediate the activation of caspase-independent apoptosis [76].

3.3.2. Induction of Autophagy

Less attention has been paid to the effects of these compounds on autophagy. CDDO-Me is able to
induce autophagy in chronic myeloid leukemia cells, in which the toxic effect on mitochondria is rapidly
followed by engulfment in autophagosomes of damaged organelles or by mitochondrial-induced
apoptosis [81]. In K562 cells, CDDO-Me induces autophagy by suppressing the PI3K/Akt/mTOR
signaling pathway [82]. The same mechanism has been independently observed in esophageal
squamous cancer cell lines Ec109 and KYSE70, suggesting that this effect of CDDO-Me could be a
general phenomenon [83].

3.3.3. Inhibition of Janus-Activated Kinases (JAKs)

Signal transducer and activator of transcription (STAT) proteins are involved in the regulation of
cell proliferation and differentiation, and of apoptosis [84]. Among them, STAT3 is often constitutively
active in cancer cells, and can contribute to neoplastic transformation, invasion, and metastasis.
After binding of a ligand to its cognate growth factor receptor, such as the IL-6 receptor, a JAK kinase
phosphorylates the receptor, allowing recruitment and phosphorylation of a STAT. STATs then dimerize,
translocate to the nucleus, and induce the transcription of several STAT targets, including cyclin D1, myc,
and survivin proteins [85,86]. CDDO-Me has been shown to inhibit JAK/STAT3 pathways in different
cell models, such as in ovarian cancer breast cancer and osteosarcoma cancer cells [37,87,88]. Studies
on the mechanisms of action demonstrated that CDDO-Me inhibits this pathway at multiple levels
and in a specific way. At micromolar concentrations, CDDO-Me suppresses JAK1 phosphorylation
by direct binding to Cys1077. Thus, Jak1 is unable to phosphorylate STAT3, which is crucial for its
dimerization and activation [87]. Independently from the effect on Jak1, CDDO-Me can also form
adducts with STAT3 that are dependent on Cys259, as mutations of this aminoacidic residue abrogates
the inhibitory effect [87].

3.3.4. Inhibition of NF-κB Activity

Synthetic triterpenoids, and in particular CDDO-Me, can exert their activity also by inhibiting the
NF-κB pathway. NF-κB is a transcription factor crucial for activating a variety of genes involved in
inflammation, proliferation, and survival. Since the proinflammatory microenvironment is a feature
of most cancers, its inhibition can play a role in inhibiting tumorigenesis and cancer proliferation.
This capability has been shown in a variety of cells, including PC-3 and C4-2 cells, prostate cancer
cells, and colorectal cancer cells, where CDDO-Me inhibits the growth and causes cells death
at intermediate–high concentrations (0.625–2.5 μM) through the inhibition of NF-κB, p-Akt, and
mTOR [52].

3.3.5. Inhibition of Telomerase Activity

CDDO-Me can inhibit cancer proliferation and provoke apoptosis by inhibiting telomerase
activity, which is associated with promotion of tumorigenesis [53]. When telomeres, which shorten at
any cell division, becomes too short, they trigger senescence or apoptosis. The enzyme telomerase
can counteract this process by elongating telomeres and cancer cells often upregulate telomerase
to circumvent cell senescence due to telomere shortening. In a model of human pancreatic cancer
cells, CDDO-Me is able to inhibit telomerase gene and protein expression, as well as its enzymatic
activity [54], through a ROS-dependent mechanism [89]. The action of CDDO-Me on telomerase
activity is also indirect, as it inhibits c-Myc, Sp1, NF-κB, p-STAT3, and p-Akt, a group of factors
regulating telomerase, and causes decreased histone deacetylation and histone demethylation at the
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promoter of the human telomerase gene [90]. This inhibitory effect on telomerase is likely a general
phenomenon, as it has been demonstrated in other cancer cell lines [58,91].

3.3.6. Inhibition of Mitochondrial Protease Lonp1

More recently, we and others have shown that CCDO and CDDO-Me can exert their
antiproliferative, proapoptotic activity by inhibiting the mitochondrial protease Lonp1. This is
a ubiquitous serine protease present in the mitochondrial matrix, but encoded by the nucleus, which
has three main functions: (i) it degrades oxidized or damaged proteins, with an ATP-dependent
mechanism; (ii) it acts as a chaperone for the folding of imported proteins into the mitochondrial matrix;
(iii) it binds mtDNA and contributes to the maintenance of the normal levels of this molecule in the
mitochondria [92–94]. Lonp1 plays a critical role in antioxidant stress response acting as a chaperone for
the degradation of mutant and abnormal proteins, such as toxic aggregates of oxidized mitochondrial
proteins, and regulates the maintenance of mitochondria DNA, morphology, and dynamics [93]. CDDO
and its derivatives mediate apoptosis in lymphoma cells through a mitochondria-mediated mechanism,
by which CDDO leads to mitochondrial protein thiol modification and the generation of mitochondrial
protein aggregates, which in turn contribute to the increase in the permeability of mitochondrial
membranes and lead to the initiation of apoptosis [95]. The CDDO-induced mitochondrial protein
aggregation can be the consequence of the inhibition of the mitochondrial ATP-dependent Lon protease.
Then, CDDO and its derivatives have been demonstrated to directly and selectively inhibit Lonp1:
CDDO blocks Lonp1-mediated proteolysis in biochemical and cellular assays but does not inhibit the 20S
proteasome. Furthermore, a biotinylated-CDDO conjugate modifies mitochondrial Lonp1. As Lonp1
protein levels are increased in malignant lymphoma cells if compared with B cells, and considering that
Lonp1 knockdown causes lymphoma cell death, the pharmacological inhibition of Lonp1 by CDDO
could represent a promising therapeutic approach for B-cell lymphoma [95]. Our group expanded and
deepened such idea. Using colon cancer cellular models, we observed that CDDO and CDDO-Me
decrease proliferation and induce apoptosis in a dose-dependent manner. Furthermore, they are able
to determine an increase in mitochondrial hydrogen peroxide and mitochondrial superoxide anion,
which in turn induces the increase of carbonylation of mitochondrial proteins, causing mitochondrial
depolarization, reduction of mitochondrial mass, and alteration of the organelle morphology [96].
In particular, both molecules determine an evident fragmentation of the mitochondria and the loss
of the normal morphology of the matrix and of the cristae. This effect is due, at least in part, to
the inhibition of Lonp1 functions, since the expression of this enzyme is not significantly altered by
CDDO and CDDO-Me, but the levels of Lonp1 enzymatic activity targets, such as aconitase or TFAM,
significantly increase. In line with these observations, Lonp1 overexpression abrogates the effects of
CDDO and CDDO-Me, protecting cells from apoptosis [97,98].

3.3.7. Inhibition of Ubiquitin-Specific-Processing Protease 7 (USP7)

The last mechanism demonstrated for the anticancer activity of CDDO-Me is the inhibition of USP7,
a deubiquitylating enzyme that cleaves ubiquitin from its substrates [22]. USP7 is the antagonist of
MDM2, the regulator of p53 levels, and is involved in the pathogenesis and progression of several types
of cancers. CDDO-Me directly binds to USP7 in cells, likely in its ubiquitin carboxyl terminus-binding
pocket, and inhibits its activity, leading to the decrease of its substrates MDM2, MDMX, and UHRF1.
This effect has been demonstrated in an in vitro model of ovarian cancer, and further confirmed by
suppression of tumor growth in a xenograft model.

The anticancer effects described in the following paragraphs are summarized in Table 1.
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Table 1. In vitro evidence of CDDO and CDDO-Me anticancer activity.

Compound Cell Line(s) Effect(s) Reference(s)

CDDO-Me
LNCaP, DU145, and PC3
prostate cancer cell lines

Inhibition of proliferation and induction of
apoptosis;

Inhibition of Akt, mTOR, NF-κB, and
NF-κB-regulated antiapoptotic and

proangiogenic proteins

[51]

CDDO-Me
PC-3 (AR(–)) and C4-2

(AR(+)) prostate cancer cells
Growth inhibition and induction of apoptosis;

Inhibition of p-AKT and mTOR [52]

CDDO-Me
MiaPaCa-2 and Panc-1
pancreatic cancer cells

Downregulation of p-Akt, p-mTOR and
NF-kappaB;

Generation of hydrogen peroxide and
superoxide anion

[54]

CDDO-Me
U87MG, U251MG

glioblastoma, and SK-N-MC
neuroblastoma cell lines

Inhibition of antiapoptotic and prosurvival
p-Akt, NF-kappaB (p65), and Notch1

molecules;
Induction of apoptosis

[55]

CDDO
U87MG, U251MG

glioblastoma and SK-N-MC
neuroblastoma cell lines

Induction of apoptosis [55]

CDDO-Me
HCT 8, HCT-15, HT-29, and

Colo 205
colorectal cancer cells

Growth inhibition and induction of apoptosis;
Generation of reactive oxygen species;
Inhibition of Akt, mTOR, and NF-κB

[56]

CDDO-Me
OVCAR-3, OVCAR-5, and
SK-OV3 ovarian cancer cell

lines

Growth inhibition and induction of apoptosis;
Inhibition of p-AKT, NF-κB, and p-mTOR [57]

CDDO-Me
OVCAR-5 and MDAH 2774

ovarian cancer cells

Growth inhibition and induction of apoptosis;
Inhibition of p-AKT, NF-κB, and p-mTOR;

Inhibition of BCL-2, BCL-xL, c-IAP1
[58]

CDDO-Me Saos-2 osteosarcoma cells
Osteoblastic differentiation;
Induction of apoptosis by

caspase-8-dependent mechanisms
[67]

CDDO-Me

H460, A549, and H1944,
H522, H157, and H1792

non-small-cell lung
carcinoma cell lines

Induction of apoptosis via DR5 expression
and caspase-8 activation [69]

CDDO-Me
H460 and H1792

non-small-cell lung
carcinoma cell lines

Trigger of ER stress;
JNK-dependent, CHOP-mediated DR5

upregulation
[70]

CDDO-Me
H157 and A549

non-small-cell lung
carcinoma cell lines

Induction of
ubiquitin/proteasome-dependent c-FLIP

degradation
[71]

CDDO U-937 leukemia cells.
Induction of apoptosis via intrinsic pathway;

Higher levels of ROS and lower levels of
intracellular glutathione (GSH).

[73]

CDDO-Me U-937 leukemia cells.
Induction of apoptosis via intrinsic pathway;

Higher levels of ROS and lower levels of
intracellular glutathione (GSH)

[73]

CDDO-Me
KBM5 chronic myeloid

leukemia cells.
Induction of apoptosis and autophagic cell

death [76]

CDDO-Me
K562 chronic myeloid

leukemia
Cell cycle arrest, apoptosis, and autophagy
via PI3K/Akt/mTOR and p38 MAPK/Erk1/2 [77]
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Table 1. Cont.

Compound Cell Line(s) Effect(s) Reference(s)

CDDO-Me
Ec109 and KYSE70

esophageal squamous cancer
cells

Cell cycle arrest in G2/M phase;
induction of apoptosis;

Induction of autophagy by suppressing
PI3K/Akt/mTOR pathway

[78]

CDDO-Me
MDA-MB-468 breast cancer

cells Inhibition of JAK1/STAT3 pathway [82]

CDDO-Me HeLa cervical cancer cells Inhibition of JAK1/STAT3 pathway [82]

CDDO-Me
KHOS, U-2OS, SaOS
osteosarcoma cells

Induction of apoptosis via inhibition of
STAT3 nuclear translocation and Bcl-XL,
survivin, and MCL-1 downregulation

[83]

CDDO-Me
MiaPaCa-2 and Panc-1

pancreatic cancer cell lines

Inhibition of telomerase activity though a
ROS-dependent mechanism;

Decrease of histone deacetylation and histone
demethylation at hTERT promoter

[84,85]

CDDO-Me
LNCaP and PC-3 prostate

cancer cell lines
Inhibition of hTERT gene expression and of

hTERT telomerase activity [86]

CDDO,
CDDO-Me

OCI-Ly7, OCI-Ly19,
OCI-Ly3, and OCI-Ly1

diffuse large B-cell
lymphoma cell lines

Inhibition of Lonp1 protease activity [90]

CDDO,
CDDO-Me

RKO colorectal cancer cells
Impairment of mitochondrial proteome and
block of mitochondrial respiration via Lonp1

inhibition
[91–93]

CDDO,
CDDO-Me

SKOV3, OVCAR3, A2780,
A2780/CP70, and HeyC2
ovarian cancer cell lines

Inhibition of deubiquitinating enzyme USP7 [22]

4. Anticancer Effects In Vivo

Several studies have been performed to test if CDDO and CDDO-Me anticancer effects observed
in vitro could be mirrored by a similar effect in animal models. Most of the studies in animal models
have been focused on CDDO-Me, which was considered the most potent molecule, and the most
promising as a candidate for tests in humans. CDDO-Me demonstrated its efficacy as anticancer drugs
in different mouse models, and versus several types of cancer. Doses of CDDO-Me tested were between
7.5–60 mg/kg/day (see Table 2).

CDDO-Me has been shown to inhibit lung carcinogenesis in vivo. Treatment with vinyl carbamate,
a potent mutagenic agent, induces lung adenocarcinoma in female A/J mice in 16 weeks, but treatment
with CDDO-Me together with vinyl carbamate markedly reduced number, size, and severity of
tumors [99]. The same group observed that in another model of carcinoma, i.e., the mouse mammary
tumor MMTV-neu transgenic model, CDDO-Me plus the rexinoid LG100268 significantly delayed the
onset of estrogen receptor (ER)-negative mammary tumors if compared to controls [100]. The effects of
the two drugs were synergic, as mice treated with both compounds showed a much higher reduction
of tumor development than mice treated with individual drugs.
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Table 2. Anticancer effects of CDDO and CDDO-Me in vivo described in the text.

Compound Animal Model Treatment Effect(s) Reference(s)

CDDO-Me Female A/Jm mice
Oral assumption;

40 mg/kg from the
8th week of age

CDDO-Me reduced
number size and severity

of lung carcinomas
induced by vinyl
carbamate; acts

synergistically with the
rexinoid LG100268

[94]

CDDO -Me
FVB/N-

Tg(MMTVneu)202Mul/J
female mice

Oral assumption;
60 mg/kg from the
10th week of age

for up to 45 weeks

CDDO-Me delays
development of

ER-negative tumors of 14
weeks; acts

synergistically with the
rexinoid LG100268

[95]

CDDO-Me
FVB/N-Tg(MMTV-

PyVT)634Mul/J mice
Oral assumption;

50 mg/kg

CDDO-Me delays
mammary

carcinogenesis in PyMT
breast ER-negative
cancer by 4.3 weeks

[97]

CDDO-Me
Brca1Co/Co;

MMTV-Cre;p53+/− mice
Oral assumption;

50 mg/kg

CDDO-Me delays breast
cancer development by
an average of 5.2 weeks

[96]

CDDO-Me
C57BL/6-

Tg(TRAMP)8247Ng/J
mice

Oral assumption;
7.5 mg/kg from the

5th week of age;
treatment for 7 or

20 weeks.

CDDO-Me inhibits the
progression of the

preneoplastic lesions to
prostate

adenocarcinoma; inhibits
metastasis

[98,99]

CDDO-Me
LSL-KrasG12D/+;

LSL-Trp53R127H/+;
Pdx-1-Cre (KPC) mice

Oral assumption;
60 mg/kg from the

4th week of age

CDDO-Me increases
mice survival by 3–4

weeks; acts
synergistically with

rexinoid LG268

[100]

CDDO-Me Female C57BL/6 mice

Intravenous
injections of
CDDO-Me

nanoparticles;
intraperitoneal

injections of
CDDO-Me every

other day (5 mg/kg)

CDDO-Me enhances
efficacy of vaccine

therapy for melanoma
[101]

CDDO-Me also delays mammary carcinogenesis in the aggressive PyMT model of estrogen
receptor-negative breast cancer. In this model, the PyMT gene is under the control of the MMTV
promoter, and the mice developed a tumor that recapitulates the key features of the human disease [101].
CDDO-Me, at the dose of 50 mg/kg/day, significantly delays tumor onset. This increase in survival
is mediated by different mechanisms: inhibition of EGFR and STAT3 pathways, reduction in the
infiltration of tumor-associated macrophages in the tumor microenvironment, reduction of levels of
chemokines able to attract and activate lymphocytes and monocytes, such as CXCL12 and CCL2, and
decreased secretion of matrix metalloproteinases, crucial for invasion and metastasis [102].

CDDO-Me delays tumor development in a mouse model with ablation of breast cancer-associated
gene (BRCA1) and single allele mutation of p53 (Brca1Co/Co; MMTV-Cre; p53+/− mice). In this model,
supplementation of CDDO-Me in the diet from 12 weeks of age delayed breast cancer development by
an average of 5.2 weeks [23].
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CDDO-Me inhibits the progression of preneoplastic lesions to adenocarcinoma in a transgenic
mouse model of prostate adenocarcinoma [103]. The delayed progression has been observed in more
than 70% of the mice and importantly, no evident toxicity of the drug was observed [103]. Not
surprisingly, studies on primary cell culture from the same model showed that the anticancer effect
was due to antiproliferative, proapoptotic effect of CDDO-Me, mediated by the downregulation of Akt,
mTOR, NF-κB, and of the NF-κB-regulated antiapoptotic and proangiogenic proteins [104], as well as
to the reduction of telomerase reverse transcriptase activity [91]. A similar effect has been observed in
a transgenic model of pancreatic cancer that recapitulates the genetic mutations, clinical symptoms,
and histopathology of the human disease [105]. In this model, CDDO-Me, alone or in combination
with the drug LG268, increases survival of mice by 3–4 weeks.

Finally, CDDO-Me enhances the efficacy of vaccine therapy for melanoma [106]. In an experimental
model of melanoma, the efficacy of Trp2 vaccination in female C57BL/6 mice inoculated with inoculated
with B16F10 melanoma cells was significantly increased by CDDO-Me. The enhanced efficacy of the
vaccine is due to the remodeling of the tumor microenvironment, in which CDDO-Me, delivered
by nanoparticle to the tumor mass, remodels the tumor-associated fibroblasts, collagen and vessel
and enhances the Fas signaling pathway, which in turn sensitizes cancer cells for killing by cytotoxic
T lymphocytes.

5. Anticancer Effects in Humans: Clinical Trials

Since pre-clinical studies showed beneficial activity of CDDO-Me in animal models as an antitumor
compound, several clinical trials have been conducted in humans to test its efficacy to evaluate its
activity against solid tumors and lymphoid malignancies. In these trials, CDDO-Me is usually referred
to as bardoxolone methyl or RTA-4012. So far, 33 clinical trials have been registered in clinicaltrials.gov.

The first phase I clinical trial of CDDO-Me was conducted in patients with advanced solid
tumor and lymphoma to identify the determine the dose-limiting toxicity (DLT) and the maximum
tolerated dose (MTD). CDDO-Me was administered orally once a day for 21 days. The MTD was
established as 900 mg/day and was associated with the antitumor activity, with complete response
in a patient with mantle cell lymphoma, and partial response in a patient with anaplastic thyroid
carcinoma [107]. In this first trial, an increase in estimated glomerular filtration rate (eGFR) was also
noted. This observation led to the proposal to use CDDO-Me for treatment of patients with chronic
kidney disease (CKD) and prompted a phase II trial in patients with moderate to severe CKD and type
2 diabetes. In this trial, patients received placebo or oral CDDO-Me at a dose of 25, 75, or 150 mg once
daily for 52 weeks. Kidney function improvements were observed, and only mild to moderate adverse
effects occurred, with muscle spasms, hypomagnesemia, mild elevations in alanine aminotransferase
levels, and gastrointestinal effects being the most common [108].

Then, a phase III trial, named BEACON (NCT01351675) was designed to test the efficacy
of CDDO-Me on patients with stage 4 CKD and type 2 diabetes [109,110]. BEACON was a
randomized, double-blind, parallel-group, international, multicenter trial of once-daily administration
of 20 mg of CDDO-Me, compared with placebo. Patients enrolled in BEACON were adults with
T2DM and stage 4 CKD. Patients received background conventional therapy (inhibitors of the
renin-angiotensin-aldosterone system, insulin or hypoglycemic agents) and were randomized 1:1 for
administration of CDDO-Me or placebo. BEACON was stopped early because of a significant increase
in heart failure events within the first 4 weeks of treatment [109]. These events were caused by fluid
retention and occurred in patients with prior history of heart failure and elevated baseline B-type
natriuretic peptide, while no evidence of direct cardiotoxicity was observed [111,112]. Thus, trials are
ongoing, focused on the use of CDDO-Me for treating CKD or pulmonary hypertension, rather than
for cancer treatment.
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6. Conclusions and Future Perspectives

CDDO and CDDO-Me represent interesting examples of molecules derived from natural
compounds that potentiate the effects of the natural counterpart. Nevertheless, the difficulty to
identify all the targets and mechanisms of action of these compounds, as well as the toxic effects
observed in clinical trials limit their potential as candidates for cancer treatment in humans. As the
potential of natural terpenoids remains largely unexplored, it is likely that other triterpenoids and
derivatives hold potential as future therapeutics.
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Abstract: Pinocembrin is one of the most abundant flavonoids in propolis, and it may also be widely
found in a variety of plants. In addition to natural extraction, pinocembrin can be obtained by
biosynthesis. Biosynthesis efficiency can be improved by a metabolic engineering strategy and a
two-phase pH fermentation strategy. Pinocembrin poses an interest for its remarkable pharmacological
activities, such as neuroprotection, anti-oxidation, and anti-inflammation. Studies have shown that
pinocembrin works excellently in treating ischemic stroke. Pinocembrin can reduce nerve damage in
the ischemic area and reduce mitochondrial dysfunction and the degree of oxidative stress. Given its
significant efficacy in cerebral ischemia, pinocembrin has been approved by China Food and Drug
Administration (CFDA) as a new treatment drug for ischemic stroke and is currently in progress in
phase II clinical trials. Research has shown that pinocembrin can be absorbed rapidly in the body and
easily cross the blood–brain barrier. In addition, the absorption/elimination process of pinocembrin
occurs rapidly and shows no serious accumulation in the body. Pinocembrin has also been found to
play a role in Parkinson’s disease, Alzheimer’s disease, and specific solid tumors, but its mechanisms
of action require in-depth studies. In this review, we summarized the latest 10 years of studies on
the biosynthesis, pharmacological activities, and pharmacokinetics of pinocembrin, focusing on its
effects on certain diseases, aiming to explore its targets, explaining possible mechanisms of action,
and finding potential therapeutic applications.

Keywords: pinocembrin; microbial biosynthesis; pharmacological activities; pharmacokinetic
features; research progress

1. Introduction

Pinocembrin is a pharmacologically active flavonoid that is mainly found in propolis, with a
content reaching up to 606–701 mg/g in balsam which extracted from propolis with 70% ethanol [1].
Besides, it can be isolated from a variety of medicinal plants, such as Peperomia and Piper genera
and Asteraceae families [2–4]. In addition to extraction from natural products, pinocembrin can be
synthesized by biological and chemical methods. Biosynthesis plays an important role in the synthesis
of pinocembrin owing to its high yield and low production cost. In terms of pharmacological effects,
pinocembrin can exhibit anti-inflammatory [5], anti-oxidant [6], antibacterial [7] and neuroprotective
activities [8]. Research has shown that pinocembrin exhibits a positive effect on the treatment of
ischemic stroke. Pinocembrin can reduce the area of cerebral infarction in rats with cerebral ischemia
and reduce the degree of cerebral edema and apoptosis of nerve cells. In addition, pinocembrin
can protect the integrity of the blood–brain barrier (BBB), thereby reducing mortality and improving
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neurobehavioral scores in rats [9]. Due to its significant pharmacological activity, pinocembrin has
been approved by China Food and Drug Administration (CFDA) as a new drug for treatment of
ischemic stroke, now in Phase II clinical trials. Recent studies have also revealed that pinocembrin
possesses an anti-tumor effect, such as against melanoma [10]. It also shows anti-fibrosis [11] effect.
An excellent drug not only possesses good pharmacological activities but also good pharmacokinetic
(PK) parameters. Pinocembrin features a small molecular weight (Figure 1) and good liposolubility,
allowing it to easily pass through the BBB. The transport mode of pinocembrin may primarily transpire
by passive transport. This property suggests that this candidate drug can be used for treatment of
brain diseases [12]. Both clinical and preclinical experiments have shown that pinocembrin can be
absorbed quickly and distributed widely without notable accumulation of residues, indicating that
this compound possesses good PK profiles. Thus, pinocembrin is a potential natural small-molecule
drug with good prospects for further development.

 

Figure 1. Chemical structure of (2S)-pinocembrin. Overall, this article reviews and expounds in
detail the progress on pinocembrin biosynthesis, its pharmacological actions and partial mechanisms,
and certain drug metabolism characteristics in vitro and in vivo, which will provide advantageous
information for the comprehensive study of the pharmacokinetic (PK) features and pharmacological
mechanisms of pinocembrin.

2. Microbial Biosynthesis

2.1. Synthesis of Pinocembrin from Glucose

Pinocembrin can be extracted from natural products but at a high production cost and
insufficient yield. Microbial biosynthesis features the advantages of low cost and large output,
which compensate for the lack of natural sources of pinocembrin. Escherichia coli is widely used
in producing pinocembrin. In recent years, researchers have been working on how to produce
pinocembrin efficiently. Biosynthesis of pinocembrin often require supplementation of expensive
phenylpropanoic precursors (Figure 2), presenting a major problem in the past studies. To solve this
issue, genetic engineering is used to construct engineering bacteria in order to synthesize pinocembrin
from glucose. In order to produce the flavonoid precursor (2S)-pinocembrin directly from glucose,
3-deoxy-D-arabinoheptulosonate-7-phosphate synthase, chorismate mutase/prephenate dehydratase,
phenylalanine ammonia lyase (PAL), 4-coumarate:CoA ligase (4CL), chalcone synthase (CHS), chalcone
isomerase (CHI), malonate synthetase, and malonate carrier protein have been assembled in four vectors.
Synthesizing pinocembrin from glucose can be realized with the adjustment of other corresponding
conditions [13,14].
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Figure 2. Classic biosynthetic pathway of pinocembrin [15]. L-Phenylalanine as a precursor
compound produces cinnamic acid under the action of phenylalanine ammonia lyase, which generates
cinnamoyl-CoA under the action of CoA ligase, and adds malonyl-CoA to the reaction system to form
pinocembrin chalcone under the action of chalcone synthase. Finally, pinocembrin is generated under
the action of chalcone isomerase.

2.2. Production Optimization Measures of Pinocembrin

Several key factors may affect the production efficiency of pinocembrin. First, E. coli metabolites
affect the synthesis of pinocembrin. The production efficiency of pinocembrin is limited by the
content of malonyl-CoA. However, in E. coli, both the biosynthesis of pinocembrin and self-fatty acid
biosynthesis of the bacterium consume malonyl-CoA. Thus, limiting E. coli self-fatty acid synthesis can
improve the synthetic efficiency of pinocembrin. Research has shown that overexpressing enzymes
β-ketoacyl-acyl carrier protein synthase III (FabH), FabF, or both enzymes in E. coli BL21 (DE3)
decreased fatty acid synthesis and increased cellular malonyl-CoA levels, thereby up-regulating the
production of pinocembrin [16]. In addition, the accumulation of cinnamic acid adversely affects the
production of pinocembrin. Screening gene sources and optimizing gene expression are employed to
regulate the synthetic pathway of cinnamic acid. Then, site-directed mutagenesis of chalcone synthase
and cofactor engineering are used to optimize the downstream pathway of cinnamic acid consumption.
These strategies reduce the accumulation of cinnamic acid and increase the yield of pinocembrin [17].

Adenosine triphosphate (ATP) is the source of energy for various activities in living organisms.
Therefore, ATP concentration in E. coli must be controlled. To screen several ATP-related candidate
genes, a clustered regularly interspaced short palindromic repeats (CRISPR) interference system
has been established. MetK and proB have been found to show potential in improving ATP level
and increasing the production of pinocembrin [18]. Different culture pH values during microbial
fermentation also affect microbial fermentation. Studies have shown that in the biosynthesis of
pinocembrin, high pH values favor upstream pathway catalysis, whereas low pH values favor
downstream pathway catalysis. Thus, a two-stage pH control strategy has been proposed [19].

In one-step (2S)-pinocembrin production, expensive malonyl-CoA precursor malonate is needed,
and morpholinopropane sulfonate is required to provide buffering capacity. To solve this problem,
a CRISPR interference system has been established to effectively guide carbon flux to malonyl coenzyme
A. In addition, by adjusting the pH value of the fermentation system, the yield of pinocembrin can be
significantly improved [19]. In summary, the increase in pinocembrin production can be achieved by a
stepwise metabolic engineering strategy in combination with malonyl-CoA engineering. In addition
to the above strategies, a two-stage pH fermentation strategy and optimized strain culture should
be combined to increase the production of pinocembrin. The synthesis of (2S)-pinocembrin can be
achieved by assembling the Oc4CL1, OcCHS2, and MsCHI genes obtained in alfalfa into E. coli by a
gene manufacturer [20].
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3. Pharmacological Effects of Pinocembrin

Pinocembrin is mainly used for ischemic stroke treatment. However, recent studies have indicated
that pinocembrin may exert therapeutic effects on Parkinson’s disease (PD) and Alzheimer’s disease
(AD). Pinocembrin also exhibits anti-pulmonary fibrosis and vasodilating activities. Pinocembrin
undergoes multiple mechanisms to perform its pharmacological effects. Furthermore, pinocembrin
may alleviate BBB disruption and neurological injury via reducing the levels of reactive oxygen
species (ROS) and inflammatory factors. In addition, pinocembrin may preserve mitochondrial
integrity by activating the extracellular signal-regulated kinase/nuclear factor erythroid 2-related
factor 2 (Erk1/2-Nrf2) pathway [21]. Pinocembrin also attenuates apoptosis by affecting the p53
pathway, thereby influencing the Bax-Bcl-2 ratio and the release of cytochrome C [22]. Antioxidant
and anti-inflammatory activities serve as the basis for various pharmacological effects of pinocembrin
(Figure 3). An in-depth understanding of its pharmacological activities and mechanisms of actions can
aid in discovering new targets and potential therapeutic applications of pinocembrin.

Figure 3. Pharmacological action and possible mechanisms of pinocembrin. Pinocembrin features a
variety of pharmacological activities. This compound can inhibit the expression of pro-inflammatory
factors by inhibiting mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/AKT,
and nuclear factor kappa B (NF-κB) signaling pathways, thereby exerting anti-inflammatory effects. Its
vasodilation effect is achieved by inhibiting the ERK1/2 and Rho-associated protein kinase (ROCK)
signaling pathways and then downregulating calcium ion concentration. The neuroprotective effects
of pinocembrin mainly include the reduction in nerve excitability and neuronal apoptosis and
enhances activity of cells in hippocampal CA1 region. Pinocembrin can down-regulate the contents of
superoxide dismutase (SOD), malondialdehyde (MDA), myeloperoxidase (MPO), and ROS to achieve
antioxidant effects.

3.1. Neuroprotective Activity

3.1.1. Neuroprotective Effect in Cerebral Ischemia

Research shows that pinocembrin possesses the potential to become a drug for the treatment of
ischemic stroke. Against the background trend of an increasingly aging population worldwide, the
risk of cerebral ischemia is increasing, with 70% of survivors presenting physical disabilities [23]. Thus,
developing drugs to treat cerebral ischemia is crucial.

In vitro, pinocembrin can inhibit the reactivity of SN/L7 to 5-HT by reducing the excitatory
conduction of synapses in co-cultured Aplysia SN/L7 neurons reversibly. This phenomenon is related
to glutamate receptors in the postsynaptic membrane [24]. These events indicate that pinocembrin
exerts certain effects on the nervous system. In an oxygen-glucose deprivation/reoxygenation model,
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pinocembrin can increase neuronal survival rates, decrease the amount of lactate dehydrogenase, and
alleviate neurite length and apoptosis during reoxygenation [8]. These studies have initially shown
that pinocembrin can alleviate nerve damage caused by cerebral ischemia in vitro. To verify whether
pinocembrin also features neuroprotective effects in vivo, a rat model of focal cerebral ischemia has
been applied. The result has shown that pinocembrin reduced the leakage of Evans Blue and sodium
fluorescein, manifesting a protective action on BBB integrity [25]. Continued research has revealed
that pinocembrin can improve the morphology of brain cortex, striatum, and hippocampal neurons in
rats with acute focal cerebral ischemia/reperfusion. After ischemia reperfusion in rats, pinocembrin
significantly suppressed the levels of neuronal specific enolase and S-100β protein in blood. In addition,
the morphology of neurons in the hippocampal CA1 area improved, and the survival rate of neurons
increased. All this evidence indicate that pinocembrin exhibits neuroprotective effects that prevent
brain ischemia/reperfusion acute injury [5,26]. Moreover, the treatment time window of pinocembrin
is wider than that of tissue plasminogen activator (t-PA). Pretreatment with pinocembrin shortly
before t-PA infusion can significantly protect BBB function and improve neurological function after
long-term ischemia, thereby improving the therapeutic effects of t-PA [27]. These data have shown
that pinocembrin presents desirable neuroprotective effects and may be beneficial for the treatment of
stroke in combination with t-PA.

What are the mechanisms of pinocembrin for neuroprotection? Studies have shown that the
neuroprotective effects of pinocembrin include mitochondrial protection, inhibition of autophagy,
anti-oxidation, anti-apoptosis, and other pharmacological effects. Pinocembrin reduces production of
ROS, nitric oxide (NO), neuronal NO synthase (nNOS) and induces NO synthase (iNOS). Pinocembrin
also increases the content of glutathione, thereby exerting an antioxidant effect and achieving
neuroprotection [24]. The anti-inflammatory effect of pinocembrin also plays an important role
in neuroprotection. Pinocembrin suppresses expression of inflammatory markers, such as tumor
necrosis factor-alpha (TNF-α), interleukin-1 (IL)-beta, intercellular adhesion molecule-1, vascular cell
adhesion molecule-1, iNOS, and aquaporin-4. In addition, pinocembrin inhibits the activation of
microglials and astrocytes and downregulates the expression of matrix metalloproteinases (MMPs)
in ischemic brain area. These events result in the protective action of pinocembrin on neurovascular
units [28,29]. Anti-apoptosis and anti-autophagy of pinocembrin directly affect the total number of
nerve cells. Treatment with pinocembrin can increase the viability of cells and attenuate apoptosis
in a dose-dependent manner. Part of the mechanism of pinocembrin is to inhibit the release of p53,
thereby affecting the Bax-Bcl-2 ratio and released amount of cytochrome C [20]. Pinocembrin decreases
the expression of autophagy protein LC3 II and Beclin 1 and increases the level of p62, which are key
proteins of autophagy in the hippocampus CA1 area. These results suggest that pinocembrin may
achieve neuroprotection by inhibiting autophagy activity [30].

Pinocembrin can provide mitochondrial protection. Cerebral ischemia often causes mitochondrial
damage in the brain. Thus, restoring mitochondrial function is important to fight this disease. Ca2+

overload consistently results in mitochondrial structure and function impairment. Pinocembrin can
reduce the content of Ca2+ in mitochondria, thereby alleviating mitochondrial membrane swelling and
reducing Mn-SOD activity. In addition, pinocembrin can reduce ATP synthesis and energy metabolism
disorders caused by Ca2+ overload. Pinocembrin can also reduce ROS production in mitochondria
and reduce electronic leakage of the NADH respiratory chain, improve the efficiency of oxidative
phosphorylation, and promote mitochondrial respiratory function and synthesis of mitochondrial
ATP [31–33]. The role of pinocembrin in mitochondrial protection depends in part on the activation of
the Erk1/2-Nrf2 axis [20].

3.1.2. Neuroprotective Effect of Pinocembrin in Alzheimer’s Disease and Parkinson’s Disease

AD is a central nervous system degenerative disease that seriously threatens the health of the
elderly. Modern pharmacological studies have shown that common pathological features of AD
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include β-amyloid (Aβ) plaques, excessive phosphorylation of Tau protein to form neurofibrillary
tangles, reduction of acetylcholine transmitters and inflammatory responses, and neuronal loss [34,35].

Pinocembrin has been found to affect cognitive function and protect nerve cells against
Aβ-induced toxicity. Administration of pinocembrin in Aβ25–35-induced mice can preserve
ultrastructural nerve fibers in the mouse brain and reduce neurodegeneration in the cerebral cortex,
thereby improving cognitive function. The function of the nervous system is also affected by the
interaction between Aβ and receptors of advanced glycation end products (RAGE). Pinocembrin
significantly inhibits the upregulation of RAGE transcription and protein translation in vivo and
in vitro and the inflammatory response following Aβ-RAGE interaction. These effects are achieved by
inhibition of p38 MAPK–MAPK-activated protein kinase-2–heat shock protein 27 and stress-activated
protein kinase/c-Jun N-terminal kinase–c-Jun pathway and NF-κB signaling pathway. Pinocembrin
also improves the cholinergic system by conserving the ERK–cAMP-response element-binding
protein–brain-derived neurotrophic factor pathway [36–38]. Treatment with pinocembrin reduced the
damage induced by fibrillar Aβ (1–40) in human brain microvascular endothelial cells (hBMECs), and
this finding may be related to inhibition of inflammation by pinocembrin. The related mechanisms
may include the inhibited activation of MAPK, down-regulated the level of IκB kinase, decreased
degradation of IκBα, and blocked nuclear translocation of NF-κB p65 by pinocembrin, thereby reducing
the release of pro-inflammatory factors. Further studies have shown that pinocembrin can protect
SH-SY5Y cells from Aβ (25–35)-induced neurotoxicity by activating the Nrf2/heme oxygenase-1
(HO-1) pathway [39]. The protective effect on mitochondria is also one of the anti-AD mechanisms
of pinocembrin.

PD is characterized by the loss of dopaminergic neurons in the substantia nigra. Oxidative stress
and mitochondrial dysfunction are possibly involved in the etiology of PD [40]. In a methyl-4-phenyl
pyridinium (MPP+) -induced PD model, pinocembrin significantly reduced the loss of cell viability,
production of intracellular ROS, apoptosis rate of cells, and activation of caspase-3 in SH-SY5Y cells.
The related mechanisms may include the activation of ERK1/2 signaling pathways, enhancement of
HO-1 expression, and suppression of MPP+-induced oxidative damage by pinocembrin. In addition,
pinocembrin can alleviate MPP+-induced mitochondrial dysfunction by reducing mitochondrial
membrane potential, down-regulating Bcl-2/Bax ratio, and inhibiting the release of cytochrome
C [41,42]. In 6-hydroxydopamine (6-OHDA)-induced PD model, pinocembrin activates the expression
of HO-1 and γ-glutamylcysteine synthetase via the Nrf2/antioxidant response element pathway in
SH-SY5Y cells. As a result, the loss of cell viability and apoptosis rate induced by 6-OHDA in SH-SY5Y
cells decreased, thereby reducing nerve damage [43].

3.2. Anti-Inflammation Activity

Pinocembrin significantly reduces the degree of cerebral edema and serum TNF-α and IL-1β levels
in rats with focal cerebral ischemia reperfusion. The anti-inflammation effect may partly account for
the mechanisms in ischemic stroke treatment [5]. In diabetic mice, pinocembrin protects neurons from
inflammatory damage, thereby reducing their cognitive deficits [44]. Moreover, pinocembrin inhibits
the inflammation of allergic airways induced by ovalbumin (OVA) in mice and significantly reduces
the content of Th2 cytokines, IL-4, IL-5, and IL-13 in broncho-alveolar lavage fluid and OVA-specific
antibody IgE in serum. A possible mechanism involves the inhibition of IκBα and NF-κB p65
phosphorylation. These findings indicate that pinocembrin features the potential to become a natural
antiallergic drug [45]. The degradation of extracellular matrix induced by MMPs is an important cause
of cartilage destruction. Pinocembrin inhibits the expression of MMP-1, MMP-3, and MMP-13 at both
mRNA and protein levels in human chondrocytes [46]. In lipopolysaccharide-induced inflammation,
pinocembrin inhibits the production of TNF-α, IL-1β, NO, and PGE2 by suppressing PI3K/Akt/NF-κB
signaling pathway [47,48]. The mechanism by which pinocembrin inhibits inflammation includes
inhibition of the MAPK and NF-κB signaling pathway. Through the above routes, pinocembrin can
reduce the release of pro-inflammatory cytokines [37].
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3.3. Antioxidation Activity

The anti-oxidation effect of pinocembrin is the basis for treatment of numerous diseases using this
compound. The antioxidation activity of pinocembrin includes neuroprotection and mitochondrial
protection against cerebral ischemia, AD, PD, and other diseases. In the global cerebral ischemia
model, pinocembrin can reduce brain tissue damage by reducing the compensatory activity of SOD
and reducing MDA levels and MPO activity in a dose-dependent manner [49]. In oxidative stress
injury evoked by CCl4, pinocembrin restores liver transaminases and total cholesterol to normal
levels through the inhibition of reduced glutathione depletion and lipid peroxidation and elevation
of superoxide dismutase (SOD) [6]. Pinocembrin can also protect human aortic endothelial cells
from ox-low-density lipoprotein (LDL)-induced injury. The mechanisms may relate to ROS reduction
induced by ox-LDL [50]. The nephrotoxicity induced by gentamicin can be alleviated by pinocembrin
due in part to its antioxidant effect [51]. These findings have indicated that pinocembrin reduces the
degree of atherosclerosis and is a promising antioxidant.

3.4. Antimicrobial Activity

Pinocembrin possesses antibacterial, antifungal, and antiparasitic effects. A study has shown
that pinocembrin features anti-Staphylococcus aureus action both in vitro and in vivo [52]. Pinocembrin
presents significant inhibition of zoospore mobility and mildew development and thus could be used
as a natural antifungal product [53]. Pinocembrin significantly suppressed parasitemia in Plasmodium
berghei-infected mice [54]. More importantly, pinocembrin plays a highly reversible role as antimicrobial.
Substituent groups will affect the pharmacological activities of pinocembrin. Introducing oleyl or
linoleoyl in the seventh carbon, the derivatives showed high inhibitory effects on bacterial proliferation,
with minimum inhibitory concentration values of 32 μg/mL against Staphylococcus aureus [55].

3.5. Vasodilation Activity

Pinocembrin has been observed to inhibit angiotensin II (Ang II)-induced vasoconstriction in aortic
rings of rats. In the docking model, pinocembrin binds effectively to the active site of Angiotensin II
receptor type 1(AT1R), thereby inhibiting Ang II induced Ca2+ release and Ca2+ influx. These inhibitory
effects may be related to the reduction of Ang II-induced increase in Ca2+ and ERK1/2 activation via
blocking of AT1R [56]. Pinocembrin can induce endothelium-independent relaxation in rat aortic rings,
and the mechanism is at least partly due to the blockade of the Rho A/ROCK pathway [57,58].

3.6. Hepatoprotection Activity

In treatment of liver fibrosis, inactivating hepatic stellate cells (HSCs) has been an effective
therapeutic strategy. It has been discovered that pinocembrin inhibits the expressions of fibrotic
markers in LX-2 cells and rat HSCs (HSC-T6). Pinocembrin can reduce ROS accumulation by
elevating the expression and activity of silent mating type information regulation 2 homolog 3
(SIRT3) and then activating SOD2. In addition, pinocembrin inhibits the PI3K/Akt signaling pathway,
resulting in decreased production of transforming growth factor-beta and inhibition of transcriptional
factors Sma- and Mad-related protein (Smad) nuclear translocation. Moreover, pinocembrin activates
glycogen synthase kinase 3β by acting on SIRT3, thereby enhancing the degradation of Smad
protein [10]. Pinocembrin-7-O-[3′′-O-galloyl-4′′,6′′-hexahydroxydiphenoyl]-β-glucose is the derivative
of pinocembrin, and it significantly contributes to the hepatoprotective effects of the latter [59]. This
finding indicates that pinocembrin can be used as a drug candidate for the treatment of liver diseases.

3.7. Others

Recent studies have also reported that pinocembrin features an anti-tumor effect. Pinocembrin
up-regulates the levels of caspase 3 and LC3-II in MDA-MB-231 cells, induces apoptosis and autophagy,
and exhibits potential anticancer effect [60]. In melanoma, pinocembrin can induce endoplasmic
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reticulum (ER) stress-mediated apoptosis and suppress autophagy, showing its potentiality for
melanoma treatment. Pinocembrin induces ER stress via the inositol-requiring endonuclease 1
α/X-box binding protein 1 pathway and then triggers caspase-12/-4 mediated apoptosis by suppressing
autophagy through the activation of PI3K/Akt/mTOR pathway [9]. Pinocembrin also reduced
ventricular arrhythmias in I/R rats by enhancing Na+-K+ ATPase and Ca2+-Mg2+ ATPase activity and
up-regulating Cx43 and Kir2.1 protein expression [61].

Furthermore, studies have shown that pinocembrin can prevent kidney damage caused by
diabetes, but when the kidney is damaged, pinocembrin will aggravate the organ’s condition [62].
This finding indicates that pinocembrin can be used as a preventive agent for kidney damage before
injury. Pinocembrin may enhance the activities of hexokinase and pyruvate kinase via the Akt/mTOR
signaling pathway, thereby improving insulin resistance [63]. In daily life, given its antibacterial and
antioxidant activities, pinocembrin can be used as mouth cleaning agent and sunscreen [7,64].

4. Pharmacokinetic Profiles of Pinocembrin

4.1. Transport Features Across Blood–Brain Barrier (BBB) In Vitro

Cultured rat BMECs have been used as an in vitro BBB model. The findings have shown the
uptake of pinocembrin in a time- and concentration-dependent manner. Passive transport may be the
main process for pinocembrin to pass through the BBB, whereas P-gp is likely to cause little effect on
the transport process of pinocembrin. Furthermore, pinocembrin may show no effect on the functional
activity and protein expression of the P-gp transporter at the BBB [11].

4.2. Pharmacokinetic (PK) Profiles In Vivo

4.2.1. PK Profiles in Rats

In rats, pinocembrin exhibits a large volume of distribution (Vd) and a short half-life (T1/2) and
is easily metabolized in the body (Table 1). After intravenous injection of pinocembrin in rats, the
cumulative excretion scores of drug prototypes excreted from urine and excrement in 72 h totaled
6.99% ± 5.97% and 59.17% ± 22.13%, respectively. In rats, the drug is metabolized rapidly, and 40.6% ±
23.52% of the metabolites are excreted by urine [65]. In racemic delivery (±) of pinocembrin to rats (20
mg/kg, intravenously (iv.)), the concentration–time profile of pinocembrin followed a biexponential
pattern, which indicates differences in the in vivo process of different configurations of pinocembrin.
S-Pinocembrin and R-pinocembrin could be detected in serum. Similar values of Vd are observed
between enantiomers, and both enantiomers exhibit a serum half-life (T1/2) of about 15 min in rats. After
oral administration, pinocembrin is rapidly glucuronidated. The peak concentration of S-pinocembrin
glucuronide and R-pinocembrin glucuronide measure 140 and 160 μg/mL, respectively. The main
metabolic mode of pinocembrin is phase II metabolism. The large Vd coupled with the short serum
T1/2 suggests the extensive distribution of pinocembrin into the tissues [66–68].

4.2.2. PK Profiles in Humans

Pinocembrin is well absorbed and widely distributed in the human body. In a single-dose study,
five dose groups have been established, and the mean peak plasma pinocembrin concentration has
been obtained at the end of 30 min infusion. T1/2 is similar in the five dose groups and ranges
from 40 min to 55 min. At 4 h after administration, the cumulative excretion rate of pinocembrin in
the urine reaches a plateau, and the level of urine and fecal excretion of pinocembrin is extremely
low, with each dose group yielding similar values. The data show that pinocembrin is easily
metabolized in vivo. The compound is mainly metabolized into two metabolites in the human body,
sulfonic products and glucuronide products, among which 5-hydroxy-flavanone-7-O-sulfonate and
5-hydroxy-flavanone-7-O-β-D glucuronic acid can be synthesized by artificial synthesis. The Vd

of pinocembrin approximates 136.6 ± 52.8 L, and the clearance (CL) rate equals 2.0 ± 0.31 L/min,
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indicating that pinocembrin is well absorbed and widely distributed in human body. The PK features
of pinocembrin under multiple dose are similar to those observed in single-dose studies, showing
no evidence of accumulation. Pinocembrin is well tolerated when administered iv. to healthy
adults [69–72]. Although the absorption/elimination process of pinocembrin occurs rapidly, and no
serious accumulation exists in the body, the related drug interaction still deserves attention. In a study,
6β-hydroxylation of testosterone was used as a labeling reaction for CYP3A4 activity. The resulting
product was determined by high-performance liquid chromatography in conjunction with diode array
detector. Metabolism, time dependence, and direct inhibition were tested to determine if inhibition of
CYP3A4 activity is reversible or irreversible. The result showed that pinocembrin irreversibly inhibited
the metabolic activity of the CYP3A4 enzyme, decreasing the enzyme activity by 50% [73]. In addition,
pinocembrin has been shown to inhibit hOATP2B1 and hOATP1A2, with IC50 of 37.3 ± 1.3 and 2.0 ±
1.7 μM, respectively, affecting the intake of statins [74]. In addition, racemic pinocembrin reveals the
inhibitory activity of CYP2D6 at low concentrations. At 0.01 and 0.1 μM, the inhibition of CYP2D6
approximates 50% compared with the positive control [67]. Given the inhibitory effect of pinocembrin
on drug-metabolizing enzymes, drug interactions should be considered when using the compound.

Table 1. Summarizes the PK parameters of pinocembrin.

Subject
Mode of

Administration
Dose

(mg/kg)
AUC (h*μg/mL) Vd (L/kg) CLtotal (L/h/kg) T1/2 Serum (h) References

SD rats iv. 10 S-1.821 ± 0.211;
R-1.876 ± 0.427

S-1.758 ± 1.313;
R-1.793 ± 0.805

S-5.527 ± 0.641;
R-5.535 ± 1.217

S-0.212 ± 0.140;
R-0.223 ± 0.083 [67]

SD rats iv. 10 S-1.83 ± 0.092;
R-1.876 ± 0.312

S-1.46 ± 0.591;
R-1.80 ± 0.271

S-5.44 ± 0.287;
R-5.83 ± 0.865

S-0.262 ± 0.071;
R-0.263 ± 0.027 [66]

SD rats po. 100 S-570 ± 21.7;
R-531 ± 82.1

S-3.80 ± 1.34;
R-5.14 ± 1.81

S-2.82 ± 0.084;
R-2.83 ± 0.844

S-20.3 ± 8.41;
R-27.1 ± 18.8 [66]

SD rats iv. 10 0.686.1 ± 0.0651 48.7 ± 19.6 15.5 ± 1.4 2.14 ± 0.68 [68]
SD rats po. 50 0.518 ± 0.170 478 ± 213 110 ± 31.4 3.11 ± 1.21 [68]

Human iv. 20
(mg)

10.3381 ± 1.5394
(min μg/mL)

136.6 ± 52.8
(L)

2.0 ± 0.3
(L/min) 0.79 ± 0.23 [71]

AUC: area under the curve; CL: clearance; iv.: intravenous; T1/2: half-life; Vd: volume of distribution.

5. Conclusions and Prospects

Although pinocembrin is widely found in honey and various plants, the yield of natural extraction
remains insufficient. Biosynthesis fills the gap in this area. In this review, we summarized the progress
in biosynthesis of pinocembrin, relying on genetic engineering technology to construct engineered
bacteria to achieve the synthesis of pinocembrin from glucose. The production of pinocembrin can be
considerably improved by regulating the metabolism of engineered bacteria and regulating pH and
energy supply of the fermentation system.

Pinocembrin exerts certain effects on ischemic stroke, PD, AD, solid tumors, and some other
diseases. In central nervous system diseases, pinocembrin can reduce the release of inflammatory
factors by inhibiting multiple signaling pathways, such as MAPK and PI3K/AKT. Pinocembrin can
also reduce the release of NO, ROS, nNOS, and iNOS, thus playing an antioxidant role. The activation
of ERK1/2-Nrf2 axis is one mechanism of mitochondrial protection by pinocembrin. In addition, this
compound can increase the number of nerve cells by inhibiting their autophagy. Given its wide range
of pharmacological activities, pinocembrin can be linked to disease production mechanisms, such as
network pharmacology and molecular target docking, to explore its application in some other diseases.

Pinocembrin may easily cross the BBB due to its low molecular weight and good liposolubility.
Several studies have shown that pinocembrin features an anti-tumor effect, undergoing passive
transport when passing the BBB; this property can be used for the treatment of drug-resistant brain
tumors. However, the anti-tumor mechanism of pinocembrin remains unclear, thus requiring further
research. Numerous diseases are often associated with inflammation and oxidative damage during
production and development. Pinocembrin performs significant anti-oxidant and anti-inflammatory
activities, indicating that it possesses the potential to treat a variety of diseases and thus needs further
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research. In addition, pinocembrin exhibits an inhibitory effect on various drug-metabolizing enzymes
and transporters. Thus, drug interactions should be considered when using this compound to ensure
drug safety. Pinocembrin is in a phase II clinical trial and requires more in-depth studies.
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Abstract: Rheumatoid arthritis (RA) is a chronic, systemic, joint-invading, autoimmune inflammatory
disease, which causes joint cartilage breakdown and bone damage, resulting in functional impairment
and deformation of the joints. The percentage of RA patients has been rising and RA represents a
substantial burden for patients around the world. Despite the development of many RA therapies,
because of the side effects and low effectiveness of conventional drugs, patients still need and
researchers are seeking new therapeutic alternatives. Polyphenols extracted from natural products
are effective on several inflammatory diseases, including RA. In this review polyphenols are classified
into four types: flavonoids, phenolic acids, stilbenes and others, among which mainly flavonoids are
discussed. Researchers have reported that anti-RA efficacies of polyphenols are based mainly on three
mechanisms: their anti-inflammatory, antioxidant and apoptotic properties. The main RA factors
modified by polyphenols are mitogen-activated protein kinase (MAPK), interleukin-1β (IL-1β), IL-6,
tumor necrosis factor-α (TNF-α), nuclear factor κ light chain enhancer of activated B cells (NF-κB) and
c-Jun N-terminal kinases (JNK). Polyphenols could be potent alternative RA therapies and sources
for novel drugs for RA by affecting its key mechanisms.

Keywords: rheumatoid arthritis; natural products; polyphenol; flavonoids; phenolic acid; stilbene

1. Introduction

Rheumatoid arthritis (RA) is a notorious chronic autoimmune inflammatory joint disease,
which can cause cartilage and bone damage [1]. This disease is characterized by synovial inflammation,
swelling, autoantibody production, cartilage and bone destruction, and systemic features such as
cardiovascular, pulmonary, and skeletal disorders. It is associated with progressive disability, systemic
complications, early death and socioeconomic costs [2]. As of 2015 is estimated that RA affects
about 24.5 million people [3]. This number includes 0.5 to 1% of adults in the developed world,
5 to 50 per 100,000 patients newly added each year [1]. Although the critical damage caused by this
disease is well known and thus widely studied, the mechanism(s), underlying cause and pathway(s) of
RA are not well-known.

The number of therapeutic solutions available for treating RA has continuously grown in
the past 30 years. These solutions include non-steroidal anti-inflammatory drugs, glucocorticoids,
disease-modifying anti-rheumatic drugs (DMARDs) of synthetic origin (e.g., methotrexate and c-Jun
N-terminal kinase (JNK) inhibitors) and of biological origin (ex. tumor necrosis factor (TNF) inhibitors,
interleukin (IL)-6 inhibitor, and B cell-depleting drugs) [4]. Recently, medications that suppress
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the Janus kinase (JAK) pathways have shown noticeable effects as RA treatments, showing higher
efficacy compared to the traditional ones. Tofacitinib and baricitinib, especially, are among the
medications that show the most considerable effect and therefore have been extensively studied in
clinical trial programs [4]. However, traditional DMARDs frequently present side-effects such as
cytopenia, transaminase elevation, and poor tolerability. Another class of newly emerging solutions,
the JAK inhibitors, also often cause gastrointestinal side-effects, lymphopenia, neutropenia, elevated
cholesterol, and more infections [4]. On the basis of micro-environmental changes, severe synovial
systematical reorganization and local fibroblast activation trigger synovial inflammation occur in RA [5].
The essential triggers of RA are unknown, but several genetic loci related to RA have been found [6].
These include major histocompatibility complex, class II, DR beta 1 (HLA-DRB1), Signal transducer
and activator of transcription 4 (STAT4), protein tyrosine phosphatase (PTPN22), peptidyl arginine
deiminase type I, IV (PAD14), and cytotoxic T-lymphocyte antigen 4 (CTLA4) [7]. Environmental
factors such as smoking may stimulate the development of the disease by modifying genetic factors,
but the specific mechanism(s) remain unknown [7].

Interactions of T cells, B cells, and related cytokines play key roles in developing RA symptoms
such as synovitis, bone destruction, and cartilage degradation. The major cytokines that play a
significant role in this process are TNFα, IL-6, IL-1, and IL-17 [8]. Like other auto-immune diseases,
no perfect medications to treat RA have been developed. Recently many researchers have been
trying to develop solutions for RA from natural products which have low toxicity and therefore
assumed to have less side-effects. Polyphenols is one of the major classes of natural products that
have been studied in this context. They are plant secondary metabolites that normally play a role
in blocking ultraviolet radiation or pathogens. Numerous studies have shown that polyphenol-rich
diets exert cardioprotective, anti-cancer, anti-diabetic and anti-aging effects [9]. Recognizing the strong
anti-inflammatory effect of polyphenols and its potential role as a treatment for RA, we review herein
the literature works that elucidate the effects of polyphenols on RA.

2. Polyphenols and Rheumatoid Arthritis

2.1. Phenolic Acids

Hydroxybenzoic and hydroxycinnamic acids are characteristic phenolic acids. Phenolic acids
account for about a third of the polyphenolic compounds in our diet and are found in all plant
material, but they are particularly abundant in acidic-tasting fruits. Caffeic acid, gallic acid, and
ferulic acid are some common phenolic acids. Phenolic acids showing anti-RA effects are arranged
in Table 1. When monocyte and macrophage cells from rat were pre-exposed for 24 h to ferulic
acid, which is found in grains, vegetables, fruits and nuts, nuclear factor of activated T cells c1
(NFATc1), c-Fos, NF-κB, tartrate-resistant acid phosphatase (TRAP), matrix metalloproteinases (MMP)-9,
Cathepsin activities were depressed [10]. The natural polyphenol N-feruloylserotonin (N-f-5HT),
extracted from Leuzea carthamoides, had RA-inhibitory effects via suppressing c-reactive protein (CRP),
12/15-lipoxygenase (LOX), TNF-α, inducible nitric oxide synthase (iNOS), IL-1β in liver and spleen
cells of arthritic rats. This study was conducted for 28 days, with 3 mg/kg of N-f-5HT [11]. In the study
of Lee, mRNA transcription of TNF-α was significantly attenuated in a human mast cell line (HMC-1)
treated with gallotanin derived from Euphorbia [12]. Chlorogenic acid (CGA), derived from Gardenia
jasminoides, inhibited the phosphorylation of p38, Akt, extracellular signal-regulated kinase (ERK) and
IkB, also suppressed the mRNA expression of nuclear factor activated T cells cl (NFATcl). Furthermore,
lipopolysaccharide (LPS)-induced bone erosion was alleviated in vivo when bone marrow macrophages
(BMMs) were exposed to 10, 25, 50 μg/mM of CGA for 4 days [13]. p-Coumaric Acid (CA), which can
be extracted from Gnetm cleistostachyum, was used in two studies. Both of them used the same dose of
100 mg/kg of CA to treat an adjuvant-induced arthritis (AIA) rat model. One trial with a duration of
8 days presented degradation of TNF-α and circulating immune complexes (CIC) levels while inducing
alleviation of immunoglobulin G (IgG) [14]. In the other 16 day trial, CA treatment also reduced
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TNF-α activation, suggest an anti-RA effect via attenuation of cytokines, chemokines, osteoclastogenic
factors, transcription factors, and mitogen-activated protein kinase (MAPK). In detail, the affected
cytokines and chemokines are IL-1β, IL-6, monocyte chemoattractant protein (MCP)-1, the osteoclast
factors are receptor activator of nuclear factor kappa-B ligand (RANKL), TRAP, the pro-inflammatory
cytokines are IL-1b, IL-6, IL-17, the inflammatory enzymes are iNOS and cyclooxygenase (COX)-2,
the transcription factors are NF-κB-p65, p-NF-κB-p65, NFATc-1, c-Fos, MAP kinases are JNK, p-JNK,
ERK1/2. However, osteoprotegerin (OPG) elevation was shown [15].

192



Molecules 2019, 24, 1589

T
a

b
le

1
.

R
he

um
at

oi
d

ar
th

ri
ti

s-
in

hi
bi

ti
ng

ph
en

ol
ic

ac
id

s.

C
o

m
p

o
u

n
d

S
o

u
rc

e
C

e
ll

L
in

e
/A

n
im

a
l

M
o

d
e

l
D

o
se
/D

u
ra

ti
o

n
M

e
ch

a
n

is
m

R
e

fe
re

n
ce

Fe
ru

lic
ac

id
G

ra
in

s
(r

ic
e,

w
he

at
an

d
oa

ts
),

ve
ge

ta
bl

es
,f

ru
it

s,
nu

ts
m

on
oc

yt
e/

m
ac

ro
ph

ag
e

ce
lls
/R

at
25

,5
0,

10
0
μ

M
/2

4
h

↓N
FA

Tc
1,

c-
Fo

s,
N

F-
κ

B,
T

R
A

P,
M

M
P-

9,
C

at
he

ps
in

[1
0]

N
at

ur
al

po
ly

ph
en

ol
N

-f
er

ul
oy

ls
er

ot
on

in
(N

-f
-5

H
T)

Le
uz

ea
ca

rt
ha

m
oi

de
s

A
A

3
m

g/
kg
/2

8
da

ys
↓C

R
P,

LO
X

,T
N

F-
α

,i
N

O
S,

IL
-1
β

[1
1]

G
al

lo
ta

ni
ns

Eu
ph

or
bi

a
H

M
C

-1
/h

um
an

10
m

g/
m

L/
30

m
in

↓ T
N

F-
α

,I
L-

1β
,I

L-
6,

N
F-
κ

B
[1

2]
K

ae
m

pf
er

ol
(3

,5
,7

,4
′ -t

et
ra

hy
dr

ox
y-

fla
vo

ne
)

G
al

lic
ac

id
R

A
SF

s/
hu

m
an

10
0
μ

M
/

2
da

ys
↓I

L-
1β

,M
M

Ps
,C

O
X

,P
G

E2
[1

6]

C
hl

or
og

en
ic

ac
id

(C
G

A
)

G
ar

de
ni

a
ja

sm
in

oi
de

s
os

te
oc

la
st
/

BM
M

s
10

,2
5,

50
μ

g/
m

M
/4

da
ys

↓N
F-
κ

B,
P3

8,
A

kt
,E

R
K

[1
3]

p-
C

ou
m

ar
ic

A
ci

d
(C

A
)

G
ne

tm
cl

ei
st

os
ta

ch
yu

m
A

IA
10

0
m

g/
kg
/8

da
ys

↓T
N

F-
α

,C
IC

↑I
gG

[1
4]

p-
C

ou
m

ar
ic

A
ci

d
(C

A
)

G
ne

tm
cl

ei
st

os
ta

ch
yu

m
A

IA
10

0
m

g/
kg
/1

6
da

ys

↓ T
N

F-
α

,I
L-

1β
,I

L-
6,

M
C

P-
1,

R
A

N
K

L,
T

R
A

P,
IL

-1
β

,I
L-

6,
IL

-1
7,

iN
O

S,
C

O
X

-2
,

N
F-
κ

B-
p6

5,
p-

N
F-
κ

B-
p6

5,
N

FA
Tc

-1
,c

-F
os

,J
N

K
,p

-J
N

K
,

ER
K

1/
2

↑O
PG

[1
5]

A
A

,a
dj

uv
an

ta
rt

hr
iti

s;
H

M
C

-1
,h

um
an

m
as

tc
el

ll
in

e;
R

A
SF

s,
rh

eu
m

at
oi

d
ar

th
ri

tis
sy

no
vi

al
fib

ro
bl

as
ts

;B
M

M
s,

bo
ne

m
ar

ro
w

-d
er

iv
ed

m
ac

ro
ph

ag
es

;A
IA

,a
dj

uv
an

ti
nd

uc
ed

ar
th

ri
tis

;N
FA

Tc
1,

nu
cl

ea
r

fa
ct

or
of

ac
tiv

at
ed

T
ce

lls
c1

;N
F-
κ

B,
nu

cl
ea

r
fa

ct
or

κ
lig

ht
ch

ai
n

en
ha

nc
er

of
ac

tiv
at

ed
B

ce
lls

;T
R

A
P,

ta
rt

ra
te

-r
es

is
ta

nt
ac

id
ph

os
ph

at
as

e;
M

M
P-

9,
m

at
ri

x
m

et
al

lo
pr

ot
ei

na
se

s-
9;

C
R

P,
c-

re
ac

ti
ve

pr
ot

ei
n;

LO
X

,1
2/

15
-l

ip
ox

yg
en

as
e;

T
N

F-
α

,t
um

or
ne

cr
os

is
fa

ct
or

-α
;i

N
O

S,
in

du
ci

bl
e

ni
tr

ic
ox

id
e

sy
nt

ha
se

;I
L-

1β
,i

nt
er

le
uk

in
-1
β

;C
O

X
,c

yc
lo

ox
yg

en
as

e;
PG

E2
,p

ro
st

ag
la

nd
in

E
2;

C
IC

,c
ir

cu
la

ti
ng

im
m

u
ne

co
m

pl
ex

es
;I

gG
,i

m
m

u
no

gl
ob

u
lin

G
;M

C
P

-1
,m

on
oc

yt
e

ch
em

oa
tt

ra
ct

an
tp

ro
te

in
-1

;R
A

N
K

L
,r

ec
ep

to
r

ac
ti

va
to

r
of

nu
cl

ea
r

fa
ct

or
ka

pp
a-

B
lig

an
d

;T
R

A
P,

ta
rt

ra
te

-r
es

is
ta

nt
ac

id
ph

os
ph

at
as

e;
JN

K
,c

-J
un

N
-t

er
m

in
al

ki
na

se
s;

O
PG

,o
st

eo
pr

ot
eg

er
in

;↑
—

up
-r

eg
ul

at
io

n;
↓—

do
w

n-
re

gu
la

ti
on

.

193



Molecules 2019, 24, 1589

2.2. Stilbenes

Stilbenes have a 1,2-diphenylethylene nucleus that can be of two types: (E)-stilbenes which
are the trans isomers and (Z)-stilbenes which are cis isomers [17]. Stilbenes are polyphenols with
anti-inflammatory, cell death activation, and anti-oxidant effects. Among more than 400 natural
stilbenes, the most popular one is resveratrol (RSV). RSV was reported as a new potential agent to
suppress inflammation-induced arthritis (Table 2). RSV, which is originated from red grapes, showed
anti-RA effect on FLSs of AA that was given with a dose of 5, 15, 45 mg/kg of the compound for
12 days, by inhibiting Beclin1, LC3A/B, manganese-dependent superoxide dismutase (MnSOD) and
inducing MtROS [18]. A dose on FLSs in humans of 50 μg for 24 h also demonstrated an anti-RA effect
via suppression of COX-2, prostaglandin E2 (PGE2), nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, Akt, p38 MAPK, ERK1/2, reactive oxygen species (ROS), NF-κB [19]. On human
synovial membrane in a test conducted with resveratrol at a dose of 6.25, 12.5, 25, 50 μM, resveratrol
exerted the same effect by regulating IL-1β, MMP-3, p-Akt, MMP-3, PI3K-Akt [20]. In the randomized
controlled clinical trial by Hani, 50 patients were given a 1 g RSV capsule for 3 months. This study
suggested that taking RSV has significant clinical effect in RA. Also, RF positivity, SJC-28, TJC-28,
CRP, erythrocyte sedimentation rate (ESR), uncarboxylated osteocalcin (ucOC), MMP-3, TNF-α, IL-6,
disease Activity Score-28 for Rheumatoid Arthritis with ESR (DAS28-ESR) levels were alleviated [21].
Furthermore, RSV relieved RA symptoms by downregulating IgG1, IgG2a when a dose of 20 mg/kg
was used. After treatment of draining lymph node (DLN) cells and Th17 cells of rat with 40 μM of RSV
for 72 h, expressions of IL-17 and IFN-γ were decreased. With the same cell line, injection of 30 μM or
50 μM for 3 days led to suppression of TH-17, IL-17 [22]. Finally, RSV-exposed FLSs in AA showed a
decline of Beclin1, LC3A/B, MnSOD and increase of mitochondrial (Mt) ROS [23].

2.3. Flavonoids

Flavonoids are a type of polyphenol which consist of two phenyl rings in a general 15-carbon
skeleton structure. They can be classified into flavones, flavonols, flavanones, flavanonols, flavanols
or catechins, anthocyanins, and chalcones [24]. Quercetin and epigallocatechin-3-gallate, a tea
flavonoid, are some of the best known flavonoids. These compounds have beneficial effects such
as anti-inflammatory and anti-cholinesterase activity and therefore are used to treat many diseases.
For example, a flavonoid-rich diet was reported to be associated with a reduced risk of cardiovascular
disease [25]. Citrus flavonoids can modulate lipid metabolism and thus can be used as a treatment
of metabolic dysregulation [26]. The anti-inflammatory effects of flavonoids can also be applied to
attenuating the symptoms of rheumatoid arthritis (Table 3). A-glucosylhesperidin is extracted from
citrus fruits, and exerts anti-RA effects via downregulation of tumor necrosis factor α (TNFα) at a
dose of 3 mg per 0.3 mL when it was administered on a collagen-induced arthritis (CIA) rat model
3 times a week for 31 days [27]. Anthocyanin from cherries showed anti-RA effects by inhibiting
TNFα, prostaglandin E2 (PGE2), and malondialdehyde (MDA) and inducing superoxide dismutase
(SOD) at doses of 10, 20, and 40 mg/kg when adjuvant induced arthritis (AIA) rats were treated for
14 days [28]. Also, cocoa polyphenol, which consists of epicatechin, catechin, flavonol glycosides,
and procyanidin, downregulated vascular endothelial growth factor (VEGF), NF-kB, and activator
protein (AP)-1 and increased formation of p-Akt, p-p70S6K, p-extracellular signal-regulated kinases
(ERK), p-p90 kDa ribosomal S6 kinase (p90RSK), p-mitogen-activated protein kinase kinase 4 (MKK4),
p-c-Jun N-terminal kinase (JNK), p- PI3K when a JB6 P+ mouse epidermal cell model was treated
with doses of 10 and 20 μM /mL for 1 h [29]. Epigallocatechin-3-gallate (EGCG), a well-known
compound from Camellia sinensis, exerted anti-RA effects on human rheumatoid arthritis synovial
fibroblasts (RASF) by downregulating epithelial neutrophil-activating peptide (ENA)-78, RANTES,
growth-regulated oncogene (GRO)-α, IL-1–induced MMP-2, chemokine-induced MMP-2 at doses of
10, 20, 30, 40 and 50 μM when administered for 12 h [30]. Doses of 125, 250, 500 nM of EGCG for 24 h
also demonstrated anti-RA effects on human rheumatoid arthritis synovial fibroblasts (RASFs) via
suppression of mitogen-activated protein kinase (MAPK), MMP-1, MMP-3, p-extracellular regulated
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kinases (ERK)1/2, p-JNK, p-p38, and AP-1 formation [31]. When EGCG was given to CIA rats for
3 weeks, at a dose of 20, 30, 40, and 50 mg/kg, it inhibited type II collagen (CII) antigen-specific
IgG2a, IL-1β, IL-6, TNFα, IL-17, VEGF, nitrotyrosine, iNOS, c-Fos, nuclear factor of activated T cells c1
(NFATc1), cathepsin K (CTSK), MMP9, p-STAT3 727, IL-17, chemokine (C-C motif) ligand 6 (CCL6),
aryl hydrocarbon receptor (AHR), IL-21, p-STAT3 705, p-ERK, receptor activator of nuclear factor κ B
(RANK), tartrate-resistant acid phosphatase (TRAP), and calcitonin receptor (CTR), while it induced
IL-10, TGF-β, suppressor of cytokine signaling 3 (SOCS3), Foxp3 [32]. Furthermore, IL-6, TNFα, and
interferon (IFN)-γ were suppressed, but anti-CII specific IgG1 antibodies were activated when CIA
rats were treated for 3 weeks with a dose of 10 mg per kg of the rats’ weight [33]. EGCG at doses of
10 mg/kg for 5 days also showed anti-RA effects on pristane-induced arthritic (PIA) rats via inhibition
of myeloperoxidase (MPO) [34]. When both human osteoclasts of peripheral blood monocytes and
mice were treated for 15 days with a dose of 20 and 50 μM, CTR, carbonic anhydrase II, cathepsin K, α-v
integrin, β-3 integrin, and NF-ATc1 were downregulated [35]. On osteoclast precursor cells and mature
rat osteoclasts, 7 days of EGCG treatment with a dose of 10 and 100 μM restrained multinucleated
osteoclast formation, MMP-9, and MMP-2, showing anti-RA effects [36]. Another flavonoid, fisetin
from Rhus verniciflua Stokes, displayed anti-RA effects on human RA fibroblast-like synoviocytes
(RAFLS) when they were treated with a dose of 0.1, 1, or 10 μg/mL for 72 h. FLS proliferation,
TNFα, IL-6, IL-8, monocyte chemoattractant protein (MCP)-1, and VEGF were suppressed [37]. Under
the same conditions described above, a flavonol-rich residual layer of the hexane fraction (RVHxR)
derived from Rhus verniciflua Stokes, also inhibited FLS proliferation, TNFα, IL-6, IL-8, MCP-1, and
VEGF and further inhibited p-ERK and p-JNK, while upregulated p-p38-MAPK [37]. Gallic acid,
extracted from Cinnamomum zeylanicum L. bark, reduced RA symptoms by suppressing TNFα
expression on adjuvant-induced arthritis (AIA) rats at a dose of 200 mg/kg for 12 and 21 days. When
concanavalin (Con-A)-stimulated lymphocytes were treated at a dose of 40 μg/100 μL for 72 h, IL-2,
IL-4, and IFN-γ were repressed [38]. One of the main flavonoids in soybean is genistein, which is
reported to have anti-RA effects on CIA rat by reducing IFN-γ and T-bet, and the Th1/Th2 ratio, while
it upregulates GATA-3 and IL-4. These effects were demonstrated in a dose of 1 mg/kg rat weight after
treatment for 42 days [39]. Genistein also exerted the same effect via inhibition of FLS proliferation and
MMP-9 when tested on human RAFLS for 24 h at a dose of 10 μg/mL [40]. Hesperidin ameliorated
RA symptoms, inhibiting ELA, TBAR, and nitrite (NO), while inducing glutathione (GSH), SOD,
and catalase when CIA rats were treated for 22 days with a dose of 160 mg/kg [41]. Kaempferol
(3,4′,5,7-tetrahydroxyflavone), which is derived from diverse sources such as propolis and grapefruits,
presented anti-RA effects on synovial tissues of patients with knee arthroplasty. When 10, 50, 100, and
200 μM of the flavonoid were applied on the tissue for 2 days, MAPK, NF-κB, and RASFs were inhibited.
When a dose of 100 μM of the compound was applied on the tissue for 48 h, MAPK, NF-κB, MMP-1,
MMP-3, COX-2, and PGE2 were inhibited [16]. Malvidin-3-O-β glucoside, extracted from red grape
skin extract powder, relieved RA symptoms by downregulating TNF-α, IL1, macrophage inflammatory
protein 1a (MIP1a), IL-8, IL-6, NO, and NOx when a dose of 1, 10, and 100 μM was applied to human
peripheral blood monocyte-derived macrophages for 24 h. When peritoneal macrophages of rat
were treated under the same conditions IL-1β, TNF-α, and IL-8 were suppressed [42]. Mangiferin
(1,3,6,7-tetrahydroxyxanthone-C2-β-D-glucoside), derived from the family Thymelaeaceae, showed
anti-RA effects via suppression of NF-κB, ERK1/2, IL-1β, IL-6, TNF-α, and RANKL when it was
tested on CIA-induced DBA/1 rats at doses of 100 and 400 mg/kg for both 14 days and 27 days [43].
Morin (ML-morin) from various fruits and vegetables reduced RA symptoms by decreasing ROS, NO,
iNOS, NF-κB-p65, TNF-α, IL-1-beta, IL-6, MCP-1, VEGF, RANKL, and STAT-3 formation in spleen
and synovial macrophages of Wistar albino rats when they were treated with a dose of 10 mg/kg
for 3 days [44]. Naringin, which can be extracted from grapes and citrus fruits, presented anti-RA
effects on AIA rat by reducing TNFα, IL-1β, IL-6, and Bcl-2 formation while increasing Bax formation.
The rats were treated with the compound at a dose of 20 mg/kg and of 40 mg/kg for 28 days, and both
doses showed similar results [45]. Theaflavin-3,3′-digallate (TFDG), derived from Camellia sinensis
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exerted anti-RA effects via downregulation of multinucleated osteoclast formation, MMP-9 and MMP-2
of osteoclast precursor cells and mature osteoclast of rats treated with a dose of 10 and 100 μM for
7 days [36]. Thymoquinone (TQ) is extracted from Nigella sativa, and induces anti-RA effects by
downregulating IL-6, IL-8, intercellular adhesion molecules (ICAM)-1, vascular cell adhesion protein
(VCAM)-1, Cad-11, p38, and JNK in human RA synovium which was treated with 1, 2, 3, 4, and 5 μM
of the compound for 2 h [46]. A similar effect was shown through a different mechanism when it was
administered to CIA rats at 2.5 mg/kg for 5 days: TQ reduced IL-1β formation in CIA rat [47]. TQ also
inhibited LPS-induced FLS proliferation, LPS-induced IL-1β, TNFα, MMP-13, COX-2, prostaglandin,
H2O2-induced 4-hydroxynonenal (HNE), p-p38 -MKK, p-ERK, and p-NF-κB-p65 in human RAFLS
treated with 1, 2, 5, and 10 μM of the compound for 1 h. When it was given to AIA rats at a dose of
5 mg/kg for 1 day, an anti-RA effect appeared via downregulation of HNE, IL-1β, and TNFα [48].

2.4. Other Compounds

Other polyphenols were also studied for their anti-RA mechanisms (Table 4). EVOO-polyphenol
extract (PE), which is extracted from extra virgin oil (EVOO), exerts anti-RA effects via downregulation
of TNF-α, IL-1β, IL-6, PEG2, p38, JNK, p65, and lκB-α at a dose of 100 and 200 mg/kg when
collagen-induced arthritis (CIA) rats were treated for 13 days [49]. Hydroxytyrosol acetate (Hty-Ac),
also from EVOO, showed anti-RA effects by inhibiting IgG1, IgG2a, COMP, MMP-3, TNF-Q, IFN-S,
IL-1R, IL-6, IL-17A, nuclear factor (erythroid-derived 2)-like 2 (Nrf2), and heme oxygenase 1 (HO-1)
at a dose of 0.5% when CIA rats were treated for 42 days [50]. Curcuminoid from turmeric rhizome
or ginger rhizome, induced TNF-α, IL-1β, IL-6, IL-4, IL-10, SOD, CAT, and GSH, while suppressing
lipid peroxidation (LPO), alanine transaminase (ALAT), and alkaline phosphatase (ALP) when it
was given to AIA rats at a dose of 200 mg/kg/28 days [51]. Curcumin, also from the same origin,
relieved RA symptoms of MH7A via downregulation of IL-1β, IL-6, NF-κB, ERK1/2, and AP-1, and
upregulation of lactate dehydrogenase (LDH). The cells were treated with a dose of 12.5, 25, and 50 μM
for 6 h [52]. Under the same conditions, RA symptoms in RAFLS were attenuated by repression
of IL-1β, IL-6, NF-κB, ERK1/2, AP-1, and VEGF-A [38]. Curcumin, from rhizome of Curcuma longa,
likewise demonstrated anti-RA effects via suppression of Bcl-2, caspase-3, caspase-9, ADP-ribose,
and COX-2 of FLS when human FLS were treated for 24 h with a dose of 25, 50, 75, and 100 μM [53].
Curcumin oil-water nanoemulsions (CM-Ns) from the herb turmeric mitigated RA symptoms by
downregulating NF-κB, TNF-α, and IL-1β in AIA rats which was treated with 50 mg/kg of CM-Ns for
24 h [54]. Emodin, extracted from Rheum palmatum, showed anti-RA effects on CIA rats that were given
a dose of 10 mg/kg of the compound for 11 days, by inhibiting NF-κB, MMP, and M-CSF [55]. A dose
of 5, 10, and 20 mg/kg on CIA rats for 21 days also demonstrated anti-RA effects via suppression of
TNF-α, IL-6, and PGE2 [56]. On human synovial membrane which was administered emodin it the
same effect by downregulating histone deacetylase (HDAC), HDAC1, VEGF, COX-2, COX-2, VEGF,
hypoxia-inducible factor (HIF)-1a, MMP-1, MMP-13, NF-κB, and MAPK [57].
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3. Discussion

Rheumatoid arthritis (RA) is an autoimmune disease that induces chronic joint inflammation,
which causes cartilage and bone damage [1]. Synovial inflammation, swelling, autoantibody production,
cartilage and bone destruction, and systemic features such as cardiovascular, pulmonary, and skeletal
disorders are the main symptoms of this disabling autoimmune disease. Currently, non-steroidal
anti-inflammatory drugs (NSAIDS), glucocorticoids, DMARDs, immunosuppressants, and biologic
agents have been used to treat this autoimmune disease. DMARDs, especially, has been acknowledged
as an effective early intervention for RA, their efficacy being validated by several randomized
trials [58,59]. However, each DMARD showed different toxicity that causes side-effects such as diarrhea
and rashes [59], and therefore various studies have been conducted to find a better solution for RA
treatment. We saw the potential of finding the solution in natural products, especially polyphenols.

Flavonoids demonstrate anti-RA effects through diverse mechanisms [24]. α-Glucosyl-hesperidin
showed results in an animal model study, but it lacked a specific discussion on the mechanism of the
effect [27]. A study on cocoa polyphenol extract (CPE) discusses in depth the effect of the compound on
several different inflammatory routes such as VEGF regulation, PI3K-Akt, and MAPK pathways [29].
Epigallocatechin-3-gallate (EGCG), from green tea is the most widely studied polyphenol related to RA.
Lee et al. conducted an in-depth study on this compound using CIA rats and found specific elements
that regulate and are regulated by Th17 cells and p-STAT3. This study further has observed gene-level
events, which showed that control of Nrf 2 gene may lead to anti-RA effects [32]. Yun et al., on the other
hand, noted the mechanism of EGCG’s effect from a different perspective, comprehensively focusing
on MMP production via the MAPK and AP-1 pathways [31]. Morinobu et al. focused their study on
the role of nuclear factor of activated T cells c1 (NF-ATc1) in EGCG’s effect on osteoclasts [35]. On the
other hand, a study by Leichsenring, et al. lacked a detailed discussion on the mechanism of EGCG [34].
A study of Oka, et al. on both EGCG and TFDG also gave an incomplete description of the mechanism
of the compounds’ anti-RA effects [36]. A study on a flavonol-rich residual layer of hexane fraction
(RVHxR) gave a poor examination of the role of elements in the MAPK pathway of angiogenesis [37].
A study on genistein by Zhang et al. gave a limited discussion of the possible mechanism of the
compound’s effect on RA [40]. Umar et al. focused their studies on the effect of hesperidin on lipid
peroxidation, which is another large category of RA pathogenic mechanisms. This research considered
diverse lipid peroxidation factors, providing dense information about the effect of hesperidin in
lipid peroxidation which causes RA [41]. Decendit et al. nicely designed a study on malvidin-3-O-b
glucoside. The study included both animal model experiments, as well as animal and human
cell experiments. The study also descriptively illustrated the malvidin-3-O-β-glucoside-related RA
pathogenic pathway targeting macrophages [42]. Thymoquinone (TQ) was studied systematically in
two studies. Vaillancourt, et al conducted an in-depth study on TQ, setting three stages of experiments,
which included in vivo experiments on human RAFLS and a rat model and in vitro tests on an animal
model. This study observed the effect of TQ on RA based on three different pathogenic pathways, which
are lipid peroxidation, inflammation, and bone destruction. Interactions of elements that comprise each
pathway are described in detail through an organized experiment process [48]. Umar et al, suggested a
new point of view in studying the effects of polyphenols on RA pathogenesis. The study focuses on the
role of apoptosis signal-regulating kinase 1 (ASK1) in the TNF-α signaling pathway and explains the
role of its related factors in RA reduction [46]. In a study by Tekeoglu et al. three different experimental
groups and a control group were used, but the results was unhelpful in explaining the molecular
mechanism of the regulating effect of TQ [47].

Phenolic acids, plant metabolites that are widely spread throughout the plant kingdom,
also possess anti-RA effects. A study on ferulic acid made profound observations on the effect of the
compound in the RA pathogenic pathway, especially targeting the relation of RANKL, an osteogenic
factor, and NF-κB signaling pathway [10]. Kwaket al. conducted an incomplete study on chlorogenic
acid. Considering that RA’s pathological pathway contains various immunological factors, only using
osteoclasts as the experiment cell line is limiting [13]. Neog et al. conducted a thoughtful study on the
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effect of p-coumaric acid (CA), also focusing on the system related to RANK and its interaction with T
cell immune system factors [15]. Another study of CA, designed by Pragasam et al., was conducted
under similar experimental conditions as used by Neoget al., but was imperfect in elucidating the
molecular mechanism of CA’s anti-Ra effect [14].

Stilbenes are polyphenols that have two phenyl moieties connected by a two-carbon methylene
bridge. Most of the studies on stilbenes that showed anti-RA effects were made on resveratrol.
Three noticeable studies were made on resveratrol. Tsai et al. particularly noted resveratrol’s role
in regulating COX-2 and PGE2 interaction. This study is unique because it focuses on the effect of
particulate matter (PM) from air pollution on RA, and sees how resveratrol affects the inflammatory
pathways of RA caused by PM [19]. Wahba et al. reported the effect of this compound from three
perspectives. They observed immunological changes, inflammatory systemic changes, and oxidative
stress changes.

Choosing specific biomarkers for each part, this study specifically elucidated the role of resveratrol
in each pathway [23]. A study by Xuzhu et al. observed three different levels of the object,
which included the CIA animal model, DLN cells, and Th17 cells. Despite the effort to observe
the result in diverse ways, this study failed to identify the specific mechanism of resveratrol’s effect on
RA regulation at a molecular level [22].

In addition to flavonoids, phenolic acids, and stilbenes there are several other polyphenols
that are hard to classify. Among them, curcumin (CM)-related molecules and emodin are the most
actively studied polyphenols. Ramadan et al. systemically examined the anti-inflammatory and
anti-oxidant effects of curcuminoids shrewdly considering diverse factors related to the pathways [51].
Kloesch et al. comprehensively tested the effect of CM on various inflammation pathway factors, but
the duration of this study was too short [52]. A study by Zheng, et al. suggested a new way to increase
the bioavailability of CA by forming CM-loaded Ns (CM-Ns). They also skillfully designed their
experiments with three different experimental groups and one control group. However, a study on
the molecular mechanism of CM-Ns’ anti-Ra effect was lacking [54]. Park et al. conducted an n in
depth study on how emodin targets the apoptosis pathway, mainly focusing on Bax/Bcl-2 imbalance
and activation of caspase-9 and caspase-3 [53]. A study of Ha, et al. on emodin thoroughly studied
different aspects of the RA pathogenic pathway and tested the compound in vivo, which signified its
role in inflammatory conditions [57]. Zhu et al. further conducted an animal model study on the effect
of emodin on RA symptoms, but their explanation on the therapeutic mechanism in the pathogenic
pathway was deficient [56].

Polyphenol inhibit RA progress mainly by acting on three pathways: the inflammatory pathway,
the oxidative pathway, and the apoptotic pathway. The inflammatory pathway regulated by
polyphenols is mainly via the MAPK pathway and through regulation of NFATC1 gene in osteoblasts.
The key molecules related to these processes are MAPK, IL-1β, IL-6, TNF-α, NF-κB, JNK, ERK1/2, AP-1
and COX-2 (Figure 1).

Although they are not mentioned frequently among the studies, the oxidative and apoptotic
pathways are also attributed a role in the reduction of RA symptoms by polyphenols (Figure 2). The key
elements in the oxidative pathway which are controlled by polyphenols are mostly in the PI3-K/Akt
pathway that produces HO-1 through transcription of the Nrf-2 gene. Other than this pathway, iNOS
is frequently mentioned as the target of polyphenols. For the apoptotic pathway, only the pathway
that involves Bcl-2 is indicated among many studies.

Studies on polyphenols’ anti-RA effects have mainly focused on their influence on inflammation
pathways. There are some studies that concentrate on the anti-oxidative and apoptotic effect of
polyphenols which result in a reduction of RA symptoms, but those are few in number. Further studies
are needed in clarify the molecular studies mechanism of polyphenols’ anti-oxidative and apoptotic
effects that regulate RA’s pathogenic pathways.
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Figure 2. Schematic diagram of the anti-oxidative and apoptotic mechanisms of polyphenols.

In this review we have organized and summarized the role of each polyphenol compound
in diverse pathogenic pathways of RA. This work will be significant in providing systematized
information for developing natural-product-based RA therapeutic solutions.

4. Methods

Searches regarding the anti-RA effects of polyphenol were conducted on PubMed and Google
Scholar in August of 2018. When searching for appropriate studies, we included “rheumatoid arthritis”,
and “polyphenol” as keywords. Only articles written in English, published from 2006 to 2018 were
selected for further review. We selected studies which met the following criteria: (i) studies based on
in vitro or in vivo experiments that demonstrate the anti-RA effects of polyphenols; (ii) studies that
show statistically significant analysis data (p < 0.05); (iii) studies that were not shown to have errors by
subsequent studies; (iv) studies written in English. For classifying the type of polyphenol, we used the
method of Soto et al. [60].

5. Conclusions

Polyphenols reduce rheumatoid arthritis symptoms by regulating an extensive collection of
RA-related molecules, including MAPK, IL-1β, IL-6, TNF-α, NF-κB, JNK, ERK1/2, AP-1 and COX-2.
Studies on polyphenols’ anti-RA effect were mainly focused on their influence on inflammation
pathways. Further studies are needed for clarifying the molecular mechanism of polyphenol’s
anti-oxidative and apoptotic effects that also regulate RA’s pathogenic pathways. Based on these
preclinical data, clinical trials could be conducted.
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Abstract: Natural products have played indispensable roles in drug development and biomedical
research. Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a group
of fast-expanding natural products attribute to genome mining efforts in recent years. Most RiPP
natural products were discovered from bacteria, yet many eukaryotic cyclic peptides turned out to
be of RiPP origin. This review article presents recent advances in the discovery of eukaryotic RiPP
natural products, the elucidation of their biosynthetic pathways, and the molecular basis for their
biosynthetic enzyme catalysis.

Keywords: natural product; RiPP; ribosomally synthesized; post-translationally modified peptides

1. Introduction

1.1. Common Features of RiPP Biosynthesis

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are ribosomally
synthesized and post-translationally modified peptide natural products. As their name indicates,
all RiPP natural products are encoded by structural genes and are initially synthesized as precursor
peptides by ribosome (Figure 1). In most RiPPs, the precursor peptide consists of a sequence-conserved
amino N-terminal leader peptide and a hypervariable core sequence. Many eukaryotic precursor
peptides, as described in this review, have a carboxyl C-terminal recognition sequence that is important
for excision and cyclization [1]. In general, the precursor peptide is first synthesized by the ribosome.
Then, the core peptide is subjected to post-translational modifications, many of which are guided by
leader peptides and recognition sequences. Finally, the leader sequences and recognition sequences are
removed by proteolysis to generate mature peptides. Notably, some post-translational modifications
are leader/recognition sequence independent, catalyzed after removal of the flanking sequences.

Due to the fact that RiPP core peptides are directly translated from open reading frames (ORFs) in
the genomes of the producing organisms, genome mining algorithms and toolkits were developed
to correlate the mature RiPP with its corresponding biosynthetic gene cluster (BGC) and to use that
information to search for more homologous BGCs. On the other hand, by analyzing the sequence of a
putative homologous BGC, the sequence and even the raw structure of its corresponding mature RiPP
can be predicted as well [2,3].

1.2. Designation of RiPP Families

Nisin, produced by Lactococcus lactis, is one of the longest known RiPPs first reported in the 1920s
and has been used as a food preservative since the 1960s [1]. Its structure is characterized by the
presence of lanthionine residues, giving the name lanthipeptides (for lanthionine-containing peptides)
to this family of RiPPs. It was not until recently that the biosynthetic mechanisms for lanthionine
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residues in nisin were revealed [4–6]. The family of lanthipeptides are further divided into four classes
according to different domain organizations of the key biosynthetic enzymes that install the thioether
crosslinks in their characteristic lanthionine residues [1].

Historically, RiPP families have been either defined based on the producing organisms, such
as microcins from Gram-negative bacteria, or their bioactivities, such as bacteriocins that exhibit
antibacterial activities. A consensus was reached in 2013 within the scientific community to designate
RiPPs based on their structural and biosynthetic commonality [1]. Accordingly, a variety of RiPP
families were defined, such as linaridins, proteusins, linear azol(in)e-containing peptides (LAPs),
cyanobactins, thiopeptides, bottromycins, lasso peptides, microviridins, and sactipeptides.

1.3. Engineering Potential of RiPP Antibiotics

Many RiPPs natively display potent antibiotic activities, such as lasso peptides, lanthipeptides,
and thiopeptides. Biosynthetic studies of those antibiotic RiPPs showed that their biosynthetic
pathways are modular. More importantly, many of RiPP biosynthetic enzymes are promiscuous and
can tolerate alternative substrates. This plasticity in RiPP biosynthesis gives rise to engineering efforts
in making new-to-nature compounds with higher potency and better bioavailability. As more RiPP
biosynthetic pathways are revealed and more RiPP biosynthetic enzymes are thoroughly investigated,
the therapeutic potential of RiPPs will be significantly increased by those engineering efforts [7].

Bacterial RiPPs have been more extensively studied than eukaryotic RiPPs in the past. However,
eukaryotic RiPPs are equally important in providing novel chemical scaffolds and valuable enzymatic
transformations. To this end, this review article briefly introduces characteristics of various RiPP
natural products from eukaryotic organisms, including the discovery of novel eukaryotic RiPPs and
their structural characteristics, emphasizes on recent advances in eukaryotic RiPP biosynthetic studies,
and, finally, discusses the unique features of eukaryotic RiPP biosynthesis comparing to bacterial
RiPP biosynthesis.

Figure 1. General Ribosomally synthesized and post-translationally modified peptide (RiPP) natural
products biosynthetic pathway. Adapted from Reference [1].

2. Fungal RiPP

2.1. RiPP from Basidiomycetes

2.1.1. Amatoxins and Phallotoxins

Mushrooms in the genus Amanita account for most of fatal mushroom poisonings [8]. Their toxicity
is caused by a group of bicyclic peptides named amatoxins. Amatoxins are also biosynthesized by
mushrooms in other unrelated genera, such as Galerina, Lepiota, and Conocybe. They can cause liver
failure and death by inhibiting ribonucleic acid (RNA) polymerase II [9]. Amanita mushrooms are also
responsible for producing a structurally related group of toxins, called phallotoxins, which are orally
inactive but toxic when injected. Phallotoxins act by stabilizing F-actin, and have been utilized to stain
the cytoskeleton (Figure 2) [9].
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Figure 2. Structures of α-amanitin and phallacidin.

Genome survey sequencing revealed that amatoxins and phallotoxins are biosynthesized via
ribosomal pathways [8,10]. It was also shown that genes encoding precursor peptides for amatoxins
and phallotoxins are prevalent in toxic mushrooms and form a large family, known as the MSDIN
family for the first five conserved amino acid residues in the precursor peptides [11,12]. Members
of the MSDIN family are characterized by a hypervariable core region flanked by conserved leader
and recognition sequences. Moreover, the core is flanked by invariant proline residues that act as
proteolytic targets by a prolyl oligopeptidase (POP), named POPB (Figure 3).

Figure 3. Schematic of prolyl oligopeptidase (POPB) catalyzed proteolysis and cyclization. GmPOPB is
the POPB from Galerina marginata species. Adapted from Reference [13].

POPB is a member of the POP family of serine proteases. It differs from conventional POP (such
as POPA that is also present in Amanita mushrooms) in that it catalyzes two nonprocessive reactions:
Hydrolysis of leader peptide following the proline residue, and transpeptidation to form macrocycle
of the core peptide [13]. This two-step mechanism of POPB catalysis was also supported by kinetic
and structural studies (Figure 4). The enzyme first hydrolyzes N-terminal leader by the removal of
10 residues from a 35-residue precursor. The resulting 25 amino-acid peptide is conformationally
trapped and forced to be released. After dissociation from the enzyme, the 25-mer is conformationally
rearranged and rebounded by the enzyme. This process is possibly directed by the C-terminal follower
peptide. Finally, the follower peptide is removed and the core peptide is macrocyclized in the active
site of the same enzyme [14]. Due to its unusual two-step mechanism, high substrate tolerance in the
core region, and satisfying kinetic efficiency, POPB has been exploited as a general catalyst for peptide
macrocyclization [15].
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Figure 4. Overall structures of prolyl oligopeptidase POPB. (a) Structure of POPB from Galerina
marginata species unbound to substrate (apoGmPOPB) in tan (PDB 5N4F), (b) S577A mutant of
GmPOPB bound to 35-mer peptide (PDB 5N4C), S577A mutant in cyan, 35-mer peptide in red.

2.1.2. Borosins

Omphalotin A was isolated from the basidiomycete Omphalotus olearius with potent and selective
nematotoxic activity. The structure of omphalotin A is characterized by a peptidic macrocycle
with nine N-methylations on the amide backbone (Figure 5). It was postulated that omphalotin
A was biosynthesized by a nonribosomal peptide synthetase (NRPS) pathway, because backbone
N-methylation had never been observed for RiPP pathways. It was not until 2017 that a RiPP
biosynthetic gene cluster, oph, was confirmed to be responsible for producing omphalotin A by two
groups in parallel [16,17]. Even more surprisingly, the precursor peptide of omphalotin A is not present
as a stand-alone substrate for post-translational modifications, but rather fused to the C-terminal of a
protein with sequence homology to S-adenosylmethionine (SAM)-dependent methyltransferases [18,19].
The gene encoding this fusion protein was named ophA. Additional experiments showed that OphA
autocatalytically methylates its own C terminus in a sequential manner from N to C terminus, followed
by cleavage and cyclization by the prolyl oligopeptidase OphP to form omphalotin [16]. Van der
Velden et al. [17] proposed the name “borosins” after the ancient mythological symbol Ouroboros for
this new family of RiPPs.

Figure 5. Structure of omphalotin A.

The molecular mechanism of OphA automethylation was proposed based on structural studies
by two groups in parallel (Figure 6) [20,21]. OphA acts by forming a homodimer, with each monomer
resembling the appearance of a ring. In the co-complex structure, the C-terminal core peptide in
monomer A sits into the methyltransferase active-site of monomer B (and vice versa), giving the dimer
the appearance of two interlocked rings [20]. This structural arrangement results in substrate proximity
and suggests an acid-base catalysis mechanism. The amide nitrogen is first deprotonated with the
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help of a basic amino acid residue (possibly arginine). The resulting negative charge is stabilized by
tyrosine residues in close proximity. Finally, the proximity of a reactive SAM molecule promotes the
alkylation reaction [21].

Figure 6. Overall structure of dbOphMA (PDB 6MJF). dbOphMA is OphA homolog from Dendrothele
bispora species. (a) dbOphMA monomer bound to S-adenosyl homocystein (SAH), (b) interlocking
organization of dbOphMA dimer.

2.2. RiPP from Ascomycetes

2.2.1. Dikaritins

Ustiloxins

Ustiloxins are the first example of natural products that are biosynthesized by RiPP pathways
in filamentous fungi. The study of ustiloxin biosynthetic pathway represents the first example of
complete RiPP gene cluster characterization in fungi [22]. Ustiloxin B was originally discovered
from plant pathogenic fungus Ustilaginoidea virens with phytotoxic activity by inhibiting microtubule
assembly [23]. The structure of ustiloxin B consist of a Tyr-Ala-Ile-Gly (YAIG) tetrapeptide and contains
unusual norvaline modification on the hydroxylated tyrosine residue (Figure 7). The biosynthetic
origin of ustiloxin B remained unknown until the genome mining method MIDDAS-M was developed
for the detection of natural product biosynthetic gene clusters in fungi [24,25]. MIDDAS-M is the
abbreviation of motif-independent de novo detection algorithm for secondary metabolite biosynthetic
gene clusters. By scoring transcription levels of all putative gene clusters in Aspergillus flavus under
different culture conditions, the MIDDAS-M method identified the gene cluster for ustiloxin B, named
the ust cluster, which was later confirmed by knockout studies.

Figure 7. Structure of ustiloxin B.

In depth sequence analysis of the cluster revealed that the precursor peptide UstA contains 16-fold
repeats of the YAIG core, and that each repeated core is flanked by conserved ED and KR motifs which
are likely necessary for recognition by post-translationally modifying enzymes (Figure 8). Moreover,
the N-terminal of UstA is a signal peptide-like sequence that also contains a KR motif. The overall
organization of UstA, and the fact that KR motif is a known recognition site for Kex2 protease, which is
a type of universal serine proteases, strongly suggest that ustiloxin B is a RiPP and that ustA encodes
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the precursor peptide [22]. Accordingly, the biosynthetic gene cluster of ustiloxin B in its original host,
U. virens, was also characterized and confirmed to be a RiPP cluster [26].

Figure 8. Sequence of UstA from Aspergillus flavus. KR motifs to be recognized by Kex2 protease are
marked in bold. Repeated YAIG core sequences are underlined. Adapted from Reference [22].

The entire biosynthetic pathway of ustiloxin B has been studied in detail by gene inactivation,
heterologous expression, and in vitro biosynthetic enzyme functional reconstitution (Figure 9a) [27].
Gene disruption studies revealed that the three genes ustQYaYb are essential to give the first intermediate
2. UstQ is a tyrosinase homolog. UstYa/UstYb are mutual homologs containing the DUF3328 motif
and have no homology with functionally known enzymes. Heterologous expression of ustQYaYb in
Aspergillus oryzae gave 2 as the sole product. Based on these results, it was speculated that the UstA
precursor is first digested into 16 trideca-/tetradecapeptides by Kex2 proteases before cyclization by
UstQYaYb. However, the proteases that removes the N- and C- terminal sequences flanking the core
are still unknown. UstM is a methyl transferase. Introduction of ustM into ustQYaYb transformants
generated 3. UstF1/UstF2 are Class B bifunctional flavoprotein monooxygenases (FMO). Purified
maltose binding protein (MBP)-tagged UstF1/UstF2 showed yellow color and strong absorption at 450
nm, indicating binding of flavin adenine dinucleotide (FAD). Incubating 4 with UstF1 in the presence
of nicotinamide adenine dinucleotide phosphate (NADPH) resulted in 5, which was transformed into
an entgegen/zusammen (E/Z) mixture of 6 after incubating with UstF2 in the presence of NADPH.
Treatment of 6 with 0.1% trifluoroacetic acid (TFA) afforded 8, a hydrate form of 7. ustD gene showed
homology with pyridoxal 5’-phosphate (PLP)-dependent enzyme. Incubating 8 with MBP-tagged UstD
in the presence of PLP and aspartic acid generated ustiloxin B. The reaction mechanism of UstD was
studied by incubating the enzyme with PLP and aspartic acid and treating the reaction mixture with
dansyl chloride. The above experiment generated dansylated alanine, indicating that UstD catalyzes
decarboxylation of aspartate to form an enamine, which acts as a nucleophile and reacts with 7 to give 1

(Figure 9b). Given that ustYa/ustYb are located near the precursor peptide gene ustA, combined queries
of homologs of ustYa/ustYb and ustA identified 94 homologous clusters in Aspergilli genome sequences.
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Figure 9. Proposed biosynthetic pathway for ustiloxin B. (a) Overall biosynthetic scheme, (b) Proposed
mechanism of UstD catalyzed reaction. P450 = cytochrome P450 monooxygenase, FMO = flavoprotein
monooxygenase, PLP = pyridoxal 5′-phosphate. Adapted from Reference [27].

Asperipins

Guided by the finding of 94 precursor peptide gene candidates by querying ustYa/ustYb and
ustA in combination, a new cyclic peptide asperipin-2a was isolated from Aspergillus flavus [28].
Although asperipin-2a has high homology to ustiloxins in their gene clusters, they have distinct
structural characteristics. Asperipin-2a has a hexa-peptidic core sequence of FYYTGY, forming a
bicyclic structure connected by ether linkages between tyrosine side chains and β-carbons (Figure 10).
The putative biosynthetic gene cluster for asperipin-2a is only composed of four genes: A precursor
peptide gene aprA, a ustYa/ustYb homolog aprY, a transporter aprT, and an isoflavone reductase aprR.
Heterologous expression of asperipin-2a gene cluster in Aspergillus oryzae showed that aprY is essential
for biosynthesizing asperipin-2a, and indicated a sequential oxidative macrocyclization function for
AprY [29].
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Figure 10. Structure of asperipin-2a.

Phomopsins

Phomopsins are a group of cyclic hexapeptide produced by the plant pathogenic fungus Phomopsis
leptostromiformis. The structures of phomopsins are characterized by a 13-member macrocyclic ring formed
by ether linkage between tyrosine and isoleucine (Figure 11). They are potent antimitotic compounds
that target the vinca domain of tubulin, causing liver disease in livestock fed on infected plants [30]. A
RiPP gene cluster was confirmed to be responsible for producing phomopsins by analyzing the genome
sequence of P. leptostromiformis ATCC 26115 [31]. Similar to ustiloxin B precursor peptide gene ustA,
phomA, the precursor peptide gene for phomopsins is also arranged in the same pattern. The N-terminal
of PhomA is a signal-peptide like leader sequence, followed by eight repeats of core peptide flanked by
conserved KR motifs. Knockout studies showed that the tyrosinase PhomQ is essential for phomopsin
biosynthesis and is likely involved in forming the cyclic scaffold. In vitro enzymatic assays revealed that
the methyltransferase PhomM installs methyl groups onto the N-terminal α-amino group. A search for
PhomA, PhomQ, and PhomM homologous proteins in the National Center for Biotechnology Information
(NCBI) database resulted in the identification of 27 similar gene clusters, suggesting the presence of
a family of fungal RiPP natural products. Because these compounds appear to associate with strains
of the subkingdom Dikarya, the name “dikaritins” was proposed for this new family of peptides. A
global sequence similarity network was constructed for all of the putative proteins from the identified
gene clusters, showing that these gene clusters contain a set of highly conserved proteins, including
PhomA homologs, PhomQ homologs, PhomR-like zinc finger transcription-regulating proteins, and S41
family peptidases. Noteworthy is the presence of DUF3328 proteins in all of the gene clusters, such as
UstYa/UstYb and AprY, whose role in dikaritin biosynthesis remains to be elucidated [31].

Figure 11. Structure of phomopsin A.

2.2.2. Epichloёcyclins

Epichloёcyclins were discovered from grass endophytic fungi belonging to the genus Epichloё. MS/MS
analyses indicated their structure characteristics to be a hepta-peptidic ring formed by oxidative cyclization
on the tyrosine residue, and methylations on the lysine residue. Detailed structures of epichloёcyclins
remain to be determined. The precursor peptide gene for epichloёcyclins was identified from fungal
transcripts in endophyte-infected grasses and designated gigA (grass induced gene). GigA is composed of
a signal sequence at its N-terminal, followed by four repeats of sequences containing the core peptide and
conserved motifs, such as KR recognition site for Kex2 protease. Epichloёcyclins are the first example of
RiPP natural products found in mutualistic symbiotic fungus, suggesting a possible bioactive role [32].
Whether epichloёcyclins belongs to the family of dikaritins or forms its own family of RiPP remains to be
determined until the full biosynthetic gene cluster of epichloёcyclins can be identified.
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3. Plant RiPP

3.1. Cyclotides

Cyclotides are plant derived RiPPs that are characterized by a head-to-tail cyclic peptide backbone
and a signature cyclic cystine knot (CCK) motif [33]. They were discovered from plants of the Rubiaceae,
Violaceae, Cucurbitaceae, and Fabaceae families [34–38]. Due to their insecticidal activities, cyclotides
were thought to be plant defense agents. The broad range of other biological activities, such as antiviral,
antimicrobial, and cytotoxic activities made cyclotides attractive for pharmaceutical applications [1].
The precursors of cyclotides can be present as dedicated proteins, similar to other RiPPs from bacteria
and fungi. However, it was found that cyclotide precursors in Clitoria ternatea (Fabaceae family) are
embedded within an albumin precursor, indicating RiPPs might be much more common than has been
thought [36,37]. Cyclotide precursors consists of an endoplasmic reticulum (ER) domain, a pro-region
(PRO), an N-terminal region (NTR), and one or more copies of the core sequence. The protease that
removes the leader remains to be characterized. Butelase 1, a Asx-specific peptide ligase from cyclotide
producing C. ternatea, was characterized to be responsible for cyclotide backbone cyclization [39].
Butelase 1 has high sequence homology with asparaginyl endopeptidase (AEP), and indeed showed
AEP activity. However, it recognizes the C-terminal Asn/Asp-His-Val (D/NHV) sequence and is capable
of cyclizing various peptides of plant and animal origin with high catalytic efficiencies (Figure 12) [39].
A recent structural study revealed that the active site of butelase 1 has only subtle differences from
conventional AEPs, suggesting its efficient macrocyclization activity may be attributed to its peptide
binding region (Figure 13) [40]. A co-crystal structure of butelase 1 with its peptide substrate will
help us understand the mechanism of macrocyclization. Due to its high promiscuity and fast kinetics,
butelase 1 has been applied in protein labelling [41,42], chemoenzymatic synthesis of bacteriocins [43],
generating cyclic peptides with non-native amino acids [44], decorating E. coli cell surfaces [45], making
peptide dendrimers [46], and preparing C-to-C fusion proteins [47].

Figure 12. Schematic of butelase 1 catalyzed cyclization. kB1 containing 29 amino acid residues is the
core peptide of plant cyclotide kalata B1. Asp-His-Val (NHV) is the C-terminal sequence recognized by
butelase 1. Adapted from Reference [39].

Figure 13. Crystal structure of butelase 1 (tan, PDB 6DHI) overlaid with structure of conventional AEP
from Oldenlandia affinis (cyan, PDB 5H0I).

217



Molecules 2019, 24, 1541

3.2. Orbitides

Orbitides refer to N-to-C cyclized plant peptides that do not contain disulfides. They are produced
by at least nine plant families: Annonaceae, Caryophyllaceae, Euphorbiaceae, Lamiaceae, Linaceae,
Phytolaccaceae, Rutaceae, Schizandraceae, and Verbenaceae [1]. Similar to cyclotides, orbitide precursor
peptides also contain multiple copies of core sequences, resulting in a single precursor to be processed
to multiple cyclic peptides. The biosynthetic pathway of orbitide segetalin A has been studied in detail
(Figure 14). The 32-amino acid precursor presegetalin A1 is first processed by the serine protease OLP1
to remove the N-terminal 15 residues. Then, the peptide cyclase PCY1 cleaves the C-terminal 13 amino
acids, with concomitant macrocyclization of the remaining six residues to form segetalin A [48]. PCY1
is identified as a member of the S9A protease family that includes POP enzymes. Kinetic analysis
showed that PCY1 has similar kcat values, and five~10-fold higher KM values comparing to butelase 1
involved in cyclotide macrocyclization. Crystal structures of PCY1 revealed its transamidation and
cyclization mechanisms (Figure 15). Upon binding of the follower peptide, PCY1 is maintained in a
closed state that precludes solvent from the active site, potentially limiting the competing hydrolysis
reaction. A key residue His659 sits on a mobile loop, which contributes to two roles: Activating
Ser nucleophile to form acyl-enzyme intermediate, and deprotonating the α-amine of the substrate
for transamidation [49]. Using the obtained knowledge of PCY1 reaction molecular basis, a three
residue C-terminal extension (F/I-Q-A/T) was designed to replace the native long recognition tail
FQALDVQNASAPV, permitting PCY1 to work on synthetic substrates [50].

Figure 14. Schematic of segetalin A biosynthetic pathway. Letters in the figure represents single
letter notations for amino acids. OLP1 is a serine protease. PCY1 is a peptide cyclase. Adapted from
Reference [49].

Figure 15. Overall structure of peptide cyclase PCY1 with follower peptide (PDB 5UW3).
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4. Animal RiPP

Marine snails, such as cone snails, are known to produce a variety of ribosomally synthesized
and post-translationally modified peptide venoms. Those venomes are produced by predatory cone
snails, injected into the prey, and lead to paralysis. The best characterized marine snail peptides are
conopeptides, also known as conotoxins. It was estimated that more than 500 species of predatory
marine Conus snails are capable of producing conotoxins [51,52]. Those Conus species can produce as
many as 70,000 structurally diverse conotoxins [53,54]. Many conotoxins act by targeting ion channels,
thus have been widely used as basic research tools in neuroscience. A number of conotoxins showed
therapeutic potential due to their unparalleled potency and selectivity against a wide range of receptors
and ion channels [55]. For example, Ziconotide, a calcium channel agonist isolated from Conus magus,
was approved by the United States Food and Drug Administration (US FDA) in 2004 for the treatment
of chronic pain. A detailed review of conopeptides discovery and biosynthesis was made in 2013, and
more structures of conopeptides have been characterized since then [1,56–58].

The precursor peptide sequences of conotoxins were studied by analyzing the transcriptomes of
cone snails. Those studies revealed that conotoxin precursor transcript sequences consist of three regions:
An ER signal peptide, a mature peptide region, and pre-/postpropeptide regions [59,60]. The ER signal
peptide sequence is highly conserved, whereas the mature peptide region is highly diverse [60]. Types
of conotoxin post-translational modifications include disulfide-bond formation, proline hydroxylation,
O-glycosylation on serine or threonine residues, and glutamate γ-carboxylation [61,62]. A web-based
ConoServer database (conoserver.org) was established to record known structures of conopeptides,
classifications, post-translational modifications, and their general statistics. Due to that conopeptide
biosynthetic genes are not organized in clusters, biosynthetic studies of animal RiPPs are extremely
challenging. The details of conotoxin biosynthetic pathways and the mechanism and molecular basis
for their post-translational modifications still remain largely unexplored [55].

5. Discussion

Eukaryotic RiPP pathways have some special features comparing to bacterial RiPP pathways.
As described above, many fungal and plant RiPPs have N-terminal recognition sequences in their
precursor peptides. Moreover, C-terminal signal sequences are also common in eukaryotic RiPP
precursors. For example, in the case of cyclotides (Section 3.1), an ER signal sequence is present in
their precursor peptides [63]. In addition, the core region of eukaryotic precursor peptides often
has several repeats of the core sequence, flanked by conserved motifs. Although this manner is also
found in cyanobactin biosynthesis, whose cores are present as repetitive cassettes, it is not common in
other bacterial RiPP pathways [64]. Even more surprisingly, some eukaryotic RiPP precursors are not
encoded as stand-alone genes, but rather as fusion or chimeric proteins. For example, omphalotin A
precursor is fused to the C-terminal of a post-translationally modifying enzyme methyltransferase
(Section 2.1.2), and some cyclotide precursors are embedded within an albumin precursor (Section 3.1).
The presence of precursor peptides fused to other structural genes underscores the possibility that
eukaryotic RiPP natural products are much more common than have been found. Interestingly, the
biosynthesis of many eukaryotic RiPPs involves an N-C macrocyclization catalyzed by proteases.
For example, amatoxins are macrocyclized by POPB enzymes, cyclotides are formed by a head-to-tail
cyclization catalyzed by butelase 1, and the N-to-C cyclization of orbitides are catalyzed by PCY1
proteases [65]. The resulting macrocyclic peptides are more resistant to protease degradation in
physiological environments, thus having more potential to be developed into novel therapeutics.

RiPP natural products are promising candidates for developing novel therapeutics, as many
RiPPs have shown significant biological activities and great engineering potential [7]. The studies of
eukaryotic RiPP biosynthesis are relatively more challenging than their bacterial counterparts, mainly
due to the more complex genomic context. This challenge can be compromised by the development of
optimal computational tools for mining eukaryotic genomes [2,66,67]. As more RiPP natural products
are discovered, and more RiPP biosynthetic pathways are revealed, this group of fast expanding natural
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products will continue to provide compounds for industrial applications, and to inspire engineering
efforts on enzymatic machineries.
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