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Arctigenin, a natural product with diverse pharmacological activities, can inhibit cell proliferation and survival and

has shown promising potential in cancer research. In this study, we designed a series of arctigenin derivatives

with HDAC inhibitory activity based on the synergistic effects between HDAC inhibitors and arctigenin.

Among them, compound B7 exhibited significantly higher antiproliferative activity in the MV411 cell line

compared to the positive control, tucidinostat. Additionally, enzymatic activity testing was performed with

compound B7. Further mechanistic studies indicated that compound B7 induced apoptosis through the

Caspase-3 pathway in MV411 cells and enhanced histone acetylation levels in the MV411 cell line. These

findings highlight the broad potential application of these arctigenin derivatives in cancer therapy.
Introduction

Arctigenin is a natural product primarily found in plants such
as Arctium lappa (burdock). The molecular formula of arctige-
nin is C21H24O6, and the compound has been extensively
studied and shown to possess certain anticancer activities.1–3

The anticancer effects of arctigenin are attributed to multiple
mechanisms. Some studies have indicated that arctigenin can
inhibit the proliferation and growth of tumour cells,4–7 induce
apoptosis (programmed cell death),8 and impede the invasion
and metastasis of cancer cells.9,10 Regarding haematologic
malignancies, arctigenin has also demonstrated inhibitory
effects. For instance, in vitro experiments have shown that arc-
tigenin can inhibit the proliferation and growth of leukaemia
cells, including acute lymphoblastic leukaemia and acute
myeloid leukaemia cells, and induce apoptosis in these cells.11

Furthermore, arctigenin has shown inhibitory effects on the
growth of lymphomas and multiple myeloma cell lines, among
other haematologic malignancies.12

Histone deacetylases (HDACs) are a class of enzymes that
play a crucial role in regulating gene expression and epigenetic
modications13,14(Fig. 1). They are responsible for removing
acetyl groups from lysine residues in histone proteins, leading
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to chromatin condensation and transcriptional silencing.15

Aberrant upregulation or excessive activity of HDACs frequently
occurs in various malignancies, and as a result, tumour
suppressor genes are silenced and tumour cells proliferate.16

Consequently, over the past 20 years, HDACs have been widely
targeted for cancer therapy.17,18 To date, ve HDAC inhibitors,
including vorinostat (SAHA),19 romidepsin,20 belinostat,21 pan-
obinostat,22 and tucidinostat,23 have been approved for the
treatment of haematologic malignancies, and many others are
currently in various stages of development.17
Fig. 1 HATs and HDACs jointly regulate the acetylation pattern of
histones.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00050a&domain=pdf&date_stamp=2024-03-19
http://orcid.org/0000-0001-9073-4806
http://orcid.org/0000-0002-9284-1944
https://doi.org/10.1039/d4ra00050a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00050a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014013


Fig. 2 Design strategy of target compounds.

Scheme 1 Reagents and conditions: (i) K2CO3, DMF, 60 °C, 6 h; (ii)
hydroxylamine hydrochloride, KOH, MeOH, HCl, 0 °C – r.t., 1.5 h.

Scheme 2 Reagents and conditions: (i) K2CO3, DMF, 60 °C, 6 h; (ii)
TFA, DCM, r.t., 2 h; (iii) EDCI, HOBt, Et3N, DCM, r.t., 6 h; (iv) hydrox-
ylamine hydrochloride, KOH, MeOH, HCl, 0 °C – r.t., 1.5 h.
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Combining histone deacetylase (HDAC) inhibitors with arc-
tigenin, a natural product, is aimed at achieving anticancer
activity, thereby potentially demonstrating synergistic anti-
tumor effects. Importantly, by introducing HDAC inhibitory
fragments, such as zinc ion-binding hydroxamic acid and ortho-
benzamide moieties, the derivatives of arctigenin may demon-
strate HDAC inhibitory activity, thereby enhancing the thera-
peutic efficacy of the natural product. Furthermore, by
employing arctigenin as the cap group, it is anticipated to
impact the selectivity towards different HDAC isoforms (Fig. 2).

Using arctigenin as our foundational compound in this
study, we incorporated essential zinc-binding elements from
the commercial drugs SAHA and tucidinostat. Consequently, we
synthesized two series, A and B, that contained 18 distinct
compounds. In vitro evaluation of their antitumour activity
revealed that the optimized compound B7 displayed superior
antiproliferative effects against the MV411 cell line. Further
mechanistic investigations demonstrated that B7 induced cell
apoptosis in MV411 cells in a dose-dependent manner medi-
ated by Caspase-3. Caspase-3 plays a critical role in the process
of programmed cell death or apoptosis. Additionally,
compound B7 signicantly increased cellular acetylation levels.
Overall, compound B7 exhibited more potent antitumour
activity than that of arctigenin and tucidinostat. The mecha-
nism underlying the activity involves the induction of cell
apoptosis and an increase in cellular acetylation levels. These
ndings provide valuable insights for the further development
and potential clinical applications of this compound.

Results and discussion
Chemistry

The general synthetic strategy for synthesizing a series of A–B
target derivatives is outlined in Schemes 1–6. The synthesis
route for the A-series derivatives begins with the natural product
arctigenin. First, arctigenin undergoes a reaction with bromo-
substituted alkyl esters of different carbon chain lengths.
Aerwards, under basic conditions, the compound reacts with
hydroxylamine hydrochloride to yield compounds A1–A7.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Arctigenin, when reacted with tert-butyl bromoacetate,
produces compound b. Following this, the protective group is
removed in acidic conditions (using TFA), resulting in
compound c. When coupled with ethyl 4-piperidinecarboxylate
and ethyl 4-aminobenzoate under the inuence of EDCI (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide) and HOBt (1-
hydroxy benzotriazole), this compound forms compounds
d and e In basic conditions, compounds d and e react with
hydroxylamine hydrochloride to produce compounds A8 and
A9. Ethyl bromoacetate reacts with sodium azide in a reaction to
form compound f. Compound f, when reacted with propargyl
bromide, results in compound g. Subsequently, compound g
undergoes a click reaction with compound f in the presence of
copper(II) ions and sodium ascorbate, leading to compound h.
Finally, under alkaline conditions, compound h reacts with
hydroxylamine hydrochloride to produce compound A10.

The synthesis route for the B-series derivatives starts with the
natural product arctigenin. Arctigenin initially undergoes
a reaction with tert-butyl bromoacetate. Then, under acidic
conditions provided by TFA (triuoroacetic acid), the protective
group is removed, resulting in compound c. This intermediate
then reacts with amino acid tert butyl esters with different
carbon chain lengths under the inuence of EDCI and HOBt
and then deprotects under acidic conditions with TFA to yield
compounds j1–j5. Then, in the basic conditions provided by
RSC Adv., 2024, 14, 9314–9325 | 9315
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Scheme 3 Reagents and conditions: (i) DMF, NaN3, 80 °C, 6 h; (ii)
K2CO3, DMF, r.t., 6 h; (iii) CuSO4$5H2O, sodium ascorbate, H2O : t-
BuOH = 1 : 1 (V/V), 60 °C, 4 h; (iv) hydroxylamine hydrochloride, KOH,
MeOH, HCl, 0 °C – r.t., 1.5 h.

Scheme 4 Reagents and conditions: (i) K2CO3, DMF, 60 °C., 6 h; (ii)
TFA, DCM, r.t., 2 h; (iii) EDCI, HOBt, Et3N, DCM, r.t., 6 h; (iv) TFA, DCM,
r.t., 2 h; (v) o-phenylenediamine, HATU, DIPEA, DMF, r.t., 6 h.

Scheme 5 Reagents and conditions: (i) K2CO3, DMF, 60 °C, 6 h; (ii)
TFA, DCM, r.t., 2 h; (iii) EDCI, HOBt, Et3N, DCM, r.t., 6 h; (iv) TFA, DCM,
r.t., 2 h; (v) o-phenylenediamine, HATU, DIPEA, DMF, r.t., 6 h.

Scheme 6 Reagents and conditions: (i) NaN3, DMF, 80 °C, 6 h; (ii)
K2CO3, DMF, 60 °C, 6 h; (iii) CuSO4$5H2O, sodium ascorbate, H2O : t-
BuOH = 1 : 1 (V/V), 60 °C, 4 h; (iv) TFA, DCM, r.t., 2 h; (v) o-phenyl-
enediamine, HATU, DIPEA, DMF, r.t., 6 h.
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DIPEA (N,N-diisopropylethylamine), the compounds condense
with o-phenylenediamine in the presence of the coupling agent
HATU(o-(7-azabenzotriazol-1-yl)-N,N,N0,N0 tetramethyluronium
hexauorophosphate) to produce compounds B1–B5.
Compound c undergoes condensation with ethyl 4-piper-
idinecarboxylate and ethyl 4-aminobenzoate in the presence of
EDCI and HOBt, yielding compounds k and l Aer deprotection
under acidic conditions provided by TFA, compounds m and n
react in a condensation with o-phenylenediamine through the
coupling agent HATU to produce compounds B6 and B7. Tert-
butyl bromoacetate reacts with sodium azide to form
compound o. Arctigenin reacts with propargyl bromide to yield
compound g. This compound then undergoes a click reaction
with compound o in the presence of copper(II) ions and sodium
9316 | RSC Adv., 2024, 14, 9314–9325
ascorbate, resulting in compound p. Aer deprotection under
acidic conditions, compound p condenses with o-phenylenedi-
amine under the inuence of HATU to produce compound B8.
In vitro antiproliferative activity evaluation

The antiproliferative activities of two series of target
compounds, A1 to A10 and B1 to B8, were screened in ve
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 In vitro antiproliferative activity of selected compounds

Compd.

Antiproliferative activitya (IC50/mM)

K562 MV411 KU812 Kasumi-1 CCRF-CEM

A1 >5 >5 >5 >5 >5
A2 >5 >5 >5 >5 >5
A3 2.12 � 0.12 0.85 � 0.17 3.88 � 1.06 >5 1.57 � 0.13
A4 1.19 � 0.25 1.66 � 0.26 1.41 � 0.75 >5 1.37 � 0.11
A5 1.82 � 0.52 1.18 � 0.44 2.27 � 0.68 >5 1.35 � 0.21
A6 3.03 � 0.63 1.93 � 0.13 3.72 � 0.81 >5 2.09 � 0.17
A7 >5 >5 >5 >5 >5
A8 >5 >5 >5 >5 >5
A9 >5 >5 >5 >5 >5
A10 >5 >5 >5 >5 >5
B1 >5 >5 >5 >5 >5
B2 >5 >5 >5 >5 >5
B4 >5 >5 >5 >5 >5
B5 >5 >5 >5 >5 >5
B6 >5 >5 >5 >5 >5
B7 1.96 � 0.19 0.75 � 0.09 2.09 � 0.31 0.86 � 0.04 2.21 � 0.26
B8 >5 >5 >5 >5 >5
Arctigenin 24.22 � 3.12 4.27 � 1.68 >30 >30 >30
SAHA 1.11 � 0.05 1.00 � 0.09 1.00 � 0.11 0.47 � 0.03 0.89 � 0.03
Tucidinostat 2.68 � 0.65 2.00 � 0.15 4.26 � 0.48 >5 2.25.23

a IC50 value (means ± SD, n = 3, independent experiments).

Table 2 HDAC isoform inhibitory activity of compound B7

Compd.

HDACs isoforms

IC50 (nM)

HDAC1 HDAC2 HDAC3 HDAC4 HDAC5 HDAC6 HDAC10

Compound B7 261.1 130.7 298.7 >10 000 >10 000 >10 000 1746
Tucidinostat 95.4 160.1 733.2 >10 000 >10 000 >10 000 78.6
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View Article Online
human haematological malignancy cell lines (K562, MV411,
KU812, Kasumi-1, CCRF-CEM) using a CCK8 assay. Arctigenin
was used as the negative control, and tucidinostat was used as
the positive control. Five optimized compounds were selected,
and their IC50 values are presented in Table 1.

Notably, compound B7 exhibited higher antiproliferative
activity than that of arctigenin and tucidinostat in the MV411
cell line, with an IC50 value of 0.75 ± 0.09 mM. Additionally, the
negative control arctigenin also showed good antiproliferative
activity in the MV411 cell line, with an IC50 value of 4.271 ± 1.68
mM. Therefore, the preliminary mechanism of MV411 cell
antiproliferation was further explored using compound B7.

Due to the strong inhibitory effect of compound B7 on
MV411 cells, we further tested its enzyme activity against
different subtypes of HDACs (refer to Table 2). The results
showed that compound B7 exhibited slightly better inhibition
of HDAC2 than that of tucidinostat (with IC50 values of 130.6
and 160.1 nm). The compound also displayedmild inhibition of
HDAC10 (with an IC50 of 1746.0 nm) but had no effect on
HDAC4, HDAC5, and HDAC6 (IC50 > 1000 nm). Overall, the
enzyme activity tests indicated that compound B7 selectively
inhibits the activity of HDAC1, HDAC2, and HDAC3. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
improved inhibition of HDAC2 by compound B7, emphasizes
the signicant role of arctigenin in enhancing the compound's
selective inhibitory activity. The inclusion of arctigenin's
structural motifs is instrumental in this efficacy, highlighting
its utility in the strategic design of enzyme inhibitors.
Analysis of apoptosis by annexin V-FITC/PI

To evaluate whether compound B7 can induce apoptosis in
cancer cells, we conducted an annexin V-FITC apoptosis assay in
MV411 cells, as shown in Fig. 3. The results demonstrate that B7
can induce apoptosis in MV411 cells. As the concentration of B7
increased (0.25, 0.5 and 1.0 mM) aer 48 hours of treatment, the
overall proportion of apoptotic cells (Q1-UR + Q1-LR) increased in
a dose-dependent manner (21.84%, 37.90%, and 77.00%,
respectively, at concentrations of 0.1, 0.5 and 1.0 mM). Addition-
ally, compared to arctigenin and tucidinostat, B7 exhibits
a stronger ability to induce apoptosis in the MV411 cell line.
Analysis of the cell cycle

In the cell cycle analysis, in vitro antiproliferation experiments
demonstrated that compound B7 can inhibit the proliferation
RSC Adv., 2024, 14, 9314–9325 | 9317
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Fig. 3 MV411 cells were treated with different concentrations of
compounds, including arctigenin, compound B7, and tucidinostat (at
levels of 0, 0.25, 0.5 and 1.0 mM). Subsequently, apoptosis was
detected using flow cytometry after annexin V/PI staining.

Fig. 4 MV411 cells were exposed to varying concentrations of several
compounds, namely arctigenin, compound B7, and tucidinostat (0,
0.25, 0.5 and 1.0 mM). Following this, an analysis of the cell-cycle
distribution was conducted utilizing flow cytometry. The panel
showcases the distribution percentages of cells throughout different
stages of the cell cycle.

Fig. 5 (A) Flow cytometric analysis: flow cytometric analysis of MV411
cells treated with increasing concentrations of arctigenin, compound
B7, and tucidinostat (0, 0.25, 0.5 and 1.0 mM) revealed a concentration-
dependent increase in Caspase-3 activity. As shown in the figure, the
percentage of cells with high Caspase-3 activity increased in a dose-
dependent manner, with the highest proportion observed at 1.0 mM B7
treatment. (B) Fluorescence microscopy: fluorescence microscopy
images of MV411 cells stained with the GreenNuc™ Caspase-3 assay
kit further confirmed the induction of apoptosis by compound B7. The
control group (0 mM B7) showed minimal Caspase-3 activity, indicated
by weak fluorescence. In contrast, cells treated with increasing
concentrations of compound B7 (1.0 mM) displayed intensified fluo-
rescence signals, affecting Caspase-3 activity and, hence, increased
apoptosis. The scale bar denotes 50 mM.
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of the MV411 cell line. To further investigate the mechanism of
compound B7, ow cytometry (FCM) analysis was performed on
the MV411 cell line using propidium iodide (PI) staining to
study its effect on cell cycle progression. Under arctigenin and
tucidinostat conditions, the proportion of cells arrested in the
G0/G1 phase was increased with compound B7 compared to the
control. Fig. 4 shows that as the concentration of compound B7
increased, the proportion of cells in the G0/G1 phase gradually
9318 | RSC Adv., 2024, 14, 9314–9325
increased, reecting that compound B7 induced concentration-
dependent cell cycle arrest in the G0/G1 phase.
Caspase 3 activity assay

First, we used Beyotime Biotechnology's GreenNuc™ Caspase-3
activity assay kit to monitor the activity of Caspase-3 in real-
time. Flow cytometric analysis results showed that under
different concentrations of compound B7 treatment, Caspase-3
activity exhibited a clear concentration-dependent increase,
with a more pronounced trend compared to the arctigenin and
tucidinostat conditions. This result indicates that compound
B7 enhances the activity of Caspase-3 in the MV411 cell line,
thereby promoting cell apoptosis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 MV411 cells were treated with arctigenin, compound B7, and
tucidinostat at concentrations of 0, 0.25, 0.5 and 1.0 mM for 48 hours.
The levels of H3 and acetylated H3 (Ac-H3) were determined using
western blot analysis. b-Actin was used as the loading control.
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Next, we observed the activity of Caspase-3 using uores-
cence microscopy. Through live cell staining, we directly
observed the uorescence signals of Caspase-3. In the experi-
ment, we similarly observed a concentration-dependent
increase in Caspase-3 uorescence signals under different
concentrations of compound B7 treatment, with a more
pronounced trend compared to the arctigenin and tucidinostat
conditions. This further conrmed the results obtained from
ow cytometry, demonstrating that compound B7 signicantly
increases caspase-3 activity in theMV411 cell line, leading to the
induction of cell apoptosis.

In summary, the results obtained from both monitoring
methods consistently indicate that compound B7 promotes
caspase-mediated apoptosis in the MV411 cell line (Fig. 5).
Western blotting

Given the outstanding antiproliferative activity of compound B7
in MV411 cells, we conducted western blotting experiments to
verify its intracellular mechanism of HDAC inhibition. The
results showed that at different doses, compound B7 signi-
cantly increased the level of acetylated H3 in MV411 cells in
a dose-dependent manner. This result indicates that compound
B7 strongly inhibits the HDAC1/2/3 signalling pathway, and its
HDAC inhibitory activity is signicantly superior to that of
arctigenin and slightly superior to that of tucidinostat. Thus,
the HDAC inhibitory activity of compound B7 were conrmed
(Fig. 6).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conclusions

The objective of this study was to design and synthesize arcti-
genin derivatives that can inhibit HDAC, thoroughly evaluate
their antiproliferative effects on the leukaemia cell line MV411,
and investigate their underlying mechanisms. We successfully
synthesized a series of compounds and meticulously assessed
their potential as antitumour agents. Our ndings revealed that
compound B7 exhibited exceptional antiproliferative activity
among all the designed derivatives, outperforming the stan-
dards arctigenin and tucidinostat. Further enzymatic assays
demonstrated that compound B7 showed comparable levels of
HDAC inhibitory activity to tucidinostat, the positive control.
Aer thoroughly investigating the mechanism of action, we
discovered that compound B7 induced cell apoptosis in MV411
cells through the Caspase-3 pathway, effectively inhibiting cell
proliferation. Caspase-3 plays a crucial role in driving cell
apoptosis, and its increased activity contributes to enhanced
cell death.

Moreover, compound B7 signicantly increased the levels of
acetylation within MV411 cells, a key protein modication that
regulates various cellular functions. This result provided further
evidence for the potent HDAC inhibitory activity of compound
B7, aligning with the characteristics of commercially available
HDAC inhibitors.

In summary, through designing and synthesizing arctigenin
derivatives with HDAC inhibitory properties, we discovered
a novel antileukaemia compound, namely, compound B7. This
compound exhibited signicant antiproliferative effects and
demonstrated its antitumour properties by inducing cell
apoptosis and enhancing cellular acetylation levels. Further-
more, our research paves the way for further investigations on
arctigenin derivatives in the eld of cancer treatment, offering
valuable insights that could aid in the discovery of additional
potential anticancer drugs.

Experimental section
Chemistry

General information. 1H NMR and 13C NMR spectra were
obtained on a Bruker AVANCE600 spectrometer (Bruker
Company, Germany) using tetramethylsilane (TMS) as an
internal standard and dimethyl sulfoxide (DMSO)-d6 as the
solvent. Chemical shis are given in ppm (d). Mass spectra were
recorded on an FT-MS mass spectrometer. Silica gel thin-layer
chromatography was performed on precoated GF-254 plates
(Qingdao Haiyang Chemical, China), and TLC was performed
on silica gel plates (Indicator F-254) and visualized by UV light
(254 nm/365 nm). Commercially available reagents were used
without further purication. All target compounds were >98%
pure by HPLC analysis, performed on an Agilent 1260 Innity II
HPLC instrument using an Agilent XDB C18 column (3.5 mm,
4.6 × 150 mm).

General procedure for the synthesis of A1–A6 in Scheme 1.
Arctigenin (50.0 mg, 0.13 mmol), bromo ester (0.156 mmol),
and K2CO3 (35 mg, 0.26 mmol) were stirred in 15 mL DMF at
60 °C for 6 h. The mixture was extracted with EtOAc and
RSC Adv., 2024, 14, 9314–9325 | 9319
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concentrated under reduced pressure, yielding compounds a1–
a6. Hydroxylamine hydrochloride (90.0 mg, 1.3 mmol), anhy-
drous sodium sulfate, and potassium hydroxide (72.9 mg, 1.3
mmol) were dissolved in methanol, added at 0 °C, and stirred
for 0.5 h until room temperature. The resulting mixture was
then extracted and ltered, and the obtained ltrate was added
dropwise to the methanol solution of compounds a1–a7.
Potassium hydroxide (36.5 mg, 0.65 mmol) was added to the
mixture, and aer 1.5 hours, 20 mL of water was added; the
aqueous solution was acidied to pH 4–5 with dilute hydro-
chloric acid (1 M) and extracted with dichloromethane (50 mL
× 3). The dichloromethane layer was concentrated and dried in
a vacuum, and the residue was puried by ash chromatog-
raphy (silica gel, 200–300 mesh, DCM/MeOH = 50 : 1, V/V) to
afford compounds A1–A7.

4-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-3-
yl)methyl)-2-methoxyphenoxy)-N-hydroxypentanamide (A1). White
solid, yield: 72.7%. m.p. 102.1–103.4 °C, 1H NMR (600 MHz,
DMSO-d6) d 10.41 (s, 1H), 8.70 (s, 1H), 6.85–6.81 (m, 2H), 6.77 (d,
J = 1.7 Hz, 1H), 6.68 (dd, J = 8.2, 1.7 Hz, 1H), 6.65–6.58 (m, 2H),
4.09 (t, J = 8.0 Hz, 1H), 3.91–3.86 (m, 3H), 3.71 (s, 3H), 3.70 (s,
3H), 3.34 (s, 3H), 2.85–2.80 (m, 1H), 2.77 (dd, J = 13.7, 6.9 Hz,
1H), 2.74–2.69 (m, 1H), 2.50–2.44 (m, 3H), 2.12 (t, J = 7.4 Hz,
2H), 1.90 (dd, J = 13.9, 7.1 Hz, 2H). 13C NMR (151 MHz, DMSO-
d6) d 178.90, 169.14, 149.28, 149.11, 147.76, 147.11, 131.67,
131.27, 121.77, 120.84, 113.83, 113.59, 112.80, 112.25, 71.18,
68.11, 55.93, 55.91, 55.80, 46.06, 41.26, 37.36, 34.12, 29.25,
25.42. FT-MS: calcd for C25H32NO8, [M + H]+, 474.2128, found
474.2122. HPLC purity: 98.24% (tR = 7.06 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

5-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-3-
yl)methyl)-2-methoxyphenoxy)-N-hydroxypentanamide (A2). White
solid, yield: 57.3%. m.p. 104.3–104.5 °C, 1H NMR (600 MHz,
DMSO-d6) d 10.36 (s, 1H), 8.70 (d, J = 0.8 Hz, 1H), 6.85–6.83 (m,
1H), 6.82 (d, J= 8.2 Hz, 1H), 6.77 (d, J= 1.6 Hz, 1H), 6.68 (dd, J=
8.2, 1.6 Hz, 1H), 6.64 (d, J= 1.5 Hz, 1H), 6.60 (dd, J= 8.1, 1.4 Hz,
1H), 4.09 (t, J = 8.0 Hz, 1H), 3.91–3.89 (m, 1H), 3.89–3.86 (m,
2H), 3.71 (s, 3H), 3.70 (d, J = 1.9 Hz, 3H), 3.70 (s, 3H), 3.34 (s,
1H), 2.84 (dd, J = 13.7, 5.4 Hz, 1H), 2.77 (dd, J = 13.7, 6.9 Hz,
1H), 2.74–2.69 (m, 1H), 2.48 (t, J= 8.2 Hz, 1H), 2.43 (dd, J= 18.2,
10.1 Hz, 1H), 2.01 (t, J = 7.0 Hz, 2H), 1.66 (dd, J = 12.0, 6.3 Hz,
2H), 1.65–1.60 (m, 2H). 13C NMR (151 MHz, DMSO-d6) d 178.90,
169.42, 149.20, 149.11, 147.76, 147.22, 131.67, 131.06, 121.75,
120.85, 113.79, 113.35, 112.80, 112.25, 71.18, 68.24, 55.91,
55.80, 55.39, 46.07, 41.25, 37.37, 34.11, 32.41, 28.80, 22.35. FT-
MS: calcd for C26H34NO8, [M + H]+, 488.2277, found 488.2278.
HPLC purity: 99.27% (tR = 5.81 min, 10%MeCN/90%H2O/0.1%
TFA), 1.0 mL min−1 in 15 min.

6-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-3-
yl)methyl)-2-methoxyphenoxy)-N-hydroxyhexanamide (A3). Yellow
oil, yield: 60.5%. 1H NMR (600 MHz, DMSO-d6) d 10.34 (s, 1H),
8.67 (s, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.81 (t, J = 8.7 Hz, 1H), 6.77
(d, J = 1.2 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.63 (d, J = 14.0 Hz,
1H), 6.60 (d, J = 8.0 Hz, 1H), 4.09 (t, J = 7.9 Hz, 1H), 3.90–3.88
(m, 1H), 3.87 (d, J= 6.1 Hz, 2H), 3.71 (s, 3H), 3.70 (s, 3H), 3.70 (s,
3H), 3.34 (s, 1H), 2.84 (dd, J = 13.7, 5.3 Hz, 1H), 2.77 (dd, J =
13.6, 7.0 Hz, 1H), 2.73–2.68 (m, 1H), 2.48 (d, J= 8.0 Hz, 1H), 2.44
9320 | RSC Adv., 2024, 14, 9314–9325
(dd, J = 12.7, 5.4 Hz, 1H), 1.96 (t, J = 7.3 Hz, 2H), 1.68 (dd, J =
13.9, 6.9 Hz, 2H), 1.53 (dd, J = 15.0, 7.5 Hz, 2H), 1.37 (dd, J =
16.9, 9.7 Hz, 2H). 13C NMR (151 MHz, DMSO-d6) d 178.90,
169.49, 149.22, 149.11, 147.76, 147.26, 131.67, 131.05, 121.76,
120.84, 113.79, 113.38, 112.80, 112.25, 71.18, 68.52, 55.91,
55.79, 55.39, 46.07, 41.27, 37.37, 34.13, 32.70, 29.07, 25.68,
25.39. FT-MS: calcd for C27H36NO8, [M + H]+, 502.2433, found
502.2435. HPLC purity: 99.87% (tR = 2.71 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

7-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-3-
yl)methyl)-2-methoxyphenoxy)-N-hydroxyheptanamide (A4).
Yellow oil, yield: 42.8%. 1H NMR (600MHz, DMSO-d6) d 10.33 (s,
1H), 8.66 (s, 1H), 6.85–6.83 (m, 1H), 6.80 (d, J = 17.5 Hz, 1H),
6.75 (d, J = 26.9 Hz, 1H), 6.68 (d, J = 7.9 Hz, 1H), 6.63 (d, J =
13.7 Hz, 1H), 6.58 (t, J = 14.4 Hz, 1H), 4.09 (t, J = 7.7 Hz, 1H),
3.89 (d, J = 3.1 Hz, 1H), 3.87 (s, 2H), 3.73 (s, 9H), 3.34 (s. 1H),
2.84 (dd, J = 13.6, 5.0 Hz, 1H), 2.77 (dd, J = 13.5, 7.0 Hz, 1H),
2.71 (d, J = 5.9 Hz, 1H), 2.49–2.44 (m, 2H), 1.94 (t, J = 7.1 Hz,
2H), 1.69–1.64 (m, 2H), 1.52–1.47 (m, 2H), 1.37 (d, J = 6.3 Hz,
2H), 1.28 (d, J = 6.9 Hz, 2H). 13C NMR (151 MHz, DMSO-d6)
d 178.90, 169.56, 149.25, 149.11, 147.76, 147.27, 131.67, 131.05,
121.76, 120.84, 113.82, 113.43, 112.80, 112.25, 71.18, 68.57,
55.93, 55.91, 55.79, 46.07, 41.28, 37.37, 34.14, 32.69, 29.20,
28.83, 25.76, 25.56. FT-MS: calcd for C28H38NO8, [M + H]+,
516.2594, found 516.2591. HPLC purity: 98.01% (tR = 6.15 min,
10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

8-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-3-
yl)methyl)-2-methoxyphenoxy)-N-hydroxyheptanamide (A5).
Yellow oil, yield: 49.2%. 1H NMR (600MHz, DMSO-d6) d 10.32 (s,
1H), 8.65 (s, 1H), 6.84 (d, J= 8.2 Hz, 1H), 6.82 (d, J= 8.1 Hz, 1H),
6.77 (d, J = 1.3 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.64 (d, J =
1.2 Hz, 1H), 6.59 (d, J = 8.1 Hz, 1H), 4.08 (t, J = 7.9 Hz, 1H), 3.88
(t, J = 6.5 Hz, 3H), 3.71 (s, 3H), 3.70 (s, 3H), 3.70 (s, 3H), 3.33 (s,
1H), 2.84 (dd, J = 13.7, 5.2 Hz, 1H), 2.77 (dd, J = 13.7, 7.0 Hz,
1H), 2.71 (dd, J = 13.2, 7.2 Hz, 1H), 2.47 (d, J = 6.3 Hz, 1H), 2.44
(dd, J = 11.2, 6.0 Hz, 1H), 1.93 (t, J = 7.3 Hz, 2H), 1.66 (dd, J =
13.8, 6.4 Hz, 2H), 1.48 (dt, J = 14.5, 7.3 Hz, 2H), 1.39–1.35 (m,
2H), 1.31–1.28 (m, 2H), 1.24 (d, J = 7.2 Hz, 2H). 13C NMR (151
MHz, DMSO-d6) d 178.90, 169.57, 149.25, 149.11, 147.76, 147.27,
131.67, 131.03, 121.76, 120.84, 113.81, 113.43, 112.80, 112.25,
71.18, 68.60, 55.93, 55.91, 55.79, 46.06, 41.28, 37.37, 34.15,
32.71, 29.25, 29.01, 28.95, 25.92, 25.54.FT-MS: calcd for
C29H40NO8, [M + H]+, 530.2754, found 530.2748. HPLC purity:
98.04% (tR = 6.82 min, 10% MeCN/90% H2O/0.1% TFA), 1.0
mL min−1 in 15 min.

9-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-3-
yl)methyl)-2-methoxyphenoxy)-N-hydroxyheptanamide (A6).
Yellow oil, yield: 50.3%. 1H NMR (600MHz, DMSO-d6) d 10.32 (s,
1H), 8.65 (s, 1H), 6.84 (d, J= 8.2 Hz, 1H), 6.82 (d, J= 8.1 Hz, 1H),
6.77 (d, J = 1.3 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.64 (d, J =
1.2 Hz, 1H), 6.59 (d, J = 8.1 Hz, 1H), 4.08 (t, J = 7.9 Hz, 1H), 3.89
(d, J = 4.0 Hz, 1H), 3.88 (d, J = 6.3 Hz, 2H), 3.71 (s, 3H), 3.70 (s,
3H), 3.70 (s, 3H), 3.33 (s, 1H), 2.84 (dd, J= 13.7, 5.2 Hz, 1H), 2.77
(dd, J = 13.7, 7.0 Hz, 1H), 2.73–2.69 (m, 1H), 2.48 (s, 2H), 2.47–
2.39 (m, 2H), 1.93 (t, J = 7.3 Hz, 2H), 1.67 (dd, J = 14.0, 7.0 Hz,
2H), 1.48 (dd, J = 14.4, 7.2 Hz, 2H), 1.38–1.34 (m, 2H), 1.30–1.27
(m, 2H), 1.24 (d, J = 7.2 Hz, 2H). 13C NMR (151 MHz, DMSO-d6)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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d 177.81, 168.47, 148.16, 148.02, 146.67, 146.18, 130.58, 129.94,
120.67, 119.75, 112.72, 112.35, 111.71, 111.16, 70.09, 67.53,
55.21, 54.84, 54.82, 54.70, 44.97, 40.20, 36.27, 33.07, 31.63,
28.98, 28.19, 28.09, 24.92, 24.48. FT-MS: calcd for C30H42NO8,
[M + H]+, 544.2911, found 544.2904. HPLC purity: 99.45% (tR =

1.94 min, 10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in
15 min.

10-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahydrofuran-
3-yl)methyl)-2-methoxyphenoxy)-N-hydroxyheptanamide (A7).
Yellow oil, yield: 32.1%. 1H NMR (600MHz, DMSO-d6) d 10.32 (s,
1H), 8.68 (d, J = 37.2 Hz, 1H), 6.86–6.82 (m, 1H), 6.82–6.78 (m,
1H), 6.78–6.70 (m, 1H), 6.70–6.65 (m, 1H), 6.62 (d, J = 20.0 Hz,
1H), 6.57 (t, J = 15.4 Hz, 1H), 4.09 (dd, J= 16.2, 8.6 Hz, 1H), 3.89
(d, J = 5.0 Hz, 1H), 3.88 (d, J = 6.1 Hz, 2H), 3.71 (s, 3H), 3.70 (s,
3H), 3.70 (s, 3H), 3.55–3.46 (m, 1H), 3.33 (s, 1H), 2.84 (dt, J =
24.4, 12.3 Hz, 1H), 2.76 (dd, J = 13.6, 7.1 Hz, 1H), 2.74–2.66 (m,
1H), 2.48 (s, 1H), 2.46 (d, J = 7.2 Hz, 1H), 2.43 (dd, J = 18.4,
5.5 Hz, 1H), 1.93 (t, J = 7.3 Hz, 2H), 1.66 (dd, J = 14.0, 6.8 Hz,
2H), 1.49–1.45 (m, 2H), 1.37 (d, J = 6.3 Hz, 2H), 1.24 (s, 6H). 13C
NMR (151 MHz, DMSO-d6) d 177.82, 168.50, 148.19, 148.04,
146.69, 146.20, 130.60, 129.96, 120.69, 119.76, 112.75, 112.37,
111.72, 111.18, 70.11, 67.54, 54.86, 54.84, 54.72, 44.99, 40.23,
36.30, 34.61, 33.10, 31.66, 28.31, 28.22, 28.16, 28.10, 24.95,
24.53. FT-MS: calcd for C31H44NO8, [M + H]+, 558.3062, found
558.3061. HPLC purity: 98.53% (tR = 3.44 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

General procedure for the synthesis of A8, A9 in Scheme 2.
Arctigenin (50.0 mg, 0.13 mmol), t-butyl bromoacetate (0.156
mmol), and K2CO3 (35.0 mg, 0.26 mmol) were stirred in 15 mL
DMF at 60 °C for 6 h. The mixture was extracted with EtOAc and
concentrated under reduced pressure, yielding compound b.
Compound bwas dissolved in a solution of DCM : TFA= 1 : 1 (V/
V) and stirred for 2 h at room temperature, and then themixture
was extracted with EtOAc and concentrated under reduced
pressure, yielding compound c. Compound cwas dissolved with
ethyl 4-piperidinecarboxylate or ethyl 4-aminobenzoate, EDCI
(30.6 mg, 0.16 mmol), and HOBt (21.6 mg, 0.16 mmol) in dry
DMF and stirred for 6 h at room temperature. The mixture was
extracted with EtOAc and concentrated under reduced pressure,
yielding compounds d or e; hydroxylamine hydrochloride
(90.0 mg, 1.3 mmol), anhydrous sodium sulfate and potassium
hydroxide (72.9 mg, 1.3 mmol) were added at 0 °C and stirred
for 0.5 h at room temperature. The resulting mixture was then
extracted and ltered, and the obtained ltrate was added
dropwise to the methanol solution of compounds d or e.
Potassium hydroxide (0.65 mmol) was added to the mixture,
and aer 1.5 hours, 20 mL of water was added; the aqueous
solution was acidied to pH 4–5 with dilute hydrochloric acid (1
M) and extracted with dichloromethane (50 mL × 3). The
dichloromethane layer was concentrated and dried in
a vacuum, and the residue was puried by ash chromatog-
raphy (silica gel, 200–300 mesh, DCM/MeOH = 50 : 1, V/V) to
afford compounds A8 or A9.

1-(2-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahy-
drofuran-3-yl)methyl)-2-methoxyphenoxy)acetyl)-N-
hydroxypiperidine-4-carboxamide (A8). White solid, yield: 42.1%.
m.p. 105.0–105.6 °C. 1H NMR (600 MHz, DMSO-d6) d 10.47 (s,
© 2024 The Author(s). Published by the Royal Society of Chemistry
1H), 8.74 (s, 1H), 6.83 (d, J= 8.1 Hz, 1H), 6.78 (d, J= 8.2 Hz, 2H),
6.72–6.62 (m, 2H), 6.60 (d, J = 8.0 Hz, 1H), 4.72 (d, J = 4.4 Hz,
2H), 4.30 (d, J = 11.9 Hz, 1H), 4.10 (t, J = 8.0 Hz, 1H), 3.73 (s,
3H), 3.70 (s, 3H), 3.70 (s, 3H), 3.37 (s, 2H), 3.02 (t, J = 11.1 Hz,
1H), 2.83 (dd, J = 13.7, 5.3 Hz, 1H), 2.77 (dd, J = 13.7, 6.8 Hz,
1H), 2.72 (dd, J = 8.4, 6.2 Hz, 1H), 2.61 (t, J= 12.1 Hz, 1H), 2.49–
2.42 (m, 2H), 2.25 (t, J = 10.9 Hz, 1H), 2.12 (s, 1H), 1.63 (s, 3H),
1.44–1.37 (m, 1H). 13C NMR (151 MHz, DMSO-d6) d 207.76,
177.79, 170.23, 165.06, 148.09, 148.01, 146.66, 145.50, 130.66,
130.56, 120.48, 119.78, 112.80, 111.73, 111.15, 70.09, 67.89,
66.37, 54.90, 54.81, 54.71, 44.95, 36.26, 33.00, 31.49, 30.07,
28.97, 28.04, 27.40. FT-MS: calcd for C29H37N2O9, [M + H]+

557.2502, found 557.2493. HPLC purity: 98.39% (tR = 6.90 min,
10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

1-4-(2-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahy-
drofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)-N-hydrox-
ybenzamide (A9). Yellow solid, yield: 28.3%. m.p. 118.1–118.3 °C.
1H NMR (600 MHz, DMSO-d6) d 9.23 (s, 1H), 7.17 (d, J = 6.8 Hz,
1H), 6.90–6.86 (m, 1H), 6.83 (s, 1H), 6.82 (s, 1H), 6.78 (d, J =
1.8 Hz, 1H), 6.78 (s, 1H), 6.76 (s, 1H), 6.71 (dd, J = 8.0, 1.1 Hz,
1H), 6.66 (d, J = 1.7 Hz, 1H), 6.61–6.59 (m, 2H), 6.55–6.51 (m,
1H), 4.71 (s, 2H), 4.10 (s, 1H), 3.88 (s, 1H), 3.73 (s, 3H), 3.72 (s,
3H), 3.70 (s, 3H), 3.07 (d, J = 9.4 Hz, 2H), 2.7–2.77 (m, 2H), 2.48
(d, J = 5.8 Hz, 1H), 2.46 (s, 1H). 13C NMR (151 MHz, DMSO-d6)
d 177.81, 172.24, 164.99, 148.08, 148.02, 146.68, 145.53, 141.30,
130.62, 130.58, 125.11, 124.71, 122.74, 120.51, 119.79, 115.48,
115.23, 112.83, 112.76, 111.75, 111.17, 70.10, 66.39, 54.92,
54.83, 54.73, 44.97, 42.30, 36.28, 33.02. FT-MS: calcd for
C30H33N2O9, [M + H]+, 565.2171, found 565.2180. HPLC purity:
99.32% (tR = 4.61 min, 10% MeCN/90% H2O/0.1% TFA), 1.0
mL min−1 in 15 min.

General procedure for the synthesis of A10 in Scheme 3. The
t-butyl bromoacetate was dissolved in DMF along with NaN3

and reacted for 6 hours at 80 °C. The resulting mixture was
extracted with ethyl acetate (20 mL × 3) and concentrated
under reduced pressure to obtain compound f. Arctigenin (1.0
equiv.), bromopropyne (1.5 equiv.), and K2CO3 (2.0 equiv.) were
dissolved in DMF and reacted for 6 hours at 60 °C. The mixture
was then extracted with ethyl acetate (20 mL × 3) and concen-
trated under reduced pressure to obtain compound n.
Compound g, compound f, CuSO4$5H2O (41.5 mg, 0.26 mmol),
and sodium ascorbate (25.8 mg, 0.13 mmol) were mixed in
H2O : t-BuOH = 1 : 1 (V/V) and stirred at 60 °C for four hours.
The mixture was poured into water and extracted with DCM
(20 mL × 3). The combined organic layers were concentrated to
obtain compound h. Hydroxylamine hydrochloride (90.0 mg,
1.3 mmol), anhydrous sodium sulfate and potassium hydroxide
(72.9 mg, 1.3 mmol) were added at 0 °C and stirred for 0.5 h at
room temperature. The mixture was then extracted and ltered,
and the obtained ltrate was added dropwise to the methanol
solution of compound h. Potassium hydroxide (0.65 mmol) was
added to the mixture, and aer 1.5 hours, 20 mL of water was
added. The aqueous solution was acidied to pH 4–5 with dilute
hydrochloric acid (1 M) and extracted with DCM (50 mL × 3).
The dichloromethane layer was concentrated and dried under
vacuum, and the residue was puried by ash column
RSC Adv., 2024, 14, 9314–9325 | 9321
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chromatography (silica gel, 200–300 mesh, DCM/MeOH = 50 :
1, V/V) to obtain compound A10.

2-(4-((4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahy-
drofuran-3-yl)methyl)-2-methoxyphenoxy)methyl)-1H-1,2,3-triazol-
1-yl)-N-hydroxyacetamide (A10). White solid, yield: 38.3%. m.p.
98.3–99.1 °C. 1H NMR (600 MHz, DMSO-d6) d 8.15 (s, 1H), 7.05–
6.83 (m, 1H), 6.82 (d, J = 8.2 Hz, 1H), 6.78 (d, J = 1.5 Hz, 1H),
6.72–6.69 (m, 1H), 6.65 (d, J = 1.6 Hz, 1H), 6.60 (dd, J = 8.1,
1.6 Hz, 1H), 5.06 (s, 2H), 4.95 (d, J = 46.5 Hz, 2H), 4.10 (t, J =
8.0 Hz, 1H), 3.89 (t, J= 8.4 Hz, 1H), 3.70 (s, 6H), 3.69 (s, 3H), 2.83
(dd, J= 18.1, 12.9 Hz, 1H), 2.81–2.72 (m, 2H), 2.55–2.52 (m, 1H),
2.49–2.43 (m, 2H), 1.23 (s, 2H). 13C NMR (151 MHz,DMSO-d6)
d 178.91, 162.66, 149.22, 149.10, 147.76, 146.67, 142.97, 132.01,
131.65, 131.58, 129.14, 126.36, 121.63, 120.86, 113.71, 112.81,
112.26, 71.19, 65.50, 62.03, 55.92, 55.81, 50.51, 46.06, 37.38,
34.14. FT-MS: calcd for C26H31N4O8, [M + H]+, 527.2130, found
527.2136. HPLC purity: 98.69% (tR = 7.21 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

General procedure for the synthesis of B1–B5 in Scheme 4.
Arctigenin (50.0 mg, 0.13 mmol), t-butyl bromoacetate (0.02 mL,
0.156 mmol), and K2CO3 (35 mg, 0.26 mmol) were stirred in
15 mL DMF at 60 °C for 6 h. The mixture was extracted with
EtOAc and concentrated under reduced pressure, yielding
compound e. Compound e was dissolved in a solution of DCM :
TFA = 1 : 1 (V/V) and stirred for 2 h at room temperature, and
then the mixture was extracted with EtOAc and concentrated
under reduced pressure, yielding compound c. Compound c
was dissolved with amino acid t-butyl esters of different carbon
chain lengths (0.16 mmol), EDCI (30.6 mg, 0.16 mmol), and
HOBt (21.6 mg, 0.16 mmol) in dry DMF and stirred for 6 h at
room temperature. The mixture was extracted with EtOAc and
concentrated under reduced pressure, yielding compounds d1–
d5. Compound i was dissolved in a solution of DCM : TFA= 1 : 1
(V/V) and stirred for 2 h at room temperature, and then the
mixture was extracted with EtOAc and concentrated under
reduced pressure, yielding compounds j1–j5. o-Phenylenedi-
amine (17.3 mg, 0.26 mmol), DIPEA (2.8 mL, 0.26 mmol), and
HATU (60.8 mg, 0.26 mmol) were added to a solution of acid
compound j1–j5 anhydrous DMF. The mixture was stirred at
room temperature for 6 h. Water was added, and the mixture
was extracted with ethyl acetate. The organic layers were
combined, concentrated, and puried with ash column chro-
matography (DCM/MeOH = 50 : 1, V/V) to afford compounds
B1–B5.

N-(2-Aminophenyl)-2-(2-(4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)
acetamide (B1). White solid, yield: 53.1%. m.p. 104.2–104.9 °C.
1H NMR (600 MHz, DMSO-d6) d 9.21 (s, 1H), 8.17–8.15 (m, 1H),
7.12 (d, J = 7.4 Hz, 1H), 6.91 (t, J = 7.0 Hz, 2H), 6.82 (d, J =
8.1 Hz, 2H), 6.7–6.66 (m, 2H), 6.65 (d, J = 1.7 Hz, 1H), 6.59 (dd, J
= 8.1, 1.7 Hz, 1H), 6.53 (dd, J = 10.9, 4.1 Hz, 1H), 4.90 (s, 2H),
4.51 (s, 2H), 4.10 (t, J = 8.0 Hz, 1H), 4.00 (d, J = 5.5 Hz, 2H), 3.88
(t, J = 8.5 Hz, 1H), 3.75 (s, 3H), 3.70 (d, J = 1.0 Hz, 6H), 3.33 (s,
1H), 2.85 (dd, J = 13.7, 5.4 Hz, 1H), 2.75 (ddd, J = 20.9, 13.2,
6.8 Hz, 2H), 2.51 (d, J = 8.0 Hz, 1H), 2.49–2.46 (m, 1H). 13C NMR
(151 MHz, DMSO-d6) d 178.88, 168.83, 167.85, 149.48, 149.10,
147.76, 146.39, 143.01, 132.67, 131.64, 126.71, 126.36, 123.02,
9322 | RSC Adv., 2024, 14, 9314–9325
121.75, 120.87, 116.40, 115.99, 115.09, 113.95, 112.81, 112.25,
71.19, 68.93, 56.03, 55.91, 55.81, 46.02, 42.65, 41.31, 37.36,
34.15. FT-MS: calcd for C31H36N3O8, [M + H]+, 578.2495, found
578.2496. HPLC purity: 99.22% (tR = 7.07 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

N-(2-Aminophenyl)-3-(2-(4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)
propanamide (B2). White solid, yield: 44.1%. m.p. 105.1–106.3 °
C, 1H NMR (600 MHz, DMSO-d6) d 9.27 (s, 1H), 8.04 (t, J =

5.6 Hz, 1H), 7.18 (d, J= 7.7 Hz, 1H), 6.90–6.84 (m, 2H), 6.83–6.80
(m, 2H), 6.70 (dd, J = 8.0, 1.2 Hz, 1H), 6.68–6.64 (m, 2H), 6.59
(dd, J = 8.1, 1.8 Hz, 1H), 6.54–6.49 (m, 1H), 4.97 (d, J = 67.1 Hz,
2H), 4.42 (s, 2H), 4.10 (dd, J= 8.6, 7.4 Hz, 1H), 3.88 (t, J= 8.5 Hz,
1H), 3.74 (s, 3H), 3.70 (d, J= 2.4 Hz, 6H), 3.43 (q, J= 6.6 Hz, 2H),
2.84 (dd, J = 13.7, 5.3 Hz, 1H), 2.74 (ddd, J = 20.9, 13.1, 6.9 Hz,
2H), 2.56 (t, J = 6.8 Hz, 2H), 2.47 (dd, J = 15.7, 5.5 Hz, 2H). 13C
NMR (151 MHz, DMSO-d6) d 178.87, 169.88, 168.32, 149.50,
149.09, 147.75, 146.40, 142.41, 132.67, 131.63, 126.19, 125.84,
123.71, 121.74, 120.86, 116.40, 116.19, 115.15, 113.96, 112.82,
112.25, 71.18, 69.06, 56.01, 55.91, 55.82, 46.01, 41.32, 37.34,
35.98, 35.50, 34.17. FT-MS: calcd for C32H37N3NaO8, [M + H]+,
614.2480, found 614.2472. HPLC purity: 99.89% (tR = 6.49 min,
10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

N-(2-Aminophenyl)-3-(2-(4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)
propanamide (B3). White solid, yield: 34.1%. m.p. 106.2–106.8 °
C. 1H NMR (600 MHz, DMSO-d6) d 9.09 (s, 1H), 7.91 (t, J =

5.5 Hz, 1H), 7.16 (d, J = 7.0 Hz, 1H), 6.88 (dd, J = 11.1, 3.9 Hz,
1H), 6.85 (d, J = 8.2 Hz, 1H), 6.82 (d, J = 8.1 Hz, 2H), 6.73–6.67
(m, 2H), 6.65 (d, J = 1.5 Hz, 1H), 6.60–6.57 (m, 1H), 6.53 (t, J =
7.0 Hz, 1H), 4.86 (s, 2H), 4.41 (s, 2H), 4.09 (t, J= 7.7 Hz, 1H), 3.88
(t, J = 8.2 Hz, 1H), 3.75 (s, 3H), 3.70 (d, J = 1.4 Hz, 6H), 3.33 (s,
2H), 3.15 (dd, J= 12.7, 6.5 Hz, 2H), 2.79–2.70 (m, 2H), 2.46 (dd, J
= 13.2, 5.3 Hz, 2H), 2.32 (t, J = 7.3 Hz, 2H), 1.57 (dd, J = 14.9,
7.5 Hz, 2H), 1.50–1.45 (m, 2H). 13C NMR (151 MHz, DMSO-d6)
d 178.87, 171.46, 168.20, 149.53, 149.10, 147.76, 146.47, 142.24,
132.69, 131.64, 126.14, 125.70, 124.05, 121.74, 120.85, 116.67,
116.37, 115.22, 113.94, 112.82, 112.25, 71.18, 69.22, 55.98,
55.91, 55.81, 46.02, 41.35, 38.52, 37.35, 35.83, 34.21, 29.18,
23.14. FT-MS: calcd for C32H38N3O8, [M + H]+, 606.2819, found
606.2809. HPLC purity: 99.42% (tR = 6.89 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

N-(2-Aminophenyl)-5-(2-(4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)
pentanamide (B4). Yellow oil, yield: 29.3%. 1H NMR (600 MHz,
DMSO-d6) d 9.09 (s, 1H), 7.91 (t, J = 5.5 Hz, 1H), 7.16 (d, J =
7.0 Hz, 1H), 6.88 (dd, J = 11.1, 3.9 Hz, 1H), 6.85 (d, J = 8.2 Hz,
1H), 6.82 (d, J= 8.1 Hz, 2H), 6.73–6.67 (m, 2H), 6.65 (d, J= 1.5 Hz,
1H), 6.60–6.57 (m, 1H), 6.53 (t, J = 7.0 Hz, 1H), 4.86 (s, 2H), 4.41
(s, 2H), 4.09 (t, J= 7.7 Hz, 1H), 3.88 (t, J= 8.2 Hz, 1H), 3.75 (s, 3H),
3.70 (d, J = 1.4 Hz, 6H), 3.33 (s, 2H), 3.15 (dd, J = 12.7, 6.5 Hz,
2H), 2.79–2.70 (m, 2H), 2.46 (dd, J = 13.1, 5.3 Hz, 2H), 2.32 (t, J =
7.3 Hz, 2H), 1.60–1.55 (m, 2H), 1.50–1.46 (m, 2H). 13C NMR (151
MHz, DMSO-d6) d 178.86, 171.20, 168.38, 149.55, 149.10, 147.76,
146.47, 142.48, 131.64, 126.22, 125.89, 123.88, 121.74, 120.86,
116.53, 116.24, 115.26, 113.97, 112.83, 112.26, 71.18, 69.24, 55.98,
55.91, 55.82, 46.02, 41.34, 38.37, 37.34, 34.19, 33.59, 29.49, 25.86.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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FT-MS: calcd for C34H41N3O8, [M + H]+, 620.2969, found
620.2966. HPLC purity: 98.44% (tR = 6.86 min, 10% MeCN/90%
H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

N-(2-Aminophenyl)-5-(2-(4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)
pentanamide (B5). Yellow oil, yield: 56.2%. 1H NMR (600 MHz,
DMSO-d6) d 9.13 (s, 1H), 7.89 (d, J= 5.8 Hz, 1H), 7.16 (dd, J= 7.8,
1.0 Hz, 1H), 6.90–6.80 (m, 4H), 6.73–6.67 (m, 2H), 6.65 (d, J =
1.8 Hz, 1H), 6.59 (dd, J= 8.1, 1.8 Hz, 1H), 6.55–6.50 (m, 1H), 4.83
(s, 2H), 4.40 (s, 2H), 4.09 (d, J = 1.3 Hz, 1H), 3.88 (s, 1H), 3.75 (s,
3H), 3.70 (d, J = 2.2 Hz, 6H), 3.12 (dd, J = 13.1, 6.7 Hz, 2H), 2.86
(dd, J = 13.6, 5.2 Hz, 1H), 2.79–2.70 (m, 2H), 2.51 (d, J = 1.7 Hz,
1H), 2.47 (dd, J = 13.6, 5.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.61–
1.56 (m, 2H), 1.48–1.43 (m, 2H), 1.29 (d, J = 7.0 Hz, 2H), 0.85
(ddd, J = 16.5, 9.7, 5.2 Hz, 3H). 13C NMR (151 MHz, DMSO-d6)
d 178.87, 171.56, 168.16, 149.50, 149.09, 147.76, 146.45, 142.31,
132.67, 131.63, 126.10, 125.71, 124.06, 121.74, 120.85, 116.60,
116.34, 115.16, 113.93, 112.81, 112.24, 71.18, 69.18, 55.99,
55.91, 55.81, 46.02, 41.35, 38.65, 37.34, 36.17, 34.20, 29.35,
26.50, 25.49. FT-MS: calcd for C35H43N3O8, [M + H]+, 634.3133,
found 634.3122. HPLC purity: 98.67% (tR = 7.01 min, 10%
MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

General procedure for the synthesis of B6 and B7 in Scheme
5. Arctigenin (50.0 mg, 0.13 mmol), t-butyl bromoacetate (0.156
mmol), and K2CO3 (35.0 mg, 0.26 mmol) were stirred in 15 mL
DMF at 60 °C for 6 h. The mixture was extracted with EtOAc and
concentrated under reduced pressure, yielding compound b.
Compound b was dissolved in a solution of DCM : TFA = 1 : 1 (V/
V) and stirred for 2 h at room temperature, and then the mixture
was extracted with EtOAc and concentrated under reduced
pressure, yielding compound c. Compound c was dissolved with
t-butyl piperidine-4-carboxylate or t-butyl 4-aminobenzoate,
EDCI, and HOBt in dry DMF and stirred for 6 h at room
temperature. The mixture was extracted with EtOAc and
concentrated under reduced pressure, yielding compounds k or
l. Dissolved compound k or l in a solution of DCM : TFA= 1 : 1 (V/
V) was stirred for 2 h at room temperature, and then the mixture
was extracted with EtOAc and concentrated under reduced
pressure, yielding compounds m or n. o-Phenylenediamine
(17.3 mg, 0.26 mmol), DIPEA (2.8 mL, 0.26 mmol), and HATU
(60.8 mg, 0.26mmol) were added to a solution of acid compound
m or n, anhydrous DMF. The mixture was stirred at room
temperature for 6 h. Water was added, and the mixture was
extracted with ethyl acetate. The organic layers were combined,
concentrated, and puried with ash column chromatography
(DCM/MeOH = 50 : 1, V/V) to afford compounds B6 or B7.

4-(2-(4-(((3R,4R)-4-(3,4-Dimethoxybenzyl)-2-oxotetrahy-
drofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)-N-hydrox-
ybenzamide (B6).White solid, yield: 52.0%. m.p. 109.4–110.2 °C.
1H NMR (600 MHz, DMSO-d6) d 9.26 (s, 1H), 7.18 (d, J = 7.0 Hz,
1H), 6.90–6.86 (m, 1H), 6.82 (d, J = 8.1 Hz, 2H), 6.80 (d, J =
8.3 Hz, 2H), 6.78 (s, 2H), 6.76 (s, 1H), 6.71 (d, J = 7.9 Hz, 1H),
4.71 (s, 2H), 4.10 (s, 2H), 3.87 (d, J = 8.4 Hz, 2H), 3.73 (s, 3H),
3.72 (s, 3H), 3.70 (s, 6H), 3.08 (s, 2H), 2.84–2.81 (m, 2H), 2.78–
2.75 (m, 2H), 2.49–2.46 (m, 2H), 1.23 (s, 4H). 13C NMR (151MHz,
DMSO-d6) d 178.89, 173.33, 166.20, 166.07, 149.16, 149.10,
147.76, 146.60, 142.37, 131.65, 126.17, 125.77, 123.83, 121.59,
© 2024 The Author(s). Published by the Royal Society of Chemistry
120.87, 116.55, 116.30, 113.90, 113.84, 112.82, 112.25, 71.18,
70.25, 67.47, 55.99, 55.91, 55.80, 46.05, 45.47, 44.46, 43.37,
42.35, 41.27, 37.36, 34.10. FT-MS: calcd for C35H41N3NaO8, [M +
H]+, 631.2933, found 654.2780. HPLC purity: 98.87% (tR =

7.45 min, 10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in
15 min.

N-(2-Aminophenyl)-4-(2-(4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)acetamido)
benzamide (B7). Yellow solid, yield: 45.3%. m.p. 118.1–118.3 °C.
1H NMR (600 MHz, DMSO-d6) d 10.29 (s, 1H), 9.59 (s, 1H), 7.97
(d, J = 8.5 Hz, 2H), 7.75 (d, J = 8.7 Hz, 2H), 7.17 (t, J = 10.8 Hz,
1H), 7.00–6.94 (m, 1H), 6.90 (d, J = 8.2 Hz, 1H), 6.85 (d, J =
1.8 Hz, 1H), 6.80 (t, J= 6.2 Hz, 1H), 6.78 (dd, J= 8.0, 1.2 Hz, 1H),
6.71 (dd, J= 8.2, 1.7 Hz, 1H), 6.65 (d, J= 1.8 Hz, 1H), 6.60 (td, J=
8.6, 1.5 Hz, 2H), 5.05–4.73 (m, 2H), 4.68 (s, 2H), 4.11 (dd, J= 8.5,
7.4 Hz, 1H), 3.89 (t, J= 8.4 Hz, 1H), 3.78 (s, 3H), 3.69 (s, 3H), 3.69
(s, 3H), 2.94–2.84 (m, 1H), 2.76 (ddd, J = 20.9, 13.1, 6.9 Hz, 2H),
2.50–2.42 (m, 3H). 13C NMR (151 MHz, DMSO-d6) d 178.87,
167.67, 149.48, 149.10, 147.76, 146.49, 143.62, 141.63, 135.34,
132.66, 131.64, 129.90, 129.20, 127.14, 126.87, 123.91, 121.76,
120.86, 119.05, 117.78, 116.74, 116.61, 115.03, 114.91, 114.02,
112.81, 112.23, 71.19, 69.11, 56.03, 55.90, 55.80, 46.02, 41.36,
37.36, 34.18. FT-MS: calcd for C33H38N3NaO8, [M + H]+,
640.2653, found 640.2653. HPLC purity: 99.87% (tR = 6.33 min,
10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in 15 min.

General procedure for the synthesis of B8 in Scheme 6. t-
Butyl bromoacetate (0.04 mL, 0.26 mmol) was dissolved in DMF
along with NaN3 (16.9 mg, 0.26 mmol), and the mixture was
heated at 80 °C for six hours. The resulting mixture was
extracted with EtOAc (20 mL × 3) and concentrated under
reduced pressure to obtain compound o. Arctigenin (50.0 mg,
0.13 mmol), propargyl bromide (0.01 mL, 0.16 mmol), and
K2CO3 (35 mg, 0.26 mmol) were dissolved in DMF, and the
reaction mixture was heated at 60 °C for six hours. The mixture
was then extracted with EtOAc (20 mL × 3) and concentrated
under reduced pressure to obtain compound g. Compound g,
compound o, CuSO4$5H2O (41.5 mg, 0.26 mmol), and sodium
ascorbate (25.8 mg, 0.13 mmol) were mixed in H2O : t-BuOH =

1 : 1 (V/V) and stirred at 60 °C for four hours. The mixture was
poured into water and extracted with DCM (20 mL × 3). The
combined organic layers were concentrated to obtain
compound p. Compound pwas dissolved in a solution of DCM :
TFA = 1 : 1 (V/V) and stirred at room temperature for two hours.
The mixture was then extracted with ethyl acetate and concen-
trated under reduced pressure to obtain compound q.
Compound q was mixed with o-phenylenediamine (17.3 mg,
0.26 mmol), DIPEA (2.8 mL, 0.26 mmol), and HATU (60.8 mg,
0.26 mmol) in anhydrous DMF. The mixture was stirred for 6 h
at room temperature. Water was added, and the mixture was
extracted with ethyl acetate. The combined organic layers were
concentrated and puried by ash column chromatography
(DCM/MeOH = 50 : 1, V/V) to obtain compound B8.

N-(2-Aminophenyl)-2-(4-((4-(((3R,4R)-4-(3,4-dimethoxybenzyl)-2-
oxotetrahydrofuran-3-yl)methyl)-2-methoxyphenoxy)methyl)-1H-
1,2,3-triazol-1-yl)acetamide (B8). White solid, yield: 33.9%. m.p.
130.0–130.3 °C. 1H NMR (600 MHz, DMSO-d6) d 9.80 (s, 1H),
8.23 (s, 1H), 7.20 (dd, J = 7.8, 1.1 Hz, 1H), 7.06 (d, J = 8.3 Hz,
RSC Adv., 2024, 14, 9314–9325 | 9323
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1H), 6.93–6.89 (m, 1H), 6.83–6.81 (m, 1H), 6.79 (d, J = 1.7 Hz,
1H), 6.74–6.69 (m, 2H), 6.65 (d, J = 1.6 Hz, 1H), 6.60 (dd, J = 8.1,
1.6 Hz, 1H), 6.55–6.50 (m, 1H), 5.39 (s, 2H), 5.09 (s, 2H), 5.07 (s,
2H), 4.10 (t, J = 8.0 Hz, 1H), 3.88 (t, J = 8.4 Hz, 1H), 3.70 (s, 9H),
2.85 (dd, J = 13.7, 5.3 Hz, 1H), 2.79 (dd, J = 13.7, 6.9 Hz, 1H),
2.74–2.70 (m, 1H), 2.49 (d, J = 8.3 Hz, 2H), 2.47–2.45 (m, 1H).
13C NMR (151 MHz, DMSO-d6) d 178.92, 164.84, 149.25, 149.11,
147.76, 146.69, 143.00, 142.71, 131.66, 131.60, 126.75, 126.71,
125.94, 122.66, 121.64, 120.87, 116.35, 116.06, 113.76, 113.71,
112.82, 112.26, 71.20, 70.25, 62.09, 55.92, 55.81, 52.42, 46.07,
41.25, 37.38, 34.15. FT-MS: calcd for C32H35N5NaO7, [M + H]+,
624.2423, found 624.2428. HPLC purity: 99.56% (tR = 7.58 min,
10% MeCN/90% H2O/0.1% TFA), 1.0 mL min−1 in 15 min.
Pharmacology

Cell cytotoxicity assay. In this study, the in vitro cytotoxicity
of test compounds against ve different tumor cell lines was
evaluated using the CCK-8 assay. Initially, cells were seeded in
a 96-well plate at a density of 1 × 104 cells per well and incu-
bated under stable conditions at 37 °C with 5% CO2 for 24
hours. Subsequently, various concentrations of compounds,
including A1–10, B1–B8, arctigenin, and tucidinostat, were
added to each well. The cells were then incubated for 48 hours
in the presence of the compounds. Aer that, CCK-8 solution
(100 mL, with a concentration of 0.5 mg mL−1) was added to
each well, followed by an additional 4 hour incubation period.
Finally, the absorbance of the samples wasmeasured at 450 nm.
By calculating the inhibition rate using the Logit method, the
IC50 values of the compounds were determined, representing
the concentration at which the compounds inhibit cell prolif-
eration by half.

Cell enzyme activity assay. The activity of HDAC in cells was
detected using Bio-Vision's HDAC 1, 2, 3, 4, 5, 6, and 10 Activity
Assay Kit and followed its protocols. Transfer 50 mL compounds
were transferred into 384 plates, each column containing 2
replicates. The 384 assay plate was centrifuged at 1000 rpm, 2.5
mL HDAC was added into each assay well and incubated for
15 min, 37 °C. 2.5 mL substrate was added into each assay well
and incubated for 60/180 min, 37 °C. 5 mL Developer mixture
was added into each assay well and incubated for 10 min. FI
signal (em: 340 nm; ex: 450 nm) was read using BMG.

Annexin V/PI staining assay. In the presented study, the level
of cell apoptosis was assessed through the application of the
Annexin V/PI staining procedure. An initial seeding of the cells
was done in a 96-well plate at a concentration of 5 × 105 cells in
each well. The cells were then incubated at 37 °C under a 5%
CO2 environment for a duration of 24 hours. Post incubation,
the cells were exposed to varying quantities (0, 0.25, 0.5 and 1.0
mM) of the compound B7 and incubated for an additional 48
hours. Upon completion of the incubation period, the cells were
harvested and subjected to a wash with 500 mL of the annexin-
binding buffer. The cells were then marked with 5 mL of
Annexin V-FITC and 5 mL of Propidium Iodide (PI) and kept for
15 minutes at 37 °C for staining. In the nal step of the process,
a ow cytometer (Beckman Coulter cytoFLEX, based in Brea,
California, USA) was used for the analysis of the samples.
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Cell cycle analysis. Cell cycle analysis was conducted using
the PI staining method in this study. Initially, MV411 cells were
seeded at a density of 5 × 105 cells per well in a 6-well plate and
incubated for 24 hours. Subsequently, the cells were treated
with different concentrations (0, 0.25, 0.5 and 1.0 mM) of
compound B7 and further incubated for 48 hours. The cells
were then collected and washed with ice-cold PBS buffer, fol-
lowed by xation with 70% ethanol at 4 °C for 12 hours and
another wash with PBS. Aer that, 100 mL of RNase A was added,
and the cells were incubated at 37 °C for 30minutes. Finally, the
cells were stained with 400 mL of PI at 4 °C for 30 minutes and
analyzed for absorbance at 488 nm wavelength using a ow
cytometer (Beckman Coulter cytoFLEX, USA).

GreenNuc living cell caspase 3 activity assay. At per hole 1 ×

106 cells of MV411 cells were cultured in a six-well plate and
treated with different concentrations of B7 compounds (0, 0.25,
0.5 and 1.0 mM) for 48 hours. The treated cells were incubated in
GreenNuc™ Caspase-3 substrate and then analyzed by ow
cytometry. MV411 cells were seeded uniformly at a concentration
of 5000 cells per well in 6-well plates. Aer 6 h incubation, arc-
tigenin, compound B7, and tucidinostat were respectively added
to each well. 48 hours later, the cells were collected in Eppendorf
tubes and centrifuged at 1000 rpm for 5 minutes. Following the
manufacturer's instructions, the cells were washed twice with
PBS and subjected to Caspase-3 staining. Aer a 40 minute
incubation at room temperature, the cells were washed twice
with PBS and stained with the live-cell dye Hoechst 33 342 for 5
minutes at room temperature, followed by a PBS wash. The
stained cells were resuspended in PBS and subsequently
observed and photographed under a uorescence microscope.

Western blotting assay. Cell extracts were obtained using
a chilled lysis buffer supplemented with protein inhibitors,
then centrifuged at 12 000 g at 4 °C for a duration of 15 minutes.
Protein levels in the clear supernatants were determined with
the BCA protein assay kit. Following this, the protein samples
underwent 12% SDS-PAGE separation, were moved onto a PVDF
sheet, and then blocked using 5% non-fat milk in TBS with
0.10% Tween 20 for an hour at ambient temperature. The sheets
were later treated with primary antibodies within 5% non-fat
milk for 6 hours at 4 °C, then with secondary antibodies for
an additional hour at ambient conditions. Antibody interac-
tions were displayed using an ECL detection solution.

Statistical analysis. Values are presented as mean ± SD. The
distinction between two groups was evaluated using the
Student's t-test. For contrasting multiple groups, ANOVA was
applied, succeeded by the Student-Newman–Keuls method. A P
value of less than 0.05 indicated statistical relevance.

Data availability
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this study are available within the article and its ESI.†
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