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Abstract: Two new meroterpenoids, hyrtamide A (1) and hyrfarnediol A (2), along with two known
ones, 3-farnesyl-4-hydroxybenzoic acid methyl ester (3) and dictyoceratin C (4), were isolated from a
South China Sea sponge Hyrtios sp. Their structures were elucidated by NMR and MS data. Com-
pounds 2–4 exhibited weak cytotoxicity against human colorectal cancer cells (HCT-116), showing
IC50 values of 41.6, 45.0, and 37.3 µM, respectively. Furthermore, compounds 3 and 4 significantly
suppressed the invasion of HCT-116 cells while also downregulating the expression of vascular
endothelial growth factor receptor 1 (VEGFR-1) and vimentin proteins, which are key markers asso-
ciated with angiogenesis and epithelial–mesenchymal transition (EMT). Our findings suggest that
compounds 3 and 4 may exert their anti-invasive effects on tumor cells by inhibiting the expression
of VEGFR-1 and impeding the process of EMT.

Keywords: marine sponge; Hyrtios sp.; meroterpenoids; invasion; VEGFR-1; colorectal cancer

1. Introduction

Colorectal cancer (CRC) ranks as the third most prevalent malignancy globally and
represents the second leading cause of cancer-related mortality, with an annual incidence of
1.9 million cases and over 0.9 million deaths worldwide [1]. Over 90% of cancer deaths are
caused by metastasis of cancer cells [2], making the treatment of metastatic colorectal cancer
(mCRC) a significant clinical challenge at present. The surgical prognosis for patients with
colorectal cancer is intricately linked to the tumor-node-metastasis (TNM) staging system;
patients with stage I–III have five-year survival rates of approximately 90%, 75%, and
50%, respectively. In contrast, those with stage IV disease have a five-year survival rate
of less than 5%. Furthermore, a considerable proportion of patients diagnosed with stage
II and III colorectal cancer, ranging from 29% to 60%, still experience local recurrence or
distant metastases after undergoing surgery [3]. Consequently, addressing tumor metastasis
emerges as an urgent imperative in the therapeutic management of colorectal cancer.

Vascular endothelial growth factor receptor (VEGFR), a pivotal regulator of angio-
genesis and vascular permeability [4], plays an indispensable role in various biological
processes including tumor neovascularization, invasion of tumor cells, and metastasis [5,6].
The VEGFR family primarily comprises three subtypes: namely, VEGFR-1, VEGFR-2, and
VEGFR-3 [7]. VEGFR-1, a VEGF receptor with high affinity, exerts specific effects on en-
dothelial cells [8]. In addition to its involvement in tumor vasculature, the activation of
VEGFR-1 present in tumor cells through ligand interaction has the potential to stimulate
cellular chemotaxis and infiltration into the surrounding extracellular matrix [9]. Colorectal
cancer exhibited the presence of VEGFR-1, and its interaction with ligands augmented the
migratory and invasive potential of tumor cells [8,9]. Additionally, activation of VEGFR-1
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promotes epithelial–mesenchymal transition (EMT), suggesting that VEGFR-1 may initiate
EMT to facilitate tumor metastasis [10].

Meroterpenoids are composed of terpenoid units (mevalonic acid pathway) and non-
terpenoid units (including polyketide pathways, amino acid pathways, shikimic acid
pathways, and other biosynthetic pathways) [11]. The structural and biological diversity
of meroterpenoids is attributed to the diverse terpenoid units (including chain length,
cyclization, rearrangement, etc.), intricate non-terpenoid moieties, and various modes of
molecular aggregation [12,13]. Marine sponges, being a significant reservoir of natural ma-
rine products [14], exhibit an annual average production of over 200 novel compounds [15],
with a notable abundance in meroterpenoids which display various biological activi-
ties, such as anti-tumor [16], anti-inflammation [17], anti-microbial [18], anti-oxidant [19],
anti-leishmanial [20] and enzyme inhibitory [21] activities. Meroterpenoids from marine
sponges exert anti-tumor effects by arresting the cell cycle progression, inducing apoptosis,
suppressing tumor angiogenesis, and inhibiting invasion and metastasis [22,23].

The marine sponges belonging to the Hyrtios genus have demonstrated their potential
as a valuable reservoir of novel and biologically active compounds, such as alkaloids,
meroterpenoids, and sesterterpenes, and many of them exhibit significant anti-tumor
activity [24]. In our ongoing efforts to explore novel and bioactive compounds derived
from marine sponges [25–27], two new meroterpenoids, hyrtamide A (1) and hyrfarnediol
A (2), as well as two previously reported meroterpenoids, 3-farnesyl-4-hydroxybenzoic acid
methyl ester (3) [28] and dictyoceratin C (4) [29] (Figure 1), were discovered in a marine
sponge Hyrtios sp. Herein, we discuss the isolation, structural analysis, and cytotoxicity
of these meroterpenoids, as well as the anti-invasion effects on colorectal cancer HCT-116
cells of compounds 3 and 4.
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2. Results
2.1. Structural Determination

Compound 1 was yielded as a yellowish oil. The molecular formula of 1 was deter-
mined as C25H39NO based on the HRESIMS ion peak at m/z 392.2914 [M + Na]+ (calculated
for C25H39NONa, 392.2929), with seven degrees of unsaturation (Figure S1). The 1H NMR
data (Table 1, Figure S3) showed five methyls at δH 1.60 (br s, H-22, 23, 24, 25) and 1.68 (s,
H-19), eight methylenes at δH 1.98 (m, H-7, 11, 15), 2.06 (m, H-8, 12, 16), 2.26 (q, J = 7.0 Hz,
H-4), and 2.33 (t, J = 7.0 Hz, H-3), one N-methylene at δH 3.91 (t, J = 1.5 Hz, H-21), and
five olefinic protons at δH 6.73 (q, J = 1.5 Hz, H-20), 5.15 (t, J = 7.0 Hz, H-5) and 5.11 (m,
H-9, 13, 17). The 13C NMR and DEPT135 spectra (Table 1, Figure S4) exhibited 25 carbon
signals, including five methyl carbons [δC 16.2 (C-23, 24), 16.3 (C-22), 17.9 (C-25), 25.9
(C-19)], eight methylene carbons [δC 25.8 (C-3), 26.1 (C-4), 26.9 (C-12, 16), 27.0 (C-8), 39.9
(C-7, 11, 15)], one N-methylene carbon δC 46.6 (C-21), five methine carbons [δC 124.6 (C-17),
124.4 (C-9, 13), 123.5 (C-5), 137.7 (C-20)], five quaternary carbons [δC 131.5 (C-18), 135.1
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(C-14), 135.2 (C-10), 136.3 (C-6), 139.7 (C-2)], and one carbonyl carbon δC 175.3 (C-1). The
COSY correlation of H-20/H-21, combined with HMBC correlations from H-20 (δH 6.73)
to C-1 (δC 175.3), C-2 (δC 139.7), and C-21 (δC 46.6), from H-21 (δH 3.91) to C-1 (δC 175.3)
and C-2 (δC 139.7), and from H-3 (δH 2.33) to C-1 (δC 175.3), C-2 (δC 139.7), and C-20 (δC
137.7), led to the identification of a 3-en-α-pyrrolidone fragment (Figures 2, S6 and S7).
The geranylgeranyl fragment was determined by COSY correlations of H-3/H-4/H-5,
H-7/H-8/H-9, H-11/H-12/H-13, and H-15/H-16/H-17 and HMBC correlations from H-3
(δH 2.33) to C-5 (δC 123.5), from H-4 (δH 2.26) to C-2 (δC 139.7), C-5 (δC 123.5), and C-6 (δC
136.3), from H-5 (δH 5.15) to C-7 (δC 39.9) and C-22 (δC 16.3), from H-7, 11, 15 (δH 1.98) to
C-5 (δC 123.5), C-9, 13 (δC 124.4), C-17 (δC 124.6), C-22 (δC 16.3) and C-23, 24 (δC 16.2), from
H-9, 13, 17 (δH 5.11) to C-7, 11, 15 (δC 39.9), C-19 (δC 25.9) and C-23, 24 (δC 16.2), from H-19
(δH 1.68) to C-25 (δC 17.9), C-17 (δC 124.6) and C-18 (δC 131.5), and the methylene carbon
C-3 was located at C-2 on the 3-en-α-pyrrolidone fragment which was demonstrated by
the HMBC correlations from H-3 (δH 2.33) to C-1 (δC 175.3), C-2 (δC 139.7), and C-20 (δC
137.7), and the chemical shift of C-2 (δC 139.7, quaternary carbon). Therefore, the planar
structure of compound 1 was obtained. The NOESY correlations (Figure S8) of H-4/H-22,
H-5/H-7, H-8/H-23, H-9/H-11, H-12/H-24, and H-13/H-15, and the shielded chemical
shifts of C-22 (δC 16.3), C-23 (δC 16.2), and C-24 (δC 16.2) suggested that ∆5,6, ∆9,10, and
∆13,14 double bonds were both E. Compound 1 was named hyrtamide A.

Table 1. 1H and 13C NMR data of compounds 1 and 2 in CDCl3.

Position
1 (600 and 150 MHz)

Position
2 (400 and 100 MHz)

δC, Type δH, Mult. (J in Hz) δC, Type δH, Mult. (J in Hz)

1 175.3, C 1 122.3, C
2 139.7, C 2 124.0, CH 7.44, br s
3 25.8, CH2 2.33, t (7.0) 3 127.3, C
4 26.1, CH2 2.26, q (7.0) 4 147.0, C
5 123.5, CH 5.15, t (7.0) 5 146.7, C
6 136.3, C 6 114.7, CH 7.46, br s
7 39.9, CH2 1.98, m 1′ 29.6, CH2 3.40, d, (6.4)
8 27.0, CH2 2.06, m 2′ 121.3, CH 5.34, m
9 124.4, CH 5.11, m 3′ 139.3, C
10 135.2, C 4′ 39.9, CH2 2.11, m; 1.97, m
11 39.9, CH2 1.98, m 5′ 26.9, CH2 2.04, m; 1.97, m
12 26.9, CH2 2.06, m 6′ 123.8, CH 5.10, m
13 124.4, CH 5.11, m 7′ 135.9, C
14 135.1, C 8′ 39.9, CH2 2.11, m; 1.97, m
15 39.9, CH2 1.98, m 9′ 26.6, CH2 2.11, m
16 26.9, CH2 2.06, m 10′ 124.5, CH 5.10, m
17 124.6, CH 5.11, m 11′ 131.6, C
18 131.5, C 12′ 25.9, CH3 1.68, s
19 25.9, CH3 1.68, s 13′ 16.5, CH3 1.79, s
20 137.7, CH 6.73, q (1.5) 14′ 16.3, CH3 1.60, s
21 46.6, CH2 3.91, t (1.5) 15′ 17.9, CH3 1.60, s
22 16.3, CH3 1.60, s 1-C=O 167.4, C
23 16.2, CH3 1.60, s -OCH3 52.2, CH3 3.87, s
24 16.2, CH3 1.60, s
25 17.9, CH3 1.60, s

Compound 2 was a yellowish powder, and exhibited a positive HRESIMS ion peak
at m/z 373.2377 [M + H]+ (calculated for C23H33O4, 373.2379), indicating its molecular
formula as C23H32O4, corresponding to eight degrees of unsaturation (Figure S9). The 1H
and 13C NMR data (Table 1, Figures S11 and S12) were characterized by the presence of
two aromatic methines at δH 7.46 (br s, H-6)/δC 114.7 and δH 7.44 (br s, H-2)/δC 124.0,
suggesting the two aromatic protons were in the meta position. Further examination of
the 1H and 13C NMR data of 2 revealed the presence of three olefinic methines [δH 5.10 (m,
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H-6′, 10′) and 5.34 (m, H-2′); δC 123.8, 124.5, and 121.3], an oxygenated methyl [δH 3.87
(s), δC 52.2], and four methyls [δH 1.60 (br s, H-14′, 15′), 1.58 (s, H-12′), and 1.79 (s, H-13′);
δC 16.3, 17.9, 25.9, and 16.5]. The HMBC correlations (Figures 3 and S14) from H-2 (δH
7.44) to 1-C=O (δC 167.4), C-4 (δC 147.0), and C-6 (δC 114.7), from H-6 (δH 7.46) to 1-C=O
(δC 167.4) and C-5 (δC 146.7), and from -OCH3 (δH 3.87) to 1-C=O (δC 167.4) indicated the
presence of a 4,5-dihydroxybenzoic acid methyl ester. The COSY correlations (Figure S15)
of H-1′/H-2′, H-5′/H-6′, and H-9′/H-10′, combined with HMBC correlations from H-1′

(δH 3.40) to C-3′ (δC 139.3), from H-4′ (δH 2.11, 1.97) to C-3′ (δC 139.3) and C-6′ (δC 123.8),
from H-8′ (δH 2.11, 1.97) to C-6′ (δC 123.8) and C-9′ (δC 26.6), from H-15′ (δH 1.60) to C-10′

(δC 124.5) and C-12′ (δC 25.9), from H-14′ (δH 1.60) to C-6′ (δC 123.8) and C-8′ (δC 39.9),
from H-13′ (δH 1.79) to C-2′ (δC 121.3) and C-4′ (δC 39.9) indicated the presence of a farnesyl
fragment. The HMBC correlations from H-1′ (δH 3.40) to C-2 (δC 124.0), C-3 (δC 127.3),
and C-4 (δC 147.0) revealed that the farnesyl moiety was attached to C-3 of the benzene
ring. E-configurations of the ∆2′ ,3′ and ∆6′ ,7′ double bonds in the farnesyl fragment of 2
were confirmed based on the NOESY interactions (Figure S16) of H-2′/H-4′, H-6′/H-8′,
H-1′/H-13′, and H-5′/H-14′, and the shielded chemical shifts of C-13′ (δC 16.5) and C-14′

(δC 16.3). Consequently, the structure of 2 was assigned as 3-farnesyl-4,5-dihydroxybenzoic
acid methyl ester and named hyrfarnediol A.
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The two known meroterpenoids, 3-farnesyl-4-hydroxybenzoic acid methyl ester (3) [28]
and dictyoceratin C (4) [29], were identified by comparing their NMR and MS data
(Figures S17–S22) with the values reported in the existing literature.

2.2. Bioactive Assay
2.2.1. Cytotoxicity of Compounds 1–4 against HCT-116 Cells

Colorectal cancer stands as one of the most frequently diagnosed malignant neo-
plasms within the gastrointestinal tract. The World Health Organization’s statistics place
CRC as the third most common type of cancer globally, characterized by its high inci-
dence and mortality rates, along with a significant propensity for metastasis [30]. Numer-
ous meroterpenoids have been identified to exhibit potent inhibitory effects on HCT-116
cells—a cell line derived from human colorectal carcinoma [23]. In view of this, we as-
sessed the cytotoxic effect against HCT-116 cells of compounds 1–4 utilizing the MTT assay
method (Table 2). Compounds 2–4 showed weak cytotoxicity towards HCT-116 cells, with
IC50 values of 41.6, 45.0, and 37.3 µM, respectively; however, compound 1 failed to manifest
any inhibitory effect even at a concentration level of up to 54 µM. Nevertheless, owing
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to the insufficient quantity of compound 2 for subsequent activity analyses, we opted to
proceed with cell invasion experiments using compounds 3 and 4.

Table 2. Cytotoxic activities of compounds 2–4 against HCT-116.

Compound IC50 (µM)

2 41.6 ± 3.8
3 45.0 ± 3.0
4 37.3 ± 3.3

Doxorubicin 3.8 ± 0.1

2.2.2. Anti-Invasive Activity of 3 and 4 in HCT-116 Cells

More than 90% of cancer deaths result from the metastasis of cancer cells [2]. Invasion
takes place at an early stage of the metastatic process and represents a pivotal step in
this progression [31,32]. Many meroterpenoids demonstrated significant anti-invasive
activity, including sponge-derived terpene quinones/phenols strongylophorine-26 and
avinosol [33,34]. To evaluate the impact of compounds 3 and 4 on HCT-116 cell invasiveness,
we employed Transwell assays. The results demonstrated that at concentrations of 3, 9,
and 27 µM, there were notable decreases in cell invasion capabilities in a dose-dependent
manner (Figure 4).
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2.2.3. Effects of 3 and 4 on Expressions of VEGFR-1 and Vimentin

To elucidate the underlying mechanisms responsible for the inhibitory effects of
compounds 3 and 4 on cell invasion in HCT-116 cells, proteins associated with EMT and
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metastasis were analyzed. VEGFR-1 is one of the VEGF receptors, which in tumor cells
can be activated by its ligands (such as VEGF-B and PIGF) to significantly increase the
invasion capabilities of the tumor cells [9]. This receptor is also closely associated with the
process of EMT, which is linked to metastasis [10]. Tumor cells undergoing EMT exhibit
alterations in relevant molecular biomarkers [35]. Vimentin serves as a critical biomarker
for EMT, which is typically expressed in mesenchymal cells. Its expression levels become
upregulated during the process of cancer metastasis [36]. During EMT, vimentin undergoes
reorganization and mediates signaling pathways, all the while providing structural support
to various cellular organelles due to its unique viscoelastic properties [36]. Moreover, it
facilitates cell migration through the formation of cellular protrusions, reduction in cell
adhesion, and enhancement of migratory capacity [36]. Additionally, vimentin modulates
DNA repair pathways to facilitate EMT and confer cellular resilience against diverse
stresses encountered during the process of cancer invasion [36]. Overall, vimentin appears
to play a crucial role in mediating metastasis through EMT processes [36].

In this study, the effects of compounds 3 and 4 on the expression of migration-related
proteins VEGFR-1 and vimentin in HCT-116 cells were examined using Western blot
analysis at concentrations of 3, 9, and 27 µM (Figure 5). Experimental results indicated that
compounds 3 and 4 significantly downregulated the expression of VEGFR-1 and vimentin
in a concentration-dependent manner, indicating that compounds 3 and 4 may inhibit the
expression of VEGFR-1, thereby impeding the EMT process.
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3. Discussion

A meroditerpenoid, hyrtamide A (1), and three sesquiterpene phenols, hyrfarnediol A
(2), 3-farnesyl-4-hydroxybenzoic acid methyl ester (3) and dictyoceratin C (4) were isolated
from a marine sponge Hyrtios sp. In the cytotoxicity assay, compounds 2–4 demonstrated
weak cytotoxic activity, while no activity was observed for hyrtamide A (1), which suggests
that the presence of the phenol fragment in compounds 2–4 may play a vital role in
cytotoxicity. Compounds 3 and 4 exhibited anti-invasive effects, in contrast to previously
reported sesquiterpene phenols/quinones, such as avarol, avarone, and ilimaquinone
which did not show any anti-invasive activity [33,34]. Through structural comparison, we
hypothesize that the phenolic hydroxyl and methyl ester groups present in compounds 3
and 4 may serve as the active functional groups responsible for their anti-invasive activity.

Compounds 3 and 4 downregulated the expression of VEGFR-1 and vimentin proteins.
Several reported phenols and sesquiterpene quinones inhibited VEGFR expression [37–40].
We consider that hydroxyl groups play an important role in inhibiting VEGFR expression.
Additionally, in compounds 3 and 4, the methyl ester group may also play an indispensable
role. Most naturally derived VEGFR inhibitors primarily target VEGFR-2 and VEGFR-3;
however, there are only few compounds known to inhibit VEGFR-1 [37–40]. VEGFR-1 is
closely related to angiogenesis promotion along with evidence suggesting its involvement
in inducing EMT to facilitate tumor cell invasion [10]. Compounds 3 and 4 inhibited the
expression of VEGFR-1 protein and suppressed vimentin simultaneously. Thus, we propose
that compounds 3 and 4 likely inhibit EMT by suppressing the expression of VEGFR-1,
thereby restraining HCT-116 cells invasion.

4. Materials and Methods
4.1. General Experimental Procedures

The NMR experiments were conducted on Bruker Avance DRX-600 and Bruker AMX-
400 MHz NMR spectrometers (Bruker BioSpin, Bremen, Germany) in CDCl3 (δH 7.26, δC
77.16). HRESIMS spectra were recorded on an Agilent 6230 TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). MPLC was carried out on an Interchim PuriFlash
450 instrument (Interchim, Montlucon, France). TLC was carried out on silica gel HSGF254
plates (Yantai Jiangyou Silica Gel Limited Company, Yantai, China). Column chromatog-
raphy was conducted using Sephadex LH-20 (18−110 µm, Pharmacia Co., London, UK)
and ODS C18 (15 µm, Santai Technologies, Inc., Changzhou, China). HPLC was performed
using a Waters 1525 equipped with a Waters 2998 PDA detector (Waters, Milford, CT, USA).
A C18 column (YMC-Pack Pro, 250 × 10 mm, 5 µm, YMC, Kyoto, Japan) was used for
RP HPLC.

4.2. Sponge Material

The marine sponge sample was collected from the vicinity of Yongxing Island in the
South China Sea in May 2013. The species was previously identified and described as
a Hyrtios sp. [29]. A voucher specimen (no. 1312) is deposited at Research Center for
Marine Drugs, Department of Pharmacy, Ren Ji Hospital, School of Medicine, Shanghai Jiao
Tong University.

4.3. Extraction and Isolation

The sponge Hyrtios sp. (0.2 kg, dry weight) was subjected to a triple extraction with
95% EtOH to produce an ethanolic extract. This extract underwent partitioning between
petroleum ether and a 90% methanol–water mixture at equal ratios. The methanol–water
fraction was then diluted to 60% with water and further partitioned using CH2Cl2, resulting
in a CH2Cl2 extract weighing 1.3 g. The CH2Cl2 extract was separated using a Sephadex
LH-20 column with CH2Cl2/MeOH (1:1), resulting in the isolation of three fractions (A–C).
Fraction B (0.86 g) was subjected to MPLC (MeOH/H2O, 50–100%) and yielded six fractions
(B1–B6).
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Purification of subfraction B4 via RP HPLC (MeOH/H2O, 80%) afforded two compounds:
dictyoceratin C (4, tR = 85 min, 29.0 mg) and 3-farnesyl-4-hydroxybenzoic acid methyl ester
(3, tR = 102 min, 13.3 mg). Similarly, subfraction B5 when processed through RP HPLC
(MeCN/H2O, 80%) produced hyrfarnediol A (2, tR = 48 min, 2.6 mg). Hyrtamide A (1,
tR = 70 min, 3.0 mg) was purified from subfraction B6 utilizing RP HPLC (MeCN/H2O, 85%).

4.4. Compound Characteristics

Hyrtamide A (1): Yellowish oil; UV (DAD from MeOH/H2O) λmax 221 nm; 1H and 13C
NMR (600/150 MHz, CDCl3) data, as shown in Table 1; HRESIMS m/z 392.2914 [M + Na]+

(calcd. for C25H39NONa, 392.2929).
Hyrfarnediol A (2): Yellowish powder; UV (DAD from MeOH/H2O) λmax 199 and

268 nm; 1H and 13C NMR (400/100 MHz, CDCl3) data, as shown in Table 1; HRESIMS m/z
373.2377 [M + H]+ (calcd. for C23H33O4, 373.2379).

4.5. Cytotoxicity Test

The HCT-116 cell line, sourced from Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (Shanghai, China), was cultured at 37 ◦C with 5%
CO2 in McCoy’s 5A medium (Procell, Wuhan, China). The HCT-116 cells were seeded
at a concentration of 1 × 104 cells/well and incubated for 24 h. The cell line was treated
with test compounds (at concentrations of 10.0, 20.0, 40.0, and 80.0 µM) and the positive
control (doxorubicin, at concentrations of 1.0, 2.0, 4.0, and 8.0 µM) for 48 h. Then, they were
co-incubated with MTT solution (20 µL, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) at 37 ◦C for 4 h. The absorbance was quantified at a wavelength of 490 nm using a
microplate reader (Synergy, BioTek Instruments, Inc., Winooski, VT, USA). The cytotoxicity
assays were performed with at least three replicates [41].

4.6. Invasion Assay

The HCT-116 cells were harvested and suspended in a medium without serum at a
concentration of approximately 1 × 106 cells/mL. The upper compartment of a transwell
chamber, pre-coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), was then
seeded with these cells. The lower chamber was filled with a medium containing 20%
FBS (Genom, Hangzhou, China) and various concentrations of compounds 3 and 4 (with
DMSO as the control). The cells were treated with 4% paraformaldehyde (Biosharp, Hefei,
China) and fixed for 24 h. The non-invasive cells located on the outermost layer of the
membrane were removed lightly using a sterile cotton swab. The membrane-bound cells
were subjected to crystal violet staining for 10 min, followed by three rounds of washing
with PBS (Genom, Hangzhou, China), and the captured images were observed under an
inverted microscope (Olympus, Tokyo, Japan).

4.7. Western Blot

After treating HCT-116 cells with DMSO or different concentrations of compounds 3
and 4 for 24 h, the cells were rinsed with PBS that had been pre-cooled, followed by lysis
using 150 µL of lysis buffer. The samples were incubated on ice for 30 min and vigorously
shaken to ensure complete cell lysis. Subsequently, centrifugation was performed at
12,000 rpm and 4 ◦C for 15 min. The supernatant was collected for protein concentration
analysis. SDS-PAGE electrophoresis was performed, followed by protein transfer onto
a PVDF membrane. The membrane was subsequently blocked with 5% skimmed milk
powder for 1 h prior to overnight incubation at 4 ◦C with primary antibodies against
VEGFR-1 and vimentin (Abcam, Cambridge, UK). Following five rounds of TBST washing,
secondary antibodies (1:3000, Elabscience, Wuhan, China) were added and incubated at
25 ◦C for 2 h. Then, blot bands were visualized with an ECL reagent (Bio-Rad, Hercules,
CA, USA) and were quantified by densitometry using ImageJ 1.51j software (NIH, Bethesda,
Rockville, MD, USA). The results were normalized using β-actin (Abcam, Cambridge, UK)
as an internal control [42].
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4.8. Statistical Analysis

All the data were obtained in three independent replicates, and analyzed with Graph-
pad Prism 6 software (Graphpad Software, San Diego, CA, USA) and represented as
mean ± standard deviation. A p-value less than 0.05 was deemed to have statisti-
cal significance.

5. Conclusions

In summary, four meroterpenoids were isolated from a marine sponge Hyrtios sp., in-
cluding two new compounds hyrtamide A (1) and hyrfarnediol A (2), and two known ones,
3-farnesyl-4-hydroxybenzoic acid methyl ester (3) and dictyoceratin C (4). Compounds
2–4 exhibited weak cytotoxic activities. Compounds 3 and 4 significantly inhibited the
invasion of HCT-116 cells and notably suppressed the expression of VEGFR-1 and vimentin
(a biomarker of EMT), suggesting that they may inhibit tumor cell metastasis by preventing
the EMT process through downregulation of VEGFR-1 expression. The mechanisms behind
the anti-metastatic effects of compounds 3 and 4 require further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/md22040183/s1, Figures S1–S16: HRESIMS, UV, 1H and 13C NMR, HSQC,
HMBC, COSY, and ROESY spectra of hyrtamide A (1) and hyrfarnediol A (2). Figures S17–S22: ESI-
MS, 1H and 13C NMR spectra of 3-farnesyl-4-hydroxybenzoic acid methyl ester (3) and dictyoceratin
C (4).

Author Contributions: Conceptualization, J.W. and Y.-L.Y.; methodology, J.W. and Y.-L.Y.; formal
analysis, J.W. and J.-Y.P.; investigation, Y.-L.Y. and X.-L.L.; resources, J.W. and B.W.; data curation,
Y.-L.Y. and X.-Y.Y.; writing—original draft preparation, J.W. and Y.-L.Y.; writing—review and editing,
L.-L.H. and B.W.; visualization, Y.-L.Y. and X.-Y.Y.; supervision, J.W. and L.-L.H.; project administra-
tion, B.W.; funding acquisition, J.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Zhejiang Provincial Natural Science Foundation of China
(No. LQ23H300005).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study can be accessed in the Supplementary
Materials; further inquiries can be directed to the corresponding author.

Acknowledgments: We are grateful to Yizhen Yan of Research Center for Marine Drugs, Department
of Pharmacy, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University for his invaluable
technical support. To commemorate him and express our gratitude for all the assistance he has
provided, this article is dedicated to him with the utmost respect.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Brenner, H.; Heisser, T.; Cardoso, R.; Hoffmeister, M. Reduction in colorectal cancer incidence by screening endoscopy. Nat. Rev.

Gastroenterol. Hepatol. 2024, 21, 125–133. [CrossRef] [PubMed]
2. Brenner, H.; Kloor, M.; Pox, C.P. Colorectal cancer. Lancet 2014, 383, 1490–1502. [CrossRef] [PubMed]
3. Ganesh, K.; Massagué, J. Targeting metastatic cancer. Nat. Med. 2021, 27, 34–44. [CrossRef] [PubMed]
4. Zeng, J.; Deng, Q.; Chen, Z.; Yan, S.; Dong, Q.; Zhang, Y.; Cui, Y.; Li, L.; He, Y.; Shi, J. Recent development of VEGFR small

molecule inhibitors as anticancer agents: A patent review (2021–2023). Bioorg. Chem. 2024, 146, 107278. [CrossRef] [PubMed]
5. Hiratsuka, S.; Nakao, K.; Nakamura, K.; Katsuki, M.; Maru, Y.; Shibuya, M. Membrane fixation of vascular endothelial growth

factor receptor 1 ligand-binding domain is important for vasculogenesis and angiogenesis in mice. Mol. Cell Biol. 2005, 25,
346–354. [CrossRef] [PubMed]

6. Bae, D.G.; Kim, T.D.; Li, G.; Yoon, W.H.; Chae, C.B. Anti-flt1 peptide, a vascular endothelial growth factor receptor 1-specific
hexapeptide, inhibits tumor growth and metastasis. Clin. Cancer Res. 2005, 11, 2651–2661. [CrossRef] [PubMed]

7. Karaman, S.; Paavonsalo, S.; Heinolainen, K.; Lackman, M.H.; Ranta, A.; Hemanthakumar, K.A.; Kubota, Y.; Alitalo, K. Interplay
of vascular endothelial growth factor receptors in organ-specific vessel maintenance. J. Exp. Med. 2022, 219, e20210565. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/md22040183/s1
https://www.mdpi.com/article/10.3390/md22040183/s1
https://doi.org/10.1038/s41575-023-00847-3
https://www.ncbi.nlm.nih.gov/pubmed/37794234
https://doi.org/10.1016/S0140-6736(13)61649-9
https://www.ncbi.nlm.nih.gov/pubmed/24225001
https://doi.org/10.1038/s41591-020-01195-4
https://www.ncbi.nlm.nih.gov/pubmed/33442008
https://doi.org/10.1016/j.bioorg.2024.107278
https://www.ncbi.nlm.nih.gov/pubmed/38484586
https://doi.org/10.1128/MCB.25.1.346-354.2005
https://www.ncbi.nlm.nih.gov/pubmed/15601855
https://doi.org/10.1158/1078-0432.CCR-04-1564
https://www.ncbi.nlm.nih.gov/pubmed/15814646
https://doi.org/10.1084/jem.20210565
https://www.ncbi.nlm.nih.gov/pubmed/35050301


Mar. Drugs 2024, 22, 183 10 of 11

8. Fan, F.; Wey, J.S.; McCarty, M.F.; Belcheva, A.; Liu, W.; Bauer, T.W.; Somcio, R.J.; Wu, Y.; Hooper, A.; Hicklin, D.J.; et al. Expression
and function of vascular endothelial growth factor receptor-1 on human colorectal cancer cells. Oncogene 2005, 24, 2647–2653.
[CrossRef] [PubMed]

9. Ceci, C.; Atzori, M.G.; Lacal, P.M.; Graziani, G. Role of VEGFs/VEGFR-1 signaling and its inhibition in modulating tumor
invasion: Experimental evidence in different metastatic cancer models. Int. J. Mol. Sci. 2020, 21, 1388. [CrossRef] [PubMed]

10. Yang, A.D.; Camp, E.R.; Fan, F.; Shen, L.; Gray, M.J.; Liu, W.; Somcio, R.; Bauer, T.W.; Wu, Y.; Hicklin, D.J.; et al. Vascular
endothelial growth factor receptor-1 activation mediates epithelial to mesenchymal transition in human pancreatic carcinoma
cells. Cancer Res. 2006, 66, 46–51. [CrossRef]

11. Jiang, M.; Wu, Z.; Liu, L.; Chen, S. The chemistry and biology of fungal meroterpenoids (2009–2019). Org. Biomol. Chem. 2021, 19,
1644–1704. [CrossRef] [PubMed]

12. Fuloria, N.K.; Raheja, R.K.; Shah, K.H.; Oza, M.J.; Kulkarni, Y.A.; Subramaniyan, V.; Sekar, M.; Fuloria, S. Biological activities of
meroterpenoids isolated from different sources. Front. Pharmacol. 2022, 13, 830103. [CrossRef]

13. Nazir, M.; Saleem, M.; Tousif, M.I.; Anwar, M.A.; Surup, F.; Ali, I.; Wang, D.; Mamadalieva, N.Z.; Alshammari, E.; Ashour,
M.L.; et al. Meroterpenoids: A comprehensive update insight on structural diversity and biology. Biomolecules 2021, 11, 957.
[CrossRef]

14. Hong, L.L.; Ding, Y.F.; Zhang, W.; Lin, H.W. Chemical and biological diversity of new natural products from marine sponges: A
review (2009–2018). Mar. Life. Sci. Technol. 2022, 4, 356–372. [CrossRef] [PubMed]

15. Carroll, A.R.; Copp, B.R.; Grkovic, T.; Keyzers, R.A.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2024, 41, 162–207.
[CrossRef]

16. Kim, C.K.; Woo, J.K.; Kim, S.H.; Cho, E.; Lee, Y.J.; Lee, H.S.; Sim, C.J.; Oh, K.B.; Shin, J. Meroterpenoids from a tropical Dysidea sp.
sponge. J. Nat. Prod. 2015, 78, 2814–2821. [CrossRef] [PubMed]

17. Gui, Y.H.; Jiao, W.H.; Zhou, M.; Zhang, Y.; Zeng, D.Q.; Zhu, H.R.; Liu, K.C.; Sun, F.; Chen, H.F.; Lin, H.W. Septosones A-C, in vivo
anti-inflammatory meroterpenoids with rearranged carbon skeletons from the marine sponge Dysidea septosa. Org. Lett. 2019, 21,
767–770. [CrossRef]

18. Nguyen, H.M.; Ito, T.; Kurimoto, S.; Ogawa, M.; Win, N.N.; Hung, V.Q.; Nguyen, H.T.; Kubota, T.; Kobayashi, J.; Morita, H. New
merosesquiterpenes from a Vietnamese marine sponge of Spongia sp. and their biological activities. Bioorg. Med. Chem. Lett. 2017,
27, 3043–3047. [CrossRef]

19. Hagiwara, K.; Hernandez, J.E.G.; Harper, M.K.; Carroll, A.; Motti, C.A.; Awaya, J.; Nguyen, H.Y.; Wright, A.D. Puupehenol, a
potent antioxidant antimicrobial meroterpenoid from a Hawaiian deep-water Dactylospongia sp. sponge. J. Nat. Prod. 2015, 78,
325–329. [CrossRef]

20. Gray, C.A.; Lira, S.P.; Silva, M.; Pimenta, E.F.; Thiemann, O.H.; Oliva, G.; Hajdu, E.; Andersen, R.J.; Berlinck, R.G.S. Sulfated
meroterpenoids from the Brazilian sponge Callyspongia sp. are inhibitors of the antileishmaniasis target adenosine phosphoribosyl
transferase. J. Org. Chem. 2007, 72, 1062. [CrossRef]

21. Jiao, W.H.; Cheng, B.H.; Shi, G.H.; Chen, G.D.; Gu, B.B.; Zhou, Y.J.; Hong, L.L.; Yang, F.; Liu, Z.Q.; Qiu, S.Q. Dysivillosins A–D:
Unusual anti-allergic meroterpenoids from the marine sponge Dysidea villosa. Sci. Rep. 2017, 7, 8947. [CrossRef] [PubMed]

22. Gordaliza, M. Cytotoxic terpene quinones from marine sponges. Mar. Drugs 2010, 8, 2849–2870. [CrossRef] [PubMed]
23. Han, N.; Li, J.; Li, X. Natural marine products: Anti-colorectal cancer in vitro and in vivo. Mar. Drugs 2022, 20, 349. [CrossRef]

[PubMed]
24. Shady, N.H.; El-Hossary, E.M.; Fouad, M.A.; Gulder, T.A.M.; Kamel, M.S.; Abdelmohsen, U.R. Bioactive natural products of

marine sponges from the genus Hyrtios. Molecules 2017, 22, 781. [CrossRef] [PubMed]
25. Wang, J.; Mu, F.R.; Jiao, W.H.; Huang, J.; Hong, L.L.; Yang, F.; Xu, Y.; Wang, S.P.; Sun, F.; Lin, H.W. Meroterpenoids with protein

tyrosine phosphatase 1B inhibitory activity from a Hyrtios sp. marine sponge. J. Nat. Prod. 2017, 80, 2509–2514. [CrossRef]
[PubMed]

26. Wang, J.; Liu, L.; Hong, L.L.; Zhan, K.X.; Lin, Z.J.; Jiao, W.H.; Lin, H.W. New bisabolane-type phenolic sesquiterpenoids from the
marine sponge Plakortis simplex. Chin. J. Nat. Med. 2021, 19, 626–631. [CrossRef] [PubMed]

27. Fan, D.X.; Luo, X.C.; Ding, Y.F.; Liu, L.Y.; Wang, X.; Pan, J.Y.; Ji, Y.Y.; Wang, J.; Li, C.; Hong, L.L.; et al. Isolation and absolute
configuration of alkylpyridine alkaloids from the marine sponge Hippospongia lachne. Phytochemistry 2024, 220, 114017. [CrossRef]
[PubMed]

28. Maxwell, A.; Rampersad, D. Prenylated 4-hydroxybenzoic acid derivatives from Piper marginatum. J. Nat. Prod. 1988, 51, 370–373.
[CrossRef]

29. Kwak, J.H.; Schmitz, F.J.; Kelly, M. Sesquiterpene quinols/quinones from the Micronesian sponge Petrosaspongia metachromia. J.
Nat. Prod. 2000, 63, 1153–1156. [CrossRef] [PubMed]

30. Tauriello, D.V.F.; Batlle, E. Targeting the microenvironment in advanced colorectal cancer. Trends Cancer 2016, 2, 495–504.
[CrossRef]

31. Majidpoor, J.; Mortezaee, K. Steps in metastasis: An updated review. Med. Oncol. 2021, 38, 3. [CrossRef] [PubMed]
32. Kim, Y.H.; Choi, Y.W.; Lee, J.; Soh, E.Y.; Kim, J.; Park, T.J. Senescent tumor cells lead the collective invasion in thyroid cancer. Nat.

Commun. 2017, 8, 15208. [CrossRef] [PubMed]

https://doi.org/10.1038/sj.onc.1208246
https://www.ncbi.nlm.nih.gov/pubmed/15735759
https://doi.org/10.3390/ijms21041388
https://www.ncbi.nlm.nih.gov/pubmed/32085654
https://doi.org/10.1158/0008-5472.CAN-05-3086
https://doi.org/10.1039/D0OB02162H
https://www.ncbi.nlm.nih.gov/pubmed/33320161
https://doi.org/10.3389/fphar.2022.830103
https://doi.org/10.3390/biom11070957
https://doi.org/10.1007/s42995-022-00132-3
https://www.ncbi.nlm.nih.gov/pubmed/37073163
https://doi.org/10.1039/D3NP00061C
https://doi.org/10.1021/acs.jnatprod.5b00867
https://www.ncbi.nlm.nih.gov/pubmed/26551342
https://doi.org/10.1021/acs.orglett.8b04019
https://doi.org/10.1016/j.bmcl.2017.05.060
https://doi.org/10.1021/np500793g
https://doi.org/10.1021/jo062620+
https://doi.org/10.1038/s41598-017-04021-z
https://www.ncbi.nlm.nih.gov/pubmed/28827521
https://doi.org/10.3390/md8122849
https://www.ncbi.nlm.nih.gov/pubmed/21339953
https://doi.org/10.3390/md20060349
https://www.ncbi.nlm.nih.gov/pubmed/35736152
https://doi.org/10.3390/molecules22050781
https://www.ncbi.nlm.nih.gov/pubmed/28492499
https://doi.org/10.1021/acs.jnatprod.7b00435
https://www.ncbi.nlm.nih.gov/pubmed/28834433
https://doi.org/10.1016/S1875-5364(21)60062-6
https://www.ncbi.nlm.nih.gov/pubmed/34419262
https://doi.org/10.1016/j.phytochem.2024.114017
https://www.ncbi.nlm.nih.gov/pubmed/38342290
https://doi.org/10.1021/np50056a037
https://doi.org/10.1021/np000079l
https://www.ncbi.nlm.nih.gov/pubmed/10978216
https://doi.org/10.1016/j.trecan.2016.08.001
https://doi.org/10.1007/s12032-020-01447-w
https://www.ncbi.nlm.nih.gov/pubmed/33394200
https://doi.org/10.1038/ncomms15208
https://www.ncbi.nlm.nih.gov/pubmed/28489070


Mar. Drugs 2024, 22, 183 11 of 11

33. Warabi, K.; McHardy, L.M.; Matainaho, L.; Soest, R.V.; Roskelley, C.D.; Roberge, M.; Andersen, R.J. Strongylophorine-26, a new
meroditerpenoid isolated from the marine sponge Petrosia (Strongylophora) corticata that exhibits anti-invasion activity. J. Nat.
Prod. 2004, 67, 1387–1389. [CrossRef] [PubMed]

34. Diaz-Marrero, A.R.; Austin, P.; van Soest, R.; Matainaho, T.; Roskelley, C.D.; Roberge, M.; Andersen, R.J. Avinosol, a
meroterpenoid-nucleoside conjugate with antiinvasion activity isolated from the marine sponge Dysidea sp. Org. Lett. 2006, 8,
3749–3752. [CrossRef] [PubMed]

35. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial–mesenchymal transition and implications for cancer.
Nat. Rev. Mol. Cell. Biol. 2019, 20, 69–84. [CrossRef] [PubMed]

36. Usman, S.; Waseem, N.H.; Nguyen, T.K.N.; Mohsin, S.; Jamal, A.; Teh, M.-T.; Waseem, A. Vimentin is at the heart of epithelial
mesenchymal transition (EMT) mediated metastasis. Cancers 2021, 13, 4985. [CrossRef] [PubMed]

37. Nathan, J.; Ramachandran, A. Efficacy of marine biomolecules on angiogenesis by targeting hypoxia inducible factor/vascular
endothelial growth factor signaling in zebrafish model. J. Biochem. Mol. Toxicol. 2022, 36, e22954. [CrossRef] [PubMed]

38. Nandi, S.; Dey, R.; Samadder, A.; Saxena, A.; Saxena, A.K. Natural sourced inhibitors of EGFR, PDGFR, FGFR and VEGFR
mediated signaling pathways as potential anticancer agents. Curr. Med. Chem. 2022, 29, 212–223. [CrossRef] [PubMed]

39. Stahl, P.; Kissau, L.; Mazitschek, R.; Huwe, A.; Furet, P.; Giannis, A.; Waldmann, H. Total synthesis and biological evaluation of
the nakijiquinones. J. Am. Chem. Soc. 2001, 123, 11586–11593. [CrossRef] [PubMed]

40. Wang, Y.; Duan, M.; Zhao, L.; Ma, P. Guajadial inhibits NSCLC growth and migration following activation of the VEGF receptor-2.
Fitoterapia 2018, 129, 73–77. [CrossRef]

41. Ge, M.-X.; Chen, R.-P.; Zhang, L.; Wang, Y.-M.; Chi, C.-F.; Wang, B. Novel Ca-chelating peptides from protein hydrolysate of
Antarctic krill (Euphausia superba): Preparation, characterization, and calcium absorption efficiency in Caco-2 cell monolayer
model. Mar. Drugs 2023, 21, 579. [CrossRef] [PubMed]

42. Zheng, S.-L.; Wang, Y.-M.; Chi, C.-F.; Wang, B. Chemical characterization of honeysuckle polyphenols and their alleviating
function on ultraviolet B-damaged HaCaT cells by modulating the Nrf2/NF-κB signaling pathways. Antioxidants 2024, 13, 294.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/np0340246
https://www.ncbi.nlm.nih.gov/pubmed/15332859
https://doi.org/10.1021/ol061333p
https://www.ncbi.nlm.nih.gov/pubmed/16898808
https://doi.org/10.1038/s41580-018-0080-4
https://www.ncbi.nlm.nih.gov/pubmed/30459476
https://doi.org/10.3390/cancers13194985
https://www.ncbi.nlm.nih.gov/pubmed/34638469
https://doi.org/10.1002/jbt.22954
https://www.ncbi.nlm.nih.gov/pubmed/34783123
https://doi.org/10.2174/0929867328666210303101345
https://www.ncbi.nlm.nih.gov/pubmed/33655823
https://doi.org/10.1021/ja011413i
https://www.ncbi.nlm.nih.gov/pubmed/11716712
https://doi.org/10.1016/j.fitote.2018.06.011
https://doi.org/10.3390/md21110579
https://www.ncbi.nlm.nih.gov/pubmed/37999403
https://doi.org/10.3390/antiox13030294
https://www.ncbi.nlm.nih.gov/pubmed/38539828

	Introduction 
	Results 
	Structural Determination 
	Bioactive Assay 
	Cytotoxicity of Compounds 1–4 against HCT-116 Cells 
	Anti-Invasive Activity of 3 and 4 in HCT-116 Cells 
	Effects of 3 and 4 on Expressions of VEGFR-1 and Vimentin 


	Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Sponge Material 
	Extraction and Isolation 
	Compound Characteristics 
	Cytotoxicity Test 
	Invasion Assay 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	References

