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Abstract 

LC-MS2-based molecular networking using the Global Natural Products Social 

(GNPS) tool revealed a rich assortment of brominated compounds present in the 

antioxidant fraction of a red algal extract (Ceramium sp.) Further chemical 

investigation led to discovery of one monomeric bromophenol (lanosol isopropyl 

ether, 1) and seven dimeric ones (bromourceolatols A-G, 2-8), all of which are 

previously undescribed. Their structures were elucidated by extensive analysis of their 

spectroscopic data. Compounds 2-8 were determined to be racemic trans-type isomers 

by NOESY, specific optical rotation, and ECD. Compounds 1 and 3 displayed 

antioxidant activity with their EC50 of 44.4 and 47.0 μM, respectively, for scavenging 

DPPH free radicals while compounds 2 and 4 had approximate EC50 values of ~ 64 

μM. Furthermore, compounds 2, 3, and 7 exhibited relatively potent anti-

inflammatory activity at 32 μM by quenching 97%, 47%, and 73% of nitric oxide 

induced by bacterial lipopolysaccharide in macrophage RAW264.7 cells, respectively. 

Keywords: Ceramium sp., bromophenols, antioxidant, anti-inflammatory 
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1. Introduction 

Oxidative stress, chronic inflammation and their complex interactions are well 

recognized to commonly be involved in the etiology of various diseases including 

cancer, age-related diseases such as Alzheimer’s disease and Parkinson’s disease, 

metabolic disorders like obesity, diabetes and cardiovascular diseases, as well as others 

(Alfadda and Sallam, 2012; Franceschi and Campisi, 2014; Leszek et al., 2016; McBean 

et al., 2017; Rani et al., 2016; Reuter et al., 2010; Siti et al., 2015). Use of anti-oxidative 

and anti-inflammatory natural products has been suggested as a possible preventive and 

therapeutic approach to treat these challenging health conditions, as revealed by 

numerous preclinical, clinical and epidemiological studies (Alfadda and Sallam, 2012; 

McBean et al., 2017; Rani et al., 2016; Spagnuolo et al., 2018). Thus, seeking more 

effective antioxidant and anti-inflammatory natural products is an important medicinal 

goal.  

Seaweeds are renewable and thus are valuable sources of naturally occurring  

antioxidants and anti-inflammatory agents (Lee et al., 2013). They are able to produce 

diverse types of natural products, including phenols, sulphated polysaccharides, 

alkaloids, terpenoids, fatty acids and lipid derivatives, proteins, peptides, amino acids, 

and others, of which quite a few show both antioxidant and anti-inflammatory activities 

(Fernando et al., 2016; Wang et al., 2014). Among them, bromophenols are mainly 

produced by red alga and thus represent a unique family of metabolites. From red alga 

belonging to the family Rhodomelaceae (in the order of Ceramiales), e.g. genera of 

Rhodomela, Symphyocladia, Polysiphonia, Vetebrata, and Odonthalia, a number of 
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antioxidant and anti-inflammatory bromophenols have been reported (Choi et al., 2018; 

Gribble, 2015; Jesus et al., 2019; Nogueira et al., 2014; Wang et al., 2013; Wiemer et 

al., 1991). However, the genus Ceramium which is in the family Ceramiaceae 

(Ceramiales), has only been investigated cursorily for its natural products. One previous 

investigation of C. tenuicorne from the Baltic Sea revealed the presence of known 

brominated diphenyl ethers by GC-MS analysis (Dalgren et al., 2015) whereas another 

early study of C. washingtoniense from British Columbia was reported to contain one 

known bromophenol (2,3-dibromo-4,5-dihydroxybenzyl alcohol, lanosol) (Phillips; 

and Towers, 1981).  The former of these were proposed to act as H2O2 scavengers 

during photosynthesis, or to be involved in chemical signaling or chemical defense of 

the seaweed (Dahlgren et al., 2015; Dahlgren et al., 2016; Lindqvist et al., 2017; 

Malmvarn et al., 2005). However, to date no new bromophenols have been isolated 

from this genus, and none have been evaluated for their antioxidant or anti-

inflammatory activities. 

An anti-oxidant assay was run for a 2,800 member library of marine macroalgal and 

cyanobacterial extracts, and resulted in identifying a fraction of the red alga Ceramium 

sp. as displaying potent 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging 

activity. LC-MS and Global Natural Products Social Molecular Networking (GNPS) 

(Wang et al., 2016) analysis disclosed the presence of a series of structurally related 

brominated compounds in this sample. Further HPLC separation, structural analysis by 

NMR, MS and UV, and anti-inflammatory and antioxidant testing led to the discovery 

of eight new metabolites, comprised of one monomeric (lanosol isopropyl ether, 1) and 
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seven dimeric bromophenols (bromourceolatols A-G, 2-8) (Fig. 1). Herein, we report 

on their isolation, structure elucidation, and biological properties. 

 

Fig. 1. The structures of compounds 1-8 and two reference compounds 2a and 2b. 

2. Results and Discussion 

2.1 Discovery of Ceramium sp. antioxidant compounds  

As part of the continuing exploration for bioactive natural products from an in-house 

marine macroalgal and cyanobacterial extract library, over 2,800 crude extracts and 

fractions from samples collected from the Indian, Indo-Pacific, Central and South 

Pacific, and Western Atlantic (Caribbean) oceans (Luzzatto-Knaan et al., 2017), were 

evaluated in a 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical assay.   A fraction 

from the red alga Ceramium sp. (Fig. S1), collected in Key West, Florida on May 5, 

2001 [fraction 1810E, produced by eluting with 40% hexanes/60% EtOAc from normal 

phase vacuum liquid chromatography (VLC) of the crude extract] showed potent 

antioxidant activity, scavenging free radical by 62.0% ± 2.0% at 25 μg/mL. Positive ion 

LC-ESIMS profile of an active sub-fraction, 1810E-II (27.6 mg), showed a number of 



7 
 

peaks with an isotopic pattern typical for di-brominated and tetra-brominated molecules. 

GNPS MS2-based molecular networking disclosed the close relationship of these new 

compounds as well as their novelty within the GNPS libraries (Fig. 2). Further reverse 

phase VLC and repeated preparative HPLC on C-18 columns, followed by 

characterization using MS, NMR, and other spectroscopic methods, led to the isolation 

and characterization of one monomeric (lanosol isopropyl ether, 1) and seven dimeric 

bromophenols (bromourceolatols A-G, 2-8). 

 

Fig. 2. Positive ion LC-MS2 based molecular network of brominated compounds located within an 

antioxidant subfraction, 1810E-II of the extract of a Ceramium sp.  

2.Structural elucidation of compounds 1-8 

Compound 1, UVλmax (MeCN-H2O) 223, 237, and 292 nm, was obtained as a 

brownish oil and gave a molecular formula of C10H12Br2O3 by analysis of the 



8 
 

deprotonated molecular ion peak at m/z 336.9080 ([M-H]-, C10H11
79Br2O3

-, calcd. 

336.9080) by HR-ESI--MS, indicating 4 degrees of unsaturation. Compared with the 

positive ionization mode, ESI (-)-MS gave a much more intense isotopic cluster for the 

deprotonated molecular ion for this dibrominated molecule (and for the other 

compounds reported in this work, see Supplementary Data Fig. S2–Fig. S9). An 

isopropyl ether was suggested by 1H NMR resonances at δH 3.76 (1H, m, H-1') and 1.27 

(6H, d, J = 6.1 Hz, H3-2' and H3-3') with attendant 13C NMR shifts at δC 72.4 (C-1') and 

22.2 (C-2' and C-3') (Table S1). A benzyl ether was also in evidence by a deshielded 

methylene at δH 4.49 (2H, s, H-7) and associated carbon at δC 70.7 (C-7). The only 

remaining proton signal at δH 7.02 (1H, s, H-6) with an associate carbon at δC 115.7 (C-

6), in consideration of the molecular formula, suggested a penta-substituted aromatic 

ring. Consideration of these structural elements along with the remaining unassigned 

carbon shifts [δC 143.6 (C-1), 141.3 (C-2), 113.5 (C-3), 114.5 (C-4), 132.1 (C-5)], in 

relation to the literature for red algal metabolites, suggested that it was closely related 

to bis(2,3-dibromo-4,5-dihydroxybenzenyl) ether (Kurihara et al., 1999), a dimer of 

lanosol which is common in red algae (Pedersen et al., 1974). The isopropyl group was 

connected to C-7 by HMBC correlations from H-7 to C-1' and from H2-1' to C-7 (Fig. 

3), thus completing the structure of compound 1 as the previously undescribed 

isopropyl ether of lanosol, named here as lanosol isopropyl ether. 
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Fig. 3. The key HMBC (arrows) and COSY (bold bonds) correlations of compounds 1-8. 

Compound 2, UV λmax (MeCN-H2O) 241, 293, and 330 nm and [α]D
25 +1.86 (c 0.5, 

MeOH) and −0.37 (c 0.5, acetone), was obtained as a colorless waxy oil and gave a 

molecular formula of C16H10Br4O6, as revealed by the deprotonated molecular ion 

peak at m/z 612.7139 ([M-H]-, C16H9
79Br4O6

- calcd. 612.7138) by HR-ESI-MS, 

indicating 10 degrees of unsaturation. Intriguingly, the 1H NMR spectrum showed 

only two resonances whereas the 13C NMR was comprised of eight resonances (Table 

S1), indicating that it was a symmetric structure. Detailed analysis of the NMR data 

revealed its similarity to two tetracyclic bromobenzaldehyde dimers 2,7-dibromo-3,8-

dihydroxy-5,10-dimethoxyl-5,10-dihydrochromeno[5,4,3-cde]chromenes 2a (5S, 10S) 

and 2b (5R,10R) (Liu et al., 2009; Liu et al., 2006), except that two aromatic protons 

were replaced by two bromine atoms in compound 2.  This deduction was supported 

by the molecular formula as well as by HMBC correlations from two acetal protons at 

δH 6.29 (2H, s, H-10 and H-5) to carbons δC 116.9 (C-1 and C-6), 114.9 (C-10a and 

C-5a), 120.6 (C-10b and C-10c), 136.1 (C-8a and C-3a), and 57.2 (C-1' and C-1'') 
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(Fig. 3). Thus, the planar structure of 2 was determined to be a tetrabrominated analog 

of 2a and 2b, and named bromourceolatol A. The absolute configuration of 2b 

(5R,10R) (62 mg were obtained) was determined by X-ray crystallography, and the 

specific optical rotation was [α]D
20 −2 (c 0.367, acetone) (Liu et al., 2006). The 

absolute configuration of 2a (5S, 10S) was deduced by comparison of experimental 

13C NMR chemical shifts slightly different with the calculated ones by DFT methods 

using both 2a and 2b; however, no optical rotation data had been reported for 2a (Liu 

et al., 2009). With the very limited amount of isolated compound 2 (1.2 mg), its weak 

optical rotation ([α]D
25 -0.37 (c 0.5, acetone)), CD curve close to zero (see 

Supplementary), and no known analog with the same planar structure, the absolute 

configuration of 2 is not easily determined. However, the 5S,10R- and 5R,10S- 

possibilities can be ruled out because an asymmetric structure would be expected to 

have 16 distinct carbon resonance signals (Liu et al., 2009).  

Compound 6, showing UV λmax (MeCN-H2O) 241, 293, and 331 nm and [α]D
25 

−1.81 (c 0.5, MeOH) and −0.45 (c 0.5, acetone), was obtained as a light yellow waxy 

oil. A molecular formula of C14H6Br4O6 was deduced by analysis of the deprotonated 

HR-ESI-MS molecular ion peak at m/z 588.6776 ([M-H]-, C14H5
79Br2

81Br2O6
- calcd. 

588.6785), indicating 10 degrees of unsaturation. The NMR data for compound 6 (Table 

S1) indicated a symmetrical structures with only 7 carbon resonances, similar to 

compound 2 except for the absence of the two methoxy resonances and the presence of 

an additional 2H hydroxy signal at δH 7.93 (d, J = 6.0 Hz, 10-OH and 5-OH). These 

data suggested that 6 was the demethylated analog of 2, and was given the name 



11 
 

bromourceolatol E. The structure of 6 was further supported by HMBC correlations 

from 10-OH (5-OH) to C-10 (C-5) and C-10b (C-10c), and from the phenol hydroxyl 

protons 3-OH (8-OH) to C-2 (C-7), C-3 (C-8), and C-3a (C-8a) (Fig.3). Considering its 

high structural similarity and co-occurrence with compound 2, the configuration of 6 is 

likely also 5R,10R or 5S,10S. 

Compound 3, named bromourceolatol B, UV λmax (MeCN-H2O) 239, 293, and 331 

nm and [α]D
25  −0.13 (c 0.5, MeOH) and −1.23 (c 0.5, acetone), was obtained as a 

colorless waxy oil and gave a molecular formula of C15H8Br4O6, as revealed by the 

deprotonated molecular ion peak at m/z 598.6975 ([M-H]-, C15H7
79Br4O6

- calcd. 

598.6982; 10 degrees of unsaturation). The NMR data of 3 (Table S2) showed that it 

was an asymmetric molecule and possessed a single methoxy group (δH 3.64 (H3-1'), 

δC 56.0 (C-1')) compared with compound 2. This was also confirmed by HMBC 

correlations from H3-1' to C-10, C-10a, C-1, and C-8a (Fig. 3). The presence of a 

hydroxy group at C-5 was supported by a COSY correlation between the OH proton 

(δH 6.94, J = 5.8 Hz) and H-5 (δH 6.68, J = 5.8 Hz).  This formed a hemiacetal carbon 

as revealed by the distinctive 13C NMR shift of C-5 at δC 93.9. 

Compound 4, given the name bromourceolatol C, with UV λmax (MeCN-H2O) 237, 

294, and 331 nm and [α]D
25  +0.90 (c 0.5, MeOH) and +1.91 (c 0.5, acetone), was 

obtained as a light yellow waxy oil. By HRMS, it gave a molecular formula of 

C17H12Br4O6, with a deprotonated molecular ion peak at m/z 626.7287 ([M-H]-, 

C17H11
79Br4O6

- calcd. 626.7295; 10 degrees of unsaturation). Compared with compound 

3, its NMR spectrum was different only in that the methyl group in 3 was replaced by 
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an isopropyl group in 4 (Table S2). This was suggested by a series of isopropyl 

resonances [δH 4.34 (H-1', m), 1.34 (H3-2', d, J = 6.2 Hz), 1.21 (H3-3', d, J = 6.2 Hz); 

δC 73.0 (C-1'), 22.1 (C-2'), 23.8 (C-3')] that were connected by numerous COSY and 

HMBC correlations (Fig. 3). A broadened hydroxy proton (5-OH, δH 3.66) showed a 

COSY correlation with a hemiacetal proton H-5 (δH 6.75, d, J = 4.6 Hz); again, the 

distinctive 13C NMR shift of C-5 (δC 93.2) confirmed the nature of this functional group, 

and completed the structural characterization of compound 4.   

Compound 5, UV λmax (MeCN-H2O) 241, 293, and 330 nm and [α]D
25 −1.85 (c 0.5, 

MeOH) and +0.33 (c 0.5, acetone), was obtained as a colorless waxy oil.  In  HR-

ESI-MS it showed a deprotonated molecular ion peak at m/z 644.7407 ([M-H]-, C18 

H13
79Br2

81Br2O6
- calcd. 644.7412) for a molecular formula of C18H14Br4O6, indicating 

10 degrees of unsaturation. In addition to the isopropoxy resonances seen in compound 

4, the NMR spectra of 5 showed an additional methoxyl group (Table S2) with signals 

at δH 3.64 (H-1'', s) and δC 56.8 (C-1''). The structure of 5 was supported by the HMBC 

correlations from H-1'' to C-5 (δC 99.9), and from H-5 (δH 6.29, s) to C-6, C-5a, C-10c, 

and C-3a, and from H-10 (δH 6.46, s) to C-1', C-1, C-10a, C-10b, and C-8a (Fig. 3). The 

structure of compound 5 was thus completed and given the trivial name of 

bromourceolatol D. 

Compound 7, UV λmax (MeCN-H2O) 241, 293, and 330 nm and [α]D
25 +1.47 (c 0.5, 

MeOH) and +0.33 (c 0.5, acetone), was also obtained as a colorless waxy oil and gave 

a molecular formula of C17H12Br4O6, as revealed by deprotonated-molecular ion peak 

at m/z 626.7291 ([M-H]-, C17 H11
79Br4 O6

- calcd. 626.7295) by HR-ESI-MS.  This 
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again indicated 10 degrees of unsaturation. Compared with compound 5, compound 7 

was very similar and also possessed a methoxy group.  However, the resonances for 

the isopropyl group in compound 5 were replaced by those of an ethoxy moiety in 7. 

This was reflected by two sets of signals for the ethoxy group at (δH 3.91 and 4.05 (H2-

1', m), 1.18 (H3-2', t, J = 7.1 Hz); δC 64.9 (C-1'), 14.7 (C-2')) (Table S2). The structure 

of 7, given the trivial name of bromourceolatol F, was supported by the HMBC 

correlations from H-2' to C-1', from H-10 (δH 6.40, s) to C-1', C-1, C-10a, C-10b, and 

C-8a, and from H-5 (δH 6.29, s) to C-1'', C-6, C-5a, C-10c, and C-3a (Fig. 3).  

Compound 8, UV λmax (MeCN-H2O) 239, 293, and 330 nm and [α]D
25 +1.31 (c 0.5, 

MeOH) and -2.71 (c 0.5, acetone), was obtained as a light yellow waxy oil and gave by 

HR-ESI-MS a molecular formula of C19H16Br4O6. This was revealed by a deprotonated 

molecular ion peak at m/z 658.7569 ([M-H]-, C19H15
79Br2

81Br2O6
- calcd. 658.7568), and 

again indicated,10 degrees of unsaturation. Compared with compound 7, the methoxy 

was replaced by an isopropoxy in 8, as reflected by three sets of signals (δH 4.35 (H-1'', 

m), 1.25 (H3-2'', t, J = 6.2 Hz), 1.05 (H3-3'', t, J = 6.2 Hz); δC 70.6 (C-1''), 21.0 (C-2''), 

22.9 (C-3'')) (Table S2). The structure of 8 with its ethoxy and isopropoxy groups was 

supported by HMBC correlations from H-5 (δH 6.34, s) to C-1'', C-6, C-5a, and C-3a, 

from H-2' to C-1', and from H-10 (δH 6.27, s) to C-1', C-1, and C-8a (Fig. 3). Compound 

8 was given the trivial name bromourceolatol G.  

Compounds 2-8 were present in quite small amounts and had weak optical rotations 

and CD curves; therefore, their absolute configurations could not be deduced, but 

perhaps may be resolved in the future by new and innovative approaches such as 
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MicroED (Jones et al., 2018). 

We suggest that the tetracyclic skeleton of compounds 2-7 are produced via a 

similar biosynthetic pathway to that of compound 2b (Liu et al., 2006). The potential 

precursor to these polycyclic compounds is predicted to be 2,3-dibromo-4,5-

dihyroxybenzaldehyde, a metabolite that is broadly present in red alga (Li et al., 2011; 

Olsen et al., 2013; Pedersen et al., 1974; Wang et al., 2013).  This was found to be 

present in small quantity in this Ceramium sp. extract as revealed by a dibrominated 

[M-H]- isotopic cluster (m/z 293.05/295.05/296.90) in the LC-MS profile of sub-

fraction 1810E-II (Supplementary Information, Fig. S48). This precursor is 

hypothesized to dimerize between the α-C atoms via the well-known radical coupling 

reaction for phenols (Jian-Zhong Wu et al., 2007; Liu et al., 2006). Subsequently, 

condensation between each OH group and each CHO group of the opposite monomer 

yields the two pyrone rings, such as seen for compound 6 (Fig. 4). Because 

brominated compounds with a similar teracyclic system were previously reported 

from red alga in the order Ceramiales (Li et al., 2008; Liu et al., 2009; Liu et al., 

2006), we propose compound 6 to be a true natural product. The other compounds (2-

5 and 7-8) may be formed via alkylation by alcohols or biogenetic alkyl donors like 

S-adenosylmethionine (SAM); this will require further investigation.

Fig. 4. The hypothetic biogenetic pathway of compound 6. 
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2.3. Bioactivity study 

  The DPPH assay revealed that all of the isolated Ceramium sp. compounds possessed 

antioxidant activity. Among them, compounds 1 and 3 displayed similar activity with 

scavenging EC50 to DPPH free radical of 44.4±0.3 μM and 47.0±6.0 μM, respectively, 

close to the positive control of vitamin C (EC50: 36.2±1.3 μM) and a little weaker thn 

trolox (EC50: 15.9±1.5 μM).  Since the rest of the compounds did not reach the full 

scavenging effect at the screened doses, their curves are not S-shaped and we were not 

able to assess their exact EC50 values, just to establish their approximate values: ~ 64 

μM for compounds 2 and 4, ~96 μM for compounds 5 and 8; ~128 μM for compounds 

6 and 7. (Fig. 5). 

 

Fig. 5. The DPPH free radical scavenging activity of compounds compound 1-8. EC50 values 

were calculated using Prism Graphpad software (n = 3) with variable slopes. 

  Furthermore, the new Ceramium sp. compounds were also tested for anti-

inflammatory activity using the LPS-induced RAW 264.7 macrophage cell system 

and two concentrations of potential inhibitor (16 and 32 μM). Only at the higher doze, 
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compounds 2, 3, and 7 exhibited significant inhibition of LPS-induced NO production 

(inhibition by 97%, 47%, and 73%, respectively, Fig. 6). At these concentrations, 

these compounds were not overtly cytotoxic to these cells, although compound 2 also 

showed some cytotoxicity; nevertheless, its anti-inflammatory effect was much 

stronger than its cytotoxicity. 

 

Fig. 6. Evaluation of cytotoxicity (line) and inhibition of LPS-induced NO production (bars) by 

compound 1-8 at 32 μM (no activity was observed at 16 μM). Ethanol (1%) alone served as the 

negative control, and DMSO (0.75%) was used as the positive control. (n = 3; ****, *** and * 

represent adjusted P values of <0.0001, 0.0005, and 0.05, respectively). One-way ANOVA followed 

by Tukey’s multiple comparisons test was performed using GraphPad Prism version 8.0.0 for 

Windows. Amount of NO production calculated from a standard curve (see Supporting Information). 

  Considering the activity of compounds 2, 3, and 7 in both the antioxidant and anti-

inflammatory assay, we propose that their anti-inflammatory activity may involve an 

antioxidant mechanism; however, more than one mechanism seems likely as their rank 

order of potency differed in the two assays. Additionally, due to the very small amounts 

of isolated natural products in this study (0.5 to 1.5 mg), there remains the possibility 

of weigh errors such that consideration of structure-activity relationships would 

constitute an overreach of the data and its quality.   

However, the available literature for bromophenol natural products, including 
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compounds structurally similar to molecules 1-8, indicate that they have a diversity of 

biological activities. For example, lanosol and several of its analogs, similar to 

compound 1, displayed antifeedant activity, inhibition to a rice fungal pathogen, 

allelopathic effects to algae, inhibition to α-glucosidase, sucrase and maltase, and 

antitumor properties (Jesus et al., 2019; Wang et al., 2013). Additionally, tetracyclic 

bromophenols structurally related to compounds 2-8, also isolated from red alga, were 

found to possess antibacterial, anti-scuticociliate (a marine ciliate in the class 

Oligohymenophorea), and antitumor activities; the latter targeting protein tyrosine 

kinase and the C-kit receptor (Kang et al., 2014; Shi et al., 2009). Thus, the biological 

potential of the compounds isolated in present study deserve further examination, but 

will likely require chemical synthesis in order to provide the needed compound supply. 

 

3. Conclusion 

An antioxidant bioassay and LC-MS2-based GNPS analysis guided the isolation and 

structure elucidation of one new brominated phenol monomer (1) and seven new 

tetracyclic dimers (2-8), all of which displayed antioxidant and anti-inflammatory 

activities. This report significantly expands on previous reports of bromophenols 

isolated from the genus Ceramium which previously was only known to contain lanosol 

(Phillips et al, 1981) and several less well characterized polybrominated diphenyl ethers 

(PBDEs) (Dalgren et al., 2015). Continued investigation of the absolute configurations 

and other biological activities of the newly isolated compounds is ongoing.  
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4. Experimental 

4.1 General Experimental Procedures 

1D and 2D NMR spectra were recorded on a JEOLECZ-500R NMR spectrometer 

(Tokyo, Japan) or on a Bruker Advance 600 MHz NMR spectrometer (Billerica, MA, 

USA) using tetramethylsilane as an internal standard. For all the compounds, regular 8 

Hz optimized HMBC were used although some were also measured using a 2 Hz 

optimized HMBC. HR-ESI-MS spectra were obtained using an Agilent 6230 Accurate-

Mass TOFMS mass spectrometer (Santa Clara, USA) under negative ion mode. The 

optical rotation was measured on a JASCO P-2000 polarimeter (Easton, MD, USA). 

The circular dichroism (CD) experiment was performed on an Aviv Model 215 circular 

dichroism spectrometer (Lakewood, USA). An INTEGRA VIAFLO 96 system (Hudson, 

USA) was used to run semi-automatic pipetting manipulation during the high 

throughput antioxidant bioassay. A Molecular Device Spectromax M2 microplate 

reader (Winooski, VT, USA) was used for all colorimetric measurements. A Büchi R-

114 Rotavapor (Flawil, Switzerland) was used for sample preparation. All nominal 

mass resolution LC-MS analyses were run on a Phenomenex Kinetex C18 100A reverse 

phase column (100 × 4.60 mm, 5 μm) using a Thermo Finnigan Surveyor Autosampler-

Plus/LC-Pump-Plus/PDA-Plus system and a Thermo Finnigan LCQ Advantage Plus 

mass spectrometer. Preparative HPLC were run on a Kinetex C18 semi-preparative 

column (150 × 10.0 mm, 5 μm, Phenomenex) or a YMC C18 column (YMC-Pack Pro 

C18 RS, 5 μm) using an Thermo Fisher Scientific Ultimate 3000 UHPLC system 

(Waltham, USA) with a diode array detector. Vacuum liquid chromatography were 
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performed using silica gel (type H, 10−40 μm, Sigma-Aldrich) and C18 SPE (5000 

mg/20 mL, SEClute). All solvents were HPLC grade products from Thermo Fisher 

Scientific.  

4.2 Library samples and the macroalga Ceramium sp. 

The marine samples used for the antioxidant assay were derived from cyanobacteria 

and macro-algae which were collected from locations in the Indian, Indo-Pacific, 

Central and South Pacific, and Western Atlantic (Caribbean) oceans. Following a 

standard protocol, all samples were repeatedly extracted with CH2Cl2/MeOH (2:1) and 

fractionated into nine fractions (A-I) by silica gel vacuum liquid chromatography using 

a stepwise gradient of hexanes/EtOAc and EcOAc/MeOH. All crude extracts and 

fractions were dissolved in DMSO and stored in 96-well plates as a sample library at -

20ºC until use (Luzzatto-Knaan et al., 2017). 

The species used in the present chemical study was collected at the intertidal zone of 

Key West, Florida, USA (N 24°33'04.0", W 81°46'38.0"; depth) in 2001. The biomass 

and specimen voucher were preserved in 1:1 seawater/2-propanol solution at -20ºC 

until use. The species was identified by light microscopy using the unique branched 

morphology (insert reference above) of the well-preserved filaments (see Fig. S1 in 

Supplementary data) as a filamentous macroalgae of the genus Ceramium (Rhodophyta, 

Ceramiales) (Meneses, 1995). The light microscope employed was an Evos XL Core 

Imaging System.  

4.3 The DPPH antioxidant assay 

The antioxidant assay used 2,2-diphenyl-1-picrylhydrazyl (DPPH)(Fisher Scientific) 
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and was performed using a previously described 96-well microplate colormetric 

method (Yang et al., 2018). Samples were diluted with MeOH and the final 

concentration in the reaction system was 25 μg/ml. Each sample was tested in three 

replicates and the values were averaged to obtain calculated scavenging ratios to DPPH. 

For the assessment of activity of the pure compounds, a series of concentrations from 

0.125 to 128 μM were evaluated. Trolox and vitamin C were used as positive controls. 

Dose curves were plotted and semi-scavenging concentrations (EC50) were calculated 

by GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San Diego, 

California USA, www.graphpad.com with variable slopes. 

4.4 Extraction, Molecular Networking, and Compound Isolation 

The frozen biomass was warmed to room temperature, and then following the 

protocol described in part 4.2, the biomass was extracted to give a crude extract (Serial 

number 1810, 3.13 g) that was further fractionated by silica gel VLC to afford fractions 

1810A-1810I.  These were used for populating the above described library and also 

for samples for chemical investigation. Fraction 1810E (40% hexanes/60% EtOAc 

eluent, 148 mg) showed DPPH scavenging ratio of 62.02%±2.03% at 25 μg/ml, and 

was thus subject to further fractionation using a SPE C18 column and a stepwise 

gradient elution of MeOH/H2O (40:60 to 100:0), MeOH/acetone (50:50), acetone, and 

finally CH2Cl2 to yield four sub-fractions 1810E-I to 1810E-IV. Antioxidant activity of 

these fractions revealed an active sub-fraction 1810E-II (60:40-70:30 MeOH/H2O 

eluent, 27.6 mg). LC-MS2 of this fraction showed the presence of unique brominated 

compounds.  
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The LC-MS2 analysis was run on the LC-PDA-MS2 system described above by 

monitoring UV 190−600 nm and m/z 100−2000 in positive ion mode (the unified mode 

for GNPS molecular networking). The detailed MS detector setting include: default 

charge state = 1, default isolation width = 2, normalized collision energe = 35 eV, 

minimal signal required = 100,000, ion source voltage = 4 kV, capillary temperature = 

325 °C, capillary voltage = 10 V. The concentration of the fraction was adjusted to 0.15 

mg/ml in MeOH and the injection volume was 25 μL. The flow rate was set to 0.6 

mL/min and a gradient program of CH3CN/H2O containing 0.1% formic acid was used 

for elution: 0−2 min for 40% CH3CN, 2−22 min for 40% to 99% CH3CN, 22−26 min 

for 99% CH3CN, 26−26.5 min for 99% to 40% CH3CN, 26.5−30 min for 40% CH3CN. 

The MS/MS spectra from this sample were used to generate a molecular network using 

the GNPS Web site and visualized using Cytoscape 3.7 software for the purpose of 

dereplication and molecular targeting. The raw data have been uploaded to the 

MassIVE Database at the GNPS Web site 

(https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp) (Wang et al, 2016) and is 

publicly available through access number MSV000084691. The link for this molecular 

networking job is  https://gnps-

cytoscape.ucsd.edu/process?task=4c5fde81f1ac4381a89e13a00f592cde. 

The subfraction 1810E-II was further separated by preparative HPLC (pHPLC) on a 

Kinetex C18 semi-preparative column eluted with CH3CN/H2O (0-22.0 min, 55% 

CH3CN; 22.0-22.5 min, 55%-99% CH3CN; 22.5-26.5 min, 99% CH3CN; 26.5-27.0 

min, 99% -55% CH3CN; 27.0-30.0 min, 55% CH3CN; flow rate = 2 mL/min) to afford 

https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp
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fractions 1810E-II-1 (7.5-10.3 min, 17.2 mg), -2 (10.6-12.5 min, 4.9 mg), -3 (12.6-

17.3 min, 5.0 mg), -4 (17.3-20.7 min, 2.3 mg), -5 (20.7-23.5 min, 2.8 mg) and -6 (25.2-

27.5 min, 3.3 mg).  

Fraction 1810E-II-1 was sequentially separated by pHPLC on the same column 

eluted with CH3CN/H2O (0-25.0 min, 42% CH3CN; 25.0-27.0 min, 42%-99% CH3CN; 

27.0-35.0 min, 99% CH3CN; 35.0-35.5 min, 99%-42% CH3CN; 35.5-40.0 min, 42% 

CH3CN; flow rate = 2 mL/min) to give compound 1 (16.2-19.3 min, 9.0 mg), 

compound 2 (30.0-30.7 min, 1.2 mg), fraction 1810E-II-1-4 (21.1-24.4 min, 2.4 mg), 

and other minor fractions. From 1810E-II-1-4, by successive pHPLC purification first 

on the same column eluted with 42% CH3CN and secondly on the YMC C18 column 

eluted with 60% CH3CN, compound 3 (1.7 mg) was obtained. Fraction 1810E-II-2 was 

separated by pHPLC on the Kinetex C18 column eluted with CH3CN/H2O (0-38.0 min, 

42% CH3CN; 38.0-40.0 min, 42%-99% CH3CN; 40.0-45.0 min, 99% CH3CN; 45.0-

45.5 min, 99%-42% CH3CN; 45.5-50.0 min, 42% CH3CN; flow rate = 2.5 mL/min) to 

provide a minor fraction 1810E-II-2-1 and a main one 1810E-II-2-2 (30.0-37.4 min, 

4.0 mg). From 1810E-II-2-2, compounds 4 (16.9-19.2 min, 1.1 mg) and 5 (26.6-27.9 

min, 0.3 mg) were obtained by pHPLC on the YMC C-18 column eluted with 

CH3CN/H2O (0-20.0 min, 67% CH3CN; 20.0-21.0 min, 67%-99% CH3CN; 21.0-30.0 

min, 99% CH3CN; 30.0-31.0 min, 99%-67% CH3CN; 31.0-37.0 min, 67% CH3CN; 

flow rate = 2.0 mL/min). 1810E-II-3 was separated by alternating pHPLC purification 

first on the YMC C-18 column eluted with 63% CH3CN (2.5 mL/min), then on the 

Kinetex C18 column (45% CH3CN, 2.0 mL/min), and finally on the YMC C18 column 
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(65% CH3CN, 2.0 mL/min) to yield compound 6 (1.5 mg). Fraction 1810E-II-4 was 

separated on the YMC C18 column eluted with CH3CN/H2O (0-18.0 min, 75% CH3CN; 

18.0-19.0 min, 75%-99% CH3CN; 19.0-24.0 min, 99% CH3CN; 24.0-24.5 min, 99%-

75% CH3CN; 24.5-30.0 min, 75% CH3CN; flow rate = 2.0 mL/min) to provide 

compound 7 (16.7-18.7 min, 1.5 mg). Fraction 1810E-II-6 was separated on the 

Kinetex C18 column eluted with CH3CN/H2O (0-22.0 min, 60% CH3CN; 22.0-23.0 

min, 60%-99% CH3CN; 23.0-29.5 min, 99% CH3CN; 29.5-30.5 min, 99%-60% 

CH3CN; 30.5-35.0 min, 60% CH3CN; flow rate = 2.0 mL/min) to provide compound 

8 (16.3-18.1 min, 1.0 mg). 

Lanosol isopropyl ether (1): Brownish oil. UV λmax (MeCN-H2O) 223, 237, and 292 

nm. 1H and 13C NMR data: see Table S1. HR-ESI--MS: m/z 336.9080 [M-H]- 

(C10H11
79Br2O3

- calcd. 336.9080), 338.9058 [M+2-H]-, 340.9042 [M+4-H]- (with 

abundance ratio of 1:2:1). LR-ESI--MS: see details for [M-H]- isotopic patterns in 

Fig. S2. 

Bromourceolatol A (2): Colorless waxy oil. UV λmax (MeCN-H2O) 241, 293, and 

330 nm. [α]D
25 +1.86 (c 0.5, MeOH) and -0.37 (c 0.5, acetone). CD: see Fig. S47. 1H 

and 13C NMR data: see Table S1. HR-ESI--MS: m/z 612.7139 [M-H]- (C16H9
79Br4O6

- 

calcd. 612.7138), 614.7118 [M+2-H]-, 616.7097 [M+4-H]-, 618.7081 [M+6-H]-, 

620.7063 [M+8-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details for 

[M-H]- and [M-H-CH3OH]- isotopic patterns in Fig. S3; m/z 584.80 [M-H-CH3OH]- 

in MS2 of base peak ion. LR-ESI+-MS: see details for [M+H-CH3OH]+ and [M+H-
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2CH3OH]+ isotopic patterns in Fig. S3; m/z 554.86 [M+H-2CH3OH]+ in MS2 of base 

peak ion. 

Bromourceolatol B (3): Colorless waxy oil. UV λmax (MeCN-H2O) 239, 293, and 

331 nm. [α]D
25 -0.13 (c 0.5, MeOH) and -1.23 (c 0.5, acetone). CD: see Fig. S47. 1H 

and 13C NMR data: see Table S2. HR-ESI--MS: m/z 598.6975 [M-H]- (C15H7
79Br4O6

- 

calcd. 598.6982) , 600.6951 [M+2-H]-, 602.6930 [M+4-H]-, 604.6931 [M+6-H]-, 

606.6903 [M+8-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details for 

[M-H]- and [M-H-CO]- isotopic patterns in Fig. S4; m/z 574.88 [M-H-CO]- in MS2 

of base peak ion. LR-ESI+-MS: see details for [M+H-H2O]+, [M+H-H2O-CO]+, and 

[M+H-H2O-CH3OH]+ isotopic patterns in Fig. S4; m/z 554.89 [M+H-H2O-CH3OH]+ 

in MS2 of base peak ion. 

Bromourceolatol C (4): light yellow waxy oil. UV λmax (MeCN-H2O) 237, 294, and 

331 nm. [α]D
25 +0.90 (c 0.5, MeOH) and +1.91 (c 0.5, acetone). CD: see Fig. S47. 1H 

and 13C NMR data: see Table S2. HR-ESI--MS: m/z 626.7287 [M-H]- (C17H11
79Br4O6

- 

calcd. 626.7295), 628.7267 [M+2-H]-, 630.7249 [M+4-H]-, 632.7232 [M+6-H]-, 

634.7221 [M+8-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details for 

[M-H]- and [M-H-CO]- isotopic patterns in Fig. S5; m/z 602.77 [M-H-CO]- in MS2 

of base peak ion. LR-ESI+-MS: see details for [M+H-H2O]+ and [M+H-H2O-C3H6]
+ 

isotopic patterns in Fig. S5; m/z 554.93 [M+H-H2O- C3H6-CO]+ in MS2 of base peak 

ion. 

Bromourceolatol D (5): Colorless waxy oil. UV λmax (MeCN-H2O) 241, 293, and 

330 nm. [α]D
25 -1.85 (c 0.5, MeOH) and +0.33 (c 0.5, acetone). CD: see Fig. S47. 1H 
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and 13C NMR data: see Table S2. HR-ESI--MS: m/z 640.7548 [M-4-H]-, 642.7427 

[M-2-H]-, 644.7407 [M-H]- (C18 H13
79Br2

81Br2O6
- calcd. 644.7412), 646.7383 [M+2-

H]-, 648.7350 [M+4-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details 

for [M-H]-, [M-H-CH3OH]- and [M-H-CH3OH-CO]- isotopic patterns in Fig. S6; 

m/z 612.77 [M-H-CH3OH]- and 584.70 [M-H-CH3OH-CO]- in MS2 of base peak 

ion. LR-ESI+-MS: see details for [M+H-CH3OH]+, [M+H-CH3OH-CO]+, and 

[M+H-2CH3OH-CO]+ isotopic patterns in Fig. S6; m/z 554.90 and 554.89 [M+H-

2CH3OH-CO]+ in MS2 of base peak ions. 

Bromourceolatol E (6): light yellow waxy oil. UV λmax (MeCN-H2O) 241, 293, and 

331 nm. [α]D
25 −1.81 (c 0.5, MeOH) and -0.45 (c 0.5, acetone). CD: see Fig. S47. 1H 

and 13C NMR data: see Table S1. HR-ESI--MS: m/z 584.6816 [M-4-H]-, 586.6791 

[M-2-H]-, 588.6776 ([M-H]-, C14H5
79Br2

81Br2O6
- calcd. 588.6785), 590.6757 [M+2-

H]-, 592.6741 [M+4-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details 

for [M-H]- and [M-H-2CO]- isotopic patterns in Fig. S7; m/z 560.73 [M-H-CO]- and 

532.86 [M-H-2CO]- in MS2 of base peak ion. LR-ESI+-MS: see details for [M+H-

H2O]+ isotopic patterns in Fig. S7; m/z 554.99 [M+H-H2O -CO]+ in MS2 of base 

peak ions. 

Bromourceolatol F (7): Colorless waxy oil. UV λmax (MeCN-H2O) 241, 293, and 

330 nm. [α]D
25 +1.47 (c 0.5, MeOH) and +0.33 (c 0.5, acetone). CD: see Fig. S47. 1H 

and 13C NMR data: see Table S2. HR-ESI--MS: m/z 626.7291 ([M-H]-, C17 H11
79Br4 

O6
- calcd. 626.7295), 628.7272 [M+2-H]-, 630.7253 [M+4-H]-, 632.7233 [M+6-H]-, 

634.7222 [M+8-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details for 
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[M-H]- and [M-H-CH3OH]- isotopic patterns in Fig. S8; m/z 598.75 [M-H-CH3OH]- 

and 584.82 [M-H-C2H5OH]- in MS2 of base peak ion. LR-ESI+-MS: see details for 

[M+H-CH3OH]+, [M+H-C2H5OH]+, and [M+H-CH3OH-C2H5OH]+ isotopic patterns 

in Fig. S8; m/z 554.90 [M+H-CH3OH-C2H5OH]+ in MS2 of base peak ion. 

Bromourceolatol G (8): light yellow waxy oil. UV λmax (MeCN-H2O) 239, 293, and 

330 nm. [α]D
25 +1.31 (c 0.5, MeOH) and -2.71 (c 0.5, acetone). CD: see Fig. S47. 1H 

and 13C NMR data: see Table S2. HR-ESI--MS: m/z 654.7600 [M-4-H]-, 656.7589 

[M-2-H]-, 658.7569 [M-H]- (C19H15
79Br2

81Br2O6
- calcd. 658.7568), 660.7553 [M+2-

H]-, 662.7537 [M+4-H]- (with abundance ratio of 1:4:6:4:1). LR-ESI--MS: see details 

for [M-H]-, [M-H-C2H5OH]-, and [M-H-C3H7OH]- isotopic patterns in Fig. S9; m/z 

612.79 [M-H-C2H5OH]- and 598.80 [M-H-C3H7OH]- in MS2 of base peak ion. LR-

ESI+-MS: see details for [M+H-C2H5OH]+, [M+H-C3H7OH]+, and [M+H-C2H5OH-

C3H7OH]+ isotopic patterns in Fig. S9; m/z 554.94 and 554.96 [M+H-C3H7OH-

C2H5OH]+ in MS2 of base peak ions. 

4.5. Anti-inflammatory Assay  

NO production induced by lipopolysaccharide (LPS) in murine macrophages was 

evaluated using a previously described method (Choi et al., 2012; Villa et al., 2010). 

Briefly, RAW 264.7 murine macrophages (ATCC) were cultured 24 h in 96-well 

plates in Dulbecco’s Modified Eagle Medium (Gibco, Carlsbad, CA) supplemented 

with 10% endotoxin-low fetal bovine serum (HyClone, characterized) (5x104 

cells/185 μL DMEM/well). Controls included LPS (lipopolysaccharide from 

Escherichia coli 026:B6, <10,000 EU/mg, Sigma-Aldrich) without compound with 

0.75% DMSO and 1% ethanol (positive control), and a 1% ethanol only control 
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(negative control). The test compounds (10 μL, diluted in 20% ethanol:PBS to yield 

final concentrations of 32 and 16 μM with 1% ethanol) were added to the appropriate 

wells. All samples were run in triplicate. Following incubation at 37 °C with 5% CO2 

for 1 h, LPS was added to all wells (5 μL, final concentration = 1.0 μg/mL) except for 

the LPS-free controls. Plates were incubated for an additional 24 h and then Griess 

reactions were performed using the supernatant fraction (Green et al., 1982). To 

evaluate for cell viability, an MTT assay was performed with the attached cells. The 

concentration of nitrite in samples was determined by comparison to a standard curve 

using regression analysis. The NO concentrations standard curve was prepared based 

on eight serial dilutions with DMEM of nitrite standard at the range between 0 and100 

μM. Cell survival was calculated as a percentage compared to LPS-untreated cells 

wherein the sample with only 1% EtOH represented 100% survival. Statistical 

significance analysis was performed by one-way ANOVA followed by Tukey test 

using GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San Diego, 

California USA, www.graphpad.com.  
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Figures and Legends: 

Fig. 1. The structures of compounds 1-8 and two reference compounds 2a and 2b. 

Fig. 2. LC-MS2 based Molecular Network of brominated compounds in the antioxidant sub-fraction 

1810E-II  

Fig. 3 The key HMBC (arrows) and COSY (bold bonds) correlations of compounds 1-8 

Fig. 4. A proposed biogenetic pathway for compound 6 

Fig. 5. The DPPH free radical scavenging activity of compounds compound 1-8. EC50 values were 
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calculated using Prism Graphpad software (n = 3) with variable slopes. 

Fig. 6. Evaluation of cytotoxicity (line) and inhibition of LPS-induced NO production (bars) by 

compound 1-8 at 32 μM (no activity was observed at 16 μM). Ethanol (1%) alone served as the 

negative control, and DMSO (0.75%) was used as the positive control. (n = 3; ****, *** and * 

represent adjusted P values of <0.0001, 0.0005, and 0.05, respectively). One-way ANOVA followed 

by Tukey’s multiple comparisons test was performed using GraphPad Prism version 8.0.0 for 

Windows. Amount of NO production calculated from a standard curve (see Supporting Information). 
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