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Abstract 35 

Caulerpa taxifolia is a marine alga of tropical and subtropical distribution and a well-known 36 

invasive species in several temperate regions. Its invasiveness mainly stems from the 37 

production of secondary metabolites, some of which are toxic or repellent substances. In this 38 

study we investigated the possible inhibitory effects of C. taxifolia secondary metabolites on 39 

the activity of two zebrafish (Danio rerio) uptake transporters that transport organic anions 40 

(Oatp1d1) and cations (Oct1). Both transporters were transiently transfected and 41 

overexpressed in human embryonic kidney HEK293T cells. Transport activity assays using 42 

lucifer yellow (LY) and 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) as 43 

model substrates were applied for the determination of Oatp1d1 and Oct1 interactors. A two-44 

step Effect-Directed Analysis (EDA) procedure was applied for the separation and 45 

identification of compounds. We identified caulerpenyne (CYN) as the major metabolite in C. 46 

taxifolia and reveal its potent inhibitory effect towards zebrafish Oatp1d1 as well as weak 47 

effect on zebrafish Oct1 transport. The observed effect was confirmed by testing CYN 48 

purified from C. taxifolia, resulting in an IC50 of 17.97 µM, and a weak CYN interaction was 49 

also determined for the zebrafish Oct1 transporter. Finally, using Michaelis-Menten kinetics 50 

experiments, we identified CYN as a non-competitive inhibitor of the zebrafish Oatp1d1. In 51 

conclusion, this study describes a novel mechanism of biological activity in C. taxifolia, 52 

shows that CYN was a potent non-competitive inhibitor of zebrafish Oatp1d1, and 53 

demonstrates that EDA can be reliably used for characterization of environmentally relevant 54 

complex biological samples. 55 

 56 

Keywords: Caulerpa taxifolia, caulerpenyne, Oatp1d1, Oct1, zebrafish, effect-directed 57 
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1. Introduction 60 

Some marine green algae belonging to the genus Caulerpa are well-known invasive 61 

species. Among them, Caulerpa taxifolia (M. Vahl) C. Agardh has been described as one of 62 

the most invasive in several temperate regions due to its tendency to spread rapidly and 63 

negatively impact different ecosystems (Boudouresque et al., 1992, 1995; Meinesz, 1999). 64 

Since it was first discovered outside its native habitat in 1984 near the Oceanographic 65 

Museum in Monaco, C. taxifolia has been found throughout the Mediterranean, California and 66 

southeastern Australia (Meinesz et al., 2001; Schaffelke et al., 2002; Creese et al., 2004). 67 

After 2009, a significant decline in the abundance of C. taxifolia meadows was recorded at 68 

most of the invaded areas, probably due to large annual changes in the temperature of the 69 

Mediterranean Sea, as C. taxifolia exhibits greater sensitivity to colder temperatures (Tejada 70 

and Sureda, 2013; Montefalcone et al., 2015). Nevertheless, this marine species still remains 71 

in the focus of research studies due to its unique characteristics and invasive potential. 72 

The complex composition of secondary metabolites is thought to be one of the greatest 73 

advantages of the Caulerpa species, largely contributing to their invasive behavior. Most have 74 

been shown to be toxic or repulsive, and it is mainly believed that they serve the Caulerpa 75 

species as a chemical defense mechanism against herbivores and in interspecies competition 76 

(Klein and Verlaque, 2008). The diverse chemical structure of these metabolites includes 77 

mainly bisindole alkaloids, sesquiterpenoids and diterpenoids, with aldehyde and/or enol 78 

acetate functional groups (Guerrerio et al., 1992, 1993; Smyrniotopoulos et al., 2003). 79 

Various biological effects attributed to the functional groups of these compounds have been 80 

described, including antimicrobial, insecticidal, antifouling, ichthyotoxic, feeding deterrent, 81 

anti-inflammatory, cytotoxic, and growth regulatory properties (Paul and Fenical, 1982; Paul 82 

et al., 1987; Fischel et al., 1995; Smyrniotopoulos et al., 2003; de Souza et al., 2009; Alarif et 83 

al., 2010; Nagaraj and Osborne, 2014). Caulerpenyne (CYN), a unique acetylenic 84 

sesquiterpen, has been identified as a major secondary metabolite in C. taxifolia (Amico et al., 85 

1978). Various minor metabolites have also been identified. They are produced during CYN 86 

transformation processes such as hydrolysis, degradation, deacetylation or oxidation 87 

(Guerriero et al., 1992; Lemée et al., 1993; Guerriero and D’Ambrosio, 1999). Toxic effects 88 

of secondary metabolites from the genus Caulerpa have been studied in the context of cellular 89 

detoxification pathways, especially their interaction with biotransformation processes 90 

(Schröder et al., 1998; Uchimura et al., 1999a, 1999b; Sureda et al., 2006, 2009; Feline et al., 91 

2012; Tejada et al., 2013). Nevertheless, a mechanistic understanding of the toxic effects of 92 

secondary metabolites from the genus Caulerpa on the cellular and/or molecular level is still 93 
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lacking. It is therefore important to identify the biologically active substances responsible for 94 

the observed toxic effects and understand the mechanisms of their toxic action.  95 

Effect-Directed Analysis (EDA) is a powerful multidisciplinary diagnostic tool developed 96 

in the field of environmental science. EDA combines the use of advanced chemical and 97 

biological methods to identify, characterize and prioritize the toxicants present in complex 98 

environmental matrices. Sometimes also called “effect-based” or “effect-oriented”, it 99 

integrates stepwise fractionation procedures together with biotesting and chemical analyses to 100 

reduce sample complexity, detect toxic effects and ultimately identify specific chemicals of 101 

concern (Brack, 2003; Brack et al., 2003, 2005). So far the EDA approach has been 102 

exclusively utilized for the identification and evaluation of environmental contaminants 103 

present in non-biological complex environmental samples (sediment, surface water, 104 

wastewater, soil). This study is the first to use the EDA approach for the characterization of a 105 

complex biological sample.  106 

One of the key factors of the cellular detoxification system are biological membranes, 107 

which play a vital role in the uptake and elimination of various endo- and xenobiotics 108 

(Simkiss, 1995). Uptake transporters are responsible for the uptake of these compounds into 109 

cells via membranes, contributing to the phase 0 of the cellular detoxification mechanism 110 

(Klassen and Lu, 2008; König et al., 2013). Organic Anion Transporting Polypeptides 111 

(OATPs), Organic Cation Transporters (OCTs), and Organic Anion Transporters (OATs) are 112 

major groups of polyspecific uptake transporters in the cell (Koepsell and Endou, 2004; 113 

König, 2011; Roth et al., 2012; Koepsell, 2013). However, despite their toxicological 114 

relevance in mammals, knowledge on the presence of polyspecific uptake transporters in non-115 

mammalian organisms is scarce, and their potential ecotoxicological relevance is still poorly 116 

understood. We recently characterized the first uptake transporter of organic anions in 117 

zebrafish, named Oatp1d1, and demonstrated its interaction with various environmentally 118 

relevant compounds (Popovic et al., 2014). Continuing along this line of research, an uptake 119 

transporter of organic cations, Oct1, was also identified in zebrafish, and our first data 120 

indicated that Oct1 may function as an integral part of cellular defense against potentially 121 

hazardous organic endo- and xenobiotic cationic compounds through biliary and renal 122 

excretion (Mihaljevic et al., 2016). 123 

Consequently, as the influence of secondary metabolites from the genus Caulerpa on the 124 

uptake phase of cellular detoxification has not been investigated, the primary goals of this 125 

study were (1) to determine the potential inhibitory effects of C. taxifolia secondary 126 

metabolites on the activity of two zebrafish uptake transporters: the anionic transporter Oatp1, 127 
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and the cationic transporter Oct1, and (2) to perform a preliminary identification of the 128 

biologically active compounds responsible for the observed interaction by applying the EDA 129 

approach. A modified EDA protocol using non-selective and non-target preparation of the 130 

samples along with specific biological assays was applied, allowing the identification of both 131 

the mechanism of toxic action and the chemical identity of toxic substances present in a 132 

highly complex biological material.  133 

 134 

2. Material and Methods 135 

2.1. Chemicals 136 

Lucifer yellow (LY), 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+), 137 

Trypsin-EDTA solution and Hepes were purchased from Sigma-Aldrich, St. Louis, MO, 138 

USA. Dulbecco’s Modified Eagle's Medium (DMEM) (Powder, High Glucose, Pyruvate), 139 

Fetal Bovine Serum (FBS) and Phosphate Buffer Saline (PBS) were purchased from Gibco 140 

Invitrogen, Life technologies, CA, USA. Silica gel, solvents and salts were purchased from 141 

Kemika, Zagreb, Croatia. Purified CYN standard was acquired from Dr. Philipe Amade 142 

(Equipe Molécules Bioactives, University of Nice-Sophia Antipolis, France). 143 

 144 

2.2. Collection of C. taxifolia and sample extraction 145 

The complete workflow of our EDA study is presented in Figure 1. In the following 146 

sections, we describe the critical steps used subsequently in this investigation. C. taxifolia 147 

sampling was done by scuba diving in September 2013 at Stari Grad Bay, Adriatic Sea, 148 

Croatia (43.1833°N, 16.5838°E) at depths ranging from 8-12 meters (a detailed image of the 149 

sampling site is provided in the Supplementary material, Fig. S1). After the collection, fronds 150 

and stolons of C. taxifolia were cleaned from sediment impurities and stored at -20°C. One 151 

day after, the algal material was transported by car to Zagreb (Ruđer Bošković Institute) in a 152 

cooling box. Upon arrival to the laboratory, the algal samples were immediately stored at -153 

20°C until further extraction. For obtaining C. taxifolia extracts, 5 g of algal fronds were 154 

added into two 50-mL Falcon tubes (a total of 10 g) and dissolved in 30 mL of 155 

dichloromethane (DCM):2-propanol (PrOH) mixture (1:1). Samples were further 156 

homogenized using a Polytron homogenizer (PT 20 OD, Kinematic GmbH 600 157 

Lucerne/Switzerland) for 1 min at a 0.5 power setting, and then manually mixed for 1 min, 158 

put on ice and additionally vortexed for 5 min. After this step, the samples were centrifuged 159 

(Universal 32 R, Hettich Zentrifugen, Germany) twice for 5 min at 2500 x g and the 160 

water/lipophilic layer was removed by pipetting. Supernatant was evaporated under a nitrogen 161 
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stream using a TurboVap system (Caliper Life Sciences, Hopkinton, MS, USA) at 45°C in 162 

order to obtain a dry residue. Dry residues of algal extracts (100 mg) were weighed and 163 

dissolved in dimethyl sulfoxide (DMSO) at a concentration of 30 mg/mL. The concentrations 164 

of C. taxifolia extracts used for the final transport activity measurements ranged from 1.5 to 165 

30 µg/mL and from 15 to 300 µg/mL for the Oatp1d1 and Oct1 transporters, respectively. 166 

These concentrations were selected following an initial experiment (data not shown) in which 167 

inhibitory effects on Oatp1 and Oct1 transport were evaluated within a wide concentration 168 

range (0.1-350 µg/mL).  169 

 170 

 171 
 172 

Fig. 1. Schematic presentation of the EDA workflow used for determination of interaction of 173 

C. taxifolia with the zebrafish uptake transporters (Oatp1d1, Oct1). 174 

 175 

2.3. Two-step fractionation of the algal material 176 

The initial separation of chemical compounds from the C. taxifolia extract was performed 177 

using column liquid chromatography (LC) with 15% silica gel in order to obtain three major 178 
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fractions (designated A, B and C) in the first fractionation step. This so-called ABC 179 

fractionation included the use of three different solvents – hexane (HEX), DCM and methanol 180 

(MeOH) – which enabled the separation of compounds according to their polarity, thus 181 

providing the A (non-polar), B (medium polar) and C (polar) fraction.  182 

Upon the initial fractionation step, preparative high-performance liquid chromatography 183 

(HPLC) was used in the second fractionation step for further separation of algal B and C 184 

fractions into 40 sub-fractions. Details on the applied chemical fractionation of the algal 185 

material can be found in the Supplementary material. 186 

2.4. Chemical analyses  187 

The ABC fractions and selected HPLC sub-fractions that showed the most potent 188 

inhibition effect on the activity of the uptake transporters were further analyzed by highly 189 

sensitive analytical liquid chromatography coupled to high-resolution mass spectrometry (LC-190 

MS). A Waters Acquity ultra-performance liquid chromatography (UPLC, Waters Corp., 191 

Milford, MA, USA) system coupled to hybrid quadrupole-time-of-flight/mass spectrometry 192 

(QTOFMS Premier, Waters Corp., Milford, MA, USA) equipped with an electrospray 193 

ionisation source was used to perform the separation and detection of present constituents 194 

(Terzic and Ahel, 2011). Nine B (B22-B30) and 13 C (C16-C28) sub-fractions of C. taxifolia 195 

obtained by HPLC were analyzed by LC-MS. The methodological details regarding chemical 196 

identifications are provided in the Supplementary material. 197 

 198 

2.5. Caulerpenyne determinations 199 

Stock solutions of purified CYN (10 mg) were prepared in MeOH for analytical LC-MS 200 

analysis (1 mg/mL) and bioassays (10 mg/mL) and stored at -80°C. For LC-MS analyses, the 201 

CYN standard was diluted 1:100 in MeOH, resulting in a 10 ng/µL CYN solution and 1% of 202 

DMSO was added to 1 mL of MeOH. A concentration response series was used to test the 203 

effect of the purified CYN on zebrafish Oatp1d1 and Oct1 transporter activity within the 204 

range of 0.03-270 µM. 205 

 206 

2.6. Transport activity measurement  207 

The inhibition of transport activity was determined in the transiently transfected human 208 

embryonic kidney HEK239T cell line overexpressing either the Oatp1d1 or the Oct1 uptake 209 

transporter cloned from zebrafish liver (Popovic et al., 2013; Mihaljević, 2015). The 210 

inhibition effect of C. taxifolia preliminary extracts and fractions was determined according to 211 
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the transport activity assay protocols described in detail by Popovic et al. (2013), using LY as 212 

a zebrafish Oatp1d1 and ASP+ as a zebrafish Oct1 model substrate. HEK293T cells were 213 

maintained in DMEM growth medium (pH 7.4) with high glucose and 10% FBS at 37°C and 214 

5% CO2 humidity. Forty-eight hours before transfection, HEK293T cells were seeded to 48-215 

well plates with density between 1.9 and 2.0 x 10
5
 cells/mL in a final volume of 250 µL/well. 216 

Oatp1d1 and Oct1 transporter gene sequences sub-cloned into a eukaryotic pcDNA3.1(+)/His 217 

plasmid were transiently transfected to HEK293T cells using a polyethyleneimine (PEI) 218 

reagent in a 1:1 ratio (Tom et al., 2008). After rapid vortexing (3 x 3 sec) and incubation (15 219 

min) at room temperature, 25 µL/well of PEI and plasmid solution were added to the cells 220 

containing 225 µL/well of DMEM (without FBS). Incubation with transporter gene sequences 221 

lasted for 4 h after which the medium was replaced with 250 µL/well of DMEM with 10% 222 

FBS. Twenty four hours after transfection, HEK293T cells with Oatp1d1 and Oct1 223 

overexpression were exposed to 200 µL/well of incubation medium for 15 min at 37°C. After 224 

preincubation, 100 µL/well of medium was removed and replaced with 50 µL/well of sample 225 

serial dilution in duplicate. Then, 50 µL/well of the model substrate, diluted in incubation 226 

medium, was added to the wells. In previous studies, the transport affinities (Km) and 227 

transport rates (Vmax) of zebrafish Oatp1d1-mediated uptake of LY and Oct1-mediated 228 

uptake of ASP+ were determined by Michaelis-Menten kinetics, resulting in Km values of 229 

41.7 and 25.97 µM, respectively (Popovic et al., 2013; Mihaljević, 2015). For transport 230 

activity measurements, the final concentrations of Oatp1d1-specific substrate LY and of Oct1-231 

specific substrate ASP+ used were below the obtained Km values and set to 10 and 15 µM, 232 

respectively. The incubation time for LY and ASP+ was 5 min for each substrate at 37°C. 233 

After incubation, the cells were washed two times with ice-cold incubation medium (250 234 

µL/well) and incubated with 250 µL/well of 0.1% sodium dodecyl sulfate (SDS) for 30 min at 235 

37°C for cell lysis. Fluorescence of transport specific substrates was measured in 96-well 236 

black microplates using a microplate reader (Infinite M200, Tecan, Salzburg, Austria) at 237 

specific wavelengths of 425/540 nm for LY and 485/590 nm for ASP+, respectively. The 238 

eukaryotic vector pcDNA3.1(+)/His without cloned genes (mock cells) was also transfected 239 

into the HEK293T cells in order to determine non-transporter-specific uptake. Oatp1d1- and 240 

Oct1-transfected cells exposed only to incubation medium were used as additional negative 241 

control. The maximal amount of DMSO used as solvent in all of the tested samples never 242 

exceeded 1%.  243 

 244 

2.7. Determining the type of interaction of caulerpenyne with the Oatp1d1 transporter 245 
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The interaction type of CYN with zebrafish Oatp1d1 was determined by Michaelis-246 

Menten kinetics. The activity of the Oatp1d1 transporter in HEK293T transfected cells was 247 

measured at 3 different CYN concentrations (IC30, IC50, IC70) and 7 concentrations of the LY 248 

model substrate (5-500 µM). A shift in the Km and Vmax values of Oatp1d1 transport was 249 

determined after 15 minutes of incubation of LY with CYN. After incubation, the cells were 250 

washed with 250 µL of cold incubation medium and incubated with 250 µL of 0.1% SDS for 251 

30 min at 37°C for cell lysis. As a control, the activity of the Oatp1d1 transporter in 252 

HEK293T cells was measured in the presence of only model substrate LY. The uptake into 253 

vector-transfected HEK293T cells (mock cells) was subtracted to obtain transporter-specific 254 

uptake. The fluorescence of the LY model substrate was measured in 96-well black 255 

microplates at 425/540 nm using a microplate reader (Infinite M200, Tecan, Salzburg, 256 

Austria). The Km increase and no changes in Vmax indicated CYN as a substrate (competitive 257 

inhibition); no changes in Km and Vmax decrease indicated non-competitive inhibition; Km 258 

and Vmax decrease indicated un-competitive inhibition. The measurements were done in 259 

duplicates and conducted in 3 independent experiments. The results of the representative 260 

experiment are shown in the Results section. To obtain a linear calibration curve, fluorescent 261 

dye LY was dissolved in 0.1% SDS, in the cell matrix dissolved in 0.1% SDS, and in the 262 

incubation medium to obtain the linear calibration curves. Bradford assay was used to 263 

measure total protein concentration (Bradford, 1976). Based on total protein measurements 264 

and the obtained linear calibration curves, the uptake of LY was calculated and expressed as 265 

nmol of substrate per µg of protein per minute.   266 

 267 

2.8. Statistical analysis 268 

Results were expressed as inhibition percentages of LY/ASP+ uptake from obtained 269 

duplicates with mean ± standard deviation (SD) or standard error mean (SEM) values. All of 270 

the studies were performed in 2-4 independent experiments. Concentration-dependent LY and 271 

ASP+ uptake was calculated using the equation (1): 272 

 273 

(1)  Ii = ((Fi – Fm) / (Fc – Fm)) x 100 274 

 275 

where Ii is the percentage of inhibition for the test concentration i, Fi is the mean fluorescent 276 

value for the test concentration i, Fm is the mean fluorescent value for the mock and Fc is the 277 

mean fluorescent value for the control. 278 
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 Results were recorded and calculated in Microsoft Office Excel 2007 and statistical 279 

analysis was made in GraphPad Prism 5 for Windows. Serial dilutions were log transformed 280 

and the results were analyzed by non-linear regression method used for obtaining dose-281 

response curves, with 95% confidence intervals (CI). Results were expressed as IC50 values 282 

that designate the concentrations that cause 50% of the maximal observed inhibition. IC50 283 

values were calculated from sigmoidal curves using the equation (2): 284 

 285 

   (2) y = b + (a – b) / (1 +10
((LogIC50 – x) * h)

) 286 

     287 

where y is the response, b is the minimum (bottom) of response, a represents the maximum 288 

(top) response, hillslope (h) is the slope of the curve, LogIC50 is the halfway response from 289 

bottom to top and x is the logarithm of inhibitor concentration. 290 

The kinetic parameters, Km and Vmax values were calculated using the Michaelis-291 

Menten equation, 292 

 293 

(3)      V = (Vmax x S) / (S + Km) 294 

 295 

where V is the velocity (nanomoles of substrate per microgram of proteins per minute), Vmax 296 

is the maximal velocity, [S] is the substrate concentration (micromoles) and Km is the 297 

Michaelis-Menten constant. 298 

 299 

3. Results 300 

3.1. Inhibition of zebrafish Oatp1d1 and Oct1 transporters by C. taxifolia extract  301 

The uptake activity of zebrafish Oatp1d1 and Oct1 transporters was inhibited by the C. 302 

taxifolia extract. Dose-response curves were obtained for both transporters, clearly showing 303 

that the related transporter-specific activities were significantly inhibited by the algal extract 304 

resulting in a 94% inhibition of LY uptake by Oatp1d1 and a 100% inhibition of ASP+ uptake 305 

mediated by Oct1 at the highest applied concentration of the extract (Fig. 2). The determined 306 

and calculated IC50 values for the C. taxifolia extract, i.e. extract concentrations that caused a 307 

50% inhibition of model substrate transport, were 3.5 µg/mL for Oatp1d1 and 44 µg/mL for 308 

Oct1 (Fig. 2). Therefore, significantly higher inhibitory potential of was determined for C. 309 

taxifolia extract towards the zebrafish Oatp1d1 than towards Oct1.  310 

In the following step of our study, the obtained major ABC fractions were tested on the 311 

inhibition of Oatp1d1 and Oct1 transport activity. A wide concentration series was tested for 312 
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all major fractions, and our data showed that all of the three major fractions of C. taxifolia 313 

extract showed significant inhibition of zebrafish Oatp1d1 uptake activity (Fig. 3). ABC 314 

fractions obtained from C. taxifolia reduced anion transporter activity to below 10% uptake, 315 

as determined at the highest concentrations. The lowest uptake, i.e. the highest inhibitory 316 

effect, was determined for C. taxifolia C fraction which yielded an almost complete inhibition 317 

of the Oatp1d1-mediated uptake of model substrate LY. An Oatp1d1 transporter inhibitory 318 

response was observed in the concentration range between 2 and 40 µg of extract per mL of 319 

exposure medium. The obtained and calculated IC50 values for all of the three major fractions 320 

of C. taxifolia were: 4.84, 9.18 and 6.3 µg/mL for the A, B and C fractions, respectively (Fig. 321 

3). In comparison, the inhibition of Oct1 uptake activity was much weaker. Fraction A 322 

showed the weakest effect on the Oct1 transporter, causing approximately a 50% inhibition of 323 

ASP+ uptake at maximal concentration (Fig. 3). On the other hand, the B and C fractions 324 

demonstrated a stronger effect on the Oct1 transporter in the concentration range between 0.4-325 

100 µg/mL by reducing the uptake of ASP+ to approximately 20-30% at the maximal applied 326 

concentrations. The obtained and calculated IC50 values for the B and C fractions of C. 327 

taxifolia showed that fraction C had the lowest IC50 value of 27.89 µg/mL, while the B 328 

fraction IC50 value was 52.63 µg/mL (Fig. 3). The IC50 value for fraction A could not be 329 

calculated due to its far too weak inhibitory effect. 330 

 331 
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 332 

Fig. 2. Concentration-dependent inhibition of the zebrafish Oatp1d1 and Oct1 transport 333 

activities by C. taxifolia extract. Results are shown as percentages of Lucifer yellow (LY) 334 

(Oatp1d1) or 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) (Oct1) uptake 335 

in human embryonic kidney HEK293T cells. Mean ± SD values with 95% CI are shown as 336 

calculated from duplicates. C. taxifolia extract was tested in 2 independent experiments. 337 

 338 
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3.2. Inhibition of zebrafish Oatp1d1 and Oct1 transporters by algal HPLC sub-fractions  339 

After the initial testing of the C. taxifolia extract and the major ABC fractions, the major 340 

fractions that caused a positive inhibitory response were subjected to a final HPLC 341 

fractionation step which resulted in 40 sub-fractions. Since major fractions B and C 342 

demonstrated inhibitory effects towards both transporters they were further processed to the 343 

HPLC fractionation step. The obtained HPLC sub-fractions were selected and screened for 344 

Oatp1d1 and Oct1 inhibitory potential. The selection was carried out according to (1) the 345 

availability of the sub-fractions’ material; (2) the amount of substances in sub-fractions as 346 

initially determined chromatographically (additional data available in Supplementary 347 

material); and (3) making sure that the whole sub-fractionation series is as evenly covered by 348 

the tested sub-fractions as possible, without large gaps in the series. The tested sub-fractions 349 

included 24 B fractions (B2, B3, B6-B9, B12, B15-B30, B38), and 22 C fractions (C2, C3, 350 

C5, C6, C16-C31, C34, C38).  351 

 352 

A

10-6 10-5 10-4 10-3 10-2

0

20

40

60

80

100

120

Oatp1d1

IC50 = 4.84 µg/mL

Concentration (g/mL)

%
 u

p
ta

k
e
 L

Y

 

Oct1

10-5 10-4 10-3 10-2

0

20

40

60

80

100

120

A

Concentration (g/mL)

%
 u

p
ta

k
e
 A

S
P

+

 353 

B

10-6 10-5 10-4 10-3 10-2

0

20

40

60

80

100

120

IC50 = 9.18 µg/mL

Concentration (g/mL)

%
 u

p
ta

k
e
 L

Y

 

B

10-5 10-4 10-3 10-2

0

20

40

60

80

100

IC50 = 52.63 µg/mL

log (c)

%
 u

p
ta

k
e
 A

S
P

+

 354 



13 
 

C

10-6 10-5 10-4 10-3 10-2

0

20

40

60

80

100

120

IC50 = 6.3 µg/mL

Concentration (g/mL)

%
 u

p
ta

k
e
 L

Y

 

C

10-5 10-4 10-3 10-2

0

20

40

60

80

100

120

IC50 = 27.89 µg/mL

Concentration (g/mL)

%
 u

p
ta

k
e
 A

S
P

+

 355 

Fig. 3. Inhibition of zebrafish Oatp1d1 and Oct1 transporters by C. taxifolia ABC fractions. 356 

Results are shown as percentages of Lucifer yellow (LY) (Oatp1d1) or 4-(4-357 

(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) (Oct1) substrate uptake in human 358 

embryonic kidney HEK293T cells. Mean ± SD values with 95% CI are shown, as calculated 359 

from duplicates. ABC fractions were tested in 2-3 independent experiments. 360 

 361 

A total of 15 out of the 24 tested B sub-fractions demonstrated an inhibitory effect on 362 

Oatp1d1 transporter activity (Supplemental Fig. S2; Fig. 4). At maximal extract concentration 363 

(i.e., minimal dilution limited by the amount of the DMSO solvent not higher than 1%), sub-364 

fractions B16-B30 reduced zebrafish Oatp1d1 uptake activity to below 10% (Supplemental 365 

Fig. S2). More potent inhibition was observed in the C compared to B sub-fractions. 366 

Inhibition of Oatp1d1 activity was determined in 15 out of the 22 tested C. taxifolia C sub-367 

fractions (Supplemental Fig. S3 and S4; Fig. 4). The highest determined inhibitory effects 368 

resulted in a ≤5% uptake of LY as determined for the C24 and C29 fractions (Supplemental 369 

Fig. S3). Concentrations of the C24 and C29 sub-fractions demonstrating the highest 370 

inhibitory effect ranged 0.025-5 µg/mL. Dose-response curves were also obtained for the 371 

C16-C23, C25-C28, and C30 sub-fractions (Supplemental Fig. S4). From the obtained data, 372 

the IC50 values were calculated, clearly showing a more potent Oatp1d1 inhibitory potential of 373 

the C sub-fractions. As presented on Figure 4, the strongest Oatp1d1 inhibitory potential was 374 

observed for C. taxifolia C sub-fractions, with the lowest IC50 values determined for the C24 375 

(1.29 µg/mL) and C29 (1.08 µg/mL) sub-fractions. Among the B sub-fractions, the most 376 

potent inhibitory effect on the Oatp1d1 transporter was detected in the B28 and B29 sub-377 

fractions, with respective IC50 values of 3.91 and 3.83 µg/mL (Fig. 4).  378 

Seven B and eight C C. taxifolia sub-fractions caused over 50% of the inhibition of 379 

zebrafish Oct1 transport. The response was observed mostly in sub-fractions 16 to 34, and the 380 
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corresponding fractions resulted in the reduction of Oct1 uptake to 30-40% of the ASP+ 381 

uptake determined in non-treated cells (Supplemental Fig. S5). Sub-fraction B27 showed the 382 

highest Oct1 inhibitory potency resulting in the lowest observed uptake (17%), while B8 was 383 

almost equally potent with 19% of the ASP+ uptake remaining (Supplemental Fig. S5). Since 384 

most B and C sub-fractions of C. taxifolia had no effect on Oct1 transporter activity, the 385 

related IC50 values could not be calculated reliably. Consequently, IC50 values were calculated 386 

for four B sub-fractions of C. taxifolia: B7, B8, B27 and B30 (7.14, 11.33, 10.16 and 14.12 387 

µg/mL, respectively). 388 

 389 

 390 
  391 

Fig. 4. Zebrafish Oatp1d1 inhibitory potential of C. taxifolia B and C high-performance liquid 392 

chromatography (HPLC) sub-fractions calculated and expressed as IC50 values (µg/mL).  393 

 394 

3.3. Initial HPLC determinations 395 

The chromatographic pattern of B sub-fractions that exhibited an inhibitory effect on 396 

zebrafish Oatp1d1 transporter activity matches those that showed an effect on the Oct1 397 

transporter. The inhibition effects were most pronounced from the B22 to B30 sub-fractions, 398 
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in accordance with the initial HPLC chromatogram that revealed significant peaks in all of 399 

these sub-fractions (Supplemental Fig. S6). The highest peak was observed during minute 25 400 

of elution, and the strongest Oatp1d1 inhibition effects were observed in the B28 and B29 401 

sub-fractions, while B27 showed the strongest inhibition effect towards the Oct1 transporter 402 

(Supplemental Fig. S6). Several higher peaks were also detected during the first 2-3 min of 403 

elution, but the related sub-fractions did not show any effect on the tested transporters. The 404 

HPLC chromatogram of the C sub-fractions revealed high amounts of different chemical 405 

compounds over a 14-35 min time interval (Supplemental Fig. S7). Again, the effects on the 406 

Oatp1d1 and Oct1 transporters were detected within the same time range and were observed 407 

from sub-fractions C16 to C34. The strongest effects were observed in C24 and C29 for 408 

Oatp1d1 inhibition and C22 for Oct1 inhibition (Supplemental Fig. S7). Therefore, the 409 

observed biological effects were consistent with the preliminary chemical analysis of C. 410 

taxifolia B and C sub-fractions. 411 

 412 

 413 

Fig. 5. LC/MS chromatograms of the major hexane (A fraction), dichloromethane (B fraction) 414 

and methanol (C fraction) fractions of the total extract of Caulerpa taxifolia. The dominant 415 

peak for caulerpenyne (CYN) at 10.49 min was recorded in B fraction. 416 
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 417 

3.4. LC-MS analyses 418 

The total ion current (TIC) LC-MS chromatogram of purified CYN showed a dominant 419 

CYN peak at 10.47 min (Supplemental Fig. S8). Positive electrospray ionization (ESI) mass 420 

spectra yielded ionization by sodium adduct ion formation, producing an ion at m/z 397.162 421 

exclusive to CYN (Supplemental Fig. S8). Results of LC-MS analyses conducted on ABC 422 

fractions of C. taxifolia indicated a major CYN metabolite at 10.49 min in the TIC LC-MS 423 

chromatogram of fraction B (Fig. 5). Concentration of CYN determined in the B fraction was 424 

119 µg/µL. Although numerous peaks were also recorded by LC-MS analysis of the A and C 425 

fractions, no presence of CYN was found in any of these fractions. The formation of the CYN 426 

producing ion on the mass spectrum occurred at m/z 397.162 in positive ion mode, 427 

responding to the obtained mass spectrum values for purified CYN. LC-MS analyses of 428 

subsequent HPLC sub-fractions further confirmed that CYN was the dominant compound 429 

detected in the B sub-fractions, as well as that the dominant peak of CYN was detected at 430 

10.47 min in the TIC LC-MS chromatogram in sub-fraction B26 (Fig. 6). Concentration of 431 

CYN in the B26 sub-fraction was 87 µg/µL, and the following sub-fraction B27 had 1.5 432 

µg/µL. Other sub-fractions did not even contain the characteristic CYN signal. Therefore, 2 433 

out of the 9 tested B sub-fractions of C. taxifolia contained CYN. As expected, CYN was not 434 

detected in the C sub-fractions. However, numerous chromatographic peaks other than CYN 435 

were also detected in the HPLC sub-fractions indicating the presence of various chemical 436 

compounds. 437 

 438 
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 439 

Fig. 6. LC/MS chromatograms of selected high-performance liquid chromatography (HPLC) 440 

B sub-fractions from Caulerpa taxifolia showing total ion current (TIC) chromatograms. 441 

Caulerpenyne (CYN) is predominantly eluted in sub-fractions B26 and B27. 442 

 443 

3.5. Interaction of caulerpenyne with uptake transporter activity 444 

The sub-fractions that were shown to contain CYN (Fig. 6) – B26 and B27 – reduced 445 

zebrafish Oatp1d1 uptake activity to below 10% (Fig. 7). Furthermore, purified CYN showed 446 

a high inhibitory effect on the transport activity of zebrafish uptake transporter Oatp1d1 447 

within the concentration range from 1.33 to 267 µM (Fig. 8). At the highest CYN 448 

concentration, the inhibition of Oatp1d1 uptake was 85% compared to non-treated cells, 449 

resulting in a calculated IC50 value of 17.97 µM. On the contrary, only a weak interaction of 450 

CYN with the Oct1 uptake transporter was observed, where at the highest CYN concentration 451 

(267 µM), the uptake of ASP+ substrate decreased moderately (26%) in comparison to non-452 

treated cells (Fig. 8).  453 
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 455 
 456 
Fig. 7. Dose-response curves of C. taxifolia B26 and B27 high-performance liquid 457 

chromatography (HPLC) sub-fractions. Caulerpenyne (CYN) was detected in those fractions 458 

by liquid chromatography – mass spectrometry (LC-MS) analyses showing inhibitory effect 459 

on zebrafish Oatp1d1 transport. Results are expressed as percentage of Lucifer yellow (LY) 460 

model substrate uptake. Sub-fractions were tested in 3 independent experiments in 461 

monoplicates. Mean ± SEM values with 95% CI are shown as calculated from independent 462 

monoplicates. 463 

 464 

3.6. Type of interaction of caulerpenyne with the Oatp1d1 transporter 465 

The obtained kinetic parameters Km and Vmax of LY uptake showed a non-competitive 466 

type of inhibition of zebrafish Oatp1d1 transport by CYN. Compared to control (Vmax 20.09 467 

nmol/µg protein/min), a significant decrease of Vmax value was determined in the presence of 468 

different concentrations of CYN (Table 1, Fig. 9). At higher concentrations, the calculated 469 

Vmax IC30, IC50 and IC70 values were 16.19, 14.83 and 5.73 nmol/µg protein/min, 470 

respectively (Table 1). The 95% CI for the obtained Km values of LY uptake in the presence 471 

of CYN overlapped with the control Km values, showing that apparent LY affinity was 472 

maintained and was equivalent to the actual LY affinity (Table 1). Therefore, the observed 473 

decrease in the Vmax and no change in the Km kinetic constant classify CYN as a non-474 

competitive inhibitor of the Oatp1d1 transporter. Representative dose-response curves of non-475 

competitive inhibition are shown on Fig. 9. 476 

 477 
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 478 

Fig. 8. Concentration-dependent inhibition of zebrafish Oatp1d1 and Oct1 transport activities 479 

by purified caulerpenyne (CYN). Results are shown as percentages of Lucifer yellow (LY) 480 

and 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) uptake in human 481 

embryonic kidney HEK293T cells. Mean ± SD values with 95% CI are shown as calculated 482 

from duplicates. CYN was tested in 2 independent experiments.  483 
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 484 

Fig. 9. Determination of the type of interaction of caulerpenyne (CYN) with zebrafish 485 

Oatp1d1 transporter. Michaelis-Menten kinetics of Lucifer yellow (LY) mediated transport by 486 

HEK293T/Oatp1d1 overexpressing cells was determined either in the absence (Control), and 487 

the presence of 3 different concentrations of non-competitive inhibitor CYN (IC30, IC50, and 488 

IC70). The shift in kinetic parameters (Km and Vmax) of LY was determined using LY 489 

concentration range from 5 to 500 µM (7 concentrations). Dose-response curves were 490 

calculated using nonlinear regression. The mean velocity ± SD values are shown expressed as 491 

transport rate (nmol/µg protein/min), as calculated from duplicates. Michaelis-Menten 492 

analyses were done in 3 independent experiments.   493 

 494 
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Table 1. Basic kinetic parameters obtained in determining the type of interaction of 495 

caulerpenyne (CYN) with zebrafish Oatp1d1 transporter using Michaelis-Menten kinetics 496 

experiments and Lucifer yellow (LY) as the model substrate. Km values with 95% CI are 497 

expressed in µM and Vmax values with 95% CI are expressed as transport rate (nmol/µg 498 

protein/min). 499 

 500 

Interactor Km (LY) 95% CI Vmax (LY) 95% CI 

Control (without CYN) 36.73 30.15 - 43.31 20.09 19.08 - 21.09 

CYN IC30 40.25 36.73 - 43.77 16.19 15.79 - 16.60 

CYN IC50 54.16 46.31 - 62.01 14.83 14.18 - 15.49 

CYN IC70 53.54 16.90 - 90.18 5.73 4.531 - 6.928 

 501 

 502 

4. Discussion 503 

Studies regarding the biochemical and nutritional composition of macroalgae have 504 

demonstrated that C. taxifolia possesses significant amounts of primary metabolites such as 505 

proteins and lipids, but that it also contains carbohydrates, fiber and ash (Setthamongkol et al., 506 

2015). Except for the production of primary metabolites, other studies have implied that 507 

secondary metabolites synthesized by the Caulerpa species probably play a major role as 508 

evolutionarily-developed chemical defense mechanisms against various herbivores, epiphytes 509 

and other competitors (Paul and Fenical, 1986; Pohnert and Jung, 2003; Erickson et al., 2006). 510 

Our study showed that C. taxifolia secondary metabolites interact with phase 0 cellular 511 

detoxification mechanisms through the inhibition of related transport proteins. It is the first 512 

report related to this mechanism of potentially toxic action of the Caulerpa species, as no 513 

studies on the effects of Caulerpa metabolites on the activity of (eco)toxicologically relevant 514 

uptake transmembrane transporters have yet been published to the best of our knowledge.  515 

Our previous work showed that both of the transmembrane transporters addressed in this 516 

study may have an important role in the uptake of various environmentally and 517 

physiologically relevant chemicals in zebrafish (Popovic et al., 2014; Mihaljević, 2015). More 518 

specifically, interaction with steroid hormones such as dehydroepiandrosterone sulfate 519 

(DHEAS), estrone-3-sulfate (E3S), 17α-ethynilestradiol (EE2), and E17ß-glucuronide was 520 

determined for the Oatp1d1 transporter, while Oct1 was shown to transport androstenedione, 521 

progesterone, and testosterone (Popovic et al., 2013; Mihaljević, 2015). Furthermore, 522 

xenobiotics such as 1-methyl-4-phenylpyridinium (MPP+), tetrapentylammonium (TPA), 523 

tetrabutylammonium (TBA), prazosin, mitoxantrone and cimetidine have been recognized as 524 
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potent interactors of the Oct1 transporter, whereas perfluorooctanesulfonic acid (PFOS), 525 

perfluorooctanoic acid (PFOA), nonylphenol, gemfibrozil, diclofenac and caffeine as potent 526 

interactors of the Oatp1d1 transporter (Popovic et al., 2014; Mihaljević, 2015). 527 

Non-fractionated, total C. taxifolia extract showed the highest impact on the zebrafish 528 

Oatp1d1 uptake transporter, with IC50 values of 3.5 µg/mL (Fig. 2). Relevant interaction with 529 

the zebrafish cationic transporter Oct1 was also demonstrated, although the determined 530 

inhibitory response was significantly lower (IC50 44 µg/mL; Fig. 2). Therefore, in the initial 531 

phase of our EDA study, we were able to characterize the substance(s) of concern as polar 532 

anionic and cationic compound(s), and the observed interaction with both anion and cation 533 

transporters indicated the presence of multiple bioactive compounds in C. taxifolia. 534 

Subsequent testing of the major ABC fractions further confirmed a complex composition of 535 

C. taxifolia secondary metabolites. Significant Oatp1d1 inhibitory potential was determined in 536 

all three major fractions, with comparable inhibitory potencies (Fig. 3). These data indicated 537 

that different types of chemical compounds with distinct polarity features able to cause the 538 

same or similar inhibitory effect on uptake transporters were present in C. taxifolia. The 539 

inhibitory effect of C. taxifolia ABC fractions on the Oct1 transporter was observed in the B 540 

and C fractions while the A fraction showed very weak interaction with the transporter (Fig. 541 

3). The inhibitory responses of the B and C fractions were significantly weaker compared to 542 

Oatp1d1 inhibitory effect as was the case in the initial, total extract (Fig. 3). These data 543 

indicate that more polar compounds cause an inhibitory effect on the Oct1 transporter. 544 

Nevertheless, we observed a decrease in the Oct1 inhibitory effect of C. taxifolia B and C 545 

fractions in comparison with the effect of the total extract that caused an almost 100% 546 

inhibition of Oct1 transporter activity. That may be attributed to the possible loss of sample 547 

material, especially cationic compounds, when extracts were processed through a silica gel 548 

column (Figs. 2 and 3).  549 

Oatp1d1 and Oct1 transporters belong to different superfamilies of transporters (SLC21 550 

and SLC22), transport two different types of polar compounds (anions and cations), depend 551 

on different transport gradients (pH and Na
+
), and differ in the complexity of the binding 552 

between the active site of the transporter and the interactor (Popovic et al., 2013; Mihaljević, 553 

2015). In the C. taxifolia samples, polar compounds were responsible for the inhibitory effect 554 

observed for both uptake transporters. Nevertheless, although cationic compounds were 555 

present in the C. taxifolia extract and subsequent fractions, they seemed to be weak interactors 556 

with the Oct1 transporter while the anionic compounds present in the C. taxifolia samples 557 

were very strong interactors with Oatp1d1. In general, Octs exhibit variety and complexity in 558 
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interacting with their interactors, demonstrating different types of interaction with their 559 

substrates and inhibitors that can deviate from classical types of inhibition. This could 560 

contribute to the observed lower inhibitory effect of C. taxifolia samples on the Oct1 561 

transporter. 562 

The strong inhibitory effects determined in the major fractions led to the selection of the 563 

most potent B and C fractions for the second fractionation step. Data on testing related HPLC 564 

sub-fractions produced during the second fractionation step of B and C major fractions 565 

confirmed a strong inhibitory interaction with the Oatp1d1 transporter (Fig. 4). As expected, 566 

the zebrafish Oct1 transporter was less responsive to C. taxifolia sub-fractions, as was the 567 

case with the initial extract and its major fractions (Supplemental Fig. S5). The most potent 568 

Oatp1d1 inhibitory activity was determined in sub-fractions C24 and C29, while among 569 

several of the most responsive B sub-fractions, B28 and B29 showed the most potent (Fig. 4). 570 

The initial chromatogram for the C. taxifolia C sub-fractions revealed a series of overlapping 571 

peaks displaying the very complex nature of the chemical compounds present in these 572 

fractions (Supplemental Fig. S7). The C fraction possessed a more complex composition of 573 

metabolites in comparison to the B sub-fractions, and based on these initial insights it appears 574 

that the C. taxifolia substance(s) responsible for the majority of the adverse effects on the 575 

Oatp1d1 uptake transporter were polar and dominantly anionic substances. In general, the 576 

presence of chemical compounds in the most responsive sub-fractions of C. taxifolia (C24, 577 

C29, B28 and B29) corresponded well with the chemical composition of compounds detected 578 

on the related initial chromatograms (Supplemental Figs. S6 and S7).  579 

The following step in our EDA study encompassed the first attempts at the identification 580 

of chemical compound(s) in the active HPLC sub-fractions of C. taxifolia. Using UPLC 581 

coupled with QTOFMS, we were able to obtain LC-MS chromatograms and mass spectrums 582 

characteristic for CYN- producing ions at m/z 397.162 (Supplemental Fig. S8). This result 583 

was in accordance with previous data on CYN detection at m/z 392 and 397 by ionspray 584 

ionization mass spectrometry method, as reported by Raffaelli et al. (1997). Likewise, LC-MS 585 

analyses of the ABC fractions of C. taxifolia total extract revealed CYN as a dominant 586 

metabolite eluted only in the B fraction (Fig. 5). Except for being a dominant intracellular 587 

secondary metabolite, a recent study showed CYN to be also present in elevated amounts at 588 

the surface of the algae indicating its potential role as a surface defense compound or a natural 589 

antifouling metabolite (Cirri et al., 2016). LC-MS chromatograms of fraction A did not show 590 

any dominant peaks or peaks characteristic for CYN (Fig. 5). Consequently, this fraction was 591 

considered of minor toxicological importance for our EDA workflow. Apart from CYN, 592 
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numerous other chemical compounds were also detected by LC-MS analysis (Fig. 5), 593 

indicating that other biologically active metabolites such as epoxides and alcoholic 594 

compounds may also be present. Further analytical analyses and confirmation studies with 595 

corresponding standards are clearly needed to test these observations.  596 

Detailed LC-MS analyses of HPLC B and C sub-fractions of C. taxifolia extract revealed 597 

CYN as a dominant compound in sub-fractions B26 and B27 (Fig. 6; Supplemental Fig. S9). 598 

Accordingly, among the sub-fractions tested by our bioassays, a strong Oatp1d1 inhibitory 599 

effect was detected in sub-fractions B26 and B27 (Fig. 7) with IC50 values of 16.39 and 11.26 600 

µg/mL; respectively (Fig. 4). Purified CYN proved that CYN was indeed a potent Oatp1d1 601 

inhibitor, with a determined low IC50 value of 17.97 µM (Fig. 8). Finally, Michaelis-Menten 602 

LY uptake kinetics analysis revealed that CYN is a non-competitive inhibitor of the zebrafish 603 

Oatp1d1 transporter, accomplishing this by significantly increasing the Oatp1d1 transport rate 604 

and keeping Km unchanged (Fig. 9). As expected, the weak inhibitory effect of purified CYN 605 

on the zebrafish Oct1 transporter correlates well with the previously observed low Oct1 606 

inhibitory potency of HPLC sub-fractions. Other highly potent sub-fractions to zebrafish 607 

Oatp1d1 transport activity were B28 and B29, where no presence of CYN was detected (Figs. 608 

4 and 6). This suggests that CYN-like chemical entities could also be responsible for the 609 

inhibitory effects observed in other B sub-fractions, implying the presence of yet unidentified 610 

but potent Oatp1d1 interactors.  611 

Considering the interaction potency of CYN, data from our previous work on the 612 

interaction between the zebrafish Oatp1d1 transporter and environmentally relevant 613 

contaminants such as PFOS, PFOA, nonylphenol, gemfibrozil, diclofenac, and caffeine, 614 

showed that the highest affinity (Ki values) for the Oatp1d1 transporter were in the range of 615 

0.2 to 13 µM (Popovic et al., 2014). These compounds have been classified as very strong (Ki 616 

< 1) and strong (Ki = 1-20 µM) interactors (Popovic et al., 2014). In this study, the LY 617 

concentration (10 µM) used as a model substrate for Oatp1d1 transport activity measurements 618 

was 4 times lower than the Km value (41.7 µM) determined by Michaelis-Menten kinetics of 619 

zebrafish Oatp1d1 mediated uptake of LY by Popovic et al. (2013), which means that the 620 

CYN IC50 value was similar to the Ki value. Therefore, based on the obtained data, CYN can 621 

be regarded as a strong inhibitor of the zebrafish Oatp1d1 transporter, with an IC50 value of 622 

17.97 µM.  623 

Finally, apart from Caulerpa species, there are other aquatic organisms that also possess 624 

the ability to produce a wide range of secondary metabolites with various biological effects. 625 

For example, the interaction of cyanotoxins, secondary metabolites produced by specific 626 
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strains of cyanobacteria, with the fish Oatp1d1 transporter was reported in several studies 627 

(Meier-Abt et al., 2007; Steiner et al., 2014; Faltermann et al., 2016). These studies 628 

demonstrated that Oatp1d1 from the little skate, rainbow trout and zebrafish does transport 629 

microcystin-LR. Furthermore, it has also been shown that Oatp1d1 is an uptake transporter of 630 

nodularin (Faltermann et al., 2016). Therefore, although cyanobacterial microcystins and 631 

CYN from C. taxifolia are structurally different chemical compounds, certain results indicate 632 

that Oatp1d1 is included in the transport of these important environmental toxins.  633 

 634 

5. Conclusions 635 

This study attempted to determine a novel mechanism behind the inhibitory action of C. 636 

taxifolia on phase 0 cellular detoxification which may help to gain a better understanding of 637 

the invasive potential of Caulerpa species. The first reliable indications of chemical 638 

characteristics potentially responsible for the observed inhibitory effects towards 639 

ecotoxicologically relevant uptake transport proteins in zebrafish were successfully obtained. 640 

CYN, a dominant secondary metabolite in C. taxifolia is a potent non-competitive inhibitor of 641 

zebrafish Oatp1d1. Additional, CYN-like chemical substances are the most plausible new 642 

candidates for inhibitory effects observed for both types of uptake transporters, although 643 

further EDA studies directed at the identification and confirmation of specific (eco)toxic 644 

chemical entities in investigated complex biological samples are clearly needed. Finally, the 645 

concept used in this study demonstrated that a modified EDA procedure can be used as a 646 

reliable multidisciplinary diagnostic tool allowing for a detailed characterization of 647 

environmentally relevant complex biological samples and potential identification of new 648 

biologically active substances. 649 
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 663 

7. References 664 

1. Alarif, W.M., Elnaga, Z.S.A., Ayyad, S.E.N., Al-Lihaibi, S.S., 2010. Insecticidal 665 

metabolites from the green algae Caulerpa racemosa. Clean-Soil Air Water 38, 548–666 

557. 667 

2. Amico, V., Oriente, G., Piatteli, M., Tringali, C., 1978. Caulerpenyne, an unusual 668 

sesquiterpenoid from the green alga C. prolifera. Tetrahedron Lett. 38, 3593–3596. 669 

3. Boudouresque, C.F., Meinesz, A., Verlaque, M., Knoepffler-Péguy, M., 1992. The 670 

extension of the tropical alga Caulerpa taxifolia (Chlorophyta) in the Mediterranean. 671 

Cryptogam. Algol. 13, 144–145. 672 

4. Boudouresque, C.F., Meinesz, A., Ribera, M.A., Ballesteros, E., 1995. Spread of the 673 

green alga Caulerpa taxifolia (Caulerpales, Chlorophyta) in the Mediterranean: possible 674 

consequences of a major ecological event. Sci. Mar. 59, 21–29. 675 

5. Brack, W., 2003. Effect-directed analysis: a promising tool for the identification of 676 

organic toxicants in complex mixtures? Anal. Bioanal. Chem. 377, 397–407. 677 

6. Brack, W., Kind, T., Hollert, H., Schrader, S., Möder, M., 2003. Sequential 678 

fractionation procedure for the identification of potentially cytochrome P4501A-679 

inducing compounds. J. Chromatogr. A 986, 55–66. 680 

7. Brack, W., Erdinger, L., Schirmer, K., Hollert, H., 2005. Effect-directed analysis of 681 

mutagens and ethoxyresorufin-O-deethylase inducers in aquatic sediments. Environ. 682 

Toxicol. Chem. 24, 2445–2458. 683 

8. Bradford, M. M., 1976. A rapid and sensitive method for the quantitation of microgram 684 

quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72: 685 

248–254. 686 

9. Cirri, E., Grosser, K., Pohnert, G., 2016. A solid phase extraction based non-disruptive 687 

sampling technique to investigate the surface chemistry of macroalgae. Biofouling 32, 688 

145-53. 689 

10. Creese, R.G., Davis, A.R., Glasby, T.M., 2004. Eradicating and Preventing the Spread 690 

of the Invasive Alga Caulerpa taxifolia in NSW; NSW Fisheries Final Report Series 691 

No.: 64; NSW Fisheries, Cronulla – AUS 692 

11. de Souza, É.T., de Lira, D.P., de Queiroz, A.C., da Silva, D.J.C., de Aquino, A.B., 693 

Mella, E.A.C., Lorenzo, V.P., de Miranda, G.E.C., de Araújo-Júnior, J.X., Chaves, 694 



26 
 

M.C.O., Barbosa-Filho, J.M., Athayde-Filho, P.F., Santos, B.V.O., Alexandre-Moreira, 695 

M.S., 2009. The antinociceptive and anti-inflammatory activities of caulerpin, a 696 

bisindole alkaloid isolated from seaweeds of the genus Caulerpa. Mar. Drugs 7, 689–697 

704. 698 

12. Erickson, A.A., Paul, V.J., Van Alstyne, K.L., Kwiatkowski, L.M., 2006. Palatability of 699 

macroalgae that use different types of chemical defenses. J. Chem. Ecol. 32, 1883–700 

1895. 701 

13. Faltermann, S., Prétôt, R., Pernthaler, J., Fen, K., 2016. Comparative effects of 702 

nodularin and microcystin-LR in zebrafish: 1. Uptake by organic anion transporting 703 

polypeptide Oatp1d1 (Slco1d1). Aquat. Toxicol. 171, 69-76. 704 

14. Felline, S., Caricato, R., Cutignano, A., Gorbi, S., Lionetto, M.G., Mollo, E., Regoli, 705 

F., Terlizzi, A., 2012. Subtle effects of biological invasions: cellular and physiological 706 

responses of fish eating the exotic pest Caulerpa racemosa. PLoS One 7, e38763. 707 

15. Fischel, J.L., Lemée, R., Formento, P., Caldani, C., Moll, J.L., Pesando, D., 708 

Meinesz, A., Grelier, P., Pietra, P., Guerriero, A., 1995. Cell growth inhibitory effects of 709 

caulerpenyne, a sesquiterpenoid from the marine algae Caulerpa taxifolia. Anticancer 710 

Res. 15, 2155–2160. 711 

16. Guerriero, A., Meinesz, A., D’Ambrosio, M., Pietra, F., 1992. Isolation of toxic 712 

andpotentially toxic sesqui- and monoterpenes from the tropical green seaweed 713 

Caulerpa taxifolia which has invaded the region of Cap Martin and Monaco. Helv. 714 

Chim. Acta 75, 689-695. 715 

17. Guerriero, A., Marchetti, F., D’Ambrosio, M., Senesi, S., Dini, F., Pietra, F., 1993. New 716 

ecotoxicologically and biogenetically relevant terpenes of the tropical green seaweed 717 

Caulerpa taxifolia which is invading the Mediterranean. Helv. Chim. Acta 76, 855-864. 718 

18. Guerriero, A. and D'Ambrosio, M., 1999. Epoxycaulerpenynes: reactivity, and 719 

diastereoselective and highly regioselective synthesis by dimethyldioxirane oxidation of 720 

caulerpenyne. Eur. J. Org. Chem. 1999, 1985–1990.  721 

19. Klaassen, C.D. and Lu, H., 2008. Xenobiotic transporters: ascribing function from gene 722 

knockout and mutation studies. Toxicol. Sci. 101, 186–196. 723 

20. Klein, J. and Verlaque, M., 2008. The Caulerpa racemosa invasion: a critical review. 724 

Mar. Pollut. Bull. 56, 205–225. 725 

21. Koepsell, H. and Endou, H., 2004. The SLC22 drug transporter family. Pflugers Arch. 726 

447, 666–676. 727 



27 
 

22. Koepsell, H., 2013. The SLC22 family with transporters of organic cations, anions and 728 

zwitterions. Mol. Asp. Med. 34; 413-35.  729 

23. König, J., 2011. Uptake transporters of the human OATP family: Molecular 730 

Characteristics, Substrates, Their Role in Drug-Drug Interactions, and Functional 731 

Consequences of Polymorphisms, in: Fromm, M.F., Kim, R.B. (Eds.), Drug 732 

Transporters, Handbook of Experimental Pharmacology 201. Springer-Verlag Berlin 733 

Heidelberg, pp. 1-28. 734 

24. König, J., Müller, F., Fromm, M.F., 2013. Transporters and drug-drug interactions: 735 

important determinants of drug disposition and effects. Pharmacol. Rev. 65; 944-66.  736 

25. Lemée, R., Pesando, D., Durand-Clément, M., Dubreuil, A., Meinesz, A., Guerriero, A., 737 

Pietra, F., 1993. Preliminary survey of toxicity of the green alga Caulerpa taxifolia 738 

introduced into the Mediterranean. J. Appl. Phycol. 5, 485–493. 739 

26. Meier-Abt, F., Hammann-Hanni, A., Stieger, B., Ballatori, N., Boyer, J.L., 2007. The 740 

organic anion transport polypeptide 1d1 (Oatp1d1) mediates hepatocellular uptake of 741 

phalloidin and microcystin into skate liver. Toxicol. Appl. Pharmacol. 218, 274-279. 742 

27. Meinesz A., 1999. Killer Algae: The True Tale of a Biological Invasion. Univ. of 743 

Chicago Press (IL), USA. 744 

28. Meinesz, A., Belsher, T., Thibaut, T., Antolic, B., Ben Mustapha, K., Boudouresque, 745 

C.F., Chiaverini, D., Cinelli, F., Cottalorda, J.M.., Djellouli, A., El Abed, A., Orestano, 746 

C., Grau, Am., Ivesa, L., Jaklin, L., Langar, H., Massuti-Pascual, E., Peirano, A., 747 

Tunesi, L., De Vaugelas, J., Zavodnik, N., Zuljevic, A., 2001. The introduced green alga 748 

Caulerpa taxifolia continues to spread in the Mediterranean. Biol. Invasions 3, 201-210. 749 

29. Mihaljević, I., 2015. Characterization of Organic Cation Transporters in Zebrafish 750 

(Danio rerio Hamilton, 1822). PhD Thesis. 751 

30. Mihaljevic, I., Popovic, M., Zaja, R., Smital, T., 2016. Phylogenetic, syntenic, and 752 

tissue expression analysis of Slc22 genes in zebrafish (Danio rerio). BMC Genomics 753 

17: 626. 754 

31. Montefalcone, M., Morri, C., Parravicini, V., Bianchi, C.N., 2015. A tale of two 755 

invaders: divergent spreading kinetics of the alien green algae Caulerpa taxifolia and 756 

Caulerpa cylindracea. Biol. Invasions 17, 2717-2728.  757 

32. Nagaraj, S.R. and Osborne, J.W., 2014. Bioactive compounds from Caulerpa racemosa 758 

as a potent larvicidal and antibacterial agent. Front. Biol. 9, 300–305. 759 

33. Paul, V.J. and Fenical, W., 1982.  Toxic feeding deterrents from the tropical marine 760 

alga Caulerpa bikinensis (Chlorophyta). Tetrahedron Lett. 23, 5017–5020. 761 



28 
 

34. Paul, V.J. and Fenical, W., 1986. Chemical defense in tropical green algae, Order 762 

Caulerpales. Mar. Ecol.-Prog. Ser. 34, 157–169. 763 

35. Paul, V.J., Littler, M.M., Littler, D.S., Fenical, W., 1987. Evidence for chemical defense 764 

in tropical green alga Caulerpa ashmeadii (Caulerpaceae: Chlorophyta): Isolation of 765 

new bioactive sesquiterpenoids. J. Chem. Ecol. 13, 1171–1185. 766 

36. Pohnert, G. and Jung, V., 2003. Intracellular compartmentation in the biosynthesis of 767 

caulerpenyne: study on intact macroalgae using stable-isotope-labeled precursors. Org. 768 

Lett. 5, 5091–5093. 769 

37. Popovic, M., Zaja, R., Fent, K., Smital, T., 2013. Molecular characterization of 770 

zebrafish Oatp1d1 (Slco1d1), a novel organic anion transporting polypeptide. J. Biol. 771 

Chem. 288, 33894–33911. 772 

38. Popovic, M., Zaja, R., Fent, K., Smital, T., 2014. Interaction of environmental 773 

contaminants with zebrafish organic anion transporting polypeptide, Oatp1d1 (Slco1d1). 774 

Toxicol. Appl. Pharmacol. 280, 149-158. 775 

39. Raffaelli, A., Pucci, S., Pietra, F., 1997. Ionspray tandem mass spectrometry for 776 

sensitive, rapid determination of minor toxic sesquiterpenoids in the presence of major 777 

analogues of the foreign green seaweed Caulerpa taxifolia which is invading the 778 

northwestern Mediterranean. Anal. Commun. 34, 179–182. 779 

40. Roth, M., Obaidat, A., Hagenbuch, B., 2012. OATPs, OATs and OCTs: the organic 780 

anion and cation transporters of the SLCO and SLC22A gene superfamilies. Br. J. 781 

Pharmacol. 165; 1260–1287. 782 

41. Schaffelke, B., Murphy, N., Uthicke, S., 2002. Using genetic techniques to investigate 783 

the sources of the invasive alga Caulerpa taxifolia in three new locations in Australia. 784 

Mar. Pollut. Bull. 44; 204-210. 785 

42. Schröder, H.C., Badria, F.A., Ayyad, S.N., Batel, R., Wiens, M., Hassanein, H.M., 786 

Kurelec, B., Müller, W.E., 1998. Inhibitory effects of extracts from the marine alga 787 

Caulerpa taxifolia and of toxin from Caulerpa racemosa on multixenobiotic resistance 788 

in the marine sponge Geodia cydonium. Environ. Toxicol. Pharmacol. 5, 119–26. 789 

43. Setthamongkol, P., Tunkijjanukij, S., Satapornvanit, K., Salaenoi J., 2015. Growth and 790 

nutrients analysis in marine macroalgae.  Kasetsart J. (Nat. Sci.) 49, 211–218. 791 

44. Simkiss, K., 1995. Ecotoxicants at the Cell Membrane Barrier. In: Newman, M., Jagoe, 792 

C.H., (eds) Ecotoxicology: a Hierarchical Treatment, Boca Raton, FL: Lewis 793 

Publishers. 794 



29 
 

45. Smyrniotopoulos, V., Abatis, D., Tziveleka, L.A., Tsitsimpikou, C., Roussis, V., 795 

Loukis, A., Vagias, C., 2003. Acetylene sesquiterpenoid esters from the green alga 796 

Caulerpa prolifera.  J. Nat. Prod. 66, 21-24. 797 

46. Steiner, K., Hagenbuch, B., Dietrich, D.R., 2014. Molecular cloning and functional 798 

characterization of a rainbow trout liver Oatp. Toxicol. Appl. Pharmacol. 280, 534-42. 799 

47. Sureda, A., Box, A., Enseñat, M., Alou, E., Tauler, P., Deudero, S., Pons, A., 2006. 800 

Enzymatic antioxidant response of a labrid fish (Coris julis) liver to environmental 801 

caulerpenyne. Comp. Biochem. Phys. C 144, 191–6.  802 

48. Sureda, A., Box, A., Deudero, S., Pons, A., 2009. Reciprocal effects of caulerpenyne 803 

and intense herbivorism on the antioxidant response of Bittium reticulatum and 804 

Caulerpa taxifolia. Ecotoxicol. Environ. Safe. 72,795–801. 805 

49. Tejada, S. and Sureda, A., 2013. A new approach using biomarkers to elucidate the 806 

regression state of the invasive alga Caulerpa taxifolia in waters around the Balearic 807 

Islands (Western Mediterranean Sea). Mar. Freshw. Res. 64, 986–991. 808 

50. Tejada, S., Deudero, S., Box, A., Sureda, A., 2013. Physiological response of the sea 809 

urchin Paracentrotus lividus fed with the seagrass Posidonia oceanica and the alien 810 

algae Caulerpa racemosa and Lophocladia lallemandii. Mar. Environ. Res. 83, 48–53. 811 

51. Terzic, S. and Ahel, M., 2011. Nontarget analysis of polar contaminants in freshwater 812 

sediments influenced by pharmaceutical industry using ultra-high-pressure liquid 813 

chromatography-quadrupole time-of-flight mass spectrometry. Environ. Pollut. 159, 814 

555–566. 815 

52. Tom, R., Bisson, L., Durocher, Y., 2008. Transfection of adherent HEK293-EBNA1 816 

cells in a six-well plate with branched pei for production of recombinant proteins. Cold 817 

Spring Harb. Protoc. 3. 818 

53. Uchimura, M., Sandeaux, R., Larroque, C., 1999a. The enzymatic detoxifying system of 819 

a native Mediterranean Scorpio fish is affected by Caulerpa taxifolia in its environment. 820 

Environ. Sci. Technol. 33, 1671–1674. 821 

54. Uchimara, M., Bonfils, C., Sandeaux, R., Terawaki, T., Amade, P., Larroque, C., 1999b. 822 

Caulerpenyne, the Major Terpene Extracted From the alga Caulerpa taxifolia, is an 823 

Inhibitor of Cytochrome P450 Dependent Activities. 11th International Conference on 824 

Cytochrome P450, Sendai, Japan. 825 

 826 


