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A B S T R A C T

The toxicity of natural marine iodoarenes or their synthetic counterparts is widely unknown despite the fact that
triiodothyronine and thyroxine are members of this class. In this work we aimed to expand such knowledge on
iodinated marine natural products and tested an ascidian (Didemnum rubeum) metabolite, N-(3,5-diiodo-4-
methoxyphenethyl)benzamide, together with closely related synthetic iodinated tyramides: N-(2,5-diiodo-4-
methoxyphenethyl)benzamide, N-(3-iodo-4-methoxyphenethyl)benzamide, N-(4-methoxyphenethyl)benzamide,
and N-(3-iodo-4-methoxyphenethyl)formamide, for their effect on the viability of rat macrophages, as well as
acute toxicity on Artemia salina. The tested tyramides exerted a varying degree of toxicity towards brine shrimps,
but in certain cases, the determined lethal concentrations were even lower than those of known toxicants (e.g.
strychnine sulfate, SDS). The toxicity was highly dependent on the structure of these mutually related com-
pounds, while the natural one was shown to be the most toxic. In the case of macrophage cultures, the tested
tyramides exerted much less toxicity but were found to have an effect on the functioning of these normal im-
mune cells. The samples of the tyramides were obtained by synthesis, and were fully structurally and spectrally
characterized, which also provided corroboration of the proposed structure of the natural product originally
isolated in minute amounts.

1. Introduction

Ascidians (Tunicates; Ascidiacea), also known as tunicates, are
among the most frequently investigated groups of marine organisms
with about 3000 reported living species (Shenkar and Swalla, 2011;
Davidson, 1993). A number of tunicates, wild-harvested or cultured, are
a part of the human diet in different parts of the world, including some
European countries (Abdul Jaffar Ali and Tamilselvi, 2016; Lambert
et al., 2016), where they are regarded as healthy seafood high in pro-
tein and low in calories. These marine invertebrate filter feeders use
secondary metabolites for protection against predators and microbial
pathogens, as well as intra- or interspecies interactions (Palanisamy
et al., 2017). It is no wonder that ascidians represent an unusually rich
source of bioactive secondary metabolites (Sri Kumaran et al., 2011).
Up to now, most of the studies of their biological activities were or-
iented towards the discovery of novel cytotoxic or antibiotic agents
(Palanisamy et al., 2017; Watters, 2018). Ascidian metabolites (and
their analogs) found clinical usage in advanced soft-tissue sarcoma,

osteosarcoma, metastatic breast cancers (Yondelis® - trabectedin and
Aplidin® - dehydrodidemnin B, respectively) (Fayette et al., 2005;
González-Santiago et al., 2006). Most of these bioactive metabolites are
amino acid-derived compounds of varying complexity: from oligopep-
tides to simple derivatives of a single (non-essential) amino acid.

Halogenated metabolites are a characteristic of marine organisms,
including ascidians, and are known to commonly include chlorine and
bromine, while only a small number of iodine-containing metabolites
were identified (Murphy, 2003). Iodinated natural compounds have
been divided (Borrelli et al., 2004) into five general classes of com-
pounds: 1) volatile ones such as iodomethane (Itoh et al., 1997), 2)
terpene derivatives (Williams et al., 2003), 3) fatty acid-related com-
pounds (Dugrillon and Gaetner, 1995), 4) nucleoside derivatives
(Kazlauskas et al., 1983), and 5) tyrosine-related compounds (Kigoshi
et al., 1999). Among the classes, the most renown and perhaps biolo-
gically most investigated, is the last one, with thyroxine and related
compounds as flagpoles. Expressed through their cytotoxic effect on
transformed cells, i.e. various kinds of cancer cell lines, halogenated
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amino acid derivatives have been acclaimed with immunomodulatory
activities (Won et al., 2015; Carroll et al., 1993; Aiello et al., 2010).
However, little or nothing is known on the effect of these compounds or
even crude extracts thereof on the viability and functioning of immune
cells, such as macrophages. Among the rare studies that dealt with this
subject, the report of Ananthan and Iyappan (2014) demonstrated an
effect of a crude ethanolic extract of an ascidian, Didemnum albidum, on
the human monocytic cell line. There are sporadic studies of the effects
of secondary metabolites from other ascidians (other genera) on mac-
rophages (Palanisamy et al., 2017; Coombe et al., 1981).

Recently, motivated by the alleged (stated, but data not provided)
cytotoxic activity of the crude water extract of tunicate Didemnum ru-
beum, Solano et al. (2009) isolated and structurally elucidated seven
iodinated tyramine derivatives. Having only minute quantities of the
isolated compounds in their hands, in the cases of some metabolites, the
researchers had to use spectral data from HSQC and HMBC experiments
to extract 13C NMR resonances, and were unable to perform any further
biological tests to ascertain the carrier of the original cytotoxic nature
of the water extract. One should note that the structures of these me-
tabolites (for example compound 1, Fig. 1) contain an iodinated
methoxyaryl group reminiscent of thyroxine. With an aim to provide a
definitive proof of the structures of some of these Didemnum metabo-
lites, and to allow access to larger amounts of these compounds, we set
ourselves to a synthetic endeavor to prepare compounds 1–5, that ei-
ther represent a natural compound (1) identified in this tunicate, or are
isomers (2), or closely related compounds to the ones naturally occur-
ring (3 and 4 are related to benzamides, 5 is related to formamide).

Target compounds were chosen to enable an assessment of the
structure-activity/toxicity relationship in the case of their possible im-
munomodulatory activity effectuated through their effect on rat mac-
rophages viability and function. This cytotoxic activity could be ex-
pected based on the previous findings of the cytotoxic nature of the
water extract of this ascidian (Solano et al., 2009) and the previously
mentioned effect on macrophages of an ethanolic extract of another
Didemnum sp. (Ananthan and Iyappan, 2014). Very recently, compound
1 and related unnatural derivatives, differing in the identity of the
substituted benzoic acid moiety, were synthesized and in vitro screened

for their cytotoxic activity against U-937 macrophages and Plasmodium
falciparum, Leishmania panamensis and Trypanosoma cruzi protozoan
parasites (Restrepo et al., 2019). Also, in the same study (Restrepo
et al., 2019), these iodinated tyramides were demonstrated not to
possess hemolytic activity (human red blood cells).

Having all of the above in mind, in this paper, we report the total
synthesis and full structural characterization of compounds 1–5
(Fig. 1), and also present their immunomodulatory activities. Two more
related derivatives, 6 and 7, were also fully spectrally characterized but
were not tested. To the best of our knowledge, compounds 2, 3, 5, and 7
are completely new compounds. In addition to the tests with rat mac-
rophages, all of the compounds were also screened for their acute
toxicity in the model of Artemia salina. By doing this we hope to enlarge
the body of toxicological data on the metabolites of these tunicates that
are potentially part of the human sustenance.

2. Results and discussion

2.1. Chemistry

Herein, we report a new synthesis of the natural product, 1, and of
its analogs (2–7), Fig. 1. According to a search of the CAS database
(SciFinder, accessed on October 2018) compounds 2, 3, 5 and 7 re-
presented new compounds. Interestingly, to the best of our knowledge,
complete experimental data (NMR spectra, IR and MS) of 6 do not exist
in the literature. Our synthetic plan for N-(3,5-diiodo-4-methox-
yphenethyl)benzamide (1) and related iodinated tyramides is illu-
strated in Fig. 2. The syntheses of the target natural compound 1 and its
analogs were commenced with a carbodiimide-facilitated coupling
procedure utilizing commercially available 2-(4-methoxyphenyl)etha-
namine and the appropriate carboxylic acids (benzoic or formic)
(Pfaffenbach and Gaich, 2015). The resulting amides 4 and 6 were
subjected to iodination in two stages.

The first stage afforded intermediary organomercury compounds,
which involved mercuration of 4 and 6 with mercury(II) acetate. In the
second stage, following an exchange of the acetate ligands with chlor-
ides, Hg-C bond was cleaved by the action of elemental iodine resulting

Fig. 1. Structures of compounds 1–7: N-(3,5-diiodo-4-meth-
oxyphenethyl)benzamide (1), N-(2,5-diiodo-4-methox-
yphenethyl)benzamide (2), N-(3-iodo-4-methoxyphenethyl)
benzamide (3), N-(4-methoxyphenethyl)benzamide (4), N-
(3-iodo-4-methoxyphenethyl)formamide (5), N-(4-methox-
yphenethyl)formamide (6), and N-(2-iodo-4-methox-
yphenethyl)benzamide (7); compounds 1–5 were assessed
for immunomodulatory activity.

Fig. 2. Synthesis of compounds 1–7. Reagents and conditions: (a) 1.5 eq benzoic acid, 1.5 eq DCC, 3–10 mol% DMAP, CH2Cl2, rt, 5 h; (b) 1 eq formic acid, 1.1 eq
DCC, 3–10 mol% DMAP, CH2Cl2, rt, 5 h; (c) Hg(OAc)2, 70% HClO4, glacial CH3COOH, rt, 48 h; (d) NaCl, H2O, 30 min; I2, CH2Cl2 (dry), 16 h.
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in the replacement of the –HgCl group with an iodine atom. Initially, all
reaction mixtures were analyzed by GC-MS, and the TIC chromato-
grams displayed four peaks, two belonging to monoiodinated tyr-
amides, and two originating from diiodinated derivatives, as inferred
from their mass spectra. In the case of benzamide iodination, the re-
sulting mixture of mono- and diiodinated products was straightfor-
wardly separated by SiO2 chromatography. The major product was the
monoiodinated derivative 3 with the iodine atom introduced ortho to
the methoxy group obtained in 43% yield. The only other possible
monoiodinated derivative (7), I ortho to CH2, also formed but was
isolated in minute quantities (ca. 1%) that permitted us to confirm its
identity by NMR but the amount was insufficient for any biological
tests. The diiodinated products, two regioisomers (2, and the natural
isomer 1), were obtained in approximately equal yields (ca. 15%). In
both isomers, one iodine atom was ortho to the more electron donating
MeO- group, while the other entered either also ortho to MeO- (1) or
went para to the mentioned iodine (2).

The chromatogram of the formamide iodination reaction mixture
suggested that only a single monoiodinated product formed pre-
dominantly, while there were three peaks that corresponded to diio-
dinated formamides. Curiously, after a preparative column chromato-
graphy, we were able to obtain only compound 5, and there were no
fractions that contained the diiodinated derivatives. This could have
been the outcome of decomposition of these diiodo formamides on si-
lica gel.

The position of the iodine atom(s) in 1–3, 5, 7 was(were) un-
ambiguously inferred from their NMR data, presented in Tables 1 and 2,
and in addition to these spectral data, compounds 1–3, and 5 were
additionally characterized by IR and UV spectra. A complete assign-
ment of 1H and 13C NMR resonances was accomplished by a detailed
analysis of 1D and 2D NMR spectra (a series of selective homonuclear
1H decoupling, and grHSQC, grHMBC, gradient 1H-1H COSY, and
NOESY). Several conformational and spectral features of these com-
pounds deserve mention. All 1H and 13C NMR spectroscopic data of
compound 5 provided evidence of the presence of two rotameric forms
due to a slow rotation (on the NMR time scale) around the amide bond,
N–CO (exchange peaks visible in NOESY/ROESY spectra). These species
could be completely characterized, while their ratio in CDCl3 at 25 °C,
based on the integration of well-separated signals in the 1H NMR
spectrum, was 1: 5.56 in favor of the Z-rotamer (antiperiplanar con-
former, Fig. 3). The major rotamer displayed a broad singlet formyl
proton signal, whereas the minor (synperiplanar conformer) isomer gave
a doublet with J= 9.4 Hz for the same proton in agreement with the
higher expected coupling expected for an antiperiplanar orientation of
the HN–CH fragment. The non-iodinated formamide 6 showed a related
conduct to that of 5. Such conformational behavior might be of im-
portance due to two available conformations with possible differential
interaction(s) with the biological target molecule. The HSQC signal of
C1-H1 (within the carbonyl) of the Z-rotamers of 5 (Fig. 3) and 6 ap-
peared as “multiplets” (quartet-like) having the two farthest peaks
corresponding to a 1JCH doublet (192.8 and 192.5 Hz, respectively;
these precise values were determined from 1H coupled 13C NMR
spectra), while the E-rotamers were broadened doublets having a
splitting that is considerably lower than the measured 1JCH (189.3 and
188.7 Hz, respectively; values from 1H coupled 13C NMR spectra).
These are probably artifacts due to a significant mismatch of d2, and/or
d4 delays, optimized to 1JCH = 145 Hz, for the one-bond coupling of
formamide 1H/13C nuclei in question. The value of the one-bond cou-
pling constant is proportional to the bond order (electron density be-
tween the two atoms). One can expect different electron densities in the
two rotamers and therefore different values of 1JCH.

HMBC spectra of 1, 3 and 5 contained cross-peaks that were only
assignable to a four-bond coupling between an Ar-H proton and an ArC-
I carbon atom para to the hydrogen. This was also evident from the 1H-
coupled 13C NMR spectra where, in the case of the monoiodinated
derivatives 3 and 5, the carbon directly bonded to iodine appeared as aTa
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ddd multiplet with 3J= 7.7 Hz, and 2J and 4J were around 2.6–2.9 Hz
and 1.4–1.7 Hz, respectively, while in compound 1 the corresponding
signal was a pseudotriplet with similar 2J and 4J≈ 2.2 Hz. We pre-
viously encountered this long-range coupling apparently facilitated by
the iodine atom in a series of iodinated dehydrodithymols and the re-
lated parent iodinated thymols (Radulović et al., 2016a).

We attempted an alternate synthetic methodology, that avoids
mercuration altogether, centered on a Henry reaction of an appro-
priately substituted benzaldehyde derivative 9 (cf. Supplementary data
file) with nitromethane, however, the reduction of the obtained ni-
trostyrene 10 was unsuccessful either directly, with LiAlH4 or catalytic
hydrogenation, to the diiodinated-O-methyl-tyramine or stepwise
(NaBH4) via the saturated nitro-compound 11. LiAlH4 reduced the ni-
trostyrene to the phenethylamine but also dehalogenated the core. A
similar outcome was noted in the case of the reduction of 11 with
LiAlH4. Pd/C did not catalyze the hydrogenation, and the starting
material was reisolated from the reaction mixtures.

2.2. Toxicological and pharmacological properties

2.2.1. Brine shrimp toxicity
The natural compound (1), and the related iodinated (2, 3 and 5)

and non-iodinated (4) tyramides were screened for their acute toxicity
in an Artemia salina (brine shrimp) lethality assay (Radulović et al.,
2013), in concentrations ranging from 1 to 200 μM. Based on the

survival of nauplii after 24 h of incubation with the test substances,
compounds 3 and 4 exerted the strongest toxic effect, higher than that
of the naturally occurring 1 (Table 3). The 24 h-toxicity was found to
decrease in the following order: 3 > 4> 1 > 2> 5, while the order
changed after a prolonged incubation period (48 h):
1 > 3 > 4 > 2 > 5, with compound 1 as the most toxic one (LD50

(after 48h) = 20 μM). It appears that benzamides (1–4) exerted a more
toxic effect compared to the only formamide tested 5. The presence and
regiochemistry of iodine atoms on the tyramine core seem to play a role
in the toxic profile but does not seem to be apparently regular. If two
iodine atoms were required for a more pronounced toxicity then com-
pound 2 should also be more toxic than 3 and 4, and this is not the case.
The complete absence of iodine in 4 did not result in any significant
drop in toxicity since this compound was among the most toxic ones.
When compared to the positive control (LD50 (after 24 h) = 147.5 μM;
literature values in the range 49–122 μM (Toğulga, 1998), compounds
1–5 all displayed a more pronounced toxicity after 24 h of treatment
and were more toxic or comparable to SDS after 48 h of incubation with
the test substances. It is worth mentioning that the benzamides are all
more toxic than strychnine sulfate (LD50 (after 24 h) ca. 100 μM, Meyer
et al., 1982) in this particular assay. Ephedrine sulfate, a structurally
closer phenethylamine derivative, was found to have LD50 (after 24 h) ca.
500 μM (Meyer et al., 1982) which is an order of magnitude less toxic
effect than that of compounds 3 (LD50 (after 24h) = 50 μM). As mentioned
above, Ananthan et al. (2011) previously reported a toxic activity of the
crude extracts of Didemnum psammatodes in the A. salina nauplii model,
which is in agreement with the current results.

2.2.2. Effects of compounds 1–5 on macrophage viability
To assess the in vitro cytotoxic activity of compounds 1–5, rat

peritoneal macrophages (Mφ) were treated with these compounds for
24 h, and cell viability was determined using the MTT assay. Tested in a
broad range of concentrations (10−7–5x10−4), compounds 1, 3 and 5
(at 10−4–5x10−4 moldm−3) caused a statistically significant decrease
in Mφ viability in the MTT assay (Fig. 4). Compounds 2 and 4 were
found not to statistically alter Mφ viability in the tested concentration
range. The highest tested concentration of compound 5, 5 × 10−4

moldm−3, showed Mφ viability reduction of ca. 50%, whereas cis-
platin, at 10−4 moldm−3, caused a 40% decrease of viability (Fig. 4). It
is interesting to note that all of the tested tyramides displayed their
effect in a relatively narrow concentration range (10−4–5x10−4

moldm−3), and no cytotoxic effects were observed for lower tested
concentrations. When compared to the previously determined LC50 of
compound 1 (65 μmoldm−3) in the case of human U-937 macrophages
(Restrepo et al., 2019), it appears that the rat macrophages are less
sensitive to the action of compound 1 (our LC50 was around
250 μmoldm−3). Other tested related unnatural derivatives having a
methyl, methoxy or a nitro para-substituent on the benzoic acid moiety
were of comparable toxicity to the unsubstituted one (Restrepo et al.,
2019).

A consideration of the structures of the tested tyramides and those
from the literature (Restrepo et al., 2019) suggests that the presence of
iodine is necessary for a pronounced decrease in the cellular reduction

Fig. 3. Expansions of the 1H NMR and grHSQC spectra of compound 5 showing
the presence of two rotamers (designated as E and Z) around the amide bond,
N–CHO.

Table 3
Acute toxicity of N-(3,5-diiodo-4-methoxyphenethyl)benzamide (1), N-(2,5-diiodo-4-methoxyphenethyl)benzamide (2), N-(3-iodo-4-methox-
yphenethyl)benzamide (3), N-(4-methoxyphenethyl)benzamide (4), N-(3-iodo-4-methoxyphenethyl)formamide (5), and SDS (positive control) in
Artemia salina (brine shrimps).

Compound LD50 (μmol/L, after 24 h) LD50 (μmol/L, after 48 h)

N-(3,5-diiodo-4-methoxyphenethyl)benzamide (1) 100.0 20.0
N-(2,5-diiodo-4-methoxyphenethyl)benzamide (2) 145.0 100.0
N-(3-iodo-4-methoxyphenethyl)benzamide (3) 50.0 36.6
N-(4-methoxyphenethyl)benzamide (4) 83.5 56.5
N-(3-iodo-4-methoxyphenethyl)formamide (5) > 200.0 > 200.0
Sodium dodecyl sulfate (SDS) 147.5 92.2
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capacity as measured by the MTT assay (compound 4 was devoid of any
apparent toxicity); however the position of the iodine atom on the
aromatic core of tyramine is also important (all derivatives having I
atom(s) ortho to the OMe group displayed an effect on the reducing
cellular capacity, frequently associated with Mφ mitochondria func-
tioning, except for the derivative that also had an I atom ortho to the
CH2CH2 tether). Going from a benzamide to a formamide had little or
no result of the toxicity of the tyramides. We might speculate that the
observed activity of the tested compounds might be the consequence of
metabolites that are formed from the tyramide derivatives; our guess is
that after the initial hydrolysis (hence the amide identity is of little
importance), the phenethylamines undergo further metabolism to hy-
droxylamines or oximes (Irsfeld et al., 2013), that either act as possible
mitochondrial toxicants, or are converted to the corresponding alde-
hydes (Suzuki et al., 1981). Thus, an ortho voluminous group to the site
of these oxidations would hamper the formation of these possibly more
toxic metabolites.

2.2.3. Effects of compounds 1–5 on macrophage functional properties
We also evaluated the effect of compounds 1–5 on the ability of

Mφs to accumulate neutral red (NR). Viable cells uptake and accumu-
late the weakly basic dye NR into their lysosomes, and any destabili-
zation in the lysosomal membrane results in the reduction of NR re-
tention inside the lysosomes (Radulović et al., 2016b). After a 24-h
incubation period with increasing concentrations of compounds 1–3
and 5, Mφs showed no statistically significant alteration in the accu-
mulation of NR. However, compound 4 lead to a statistically significant
reduction of the uptake of NR in all tested concentrations (Fig. 5). If we
bear in mind the results from the MTT and NR tests, we can see that
compound 4 did not affect the activity of Mφ mitochondria, i.e. the

reducing cellular capacity, while it significantly reduced the dye up-
take. Thus, the observed reduction in the phagocytic function is not the
result of a decrease in the number of Mφ but a specific effect on Mφ
lysosomes. Hence, by exerting an effect on the phagocytosis and/or
phagolysosome involving processes, in all tested concentrations while
not affecting Mφ viability, compound 4 could be classified as being
immunomodulatory, and such activity (effect) can be beneficial in si-
tuations of immune system overactivation. One might also notice that
there is an apparent increase in the uptake of NR by Mφ that were
treated with the natural product 1, that showed a decrease in cellular
reduction capacity (MTT assay) at the highest tested concentration.
Thus, it might be that the more active tyramide derivatives additionally
increase the lysosome ability to retain NR.

In order to investigate the influence of compounds 1–5 on the ad-
herence ability of Mφs, a methylene-blue assay was performed
(Radulović et al., 2017). The adhesion of Mφs represents one of their
main functions in providing a defense role in the organism. Therefore,
any disruption in this property would result in a reduced function of
Mφs and the entire immune system (Abbas et al., 2015). Only com-
pound 1, at a single, not the highest concentration (10−5 moldm−3),
produced a statistically significant decrease in cell adherence (Fig. 6).
The positive control used in the viability assays, cisplatin, did not alter
this Mφ ability, which is in accordance with previous results (Radulović
et al., 2017). We already noted that compound 1 showed a potentiating
effect on the uptake/retention of NR, which is directly linked to the
functioning of the membrane of lysosomes. Cell adherence is likewise
inherently connected to the cell membrane functioning, and we could
expect that similar effects could be expressed on both the lysosomal and
cell membranes, i.e. that the cell membrane stability and consequently
the adherence ability are enhanced. At this concentration (10−5

Fig. 4. The effects of compounds 1–5 (in moldm−3) on macrophage viability based on the MTT assay. Data are presented as mean ± S.D. The statistical significance
was calculated by one-way ANOVA followed by Dunnett's post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. RPMI medium-treated
cells.

Fig. 5. The effects of compounds 1–5 (in moldm−3) on Mφ survival ability estimated by the Neutral red assay. Data are presented as mean ± S.D. The statistical
significance was calculated by one-way ANOVA followed by Dunnett's post-hoc test. **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. RPMI medium-treated
cells.
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moldm−3) compound 1 had not shown any toxicity in the MTT assay.
Upon concentration increase to 10−4 moldm−3, compound 1 might
only appear to have no effect on Mφ adherence, as the outcome could,
in fact, be the result of two opposing effects, reduction in cell viability
and enhancement of the membrane effects.

The main function of myeloperoxidase (MPO), an enzyme present in
phagocytes, is the generation of microbicidal HOCl. High amounts of
MPO are present in neutrophil azurophilic granules, which are mobi-
lized into the phagolysosome vacuole during phagocytosis. MPO is also
present in monocytes and macrophages, although to a lesser degree
than in neutrophils (de Araujo et al., 2013). Compounds 1, 3 and 4
decreased the MPO enzymatic activity in rat peritoneal macrophages in
a statistically significant manner (Fig. 7). Namely, the MPO activity was
reduced in the presence of the lowest tested concentrations of com-
pounds 1 and 4, or at the same concentration (compound 3) as cis-
platin. However, compounds 2 and 5 did not significantly affect MPO
activity in any of the tested concentrations. Previously, im-
munomodulatory effects of higher concentrations of a crude ethanolic
extract of Didemnum albidum on human macrophages were demon-
strated (Ananthan and Iyappan, 2014). However, this extract showed a
stimulating effect on lysosomal enzyme activity (Ananthan and
Iyappan, 2014), which is contrary to our results obtained for MPO
(lysosomal protein) activity.

However, the observed discrepancy could be the outcome of the
comparison of the result of different methods, since the total cellular
lysosomal enzyme activity was determined by an acid phosphatase
method, while we selectively measured MPO activity. Also, the effects
of crude extracts could be different from that of the individual com-
pound(s) and a direct comparison of the results could be misleading,
especially when no chemical analysis accompanying the biological tests
exists, like in the case of the study of Ananthan et al. (2011).

2.2.4. The appearance of Mφs under the influence of the tested compounds
Finally, we wanted to verify/visualize the observed influence of the

tested compounds in the abovementioned assay, and the microscopic
appearance of the treated Mφs was investigated as well. Under the
inverted microscope lens, Mφs cultured in RPMI appeared mostly as
round cells, with occasional spindle-like cells (Fig. 8A). The treatment
with compound 1, in the highest concentration, lead to cell swelling
(Fig. 8B), possibly due to the impact on cell membrane function and/or
cell necrosis, and an increase in cell debris. Similar findings, but with a
certain number of apoptotic cells observed, were seen in Mφs exposed
to cisplatin (Fig. 8C).

Liberio et al. (2014) tested 143 ascidian extracts on the breast
cancer cell line MDA-MB-231 and found that 21 of them possessed
cytotoxic activity. A number of the tested extracts produced noted
changes only after several days of incubation with the cells and the
authors explained such delayed action by metabolic activation, accu-
mulation in the cells, toxic intermediates, etc. (Liberio et al., 2014). One
should have in mind that the mentioned study was done on cancer cells
with a high proliferative index, where cytotoxicity is a desirable effect.
In this work, we tested a selected ascidian metabolite and related
compounds on normal cells of the immune system where cytotoxicity
could be regarded as a drawback. Thus, potential anticancer com-
pounds should exert a cytotoxic effect on malignant cells while having
no or minimal effect of normal healthy cells, like Mφs. In our study,
based on the MTT test results, compounds 1–5 were shown to be safe
for Mφs at concentrations lower than 5 × 10−5 moldm−3. However,
the obtained results should be taken with caution, as cytotoxicity of
ascidian extracts was observed even after 48 h or more, and all our tests
with Mφs lasted only for 24 h (Liberio et al., 2014).

One can conclude that the tested tyramides exert a varying degree of
toxicity towards brine shrimps, and in some cases, the determined LD50

concentrations were even lower than those of known toxicants (e.g.

Fig. 6. The effects of compounds 1–5 (in moldm−3) on Mφ adherence ability estimated using the methylene-blue assay. Data are presented as mean ± S.D. The
statistical significance was calculated by one-way ANOVA followed by Dunnett's post-hoc test. *p < 0.05 vs. RPMI medium-treated cells.

Fig. 7. The effects of compounds 1–5 (in moldm−3) on macrophage MPO activity. Data are presented as mean ± S.D. The statistical significance was calculated by
one-way ANOVA followed by Dunnett's post-hoc test. *p < 0.05 and **p < 0.01 vs. RPMI medium-treated cells.
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strychnine sulfate, SDS). The toxicity was highly dependent on the
structure of these mutually related compounds, while the natural one,
isolated from a marine species (the ascidian Didemnum rubeum), was
shown to be the most toxic one. The presence and the location of iodine
atoms in the molecules could be brought into connection with the ob-
served effects. In the case of macrophage cultures, the tested tyramides
were much less toxic but were found to have an effect on the func-
tioning of these normal cells, most probably by interfering with the
function of cell membranes and changing the reducing cellular capa-
city. One can only speculate that the natural metabolite 1 contributes to
the previously noted cytotoxic activity of a water ascidian extract
known to contain this compound (Solano et al., 2009). Prompted by
such selective toxicity, further work in this direction seems necessary
and justified as immunomodulatory compounds not affecting macro-
phage viability but modulating their function are of interest.

3. Materials and methods

3.1. Synthesis and spectral characterization

3.1.1. Chemicals
All commercially available chemicals were acquired from Sigma-

Aldrich (USA), Merck (Germany), Fluka (Germany) and Carl Roth
(Germany), and used as received with the exception of solvents that
were additionally dried and purified by distillation.

3.1.2. Methods
All reactions were performed in oven-dried (120 °C) glassware

under an atmosphere of dry nitrogen. 1H and 13C NMR spectra were
recorded on a Bruker Avance III spectrometer (Bruker, Fällanden,
Switzerland) operating at 400 and 100.6 MHz, respectively. 2D ex-
periments (ROESY, NOESY and gradient 1H–1H COSY, HSQC, HMBC),
as well as DEPT-90, DEPT-135 and selective 1H homonuclear decou-
pling measurements, were run on the same instrument with the built-in
Bruker pulse sequences. All NMR spectra were measured at 25 °C in
CDCl3 with tetramethylsilane as an internal standard. Chemical shifts
were reported as δ values in parts per million (ppm). Scalar couplings
(J) are reported in Hertz. GC-MS analyses were performed on a Hewlett-
Packard 6890N gas chromatograph equipped with a fused silica capil-
lary column HP-5MS (5% phenylmethylsiloxane, 30 m × 0.25 mm, film
thickness 0.25 μm, Agilent Technologies, USA) and coupled with a
5975B mass selective detector from the same company. The injector
and interface were operated at 250 °C and 320 °C, respectively. Oven
temperature was raised from 150 to 310 °C at a heating rate of 5 °C/min
and then isothermally held for 10 min. As a carrier gas, He at 1.0 mL/
min was used. The samples (1 μL of the corresponding solutions in
CHCl3 (1 mg per 1 mL)) were injected in a pulsed-split mode (the flow
was 1.5 mL/min for the first 0.5 min and then set to 1.0 mL/min
throughout the rest of the analysis: split ratio, 40:1). MS conditions:
ionization voltage 70 eV, acquisition mass range, 35–650 amu, scan
time, 0.32 s. Silica gel 60, particle size distribution 40–63 mm, was used
for column chromatography. Thin layer chromatography (TLC) was
performed on Merck plates (Darmstadt, Germany), layer thickness

0.2 mm with silica gel 60 and fluorescence indicator F254. Visualization
was accomplished with UV light (254 nm) or by spraying with 50% (v/
v) aqueous H2SO4, followed by 2-min heating at 110 °C. IR measure-
ments (ATR-attenuated total reflectance) were carried out using an FT-
IR instrument model 6700 (Thermo Nicolet, Waltham, USA). UV
spectra (in acetonitrile) were measured using a UV-1800 spectro-
photometer (Shimadzu, Tokyo, Japan). Melting points were determined
on MPM-HV2 melting point meter (Paul Marienfeld GmbH & Co. KG,
Lauda-Königshofen, Germany). Microanalysis of carbon, nitrogen, and
hydrogen were carried out on a Carlo Erba Elemental Analyzer model
1106 (Carlo Erba Strumentazione, Milan, Italy) and their results agreed
favorably with the calculated values.

3.1.3. Synthesis of N-(4-methoxyphenethyl)benzamide (4) and N-(4-
methoxyphenethyl)formamide (6)

A solution of 2-(4-methoxyphenyl)ethanamine (1.00 g, 6.6 mmol),
4-(dimethylamino)pyridine (DMAP, 30 mg), N,N′-dicyclohex-
ylcarbodiimide (DCC, 1.50 g, 7.3 mmol), and benzoic (1.21 g,
9.9 mmol) or formic acid (95% w/w, 474 mg, 9.8 mmol) in dry CH2Cl2
(20 mL) was stirred overnight at room temperature protected from at-
mospheric moisture by a CaCl2 guard tube. In the case of formamide
formation, since the used formic acid contained up to 5% of water, the
reaction mixture additionally included solid anhydrous MgSO4 (2 g).
Workup: silica gel (5 g) was added to the obtained suspension, di-
chloromethane removed in vacuo, and the residue dry-loaded onto an
already packed column of SiO2. Gradient elution of the column with
ternary mixtures of hexane, diethyl ether and dichloromethane (from
1:1:1 to 1:1:2, v/v) gave pure 4 and 6 in 75% and 83%, respectively.

3.1.3.1. N-(4-Methoxyphenethyl)benzamide (4). White crystalline
substance; MP 120.7 °C (lit. 123–124 °C, Kincl et al., 1956); Calc. for
C16H17NO2: C, 75.27; H, 6.71; N, 5.49; O, 12.53%. Found: C, 75.12; H,
6.78; N, 5.42; O, 12.68%; FTIR (neat) νmax/cm−1 3314, 3080, 2931,
2833, 1633, 1536, 1510, 1240, 814, 754, 692; UV λmax (CH3CN)/nm
283.2 (log ε 3.37), 275.8 (3.49), 225.2 (4.41) and 194.2 (5.04);
retention time (HP-5MS) = 11.835 min, EI-MS m/z (rel. intensity, %):
255 (M+, 1.5%), 135 (10.1), 134 (100), 121 (20.6), 105 (30.6), 78
(5.3), 77 (21.9), 51 (4.6). For 1H and 13C NMR spectra, see Tables 1 and
2 (Liao et al., 1988).

3.1.3.2. N-(4-Methoxyphenethyl)formamide (6). White amorphous
solid; Calc. for C10H13NO2: C, 67.02; H, 7.31; N, 7.82; O, 17.85%.
Found: C, 67.12; H, 7.20; N, 7.78; O, 17.90%; FTIR (neat) νmax/cm−1

3286, 3080, 2934, 2836, 1654, 1611, 1510, 1440, 1241, 810, 752; UV
λmax (CH3CN)/nm 283.4 (log ε 3.14), 276.8 (3.21), 224.6 (3.99) and
195.0 (4.65); retention time (HP-5MS) = 5.805 min, EI-MS m/z (rel.
intensity, %): 179 (M+, 3.7%), 135 (10.3), 134 (100), 121 (76.9), 119
(8.2), 91 (9.5), 77 (10.9), 51 (3.3). For 1H and 13C NMR spectra, see
Tables 1 and 2.

3.1.4. Iodination of compounds 4 and 6
A mixture of amide 4 or 6 (0.7 mmol), mercury(II) acetate (0.55 g,

1.73 mmol) and one drop of 70% (w/w) perchloric acid in 14 mL of

Fig. 8. Cell appearance in RPMI medium (A) and after the treatment with compound 1 (B) and cisplatin (C), at the concentration of 10−4 M, at a magnifica-
tion × 100.
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glacial acetic acid was stirred for 48 h at room temperature. The reac-
tion was quenched with 31 mL saturated solution of sodium chloride in
water and subsequently stirred additionally for 30 min at room tem-
perature. The precipitated arylmercuric chlorides were centrifuged and
dried under reduced pressure. Then, the stirred suspension of the crude
arylmercuric chlorides in dry CH2Cl2 (20 mL) was treated with a solu-
tion of iodine (0.44 g, 1.73 mmol) in 10 mL dry dichloromethane. The
stirring was continued for 16 h and then the precipitate was filtered off.
The filtrate was washed with sodium thiosulfate solution and water,
dried over anh. MgSO4 and the solvent evaporated. The crude products
(mixtures of mono and diiodinated benzamide and formamide deriva-
tives) were separated by an isocratic column chromatography using
hexane/diethyl ether/dichloromethane (3:1:1 or 1:1:1, respectively).

3.1.4.1. N-(3,5-Diiodo-4-methoxyphenethyl)benzamide (1). White
crystalline substance; MP 127.7 °C; Calc. for C16H15I2NO2: C, 37.90;
H, 2.98; I, 50.05; N, 2.76; O, 6.31%. Found: C, 37.78; H, 2.85; N, 2.78%;
FTIR (neat) νmax/cm−1 3280, 3060, 2928, 1628, 1533, 1458, 1245,
995, 866, 692; UV λmax (CH3CN)/nm 288.4 (log ε 3.45), 222.6 (4.64),
and 193.0 (4.90); retention time (HP-5MS) = 18.131 min, EI-MS m/z
(rel. intensity, %): 507 (M+, 0.7), 386 (100), 380 (23.3), 373 (6.8), 260
(13.9), 246 (1.9), 244 (3.6), 207 (5.9), 105 (91.5), 77 (38.9), 51 (7.6).
For 1H and 13C NMR spectra, see Tables 1 and 2.

3.1.4.2. N-(2,5-Diiodo-4-methoxyphenethyl)benzamide (2). White
crystalline substance; MP 192 °C; Calc. for C16H15I2NO2: C, 37.90; H,
2.98; I, 50.05; N, 2.76; O, 6.31%. Found: C, 37.82; H, 2.96; N, 2.73%;
FTIR (neat) νmax/cm−1 3293, 3080, 2910, 2830, 1625, 1540, 1478,
1243, 1052, 880, 830, 692, 595; UV λmax (CH3CN)/nm 298.0 (log ε
3.98), 241.0 (4.68), 213.6 (4.93) and 193.0 (5.12); retention time (HP-
5MS) = 18.201 min, EI-MS m/z (rel. intensity, %): 507 (M+, 0.7), 387
(9.6), 386 (100), 380 (25.7), 373 (7.5), 260 (3.8), 105 (80.3), 77 (35.2),
51 (6.4). For 1H and 13C NMR spectra, see Tables 1 and 2.

3.1.4.3. N-(3-Iodo-4-methoxyphenethyl)benzamide (3). White crystal-
line substance; MP 141.2 °C; Calc. for C16H16INO2: C, 50.41; H, 4.23;
I, 33.29; N, 3.67; O, 8.39%. Found: C, 50.53; H, 4.15; N, 3.70%; FTIR
(neat) νmax/cm−1 3241, 3090, 2930, 2830, 1630, 1538, 1489, 1250,
860, 807, 697, 595; UV λmax (CH3CN)/nm 283.0 (log ε 3.77), 225.0
(4.72) and 194.0 (5.12); retention time (HP-5MS) = 15.502 min, EI-MS
m/z (rel. intensity, %): 381 (M+, 0.4), 260 (100), 247 (8.0), 245 (6.0),
134 (1.4), 118 (2.2), 105 (44.5), 77 (25.4), 51 (5.7). For 1H and 13C
NMR spectra, see Tables 1 and 2.

3.1.4.4. N-(2-Iodo-4-methoxyphenethyl)benzamide (7). Retention time
(HP-5MS) = 15.142 min, EI-MS m/z (rel. intensity, %): 381 (M+,
0.9), 260 (100), 254 (9.1), 247 (14.6), 134 (1.4), 120 (6.1), 105
(55.4), 91 (4.1), 77 (27.7), 51 (6.8). For 1H and 13C NMR spectra, see
Tables 1 and 2.

3.1.4.5. N-(3-Iodo-4-methoxyphenethyl)formamide (5). White crystal-
line substance; MP 80.5 °C; Calc. for C16H16INO2: C, 39.36; H, 3.96; I,
41.59; N, 4.59; O, 10.49%. Found: C, 39.41; H, 3.85; N, 4.55%; FTIR
(neat) νmax/cm−1 3274, 3021, 2939, 2865, 1647, 1372, 1250, 865,
812, 763, 594; UV λmax (CH3CN)/nm 290.2 (log ε 2.21), 283.0 (2.23),
204.6 (3.24) and 198.2 (3.25); retention time (HP-5MS) = 10.039 min,
EI-MS m/z (rel. intensity, %): 305 (M+, 4,5), 260 (100), 247 (32.1), 245
(8.4), 231 (1.2), 118 (3.6), 90 (14.6), 77 (12.5), 51 (3.3). For 1H and
13C NMR spectra, see Tables 1 and 2.

3.1.5. Synthesis of 4-hydroxy-3,5-diiodobenzaldehyde (8)
To a well stirred, cooled (12–15 °C) suspension of 4-hydro-

xybenzaldehyde (3.00 g, 24.6 mmol) in aqueous sodium hydro-
gencarbonate (3.10 g, 36.9 mmol, NaHCO3 in 20 mL of water), solid
pulverized iodine (6.2 g, 24.6 mmol) was added in small portions.
Stirring was continued for 30 min at room temperature, and then the

reaction mixture was neutralized with HCl solution (10%, w/w), and
extracted with ethyl acetate. The dried (anh. MgSO4) ethyl acetate
phase was evaporated in vacuo. 4-Hydroxy-3-iodobenzaldehyde was
taken up in diethyl ether from the solid residue. The remaining white
solid represented pure 4-hydroxy-3,5-diiodobenzaldehyde. Yield for 8
was 1.0 g (29%). 1H NMR spectrum of the obtained pure substance
corresponded to literature values (Kiran et al., 2006); see Supplemen-
tary data file.

3.1.6. Synthesis of 3,5-diiodo-4-methoxybenzaldehyde (9)
Methyl iodide (0.4 g, 2.8 mmol) was added to a suspension of 4-

hydroxy-3,5-diiodobenzaldehyde (8, 1.0 g, 2.7 mmol) and anhydrous
potassium carbonate (0.75 g, 5.5 mmol) in dry N,N-dimethylformamide
(10 mL). After 24 h of stirring at room temperature, water (40 mL) was
added and the obtained mixture extracted with Et2O (50 mL, 3×). The
combined organic layers were washed excessively with brine, and the
formamide-free ether solution dried over anhydrous MgSO4 and the
solvent evaporated. Yield for 9 was 0.72 g (69.2%); for experimental
data see the Supplementary file.

3.2. Toxicological/pharmacological assays

3.2.1. Drugs and chemicals used in pharmacological assays
Cell culture medium (RPMI medium, acquired from Sigma-Aldrich,

St. Louis, MO, USA) used for cell-related experiments consisted of RPMI
1640 with 20 mmoldm−3 HEPES and L-glutamine, without sodium bi-
carbonate, containing 5% (w/v) fetal bovine serum, 200 mgmL−1

streptomycin (AppliChem, Darmstadt, Germany) and 200 IU mL−1

penicillin (AppliChem, Darmstadt, Germany). Cisplatin, a standard cy-
totoxic drug, was acquired from Teva (Belgrade, Serbia) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) used for
cell viability determination was obtained from Sigma-Aldrich (St. Louis,
MO, USA).

3.2.2. Acute toxicity – Artemia salina model
Acute toxicity in Artemia salina was evaluated using the method

previously described by Radulović et al. (2013). Final concentrations of
the tested samples dissolved in aqueous dimethyl sulfoxide (DMSO)
were as follows: 1–200 μM, whereas the final concentration of DMSO
was much less than 1% (v/v). DMSO was inactive under the started
conditions as demonstrated by a negative control. Dead nauplii were
counted after 24 and 48 h. All tests were performed in triplicate. LC50

(concentration lethal to 50% of nauplii) were determined after statis-
tical analysis. Sodium dodecyl sulfate (SDS) was used as the positive
control.

3.2.3. Animal housing, cell isolation, and cultivation
In this experiment male and female Wistar rats (250–300 g) were

used. The animals were housed under standard laboratory conditions
(temperature 22 ± 2 °C, humidity 60%, with food and water available
ad libitum) in the Vivarium of the Institute of Biomedical Research, at
the Medical Faculty, University of Niš. All experimental procedures
with the animals were conducted in compliance with the declaration of
Helsinki and European Community guidelines for the ethical handling
of laboratory animals (EU Directive of 2010; 2010/63/EU) and were
also approved by the local Ethics Committee (No. 323-07-06862/2016-
05/2).

Rats were intraperitoneally injected with thioglycolic acid, as de-
scribed previously, in order to induce recruitment of circulatory
monocytes and proliferation of resident peritoneal macrophages
(Radulović et al., 2014, 2017). Elicited peritoneal macrophages (Mφs)
were isolated following previously described standard procedures and
viable cell suspensions (determined using trypan blue staining; > 95%
of viable cells) were set to 2.5 × 106 viable cells per mL. Cells were
transferred to 96-well microtiter plates and allowed to adhere to the
surface for 1.5 h at 37 °C under 5% (v/v) CO2 atmosphere.
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3.2.4. Macrophage ability to metabolize MTT (Viability assay)
After the initial step of adherence, Mφs were exposed to different

concentrations of cisplatin (4 × 10−8–7 × 10−6 moldm−3) or com-
pounds 1–5 in concentrations that were water soluble (ranging from
10−7 to 5 × 10−4 moldm−3), dissolved in RPMI medium, and further
incubated for 24 h at 37 °C under 5% (v/v) CO2 atmosphere. Cell via-
bility was checked after the incubation period using a standard MTT
(5 mgmL−1) assay (Radulović et al., 2017). The formation of formazan
crystals, 4 h later, was evaluated and the absorbance of each well was
recorded at 540 nm (Multiscan Ascent, Labsystems, Finland). The ac-
tivity of the tested compounds was expressed as % of viability based on
the formed formazan crystals relative to the one produced by the RPMI-
medium cultured cells. All experiments were done in triplicate and
repeated three times.

3.2.5. Evaluation of macrophage functional properties
3.2.5.1. Neutral red assay (Lysosomal function evaluation). This assay
utilizes neutral red (NR), a dye which penetrates into normal lysosomes
and stains them (Radulović et al., 2017). Briefly, after a 24-h incubation
period with the tested compounds, following the protocol described in
the previous section, the medium was removed, cells washed and
incubated with NR for an additional 2 h. After that, excess dye was
removed, the plates were washed and a destaining solution (ethanol:
water: acetic acid = 5:5:1, v/v/v) was added. The amount of the
extracted/remaining dye was measured at 540 nm. The obtained
results were presented as % of cells ability to retain NR relative to
the same ability of RPMI-medium cultured cells. All experiments were
done in triplicate and repeated three times.

3.2.5.2. Methylene blue assay (Adherence ability evaluation). The
adherence ability of Mφs, exposed to cisplatin or compounds 1–5 in
the same concentrations as described in section 3.2.4, was evaluated
using a methylene blue-staining protocol (Radulović et al., 2017). The
treatment was performed during the initial step of Mφ adherence for
1.5 h. After this period, cells were fixed in methanol and stained for
30 min with 1% (w/v) methylene blue solution. Excess dye was
removed by a subsequent wash with distilled water and the
remaining cell-retained dye was extracted using a mixture of ethanol
and 0.1 moldm−3 hydrochloric acid (1:1, v/v). The absorbance of the
extracts from each well was recorded at 620 nm and the results are
presented as % of adhered cells relative to the absorbance measured for
the RPMI-medium cultured cells. All experiments were done in
triplicate and repeated three times.

3.2.5.3. Myeloperoxidase (MPO) activity determination. Primary Mφ
cultures were exposed to cisplatin and compounds 1–5 in the same
concentrations as described in section 3.2.4. The activity of MPO was
determined using 1,2-diaminobenzene as a color reagent and the
enzymatic reaction was initiated with the addition of H2O2

(Radulović et al., 2014). The reaction was stopped with an H2SO4

solution (1 M) and the optical densities (ODs) of the formed product
were determined at 540 nm. The results are expressed as ODs
(absorbance at 540 nm) × 1000. All experiments were done in
triplicate and repeated three times.

3.2.5.4. Microscopic examination of Mφs. After 24 h of incubation of
Mφs exposed to cisplatin and compounds 1–5, the cells were observed
using a light microscope Zeiss Z1 AxioObserver (Carl Zeiss, Göttingen,
Germany), with optical magnifications of 100 and 200. Changes in the
number, shape and morphological characteristics of Mφs were observed
and described.

3.3. Statistical analysis

The results of biological assays were expressed as the mean ± S.D.
Statistically significant differences were determined by one-way

analysis of variance (One-Way ANOVA) followed by Dunnett's post-hoc
test for multiple comparisons (GraphPad Prism version 5.03, San Diego,
CA, USA). Probability values (p) less than 0.05 were considered sta-
tistically significant.
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