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ARTICLE INFO ABSTRACT

Keywords: The involvement of oxidative stress in the aetiology of various multifactorial diseases is well known, just as the
Antioxidant design of multifunctional compounds is recognized as an innovative strategy to control complex-spectrum dis-
Multifunctional

eases. The purpose of this work was to synthesize a small library of six benzothiazole derivatives with hydrazonic
spacers and to evaluate their multifunctional efficacy in terms of antioxidant, UV-filtering, antiproliferative, and
anti-inflammatory activities. From the SAR study it emerged that the hydrazone linker, when coupled with a
hydroxyl group in position 4 and another hydroxyl or methoxyl in position 3, seems to direct the profile of the
molecule towards multifunctionality. The antitumor activity against melanoma cells seems to be related to the
inhibition of tyrosinase (BZTidr10-12). All the compounds of the series have shown to be direct inhibitors of 5-
lipoxygenase (5-LO). In particular, compound BZTidr12, with an ICsg of 0.03 pM, proved to be the most potent
inhibitor of the series against isolated 5-LO activity in a cell-free assay.

Anti-inflammatory
Skin-desease
Eterocycle

1. Introduction

Multifactorial diseases, which involve multiple biological pathways
and complex pathophysiological issues, pose significant treatment
challenges. Combination therapies targeting individual pathways or
symptoms often raise concerns about cost, patient adherence, and
adverse drug interactions, potentially diminishing efficacy and
increasing side effects [1-3]. Multifunctional compounds combine
several multiple biological activities into a single molecule, potentially
offering enhanced therapeutic effects by simultaneously targeting
various disease pathways while reducing adverse effects [4-6]. The
design of multifunctional compounds is of significant interest for the
treatment of diseases that lack adequate therapeutic options to date.

Skin cancers—including melanoma and non-melanoma forms—are a
widely disseminated and multifactorial group of diseases that represent
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a promising area of application for multifunctional compounds. Skin
cancer incidence is rising due to the depletion of the ozone layer and
increased exposure to ultraviolet (UV) radiation [7], with UVA-induced
reactive oxygen species (ROS) damaging DNA and potentially causing
mispairing, mutations, and uncontrolled cell proliferation [8-10]. UV
exposure also activates pro-inflammatory processes that contribute to
skin cancer development [11-13]. Our research aims at developing
multifunctional compounds for the prevention and treatment of skin
diseases such as melanoma by focusing on new chemical entities that
combine broad-spectrum photoprotection, antioxidant activity,
anti-inflammatory effects, and antiproliferative properties. 2-Phenyl-1-
H-benzimidazole-5-sulfonic acid (PBSA)—a well-established UVB fil-
ter—was chosen as a lead compound, though it lacks UVA protection
and antioxidant properties. Structural modifications implemented in
previous studies have generated bioisosteric analogs of PBSA with
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enhanced biological activities, where (i) the benzimidazole core is
replaced by other heterocycles, (ii) the length and nature of the linker
bridge have been explored, and (iii) the phenyl ring has been decorated
with different functional groups. By screening libraries of benzofuran
hydrazones, indole hydrazones, benzimidazole hydrazones, 2-arylbenzi-
midazoles, 2-arylbenzothiazoles and benzothiazole derivatives, several
promising candidates were identified with improved antioxidant, pho-
toprotective and antiproliferative properties [14-20].

Recently our focus turned towards the benzothiazole scaffold, a
structure widely represented in antimicrobial, anticancer, anticonvul-
sant, neuroprotective, anti-inflammatory, and antioxidant drug candi-
dates [21-29]. Based on previous screening results, our current aim was
the synthesis and characterization of a small library of benzothiazole
hydrazone derivatives as potential multifunctional agents for the pre-
vention and treatment of skin-related diseases, and the investigation of
their SAR profile regarding the influence of different spacers and sub-
stituents on bioisosteric cores, thereby combining the results of this se-
ries with those of previous investigations.

Sunscreens are traditionally assessed by their capacity to absorb ul-
traviolet (UV) radiation and prevent erythema; however, emerging
research reveals the critical need for formulations that also mitigate
UVA-induced oxidative stress and downstream inflammatory responses.
UVA radiation penetrates deeper into the dermis compared to UVB,
generating ROS that provoke lipid peroxidation, DNA damage, and
activation of pro-inflammatory signaling pathways, including the 5-lip-
oxygenase (5-LO) pathway [30,31]. Conventional single-molecule UV
filters such as avobenzone provide effective UVA protection but lack
intrinsic antioxidant or anti-inflammatory properties [32]. Meanwhile,
natural antioxidants like ferulic acid exhibit marked radical-scavenging
activity [33], yet their application is limited due to rapid photo-
degradation and insufficient UVB absorption. By integrating a benzo-
thiazole chromophore—known for strong absorption in the UVA and
UVB spectra [34]—with a redox-active hydrazone linker capable of
reducing ROS formation and inhibiting 5-LO-mediated inflammation,
our hybrid molecules strategically address both photoprotective and
pharmacological gaps. This dual-action design potentially offers
improved broad-spectrum photoprotection alongside anti-inflammatory
efficacy, fulfilling a significant unmet need in topical photoprotection
technologies.

2. Results and discussion
2.1. Chemistry

Spurred by the promising results of previously disclosed benzothia-
zole acylhydrazones derivatives (BZTidr1-6) [20], we synthesized a
library of benzothiazol hydrazones (compounds BZTidr7-12) by an
adequate shortening of the linker system, previously adopted in order to
keep a minimal n-conjugated carbon-nitrogen atom sequence on the
linker (Scheme 1) in order to complete the SAR profile of these 12
hydrazone derivatives and evaluate the influence of the two different
linkers. Target compounds were synthesized as shown in Scheme 2:
starting material 2-aminothiophenol (1) was treated with potassium
thiocyanate in strong acidic aqueous medium, at reflux condition, for
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Scheme 2. Synthetic route to compounds BZTidr7-12. Reagents and condi-
tions: a) KSCN, HCl 4 N, 24 h, reflux. b) NoH4-H,0 (25 % w/w), abs. EtOH,
48 h, reflux. ¢) Ar-CHO, EtOH, 2-5 h, 60°C.

24 h to afford 2-mercaptobenzo[d]thiazole (2). After recrystallization, it
was reacted with a solution of hydrazine hydrate, at reflux condition, for
48 h, delivering the required intermediate 2-hydrazinobenzo[d]thiazole
3 in good yield. Finally, target compounds BZTidr7-12 were obtained in
almost quantitative yield from classical amine-aldehyde condensation in
EtOH, at 60 °C, for 2-5 h. All the synthesized compounds were in
agreement with expected analytical data: identification of target ben-
zothiazole hydrazones was achieved through spectroscopic techniques
FT-IR, 'H-NMR and '3C-NMR; the purity was assessed through HPLC-UV
analysis (spectral data are given in the Supporting Information).
Appearance of a strong C=N stretching band between 1598 and
1625 cm ™! was observed in final products, diagnostic for the formation
of an azomethine bond. In the 'H-NMR spectra of compounds
BZTidr7-12 chemical shift values for the -NH- and -OH protons fall in
the range 11.97-12.06 ppm and 9.20 — 9.86 ppm, respectively. Ac-
cording to the literature, the presence of a singlet downfield resonating
signal in the range 8.27-8.87 ppm, relative to the proton of the azo-
methine group, exclusively accounts for formation of E-isomers [35].

2.2. Antioxidant activity

Comprehensive antioxidant compound profiling requires several
assays, since antioxidant effects can be the result of multiple mecha-
nisms [36]. All synthesized compounds were therefore evaluated in
three different antioxidant assays, encompassing two different in vitro
single electron transfer (SET) methods — namely 1,1-diphenyl-2-picryl-
hydrazyl radical-scavenging activity (DPPH) and ferric reducing anti-
oxidant power (FRAP) - as well as one in vitro hydrogen atom transfer
(HAT) method (oxygen radical absorbance capacity (ORAC)) [37].
Antioxidant activity data are summarized in Table 1. For FRAP and
ORAC assays, data are expressed as micromoles of Trolox equivalents
per gram of sample (umolTE/g), whereas for better interpretation of
results from the DPPH assay, values are reported as ICsg.
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this work
BZTidr7 R;=H;R,=H
BZTidr8 R;=H;R,=OH
BZTidr9 R;=H; R,=OCH;
BZTidr10 R;=OH; R,=OH
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Scheme 1. Design of benzothiazole hydrazones BZTidr7-12.
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Table 1
Antioxidant activity of benzothiazole hydrazones BZTidr7-12.
Compound  Ar DPPH" FRAP® ORAC"
ICso (ug/ (umolTE/g) (umolTE/g)
mL)
BZTidr7 18.48 2354.91 <L0Q"
+172.86
+1.28
BZTidr8 13.57 7176.12 27,607.86
+ 180.61 +129.71
+ 0.59
OH
BZTidr9 22.32 2211.22 2526.80
+ 22.76 +19.96
+2.27
/
(0)
BZTidr10 OH 4.66 11117.52 9446.17
=+ 561.97 + 65.04
+ 0.54
OH
BZTidr11 OH 2740 2408.06 9816.83
+ 200.97 + 555.75
+ 0.32
/
O
BZTidr12 0\ 100.86 4803.96 23,250.54
+ 369.13 +1169.01
+ 5.78°
OH
BZTidr4 OH 3.27 5506.15 not available
=+ 120.52
+0.21
OH
Ferulic - 9.90 6872.60 15,906.40
Acid +0.7 +10.7 +14.2

@ Each value is the mean of at least three independent experiments (N > 3,
mean + SD).

b Below limit of quantification.

¢ Staining formation observed.

S
)—NH
N

N:\
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The series displayed excellent radical scavenging activity, with
DPPH inhibition around 90 % for all compounds even at 0.1 mg/mL
(data not shown). Subsequent ICs( analyses revealed values in the low
single- or double-digit micromolar range for all compounds, high-
lighting this class’s exceptional antioxidant and radical scavenging po-
tential. An exception is the 3-methoxy-4-hydroxybenzilidene derivative
BZTidr12, where a persistent yellow/orange stain that hampered
absorbance detection. Because most derivatives showed similar activity
regardless of substitution pattern, we hypothesize that the linker struc-
ture may negatively affect antioxidant capacity. The presence of an
electron-withdrawing group (EWG) in para position appears beneficial,
likely by enhancing electron delocalization on the aromatic ring. Indeed,
the 4-hydroxybenzilidene derivative BZTidr8 and the 3,4-dihydroxy-
benzilidene derivative BZTidr10 exhibited the lowest ICsy values of
the series, with the latter surpassing even the efficiency of the reference
compound ferulic acid (p = 0.0139). The profile of BZTidr10 is similar
to that of BZTidr4 in the acyl-hydrazon series (p = 0.0770), confirming
that the catecholic function, in both cases, provides considerable anti-
oxidant activity. Conversely, an electron-donating group (EDG) in the
same position might hinder delocalization; thus, hydrazones BZTidr9
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and BZTidrl1, each bearing a -OMe group in para position, display
slightly higher ICso values compared to the other series members, such
as BZTidr7, which has no substituent (p = 0.1263 and p = 0.0107,
respectively). The antioxidant activity observed in the FRAP test was
consistent with the DPPH results. Thus, all tested compounds demon-
strated remarkable potency, and BZTidr8, BZTidr10, and BZTidr12
showed the highest values in the series (with highly statistically signif-
icant p-values against the other compounds in the series, ranging from
0.0266 < p < 0.0001), suggesting that an EWG group in para position
can facilitate electron delocalization and enhance overall antioxidant
efficacy.

The ORAC test was carried out to confirm the antioxidant data and to
extend the activity profile of the candidates. Except for hydrazone
BZTidr7, which showed no activity, all derivatives demonstrated the
ability to quench peroxyl radicals, thereby preventing the oxidative
degradation of fluorescein. The 4-methoxybenzilidene derivative
BZTidr9 exhibited weak radical quenching properties, while hydrazone
derivatives BZTidr8 and BZTidr12 proved to be the best performing
candidates in this assay, surpassing even the efficiency of the potent
antioxidant ferulic acid (p = 0.0001 and p = 0.0004, respectively).
Indeed, compound BZTidr8 produced an outstanding value of 27,607
+ 130 pmol TE/g, which was one of the highest ever recorded by our
group for a synthetic antioxidant molecule. Unexpectedly, the 3,4-dihy-
droxybenzilidene derivative BZTidr10, despite having the best perfor-
mance in other assays, displayed good antioxidant capacity, which is,
however, modest compared to BZTidr8 and BZTidr12 (p = 0.0001 and
p = 0.0005, respectively).

The discrepancies between the DPPH/FRAP values and ORAC values
are most likely due to the different mechanisms involved. In SET-based
reactions, dissociation of the phenolic proton is crucial for subsequent
electron transfer, so the presence of an EWG near the hydroxyl moiety
facilitates this step. In contrast, in HAT-based mechanisms, the hydrogen
atom transfer can be slightly hindered by an EWG but enhanced by an
adjacent EDG, such as a methoxy group.

2.3. Evaluation of in vitro UV-filtering parameters

2.3.1. UV-filtering parameters in solution

As the UV absorbance capacity is strictly related to the sunscreen
performance of a UV filter and to its sun protection factor (SPF), the
maximum absorption wavelength (Apax) and the molar extinction co-
efficient (€) of each derivative in DMSO:MeOH solution were evaluated
and their absorption spectra recorded (Figure S1). Benzothiazole
hydrazone derivatives BZTidr7-12 (Table 2) showed very similar ab-
sorption spectra profiles among each other. Their Apax falls in the UVA
range between 333.40 (BZTidr7) and 342.30 nm (BZTidr12) and their
€ is calculated in the range 38,569.62-43,456.09. Those values confirm
the high UV absorption capacity of this class of benzothiazole de-
rivatives, which seems to be related to the linker structure, rather than to
the number and nature of substituents on the aryl moiety.

A slight bathochromic effect can be noted for compounds BZTidr9
and BZTidr11, bearing a methoxy group in position 4 of the aromatic

Table 2
Spectral data from spectrophotometric analysis of benzothiazole derivatives
BZTidr7-12.

Compound Amax (nm) € (dm® mol ! em™1)
BZTidr7 333.3 38,569.62
BZTidr8 337.5 38,706.20
BZTidr9 336.8 43,456.09
BZTidr10 341.4 39,017.09
BZTidr11 340.3 43,218.56
BZTidr12 342.3 39,206.59
PBSA 304.5 23,881.86

@ Calculated by applying the Lambert-Beer equation with the absorbance
recorded at Ayay.



R. Barbari et al.

ring: those derivatives were the only ones that displayed € values above
40,000, almost doubling the € of reference UVB filter PBSA that does not
show any absorption in the UVA region, as suggested by its Apnax of
304.50 nm. It can therefore be deduced that for these derivatives the
inclusion of an EDG group in para position can moderately increase the
UV absorption capacity of the candidate filter.

2.3.2. UV-filtering parameters in formula

Pursuing the aim of developing multifunctional compounds with
multiple biological activities, the synthesized benzothiazole hydrazones
were evaluated for potential sunscreen application. All candidates were
incorporated in a suitable cosmetic formulation at 3 % and their pho-
toprotective efficacy evaluated using the Diffey-Robson method [38].
The formulation consists of a standard O/W emulsion suitable for sun-
screen application: each benzothiazole derivative was heat-solubilized
in a standard oil-phase, then dispersed into the formulation at the
same temperature using a turbo emulsifier and mixed until cooling. The
emulsion was then spread on polymethylmethacrylate plates (PMMA)
prior to recording the transmittance spectra. The UV-filtering parame-
ters to evaluate efficacy requirements for potential sunscreen applica-
tions, namely SPF value, UVA protection factor value (UVAPF), the
UVA/UVB ratio, and the critical wavelength (Ac), were obtained from
elaboration of the transmittance spectra using SPF calculator software
and are listed in Table 3.

According to the Food and Drug Administration [39], a sunscreen, to
be considered broad-spectrum, and thus able to protect the skin from
both UVA and UVB rays, should have a Ac value above 370 nm: all the
compounds listed in Table 3 could therefore be classified as
broad-spectrum. According to EU guidelines [40] a sunscreen product
must have minimum efficacy requirements including an SPF value of 6
(or higher), a UVA/UVB ratio of 1/3, and a critical A value (Ac) greater
than 370 nm. Although none of the compounds met the minimum SPF
criterion at the concentration tested, they all fully met the other two
requirements and showed noteworthy values compared to the com-
mercial filter PBSA. It should be noted, in particular, that all compounds
exhibit a UVA/UVB ratio greater than 1, far above the threshold value
established by the EU. These values reflect the tendency of benzothia-
zole derivatives to absorb UV light preferentially in the UVA range,
making them suitable for broad-spectrum photoprotection applications.
The presence of auxochromic groups at the para position, such as hy-
droxyl, enhances the filtering ability of benzothiazole hydrazone de-
rivatives, as evidenced by the higher SPF and UVAPF values recorded for
compounds BZTidr8, BZTidr10 and BZTidr12, underlining a greater
contribution of the hydrazonic linker to this activity than the former
acyl-hydrazonic (BZTidr4).

2.3.3. Photostability
A sunscreen must be accompanied by photostability data that can be

Table 3
Photoprotective parameters for benzothiazole compounds BZTidr7-12 at 3 % in
O/W sunscreen formulation.

Compound SPF UVAPF UVA/UVB Ac” (nm) CoV%
BZTidr7 1.88 2.18 1.21 381 0.88
BZTidr8 4.93 6.02 1.42 372 1.66
BZTidr9 3.44 3.31 1.50 371 1.00
BZTidr10 4.53 7.61 1.69 374 1.56
BZTidrl1 1.87 2.90 1.52 375 1.15
BZTidr12 3.40 5.67 1.59 374 0.91
BZTidr4 1.53 1.65 1.05 389 0.61
PBSA 1.91 1.13 0.67 357 0.32

@ Wavelength at which the integral of the spectral absorbance curve reaches
90 % of the area under the curve from 290 to 400 nm. For each sample, five
consistent measurements with a CoV% value < 3 % were selected. Each value is
the mean of at least three independent experiments. The standard deviation is
not shown in the table as it was less than 10 % in all cases.
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obtained, according to criteria established by Garoli et al. [41], by
recording pre- and post-irradiation transmittance spectra (in the range
of 290-400 nm) of PMMA plates with finger-coat formulations subjected
to a dose of UVA capable of causing erythema.

Using Equations [1] and [2] (Supporting Information), the residual
percentage of SPF in vitro (% SPFe¢) and UVAPf (% UVAPfs) were
obtained and are listed in Table 4: if greater than or equal to 80, they can
classify a filter as being photostable, according to the regulatory aspect
[42].

In terms of %SPFeff. all compounds showed complete photostability.
It should be noted that for compound BZTidr9, BZTidr10 and BZTidr11
a noteworthy increment in the UVAPF after irradiation was recorded.
However, this unexpected behaviour was not coupled with Ay,x values
shifting for any of those compounds (data not shown), which could have
been related to photoisomerization processes.

2.3.4. Booster activity

In order to fully understand the photoprotective profile of the ben-
zothiazole candidates for sunscreen activity, we subdued our candidates
to a booster effect evaluation test, a very appreciated approach to ach-
ieve similar SPF values but with lower filter concentrations. During the
formulation stage of a sunscreen product, those ingredients that lead to
an increment of the final SPF or UVAPf value are defined as UV-boosters
as they can enhance the UV protection of the product. Boosters can be
small molecules, polymers, or nanosized particles, that could act on the
rheological properties of the formulation, on the solubilization of the
filter, or can synergistically interact with UV filters through antioxidant
mechanisms, for example, quenching of ROS produced upon filter
photoexcitation, or photochemical mechanism, like triplet-triplet
quenching, or they can preserve the UV-filter itself from degradation
[43].

We decided to subject only candidates showing the best antioxidant
and photoprotective activity in the previously conducted test to booster
activity evaluation; also, limited cytotoxic effects on healthy keratino-
cytes was considered a mandatory requirement in the view of a topical
skin application of those potential UV filters. Thus, compounds BZTidr8,
BZTidr10 and BZTidr12 were incorporated at 3 % concentration into a
standard sunscreen formulation (SSF) with labelled SPF and UVAPF
values of 30 and 10, respectively, and the photoprotective parameters
were evaluated pre- and post-irradiation with a solar simulator as
described above. Results are listed in Table 5.

The SSF alone shows minimal photosensitivity and loses almost 18 %
of its SPF value and 11 % of UVAPf value during sunlight irradiation,
thus maintaining at least 80 % of its photoprotective potential. There-
fore, it can be considered photostable. Outcomes of the recorded spectra
show that benzothiazole derivatives BZTidr8, BZTidr10 and BZTidr12
were able to moderately increase the SPF of the sunscreen formulation,
with new SPF values ranging from 50.65 (19.94 % increase) to 56.87
(34.67 % increase), and slightly increase the UVAPf, with new values
recorded in the range between 13.69 (12.86 % increase) and 14.15
(16.65 % increase). It is also worth mentioning that selected

Table 4

Photostability parameters of benzothiazole hydrazones BZTidr7-12 calculated
with equations [1] and [2]. For each sample, five consistent measurements with
a CoV% value < 3 % were selected. Each value is the mean of at least three
independent experiments. The standard deviation is not shown in the table as it
was less than 10 % in all cases.

Compound %SPFeff. %UVAPfeff.
BZTidr7 102.17 106.42
BZTidr8 104.00 99.00
BZTidr9 104.56 127.79
BZTidr10 106.65 206.40
BZTidr11 105.05 167.93
BZTidr12 102.26 103.88
PBSA 103.66 100.00
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Table 5
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Photoprotective parameters of selected benzothiazole derivates at 3 % concentration in a standard sunscreen formulation (SSF). For each sample, five consistent
measurements with a CoV% value < 3 % were selected. Each value is the mean of at least three independent experiments. The standard deviation is not shown in the

table as it was less than 10 % in all cases.

Condition Pre-irradiation Post-irradiation

UV-parameter SPF UVAPf CoV% SPF UVAPf CoV% %SPFg;. %UVAPfg.
SSF 42.23 12.13 1.57 35.00 10.88 1.99 82.87 89.69

SSF + BZTidr8 (3 %) 50.65 13.69 1.18 41.10 11.96 1.75 81.14 87.36

SSF + BZTidr10 (3 %) 52.97 13.89 1.78 47.05 12.98 2.03 88.82 91.73

SSF + BZTidr12 (3 %) 56.87 14.15 2.77 47.00 13.13 2.27 82.64 92.79

benzothiazoles did not affect the photostability of the sunscreen
formulation, which was in some cases even improved (i.e., compound
BZTidr10).

2.4. Antiproliferative activity on Colo38 and HaCat

All synthesized compounds were assayed for antiproliferative ac-
tivity in vitro. To obtain a cytotoxicity and selectivity profile, immor-
talized human HaCat keratinocytes were used as control while the
Colo38 cutaneous melanoma cell line was chosen as the skin tumor
model. The data are reported as ICso uM values and are accompanied by
the selectivity index (SI), shown in Table 6. Cisplatin was utilized as
positive control for HaCat cells, while a previously evaluated benz-
imidazole hydrazone derivative [14] was used as positive control for
Colo38 cells.

Non-substituted or mono-substituted derivatives did not show any
antiproliferative activity up to 100 pM, which was the highest concen-
tration tested. Benzothiazole hydrazones BZTidr10, BZTidrll and
BZTidr12 were active against Colo38, although only at high concen-
trations (54.61-81.30 uM). Compounds BZTidr10 and BZTidr11 were
also able to inhibit HaCat proliferation, again at very high concentra-
tions (89.27 and 80 uM) in comparison to known antineoplastic drugs
such as cisplatin (ICsg = 2 uM). Even if the SI was found to be favorable
(1.63 and 1.08, respectively) it is not sufficient to consider those de-
rivatives as potential antitumoral agents, as it was suggested by
Indrayanto et al. [44] that a SI equal or superior to 3 is desirable in order
to classify a prospective anti-cancer sample, in analogy with the previ-
ous acyl-hydrazone series (BZTidr4). From these results, compounds
bearing a catechol or a 3-methoxy-4-hydroxy substitution pattern on the
aromatic ring were found to have the most interesting antiproliferative

Table 6
Antiproliferative activity of benzothiazole derivatives towards human mela-
noma Colo-38 and the keratinocyte cell line HaCat.

Compound Colo38 HaCat SI
(ICs0, pM)* (ICso, pM)*
BZTidr7 >100 > 100 -
BZTidr8 > 100 > 100 -
BZTidr9 > 100 > 100 -
BZTidr10 54.61 + 12.21 89.27 + 33.72* 1.63
BZTidr11 74.00 + 12.97* 80.04 + 12.26* 1.08
BZTidr12 81.30 + 8.98 > 100 >1.23
BZTidr4 92.61 > 100 1.08
Cisplatin NT” 2.00 + 0.40 -
[Cmp 13]¢ 0.70 + 0.06 NT”

Statistical differences between treated and negative control groups were
assessed using a two-tailed unpaired t-test with Welch’s correction.
BZTidr10 Colo38: t(2.0) = 7.48; p = 0.0174. HaCat: ¢(2.0) = 0.55; p = 0.06369
BZTidr11 Colo38: t(4.0) = 3.47; p = 0.0739. HaCat: t(2.0) = 2.82; p = 0.1061
BZTidr12 Colo38: t(2.0) = 3.80; p = 0.0628. HaCat: -
Significance levels: * p < 0.05.

@ Each value is the mean of at least three independent experiments (mean +
SD).

b Not tested.

¢ Nl—(4—ary1idene)—lH—(2—0H—4—N(Et)2—phenyl)—[d]imidazole—Z—carbohy—
drazide [14]

profile. The complete absence of antiproliferative activity of compounds
BZTidr7, BZTidr8, BZTidr9 and BZTidr12 on HaCat cells is of greatest
interest in view of a topical vehiculation of those multifunctional
candidates.

2.5. In vitro inhibition of purified tyrosinase

Compounds that showed lower ICsq values in Colo 38 than in HaCa
cells were further investigated to evaluate their potential activity as
tyrosinase inhibitors, given the well-established correlation between
tyrosinase activity, melanogenesis, and melanoma [45-49].
BZTidr10-12 were tested against isolated tyrosinase in a concentration
range of 0.1-100 uM, showing a comparable percentage of relative in-
hibition across all three inhibitors tested (Table 7).

Notably, tyrosinase inhibition activity reached a plateau at concen-
trations > 20 uM (Table 7), a finding that may suggest a positive cor-
relation between the inhibitory effect on tyrosinase and the observed
anti-melanoma activity in Colo 38 cells, and which requires further in-
vestigations. Nevertheless, the inhibitory activity of BZTidr10-12
against tyrosinase suggests an additional expansion of their multifunc-
tional profile, potentially as skin lightening agents.

2.6. Anti-inflammatory activity

Next, the compounds were tested for their anti-inflammatory po-
tential in vitro. As inflammation is considered a driving factor for many
diseases like atherosclerosis, cancer, and infective diseases and since it
can be triggered by UV radiation overexposure, we evaluated the ben-
zothiazole derivatives as potential inhibitors of antioxidant-sensitive
pro-inflammatory enzymes that are able to form lipid mediators (LM)
involved in skin-inflammatory processes.

2.6.1. Screening for modulation of LM formation in monocytes
To gain insights into the anti-inflammatory properties of benzo-
thiazole derivatives BZTidr7-12, we conducted a screening using

Table 7

Inhibition profile of BZTidr10-12 against isolated tyrosinase. Each value is the
mean of at least three independent experiments (mean + SD). Kojic acid (data
not shown) was used as a reference inhibitor and tested at 0.75 mM, under the
same experimental conditions, to identify the range of temporal linearity (over
40 min) on the inhibition trend.

Compound Concentration % RI
(uM)

BZTidr10 1 3.46 £ 0.13
10 5.52+0.73
20 95.34 + 0.00
50 93.78 + 2.54

BZTidr11 1 2.94 +0.26
10 1.19 £ 0.00
20 96.89 + 9.52
50 102.07 £ 0.73

BZTidr12 1 3.59 E(—14) + 0.00
10 1.04 £0.07
20 101.81 +1.83
50 102.07 + 0.92
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primary human monocytes. These innate immune cells express the key
LM-biosynthetic enzymes required to produce pro-inflammatory PGE,,
12-HETE, 5-HETE, and LTB4 (Fig. 1A). To induce formation of these LM
after preincubation with the test compounds at 10 uM or with the
reference COX inhibitor diclofenac (1 pM), cells were treated with
2.5 uM Ca2+-ionophore (A23187) for 30 min. AA substrate liberation
was only affected by the reference inhibitor diclofenac (p = 0.03) — most
likely because of diminished utilization by COX - but not by the com-
pounds BZTidr7-12 (Fig. 1B). Similarly, the production of PGE; was
inhibited only by diclofenac (80 % inhibition; p < 0.0001). In contrast,
BZTidr10 and BZTidr12 significantly increased formation of PGEy by
62 % (p = 0.008) and 53 % (p = 0.017), respectively (Fig. 1C).

Interestingly, all test compounds significantly and robustly inhibited
the production of 5-LO products, including LTB4 (inhibition > 90 %; p
values ranging between 0.022 and less than 0.0001) (Fig. 1D) and 5-
HETE (inhibition > 75 %; p < 0.0001) (Fig. 1E). In contrast, the activ-
ity of other lipoxygenases was less affected by the test compounds. As
shown for 12-LO, only BZTidr9, 10, and 12 weakly (inhibition < 38 %j;
0.003 < p < 0.013) reduced 12-HETE formation (Fig. 1F).

2.6.2. 5-LO inhibition in cell-free and cell-based assays

5-LO plays an essential role in the biosynthesis of leukotrienes (LTs),
pro-inflammatory mediators involved in the inflammatory process of a
number of severe conditions like atherosclerosis, asthma, and cancer
[50]. As a dioxygenase, 5-LO performs two distinct enzymatic activities
resulting in the formation of LTA4 that is further converted to LTB4
and/or cysteinyl-LTs depending on the cell type [51].

Prompted by the robust inhibition observed in primary human
monocytes, the ability of compounds BZTidr7-12 to inhibit 5-LO was
further explored using A23187-stimulated human polymorphonuclear
leukocytes (PMNL), a widely used cell model for assessing 5-LO in-
hibitors [52]. Additionally, a cell-free assay was employed in order to
determine the direct impact of BZTidr7-12 on 5-LO enzyme activity
(Fig. 2).

Inhibition of 5-LO product formation could be confirmed for all
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benzothiazole hydrazones (BZTidr7-12) in both the cell-free (isolated 5
LO) and cell-based (PMNL) assay. At 10 uM, all hydrazone-linked
compounds completely inhibited formation of 5-LO products. The de-
gree of inhibition was similar or superior to the FDA approved 5-LO
inhibitor zileuton at the same concentration (Table 8). In cell-based
assays, the ICsp values ranged from 0.33 to 3.12 pM, with BZTidr12
being the most potent 5-LO inhibitor (ICso = 0.33 pM; 95 % confidence
interval = 0.24-0.42 uyM). Similarly, BZTidr12 proved to be the stron-
gest inhibitor of isolated 5-LO activity in the cell-free assay, with an ICsq
of 0.03 uM (95 % confidence interval = 0.02-0.03 pM) (Table 9). Like
the effect of compounds BZTidr7-12 regarding their antioxidant
behavior, the choice of the linker structure proved to be paramount for 5
LO inhibition, rather than the choice of the substitution pattern of the
aromatic ring. These results reveal BZTidr7-12 to be strong, direct in-
hibitors of 5-LO activity, likely governed through interference with the
redox state of the enzyme.

2.6.3. ROS production in neutrophils

5-LO activity depends on many different processes, including the
local redox-state [51]. Since compounds BZTidr7-12 inhibit 5-LO ac-
tivity and also display antioxidant activity, we next investigated their
ability to modulate intracellular ROS. ROS production in PMNL was
induced by phorbol-12-myristate-13-acetate (PMA), a well-known
agonist for inducing ROS formation [53]. Dichlorofluorescein diac-
etate (DCF-DA) was used as cell-permeable and ROS-sensitive dye to
assess intracellular ROS levels; diphenyliodonium chloride (DPI, 10 pM)
was used as positive control. This assay allows the evaluation of possible
interaction of BZTidr7-12 with intracellular ROS production and the
compounds’ ability to function as radical scavengers in the cellular
context. Accordingly, this assay provides further mechanistic informa-
tion regarding the possibility of 5-LO inhibition via redox-interference.

Interestingly, although compounds BZTidr7-12 perform very
similar in terms of LM modulation, their influence on ROS production
differs substantially (Fig. 3A). At 10 uM, neither BZTidr7 nor BZTidr9
exhibited any influence on PMA-induced ROS production in PMNL. In
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Fig. 1. Modulation of the LM profile of activated primary human monocytes by compounds BZTidr7-12. Primary human monocytes were pre-treated with com-
pounds BZTidr7-12 (10 uM), diclofenac (1 uM) or vehicle control (DMSO), followed by stimulation with A23187 (2.5 uM) for 30 min. (A) Schematic of LM

biosynthetic pathways. Resulting levels of (B) substrate AA (Fireatment =
Finter-donor = 2~6); (E), 5-HETE (Ftreatment =
means + SEM of three independent experiments (N = 3). *

2.1; Finter-donor = 5.8), (C) PGE2 (Fireatment =
38.3; Finter-donor = 0.7), and (F) 12-HETE (Fireatment =
p <0.05; ** p<0.01 *** p <0.001;

62; Finter-donor = 5.4), (D) LTB, (Ftreatment =18.8;
8.6; Finter-donor = 3.4) measured using UPLC-MS/MS. Data are given as
*##% p < 0.0001 (as determined by one-way ANOVA on log-

transformed data [Fieatment (75 14); Finter-donor (2, 14)1, followed by Dunnett’s multiple comparison test, versus vehicle with a single pooled variance).
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Fig. 2. 5-LO inhibition by compounds BZTidr7-12 in a cell-based (PMNL; blue) and cell-free (isolated 5-LO; red) environment. PMNL (5 x106/mL) or isolated 5-LO
were incubated with compounds BZTidr7-12 for 10 min before stimulating 5-LO product formation using 2.5 uM A23187 (PMNL) or 2 mM CaCl; and 20 uM AA
(isolated 5-LO) for 10 min. Formed 5-LO products were measured using UPLC-MS/MS. Data are given as means + SEM of three independent experiments (N = 3).

Table 8

5-LO inhibition values, expressed as residual enzymatic activity (%) relative to
vehicle (= 100 %) at 10 uM of test compound in activated PMNL, and respective
ICsg values.

Cmp 5-LO residual activity 5-LO PMNL 95 % CI
(PMNL, 10 pM)* ICso (uM)® (M)
BZTidr7 1.46 + 0.08 1.33 [1.02 - 1.71]
BZTidr8 0.97 + 0.43 0.58 [0.34 - 0.88]
BZTidr9 0.49 + 0.12 1.53 [1.17 - 1.98]
BZTidr10 0.49 + 0.17 0.57 [0.47 - 0.69]
BZTidr11 2.18 + 0.45 3.12 [2.08 - 4.44]
BZTidr12 1.22 + 0.42 0.33 [0.24 — 0.42]
BZTidr4 73.8 + 26.33 - -
Zileuton? 31.26 + 12.69

2 05 relative to vehicle (DMSO). b ICsp values (uM) are the mean of three inde-
pendent experiments (N = 3; DF = 13). ¢ CL: confidence interval for ICsq values.
dg uM. [Inhibitor] vs. normalized response (variable slope).

Table 9

5-LO inhibition values, expressed as residual enzymatic activity (%) relative to
vehicle (= 100 %) at 10 uM of the test compounds in a cell-free assay, and
respective ICso values for selected compounds.

Cmp 5-LO residual activity 5-LO cell-free 95 % CI
(cell-free, 10 uM)? ICs (uM)® (uM)*

BZTidr7 16.89 £ 6.09 1.22 [0.82, 1.81]
BZTidr8 6.00 £ 1.15 0.22 [0.17, 0.29]
BZTidr9 5.33 £3.52 0.61 [0.55, 0.69]
BZTidr10 3.11 £0.38 0.06 [0.05, 0.07]
BZTidr11 9.34 £ 4.08 2.50 [1.28, 5.44]
BZTidr12 244 +£1.14 0.03 [0.02, 0.03]
BZTidr4 6.32 £ 0.64 0.29 [0.18, 0.51]
Zileuton! 28.64 £ 7.38 - -

2 94 relative to vehicle (DMSO). P ICs, values (uM) are the mean of three inde-
pendent experiments (N = 3; DF = 13) except for BZTidr8, 10, and 12, for
which three additional experiments were performed at lower concentrations due
to their higher potency (N = 6; DF = 28). ¢ CI: confidence interval for ICsy
values. ¢ 3 uM.

contrast, compounds BZTidr8 and BZTidr10-12 caused inhibition of
PMA-induced ROS formation at 10 uM, reducing ROS production to
64 %, 12%, 71 %, and 42 %, respectively (Table 10). Notably,
BZTidr10, containing a catechol moiety, exhibited a more potent
inhibitory effect on ROS formation compared to the established ROS
formation inhibitor DPI (16 % residual formation at 10 uM). Given the
significant inhibitory effect, further investigation was conducted on the
capacity of BZTidr10 to modulate ROS production at lower concentra-
tions (Fig. 3B). The ICso of BZTidr10 with respect to ROS production
was determined to be in the low micromolar range (2.43 uM; 95 %
confidence interval = 1.54-3.93 pM).

3. Conclusion

Here, we explored of novel multifunctional compounds for their
potential to interfere with different biological actions, aimed at
advancing the treatment and prevention of high-incidence skin condi-
tions such as melanoma and non-melanoma skin cancers. The primary
preventive measure against these diseases remains protection from UV
radiation and its associated effects, including photocarcinogenesis and
oxidative degeneration. To date, no globally approved sunscreen can
effectively combine both broad-spectrum UV protection and robust
antioxidant activity. Therefore, the objective of this project was to
develop a compound with outstanding UV-filtering and antioxidant
properties, capable of mitigating or counteracting UV-induced inflam-
mation, oxidative damage, and photo-induced neoplastic processes.

To further refine the multifunctional profile of benzothiazole-based
scaffolds, we investigated the impact of linker truncation on redox
behavior and various biological activities. In contrast to the previously
reported acyl-hydrazone derivatives (BZTidr1-6) [34], the current se-
ries (BZTidr7-12) incorporates an imine-hydrazone bridge, which
shortens the n-conjugated system and alters electronic distribution along
the molecule. This structural modification was designed to shift electron
density toward the benzothiazole nucleus, improving both redox reac-
tivity and target engagement [50,54,55]. The resulting analogues
demonstrated a 10- to 45-fold increased potency in 5-LO inhibition—-
with BZTidr10 showing an ICso of 0.06 uM compared to 2.7 uM for its
acyl-linked predecessor [34]—alongside markedly enhanced ORAC,
reflecting superior anti-inflammatory and antioxidant potential.
Notably, these effects were achieved without alteration of the catecholic
substitution on the aryl ring, allowing isolation of the linker geometry’s
contribution to activity. These data support a distinct redox-interference
mechanism that transcends mere additive effects from known antioxi-
dant motifs, underscoring the critical role of linker design in conferring
multifunctionality. Thus, our findings advance the understanding of
benzothiazole hydrazone derivatives as multifunctional drugs and pro-
vide a chemically straightforward yet functionally impactful strategy for
enhancing both anti-inflammatory and photoprotective efficacy. In fact,
these compounds demonstrated excellent filtering parameters,
broad-spectrum suitability, and photostability, with BZTidr8,
BZTidr10, and BZTidr12 enhancing SPF when combined with com-
mercial sunscreens. The hydrazone linker, particularly when paired with
a hydroxyl group in position 4 and an additional hydroxyl or methoxy
group in position 3, emerges as a highly promising scaffold for further
research into multifunctional UV-filter candidates, given the range of
beneficial properties demonstrated in this study. Moreover, the positive
correlation between the inhibitory effect on tyrosinase and the observed
anti-melanoma activity in Colo 38 cells suggest tyrosinase inhibition as
possible underlying mechanism.

Our results indicate that some of the synthesized compounds may
inhibit 5-LO activity through modulation of the intracellular redox
environment, potentially preserving the catalytic ferrous iron in its
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ROS production
(% of control)

0 I I I I 1

BZTidr10 (uM)
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Fig. 3. ROS production (% of vehicle control) in PMNL treated with vehicle (DMSO), compounds BZTidr7-10 (10 uM or the indicated concentrations) or DPI

(10 uM, reference compound) for 10 min prior to stimulation with PMA (1 ug/mL).

ANOVA [Fireatment (8, 16) =

*p < 0.05; ** p < 0.01 *** p < 0.001; ****
41.8; Fipter-donor (2, 16) = 12.6] followed by Dunnett’s multiple comparison test vs. stimulated vehicle with a single pooled variance. (A)

p < 0.0001 as determined by one-way

Screening of BZTidr7-12 and (B) concentration-response curve for the most active compound BZTidr10. Results are shown as mean + SEM of three independent

experiments (N = 3).

Table 10

Impact of test compounds (10 pM) on ROS production
(% of control) in PMA-stimulated PMNL (= 100 %).
Mean + SD of at least three independent experiments.

Compound ROS production
(% of control)
BZTidr7 106.05 + 28.96
BZTidr8 64.22 + 23.77
BZTidr9 108.37 + 19.95
BZTidr10 12.42 + 4.25"
BZTidr11 71.43 + 18.95
BZTidr12 42.43 + 14.41
BZTidr4 55.94 + 35.54
DPI 16.44 + 2.14

4 ICso value [95% CI] =2.43 [1.54-3.93] uM
(N = 3; DF = 28).

reduced state. Conversely, compounds that do not markedly influence
ROS levels may act via a more direct mechanism. While these observa-
tions suggest the possibility of a dual mode of action—redox interfer-
ence and direct enzymatic 5-LO inhibition—we stress that this remains a
working hypothesis based on indirect evidence. Further clarification of
the binding mode will require targeted enzyme kinetic studies and
computational modelling, which are planned as part of a follow-up
investigation.

4. Experimental
4.1. General

All reagents were purchased from Sigma Aldrich SRL, Milano, Italy.
All solvents used were purchased from Carlo Erba Reagents SRL, Milano,
Italy, and used without further purification. Silica gel plates were used
to perform TLC analysis (Macherey-Nagel Poligram SIL G/
UV2540.20 mm, GmbH & Co. KG Neumann-Neander-str. 6-8, Dueren,
Germany) and visualized by a UV lamp with the wavelength fixed to
254 nm and/or with a solution of KMnO4 (1 %). Molecular weights were
determined by ESI-MS (Micromass ZMD 2000) and the values are re-
ported as [M+H] ™. IR spectra were registered with a Spectrum 100 FT-
IR Spectrophotometer (PerkinElmer) and the main band is reported as
cm !, Melting points were determined by a Stuart melting point

apparatus. 'H-NMR and !3C-NMR were registered on the VXR-200
Varian spectrometer at 200 MHz and 400 MHz, using TMS (Tetrame-
thylsilane) as an internal standard. The chemical shift of each signal is
expressed as units & (ppm) relative to the signal of deuterated solvents
used (DMSO-dg and CDCl3). The following abbreviations are used to
designate multiplicity and assignment: s (singlet), d (doublet), t (triplet),
m (multiplet), dd (double doublet), BZT (benzothiazole), and Ar (Aryl).
UV spectrophotometric analysis was conducted on a UV-Vis spectro-
photometer (UV-31 SCAN ONDA Spectrophotometer, Giorgio Bormac
spectrophotometer Srl, Carpi (MO), Italy) or on a UV-Vis spectropho-
tometer (Shimadzu UV-2600). WW5 PMMA plates have been purchased
from Schonberg GmbH (Munich, Germany). HPLC analysis was per-
formed using an Agilent 1100 Series HPLC System equipped with a
G1315A DAD and with a Luna® C18(2) A column (4.6 x150 mm, 5 um)
from Phenomenex. Chromatogram of each compound (Supporting In-
formation) was monitored with absorbance detection at 220 + 8 nm.
The elution was performed on a gradient solvent using water (0.1 %
TFA) as solvent A and acetonitrile (0.1 % TFA) as solvent B. The ratios
were as follows: 95:5 (A/B) to 0:100 (A/B) in 25 min, 0:100 (A/B) to
95:5 (A/B) in 5 min, held for 2 min as post-time. The flow rate was
0.7 mL/min at room temperature. The injection volume for all samples
and standards was 5 pL.

4.2. Chemistry

4.2.1. Synthesis of benzo[d]thiazole-2-thiol (2)

To a solution of 2-aminothiophenol (1.065 mL, 10 mmol) in HCl 2 M
(20 mL) in a 100 mL round-bottomed flask cooled with an ice bath,
potassium thiocyanate (972 mg, 10 mmol) was added in two portions.
The flask was then heated to 80 °C for 24 h. Reaction was monitored by
TLC. After completion, the mixture was cooled to room temperature.
The separated grey solid formed upon cooling was filtered on Gooch,
washed with deionized water, and dried in oven overnight. After
recrystallization in EtOH, the product was recovered in 84.2 % yield.
Analytical data are in agreement with those reported in literature [56].

4.2.2. Synthesis of 2-hydrazineylbenzo[d]thiazole (3)

To a solution of 2 (1.2 g, 7.18 mmol) in absolute EtOH (30 mL) in a
100 mL round-bottomed flask, 25 % w/w hydrazine hydrate (5.7 mL)
was added, and reaction was heated to reflux conditions for 48 h. The
reaction was monitored by TLC and evolution of H,S was detected with a
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lead acetate paper. Then the flask was allowed to cool down and the
solution concentrated roughly to half the initial volume under reduced
pressure. After 6-8 h at 4 °C, the solid formed was filtered on Gooch and
dried in oven overnight. Recrystallization from EtOH afforded desired
product shaped as white needle crystals in moderate yield (54.0 %).
Analytical data are in agreement with those reported in literature [57].

4.2.3. General procedure for the synthesis of benzothiazole hydrazones
BZTidr7-12

To a solution of F (0.61 mmol) in EtOH (5 mL) in a 50 mL round-
bottomed flask, heated to 60 °C, the appropriate aromatic aldehyde
(0.61 mmol) was added, and the reaction stirred for 2-5 h. Reaction was
monitored by TLC. When the spot of the starting material was no longer
detectable, the flask was cooled to 0 °C. The solid formed upon cooling
was filtered on Gooch, dried in oven overnight, then recrystallized from
hot EtOH or MeOH to afford target compounds BZTidr7-12 in almost
quantitative yields.

4.2.3.1. (E)-2-(2-benzylidenehydrazineyl)benzo[d]thiazole (BZTidr7).
pale green crystals, yield: 94.2 %. m.p. 229-232 °C; IR (cm™1): 3194.44,
2892.85, 1625.33, 1573.78, 1438.98, 1272.46, 893.83.'H-NMR
(400 MHz, DMSO-de): 8(ppm) 12.22 (s, 1H, -NH), 8.12 (s, 1H, -N = CH-
), 7.75 (d, 1H, J = 7.7 Hz, BZT), 7.71-7.65 (m, 2H, Ar), 7.47-7.34 (m,
4H, 1H BZT + 3H Ar), 7.31-7.25 (m, 1H, BZT), 7.09 (t, 1H, J = 7.4 Hz,
BZT). 13C NMR (101 MHz, DMSO-ds) & (ppm)167.55, 134.78, 131.29,
130.02, 129.31, 128.73, 126.98, 126.42, 122.08, 122.07, 121.99. ESI-
MS[M-+H] *: calculated for C14H;1N3S, 254.07, found, 254.21. HPLC: tg
18.88 min, purity 100.00 %.

4.2.3.2. (E)-4-((2-(benzo[d]thiazol-2-y)hydrazineylidene)methyl)phenol
(BZTidr8). grey solid, yield 92.5 %, m.p. 260-263 °C, IR (cm’l):
3543.63, 2976.19, 1609.47, 1559.91, 1438.98, 1258.59, 1092.07,
828.41.'H-NMR (400 MHz, DMSO-de): 8(ppm) 12.01 (s, 1H, -NH), 9.86
(s, 1H, -OH), 8.02 (s, 1H, -N = CH), 7.72 (d, 1H, J = 7.8 Hz, BZT),
7.55-7.47 (m, 2H, Ar), 7.39 (s, 1H, BZT), 7.26 (td, 1H, J; = 7.7 Hz, J, =
7.2 Hz, J3 = 1.3 Hz, BZT), 7.11-7.00 (m, 1H, BZT), 6.86-6.75 (m, 2H,
Ar). 13C NMR (101 MHz, DMSO-dg) § (ppm)167.285, 159.490, 128.717,
126.327, 125.824, 121.901, 121.768, 116.191. ESI-MS[M-+H] *:
calculated for C;14H;1N30S, 270.08, found, 270.23. HPLC: tg 14.51 min,
purity 100.00 %.

4.2.3.3. (E)-2-(2-(4-methoxybenzylidene)hydrazineyl)benzo[d]thiazole
(BZTidr9). white crystals, yield 91.3 %, m.p. 196-199 °C; IR (cm™):
2964.28, 2837.30, 1609.47, 1575.77, 1508.37, 1442.95, 1248.67,
1022.68, 895.81, 820.48. 'H-NMR (400 MHz, DMSO-dg): 8(ppm) 12.07
(s, 1H, -NH), 8.06 (s, 1H, -N = CH-), 7.73 (d, 1H, J = 7.8 Hz, BZT),
7.65-7.58 (m, 2H, Ar), 7.39 (d, 1H, J = 8.0 Hz, BZT), 7.30-7.22 (m, 1H,
BZT), 7.07 (td, 1H, J; = 7.5 Hz, J; = 1.2 Hz, BZT), 7.02-6.97 (m, 2H,
Ar), 3.78 (s, 3H, -OCHz). '*C NMR (101 MHz, DMSO-ds) & (ppm)
167.352, 160.924, 128.549, 127.404, 126.359, 121.931, 121.857,
114.815, 55.742. ESI-MS[M+H] : calculated for C;5H;3N350S, 284.08,
found, 284.43. HPLC: tg 17.79 min, purity 97.48 %.

4.2.3.4. (E)-4-((2-(benzo[d]thiazol-2-y)hydrazineylidene)methyl)ben-

zene-1,2-diol (BZTidr10). pale pink solid, yield 90.9 %, m.p. 257-261 °C
(dec.); IR (cmfl): 3472.22, 3242.06, 1599.55, 1557.92, 1514.31,
1452.86, 1276.43, 1119.02, 751.10. TH-NMR (400 MHz, DMSO-dg):
d(ppm) 11.96 (s, 1H, -NH), 9.35 (s, 1H, -OH,), 9.21 (s. 1H, -OHy,), 7.93
(s, 1H, -N = CH-), 7.72 (d, 1H, J = 7.8 Hz, BZT), 7.38 (d, 1H, J = 8.0 Hz,
BZT), 7.25 (td, 1H, J; = 7.7 Hz, Jo = 1.3 Hz, BZT), 7.16 (d, 1H, J =
2.0 Hz, Ar), 7.06 (td, 1H, J, = 7.7 Hz, Jo = 1.3 Hz, BZT), 6.89 (dd, 1H, J;
= 8.2Hz, J, = 2Hz, Ar), 6.76 (d, 1H, J = 8.1 Hz, Ar).!3C NMR
(101 MHz, DMSO-dg) & (ppm)167.190, 148.048, 146.117, 126.321,
126.227,121.885, 121.737, 120.360, 116.046, 112.833. ESI-MS[M+H]
*: calculated for C;4H;1N30,S, 286.06, found, 286.24. HPLC: tg
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13.23 min, purity 98.18 %.

4.2.3.5. (E)-5-((2-(benzo[d]thiazol-2-yDhydrazineylidene)methyl)-2-
methoxyphenol (BZTidr11). pale yellow solid, yield 87.8 %, m.p.
216-219 °C; IR (cm™1): 3531.74, 3464.28, 2833.33,2769.84, 1613.43,
1573.78, 1442.95, 1437.00, 1270.48, 1115.85. 'H-NMR (400 MHz,
DMSO-de): 8(ppm) 12.02 (s, 1H, -NH), 9.24 (s, 1H, -OH), 7.97 (s, 1H,
-N = CH-), 7.73 (d, 1H, J = 7.8 Hz, BZT), 7.39 (d, 1H, J = 7.5 Hz, BZT),
7.26 (ddd, 1H, J; = 8.1 Hz, J, =7.3 Hz, J3=1.3 Hz, BZT), 7.20 (d, 1H, J
=2.0 Hz, Ar), 7.07 (td, 1H, J; = 7.6 Hz, J, = 1.2 Hz, BZT), 7.01 (dd, 1H,
J; = 8.4 Hz, Jo = 2.0 Hz, Ar), 6.95 (d, 1H, J = 8.4 Hz, Ar), 3.79 (s, 3H,
-OCH3).13C NMR (101 MHz, DMSO-dy) & (ppm)167.29, 149.91, 147.27,
127.65, 126.37, 121.93, 121.85, 120.16, 112.38, 56.49, 56.04. ESI-MS
[M-+H] *: calculated for C;5H;3N305S, 300.08, found, 300.31. HPLC: tg
13.42 min, purity 98.57 %.

4.2.3.6. (E)-4-((2-(benzo[d]thiazol-2-yl) hydrazineylidene)methyl)-2-
methoxyphenol (BZTidr12). pink solid, yield 95.0 %. m.p. 199-202 °C;
IR (cmfl): 3539.68, 2968.25, 1625.33, 1510.35, 1444.93, 1286.34,
1264.53, 1113.87, 881.93.'H-NMR (400 MHz, DMSO-dg): 8(ppm) 12.04
(s, 1H, -NH), 9.46 (s, 1H, -OH), 8.00 (s, 1H, -N = CH-), 7.73 (d, 1H, J =
7.8 Hz, BZT), 7.39 (d, 1H, J = 8.0 Hz, BZT), 7.30-7.22 (m, 2H, 1H BZT +
1H Ar), 7.11-7.02 (m, 2H, 1HBZT + 1H Ar), 6.82 (d, J = 8.1 Hz, 1H Ar),
3.81 (s, 3H, -OCH3).!3C NMR (101 MHz, DMSO-dg) & (ppm) 167.27,
148.99, 148.41, 126.33, 126.24, 121.93, 121.78, 121.39, 116.04,
109.62, 55.93. ESI-MS[M-+H] ™ calculated for C;5H;3N3505S, 300.08,
found, 300.31. HPLC: tg 14.90 min, purity 100.00 %.

4.3. Antioxidant activity

4.3.1. DPPH radical scavenging assay

0.750 mL of a DMSO-MeOH solution of each tested compound was
mixed with 1.5 mL of 0.004 % DPPH methanolic solution. The samples,
after being placed in the dark at room temperature for 30 min, are
analyzed in the spectrophotometer at a wavelength of 517 nm, corre-
sponding to the peak of maximum absorbance relative to the DPPH
radical. The obtained values were then fitted to Equation [3]
(Supporting Information) and transformed into percentage inhibition
(%) of the radical. The compounds were first tested at a concentration of
1 mg/mL (Trolox® was used as the standard); then, for compounds that
showed radical inhibition > 90 %, their IC5q value (expressed in ug/mL)
was determined. Ferulic acid was used as a positive control. A linear
regression was performed to calculate the sample concentration that
could eliminate 50 % of DPPH free radicals.

4.3.2. FRAP test

The FRAP (Ferric Reducing Antioxidant Power) test, based on a
colorimetric reaction, can be used to evaluate the ability of a sample,
complexed with TPTZ (2,4,6-trispiridyl-s-triazine), to reduce ferric ions
to ferrous ions. FRAP solution is prepared by mixing, in a 10:1:1 ratio,
0.1 M acetate buffer (pH 3.6), 10 mmol/L of TPTZ in 40 mM HCI and a
20 mM solution of FeCls, respectively. 0.1 mL of the sample solution is
then incubated at 37 °C for 10 min with 1.9 mL of the FRAP solution and
then analyzed with a UV-Vis spectrophotometer at a wavelength of
593 nm, relative to the maximum absorbance peak of the Fe?™-TPTZ
complex. Trolox® was used as the standard and ferulic acid as positive
control; results are expressed in umolTE/g.

4.3.3. ORAC assay

The ORAC assay was performed based on Hong’s procedure, modi-
fied in previous work [58], using a Fluoroskan FL® Ascent (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) equipped with fluorescent
filters (excitation wavelength: 485 nm; emission filter: 538 nm). Fluo-
rescein sodium salt (85 nM) was used as the target of free radical attack
with 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH) as the
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peroxyl radical generator in the final assay mixture (total volume of
0.2 mL). Trolox was used as a standard control, with which a calibration
curve in the range of 40-240 pM is constructed. The tested compounds
were solubilized in DMSO-MeOH and then diluted in PBS pH 7.4. ORAC
values are calculated as the difference of the areas under the fluorescein
quenching curves between the blank and the sample and expressed as
umol Trolox equivalents (TE) per gram of dried sample.

4.4. Photoprotective activity

4.4.1. In vitro evaluation of filtering parameters of compounds in solution

Absorbance of synthesized compounds was measured between 290
and 400 nm using a 1 cm quartz cell at intervals of 1 nm using a UV-Vis
Spectrophotometer (SHIMADZU UV-2600 240 V). Test compounds were
dissolved in DMSO and suitably diluted in MeOH to a final concentration
of 10 ug/mL, and the absorbance at wavelength XA is related to the
transmittance T(A) by the Equation [4] (Supporting information). Then,
filtering parameters (SPF, UVAPf, UVA/UVA and Ac) were calculated by
applying Equations [5], [6] and [7] (Supporting information) using a
SPF Calculator Software (SPF Calculator Software version 2.1, Shi-
madzu, Milan, Italy).

4.4.2. In vitro evaluation of filtering parameters of sunscreen formulations

To a suitable oil-in-water (O/W) cosmetic formulation for solar use,
the synthesized compounds were incorporated at a concentration of
3 %.

INCL: Aqua, Glycerin, Xanthan Gum, Phenoxyethanol (and) Ethyl-
hexylglycerin, Tribehenin PEG-20 Esters, Cetearyl Alcohol, Dicaprylyl
Carbonate, PPG 26 Buteth-26 (and) PEG 40 hydrogenated castor oil,
C12-15 Alkyl Benzoate, Sodium hydroxide (sol. 10 %).

Three PMMA plates were used as reported in a previous protocol
[18]. To facilitate the formation of a standard stabilized sunscreen film,
the plate was placed in the dark for 15-30 min and then inserted into the
instrument for measurement. UV transmittance was measured from 290
to 400 nm at 5 different sites on each plate. The blank was prepared
using a plate coated with 32.5mg glycerin because of its
non-fluorescence and UV transparency.

To evaluate the booster effect of selected synthesized compounds,
they were incorporated at 3 % concentration in an oil-in-water (O/W)
sunscreen formulation with fixed SPF and UVAPf values (30 and 10,
respectively).

INCI: Aqua, Sodium Phytate, Alcohol, Panthenol, Glycerin, Sclero-
tium Gum, Xanthan Gum, Cetearyl Alcohol, Coco-glucoside, Coco-cap-
rylate, Dicaprylyl Carbonate, Squalene, Bis-ethylhexyloxyphenol
methoxyphenyl triazine, Ethylhexyl triazone, Diethylamino hydrox-
ybenzoyl hexyl benzoate, Tocopheryl Acetate, Benzyl alcohol,
Ethylhexylglycerin.

Moreover, values of in vitro SPF, UVAPF and Ac were calculated
according to Equations [5], [6] and [7] (Supporting information).

4.4.3. Photostability

Each UV filter, incorporated in an oil-in-water (O/W) emulsion, was
spread on a PMMA plate and irradiated with a solar simulator by
applying different doses of UVA, equivalent to an effective erythemal
radiant exposure of 100 J/m?. Photostability was assessed by analysis of
the spectral transmittance, before and after irradiation, of the sunscreen
thin film, measured before and after exposure to sunlight from 290 to
400 nm. The residual percentages of in vitro SPF (% SPFeff.) and UVAPF
(% UVAPFeff.) were calculated according to Equations [1] and [2],
(Supporting information), respectively. A filter is considered photo-
stable if the % SPFeff. and % UVAPFeff. are greater than or equal to 80
according to current regulations [42].
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4.5. Antiproliferative activity

4.5.1. Cell growth inhibition assay

Cell growth inhibition assays were carried out using human mela-
noma Colo38 cells [59] and skin HaCat keratinocytes [14,15]. Human
melanoma Colo38 cells were kindly provided by Dr. Patrizio Giacomini
(Laboratory of Immunology, Regina Elena Institute, Rome, Italy). HaCat
cells were kindly provided by Istituto Zooprofilattico Sperimentale della
Lombardia e dell’Emilia-Romagna, Brescia, Italy. Cells were seeded at
40,000 cells/mL and 25,000 cells/mL, respectively. Colo38 cells were
maintained in RPMI 1640, supplemented with 10 % fetal bovine serum
(FBS), penicillin (100 Units/mL), and streptomycin (100 pg/mL). HaCat
cells were maintained in DMEM, supplemented with 10 % FBS, peni-
cillin (100 Units/mL), streptomycin (100 pg/mL) and glutamine
(2 mM); the incubation was performed at 37 °C in a 5% CO; atmo-
sphere. Test compounds were dissolved in MeOH/DMSO (1:1) to obtain
50 mM stock solutions and diluted before cell treatment in MeOH
100 %. The test compounds were added at serial dilutions to the cell
cultures (from 0.1 to 100 uM) and incubated for 24 h. Cells were then
harvested, suspended in physiological solution, and counted with a Z2
Coulter Counter (Coulter Electronics, Hialeah, FL, USA). The cell
numbers and the ICsg values were determined when untreated cells were
in the log phase of cell growth. Cisplatin was used as positive control for
HaCat, while Nl—(4—arylidene)—1H—(2—OH—4—N(Et)2—pheny1)—[d] imidazo-
le-2-carbohydrazide [14] was used as positive control for Colo38 cells.
The selectivity index (SI) was also calculated and is the ratio between the
ICsp of a given compound towards the non-cancerous cell line and the
ICsp of the same compound towards the tumour cell line.

4.6. Tyrosinase activity assay

Inhibition of tyrosinase activity was assessed using the Tyrosinase
Inhibitor Screening Kit MAK257 (lot number 8K21K05750, Sigma
Aldrich) according to the manufacturer’s instructions. Briefly, each in-
hibitor sample solubilized in DMSO was appropriately diluted in tyros-
inase assay buffer to reach a final concentration of 0.1, 1, 10, 20, 50, 100
pM and incubated in a 96-well flat bottom clear plate with freshly pre-
pared solutions of tyrosinase, enzyme enhancer, and substrate. The
enzyme activity control and the inhibitor control were tested by
replacing test-inhibitor solutions with tyrosinase buffer (blank) and a
0.75 mM kojic acid solution, respectively. The absorbance was recorded
in kinetic mode for 40 min at 492 nm (Sunrise, XFLUOR4 version V
4.51, Switzerland) and the percentage of relative inhibition for each
sample was calculated according to Equation 8 as reported in Supporting
Information.

4.7. Anti-inflammatory activity

4.7.1. Lipid mediator formation in primary human monocytes

Human monocytes and PMNL were freshly isolated from leukocytes
concentrates provided by the Institute for Transfusion Medicine of the
University Hospital Jena (Thuringia, Germany) as described previously
[60]. Experimental protocols involving human blood and cells were
approved by the ethical commission of University Hospital Jena. Pe-
ripheral blood mononuclear cells (PBMC) were allowed to adhere for 1 h
following blood density centrifugation. Subsequently, non-adherent
cells were washed off from adherent monocytes, followed by
pre-incubation of adherent monocytes (5 x106 cells/mL) with the test
compounds for 10 min. LM formation was elicited with A23187
(2.5 uM) in the presence of CaCly (1 mM). LM formation was stopped
after 30 min by addition of 1 mL of ice-cold methanol containing 10 uL
of deuterium-labelled internal LM standards (200 nM d8-5S-HETE,
d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE; and 10 uM d8-AA). LMs were
extracted using Sep-Pak C18 35 cc Vac Cartridges (Waters, Milford, MA,
USA) and analysed by UPLC-MS/MS as previously described [61].
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4.7.2. 5-LO inhibition in cell-based assay (PMNL)

After blood density centrifugation and cell population separation
(see above), PMNL were obtained from the pellet after erythrocyte lysis
using hypotonic treatment. Freshly isolated PMNL (10° cells/mL) were
diluted in PBS buffer (pH 7.4), and supplemented with glucose (1 mg/
mL) and CaCl, (2.5 uM). Cells were pre-incubated with test compounds
for 10 min at 37 °C, followed by stimulation with A23187 (2.5 pM) and
arachidonic acid (20 uM) for another 10 min. The reaction was stopped
by addition of 1 mL ice-cold methanol, containing PGB, as an internal
standard. Major 5-LO products (5-HETE, LTBy4, 6-trans-LTB,4 and 12-epi-
6-trans-LTB4) were extracted using Sep-Pak C18 35 cc Vac Cartridges
(Waters, Milford, MA) and analyzed by UPLC-MS/MS as previously
described [62].

4.7.3. 5-LO inhibition in cell-free assay (isolated enzyme)

Human recombinant 5-LO was expressed and isolated as described
before [63]. Test compounds were pre-incubated with purified 5-LO
(0.5 pg) in PBS (pH 7.4) containing EDTA (1 mM) for 10 min (4 °C)
and subsequently pre-warmed for 30 s (37 °C). Next, 5-LO product for-
mation was induced by sequential addition of CaCl, (2 mM) and
arachidonic acid (20 pM). After 10 min, the reaction was stopped by
addition of ice-cold methanol (1 mL) containing PGB; as internal stan-
dard. Major 5-LO products (5-HETE, 6-trans-LTB4; and 12-epi-6--
trans-LTB,4) were extracted using Sep-Pak C18 35 cc Vac Cartridges
(Waters, Milford, MA) and analyzed by UPLC-MS/MS as previously
described [49].

4.7.4. ROS production in PMNL

Freshly isolated PMNL (10° cells/mL) diluted in PBS buffer (pH 7.4)
and supplemented with glucose (1 mg/mL) were seeded in a black-
bottomed 96-well plate (100 pL) and pre-incubated with test com-
pounds together with the peroxide-sensitive fluorescence dye DCF-DA
(1 pg/mL) and CaCly (1 mM). After 10 min (37 °C), PMA (1 pg/mL)
was added to induce ROS formation. Subsequently, fluorescence (Aex =
485 nm, Aey = 530 nm) was measured over a period of 12.5 min in a
thermally controlled NOVOstar microplate reader (BMG Lab technolo-
gies GmbH, Offenburg, Germany).

4.7.5. Statistical analysis and IC50 calculations

Statistical significance was calculated using GraphPad (10.4.2) by
one-way ANOVA on log-transformed data, followed by Dunnett’s mul-
tiple comparison test with a single pooled variance. * p < 0.05; **
p <0.01 *** p <0.001; **** p < 0.0001. For the screening of LM for-
mation in monocytes, results of three independent experiments were
compared with respect to effects of treatment [Fireatment (7, 14)], inter-
donor variability [Fipter-donor (2, 14)], and multiple comparisons of test
compounds vs. vehicle control [degrees of freedom (DF) = 14]. For the
screening of ROS formation in PMNL, results of three independent ex-
periments were compared with respect to effects of treatment [F(8, 16)],
inter-donor variability [F(2, 16)], and multiple comparisons of test
compounds vs. stimulated vehicle control [DF = 16]. ICsq values were
calculated by nonlinear fit of inhibitor concentrations vs. normalized
response (variable slope), with DF as indicated in the respective tables.
Raw values are provided in the supplementary information.

5. Limitations and outlook

This study introduces a series of benzothiazole-hydrazone de-
rivatives with multifunctional properties relevant to topical photo-
protection, including UV absorption, antioxidant activity, and 5-LO
inhibition. However, several limitations warrant acknowledgment.

First, the two different proposed mechanisms of 5-LO inhibition—-
through redox modulation and/or direct enzymatic interaction—remain
a working hypothesis. While supported by structure-activity relation-
ships and redox assays, the current findings lack direct biochemical
validation. Specifically, enzyme kinetic studies and molecular docking
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simulations (e.g., using AutoDock) were not performed due to current
technical constraints, and the potential impact on the redox state of 5-L.O
was not assessed using redox-sensitive fluorescent probes. These in-
vestigations are part of our planned follow-up strategy.

Second, although the antioxidant capacity of the compounds was
robustly characterized in cell-free systems (DPPH, ORAC), intracellular
ROS scavenging (conducted in PMNL) remains to be confirmed in ker-
atinocytes or relevant cutaneous models. Similarly, the photoprotective
effects demonstrated using the PMMA plate model do not fully capture
the complexity of human skin architecture or metabolism.

Third, the cytotoxicity evaluation was limited to a single human
keratinocyte line (HaCaT). Broader profiling across additional dermal
and immune cell types, as well as assessments of potential irritancy or
sensitization, are needed. No data are yet available on dermal absorp-
tion, metabolic stability, or formulation compatibility under cosmetic-
use conditions.

Future work will address these gaps through: (i) mechanistic clari-
fication using molecular docking and kinetic inhibition assays; (ii) im-
aging of ROS dynamics in keratinocytes exposed to UVA,; (iii) testing of
the lead compound in reconstructed human epidermis; and (iv) early
ADME and toxicological profiling under conditions relevant to sun-
screen development.

Despite these limitations, the current results provide strong pre-
liminary evidence for the multifunctional potential of this new com-
pound class and support its further development as a safe-by-design
approach to topical photoprotection.
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