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ABSTRACT: The biological activity of a molecular hybrid (DXNO-GR) joining doxorubicin (DOX) and an N-nitroso moiety
releasing nitric oxide (NO) under irradiation with the biocompatible green light has been investigated against DOX-sensitive
(MCF7) and -resistant (MDA-MB-231) breast cancer cells in vitro. DXNO-GR shows significantly higher cellular internalization
than DOX in both cell lines and, in contrast to DOX, does not experience cell efflux in MDR overexpressing MDA-MB-231 cells.
The higher cellular internalization of the DXNO-GR hybrid seems to be mediated by bovine serum albumin (BSA) as a suitable
carrier among serum proteins, according to the high binding constant measured for DXNO-GR, which is more than one order of
magnitude larger than that reported for DOX. Despite the higher cellular accumulation, DXNO-GR is not toxic in the dark but
induces remarkable cell death following photoactivation with green light. This lack of dark toxicity is strictly related to the different
cellular compartmentalization of the molecular hybrid that, different from DOX, does not localize in the nucleus but is mainly
confined in the Golgi apparatus and endoplasmic reticulum and therefore does not act as a DNA intercalator. The photochemical
properties of the hybrid are not affected by binding to BSA as demonstrated by the direct detection of NO photorelease, suggesting
that the reduction of cell viability observed under light irradiation is a combined effect of DOX phototoxicity and NO release which,
ultimately, inhibits MDRI efflux pump in DOX-resistant cells.

B INTRODUCTION anthracycline derivative.” Among the several mechanisms at
the basis of multidrug resistance (MDR), for DOX, this
phenomenon seems to be closely related to an increased efflux
of the drug from tumor cells as a result of the overexpression of

expansion for potential development of novel therapeutic ATP binding cassette (ABC) transporters (e.g., efflux

6-8 - . .
strategies.' > These molecular constructs represent a powerful pumps). Therefore, co-administration of DOX with
compounds able to hamper ABC transporters functionality

and consequently block drug extrusion has been proposed as

The development of molecular hybrids in which two
pharmacologically active entities are covalently joined in the
same molecular skeleton is emerging as an area with great

tool for the discovery of new drugs for treating important
diseases as cancer. In fact, hybrid drugs offer the possibility for
combination therapies achieved with a single multifunctional
“super molecule” that, in principle, is expected to be more

valuable approach to overcome resistance.” Nevertheless, this

specific and powerful than conventional drugs.' ™ Received: July 26, 2021
Doxorubicin (DOX) is one of the most widely employed Accepted: November 24, 2021
chemotherapeutics for treating a variety of solid tumors, Published: February 24, 2022

including breast, ovarian, bladder, and lung tumors.* However,
the high and dose-limiting cardiotoxicity, associated to the
development of resistance, hampers the clinical use of this
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strategy suffers from a number of pharmacokinetic and
pharmacodynamic limitations.'’

Nitric oxide (NO) is a small, inorganic free radical that,
besides being a well-known bioregulator of vital functions in
the human body, plays a key role in tumour biology.11 In this
regard, the effects of NO are strictly depending on its doses.'”
Concentrations in the pM—nM range encourage tumour
progression,13 whereas higher concentrations, in the #M range,
promote :Zpoptosis through nitration of crucial mitochondrial
enzymes,l 1S or via oxidative and nitrative stress.'® Moreover,
UM concentrations of NO inhibit the cellular extrusion of
DOX in human cancer cells mainly through a mechanism
involving nitration of critical tyrosine residues of MDR1 (P-
gp), ABCBI1, and MRPs/ABCCs transporters.”’18 On these
bases, molecular hybrids in which DOX is covalently linked to
NO-releasing moieties have been synthesized and proven to
induce considerable ABC transporters inhibition."”>" How-
ever, these compounds lack spatiotemporal control of NO
release and require high concentrations of the NO donors and
long incubation time to obtain an intracellular NO level
sufficient for protein nitration.

For such reasons, light activatable NO donors, namely, NO
photodonors (NOPDs), are much more agpealing than NO
precursors liberating spontaneously NO.”~>* In fact, light
triggering allows for NO dosage to be precisely controlled by
tuning the time and the intensity of irradiation. At this regard,
we have reported the first molecular hybrid of DOX with a
NOPD, DXNO-BL (Scheme 1A), able to release NO upon

Scheme 1. Structures of the Molecular Hybrid DXNO-BL
(A) and DXNO-GR (B) Releasing NO under Blue and
Green Light Excitation, Respectively

9

N CFs
H H
‘\- Blue

excitation

B) I .
Triplet-mediated
Green electron transfer
excitation
(0]

Red
emission

irradiation with blue light, to inhibit efflux pumps responsible
for DOX resistance and to induce significant cancer cells
mortality.26 Very recently, we have demonstrated that the
nitroso derivative of DXNO-BL, the hybrid DXNO-GR
(Scheme 1B) permits NO uncaging with the much more
biocompatible and tissue penetrating green light, representing
an advanta%e of more than 100 nm in terms of excitation
wavelength.”” As recalled in Scheme 1B for sake of clarity, in
this case the DOX component acts as green light harvesting
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antenna and triggers NO release from the N-nitroso appendage
via a triplet-state mediated intramolecular electron transfer,
without precluding the typical red emission useful for cellular
tracking of the hybrid. Moreover, DXNO-GR binds isolated
DNA in vitro with a binding constant higher than that of the
free DOX, preserving the NO photoreleasing property, even in
the bounded form.”” On these premises, to gain insights into
the potential photo-chemotherapeutic properties of this
molecular hybrid and the related mechanisms of action, we
investigated in vitro its behaviour on different breast cancer
cells using free DOX as reference compound.

B RESULTS AND DISCUSSION

Adenocarcinoma MCF7 and MDA-MB-231 triple negative
breast cancer cells were categorized as MDRI-negative and
MDR1-positive, respectively, on the basis of their expression of
MDRI1 pump (Table S1) evaluated by flow cytometry analyses
and expressed as MDR activity factor (MAF). Indeed, MDA-
MB-231 showed over-expression of MDR1 pump, having a
MAF of 54 versus MAF in MCF7 approx. equal to zero. Of
note, both cell lines can be considered positive for the
expression of MRP1/2, while they showed minor expression of
BCRP (Table S1), even if, in any case, the major player in
inducing DOX resistance in breast cancer is reported to be the
MDRI pump.”®

Cytotoxicity of DXNO-GR and, for sake of comparison, of
DOX was evaluated in MCF7 and MDA-MB-231 cancer cells
incubated for 2 h with increasing concentration of drugs (0—10
uM) in the absence of irradiation (dark cytotoxicity) or
exposing cells to green light (photo-toxicity; total dose 72 J/
cm?) at the end of the incubation time. Cell viability was
measured with the MTS assay after 24 h incubation in a drug-
free medium (Figure 1).

Dark cytotoxicity experiments (Figure la,c) showed that
DXNO-GR does not induce any significant reduction of cell
viability in both cell lines, in contrast to DOX, that is highly
cytotoxic towards MCF7 cells (IC5, DOX 7.6 uM). Therefore,
based on the latter results, MDA-MB-231 and MCF7 can be
considered as DOX-resistant and DOX-sensitive, respectively,
in accordance with their MDR1 expression. Irradiation with
green light (Figure 1b,d) leads to a different scenario with
DXNO-GR exhibiting significant cytotoxic action towards
both cell lines (IC, is 3.9 and 0.46 uM for MDA-MB-231 and
MCF7, respectively). Although in a lesser extent than the
hybrid, a photodynamic effect is also observed for DOX, with
the difference between the two compounds being much more
pronounced in the case of resistant MDA-MB-231 cells.

To gain insights into the mechanism of action of the
molecular hybrid, we first evaluated its cellular uptake by flow
cytometry analysis, after different incubation times, exploiting
DOX fluorescence. Figure 2a clearly shows that the cellular
accumulation of DXNO-GR in both cell lines is more than 5-
fold higher than that observed for DOX.

Interestingly, the cellular uptake of DXNO-GR was not
affected by verapamil treatment, a typical inhibitor of the
MDRI efflux pump, in both cell lines, while, as expected,
verapamil significantly increased the intracellular uptake of
DOX exclusively in MDRI1 over-expressing MDA-MB-231
cells. Therefore, this result underlines that the hybrid DXNO-
GR does not suffer of cell extrusion through a MDR1-mediated
mechanism (Figure 2b).

Considering our previous finding on more effective
intercalation of DXNO-GR with respect to DOX to isolated
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Figure 1. Decrease of viability in MCF7 (a,b) and MDA-MB-231 (c,d) breast cancer cells after incubation for 2 h with increasing concentrations of
DXNO-GR or DOX in the dark (a,c) or after green light irradiation (72 J/cm?) (b,d). Cells were incubated for 24 h before assessing cell viability.
Data are expressed as mean percentage + SD of at least three independent experiments, carried out in triplicate. *p < 0.05; **p < 0.01; **¥p <
0.001 significantly different from DOX (Student’s t-test).
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Figure 2. Cellular uptake of 2.5 uM DOX and DXNO-GR in MCF7 and MDA-MB-231 cells measured by flow cytometry in the absence (a) or in
the presence (b) of the MDR-1 inhibitor verapamil (50 uM). Data are expressed as mean fluorescence intensity (a.u.) + SD of at least three
independent experiments, carried out in triplicate. *p < 0.001 significantly different from DOX (Student’s t-test); #p < 0.001 significantly different
from-verapamil (Student’s t-test).

DNA in vitro,”’ the lack of dark cytotoxicity of the molecular Confocal microscopy analysis allowed explaining this discrep-
hybrid in MCF?7 cells (Figure 1a), appears quite surprising and ancy. The images of Figure 3 provide clear-cut evidence that, in
clearly suggests that the anticancer activity of DOX is not contrast to DOX (Figure S1), the hybrid DXNO-GR does not
preserved after its covalent conjugation to the NOPD moiety. localize in the nucleus of MDA-MB-231 cells, neither after a 2
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Figure 3. Intracellular localization of DXNO-GR in MDA-MB-231
cells after 2 h of incubation. Confocal microscopy images show the
absence of co-localization between DXNO-GR (red fluorescence)
and the nucleus (stained with Hoechst-33342). DXNO-GR
fluorescence clearly co-localized with endoplasmic reticulum (ER-
Tracker Green probe) and Golgi apparatus (BODIPY FL CS-
ceramide probe).

h incubation neither after 16 h (Figure S2). Indeed, DXNO-
GR mainly localizes in the Golgi apparatus and in the
endoplasmic reticulum (Figure 3), thus precluding any DNA
intercalation and, as a consequence, any cytotoxic activity
operating by mechanisms similar to those of DOX. Of note,
our confocal microscopy analysis showed that for long
incubation times (e.g., 16 h, Figure S2) DXNO-GR localized
exclusively in the Golgi apparatus. In any case, the higher
cellular uptake of DXNO-GR with respect to DOX cannot be
simply explained with the lack of cellular extrusion by the ABC
transporters. In fact, the hybrid internalized more efficiently
than DOX also in the MDR-1 negative MCF7 cells.

Uptake of DOX in resistant and non-resistant cells is a
complex phenomenon governed by its chemical—physical
properties (ionization and lipophilicity) and plasma membrane
composition besides drug efflux mechanisms.

DXNO-GR has a pK, comparable to DOX (ca 8.5) and thus
ionization degree is not expected to affect the overall
lipophilicity at physiological pH. The experimental value of
the partition coefficient between n-octanol and PBS at pH 7.4
for DXNO-GR was higher than that of DOX (log D, , of —0.04
and —0.87 for DXNO-GR and DOX, respectively). This
increase in lipophilicity explains the superior uptake of DXNO-
GR into both cell lines, and is consistent with the evidence that
the permeability of cells to the anthracyclines is mediated via
the lilzoid domain of the plasma membrane as shown for
DOX.”

7455

To gain more insights into the mechanisms of DXNO-GR
uptake, we investigated if internalization mechanisms other
than passive diffusion were exploited by cells for hybrid
internalization. Accordingly, we found that the accumulation of
drugs in both cell lines was largely depressed at 4 °C (Figure
S3), suggesting that the uptake of DXNO-GR, but also that of
DOX, occurred through energy-dependent mechanisms other
than simple diffusion through plasma membranes. Therefore,
we turned at bovine serum albumin (BSA) as a possible player
in the internalization process, on the basis of evidence
demonstrating that it can facilitate the transg)ort of drugs
inside cancer cells through endocytic pathways.”” Furthermore,
because albumin is present in the culture medium as the
prevailing serum component (e.g, in our in vitro experimental
conditions serum accounts for the 10% of the culture
medium), it must be considered that its binding with the
tested anticancer drugs can profoundly affect internalization
extents and the cytotoxic effects.

The binding properties of DXNO-GR with BSA were
studied by means of steady-state and time-resolved fluo-
rescence techniques.

The analysis of the fluorescence of BSA in the presence of
increasing amounts of drug is usually the most suited approach
to obtain the binding properties of the protein with a specific
guest. When excited at 280 nm BSA shows an emission band
with maximum at ca. 340 nm due to the tryptophan residue.
Addition of increasing concentration of DXNO-GR consid-
erably quenches this emission, accounting for an interaction
between the two components (Figure 4). Moreover, the slight

1000
750 1
5
S 5004
700
250 1
0 T —— S B
300 350 400 450 500
A (nm)

Figure 4. Fluorescence emission spectra (4. = 280 nm) of BSA (10
UM) observed upon addition of increasing amount of DXNO-GR
from 0 to 80 M. The inset shows the normalized absorption spectra
of BSA (a) and DXNO-GR (b) and the fluorescence emission
spectrum of BSA (c). T = 25 °C, pH 7.4.

red shift of the fluorescence maximum observed upon addition
of the hybrid reveals that the tryptophan fluorophore
experiences a more hydrophilic environment due to the
BSA/DXNO-GR interaction.

Note that the absorption of DXNO-GR at the excitation
wavelength of BSA and the overlap of the emission of BSA
with the absorption of DXNO-GR (see inset of Figure 4, for
sake of clarity) make necessary all the spectra of Figure 4 to be
corrected according to eq 1°'

F = F {A1+42)/2

(1)

where F. and F,, are the corrected and measured fluorescence,
respectively, and A, and A, are the absorbance values of

https://doi.org/10.1021/acsomega.1c03988
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DXNO-GR at the excitation and emission wavelength,
respectively. Such correction is necessary in order to eliminate
a trivial fluorescence decrease arising from an inner filter effect
due to competitive absorption of the excitation light and re-
absorption of the emitted light.

In order to establish the nature of the quenching
mechanism, static or dynamic, we plotted the fluorescence
data according to the Stern—Volmer eq 2*

I,/I1 =1 + Ky [DXNO-GR] (2)

where I and I are the intensity fluorescence in the absence and
in the presence of the hybrid, respectively and Kgy (Stern—
Volmer constant) = kyz, with kg and 7 being the bimolecular
quenching constant and the lifetime of the fluorophore in the
absence of the hybrid, respectively. From the linear part of the
plot reported in Figure SA we obtained a value for Kgy = 1.95

A) 2.0

1.8
1.6

-~
)

1.4

[DXNO-GR] (M)

0.0 01 02 03 04 05 06 07
1/ [DXNO-GR] (M)
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log[(l
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6.0 57 -54 51 4.8 -45 -42 3.9
log[DXNO-GR] (M)

Figure S. Plots of the data of Figure 4, corrected by eq 1, according to
eq 2 (A), (3) (B) and (4) (C). T =25 °C, pH 7.4.

% 10* M~ Since the average value for 7 = 5.9 ns, ky results to
be 3.3 x 10" M™' s7". This value exceeds by more than 2
order of magnitude the diffusional rate constant, suggesting
that the quenching process takes place exclusively through a
static mechanism according to the formation of a non-
fluorescent BSA/DXNO-GR complex.

The binding constant K, and the fraction of fluorophore
accessible to quencher, f, where obtained by the modified
Stern—Volmer eq 3°*

I,/(I, = I) = 1/(fK,[DXNO-GR]) + 1/f 3)

7456

From the data of the plot reported in Figure 5B, we obtained
K, 1.05(+0.07) x 10° M™' and f = 0.50 + 0.05.
Furthermore, the number n of hybrid molecules bound/BSA
molecule, resulted 0.62 + 0.0S, obtained by the plot of Figure
5C and according to eq 4°*

log[(I, — I)/I)] = log K;, + n log[DXNO-GR]

(4)

Note that the value of Kj, obtained is more than one order of
magnitude larger than that reported for DOX under identical
experimental conditions (K, = 7.8 (+0.7) X 10> M™!).** This
result is in excellent agreement with the higher cellular
internalization found for the hybrid and suggests that BSA can
play a key role as a carrier in this process.

In light of this effective binding with the protein, we
consider indispensable to verify that the photophysical and
photochemical properties of DXNO-GR are preserved even in
its BSA-bounded form. This is not trivial because the
confinement of photoactivatable guests in specific compart-
ments of a host can lead to dramatic changes of the photo-
reactivity, in nature, efficiency of both, due to steric constrains,
specific interaction and polarity effects. Fluorescence dynamic
and NO photo-release capability of DXNO-GR were
investigated in the presence of BSA under conditions of
almost 100% complexation by using time-resolved fluorescence
and an ultrasensitive NO electrode, respectively. Figure 6A
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Figure 6. (A) Fluorescence decay and the related fitting of the
DXNO-GR recorded at 4, = 455 nm and A, = 600 nm. (B) NO
release profile observed for a solution of DXNO-GR in the presence
of BSA upon alternate cycles of green light (4. = 532 nm) and dark.
[BSA] = 10 mM; [DXNO-GR] = 80 uM. T = 25 °C, pH 7.4.

shows that the fluorescence decay of the molecular hybrid
exhibits a biexponential behavior with lifetimes 7, = 0.82 ns
and 7, = 1.97 ns with relative amplitudes A; = 76% and A, =
24%, respectively. These values are very similar with respect to
those observed in the same solvent in the absence of BSA (z, =
1.01 ns and 7, = 2.40 ns with relative amplitudes A; = 85% and
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Figure 7. (a) Detection of the intracellular levels of NO generated by DXNO-GR or DOX in the absence or in the presence of green light
irradiation. NO increment is expressed as increase of DAF-FM probe fluorescence with respect to the fluorescence signal measured in control cells
and set equal to 1 (fold change). *p < 0.001 significantly different from dark sample (Student’s t-test). #p < 0.01; ##p < 0.001 significant difference
between DOX and DXNO-GR (Student’s t-test). (b) Inhibition of MDR efflux pumps measured through the retention of the substrate EFLUXX-
ID. *p < 0.001 significantly different from dark sample (Student’s t-test).

A, = 15%, respectively), suggesting that the excited singlet
state of DXNO-GR is only slightly affected by the protein
binding. Figure 6B shows that, analogously to what already
observed for the free hybrid, NO release from the BSA/
DXNO-GR complex occurs exclusively upon excitation with
green light stimuli, stops in the dark, and restart as the light is
switched on again. Because the NO photo-release is mediated
by the lowest excited triplet state,”” our findings demonstrated
that also this excited state is not involved in any competitive
reaction with protein components.

Intracellular photo-generation of NO from DXNO-GR was
measured by flow cytometry using the probe DAF-FM, which
becomes fluorescent after NO binding. As illustrated in Figure
7a, the incubation of MDA-MB-231 cells with DXNO-GR did
not elicit any significant increase of the intracellular NO level
in the dark (fluorescence fold change ca. 1). On the contrary,
in cells exposed to light after incubation with DXNO-GR,
DAF-FM fluorescence exhibited at least a two-fold increase
with respect to cells not exposed to light. In cells incubated
with DOX, DAF-FM fluorescence was only slightly increased
after irradiation, very likely for an upregulation of inducible
NO synthase.'”"® Intracellular NO generation mediated by the
green light has also an inhibitory effect on the efflux pumps
(Figure 7b) as found for the blue light activatable DXNO-BL
molecular hybrid.”® In fact, in MDA-MB-231 cells, we
observed that the intracellular accumulation of a MDR-pump
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substrate (e.g. EFLUXX-ID) significantly increased exclusively
in cells incubated with DXNO-GR and exposed to light,
indicating the direct inhibition of the pumps upon NO photo-
release.

Note that premised that the exclusive activation of DXNO-
GR directly at the tumor site by means of locally delivered
green light represents the main strategy to promote exclusive
phototoxicity and NO generation in malignant cells, in order to
counteract off-target effects in normal cells, for sake of
comparison, we studied hybrid behaviors also in non-
tumorigenic breast MCF-10A cells (Figure S4). Importantly,
even if the extent of DXNO-GR uptake was comparable with
those measured in the malignant cell lines, dark cytotoxicity
was limited (e.g. maximum of 20% viability reduction at the
higher dose tested) and reduced with respect of that of DOX
(Figure S4a,c). As expected, when DXNO-GR was activated by
light, significant NO release (Figure S4d) and cell viability
reduction were observed, being in any case DXNO-GR IC50
(1.85 uM) higher than that measured in cancerous MCF-7
cells (0.46 uM).

B CONCLUSIONS

This study has provided important insights into the mechanism
of action of the DOX-based molecular hybrid DXNO-GR
releasing NO under the control of green light. Despite its
binding capability to isolated DNA and cellular internalization
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are higher than those of DOX, and it does not suffer cell
extrusion by MDR-pumps, DXNO-GR does not show any
cytotoxic action in the absence of light exposure neither
towards DOX-sensitive and -resistant cancer cells nor toward
non-malignant breast epithelial cells. This is due its retention
mainly in the Golgi apparatus and endoplasmic reticulum,
which precludes inhibition of topoisomerase II upon
intercalation into DNA at nuclear level similarly to DOX.
The hybrid bounds BSA with a binding constant higher than
that reported for DOX, and this effective protein binding
seems to have a role in its efficient intracellular internalization.
In addition, protein binding does not affect the NO photo-
releasing properties of the molecular hybrid, which produces
NO under green light even when bound to BSA and, even
more importantly at the intracellular level. The photogenerated
NO seems to be the dominant species responsible for the
remarkable level of toxicity observed under light irradiation on
both types of cell lines and for the inhibition of the efflux
pumps in MDA-MB-231 DOX-resistant cells.
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