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ABSTRACT
Photoactivated chemotherapy agents show a promising ability to kill cancer cells under the action
of light, including those in chronic hypoxic conditions. Those compounds form a new branch of
physically targeted anticancer agents with potentially lower systemic side effects for patients. On
the other hand, very few information exists on the intracellular interactions between the
photoreleased ruthenium cage and the photoreleased antitcancer inhibitor. In this work, we report
a biological study of the photoactivated chemotherapy compound Ru-STF31 in the glioblastoma
cancer cell line U87MG. Ru-STF31 targets nicotinamide phosphoribosyltransferase (NAMPT),
an enzyme overexpressed in glioblastoma. Ru-STF31 is activated by red-light irradiation, which
breaks a bond between the ruthenium-based caging group and the NAMPT inhibitor STF31,
thereby releasing two photoproducts: the ruthenium cage and the cytotoxic inhibitor STF31. Ru-
STF31 showed significantly higher solubility in water and anticancer efficacy compared with the
free inhibitor STF-31. It also significantly decreased intracellular NAD+ levels not only in
normoxic (21% O2) but also in hypoxic (1% O2) U87MG cells. Strikingly, NAD+ depletion by
red light activation of Ru-STF31 in hypoxic U87MG cells could not be rescued by the addition
of extracellular NAD+. Our data suggest an active role of the ruthenium photocage released by
light activation.

INTRODUCTION
According to Global Cancer Statics (CNS), 308,102 new cases of brain and central

nervous system (CNS) cancers were diagnosed in 2020 and 251,329 cancer-related deaths
occurred in the same year1. Gliomas represent 40% of all brain tumors, which makes them the
most common and deadly human primary brain tumors About half of all newly diagnosed
gliomas correspond to glioblastoma (GBM), which is the most malignant type of brain cancer
(grade IV) with a median overall survival of approximately 14 –17 months in current clinical
trials2 3 and around 12 months in population-based studies.1 3 4 Because of the heterogeneous
nature of GBM, its treatment includes maximally safe surgical resection with subsequently
parallel chemotherapy (Temozolomide) and fractionated radiotherapy.5 Consistently low tumor
oxygenation (<1% O2), also known as “chronic hypoxia”, is the main concern for GBM patients
since it promotes cancer cells spreading into healthy brain tissues to evade the adverse hypoxic
microenvironment.6 Although resection can achieve a reduction of the primary tumor burden, the
observation that more than 80% of the recurrences are situated adjacent to the resection cavity
suggests some utility for therapeutic platforms targeting this region.7 Previously, it has been
shown that due to the weakly differentiated neoplastic astrocytes that do not release factors vital
for the brain-blood barrier (BBB) function, leaky inter-endothelial tight junctions exist in human
glioma. It was also demonstrated that BBB stability in lower-grade gliomas is better than that in
GBM.8 As the degree of BBB disruption differs with the malignancy of the tumor, treatment of
low-grade brain tumors is still a challenging task, because of the presence of almost intact BBB.9
Recently, the United States Food and Drug Administration (FDA) approval of 5-aminolevulinic
acid (5-ALA) for fluorescence-guided resection (FGR) of tumors rehabilitated interests in
leveraging this agent as a means to administer photodynamic therapy (PDT). PDT treatment to
the tumor resection cavity can minimize the risk of local reappearance.10 PDT involves the
photoactivation of a photosensitizer molecule called a photosensitizer, which is selectively
incorporated into tumor cells. Light irradiation activates the photosensitizer by transferring
energy from the light beam to the sensitizer, resulting after spin flip in the formation of a
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photosensitizer triplet excited state. This excited state activates nearby dioxygen molecules to
produce a massive dose of reactive oxygen species (ROS) that induce cell death.11

Though PDT has demonstrated added value for the treatment of GMB patients,12 and
different forms of PDT are clinically approved for the treatment of tumors such as Barrett’s
esophagus or non-melanoma skin cancer, it has also some limits, including a reduced efficacy in
the hypoxic regions of a tumor.13 For instance, few studies showed resistance of GBM to PDT
when employed in the resection cavity using a cylindrical diffuser fibre after implanting it into
the tumor.13,14,15 Another family of molecules called photoactivated chemotherapy (PACT) agents
also makes use of visible light irradiation to generate high but localized doses of cytotoxic
species, leading to lower systemic side effects in vivo.16 Unlike PDT, PACTactivates the prodrug
via an O2-independent mechanism, including ligand photosubstitution,17 covalent bond
photocleavage,18 or photoisomerization.19 Such activation modes lead to changes in the formula
of the compound that induces biological damage to irradiated cells, for example by inhibiting an
essential metabolic enzyme. Due to their O2-independent mode of activation, a deficiency of
dioxygen in the cancer cell does not necessarily affect the activation of PACT compounds, as
demonstrated previously.20,21 Photocleavable groups based on ruthenium (Ru) are among the
most pre-clinically promising photocages for PACT. While including a second-row transition
metal22, these prodrugs often show less systemic toxicity than conventional antineoplastic agents
based on e.g. platinum.23 In addition, their photochemistry is well-understood and finely tunable
(Lameijer et al., 2017). Although new PACT compounds, such as ruthenium-peptide
conjugates,24 show (photo-)toxicity in hypoxic tumor cells and multicellular tumor spheroids
(MCTS), PACT has not been applied in the clinic yet.

In principle, ruthenium-based PACT compounds can be used to combat several hallmarks
of cancer including uncontrolled proliferation and altered metabolism. Due to their high
proliferation rate, cancer cells require a high amount of essential metabolites adenosine
triphosphate (ATP) and nicotinamide adenine dinucleotide (NAD+). NAD+ and its reduced
analogue NADH are very important electron carriers in cells. Both molecules allow cells to
maintain good cellular homeostasis by acting as a substrate for PARP, mono/poly-ADP-
ribosylation and Sirtuilight-activated

ns deacetylation enzymes.25 The regulation of NAD+ biosynthesis and transport as well as
of that of its intermediates, is crucial to sustaining tumor cell growth.26 NAD+ can be synthesized
from various dietary precursor molecules via multiple pathways, but in cancer, NAD+ is
predominantly produced via the so-called “salvage pathway”.27 Since cancer cells require a high
amount of NAD+ to maintain their functions, multiple researchers have developed therapeutic
strategies based on small molecule inhibitors such as FK866 or CHS-828.28 These compounds
prevent the formation of NAD+ by inhibiting nicotinamide phosphoribosyltransferase (NAMPT),
an enzyme critical to the NAD+ salvage pathway. NAMPT, also called pre-B-cell colony-
enhancing factor 1 (PBEF1) or visfatin, is a rate-limiting enzyme for NAD+ synthesis that plays
an important role in tumor generation and progression.29 30 NAMPT is also described as a soluble
factor with a cytokine-like activity that regulates cell growth, migration, and gene expression.31
Although NAMPT is a promising anti-cancer drug target, its targeting in patients offers a low
therapeutic window, with either a lack of antitumor efficacy at lower doses or too many side
effects at higher doses, such as retinal, hematological, or cardiac toxicity.32

To solve this problem, the novel NAMPT-targeted PACT compound
[Ru(tpy)(biq)(STF31)]Cl2 (Ru-STF31, tpy = 2,2’;6’,2”-terpyridine; biq = 2,2’-biquinoline;
STF31 = 4-[({[4-(2-methyl-2-propanyl)phenyl]sulfonyl}amino)methyl]-N-(3-
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pyridinyl)benzamide) has been recently proposed.20 Upon red light irradiation (630 nm), Ru-
STF31 releases both STF31 and the activated photocage RuOH2 (Figure 1, top). STF31 is a
commercially available cytotoxic NAMPT inhibitor that was also shown to influence the glucose
transporter GLUT1.33 It contains a metal-binding pyridyl group that allows blockin g its
NAMPT-inhibiting properties by coordination to the ruthenium-based photocaging group. Ru-
STF31 was demonstrated to become 2-4 times more cytotoxic upon red light activation in vitro in
human lung (A549) and non-melanoma skin (A431) cancer cells, both in normoxia (21% O2) and
hypoxia (1% O2) 20. Its activity in glioblastoma cells was, up to now, unknown. In addition,
though the photocage is traditionally believed to play a minor role in the light-triggered activity
of ruthenium-based PACT compounds, recent works have shown that this assumption may turn
wrong.34,35 In principle, the biological activity of a PACT compound following light irradiation
might, in fact, be a combination of the effect of the released inhibitor and of that of the photocage.
In view of the low amount of information currently available on this question, we address it in
detail here in the context of glioblastoma. We included in the study the analogue compound
[Ru(tpy)(biq)(py)]Cl2 (Ru-Py, Figure 1), a photoactivated ruthenium cage control that releases
the same activated cage RuOH2 as Ru-STF31, together with the biologically benign pyridine,
but not NAMPT inhibitor (Figure 1, bottom). We first compared NAMPT expression in different
cell lines to demonstrate its overexpression in glioblastoma. Second, we measured separately the
biological effects of Ru-STF31 and Ru-Py after red light activation, and checked how the
STF31 inhibitor may interact biologically speaking, with the activated cage RuOH2. Finally, we
compared the antiproliferative effects of these compounds with their ability to modify the NAD+

levels in cancer cells using metabolomics, both in a normoxic and hypoxic context, which
concluded to a non-negligible influence of the ruthenium caging group on the activity of the
photoreleased STF31 inhibitor, in particular under hypoxia.
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Figure 1. Light activation of the PACT compounds Ru-STF-31 (top) and Ru-Py (bottom) by red
light. Upon light absorption, both Ru-STF-31 and Ru-Py release the activated photocage
RuOH2, but the former releases the NAMPT inhibitor STF-31, while the latter releases non-toxic
pyridine (Py).

RESULT AND DISCUSSION
Crystal structure of Ru-STF31. As the experimental structure of Ru-STF31 was unknown,
single crystals of [Ru(tpy)(biq)(STF31)](BF4)2were obtained by dissolving Ru-STF31 in MeOH,
adding a few drops of the HBF4 diethylether complex, and waiting for crystallization to occur.
Single crystals were obtained that allowed crystal structure determination. Due to the steric
hindrance between the pyridyl group of STF31 and the bisquinoline fragment, the biq ligand in
the resulting structure was tilted, thus generating two enantiomers in the resolved crystal structure.
One of them is shown in Figure 2. Selected bond distances, angles and other details are presented
in Table S1-2 of supplementary information. This structure unequivocally demonstrates the
binding of STF31 via pyridine to the ruthenium center in the photocaged prodrug Ru-STF31.
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Figure 2. Displacement ellipsoid plot (50% probability level) of the crystal structure of the
tetrafluoroborate salt of Ru-STF-31 at 110(2) K. All hydrogen atoms and counterions have been
omitted for clarity.

U87MG is the most suitable cell line for assessing the efficacy of Ru-caged NAMPT
inhibitor. NAMPT overexpression was repeatedly reported in many human malignant tumors.36
Figure 2A shows a box plot of pathology data extracted and selected from the Human protein
atlas (Human Protein Atlas.org, version 22ith with considering RNA-seq data from Cancer
Genome Atlas (TCGA). We chose to highlight 5 out of 17 cancer types with an median
expression level of 32.6 FPKM in our study (fragments per kilobase of exon per million mapped
fragments). According to this analysis, glioma [n=153] turned out as the cancer type with the
highest expression of NAMPT at the mRNA level. By contrast, with a median of 4.8 FPKM
endometrial cancer was found as the cancer having the lowest expression of NAMPT [n=541]. To
validate this clinical observation in vitro, we measured NAMPT protein levels by western blot in
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a selection of 5 cell lines representative of different cancer including non-melanoma skin (A431),
liver (HEPG2), lung (A549), skin melanoma (A375), and glioblastoma (U87MG). These
measurements were performed at two O2 concentrations, 21% (hereafter called normoxia) and
1% (hereafter called hypoxia), to assess the influence of oxygen concentration on NAMPT
expression. As shown in Figure 2C, within these 5 cancer cells lines U87MG displayed the
highest level of NAMPT protein, independently from the oxygen level. Supposedly, U87MG
mostly produces NAD+ via the salvage pathway, and hence need a higher expression of NAMPT
as it is a crucial enzyme in this pathway (Sharma et al., 2021). Both HEPG2 and A431 cell lines
were found to have the lowest NAMPT protein level of this series; the HEPG2 cell line was
selected in further studies as NAMPT-negative, low expression control cell line.

In fact, U87MG cells showed high NAMPT expression at both the mRNA and protein
levels, but it is not the only brain cancer cell line. To investigate how U87MG expressed NAMPT
within other known brain cancer cells lines, we plotted the NAMPT mRNA levels of a large
compendium of 25 brain cancer cell lines retrieved from the Human Protein Atlas. Of the 25
brain cancer cell lines panel, we display in figure 2D the average value of NAMPT mRNA level
of 25 cell lines with high, medium and low expression. Surprisingly, with a value of 362 nTPM
(normalized transcripts per million) the U87MG cancer cell line expressed the highest NAMPT
mRNA level of the whole series. In fact, NAMPT is not only highly expressed in glioblastoma
cell lines, but it is also associated in the clinics with a worse prognosis for brain cancer patients: a
high NAMPT protein level is associated with a higher grade of GBM. From the human protein
atlas database, the differential NAMPT expression in high-grade and low-grade GBM from 2
different patients was retrieved (Figure 2E). The higher expression of NAMPT was observed in
patients with highest-grade GBM, which may indicate a possible association between NAMPT
levels and the aggressiveness of the disease. Finally, Figure 2F illustrates a Kaplan-Meier curve
based on TCGA database analysis of 153 patients, indicating that higher NAMPT expression is
associated with increased mortality among glioblastoma patients compared to those with lower
NAMPT expression. Overall, NAMPT appeared clinically as a good target for NAMPT-targeted
PACT drugs such as Ru-STF31, and U87MG cells was one of the best in vitro models tested to
test the activity of this PACT agent.
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Figure 3. (A) NAMPT RNA-seq data for 5 cancers types from TCGA, were analyzed and
reported as the median number of fragment per kilobase of exon per million reads(FPKM),
reported as median FPKM (https://www.proteinatlas.org/ version 22.0). Normal distribution
across dataset was visualized by box plots, shown as median and 25th and 75th percentiles, Points
are shown as outliers if they are above or below 1.5 times the interquartile range. (B) Western
blotting of NAMPT expression among five different cancer cell lines cultured in both hypoxic
(1% O2) and normoxic (21% O2) conditions showing highest and lowest NAMPT expression in
U87MG and HEPG2, respectively (C) Bar-graph of the western blotting assay, each bar
represents a value for the NAMPT protein, (D) Bar graph provided by the human protein atlas
version 22.0 and ensemble version 103.38, showing the highest expressions of NAMPT in U87
MG among different brain cell lines [n=25] (E) Expression of NAMPT by HPA047776 antibody
in brain tissue of patient with high grade (right tissue) and low grade (left tissue) GBM provided
by human protein atlas (https://www.proteinatlas.org/ version 22.0) showing relatively higher
expression of NAMPT in high grade GBM. (F) A Kaplan-Meier curve was plotted for 153 GBM
patients, stratified by high (n=122) and low (n=31) expression levels of NAMPT, using a cutoff
of 13.62 FPKM for RNA expression.
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Hypoxic phenotype in U87MG cells. To validate our hypoxic cell culture conditions, we first
immunostained HIF1-α in both normoxic (21% O2) and hypoxic (1% O2) U87MG cells (Figure
3A). As a positive control, we treated normoxic cells with CoCl2 (100 μM), a chemical inducer of
HIF-1 α protein stabilization.37 As reported a low level of HIF1-α protein was observed in
normoxic U87MG cells, which was increased upon treatment of the cells with CoCl2 (Figure 3A).
Furthermore, by incubating the U87MG cells for at least 10 days in hypoxic conditions (1% O2),
an comparable increased level of HIF1-α was also observed (Figure 3A). The merged images
(Figure 3A, bottom) also showed the translocation of HIF1-α into the nucleus, indicated by white
arrows. These results validated the stabilization of HIF1-α and its translocation to the nucleus in
hypoxic U87MG cells, in response to low oxygen levels.

Second, we investigated the impact of HIF1-α nuclear colocalization on the hypoxic
response in U87MG cells cultured in low oxygen conditions by conducting transcriptomics
analysis (Figure 3B-3D). Our observations revealed a substantial upregulation not only of the
direct target genes of the transcription factor HIF1-α, such as 2 isomer of CA9 (carbonic
anhydrase 9) and one isomer of VEGFA (vascular endothelial growth factor), showing log2fold
changes of 4.78 and 8.45, respectively, but also in genes contributing to glycolysis, including
GAPDH, ALDOA, ENO1&2, with log2fold changes of 2.63, 1.76, and 3.13, 9.66, respectively
(Fig 3B-3C). Altogether, these transcriptomics data supported our immunostaining imaging and
concluded to the activation of the HIF1-α pathway in U87MG cells in hypoxic (1% O2)
conditions. Although NAMPT upregulation under hypoxia was not evident at the protein level
(Figure 1B), transcriptomics data indicated an increase in NAMPT mRNA levels under low
oxygen conditions in U87MG cells. Intriguingly, the analysis revealed a downregulation of
numerous genes associated with the NAD+ salvage pathway like as SLC29A2, NAPRT in
hypoxia (Fig. 3D). Overall, hypoxic U87MG cells appear as a more suitable in vitro model for
testing Ru-STF31, notably compared to our previous study using A549 and A431 cells.20
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Figure 4. (A) Immunostaining of HIF1-α in U87MG cells cultured in normoxia (21% O2) and
hypoxia (1% O2). Normoxic U87MG cells (left panel) and hypoxic U87MG cells (right panel)
were imaged using confocal microscopy. Immunofluorescent staining of HIF1-α is shown in
green (middle panel), cell nuclei are stained in blue with Hoechst dye (upper panel) and the
merged images are shown in the bottom panel. The control (-) group represents cells with
secondary and without primary HIF1-α staining (negative control). The (+) groups represents
cells with both primary and secondary HIF1-α staining. Cells treated with CoCl2 (100 μM) for 24
h were included as positive control for the expression of HIF1-α. Overexpression and
translocation of HIF-1α were observed in both hypoxic U87MG cells and normoxic cells treated
with CoCl2. Heat map of differentially expressed (B) HIF-1α targeted genes (C) Genes involved
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in glycolysis, (D) Genes in NAD+ salvage pathway, . NA: not available values; significant p-
values are indicated with ***, padj<0.01. ns: non-significant.

Cellular toxicity of Ru-STF31. Having identified U87MG as high NAMPT-expressing cell line
and HEPG2 as low NAMPT-expressing cell line, we measured the cytotoxicity of the
photoactivatable NAMPT inhibitor Ru-STF31 both in the dark and following red light irradiation
in both cell lines (Figure 4). Following exposure to red light irradiation (RL, 630 nm, 20.8 J/cm2),
Ru-STF31 exhibited increased toxicity with EC50 values of 9.7 µM and 22.7 µM in normoxic
and hypoxic U87MG cells, respectively, compared to dark conditions (27.8 µM and 35 μM, see
Figure 4). The photoindex (PI) value of Ru-STF31, defined as EC50(D)/EC50(R), was
approximately 2.86 and 1.53 respectively, in normoxic and hypoxic U87MG cells, indicating
significantly enhanced cytotoxicity under red-light irradiation. Under normoxia lower
cytotoxicity was observed for the free inhibitor STF31 (EC50 = 30 μM) in U87MG cells in
comparison with that of red light-activated Ru-STF31 (9.7 μM, Table 1). In HEPG2 cells the
toxicity of Ru-STF31 under red light conditions (EC50 = 15 µM and 30.8 µM, respectively) was
slightly lower than that in U87MG cells. No significant PI values were observed for Ru-STF31
in normoxic (1.73) and hypoxic HEPG2 cells (1.1).
To investigate the biological effect of the RuOH2 cage alone, we also tested the cytotoxicity of
Ru-Py in the same conditions. Interestingly, cell viability indicated that Ru-Py like Ru-STF31
showed light-dependent cytotoxicity, both under normoxic and hypoxic conditions (Table 1 and
Figure 5). Clearly, although the phototoxicity and dark toxicity of Ru-Py was lower than that of
Ru-STF31 in both normoxic and hypoxic U87MG cells, the ruthenium photocage showed a
biological activity upon light activation that had been overlooked before. In addition, the EC50,RL
values of Ru-Py were 32.9 and 44.9 µM under normoxia and hypoxia, respectively, which was
higher than that of Ru-STF31 in the same conditions. Overall, according to these results light-
activated Ru-STF31 had lower EC50 value, both under normoxia and hypoxia, than free STF31
and light-activated Ru-Py, which suggested that both photoreleased fragments STF31 and
RuOH2 (Figure 1) might exert a synergistic cytotoxic (or cytostatic) action.
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Figure 5. Dose-response curves of Ru-STF31 for (A) normoxic U87MG cells; (B) hypoxic
U87MG cells; (C) normoxic HEPG2 cells; (D) or hypoxic HEPG2 cells. All cells were treated
with Ru-STF31 and kept in the dark (black data points) or irradiated by red light (630 nm, 20.8
J/cm2, red data points. Data points are averages of three biological replicates (n=3) with 95 %
confidence intervals (in μM). (E) and (F): corresponding bar graphs showing cell viability of Ru-
STF31 (D& RL) in U87MG and HEPG2 cells, respectively. Statistical significance was assessed
via one-way ANOVA test, **p≤0.05, *** ≤0.01, *** ≤0.001.
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Table 1. EC50 values of Ru-STF31 (D, RL), Ru-Py (D, RL), and STF-31 in normoxic and hypoxic U87MG human
glioblastoma cells.

Compound Parameters
Conditions

Normoxia (21%O2) Hypoxia (1%O2)

STF31

EC50(D),μM 30.2 130
95%CI,μM +15.3/-9.50 +86.7/-43.8
EC50(RL),μM - -
95%CI,μM - -

Ru-Py

EC50(D),μM 124 133
95%CI,μM +31.2/-23.6 +29.8/-23.9

EC50(RL), μM 32.9 44.9
95%CI,μM +10.5/-7.58 +22.6/-14.1

Ru-STF31

EC50(D),μM 27.8 35.0
95%CI,μM +5.91/-4.83 +12.5/-8.35

EC50(RL), μM 9.7 22.7
95%CI,μM +1.56/-1.29 +7.35/-5.45

Impact of red light-activated Ru-Py on the cytotoxicity of STF31. Considering the biological
activity of Ru-Py upon red light activation, one could wonder whether the ruthenium photocage
after light activation of Ru-STF31 interacts with the photo-released STF31 inhibitor. To address
this question, we investigated the cytotoxicity of a combination of red light-activated Ru-Py and
free STF31, both under normoxia and hypoxia (Figure 6). The combination index (CI) values
were computed based on Chou-Talalaly method38 using the CompuSyn software
(www.combosyn.com). This method is based on the median-effect equation (MEE) of the mas-
action law (MAL) expressed in Equation 1:

��
��

= �
��

�
(1)

where �� is the fraction affected by the drug (here, cell growth inhibition) and �� is the fraction
unaffected by the drug, D is the dose of the drug, �� is the median-effect dose or potency of the
drug, and m is the slope of the dose-response S-shaped curve. In this formalism the CI values for
each combination and each resulting effect �� can be calculated by Equation 2:

�� =
���−�� �� ,��� ��

���−��(��) ��

+
����31,��� ��

����31 ��
(2)

Where ��,��� ��
represent the concentration (in μM) of drug x in the combination to

achieve a specific effect , and �� �� represents the concentration (in μM) of drug x taken alone
to achieve the same effect �� as the combination. The CI provides information about the effect of
the combination, compared with an additive effect. CI values lower than 1 indicate synergism, CI
= 1 indicates additive effects, and CI values higher than 1 indicate antagonism. All details and the
CompuSyn report of Ru-Py (RL) and STF31 including media effect plot are given in the
Supplementary Information (Figure S19).

Strikingly, different CI values were found under normoxia and hypoxia. Under normoxia,
at the highest concentrations used where both compounds individually achieved a 75 and 85%
effect (�� ) on cell death (Figure 6B), CI values lower than 1 were found, corresponding to
synergies. However, at lower concentrations an unexpected antagonistic effect was observed with
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CI values either close to 1 or clearly higher than 1. In contrast, in hypoxic (HX) cells a consistent
synergy pattern emerged from the data irrespective of the drug concentrations, with all CI values
lower than 1 in a 1:1 mixture of Ru-Py(RL) and free STF31.39 Hence, in hypoxic U87GM cells
the photoreleased ruthenium cage RuOH2 was found to exert a synergistic influence on the effect
of the STF31 inhibitor itself. To our knowledge, this observation is the first report on the one
hand of the fact that the ruthenium cage may influence the biological effects of the photoreleased
inhibitor (here STF31). On the other hand, these interactions were found dependent on the
oxygenation level of the cells.

Figure 6. Combination index plot for combination therapy of Ru-Py(RL) and STF31, in 1:1
concentration ratio in both (A) normoxic (21% O2) and (B) hypoxic (1% O2) U87MG cells. .The
X-axis represent the fraction affected by the drug (�� ) while the Y-axis shows the combination
index value at each value of ��.

Reduction of intracellular NAD+ level in hypoxic (HX) U87MG cells treated with Ru-STF31.
Based on the cell-free NAMPT enzyme activity assay used in our previous report,20 we expected
that NAMPT inhibition with light-activated Ru-STF31 would reduce the intracellular levels of
NAD+. However, this hypothesis had never been tested in a cellular context. Therefore, we
conducted a metabolomic analysis to measure the real intracellular level of NAD+ in U87MG
cells cultured in different conditions: either untreated (Ctrl) or treated with Ru-STF31, Ru-Py, or
STF31, and either kept in the dark (D) or following activation with red light (RL, 20.8 J/cm2).40 41

According to this analysis, free STF31 significantly decreased NAD+ levels in hypoxic cells but
the change compared with untreated cells was not statistically significant in normoxic cells. In
normoxia, Ru-STF31 in both dark and red light-activated conditions, did not affect the amount of
NAD+; however, in hypoxic cells light-activated Ru-STF31 significantly decreased NAD+ levels.
This observation was consistent with our findings regarding the free inhibitor STF31, indicating
that treatment with the free NAMPT inhibitor or with its light-activated analogue Ru-STF31 did
lead to a reduction in NAD+ levels in U87MG cells, but only in hypoxic conditions.

Of course, Ru-Py was originally designed as a negative control for NAMPT inhibition.
Consequently, it was expected not to have any effect on intracellular NAD+ levels. This usual
assumption appeared to be correct for normoxic U87MG cells, where Ru-Py, whether light-

https://doi.org/10.26434/chemrxiv-2024-mzftm ORCID: https://orcid.org/0000-0002-1062-7910 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-mzftm
https://orcid.org/0000-0002-1062-7910
https://creativecommons.org/licenses/by-nc/4.0/


15/28

activated or not, did not induce statistically significant differences of the NAD+ levels with
respect to untreated cells. However, it appeared as incorrect in hypoxic U87MG cells: Ru-Py
before activation by red light did increased NAD+, and following red-light activation and release
of RuOH2, unexpectedly decreased intracellular NAD+ levels. Although it was unclear, at this
stage, if Ru-Py had any NAMPT inhibitory effect, in hypoxic cells the ruthenium cage was found
to increase NAD+ level whether activated or not. Maybe as a defense mechanism against the
toxicity of Ru-Py, which seems to disturb cellular hemostasis (Okabe et al., 2019).

Figure 7. Metabollomics analysis of NAD+ level in U87MG cells treated with vehicle control
(Ctrl), STF31, Ru-STF31, or Ru-Py, and kept in the dark (D) or irradiated with red light (RL,
630 nm, 20.8 J/cm2). Data points are averages of 5 biologically independent experiments (n=5)
and error bars represent 95 % confidence intervals. Statistics: paired student t-test, p-value:
0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***).

Rescue experiments of STF31 and Ru-STF31 with NAD+. In principle, decreasing the
intracellular levels of NAD+ in U87MG cells by NAMPT inhibitors may be effective and harm
the cells if no extracellular NAD+ can be taken up by the cancer cells. However, in vivo the tumor
microenvironment has the potential to provide critical metabolites like NAD+ to promote tumor
growth. Therefore, we decided to investigate if adding NAD+ in the culture medium of hypoxic
U87MG cells treated with red light-activated Ru-STF31 or STF31 would rescue them or not,
hence lower toxicity of the inhibitor. To this aim, three different ratios between the ruthenium
drug and NAD+ were investigated, ie 1:1, 1:7.5 and 1:15. For instance, for the 1:1 ratio hypoxic
U87MG cells were treated with Ru-STF31 or STF31 in a concentration range 100-3.1μM.
Following photoactivation of Ru-STF31, which released STF31, or in the dark for STF31,
NAD+ was added to the cells at the same concentration as the drug (concentration range 100-
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3.1μM). For free STF31, the toxicity of the drug towards U87MG cells was as expected reduced at
all drug:NAD+ ratios (Figure 8B). This result supported the hypothesis that the presence of
additional NAD+ in the culture medium “rescued” the toxic effects of the NAMPT inhibitor
STF31. In other words, free STF31 and NAD+ acted antagonistically for cell killing. For light-
activated Ru-STF31, however, a reverse effect was obtained, i.e., the EC50 value of the
ruthenium PACT compound after red light activation was decreased when the treatment was
combined with various concentration ratios of NAD+ (1:1, 1:7.5, or 1:15, see Figure 8A). This
unexpected result suggested that a synergistic effect occurred, in toxicity terms, when red light-
activated Ru-STF31 was combined with NAD+. In conclusion, in hypoxic U87MG cells the
toxicity resulting from red light-activated Ru-STF31 could not be rescued by adding additional
NAD+. On the contrary, synergistic cytotoxic effects were observed at all ratios of the combined
treatment, suggesting that extracellular NAD+ provided by the tumor microenvironment may
even increase the effect of the PACT prodrug in hypoxic regions after light activation. Though it
is unclear, at this stage, where this phenomenon comes from, our data clearly highlight that the
simple picture of a light-activated inhibitors targeted to NAMPT is, in fact, more complicated
than initially expected.

Figure 8. Combination treatment of extracellular NAD+ with (A) Ru-STF31 activated by red
light (630 nm, 20.8 J/cm2), or (B) STF31 in hypoxic U87MG cells. Both drugs were introduced
in a concentration range 100-3.1 μM, and NAD+ was introduced in 4 concentration ratios with the
drug, i.e., Ru-STF31:NAD+ or STF31:NAD+ were 1:0, 1:1, 1:7.5, or 1:15. Statistical
significance was assessed through ordinary one-way ANOVA, **=p≤0.05, *** ≤0.01, ***
≤0.001.

General discussion

In our study, it first appeared that U87MG glioblastoma cells serve as a highly appealing in vitro
model for testing photoactivated NAMPT inhibitors such as Ru-STF31. Our results suggested
that the correlation between NAMPT expression and glioma grading aligned with previous
studies42,43 and supported the idea that NAMPT may play a role in glioma aggressiveness and
progression. This insight also highlighted that NAMPT-targeted light-activated therapies are
promising strategies to manage high-grade gliomas more effectively. Moreover, we showed that
when culturing U87MG cells in hypoxic conditions (1% O2) for at least 10 days, stabilization of
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HIF-1α and nuclear translocation occurs, leading to substantial upregulation of genes associated
with the HIF1-α pathway. Hypoxic U87MG cells may hence represent a good in vitro model for
hypoxic regions of glioma tumors. Following this hypothesis, we assessed the impact of NAMPT
expression levels on the efficacy of the photoactivated NAMPT inhibitor Ru-STF31 using
U87MG cells as a model of cell line with high NAMPT expression, and HEPG2 as control cell
line with low NAMPT expression. Despite expecting higher toxicity in U87MG, we were aware
of the potential development of resistance mechanisms in cells with elevated expression of the
target protein,44 or in cells with low O2 concentrations.6 These adaptive responses could both
diminish the effectiveness of Ru-STF31. We observed significantly increased toxicity of Ru-
STF31 in red-light conditions in U87MG (9.7 μM) compared to HEPG2 (21.6 μM), highlighting
its more potent impact on high NAMPT-expressing cells while comparable toxicity was found in
the dark in both cell lines. On paper, the expression level of NAMPT should be crucial for the
effectiveness of Ru-STF31 because it targets NAMPT following light activation: higher
expression levels of NAMPT in U87MG cells should likely result in greater binding and
inhibition by Ru-STF31, leading to increased cytotoxicity upon light activation. In addition, the
absence of significant PI values in low NAMPT-expressing HEPG2 cells suggested that the
absence of effectiveness for Ru-STF31 in this cell line may be directly related to its low NAMPT
expression level. According to these results, the biologically results seemed to follow the design
of the molecule.

On the other hand, we realized that the lower toxicity of our compound in hypoxic U87MG
cell line compared to normoxic ones, did not follow the expected pattern. STF31 was also
described as GLUT1 inhibitor, and we wondered whether the influence of O2 on the activity of
the activated drug under hypoxia may be attributed to other factors like differential glycolysis45
which we observed in our transcriptomics analysis for glycolysis differentially express of genes
like GAPDH, ALDOA, ENO1&2. These genes plays crucial role in glycolysis and could
contributed to the observed changes in cellular toxicity of our compounds. These doubts
prompted further study on the mechanisms underlying cell death in U87MG cells.

In fact, the observed patterns of synergy or antagonism in the combination study of red
light-activated Ru-Py and free STF31 in hypoxic and normoxic U87MG cells presents important
insight on the effects of oxygen on the biological effects of PACT prodrugs. The synergy which
was observed in hypoxia at a 1:1 concentration ratio, suggested that the presence of red-light
activated Ru-Py (RuOH2 in Figure 1) in hypoxic cells also containing free SFT31, enhanced the
toxic effects of the organic NAMPT inhibitor. Such enhancement may possibly come from
complementary mechanisms or pathways that are more pronounced under low oxygen levels. For
instance, our metabolomics data indicate an unexpected decrease in NAD+ levels in hypoxia in
the presence of light-activated Ru-Py that is quite similar to the NAD+-lowering effects of the
free inhibitor STF31 in the same conditions. Such effects of the ruthenium cage were certainly
not expected when designing Ru-STF31, but they fit well with the observed synergistic
cytotoxicity between light-activated Ru-Py and free STF31. The significant reduction in NAD+

levels under hypoxia indicated a shared therapeutic effect of both fragments obtained after light
activation of Ru-STF31, specifically in lowering intracellular NAD+ levels. Such decrease in
NAD+ levels in a hypoxic microenvironment is noteworthy as NAD+ is a crucial coenzyme
involved in various cellular processes. Overall, the observed synergy between RuOH2 and
STF31 in reducing NAD+ levels could indicate a promising way for therapeutic mediation,
particularly in hypoxic tumor regions where single treatments may be less effective.46

On the other hand, the unexpected antagonistic effect observed at lower concentrations in
normoxic U87MG cells, and the overall concentration-dependent synergies observed in our
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combination study, indicated a more complex interaction between RuOH2 and STF31 in an
oxygen-rich environment. This second main result of our study suggested that the interplay
between both photoreleased fragments of Ru-STF31 following light irradiation may vary based
on the cellular context. It also highlights the importance of seriously probing oxygen47 levels in
tumor tissues when designing combination therapies or PACT treatment with compounds such as
Ru-STF31. Recent studies have reported that NAMPT inhibitors may synergize with DNA
damage-inducing chemotherapeutics,36 but these studies did not consider the potential influence
of dioxygen. Usually, investigations on the synergies between different drugs focus on the
molecular and cellular mechanisms targeted by these drugs. Our observations on the important
role of O2 in the activation of Ru-STF31 may prompt a revision of existing combination
therapies involving NAMPT inhibitors, urging researchers and clinicians to consider the oxygen
status of a tumor as an additional environmental variable influencing drug-drug interactions or
interactions between drug fragments – here those obtained by photochemical cleavage of the
coordination bond between ruthenium and the NAMPT inhibitor STF31.

While STF31 appears toxic to cells, according to metabolomics it did not significantly
affect NAD+ levels in normoxic conditions, suggesting that its toxicity may be due to effects
other than NAMPT inhibition. It is worth noting that STF31 has been reported as an inhibitor of
the glucose transporter1 (GLUT1).48 GLUT1 inhibition by STF31 and DNA methylation by
temozolomide showed synergistic effects in glioblastoma.49 Considering the known DNA-
binding abilities of ruthenium complexes with open positions in their coordination sphere,50 the
higher PI value in normoxia might result from off-targets, such as GLUT1 inhibition and/or
DNA binding of RuOH2. In other terms, the phototoxicity of Ru-STF31 under normoxia might
be unrelated to NAMPT inhibition. Under hypoxia, GLUT1 overexpression might take place,
rendering this mechanism irrelevant, while DNA damage may be modified by the different
conditions, overall leading to lower phototoxicity after red light activation, and hence lower
photoindex. In such conditions the selective reduction of NAD+ levels by Ru-STF31 after light
activation, may explain the remaining effect of the activated drug. Combining Ru-STF31(RL)
with other drugs that act specifically in hypoxic conditions, such as autophagy inhibitors like
chloroquine or hydroxychloroquine, holds promise for enhancing hypoxic cancer therapy.
Overall, the unexpected effects of Ru-Py challenge our initial assumption that it would not
impact NAD+ levels. The observed increase in NAD+ levels before activation and the subsequent
decrease after activation by red light suggest complex cellular responses to simple ruthenium
complexes such as Ru-Py. These responses may involve adaptive mechanisms or compensatory
pathways.

Though synergies were identified by comparing one vs. mixtures of two drugs RuOH2

and STF31 in hypoxic cells, which is usually interpreted as a good thing as it results in low
EC50,RL for light-activated Ru-STF31, one should not ignore the disappointingly low photoindex
found for this compound under hypoxia (PI=1.5), which make it a not very successful light-
activated drug in such conditions. Such low PI values must hence be re-interpreted as a
consequence of a comparatively low EC50,D, and hence a high toxicity for Ru-STF31 in hypoxic
dark conditions. Indeed, the EC50,D of STF31, Ru-Py, and Ru-STF31, were 130, 44.9, and 35.0
μM, respectively, which highlighted that the “prodrug” Ru-STF31 was, in the dark, much more
cytotoxic than the free inhibitor STF31, and a bit more toxic than the non-activated ruthenium
cage Ru-Py. In normoxia, the photoindex of Ru-STF31 was significantly higher (2.9) than in
hypoxia in spite of the absence of clear-cut synergies between RuOH2 and STF31 after light
activation, simply because the EC50,D of free STF31, Ru-Py, and Ru-STF31, were 30.2, 124, and
27.8 μM, respectively. In other words, under normoxia and in the dark Ru-STF31 was not much
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more cytotoxic than STF31, which contributed to a higher PI value. The existence of synergies
after light irradiation should hence not be over-interpreted in terms of molecular design, nor
ignore that light-activated compounds should in principle maximize their photoindex to offer low
toxicity in the dark and high toxicity after activation.

Overall, targeting NAMPT inhibition for anticancer therapy showed a stunning lack of
clinical success considering the link between NAMPT expression and tumor outcome. In other
words, it has been difficult to find a good therapeutic window for such compounds. In our hands,
the addition of NAD+ to hypoxic U87MG cells treated with free STF31 demonstrated a reduction
in the toxicity of the NAMPT inhibitor, supporting the idea that external NAD+ could moderate
the adverse effects of NAMPT inhibition. These results suggested that the presence of
extracellular NAD+ in the tumor microenvironment may rescue NAMPT inhibition and
intracellular NAD+ depletion in the tumor cancer cells.51,52,43 In glioblastoma, extracellular NAD+

can be transported inside cells by membrane transporters named SLC (solute carrier family) or by
gap junction with neighboring cells. Also, proteins such as connexin 43 hemichannels or CD38
may act as extracellular shuttles to transport NAD+.53 Reduced efficacy of NAMPT inhibitors
against tumors requires higher concentrations of the drug, which harms the patient. An
unexpected outcome of our work emerged when combining red light-activated Ru-STF31 with
extracellular NAD+. Unlike the anticipated rescue effect, a toxicity increase was observed, as
evidenced by a decrease in the EC50 value of light-activated Ru-STF31. This unexpected
interaction challenges the simplistic view of PACT compounds as simple light-activatable protein
inhibitors and underscores the complex nature of cellular responses to treatments involving
ruthenium photocages. More studies are needed to understand the reason(s) behind such
interactions, and their consequence on antitumor efficacy of ruthenium-based PACT compounds
in vivo, also as drug transporters, i.e., in absence of light activation. Overall, these observations
highlight the complex interaction between oxygen concentration, NAD+ metabolism, and the
cytotoxic mechanisms of Ru-Py, Ru-STF31, and free STF31. While oxygen concentration
appears to significantly influence the cytotoxicity of Ru-STF31 and free STF31, the role of
NAMPT inhibition varied for the different compounds, and remained significant mostly under
hypoxic conditions.

CONCLUSION
In conclusion, our study on the efficacy of the photoactivated NAMPT inhibitors Ru-STF31
using U87MG cells as an in vitro tumor model, has provided valuable insights into the potential
of ruthenium-based PACT treatment of high-grade gliomas. The correlation observed between
NAMPT expression and glioma grading aligns with previous studies, highlighting the view that
NAMPT plays a crucial role in glioma aggressiveness. Under hypoxic conditions, the
upregulation of genes associated with the HIF1-α pathway in U87MG cells emphasizes their
shared hypoxic features with real GBM tumors, confirming their appropriateness as in vitro
experimental platform. The impact of Ru-STF31 on high NAMPT-expressing U87MG cells,
coupled with its unexpected interaction with NAD+, suggested new possibilities for using
ruthenium compounds as hypoxia-targeted cancer therapies.

The drug- and O2-concentration dependence of the biological interactions between the
activated ruthenium photocage RuOH2 and the inhibitor STF31 released by red light activation
of Ru-STF31, underscores the potentially important biological effects of photoreleased
ruthenium-based caging groups in Ru-based PACT. Our study demonstrates that it is possible to
observe apparently opposing performance indicators for PACT compounds: clear-cut synergistic
effects between the photoreleased inhibitor and cage, but a very low photoindex due to the high
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dark toxicity of the compound. It also highlight the importance of considering the tumor
microenvironment and the O2 status when studying combination therapies, at least for the
treatment of glioblastoma. Additionally, the probable existence of off-targets suggests that
ruthenium-based PACT complexes such as Ru-STF31 might behave in a more complex fashion
than as simple light-activatable protein inhibitors targeted “by design” to NAMPT. For example,
the increased toxicity when combining NAD+ and Ru-STF31 in the dark, highlighted the
complex dynamics involved in the cellular responses to treatment with ruthenium complexes,
which might explain the low photoindex of this PACT compound in particular under hypoxia.
Overall, despite the mechanistic challenges revealed by this work, our findings provide valuable
insights for refining NAMPT-targeted therapeutic strategies against glioblastoma. They urge for
the development of new PACT compounds characterized by lower dark toxicity and synergistic
action of the ruthenium-containing cage and the organic inhibitor, and this both under normoxia
and hypoxia.

EXPERIMENTAL SECTION
Solvents and materials
Solvents used in the metabolomics study including acetonitrile and methanol in LC-MS grade
and chloroform in HPLC grade were purchased from Biosolve BV (The Netherlands). MilliQ
Ultra-pure water was obtained from a Merck Millipore A10 purification system (Raleigh, USA).
Ammonium formate was purchased from Sigma-Aldrich (St. Louis, USA). The 13C,15N-labeled
amino acids, and organic acids (U-13C4, U-D3, 9-15N-aspartate, U-13C5-glutamine, 2,3,3-D3-
leucine, 1-13C, 15N-isoleucine, U-15N2-UMP, 13C3-pyruvate, 2,2,3,3-D4-succinate, 2,2-D2-glycine,
2,3-D2-fumarate, U-13C11, U-15N2-tryptophan, U-13C4, U-15N2-asparagine, U-13C5, U-D5, 15N-
glutamate, U-13C5-valine, U-13C6-lysine, 13C3-lactate, 2,2,3,3-D4-alanine) were purchased from
Sigma-Aldrich and Cambridge Isotope Laboratories (Tewksbury, MA, USA).
The U87MG (Human primary Glioblastoma) cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% Fetal Calf Serum (FCS), 2 mM L-glutamine, and 0.2% Penstrep
(100 mg/ml Penicillin + 100 mg/ml Streptomycin). The internal standard mix solution was
prepared by mixing each standard stock solution (10 mM in milliQ water) and stored at −80 °C.
Cells were cultured in 25 or 75 cm2 flasks under humidified conditions, at 37 °C, 5% CO2, and
21% or 1% O2 for normoxia or hypoxia, respectively. Upon reaching 70-80% confluence the
cultures were split and cultured in a new flask.

Expression Data Retrieval from Human Protein Atlas
NAMPT expression in glioma patients and brain cancer cell lines assembled from the Human
Protein Atlas (version 23.0), Ensemble (version 109).

Whole transcriptome analysis (TempO-Seq)
Targeted whole transcriptome analysis was performed using TempO-Seq (Yeakley et al., 2017).
Three biological replications were made for each hypoxic and normoxic cell sample. Parallel
samples were included for the Western blotting of the NAMPT protein. All cell lines were grown
for 14 days in hypoxic (<1% O2) normoxic (21% O2) conditions in three different T75 cell
culture flasks (Thermo Fisher Scientific, Cat.NO:156472). On day 14 cells were then seeded in a
96-well plate (Thermo Fisher Scientific, 10334513) with different densities, 50000, 80000, 40000,
60000, 100000cells/ml for A549, A431, A375, U87MG and HepG2 (from ATCC) subsequently.
Cells were then grown for 5 days under normoxia or hypoxia, and on day 19 the cells get lysed
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by adding 1X TempO-seq Lysis buffer (20 μL from BioSpyder Technologies Inc., Carlsbad, CA,
USA) in each well. The cell lysate was stored at -80 °C and sent to the Biospyder company for
TempO-Seq analysis. An R script developed in-house was used for count normalization and
differential gene expression analysis. The minimum library size (total number of reads per
sample) was set as 100,000 reads and samples below this size were removed. The CPM package
53 was used for count data normalization and to generate adjusted p-value (padj) and
log2FoldChange values. Differentially expressed genes (DEGs) were selected by
|log2Foldchange|> 1 and padj < 0.05 was used for making graphs using the GraphPad Prism 9.0.0
software.

Cell treatment and SRB cell viability assay
At t= 0 h,U87MG cells were seeded into 60 wells of 96-well plates (Thermo Fisher Scientific,
10334513) with a density of 60,000 cells/mL, with a seeding volume of 100 µL leading to 6,000
cells/well. The outer walls were filled with 100 μL PBS to avoid border effects. At t=24h the
medium was refreshed, and the cells were treated with six different compounds concentrations.
Cells at t=48h were irradiated at 630 nM for 45 min in Normoxia and 50min in Hypoxia to achive
light dose of 20.8J/cm2 and plates without being treated by light were kept in dark. The end-point
(t=96h), cell were fixed by adding cold trichloroacetic acid (10% w/v 100 μL in each well) for
performing SRB assay.54 The plates were stored at 4 °C for 2 days, then the TCA medium
mixture was removed, the cells were rinsed with demineralized water three times, and dried
overnigth. Then, each well was stained with 100 μL S34 SRB solution (0.6% w/v SRB in 1% v/v
acetic acid, sigma Aldrich, cas number:3520-42-1) for 30 min, the SRB solution was removed,
and washed with acetic acid (1% v/v) for 3-5 times. Once the plates were dried overnight, 200 μL
of tris base (tromethamine, 10 mM, sigma aldrich, United states) was pipetted to each well. To
determine the cell viability the absorbance at 510 nm was measured using a M1000 Tecan Reader.
The SRB absorbance data per compound per concentration were interred to GraphPad Prism.
The EC50 value calculated after removing background (absorbance of wells filled with PBS
during treatment), concentrations (X) transformed to log(X). Two parametric hill slope evaluation
with a fixed Y maximum (100%) and minimum (0%) relative cell population values was used to
calculate EC50 values.55

� = ���
(�+��( ��������−� ×���� �����))

(3)

Combination Therapy
The Chou-Talalay method is a mathematical tool used to investigate the nature of drug
interactions in combination therapy.56 This method introduces the combination index value (CI)
for quantifying synergism or antagonism for two drugs, calculated according to Equation (2). In
combination treatment, Ru-Py (activated by RL, 630 nm, 20.8 J/cm2) and STF31, normoxic and
hypoxic U87MG cells were seeded in 96 wells with the density of 80000 cells/mL. At t=24 h,
cells in column C-D-E were treated with STF31 alone in 6 different concentrations (100-1.06
μM), cells in column F-G-H-I-J-K were treated with Ru-Py alone in 6 different concentrations
(100-1.06 μM), and the cells were incubated further in the dark. At t=48 h, cells were irradiated
with red-light (630 nm, 20.8 J/cm2), corresponding to 42 min in normoxia (8,7 mW/cm2) and 51
min in hypoxia (5,8 mW/cm2). Immediately after irradiation, all cells were washed twice with
drug-free medium, and STF31 was added to the cells in columns I-J-K pretreated by Ru-Py (RL),
with a 1:1 concentration ratio (100-1.06 μM). The plates were incubated further in the dark. At
t=96 h, cells were fixed and an SRB assay for evaluating cell viability was performed. The SRB
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absorbance in each condition were averaged over three identical technical replicates (n = 3) using
Excel and imported in CompuSyn software, which generated the CompuSyn report including the
combination index graphs shown in Figure 6.

For the NAD+ combination treatment, all compounds were initially dissolved in DMSO, followed
by dilution with PBS to a concentration of 1 mM of the compound with a maximum of 0.5%
DMSO. The solution was further diluted with DMEM (Dulbecco Modified Eagle Medium) to
achieve a 300 µM concentration of the compound. Cells were seeded at t= 48 h after cell seeding,
the 96-well plates were irradiated with red light with a wavelength of 630 nm and light does
20.8J/cm2. The irradiated plates were maintained in a plate holder set at 37 °C, with irradiation
lasting 50 min in hypoxia and 45 min in normoxia. Immediately post-irradiation, cells were
treated with NAD+, which was dissolved in PBS to 2 mM and further diluted to working
concentrations with the medium. At t=96 h, i.e. 48 h after light activation, cells were fixed and
SRB cell viability assay was used to quantify EC50 values.

Western blotting
All antibodies were provided by Cell Signaling, The Netherlands. 20 μg protein from the cell
lines A375 (skin cancer), A549 (lung cancer), A431 (skin cancer), HEPG2 (liver cancer), and
U87 (glioblastoma) cultured in normoxic and hypoxic conditions for 19 days were loaded on 4-
15% polyacrylamide, mini-protein precast gels (Bio RAD, the Netherlands). The cells were
provided by the American Type Culture Collection (ATCC) company. The running buffer
consisted of 100 mL 10x tris-glycine buffer, 10 mL 10% SDS, 700 mL MiliQ water, and 200 mL
methanol (MeOH). The gels was run for 5 min at 200 V and 1 h at 120 V. Subsequently, the
proteins on the gels were transferred to the PVDF, (polyvinylidene difluoride) membrane by
trans-blot turbo transfer system required by Bio-rad company (#1704150), the Netherlands. After
the transfer of the proteins, the membranes were blocked with 5 mL of 5% milk in 0.1% TBS-
Tween for 1 h at room temperature. Then, the membranes were incubated overnight with
NAMPT antibody (3 mL 5% milk in 0.1% TBS-T (tris-buffered saline and Tween® 20) dilution:
1:1000, rabbit, mAb #86634) at 4 °C on the IKEA roller shaker, and incubated overnight. The
membranes were washed 5 times for 3 min in TBS-T 0.1% and incubated with the secondary
antibody anti-rabbit, #7074, (3 mL, TBS-T 0.1%, dilution is 1:1000) for 1 h at 24 °C. After
incubation with the secondary antibody, the membranes were washed 5 times for 3 min with
0.1% TBS-T and were imaged by colorimetry and chemiluminescence with a Bio-rad ChemiDoc
imaging System (#12003263). α-tubulin, 50 kDa, was used as the housekeeping gene. For
blotting the housekeeping gene protein, the membranes were incubated with the α-tubulin
primary antibody (mouse, 1:1000 in 3 mL 5% milk in 0.1% TBS-T) overnight at 4 °C on the
roller bank. After incubation, the membranes were washed 5 times with 0.1% TBS-T and were
incubated with the secondary antibody in 5% milk in 0.1% TBS-T (anti-rabbit, 1:1000) for 1 h at
room temperature. The membranes were washed three times for 3 min in TBS-T 0.1% and were
imaged by colorimetry and chemiluminescence with a Bio-rad imager.

Metabolomic study
U87MG cells cultured for 14 days in hypoxic or normoxic condtions were seeded in 6-well plates,
with a density of 150,000 cells/well. In normoxic conditions, cells were treated with a 15 μM
concentration for all compounds, which was intermediate between the EC50,RL value of Ru-Py
(32.9 μM) and that of Ru-STF31 (9.7μM). As in hypoxic cells we had observed resistance to our
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treatment and the EC50,RL value were almost twice higher than that in normoxic cells (22.7 and
9.72 μM for hypoxic and normoxic U87MG respectively), we treated cells with 30 μM of all
compounds in such conditions. 72 h after light irradiation, (Red light wavelength of 630 nm and
light does 20.8J/cm2) for 45 min in normoxia and 50min in hypoxia) the cells were lyzed and
collected to probe the changes in NAD+ level using published metabolomics methods.For cell
quenching and harvest, the medium was removed from all wells, and cells were washed with PBS
and immediately quenched with cold 80% methanol. The content of each well was transferred
into an Eppendorf tube and put into liquid nitrogen for fast freezing. All samples were later
transferred to a -80 °C freezer for long-term storage before analysis.

For sample preparation, cell samples were lysed with sonication after one freeze–thaw
cycle, vortexed, and then centrifuged at 16000g at 4 °C for 10 min. Cell pellets were collected to
measure the protein content using a bicinchoninic acid assay (Cell Signaling, #7780).
Supernatants were transferred into clean 1.5 mL Eppendorf tubes and evaporated to dryness in a
Labconco SpeedVac (MO, United States). Each sample was reconstituted with 60 μL of ice-cold
methanol/water (80%/20%; v/v). 50 μL of the reconstitution volume was collected and
transferred into a new Eppendorf tube. The leftover volume was pooled together and aliquoted as
quality control (QC) samples. 50 μL of cellular sample and QC samples were spiked with 5 μL of
internal standard solution. A double liquid-liquid extraction (LLE) method was applied to treat
samples by using mixed solvent chloroform/methanol/water (1/1/1, v/v/v). The upper aqueous
phase was collected and evaporated to dryness41. The residue was reconstituted with 50μl of ice-
cold methanol/water (1/1, v/v). 3 μL of the final sample solution was used for LC-MS analysis.
Metabolites including organic acids, amino acids, sugar phosphates, and nucleotides were
measured on a HILIC-MS platform, which consisted of a SHIMAZU LC-30AD system with a
SeQuant® ZIC-cHILIC HPLC Analytical PEEK Column (Merck) coupled to electrospray
ionization on a triple time-of-flight mass spectrometer (AB SCIEX TripleTOF 5600). The mobile
phases were composed of (A) 90% acetonitrile in H2O with 5 mM ammonium formate and (B)
10 % acetonitrile in H2O with 5 mM ammonium formate. Chromatographic separation of
analytes was carried out with a gradient elution program at a flow rate of 0.5 mL/min 40 41.
Electrospray ionization MS was operated in the negative ion mode and analytes were monitored
in Time of Flight (ToF) mode at a full scan range of 50-900 m/z 40 41. MultiQuant Software (AB
SCIEX, Version 3.0.1) was used in the quantitative analysis for LC-MS raw data extraction and
peak area integration. Internal standards were employed to correct random errors during sample
preparation. Pooled QC samples were used to compensate for shifts in the sensitivity of the mass
spectrometer over the batches based on the in-house developed algorithms, mzQuality39.
Corrected metabolite abundance was further normalized to the amount of protein in each sample.
The Graphpad Prism software, version 9.0.0 was used for further analysis and for making graphs.
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