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ABSTRACT: Cyanine dyes constructed for NAD(P)H near-infrared sensing NA.,'.,, W D proves)
il . o s % 2nid | 4"" ! HADH
utilize extended 7-conjugation but often exhibit delayed fluorescence responses to =¥ ™ F oo A
NAD(P)H due to reduced positive charge density in 3-quinolinium acceptors.
This study introduces deep-red and near-infrared compact cyanine dyes NG TP NG ¢
representec); by probes A ancf B for mitochondrial NAD(P)I;-I detection in live
cells. Probes A and B feature a unique structural design with a double bond
connection linking 3-quinolinium to strategically positioned 1-methylquinolinium
acceptor units at 2- and 4-positions, correspondingly. Probe A absorbs at 359 and
531 nm, while probe B absorbs at 324 and 370 nm, emitting subtle fluorescence at
587 and 628 nm, respectively, with no NADH present. Upon NADH exposure,
probes A and B exhibit significant emission enhancements at 612 and 656 nm,
correspondingly, attributed to the efficient reduction of 3-quinolinium units to
electron-donative 1-methyl-1,4-dihydroquinoline units. Probe B, chosen for its
near-infrared emission and fast response to NAD(P)H, effectively monitored dynamic intracellular NAD(P)H levels throughout
diverse experimental conditions. In HeLa cells, minimal basal fluorescence increased upon NADH stimulation. It also identified
increased NAD(P)H levels following chemical treatments with acesulfame potassium, cisplatin, carboplatin, and temozolomide,
CoCl,-induced hypoxia, and TLR4 activation in macrophages and in disease models of kidney pathology, where diseased tissues
exhibited higher fluorescence than normal tissues. In fruit fly larvae under starvation conditions, probe B tracked NAD(P)H
increases triggered by exogenous NADH, demonstrating its in vivo applicability for metabolic studies. These findings highlight probe
B’s utility in elucidating dynamic NAD(P)H fluctuations in diverse biological contexts, offering insights into mitochondrial function
and cellular metabolism.
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1. INTRODUCTION

Mitochondria are essential for driving cellular metabolism,
acting as the powerhouse of the cell by orchestrating numerous
biochemical processes, including oxidative phosphorylation
and the regulation of cellular redox status."” Central to these
metabolic pathways is NAD* (nicotinamide adenine dinucleo-
tide) and its reduced state (NADH) along with their
phosphorylated counterparts (NADP* and NADPH, respec-
tively), which serve as crucial coenzymes involved in energy
production, redox homeostasis, and various cellular signaling
pathways.”™® Understanding the dynamics of these cofactors
within the intricate milieu of live cells is essential for
elucidating fundamental cellular processes and developing
diagnostic and therapeutic strategies targeting metabolic
disorders, cancer, and aging-related pathologies.é_10 Recently,
the development of fluorescent probes has revolutionized the
study of cellular dynamics by providing live visualization and
quantification of various biomolecules in live cells with high
spatial and temporal resolution.''~'* Among these probes,
cyanine dyes have emerged as versatile tools for studying

© 2024 American Chemical Society

WACS Publications

cellular processes due to their favorable photophysical
properties, including high quantum yields, excellent photo-
stability, and tunable absorption and emission spectra spanning
the visible to near-infrared (NIR) regions."' ™~ Furthermore,
their ability to selectively accumulate within mitochondria
offers a unique opportunity to monitor the redox state of
NAD(P)H directly within these organelles, providing insights
into mitochondrial function and metabolic activity in live
cells."®™** Near-infrared dyes tailored for NAD(P)H sensing
leverage aromatic connection bridges integrated into cyanine
dyes, significantly extending their 7-conjugation. However, this
approach inadvertently reduces the positive charge density of
3-quinolinium acceptors within the probes, thus slowing down
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Scheme 1. Cyanine Dyes with Deep-Red and Near-Infrared Emissions for NAD(P)H Determination
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Scheme 2. Synthetic Approach for the Preparation of Cyanine Dyes for NAD(P)H Sensing Purposes
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their fluorescence responses to NAD(P)H.>*3* Addressing
this, our study focuses on advancing deep-red and NIR
compact cyanine dyes represented by probes A and B crafted
to serve as fluorescence sensors for the detection of
mitochondrial NAD(P)H in live cells (Scheme 1). Distin-
guished by their unique structural design, both probes A and B
feature a double bond linkage bridge, linking 3-quinolinium to
strategically positioned 1-methylquinolinium acceptor units at
the 2-position and 4-position, correspondingly. Probe A reveals
a peak absorption at 359 nm, with a subtle absorption at 531
nm with no NADH present, while probe B shows absorption
peaks at 324 and 370 nm under similar conditions. In the lack
of NADH, probes A and B emit faint emissions at 587 and 628
nm, correspondingly, owing to the presence of two electron-
deficient acceptors, limiting intramolecular charge transfer.
However, upon exposure to increasing NADH concentrations,
probes A and B show remarkable fluorescence enhancements,
manifesting distinct turn-on signals at 612 and 656 nm,
correspondingly. This fluorescence intensity surge stems from
the efficient reduction of 3-quinolinium units by NAD(P)H to
1-methyl-1,4-dihydroquinoline electron-providing units, gen-
erating well-structured cyanine dyes with acceptor-7-con-
jugated-donor systems. This configuration facilitates the
intramolecular transfer from the 1-methyl-1,4-dihydroquino-
line-donating group to the 1-methylquinolinium acceptor,
elucidating the mechanism underlying the pronounced turn-on
fluorescence observed in the probes. Fluorescent probe B,
selected for its NIR emission and rapid kinetics in reaction to
NAD(P)H, effectively monitored dynamic alterations in
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cellular NAD(P)H levels under various environments. In
HeLa cells, minimal fluorescence was observed during control
experiments, indicating low basal NAD(P)H levels, with a
dose-dependent rise upon pretreatment with NADH. Real-
time imaging demonstrated probe B’s rapid response to
NADH in live cells. In response to chemical treatments,
including acesulfame potassium exposure, cisplatin, carbopla-
tin, and temozolomide treatment, CoCl,-induced hypoxia, and
TLR4 activation in macrophages, probe B consistently
detected elevated NAD(P)H levels. Additionally, in models
of kidney disease, probe B revealed significantly higher
NAD(P)H fluorescence in diseased tissues versus healthy
tissues, highlighting its sensitivity in detecting metabolic
alterations. Furthermore, in fruit fly larvae subjected to
starvation conditions, probe B effectively tracked increases in
NAD(P)H levels triggered by exogenous NADH, demonstrat-
ing its utility in vivo for monitoring metabolic dynamics. These
results collectively underscore probe B’s versatility in studying
dynamic NAD(P)H fluctuations across different cellular and
disease contexts.

2. EXPERIMENTAL SECTION

For more detailed information on the experiments, please refer to the
Supporting Information.

2.1. Synthesis of Probe A. '"H NMR (DMSO-d,, 500 MHz): §
10.10 (1H, s), 9.66 (1H, s), 9.28 (1H, d, ] = 9.0 Hz), 8.67 (1H, d, ] =
9.0 Hz), 8.61-8.57 (2H, m), 8.54 (1H, t, J = 7.9 Hz), 8.46 (1H, t, ] =
7.9 Hz), 8.37 (1H, t, ] = 7.6 Hz), 8.33—8.27 (3H, m), 8.15 (1H, t, ] =
7.6 Hz), 8.06 (1H, t, ] = 7.5 Hz), 4.73 (3H, s), 4.68 (3H, s) ppm. *C
NMR (DMSO-dg, 125 MHz): § 154.96, 149.97, 145.61, 145.40,
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Figure 1. Optical spectra of probe A under both NADH-free and NADH-containing conditions in PBS buffers (pH 7.4) at room temperature

under a 500 nm excitation.
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Figure 2. Optical spectra of probe B under both NADH-free and NADH-containing conditions in PBS buffers (pH 7.4) at room temperature

under a 550 nm excitation.

139.41, 138.87, 138.07, 136.44, 135.58, 131.04, 130.80, 130.29,
128.83, 128.75, 128.54, 124.71, 121.94, 119.61, 119.50, 45.93, 40.57
ppm. ’F NMR (DMSO-ds, 470 MHz): § —77.75 ppm. LC—MS
C,,HyN,", m/z; found, 156.25, calcd 156.08.

2.2. Synthesis of Probe B. 1H NMR (DMSO-d,, 500 MHz): §
10.13 (1H, s), 9.63 (1H, s), 9.53 (1H, d, ] = 6.1 Hz), 9.02 (1H, d, ] =
8.4 Hz), 8.72 (1H, d, J = 16.1 Hz), 8.60—8.51 (4H, m), 8.37—8.28
(3H,m),, 8.19 (1H, t, ] = 7.5 Hz), 8.13 (1H, t, ] = 7.6 Hz), 4.74 (3H,
s), 4.64 (3H, s) ppm. 13C NMR (DMSO-d,, 125 MHz): § 150.94,
149.94, 149.11, 144.80, 138.88, 137.86, 136.09, 135.39, 135.22,
130.88, 129.89, 129.50, 128.95, 126.70, 126.09, 125.48, 121.94,
119.82, 119.44, 117.54, 45.90, 45.2S ppm. 19F NMR (DMSO-dg, 470
MHz): § —77.75 ppm. LC—MS C22H,,N,*, m/z; found, 156.17,
calcd 156.08.

3. RESULTS AND DISCUSSION

3.1. Synthetic Approaches. In pursuit of the main goal of
crafting highly responsive sensors for detecting NAD(P)H, an
innovative platform was devised by fusing a quinolinium-
sensing component with cyanine dyes. This involved the
synthesis of a distinct acceptor-z-acceptor architecture with
diminished fluorescence via a straightforward chemical
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condensation process. The starting components, 3-quinoline-
carboxaldehyde (3), along with either 1,2-dimethylquinolinium
iodide (2) or 1,4-dimethylquinolinium iodide (6), underwent
condensation, yielding pivotal intermediates 4 and 7 (Scheme
2). Following this, the quinoline segments of these compounds
were subjected to methylation, as illustrated in Scheme 2.
Utilizing this methodology, two sensitive probes were adeptly
engineered and produced, showcasing remarkable sensitivity
and selectivity in NAD(P)H detection (Scheme 2). Compre-
hensive analysis of both probes and intermediates was
conducted through NMR and mass spectrometry techniques.
The products formed (probes AH and BH) from the
interaction of the probes with NADH were also characterized
by mass spectrometric analysis.

3.2. NADH-Induced Optical Responses of the Probes.
Probe A reveals a weak peak absorbance at 531 nm and a
moderate-intensity absorption maximum at 359 nm, along with
a weak fluorescence peak at 587 nm when NADH is not
present in PBS buffer (pH 7.4) (Figure 1). In comparison,
probe B shows absorption features at 370 and 324 nm,
alongside a minimal fluorescence peak at 628 nm under the
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Figure 3. Emission spectra of the probes with 15 uM NADH in PBS buffers (pH 7.4) under S00 nm (probe A) and 550 nm (probe B) excitation at

different reaction times.
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Figure 4. Cellular emission images of HeLa cells, initially exposed to varying NADH concentrations in glucose-absent DMEM for 30 min, followed
by exposure to 5 #M probe B in glucose-absent DMEM for an extra 20 min. Emission signals were detected, and emissions were collected within
the 610—710 nm emission range under an excitation of 550 nm. Scale bar: 50 um.

same conditions (Figure 2). Probe A presents a clear
absorption response to increasing NADH concentrations,
demonstrated by enhanced absorption at 531 nm. This is
accompanied by a significant fluorescence turn-on at 612 nm,
with a noticeable red shift from 587 to 612 nm as NADH
concentrations increase from 0 to 20 yM (Figure 1). Similarly,
probe B shows absorption changes with rising NADH levels,
characterized by the appearance and enhanced absorption at
550 nm. It also exhibits a pronounced fluorescence turn-on at
656 nm, with a red shift from 628 to 656 nm as NADH
concentrations increase from 0 to 20 M (Figure 2). The weak
fluorescence observed in probes A and B can be attributed to
the fluorescence quenching effect, which occurs in the absence
of intramolecular charge transfer (ICT) owing to the two
electron-withdrawing acceptor groups: 3-quinolinium and 1-
methylquinolinium within the cyanine platforms. Upon
interaction with NADH, the fluorescence of the probes is
significantly enhanced. This turn-on fluorescence response is
due to an efficient ICT from the 1-methyl-1,4-dihydroquino-
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line donor to the 1-methylquinolinium acceptor within the
cyanine framework. NADH effectively reduces the 3-
quinolinium electron acceptor to a 1-methyl-1,4-dihydroquino-
line electron donor, resulting in the formation of distinct
donor-z-acceptor (D-7-A) cyanine fluorophores (Scheme 1).

Probes A and B present quick fluorescence responses to
NADH, achieving steady-state fluorescence within 20 and 60
min, respectively (Figure 3). This quick response is due to the
high charge density of the 3-quinolinium acceptor, which is
connected to the 1-methylquinolinium acceptor units at the 2-
position and 4-position via a double connection bridge. This
structural configuration enhances the efficient NADH-
triggered reduction of the 3-quinolinium electron-deficient
acceptor, resulting in the formation of the 1-methyl-1,4-
dihydroquinoline electron-supplying donor. The probes’
reduced products, AH and BH (Scheme 1), were confirmed
through mass spectrometry (Figures S17 and S18).

3.3. Selectivity, Photostability, and Cytotoxicity of
the Probes. Photostability is crucial for the sustained
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Figure S. Cellular emission images representing the fluorescence response of probe B to intracellular NADH in live HeLa cells. Cells were pre-
exposed to S M probe B in glucose-lacking DMEM with 20 mM glucose concentration for varying durations. Fluorescence signals were detected
using a 550 nm excitation and captured within the 610—710 nm emission range. Scale bar: 50 ym.

fluorescence of fluorophores during prolonged light exposure,
ensuring reliable performance. Probes A and B exhibit
outstanding photostability, showing minimal fluorescence
changes even after continuous excitation at 500 and 550 nm
for 1 and 2 h each, respectively. This feature is essential for
applications requiring extended or repetitive imaging sessions
as it mitigates the risk of photobleaching, which can otherwise
distort signal stability and image consistency (Figures S21 and
S22).

Probes A and B exhibit extraordinary specificity for NAD(P)
H when compared with a variety of other substances. These
include various cations (K*, Na*, Co**, Ca?*, and Fe*"), anions
(HSO;™, SO,*7, CN7, NO,~, NO;~, and CI7), biomolecules
including cysteine and glutathione, amino acids like
methionine and lysine, as well as carbohydrates such as
fructose, glucose, lactate, and galactose. This remarkable level
of probe selectivity is pivotal for the sensitive detection and
measurement of NAD(P)H, a fundamental coenzyme critical
for metabolic activities and a range of cellular functions
(Figures S23 and S24).

An MTT reduction assay test was carried out to gauge the
probe cytotoxicity, following established procedures. Probe A
or B was applied to HeLa cells, and the transformation of the
MTT dye into formazan was tracked, indicating mitochondrial
enzymatic activity and cell viability.”*™*" These results
demonstrated that the cell viability stayed above 86 or 90%
even at a concentration of 40 uM for probe A or B,
respectively, suggesting minimal impact on cell viability. The
use of these low-cytotoxicity probes is crucial to minimize
potential disruptions to cellular processes, ensuring the
reliability of experimental outcomes. Furthermore, their low
toxicity allows for extended exposure periods and repeated
measurements, facilitating longitudinal studies and assessment
of treatment responses with greater accuracy (Figure S25).

3.4. Fluorescence Cellular Imaging of NAD(P)H in
Living Cells. Because of its near-infrared emission and quick
reaction to NAD(P)H, probe B was chosen to monitor
NAD(P)H level dynamics in cells resulting from different
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chemical treatments. To affirm probe B’s specificity for
intracellular NAD(P)H, HeLa cells were pretreated with
control or various NADH concentrations for 30 min, and
further, cells were incubated with 5 uM probe B in glucose-
absent DMEM for 30 min. As Figure 4 shows, cells in the
control group exhibited minimal fluorescence, implying a low
baseline level of intrinsic NAD(P)H and the inactivity of probe
B with NADH levels remaining low. On the contrary, HeLa
cells pre-exposed to various NADH concentrations displayed a
dose-responsive augmentation in emission (Figure 4), verifying
probe B’s specificity for quantifying intracellular NADH levels.
Our results confirm probe B’s ability to specifically track
dynamic changes in NADH levels. The strong correlation
between probe B’s fluorescence and NADH levels enables
reliable quantitative imaging.

To measure the real-time fluorescence of probe B in
response to NADH in live cells, HeLa cells were pre-exposed
to S uM probe B in glucose-absent DMEM with 20 mM
glucose for varying durations (Figure S5). The emission
intensity of HeLa cells is enhanced in a time-dependent
manner from 10 to 25 min with stable levels at 25 min. This
rapid response suggests that probe B efficiently detects NADH
dynamics in live cells at physiological temperature (37 °C),
contrasting its response in a cuvette at room temperature
(Figures S and 3). These results demonstrate that probe B
provides fast and reliable fluorescence responses to changes in
NADH levels within live cells. This capability is essential for
studying dynamic metabolic processes, where real-time
monitoring of NADH fluctuations can provide insights into
cellular metabolism and function. The comparison with cuvette
experiments underscores the responsiveness of probe B under
physiological conditions, reinforcing its utility for studying
intracellular NADH dynamics in a biologically relevant context.

3.5. Mitochondrial Targeting of Probe B in Hela
Cells. To assess the mitochondrial targeting capability of probe
B in live HeLa cells, a colocalization experiment was performed
using MitoView 405, a mitochondrial marker,?3336:37:40=42
The cells were initially exposed to 20 mM glucose in glucose-
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absent DMEM for 30 min and subsequently treated with 5 uM
probe B and MitoView 405 for another 20 min in glucose-
absent DMEM. Fluorescence imaging was conducted with
probe B excited at 550 nm, capturing emissions between 610
and 710 nm (channel I), while MitoView 405 was under 405
nm excitation and emitted signals were detected between 425
and 475 nm. The obtained images (Figures 6 and S1) show a

MitoView 405 Probe B Bright Field
Channel I Channel II
Intensity
Overlay I &I Correlation I & I1
Pearson
Correlation
Coefficient:
0.948

Figure 6. Emission imaging of HeLa cells initially treated with 20 mM
glucose in glucose-absent DMEM for 30 min, subsequently
coincubated for 20 min with § yuM MitoView 405 and 5 uM probe
B in the same medium. Fluorescence imaging was taken with a 550
nm excitation, and emissions were recorded from 610 to 710 nm for
channel I. MitoView 405 was stimulated at 405 nm, with the resulting
emissions recorded in the 425 to 475 nm range. Scale bar: 20 ym.

high degree of concurrent localization between MitoView 405
and probe B, with a Pearson correlation coeflicient of 0.948.
This strong correlation indicates that probe B predominantly
localizes within the mitochondria. The results confirm that

probe B, which carries two positive charges, effectively targets
mitochondria in live cells. This targeting is likely facilitated by
the probe’s positive charges, which allow it to interact with the
negatively charged mitochondrial membrane potential. The
high Pearson correlation coeflicient underscores the precision
with which probe B can localize to mitochondria, making it a
promising tool for mitochondrial imaging. These findings
demonstrate that probe B can be used to study mitochondrial
dynamics and function with high specificity. The excellent
colocalization with MitoView 405 suggests that probe B could
be valuable for further research into mitochondrial processes,
potentially providing insights into mitochondrial bioenergetics,
dynamics, and pathology in various cellular environments.

Acesulfame potassium, commonly known as Ace-K, is a
synthetic sweetener that is about 200 times sweeter than
sucrose (table sugar).43_45 It is extensively used in a range of
food and beverage items, encompassing sweets, gum, soft
drinks, pastries, and dairy foods. Ace-K was discovered in 1967
and granted FDA (the U.S. Food and Drug Administration)
approval in 1988.7~* To assess the Ace-K impact on cellular
metabolism, a study was conducted using HeLa cells and probe
B. In this study, HeLa cells were exposed to diverse Ace-K
concentrations and then incubated with probe B. The results
highlighted a substantial enhancement in cellular emission,
suggesting elevated NAD(P)H levels following Ace-K
administration (Figure 7). This increase occurred even in a
culture medium lacking glucose, implying several possible
mechanisms. These mechanisms might include the activation
of different metabolic routes that enhance NAD(P)H
generation, the stimulation of enzymes associated with the
tricarboxylic acid cycle, and the activation of cellular stress
reactions that lead to the activation of NAD(P)H synthetic
pathways to maintain redox balance.***’ Moreover, Ace-K
might impact intracellular signaling mechanisms like the AMP-
activated protein kinase pathway.” These outcomes spotlight
the complicated interconnections between cellular metabolic
functions, stress mechanisms, and signaling pathways modu-
lated by Ace-K administration.

5 mM 10 mM
Control Acesulfame Acesulfame
potassium potassium

Channel I
Ex 550 nm

Channel I
Bright Field

Merged
Channels I-11

20 mM
Acesulfame
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o nm-...

Mean Fluorescence Intensity
[ e N
s & 8 % 8 &
T ! : 1 : 1

o
1

o
I
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Figure 7. Cellular images of HeLa cells treated with Ace-K for 30 min in glucose-deficient DMEM and subsequently administered with S uM probe
B for an extra 20 min. Fluorescence was observed using a 550 nm excitation wavelength, and emissions were gathered in the 610—710 nm range.

Scale bar: 50 pm.
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Figure 8. Emission images of HeLa cells pretreated with different cisplatin concentrations in glucose-absent DMEM for 30 min, which further
underwent 20 min exposure to S uM probe B in glucose-absent DMEM. Emission was observed under a 550 nm excitation, and emissions were

gathered between 610 and 710 nm. Scale bar: 50 ym.
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Figure 9. Emission images of HeLa cells after a 30 min pre-exposure to diverse carboplatin in glucose-absent DMEM, which further underwent a 20
min exposure to 5 uM probe B in glucose-absent DMEM. Emission was observed under a 550 nm excitation, and emissions were recorded in the

610—710 nm range. Scale bar: 50 um.

Cisplatin is a widely utilized chemotherapeutic agent in
treating various cancers, such as ovarian, testicular, bladder,
and head and neck cancers.””~>" It exerts its anticancer effects
primarily through cross-linking of DNA, inducing DNA
dama§e and triggering apoptosis in cells with high proliferation
rates.” > Additionally, cisplatin-induced cell damage is linked
to the generation of reactive oxygen species and the onset of
oxidative stress, which can impact cellular metabolic pathways,
including those involving nicotinamide adenine dinucleo-
tide.*” ™! In this study, various cisplatin concentrations (0, S,
10, and 20 mM) were administered to HeLa cells for 30 min to
explore their influence on NAD(P)H levels, monitored with
probe B (Figure 8). There was a concentration-dependent
enhancement in emission intensity, suggesting rising NAD(P)
H levels corresponding to higher cisplatin concentrations. This
NAD(P)H increase can arise from several mechanisms.
Cisplatin-induced oxidative stress leads to increased ROS
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production, prompting cells to enhance their antioxidant
defenses, often involving upregulation of NAD(P)H-depend-
ent enzymes and increased NAD(P)H production. Moreover,
cisplatin treatment can result in metabolic reprogramming,
where cancer cells increase glycolysis and the pentose
phosphate pathway activity, both generating NAD(P)H as a
byproduct. Besides, DNA damage from cisplatin brings about
the activation of repair enzymatic mechanisms dependent on
NAD(P)H as a cofactor involved in base excision and
nucleotide excision repair.”’ ™' The detected rise in NAD(P)
H levels upon cisplatin treatment reveals that cells mount a
multifaceted response to mitigate the drug’s cytotoxicity. This
response includes bolstering antioxidant defenses, altering
metabolic pathways, and repairing DNA damage, all crucial for
cell survival and function under stress conditions. Under-
standing these biochemical and cellular responses to cisplatin
provides insight into its mechanism of action and highlights

https://doi.org/10.1021/acsabm.4c01345
ACS Appl. Bio Mater. 2024, 7, 8552—8564


https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01345?fig=fig9&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c01345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

5uM
Temozolomide

10 pM
Temozolomide

Control

Channel I
Ex 550 nm
Em 610-710 nm

Channel 11
Bright Field

Merged
Channels I-11

20

Temozolomide

M

Mean Fluorescence Intensity
- - n N w w
o o o o o o

2]
1

o
I

Control 5um 10 M

[Temozolomid]

20 pM

Figure 10. Emission images of HeLa cells after a 30 min pre-exposure to diverse temozolomide concentrations in glucose-lacking DMEM, followed
by a 20 min coculturing with 5 M probe B in glucose-absent DMEM. Emission was observed with a 550 nm excitation, and emissions were

gathered in the 610—710 nm range. Scale bar: 50 um.
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Figure 11. Emission images of HeLa cells after a 30 min pre-exposure to diverse CoCl, concentrations in glucose-absent DMEM, followed by a 20
min exposure to S uM probe B in glucose-lacking DMEM. Emission was observed with a 550 nm excitation, and emissions were gathered in the

610—710 nm range. Scale bar: 50 ym.

potential targets for enhancing its therapeutic efficacy or
mitigating its side effects.

Carboplatin, a chemotherapy drug widely used to treat
various cancers, functions as a platinum-based agent that
causes DNA cross-linking and disrupts cellular replication.”* >
To assess the influence of carboplatin on NAD(P)H levels
within HeLa cells, the cells were exposed to various carboplatin
doses for 30 min and then to S #M probe B for 20 min. Figure
9 illustrates that the control group (0 mM) had minimal
baseline emission, whereas cells exposed to S, 10, and 20 uM
carboplatin displayed a dose-dependent enhancement in
emission signals. The rise of NAD(P)H levels seen after
receiving carboplatin can be ascribed to several factors. As
carboplatin induces DNA damage, cells may increase their
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metabolic activity to repair the damage, leading to an
upregulation of pathways such as glycolysis alongside the
pentose phosphate pathway, both of which contribute to
increased NADH production.”* > Additionally, the drug may
cause oxidative stress and mitochondrial dysfunction, resulting
in altered electron transport chain activity and accumulation of
NADH. The augmentation of NAD(P)H levels reflects these
metabolic shifts as cells adapt to the stress induced by
carboplatin.

Temozolomide, an alkylating agent commonly used in the
treatment of glioblastoma and other cancers, functions by
triggering DNA damage and disrupting cellular processes.”® ™’
In this work, we examined its effect on NAD(P)H levels in
HelLa cells using probe B. As depicted in Figure 10, the control
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Figure 12. Cellular emission image of Raw 264.7 macrophage cells depicting the effects of TLR4 activation on levels of NAD(P)H in macrophages.
Raw 264.7 macrophage cells were exposed to 0.01% H,O as a vehicle control (control) or to different concentrations of LPS-EK, a specific TLR4
agonist, for 30 min, and proceeded with exposure to 5 uM probe B for 20 min. NADH-incubated cells were utilized as the positive control.
Fluorescence was observed using a 550 nm excitation wavelength, and emissions were documented in the 610—710 nm range. Scale: SO ym.

group exhibited baseline fluorescence, while cells exposed to
different concentrations of temozolomide showed a correlated
increase in emission signals. The surge in NAD(P)H levels
observed with temozolomide treatment can be ascribed to the
drug’s impact on cellular metabolism. As an alkylating agent,
temozolomide induces DNA damage, which can lead to a
heightened metabolic response as the cell attempts to repair
the damage.”*™>” This metabolic shift often results in increased
glycolytic activity and a corresponding rise in NADH
production.’* " Furthermore, temozolomide can cause
mitochondrial dysfunction, which disrupts the electron trans-
port chain and causes NADH accumulation.”*™ This ascent
in NAD(P)H levels may reflect these metabolic changes as
cells increase their reducing equivalents to counteract oxidative
stress and maintain cellular homeostasis.”~>" These results
highlight probe B’s potential as a sensitive NAD(P)H level
indicator triggered by chemotherapeutic treatments. Monitor-
ing variations in NAD(P)H levels brings significant insight into
the cellular mechanisms underlying drug action as well as the
metabolic adaptations of cancer cells. Further studies are
warranted to explore the detailed metabolic pathways involved
and the implications for optimizing cancer therapy.

Hypoxia is a well-known stress condition that signiﬁcantly
impacts cellular metabolism and the redox state.””°" CoCl, is
commonly used as a hypoxia-mimicking agent because it
stabilizes hypoxia-inducible factors (HIFs) by inhibiting prolyl
hydroxylases, thereby simulating hypoxic conditions even in
the presence of normal oxygen levels.”>** Hypoxia leads to the
upregulation of glycolysis, generating NADH and NADPH.
The increased NADH is a critical cofactor in glycolysis, which
becomes the primary source of ATP under hypoxic conditions
due to the limited function of oxidative phosphorylation.’>**
NADPH is also vital for sustaining cellular redox balance and is
integral to biosynthetic reactions and the detoxification of
reactive oxygen species (ROS). Under hypoxic stress, cells
enhance NADPH production pathways, such as the pentose
phosphate pathway, to counteract oxidative stress and support
anabolic reactions. In our study, we utilized CoCl, to induce
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hypoxic conditions in HeLa cells and employed fluorescent
probe B to monitor cellular NAD(P)H level variations. We
observed that CoCl, exposure brought about an ascent in
NAD(P)H levels, evidenced by a rise in cellular emission
intensity with enhancing concentrations of CoCl,. This
observation aligns with the metabolic adaptations seen under
hypoxic conditions. The elevated fluorescence intensity
detected by probe B reflects the higher intracellular
concentrations of these cofactors (Figure 11). This NAD(P)
H level rise is likely due to metabolic reprogramming that
favors glycolysis and increased NADPH synthesis pathways
under hypoxic conditions induced by CoCl, treatment. This
finding is consistent with the known cellular response to
hypoxia, where metabolic shifts enhance the production of
NADH and NADPH to support energy production and
maintain redox homeostasis. The use of fluorescent probe B
provided a reliable and sensitive method to monitor these
changes, offering insights into the cellular metabolic adjust-
ments during hypoxic stress.

Toll-like receptor 4 (TLR4) is pivotal in regulating innate
immune responses by identifying pathogen- and damage-
related molecular patterns.*®> Upon activation in macro-
phages, TLR4 induces metabolic changes, prominently
affecting NADH and NADPH levels, vital indicators of cellular
redox state and metabolic activity.**° To investigate whether
probe B can monitor NAD(P)H levels induced by TLR4
activation in immune cells, Raw 264.7 macrophages were
treated with LPS-EK, a potent and specific TLR4 agonist, for
30 min, then incubated with probe B, and subjected to
fluorescence microscopy and spectroscopy. Our immunoblot
analysis showed that LPS-EK treatment remarkably increased
the phosphorylation of IxkBa, the inhibitor of NF-xB, and
induced its subsequent degradation in Raw 264.7 macro-
phages, demonstrating that LPS-EK successfully stimulated
cellular innate immune responses. We discovered that LPS-EK
robustly raised NAD(P)H levels in a concentration-related
manner in Raw 264.7 cells (Figure 12). Our study underscores
that TLR4 activation induces a substantial increase in cellular
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NADH and NADPH levels in macrophages, as detected by
fluorescent probe B. The noted rise in NAD(P)H levels post-
TLR4 activation reflects metabolic shifts toward glycolysis and
increased cellular respiration, characteristic of immune cell
activation in response to stimuli. The sensitivity of fluorescent
probe B enabled real-time detection and quantification of these
metabolic changes, offering critical insights into the metabolic
dynamics of immune cells in response to TLR4-mediated
signaling, with implications for understanding and potentially
modulating immune responses in various pathological
conditions. These coenzymes are indispensable to cellular
redox functions, antioxidant defenses, and energy metabolism.
TLR4 signaling pathways, including NF-kB and MAPK
cascades, regulate metabolic enzyme activity related to
NAD(P)H metabolism.”**® The heightened NAD(P)H levels
reflect the metabolic reprogramming necessary to support the
energetic demands and redox balance required for immune
responses triggered by TLR4 activation.

3.6. Fluorescence Imaging of NAD(P)H in Kidney
Tissues. Autosomal dominant polycystic kidney disease
(ADPKD) is distinguished by complex pathophysiological
features that lead to reprogrammed metabolisms.”®* These
conditions often involve dysregulated cellular processes such as
enhanced glycolysis, mitochondrial dysfunction, oxidative
stress, inflammation, and hypoxia. These metabolic alterations
contribute to elevated levels of NAD and NADP in affected
kidney tissues, reflecting profound shifts in cellular energetics
and redox balance.*~® In this study, fluorescent probe B was
employed to investigate NAD(P)H levels in the kidneys of
ADPKD mice and patients. Specifically, we evaluated the renal
levels of NAD(P)H in S week-old phenotypic wildtype (WT,
Pkd1®¢*) and ADPKD (Pkd1R®“%C) mice. We found that
normal kidneys of WT mice exhibited faint fluorescence,
indicating lower NAD(P)H levels, whereas cystic kidneys of
ADPKD mice displayed significantly stronger fluorescence,
suggesting enhanced NAD(P)H levels in ADPKD in
comparison to their normal counterparts (Figure 13).
Consistently, we found a higher level of NAD(P)H in the
kidneys of human ADPKD compared with sex- and age-
matched normal human kidneys (NHK) (Figure 14). These
observations highlighted the potential of probe B to uncover
metabolic disparities associated with kidney diseases, providing
critical insights into disease mechanisms and potential
therapeutic targets. By elucidating these metabolic alterations,
this study advances the comprehension of renal pathophysi-
ology and lays the groundwork for implementing focused
treatments to restore metabolic homeostasis and improve
clinical outcomes for patients with kidney disorders. It helps to
build the foundation for targeted interventions that restore
metabolic homeostasis and improve clinical discoveries in
patients with kidney diseases.

3.7. Fluorescence Fruit Fly Larva Imaging for NAD-
(P)H Detection. Fruit fly larvae (freshly hatched) already
exposed to a period of starvation were employed to assess
probe B’s effectiveness in monitoring dynamic changes in
NAD(P)H levels in vivo. The larvae are an ideal model
organism because of their stable NAD(P)H levels, which are
maintained through metabolic adjustments to nutrient
deprivation immediately after hatching.**'~** During starva-
tion, larvae exhibit robust conservation of NAD(P)H, an
important coenzyme in metabolic functions, establishing a
reliable baseline for studying NAD(P)H variations responding
to experimental manipulations. PBS solution-immersed control
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Figure 13. Emission images of wild-type (WT) and ADPKD
(autosomal dominant polycystic kidney disease) mouse kidney
tissues. Kidney tissue sections of S week-old phenotypic WT
(Pkd1R*) and ADPKD (Pkd1R“/R¢) mice that underwent deparaffi-
nization and rehydration with a subsequent incubation of 5 M probe
B for 20 min. Emission was under a 550 nm excitation, and emissions
were gathered from 610 to 710 nm. The scale bar signifies 50 ym.
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Figure 14. Emission images of NHK and ADPKD (autosomal
dominant polycystic kidney disease) human kidney tissues, with a
subsequent incubation of 5 uM probe B for 20 min. Emission was
under a 550 nm excitation, and emissions were gathered from 610 to
710 nm. The scale bar signifies 50 pm.

larvae with probe B exhibited minimal fluorescence, validating
the identification of NAD(P)H baseline values. Subsequent
exposure of these larvae to altering concentrations of NADH
resulted in a dose-related augmentation of emission intensity,
representing enhanced NAD(P)H levels (Figure 1S5). This
underscores probe B’s high sensitivity in detecting in vivo
changes in NAD(P)H levels responding to exogenously
applied NADH.

4. CONCLUSIONS

In summary, the development of probes A and B, deep-red and
NIR compact cyanine dyes, marks a significant leap forward in
mitochondrial NAD(P)H measurement. These probes feature
a unique structural design that enhances their fluorescence
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Figure 15. Emission image of fruit fly larva showcasing the effect of different NADH levels on the larva. The larva was treated for 30 min with the
respective NADH concentrations with a subsequent incubation of 10 yuM probe B for 20 min. Emission was under a 550 nm excitation, and
emission signals were gathered from 610 to 710 nm. Scale bar: 200 um.

behavior in the presence of NAD(P)H, effectively addressing
issues like delayed responses seen with traditional near-infrared
cyanine dyes with significantly extended z-conjugations.
Notably, probe B, distinguished by its near-infrared emission
and rapid detection kinetics, emerged as a standout in
monitoring dynamic NAD(P)H levels across diverse biological
and pathological scenarios. Our experimental findings demon-
strate probe B’s precision in detecting NAD(P)H fluctuations
induced by chemical stimuli such as Ace-K exposure, cisplatin
treatment, CoCl,-induced hypoxia, and TLR4 activation in
macrophages. Furthermore, its application in disease models
underscored its sensitivity to metabolic changes associated
with kidney pathology and its suitability for in vivo
investigations, as evidenced by successful monitoring in fruit
fly larvae under starvation conditions. Overall, probe B’s robust
performance highlights its potential as a versatile tool for real-
time assessment of mitochondrial function and cellular
metabolism.
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