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Abstract

Ruthenium-based CO releasing molecules (CO-RMs), CORM-2 and CORM-3, have been widely
used as surrogates of CO for studying its biological effects /n vitroand in vivo with much success.
However, several previous solution-phase and /n-vitro studies have revealed the ability for such
CO-RMs to chemically modify proteins and reduce aromatic nitro groups due to their intrinsic
chemical reactivity under certain conditions. In our own work of studying the cytoprotective
effects of CO donors, we were in need of assessing chemical factors that could impact the
interpretation of results from CO donors including CORM-2,3 in various /n-vitro assays. For this,
we examined the effects of CORM-2,3 toward representative reagents commonly used in various
bioassays including resazurin, tetrazolium salts, nitrites and azide-based H,S probes. We have also
examined the effect of CORM-2,3 on glutathione disulfide (GSSG), which is a very important
redox regulator. Our studies show the ability for these CO-RMs to induce a number of chemical
and/or spectroscopic changes for several commonly used biological reagents under near
physiological conditions. These reactions/spectroscopic changes cannot be duplicated with CO-
deleted CO-RMs (iCORMs), which are often used as negative controls. Further, both CORM-2
and -3 are capable of consuming and reducing GSSG in solution. We hope the results described
will help future design of control experiments in using Ru-based CO-RMs in similar experiments.
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Ruthenium-based CO releasing molecules, CORM-2 and CORM-3, have intrinsic chemical
reactivities toward widely used bioassay reagents such as MTT, WST-8, resazurin and azide-based
H>,S probes as well as glutathione.

As an endogenously produced gaseous molecule, carbon monoxide (CO) has been well
demonstrated by many studies to possess signaling roles in mammals.! More importantly,
the therapeutic effects of CO have been validated extensively in various disease models,
including colitis, inflammatory sepsis, drug-induced organ toxicity and others.2= Earlier
studies employed inhalation form of CO.2: 7 However, limitations such as the need for a
special inhalation device, risk to patients and healthcare workers, and difficulties in
controlling dosage? 8 led many to search for delivery forms that are more compatible for
wide-spread use.? 4 9-11 Along this line, Motterlini and Mann pioneered the use of metal-
immobilized carbonyls as CO-releasing molecules (CO-RMs)? 12-15 with much success;
many others also reported very interesting CO-RMs.16-19 Among all the metal-based
CORMSs, two ruthenium-based, CORM-2 and CORM-3, are probably the most widely used
as CO donors in a large number of studies. A quick PubMed search of “CORM-2 OR
CORM-3” led to about 500 hits, demonstrating the broad impact of these two CO-RMs.
Later efforts in developing CO donors led to photo-sensitive organic CO-RMs20-26 and
organic CO prodrugs (Figure 1).27-30

As shown in Figure 1, CORM-2 and CORM-3 are both ruthenium-carbonyl complexes and
have been reported to transfer CO spontaneously under physiological conditions.2- 1415 |n a
typical study using a metal-based CO-RM, the depleted CO-RM after CO release (iCO-RM)
is used as the negative control. The inactive form of CORM-2 (iCORM-2) is commonly
prepared by incubation of CORM-2 with DMSO for =18 h, which leads to ligand-exchange
reactions to liberate CO, yielding a mixture of decomposition products.® 31 The final
dicarbonyl products (Complex B and C) have been reported to be incapable of releasing CO
(Figure 2).31 Inactive CORM-3 (iCORM-3) is normally prepared by incubation of CORM-3
in buffer (Krebs-Henseleit or PBS, pH 7.4) for 18 h, and the resulting solutions have been
reported to show no CO release as measured using the myoglobin assay.? Therefore, such
solutions have been widely used as iICORM-3 stock solutions for providing a negative
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control in CORM-3 related studies. However, the composition and structure of iCORM-3
products have not been well characterized.

An ideal CO donor, whether a metal-based CO-RM or an organic CO prodrug, should have
minimal CO-independent effects. If it does, then the negative control should duplicate such
CO-independent effects in order to assess the true effect of CO. Sporadic studies indicated
that some of the reported biological effects of metal-based CORMSs such as CORM-2 and
CORM-3 cannot be attributed to their ability to donate CO.19: 32-45 These observed
biological effects were said to be CO-independent by the respective authors. Additional
studies reported some unique chemical reactivities of ruthenium-based CO-RMs in solution.
31, 46-48 For example, Poole and coworkers used NMR to determine the Ky between
CORM-3 and biological thiol species (cysteine and glutathione) to be about 5 uM.32
Heinemann and coworkers reported the CO-independent functions on K* channels by
CORM-2.%3 Nielsen described that the widely studied effect of CORM-2 against snake
venom was through a CO-independent mechanism.34 Stahl and colleagues described the
intrinsic ability for CORM-2 to consume molecular oxygen in solution.3” In aqueous
medium (pH > 3), early solution studies found that [Ru(CO)3]?* can react with OH™ to form
metallacarboxylate species, which undergoes further decomposition to generate potential
reducing agents such as Ru-hydrides and Ru(0) carbonyl complexes.31: 4951 Zero-valent
ruthenium carbonyl complex, Ru3(CO)15, has been used as a reducing agent for aromatic
nitro compounds (Figure S1).59 51 Along a similar line, we have also reported that that
CORM-3 is capable of reducing an aryl nitro group to an amino group under near-
physiological conditions, and such effects cannot be achieved by iCORM or CO from other
sources including CO gas.#! In our own work of studying the cytoprotective effects of CO
donors, we were in need of assessing biochemical factors that could impact the
interpretation of cell culture results from CO donors including CORM-2,3. All these led us
to systemically probe the chemical reactivity of these two ruthenium-based CO-RMs with
reagents commonly used in cellular assays such as resazurin, tetrazolium salts, nitrite and
azide-based H,S probes with the hope of deconvoluting factors that need to be carefully
considered and controlled in designing future experiments. Further, sulfide and the thiol
group are known to be very important in cellular redox regulation and as antioxidants. We
also probed the effect of CORM-2,3 on glutathione disulfide (GSSG) as a representative bio-
disulfide because of its known roles in cellular signaling and redox regulations.>2 53 |t was
found that both CORM-2 and CORM-3 have intrinsic reactivities toward these bioassay
reagents and are capable of consuming and reducing GSSG. However, it should be noted
that these chemical reactivities should only be interpreted in the context of the experimental
conditions and should not be extrapolated to animal models and cell culture conditions. How
such findings would affect the interpretations of results from each specific biological study
is beyond the scope of this study, and is best left to experts who are most familiar with the
interpretation of the biological problems examined in each study. This study primarily
focuses on the chemical reactivity and molecular events when incubating with a commonly
used reagent. We hope that our results will help future design of biological experiments
using CORM-2,3 and associated controls.
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EXPERIMENTAL SECTION

General information.

All reagents and solvents were of reagent grade from commercial suppliers (Sigma Aldrich
and etc.). 1H (400 MHz) NMR spectra were acquired on a Bruker-400 spectrometer.
Fluorescence spectra were recorded on a Shimadzu RF-5301PC fluorometer. Absorption
spectra were measured on Varian Cary 100 Bio UV-Visible spectrophotometer. A microplate
reader (PerkinElmer Victor2, USA) was used for resazurin and CCK-8 assay. LC-MS data
were collected on a Shimadzu LCMS-2010 system. GC-TCD studies were performed on an
Agilent 7820A system. CO-RMs (CORM-2, CORM-3, CORM-A1 and CORM-401) and
H,S probe (AzMC) were purchased from Sigma-Aldrich and were used without purification.
Pure CO gas was purchased from Airgas company. iCORM-2 and iCORM-3 were prepared
according to the literature procedures.2 54 CO prodrugs (CO-103 and CO-111)%7: 55 and
H,S probe (DNS-Az)6 were synthesized according to the literature procedures.

Preparation of stock solutions.

Stock solutions of CORM-2 (10 mM), CORM-401 (10 mM), CO-103 (10 mM), CO-111 (10
mM), resazurin (1 mM) and AzMC (1 mM) were prepared in DMSO. 10 mM Stock
solutions of CORM-3, CORM-AL, MTT and WST-8 were prepared in water. 100 mM stock
solution of monobromobimane (mBBr) was prepared in acetonitrile. MTT formazan was
dissolved in isopropanol to afford a 2 mM stock solution. DNS-Az was dissolved in ethanol
to afford a 30 mM stock solution. 200x stock solution of 10 mM A-Cbz-Gly-OH (MW:
208.07) as the internal standard for MS analysis was made in DMSO.

Resazurin assay.

Stock solutions of CORM-2 and CORM-3 were diluted in DMEM cell culture medium (No.
10-017-CV, Corning Life Sciences) supplemented with 10% fetal bovine serum (FBS) to
obtain various concentrations. The resulting solutions were incubated at 37 °C in humidified
atmosphere with 5% CO, for 24 h. In a 96-well plate, after the incubation, 100 uL solutions
of each concentration were added, and then followed by the addition of 20 uL of resazurin
sodium salt stock solution (0.15 mg/ml in PBS). The 96-well plate was incubated for
additional two hours at 37 °C before measuring the fluorescence at 531 nm excitation and
595 emission using a microplate reader. The negative control group only contained DMEM
(10% FBS). The percent deviation value was calculated by the difference between values of
the sample and control group, divided by the control value, and multiplied to the percent
value.

CCK-8 assay.

Stock solutions of CORM-2 were diluted in DMEM cell culture medium (No. 10-017-CV,
Corning Life Sciences) supplemented with 10% fetal bovine serum (FBS) to obtain various
concentrations. The resulting solutions were incubated at 37 °C in humidified atmosphere
with 5% CO», for 24 h to mimic experimental conditions. In a 96-well plate, after the
incubation, 100 uL solutions of each concentration were added, and then followed by the
addition of 10 puL of CCK-8 (Dojindo, Japan) solution. The plate was incubated for

Anal Chem. Author manuscript; available in PMC 2022 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

Page 5

additional two hours at 37 °C before measuring the optical density at 450 nm with a
microplate reader. The negative control group only contained DMEM (10% FBS). Similar to
resazurin assay, the percent deviation value was calculated by the difference between values
of the sample and control group, divided by the control value, and multiplied to the percent
value.

LC-MS analysis of the reaction mixture between CORM-2 and MTT.

MTT (100 puM) or MTT formazan (100 pM) was incubated with 200 uM CORM-2 in PBS
(pH 7.4) for 1 h at 37 °C. For analysis, 5 pL of the reaction mixture was injected to the LC-
MS system, separated with a C18 column (Phenomenex C18, 3 um, 3x50 mm) by using
gradient eluent (mobile phase: A: H,O (0.05% FA), B: ACN (0.05% FA). Gradient: 0-2 min
5%B, 2-8 min 5-95% B, 8-9 min (95% B), 9-10 min (5% B). 5 uL of CORM-2 (200 pM),
MTT (100 uM), and formazan (100 pM) were also separately injected to serve as controls.
The absorbance at 214 nm and 254 nm were monitored by using UV chromatogram. MTT
and formazan were detected by using total ion chromatogram (TIC) and extracted ion
chromatogram (EIC).

Glutathione (GSH) and GSSG measurements.

To 1 ml of a sample solution containing 100 uM GSSG with or without 100 uM CORM-2 or
-3 incubated at 37°C for a designated amount of time (2 or 18 h), 10 pL of a mBBr stock
solution was added. The resulting mixture was incubated for 30 min at 37 °C before
measuring the fluorescence at 390 nm excitation and 482 emission on a fluorometer. For
quantifications of GSH and GSSG, the sample was analyzed by LC-MS. Generally, 1 pL of
the internal standard (IS) stock solution was added to 200 pL of the control or the reaction
mixture. The mixture was vortexed for 10 s and 10 puL was injected to the LC-MS system,
separated with C18 column (Kromasil, 3.5 um, 4.6x150 mm or Waters Sunfire, 3.5 ym,
3.5x150 mm) by using a gradient eluent (ACN:H,0 with 0.1% FA, 2%-95% in 10 min, 0.7
ml/min). The extracted molecular ion peaks of the GSSG (m/z=611, [M-H]™), GSH-bimane
(m/z=496, [M-H]"), and the internal standard (m/z=208, [M-H]-) were detected under
negative ion mode and integrated using default settings. Semi-quantitative determination of
GSSG decrease was made by directly comparing the ratio of GSSG/IS. Quantification of
GSH-bimane was made by establishing standard curve. To establish a standard curve, 3.125,
6.25, and 12.5 uM GSH in PBS was incubate with mBBr then added with IS before injecting
to LCMS.

CO detection by gas chromatography (GC).

1 ml of various reaction solutions was prepared and immediately charged in a 2-ml
headspace vial (27058, Sigma-Aldrich) capped with an aluminum seal with PTFE/rubber
liner (27102-U, Sigma-Aldrich). The reaction solutions were incubated at 37 °C for 14 h to
allow CO release. For a CO gas control, 40 uL of pure CO gas (Airgas) was injected into the
headspace of a sealed 2-ml vial containing the same solvent. The CO gas control was also
incubated at 37°C for 24 h before GC analysis. For each reaction mixture or the CO gas
control, 250 pL of gas sample was taken from the headspace by a gas-tight syringe
(Hamilton®). The gas sample was analyzed by a GC system with TCD detection. Helium
was used as the carrier gas with a flow rate of 30 mL/min. Gaseous components of the
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headspace were separated by passing through a packed column (60/80 Carboxen-1000
matrix support, Lx0O.D.x1.D. 15.0 ft (4.6 m) x 1/8 in x2.1 mm, Supelco). The column was
heated to 35 °C for 5 min, and then the column temperature was increased to 225 °C at a rate
of 20 °C/min while the detector temperature was held at 125 °C.

Nitrite concentrations were measured by the Griess method. According to the vendor’s
procedure, 50 UL sample solution was mixed with 25 pL Griess reagent R1 (No. 780018,
Cayman Chemical) and 25 L Griess reagent R2 (No. 780020, Cayman Chemical). The
resulting mixture was incubated for 10 min before measuring the absorbance at 530 nm. The
nitrite concentrations were quantified by using a standard curve.

CO gas treatment.

To a 6-ml headspace vial, 2 ml of the sample solution was added. 1 to 10 ml of pure CO gas
(Airgas) was directly bubbled into the solution by a headspace gas syringe. The resulting
solution was further incubated under various conditions followed by acquisition of the
spectroscopic spectra.

RESULTS AND DISCUSSION

Resazurin (Alamar Blue) is an A-oxide-based dye, widely used in cytotoxicity studies for
measuring mammalian cell viability and mitochondrial activity.>’~59 The blue and weakly
fluorescent resazurin can be intracellularly reduced to a pink and highly fluorescent
compound, resorufin, in metabolically active cells (Figure 3A). In CO and CO-RMs related
studies, the resazurin reduction assay has been used to evaluate cytotoxicity.33 7 Previously,
we reported that CORM-2 and CORM-3 could directly reduce the aromatic nitro group to an
amino group under physiological conditions.** We wonder whether ruthenium-based CO-
RMs would also lead to the reduction of A-oxide compounds, such as resazurin. If so, such
property could affect the design of experiments using resazurin as an indicator of cell
viability, when CORM-2 or CORM-3 is present.

To test the reactivity of ruthenium-based CO-RMs with resazurin, we first incubated 5 uM of
resazurin with 50 pM of CORM-2 or CORM-3 individually in PBS. In both cases, the
fluorescence signal at around 583 nm showed a significant increase within an hour (Figure
3B, 3C), and the color of the solution changed from blue to pink, corresponding to the
formation of resorufin (Figure 3A). Such changes were also dependent on the concentration
of CORM-2 and CORM-3 from 0 to 50 uM (Figure 3D and 3E). Under the same conditions,
resazurin was also treated with the inactive forms of CO-RMs, iCORM-2 and iCORM-3,
neither of which significantly affected the fluorescence upon incubation with resazurin in
PBS for 1 h (Figure 3F, S2). For additional control studies, we also injected 10 ml pure CO
gas into the resazurin solution in a sealed vial to see whether CO alone would lead to such a
reduction reaction; no change in fluorescence was observed (Figure 3F, S2). To examine the
possible reactivity from the combination of iCORMSs and CO, pure CO gas was injected
together with iCORM-2 or iCORM-3 into the resazurin solution. The iCORM-3 and CO
combination did not generate any fluorescent change either (Figure S3). Interestingly,
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iCORM-2 and CO gas together led to fluorescence turn-on of resazurin (Figure S3). This
might suggest the catalytic role of the ruthenium core in iCORM-2, which mediates the
reduction of resazurin in the presence of CO. However, to fully understand the intricate
details of the mechanism as to why CORM-2 and -3 are different, much more additional
chemistry work would be needed. We also examined the reactivities of other non-ruthenium
CO-RMs and organic CO prodrugs toward resazurin. Manganese- and a boron-based
CORMs, namely CORM-401 and CORM-AL (Figure 1), did not lead to any change in
fluorescence of the resazurin solution (Figure 3F, S2). Organic CO prodrugs, CO-10327 and
CO-111,% did not lead to an increase in fluorescent signal either, indicating a lack of
chemical reaction with resazurin (Figure S4). The above results indicate a mechanism for the
reduction of resazurin to resorufin by ruthenium-based CO-RMs, which is dependent on it
intrinsic chemical reactivity.

Another widely used cell proliferation and cytotoxicity assay is based on tetrazolium salts,
which can be reduced by cellular reductase to produce the strongly colored formazan
products. Among various tetrazolium salts, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) is the most commonly used agent, which was introduced by
Mosmann nearly two decades ago.®0 In live cells, MTT is reduced by cytoplasmic or
mitochondrial reductases to form the insoluble purple MTT formazan. Therefore, an
increase in absorbance between 550-600 nm is proportional to cell viability. The MTT assay
has also been used in studies of CO and CO donors.1-68 With the discovery of the reducing
activities of ruthenium-based CO-RMs toward aromatic nitro compound and resazurin, we
also ask the question of whether there is any interaction between MTT and ruthenium-based
CO-RMs.

As an initial test, we simply mixed CORM-2 or CORM-3 with an MTT solution and
observed almost instantaneous color change from yellow to dark purple. Such a
phenomenon is very similar to what is expected from MTT reduction through cellular
respiration. Therefore, we conducted further characterizations by using UV spectroscopy.
100 pM of MTT shows a distinct absorption at around 400 nm in PBS solution (Figure 4A).
Upon the addition of two equivalents of CORM-2 or CORM-3, a new absorption peak at
around 600 nm formed, corresponding to the visible purple color (Figure 4A). As control
experiments, we also incubated CO-depleted iCORM-2 or iCORM-3 with MTT under the
same conditions. However, we did not observe any absorption change above 500 nm (Figure
4A). As a second control study, we added CO gas to the mixture of iCORMs (iCORM-2 or
iCORM-3) and MTT to mimic the released products from CORM-2 and CORM-3. The
combination of iICORM-3 and CO gas did not lead to UV absorption change (Figure S5). In
contrast, 1 ml of pure CO gas caused a slight increase in absorption at around 600 nm
(Figure S6) when added to the mixture of iCORM-2 and MTT. However, this change was
much smaller than that caused by CORM-2. We also treated MTT with other CO-RMs
(CORM-AL1 and CORM-401) and did not observe any spectroscopic changes (Figure S7).

To examine whether the color change of MTT caused by ruthenium-based CO-RMs was due
to MTT formazan production, the mixture of CORM-2 and MTT in DSMS-dg (10% PBS)
was monitored by TH-NMR. Interestingly, the chemical shift of MTT did not show any
difference after incubating with CORM-2 (Figure S8), although the corresponding color
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change was observed. We also compared the UV spectrum of the MTT-CORM-2 mixture
with that of MTT formazan, and observed some differences in UV absorbance patterns
(Figure S9). As such, the reaction mixture of MTT and CORM-2 was further analyzed by
LC-MS. Upon incubation of MTT (100 pM) with CORM-2 (200 pM) for 1 h in PBS at 37
°C, in the chromatogram monitored by UV at 254 nm, the peak of MTT disappeared without
the observation of a peak corresponding to formazan (Figure S10). In the LC-MS
chromatogram based on ion flux, multiple peaks corresponding to the molecular weight of
MTT or formazan were detected at various retention times, indicating the formation of
several complexes/adducts during the incubation of MTT with CORM-2 (Figure S11) and
the complexity of the chemistry. These adducts might collapse during the chromatographic
and/or ionization process, leading to the different retention times for what appeared to be
MTT or formazan. In the LC-MS chromatogram of the reaction mixture, the appearance of a
peak corresponding to both the retention time and the molecular weight of formazan
indicates the ability for CORM-2 to reduce MTT, though not to a significant extent that is
measurable by NMR or UV (Figure S12). Incubation of formazan (100 pM) with CORM-2
(200 uM) also led to a change in the formazan peak in the UV chromatogram, suggesting
possible interaction between formazan and CORM-2 (Figure S12). There are earlier
literature reports that tetrazole and formazan are able to chelate to ruthenium (11),59: 70
which might explain the spectroscopic changes observed. For the next step, we also studied
the UV spectroscopic changes of MTT formazan when treated with CORM-2 and CORM-3.
As shown in Figure S13, in the presence of 100 uM of CORM-2, the peak intensity of MTT
formazan gradually decreased. At the 50-min time point, the peak at 600 nm disappeared
almost completely. 100 uM of CORM-3 also led to the disappearance of the peak
corresponding to MTT formazan within 1 h (Figure S14). Additionally, we also used
iCORM-2 and iCORM-3 in control studies. iICORM-2 also led to a decrease of the MTT
formazan absorption peak. However, the effect was only 40% of that of CORM-2 at the 90-
min time point (Figure S15). iCORM-3, on the other hand, induced spectroscopic changes of
MTT formazan to the same magnitude as that of CORM-3 (Figure S16). The perturbation of
the spectroscopic properties of MTT and MTT formazan is something that needs to be
carefully considered in designing future experiments using CORM-2 and CORM-3 when
MTT is used in cytotoxicity studies.

Ruthenium-based CO-RMs have also been tested with another commonly used water-
soluble tetrazolium compound, WST-8, which is the active ingredient in the commonly used
CCK-8 assay. Similar to MTT, WST-8 also serves as a redox indicator to represent cell
viability and has been widely used in CORM-based cytotoxicity studies.”>~"> Upon addition
of 100 uM of CORM-2 or CORM-3 to WST-8 in PBS, a new peak at 450 nm appeared
within 30 min of incubation at 37 °C (Figure 4B). However, inactive forms of CORM-2 and
CORM-3, iCORM-2 and iCORM-3 failed to produce any response under the same
conditions (Figure 4B). It should be noted that the readouts from CCK-8 is based on the
absorbance change of WST-8 at 460 nm in a generally accepted protocol. As such, the
spectroscopic changes caused by CORM-2 and CORM-3 are factors to consider when
designing future experiments involving CCK-8.

For cytotoxicity studies by using resazurin- and MTT-based assays, CORM-2 and -3 were
normally incubated with cells in culture medium for 24 h before performing the assays.
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33, 76-79 To mimic such a process, we preincubated various concentrations (used in previous
studies) of CORM-2 and -3 in DMEM (10% FBS) for 24 h at 37 °C. Then, resazurin and
CCK-8 assays were conducted, and the readouts were compared to that from the respective
control group. The results are presented in the format to show deviations from the control
group. In the presence of CORM-2 within a concentration range seen in the literature (50 to
500 uM), the deviations from the respective controls were determined to be in the range of
3% to 35% with a dose-dependent effect in the CCK-8 assay (Figure 5A). For the resazurin
assay, CORM-2 also caused a dose-dependent increase. With increasing CORM-2
concentrations from 50 to 500 pM, the deviation percentage elevated by over 3 fold (Figure
5B). A similar dose-dependent pattern was also observed when applying CORM-3 to the
resazurin and CCK-8 assays. The highest concentration (1 mM) of CORM-3 led to around
55% and 33% deviations in the CCK-8 and resazurin assay, respectively (Figure S17). No
significant deviation was found in the presence of CORM-3 at a lower concentration (50 and
100 pM) in the resazurin assay (Figure S17B). These results indicate that pre-incubation of
ruthenium-based CO-RMs in cell culture medium could diminish their interfering effects
toward resazurin and CCK-8 assays. However, because of the concentration-dependent
nature of the effects, it is suggested that one takes into consideration of all these factors and
concentration range in designing experiments that use the CCK-8 and resazurin assays.

CORM-2 and CORM-3 have been extensively reported to inhibit NO production triggered
by various inflammatory stimulators in vivo.80 81 A previous study showed the ability for
CORM-2 to directly quench NO released from a NO donor (diethylamine NONOQate) /in
vitro.*8 Due to the rapid oxidation of NO to nitrite by oxygen, the NO concentration in
biological studies is usually determined by measuring its nitrite content as a surrogate.
Acting as reducing agents to both aryl nitro and A~oxide groups, we are interested in
evaluating if CORM-2 and -3 can also directly react with nitrite, which is the key analyte/
ingredient for determining NO concentration. To start with, 100 uM of nitrite was incubated
with CORM-2 in PBS for 5 h and 24 h at 37 °C, followed by determining the nitrite
concentration using the Griess test. To our surprise, 50 and 100 pM CORM-2 dropped the
nitrite concentration by 14% and 15% at the 5-h point and 21% and 34% at the 24-h point,
respectively (Figure 6A, S18A). ICORM-2 also caused a comparable decrease in nitrite
concentration. 100 pM iCORM-2 decreased the nitrite concentration by almost 48% after 24
h of incubation, which was even lower than that caused by CORM-2 (Figure 7A). CORM-3
was also examined under the same conditions. Upon treatment with 100 uM of CORM-3 for
5 h and 24 h, the nitrite concentration was reduced by 14% and 38%, respectively (Figure
6B, S18B). Under the same conditions, iCORM-3 did not lead to a significant decrease after
5 h of treatment; however, at the 24-h point, the nitrite concentration decreased by 22%.
Such results suggest a weaker reactivity of iCORM-3 compared with CORM-3 (Figure
S18B). Our results indicate that both CORM-2 and CORM-3 directly consume nitrite /n
vitro. There are several implications of these results. First, ICORM-2 and iCORM-3 may not
be considered as suitable controls for CORM-2,3 in studying the effect of CO on NO
production. Second, given the ability for CORM-2,3 and iCORM-2,3 to directly react with
nitrite, their ability to directly perturb cellular redox balance may need to be considered
when CORM-2,3 are used to study the effect of CO on attenuating redox stress.
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Activated azido groups are known to be reduced by H,S, and such reactivity is widely used
in designing H,S fluorescent probes.58: 82. 83 Both of DNS-Az6 and AzMC84 are H,S
fluorescent probes bearing an azido group attached to a fluorophore (Figure 7A, 8A). The
reduction of such an azido group to the corresponding amino group by H,S is the basis for
fluorescence turn-on and thus sulfide detection. We were interested in seeing if ruthenium-
based CO-RMs could reduce these probes. Therefore, we first studied the response from
DNS-Az in the presence of CORM-2. Upon incubation with 100 pM of CORM-2 in
PBS/ACN (1:1), the fluorescence intensity of DNS-Az significantly increased within the
first 20 min to reach a plateau (Figure S19). Concentration-dependent fluorescence intensity
changes were also observed in the presence of 20 to 100 uM CORM-2 (Figure 7B).
Incubations with either iCORM-2 or CO gas did not lead to any fluorescence changes
(Figure 7B). 100 uM of CORM-3 also caused an increase in fluorescence intensity of the
DNS-Az solution within 20 min, while iCORM-3 did not show any reactivity (Figure 7D,
S20). Next, AzMC was tested with CORM-2 and CORM-3. Both CORM-2 and CORM-3
led to an increase of the fluorescence intensity of AzMC within 1 h of incubation at room
temperature, while incubation with iCORM-2 and iCORM-3 resulted in minimal increases
in the fluorescent intensity (Figure 8, S21). These results suggest that CORM-2 and
CORM-3 are capable of reducing the azido groups presented in two representative H,S
probes, DNS-Az and AzMC, while iCORM-2/3 failed to do so.

GSH and GSSG are known to be important regulators in cellular redox signaling.8% 86 The
redox conversion between GSSG and GSH are dynamically modulated under various
oxidative conditions.8” As such, the ratio of GSH/GSSG is normally used as an indicator of
cellular redox status.86 More importantly changes in the levels of GSH and GSSG are
associated with many essential biological processes, such as apoptosis and growth
stimulation.88 One of the mechanisms through which CO has been reported to exert its
cytoprotection action is through the modulation of cellular redox chemistry.8 Previous
studies have revealed the redox activity of Ru-based CO-RMs themself31: 37. 41 and the
ability to react with thiols, 19 32. 39 which are important players in modulating cellular redox
signaling. Therefore, we are interested in examining the effects of CORM-2 and -3 on GSSG
in the context of redox chemistry, i.e. the ability to reduce GSSG to GSH. To start with, 100
UM of CORM-2 was incubated with GSSG (100 puM) in PBS (pH =7.4) at 37 °C for 2 h.
Then mBBr (final conc. 1 mM) was added to trap the generated GSH as a fluorescent adduct
(experimental section).%% As compared to the individual GSSG and CORM-2 control groups,
the fluorescence intensity at 482 nm showed a significant increase in the CORM-2/GSSG
reaction group (Figure S22). Such results indicate the ability for CORM-2 to reduce GSSG
to GSH. After incubating 100 uM GSSG with 100 uM CORM-2 for 2 h, the formation of
GSH in the BBr trapped form was confirmed and measured to be 5.5 pM by LC-MS analysis
(Figure S23, Table S1). Furthermore, LC-MS also confirmed that GSSG decreased by about
70% with formation of several unidentified products after incubating with 100 uyM CORM-2
for 18 h (Table S2, Figure S24). Similarly, CORM-3 also decreased GSSG concentration by
about 30% after 18 h of incubation, less than that with CORM-2 (Table S3). Increased
GSSG/GSH ratios and protein glutathionylation have been found in cells from patients with
cancer and neurological disorders, or under chemically induced oxidative stress.91-94 As
such, the redox properties of CORM-2, -3 and their ability to reduce GSSG are factors to
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consider in conducting pharmacological studies using these two CO-RMs, especially in
studying CO-mediated redox signaling. Additionally, CO release from CORM-2 was also
monitored in the presence of GSH or GSSG by GC-TCD chromatography (See experimental
section for details). In the headspace of CORM-2 (2 mM, 1 ml) PBS/DMSO (1:1) solution,
not CO, but CO, was found to be the major product from CORM-2 (Figure S25). This
observation is consistent with the findings from earlier reports,3! indicating the water-gas-
shift was the dominant reaction in the CORM-2 aqueous solution. Interestingly, in the
presence of GSH (4 mM), but not GSSG (2 mM), we observed a prominent CO peak and a
decreased level of CO, peak in GC (Figure S25). However, such a CO peak is much smaller
than that in the CO gas control (~2 pmol CO, 1 equiv. of CORM-2). These results indicate
the reactivity of CORM-2 towards GSH might help CO generation in aqueous environments
and support the notion that CORM-2 undergoes extensive chemical reactions with species
present in biological milieu.

CONCLUSION

In this work, we report the intrinsic reactivities of ruthenium-based CO-RMs including: i)
reduction of resazurin; ii) perturbation of the spectroscopic properties of tetrazolium salts,
MTT and WST-8; iii) consumption of nitrites /n vitro; iv) reduction of azide-based H,S
fluorescent probes, DNS-Az and AzMc; and v) consumption and reduction of GSSG. All of
these reagents are highly relevant to assessing CO’s biological effects. Because of the large
number of biological effects that have been reported for CO, including redox signaling,
cytoprotection, anti-inflammation, and cross-talks with sulfide- and NO-mediated signaling,
the implications of the described chemical reactivity of CORM-2,3 are convoluted.
Obviously, caution is needed in extrapolating the solution-phase studies to cellular and
animal model studies, because of the increased levels of complexity when it goes beyond
controlled solution-phase studies. The chemical studies described do not allow us to draw
any conclusion on the impact of such reactivities on specific biological studies, especially in
animal models. However, findings from such studies indeed provide very important factors
to consider when designing future experiments involving CORM-2 and -3 and the reagents
studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of representative CO donors.
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Gll)O SéO
Wavelength (nm)

1
700

Responses of resazurin to treatment with various CO donors in PBS (0.01 M, pH =7.4). A.
Mechanism of resazurin-based bioassay. B. The turn-on fluorescence response of 5 uM
resazurin to 50 pM CORM-2 in PBS at 37 °C (A¢x= 550 nm). C. The turn-on fluorescence
response of 5 M resazurin to 50 yM CORM-3 in PBS at 37 °C (Agx= 550 nm). D.
Fluorescence response of 5 uM resazurin to various concentrations of CORM-2 after 1 h of
incubation in PBS at 37 °C (Aex= 550 nm). E. Fluorescence response of 5 uM resazurin to
various concentrations of CORM-3 after 1 h of incubation in PBS at 37 °C (Agx= 550 nm).
F. Fluorescence responses of 5 UM resazurin to 50 uM of various CO donors after 1 h

incubation in PBS at 37 °C (Aex= 550 nm).
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Figure 4.

Responses of MTT derivatives toward ruthenium-based CO-RMs. A. The structure of MTT;
UV absorption changes of 100 uM MTT upon treatment with 200 uM CORM-2/3 and
iCORM-2/3 for 30 min in PBS (0.01 M, pH =7.4) at 37 °C. B. The structure of WST-8; UV
absorption changes of 50 UM WST-8 upon treatment with 100 uM CORM-2/3 and
iCORM-2/3 for 30 min in PBS (0.01 M, pH =7.4) at 37 °C (lines for control and iCORM-3
overlap with each other).
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Effects of CORM-2 on A. the CCK-8 assay and B. the resazurin assay. Solutions of
CORM-2 in DMEM (10% FBS, 4% DMSO) were incubated for 24 h at 37 °C and then
CCK-8 and resazurin assays were performed. The negative control group only contained
DMEM (10% FBS). Values are means + SD. n = 3. Data with (*), (**) and (***) indicates
statistically significant differences between CORM-2 and -3 samples and the negative
control as determined by t-test. *P<0.05, **P<0.01, ***P<0.001 versus the control group.
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Effects of ruthenium-based CO-RMs of on nitrite. A. A solution of 100 uM nitrite in PBS
was incubated with CORM-2 and iCORM-2 for 24 h at 37 °C and then nitrite concentrations
were determined by the Griess test. B. A solution of 100 uM nitrite in PBS was incubated
with CORM-3 and iCORM-3 for 24 h at 37 °C and then nitrite concentrations were
determined by the Griess test. Values are means + SD. n = 3. *P<0.01, **P<0.001 versus the
vehicle group. #P<0.001 between CORMSs and iCORMs.

Anal Chem. Author manuscript; available in PMC 2022 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al.
A. C.
e
0=S- N3
e N\
DNS-Az
B.

150+

1004

g

Fluorescence Intensity (a.u.)

Page 24

;:150- — Control
o

> — COgas
g 100- — ICORM-2
£ — 20 uM
§ — 40 uM
§ o — 60 uM
2 — 80 uM
e

Z o . — — 100 uM

400 500 600 700
Wavelength (nm)
D.

Wavelength (nm)

Figure7.

Fluorescence Intensity (a.u.)

150+

1001 cORM-3

g

(=]

L) )
500 550 600 650
Wavelength (nm)

1
400 450

Responses of DNS-Az toward ruthenium-based CO-RMs. A. The structure of DNS-Az. B.
Fluorescence response of 100 uM DNS-Az to 100 uyM CORM-2 and iCORM-2 in PBS/ACN
(1:1) after incubation for 20 min at r.t. (Agx= 360 nm, lines for control and iCORM-2 overlap
with each other). C. Fluorescence response of 100 uM DNS-Az to various concentrations of
CORM-2, 100 uM iCORM-2 and 10 ml CO gas in PBS/ACN (1:1) after incubation for 20
min at r.t. (Ae= 360 nm, lines for control, CO gas and iCORM-2 overlap with each other).
D. Fluorescence response of 100 uM DNS-Az to 100 pM CORM-3 and iCORM-3 in
PBS/ACN (1:1) after incubation for 20 min at r.t. (Ae= 360 nm, lines for control and
iCORM-3 overlap with each other).
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Figure8.

Responses of AzMc toward ruthenium-based CO-RMs in PBS (0.01 M, pH =7.4). A. The
structure of AzMC. B. Fluorescence response of 10 uM AzMC to 100 yM CORM-2 and
iCORM-2 in PBS after incubation for 1 h at r.t. (Ag= 365 nm, lines for control and
iCORM-2 overlap with each other). C. Turn-on fluorescence response of 10 UM AzMC to
100 uM CORM-2 in PBS at r.t. (Aex= 365 nm). D. Fluorescence response of 10 uM AzMC
to 100 uM CORM-3 and iCORM-3 in PBS after incubation for 1 h at r.t. (A= 365 nm,
lines for control and iCORM-3 overlap with each other).
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