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A B S T R A C T   

Doxorubicin (DOX) is one of the most effective anticancer agents in clinical oncology. Its continued use, however, 
is severely limited by its dose-dependent cardiotoxicity which stems, in part, from its overproduction of reactive 
oxygen species (ROS) and often manifests itself as full-blown cardiomyopathy in patients, years after the 
cessation of treatment. Therefore, identifying DOX analogs, or prodrugs, with a diminished cardiotoxic profile is 
highly desirable. Herein, we describe a novel, H2O2-responsive DOX hybrid codrug (mutual prodrug) that has 
been rationally designed to concurrently liberate hydrogen sulfide (H2S), a purported cardioprotectant with 
anticancer activity, in an effort to maintain the antitumor effects of DOX while simultaneously reducing its 
cardiotoxic side effects. Experiments with cardiomyoblast cells in culture demonstrated a rapid accumulation of 
prodrug into the cells, but diminished apoptotic effects compared with DOX, dependent upon its release of H2S. 
Cells treated with the prodrug exhibited significantly higher Nrf2 activation relative to DOX-treated cells. Pre-
liminary indications, using a mouse triple-negative breast cancer cell line sensitive to DOX treatment, are that the 
prodrug maintains considerable toxicity against the tumor-inducing cell line, suggesting significant promise for 
this prodrug as a cardioprotective chemotherapeutic to replace DOX.   

1. Introduction 

Anthracycline antibiotics are a family of compounds that have dis-
played promising antineoplastic properties since their discovery in the 
1960s (Fig. 1) [1]. Doxorubicin (DOX) is one of the most prominent 
members of this class and is among the most effective anticancer drugs 
ever discovered [2,3]. Even with advancements in targeted therapy on 
the rise, DOX has endured as one of the most integral oncology drugs in 
modern medicine and is routinely employed in highly successful com-
bination drug therapies for the treatment of breast cancer, solid tumors, 
soft tissue sarcomas, leukemias, and aggressive lymphomas [4]. 

The anticancer effects of DOX have been explored in detail and 
several mechanisms have been proposed, including intercalation of 
double-stranded DNA, stabilization of topoisomerase II α–DNA cleavage 
complex, and the generation of reactive oxygen species (ROS) [5]. 

Despite its success in increasing survival rates of cancer patients, the 
continued clinical use of DOX is severely hampered by its cardiotoxic 
side effects [6]. While DOX does exhibit acute cardiotoxicity, its chronic, 
dose-dependent form is far more concerning, with DOX-induced car-
diomyopathy and congestive heart failure often emerging in patients 
4–20 years after the cessation of therapy [7,8]. Although a precise 
mechanism of DOX-mediated cardiotoxicity has yet to be defined, much 
evidence points to its uncontrolled production of ROS as a primary 
culprit [9–13]. 

Like all anthracyclines, the chemical structure of DOX renders it 
predisposed to the production of ROS since its quinone moiety is highly 
susceptible to enzyme-mediated, one electron reductions. Enzymes 
responsible for facilitating this chemistry include complex I of the 
mitochondrial electron transport chain, which transforms DOX into a 
semiquinone that can rapidly reduce molecular oxygen to regenerate 
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DOX while producing superoxide in the process [14]. DOX’s quino-
ne–semiquinone redox cycling is known to generate superfluous levels 
of superoxide, which subsequently gives rise to other reactive oxygen 
and nitrogen species. Moreover, DOX displays a high binding affinity for 
cardiolipin, a 4-acyl chain phospholipid that exists exclusively in the 
inner mitochondrial membrane, which concentrates the drug within this 
subcellular space [15]. Both factors facilitate the production of ROS, 
which results in significant cellular damage to lipids, proteins, and DNA. 
Due to its increased mitochondrial density and poor antioxidant defense 
relative to other organs and tissues, the heart is especially prone to 
oxidative injury, providing a basis for DOX-induced cardiomyopathy 
[10,16]. 

Various strategies have been explored in an effort to reduce the 
cardiotoxic side effects of DOX. One promising approach is to administer 
antioxidants alongside DOX to counter its ROS-production [17–19]. 
Designs that directly link an antioxidant payload to DOX have also been 
explored [20]. To this end, it has recently been shown that linking DOX 
to various hydrogen sulfide-releasing scaffolds results in analogs 
endowed with reduced cardiotoxicity [21]. 

Hydrogen sulfide (H2S) is an endogenous signaling molecule that 
mediates numerous physiological and pathophysiological processes 
within the human body [22–24]. Specifically, H2S has been shown to 
provide numerous beneficial effects on the cardiovascular system. As a 
smooth muscle relaxant, H2S plays a pivotal role in reducing blood 
pressure [25,26]. Further studies have attributed this effect to the acti-
vation of KATP channels via H2S-mediated protein persulfidation, which 
hyperpolarizes and relaxes smooth muscle [27,28]. In addition to its 
vasorelaxant properties, H2S has been shown to exert additional positive 
effects on the cardiovascular system, including the attenuation of 
myocardial reperfusion injury and the promotion of angiogenesis 
[29–31]. Moreover, given its potent antioxidant properties, H2S has 
been shown to provide cellular protection against hydrogen peroxide 
(H2O2) and other ROS, whose excess production is linked to inflamma-
tion, oxidative stress, and cardiovascular injury [32–34]. 

As a general approach to improving the therapeutic index of drugs, 
various prodrug strategies are often investigated. In more recent years, 
ROS-inducible anticancer prodrugs have emerged as a promising design 

[35]. Due to increased metabolic activity and mitochondrial dysfunc-
tion, cancer cells are known to exhibit elevated levels of ROS [36]. This 
feature has been exploited in the development of ROS-activated pro-
drugs of SN-38, nitrogen mustards, 5-fluorouracil, and doxorubicin, 
resulting in promising tumor-selective agents [37–40]. 

Motivated by these earlier reports, we describe a novel DOX hybrid 
prodrug (c1, Fig. 2A) that has been rationally designed to concurrently 
liberate both hydrogen sulfide (by way of COS hydrolysis) [41,42] and 
doxorubicin in response to elevated levels of ROS (Fig. 2B). To the best 
of our knowledge, this is the first design that imparts both 
tumor-selective activation and H2S delivery as a synergistic strategy to 
combat DOX-induced cardiotoxicity. This unique combination was 
shown to afford impressive cardioprotective effects in H9C2 (rat car-
diomyoblast) cells while maintaining the antitumor activity of DOX in 
4T1 (mouse triple-negative breast cancer) cells. 

2. Materials and methods 

2.1. General chemistry 

Commercial reagents were used without further purification unless 
stated otherwise. Dichloromethane and tetrahydrofuran (THF) were 
dried over a column of alumina. Flash chromatography was performed 
with columns of 40–63 Å silica from Silicycle (Québec City, Canada). 
Thin-layer chromatography (TLC) was performed on plates of EMD 250 
μm silica 60-F254. The term “concentrated under reduced pressure” re-
fers to removing solvents and other volatile materials using a rotary 
evaporator while maintaining the water-bath temperature below 40 ◦C. 
Residual solvent was removed from samples at high vacuum (<0.1 torr) 
using an Edwards RV5 pump. Analytically pure samples of final products 
were accessed using an Agilent (Santa Clara, CA) preparative HPLC, 
equipped with a C18 reverse-phase preparative column, diode array 
detector, and fraction collector. Liquid Chromatography-Mass Spec-
trometry (LC-MS) analyses were performed using a Bruker AmaZon SL 
with a Shimadzu SPD-M20A UV detector and a Shimadzu LC-20AB 
pump, equipped with an analytical C18 column (Agilent Technologies, 
SB-C18 Analytical HPLC Col. 4.6 × 150). All NMR spectra were acquired 

Fig. 1. Anthracycline antibiotics.  
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at ambient temperature with a Bruker Ascend™ 400 MHz spectrometer 
and referenced to TMS or residual protic solvent. High-resolution mass 
spectra were acquired using a Thermo Orbitrap LTQ XL (ESI). Carbonyl 
sulfide liberation was detected using an Agilent 7890 GC/5975 MS with 
autosampler. Absorbance measurements for the methylene blue assay 
were taken with a Cary 100 UV–Vis spectrophotometer (Agilent). All 
data fitting was done with Prism 7 (GraphPad Software, La Jolla, Ca). 

2.2. Chemical synthesis (see Scheme S1) 

Potassium tert-butoxide (1.5 mL, 1 M in THF) was added dropwise to 
a solution of 4-(hydroxymethyl)phenylboronic acid pinacol ester (234 
mg, 1.0 mmol) in dry CH2Cl2 (5 mL). The reaction mixture was then 
taken up with a syringe and added dropwise over a period of 5 min to a 
solution of di(2-pyridyl) thionocarbonate (464 mg, 2.0 mmol) dissolved 

in dry CH2Cl2 (5 mL). After reacting for 15 min under N2(g), the reaction 
was confirmed to be complete by TLC, and the reaction mixture was 
diluted with CH2Cl2, washed with 1 M HCl(aq), dried over anhydrous 
MgSO4, and concentrated under reduced pressure. Flash chromatog-
raphy (15% v/v EtOAc in Hexanes) was used to isolate 1 (185 mg) in a 
50% yield. 

1H NMR (400 MHz, Chloroform-d) δ 7.83 (d, J = 8.1 Hz, 2H), 7.60 
(ddd, J = 7.2, 2.1, 1.3 Hz, 1H), 7.48 (d, J = 8.1 Hz, 2H), 7.26 (ddd, J =
9.5, 6.5, 2.1 Hz, 1H), 6.49 (dt, J = 9.5, 1.3 Hz, 1H), 6.12 (ddd, J = 7.2, 
6.5, 1.3 Hz, 1H), 5.66 (s, 2H), 1.33 (s, 12H); 13C NMR (101 MHz, 
Chloroform-d) δ 192.6, 160.1, 140.1, 136.5, 135.4, 135.2, 127.8, 
122.8, 105.7, 84.0, 76.8, 25.0; ESI-MS calculated for [C19H23BNO4S]+

(M + H)+ requires m/z = 372.14, found 372.19. 
To a stirred solution of doxorubicin hydrochloride (58 mg, 0.1 mmol) 

in dry DMF (1 mL) was slowly added a mixture of 1 (37 mg, 0.1 mmol) 
and Et3N (200 μL, 1.4 mmol) in dry DMF (2 mL). The mixture was then 
left to react at room temperature, in the dark, and under an N2(g) at-
mosphere. After stirring for 2 h, the reaction mixture was concentrated 
under reduced pressure and purified via flash chromatography (10% v/v 
MeOH in DCM) to isolate c1 (78 mg, 95%). An analytically pure sample 
of c1 (42 mg, 51%) was then obtained via HPLC (Agilent) using a C18 
preparatory column and eluting at 20 mL/min with water (0–1 min), 
followed by a linear gradient (0–100% v/v) of acetonitrile/water (1–9 
min), and finishing with an acetonitrile wash (9–12 min). 

1H NMR (400 MHz, Chloroform-d) δ 14.01 (s, 1H), 13.26 (s, 1H), 
8.05 (dd, J = 7.7, 1.1 Hz, 1H), 7.81–7.77 (m, 3H), 7.41–7.38 (m, 1H), 
7.33 (d, J = 8.1 Hz, 2H), 6.64 (d, J = 8.6 Hz, 1H), 5.55–5.52 (m, 1H), 
5.42 (d, J = 2.3 Hz, 1H), 5.37–5.34 (m, 1H), 4.80 (d, J = 4.7 Hz, 2H), 
4.62 (s, 1H), 4.56–4.49 (m, 1H), 4.21–4.16 (m, 1H), 4.09 (s, 3H), 3.79- 
3.77 (m, 1H), 3.49 (s, 2H), 3.35–3.27 (m, 1H), 3.00 (t, J = 4.7 Hz, 1H), 
2.38–2.31 (m, 1H), 2.22–2.17 (m, 1H), 2.09–2.04 (m, 1H), 1.92–1.86 
(m, 1H), 1.78 (td, J = 13.1, 4.1 Hz, 1H), 1.34 (s, 3H), 1.33 (s, 12H); 13C 
NMR (101 MHz, Chloroform-d) δ 214.1, 189.3, 187.3, 186.9, 161.2, 
156.3, 155.9, 138.8, 135.9, 135.7, 135.1, 133.9, 133.7, 127.6, 126.9, 
121.1, 120.0, 118.6, 111.8, 111.7, 100.3, 84.0, 71.9, 69.2, 69.0, 67.4, 
65.8, 56.9, 53.6, 51.2, 35.9, 34.3, 29.1, 25.0, 17.0. HRMS calculated for 
[C41H46O14NBNaS]+ (M + Na+) requires m/z = 842.2630, found 
842.2632. Purity of c1 (retention time 12.5 min) was determined by LC- 
MS (Shimadzu) using a C18 analytical column and eluting at 0.4 mL/ 
min with a linear gradient (20–90% v/v) MeOH/H2O (0–2 min), fol-
lowed by 90% v/v MeOH/H2O (2–20min) and found to be >95% pure. 

4-Nitrophenyl chloroformate (280 mg, 1.4 mmol) was dissolved in 
dry THF (5 mL) under an N2(g) atmosphere. Next, a mixture of 4- 
(hydroxymethyl)phenylboronic acid pinacol ester (234 mg, 1.0 mmol), 
DMAP (48 mg, 0.4 mmol), and Et3N (560 μL, 4.0 mmol) in dry THF (5 
mL) was added dropwise. After stirring at room temperature for 4 h, the 
reaction mixture was concentrated under reduced pressure, diluted with 
EtOAc, washed with 1 M HCl(aq), dried over anhydrous MgSO4, and 
rotary evaporated to dryness. Flash chromatography (15% v/v EtOAc in 
Hex) was used to isolate 2 (288 mg, 72%). 

1H NMR (400 MHz, Chloroform-d) δ 8.25 (d, J = 9.2 Hz, 2H), 7.85 
(d, J = 8.1 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 9.2 Hz, 2H), 
5.30 (s, 2H), 1.35 (s, 12H); 13C NMR (101 MHz, Chloroform-d) δ 
155.6, 152.5, 145.5, 137.2, 135.3, 127.7, 125.4, 121.9, 84.1, 70.9, 24.9. 
MS (ESI): calcd for C20H22BNNaO7

+ (M + Na)+ 422.1382, found 422.21. 
To a stirred solution of doxorubicin hydrochloride (58 mg, 0.1 mmol) 

in 1 mL of dry DMF was slowly added a mixture of 2 (40 mg, 0.1 mmol), 
DMAP (5 mg, 0.04 mmol), and Et3N (20 μL, 0.14 mmol) in DMF (2 mL). 
The mixture was then left to react at room temperature, in the dark, and 
under an N2(g) atmosphere. After reacting for 2 h, the solvent was then 
removed via rotary evaporation, and flash chromatography (10% v/v 
MeOH in DCM) was used to isolate c2 (75 mg, 94%). An analytically 
pure sample of c2 (33 mg, 41%) was then obtained via HPLC (Agilent) 
using a C18 preparatory column and eluting at 20 mL/min with water 
(0–1 min), followed by a linear gradient (0–100% v/v) of acetonitrile/ 
water (1–9 min), and finishing with an acetonitrile wash (9–12 min). 

Fig. 2. Prodrug structures and H2O2-dependent release pathway, (A) Prodrugs 
assessed in this study. (B) Proposed mechanism for the simultaneous release of 
H2S and DOX from c1 in response to H2O2. CA = carbonic anhydrase. 
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1H NMR (400 MHz, Chloroform-d) δ 13.97 (s, 1H), 13.23 (s, 1H), 
8.03 (d, J = 7.8 Hz, 1H), 7.84–7.75 (m, 3H), 7.39 (d, J = 8.6, 1.1 Hz, 
1H), 7.29 (d, J = 7.6 Hz, 2H), 5.50 (d, J = 3.9 Hz, 1H), 5.18–5.09 (m, 
1H), 5.04 (s, 2H), 4.80–4.70 (m, 2H), 4.54 (s, 1H), 4.15–4.11 (m, 1H), 
4.08 (s, 3H), 3.95–3.77 (m, 1H), 3.71–3.62 (m, 1H), 3.48 (s, 1H), 3.27 
(dd, J = 17.0, 1.9 Hz, 1H), 3.09–2.92 (m, 2H), 2.33 (dt, J = 14.7, 2.1 Hz, 
1H), 2.23–2.10 (m, 1H), 2.03–1.83 (m, 2H), 1.77 (td, J = 13.2, 4.1 Hz, 
1H), 1.63 (s, 3H), 1.32 (s, 12H); 13C NMR (101 MHz, Chloroform-d) δ 
214.0, 187.3, 186.9, 161.2, 156.3, 155.8, 155.6, 139.5, 135.9, 135.7, 
135.1, 133.7, 127.3, 121.0, 120.0, 118.6, 111.8, 111.6, 100.8, 84.0, 
69.7, 67.4, 66.8, 65.7, 56.8, 53.6, 47.1, 35.8, 34.2, 30.3, 29.8, 25.0, 
22.8, 17.0, 14.3; HRMS calculated for [C41H46O15NBNa]+ (M + Na+) 
requires m/z = 826.2858, found 826.2868. Purity of c2 (retention time 
11.7 min) was determined by LC-MS (Shimadzu) using a C18 analytical 
column and eluting at 0.4 mL/min with a linear gradient (20–90% v/v) 
MeOH/H2O (0–2 min), followed by 90% v/v MeOH/H2O (2–20min) and 
found to be >95% pure. 

2.3. H2S calibration curve using the methylene blue (MB) assay 

2.3.1. (With carbonic anhydrase) Six separate vials were each filled 
with 150 μL of freshly degassed PBS (pH 7.4) containing Zn(OAc)2 (2 
mM), carbonic anhydrase (0.1 mg/mL), and DOX (80 μM). Next, 150 μL 
of Na2S stock solution in freshly degassed PBS (pH 7.4), and at differing 
concentrations (6.25, 12.5, 25.0, 50.0, 100 and 200.0 μM), was added to 
each vial to give a final volume of 300 μL and a final concentration of 
3.125, 6.25, 12.5, 25.0, 50.0, and 100.0 μM Na2S. Next, 600 μL of MB 
cocktail (300 μL FeCl3 (30.0 mM in 1.20 M HCl) and 300 μL N,N- 
dimethyl-p-phenylene diamine (20.0 mM in 7.20 M HCl)) was added to 
each vial and allowed to react for 30 min in the dark. The MB solution 
was transferred to a 1.0 mL UV cuvette and the absorbance at 670 nm 
was recorded (Fig. S1). 

2.3.2. (Without carbonic anhydrase.) Six separate vials were each 
filled with 150 μL of freshly degassed PBS (pH 7.4) containing Zn(OAc)2 
(2 mM) and DOX (80 μM). Next, 150 μL of Na2S stock solution in freshly 
degassed PBS buffer (pH 7.4), and at differing concentrations (6.25, 
12.5, 25.0, 50.0, 100 and 200.0 μM), was added to each vial to give a 
final volume of 300 μL and a final concentration of 3.125, 6.25, 12.5, 
25.0, 50.0, and 100.0 μM Na2S. Next, 600 μL of MB cocktail (300 μL 
FeCl3 (30.0 mM in 1.20 M HCl) and 300 μL N,N-dimethyl-p-phenylene 
diamine (20.0 mM in 7.20 M HCl)) was added to each vial and allowed 
to react for 30 min in the dark. The MB solution was transferred to a 1.0 
mL UV cuvette and the absorbance at 670 nm was recorded (Fig. S2). 

2.4. Time-dependent H2S release from c1 

A 10 mM stock solution of c1 (or c2) was prepared in DMSO 
immediately prior to use. Hydrogen peroxide (H2O2, 10 mM) was pre-
pared in freshly degassed PBS (pH 7.4). Carbonic anhydrase (CA) was 
prepared as 10 mg/mL in PBS buffer (pH 7.4), Zn(OAc)2 (100 mM) was 
prepared in distilled water), and methylene blue cocktail was prepared 
as follows: FeCl3 (20 mM, 1.2 M HCl) and N,N-dimethyl-p-phenylene 
diamine (20 mM, 7.2 M HCl). 

2.4.1. (With carbonic anhydrase.) To a 20 mL scintillation vial 
containing 9770 μL of freshly degassed PBS (pH 7.4) was added stock 
solutions of carbonic anhydrase (50 μL), H2O2 (40 μL), Zn(OAc)2 (100 
μL), and c1 (or c2) (40 μL). The resulting mixture was then stirred at 
37 ◦C, and at various time points (1 min, 10 min, 20 min, 30 min, 40 
min, 50 min, 60 min, 75 min, 90 min, 105 min, 120 min), a 300 μL 
aliquot was removed and added to the MB solution (300 μL FeCl3 and 
300 μL N,N-dimethyl-p-phenylene diamine). After reacting for 30 min in 
the dark, absorbance measurements were recorded at 670 nm. 

2.4.2. (Without carbonic anhydrase) To a 20 mL scintillation con-
taining 9820 μL of freshly degassed PBS (pH 7.4) was added stock so-
lutions of H2O2 (40 μL), Zn(OAc)2 (100 μL), and c1 (or c2) (40 μL). The 
resulting mixture was then stirred at 37 ◦C, and at various time points (1 

min, 10 min, 20 min, 30 min, 40 min, 50 min, 60 min, 75 min, 90 min, 
105 min, 120 min), a 300 μL aliquot was removed and added to the MB 
solution (300 μL FeCl3 and 300 μL N,N-dimethyl-p-phenylene diamine). 
After reacting for 30 min in the dark, absorbance measurements were 
recorded at 670 nm. 

2.5. Time-dependent dox release from c1 

A stock solution of c1 (or c2, 10 mM) in DMSO and H2O2 (10 mM) in 
ammonium bicarbonate buffer (0.1 M, pH 7.4) were prepared immedi-
ately prior to use. To a 20 mL scintillation vial containing ammonium 
bicarbonate buffer (9980 μL) was then added H2O2 (10 μL) and c1 (10 
μL), and the reaction mixture was stirred at 37 ◦C. At various time points 
(0 min, 10 min, 35 min, 60 min, 80 min, 100 min, 120 min), a 1 mL 
(inject volume 60 μL) aliquot was removed and analyzed by LC-MS 
(using a C18 analytical column and eluting at 0.4 mL/min with a 
linear gradient (20–90% v/v) MeOH/H2O (0–2 min), followed by 90% 
v/v MeOH/H2O (2–19min)). The signals in the chromatogram were 
recorded at 500 nm and the peak corresponding to free DOX (7.0 min) 
was integrated. A calibration was generated and used to determine the 
concentration of released DOX from c1 (or c2) at each time point. 

2.6. Selectivity studies for DOX release from c1 

Analyte stock solutions of glutathione (10 mM), oxidized glutathione 
(10 mM), homocysteine (10 mM), L-cysteine (10 mM), sodium nitrite 
(NaNO2 10 mM), superoxide (KO2, 10 mM), sodium peroxynitrite 
(NaOONO, 10 mM), and sodium hypochlorite (NaClO, 10 mM), were 
prepared in ammonium bicarbonate buffer (0.1 M pH 7.4). To a 20 mL 
scintillation vial was then added 9980 μL of ammonium bicarbonate 
buffer (pH 7.4) and10 μL of analyte and c1 stock solutions, and the 
resulting mixture was stirred at 37 ◦C. After reacting for 80 min, a 1 mL 
(inject volume 60 μL) aliquot was removed and analyzed by LC-MS 
(using a C18 analytical column and eluting at 0.4 mL/min with a 
linear gradient (20–90% v/v) MeOH/H2O (0–2 min), followed by 90% 
v/v MeOH/H2O (2–19min)). The signals in the chromatogram were 
recorded at 500 nm and the peak corresponding to free DOX (7.0 min) 
was integrated. 

2.7. Cell culture 

H9C2 rat cardiac myoblast cells were obtained from ATCC (CRL- 
1446, TIB-71). 4T1 mouse breast cancer cells were a gift to D.S.-P. from 
Dr. Patricia Steeg [National Cancer Institute (NCI, National Institutes of 
Health (NIH) Bethesda, Maryland). H9C2 cells were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS) penicillin/strepto-
mycin, and glutamine kept at 37 ◦C and 5% CO2. 4T1 cells were cultured 
in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) 
penicillin/streptomycin, and glutamine kept at 37 ◦C and 5% CO2. 

2.8. Confocal microscopy 

To evaluate drug uptake, H9C2 cells were plated at a density of 
20,000 per well on 24 well #1.5 polymer chambered coverslips (Ibidi) in 
media including 10% FBS and allowed to adhere for ~20 h. Prior to 
imaging analysis, the media was replaced with Fluorobrite DMEM im-
aging media (Gibco) supplemented with 5% FBS. To 1 mL of media in 
each well was added either vehicle (DMSO), or a 20 mM stock solution of 
c1, c2, or DOX to give final concentrations of 10 or 20 μM drug and 0.1% 
DMSO. Live cell imaging was performed on a Zeiss Laser Scanning 
Confocal Microscope 880 with Airyscan (Oberkochen, Germany) with 
standard incubation conditions (37 ◦C, 5% CO2, humidified), collecting 
images every 10 or 15 min for 18–24 h. Images were captured with a 
Plan-Apochromat 20x/0.8 air objective. DOX and the prodrugs were 
detected with excitation by a 458 nm laser at 0.3% and emission from 
535 to 648 nm. 
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Each position consisted of a 3 slice z-stack that was compressed with 
a maximum intensity projection for analysis. Cells were identified using 
the cell count recipe from Aivia 9.8.1. The mean intensity for both 
channels was calculated, normalized, and then averaged to 30 min time 
points. 

2.9. Cytotoxicity assays 

H9C2 and 4T1 cells were plated at a density of 10,000 per well in 96- 
well plates. Twenty-four h after plating, cells were treated with 10 or 20 
μM DOX (from 20 mM stock dissolved in DMSO, for 0.1% final DMSO) 
and were incubated for 24 or 48 h. The extracellular medium was 
centrifuged at 12,000×g for 5 min to pellet cellular debris, and the su-
pernatants were assessed for release of lactate dehydrogenase (LDH) 
using a colorimetric activity assay (Invitrogen) as directed and spectral 
detection (Benchmark or BioRad microplate reader). Values were used 
to determine % cytotoxicity as described in the kit, using treatment with 
lysis buffer to release all LDH into the medium (defining 100% release) 
or cells without treatment (to define 0% release). 

2.10. Western blot analysis 

To evaluate levels of caspase cleavage (using an antibody recog-
nizing both cleaved and uncleaved, Cell Signaling, cat#9662), Nrf2 
(antibody from Thermo Fisher, cat#PA5-27882), and HO-1 (antibody 
from Proteintech, cat#10701-1-AP), H9C2 cells were plated at a density 
of 450,000 per well in a 24-well plate, then treated 24 h later with 10 or 
20 μM DOX and incubated another 24 h before harvesting. For some 
samples, 100 mM hydroxocobalamin (HO-Cbl) was added 5 min before 
drug treatment. Cells were harvested by removing media (and recov-
ering any non-adherent cells by centrifugation for 5 min at 10,600×g, 
discarding the supernatant), and combining that with the 120 μL of lysis 
buffer added to each well. Lysis buffer [50 mM Tris-HCl at pH 8.0, with 
100 mM NaCl, 100 μM diethylene triamine pentaacetic acid (DTPA), 20 
mM β-glycerophosphate, 0.1% SDS, 0.5% Na Desoxycholate, and 0.5% 
Triton-X-100] was prepared by freshly adding protease and phosphatase 
inhibitors before use (1 mM PMSF, 10 μg/mL aprotinin, 1 mM Na3VO4, 
10 mM NaF and 10 μg/mL leupeptin). Samples were further incubated 
on ice for 30 min, then centrifuged at high speed (20,800×g for 10 min) 
to remove cell debris, and supernatants were mixed with 5X SDS protein 
sample buffer for Western blot analysis following resolution of 40 μg per 
sample on 10% SDS-polyacrylamide gels. Protein concentrations of su-
pernatants were determined using a BCA assay (Pierce). Antibodies were 
used at dilutions of 1:1000 (for HO-1 and caspase-3) or 1:3000 (for 
Nrf2). 

2.11. Statistical analysis 

Data are presented as the mean ± standard error of the mean. Sta-
tistical analyses of data from LDH assays and Western blot intensity data 
(for caspase-3, Nrf2 and HO-1) were conducted by Student t-test. The 
criterion for statistical significance was set at p < 0.05. 

3. Results and discussion 

3.1. Chemical synthesis and characterization 

3.1.1. Synthesis 
We successfully accessed c1 in a highly efficient, two-step synthesis 

(See Materials and Methods). Initially, we coupled 4-(hydroxymethyl) 
phenylboronic acid pinacol ester with di(2-pyridyl) thionocarbonate. 
The resulting activated thionocarbonate was treated with DOX and 
triethylamine to furnish c1 in a 48% yield. As a control, we also 
generated c2 via an analogous route. Like c1, c2 was predicted to 
function as a H2O2-activated DOX prodrug. However, unlike c1, c2 
could not to liberate H2S alongside DOX. 

3.1.2. Time-dependent DOX release from c1 
Boronate oxidation is a bioorthogonal reaction that has been 

employed since the early 2000s to investigate the chemical biology of 
H2O2 under physiologically relevant conditions [43]. When the aryl 
boronate is linked to either an S- or O-alkyl thiocarbonate through the 
para position, this chemistry can be used to deliver carbonyl sulfide 
(COS), in response to elevated levels of ROS, via a 1,6-elimination [44]. 
Pluth and co-workers were the first to report on a small series of H2S 
donors (via the ensuing enzyme-mediated hydrolysis of COS) using this 
chemistry [42]. Since this initial report, numerous examples have 
emerged in the literature [45–49], confirming this as a well-established 
approach for delivering H2S under conditions of cellular oxidative stress. 
Therefore, with our strategic design of c1, it was predicted to undergo 
rapid boronate ester oxidation in the presence of H2O2, yielding a phenol 
which would then self-immolate to release both H2S (via COS hydroly-
sis) and free DOX (Fig. 2B). 

To confirm this reactivity, we incubated c1 (10 μM) with H2O2 (10 

Fig. 3. Time-course for DOX release from prodrugs (10 μM) in ammonium 
bicarbonate buffer (0.1 M, pH 7.4) at room temperature and in the presence of 
H2O2 (10 μM). A calibration curve was used to determine the concentration of 
free DOX at each time point by LCMS. Plotted as the mean ± standard error of 
the mean (SEM) from three independent experiments. 

Fig. 4. Percentage of released DOX from c1 in response to various biological 
analytes during an 80 min incubation period at room temperature: (1) ammo-
nium bicarbonate buffer (0.1 M, pH 7.5), (2) 10 μM H2O2, (3) 100 μM cysteine, 
(4) 100 μM homocysteine, (5) 1 mM glutathione, (6) 10 μM glutathione di-
sulfide, (7) 10 μM sodium nitrite, (8) 10 μM sodium hypochlorite, (9) 10 μM 
superoxide, (10) 10 μM peroxynitrite. A calibration curve was used to deter-
mine the concentration of free DOX in response to each analyte. Plotted as the 
mean ± SEM from three independent experiments. 
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μM) at room temperature in ammonium bicarbonate buffer (0.1 M, pH 
7.4). At various time points, an aliquot was removed and analyzed by 
LCMS. Using a calibration curve, we determined the percentage of 
released DOX over the course of 2 h. As depicted in Fig. 3, c1 displayed 
good reactivity towards peroxides, releasing free DOX in yield greater 
than 70% within the allotted time frame. For comparison, we also 
assessed the reactivity of c2 towards the same concentration of perox-
ides. Like c1, c2 also functioned as an H2O2-activated DOX prodrug, but 
with faster kinetics, as quantitative release of free DOX was realized 
within 60 min. This result, however, is not unexpected given that the 
carbamate functional group of c2 is likely to increase rates of both the 
1,6-elimination and the breakdown of the ensuing carbamic acid to 
liberate CO2 and free DOX [45]. However, the slow and sustained 
release of DOX from c1, confirmed its potential to serve as an 
H2O2-activated, bifunctional prodrug. 

3.1.3. Selectivity of c1 
To assess selectivity, c1 was incubated with various biological ana-

lytes at room temperature and in ammonium bicarbonate buffer (0.1 M, 
pH 7.4). After a reaction time of 80 min, an aliquot was removed and 
analyzed by LC-MS. As highlighted in Fig. 4, c1 was shown to be rela-
tively stable in buffer alone and while in the presence of reductants 
(cysteine, homocysteine, and glutathione) and other oxidants (gluta-
thione disulfide, sodium nitrite, sodium hypochlorite, superoxide, and 
peroxynitrite). In fact, other than small amounts of DOX, only the 

boronic acid derivative of c1 was observed (as expected and due to 
hydrolysis of the pinacol boronate ester) by LC-MS, highlighting the 
overall stability of the prodrug. However, in the presence of H2O2, sig-
nificant levels of free DOX were observed by LC-MS. Collectively, these 

Fig. 5. Methylene blue assay depicting the time-dependent release of H2S from 
c1 (40 μM) while in the presence of H2O2 (40 μM) and carbonic anhydrase (CA). 
Plotted as the mean ± SEM from three independent experiments. Data were 
collected in the presence (circles) or absence (squares) of H2O2. 

Fig. 6. Uptake of DOX and prodrugs c1 and c2 by 
H9C2 cardiomyoblasts. H9C2 cells cultures grown 
overnight on chambered coverslips in media with 
10% serum were switched to Fluorobrite DMEM im-
aging media supplemented with 5% serum and pre-
pared for live-cell imaging on a Zeiss LSM 880 
confocal microscope, then 10 μM of c1, c2, or DOX 
was added and images were taken every 10 min 
(averaged every 30 min) for 18 h. Approximately 20 
cells present in each field of view were averaged for 
each sample and time point; normalized and averaged 
data from two replicates each ± SEM were included 
for c1 and DOX. An earlier independent trial yielded 
very similar results (Fig. S4).   

Fig. 7. Cytotoxicity of DOX and prodrugs in H9C2 cardiomyoblasts. Media 
from cells exposed for 24 or 48 h to 10 or 20 μM (A and B, respectively) of c1, 
c2, DOX or vehicle (DMSO, final concentration 0.1% in all samples) was 
centrifuged to remove cells and cell debris, and supernatants were assessed 
spectrophotometrically by lactose dehydrogenase (LDH) assay to evaluate 
release into the media as a measure of cytotoxicity (n = 6 or more). *, p < 0.05; 
**, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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results underscore the superb selectivity of c1 and confirm our proposed 
mechanism for its release of DOX, as shown in Fig. 2B. 

3.1.4. H2S release from c1 
We confirmed the time-dependent liberation of H2S using a methy-

lene blue assay [50] and measuring the resulting absorbance at 670 nm 
after c1 exposure to H2O2 (Fig. 5, circles). Using a calibration curve 
generated with Na2S, we determined that c1 (40 μM) was able to release 
more than 16 μM H2S while in the presence of both H2O2 (40 μM) and 
carbonic anhydrase (CA). Conversely, negligible amounts of H2S were 
observed in the absence of peroxides (Fig. 5, squares). As a control, the 
same assay was also run in the absence of CA (Fig. S3). Under these 
conditions, c1 exposure to H2O2 yielded small amounts of H2S (<5 μM). 
This is presumably due to isocyanate formation and the direct release of 
H2S from the breakdown of 4 (Fig. 2B and Fig. S4) [45]. Therefore, these 
results not only confirm the efficient release of H2S from c1 under 
conditions of oxidative stress, but they also verify that the predominant 
route of H2S production (~70%) is via COS hydrolysis facilitated by CA 
(Fig. 2B). 

3.2. Biological analyses 

3.2.1. Uptake of DOX and prodrugs into H9C2 cardiomyoblasts 
Before comparing the biological effects of treatments by DOX and 

prodrugs, it was important to know their time dependence of accumu-
lation into the H9C2 cardiomyoblasts under investigation. DOX and the 
prodrugs are fluorescent and can therefore be tracked as they accumu-
late in cells over time using confocal microscopy of live cells in culture, 

allowing direct comparisons between c1, c2 and DOX. In two trials 
shown in Fig. 6 and Fig. S5, c1 accumulated rapidly in cells (giving 
maximal signal by ~ 2 h) compared with DOX. On the other hand, c2 
was similar to DOX in being taken up relatively slowly by these cells. 
Thus, any biological effects observed using c1 rather than DOX will not 
be due to limited cellular uptake. 

3.2.2. H2S-dependent suppression of DOX-mediated cytotoxicity in H9C2 
cells by c1 compared with c2 or the parent drug, DOX 

Cytotoxicity of c1, c2 and DOX was evaluated by measuring the 
release of lactate dehydrogenase (LDH) into the culture medium over 
time. Even though c1 was the fastest to accumulate in cells based on our 
confocal microscopy data (Fig. 6), DOX was more toxic than c1 at both 
doses, 10 and 20 μM. However, the difference was not significant at the 
longer exposure time (48 h) (Fig. 7). On the other hand, c2, which re-
leases DOX but not H2S and is slow to enter cells, was not significantly 
less toxic than DOX. 

Parallel studies utilizing murine 4T1 triple-negative breast cancer 
cells grown in culture were conducted as a preliminary test to see if c1 
could retain the cytotoxic properties of DOX to support its use as a 
chemotherapeutic agent. We found that, other than the lowest dose and 
shortest time, where toxicity is minimal for all compounds, c1 exhibits 
comparable toxicity relative to DOX in 4T1 cells, perhaps owing to the 
anticancer activity of H2S in combination with DOX (Fig. S6). 

3.2.3. H2S-dependence of the decreased cytotoxicity of c1 in H9C2 cells 
We next evaluated apoptotic signaling through caspase-3 cleavage at 

24 h to compare the experimental compounds. Unlike DOX, neither c1 

Fig. 8. Caspase cleavage monitored by an antibody 
against total caspase-3 demonstrates the H2S 
-dependent protection exhibited by c1 against DOX- 
mediated apoptotic signaling. H9C2 cells in culture 
were treated for 24 h with c1, c2, DOX or vehicle 
(DMSO), then harvested into lysis buffer and immu-
noblotted for caspase-3. Data analyzed by ImageJ 
were used to assess the percent of the two bands 
present as the lower band. A. At 24 h, only DOX 
treatment causes caspase-3 cleavage (n = 3). B. When 
100 mM hydroxocobalamin is added 5 min prior to 
10 μM drug treatments, c1-treated cells exhibit much 
more cleavage of caspase-3 than in its absence, 
whereas cleavage due to DOX treatment is unchanged 
(n = 7); ***, p < 0.001; ****, p < 0.0001.   

Fig. 9. c1-treated cardiomyoblasts do not shut down 
Nrf2 activation as DOX does. Immunoblots for the 
transcriptional regulator Nrf2 (left) and one of its 
downstream targets, HO-1 (right), demonstrate sta-
bilization of Nrf2 with concomitant expression of HO- 
1 in DMSO-treated samples; DOX treatment 
completely suppressed both, while c1 treatment was 
only moderately suppressive (n = 4 and n = 3 for 
Nrf2 and HO-1, respectively). The bar graphs below 
represent the mean ± SEM. Results were statistically 
different between c1 and DOX in both cases (p =
0.002 and p = 0.019), and more marginally so be-
tween c1 and DMSO (p = 0.011 and p. = 0.025), for 
Nrf2 and HO-1, respectively.   
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nor c2 at either 10 or 20 μM caused notable caspase-3 cleavage within 
24 h (Fig. 8a). Use of a scavenger of H2S, hydroxocobalamin (HO-Cbl) 
[51], provided evidence that the protective effect of this DOX-releasing 
prodrug, c1, is substantially dependent on its ability to release H2S 
(Fig. 8b). 

3.2.4. Preservation of nuclear factor erythroid 2-related factor 2 (Nrf2) 
activation and antioxidant enzyme (HO-1) expression by c1, but not DOX, 
in H9C2 cells 

Nrf2 is a known transcriptional regulator activated when Keap-1 
senses oxidants and electrophiles, leading to induced expression of 
antioxidant enzymes; activation of Nrf2 is a key factor in car-
dioprotection from anthracycline toxicity in vivo [52,53]. Our data using 
DOX-treated cardiomyoblasts, consistent with studies by others [54,55], 
confirmed the suppression of both Nrf2 activation and expression of a 
downstream target, heme-oxygenase 1 (HO-1), relative to the vehicle 
control; c1, on the other hand, largely preserved Nrf2 activation and 
HO-1 expression, indicating that activation of the Nrf2 transcriptome is 
a likely mechanism involved in the protection of cardiomyoblasts 
against toxicity observed by treatment with c1 rather than DOX (Fig. 9). 

4. Conclusions 

In this study, we disclosed a novel hybrid prodrug (c1) that was 
shown to selectively release both DOX and H2S upon exposure to H2O2. 
We found that c1 accumulates relatively rapidly in cardiomyoblasts but 
has diminished apoptotic effects compared with DOX, dependent upon 
its release of H2S. These c1-treated cells exhibit higher Nrf2 and HO1 
levels than DOX-treated cells. Preliminary indications, using a mouse 
triple-negative breast cancer cell line sensitive to DOX treatment, are 
that c1 maintains toxicity against this cell line, although with somewhat 
altered time dependence that may stem, in part, from its facile accu-
mulation in cells. Although not a part of the present study, it has been 
shown that H2S production concomitant with DOX release impeded 
efflux of the drug from a DOX-resistant sarcoma cell line, suggesting 
selectively toxic effects of H2S co-production on some treatment- 
resistant cancers [21]. Taken together, our results indicate that DOX 
prodrugs that impart tumor-selective activation by ROS such as H2O2, 
along with H2S delivery, provide a highly promising and synergistic 
strategy for combating DOX-induced cardiotoxicity. The impact and 
significance of this new design strategy will be further evaluated in an in 
vivo mouse model and disclosed in due course. 
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