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geting EGCG derivatives protect
H9c2 cardiomyocytes from H2O2-induced
apoptosis: design, synthesis and biological
evaluation†

Revathy Sahadevan,‡a Anupama Binoy,‡a Irene Shajana

and Sushabhan Sadhukhan *ab

Pathologies related to cardiovascular diseases mostly emerge as a result of oxidative stress buildup in

cardiomyocytes. The heavy load of mitochondrial oxidative phosphorylation in cardiac tissues

corresponds to a surge in oxidative stress leading to mitochondrial dysfunction and cellular apoptosis.

Thus, scavenging the reactive oxygen species (ROS) linked to mitochondria can significantly improve

cardio-protection. Epigallocatechin-3-gallate (EGCG), the major polyphenol found in green tea has been

extensively studied for its profound health-beneficial activities. Herein, we designed and synthesized

a series of mitochondrial-targeting EGCG derivatives, namely MitoEGCGn (n = 4, 6, 8) by incorporating

triphenylphosphonium ion onto it using different linkers. MitoEGCGn were found to be non-toxic to

H9c2 rat cardiomyocyte cells even at higher doses in comparison to its parent molecule EGCG.

Interestingly, MitoEGCG4 and MitoEGCG6 protected the H9c2 cardiomyocyte cells from the oxidative

damage induced by H2O2 whereas EGCG was found to be toxic and ineffective in protecting the cells

from H2O2 damage. MitoEGCG4 and MitoEGCG6 also protected the cells from the H2O2-induced

disruption of mitochondrial membrane potential as well as activation of apoptosis as revealed by pro-

caspase 3 expression profile, DNA fragmentation assay, and AO/EtBr staining. Taken together, our study

shows that the mitochondria targeting EGCG derivatives were able to effectively combat the H2O2-

induced oxidative stress in H9c2 cardiomyocytes. They eventually augmented the mitochondrial health

of cardiomyocytes by maintaining the mitochondrial function and attenuating apoptosis. Overall,

MitoEGCG4 and MitoEGCG6 could provision a cardioprotective role to H9c2 cardiomyocytes at the time

of oxidative insults related to mitochondrial dysfunction-associated injuries.
1. Introduction

Cardiovascular diseases are counted among the leading reasons
for a very large number of human deaths worldwide.1 TheWorld
Health Organization (WHO) has predicted that the mortality
rate due to cardiovascular related diseases might elevate to 25
million by 2030.2,3 The pathological progression of cardiac
damage is mostly linked to the elevated degree of oxidative
stress in cells, which can be brought on by a number of factors
including fat accumulation, a sedentary lifestyle, consuming
food high in saturated fat and sodium ion, etc. These damages
are multifaceted as oxidative stress results in the accumulation
of Technology Palakkad, Kerala 678 623,

nd Department of Biological Sciences &

Palakkad, Kerala 678 623, India

tion (ESI) available. See DOI:

the Royal Society of Chemistry
of free radicals which harms several biomolecules like DNA,
lipids and proteins.4,5 It also plays a central role in activating
a redox-regulated signaling cascade which can culminate into
mitochondrial-associated cell death.6,7 Mitochondria are
considered as the powerhouse of the cell. The production of
ATP in the mitochondria through oxidative phosphorylation
intrinsically produces ROS and this makes the mitochondrion
as the primary source for intracellular ROS. Due to the higher
aerobic metabolism in heart tissues, mitochondria are highly
susceptible to oxidative damage leading to mitochondrial
dysfunction which can ultimately initiate intrinsic apoptotic
pathways.8,9 Hence, the development of therapeutic strategies to
overcome the mitochondrial dysfunction-associated injuries to
heart tissues caused by ROS can prove helpful in installing
a check in the progression of cardiovascular diseases.

Green tea has gained global attention in recent times due to
its remarkable antioxidant, anti-carcinogenic, cardioprotective,
neuroprotective and anti-inammatory properties.10–13

(−)-Epigallocatechin-3-gallate (EGCG) is the most abundant
RSC Adv., 2023, 13, 29477–29488 | 29477
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polyphenol in green tea accounting for about 50–75% of the
catechins and is responsible for the majority of health benets
attributed to green tea. It has also been classied as ‘Generally
Recognized as Safe (GRAS)’ for its health benecial effects by
the United States Food and Drug Administration (FDA) and
European Food Safety Authority (EFSA). EGCG is well studied
for its antioxidant property which is due to the presence of the
eight phenolic hydrogens. Its structure allows electron delo-
calization, conferring it with radical scavenging activity. It is
known to react with ROS such as superoxide radical (O2c

−),
singlet oxygen (1O2), hydroxyl radical (OHc), peroxyl radical
(ROOc), nitric oxide (NO), etc.14 However, the therapeutic effect
of EGCG is hampered by its poor systemic absorption aer oral
administration, poor gastrointestinal tract stability and phar-
macokinetics, low bioavailability, rst-pass metabolism, con-
strained membrane permeability across the intestine, and low
accumulation in the related tissues.15 In our recent report, we
conducted a chemoproteomics-based protein proling of EGCG
in HeLa cells. The post-proteomics analysis provided insightful
information on the molecular mechanism of action behind the
plethoric biological activities exhibited by EGCG.16 Previously,
we have successfully demonstrated that an alkyl substitution at
the 4′′-position on the D-ring hydroxyl group can be explored to
generate EGCG analogues with increased bioavailability and
thus enhanced biological activity.17,18 The characteristic reso-
nance stabilization of the phenolate at the 4′′-position provides
scope for regioselective alkylation at this position.

Herein, we strategically designed mitochondria-targeting
EGCG analogues (MitoEGCGn) by conjugating EGCG with a tri-
phenylphosphonium cation (TPP) through hydrophobic alkyl
linkers. The linker serves a dual purpose: (i) an optimum
distance between EGCG and TPP to avoid any potential steric
hindrance and (ii) the required balance between the hydro-
phobicity and hydrophilicity to cross the mitochondrial
membrane. TPP is a widely used lipophilic cation for mito-
chondrial targeting due to its positive charge which is delo-
calized throughout the aromatic rings making it membrane
permeant.19,20 Due to the large mitochondrial membrane
potential (∼120–180 mV, negative inside), MitoEGCGn can
readily accumulate in the mitochondria and can exert its anti-
oxidant activity to safeguard mitochondrial health from severe
oxidative damages. Herein, we have used the H9c2 rat car-
diomyocytes with H2O2-induced oxidative stress as a cardiac
injury model for current investigation.21,22 Even at high
concentrations, MitoEGCGn (n = 4, 6 and 8) was found to be
substantially less toxic than EGCG. The structural modications
on EGCG did not compromise on the biological activities
exhibited by their mitochondrial analogues as shown by in vitro
radical scavenging activity analysis. MitoEGCG4 and
MitoEGCG6 both were able to reduce H2O2-induced cytotoxicity
in rat cardiomyocytes in comparison to EGCG. The inhibition of
the mitochondrial outer membrane potential (Jm) reduction
upon MitoEGCGn treatment demonstrates that those agents
protected the cells from H2O2-induced oxidative mitochondrial
damage brought on by ROS formation. Thus, our study provides
a strategic model for developingmitochondria-targeting natural
29478 | RSC Adv., 2023, 13, 29477–29488
polyphenols as a cardioprotective agent during cardiovascular
pathologies.
2. Materials and methods
2.1. Chemicals

EGCG was purchased from Biosynth Carbosynth, USA. Anhy-
drous NaOAc and triphenylphosphine were purchased from
NICE Chemicals, India and Spectrochem, India, respectively. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), anhydrous Na2SO4, and NaHCO3 were purchased from
Sisco Research Laboratories (SRL), India. All solvents used were
of reagent grades and used as purchased (NICE Chemicals,
India) without any further purication. Amphotericin, tris
buffer, sodium dodecyl sulphate (SDS), tween-20, Triton X 100,
glycerol, glycine, Dulbecco's Modied Eagle Medium (DMEM),
fetal bovine serum (FBS), antibiotics comprised of Penicillin
and Streptomycin were purchased from HiMedia, India. H2O2,
TMRE and DCFHDA dyes were purchased from Sigma-Aldrich,
India. Anti-pro-caspase 3 and anti-rabbit IgG HRP-linked anti-
bodies were procured from Cell Signaling Technology, USA.
2.2. Synthesis of MitoEGCGn

MitoEGCGn derivatives were synthesized in three steps as
described below.

2.2.1 Step 1: Synthesis of 1,n-dibromoalkane (where n = 4,
6, and 8). To a mixture of alkane-1,n-diol (11.47 mmol, 1 equiv.)
in water (20 mL), hydrobromic acid (HBr) (172.14 mmol, 15
equiv.) was added. Themixture was stirred under reux for 48 h.
Aer the completion of the reaction, the dibromoalkane
compounds were extracted with chloroform (CHCl3) (20 mL ×

3). The CHCl3 layer was then neutralized by washing with
saturated sodium bicarbonate (NaHCO3) solution (20 mL × 2).
The organic layer was dried by passing over anhydrous sodium
sulphate (Na2SO4). The pale-yellow liquid dibromoalkane
compounds were obtained by the evaporation of the solvent
under reduced pressure. The obtained product was directly
used for the next step without any purication.

2.2.2 Step 2: Synthesis of EGCG-CnBr (where n = 4, 6, and
8). To a mixture of EGCG (0.45 mmol, 1 equiv.) in dry dime-
thylformamide (DMF) (2 mL), anhydrous sodium acetate
(NaOAc) (1.31 mmol, 3 equiv.) and 1,n-dibromoalkane
(2.25 mmol, 5 equiv.) was added one by one. The mixture was
stirred for 2 h at 85 °C. The progress of the reaction was
monitored by thin-layer chromatography (TLC). The reaction
was quenched by the addition of H2O (5 mL) and the desired
compound was extracted with ethyl acetate (EA) (5 mL × 3). The
EA layer was washed well with H2O (5 mL × 3) to remove the
DMF. The organic layer was dried by passing over anhydrous
sodium sulphate (Na2SO4) and the crude compounds were ob-
tained by the evaporation of the solvent under reduced pres-
sure. The desired compounds, (EGCG-CnBr) were puried by
silica gel column chromatography (silica: 230–400 mesh size
and solvent: 20% acetone–DCM).

2.2.3 Step 3: Synthesis of MitoEGCGn (where n = 4, 6, and
8). EGCG-CnBr (0.16 mmol, 1 equiv.) obtained from the previous
© 2023 The Author(s). Published by the Royal Society of Chemistry
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step was dissolved in acetonitrile (50 mL) and the mixture was
then treated with triphenylphosphine (TPP) (0.81 mmol, 5
equiv.). The reaction was allowed to stir for 36 h at 100 °C. The
progress of the reaction was monitored by thin-layer chroma-
tography (TLC). At the end of the reaction, the crude
compounds were obtained by the evaporation of the solvent
under reduced pressure. The desired compounds, MitoEGCGn

were puried by silica gel column chromatography (silica: 230–
400 mesh size and solvent: 20% methanol–EA) as pale brown
solids.

2.3. Instruments used for the characterization of
MitoEGCGn compounds

Shimadzu LC-MS-8045 instrument is used for the LC-MS (liquid
chromatography-mass spectrometry) characterization of the
MitoEGCGn compounds by utilizing the Sprite TARGA C18
column with dimensions 40 × 2.1 mm, 5 mm and monitored at
210 and 254 nm in positive mode of ionization for mass
detection. 1H NMR and 13C NMR spectra were recorded in
Bruker Ascend 400 NMR spectrometer.

2.4. Characterization of MitoEGCGn

2.4.1 MitoEGCG4. The compound was obtained with 59%
yield and 99.2% purity. MS (ESI):m/z calculated for C44H40O11P

+

= 775.23, observed = 775.20. 1H NMR (400 MHz, DMSO-d6):
d (ppm)= 7.89–7.73 (15H, m), 6.84 (2H, s), 6.43 (2H, s), 5.94 (1H,
d, J = 2.24 Hz), 5.84 (1H, d, J = 2.24 Hz), 5.38 (1H, m), 4.97 (1H,
m), 3.97 (2H, t, J= 5.88 Hz), 2.95 (1H, dd, J= 17.14 and 4.38 Hz),
2.66 (1H, d, J = 16.52 Hz), 1.82 (2H, m), 1.74 (2H, m), 1.29 (2H,
m). 13C NMR (100 MHz, DMSO-d6): d (ppm) = 164.95, 156.57,
156.50, 155.57, 150.68, 145.66, 138.51, 134.93, 133.51, 132.36,
130.22, 128.38, 124.25, 118.95, 118.10, 108.70, 105.45, 97.26,
95.55, 94.38, 76.34, 70.48, 68.47, 30.73, 28.39, 22.42, 13.93,
10.84.

2.4.2 MitoEGCG6. The compound was obtained with 56%
yield and 99.4% purity. MS (ESI):m/z calculated for C46H44O11P

+

= 803.26, observed = 803.35. 1H NMR (400 MHz, DMSO-d6):
d (ppm)= 7.92–7.70 (15H, m), 6.81 (2H, s), 6.40 (2H, s), 5.93 (1H,
d, J = 2.24 Hz), 5.82 (1H, d, J = 2.32 Hz), 5.37 (1H, m), 4.95 (1H,
m), 3.87 (2H, t, J= 6.12 Hz), 2.93 (1H, dd, J= 16.68 and 4.14 Hz),
2.65 (1H, d, J = 16.68 Hz), 1.51 (6H, m), 1.37 (2H, m), 1.21 (2H,
m). 13C NMR (100 MHz, DMSO-d6): d (ppm) = 164.99, 156.58,
156.51, 155.59, 150.70, 145.71, 138.86, 134.90, 133.53, 132.42,
130.21, 128.49, 124.15, 119.01, 118.16, 108.69, 105.46, 97.28,
95.55, 94.37, 76.38, 71.59, 68.47, 48.63, 29.05, 24.44, 21.69,
20.40, 19.90.

2.4.3 MitoEGCG8. The compound was obtained with 52%
yield and 98.6% purity. MS (ESI):m/z calculated for C48H48O11P

+

= 831.29, observed = 831.25. 1H NMR (400 MHz, DMSO-d6):
d (ppm)= 7.90–7.74 (15H, m), 6.84 (2H, s), 6.42 (2H, s), 5.94 (1H,
d, J = 2.24 Hz), 5.83 (1H, d, J = 2.24 Hz), 5.35 (1H, m), 4.95 (1H,
m), 3.87 (2H, t, J= 6.72 Hz), 2.93 (1H, dd, J= 17.14 and 4.50 Hz),
2.66 (1H, d, J = 17.12 Hz), 1.60 (6H, m), 1.27 (8H, m). 13C NMR
(100 MHz, DMSO-d6): d (ppm) = 165.03, 156.57, 156.49, 155.58,
150.75, 145.71, 138.91, 134.90, 133.54, 132.40, 130.19, 128.69,
124.11, 119.02, 118.17, 108.65, 105.47, 97.24, 95.54, 94.36,
© 2023 The Author(s). Published by the Royal Society of Chemistry
71.73, 68.53, 67.44, 48.62, 38.10, 29.82, 29.36, 27.99, 25.12,
22.42, 13.92, 10.83.

2.5. Cell culture and treatments

The H9c2 cell line was bought from the National Centre for Cell
Science (NCCS) Pune, India. They were grown in Dulbecco's
Modied Eagle Medium (DMEM, provided with 10% fetal
bovine serum (FBS), 1% pen-strep, and 0.2% amphotericin) at
37 °C in a humid environment with 5% CO2. A mother stock
with a concentration of 100 mM of EGCG and MitoEGCGn was
prepared and stored at −20 °C until further usage. All treat-
ments were done while maintaining the nal DMSO concen-
tration below 0.02%. DMSO treatment was considered as the
control in every experiment. Cells were pretreated with different
concentrations of EGCG, MitoEGCGn (where n = 4, 6, and 8) for
24 h and were thoroughly washed with 1X PBS twice post
incubation. Aer washing, they were replenished with fresh
medium containing 400 mM of H2O2 followed by incubation for
another 20 min.

2.6. Measurement of in vitro radical scavenging activity

The total radical scavenging capacity of EGCG and MitoEGCGn

compounds was measured using the DPPH assay protocol as
reported earlier by our group.16 Briey, 0.2 mM stock solution of
diphenyl picryl radical (DPPH) was prepared in 95% methanol
at room temperature in dark. To obtain a nal concentration of
0.1–200 mM for the EGCG or MitoEGCGn compounds (n = 4, 6,
or 8), 150 mL of 0.2 mM DPPH solution was added to 50 mL, 4X
DMSO stocks of the respective compounds. DMSO and ascorbic
acid was taken as a negative and positive control respectively.
The samples were incubated in a 96-well plate for 1 h at room
temperature and in the dark. Using amicroplate reader (BioTek,
Epoch 2), the absorbance was measured at 517 nm aer the
allotted incubation time. The following formula was used to
calculate the percentage of radical scavenging activity (RSA),
where Abss and Absc stand for the sample's and the control's
respective absorbances. Using GraphPad Prism soware and
non-linear regression analysis, IC50 values were calculated.

RSAð%Þ ¼
�
Absc �Abss

Absc

�
� 100

2.7. Analysis of cell viability using MTT assay

The cell viability prole of rat cardiomyocyte cells, H9c2 aer
treatment with newly synthesized MitoEGCGn compounds,
EGCG and in the experiments associated with H2O2 treatment
were measured by using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. In short, 10 000
cells per well were seeded into the 96-well plates and treated
according to the procedure mentioned in Section 2.5. Following
the proper treatment and allotted incubation time, 10 mL of
MTT solution (5 mg mL−1) was added to each well and incu-
bated for an additional 2 h. Aer carefully removing the
medium, 100 mL DMSO was added to each well to dissolve the
hydrophobic formazan crystals formed. Using a microplate
RSC Adv., 2023, 13, 29477–29488 | 29479
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reader (BioTek, Epoch 2), the absorbance of the resultant blue
solution was assessed at 590 nm and 620 nm (reference
reading). IC50 values were determined using GraphPad Prism
soware and non-linear regression analysis.

2.8. Measurement of intracellular ROS using DCFH-DA
staining

The intracellular ROS was accessed using 2′,7′-dichlorodihy-
drouorescein diacetate (DCFH-DA) uorescence assay. Briey,
H9c2 cells were seeded in 35mm dishes at a density of 0.6× 106

cells per dish and were allowed to adhere to the substratum
overnight. Cells were incubated with EGCG and MitoEGCGn at
50 mM for 24 h in triplicates. Aer the stipulated time, one set of
MitoEGCGn and EGCG treated cells was subjected to treatment
with 400 mM H2O2 for 20 min and then incubated with 10 mM
DCFH-DA reagent for 30 min. The media was removed aer
30 min, cells were washed in 1X PBS and later supplemented
with fresh media. The uorescence was imaged using a uo-
rescence microscope (Olympus IX83) using ex/em wavelength of
485/530 nm.

2.9. Measurement of mitochondrial membrane potential

The change in mitochondrial membrane potential was
measured uorescently using TMRE reagent. Briey, H9c2 cells
were seeded in 35 mm dishes at a density of 0.3 × 106 cells per
dish and were allowed to adhere to the substratum overnight.
Cells were incubated with MitoEGCGn at various concentrations
ranging from 0 to 100 mM for 24 h in duplicates. Aer the
stipulated time, one set of MitoEGCGn treated cells was sub-
jected to treatment with 400 mM H2O2 for 20 min and then
incubated with TMRE 100 nM for 15 min. The media was
removed aer 30 min, cells were washed in 1X PBS and later
supplemented with fresh media. The uorescence images were
acquired using a uorescence microscope with ex/em wave-
length of 544/570 nm.

2.10. Protein expression of pro-caspase 3 using western
blotting

H9c2 cells were grown in 35 mm culture dishes and were sub-
jected to pretreatment with 50 mMMitoEGCG4, MitoEGCG6 and
EGCG for 24 h. Aer the pretreatment cells were washed twice
with 1X PBS of pH 7.4 and replenished with fresh medium
containing 400 mM H2O2 for 4 h. Following the treatment, cells
were lysed in a lysis buffer containing 1% Triton X-100, 1%
protease inhibitor cocktail, 100 mM DTT, 1 M Tris pH 7.4, 2 M
NaCl, 0.1 M EDTA, and 10% glycerol. Bicinchoninic acid assay
was used for estimating protein concentration. An equal
amount of protein (40 mg) was separated on a 15% SDS-PAGE gel
followed by transferring them to a PVDF membrane (Amer-
sham) via western blotting. Aerwards, the membrane was
blocked in 5% non-fat milk made with 1X PBST. The membrane
was then incubated with the anti-pro-caspase 3 primary anti-
body at 4 °C overnight, aer several washes in 1X PBST (3 times,
5 min each). It was again incubated further with HRP-
conjugated anti-rabbit IgG secondary antibodies in 1X PBST
for 2 h at room temperature, followed by the previously
29480 | RSC Adv., 2023, 13, 29477–29488
mentioned washing procedure. The same membrane was
blotted against HRP conjugated anti b-actin antibody for
loading control. Standard chemiluminescent substrate (ECL
reagent, BioRad) was used for developing the membrane in
both the cases. Densitometric intensities of bands of pro-
caspase 3 were quantied using ImageJ soware (NIH, USA)
and normalized with respect to their corresponding loading
controls (b-actin). The statistical analysis and graph were ob-
tained using GraphPad Prism Soware.
2.11. Statistical analysis

For the statistical analysis, GraphPad Prism 7 (GraphPad So-
ware Inc., San Diego, CA, USA) was utilized. All the data are
represented as mean ± standard error of the mean (SEM) from
a minimum of three independent tests. A non-linear regression
analysis was used to determine the IC50 values. One-way anal-
ysis of variance (ANOVA) with Dunnett's multiple comparison
tests was used to analyze the statistical differences. The statis-
tical signicance was represented by the following symbols, ‘ns’
represents non-signicance and is given for p > 0.05, * for p <
0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
3. Results and discussion
3.1. Synthesis and characterization of MitoEGCGn

MitoEGCGn compounds were synthesized through a three-step
process as shown in Scheme 1 starting from the dibromina-
tion of 1,n-alkanediols, where n = 4, 6, and 8. The resulting
dibromoalkanes were reacted with EGCG to introduce the
alkane linker to the 4′′ position of EGCG via a nucleophilic
substitution reaction in the presence of a weak base, NaOAc.
The TPP was then introduced by the substitution of bromine in
EGCG-CnBr, where n = 4, 6, and 8. The MitoEGCGn, (n = 4, 6,
and 8) compounds were obtained with an overall 50–60% yield
and >98.5% purity. They were characterized using LC-MS, HPLC
and NMR (ESI Fig. S1–S12†).

The presence of multiple phenolic hydroxyl groups in EGCG
makes it a good antioxidant substance by virtue of single-
electron transfer mechanism. However, it is reported that
EGCG tends to get destabilized and undergo rapid degradation
and auto-oxidation in alkaline environments and physiological
conditions.15 Hence, several attempts have been made to
stabilize the core pharmacophore of EGCG via small chemical
modications. Among the eight hydroxyl groups, one that is
present in the 4′′ position is the most acidic due to the presence
of electron-withdrawing ester group at its para position and the
characteristic resonance stabilization of the phenoxide ions.
Previous studies from our group as well as other researchers
have suggested that the substitution at 4′′-OH does not alter the
biological activities of EGCG. The introduction of alkyl groups
of different chain lengths was found to increase the stability of
EGCG.16,17,23,24 The alkyl chain will also contribute to the
increase in the lipophilicity of the compound and thus, the
cellular uptake. Hence, we introduced the TPP moiety at the 4′′

position of EGCG via an alkane chain linker anticipating its
favorable cellular uptake and mitochondrial targeting. Of note,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route for MitoEGCGn where n = 4, 6, and 8.
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TPP is a well-established moiety to target compounds into the
mitochondria.

3.2. Antioxidant property of MitoEGCGn compounds

EGCG is widely known as an antioxidant agent as it can effec-
tively scavenge the ROS. In order to evaluate whether the
structural modication performed at 4′′ position of EGCG to
introduce TPP has any inuence on the native antioxidant
activity of EGCG, we performed a radical scavenging activity
analysis using in vitro DPPH assay. In DPPH assay, the antiox-
idant activity of EGCG and MitoEGCGn compounds were
measured as the capacity to reduce the stable DPPH radical
(violet) into a colorless reduced DPPH molecule. Here, ascorbic
acid was taken as the positive control or reference compound
which is known to be an effective antioxidant compound. The
antioxidant properties of MitoEGCGn (IC50 of MitoEGCG4 =

11.04 ± 0.02 mM, MitoEGCG6 = 13.32 ± 0.02 mM and
MitoEGCG8 = 12.98 ± 0.04 mM) were not compromised upon
the addition of TPP linked alkyl chains to EGCG (IC50 of EGCG
being 7.69± 0.02 mM) (Fig. 1a and b). In fact, they remain better
antioxidant agents than well-known antioxidant, ascorbic acid
(IC50 = 28.67 ± 0.01 mM). Mitochondria are considered as the
primary source of ROS generationmainly due to the transport of
electrons through the various complexes of electron transport
chain for the sake of ATP production in the cells.25,26 Thus,
Fig. 1 (a) In vitro antioxidant profiles of EGCG, MitoEGCG4, MitoEGC
comparison and evaluation of IC50 values of EGCG, MitoEGCG4, MitoEGC
expressed as mean ± standard error of the mean (SEM) and **** repres

© 2023 The Author(s). Published by the Royal Society of Chemistry
targeting EGCG directly to mitochondria using TPP ion conju-
gation is expected to exert potent reduction in the damage
induced by the ROS.

3.3. MitoEGCGn derivatives do not show toxicity to H9c2
cells

Progression of cardiovascular disease-related conditions are
commonly associated with the accumulation of oxidative
stress.27,28 The H9c2 cell lines are widely used for studying
cardiac function and disease conditions because they have
many characteristics similar to cardiac myocytes, the cells
responsible for contraction in the heart. We used rat car-
diomyocytes (H9c2 cell line) treated with H2O2 to create
a cellular model for cardiac tissues in response to oxidative
stress conditions.22,29 In order to select the effective concentra-
tion of H2O2 in inducing cellular damage to H9c2 cells, cell
viability was assessed in the presence of different concentra-
tions of H2O2 (0–1000 mM) with different duration of treatments
(Fig. 2a). Treatment with 400 mM H2O2 for 20 min induced
30.81% loss in cell viability of H9c2 cells which further
increased with increase in time of incubation. The effect of
MitoEGCGn compounds on the cell viability of H9c2 cells was
also analyzed using the MTT assay and was compared with that
of the parent compound, EGCG. We observed that, where EGCG
was non-toxic to cells only up to 50 mM (Fig. 2b), MitoEGCG4
G6, MitoEGCG8 and ascorbic acid as derived from DPPH assay, (b)
G6, MitoEGCG8 and ascorbic acid obtained from DPPH assay. Data are
ents p < 0.0001.
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Fig. 2 Cell viability of H9c2 cells treated with (a) different concentrations of H2O2 (0–1000 mM) at different time points (0–60min), (b) EGCG for
24 h, (c) MitoEGCG4 for 24 h, (d) MitoEGCG6 for 24 h and (e) MitoEGCG8 for 24 h. All the experiments have been conducted in triplicates. ***p <
0.001 compared with respective treatment for 0 min, ns denotes p > 0.05 (non-significance) and *p < 0.05 as compared to DMSO control.
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(Fig. 2c), MitoEGCG6 (Fig. 2d), and MitoEGCG8 (Fig. 2e) were
not toxic to cells even at higher concentrations of 100 mM. This
observation suggested that MitoEGCGn compounds could
predominantly behave like an antioxidant at higher concen-
trations where the parent molecule (EGCG) exerts pro-oxidant
activity thus, killing the cells. Hence, it was imperative to
analyze the action of MitoEGCGn compounds in the presence of
H2O2 treatment, a potential stress condition leading to further
cellular damage.
3.4. MitoEGCGn alleviated the damage induced by H2O2 on
H9c2 cells

In order to evaluate the protective effect of MitoEGCGn

compounds against H2O2-induced oxidative stress, we pre-
treated H9c2 cells with different concentrations of EGCG,
MitoEGCG4, MitoEGCG6 and MitoEGCG8 separately for 24 h
and later subjected to oxidative stress by treating them further
with 400 mM H2O2 for 20 min. The cell viability analysis
demonstrated that MitoEGCG4, and MitoEGCG6 both protected
the H9c2 cell lines from the oxidative damage induced by H2O2

from the concentration of 50 mMwhereas EGCG failed to exhibit
its antioxidant activity (Fig. 3a and b). MitoEGCG8 was however
unable to show similar results as exhibited by its lower alkyl
chain counterparts (Fig. 3a–c) This observation could be
attributed to the increased hydrophobicity of MitoEGCG8 which
restricts its entry inside the mitochondrial matrix.30 The inver-
ted bright eld image of cells in Fig. 3d and ESI Fig. S10 and
S11† clearly show that both MitoEGCG4 and MitoEGCG6 pro-
tected H9c2 cells from the damage induced by H2O2 in
29482 | RSC Adv., 2023, 13, 29477–29488
comparison to EGCG. Importantly, EGCG alone was found to be
toxic. Our ndings substantiate the potential of mitochondrial
targeting of EGCG to protect cells from severe oxidative stress.
The antioxidative property of EGCG is widely utilized therapy for
healing and cell survival in case of several life-threatening
pathological diseases including cardiovascular diseases.31,32

However, depending on the concentration used and the preva-
lent redox environment, EGCG is known to exert prooxidant
activity in addition to its antioxidant action.33 Interestingly,
MitoEGCG4 and MitoEGCG6 were able to exhibit their antioxi-
dant activity even at higher doses where EGCG mostly start
behaving as a prooxidant. These observations strongly suggest
that MitoEGCG4 and MitoEGCG6 targeted EGCG into the
mitochondria and were involved in quenching the ROS
produced inside the mitochondria. Further experiments to
understand the mechanistic underlying were performed with
MitoEGCG4 and MitoEGCG6.
3.5. MitoEGCGn scavenged the ROS generated by the action
of H2O2 treatment

H2O2 treatment to cells is a widely used procedure to induce
ROS generation which ultimately promotes cellular injury. In
order to determine the mechanism of action behind the activity
of MitoEGCGn compounds in effectively reducing H2O2-induced
cell death, intracellular ROS generation was determined using
2′,7′-dichlorodihydro uorescein diacetate (DCFH-DA) staining
analysis. DCFH-DA is a cell-permeable non-uorescent dye
which in the presence of esterases inside the cell gets hydro-
lyzed upon cellular absorption to produce 2′,7′-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bar diagram showing cell viability of H9c2 cells treated with (a) 50 mM, (b) 75 mM, (c) 100 mM of EGCG, MitoEGCG4, MitoEGCG6 and
MitoEGCG8 in the presence of 400 mMH2O2 for 20 min. All experiments were conducted in triplicates and statistical significance was denoted as
follows: ####p < 0.0001 as compared to control. ns represents non-significance and **p < 0.01, ***p < 0.001 and ****p < 0.0001 as compared
to H2O2 treated samples. ns represents non-significance ^^p < 0.01, and ^^^^p < 0.0001 as compared to EGCG treated samples (one-way
ANOVA with Dunnett's multiple-comparison post-test) and (d) Inverted microscopic images of H9c2 cells pretreated with 50 mM of EGCG,
MitoEGCG4, andMitoEGCG6 and then kept inmedia with andwithout H2O2 (200 mM). Magnification 20×. Cell viability was assessed using anMTT
assay.
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dichlorodihydrouorescein (DCFH), which is then oxidized by
ROS to produce a green uorescent 2′,7′-dichlorouorescein
(DCF) molecule. As the intracellular ROS generation is directly
proportional to the intensity of the uorescence, this reagent
can be used to determine the amount of ROS produced inside
the cell in the presence of different antioxidants. From the
DCFH-DA staining results it is evident that MitoEGCG4 and
Fig. 4 (a) Fluorescence microscopic images of DCFH-DA stained H9c2 c
MitoEGCG6 and then kept in media with and without H2O2 (50 mM). Im
Corresponding relative fluorescence intensity calculated using ImageJ so
Data are represented as a mean ± SEM, n = 10. ns represents non signi
0.001, and ####p < 0.0001 as compared to control (+H2O2) (one-way

© 2023 The Author(s). Published by the Royal Society of Chemistry
MitoEGCG6 effectively protected the H9c2 cells by scavenging
the ROS resulted from H2O2 treatment. It was also noticed that
EGCG was unable to impart any signicant antioxidant effect on
H2O2 treatment (Fig. 4a and b and ESI Fig. S13†). This further
provides the evidence that the TPP-linked mitochondrial-
targeting EGCG derivatives protect cells from the ROS-induced
cell damage by scavenging them.
ells pretreated with DMSO (control), 50 mM of EGCG, MitoEGCG4, and
ages were acquired at an ex/em wavelength of 485/530 nm and (b)
ftware and statistical analysis was done using GraphPad Prism software.
ficance and ****p < 0.0001 as compared to control (−H2O2). ###p <
ANOVA with Dunnett's multiple-comparison post-test).
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Fig. 5 (a) Fluorescence microscopic images of TMRE stained H9c2 cells pretreated with DMSO (control), 50 mM of EGCG, MitoEGCG4, and
MitoEGCG6 and then kept in media with and without H2O2 (400 mM). Images were acquired at an ex/em range of 552/574 nm and (b) Corre-
sponding relative fluorescence intensity was calculated using ImageJ software and statistical analysis was done using GraphPad Prism software.
Data are represented as a mean ± SEM, n = 10. ns represents non significance and ****p < 0.0001 as compared to control (−H2O2). Wereas
####p < 0.0001 as compared to control (+H2O2) (one-way ANOVA with Dunnett's multiple-comparison post-test).
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3.6. MitoEGCGn protected H9c2 cells from H2O2-induced
damage by preventing the loss of mitochondrial outer
membrane potential (Jm)

To examine the effect of MitoEGCG4 and MitoEGCG6 on the
H2O2-inducedmitochondrial potential disruption, we measured
Fig. 6 MitoEGCG4 protected H9c2 cell lines from H2O2-induced activat
protein expression in cells pretreated with EGCG, MitoEGCG4 and MitoE
gradient graph prepared by measuring the band density of pro-caspase
were represented as mean ± standard error of the mean (SEM) from at l
0.01 and ***p < 0.001 as compared to control (−H2O2). Whereas ns re
control (+H2O2) (one-way ANOVA with Dunnett's multiple-comparison

29484 | RSC Adv., 2023, 13, 29477–29488
the mitochondrial potential of MitoEGCG4 and MitoEGCG6

treated cells in the presence and absence of H2O2 by staining the
cells with tetramethylrhodamine ethyl ester (TMRE). TMRE is
a cell-permeant cationic dye that can accumulate inside the
mitochondria due to the higher negative potential of the
ion of pro-caspase 3. (a) Western blot analysis depicting pro-caspase 3
GCG6 and further exposed to 400 mM of H2O2 for 4 h and (b) density
3 in each lane and normalizing against the loading control. All the data
east 3 independent experiments. ns represents non significance, **p <
presents non significance (p > 0.05) and ##p < 0.01 as compared to
post-test).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 MitoEGCG4 protected H9c2 cell lines from H2O2-induced activation of apoptosis (a) Hoechst staining of cells pretreated with EGCG,
MitoEGCG4 and MitoEGCG6 in the absence and presence of H2O2 (400 mM) and (b) AO/EtBr staining of cells pretreated with EGCG, MitoEGCG4

and MitoEGCG6 in the presence and absence of H2O2 (400 mM).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 29477–29488 | 29485
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mitochondria.34 Mitochondrial function is highly regulated by
the mitochondrial outer membrane potential (Jm) and it plays
an important role in mitochondrial biogenesis and
metabolism.35–37 Pretreatment of MitoEGCG4 and MitoEGCG6

attenuated the loss of Jm induced by H2O2 treatment in H9c2
cells in comparison to EGCG. It was also observed that EGCG
was reducing theJm of cells at concentrations above 50 mM and
therefore acting as a pro-oxidant to cardiomyocyte cells (Fig. 5a
and b and ESI Fig. S14†). The disruption ofJm in cardiomyocyte
cells is ascribed to the initiation of oxidative stress in the
physiology of cardiomyopathies.20,38–40 EGCG has been exten-
sively demonstrated for regulating mitochondrial health,
biogenesis, ATP production, mitochondrial metabolism, and
bioenergetics. Furthermore, EGCG has also been known to
regulate mitochondrial redox levels by modulating antioxidant
enzymes, and Ca2+ inux system in the cell etc.41–43 Hence, tar-
geting EGCG directly inside the mitochondria which is the
central hub for ROS species generation results in loss inJmmay
prove effective in protecting the cells from oxidative stress. As
expected, our results targeted EGCG into the mitochondrial
matrix and protected the mitochondrial functions and thereby,
helped the ght against the injury induced through H2O2

treatment.
3.7. MitoEGCGn ameliorated H2O2-induced apoptosis in
H9c2 cell line

Disruption in mitochondrial outer membrane potential is
associated with the activation of intrinsic apoptosis pathway.
H2O2 treatment in many cases has been well documented in
inducing mitochondria-dependent apoptosis pathway which
involves a loss in mitochondrial membrane potential followed
by release of cytochrome c, which ultimately results in the
activation of caspase.44 In order to assess the capability of
MitoEGCG4 and MitoEGCG6 in protecting the cells from H2O2-
induced apoptosis activation, we performed the western blot
analysis to assess the pro-caspase 3 level. The data clearly show
that MitoEGCG4 and MitoEGCG6 effectively protected the cells
fromH2O2-induced caspase 3 activation in comparison to EGCG
(Fig. 6a and b and ESI Fig. S15†). It was observed that EGCG in
the tested concentration exhibited pro-oxidant activity in H9c2
cells and as a result, EGCG-treated cells completely succumbed
to cell death in the presence of H2O2 treatment (Fig. 3d and ESI
Fig. S13 and S14†). Activation of caspase 3 in cells further leads
to downstream cleavage of oligonucleosomal DNA which can
easily be detected using Hoechst staining of cells. As shown in
Fig. 7a, MitoEGCG4 and MitoEGCG6-pretreated cells retained
the status of healthy nucleus in the presence of H2O2 treatment.
This result indicated the antioxidant ability of MitoEGCG4 and
MitoEGCG6 in protecting the cells from H2O2-induced cell
injury. We also examined the integrity of cell membrane of H9c2
cells with similar treatment. It was observed that H2O2 was
unable to induce loss in membrane integrity in the cells pre-
treated with MitoEGCG4 and MitoEGCG6 to the same extent
(Fig. 7b). The aforementioned results demonstrated that
sequestering EGCG into the mitochondria by pretreating cells
with MitoEGCGn protected them from H2O2-induced cell death.
29486 | RSC Adv., 2023, 13, 29477–29488
4. Conclusion

A series of mitochondrial-targeting EGCG probes, namely
MitoEGCGn, were synthesized via conjugating a triphenylphos-
phonium ion with EGCG at its 4′′ position using alkyl chain
linkers of different hydrophobicity. MitoEGCG4 andMitoEGCG6

were found to be effective in protecting the cells from H2O2-
induced cell injury as revealed by the MTT analysis, unlike
EGCG that was unable to exhibit any such cytoprotection. On
further probing the mechanism of the protective effect rendered
by MitoEGCG4 and MitoEGCG6 against H2O2 treatment in rat
cardiomyocyte cells, we observed that these compounds
imparted an antioxidant effect to the cells by reducing the
production of ROS produced by H2O2 treatment in cells. We also
demonstrated that MitoEGCG4 and MitoEGCG6 protected the
mitochondria of the cells from H2O2-induced loss in the outer
mitochondrial membrane potential, thereby also blocking the
activation of intrinsic apoptotic pathway. Cells pretreated with
MitoEGCG4 and MitoEGCG6 did not show caspase activation as
well as other apoptotic features like nuclear fragmentation and
loss in membrane integrity. Thereby, our ndings unequivo-
cally demonstrate that MitoEGCG4 and MitoEGCG6 both func-
tioned as antioxidants within the mitochondria, preventing
H2O2-induced cell damage. However, further investigation is
warranted to fully comprehend the mechanisms behind the
protective benets of MitoEGCGn compounds against H2O2-
induced cardiomyocyte mitochondrial damage.
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