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A B S T R A C T

Doxorubicin (DOX) is an antitumor drug, associated with cardiomyopathy. Strategies to address DOX-cardio-
myopathy are scarce. Here, we identify the effect of forskolin (FSK) on DOX-induced-asymmetric-dimethy-
larginine (ADMA) accumulation in monocytoid cells. DOX-challenge led to i) augmented cytotoxicity, reactive-
oxygen-species (ROS) production and methyltransferase-enzyme-activity identified as ADMA and s-adeno-
sylhomocysteine (SAH) accumulation (SAH-A). However, except cytotoxicity, other DOX effects were decreased
by metformin and FSK. FSK, did not alter the DOX-induced cytotoxic effect, but, decreased SAH-A by> 50% and
a combination of three drugs restored physiological methyltransferase-enzyme-activity. Together, protective
effect of FSK against DOX-induced SAH-A is associated with mitigated methyltransferase-activity, a one-of-a-
kind report.

1. Introduction

Chemotherapy (CT) is a prominent anticancer strategy practiced in
all stages of cancer treatment. However, CT has significant limitations
such as development of drug resistance and lack of sensitivity to an-
ticancer drugs besides the other side effects. Reason being that CT da-
mages normal cells in different organ systems, bone marrow and hair
follicles that divide rapidly, thus these cells become sensitive to anti-
mitotic drugs [1]. This leads to the prevalent dose-dependent side ef-
fects of CT including cardiomyopathy, arrhythmias, nephrotoxicity,
dementia and pulmonary toxicity, among the others.

DOX (PubChem CID-31703), a cytotoxic anthracycline antibiotic is
a frequent CT medication used to treat both solid and hematologic
malignancies. It prevents DNA replication by intercalation as well as
elevates free radical production, thus it confers cytotoxicity. However,
its therapeutic limitation includes cumulative cardiotoxicity, mani-
fested as acute and chronic events [2]. While molecular mechanism(s)

of DOX-induced antineoplastic activity is well established, influence of
DOX in chronic cardiotoxicity remains unclear. Previous studies have
demonstrated that multiple mechanisms are involved in DOX-induced
heart failure, although increased oxidative stress (OS) in cardiomyo-
cytes is a well-known fact. Likewise, DOX-induced cardiotoxicity is
associated with different cellular events including increase in iron ac-
cumulation, DNA disruption and reduction in eNOS (endothelial nitric
oxide synthase) activity via asymmetric dimethylarginine (PubChem
CID-123831) build-up [3,4]. ADMA is a metabolic by-product formed
during protein methylation, while s-adenosylmethionine (SAM, Pub-
Chem CID-34756)-dependent enzyme, protein arginine methyl-
transferase-1 (PRMT1) catalyses ADMA biosynthesis in the cytoplasm of
all cells [5]. Synthesized free ADMA then proceeds into the blood
plasma via the extracellular space. Increased ADMA level reduces nitric
oxide production through competitive inhibition of eNOS [6], hence
ADMA is associated with different pathologies including cardiovascular
and metabolic diseases. In this regard, ADMA lowering strategies have
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clinical applications. While DOX-induced cardiotoxicity is associated
with ADMA accumulation [4] and increased ROS production, strategies
to mitigate DOX-induced detrimental effects are less explored. There-
fore, a competent approach that will tactfully antagonize DOX-induced
cardiotoxicity as well as preserve the anti-cancer effect of DOX needs to
be identified. Such an enticing strategy can be exploited to mitigate
cardiovascular disease (CVD)-induced mortality in cancer patients.

Forskolin (PubChem CID- 47936) is classified as a potent non-
adrenergic activator of adenylyl cyclase and cAMP as well as an anti-
oxidant, besides the fact that FSK activates SIRT1 via cAMP-PKA
pathway independent of NAD+ [7]. Impressive characteristics of FSK
include being an antihypertensive, a platelet aggregation inhibitor, a
smooth muscle relaxant, a vasodilator and a cardiotonic agent [8]. Yet,
the effect of FSK in regulating ADMA metabolism remains unexplored.
Should FSK modulate intracellular ADMA levels, a novel trait of FSK,
over-and-above the existing vasodilatory nature might be revealed.
Similar to FSK, experimental and clinical studies have demonstrated
that metformin (PubChem CID 4091) mitigates ADMA accumulation by
activating the deacetylating enzyme, SIRT1, as well as increasing DDAH
(dimethylarginine diaminohydrolase) activity; while DDAH is known to
metabolize ADMA to L-citrulline (L-cit) [9]. In support, we have pre-
viously reported that SIRT1 potentially deacetylates PRMT1 wherein
deacetylation alleviates the enzyme activity of PRMT1 [10].

In the present study, we tested whether FSK, through decreasing
methyltransferase activity, could reduce ADMA accumulation without
modulating the anti-cancer effect of DOX, in vitro. Reasons for using
human monocytoid cells (THP1) for the experiments are that i) these
cells are involved in two diseases – cardiovascular disease (ability to
produce ADMA, SAH (PubChem CID-439155) and express eNOS) as
well as cancer (leukemia), ii) the specific study targets such as me-
thyltransferase and ADMA are also involved in these two pathologies.
We found that FSK treatment on monocytoid cells attenuated DOX-in-
duced i) intracellular accumulation of ADMA and SAH and ii) ROS
generation while preserving the DOX-induced cytotoxicity.

2. Materials and methods

2.1. Culture and treatment of cells

Human monocytoid cells (THP1) (purchased from National Center
for Cell Science, India) were cultured in RPMI-1640 medium containing
10mM/L HEPES, 0.1 mM/L sodium pyruvate, 2 mM/L glutamine and
50mM/L 2-mercaptoethanol, supplemented with 10% fetal bovine
serum, 100U/ml penicillin and 100 μg/ml streptomycin at 37 °C in a
95% air and 5% CO2 incubator. Cells (1× 106/ml) in logarithmic
growth phase were treated with different concentrations of the drugs
(DOX-2 μM, FSK-10 μM, MET-1 mM) or RPMI-1640.

2.2. Cytotoxicity assay

Cell viability was assessed using MTT assay [11], which is based on
the reduction of MTT dye [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] to a colored formazon. Levels of reduced MTT
were determined by measuring the difference in absorbance at 595 and
650 nm. About 1×106 THP1 cells/ml were exposed to increasing
concentrations of i) DOX (0.125, 0.25, 0.5, 1, 2μΜ) ii) MET (0.01, 1,
10 mM) and iii) FSK (5, 10 20 μM) for 24 h in CO2 incubator at 37 °C.
After incubation, cell viability was determined. For MTT assay, cells
were exposed to 0.25mg/ml MTT in PBS for 30min at 37 °C then so-
lubilized in 200 μl of 20% (w/v) SDS in 50% (v/v) N, N′-di-
methylformamide, pH 4.5. Samples were assayed in triplicate, and the
mean value for each experiment was calculated. The obtained results
are expressed as a percentage of control, which is considered to be
100%.

2.3. DPPH radical scavenging assay

Free radical scavenging activity of test compounds was determined
by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical assay. Fresh 1mM
DPPH solution was prepared in methanol and 3ml of this solution was
mixed with 100 μl of different concentrations (3.125, 6.25, 12.5, 50,
100, 200 µg/ml) of the test compounds. Ascorbic acid was used as re-
ference. Samples were incubated for 30min at 37 °C and absorbance
was measured by spectrophotometer at 517 nm.

2.4. SAH conversion assay

Methyltransferase activity was measured from the conversion of
SAM to SAH, as reported previously [12,13]. Cells were treated with
DOX, MET or FSK, independently or in combinations, for 24 h at 37 °C.
Cells were homogenized in 50mM Tris-HCl (pH 7.4) and centrifuged at
500×g for 10min at 4 °C. Supernatant was utilized for the homogenous
time-resolved fluorescence (HTRF) assay (Cisbio kit) [14,15]. Cell ly-
sate, as an enzyme source, was reacted with the methyl donor SAM and
incubated for 45min at room temperature (RT). This facilitates SAH
formation, a by-product of transmethylation reaction, through binding
of SAM with methyltransferase enzyme in lysate. Then SAH-d2 and
SAH-antibody labeled with Lumi4-Tb (anti-SAH-Lumi4-Tb cryptate)
were added to the lysate mix and incubated for 1 h at RT. Due to the
competition between native SAH and SAH-d2 to bind with SAH anti-
body, and when SAH-d2 binds with SAH antibody, light emission occurs
at 620 nm. However, when SAH produced from the enzyme reaction
binds with SAH antibody, due to loss of fluorescence resonance energy
transfer (FRET), light emission occurs at 665 nm. Hence, the con-
centration of SAH formed is inversely proportional to the intensity of
fluorescence signals. Three controls were used in the assay as such i)
buffer control comprising detection and enzymatic buffers; ii) negative
control (no enzyme, no-activity control) had reaction mix without cell
lysate; and iii) maximum HTRF ratio control comprising SAH antibody
and SAH-d2 with other reagents. Difference in the intensities of HTRF
signals in different experimental conditions were measured using a
Spectramax i3x (Molecular Devices) multimode plate reader at 665 or
620 nm.

2.5. Measurement of ADMA by HPLC

Monocytoid cells were exposed to DOX, MET or FSK, as previously
described. Treated cells were washed thrice, centrifuged at 200×g,
5 min at 4 °C and sonicated in ice-cold 50Mm Tris-HCl (pH 7.4) fol-
lowed by ultra-filtration through 3-kDa MWCO filters to remove pro-
teins, as described [16]. The LC ESI-MS analyses were performed with a
LC ESI-MS 2020 system equipped with LC10ADVP binary pump (Shi-
madzu, Japan). Shimadzu HPLC system was coupled on-line with an MS
single quadruple ion trap. Identification of ADMA in the lysate was
performed using reference ADMA and mass spectrometry, while quan-
tification of cellular ADMA was carried out by HPLC. Samples were
separated on a Inertsil NH2 column (250mm×4.6mm, 5 µm Inertsil
NH2 column) and detected using a photodiode array detector set at a
wavelength of 205 nm. Mobile phase consisted of methanol:water
(45:55) run at ambient temperature with a flow rate of 0.5ml/min.
Mass (MS) compartment consisted of single quadruple mass spectro-
meter with electrospray ionization (ESI) source and nitrogen gas was
used to assist nebulization with a flow rate of 1.5ml/min. Temperature
was set for curved desolvation line (CDL) and heat block at 280 °C and
320 °C. Measurements were performed from peak area of the LC chro-
matogram. Quantification was achieved with the calibration curves
obtained from standard solutions prepared at a concentration of (0,
6.25, 12.5, 25, 50, 100, 200 μg/ml). Retention time of ADMA peaks
were found to be at 3.7min [17]. Data were collected and processed
using Lab Solution Software (Version 7.1, Shimadzu).
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2.6. H2DCFDA assay

The cell-permeant dye, 2′,7′-dichlorofluoresceindiacetate
(H2DCFDA) is oxidized by hydrogen peroxide, peroxynitrite, and hy-
droxyl radicals to yield the fluorescent molecule 2′7′-dichloro-
fluorescein. Thus, dye oxidation is an indirect measure of the presence
of these reactive oxygen intermediates, which is calculated by dividing
the mean channel fluorescence of a treated sample by that of the un-
treated one and multiplying by 100 to obtain the relative change, ex-
pressed as a percentage. About 2×105 cells/ml were treated with
DOX, MET, FSK, either independently or in combinations. To each well,
20 µM of DCFDA solution was added and incubated for 20min at 37 °C
and 5% CO2. Cells were collected and washed once with RPMI con-
taining 10mM HEPES. Hydrogen peroxide treated cells were used as
positive control. A change in fluorescence was assessed with a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ).

3. Results

3.1. FSK does not restrain DOX-induced cytotoxicity

Monocytoid cells were incubated with different concentrations of
drugs for 24 h to determine whether DOX, MET or FSK is cytotoxic for
monocytoid cells by MTT assay. While THP1 cells were sensitive to DOX
(0.25, 0.5, 1 and 2 μM) (Fig. 1A), different concentrations of FSK (5, 10,
20 μM) or MET (0.1, 1, 10mM) did not induce cell death after 24 h
incubation (data not shown). Hence, DOX, FSK and MET at the con-
centrations of 2 μM, 10 μM and 1mM, respectively, were chosen for the
experiments. Subsequently, apoptosis was measured through flow cy-
tometry of PI-stained cells to identify whether the compound(s) induced
apoptosis. Flow cytometry data (Fig. 1B) indicate that DOX, at 2 μM
concentration, either independently, or in combination with MET at
1mM concentration or FSK at 10 μM concentration, strongly induced
apoptosis after 24 h treatment. As shown in Fig. 1B MET and FSK, in-
dependently or their combination did not induce apoptosis.

3.2. FSK possesses radical scavenging activity

We used non-cellular assays to measure the DPPH radical scaven-
ging capacity of the compounds, either independently or in combina-
tion (Fig. 2A). Among the compounds, FSK, per se, exhibited significant
radical scavenging activity of 27% at 10 μM concentration (P < 0.05),
however, DOX at 20 μM decreased the radical scavenging activity, in-
dependently or in combination with either MET or FSK, than FSK alone.

3.3. FSK mitigates DOX-induced ROS production

Hydrogen peroxide, considered as positive control for ROS pro-
duction, was found to trigger oxidation of the dye H2DCFDA, indicating
the presence of hydrogen peroxide, peroxynitrite and hydroxyl radical
(Fig. 2B) in THP1 cells. Since this dye does not distinguish between the
free radical species, it was not possible to identify the dominant reactive
oxygen species. Among the compounds, DOX was a potent inducer of
free radicals than MET and FSK. However, combination of either MET
or FSK with DOX mitigated the free radical producing potential of DOX,
which is in accordance with previous reports [18].

3.4. FSK weakens DOX-induced SAH formation

Dose-dependent HTRF signals were measured using different con-
centrations of reference SAH (0.5, 1.4, 4.1, 12.3 μM) (Fig. 3). Conver-
sion of SAM-to-SAH assay was carried out with pre-treated cell lysates
as a source of methyltransferase enzyme, along with SAM and SAH. To
directly measure SAH release, anti-SAH antibody labeled with terbium
cryptate and SAH-d2 tracer were used. SAH released by the enzymatic
reaction decreases HTRF signal due to competitive immuno-binding

with d2-SAH.
To determine whether test compounds regulate SAH formation, we

incubated cell lysates with equimolar quantities of SAM and SAH, as
described (Epigenous Methyltransferase assay, Cisbio). SAH con-
centration of both, previously formed native SAH and d2-coupled SAH,
were determined by the SAM-to-SAH conversion competitive im-
munoassay. As shown in Fig. 3, DOX promoted SAH accumulation by
about two-fold when compared with the control; while MET and FSK
inhibited SAH formation by at least 70% when compared with DOX.
MET or FSK, in the presence of DOX, caused about 50% reduction in
SAH concentration than DOX. Interestingly, three pharmacological
compounds together restored physiological concentration of SAH.
These observations, one of its kind, indicate that MET or FSK inhibited
the rate and production of SAH from the methyltransferase enzyme in
the presence or absence of DOX (Fig. 3). These inhibitory effects were
relatively less pronounced when experiments were performed in the
presence of DOX. Robust inhibition of methyltransferase activity by FSK
in the presence or absence of DOX indicates that under basal conditions
or DOX-stimulated methyltransferase activity, FSK exerts an important
inhibitory influence on SAH production in monocytoid cells.

3.5. FSK decreases DOX-induced ADMA accumulation

To further verify the observations on methyltransferase enzyme
activity and quantitate the SAH inhibitory effects these pharmacolo-
gical compounds, measurements of intracellular ADMA, a product of
SAM-dependent methyltransferase activity were performed. For mass
spectroscopic identification of the analyte, since ADMA is an en-
dogenous molecule and that there is no blank sample (THP1 cells
without ADMA), we evaluated the authenticity by comparing the re-
ference ADMA and a THP1 cell lysate, which may or may not be spiked
with reference ADMA using LC-MS-ESI. Representative MSI spectra of a
pure ADMA standard and an extracted cell sample are shown in Fig. 4A.
Under the described conditions, the molecular ion peak for reference
ADMA was observed at m/z 203.2[M+1]+. A similarity in the pattern
of fragmentation mass spectra of cell lysate and lysate spiked with re-
ference ADMA was observed along with a modest increase in the mo-
lecular ion peak at m/z 203.2[M+1]+in the spiked sample. These
spectra illustrated that the molecular ion peak at m/z 203.2 [M+1]+ in
the lysate is indeed ADMA in comparison with the reference ADMA.

For HPLC, calibration curve was generated through different con-
centrations of reference ADMA, as such, 0, 6.25, 12.5, 25, 50, 100,
200 μg/ml. It was indicated that no significant interference was ob-
served at the retention time of cellular ADMA (3.7min) while the
symmetric peak shape was maintained in the chromatogram (Fig. 4B).
Besides, retention time of reference ADMA and cellular ADMA were
consistent. Therefore, it was demonstrated that the present LC-MS
condition was suitable for the detection of intracellular ADMA in
monocytoid cells. We examined whether test compounds modulated the
intracellular concentration of ADMA in THP1 cells by HPLC quantifi-
cation. Significant ADMA concentrations were detected with values of
9.68 ± 0.17 μM in control and 31.8 ± 1.68 μM in DOX-treated cells
(Fig. 4B). Chromatogram peaks demonstrated that the levels of ADMA
in MET, FSK and MET plus FSK-treated cells were decreased by at least
four-fold, when compared with DOX-treated cells. When cells were
treated with both the inhibitors, MET and FSK, along with DOX, similar
to the observation in SAH formation, methyltransferase activity was
restored to physiological state. These results show for the first time that
FSK significantly decreased ADMA concentrations independently or in
combination with DOX.

Inhibition of SAH formation (Fig. 3) was seen paralleling the HPLC
ADMA data (Fig. 4) with more than 50% inhibition seen in the presence
of MET, FSK, DOX plus FSK, MET plus FSK and DOX plus FSK plus MET.
Taken together, this study demonstrates that with DOX challenge, FSK
exerts prominent inhibition of methyltransferase function and arginine
methylation reaction as witnessed through reduction in formation of
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two analytes, intracellular SAH and ADMA concentrations.

4. Discussion

Present study was undertaken to determine the potential effect of
FSK in regulating ADMA biosynthesis, under DOX challenge. We found
that, DOX led to increased ROS production and methyltransferase ac-
tivity which resulted in elevated ADMA and SAH formation, while MET
and FSK significantly inhibited these effects (Fig. 5), independently and
in combination in monocytoid cells.

DOX is an efficient anti-cancer molecule which is well-known to
cause cardiotoxicity, principally through elevated OS [19]. Besides, in
vitro and animal studies have demonstrated that DOX while inducing
DNA damage, it elevates the enzyme activities of PRMT1, histone me-
thyltransferase and DNA methyltransferase [20–23], which is in sup-
port of our observation that DOX elevates methyltransferase activity
(Fig. 3). Although extensive research unravels the mechanism and pa-
thophysiology of DOX cardiomyopathy, preventive or restorative

strategy for DOX cardiomyopathy remains unclear. It is well-accepted
that MET use has better outcomes in DOX-induced cardiotoxicity [19],
although the exact mechanism remains elusive. Previous studies have
demonstrated that MET contributes to vasoprotection by reducing
ADMA generation [24], hence, in this study, MET served as a positive
control. Nevertheless, this study reports for the first time that MET
regulates methyltransferase activity. Considering the fact that circu-
lating ADMA is an aggregate of the contribution from different types of
cells, including monocytes, reducing ADMA formation in any cell type
could decrease the individual contribution to circulating ADMA con-
centration and attenuate the ADMA accumulation-induced disease
burden, including CVD. It is possible that MET or FSK regulates ADMA
formation via methyltransferase activity in different cell types, which is
yet to be understood.

ADMA, a naturally occurring molecule, which is found in all human
cells and plasma, can diffuse between cells (easy entry-exit), hence, it
can be found in tissues and cells, besides being in circulation [25].
ADMA is an endogenous eNOS inhibitor whose accumulation leads to

Fig. 1. Forskolin or metformin did not hinder doxorubicin-induced cytotoxicity in monocytoid cells. Cells were incubated with doxorubicin (DOX 2 μM), forskolin (FSK 10 μM) and
metformin (MET 1 μM), at 37 °C, 5% CO2 for 24 h and cytotoxicity was analysed using a) MTT assay and b) propidium iodide-flow cytometry.

S. Ramachandran et al. Leukemia Research Reports 9 (2018) 28–35

31



eNOS uncoupling, subsequent reduction in NO production and en-
dothelial dysfunction [26]. Additionally, ADMA is not only a bio-
marker, but also a mediator of OS. In clinical studies, compromised NO
production due to elevated ADMA level, impaired endothelium-de-
pendent vasodilation and cardiovascular mortality and morbidity has
been well established [27]. Other than CVD, elevated plasma ADMA
concentration is strongly associated with cancer, Parkinson's disease,
preeclampsia, renal disease, rheumatoid arthritis and Duchenne mus-
cular dystrophy [28–33]. SAH is a functionally important metabolite of
homocysteine (HCY) metabolism as well as an accurate indicator and
determinant of CVD risk [34]. Parallely, SAH is considered as a key
mediator of HCY-associated atherogenesis [35] as it induces endothelial
dysfunction by decreasing nitric oxide production and increasing OS
[36]. Thus, SAH is associated with CVD [37]. Given that ADMA and
SAH are associated with different clinical conditions our intent was to
reduce DOX-induced ADMA and SAH accumulation in monocytoid cells
as a restorative strategy. So that the outcome of this study can be uti-
lized to develop an approach to reduce the CVD-induced mortality in
doxorubicin-receiving cancer patients. Our results demonstrate that
FSK mitigated DOX-induced ADMA formation from 33 μM to 4 μM
(Fig. 4), an eight-fold decrease in monocytoid cells indicating the

ameliorative potential of FSK. Although, FSK has been shown to reg-
ulate vasodilation [38], the protective mechanism of FSK in DOX
challenge remains unclear. In this study, we have identified the re-
storative influence of FSK in monocytoid cells under DOX insult by
observing the cellular signals including cytotoxicity, ROS production,
ADMA accumulation and SAH formation. Our results demonstrated that
FSK did not trigger cell death, however, it decreased methyltransferase
activity, potentially PRMT1, as determined by the intracellular con-
centrations of ADMA and SAH. Nonetheless, the precise mechanism of
FSK-mediated PRMT1 regulation remains to be determined by PRMT1-
specific adenoviral constructs or siRNA. Because, logically two possi-
bilities can exist, FSK can directly down regulate methyltransferase
enzyme activity or it can quench free radicals to consequently attenuate
the intracellular OS, by modulating the oxidant: antioxidant ratio,
thereby altering the activity of the redox-sensitive enzyme, PRMT1. Can
FSK directly down regulate methyltransferase activity? We speculate
that FSK influences the post translational modification of PRMT1
through SIRT1. Based on the previous reports [10], i) SIRT1, a class III
histone deacetylase enzyme, can deacetylate PRMT1 to decrease the
methyltransferase activity; and ii) FSK is known to induce the intrinsic
SIRT1 activity [7,39]. On the other hand, the role of SIRT1 in cancer
remains unclear as it could act either as tumor promoter or tumor
suppressor [40]. Therefore, we hypothesize that FSK increases deace-
tylation of PRMT1 by up regulating the expression or activity of SIRT1,
which deserves to be investigated. Our observations indicated that the
cardioprotective effect, i.e., an outcome that causes reduction in ADMA
and SAH levels, of FSK in DOX challenge was related to the inhibition of
methyltransferase activity, besides activating adenylyl cyclase and
scavenging free radicals. Fact is that i) biological models have shown
the role of FSK in cancer therapy [41] and obesity [42] while ii) clinical

Fig. 2. Forskolin has radical scavenging activity. a) Free radical scavenging activity of
the test compounds (DOX − 2 μM, MET-1 μM, FSK-10 μM) was measured using DPPH
assay and spectrophotometry. *P < 0.05 when compared with the respective control.
Ascorbic acid (AscA1–3.125 μg/ml, AscA2–6.25 μg/ml, AscA3–12.5 μg/ml) was used as a
positive control. b) Forskolin attenuates doxorubicin-induced reactive oxygen spe-
cies production. THP1 cells were incubated with the test compounds (DOX- 2 μM, MET-
1 μM, FSK-10 μM) at 37 °C, 5% CO2 for 24 h. Treated cells were labeled with DCFDA
(20 μM) to measure ROS generation by flow cytometry. Three controls comprising THP1
cells alone, DCFDA alone and H2O2 control were included in the assay. M3 represents
normal ROS production in THP1 cells, M2 represents H2O2 control and M1 represents
compound(s)-induced ROS production.

Fig. 3. Measurement of SAH concentration through SAM-to-SAH conversion assay.
a) Calibration curve for reference SAH. b) Cells were incubated with doxorubicin (DOX,
2 μM), forskolin (FSK, 10 μM) and Metformin (MET, 1 μM), in specific combinations, at
37 °C, 5% CO2 for 24 h. Quantification was performed as a homogenous time resolved
fluorescence (HTRF) assay using multimode plate reader at 665 or 620 nm. Data de-
monstrates the effect of test compounds on the SAM-dependent methyltransferase activity
through intracellular SAH concentrations. Results are the mean ± SD of three mea-
surements. *-significantly different at P < 0.05 as compared with the respective control.
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trials have been undertaken to evaluate the efficacy of FSK on the risk
factors of metabolic syndrome [20] and as an ocular hypotensive agent
[43] in glaucoma patients. Hence, based on the observations from
previous studies as well as our in vitro results, FSK can be a promising
candidate for future studies on animal models and clinical trials to
identify its potential in decreasing the rate of mortality in DOX-cardi-
omyopathy. Although, we have shown that FSK prevents DOX-induced
accumulation of SAH and ADMA, this study does not identify the other
critical parameters that regulate the intracellular concentration of SAH
and ADMA, in the methylation, re-methylation and trans-methylation
pathways, such as, i) status of enzyme activities of dimethylarginine
dimethylaminohydrolase (DDAH, converts ADMA to L-cit) and s-ade-
nosylhomocysteine hydrolase (SAHH, converts SAH to HCY); and in-
tracellular concentration of HCY.

While PRMT1 is the primary source of ADMA, one study has

demonstrated that along with the increased level of circulating ADMA,
enzyme activities of PRMT-1 and −6 were significantly up-regulated in
different tumor tissues. Interestingly, suppression of PRMT-1 and −6
by gene silencing siRNAs significantly inhibited the growth of multiple
cancer cells [28]. This observation indicates that elevated ADMA con-
centration may be involved in tumor development and that PRMT-1
and −6 can be a therapeutic target for cancer as well as CVD. Our
results are in line with this observation revealing that DOX induced the
concentrations of SAH and ADMA by elevating the methyltransferase
activity.

Exposure to DOX led to up regulated ROS production as well as
cytotoxicity in monocytoid cells, which is in agreement with others
[44]. In the present study, DOX-induced ROS production was decreased
by FSK, in addition to MET (Fig. 2). The radical scavenging property of
FSK can be implicated for the protective effect of FSK against DOX-

Fig. 4. Measurement of intracellular ADMA in THP1 cells. a) ADMA product ion scan showing the specific fragment at m/z 203.2 which represents the positive ESI tandem mass
spectra of i) ADMA reference standard ii) THP1 cell lysate and iii) THP1 cell lysate spiked with reference standard. b) and c) RP-HPLC quantification of ADMA with photodiode detection.
Chromatograms of the pre-treated lysates [(i)–Control, (ii)–Doxorubicin (DOX, 2 μM), (iii)–Forskolin (FSK, 10 μM), (iv)–Metformin (MET, 1 μM), (v)–DOX+MET, (vi)–DOX+FSK,
(vii)–FSK+MET, (viii)–DOX+MET+FSK] and ADMA reference standard (ix), 200 μg/ml have been reported for comparison of retention time of the standard with that of cell lysates.
Data demonstrate the effect of test compounds on intracellular methylarginine concentrations. Results are the mean ± SD of three measurements. *-significantly different at P < 0.05 as
compared with the respective control.
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induced free radical production, which is in agreement with the pre-
vious reports [45]. On the other hand, FSK did not interfere with the
DOX-induced cytotoxicity because FSK is known to inhibit activation of
the apoptotic mechanism while promoting up regulation of the anti-
apoptotic pathway [46]. Along with the effect of FSK on ADMA and
SAH accumulation, these results proved the hypothesis that FSK could
attenuate DOX-induced cardiotoxicity, i.e., reduction of analytes that
regulates CVD, without compromising the anticancer property of DOX.
However, the endothelium-protective effect of FSK needs to be vali-
dated using endothelial cells as well, with DOX challenge.

Physiologically, monocytes are capable of producing i) NO through
constitutive gene expression of eNOS [47], ii) ADMA and DDAH [48].
During the pathogenesis of atherosclerosis, studies have suggested that
monocytes contribute to ED by two different mechanisms, besides the
others: i) When monocytes adhere to EC, monocytes undergo rapid
phenotypical modification to resemble EC by expressing eNOS, CD105,
CD144 and VEGFR2 [49]. Given that monocytes express eNOS and that
DOX causes elevated ADMA formation, we speculate that DOX could
influence monocytic-eNOS to undergo uncoupling via ADMA accumu-
lation, leading to endothelial dysfunction. ii) An in vivo study reports
that circulating ADMA increases the number of circulating monocytes
which in turn affects their adhesion potential, thereby accelerating
monocyte-endothelial cell adhesion [50]. This adhesion down regulates
the steady state levels of eNOS along with attenuated release of nitric
oxide, thus contributing to endothelial dysfunction [51]. These ob-
servations demonstrate that a reduction in ADMA biosynthesis in
monocytes could significantly alter the intrinsic endothelial dysfunc-
tion.

In summary, we report a novel capability of FSK as a protective
molecule against DOX-induced cardiotoxicity, as indicated by i) non-
interference of FSK in DOX-induced cytotoxicity and ii) reduction in
DOX-induced intracellular accumulation of ROS, ADMA and SAH. The
protective effect of FSK was related to the down-regulation of methyl-
transferase activity, resultant decrease in select analytes of methylation
and trans-methylation pathways and OS.

4.1. Clinical significance

DOX cardiomyopathy has poor prognosis and is a lethal disease.
Principle mechanisms of DOX cardiomyopathy, so far established, are
oxidative stress and lipid peroxidation. Hence, the majority of existing
treatments focus on attenuating oxidative stress to prevent DOX car-
diomyopathy. Our findings, for the first time, revealed a unique mole-
cular mechanism to address DOX cardiomyopathy, wherein FSK, be-
sides being an antioxidant, it mitigates accumulation of ADMA and
SAH, which are associated with progression of CVD, under DOX chal-
lenge. While DOX causes robust levels of these two molecules, FSK
prevents their biosynthesis by reducing the enzyme activity of me-
thyltransferase. Interestingly, when FSK exhibited such protective ef-
fect, it did not inhibit the anti-malignancy effect of DOX. Accordingly,
we suggest that FSK can be exploited to prevent or treat DOX cardio-
myopathy, with appropriate clinical trials.
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