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Abstract
Background/Aims: Doxorubicin (DOXO) is a potent chemotherapeutic drug that is used in the 
treatment of a large number of cancers. Despite its important chemotherapeutic characteristics, 
its usage is limited because of the serious side effects; the most noticeable is cardiotoxicity 
which can manifest acutely or years after completion of treatment leading to left ventricular 
dysfunction, dilated cardiomyopathy and heart failure. Nootkatone (NK) is a recognized 
bioactive compound isolated from the heartwood of Cupressus nootkatensis and has been 
reported to have antiseptic, antioxidant, and anti-allergic activities. Methods: Male C57B6/J 
mice were used for mice model of DOXO-cardiac toxicity. Mice were given either DOXO or NK 
or DOXO+NK or vehicle (normal saline) after which the mice again had free access to food and 
water. Heart and plasma samples were collected 5 days after DOXO administration and were 
used for immunohistochemistry, electron microscopy and enzyme linked immunosorbent 
assay (ELISA). Results: There were significant reduction in inflammatory markers in hearts 
of DOXO-NK- treated mice when compared with DOXO-treated mice. Moreover, there were 
significant increase in antioxidant proteins and reduction of oxidative stress in hearts of DOXO-
NK-treated mice when compared with DOXO-treated mice. There was a significant reduction 
in myocardial damage as shown by significant reduction of troponin I in DOXO-NK- treated 
mice when compared with DOXO-treated mice. Conclusion: Nootkatone improves DOXO-
induced myocardial injury through modulation of NF-κB signals and reduction of oxidative 
stress.
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Introduction

Doxorubicin (DOXO) is a potent chemotherapeutic drug that is used in the treatment 
of a large number of cancers [1]. Despite its important chemotherapeutic characteristics, 
its usage is limited because of the serious side effects; the most noticeable is cardiotoxicity 
which can manifest acutely or years after completion of treatment leading to left ventricular 
dysfunction, dilated cardiomyopathy and heart failure [2]. The most important toxic effects 
of DOXO are cardiomyocyte injury and apoptotic and necrotic cell death [3]. The severity 
of heart disease correlates well with the cumulative dose of DOXO during the course of the 
cancer therapy [4]. Cardiac myocytes require optimally functioning mitochondria to produce 
enough ATP needed for maintaining their contractile function. Mitochondrial injury is crucial 
to DOXO-induced cardiac dysfunction and cell death [5]. The major cause of DOXO -induced 
mitochondrial injury is over-production of reactive oxygen (ROS) and nitrogen species (RNS) 
such as superoxide, hydrogen peroxide, hydroxyl radical and peroxynitrite [6], which lead to 
DNA damage, oxidation and nitrosylation of proteins and peroxidation of lipids. DOXO binds 
to mitochondrial DNA and impairs the electron transport chain resulting in production of 
ROS and decreased ATP [7]. The DNA damage stimulates the ataxia telangiectasia mutated 
protein which upregulates and activates p53 [8]. P53 upregulates expression of pro-apoptotic 
members Bax and Bad as well as increases expression of Bcl2/adenovirus E1B 19 KDa 
protein-interacting protein 3 (Bnip3), which can cause mitochondrial damage and necrotic 
cell death, as well as initiate mitophagy [9]. DNA damage and increased levels of ROS lead to 
downregulation of the transcription factor GATA-4 which decreases expression of the anti-
apoptotic, and anti-autophagy-initiation protein, Bcl-2 [10]. The cardiac response to long 
term myocardial injury includes fibrotic and hypertrophic processes and a key mediator in 
this response is transforming growth factor-β1 (TGF-β1) [11]. Increased cardiac fibrosis is 
an important late outcome of doxorubicin therapy and it is associated with increased TGF-B 
level [12].

Nootkatone (NK), a recognized bioactive compound, is isolated for the first time from 
the heartwood of Cupressus nootkatensis (Alaska cedar). NK is also isolated from grapefruit 
and pummel [13]. It has been reported that NK has several pharmacological properties such 
as antimicrobial, antioxidant, antifibrotic and anti- allergic activities [14-20].

Since cardiac toxicity related to DOXO involves oxidative stress and apoptosis at early 
events and fibrosis and cardiac dysfunction as late events and NK has potential anti-oxidant 
activities at early events as well as has palliative effects against some experimental diseases 
involving inflammation and oxidative stress [6, 10, 14-20], we considered that it was relevant 
to assess the possible protective effects of NK on early DOXO-induced cardiac toxicity and 
the mechanisms underlying these effects in mice.

Materials and Methods

Mouse model of doxorubicin cardiac toxicity
We used mouse experimental models of acute doxorubicin cardiac toxicity which has been extensively 

described in literature [9].
C57BL/6 mice weighing 25-30 g were used. Mice were maintained on a standard diet. Mice were 

housed five per cage under a 12-h light and dark schedule for at least 1 week before DOXO administration. 
DOXO (Sigma-Aldrich, USA) was freshly prepared on the day of administration in sterile normal saline at a 
concentration of 0.5 mg/ml. DOXO was given intraperitoneally with a final cumulative dose of 20mg/kg. NK 
(Sigma-Aldrich, USA) was administered by gavage with a dose of 90 mg/kg. Mice were given either DOXO or 
NK or DOXO+NK or vehicle (normal saline) after which the mice again had free access to food and water. The 
method of euthanasia started with intraperitoneal injection of aesthetic drugs, which included a combination 
of Ketamine (100 mg/kg) and Xylazine (10 mg/kg). When the mice were completely anesthetized, blood was 
collected in EDTA vacutainers and hearts were resected, washed in ice cold phosphate buffered saline (PBS), 
and immediately frozen in liquid nitrogen and later stored in −80°C freezer. Collected blood was centrifuged 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/heartwood


Cell Physiol Biochem 2022;56:401-417
DOI: 10.33594/000000559
Published online: 25 August 2022 403

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Al-Salam et al.: Nootkatone Protects Cardiomyocytes in Doxorubicin-Induced Injury

at 3000 RPM for 15 minutes. The plasma was collected, alliquoted and stored at −80°C until further analysis. 
In addition, heart samples from the same groups were also fixed in 10% buffered formal-saline for 24 hours.

Experimental groups
Group A: C57BL/6 (n = 10), DOXO 20 mg/kg, was administered once intraperitoneally, for a total 

cumulative dose of 20 mg/kg. Animals were sacrificed after 5 days of the administrative dose.
Group B: C57BL/6 (n = 10), (90 mg/kg) of Nootkatone was administered by gavage one hour prior 

to the intraperitoneal administration of DOXO 20 mg/kg, administered once intraperitoneally, for a total 
cumulative dose of 20 mg/kg. Then NK was administered on daily bases for 5 days. Animals were sacrificed 
after 5 days of the administrative dose.

Group C: C57BL/6 (n = 10), normal saline was administered once intraperitoneally. Animals were 
sacrificed after 5 days of the administrative dose.

Group D: C57BL/6 (n = 10), (90 mg/kg) of Nootkatone was administered by gavage daily for 5 days. 
Animals were sacrificed after 5 days of the administrative dose.

Protein extraction from samples
Total protein was extracted from heart samples by homogenizing with lysis buffer and collecting 

the supernatant after centrifugation. For total tissue homogenate, the heart samples were thawed, 
weighed and put in cold lysis buffer containing 50mM Tris, 300mM NaCl, 1mM MgCl2, 3mM EDTA, 20mM 
β-glycerophosphate, 25mM NaF, 1% Triton X-100, 10%w/v Glycerol and protease inhibitor tablet (Roche 
Complete protease inhibitor cocktail tablets). The hearts were homogenized on ice by a homogenizer (IKA 
T25 Ultra Turrax). The samples were then centrifuged at 14000 RPM for 15 minutes at 4o C, supernatant 
collected, alliquoted and stored at -80 °C until further analysis. Total protein concentration was determined 
by BCA protein assay method (Thermo Scientific Pierce BCA Protein Assay Kit).

Tissue Processing
Hearts were excised, washed with ice-cold PBS, blotted with filter paper and weighed. Each heart was 

sectioned into coronal slices of 2mm thickness then cassetted and fixed directly in 10% neutral formalin for 
24 hours, which was followed by dehydration in increasing concentrations of ethanol, clearing with xylene 
and embedding with paraffin.

Modified Gomori trichrome staining of mitochondria
Sections were stained with modified Gomori trichrome method to demonstrate the mitochondria 

using standard procedures. Five-µm sections were deparaffinized with xylene and rehydrated with graded 
alcohol. Sections were immersed in Harris Hematoxylin for 5 minutes then wash with tap water until the 
water is clear. Sections were then immersed in Gomori trichrome stain for 10 minutes. Sections were then 
differentiated with few dips of 0.2% acetic acid. Sections were then immersed directly into 95 % alcohol and 
dehydrated in ascending alcohol solutions. Sections were then cleared with xylene and mounted with DPX.

Immunohistochemistry
Five-µm sections were deparaffinized with xylene and rehydrated with graded alcohol. Sections were 

then placed in EnVisionTM FLEX Target Retrieval Solution with a high PH (PH 9) (DAKO Agilent, USA) in a 
water bath at 95°C for 30 minutes. Sections were then washed with distilled water for 5 minutes followed 
by PBS for 5 minutes. Sections were then treated with peroxidase block for 15 minutes. Sections were 
then incubated for one hour at room temperature with anti- Dystrophin antibody (rabbit monoclonal 
antibody 1:100, Thermo Fischer, USA). After conjugation with primary antibodies, sections were incubated 
with secondary antibody (EnVisionTM Detection System, DAKO, Agilent, USA) for 20 minutes at room 
temperature followed by addition of DAB chromogen (EnVisionTM Detection System, DAKO, Agilent, USA) 
and counter staining done with haematoxylin. Appropriate positive controls were used. For negative control, 
the primary antibody was not added to sections. Positive and negative controls were used in every batch of 
stained slides (not shown in figures).

Electron microscopic study
Samples were immediately immersed in McDowell and Trump fixative for 3 h at 25°C. Tissues 

were then rinsed with ethanol and propylene oxide, infiltrated, embedded in Agar-100 epoxy resin, and 
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polymerized at 65°C for 24 h. Blocks were then trimmed and semithin and ultrathin sections were cut with 
Reichert Ultracuts, ultramicrotome. The semithin sections (1 µm) were stained with 1% aqueous toluidine 
blue on glass slides. The ultrathin sections (95 nm) on 200 mesh Cu grids were contrasted with uranyl 
acetate followed by lead citrate double stain. The grids were examined and photographed under a Philips 
CM10 transmission electron microscope.

Enzyme linked immunosorbent assay
Heart myocardial concentration of GAL-3, cleaved caspase-3, Phospho-NF kappa-B, CRP, IL1-B, IL6, 

and lipocalin-2 were determined by using enzyme linked immunosorbent assay (ELISA) development 
kits according to manufacturer instructions: [mouse galectin-3 (DY1197) R&D Systems, Minneapolis, MN, 
USA], mouse cleaved caspase-3 [(DYC 835), R&D Systems, Minneapolis, MN, USA], Phospho-NF kappa-B 
[(ab176663), Abcam, USA], [mouse CRP (DY1829) R&D Systems, Minneapolis, MN, USA], [mouse IL1-B 
(DY401) R&D Systems, Minneapolis, MN, USA], [mouse IL6 (DY406) R&D Systems, Minneapolis, MN, USA], 
[mouse lipocalin-2 (DY1857) R&D Systems, Minneapolis, MN, USA]. Heart GSH, SOD, Catalase, TBARS, and 
DNA/RNA oxidative damage concentrations were determined using Cayman detection kits according to 
manufacturer instructions [GSH (703002), Cayman Chemical, Michigan, USA], [SOD (706002), Cayman 
Chemical, Michigan, USA], [Catalase (707002), Cayman Chemical, Michigan, USA], [TBARS (10009055), 
Cayman Chemical, Michigan, USA], and [DNA/RNA oxidative damage (75817-288), Cayman Chemical, 
Michigan, USA].

Plasma cardiac Troponin I was determined by Elisa kit (2010-1-HSP, Life Diagnostics, Inc.), for 
sandwich ELISA, using standard procedure according to the manufacturer’s instructions.

The concentrations were normalized to total protein concentrations.

Nootkatone Scavenging activity
Hydroxyl Radical Scavenging activity. According to the updated method of Halliwell et al. [21], the 

scavenging potential for hydroxyl radical (OH•) was calculated. The incubation mixture contained 0.1 ml of 
100 mM potassium phosphate buffer (pH 7.9) and varying concentrations of Nootkatone (20- 100 mg Gallic 
acid equivalent (GAE)) for a total volume of 1 ml. The assay was performed in distilled deionized water by 
adding 0.1ml EDTA (1 mM), 0.2 ml FeCl3 (10 mM), 0.1 ml Ascorbic Acid (1 mM), 0.1 ml H2O2 (10 mM) and 
0.2 ml 2-Deoxyribose (10 mM). The mixture was then incubated at 37ºC for 1 hour. 1.0 ml portion of the 
incubated mixture was mixed with 1.0 ml of 10 % TCA and 1.0 ml of 0.5 % TBA (in 0.025 M NaOH containing 
0.025 % BHA) to develop the pink chromogen measured at 532 nm. Decreased reaction mixture absorption 
implies increased scavenging activity of OH•. The compound’s hydroxyl radical scavenging activity is stated 
as percent deoxyribose degradation inhibition is measured using the following equation:

Hydroxyl radical scavenging activity = (control OD − sample OD/control OD) × 100.

Superoxide radicals assay. Superoxide radicals are produced by oxidation of NADH and assayed by the 
reduction of NBT in PMS-NADH systems. Superoxide anion (O2

•-) scavenging activity of Nootkatone was 
determined by the method of Nishimiki et al. [22] with slight modifications. In these experiments, 3 ml of 
Tris-HCl buffer (16 mM, pH 8.0) containing 1 ml of NBT (50 mM) solution, 1 ml of NADH (78 mM) solution 
and varying concentrations of Nootkatone (20-100 µg GAE) were used to produce superoxide radicals. The 
reaction began by adding to the mixture 1 ml of PMS solution (10 mM, pH 7.4). The reaction mixture was 
incubated for 15 minutes at 30°C, forming a violet color complex indicating superoxide anion production, 
which was read with the reagent blank at 560 nm. For comparison, Gallic Acid has been used as a reference 
standard. The increase in superoxide anion scavenging activity was demonstrated by reduced absorption 
of the reaction mixture. The percent inhibition of the generation of superoxide anion was determined using 
the following formula:

% inhibition = (control OD − sample OD/control OD) × 100.

ABTS scavenging assay. ABTS●+ (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical cation 
decolorization assay by the Wolfenden and Willson [23] method determined the total antioxidant activity 
of Nootkatone. ABTS●+ was developed by reacting with 2.4 mM potassium persulfate to a 7 mM ABTS 
aqueous solution. Before used for incomplete oxidation of ABTS●+, the mixture was permitted to stand at 
room temperature for 16 hours in the dark. The incubation mixture contained 0.54 mL of ABTS●+, 0.5 mL of 
phosphate buffer and varying concentrations of Nootkatone (20-100 μg GAE) for a total volume of 5 mL. The 
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absorption was read at 734 nm in the spectrophotometer and the results were expressed as the equivalent 
of gallic acid used as a standard. The activity of radical scavenging was expressed as the percentage of free 
radical inhibition by the sample and measured using the formula:

% ABTS radical scavenging activity = (control OD − sample OD/control OD) × 100.

DPPH radical scavenging assay
The free radical scavenging activity of Nootkatone was calculated by a radical scavenging assay of 

1,1-diphenyl-2-picryl-hydrazil (DPPH) using the Brand-Williams et al. [24] method. Based on the bleaching 
of the purple colored DPPH methanolic solution, the hydrogen atom or electron donation potential of the 
sample was measured. To the varying concentrations of Nootkatone (20-100 μg) dissolved in 0.5 percent 
DMSO and making up to 3 ml of water, one milliliter of the reaction solution containing 0.1 mmol/l DPPH 
in methanol was added. The mixture was vigorously shaken and allowed to stand at room temperature for 
30 minutes and the absorption of the resulting solution using a spectrophotometer was measured at 517 
nm (GE UltroSpec 7000 UV-Vis, USA). As a reference standard for comparison, gallic acid was used. The 
following equation measures the inhibition percentage of DPPH radical scavenging activity:

% DPPH radical scavenging activity= (control OD − sample OD/control OD) × 100.

Statistical analysis
All statistical analyses were done using GraphPad Prism Software version 5. Comparisons between 

the various groups were achieved by one-way analysis of variance (ANOVA), followed by Newman-Keuls 
multiple range tests. Data are presented in mean ± standard error (S.E). P values < 0.05 are considered 
significant.

Results

Nootkatone decreases heart GAL-3 in DOXO-induced cardiac injury
Galectin-3 was measured by ELISA in tissue homogenate of hearts in C57BL/6J mice 

treated with DOXO and DOXO + NK compared to their corresponding sham controls. Our 
results show GAL-3 level is significantly higher in DOXO-treated mice group than sham 
control group (9125 ± 313.2 vs 4701 ± 262.8 pg/mg, p<0.001), while there was no significant 
difference of GAL-3 levels between DOXO-NK treated mice and their sham control group 
(7563 ± 434.2 vs 7085 ± 467.3 pg/mg, p=0.46) (Fig. 1). There were significant higher levels 
of GAL-3 in hearts of DOXO-treated mice than DOXO-NK-treated group (9125 ± 313.2 vs 
7563 ± 434.2 pg/mg, p<0.001) (Fig. 1).

Fig. 1. The graph represents heart concentrations 
of GAL-3 in C57BL/6J mice treated with DOXO and 
DOXO + NK compared to their corresponding sham 
controls. P value<0.05 is statistically significant.
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Nootkatone possesses anti-inflammatory 
effects in DOXO-induced cardiac injury
Nootkatone decreases heart CRP in DOXO-

induced cardiac injury. C-reactive protein 
(CRP) was measured by ELISA in tissue 
homogenate of hearts in C57BL/6J mice 
treated with DOXO and DOXO + NK compared 
to their corresponding sham controls. Our 
results show CRP level is significantly higher 
in DOXO-treated mice group than sham control 
group (8597 ± 281.7 vs 4701 ± 3894 pg/
mg, p<0.001) (Fig. 2). There was a significant 
higher level of CRP in DOXO-NK treated mice 
than their sham control mice (7483 ± 428.7 vs 
4895 ± 132.4 pg/mg, p<0.001) (Fig. 2). There 
were significant higher levels of CRP in hearts 
of DOXO-treated mice than DOXO-NK-treated 
group (8597 ± 281.7 vs 7483 ± 428.7 pg/mg, 
p<0.05) (Fig. 2).

Nootkatone decreases heart IL-1B in 
DOXO-induced cardiac injury. Interleukin-
1B (IL-1B) was measured by ELISA in tissue 
homogenate of hearts in C57BL/6J mice 
treated with DOXO and DOXO + NK compared 
to their corresponding sham controls. Our 
results show IL-1B level is significantly higher 
in DOXO-treated mice group than sham control 
group (14.63 ± 1.025 vs 8.363 ± 0.6307 pg/
mg, p<0.001) (Fig. 3). There was a significant 
higher level of IL-1B in DOXO-NK treated mice 
than their sham control mice (11.93 ± 0.4691 
vs 6.464 ± 1.203 pg/mg, p<0.01) (Fig. 3). 
There were significant higher levels of IL-1B 
in hearts of DOXO-treated mice than DOXO-
NK-treated group (14.63 ± 1.025 vs 11.93 ± 
0.4691 pg/mg, p<0.05) (Fig. 3).

Nootkatone decreases heart IL-6 in DOXO-
induced cardiac injury. Interleukin-6 (IL-6) 
was measured by ELISA in tissue homogenate 
of hearts in C57BL/6J mice treated with 
DOXO and DOXO + NK compared to their 
corresponding sham controls. Our results 
show IL-6 level is significantly higher in 
DOXO-treated mice group than sham control 
group (24.31 ± 1.795 vs 9.564 ± 1.062 pg/
mg, p<0.001) (Fig. 4). There was a significant 
higher level of IL-6 in DOXO-NK treated mice 
than their sham control mice (19.90 ± 1.290 vs 
16.37 ± 0.7124 pg/mg, p<0.05) (Fig. 4). There 
were significant higher levels of IL-6 in hearts 
of DOXO-treated mice than DOXO-NK-treated 
group (24.31 ± 1.795 vs 19.90 ± 1.290 pg/mg, 
p<0.05) (Fig. 4).

Fig. 3. The graph represents heart concentra-
tions of IL-1B in C57BL/6J mice treated with 
DOXO and DOXO + NK compared to their corre-
sponding sham controls. P value<0.05 is statisti-
cally significant.
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Fig. 4. The graph represents heart concentra-
tions of IL-6 in C57BL/6J mice treated with DOXO 
and DOXO + NK compared to their corresponding 
sham controls. P value<0.05 is statistically signifi-
cant.
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Fig. 2. The graph represents heart concentra-
tions of CRP in C57BL/6J mice treated with DOXO 
and DOXO + NK compared to their corresponding 
sham controls. P value<0.05 is statistically signifi-
cant.
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Nootkatone decreases heart Lipocalin-2 
in DOXO-induced cardiac injury. Lipocalin-2 
(NGAL) was measured by ELISA in tissue 
homogenate of hearts in C57BL/6J mice 
treated with DOXO and DOXO + NK compared 
to their corresponding sham controls. Our 
results show NGAL level is significantly 
higher in DOXO-treated mice group than 
sham control group (1190 ± 93.54 vs 254.9 
± 32.48pg/mg, p<0.001) (Fig. 5). There was 
a significant higher level of NGAL in DOXO-
NK treated mice than their sham control 
mice (876.5 ± 63.94 vs 342.0 ± 66.00 pg/mg, 
p<0.01) (Fig. 5). There were significant higher 
levels of NGAL in hearts of DOXO-treated mice 
than DOXO-NK-treated group (1190 ± 93.54 
vs 876.5 ± 63.94 pg/mg, p<0.01) (Fig. 5).

Nootkatone decreases heart phospho-
NFKB in DOXO-induced cardiac injury. 
Phospho-NFKB concentration was measured 
by ELISA in tissue homogenate of hearts 
in C57BL/6J mice treated with DOXO and 
DOXO + NK compared to their corresponding 
sham controls. Our results show p-NFKB 
concentration is significantly higher in DOXO-
treated mice group than sham control group 
(7.42± 0.46 vs 2.18 ± 0.14 pg/mg, p<0.001) 
(Fig. 6). There was no significant difference 
in NFKB concentration between DOXO-NK 
treated mice and their sham control mice 
(2.37 ± 0.139 vs 2.45 ± 0.115 pg/mg, p=0.6) 
(Fig. 6). There were significant higher levels of 
p-NFKB in hearts of DOXO-treated mice than 
DOXO-NK-treated group (7.42± 0.46 vs 2.37 ± 
0.139 pg/mg, p<0.001) (Fig. 6).

Nootkatone possesses anti-oxidant effects 
in DOXO-induced cardiac injury
Nootkatone increases heart GSH in DOXO-

induced cardiac injury. GSH was measured in 
tissue homogenate of hearts in C57BL/6J mice 
treated with DOXO and DOXO + NK compared 
to their corresponding sham controls. 
Our results show GSH level is significantly 
decreased in DOXO-treated mice group when 
compared with sham control group (10.12 ± 
0.5585 vs 17.00 ± 1.826 nmol/mg, p<0.1) (Fig. 
7). There was a non-significant higher level 
of GSH in DOXO-NK treated mice than their 
sham control mice (16.16 ± 1.542 vs 14.90 ± 
1.072 nmol /mg, p=0.5) (Fig. 7). There were 
significant higher levels of GSH in hearts of 
DOXO-NK treated mice than DOXO- treated 
group (16.16 ± 1.542 vs 10.12 ± 0.5585 pg/
mg, p<0.01) (Fig. 7).

Fig. 5. The graph represents heart concentrations 
of Lipocalin-2 (NGAL) in C57BL/6J mice treated 
with DOXO and DOXO + NK compared to their cor-
responding sham controls. P value<0.05 is statis-
tically significant.

 

Figure 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. The graph represents heart concentra-
tions of p-NFKB in C57BL/6J mice treated with 
DOXO and DOXO + NK compared to their corre-
sponding sham controls. P value<0.05 is statisti-
cally significant.

 

Figure 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. The graph represents heart concentra-
tions of GSH in C57BL/6J mice treated with DOXO 
and DOXO + NK compared to their corresponding 
sham controls. P value<0.05 is statistically signifi-
cant.
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Nootkatone increases heart Superoxide 
dismutase in DOXO-induced cardiac injury. 
Superoxide dismutase (SOD) was measured in 
tissue homogenate of hearts in C57BL/6J mice 
treated with DOXO and DOXO + NK compared 
to their corresponding sham controls. 
Our results show SOD level is significantly 
decreased in DOXO-treated mice group when 
compared with sham control group (3.880 
± 0.1171 vs 8.348 ± 0.2633 U/mg, p<0.001) 
(Fig. 8). There was a significant lower level 
of SOD in DOXO-NK treated mice than their 
sham control mice (5.842 ± 0.2548 vs 7.841 
± 0.4793 U /mg, p<0.001) (Fig. 8). There were 
significant higher levels of SOD in hearts of 
DOXO-NK treated mice than DOXO- treated 
group (5.842 ± 0.2548 vs 3.880 ± 0.1171 pg/
mg, p<0.001) (Fig. 8).

Nootkatone increases heart Catalase in 
DOXO-induced cardiac injury. Catalase was 
measured in tissue homogenate of hearts in 
C57BL/6J mice treated with DOXO and DOXO 
+ NK compared to their corresponding sham 
controls. Our results show catalase level is 
significantly decreased in DOXO-treated mice 
group when compared with sham control 
group (8.915 ± 0.2829 vs 10.48 ± 0.3490 µmol/
mg/min, p<0.05) (Fig. 9). There was a non- 
significant lower level of catalase in DOXO-
NK treated mice than their sham control mice 
(10.72 ± 0.4646 vs 11.93 ± 0.4182 µmol/mg/
min, p<0.09) (Fig. 9). There were significant 
higher levels of catalase in hearts of DOXO-NK 
treated mice than DOXO- treated group (10.72 
± 0.4646 vs 8.915 ± 0.2829 pg/mg, p<0.01) 
(Fig. 9).

Nootkatone decreases heart 
malondialdehyde (MDA)in DOXO-induced 
cardiac injury. Malondialdehyde (MDA) was 
measured in tissue homogenate of hearts in 
C57BL/6J mice treated with DOXO and DOXO 
+ NK compared to their corresponding sham 
controls using TBARS assay kit. Our results 
show MDA level is significantly higher in 
DOXO-treated mice group than sham control 
group (627.7 ± 19.01 vs 333.4 ± 5.271 µM/ml, 
p<0.001) (Fig. 10). There was no significant 
difference in MDA levels between DOXO-NK 
treated mice and their sham control mice 
(528.6 ± 8.124 vs 522.0 ± 7.037 µM/ml, p=0.6) 
(Fig. 10). There were significant higher levels 
of MDA in hearts of DOXO-treated mice than 
DOXO-NK-treated group (627.7 ± 19.01 vs 
528.6 ± 8.124 µM/ml, p<0.001) (Fig. 10).

Fig. 8. The graph represents heart concentra-
tions of SOD in C57BL/6J mice treated with DOXO 
and DOXO + NK compared to their corresponding 
sham controls. P value<0.05 is statistically signifi-
cant.

Fig. 9. The graph represents heart concentra-
tions of catalase in C57BL/6J mice treated with 
DOXO and DOXO + NK compared to their corre-
sponding sham controls. P value<0.05 is statisti-
cally significant.

 

Figure 9 

 

 

 

 

 

 

 

 

 

 

Fig. 10. The graph represents heart concentra-
tions of MDA in C57BL/6J mice treated with 
DOXO and DOXO + NK compared to their corre-
sponding sham controls. P value<0.05 is statisti-
cally significant.
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Nootkatone decreases heart DNA/RNA 
oxidative damage in DOXO-induced cardiac 
injury. DNA/RNA oxidative damage was 
measured in tissue homogenate of hearts 
in C57BL/6J mice treated with DOXO and 
DOXO + NK compared to their corresponding 
sham controls using TBARS assay kit. Our 
results show DNA/RNA oxidative damage 
concentration was significantly higher in 
DOXO-treated mice group than sham control 
group (13552 ± 69.79 vs 12324 ± 125.8 pg/
ml, p<0.001) (Fig. 11). There was significant 
lower DNA/RNA oxidative damage 
concentration of DOXO-NK treated mice than 
their sham control mice (12675 ± 183.2 vs 
13422 ± 49.26 pg/ml, p<0.0016) (Fig. 11). 
There were significant higher DNA/RNA 
oxidative damage concentration in hearts of 
DOXO-treated mice than DOXO-NK-treated 
group (13552 ± 69.79 vs 12675 ± 183.2 pg/
ml, p<0.001) (Fig. 11).

In vitro antioxidant activity of Nootkatone
NK has shown a strong antioxidant activity when compared to Gallic acid in the following 

assays. NK has shown dose dependent inhibition of free radical.

Superoxide radicals scavenging assay. There was a dose-response strong antioxidant 
activity of NK when compared with Gallic acid (Table 1), Fig. 12.

Hydroxyl Radical scavenging activity. There was a dose-response strong antioxidant 
activity of NK when compared with Gallic acid (Table 2), Fig. 12.

Fig. 11. The graph represents heart concentra-
tions of DNA/RNA oxidative damage in C57BL/6J 
mice treated with DOXO and DOXO + NK compared 
to their corresponding sham controls. P value<0.05 
is statistically significant.

 

Figure 11 
 
 
 

Fig. 12. A. The graph represents In 
vitro Superoxide Radical Scaveng-
ing activity assay showing percent-
age of Superoxide Radical inhibi-
tion activity of Nootkatone (NK) in 
relation to Gallic acid (GA). B. The 
graph represents In vitro hydroxyl 
Radical Scavenging activity assay 
showing percentage of Hydroxyl 
Radical inhibition activity of Noot-
katone (NK) in relation to Gallic 
acid (GA). C. The graph represents 
In vitro DPPH Scavenging activity 
assay showing percentage of DPPH 
inhibition activity of Nootkatone 
(NK) in relation to Gallic acid (GA). 
D. The graph represents In vitro 
ABTS Scavenging activity assay 
showing percentage of ABTS inhi-
bition activity of Nootkatone (NK) 
in relation to Gallic acid (GA).

 
Figure 12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Cell Physiol Biochem 2022;56:401-417
DOI: 10.33594/000000559
Published online: 25 August 2022 410

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Al-Salam et al.: Nootkatone Protects Cardiomyocytes in Doxorubicin-Induced Injury

ABTS radical scavenging activity. There 
was a dose-response strong antioxidant 
activity of NK when compared with Gallic 
acid (Table 3), Fig. 12.

DPPH radical scavenging assay. There 
was a dose-response strong antioxidant 
activity of NK when compared with Gallic 
acid (Table 4), Fig. 12.

Nootkatone reduces cardiomyocyte da- 
        mage in in DOXO-induced cardiac injury

Plasma Troponin I assay. Troponin I was 
measured in plasma of C57BL/6J mice treated 
with DOXO and DOXO + NK compared to their 
corresponding sham controls. Our results 
show troponin I level is significantly higher 
in DOXO-treated mice group than sham 
control group (5.958 ± 0.09214 vs 1.905 ± 
0.02790 ug/L, p<0.001) (Fig. 13). There was a 
significant higher level of troponin I in DOXO-
NK treated mice than sham control mice 
(2.334 ± 0.06229 vs 1.953 ± 0.06979 ug/L, 
p<0.01) (Fig. 13). There were significant 
higher levels of troponin I in DOXO-treated 
mice than DOXO-NK-treated group (5.958 ± 
0.09214 vs 2.334 ± 0.06229 ug/L, p<0.001) 
(Fig. 13).

Nootkatone reduces cardiomyocyte 
programed cell death by reducing cleaved 
caspase-3. Cleaved caspase-3 was measured 
by ELISA in tissue homogenate of hearts in 
C57BL/6J mice treated with DOXO and DOXO 
+ NK compared to their corresponding sham 
controls. Our results show cleaved caspase-3 
level is significantly higher in DOXO-treated 
mice group than sham control group (1856 
± 74.71 vs 590.0 ± 56.22 pg/mg, p<0.001) 
(Fig. 14). There was a significant higher level 
of cleaved caspase-3 in DOXO-NK treated 
mice than their sham control mice (1654± 
41.25 vs 1314±25.40 pg/mg, p<0.001) (Fig. 
14). There were significant higher levels of 
cleaved caspase-3 in hearts of DOXO-treated 
mice than DOXO-NK-treated group (1856 ± 
74.71 vs 1654± 41.25 pg/mg, p<0.05) (Fig. 14).

Nootkatone reduces cardiomyocyte death in dystrophin immunohistochemical staining. 
There was loss of dystrophin staining in cardiomyocytes that are dying following injury by 
DOXO [25]. There was a clear reduction in cardiomyocyte death, which were identified by 
loss of dystrophin staining, in DOXO-NK treated mice when compared with DOXO-treated 
mice by using dystrophin immunohistochemical staining (Fig. 15).

 

Table 4. In vitro DPPH radical scavenging assay 
shows percentage of free radical inhibition activity 
of Nootkatone

Table 1. In vitro Superoxide Radical Scavenging 
activity assay shows percentage of Superoxide 
Radical inhibition activity of Nootkatone

Table 2. In vitro Hydroxyl Radical Scavenging ac-
tivity assay shows percentage of Hydroxyl Radical 
inhibition activity of Nootkatone

Table 3. In vitro ABTS scavenging assay shows per-
centage of free radical inhibition activity of Noot-
katone
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NK reduces mitochondrial damage as demonstrated by Modified Gomori Trichrome 
staining. Mitochondria within cardiomyocytes were stained red by using modified Gomori 
trichrome stain. There was enlargement of mitochondria in cardiomyocytes treated with 
DOXO (Fig. 16). The size of mitochondria was significantly larger in cardiomyocytes in mice 
treated with DOXO than those treated with DOXO and NK (Fig. 16). Dead cardiomyocytes 
were stained bright red with modified Gomori Trichrome stain. There were higher number 
of dead of cardiomyocytes in DOXO treated than DOXO-NK treated mice (Fig. 16).

Electron microscopic changes
DOXO has shown ultrastructural changes in cardiomyocytes including myofibril damage, 

mitochondrial damage, intercalating disc damage, increased mitophagy, sarcoplasmic 
damage. The intensity of the damage is reduced in DOXO-NK treated nice (Fig. 17).

Fig. 14. The graph represents heart concentrations of 
cleaved caspase-3 in C57BL/6J mice treated with DOXO and 
DOXO + NK compared to their corresponding sham controls. 
P value<0.05 is statistically significant.

 
Figure 14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. A. Representative sections from 
the left ventricle of normal saline treated 
mice showing membranous staining of 
cardiomyocytes with dystrophin (thin ar-
row). B. Representative sections from the 
left ventricle of NK- treated mice showing 
membranous staining of cardiomyocytes 
with dystrophin (thin arrow). C. Repre-
sentative sections from the left ventricle 
of DOXO- treated mice showing focal loss 
of membranous staining of cardiomyo-
cytes with dystrophin (arrowhead). D. 
Representative sections from the left ven-
tricle of DOXO-NK-treated mice showing a 
decrease in the focal loss of membranous 
staining of cardiomyocytes with dystro-
phin (arrowhead) when compared with C.

 

Figure 15 
 

 

 

 

 

 

 

 

Fig. 13. The graph represents plasma concentrations of tro-
ponin I in C57BL/6J mice treated with DOXO and DOXO + 
NK compared to their corresponding sham controls. P val-
ue<0.05 is statistically significant.

 

Figure 13 
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Fig. 16. A, B. Representative sections from the left 
ventricle of normal saline treated mice stained 
with Gomori stain showing normal pattern of mi-
tochondria within cardiomyocytes (thin arrow). 
C, D. Representative sections from the left ven-
tricle of DOXO- treated mice stained with Gomori 
stain showing remarkably damaged cardiomyo-
cytes stained red (thin arrow) and remarkably en-
larged and damaged mitochondria within injured 
cardiomyocytes(arrowhead). E, F. Representative 
sections from the left ventricle of NK- treated mice 
stained with Gomori stain showing normal pat-
tern of mitochondria within cardiomyocytes (thin 
arrow). G, H. Representative sections from the 
left ventricle of DOXO-NK- treated mice stained 
with Gomori stain showing less damaged cardio-
myocytes stained red (thin arrow) and less en-
larged and damaged mitochondria within injured 
cardiomyocytes(arrowhead) when compared with 
C & D.

Fig. 17. Representative ultrathin section from the 
left ventricle of hearts from DOXO treated mice, 
DOXO-NK treated mice and their corresponding 
controls were examined by electron microscope. 
A. Control B6 myocardium showing unremarkable 
myofibrils (thin arrow) and mitochondria (thick 
arrow). B. Control Noot- treated mice myocardium 
showing unremarkable myofibrils (thin arrow) 
and mitochondria (thick arrow). C, E, G, I show-
ing DOXO-treated myocardium. C. Showing sig-
nificant myofibrils damage (thin arrow) and many 
damaged mitochondria (thick arrow). E. Showing 
significant myofibrils damage (thin arrow) and 
many damaged mitochondria (thick arrow) with 
discontinuous (damaged) intercalated disc (ar-
rowhead). G. Showing significant myofibrils dam-
age (thin arrow) and many lysosomes engulfing 
mitochondria (arrowhead). I. Showing significant 
myofibrils damage (thin arrow) and many dam-
aged mitochondria (thick arrow) with damaged 
sarcoplasmic membrane (arrowhead) and dilated 
interstitial space (curved arrow). D, F, H, J showing 
DOXO-NK-treated myocardium. D. Showing fewer 
damaged myofibrils (thin arrow) and mitochon-
dria (thick arrow) and unremarkable intercalated disc (arrowhead). F. Showing fewer damaged myofibrils 
(thin arrow) and mitochondria (thick arrow) and lysosomes (arrowhead). H. Showing fewer damaged mi-
tochondria (thick arrow) and lysosomes (arrowhead), and unremarkable interstitial space (thin arrow). 
J. Showing fewer damaged myofibrils (thin arrow) and unremarkable sarcoplasmic membrane (arrowhead).

 

FIG. 17 

 

FIG. 16 
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Discussion

Doxorubicin is a regularly used antineoplastic drug in treating different types of cancers, 
including pediatric cancer, leukemia, breast cancer, etc. DOXO is an inhibitor of the DNA 
topoisomerase II enzyme and causes damage to the DNA [26]. DOXO is known to cause dose-
dependent cardiac toxicity when the used dose is above 400 mg/m2 [26, 27]. Studies have 
shown a significant impairment of LV ejection fraction in 90% of patients treated with DOXO 
for more than a year [27]. Apoptosis-mediated loss of cardiomyocytes and oxidative stress 
are the main causes of DOXO-induced cardiomyopathy [27]. The identification of compounds 
that counteract DOXO cardiac toxicity is main target of many research projects worldwide.

We have studied the effect of NK on DOXO-induced cardiac toxicity. It has been reported 
that NK has antioxidant, and anti-inflammatory properties [14-20], and since the early 
events of DOXO-induced cardiac toxicity encompasses oxidative stress and apoptosis [6-10], 
and NK has potential anti-oxidant activities [14-20], we think that it will be appropriate to 
assess the possible protective effects of NK on early DOXO-induced cardiac toxicity and the 
mechanisms underlying these effects in mice.

Our results have shown a significant increase in cardiac GAL-3 concentration in DOXO-
treated mice when compared with sham control mice. Whereas cardiac GAL-3 concentration 
is significantly reduced in DOXO-NK-treated mice when compared with DOXO-treated 
mice; suggesting a potential effect of NK on intracellular concentration of GAL-3. GAL-3 is a 
proinflammatory protein [28-31], therefor, the reduction of GAL-3 following the use of NK 
supports anti-inflammatory role of NK. This is the first time of reporting inhibiting effect 
of NK on myocardial GAL-3. In support of that, we have identified a significantly lower 
concentrations of myocardial inflammatory markers CRP, IL-1B, IL-6 and lipocalin-2 in 
DOXO-NK-treated mice than DOXO-treated mice confirming anti-inflammatory role of NK. To 
understand the mechanism of anti-inflammatory role of NK in DOXO-induced cardiac injury, 
we have measured myocardial phospho-NF-κB concentration which shows a significantly 
lower concentration of phospho- NF-κB in the myocardium of DOXO-NK- treated mice than 
DOXO-treated mice, suggesting that NK plays a role in the reduction of phospho-NF-κB. NF-
κB induces the expression of various pro-inflammatory genes, including those encoding 
cytokines and chemokines, and also participates in inflammasome regulation [32, 33]. In 
addition, NF-κB plays a critical role in regulating the survival, activation and differentiation 
of innate immune cells and inflammatory T cells [34]. Studies have shown NF-κB to be 
involved in the induction of GAL-3 [35] as well as GAL-3 is involved in the activation of NF-
κB [36]. This indicates that there is a cross talk between NF-κB and GAL-3.

It is possible that NK exerts its anti-inflammatory action through inhibition of NF-κB or 
GAL-3 or both. Studies are supporting our finding of the inhibitory actions of NK on NF-κB 
[37, 38].

We have also shown a significantly higher concentrations of myocardial anti-oxidants 
GSH, catalase, and SOD in DOXO-NK-treated mice than DOXO-treated mice supporting the 
anti-oxidative role of NK. We also have identified a lower level of oxidative stress, MDA and 
DNA/RNA oxidative damage, in the myocardium of DOXO-NK-treated mice than DOXO-
treated mice which also support the antioxidant activity of NK. There is a high possibility 
that the higher antioxidant activity of NK is mainly related to its anti-inflammatory effects. 
There is cross reaction between inflammation and oxidative stress as increased oxidative 
stress leads to inflammation and inflammation increases oxidative stress [39]. There is also 
a cross talk between oxidative stress and DNA damage [39].

Cardiomyocytes are loaded with mitochondria, which are the major target of DOXO. 
Mitochondria within cardiomyocytes are found to be 30-40% higher than other types of cells 
[40]. Mitochondria are the major source of ROS production. DOXO increases ROS through 
reduction of the redox cycle at complex I of the electron transport chain, leading to the 
disruption in ATP synthesis [41].

Mitochondrial ROS producing enzymes converts DOXO into semiquinone which reacts 
with oxygen to create superoxide anions that are neutralized into relatively stable and low-
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toxic hydrogen peroxide by SOD, or further transformed to ROS or RNS in a sequence of 
reactions known as the redox cycle [42]. Superoxide anions and hydrogen peroxide may also 
produce highly reactive and toxic hydroxyl radicals [42]. Iron also plays an important role in 
DOXO-induced cardiotoxicity through the Fenton reaction as an electron donor to hydrogen 
peroxide with the subsequent production of a hydroxyl radical [43]. The generated ROS then 
reacts with mitochondrial lipids, proteins, and nucleic acids. DOXO is known to react with 
mitochondrial DNA, forming adducts that interrupt normal mitochondrial function, protein 
expression, and lipid oxidation [44]. Our results show clear reduction of DOXO induced 
oxidative stress when we use NK in combination with DOXO through the significant reduction 
of cardiac MDA and DNA/RNA oxidative damage as well as significant increase of cardiac GSH, 
SOD and catalase. Moreover, we have also confirmed a dose-response antioxidant activity of 
NK through in vitro analysis of antioxidant activity of NK in comparison with Gallic acid; 
which is, to best of our knowledge, the first time to be reported in the literature.

Our results have shown a significant decrease in cleaved caspase-3 concentration 
in the myocardium in DOXO-NK- treated mice when compared with DOXO- treated mice, 
suggesting less apoptotic activity and less damage to the myocardium following the use of 
NK in combination with DOXO. Electron microscopic study has clearly shown DOXO-induced 
cardiomyocyte damage through ultrastructural alterations in cardiomyocytes including 
myofibrils damage, mitochondrial damage, increased mitophagy, sarcoplasmic membrane 
damage, widening of interstitial space and damage to the intercalating disc. Interestingly, 
DOXO damaging effect was ameliorated when used in combination with NK. We have also 
used Gomori trichrome stain to show DOXO- mediated mitochondrial damage is decreased 
following the use of NK. Studies have shown mitochondrial damage as a cause of apoptosis, 
hence the decrease of mitochondrial damage following the use of NK supports lower 
apoptotic activity in DOXO-NK myocardium [45-47].

We have also shown loss of dystrophin staining in damaged cardiomyocytes in DOXO-
treated mice highlighting areas of DOXO-damaged cardiomyocytes. While in DOXO-NK-
treated mice there is less loss of dystrophin staining of cardiomyocytes when compared 
with DOXO-treated mice, indicating a lesser damaged cardiomyocytes in this group. We had 
reported loss of dystrophin staining in cardiomyocytes in acute myocardial infarction [25]. 
In support of that we have shown a significantly lower plasma troponin I concentration in 
DOXO-NK- treated mice than DOXO-treated mice confirming a decline in cardiac myocyte 
injury following the use of NK in DOXO-NK treated mice which supports the protective effect 
of NK on cardiac myocytes.

Troponin I is a very specific cardiomyocyte protein and can only be seen in the peripheral 
blood when there is injury to cardiac myocytes that allows passage of troponin I to the 
circulation. Studies have shown that troponin I can be taken as a marker of cardiomyocyte 
injury and can be indirectly linked to the infarct size [48, 49].

So it seems that NK is likely to orchestrate a response to DOXO-induced myocardial injury 
through modulation of NF-κB signals and reduction of oxidative stress, which is reflected 
on the significant reduction in apoptotic proteins and cardiomyocytes death markers. This 
speaks on a protective role of NK on the heart in DOXO-treated mice.

Conclusion

Nootkatone improves DOXO-induced myocardial injury through modulation of NF-κB 
signals and reduction of oxidative stress.
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