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Abstract
Doxorubicin (DOX) is a potent anticancer drug with adverse cardiotoxic effects. Alginates are multifunctional biopolymers 
and polyelectrolytes derived from the cell walls of brown seaweeds. They are nontoxic, biocompatible, and biodegradable, 
and hence, utilized in several biomedical and pharmaceutical applications. Here, we investigated the potential cardiopro-
tective effect of thermally treated sodium alginate (TTSA), which was extracted and purified from the seaweed Sargassum 
aquifolium, in treating acute DOX cardiotoxicity and apoptotic pathways in rats. UV–visible spectroscopy, Fourier-transform 
infrared, and nuclear magnetic resonance (1H–NMR) spectroscopy techniques were used to characterize TTSA. CK-MB and 
AST levels in sera samples were determined. The expression levels of Erk-2 (MAPK-1) and iNOS genes were investigated 
by quantitative real-time polymerase chain reaction (qRT-PCR). The protein expression levels of Erk-2, anti-apoptotic p53, 
and caspase-3 were analyzed using western blotting and ELISA. For the in vivo studies, sixty rats were randomly divided 
equally into six groups and treated with DOX, followed by TTSA. We revealed that treatment with TTSA, which has low 
molecular weight and enhanced antioxidant properties, improved DOX-mediated cardiac dysfunction and alleviated DOX-
induced myocardial apoptosis. Furthermore, TTSA exhibited a cardioprotective effect against DOX-induced cardiac toxicity, 
indicated by the increased expression of MAPK-1 (Erk2) and iNOS genes, which are implicated in the adaptive responses 
regulating DOX-induced myocardial damage. Moreover, TTSA significantly (p < 0.05) suppressed caspase-3 and upregulated 
anti-apoptotic protein p53 expression. TTSA also rebalanced the cardiomyocyte redox potential by significantly (p < 0.05) 
increasing the levels of endogenous antioxidant enzymes, including catalase and superoxide dismutase. Our findings suggest 
that TTSA, particularly at a dose of 400 mg/kg b.w., is a potential prophylactic supplement for treating acute DOX-linked 
cardiotoxicity.
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Introduction

Doxorubicin (DOX) is a chemotherapeutic drug commonly 
used to treat solid and hematological malignancies. It is 
widely used to treat cancers, such as the stomach, breast, 
lung, ovaries, bladders, thyroids, soft tissue sarcoma, mul-
tiple myeloma, and Hodgkin’s lymphoma (Carvalho et al. 
2009; Saleh et al. 2022). DOX inhibits macromolecular 
biosynthesis by intercalating with DNA. DOX stabilizes 
the topoisomerase II complex after breaking the DNA 
chain for replication, preventing the DNA double helix 
resealing and consequently terminating replication. DOX 
can also potentially produce free radicals, inducing DNA 
and cell membrane damage (Rivankar and Serums 2014).

DOX-based chemotherapy causes cardiovascular com-
plications. The incidence of heart failure with a cumula-
tive dose of DOX (400 mg/m2) has been reported to be 
approximately 3–5%, and can reach up to 48% when the 
total drug dose is increased to 700 mg/m2 (Zamorano et al. 
2016). Oxidative stress generation is the main DOX-linked 
cardiotoxicity mechanism, linked to excessive production 
of free radicals and low levels of antioxidants (Saleh et al. 
2022). DOX-induced oxidative stress might also activate 
apoptotic signaling pathways, resulting in cardiomyocyte 
apoptosis (Nitobe et al. 2003; Li et al. 2022). Moreover, 
DOX can stimulate nitric oxide (NO) production, caus-
ing dilated cardiomyopathy and congestive heart failure 
(Nakahara et al. 2018). DOX induces cancer cell senes-
cence by phosphorylating p53, which upregulates p21, 
leading to cell cycle arrest (El-Far et al. 2021).

Seaweeds, also known as marine macroalgae, have been 
recently used in several industrial and pharmaceutical 
applications, such as novel food supplements (e.g., Alam 
et al. 2016; Al Adham et al. 2017; Leandro et al. 2020; 
Ibrahim et al. 2021, 2022) as they contain abundant mul-
tifunctional bioactive compounds such as polysaccharides, 
carotenoids, polyphenolics, antioxidants, dietary fibers, 
polyunsaturated fatty acids, vitamins, and minerals (Devi 
et al. 2011; Pereira 2020; Pradhan et al. 2021; Semaida 
et al. 2022). Several structurally diverse polysaccharides, 
such as alginates and fucoidan, found within the cell walls 
of brown seaweeds, are exploited for their powerful phar-
maceutical and biomedical properties (Rashad and El-
Chaghaby 2020; Rashedy et al. 2021; Saeed et al 2021; 
Ismail et al. 2022). The genus Sargassum C. Agardh and 
its related species, known as golden tides, are excellent 
sources of health-promoting antioxidants and alginate pol-
ysaccharides. Besides, their excellent nutritional proper-
ties make them ideal for pharmaceutical applications (Liu 
et al. 2012; Leandro et al. 2020; Seo et al. 2022). Alginate 
has mainly been utilized in pharmaceutical and food appli-
cations as nutraceuticals, microencapsulating, thickening, 

and stabilizing agents (Trica et al. 2019; Leandro et al. 
2020). The edible macroalga S. aquifolium (Turner) C. 
Agardh is widespread in subtropical and tropical Indo-
Pacific regions (Mattio et al. 2009; Guiry and Guiry 2022). 
This seaweed is among the predominant macroalgae found 
in the coastal waters of the Red Sea in Egypt (El Shafay 
et al. 2016; Talaat et al. 2022).

Chemically, alginates are linear co-polymers with 
homopolymeric blocks of 1,4-linked β-d-mannuronic acid 
(M) and α-l-guluronic acid (G) residues. Both monomers 
are arranged either in blocks of homopolymeric (M) or (G) 
and/or heteropolymeric (MG) or (GM) (Łabowska et al. 
2019). The M segments have a flexible and linear structure, 
while the G segments have folded and stiff structural con-
formations (Cable 2009). The physical quality of alginates 
is determined by the percentage of the MM, GG, and MG 
blocks (Łabowska et al. 2019). Alginates with high G blocks 
have better gelling characteristics, while those with high M 
blocks have higher viscosity. In general, alginates with a 
high M/G ratio produce elastic gels, while alginates with a 
low M/G ratio form brittle gels (Fenoradosoa et al. 2010).

Natural alginates are derived from the cell walls of 
brown seaweeds (Sachan et al. 2009; El-Sheekh et al. 2022). 
Among the different types of alginates, sodium alginate is 
the most utilized polysaccharide for pharmaceutical studies 
(Szekalska et al. 2016). Alginates are used in pharmaceuti-
cal industries due to their biocompatibility, biodegradability, 
immunogenicity, and non-toxicity (Rinaudo 2014; Leandro 
et al. 2020). Given their potent anticancer and prebiotic 
effects, these valuable biopolymers are also used as food 
supplements (El-Sheekh et al. 2022). Although the extrac-
tion and purification of sodium alginate are straightforward, 
it is a multistage process (Lee and Mooney 2012).

This study aimed to assess the potential cardioprotec-
tive effects of thermally treated sodium alginate (TTSA) 
extracted from the brown seaweed Sargassum aquifolium 
against acute DOX cardiotoxicity using a rat model. We 
investigated the possible physiological and biochemical 
functions of this natural polysaccharide in alleviating oxida-
tive stress and apoptotic pathways in rats with DOX-induced 
cardiotoxicity. Our findings can be further developed and 
optimized for human trials.

Material and methods

Chemicals

Standard sodium alginate was obtained from Sigma-
Aldrich Co. (Cat. No. A1112) (St. Louis, MO, USA). 
Doxorubicin was bought from EBEWE Pharma Co. (Cat. 
No. A4866). Acetone, methyl alcohol, 2,2-diphenyl-
1-picrylhydrazyl  (DPPH·), gallic acid, ascorbic acid, 
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chloroform, and ethyl alcohol absolute were of high ana-
lytical grade and purchased from Merck Co. (Kenilworth, 
NJ, USA). Hydrochloric acid (34%), sodium carbonate, 
and sodium hydroxide were obtained from Abou Zaabal 
Company for Chemicals, Cairo, Egypt.

Seaweed sampling and identification

Thalli of Sargassum aquifolium (Turner) C. Agardh were 
sampled on October 26, 2017 from the littoral zone of 
rocky shorelines in Hurghada city (27° 15′ 58.45″ N, 33°48′ 
57.09″ E), the Red Sea coast of Egypt (Fig. 1). Thalli were 
washed thoroughly in the field to remove any epiphytes or 
sand particles, stored in sterile clean plastic bottles, and then 

Fig. 1  Sargassum aquifolium (Turner) C. Agardh morphology. a, b Habit. c, d Leaves. e–g Vesicles. Scale bars: 5 cm (a); 2 cm (b–g)
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transported refrigerated to the laboratory in an ice-box. In 
the laboratory, the S. aquifolium specimens were washed 
again using tap and distilled waters to be completely free 
from any salts, sand particles, and debris, and then were 
shade-air dried at room temperature. Using an electric 
blender, the dried seaweed specimens were homogenized 
into a fine powder and then stored in sterile clean plastic 
bags until needed. S. aquifolium specimens were morpholog-
ically identified on the basis of the taxonomic classification 
systems adopted by Mattio et al. (2009) and Krishnamurthy 
and Ezhili (2013).

Extraction and purification of sodium alginate

Purified sodium alginate (Fig. 2) was extracted from the Sar-
gassum aquifolium powder following the protocol by Sellimi 
et al. (2015). Fifty grams of the algal powder was depig-
mented by treating it twice with acetone–methanol (7:3, 
500 ml). Then, it was defatted twice using 300 ml chloro-
form under constant stirring (250 rpm) for 24 h at 30 °C and 
air-dried to obtain 45 g of algal powder. Dried algal powder 
(25 g) was treated with 500 ml of 0.1 M HCl (twice) at 
approximately pH 2 for 2 h at 60 °C under constant stirring 
(250 rpm) to demineralize the powder. After centrifugation 
(5000 rpm, 15 min, 4 °C), the supernatant was removed, 
and the residue was washed with distilled water. It was then 
treated with 3%  Na2CO3 (pH 11) at 60 °C for 2 h under 
constant stirring to solubilize the alginate into its sodium 
salt form. The supernatant was collected and precipitated 
with 2 volumes of absolute ethanol. This precipitate was 
suspended in distilled water and acidified with 2N HCl to 
pH < 3 to precipitate alginic acid. The formed precipitate 
was separated, suspended in distilled water, and neutralized 
using an aqueous 1N NaOH solution (pH 7.5). Finally, the 
sodium alginate was purified using absolute ethanol in a 
second precipitation step. The obtained precipitate was dis-
solved in distilled water and lyophilized to yield pure sodium 
alginate powder.

Preparation of the thermally treated sodium 
alginate

Aqueous solution of the extracted sodium alginate (3%, 
w/v) was prepared using deionized water. Alginate solu-
tion was autoclaved for 6 h at 121 °C and 1.2 bar to obtain 
the TTSA.

Chemical characterization of the thermally treated 
sodium alginate

UV–visible spectroscopy

UV–visible spectroscopy of stranded and extracted 
TTSA was performed at 25 °C by spectrophotometer in 
200–400 nm range.

Fourier‑transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) spec-
trometer (Nicolet 550 magna-IR spectrometer) at the 
wavelength region between 4000 and 400  cm–1 was used 
for obtaining FTIR spectra of the standard and extracted 
TTSA. These spectra were recorded at the Central Labora-
tory of Faculty of Science, Ain Shams University. Sam-
ples of TTSA were mixed with KBr (1:20 w/w) and were 
prepared as a disc. The spectra obtained were the result 
of more than 4 scans with a spectrophotometer resolution 
of 4  cm–1.

Standard alginate: (υ,  cm–1) 3455 (OH), 2933 (CH 
aliphatic), 1618  (COO–, asymm.), 1417, 1385  (COO–, 
symm.), 1124, 1093, 1030 (C-O), 946, 904, 875, 814, 781 
(anomeric sugar residues). Extracted TTSA: (υ,  cm–1) 
3469, 3344 (OH), 2932 (CH aliphatic), 1608  (COO–, 
asymm.), 1417, 1386, 1303  (COO–, symm.), 1125, 1096, 
1032 (C–O), 949, 889, 820, 782 (anomeric sugar residues).

Fig. 2  Chemical structure of sodium alginate polymer (after Łabowska et al. 2019)
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Nuclear magnetic resonance spectroscopy

The nuclear magnetic resonance spectroscopy (1H-NMR) 
spectra of the standard and extracted TTSA were measured 
on Varian Gemini 300 MHz spectrometer, with chemical 
shift (δ) expressed in ppm downfield with tetramethylsilane 
as initial standard, in deuterium water  D2O and coupling 
constants J in Hz at the Central Laboratory of Faculty of 
Science, Cairo University, M-1 and G-1.

Standard alginate: (300 MHz,  D2O, δ, ppm): 3.84, 3.99, 
4.06, 4.10 (m, H-2, H-3 and H-4), 4.26 (s, H-5, GG), 4.55, 
4.59 (m, H-1, M; H-5, GM), 5.12 (s, H-1, G). Extracted 
TTSA: 3.98, 3.95, 4.41 (m, H-2, H-3 and H-4), 4.15 (s, H-5, 
GG), 4.50 (s, H-1, M; H-5, GM), 5.07 (s, H-1, G).

Evaluation of antioxidant properties 
of the thermally treated sodium alginate

We determined the total antioxidant capacity (TAC),  DPPH· 
radical scavenging activity, and ferric reducing antioxidant 
power assay (FRAP) of TTSA, and untreated alginate from 
Sargassum aquifolium to compare their antioxidant poten-
tials. TAC was assessed following the method described by 
Prieto et al. (1999). The absorbance was measured at 695 nm 
using UnicumUV-300UV/Vis spectrophotometer, and TAC 
was expressed in terms of ascorbic acid equivalents.  DPPH· 
assay was evaluated following the protocol by Cheng et al. 
(2006). The absorbance was measured at 515 nm, and the 
percentage inhibition activity was calculated. FRAP was 
performed according to the method by Oyaizu (1986). The 
absorbance was measured at 700 nm using gallic acid as the 
standard. All the measurements were done in triplicate. The 
data were expressed as mean ± standard error.

Experimental animals

Sixty adult male Swiss albino rats weighing 150–200 g were 
obtained from the Egyptian National Research Center breed-
ing unit. The animals were housed in steel mesh cages (5 
rats/cage), supplied with a standard pellet diet and water in 
the animal house of the Pharmacology Department, Faculty 
of Medicine, Al-Azhar University. The study was conformed 
to the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health (No. 85:23, 
1996) and also in compliance with the principles and guide-
lines of the Ethical Committee at the Faculty of Science, Ain 
Shams University, Cairo, Egypt.

Experimental design

Sixty rats were randomly divided equally into six groups. 
The experiment lasted for a week. The doses were selected 

based on previous studies by Desai et al. (2013) and Guo 
et al. (2016) as follows:

• GI (normal control): normal healthy animals received 
oral saline.

• GII (DOX): animals injected intraperitoneally with dox-
orubicin (DOX) at a dose of 15 mg/kg b.w. (based on 
Desai et al. 2013) for a week.

• GIII (TTSA 400): animals only received TTSA at a dose 
of 400 mg/kg b.w. (based on Guo et al. 2016) orally for 
a week.

• GIV (DOX + untreated SA 400): animals were injected 
intraperitoneally with DOX (15 mg/kg b.w.) and then 
orally administered with untreated “raw” sodium alginate 
extract (400 mg/kg b.w.) for a week.

• GV (DOX + TTSA 200): animals were injected intraperi-
toneally with DOX (15 mg/kg b.w.) accompanied by 
an oral protective dose of TTSA (200 mg/kg b.w) for a 
week.

• GVI (DOX + TTSA 400): animals were injected intraperi-
toneally with DOX (15 mg/kg b.w.) accompanied by an 
oral protective dose of TTSA (400 mg/ kg b.w.) for a 
week.

Blood samples were drawn from the abdominal aorta of 
each rat and then transferred into a BD Microtainer Blood 
Collection Tube (BD Life Sciences, Franklin Lakes, NJ, 
USA). The sera were separated by centrifuging the blood 
samples at 3000 × g for 15 min and stored at − 80 °C for sub-
sequent biochemical testing. The animals were euthanized 
using cervical dislocation immediately after blood sampling. 
The cardiac organs of each rat were immediately removed, 
washed in ice-cold saline, dried, and weighed for additional 
biochemical investigations. For histopathological evaluation, 
the cardiac tissue samples were preserved in neutral buffered 
formalin (10%).

Biochemical analyses

Serum activity of creatine kinase-MB (CK-MB, EC 2.7.3.2) 
(Cat. No. 239002) and aspartate transaminase (AST, EC 
2.6.1.1) (Cat. No. AS 1061) enzymes were assessed colori-
metric by Hitachi™ double beam spectrophotometer using 
commercially available kits from Spinreact Co. (Carr. de 
Sta., Coloma, Spain) following the manufacturer’s instruc-
tions. Heart superoxide dismutase (SOD, EC 1.15.1.1) (Cat. 
No. SD 2521) and catalase (CAT, EC 1.11.1.6) (Cat. No. CA 
25 17) enzyme activities were determined using commer-
cially available kits from Abcam Co. (Cambridge, UK) using 
the manufacturer’s instructions. The serum pro-apoptotic 
caspase-3 levels were estimated using rat CASP-3 ELISA 
Kit (Cat. No. MBS700575, MyBioSource Co., San Diego, 
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California, USA) based on the quantitative sandwich enzyme 
immunoassay technique.

Evaluating MAPK‑1 and iNOS genes expression 
in the heart tissues using quantitative real‑time 
polymerase chain reaction

Total RNA was extracted from the rat hearts using the 
QIAGEN tissue extraction kit (Cat. No. K0731, QIAGEN, 
USA) following the manufacturer’s instructions. Quan-
titative real-time polymerase chain reaction (qRT-PCR) 
amplification and analysis were conducted using Applied 
Biosystems with software version 3.1 (StepOne™, USA). 
The qRT-PCR assay was optimized using the primer sets 
(Table 1) at a denaturation temperature of 94 °C, annealing 
temperature of 55 °C, and extension temperature of 72 °C. 
The complementary DNAs were prepared to determine the 
relative expression of MAPK-1 and iNOS using GAPDH 
as an internal control. Ultrapure distilled water was used as 
the non-template control to validate the absence of DNA 
contamination. The MAPK-1 and iNOS mRNA expression 
levels were measured relative to GAPDH following the man-
ufacturer’s protocol. The expression level of the target genes 
was normalized to GAPDH and expressed as fold changes 
compared with the control using ΔΔCT method (Livak and 
Schmittgen 2001).

Determination of MAPK‑1 and p53 by western 
blotting

Heart tissue proteins were extracted using Trizol reagent, 
and their concentrations were estimated using the Brad-
ford assay technique. Using 10% SDS–polyacrylamide gel 
electrophoresis, 20 µg of proteins per lane was electro-
phoretically separated and transferred onto polyvinylidene 
difluoride membranes. Then, the membranes were blocked 
for 2 h at room temperature using a solution containing 5% 
skimmed dried milk, 10 mM Tris–Cl (pH 7.5), 100 mM 
NaCl, and 0.1% Tween-20. The membranes were incu-
bated at 4 °C overnight with the selected primary antibod-
ies (MAPK-1, p53, and GAPDH). After incubating with 
the secondary anti-rabbit monoclonal antibody conjugated 

to horseradish peroxidase for 2 h at room temperature, 
the membranes were washed four times with 10  mM 
Tris–Cl (pH 7.5), 100 mM NaCl, and 0.1% Tween-20 
at room temperature. Chemiluminescence was detected 
using the Amersham detection kit (Cat. No. 170–5060, 
Thermo Fisher Scientific Co., Massachusetts, USA) fol-
lowing the manufacturer’s protocol. The amount of pro-
tein was quantified using densitometric analysis with the 
Bio-Rad software (Bio-Rad, California, USA). The results 
were expressed as arbitrary units after normalization with 
GAPDH protein.

Histopathological assessment

After the rats were euthanized, the heart tissues were 
excised, rinsed in a pre-cooled saline solution, and then 
cut into thin slices. After fixing for 24 h in neutral buffered 
formalin (10%), the final heart sections were stained with 
hematoxylin and eosin and observed under a light micro-
scope for histopathological analysis following the standard 
procedures described by Bancroft et al. (1996). The heart 
sections were scored blindly and subsamples of heart tissues 
(one-third of samples scored) was re-scored blindly by a sec-
ond examinator. Histopathological changes in heart tissues, 
related to muscle inflammation, were scored on a continuous 
visual analog scale (ranging from 0 to 3) as described by 
Mikalsen et al. (2012).

Statistical analysis

Statistical analysis was conducted using IBM Statistical 
Package for Social Science (SPSS) software, version 23.0 for 
Windows (SPSS® Chicago, USA). Results were expressed 
using descriptive statistics and Mann–Whitney test. A prob-
ability of P ≤ 0.05 was significant, while P > 0.05 was statis-
tically non-significant.

Results

Chemical characterization of sodium alginate 
extracted from Sargassum aquifolium

UV–visible spectroscopy

The features of commercial sodium alginate and TTSA were 
examined by UV–visible spectroscopy. Figure 3 depicts the 
UV spectra of the standard alginate and TTSA showing a 
higher absorption band at approximately λ = 265 nm and 
increased peak intensity for the latter.

Table 1  Primers sequences of the studied genes

F forward primer, R reverse primer

Genes Primers sequences

MAPK-1 F: 5′-GAC TGA TGC TCT GGG TGA CTG-3′
R: 5′-TTG GAC ATC TGT CCT GCA CT-3′

iNOS F: 5′-AGA AAC TTC CAG GGG CAA GC-3′
R: 5′-TCC TCA GGC TTG GGT CTT GT-3′

GAPDH F: 5′-CAA GGT CAT CCA TGA CAA CTTTG-3′
R: 5′-GTC CAC CAC CCT GTT GCT GTAG -3′
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Fourier‑transform infrared spectroscopy

The FTIR spectra of the standard sodium alginate and 
TTSA were placed within the wavelength region of 4000 
to 400  cm–1 (Fig. 4). The spectra indicate no change in the 
overall spectral pattern without additional bands. However, 
minor differences can be observed in the height and shape of 
certain absorption bands. The spectra of the sodium alginate 
showed a broad band in the region 3200–3500  cm−1, cen-
tered at 3455  cm−1, characteristic of the H-bonded hydroxyl 
groups (OH). The band at 2933  cm−1 represented the C–H 
stretching vibration. The bands at ~ 1610  cm−1 and 1385 and 
1417  cm−1 are assigned to carboxylate groups’ asymmetric 
and symmetric stretching vibration  (COO−), respectively. 
The resulting bands placed within 1030 and 1160  cm−1 cor-
respond to the glycosidic linkage (C–O–C) and C–O bonds, 
respectively. The region 950–750  cm−1 is assigned to the 
anomeric uronic acid residues.

Nuclear magnetic resonance spectroscopy

The distribution and composition of M and G units in the 
alginate structure can be determined from the 1H-NMR 
spectroscopy (Davis et al. 2003). The spectra of two algi-
nate samples showed three significant peaks for the pro-
tons of guluronate units at C-5 in the GG block (GG-5), 
β-mannuronate units at C-1 (M-1) + guluronate units at C-5 

in the GM block (GM-5), and finally α-guluronate units at 
C-1 (G-1) in the region 4.2–5.2 ppm for both the standard 
sodium alginate (Fig. 5a) and TTSA (Fig. 5b). They also 
displayed peaks at 3.8–4.2 ppm region for protons at C-2, 
C-3, and C-4.

Antioxidant characterization

TTSA exhibited higher antioxidant profiling than the 
untreated alginate, as shown by the TAC concentration val-
ues (345.86 mg/100 g ascorbic acid vs. 107.74 mg/100 g 
ascorbic acid),  DPPH· (79.1% vs. 14.15%), and FRAP 
(86.74 μmol/100 g gallic acid vs. 35.14 μmol/100 g gallic 
acid) (Fig. 6).

Serum levels of biochemical markers

The data in Table 2, Figs. S1, and S2 revealed that the 
levels of both CK-MB and AST were significantly 
(P = 0.004) higher in the DOX-treated rats than in the 

Fig. 3  UV spectra of sodium alginates. a The standard sodium algi-
nate. b The thermally treated sodium alginate (TTSA) derived from 
Sargassum aquifolium 

Fig. 4  FTIR spectra of sodium alginates. a The standard sodium algi-
nate. b The thermally treated sodium alginate (TTSA) derived from 
Sargassum aquifolium 
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control. However, these enzyme levels were significantly 
decreased after treatment with 200 mg/kg or 400 mg/
kg TTSA in the DOX-injected rats compared with the 

untreated DOX-injected rats. Similarly, significantly lower 
enzyme levels were obtained (P = 0.004 and P = 0.006 
for AST and CK-MB, respectively) in the animal group 
administered with raw sodium alginate (GIV) compared 
to the DOX-treated group. Notably, the 400 mg/kg TTSA 
group (GIII) showed significantly (P = 0.004) lower AST 
and CK-MB levels than the DOX-injected group, without 
any significant differences compared with the control.

The expression level of caspase-3 (Table 2 and Fig. S3) 
was significantly higher in the DOX-injected group (GII) 
compared to the control group. Contrarily, the anaphylac-
tic groups treated with either raw sodium alginate (GIV) 
or two different doses of TTSA (GV and GVI) showed 
significantly lower caspase-3 levels than the DOX-injected 
group.

The activities of SOD and CAT enzymes were evalu-
ated (Table 2; Figs. S4 and S5) to assess the antioxidant 
efficacy of the alginates in alleviating oxidative stress. 
Remarkably, the antioxidant enzyme activities were sig-
nificantly higher in all the groups treated with the two dif-
ferent doses of TTSA or raw sodium alginate extract than 
in the control and DOX-injected rats.

Fig. 5  1H-NMR spectrum of sodium alginates. a The standard sodium alginate. b The thermally treated sodium alginate (TTSA) extracted from 
Sargassum aquifolium 

Fig. 6  Antioxidant characterization of the thermally treated sodium 
alginate (TTSA) and the untreated alginate extracted from Sargassum 
aquifolium (mean ± SE)
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Gene expressions of MAPK‑1 and iNOS

As illustrated in Fig. 7, the treatment with the TTSA alone 
(GIII) did not show any distinctive effect on the expression 
of the MAPK-1 gene. However, DOX administration signifi-
cantly upregulated the MAPK-1 gene expression by 2.3-fold 

compared to the control. This effect was also significantly 
increased to 3.1- and 7.46-fold changes by the TTSA treat-
ments with both doses of 200 mg/kg (GV) and 400 mg/kg 
(GVI), respectively. A similar observation was obtained in 
treatment with the untreated raw sodium alginate extract 
(400 mg/kg).

Treatments with 400 mg/kg each of TTSA (GVI) and 
untreated raw alginate (GIV) extracts upregulated the 
expression of iNOS genes by 1.5- and 1.2-fold, respectively, 
compared with the control (Fig. 7). However, 200 mg/kg 
TTSA (GV) treatment resulted in a non-significant upregula-
tion of iNOS gene expression. Administration of 400 mg/kg 
TTSA (GIII) and DOX (GII) showed a significant decrease 
in iNOS gene expression.

Protein expressions of MAPK‑1 and p53

In the DOX-injected groups treated with 200 and 400 mg/
kg TTSA, the MAPK-1 gene expression level (Fig. 8 and 
Fig. S6) were increased by 3.1- and 7.5-fold, respectively, 
compared with the 4.2-fold increase in rats administrated 
with 400 mg/kg of untreated raw sodium alginate (GIV) only 
and 2.4-fold change in the DOX-injected group (GII). There 

Table 2  Statistical data of 
biochemical biomarkers 
investigated in all animal groups

GI, control; GII, rats only administrated doxorubicin (DOX); GIII, rats only received thermally treated 
sodium alginate (TTSA) with a dose of 400 mg/kg b.w.; GIV, rats given DOX and 400 mg/kg b.w. raw 
sodium alginate; GV, rats administrated DOX and 200  mg/kg b.w. TTSA; GVI, rats received DOX and 
400 mg/kg b.w. TTSA. Data are expressed as median (25th, 75th quartiles). P is significant at values ≤ 0.05
a Significance vs. the control
b Significance vs. the DOX-administrated animal group

Groups AST
(U/l)

CK-MB
(U/l)

Caspase-3
(ng/ml)

SOD
(U/g)

CAT 
(U/g)

GI Median 54 339.65 1.11 26,992.5 44.16
IQR 52–56.25 264.8–390 0.99–1.55 21,795–29,508.75 26.81–82.02

GII Median 99.5 935.05 8.7 8332.5 30.41
IQR 93.25–100.4 562.1–990.3 6.7–10.25 1020 –16,020 30.15–51.2
P-value P = 0.004a P = 0.004a P = 0.004a P = 0.004a P = 0.74a

GIII Median 58 404.6 1.075 29,404 101.42
IQR 54.75–60.75 384.9–455.8 1.02–1.23 24,378.8–31,976 67.5–284.4
P-value P = 0.075a

P = 0.004b
P = 0.055a

P = 0.004b
P = 0.936a

P = 0.004b
P = 0.423a

P = 0.004b
P = 0.024a

P = 0.004b

GIV Median 59 470.45 2.1 29,755 120.52
IQR 58–65 456.6–513.3 1.6–2.56 27,255–30,255 103.43–133.22
P-value P = 0.035a

P = 0.004b
P = 0.004a

P = 0.006b
P = 0.016a

P = 0.004b
P = 0.19a

P = 0.003b
P = 0.004a

P = 0.004b

GV Median 59.5 449 2.5 30,132 101.08
IQR 53.8–85 410.6–567.5 2.09–5.18 26,891–31,950 100–102
P-value P = 0.146a

P = 0.004b
P = 0.01a

P = 0.016b
P = 0.004a

P = 0.006b
P = 0.26a

P = 0.004b
P = 0.004a

P = 0.004b

GVI Median 52 347.55 2.75 34,125 108.38
IQR 50.75–57.25 338.4–466.32 2.25–4.12 2808 –34,125 93.62–141.52
P-value P = 0.421a

P = 0.004b
P = 0.336a

P = 0.004b
P = 0.004a

P = 0.004b
P = 0.009a

P = 0.003b
P = 0.004a

P = 0.004b

Fig. 7  Relative quantification of MAPK-1 and iNOS gene expres-
sions (mean ± SE) in all studied animal groups
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was no change in the groups administered only with 400 mg/
kg TTSA (GIII). The p53 level was significantly increased 
in the DOX-injected group, while no significant change was 
seen in all other groups compared with the control (Fig. 8 
and Fig. S7).

Histopathological examination of myocardial 
tissues

To examine the efficacy of the untreated raw sodium algi-
nate and the two different doses of TTSA (200 and 400 mg/
kg) on attenuating DOX-induced cardiac injuries, the heart 
sections were prepared, stained with H&E, and visualized 
using light microscopy. The myocardial bundles in the con-
trol group showed normal histological structure (Fig. 9a) 
while the DOX-injected group showed focal hemorrhages 
(Fig. 9b) and focal inflammatory cell infiltration within 
the myocardial bundles (Fig. 9c). Meanwhile, perivascular 
inflammatory cell infiltration with edema surrounding the 
dilated and congested blood vessels was seen in the myocar-
dium (Fig. 9d). Treatment with 400 mg/kg of TTSA alone 
(GIII) did not cause any histopathological alteration in the 
myocardium (Fig. 9e). Animals administrated with DOX 
and untreated raw sodium alginate extract (400 mg/kg b.w.) 
(GIV) exhibited relatively normal histological structure of 
myocardial tissues compared with the control (Fig. 9f). Fur-
thermore, DOX-injected animals administrated orally with 
200 and 400 mg/kg b.w. of TTSA (GV and GVI, respec-
tively) showed edema with few focal inflammatory cell infil-
tration within the myocardial bundles (Fig. 9g) and almost 
normal myocardial tissues with weakly focal hemorrhages 

(Fig. 9h), indicating the potential cardiovascular ameliora-
tion induced by the TTSA (Table 3).

Discussion

According to global statistics, cancer is the leading cause of 
morbidity and mortality. Despite the ongoing development 
in alternative cancer treatment techniques, systemic chemo-
therapy remains the gold standard. Anthracyclines, particu-
larly DOX, have been the keystone therapeutics for hemato-
logical and solid malignancies. Despite their broad-spectrum 
anticancer properties, anthracyclines have been limited in 
clinical practice due to their diverse side effects, including 
cardiovascular complications, particularly in patients requir-
ing dose escalation due to the advanced disease (Zamorano 
et al. 2016). Anthracycline-mediated cardiomyopathy has 
been linked to oxidative stress, systemic inflammation, and 
calcium metabolism issues (Wallace et al. 2020).

While the mechanisms proposed for DOX-induced car-
diotoxicity are still controversial, there are a few hypoth-
eses regarding this (Šimůnek et al. 2009; Murabito et al. 
2020). For instance, DOX might be oxidized to the unstable 
metabolite “semiquinone,” which is then transformed back 
to DOX, releasing numerous reactive oxygen species (ROS). 
ROS triggers different oxidative stress patterns, lipid peroxi-
dation, and membrane and DNA damage (Menna et al. 2012; 
Jones and Dass 2022). They can also initiate apoptotic cell 
death pathways (Thorn et al. 2011; Su et al. 2019). Other 
potential hypotheses for the development of DOX-induced 
cardiotoxicity include low levels of antioxidants and sulf-
hydryl groups in the cardiac muscles (Ichikawa et al. 2012; 

Fig. 8  Western blot analyses of 
MAPK-1 and p53 in all studied 
animal groups
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Fig. 9  Light microscopy images 
of the rat heart tissues depicting 
histopathological treatments 
in this study. a Non-treated 
control. b–d Rats only injected 
with doxorubicin. Note focal 
hemorrhages (arrowheads) in b, 
inflammatory cells infiltration 
with edema (arrowhead) in c, 
and inflammatory cells infiltra-
tion (arrowheads) in d. e Nor-
mal rats only received the ther-
mally treated sodium alginate 
(TTSA) with a dose of 400 mg/
kg b.w. f DOX-administered 
rats treated with raw sodium 
alginate (400 mg/kg b.w.). Note 
inflammatory cells infiltration 
(arrowhead). g DOX-adminis-
tered rats given 200 mg/kg b.w 
TTSA. Note weak inflammatory 
cell infiltration (arrowhead). h 
DOX-administered rats given 
400 mg/kg b.w TTSA. Note a 
few focal hemorrhages (arrow-
heads). H&E stain used. Scale 
bars: 50 μm
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Rawat et al. 2021), suppression of nucleic acid and protein 
syntheses (Marechal et al. 2011), the release of vasoac-
tive amines (Clementi et al. 2003; Baniahmad et al. 2020), 
altered adrenergic function (Kwok and Richardson 2002; 
Rawat et al. 2021), and downregulated expression of cardiac-
specific genes (Wallace et al. 2020).

The research on developing innovative formulations 
from marine resources such as seaweeds has recently gained 
popularity. Seaweeds are an excellent source of structurally 
diverse and chemically different bioactive constituents, 
characterized by numerous pharmaceutical and biomedical 
applications (Ibrahim et al. 2021; Semaida et al. 2022). In 
this study, we chemically characterized TTSA, derived from 
Sargassum aquifolium. The formation of bands in the region 
250–280 nm in the NMR spectra was attributed to the pres-
ence of carbonyl groups. Increased carbonyl band intensity 
(λ = 265 nm) of the carboxylate groups in the TTSA was due 
to the increased concentration of sodium alginate, indicating 
the higher purity of this sample. For the TTSA sample, all 
the intensity absorption bands were remarkably increased 
compared with the chemical standard, particularly the bands 
at ~ 1610 and 3455  cm–1 corresponding to the asymmetric 
carboxylate group and hydroxyl sugar residues, respectively 
(Fig. 4). This also proved the higher purity of TTSA. This 
finding is also consistent with the results obtained from the 
UV–visible spectroscopy (Fig. 3). Moreover, we estimated 
the M/G ratio of TTSA using FTIR spectra. The ratio of 
absorption band intensities assigned to the M and G mono-
mers was at approximately 1100 and 1025  cm−1, respec-
tively, providing a reasonably accurate estimate of the M/G 
ratio (Pereira et al. 2003). M/G ratio of < 1 indicates a lower 
percentage of M units than G units, which corresponds to 
elastic and flexible alginates. Conversely, alginates with 
M/G ratio of > 1 have higher percentage of M units and 
form brittle gels (Murillo-Álvarez and Hernández-Carmona 
2007). The M/G ratio of the chemical standard and TTSA 
were < 1, with a relatively higher ratio for TTSA.

The M/G ratio and the GG fraction were evaluated from 
the proton area values of the three signals: GG-5, M-1, and 
G-1 as M/G ratio = M-1/G-1 and GG fraction = GG-5/G-1 
(Khajouei et al. 2018; Gomez et al. 2009). The calculations 
from the integration values showed that the M/G ratio is < 1 
for the standard and TTSA, with a higher value for TTSA 

due to a slight increase in the integration of the M-1 signal. 
The GG fraction in the TTSA was lower than the standard 
alginate due to the lower GG-5 signal integration compared 
with the G-1 signal in the TTSA. Thus, we concluded that 
the TTSA is purer and more elastic than the standard algi-
nate based on the UV, IR, and 1H-NMR results (Figs. 3, 4, 
5).

TTSA exhibited better antioxidant activity than untreated 
polymeric alginate. This enhanced biological activity might 
be due to the breakdown of the complex polymeric alginate 
and the formation of low molecular weight oligosaccha-
rides with much more functional hydroxyl (–OH) groups 
that highly contribute to its antioxidant activity. Consistent 
with our hypothesis, Falkeborg et al. (2014) and Huang et al. 
(2021) depolymerized the complex polysaccharide alginate 
into oligosaccharides using alginate lyase, which displayed 
better antioxidant activity due to the presence of the conju-
gated alkene acid structure formed during enzymatic depo-
lymerization. Luan et al. (2009) and Chang et al. (2022) 
also used radiation to depolymerize alginate and proposed 
that the general process of radiation-chemical transformation 
causes glycosidic bond disintegration. Carbonyl groups and 
double bonds between the C-4 and C-5 residues are formed 
during this process. We confirmed the carbonyl groups and 
double bonds between the C-4 and C-5 units using differ-
ent spectroscopic measurements. This might be the possible 
underlying mechanism involved in alginate degradation by 
thermal treatment using autoclaving.

Based on our in vivo findings, we suggest that TTSA is 
a promising natural supplement with therapeutic effects 
against DOX-induced cardiotoxicity. Administration of 
TTSA ameliorated the elevated heart enzymes AST and 
CK-MB levels. Alginates significantly decreased cardiac 
enzymes in a dose-dependent manner, consistent with a 
study by Khotimchenko and Khotimchenko (2004), who 
emphasized that pretreatment of calcium alginate can inhibit 
certain blood enzymes and lipid peroxidation products in a 
dose-dependent manner before carbon tetrachloride (CCl4) 
administration. DOX intake and cardiotoxicity generated 
free radicals and ROS (Lee et al. 1991; Saleh et al. 2022), 
elevating AST and CK-MB enzyme levels. However, TTSA 
could potentially attenuate free radical chain reactions at 
early stages, thus inhibiting the damage induced by excess 

Table 3  The histopathologic 
lesion scores of cardiac tissues 
in the animal groups

GI, control; GII, rats only administrated doxorubicin (DOX); GIII, rats only received thermally treated 
sodium alginate (TTSA) with a dose of 400 mg/kg b.w.; GIV, rats given DOX and 400 mg/kg b.w. raw 
sodium alginate; GV, rats administrated DOX and 200  mg/kg b.w. TTSA; GVI, rats received DOX and 
400 mg/kg b.w. TTSA. 0 = none, 1 = mild, 3 = severe

Lesions GI GII GIII GIV GV GVI

Focal hemorrhages 0 3 0 1 0 1
Inflammatory cell infiltration 0 3 0 0 1 0
Inflammatory cell infiltration with edema 0 3 0 0 0 0
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free radicals induced by DOX. This is consistent with the 
study by Zhao et  al. (2012), who emphasized that low 
molecular weight alginates, composed of guluronic and 
mannuronic acids, exhibited better antioxidant activity on 
superoxide and hydroxyl radicals. Several previous studies 
have shown the antioxidant and anti-inflammatory activities 
of alginates. Alginates can scavenge excess ROS free radi-
cals, nitric oxide, prostaglandin E2, and the cyclooxygenase 
COX-2 (Elbayomi et al. 2021; Pan et al. 2021; Kaidi et al. 
2022). Recently, Liu et al. (2019) showed that alginate could 
stimulate monocytes to secrete anti-inflammatory cytokines, 
which might be a possible reason behind its antioxidant 
effect against DOX-induced toxicity.

Mitogen-activated protein kinase (MAPK) signaling path-
ways are critical intermediates of oxidative stress-induced 
apoptosis. Extracellular signal-regulated kinases (ERKs), 
p38-MAPK, and c-Jun NH2-terminal kinases/stress-acti-
vated protein kinases (JNKS/SAPKs) are the three primary 
MAPK cascades. MAPKs are essential for the cardiac 
responses to pathological conditions in rats. ERKs are acti-
vated by cytokines in the cardiovascular system, mediating 
cell survival and providing cytoprotection. p38-MAPKs 
and JNKs are activated by cellular stressors such as oxida-
tive stress and might be linked to cardiomyocyte apoptosis 
and cardiac pathologies (Šimončíková et al. 2008; Meijles 
et al. 2020). In this study, we observed significantly higher 
gene expression levels of MAPK-1 and iNOS in both the 
TTSA and untreated raw alginate groups compared with 
the DOX-injected rats (Fig. 7). These observations coincide 
with the hypothesis proposed by Šimončíková et al. (2008), 
who stated that several cardioprotective substances are gen-
erated in response to DOX administration. Furthermore, 
they observed elevated activation of ERKs, suggesting the 
possible adaptive-physiological response of the myocardial 
tissues to DOX treatment (Šimončíková et al. 2008). The 
functional role of the ERK pathway in regulating responses 
to DOX has also been discussed in cultured rat neonatal 
cardiomyocytes. ERK activation typically enables cell sur-
vival, implying that the ERK activation might be implicated 
in the adaptive responses toward DOX-induced myocardial 
damage. Accordingly, the activation of ERK1/2 and Akt in 
adult rat myocytes served as a salvage pathway against the 
detrimental effects of DOX (Sawyer et al. 2002). Further-
more, MAPK pathways are crucial in regulating DNA dam-
age–induced cell death (Takimoto and Kass 2007; Rezatabar 
et al. 2019). In this context, our results are consistent with 
the findings of Lou et al. (2005), who showed that ERK1/2 is 
activated early, transiently, and downregulated during heart 
failure. This early upregulation might be an adaptive-pro-
tective response.p53 is a tumor suppressor gene responsible 
for cell cycle and apoptosis. Several previous studies have 
shown that p53 is activated in oxidation-damaged cells by 
regulating apoptosis. p53-regulated cell death pathways have 

been linked to acute DOX-induced cardiotoxicity, leading 
to cardiac dysfunction and death (Fang et al. 2019). Our 
results showed that p53 levels were significantly increased 
in the DOX-injected group, while the changes in all other 
groups were non-significant compared to the control (Fig. 8). 
This is consistent with previous observations by Zhu et al. 
(2009), who highlighted that DOX-induced cardiomyocyte 
apoptosis is directly proportional to the elevated expression 
of the p53 tumor suppressor protein. Mancilla et al. (2020) 
also showed that the p53 expression is increased in primary 
cardiac fibroblasts after DOX exposure. Liu et al. (2004) 
reported a significant reduction in DOX-associated cardiac 
dysfunction and cardiomyocyte apoptosis upon inhibition of 
p53 nuclear translocation. Conversely, Li et al. (2019) con-
cluded that p53 might occasionally have a cardiac protective 
effect against a chronic form of DOX cardiotoxicity. How-
ever, it is well established that this gene biomarker regulates 
the programmed cell death pathway in acute DOX cardiotox-
icity. Therefore, we believe that further in-depth studies are 
still required to clarify this. Lastly, Feng et al. (2021) high-
lighted that in vivo treatment with alginate oligosaccharides 
in C57BL/6 J mice might decrease p53 protein synthesis in a 
dose-dependently manner, along with significantly increas-
ing the endogenous antioxidant enzymes SOD1, SOD2, and 
CAT. Based on our observations, we confirm that TTSA, 
particularly at a dose of 400 mg/kg b.w., has potential car-
dioprotective effects and can be considered a natural, safe, 
antioxidant, and anti-apoptotic biopolymer for treating 
DOX-induced cardiotoxicity and apoptotic pathways.

We showed that treatment with 400 mg/kg b.w. of TTSA 
significantly ameliorated DOX-induced heart tissue injury. 
This observation was confirmed by the upregulation in the 
antioxidant enzymes SOD and CAT, decrease in the cardiac 
biomarkers (CK-MB and AST) levels, and normalization of 
the caspase-3 level (Table 2). TTSA might putatively exert 
its cardioprotective efficacy through the following mecha-
nisms: (1) scavenging the free radicals released in the car-
diovascular tissues; (2) suppressing cell apoptosis caused by 
DOX exposure; (3) upregulating the endogenous enzymatic 
antioxidant pathways to ameliorate the adverse effects of 
DOX-induced oxidative stress and toxicity. Our observa-
tions are consistent with the study by Guo et al. (2016), 
who confirmed that alginate oligosaccharides might increase 
the survival rate of DOX-induced mice by attenuating car-
diac oxidative stress and suppressing the expression of gp91 
and 4-hydroxynonenal. Liu et al. (2021) also clarified that 
administration of Sargassum fusiforme–derived alginates to 
diabetic mice might attenuate several pathological cascades 
in the heart, hepatic, and adipose tissues and diminish the 
oxidative stress paradigms. We observed significant down-
regulation in the expression of the caspase-3 protein in all 
the alginate-treated groups, especially the TTSA-treated 
ones, compared with the DOX-injected group (Table 2). 
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This observation is consistent with the results by Guo et al. 
(2013) and Yarmohammadi et al. (2021), who noticed that 
pretreatment with alginate oligosaccharides attenuated cas-
pase-12 cleavage induced by DOX administration, thus, 
ameliorating myocardial apoptosis and cardiac dysfunction.

Conclusion

Based on our findings, we concluded that the antioxidant 
properties of sodium alginate, derived from Sargassum aqui-
folium, are enhanced by thermal treatment. Furthermore, its 
pharmaceutical efficacy as a potential cardioprotective sup-
plement was also improved, as shown by increased expres-
sion of cardioprotective mediators, downregulated pro-
apoptotic markers, and normalized cellular redox potential. 
TTSA, specifically at a dose of 400 mg/kg b.w., might act as 
a prophylactic in the treatment of DOX-linked cardiotoxicity 
and apoptosis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 26259-z.

Acknowledgements The authors sincerely thank the Biochemistry, 
Botany and Chemistry Departments, Faculty of Science, Ain Shams 
University, Cairo, Egypt, for providing all facilities to carry out this 
applied research work.

Author contribution All authors conceived and designed the experi-
ment. A.A.S. collected and identified the Sargassum aquifolium speci-
mens; D.S.A.H. prepared and characterized the sodium alginate; R.S., 
E.A.H., and E.M.S. performed all the in vivo assays. All coauthors 
participated in the data management, statistics, writing, and reviewing 
the manuscript.

Funding Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability Not applicable.

Declarations 

Ethics approval and consent to participate Procedures of the animals’ 
treatment were in accordance with the guidelines issued by the National 
Institutes of Health for the Care and Use of Laboratory Animals (NIH 
Publications No. 80:23, revised in 1996). This was also officially 
approved by the Ethical Committee at the Faculty of Science, Ain 
Shams University, Cairo, Egypt.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Al Adham EA, Hassan AI, Hamed SM, Saber AA (2017) Evaluation 
of iron-chelating activity of Caulerpa racemosa in iron-dextran 
induced iron overload in an experimental model of thalassemia. 
Int J Clin Exp Med 10(3):5561–5577

Alam SS, Abd El-Kader HAM, Abd El-Rahim AH, Hamed SM, 
Saber AA (2016) The protective role of Ulva lactuca against 
genotoxic and biochemical effects induced by γ-irradiation in 
rats. Int J Pharm Sci Rev Res 37(2):40–48

Bancroft JD, Stevens A, Turner DR (1996) Theory and practice of 
histological techniques, 4th edn. Churchill Livingstone, New 
York

Baniahmad B, Safaeian L, Vaseghi G, Rabbani M, Mohammadi B 
(2020) Cardioprotective effect of vanillic acid against doxoru-
bicin-induced cardiotoxicity in rat. Res Pharm Sci 15(1):87–96

Cable CG (2009) Sodium alginate. In: Rowe RC, Sheskey PJ, Quinn 
ME (eds) Handbook of pharmaceutical excipients, 6th edn. Phar-
maceutical Press, London, pp 622–624

Carvalho C, Santos R, Cardoso S, Correia S, Oliveira P, Santos M, 
Moreira PI (2009) Doxorubicin: the good, the bad and the ugly 
effect. Curr Med Chem 16(25):3267–3328

Chang KA, Chew LY, Law KP, Ng JF, Wong CS, Wong CL, Hussein S 
(2022) Effect of gamma irradiation on the physicochemical prop-
erties of sodium alginate solution and internally crosslinked film 
made thereof. Radiat Phys Chem 193:109963. https:// doi. org/ 10. 
1016/j. radph yschem. 2022. 109963

Cheng Z, Moore J, Yu L (2006) High-throughput relative DPPH radical 
scavenging capacity assay. J Agric Food Chem 54(20):7429–7436

Clementi M, Giardina B, Di Stasio E, Mordente A, Misiti F (2003) 
Doxorubicin-derived metabolites induce release of cytochrome 
C and inhibition of respiration on cardiac isolated mitochondria. 
Anticancer Res 23(3B):2445–2450

Davis TA, Llanes F, Volesky B, Diaz-Pulido G, McCook L, Mucci A 
(2003) 1H-NMR study of Na alginates extracted from Sargassum 
spp. in relation to metal biosorption. Appl Biochem Biotechnol 
110(2):75–90

Desai VG, Herman EH, Moland CL, Branham WS, Lewis SM, Davis 
KJ, George NI, Lee T, Kerr S, Fuscoe JC (2013) Development of 
doxorubicin-induced chronic cardiotoxicity in the B6C3F1 mouse 
model. Toxicol Appl Pharmacol 266(1):109–121

Devi GK, Manivannan K, Thirumaran G, Rajathi FAA, Anantharaman 
P (2011) In vitro antioxidant activities of selected seaweeds from 
southeast coast of India. Asian Pac J Trop Med 4(3):205–211

Elbayomi SM, Wang H, Tamer TM, You Y (2021) Enhancement of 
antioxidant and hydrophobic properties of alginate via aromatic 
derivatization: preparation, characterization, and evaluation. Poly-
mers 13(15):2575. https:// doi. org/ 10. 3390/ polym 13152 575

El Shafay SM, Ali SS, El-Sheekh MM (2016) Antimicrobial activity of 
some seaweeds species from Red Sea, against multidrug resistant 
bacteria. Egypt J Aquat Res 42(1):65–74

El-Far AH, Kavitha G, Ahmed EN, Amna AS, Omar AA, Soad KA, 
Shaker AM (2021) Thymoquinone and costunolide induce apopto-
sis of both proliferative and doxorubicin-induced-senescent colon 
and breast cancer cells. Integr Cancer Ther 20:1–20

58239Environmental Science and Pollution Research  (2023) 30:58226–58242

1 3

https://doi.org/10.1007/s11356-023-26259-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.radphyschem.2022.109963
https://doi.org/10.1016/j.radphyschem.2022.109963
https://doi.org/10.3390/polym13152575


El-Sheekh M, Fathy AA, Saber H, Saber AA (2022) Medicinal and 
pharmaceutical applications of seaweeds. Egypt J Bot. https:// doi. 
org/ 10. 21608/ EJBO. 2022. 145631. 2022

Falkeborg M, Cheong LZ, Gianfico C, Sztukiel KM, Kristensen K, 
Glasius M, Xu X, Guo Z (2014) Alginate oligosaccharides: 
enzymatic preparation and antioxidant property evaluation. Food 
Chem 164:185–194

Fang X, Wang H, Han D, Xie E, Yang X, Wei J, Gu S, Gao F, Zhu N, 
Yin X, Cheng Q, Zhang P, Dai W, Chen J, Yang F, Yang H-T, 
Linkermann A, Gu W, Min J, Wang F (2019) Ferroptosis as a 
target for protection against cardiomyopathy. Proc Natl Acad Sci 
116(7):2672–2680

Feng W, Yang X, Feng M, Pan H, Liu J, Hu Y, Wang S, Zhang D, Ma F, 
Mao Y (2021) Alginate oligosaccharide prevents against D-galac-
tose-mediated cataract in C57BL/6J mice via regulating oxidative 
stress and antioxidant system. Curr Eye Res 46(6)0:802–810

Fenoradosoa TA, Ali G, Delattre C, Laroche C, Petit E, Wadouachi A, 
Michaud P (2010) Extraction and characterization of an alginate 
from the brown seaweed Sargassum turbinarioides Grunow. J 
Appl Phycol 22(2):131–137

Gomez CG, Pérez Lambrecht MV, Lozano JE, Rinaudo M, Villar 
MA (2009) Influence of the extraction–purification conditions 
on final properties of alginates obtained from brown algae 
(Macrocystis pyrifera). Int J Biol Macromol 44(4):365–371

Guiry MD, Guiry GM (2022) AlgaeBase. World-wide electronic pub-
lication, National University of Ireland, Galway

Guo JJ, Ma LL, Shi HT, Zhu JB, Wu J, Ding ZW, An Y, Zou YZ, Ge 
JB (2016) Alginate oligosaccharide prevents acute doxorubicin 
cardiotoxicity by suppressing oxidative stress and endoplasmic 
reticulum-mediated apoptosis. Mar Drugs 14(12):231–243

Guo R-M, Xu W-M, Lin J-C, Mo L-Q, Hua X-X, Chen P-X, Wu K, 
Zheng D-D, Feng J-Q (2013) Activation of the p38 MAPK/NF-κB 
pathway contributes to doxorubicin-induced inflammation and 
cytotoxicity in H9c2 cardiac cells. Mol Med Rep 8(2):603–608

Huang H, Li S, Bao S, Mo K, Sun D, Hu Y (2021) Expression and 
characterization of a cold-adapted alginate lyase with exo/endo-
type activity from a novel marine bacterium Alteromonas por-
tus HB161718T. Mar Drugs 19(3):155. https:// doi. org/ 10. 3390/ 
md190 30155

Ibrahim RYM, Hammad HBI, Gaafar AA, Saber AA (2022) The pos-
sible role of the seaweed Sargassum vulgare as a promising func-
tional food ingredient minimizing aspartame-associated toxicity 
in rats. Int J Environ Health Res 32(4):752–771

Ibrahim RYM, Saber AA, Hammad HBI (2021) The possible role 
of the seaweed Ulva fasciata on ameliorating hyperthyroidism-
associated heart inflammations in a rat model. Environ Sci Pollut 
Res 28(6):6830–6842

Ichikawa Y, Bayeva M, Ghanefar M, Potini V, Sun L, Mutharasan RK, 
Wu R, Khechaduri A, Naik TJ, Ardehali H (2012) Disruption 
of ATP-binding cassette B8 in mice leads to cardiomyopathy 
through a decrease in mitochondrial iron export. Proc Natl Acad 
Sci 109(11):4152–4157

Ismail GA, Hessien M, Saleh MA, Ismail MM (2022) Antioxidant and 
antiviral activity of sulfated polysaccharides derived from two 
Sargassum species of Red Sea Egypt. J Biol Act Prod Nat. https:// 
doi. org/ 10. 1080/ 22311 866. 2022. 21105 17

Jones IC, Dass CR (2022) Doxorubicin-induced cardiotoxicity: causa-
tive factors and possible interventions. J Pharm Pharmacol. 
https:// doi. org/ 10. 1093/ jpp/ rgac0 63

Kaidi S, Belattmania Z, Fouad Bentiss F, Jama C, Abdeltif Reani A, 
Sabour B (2022) Synthesis and characterization of silver nanopar-
ticles using alginate from the brown seaweed Laminaria ochro-
leuca: structural features and antibacterial activity. Biointerface 
Res Appl Chem 12(5):6046–6057

Khajouei RA, Keramat J, Hamdami N, Ursu AV, Delattre C, Laroche 
C, Gardarin C, Lecerf D, Desbrières J, Djelveh G, Michaud P 

(2018) Extraction and characterization of an alginate from the 
Iranian brown seaweed Nizimuddinia zanardini. Int J Biol Mac-
romol 118:1073–1081

Khotimchenko YS, Khotimchenko MY (2004) Healing and preventive 
effects of calcium alginate on carbon tetrachloride induced liver 
injury in rats. Mar Drugs 2(3):108–122

Krishnamurthy V, Ezhili R (2013) Phaeophyceae of India and neigh-
bourhood, volume II. The Fucales. Krishnamurthy Institute of 
Algology, Chennai, pp 1–156

Kwok JC, Richardson DR (2002) Unexpected anthracycline-mediated 
alterations in iron-regulatory protein-RNA-binding activity: the 
iron and copper complexes of anthracyclines decrease RNA-bind-
ing activity. Mol Pharmacol 62(4):888–900

Łabowska MB, Michalak I, Detyna J (2019) Methods of extraction, 
physicochemical properties of alginates and their applications in 
biomedical field – a review. Open Chem 17(1):738–762

Leandro A, Pereira L, Gonçalves AMM (2020) Diverse applications 
of marine macroalgae. Mar Drugs 18(1):17. https:// doi. org/ 10. 
3390/ md180 10017

Lee KY, Mooney DJ (2012) Alginate: properties and biomedical appli-
cations. Prog Polym Sci 37(1):106–126

Lee V, Randhawa AK, Singal PK (1991) Adriamycin-induced myo-
cardial dysfunction in vitro is mediated by free radicals. Am J 
Physiol - Heart Circ Physiol 261(4):H989–H995

Li J, Wang P-y, Long NA, Zhuang J, Springer DA, Zou J, Lin Y, Bleck 
CKE, Park J-H, Kang J-G, Hwang PM (2019) p53 prevents doxo-
rubicin cardiotoxicity independently of its prototypical tumor sup-
pressor activities. PNAS 116(39):19626–19634

Li J, Cheng Y, Li R, Wu X, Zheng C, Shiu PH-T, Chan JC-K, 
Rangsinth P, Liu C, Leung SW-S, Lee SM-Y, Zhang C, Fu C, 
Zhang J, Cheung TM-Y, Leung GP-H (2022) Protective effects 
of Amauroderma rugosum on doxorubicin-induced cardiotoxicity 
through suppressing oxidative stress, mitochondrial dysfunction, 
apoptosis, and activating Akt/mTOR and Nrf2/HO-1 signaling 
pathways. Oxid Med Cell Longev 2022:9266178. https:// doi. org/ 
10. 1155/ 2022/ 92661 78

Liu J, Wu S, Cheng Y, Liu Q, Su L, Yang Y, Zhang X, Wu M, Choi 
J-I, Tong H (2021) Sargassum fusiforme alginate relieves hyper-
glycemia and modulates intestinal microbiota and metabolites in 
type 2 diabetic mice. Nutrients 13(8):2887–2904

Liu J, Yang S, Li X, Yan Q, Reaney MJT, Jiang Z (2019) Alginate 
oligosaccharides: production, biological activities, and potential 
applications. Compr Rev Food Sci Food Saf 18(6):1859–1881

Liu L, Heinrich M, Myers S, Dworjanyn SA (2012) Towards a better 
understanding of medicinal uses of the brown seaweed Sargassum 
in traditional Chinese medicine: a phytochemical and pharmaco-
logical review. J Ethnopharmacol 142(3):591–619

Liu X, Chua CC, Gao J, Chen Z, Landy CLC, Hamdy R, Chua BH 
(2004) Pifithrin-α protects against doxorubicin-induced apopto-
sis and acute cardiotoxicity in mice. Am J Physiol Circ Physiol 
286(3):H933–H939

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25(4):402–408

Lou H, Danelisen I, Singal PK (2005) Involvement of mitogen-acti-
vated protein kinases in adriamycin-induced cardiomyopathy. Am 
J Physiol Hear Circ Physiol 288(4):H1925-1930

Luan LQ, Nagasawa N, Ha VT, Nakanishil TM (2009) A study of 
degradation mechanism of alginate by gamma-irradiation. Radio-
isotopes 58(1):1–11

Mancilla TR, Davis LR, Auneid GJ (2020) Doxorubicin-induced p53 
interferes with mitophagy in cardiac fibroblasts. PLoS ONE 
15(9):e0238856

Marechal X, Montaigne D, Marciniak C, Marchetti P, Hassoun SM, 
Beauvillain JC, Lancel S, Neviere R (2011) Doxorubicin-induced 
cardiac dysfunction is attenuated by ciclosporin treatment in mice 

58240 Environmental Science and Pollution Research  (2023) 30:58226–58242

1 3

https://doi.org/10.21608/EJBO.2022.145631.2022
https://doi.org/10.21608/EJBO.2022.145631.2022
https://doi.org/10.3390/md19030155
https://doi.org/10.3390/md19030155
https://doi.org/10.1080/22311866.2022.2110517
https://doi.org/10.1080/22311866.2022.2110517
https://doi.org/10.1093/jpp/rgac063
https://doi.org/10.3390/md18010017
https://doi.org/10.3390/md18010017
https://doi.org/10.1155/2022/9266178
https://doi.org/10.1155/2022/9266178


through improvements in mitochondrial bioenergetics. Clin Sci 
121(9):405–413

Mattio L, Payri CE, Verlaque M (2009) Taxonomic revision and geo-
graphic distribution of the subgenus Sargassum (Fucales, Phaeo-
phyceae) in the western and central Pacific islands based on mor-
phological and molecular analyses. J Phycol 45(5):1213–1227

Meijles DN, Cull JJ, Markou T, Cooper STE, Haines ZHR, Fuller SJ, 
O’Gara P, Sheppard MN, Harding SE, Sugden PH, Clerk A (2020) 
Redox regulation of cardiac ASK1 (apoptosis signal-regulating 
kinase 1) controls p38-MAPK (mitogen-activated protein kinase) 
and orchestrates cardiac remodeling to hypertension. Hyperten-
sion 76(4):1208–1218

Menna P, Gonzalez Paz O, Chello M, Covino E, Salvatorelli E, Minotti 
G (2012) Anthracycline cardiotoxicity. Expert Opin Drug Saf 
11(sup1):S21–S36

Mikalsen AB, Haugland O, Rode M, Solbakk IT, Evensen O (2012) 
Atlantic salmon reovirus infection causes a CD8 T cell myocardi-
tis in Atlantic salmon (Salmo salar L.). PLoS ONE 7(6):e37269. 
https:// doi. org/ 10. 1371/ journ al. pone. 00372 69

Murabito A, Hirsch E, Ghigo A (2020) Mechanisms of anthracy-
cline-induced cardiotoxicity: Is mitochondrial dysfunction the 
Answer? Front Cardiovasc Med 12(7):35. https:// doi. org/ 10. 
3389/ fcvm. 2020. 00035

Murillo-Álvarez JI, Hernández-Carmona G (2007) Monomer com-
position and sequence of sodium alginate extracted at pilot 
plant scale from three commercially important seaweeds from 
Mexico. J Appl Phycol 19(5):545–548

Nakahara T, Tanimoto T, Petrov AD, Ishikawa K, Strauss HW, 
Narula J (2018) Rat model of cardiotoxic drug-induced cardio-
myopathy. Methods Mol Biol 1816:221–232

Nitobe J, Yamaguchi S, Okuyama M, Nozaki N, Sata M, Miyamoto 
T, Takeishi YY, Kubota I, Tomoike H (2003) Reactive oxygen 
species regulate FLICE inhibitory protein (FLIP) and suscep-
tibility to Fas-mediated apoptosis in cardiac myocytes. Cardio-
vasc Res 57(1):119–128

Oyaizu M (1986) Studies on product of browning reaction prepared 
from glucose amine. J Nutr 44:307–315

Pan H, Feng W, Chen M, Luan H, Hu Y, Zheng X, Wang S, Mao 
Y (2021) Alginate oligosaccharide ameliorates D-galactose-
induced kidney aging in mice through activation of the Nrf2 
signaling pathway. Biomed Res Int 2021:1–11

Pereira L (2020) Characterization of bioactive components in edible 
algae. Mar Drugs 18:65. https:// doi. org/ 10. 3390/ md180 10065

Pereira L, Sousa A, Coelho H, Amado AM, Ribeiro-Claro PJ 
(2003) Use of FTIR, FT-Raman and 13C-NMR spectroscopy 
for identification of some seaweed phycocolloids. Biomol Eng 
20(4–6):223–228

Pradhan B, Nayak R, Patra S, Jit BP, Ragusa A, Jena M (2021) Bio-
active metabolites from marine algae as potent pharmacophores 
against oxidative stress-associated human diseases: a compre-
hensive review. Molecules 26:37. https:// doi. org/ 10. 3390/ molec 
ules2 60100 37

Prieto P, Pineda M, Aguilar M (1999) Spectrophotometric quantita-
tion of antioxidant capacity through the formation of a phospho-
molybdenum complex: specific application to the determination 
of vitamin E. Anal Biochem 269(2):337–341

Rashad S, El-Chaghaby GA (2020) Marine algae in Egypt: dis-
tribution, phytochemical composition and biological uses 
as bioactive resources (a review). Egypt J Aquat Biol Fish 
24(5):147–160

Rashedy SH, Abd El Hafez MSM, Dar MA, Cotas J, Pereira L 
(2021) Evaluation and characterization of alginate extracted 
from brown seaweed collected in the Red Sea. Appl Sci 
11(14):6290–6307

Rawat PS, Jaiswal A, Khurana A, Bhatti JS, Navik U (2021) Dox-
orubicin-induced cardiotoxicity: an update on the molecular 

mechanism and novel therapeutic strategies for effective man-
agement. Biomed Pharmacother 139:111708. https:// doi. org/ 10. 
1016/j. biopha. 2021. 111708

Rezatabar S, Karimian A, Rameshknia V, Parsian H, Majidinia M, 
Kopi TA, Bishayee A, Sadeghinia A, Yousefi M, Monirialam-
dari M, Yousefi B (2019) RAS/MAPK signaling functions in 
oxidative stress, DNA damage response and cancer progression. 
J Cell Physiol 234(9):14951–14965

Rinaudo M (2014) Biomaterials based on a natural polysaccharide: 
alginate. TIP 17(1):92–96

Rivankar S, Serums B (2014) An overview of doxorubicin formulations 
in cancer therapy. J Cancer Res Ther 10(4):853–858

Sachan N, Pushkar S, Jha A, Bhattcharya A (2009) Sodium alginate: 
the wonder polymer for controlled drug delivery. J Pharm Res 
2(8):1191–1199

Saeed M, Arain MA, Fazlani SA, Marghazani IB, Umar M, Soomro 
J, Bhutto ZA, Soomro F, Noreldin AE, Abd El-Hack ME, 
Elnesr SS, Farag MR, Dhama K, Chao S, Alagawany M (2021) 
A comprehensive review on the health benefits and nutritional 
significance of fucoidan polysaccharide derived from brown 
seaweeds in human, animals and aquatic organisms. Aquac Nutr 
27(3):633–654

Saleh EM, Hamdy GM, Hassan RE (2022) Neuroprotective effect of 
sodium alginate against chromium-induced brain damage in rats. 
PLoS ONE 17(4):e0266898. https:// doi. org/ 10. 1371/ journ al. pone. 
02668 98

Sawyer DB, Zuppinger C, Miller TA, Eppenberger HM, Suter TM 
(2002) Modulation of anthracycline-induced myofibrillar disarray 
in rat ventricular myocytes by neuregulin-1beta and anti-erbB2: 
potential mechanism for trastuzumab-induced cardiotoxicity. Cir-
culation 105(13):1551–1554

Sellimi S, Younes I, Ben Ayed H, Maalej H, Montero V, Rinaudo 
M, Dahia M, Mechichi T, Hajji M, Nasri M (2015) Structural, 
physicochemical and antioxidant properties of sodium alginate 
isolated from a Tunisian brown seaweed. Int J Biol Macromol 
72:1358–1367

Semaida AI, El-Khashab MA, Saber AA, Hassan AI, Elfouly SA 
(2022) Effects of Sargassum virgatum extracts on the testicular 
measurements, genomic DNA & antioxidant enzymes in irradi-
ated rats. Int J Radiat Biol 98(2):191–204

Seo C, Jeong SJ, Yun HJ, Lee HJ, Lee JW, An HW, Han N, Jung W-K, 
Lee SG (2022) Nutraceutical potential of polyphenol-rich Sar-
gassum species grown off the Korean coast: a review. Food Sci 
Biotechnol. https:// doi. org/ 10. 1007/ s10068- 022- 01050-x

Šimončíková P, Ravingerová T, Barančík M (2008) The effect 
of chronic doxorubicin treatment on mitogen-activated pro-
tein kinases and heat stress proteins in rat hearts. Physiol Res 
57:S97-102

Šimůnek T, Štěrba M, Popelová O, Adamcová M, Hrdina R, Gerši V 
(2009) Anthracycline-induced cardiotoxicity: overview of stud-
ies examining the roles of oxidative stress and free cellular iron. 
Pharmacol Reports 61(1):154–171

Su L-J, Zhang J-H, Gomez H, Murugan R, Hong X, Xu D, Jiang F, 
Peng Z-Y (2019) Reactive oxygen species-induced lipid peroxi-
dation in apoptosis, autophagy, and ferroptosis. Oxid Med Cell 
Longev 2019:5080843. https:// doi. org/ 10. 1155/ 2019/ 50808 43

Szekalska M, Puciłowska A, Szymańska E, Ciosek P, Winnicka K 
(2016) Alginate: current use and future perspectives in pharma-
ceutical and biomedical applications. Int J Polym Sci 2016:1–17

Takimoto E, Kass DA (2007) Role of oxidative stress in cardiac hyper-
trophy and remodeling. Hypertension 49(2):241–248

Talaat M, Abel Kareem MSH, Aldoushy M, Nassar MZ, Abo-Dahab 
NF (2022) Status of seaweeds community in the mangrove forest 
and sandy shore ecosystems, Red Sea, Egypt. Egypt J Aquat Biol 
Fish 26(2):567–585

58241Environmental Science and Pollution Research  (2023) 30:58226–58242

1 3

https://doi.org/10.1371/journal.pone.0037269
https://doi.org/10.3389/fcvm.2020.00035
https://doi.org/10.3389/fcvm.2020.00035
https://doi.org/10.3390/md18010065
https://doi.org/10.3390/molecules26010037
https://doi.org/10.3390/molecules26010037
https://doi.org/10.1016/j.biopha.2021.111708
https://doi.org/10.1016/j.biopha.2021.111708
https://doi.org/10.1371/journal.pone.0266898
https://doi.org/10.1371/journal.pone.0266898
https://doi.org/10.1007/s10068-022-01050-x
https://doi.org/10.1155/2019/5080843


Thorn CF, Oshiro C, Marsh S, Hernandez-Boussard T, McLeod H, 
Klein TE, Altman RB (2011) Doxorubicin pathways: pharma-
codynamics and adverse effects. Pharmacogenet Genomics 
21(7):440–446

Trica B, Delattre C, Gros F, Ursu AV, Dobre T, Djelveh G, Michaud 
P, Oancea F (2019) Extraction and characterization of alginate 
from an edible brown seaweed (Cystoseira barbata) harvested in 
the Romanian Black Sea. Mar Drugs 17(7):405. https:// doi. org/ 
10. 3390/ md170 70405

Wallace KB, Sardão VA, Oliveira PJ (2020) Mitochondrial deter-
minants of doxorubicin-induced cardiomyopathy. Circ Res 
126(7):926–941

Yarmohammadi F, Rezaee R, Haye AW, Karimi G (2021) Endoplas-
mic reticulum stress in doxorubicin-induced cardiotoxicity may 
be therapeutically targeted by natural and chemical compounds: 
a review. Pharmacol Res 164:105383. https:// doi. org/ 10. 1016/j. 
phrs. 2020. 105383

Zamorano JL, Lancellotti P, Rodriguez Muñoz D, Aboyans V, Asteg-
giano R, Galderisi M, Habib G, Lenihan DJ, Lip GYH, Lyon AR, 

Fernandez TL, Mohty D, Piepoli MF, Tamargo J, Torbicki A, 
Suter TM, ESC Scientific Document Group (2016) ESC Position 
paper on cancer treatments and cardiovascular toxicity developed 
under the auspices of the ESC committee for practice guidelines: 
The task force for cancer treatments and cardiovascular toxic-
ity of the European society of cardiology (ESC). Eur Heart J 
37(36):2768–2801

Zhao X, Li B, Xue C, Sun L (2012) Effect of molecular weight on 
the antioxidant property of low molecular weight alginate from 
Laminaria japonica. J Appl Phycol 24:295–300

Zhu W, Soonpaa MH, Chen H, Shen W, Payne RM, Liechty EA, Cald-
well RL, Shou W, Field LJ (2009) acute doxorubicin cardiotoxic-
ity is associated with p53-induced inhibition of the mammalian 
target of rapamycin pathway. Circulation 119(1):99–106

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

58242 Environmental Science and Pollution Research  (2023) 30:58226–58242

1 3

https://doi.org/10.3390/md17070405
https://doi.org/10.3390/md17070405
https://doi.org/10.1016/j.phrs.2020.105383
https://doi.org/10.1016/j.phrs.2020.105383

	Seaweed Sargassum aquifolium extract ameliorates cardiotoxicity induced by doxorubicin in rats
	Abstract
	Introduction
	Material and methods
	Chemicals
	Seaweed sampling and identification
	Extraction and purification of sodium alginate
	Preparation of the thermally treated sodium alginate
	Chemical characterization of the thermally treated sodium alginate
	UV–visible spectroscopy
	Fourier-transform infrared spectroscopy
	Nuclear magnetic resonance spectroscopy

	Evaluation of antioxidant properties of the thermally treated sodium alginate
	Experimental animals
	Experimental design
	Biochemical analyses
	Evaluating MAPK-1 and iNOS genes expression in the heart tissues using quantitative real-time polymerase chain reaction
	Determination of MAPK-1 and p53 by western blotting
	Histopathological assessment
	Statistical analysis

	Results
	Chemical characterization of sodium alginate extracted from Sargassum aquifolium
	UV–visible spectroscopy
	Fourier-transform infrared spectroscopy
	Nuclear magnetic resonance spectroscopy

	Antioxidant characterization
	Serum levels of biochemical markers
	Gene expressions of MAPK-1 and iNOS
	Protein expressions of MAPK-1 and p53
	Histopathological examination of myocardial tissues

	Discussion
	Conclusion
	Anchor 33
	Acknowledgements 
	References


