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Abstract

The current study investigates the therapeutic and curative effect of Ulva lactuca polyphenolic extract (ULPE) in general and
particularly polyphenolics compounds against heavy metal mixture (HME). The toxicity behind heavy metal is due to oxidative
stress resulted from heavy metals pollution or administration through contaminated food (vegetables, water, and fish). Heavy
metal toxicity plays a major role in different cardiovascular diseases. The objective of this study is aimed to examine the
protective effect of ULPE against heavy metal mixture induced cardiovascular diseases through oxidative/antioxidant and
inflammatory pathways. Sixty male rats (Sprague-Dawley) were assigned to six groups. Group I served as the control, group
II served as the induced group receiving subcutaneously for 7 days 0.25 mg/100 gm body weight/day heavy metal mixtures
(Equal concentration of Ni, Cd, Co and Hg chloride, and Pb acetate), group III received (i.p.) ULPE of dose 30 mg for 15 days,
group IV served as the protected group pretreated with ULPE for 15 days as a protection dose, and then treated with the heavy
metal-mixture, group V served as protected standard group pretreated with vitamin C (VitC ) (50 mg/Kg) and then treated with
the heavy metal-mixture, and group VI served as standard group treated with VitC (50 mg/Kg). The main pathological changes
within the heart revealed heart inflammation after heavy-metal mixtures administrations. On contrast to the protected group
treated with ULPE (group IV), the protection group (group II) showed a significant increase in the antioxidant as well as anti-
inflammatory biomarker. The cardiovascular biomarkers (Troponin T, CRP, and BNP) showed similar attitude elevations in
induction group and decreased greatly in protection and VitC group. The antioxidant and the anti-inflammatory activities of
ULPE are a consequence of their higher polyphenolic contents as well as marine secondary metabolites which are confirmed
using qualitative and quantitative analysis. From the current result, we concluded that ULPE possesses a cardiovascular protec-
tive agent as a result of highly contents of different bioactive secondary metabolites which have antioxidant as well as free-radical
scavenging and anti-inflammatory activates.
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Introduction

There are many substances in our body that is exposed to
various xenobiotic compounds which need to be protected
against different polluted substances including heavy metals
from natural (e.g., earth’s crust, volcanic eruptions, dusts, soil,
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and aerosolized) and anthropogenic (e.g., agricultural, indus-
trial practices, mining, smoking, and traffic) sources (Fathy
etal. 2010; Shreadah et al. 2014, 2019). Xenobiotic in general
and heavy metals particularly have been extensively used
from years by human which resulted various side effects and
diseases on human as well animal health exposure as well as
administration of heavy metals (air, water and food) through
different administration route in continues manner,
Additionally, some parts of the world have increasing expo-
sure to toxic metals, particularly in less developed countries
(Abdel-Fatah et al. 2003; Jarup 2003; Shakweer et al. 2006;
Shobier et al. 2011; Abdel Ghani et al. 2013). Increase as well
as accumulation of xenobiotic in general and toxic metals
particularly in the body lead to metal toxicity (poisoning)
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and increase free radical’s production due to oxidative stress
(Fathy etal. 2012). Many studies were reported and confirmed
the important role of environmental metals in different cardio-
vascular disease. The awareness increased worldwide towards
association between cardiovascular diseases and heavy metal
contaminations to elevate the protection level against cardio-
vascular diseases incidence (Tellez-Plaza et al. 2018).
Different metals which enter the human or the animal bodies
from different sources are distributed to nearly all tissues. The
xenobiotic metals inter to our bodies, replace the essential
minerals, for examples, magnesium and calcium, disrupt nor-
mal cellular processes, and increase inflammation.
Additionally, several of these metals participate in a variety
of various pathophysiological and physiological processes
and are biologically active (Lamas et al. 2016). Recently, the
environmental exposures to toxic metals, for examples, nickel,
mercury arsenic, lead, copper, and cadmium, have great focus
in many research programs and become a major public health
concern because they are highly and potentially harmful on
human health. The potential effect between continuous and
chronic heavy metal exposure in association with the in-
creased heart and cardiovascular disease risk is regularly in-
vestigated by international entities, for examples, the WHO
(Solenkova et al. 2014). Exposure to xenobiotic metal pollu-
tion is associated with various cardiovascular (CV) diseases.
Many studies confirmed that these various effects of heavy
metals don’t happen only after exposure to high levels of
heavy metals but also due to low or safe exposure levels which
are recorded in many negative cardiovascular outcomes. The
mechanism of heavy metal toxicity is due to their electron-
sharing, which can bind to sulthydryl groups of the antioxi-
dants enzymes systems, change and modifying their activity
and function. Different xenobiotic metals such as nickel mer-
cury, cadmium, arsenic, and lead can interact and bind to
different antioxidant proteins such as glutathione, which lead
to depleting its levels and ultimately leading to ROS genera-
tion and oxidative stress (Zwolak 2020). Cadmium, nickel,
lead, mercury, and other metals can deactivate paraoxonase
enzymes and other antioxidant enzymes, which furthermore
lead to increase in free radical’s level and oxidative stress
(Sharma et al. 2014). Toxicity of heavy metals leads to in-
crease in the level of inflammation biomarkers such as IL-6,
C-reactive protein, VCAM-1, and TNF-alpha (Machon-
Grecka et al. 2018). Cardiovascular disease (CVD), consid-
ered one of the most leading cause of death worldwide, is
usually attributed to various reasons such as hypertension,
tobacco use, diabetes, dietary factors, lack of physical activity,
and environmentally exposure, but pollutants and toxic
chemicals are the main contributors to CVD mortality. The
cardiovascular system specifically appears to be a notable tar-
get for the actions of various metal pollutions. There are many
evidences that report the association between acute exposure
and cardiovascular events (Burroughs Pefia and Rollins

2017). The exact mechanism of heavy metals which lead to
increase cardiovascular risk still unknown, although one pos-
sible mechanism explains the impaired of antioxidants metab-
olism system and oxidative stress confirmed and investigated
in different reports and may play a role. Inflammation and
oxidative stress are likely to act in synergistically way to am-
plify each other’s role in the cardiovascular diseases (Engwa
etal. 2019). Metals are known as non-biodegradable; they can
produce different effects and persist in the environment. The
maximum exposure levels for heavy metals in food have been
set and recorded by different studies and international organi-
zation such as WHO (Emara and Shriadah 1991; Said et al.
2006; Shreadah et al. 2008, 2015; Thompson and Darwish
2019). Although contaminated food may contain environmen-
tal toxins, they are also a very important source of normal
nutrients, such as omega 3 fatty acids, which reported in dif-
ferent studies as protective agent against chronic diseases,
among which is CVD (Awuchi et al. 2020). So the main issue
is to obtain the beneficial health content of natural normal
food without increase exposure to xenobiotic contaminants
particularly heavy metals. Unfortunately, not all people are
able to revoke environmental pollution and exposure to toxic
metals; the government should have more effort to put rules
against industrial and agriculture sector which penetrate the
safe level of heavy metals in their work practices, for example,
sewage discharge and effluents which cause contamination
because of hazardous heavy metals. Biologically active sub-
stances, on the other hand, having a potential to act as phar-
maceuticals can be identified and extracted from a very het-
erogeneous group in the oceans (Hegazy et al. 2015a, b;
Nabil-Adam et al. 2020a, b), the marine organisms, which
are powerful and excellent reservoirs multi-target activity
against different xenobiotic substances (Shreadah et al.
2018; Shreadah et al. 2020a, b). The unique as well as effec-
tive treasures of the ocean which are the algae produce a vast
and a variety of remarkable bioactive compounds in both pri-
mary and secondary metabolites like polyphenols, flavonoids,
and sulfated polysaccharides that have now received much
attention among scientist and researchers as natural antioxi-
dants and anti-inflammatory secondary metabolites (Abdel
Moneam et al. 2017a, b, ¢, d; Abdel Moneam et al. 2018;
Pereira 2018; Andrade et al. 2018; Bule et al. 2018).
Seaweeds are photosynthetic similar to the plants that form
biomass in seabed and intertidal zones. More than 10,000
species are recorded as well as being identified and classified
in the three main phyla according to their pigmentation
(Terme et al. 2018). Seaweeds are very useful agent for the
prevention as well as protection and treatment of various dis-
eases as they are considered important natural resources ma-
rine secondary metabolites of antioxidants and anti-
inflammatory effect (Zhao et al. 2018). Ulva lactuca, which
is a green macro alga observed worldwide, showed different
bioactive activities as antioxidant immunomodulatory effects,
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hepatoprotective and antimicrobial activities against different
pathogens (bacteria and fungi) (Shreadah et al. 2017).

Although there is confirmation about association between
heavy metals and cardiovascular diseases, there is a shortage
about toxicities and associated mechanisms information, so
the main objective of the present study is to understand (a)
to which extent the exposure of heavy metal affects and in-
duces the cardiovascular diseases, exerts and shows an ad-
verse health effects through investigating the causal link be-
tween heavy metals exposure and the cardiovascular disease,
and (b) to investigate the role of Ulva marine polyphenolic
extract against heavy metal mixture induced cardiovascular
using oxidative/antioxidant pathways and hematological pa-
rameters as biomarkers.

Material and methods
Study area and seaweeds collection

Seaweed samples (Ulva lactuca) were collected from Abu-Qir
Bay at Alexandria of Egypt during the summer of 2018. The
site located about 36 km east of Alexandria, between longi-
tudes 30° 5" and 30° 22" E and latitude 31° 16" and 31° 21" N.
(Fig. 1).

Profitable fishing areas, however, it is subjected to major
threats which are related to land-based activities including
urbanization and coastal development. The bay is continuous-
ly exposed to various loads of chemicals from natural and
anthropogenic sources. These factors affect the physical,
chemical, and biological characteristics of the bay waters
and consequently on the marine ecosystem biodiversity
(Shriadah and Abdel Ghani 2007; Emara and Shriadah

Fig. 1 Location of Abu Qir Bay
along the Egyptian Mediterranean
Sea coast

2009; Shreadah et al. 2012). The fresh marine algae were
collected from the bay, and identified by the hydrobiological
lab at the National Institute of Oceanography and Fisheries,
Alexandria, Egypt, as Ulva lactuca.

Preparation and extraction of Ulva lactuca
polyphenolic extract (ULPE)

Extraction of polyphenolic compounds from Ulva lactuca
were carried out using ethanol as organic solvent, the Ulva
lactuca were air dried and then grinding o obtain the powder
(500 g) after that samples were soaked in ethanol for 1 h in
sonicator and remain overnight in dark in refrigerator (4 °C),
the previous step repeated 3 times to obtain all metabolites in
polyphenolic extracts (ethanol 3 x 500 mL) then solvent re-
moved at reduced pressure and 35 °C.

Phytochemical analyses of ULPE

The quantitative analysis of ULPE of phytochemical was in-
vestigated using total phenolic total flavonoids, total tannic,
sulfated polysaccharides, and total carbohydrates. Total
phenolic compounds in the ULPE was investigated by the
method of Taga et al. (1984) as mg gallic acid equivalent in
1 mL of the extract using the standard curve of the gallic acid,
and total flavonoid compositions in the extracts were investi-
gated by a colorimetric method (Zhishen et al. 1999), and the
results were expressed as mean mg/mL of (+)-Quercetin
equivalents, whereas the assessment of tannins compounds
compositions was investigated according to Sun et al.
(1998). Sulfate content was assayed turbidmetrically with bar-
ium chloride (Dodgson 1961), and total carbohydrates were
investigated by the methods of Agrawal et al. (2015).

Mediterranean Sea
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Screening of polyphenolic compounds using high
performance liquid chromatography (HPLC)

The screening of phenolic as well as flavonoid compounds
were determined using HPLC. Analytical analyses were con-
ducted using Agilent 1260 (Agilent, USA). Chromatographic
system with Kinetex 5 um EVO C18 100 HPLC Column 150
x 4.6 mm. The separations are achieved using tertiary liner
elution gradient with HPLC grade 0.2 H,PO4 (v/v), (B) meth-
anol, and (c) acetonitrile. The injection volume is 20 pL and
the detection was carried out by using WWD 284 nm accord-
ing to the method described by Uddin et al. (2014).

In vitro—biochemical broad bench assay
Primary screening assay

2.2/-Diphenyl-a-picrylhydrazyl (DPPH) radical scavenging
effect of the UPLE

DPPH radical scavenging assay of the UPLE was performed
using modified previously established methodology by
Amarowicz et al. (2007). The mixture was measured at 490
nm. Scavenging activity % was calculated using the following
equation:

Yoscavenging = {(A control—-A sample} /A control x 100

Experimental animals, experimental design, and tissue
preparation

Rat models of cardiovascular diseases have been used to ad-
dresses the effects of chronic exposure to metals on cardiovas-
cular system. To explore the health effects of multi-heavy
metal exposure, sixty male Sprague-Dawley rats were
assigned into six groups. The first group, was the negative
control, (-ve control group), the second group II was induction
group (toxicity group) receiving for 7 days subcutaneously
0.25 mg/100 gm body weight/day of heavy metal mixtures
composed of equal concentration of Ni, Cd, Co, and Hg chlo-
ride and Pb acetate, the third group (extract group) received
(i.p.) for 15 days ULPE of 30-mg dose, and the fourth group
was the protected group (Protection group) pretreated with
ULPE for 15 days as a protection dose, and then treated with
the heavy metal-mixture group. The fifth group served as
protected standard group pretreated with VitC (50 mg/Kg)
and then treated with the heavy metal mixture, and group VI
served as standard group treated with VitC (50 mg/kg). After
the experiment protocol ended, the rats were anesthetized
using the isoflurane. The blood samples were collected, sera
were centrifugation at 3000 rpm for 20 min and then stored at

—20 °C for further analyses according to Abdel Moneam et al.
(2017a, b, c). The heart tissues were cleaned from blood and
adhering matters by washing in cold isotonic saline. The heart
of each animal was quickly removed, washed, and homoge-
nized with phosphate-buffered saline (PBS, pH 7.4/1:10 w/v).
The heart homogenate was centrifuged for 30 min at 4 °C at
17,000 g, and the supernatant was used for different biochem-
ical assays (Panda et al. 2017). The crude heart extract homog-
enate was used for the determinations and assessment of
MDA, antioxidant, MPO, and NO.

Biochemical measurements and assessment of lipid profiling
tests

Serum lipid was determined by the method of Zéllner and
Kirsch (1962), and serum triglyceride was determined enzy-
matically by the method of Bucolo and David (1973). On the
meantime, serum cholesterol was determined enzymatically
by the method of Allain et al. (1973).

Biochemical measurements and assessment of cardiovascular
biomarkers

Serum C-reactive protein (CRP) was determined by the meth-
od of Manack and Richards 1971, the Troponin T was deter-
mined by the methods of Herman et al. 1999, and the BNP
was determined by the methods of Li et al. 2013.

Antioxidant activity and oxidative stress biomarkers in heart
tissue

The oxidative stress in heart tissue was determined using lipid
peroxidation assay (LPO) by measuring malondialdehyde
(MDA) according to the methods of Rehman (1984). The
total-reduced glutathione was determined according to the
method described by Salbitani et al. (2017), and the catalase
activity was determined according to Hadwan (2018).

Determination of total antioxidant capacity (TAC) in heart
tissue

Determination of total antioxidant capacity in heart tissue was
determined spectrophotometrically at 510 nm according to
Koracevic et al. (2001).

Assessment of inflammatory biomarker

The MPO was determined according to peroxidase activity
with 3, 3', 5, 5'-tetramethylbenzidine (TMB, Sigma) and was
measured according to Pulli et al. (2013). The NO was deter-
mined according to the method described by Green et al.
(1982).
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Histopathological study

The heart histology was investigated according to Griffith and
Farris (1942).

Ethical for animal experimentation

The ethical animal treatment was according to the guideline of
ethical animal treatment in the National Institute of Health
(NIH) followed in adherence to established protocols, and
all animal protocols were approved and accomplished by the
Institutional Animal Care and Use Committee (IACUC) in
Alexandria University (ethical approval reference number:
AU- 0304862 ).

Online software

The current study uses different online software in graphical
abstract (Bio-Render.com) and heat map based on multi-
principal component analysis (Metsalu and Metsalu 2015)
Statistical analysis

The data were given as individual values and as means (X) +
standard deviation (SD) for 7 animals in each group. All sta-
tistical calculations were analyzed using SPSS and prism sta-
tistical software.

Results

The qualitative screening of UPLE

The qualitative phytochemical screening showed that the
ULPE have higher contents of phytochemical compounds
such as phlobatannins, saponins, and flavonoids (Table 1).

The quantitative bioactive screening for UPLE

The phytochemical analyses for Ulva lactuca are shown in
Fig. 2a. The UPLE showed higher contents of total

Table 1 Qualitative

phytochemical screening ~ Test Ulva lactuca
of Ulva lactuca marine
extract Test for phlobatannins +++

Test for saponins +++

Test for flavonoids +++

Test for alkaloids +++

Test for quinones +++

Test for coumarin +++

Test for terpenoids +++

@ Springer

carbohydrates, total phenolic compounds, total flavonoids, to-
tal tannic acids, and total sulfated polysaccharide. The phyto-
chemical assays for Ulva lactuca extract showed higher con-
tents of total phenolic, flavonoid, carbohydrates, and total sul-
fated polysaccharide, while total tannic acids were very low
compared to other phytochemical parameters (Fig. 2a).

HPLC profiling for phenolic and flavonoids
compounds in ULPE

The HPLC profiling of UPLE showed total polyphenolic con-
tents with a variety of different phenolic and flavonoids, e.g.,
gallic acids, caffeine, vanillin acids, synergic acids, vanillin,
ferulic acids, rutin, ellagic acids, benzoic acids, salicylic acids,
and cinnamic acids (Table 2 and Figs. 3 and 4). The polyphe-
nolic screening for UPLE showed higher total polyphenolic
compounds with 4.05755 pug/mL. The UPLE showed an in-
crease in the polyphenolic concentration which is a total of
87.91%.

Total in vitro antioxidant capacity of UPLE

The determination of total antioxidant capacity using DPPH
assay revealed high total antioxidant capacity for UPLE at all
concentrations from 1 up to 6 mg compared to standard drugs
VitC (Fig. 2¢).

Total in vitro anti-inflammatory

The anti-inflammatory activities using NO inhibition model
showed that the VitC has higher anti-inflammatory activity for
NO inhibition compared to UPLE at different concentrations
from 1 up to 6 mg (Fig. 2b)

The lipid profiling

The current study showed that the injection of rats in induction
group with toxicant heavy metal mixtures (HEM) caused a
highly significant (P < 0.01) elevation in the level of serum
TG (141.0 + 15.95 and 469.3 + 38.34 mg/dL), and in contrast,
the administration of rats with the of UPLE revealed a highly
significant (P < 0.01) decrease in the level of serum TG com-
pared to control group (141.0 + 15.95 and 115.0 + 10.34 mg/
dL). Additionally, in protection group, prior treatment with
UPLE revealed a highly significant (P < 0.01) decrease in
the level of serum TG of UPLE + HEM (469.3 + 38.34 and
184.6 + 6.335 mg/dL) compared to the induction group II
(HEM-treated group) (Fig. 5). Furthermore, the VitC group
showed a significant decrease (P < 0.01) in serum TG com-
pared to HEM-treated groups, i.e., Ind. and VitC + HEM
(469.3 + 38.34 and 266.2 = 14.98).

The induction group (HEM-injection group) revealed a
highly significant (p < 0.01) elevation in the level of total


http://bio-render.com

Environ Sci Pollut Res (2021) 28:27006-27024 27011

) Em Carbohydrates
a Tannin .
Bl Sulfated Polysaccharides
Flavonoids mm Phenolic
Phenolic Em Flavonoids
3 Tannin
Sulfated Polysaccharides
Carbohydrates
T T T T 1
0 2 4 6 8
Conc in mg/ml
| Carbohydrates  Sulfated Polysaccharides  Phenoli Flavonoid Tannin |
| 1.96 1.2475 7.218 3.63 0.012 |
=
= 100
=
b =] mm 1 mg
== 80 s 2 mg
=
= mmm 3 mg
> 60
S mmm 4 mg
g 40 . 5 mg
S 20 mm 6 mg
2
E o
= @i\b{"o @‘i\?*“'o -&‘i\?\"o \9(2\',{*0 @‘gi"o @‘i‘\?*“'o
= ~= ~= = ~= ~=
¥ ¥ & & = &
Different Conc.
1 mg 2 mg 3 mg 4 mg 5 mg 6 mg
™ean 93,74 | 89.99 88.11 | 85.84 83.85 | 81.65
Std. Deviation 2.489  3.125 3.387 3.627 2.192 | 0.5020
Std. Error of Mean| 1.760 | 2.210  2.395 | 2.565 1.550 | 0.3550

=
=
g 100
c mm 1 mg
=y
S 80 = 2 mg
S - 3 m
£ 6o 9
S mm 4 mg
3= 40 . 5 mg
=
— m
£ = ©ms
bl
= o
o > < > < 2> < > < > < 2> <
= ST T ST ST ST o0
N> N N N N N
SR SRS g
Difference conc
1 mg 2 mg 3 mg 4 mg 5 mg 6 mg
™Mean 9571 9420 88.79 87.38 80.44 74.66
Std. Deviation 0.7000 2.263 5.671 4.773 11.74 16.39
Std. Error of Mean 0.4950 1.600 4.010 3.375 8.300 11.59

1

Total Phenolics (ULPE) 1

Total Carbohydrates (ULPE) o

Sulfated polysaccharides (ULPE) @'

Total Flavonoids (ULPE)

Total tannins (ULPE)

ULPE (NO)

ULPE (DPPH)

Vit. C (DPPH)

Vit. C (NO)

| Bw
2 bw
¢ Bw

3 3 =
@ @ Q@
S 3] o

Fig. 2 The phytochemical screening of ULPE. a Showed the total phenolic, flavonoids, carbohydrates, sulfated polysaccharide, and tannins. b showed
the total antioxidant capacity using DPPH model. ¢ showed the total anti-inflammatory using NO assays. d The figure showed the heat map and principal
component analysis using phytochemicals contents, antioxidant, and anti-inflammatory results

@ Springer



27012

Environ Sci Pollut Res (2021) 28:27006-27024

cholesterol (TC) and that with compared to the -ve control
group (group 1) (162.6 + 6.689 and 476.6 £ 75.16 mg/dL);
in contrast to protection group (in rats pretreated with UPLE),
non-significant elevation was observed (168.7 + 5.344 mg/
dL) compared to that of control group (162.6 + 6.689 mg/
dL). Interestingly, there was a highly significant (P < 0.01)
reduction in the total cholesterol level of the group, i.e., UPLE
+ HEM group (226.7 + 12.19 mg/dL) compared to the induc-
tion group (HEM treated) (Fig. 5), while the HEM-
administrated group (induction group) resulted in a significant
(P < 0.0001) reduction in the HDL level (31.17 + 4.556 mg/
dL) and a nonsignificant (P > 0.05) decrease in HDL in pro-
tection group (treated with UPLE prior to HEM injection)
(50.88 + 2.663 mg/dL) compared to controls (49.36 + 1.387
mg/dL), whereas pretreatment with UPLE prior to HEM led to
a highly significant (P < 0.001) elevation in HDL level (47.64
+ 4.908 mg/dL) compared to the induction group (HEM
group) (Fig. 9). Additionally, our results revealed a highly
significant (P < 0.001) increase in the level of serum VLDL
of the Induction group.

Induction group (HEM-injected rats) was compared to neg-
ative control group I (28.58 + 3.327 and 93.88 + 7.712 mg/
dL), while there was a nonsignificant decrease found in the
level of serum VLDL in rats pretreated with UPLE (23.01 =
2.078 mg/dL) compared to that of the control group I (28.58 +
3.327 mg/dL) (Fig. 5). Furthermore, the pretreatment of rats
with UPLE prior to HEM injection resulted in a highly signif-
icant (P < 0.001) decrease in the VLDL level compared to the
induction group (HEM-injection) (36.09 +4.364 and 93.88 +
7.712). On the meantime, the standard-treated group (VitC +
HEM) revealed a significant decrease in the level of VLDL
compared to HEM induction group (56.13 + 3.009 and 93.88
+ 7.712). Additionally, the VitC group showed a nonsignifi-
cant increase in the VLDL levels compared to control group
(31.84 + 3.590 and 28.58 + 3.327 mg/dL).

Table 2 The concentration of polyphenolic for Ulva lactuca marine
extract

Polyphenolic compounds Calculated value (ug/mL) Ret. time (min)
Gallic acids 6.59E-02 4.593

Caffeine 5.80E-02 10.24

Vanillic acid 4.87E-01 10.946
Syringic acid 1.04E-01 11.671
Vanillin 1.31E-01 12.961

Ferulic acid 1.52E-02 15.402

Rutin 5.12E-01 15.94

Ellagic 2.62E-02 16.394
Benzoic acid 2.294 17.542
Salicylic acid 2.08E-01 19.905
Cinnamic acid 1.56E-01 22.97

@ Springer

Effects of UPLE on the heart LPO and DPPH levels

The present results (Fig. 7) showing the effects of the UPLE
on the heart LPO s and DPPH levels indicated that the group II
(animals that received HEM only) revealed a significant re-
duction (P < .001) in the antioxidant capacity (71.66 =+ 4.882
and 90.12 + 0.4740) and an elevation in the heart LPO levels
compared to the control group (0.0630 + 0.008 and 0.1793 +
0.0116). Treatment with UPLE (groups treated) and VitC
(standard drugs) reflected a nonsignificant decreased or in-
creased in the LPO and DPPH and levels compared to the
control group. However, in the pretreated group, i.e., UPLE
+ HEM (0.09417 + 0.013) and VitC + HEM (0.1203 + 0.008)
aremarkable reduction in the LPO levels (P < 0.05) compared
to the HEM group (induction group).

Effects of UPLE on heart GSH and CAT activities

The induction of rats with heavy metal mixture (HEM) re-
vealed a significant reduction (P < 0.05) in the levels of heart
GSH and CAT activities in the induction group II (HEM
group) compared to the control group (Fig. 7a and b).
Treatment with UPLE and VitC led to a considerable increase
(P < 0.05) in the heart GSH and CAT activities compared to
group I (HEM-only group). Increase in the levels of GSH and
CAT activities in the extract group that received of UPLE was
significantly higher than (P < 0.05) that of the other injected
groups with UPLE and VitC (Fig. 7). Moreover, in group VI
(group orally treated with 30 mg/kg UPLE), remarkable ele-
vations (P < 0.05) in the heart GSH and CAT activities com-
pared to group II (treated with HEM) (Fig. 7).

Effects of Ulva lactuca marine extract on level of MPO
and NO

The current study (Fig. 8) showing the effects of the Ulva
lactuca marine extract on the MPO and NO levels indicated
that the induction group II (treated with HEM) showed a sig-
nificant increase (P < 0.001) in the levels of MPO (1.321 +
0.373) as well as NO (0.8052 + 0.11) compared their values to
the control group (MPO: 0.1456 + 0.02156 and NO: 0.1456 +
0.02156). On contrast, treatment of Ulva lactuca marine ex-
tract and VitC led to a significant reduction (P < .001) in the
levels of MPO and NO (0.552 + 0.044 and 0.552 + 0.044)
compared to group II (HEM-only group).

Effect of UPLE on cardiovascular biomarkers (troponin
T, CRP, and BNP) and mitochondrial enzymes
succinate dehydrogenase (SDH)

The levels of troponin T showed significant increases ( P <
0.0001) in serum of HEM group ( 1.798 + 0.4214) compare to
normal control group (0.1450 + 0.045) (Fig. 6), while the
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Fig. 3 The different identified polyphenolics bioactive compounds by using HPLC of UPLE

protection group pretreated with ULPE was significantly de-
creased (P < 0.0001) compared to induction group (treated
with HEM). Furthermore, the pretreated VitC group showed
significant decreased in troponin T compared to induction
group (0.63 = 0.1354 vs 1.798 + 0.4214, P < 0.0001). The
levels of BNP and CRP in induction group significantly in-
creased (43.16 = 8.45 P<0.0001 and 14.5+4.20, P < 0.0001)
comparing to control group (3.97 £ 0.90 and 0.1550 +
0.01871) in contrast to protection group which showed a sig-
nificant decrease (11.63 + 1.288, P < 0.0001; and 1.23 +
0.419, P < 0.0001 ); additionally, the VitC + HEM (standard
protection group) showed also a significant decreased in BNP
and CRP (14.68 + 1.708, P < 0.0001).

The level of heart mitochondrial enzyme activity
(SDH) showed a significant decrease (P < 0.01) in the
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heart mitochondria of HEM-treated rats compared to the
normal control rats (0.2137 £ 0.01260 and 0.0885 =+
0.01046) (Fig. 6). On the meantime, the pre-treated of
ULPE to HEM toxicity rats significantly (P < 0.001) were
increased the activity of SDH enzyme compared to HEM
treated rats (0.1977 £ 0.0101 and 0.0885 + 0.01046).
Additionally, the pre-treated VitC to HEM toxicity rats
significantly increased the activity of SDH enzyme com-
pared to the induction group (0.1622 + 0.006 and 0.0885
+ 0.01046). The activity of SDH heart mitochondrial en-
zyme in UPLE rats revealed no significant difference
compared to the control rats (0.1313 = 0.0034).
Similarly, the rats treated with standard drugs (VitC)
showed a non-significant decrease (0.1252 £ 0.005)
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Fig. 4 The different structures of the identified polyphenolics bioactive compounds by using HPLC of UPLE
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Fig.5 The effect of UPLE on lipid profile against heavy metal toxicity induces cardiovascular diseases. a The total cholesterol (CH). b The triglycerides.
¢ The level of high high-density lipoproteins (HDL). d Very low density lipoprotein(VLDL)

The effect of UPLE on cardiac histopathology of
cardiac tissues

Control rats (Fig. 9a) show normal cardiac fibers; and the ex-
tract group is represented in Fig. 9d. On the meantime, the
protective group (Fig. 9¢) of UPLE and heavy metal mixtures
administered rats revealed recovered architecture of cardiac
myofibrils, while induction group-treated rats (Figs.1 and 2b)
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revealed disruption as well as degeneration of the cardiac myo-
fibrils and highly marked necrosis in the tissue of heart organ.
Discussion

Microalgae are getting importance as a source of unique sec-
ondary bioactive metabolites with great and very interesting
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Fig.6 The effect of UPLE on cardiovascular lipid profile against heavy metal toxicity induce cardiovascular diseases. a C-reactive protein (CRP). b The
troponin T. ¢ B-type natriuretic peptide (BNP). d Succinate dehydrogenase (SDH)

biological activities including chemopreventive effects
against breast carcinogenesis, anti-inflammatory, antimicrobi-
al, antidiabetic, antivirus, antioxidant, etc. which suggest it a
potent source against various ailments (Abd-Ellatef et al.
2017; Shreadah et al. 2018, 2020b; Rosa et al. 2019). On the
other hand, humans are generally exposed to a cocktail of
different heavy metal mixtures, even if the concentration of
heavy metals lower than the level documented and reported in
no observable effect concentration (NOEC) (Anyanwu et al.
2018). Toxicities resulted from exposure to heavy metals are
very important and underscore issue because of their nature

they do not decompose or degrade easily in the nature and
they bio-accumulate as well as biomagnifying lead to danger-
ous and damage effects in different organs and causes several
diseases such as Alzheimer’s rheumatic diseases carcinogen-
esis, depression and different mutations (Ali et al. 2019). Their
mechanism of action is initiated by the interaction of the heavy
metals (toxicant) with the membrane and cell receptor in dif-
ferent organisms (Abdel Moniem et al. 2013). Oxidative stress
and ROS production result from an imbalance between the
detoxification and production of free radicals. The toxicity
mechanism of free radicals and ROS is depending on their
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capability to oxidize biological molecules in intracellular as
well as extracellular structure for several molecules such as
nucleic acids, proteins, lipids, various enzyme, and proteins.
Enzymatic scavengers for free radicals are one of the most
effective detoxification systems in which various enzymes
are involved such as superoxide dismutase’s (SOD), glutathi-
one S-transferases, catalase as well as glutathione peroxidase,
and the non-enzymatic system such as sulfated polysaccha-
rides, polyphenolic (phenolic and flavonoids) vitamins (A, B,
C and E), lipoic acid, glutathione (GSH), iron chelators, and
carotenoids (Napierska et al. 2018). Previous studies showed
that UPLE have varieties of bioactive secondary metabolites
with highly activities and multi-target diseases and function
such as gallic, tannic rosmarinic acid, caffeic acid, and other
phenolic compounds, in addition to flavonoids that have the
ability to inhibit oxidative stress and lipid peroxidation
(Alagan et al. 2017; Shreadah et al. 2017). The current study
results agree well with these findings as the levels of total
antioxidant capacity were greatly diminished in the toxicity
group HEM (induction group) compared to the -ve control
group I (Fig. 7). Additionally, the current study revealed that
the administration with UPLE and VitC revealed a significant
elevation in anti-oxidants levels and that can be explained due
to their higher contents of antioxidant secondary metabolites
compounds (Fig. 2). This also can explain the capability of
UPLE to reduce lipid peroxidation by decreasing the produc-
tion of MDA in both the extract and protection groups due to
the high contents of phenolic and flavonoids compounds in
the UPLE. In this study, there was a remarkable increase in
serum TG, TC, VLDL, and a reduction in serum HDL in
group II (Fig. 5). In most cases of toxicity by metals, there
are main general mechanisms focus on oxidative stress result
from the imbalance of free radicals and reactive oxygen spe-
cies (ROS) and defect detoxification system (enzymatic and
non-enzymatic) of different species of free radicals.
Additionally, there are many studies and evidence confirmed
the associations between the cardiovascular toxicity and mod-
ification in the lipid profiles (Okediran et al. 2018) which is in
agreement with the current observations revealing an increase
in the lipid peroxidation and levels of MDA heart tissue and a
decrease in antioxidants capacity (Fig. 7). Previous research
studies showed that the exposure to hazard heavy metals such
as arsenic, lead, cadmium, mercury, and nickel are linked with
araise risk of heart and cardiovascular diseases which are also
accompanied with a change in the lipid profiles (Chowdhury
etal. 2018). This is matching well with the present findings as
the lipid profiles were significantly elevated in induction
group (treated with HEM). Furthermore, it was found that
increased serum levels of triglycerides in the rats treated with
HEM induced that caused cardiovascular toxicity in induction
group Il may be due to the inhibition of lipase activity and/or
elevation of serum inflammatory biomarkers (Pirahanchi and
Sharma 2020). Additionally the increase in lipid peroxidation
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formation lead to modification and damage in HDL receptor
and that in sequence result in elevation in the level of blood
cholesterol (Marin et al. 2019). However, treatment with
UPLE decreases the serum levels of TG, TC, and VLDL com-
pared to the induction group II (toxicity group, HEM-only
group), whereas UPLE administration leads to significant el-
evation in the level of HDL (Figs. 7, 8, 9). Previous studies
from different researchers confirmed that flavonoids and other
antioxidant compounds enzymatic and non-enzymatic in
UPLE are important bioactive secondary metabolites com-
pounds in pharmacological and medicinal studies in reducing
serum TC, TG, HDL, and VLDL and exhibiting various pro-
tective, preventive, and therapeutic properties against different
diseases such as in neurodisorder, renal protective, anti-tumor,
hepatoprotective, and especially lipid-lowering activities
(Karimi-Khouzan et al. 2017; Messyasz et al. 2018). In the
current study, HEM administration lead to an increase of free
radicals and oxidative stress with increase of MDA which is in
agreement with many previous reports (Ahmadi-Naji et al.
2017). Furthermore, treatment with UPLE and VitC leads to
a significant decrease in MDA. The enzymatic system antiox-
idants such as CAT and a non-enzymatic system such as an-
tioxidant molecule GSH ameliorate the free radicals. CAT
save also cells as it prevents oxidative stress free radicals’
molecules (hydrogen peroxide) and transfers them to water
and oxygen (Sharifinasab et al. 2016). In the present study,
administration of HEM caused a significant reduction of en-
zymatic GSH and CAT contents in the HEM group compared
to the negative group (control group) (Fig. 7) which is in
agreement with previous reports (Sharifinasab et al. 2016).
Various enzymatic systems protect the body against free rad-
icals and ROS. On the meantime, many xenobiotic metals
have electron sharing and are able of forming covalent bonds
with the sulthydryl groups of antioxidants proteins (e.g., cys-
teine, glutathione, albumin, metallothionein, and homocyste-
ine). By binding to glutathione molecules, these metals de-
plete its levels and, therefore, increase the intracellular con-
centration of free radicles as well as ROS and that was in
agreement with the current study as the levels of these antiox-
idants biomarkers were greatly decreased in the induction
group compared to the control group. Furthermore, the great
decrease in the levels of glutathione (Fig. 7) in the present
study was in agreement with the finding of Kumar and
Trivedi (2018) who confirmed that the heavy metals toxicity
may be due to the binding of toxic (xenobiotic) metals to
sulfhydryl groups in different proteins such as glutathione
(GSH). These interaction and binding lead to suppress and
inhibit the activities of antioxidant enzyme, resulting in
displacement of important essential metal elements such as
copper and zinc and leading to subsequent interference in
the antioxidants protein confirmation and structure, causing
great deficiency in antioxidant capacity. Jan et al. (2015) re-
ported that xenobiotic heavy metals continuous exposure in
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addition to their metabolism as well as excretion from the
body depends on the existence of antioxidants such as gluta-
thione, a-tocopherol, and ascorbate. The excess of ROS
which attacks biomembranes propagates lipid peroxidation
chain reactions, and subsequently induces different types of
cell death (Su et al. 2019). On the other hand, the conse-
quences include elevation of lipid peroxidation; damage in

cell membrane, DNA damage; oxidation of amino acids in
proteins and, therefore, changes in their structural conforma-
tion which affect protein activity and function and lead to
inactivation (Ayala et al. 2014). One of the possible and re-
ported mechanism explains that cardiovascular diseases are
oxidative stress which promotes oxidative damage including
the destruction of microtubule, damage and disruption of
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Fig. 8 The effect of Ulva lactuca marine extract on inflammatory biomarkers profile against heavy metal toxicity induce cardiovascular diseases. a

Myloperoxidase enzymes (MPO). b Total level of nitric oxide (NO)

mitochondrial membrane potential, suppress and inhibition of
adenosine triphosphate production, and then dysfunction of
ion transporters such as Ca—adenosine triphosphatase and
Na—K-adenosine triphosphatase causing alteration in the cal-
cium homeostasis (Siasos et al. 2018). The current study in-
vestigated the elevation of NO which is consider as one of
inflammatory biomarkers and interact and bind to sulthydryl
groups of proteins which in sequence decrease and inhabit the
detoxification of oxidative stress of different species. Metals
are responsible for biological impairments such as endothelial
dysfunction through inhabiting endothelial nitric oxide syn-
thase via binding with xenobiotic metals and diminishing the
production of nitric oxide as well as through binding to sulf-
hydryl (SH) groups of NF-kB that affects the level of gene
expression. Malondialdehyde (MDA), which is a breakdown
product of lipid peroxidation, can be produced from oxidation
of fatty acid and protein (Karimi-Khouzan et al. 2017).
However, the administration of UPLE and VitC showed a
significant increase in cardio-antioxidants system such as
GSH and CAT (Fig. 7) which significantly reduce heart injury
in groups treated with UPLE due to its high contents of poly-
phenolic (phenolic and flavonoids) compounds (Karimi-
Khouzan et al. 2017). Myeloperoxidase, which is inflamma-
tory biomarkers that usually increase in oxidative stress, can
be generated during inflammation of heart and cardiac system
as pre-inflammatory biomarkers (Khan et al. 2018). Recent
findings showed also that the expression of MPO in heart
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increased significantly during heart damages (Ahmadi-Naji
et al. 2017; Karimi-Khouzan et al. 2017). In the current study,
injection of rats in induction group II with HEM significantly
increased the level of heart MPO which is associated with
lymphocytes infiltration in heart tissue of the induction group
(Fig. 9b). It is documented that polyphenolics have differ-
ent biological activities like anti-inflammatory, anti-tumor,
antioxidants, and cytotoxic activity (Zhang et al. 2020).
Therefore, the anti-inflammatory roles of UPLE which
was observed in the present study may be attributed to
existence of polyphenolic compounds in UPLE (Fig. 2).
However, the MPO and histopathological examinations
of heart tissues in the sixth group (HEM + UPLE) showed
that the inflammatory biomarkers (MPO) and infiltration of
lymphocyte cell increased compared to fifth group (Fig.
9b). The investigation of change and modification of the
enzyme activities are considered one of the most important
tools for pollution toxicity study and powerful biomarkers
since these organic cellular catalysts control the production
of the biochemical intermediates which are main effector
in the normal physiological state. Moreover, the decreased
activity of SDH as a physiological measure of the degree of
inhibition of succinate-fumarate conversion indicates the
depressed oxidative metabolism at the level of mitochon-
dria resulting in decrease in oxidative metabolism. The
decrease in the level of SDH activities can be associated
with the enzyme dysfunction as a result of lipid
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Fig. 9 The effect of UPLE on cardiac histopathology of cardiac tissues

peroxidation activations. This perhaps due to the increase
in ROS and free radical production to counter these toxic
effects (Rajeswarareddy et al. 2012). In the current study,
the activity of the SDH enzyme is greatly decreased in in
the heart tissues of the induction group (treated with heavy
metal mixture) (Fig. 6). This can be attributed to the fact
that exposure to heavy metals can lead to various disorders
and can also result in excessive damage due to oxidative
stress induced by free radical formation which is drastical-
ly affect by the action of SDH (Tretter et al. 2016).

Ulva+HEM
VitC+HEM

The current study showed varieties of bioactive com-
pounds (Figs. 2, 3, and 4 and Table 1) in the UPLE such as
gallic acids (GA) that has antihyperglycemic and lipid homeo-
stasis actions (Huang et al. 2016). In the present study, the
protected group (pretreated with UPLE prior to heavy metal
injection) cleared out a significant decrease in the lipid profile
(Fig. 5) and revealing that GA is a potent cardioprotective
agent (Jin et al. 2017). Previous studies reported that pretreat-
ment with GA diminished the levels of cardiovascular en-
zymes such as ALT, AST, VLDL, CK-MB, LDH, CRP,
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BNP, and cardiac troponin T possibly due to the decrease of
myocardial damage and thereby limiting the leakage of these
enzymes from myocardium. This matches well with the cur-
rent study as the VLDL was observed to be greatly decrease
(Priscilla and Prince 2009). GA protects the heart through
inhibiting lipid peroxidation and that because it scavenges
the free radicals such as superoxide, and hydroxyl radicals
(Stanely Mainzen Prince et al. 2009; Jadon et al. 2007).
Moreover, GA was reported to suppress and downregulates
the cardiac Nox2 expression and Nox2-induced oxidative
stress response via suppression of GATAG6 (which increased
in cardiac diseases) or by affecting DNA-binding activity of
GATAG (Jin et al. 2017). According to Akbari (2020), study
the levels of various cardiac proteins such as ECM proteins,
¢TnT,, CK-MB,LDL-c, , LDH, VLDL, TG and MDA levels
were significantly decrease revealing that GA is a potent
cardioprotective agent. Additionally, GA prevents histopath-
ological alterations and increasing levels of HDL, GSH, SOD,
and CAT as confirmed in the current study (Figs. 7, 8, 9).
Polyphenolic compounds such as vanillic acid, which is
known as antioxidant agent (Nabil-Adam et al. 2020a, b),
have potent activities to neutralize the free radicals and
active oxygen species. Radmanesh et al. (2017) reported that
vanillic acid pretreatment revealed significant therapeutic and
protective effects on the antioxidant enzymes, electrocardio-
gram, cardiac troponins, lipid peroxidation, as well as inter-
leukin-6, stimulation of genes expression of interleukin-1f3,
and TNF-« in the heart of group treated with isoproterenol
(toxicity group) which cause cardiotoxic rats. Similar results
were obtained in the current study where the antioxidants
capacity in the protected group was increased and the inflam-
matory biomarkers such as NO as well as MPO in addition to
the oxidative stress biomarker LPO were significantly in-
creased with a change in lipid profile. Vanillic acid, which is
a product resulted from oxidation of vanillin, has protective
role against lipid peroxidation, indicated by reduction in
malondialdehyde (MDA), and increases in the endogenous
antioxidant enzymes, which indicated by increased catalase
(CAT) glutathione (GSH), and total antioxidant capacity
(TAC) in rat hearts of the protected group. Similar effect
was observed also for syringic acid (SA) as it is an excellent
compound to be used as a therapeutic agent in various diseases
such as diabetes, CVDs, cancer, cerebral ischemia,
neurodisorder and liver damage. It possesses antioxidant, an-
timicrobial, anti-inflammatory, and anti-endotoxic activities
(Srinivasulu et al. 2018). Moreover, SA has the ability to
decrease the area of myocardial infarct and save the heart from
xenobiotic which induces heart damage as it showed a signifi-
cant decrease in the size infarcted region. In the histopatholog-
ical study a characteristic damage resulted in myocardium tis-
sue changes in the induction group which treated with heavy
metal mixture (HEM treated) were observed such as inflamma-
tory infiltrate, edema, necrosis, and collagen deposition
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myofibrillary separation. On contrast to the induction group,
the control and extract groups showed no changes indicating
the absence of any cardiotoxicity (Fig. 9). However, the clear
and obvious myocardium changes and damage found in the
induction group after injection with heavy metals were greatly
decreased by UPLE pre-treatment due to the presence of phe-
nolic and flavonoids compounds such as SA which has been in
previous studies confirmed to have a myocardial protective
effect by maintaining the architecture of cardiomyocytes tissue.
The scavenging of ROS and free radicals is one of the important
key functions of SA mechanisms of action which confirmed by
total antioxidant capacity using DPPH radical scavenging
in vitro assay (Fig. 2c). On the meantime, UPLE exhibited
similar effect against NO (Fig. 2b). Thus, the mechanism of
SA as cardiac protective is due to its ability to quenching free
radical. Additionally, ellagic acid were reported to have
cardioprotective effect via diminishing the calcium level in
the vascular tissue near to normal level in rats which was in-
duced by hypertension and in rats treated with EA which is
attributed to their action as vasoprotective (Al-Obaidi et al.
2016). Song et al. (2013) showed that cinnamic acid (CA)
decrease the ST-segment clevation. Administration of CA
was also reported in several studies to decrease CK-MB,
LDH, TNF-«, and IL-6 levels, and diminished NO and MPO
level which agrees well with the current study (Fig. 8).
Moreover, treatment with CA increased the level as well as
the activity of CAT, GSH, and total antioxidant capacity activ-
ity and decreased MDA levels in the heart tissue (Fig. 7) (Song
et al. 2013). In previous studies, CA also showed a
cardioprotective effects especially in myocardial ischemia as it
had a therapeutic effect via their antioxidative as well as anti-
inflammatory roles and increased NO concentrations (Cebova
and Pechanova 2020). Another phenolic compound found in
UPLE in the present study is hydroxybenzoic acids which are
phytochemicals bioactive compounds capable of scavenging
free radicals and oxidants through hydroxyl groups in their
structures (Gulcin 2020). Their biological activity is mainly
due to their ability to change and modify the cellular signaling
processes which are responsible for a cascade and multiplier
role in activation of the Nrf2 metabolic pathway which stimu-
lates antioxidant mechanisms (multiple endogenous) (Tu et al.
2019). Salicylic acids, which were commonly known as aspirin,
have also similar activities against inflammation. Spite and
Serhan (2010) reported that aspirin is able to inhibit the mode
of action of cyclooxygenase (COX) through inhibiting the for-
mation of eicosanoids pro-inflammatory. Aspirin was known to
promote the acetylation process of COX2 resulting in the syn-
thesis of 15-hydroxyeicosatetracnoic acid that is then trans-
forms into the eicosanoid 15-epi-lipoxin A4 anti-
inflammatory (Spite and Serhan 2010). It is used for a various
of illnesses and diseases such as pain, fever, inflammation, and
for its anti-platelet agent which happens via inhibition of COX-
1, whereas its anti-inflammatory and analgesic effects occur
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first via COX-2 inhibition (Kojok et al. 2019 ).In addition,
salicylic acids have been reported to bind to a number of cellu-
lar proteins which known as SABPs (salicylic acid binding
proteins) such as IkB kinase (IKK), which is one of NF-«B
complex components (Kojok et al. 2019).

Conclusion

The current study confirmed that the marine secondary me-
tabolite extracted from UPLE has an extraordinary effect as
well as cardioprotective role against HEM-induced
cardiotoxicity in rats. The therapeutic effect of UPLE can be
due to its highly antioxidant and anti-inflammatory effects on
the diminished the level of inflammatory as well as oxidative
stress biomarkers and finally cardiovascular biomarkers.
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