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Abstract

The aim of this study was to identify cardiovascular effects of relevant concentrations of Cd and Hg
alone and in combination as a mixture in water. This was achieved by administering to male
Sprague-Dawley rats via gavage 0.62 mg/kg Cd or 1.23 mg/kg Hg, or a combination of 0.62 mg/kg
Cd and 1.23 mg/kg Hg in the co-exposure group for 28 days. Concentrations were the rat
equivalence dosages of 1000 times the World Health Organization’s limits of 0.003 mg/L and 0.006
mg/L for Cd and Hg respectively, for water. With termination, blood levels of the metals were
increased. For all metal exposed groups, histological evaluation and transmission electron
microscopy of the myocardium revealed myofibrillar necrosis, increased fibrosis, vacuole formation
and mitochondrial damage. Cd caused the most mitochondrial damage while Hg to a greater degree
induced fibrosis. In the aorta, both Cd and Hg also increased collagen deposition adversely altering
the morphology of the fenestrated elastic fibres in the tunica media. Co-exposure resulted in
increased cardiotoxicity with increased mitochondrial damage, fibrosis and distortion of the aortic
wall as a result of increased collagen deposition, as well as altered elastin deposition, fragmentation
and interlink formation. These are typical features of oxidative damage that correlates with a
phenotype of premature ageing of the CVS that potentially can lead to hypertension and premature

cardiac failure.
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Introduction

Cardiovascular disease (CVD) is a group of diseases that include atherosclerosis and hypertension,
that affects the heart and blood vessels, which eventually leads to cardiac failure. Oxidative stress
and vascular inflammation have been implicated in CVD development. 2] Increased arterial
stiffness associated with CVD is due to a decrease and increase in elastin and collagen content
respectively where increased, irreversible, non-enzymatic cross linking of collagen, contributes to
early vascular ageing (EVA). B! Atherosclerotic plaque formation is characterised by vascular
inflammation resulting from endothelial cell dysfunction or injury. ['! Mitochondrial dysfunction is
an identified a source of oxidative damage in vascular smooth muscle cells (VSMC) B! and
cardiomyocytes. [ Increased fibroblastic activity is linked to heart disease, extracellular matrix

(ECM) remodelling, where increased collagen deposition in the myocardium, leads to fibrosis. (-

Cd is a major constituent of tobacco smoke and has been identified as an underestimated risk factor
for the development of CVD and is associated with cerebrovascular accident (CVA), heart failure,
myocardial infarction, peripheral arterial disease (PAD) and hypertension. [¢1 Blood levels below
the World Health Organisation’s (WHO) safety standard of 0.003 mg/L Cd and 0.006 mg/L. Hg have
been associated with PAD. [7] In addition to tobacco smoke, plants such as vegetables can also be a
major source of Cd depending on atmospheric, soil and water levels. With soil acidification Cd

levels in crops such as rice, wheat and vegetables is increased. [®) Furthermore a consequence of
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increased industrial activity such as mining, oral exposure to Cd contaminated water is increasing.

(6]

In the circulation, Cd binds to metallothionein and irreversibly accumulates in the liver, kidneys and
testes. Cd indirectly contributes to the generation of reactive oxygen species (ROS) and reactive
nitrogen species (RNS), by decreasing the available antioxidant enzymes, catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPx), and metabolites such as glutathione
(GSH) by chelation.[®) The consequence is enzyme inactivation, pathway inhibition leading to
increased ROS levels that induces oxidative damage causing increased lipid peroxidation, protein
carbonylation, and DNA damage that induces inflammation and apoptosis. ¢! Cd triggers an
inflammatory response through the upregulation of pro-inflammatory proteins NF«xB, inducible
nitric oxide synthase (iNOS), COX-2 and c-myc and downregulation of anti-inflammatory cytokine
interleukin (IL)-10 and heme oxygenase (HO)-1. [¢1 The CVS effects of Cd is the consequence of
the multiple effects on the vascular endothelium and smooth muscle, mediated by the generation of
a pro-inflammatory state, [¢! endothelium dysfunction and down regulation of nitric oxide (NO)

production, ¥ and increased oxidative stress. [©]

Increased mortality of miners from the Almadén region of Spain has been identified due to Hg
exposure which has contributed to circulatory diseases specifically hypertension and CVD. P
Identified sources includes water contamination due to gold mining, leaching due to deforestation
and the consumption of fish in which Hg has bio accumulated. In artisanal gold mining, Hg is used
for processing of gold alluvial deposits and subsequently Hg escapes into the atmosphere and then
accumulates the surrounding soils and water. With soil contamination elemental Hg is converted to
inorganic Hg or converted by sulphate reducing bacteria to MeHg which is absorbed by plants, often
consumed by humans. ' In Brazil, artisanal gold miners are exposed to Hg while local

communities are exposed via atmospheric vapour inhalation and ingestion of Hg contaminated fish.

[10]



In the blood Hg is widely distributed to other tissues where it binds to sulthydryl groups such as the
Cys residues of proteins and GSH. Inorganic mercury such as HgClz has low lipophilicity, which
limits its ability to penetrate through the blood brain barrier. Once absorbed, Hg undergoes metallic
interconversion where organic methyl-Hg is converted to inorganic Hg in the kidneys and the liver
as a result of microbial flora activity. Hg is oxidized by erythrocytes to Hg>* which binds to SH-
groups altering the tertiary and quaternary structure of proteins, the catalytical activity of enzymes,
disrupts receptor binding and subsequent changes in K™ or Ca?" levels alters cell membrane

potentials and intra- and intercellular signalling. 1% 1]

Due to its high affinity for SH-groups, ionic Hg binds to GSH, Cys, homocysteine, N-acetylcysteine,
metallothionein, as well as albumin, inhibits SOD, CAT and GPx, adversely altering antioxidant
status of cells and tissue. ['%!!] In the mitochondria Hg disrupts mitochondrial enzyme systems and
this leads to depolarisation, autoxidation and peroxidation of the inner mitochondrial membrane.
Reduced integrity of the inner mitochondrial membrane alters calcium homeostasis, causes an
increase in H20:2 levels, and depletes GSH, increases lipid peroxidation and oxidation of cofactors
NADH and NADPH. ['!l Oxidative stress and depletion of mitochondrial oxidant defence
mechanisms has a detrimental effect on the functioning of mitochondrial rich tissue types such as

cardiac and smooth muscle. [12

Methylmercury levels lower than that associated with neurotoxicity has been identified to increase
the progression of atherosclerosis and risk for CVD. [!% The vascular effects of Hg, include
increased oxidative stress and inflammation, depletion of oxidative defence mechanisms, and also

causes vascular smooth muscle, endothelial, immune and mitochondrial dysfunction. [0 1]

Although studies have investigated the effects of heavy metals and their combinations both in vitro
and in vivo, ['3151no studies could be identified on the effects of Hg and Cd alone and in combination

on the CVS. Only effects of these metals on several blood parameters ['> 19 have been investigated.
4



Compromised antioxidant defence systems were observed in workers exposed chronically to Cd and
Hg in coal fly-ash where exposure adversely affected plasma levels of ascorbic acid SOD and GPx,
increasing the risk for oxidative stress. 7l Although smoking and exposure to Cd and Hg are
associated with the development of hypertension and CVD, [10- 11 18-20] Jjtt]e is known whether oral
exposure at concentrations that can be extrapolated to human limits for water have comparable
adverse health effects on the CVS. In a Sprague-Dawley rats, the aim of this study is to firstly to
evaluate the effects of oral exposure of environmentally relevant concentrations of Cd and Hg,
secondly, to compare this with the effects of co-exposure to Hg and Cd as part of a mixture on the

tissue and cells of the heart and aorta.

Materials and Methods

Sprague-Dawley rat model

Six-week-old, male, Sprague-Dawley rats (average weights 250 - 300 g) were maintained at the
University of Pretoria Biomedical Research Centre (UPBRC). Standard irradiated Epol rat pellets
and municipal water were provided ad libitum. The rats were housed conventionally in cages
complying with the sizes laid down in the SANS 10386:2008 recommendations. A room
temperature of 22°C (£ 2), relative humidity of 50% (£ 20) and a 12-hour night/dark cycle was
maintained throughout the study. A total of 24 rats (n=6 per group) were used in the study. The rats
were housed in pairs per cage and autoclaved pinewood shavings were used as bedding material,
along with white facial tissue paper as enrichment as per the standard operating procedures at the
UPBCRC. All experimental protocols complied with the requirements of the University of Pretoria
Animal Ethics Committee (AEC) (Animal ethics number: HO07-15). The rats were divided into the
experimental groups at random and allowed to acclimatise for 7 days. The rats were dosed at a 1000
times the safety limit of exposure levels established by the WHO [2!1 of 0.003 and 0.006 mg/L for
Cd and Hg respectively. The rat equivalent dose (RED) according to Nair and Jacob (2016) was
calculated. 122 Dosages was based on a human with a weight of 60 kg, consuming 2 litres of water

per day were used which at 1000 times the WHO limit translates into a daily dosage of 6 and 12
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mg/day (equivalent to 0.1mg/kg and 0.2 mg/kg) for Cd and Hg respectively. The RED was 0.62 and
1.23 mg/kg/day for Cd (II) and Hg (II) ions respectively. The rats were exposed via gavage daily
for 28 days resulting in a control group and three experimental groups, rats exposed to Cd (Cd), Hg
(Hg) and the a mixture of Hg and Cd (Cd+Hg). The rats were weighed daily prior to administration
of the metals and weekly average weights of rats were used to calculate dosages. On the day of
termination, the rats were terminated via isoflourane overdose according to standard methods
employed by the UPBRC. Blood was collected, via cardiac puncture in citrate tubes and was sent
to an external laboratory for the quantification of plasma creatinine as well as Cd and Hg, the latter
determined with coupled plasma mass spectrometry. The heart and aorta were dissected from each
rat. For histology the left ventricle and the upper thoracic portion of the descending aorta of all rats
were collected and processed for light microscopy (LM) and transmission electron microscopy
(TEM). The most representative images of each group were used to document the changes in tissue

and cell structure.

Histology of cardiac tissue and the aorta

Tissue prepared for paraffin wax embedding was fixed overnight in 4% formaldehyde (FA) in 0.1M
phosphate buffer saline solution (PBS) (0.2 M Na;HPO4, 0.2 M NaH2PO4-H20, 0.15 M NacCl, pH
=17.4). The samples were then washed three times for 30 minutes with PBS before being dehydrated
in increasing concentrations of ethanol of 50% ethanol for 30 minutes, 70% ethanol for 1 hour, 90%
ethanol for one hour, twice in 100% ethanol for one hour, and 100% ethanol overnight. The samples
were then infiltrated with paraffin wax by first placing them in 50% xylene: ethanol for 30 minutes,
then 100% xylene for 2 hrs, followed by 30% wax in xylene for 1 hour, 70% wax in xylene for 1
hour and finally in 100% wax for two hrs. All steps involving wax infiltration were undertaken at
60°C. The samples were embedded in paraffin wax and cooled to 4°C

prior to sectioning. The prepared blocks were sectioned at a thickness of 3 — 5 um using a Leica
RM2255 microtome. Prior to staining, all wax sections were de-waxed in xylene and rehydrated and

then dehydrated with 90% and 100% ethanol to xylene according to standard protocols after
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completion of the staining. Haematoxylin and Eosin staining was undertaken as described

previously. [33

Elastic distribution: Verhoeff van Gieson stain for elastin

The distribution of elastic fibers in the aorta was evaluated with the Verhoeff van Gieson (VvG)
method. Verhoeff’s solution was prepared by mixing together 20 ml 5% alcoholic haematoxylin, 8
ml 10% ferric chloride, 8 ml Weigert’s iodine solution, before staining for 1 hour. Differentiation
was achieved by rinsing the slides in 2-3 changes of tap water and then with a 2% ferric chloride
solution for 1-2 minutes. Further differentiation was achieved with several changes of tap water,
after which the slides were treated with a 5% sodium thiosulfate solution for 1 minute and washed
again in running tap water for 5 minutes. Counterstaining was achieved with Van Gieson’s solution,
consisting of 5 ml of a 1% aqueous acid fuchsin in 100 ml of a saturated aqueous picric acid solution,

for 3 - 5 minutes.

Transmission electron microscopy of the heart and aorta

Transmission electron microscopy was undertaken as described previously.?* Shortly the tissue
samples were fixed in 2.5% glutaraldehyde (GA)/FA in 0.075 M phosphate buffer, pH 7.4 for 1
hour, rinsed three times in PBS for 15 minutes before being placed in a secondary fixative of 1%
osmium tetroxide solution, for 1 hour. The samples were rinsed again as described above,
dehydrated in 30%, 50%, 70%, 90% and three changes of 100% ethanol before being embedded in
Quetol resin. Ultra-thin sections (70 - 100 nm), were cut, contrasted with uranyl acetate for 15
minutes followed by 10 minutes of contrasting with lead citrate. Finally, after drying for a few

minutes the samples were examined with the JEOL JEM 2100 TEM (JEOL Ltd., Tokyo, Japan).



Statistical analysis
Statistical analysis of blood creatinine and metal levels was undertaken with One-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test was used where a p-value of < 0.05 was

considered significant.

Results and discussion

In this study the cardiovascular toxicity of Cd, Hg alone and in combination was determined 28 days
after exposure. Several studies have investigated the cardiotoxicity of Cd and Hg but whether
dosages used reflects human exposure is often questioned. In the present study, this was addressed
by exposing rats to the RED of 1000 x the WHO limit for water for 28 days. In addition the effects

of co-exposure to Hg and Cd at the same concentrations was also determined.

Creatinine levels on the day of termination were similar to the control for Cd but were significantly
reduced compared to the control for Hg and co-exposed rats. For the co-exposed group, creatinine
levels was significantly less that measured for Hg and Cd exposed rats. Creatinine levels serves as
surrogate for muscle mass [** which may indicate that in groups where levels are significantly lower,

muscle mass may be reduced and functioning possibly compromised (Table 1).

Table 1: Creatinine and blood levels of Cd and Hg and the percentage absorption in the experimental groups after 28

days exposure.

Treatment Creatinine Cd (nM) Hg (nM) % Absorption

Control 27.17£2,22 <45 <5.0 NA
Only Cd 24.17+1.17 16.69 £+ 3.69 - 19.11+4.22

Only Hg 21.83+2.17** - 186.67 £22.12 43.24+5.12

72.14 + 83.52 and

Cd + Hg co-exposure | 12.97+12.91* 121.06 £ 140.17* 155.99 £41.12*
51.75 + 13.64 respectively

*Significant p<0.05, control vs Cd, Hg, Cd+Hg co-exposure, *significant Cd vs Cd+Hg and Hg vs Cd+Hg co-
exposure (p<0.05)



Plasma levels of Cd and Hg were measured on the day of termination following 28 days exposure.
The levels of Cd and Hg were 16.69 +3.69 nM and 186.67 + 22.12 nM respectively and were higher
than that measured in the control group. Differences between Cd and Hg and the co-exposure group

was statistically significant.

Cd levels of 16.69 £ 3.69 nM, equivalent to 1.872 + 0.37 ug/L is within ranges for several Cd
exposed populations. Reported examples are 0.8 — 4.5 pg/L for an Egyptian population, (231 0.05 —
0.258 pg/L and 0.06 — 0.39 pg/L for a female South African rural and mining community
respectively, [2°) and for a Swedish adult group, levels were 0.46 pg/L blood Cd 7). The detrimental
effects of Cd exposure is augmented by exposure to tobacco smoke, [?8! which can increase Cd
intake by an extra 1 - 3 pg Cd for individuals smoking one pack of cigarettes per day. *°! Blood
levels of Cd in smokers were increased from 1.37 £ 0.45 pg/L to 2.67 = 1.21 pg/L for an Egyptian
population, 2>l whereas for Canadians these levels increased from an average of 0.21 pg/L to 1.64
ug/L for smokers compared with non-smokers. % Although this does not represent oral exposure,

it further contributes to blood levels and associated toxicity.

For Hg exposed rats, the plasma Hg levels, after oral exposure were 35.41 £+ 2.60 pg/L which was
higher than levels found in several populations. Plasma Hg levels were reported to be an average of
3.08 + 1.55 pg/L for a Korean male college population (n=43) !l and 4.6 + 3.0 pg/L for a larger
population of Korean males (n=4283). [*2] In an Egyptian population, Hg levels were 4.4 — 12.1
ug/L, 8 and in a South African population 0.1 - 8.82 pg/L. 126! In the study by Réllin et al. (2009)
levels in South African rural women were 0.18 - 8.82 pg/L while for women living in mining areas
were 0.28 - 1.25 pg/L. [261 In contrast, in regions of the world where small scale gold mining occurs,
serum levels of Hg were raised and increased from 16.6 £ 10.7 pug/L to 102.0 = 55.8 pg/L for
different mining areas in Ghana. An increase in cardiovascular events has been reported in
populations exposed to 0.05 uM Hg, equivalent to 10.29 pg/LL Hg. In the present study rat blood

levels of 35.41 + 2.60 pg/L representing the upper range of Hg exposure which is associated with
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cardiovascular risk. A study in which Wistar rats treated with intramuscular HgCl> for 30 days (first
dose 4.6 ng/kg, then 0.07 pg/kg/day) identified that chronic low-level Hg exposure significantly
altered the autonomic modulation of heart rate through a shift towards sympathetic control and
blockage of pacemaker activity of the sinoatrial node, [*3! identifying cardiac tissue as a site of

toxicity.

In the present study both metals were absorbed, and the percentage absorbed was 19.11 + 4.22%
and 43.24 + 5.12% respectively for Cd and Hg. In the co-exposure group the percentage absorption
for reach metal was increased to 72.14 + 83.52 % and 51.75 + 13.64% for Cd and Hg respectively.
This is either due to an increase in total metal burden or that Cd or Hg metals alters the permeability
of the intestinal mucosa, increasing absorption. Cadmium causes mild to moderate villus damage
and inflammatory cell infiltration in the lamina propria [** while a dose dependant sloughing of
intestinal villi was reported with Hg exposure. [**] Either effects can increase mucosal permeability,

which could account for the higher blood levels of especially Cd found in the co-exposure group.

Histology of the myocardium of the control, revealed oval centrally located nuclei. The myofibrils
were striated, branched and continuous with adjacent myofibrils (Fig. 1). Small blood vessels and
capillaries are often visible throughout the cardiac muscle. Distinctive and varying degrees of
cardiotoxicity was observed in the experimental groups (Fig. 1) and generally the muscle tissue was
irregular and loose in appearance. Deformations in size and shape of the nuclei and a disordered
pattern of myofibres were common. In the Cd exposed group (Figure 1d), lipid vacuoles, flattened
nuclei, destruction of myofibrils and dilatation of the cardiac tissue, often associated with tissue
oedema was observed. Exposure to Hg (Fig. 1f), caused increased destruction of myofibrils, the
formation of vacuoles and erythrocyte extravasation due to capillary and small blood vessel
distortion or injury. In the co-exposed group (Fig.1 g and h) lipid vacuoles as well as thin filaments

of connective tissue were observed (Fig.1h thin arrow).
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Figure 1: H&E stain of cardiac tissue in control sample (a) with neatly arranged myofibrils. In all heavy metal groups;
Cd (c), Hg (e) and Cd+Hg (g), irregular and loose appearance of muscle tissue is visible at low magnification. At high
magnification in control (b), single oval and centrally located nuclei (arrowhead) and small blood vessels and capillaries
(arrows) are visible. Cd (d) shows presence of lipid vacuoles (arrow), irregular and flattened nuclei (thin arrow),
destruction of myofibrils (arrowhead) and tissue dilatation (*). Further destruction of myofibrils is evident in the Hg
exposed group (f) (arrowhead) with presence of lipid vacuoles (arrow), and extravasation of erythrocytes (dashed
arrow). In the Cd+Hg group (h), destruction of myofibrils (arrowhead) and erythrocytes extravasation (dashed arrow)
are apparent and lipid deposition (arrow) as well as fine connective tissue fibrils are also present (thin arrow). Scale bars

=5 um.

Cd has been shown to accumulate in heart muscle ¢! and is cardiotoxic at concentrations as low as
0.1 uM (equivalent to 11,24 ug/L). 37 Chronic exposure of Wistar rats to 15 mg/kg/day for 60 days
resulted increased Cd accumulation in cardiac tissue resulting in altered mitochondria structure, the
presence of thin and disintegrated muscle fibres, with disruption of normal myofibrillar organisation
while the structure of the endothelium and SMC was normal. Ghosh and Indra [*8] evaluated the
effects of Smg/kg/day for 30 days and found myofibrillar arrangement, vacuolization of the tissue
and erythrocyte congestion in the cardiac tissue. Inflammation and oxidative damage to DNA, lipid
and proteins as well as inhibition of the antioxidant defence mechanisms was also observed. [*]
Likewise Ferramola et al. [ describe the cardiotoxic and antioxidant pathway inhibitory effects of

15 mg/kg/day and 100 mg/kg/day administration of Cd in Wistar rats for 60 days.

Although Hg has been identified as a cardiotoxin that mediates its effect via oxidative mechanisms,
few studies investigate the morphological effects on tissue and cellular structure. Baiying et al. [40]
reported that blood levels of 500 ug/L after oral intake of Hg for 56 days by Wistar rats resulted in
increased levels of creatine kinase (CK) and CK myocardial band isoenzyme as well as oxidative
related increase in malondialdehyde (MDA) levels, reduced GSH levels and the ratio of
GSH/GSSG. Morphological features of damage was haemorrhage and infiltration of inflammatory

cells. The administration of 1mg/kg per day, for 28 days to Wistar rats also resulted in an increase
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in MDA levels and a decrease in the levels of antioxidant enzymes in cardiac tissue. [*!l These levels
resulted in inflammatory cell infiltration, myocardial fibres disorganisation, myocyte degeneration,
edema and necrosis. In the present study, lower blood levels of 35.41+£2.60 png/L. and relevant
dosages of 0.2 mg/kg resulted in milder morphological effects with the absence of inflammation

and necrosis although changes to the fibre arrangement and the myocytes were observed.

In the present study, the cardiotoxicity of Cd and Hg was confirmed, however no previous reports

being found on the cardiotoxic effects of co-exposure to Cd and Hg.

Following metal exposure with TEM (Fig. 2), parallel bands of mitochondria and cardiac muscle
fibrils, characteristic of normal cardiac muscle (Fig. 2a, arrow), were distorted. Interruptions of Z
lines were evident in the Cd exposed group together with a clear destruction of the myofibrils (Fig.
2 c and d, arrowhead), resulting in fewer myofibrils associated with swollen mitochondria (Fig. 2¢
and d, thin arrows). Similar myofibrillar damage was observed in the Hg group (Fig. 2f, arrowhead)
and in the combination group (Fig. 2g, arrowhead). In the Hg group, damage and destruction of the
mitochondria were visible as spaces and dilatations of the mitochondrial body (Fig. 2e and f, thin
arrows). In the co-exposure group there were small, damaged mitochondria (Fig. 2g, dashed arrow).

Interstitial collagen deposition was also present.

Exposure to low doses of Cd increases levels in cardiac tissue and dilated cardiac myopathy
develops due to the effects of Cd on the cardiac endothelium, *?! via the disruption of endothelial
cadherin. 3] Erythrocyte extravasation is associated with vascular leakage because of endothelial
damage. Hg promotes vascular damage and leakage into tissues and consequently interstitial edema.
[75

I'In the present study this effect was observed especially for cardiac tissue of rats exposed to Hg

and with co-exposure to Cd and Hg, identifying the contribution of Hg to endothelial damage.
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Figure 2: General ultrastructural features of cardiac muscle in control (a and b), Cd (¢ and d), Hg (e and f) and Cd+Hg
group (g and h). Control (a) show normal ultrastructure with well organised parallel bands of mitochondria and cardiac
muscle fibrils, with clear Z lines (arrow). Collagen fibrils forming part of the endomysium (arrowheads). In (b) a
myofibroblast (F) is shown, with collagen fibrils surrounding it (arrowheads). Cd (c and d) shows a destruction of
myofibrils (arrowheads) and areas of myofibre loss being replaced by mitochondria, which appear swollen (thin arrows).
In (e and f), mitochondria appear enlarged with slight vacuolisation (arrows). In (f) thin, broken myofibrils are present
(arrowheads) and very dense collagen accumulation (C) around a myofibroblast (F). Cd+Hg (g and h) group shows
extensive thinning and destruction of myofibrils (arrowheads) as well as loss of myocardial tissue (arrow) and small,
damaged mitochondria (dashed arrow) in (g). Interstitial collagen (C) deposition is shown in the combination group (h).

Mitochondria (M), Cardiac myofibrils (CM), myofibroblast (F), Collagen (C). Scale bars =2 pm.

In the present study changes to the mitochondrial size and the cristae of the compared with control
group was also observed (Fig. 3). In the control group the mitochondrial cristae are neatly and
closely packed (Fig. 3a) and the empty spaces visible in the tissue (indicated by the arrow), are axial
tubules. Infrequent alterations to the structure of the mitochondrial cristac was observed in the
controls. In the exposed groups, mitochondrial damage occurred. In the Cd exposed group swelling
and slight damage to the mitochondrial cristae (Fig. 3b, arrows) was observed. The destruction of
cristae was observed in the mitochondria of the Hg group (Fig. 3¢, arrow) although the frequency
of damaged mitochondria was less than that observed in the Cd group. Following co-exposure to
Cd and Hg (Fig. 3d), increased mitochondrial toxicity was observed, with either extensive swelling

of the mitochondrial matrix, or complete loss of cristae (Fig. 3d, arrows).
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Figure 3: Detailed ultrastructure of mitochondria in transverse sections of the cardiac muscle. Abundant regular cristae

are seen in control (a), with axial tubules, a normal feature of healthy cardiac muscle, indicated between the
mitochondria (arrow). Damage due to swelling and loss of cristae is evident in experimental groups, found frequently
as fragmented cristae (arrows) in Cd (b), less frequently in Hg (c) (arrow), and most frequently and to a higher degree
of damage, with complete loss of cristae (arrows) in the Cd+Hg group (d). Normal appearing mitochondria (M). Scale

bars =2 um.

Mitochondrial damage is a distinguishing features of oxidative stress, and associated autophagy is

[2, 12

nescessary for the control of oxidative states. I' mtDNA lacks protective histones and compared

with nuclear DNA has a reduced ability to regenerate, consequently the mitochondria are highly
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vulnerable to ROS which can change the number of mitochondria, mtDNA copy number and
integrity. Once mtDNA is damaged or mutated, a reduction of antioxidative capacity can further
increase ROS production with subsequent oxidative damage. Furthermore, the high lipid content of
the mitochondria membranes results in increased levels of oxidative mediated lipid peroxidation [2!
that leads to mitochondrial swelling due to increased fluid filtering into the mitochondrial matrix.
Structural changes to the mitochondria indicates that these organelles are specific targets of Cd and

Hg toxicity, especially for Cd with increased toxicity following co-exposure.

The mitochondria content of cardiac tissue is high and can compensate for minor damage and a loss
in function. The number of mitochondria is regulated by the activation of specific transcription
factors and signalling pathways [4-%] and an increase is considered an adaptive response to
mitochondrial damage and increased need for energy. The formation of large megamitochondria is
often associated with free radical generation and are eliminated by mitophagy. ['?! In the present

study, the mitochondria are swollen, while mega mitochondria were absent.

Dysfunction of the mitochondria, leads to cardiomyocyte apoptosis which which eventually leads
to cardiovascular disease. ['?! Also associated with oxidative stress is lipid accumulation in cardiac
tissue arising from mitochondrial dysfunction. Vacuolization and complete loss of the cristae is a
feature of oxidative stress in cardiac tissue and was observed in the Cd and Hg as well as the co-

exposure groups.

Some characteristics of autophagy were present in the exposed groups and these are the presence of
probably lipid vacuoles and mitochondrial swelling. This protective mechanism occurs via the
inhibition of the rapamycin complex 1 (mTORC1) pathway, that prevents endoplasmic reticulum
stress. A study investigating Cd and As toxicity as autophagy inducing agents showed that exposure

to CdCl2 for up to 18 hrs at doses lower than 10 pM causes autophagy, whereas exposure for 24 hrs
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to 1uM CdClz, caused apoptosis. Cadmium has been shown to induce autophagy via ROS dependant

pathways. [+

Cd activates the necroptosis pathway, [46] resulting in myocardial damage while Hg is a recognized
cause of dilated cardiomyopathy. [47> #8] Similar induction of autophagy at low concentrations,
followed by necroptosis have been reported for exposure to EtHg. [4°1 This identifies that autophagy
is a cell survival mechanism that occurs at low concentrations for a limited exposure time, after

which cytotoxicity and associated apoptosis occurs.

The results of the present study showed that exposure to concentrations of 1000 times the WHO
safety limits, with blood concentration of 16,69 nM Cd and 186,67 nM Hg alone and in combination
did cause some structural changes to cardiac tissue associated with autophagy, however to
conclusively identify autophagy as a mechanism of action, the quantification of biochemical

markers associated with this process is necessary.

In typical healthy muscle tissue, collagen distribution is around fibroblasts that synthesize collagen
(Fig. 4a) and is also finely dispersed close to the myofibrils and mitochondria, of the endomysium
(Fig. 4b). In the heavy metal exposed groups, the collagen deposition is altered when compared to
the control. In the Cd group a dense collagen deposition is observed in the endomysium (Fig. 4c)
and the interstitium (Fig. 4d), surrounded by damaged mitochondria (Fig. 4d, arrows) and
myofibrils. Densely deposited collagen (Fig. 4e) as well as extensive interstitial collagen deposition
(Fig. 4f) is also observed in the Hg group. In the co-exposure group (Fig. 4g) extremely thick
collagen fibres composed of dense fibrils, that appear to have been directly attached to the muscle
fibres (Fig. 4g, arrow) is observed. Collagen deposition around a blood vessel is also observed (Fig.

4h).
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Figure 4: Ultrastructure of fibrotic collagen in cardiac muscle. Control tissue (a and b) shows normal collagen
distribution near a fibroblast (F) in (a) and normal, finely dispersed collagen surrounding mitochondria (b). In the Cd
group (c,d) dense accumulation of collagen fibrils is visible in (c) as well as intersitital collagen in (d). Damaged
mitochondria in the vicinity are also shown (arrows). Intersitial collagen was also present in the Hg group (e and f), as
collagen fibers made up of both densely packed collagen fibrils (¢) and loosely dispersed collagen in between
mitochondria and muscle fibrils (f). The Cd+Hg group (g and h) had extremely thick fibers made up of dense fibrils of
collagen (g), which appears to have been directly attached to the muscle fibrils (arrow), and also collagen in the
interstitium (h), in this case shown next to a blood vessel (BV),Collagen (C), Cardiac muscle fibrils (CM). Scale bars =

2 pum.

Myofibroblasts are responsible for collagen turnover under pathological conditions. A fundamental
characteristic of hypertensive cardiac remodelling is myocardial stiffness, which is associated with
fibrosis, altered contractile and relaxation properties, and changes in cardiac cellularity. ' 4 The
most identifying morphological alterations in the remodelling process of heart failure is the

accumulation of ECM proteins/fibrosis and myocyte death. [}4]

Increased interstitial collagen has been identified in Wistar rats exposed to tobacco smoke. 5% These
alterations were related to an increase in NOX activity, increased levels of lipid hydroperoxide and
depletion of the antioxidant enzymes, CAT, SOD and GPx, implicating the oxidative pathway in
ventricular remodelling not associated with inflammation as the cardiac levels of IFN-y, TNF-a and

IL-10 were not different between the groups. %

The effects of exposure on the general morphology with H&E staining of the tunica intima, tunica
media and tunica adventitia of the aorta was evaluated (Fig. 5). In addition, elastin distribution and
arrangement of the fenestrated elastic layers was evaluated using the VvG staining method (Fig. 6).

Connective tissue arrangement as well as cell and organelle morphology were evaluated with TEM

(Fig. 7).
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Figure 5: Histology (H&E stain) of the aorta showing the general cell and tissue structure on low (a, ¢, € and g), and
high magnification (b, d, f and h). In the control group (a) showing even thickness throughout the aortic wall and oval
nuclei (arrow) with little perinuclear space (arrow head) in (b). The Cd exposed group revealed slight changes in the
appearance of the aortic wall (c) as well as flattened nuclei (arrow) and an increase in perinuclear space (arrowhead) in
(d). In the Hg group, distortion of the aortic wall is shown in (e) (dashed arrow) and change in tissue structure of the
area is visible in (f), with rounded nuclei in the tunica intima (arrow), as well as connective tissue surrounding the cells
(dashed arrow). The Cd+Hg group (g and h) revealed some distortion of the arterial wall (g) with a loss of connective
tissue banding in the tunica intima (arrow head), flattened nuclei (double arrow) and thick bands of connective tissue
(dashed arrow) in the tunica media visible in (h). L = Lumen, TA = Tunica Adventitia, TI = Tunica Intima, TM = Tunica

Media. Scale bars (a, c, e, g) = 200 pm, (b, d, f, h) =40 pm.
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Figure 6: Elastic fibre arrangement in the aorta (VvG stain), on low (a, ¢, e and g), and high magnification (b, d, f and
h).In the control (a and b) aortic wall, evenly thick, regular arranged black staining elastin bands, and interlinkages
between elastic laminae are visible in (b) (arrow). The Cd- exposed group (c and d) showed changes in the elastin in
areas of thickened aortic wall (c, arrows), with finer elastic fibres between the lamina (d, arrow) and spaces in the
lamella visible in (d). Hg group in (e and f) elastin deposition around cells of the tunica intima is present (e, dashed
arrow) and increase linkages between the lamina (e, arrowhead). Fine fibre deposition in the Hg group is shown in (f)
(arrows) and cross linkages between elastin laminae (f, arrowheads). Cg + Hg group (g and h) showing elastin changes
in tunica intima (g, arrow) and large interlinkages between lamina (g and h) (arrow heads). Elastic fibre deposition is
present surrounding the cells of the tunica intima (h, dashed arrow). L = Lumen, TA = Tunica Adventitia, TI = Tunica

Intima. Scale bars (a, ¢, e, g) =20 um, (b, d, f, g) =5 pm.
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Figure 7: TEM images of the aorta showing differences in the elastin and collagen structure. In (a) control, alternating

bands of collagen and elastin are visible. In (b) the Cd group showed collagen deposition in the elastin band (arrow) and
elastin fibres with more electron density (E). In the Hg group (c), elastin bands are interrupted (arrows) and collagen
fibres are deposited instead. The Cd+Hg group (d) showed elastin fragmentation (arrowhead) and collagen deposition

in between the elastin (arrows). C = Collagen, E = Elastin. Scale bars =2 pm.

In the control group, the thickness of the blood vessel wall was even with the VSMC having oval
nuclei (Fig. 5a). Some perinuclear spaces were observed which is a normal feature of tissue
shrinkage during processing. Elastin staining revealed smooth, black staining bands of elastin with
fibrillar projections forming interlinkages between neighbouring elastic laminae (Fig. 6a and b). In
the Cd exposed group, VSMC structure was altered, with the nuclei appearing to be flattened with

an increase in the perinuclear space, causing vacuolisation of the aortic matrix. The thickness of the
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aortic wall in some areas also appeared increased (Fig. 5c) and at a higher magnification (Fig. 5d)
this area contained more connective tissue and cells in the layers of the aorta. Changes to the elastin
in the Cd group (Fig. 6¢) included a reduction in the wavy appearance of the elastin as well as the
presence of finer elastic fibres between the elastic lamina in the thickened areas of the aortic wall
(Fig. 6d, arrow). In the Hg group and co-exposure groups, changed to the morphology of the aorta
was more apparent and included altered connective tissue structure and cellular arrangement. In the
Hg group (Fig. 5e), cell clusters associated with connective tissue that bulges outwards into the
lumen was observed. Cell nuclei appeared smaller and rounded, and often bands of connective
tissue were observed surrounding the cells. Elastin deposition around the cells of the tunica intima
(Fig. 6e dashed arrow), increased in the interlinkages between the lamina and the presence of elastin
fibres (Fig. 6f) was observed. The combination group showed similar cellular and connective tissue
changes, with a gradual increase in the thickness of the aorta wall (Fig. 5g). For the co-exposed
group (Fig. 5h), the nuclei appeared flattened and closer together than observed in the Hg group.
The connective tissue appeared to have lost banding definition and instead was surrounded by cells
with flattened nuclei, in close proximity to one another. Excessive elastin was present in the tunica
intima (Fig. 6g, arrow) as well as large interlinkages between the elastic laminae (Fig. 6h,

arrowheads).

Alternating bands of collagen and elastin as typically found in the connective tissue of elastic
arteries was observed in the control group (Fig. 7a). Cadmium exposure caused the disruption of the
elastic fibres by collagen (Fig. 7b, label C), while an area of new collagen deposition and elastin
destruction was observed adjacent to the elastin band (Fig. 7b, arrow). In the Hg exposed group,
interruptions in the horizontal elastic bands were observed. In the areas where elastin was lost,
collagen was present (Fig. 7¢). In the co-exposure group, electron dense elastin strands are present
and with areas of lighter density along the main elastin fibre which appears to be newly deposited
elastin and similarly arranged elastin is located individually among the collagen bundles (Fig. 7d,

thick arrow, label E).
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In tunica intima, direct toxicity causes apoptosis of the cells of the endothelium while indirect effects
are an increase in cellular proliferation, changes in cellular cell migration and reorganisation, as well
as changes to the composition and arrangement of the ECM in the blood vessel walls. [!l The ECM
of large blood vessels such as the aorta is composed of elastin and collagen with elastin being the
most prominent ECM protein. Elastic fibres in arteries perform the function of energy storage and
subsequent release during systole and diastole. A further function is the control the contractibility
of VSMC, and is a source of TGF-p, an autocrine factor. [ Disruption of this process can lead to

fibrosis that compromise smooth muscle contractibility.

In contrast, a decrease in collagen degradation also has a profibrotic effect. Collagen degradation is
mediated by MMPs which are regulated by hormones, various growth factors and cytokines as well
as mechanical strain on the tissue. 'l Although MMPs are involved in collagen degradation,
activation can further promote the synthesis of additional collagen in tissues, and therefore creating
a positive feedback mechanism for fibrosis. [ 521 The degradation pathways also often favour the
degradation of healthy, intrinsic collagen over newly formed collagen, which in fibrosis is oxidised
and highly cross-linked and this results in the accumulation of stiffer collagen. [*°) In disease levels
of myofibroblasts are increased and this causes an increase in the procollagen synthesis and
secretion into the pericellular space, where it forms collagen fibrils that assemble into fibres.
Functionally, any changes to the ECM components and MMP activity of the myocardium affects
the contractile function of myocytes. 31 The presence of collagen in smooth muscle has been shown
to affect contractility, myocyte mediated signal transduction between cells, as well as growth factor

release, the most important of which is TGF — B1. 15354

Hypertension is also associated with collagen formation in humans as collagen degradation markers
and hemodynamic load are reduced after antihypertensive treatment. ['- 3 This has also been

confirmed in rat studies. 3* Increased collagen type I synthesis, as was observed in the present study
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(data not shown), is a feature of spontaneously hypertensive rats but not in normotensive animals,
indicating that increased collagen type I levels in the myocardium are associated with hypertension.
(561 Increased collagen cross-linking has also been observed following cardiac hypertrophy in
spontaneously hypertensive rats. 7! The suggested pathophysiology is that an increase in systemic
blood pressure from arterial modifications affects protein synthesis by cardiomyocytes and

fibroblasts which favours increased collagen and total protein synthesis leading to fibrosis >4

Elastic fibres and SMC function together to allow the dilatory and constrictive action of the arterial
wall, recoil ability of elastic blood vessels, and ability to store energy. For elastin formation, the
endothelial cells secrete soluble tropoelastin. [ Pericellular deposited microfibrils composed of
the protein fibrillin-1 serve as site of aggregation for soluble tropoelastin. [ In the ECM, elastin is
then cross-linked by lysyl oxidase (LOX) and lysyl oxidase like 1 (LOXL1), forming elastin fibres-
These elastic fibres first appear as small cell surface globules which over time arrange themselves
into larger fibres. ! In hypertension, in addition to changes in collagen synthesis and deposition,

the structure and the processing of elastin, fibrillin, fibronectin and proteoglycans are also altered.

[3,3]

Oxidative stress mechanisms have been shown to affect elastin synthesis [ and in Sprague Dawley
rats, as a result of oxidative insult, elastin and increased SMC were observed in the tunica intima
creating neointimal tissue masses. [*8 Similarly, the present study showed areas of neointimal
formation in the groups exposed to Hg (Fig. 5e and f) and the co-exposed group (Fig. 5g and h).
Alterations to elastin structure have been reported to decrease arterial compliance. Studies have
shown that mice and humans reduced levels of fibulin-5 causes a reduction in arterial compliance,
which is correlated with hypertension, reduced cardiac function and an increased risk of death from
CVD. B% In fibulin—5 deficient mice, elastin staining was reduced due to elastin fibres fibre
fragmentation visible with electron microscopy.l*”! In the present study, for all groups the intensity

of the staining was the same. Altered elastin arrangement were observed all groups, with this effect
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being the most obvious in the Hg (Fig. 6f) and co-exposed groups (Fig. 6g). Compared with the Hg
group, co-exposure to Cd and Hg resulted in increased elastin fibres linking between the lamellae.
In contrast, Cd caused interruptions in the elastin lamellae (Fig. 6d), while the presence of collagen

bundles (Fig. 7b) possibly contributed to elastic lamellae displacement.

Endothelial cells also contribute to the structural and functional integrity of the vascular wall and
damaged endothelial cells are associated with CVD. [1} ROS induces apoptosis of vascular
endothelial cells compromising the structural and functional integrity of the endothelium. [
Exposure to Hg altered the structure of the tunica intima with an increase SMC nuclei (Fig. 5f).
Changes to elastin arrangement and structure was observed for all exposed groups (Fig. 6d, f and h)
Migration of SMC from the tunica media to the tunica intima occurs as a consequence of endothelial
cell damage. 131 An increase in aortic thickness, is the result of SMC proliferation and elastin
secretion in the tunica intima of the aortic wall. In addition, disruption of elastin lamella in the
tunica media following exposure to Hg and co-exposure to Cd and Hg further contributed changes
in the aortic wall. The resulting morphology resembles that of neointimal plaques formed after

balloon catheter injury. [6%]

Elastin degradation is associated with progressive aortic stiffening that leads to an increase in pulse
pressure and a continuous pattern of stiffening effects further increases the risk for cardiovascular
events. [>°1 In progeria, premature aging leads to accelerated vascular stiffening or vascular aging.
(1421 A disordered arrangement of elastin fibres was noted in the current study, presenting as large
gaps and irregular connected layers in the metal exposed groups (Fig. 6) indicating that metal

exposure is a risk factor for premature arterial aging and the development of CVD.

The histological alterations to VSMC are consistent with endothelial injury and abnormal
functioning of the aorta. In the present study, VSMC were more prominent in the tunica media of

the Hg and co-exposed groups, while the nuclear shape was altered in all metal exposed groups. Jin
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and colleagues [®! reported similar changes that were associated with increased levels of serum
endothelin while NO levels were reduced. A balance between endothelin and NO in the endothelium
plays a role in maintaining the vascular baseline tension. [ The VSMC proliferation occurs as a
result of NO deficiency due to the presence of damaged endothelial cells unable to produce sufficient
NO, required for the suppression of VSMC proliferation and growth. Increased VSMC proliferation
causes these cells to reach the intima, resulting in the narrowing of the arterial lumen. Reduced NO

further contributes to atherosclerotic plaque formation. 2/

In a cell-based study, Cd and Hg was reported to stimulate the proliferation of cultured rabbit aortic
smooth muscle cells (ASMC), potentially contributing to the pathogenesis of atherosclerosis and
hypertensive disease. [*'] A more recent study showed that a long-term exposure of cultured VSMC
to low doses of Hg induced vascular remodelling and proliferation through the activation of the
MAPK signalling pathways and activation of the inflammatory proteins such as NOX and COX- 2
increased the number of VSMC in the media. Subsequent treatment with COX inhibitors and

antioxidants normalized the inflammatory pathways and VSMC proliferation. (2]

Hypertension is a leading risk factor for CVD with the incidence of high blood pressure, increasing
over the last three decades. [!*! Increasingly environmental exposure to metals is being identified as
an important risk factor. Increased levels of Cd in urine in an American Indian population were
found to be associated with increased blood pressure in comparison to populations with a lower
baseline Cd level. (%3] Blood pressure variability has been associated with increases in CVD risk,
with maladaptive arterial remodelling and increased aortic stiffness being hypothesised as the
underlying cause. ¥4 A meta-analysis of the association between Hg exposure and hypertension
found a significant positive correlation. (%] A review of the mechanism underlying the toxicity of
the heavy metals Cd, Hg and As suggests that in the case of hypertension and cardiovascular effects,
66]

a multiple mechanism for pathogenicity should be considered, due to complexity of the CVS. [

Hypertensive vascular remodelling is associated with structural and biochemical changes to the
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endothelial cells, VSMC and the ECM resulting in vascular remodelling. In this study, continuous
exposure to Cd and Hg alone or in combination at relevant dosages may lead to and/or contribute to

hypertensive vascular remodelling.

Conclusion

In rats, Cd and Hg at relevant dosages based on the WHO limits for water, induced oxidative related
changes to tissue and cellular morphology and these included mitochondrial damage and collagen
associated fibrosis. Cd mostly targeted the mitochondria while Hg to a greater degree induced
fibrosis. In the aorta, both Cd and Hg also increased collagen deposition detrimentally altered the
morphology of fenestrated elastic fibres in the tunica media. Co-exposure resulted in increased
cardiotoxicity with increased mitochondrial damage, fibrosis and distortion of the aortic wall due to
increased collagen deposition in the tunica media, altered elastin deposition, fragmentation and
interlink formation. Exposure to these metals leads to varying degrees to oxidative associated
changes to the myocardium and aorta that correlates with a phenotype of premature CVS ageing

that is known to lead to hypertension and premature cardiac failure.
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