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1. Abstract

Introuction: Uraemia leads to changes in car-
diac structure, metabolic remodeling and anaemia, key fac-
tors in the development of heart failure in patients with
chronic kidney disease. Previous studies have identified
abnormalities inmitochondrial function, potentially impair-
ing energy provision and enhancing oxidative stress. This
study characterised oxidant status and changes in mito-
chondrial function in uraemia and the impact of correcting
anaemia via intravenous iron therapy. Methods: Experi-
mental uraemia was induced in male Sprague-Dawley rats
via a subtotal nephrectomy and parenteral iron administra-
tion given 6 weeks post-surgery. Oxidative stress from tis-
sue samples was evaluated by measuring pro-oxidant activ-
ities and anti-oxidant capacities in both sham and uraemic
animals with and without iron supplementation. Thiobar-
bituric acid-reactive substances (TBARS), aconitase activ-
ity and cardiolipin were measured. Mitochondrial function
was assessed using the Seahorse XFp analyser on isolated
mitochondria excised from cardiac tissue. Results: Oxida-
tive stress in this uraemic model was increased in cardiac
tissue (increased GSSG/GSH ratio, TBARS and increased
activities of pro-oxidant enzymes). There was no impact on
skeletal tissue. Parenteral iron ameliorated oxidative stress

by enhancing the anti-oxidant defense system in cardiac tis-
sue and skeletal tissue. Examination of respiratory reserve
in cardiac mitochondria demonstrated that parenteral iron
restored mitochondrial function. This experimental model
of uraemia demonstrated a specific oxidative stress on the
heart muscle without significant changes in skeletal oxi-
dant status. Iron therapy improved anti-oxidant defence
system, consequently reducing oxidative stress in the heart
and skeletal tissue. There was an improvement in cardiac
mitochondrial function. Conclusions: This experimental
evidence indicates that iron therapy could reduce vulnera-
bility to oxidative stress and potentially improve both car-
diac and skeletal functional capacity from improvements in
mitochondrial function.

2. Introduction

Patients with chronic kidney disease (CKD) are at
increased risk of cardiovascular related death in comparison
to the general population [1, 2]. Forty-four to fifty percent
of deaths in patients with renal failure (RF) are as a result of
cardiovascular events [3, 4], a mortality that is 15–30 times
higher than age adjusted general population [5]. The high
adverse cardiovascular outcomes in this group of patients is
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partly accounted for by the existence of a “unique” uraemic
cardiomyopathy (UCM) which is characterised by left ven-
tricular hypertrophy (LVH), systolic and diastolic dysfunc-
tion, and left ventricular dilation. Left ventricular hyper-
trophy in UCM is accompanied by compromised energetics
and alterations in mitochondrial function which impair en-
ergy provision and lead to an increased susceptibility of the
uraemic heart to injury [6–8]. Other factors contributing to
UCM include chronic hypertension, volume overload, hy-
perparathyroidism and iron deficiency anaemia [9], the lat-
ter which is important in clinical outcomes for patients with
CKD or requiring dialysis therapy [10, 11].

Chronic kidney disease associated anaemia is
characterised as normocytic and normochromic and arises
from erythropoietin deficiency, chronic inflammation and
iron deficiency amongst other causes [12]. This anaemia
affects about 60–80% of patients with CKD and contributes
towards the development of cardiac hypertrophy (left ven-
tricular hypertrophy (LVH) [13]. A prospective study found
that for each 0.5 g/dL decrease in haemoglobin concen-
tration there was a 32% increased risk of LVH [14]. De-
spite this observation, correction of anaemia does not lead
to complete regression of LVH [15]. A small cohort study
and two larger randomised studies have examined the ef-
fects of intravenous (IV) iron in patients with heart failure
and shown an increased haemoglobin, better renal function,
and lower N-terminal Pro Brain Natriuretic peptide (NT
pro BNP) [16–18]. The FAIR-HF study [18] demonstrated
improved functional capacity (6-minute walking distance),
quality-of-life and New York Heart Association (NYHA)
functional class. CONFIRM-HF verified these results in
a larger randomised controlled trial [19]. Taken together
these studies suggest that IV iron may have beneficial ef-
fects on the heart which may impact on reduced cardio-
vascular events, improved functional capacity and reduced
symptoms if present. Finally, the EFFECT-HF trial in
172 patients with systolic heart failure demonstrated im-
proved functional status andwell-being [20]. A 4 trial meta-
analysis also suggested treatment with intravenous ferric
carboxymaltose was associated with a reduction in recur-
rent cardiovascular hospitalisations in systolic heart failure
patients [21]. Also, in iron deficient non anaemic chronic
kidney disease patients a recent randomised controlled trial
suggested a trend to an improved quality of life and reduc-
tion in brain naturetic peptide (BNP) [22]. Anaemia sig-
nificantly increases the risk of morbidity and mortality in
CKD [12]. Iron deficiency anaemia in CKD is associated
with diminished cytochrome c oxidase activity, decreased
mitochondrial oxidative capacity and reduced total anti-
oxidant capacity resulting in mitochondrial oxidative stress
[23]. Therefore, anaemia correction by erythropoietin and
iron therapy is an integral component of CKDmanagement.
Iron therapy via intravenous (IV) administration of an iron
complex such as ferric carboxymaltose, iron dextran, iron
isomaltoside, iron sucrose, ferric gluconate and ferumoxy-

tol has proven to be effective in correcting iron deficiency
anaemia in CKD andmore recently reducing cardiovascular
events and mortality in dialysis patients [10, 24, 25].

Iron replacement therapy is also associated with
the induction of oxidative stress evidenced by increased
lipid [26, 27] and protein [28] oxidation following iron su-
crose administration [29]. This effect may be attributed
to “free” iron [30]. “Free” or labile iron readily cycles
between ferrous and ferric oxidation states that enables it
to participate in the generation of reactive oxygen species
(ROS) such as hydroxyl radicals, ferryl and perferryl ions
[31]. Hydroxyl radicals from the iron-catalysed Haber-
Weiss reaction contribute to the initiation and propagation
of mitochondrial lipid peroxidation. Iron induced lipid per-
oxidation is associated with intense mitochondrial damage
[32] that could lead to a decline oxidative capacity. Studies
have found increased evidence of systemic oxidative stress
in CKD following IV iron with limited research work on
cardiac oxidant status [33]. However, as we have previ-
ously noted mitochondrial enzymes such as those the Krebs
cycle and the electron transport chain require iron for op-
timal function and potentially minimisation of oxidative
stress [34].

Despite the central role of iron in key mitochon-
drial proteins (aconitase, complex I, II or III), the impact
of parenteral IV iron therapy as employed in clinical prac-
tice on mitochondrial function and oxidative stress in car-
diac and skeletal muscle in CKD has not been sufficiently
characterised. There is a paucity of data in patients with
CKD [35]. We have previously confirmed the phenotype
of the uraemic model with iron deficiency anaemia and the
impact of IV iron therapy on oxidative stress and mitochon-
drial function in renal tissue [33]. The aim of this study was
to further examine the cardiac oxidative response to IV iron
administration and test the hypothesis that supplementation
with intravenous iron “normalises” mitochondrial function,
improves cardiolipin content andmitochondrial bioenerget-
ics (increases the mitochondrial efficiency of respiration)
and thus reduces the vulnerability of the uraemic heart and
uraemic skeletal muscle to oxidative stress and may im-
prove oxidant capacity (via restoration of systemic anti-
oxidant activity). In addition, we examined the impact of
uraemia and iron treatment on cardiolipin (CL) content and
changes in mitochondrial bioenergetics in the uraemic heart
and skeletal tissues. These changes thusmay lead to clinical
improvements in cardiac and skeletal function.

3. Materials and methods

3.1 Induction of experimental uraemic model

We have detailed the methods previously [7, 8, 33]
but confirm once again that all experiments using animals
were in accordance with the UK Animals (Scientific Pro-
cedure) Act 1986 and were approved by the University of
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Hull Ethical Review Process (PPI number 70/7966). Male
Sprague-Dawley rats (180–200 g) (Charles River Labora-
tories, Kent, UK) were used to create a uraemic model via
a one-stage subtotal nephrectomy, as described previously
[8, 33, 36]. In brief, anaesthetic induction of animals was
achieved with 3% isofluorane in 3 L/min oxygen (O2) and
maintenance anesthesia with 2.5% isofluorane in 1 L/min
oxygen. During this surgery consisted of a midline abdom-
inal incision for exposure and decapsulation of the left kid-
ney. The renal vasculature was clamped and 50% of the
kidney removed. Any bleeding was treated using Surgi-
cel® (Johnson& Johnson, Maidenhead, Berkshire, UK) be-
fore the remnant kidney was replaced. The right kidney was
subsequently decapsulated before closure of the abdominal
muscular and dermal layers. Sham animals were subjected
to exposure and decapsulation of both kidneys only. Ani-
mals were kept in individual cages for twelve weeks post-
surgery (six weeks after the IV iron) and pair fed (sham and
uraemic) with standard chow diet and had free access to wa-
ter.

3.2 Intravenous iron therapy

A single intravenous injection via the tail vein of
iron (Ferumoxytol supplied by Takaeda UK Ltd., Holborn,
London, UK) at a dose of 10 mg/kg body weight was given
6 weeks post-surgery. The protocol for use of Ferumoxy-
tol therapy (one of several form of available parenteral iron
in clinical practice) used in this study was an equivalent
weight adjusted bolus injection clinical practice, which uses
a dose of 510 mg in adults (i.e., 8–10 mg/kg body weight).

3.3 Oxidative stress measurements

Oxidative stress was investigated by assessing
markers of oxidative stress, pro-oxidative activities, and an-
tioxidant capacity in four experimental groups 12 weeks
post-surgery. These experimental groups were:

1. sham operated rats;
2. uraemic rats (following 5/6 nephrectomy);
3. sham operated rats receiving IV iron (feru-

moxytol) at week 6 post surgery;
4. uraemic rats receiving IV iron (ferumoxytol) at

week 6 post surgery.
Enzyme assays were performed using supernatant

from 200 mg of cardiac and skeletal tissue extracted in 1
mL 50 mM Tris hydrochloric acid (HCL) buffer (pH 7.2).

Anti-oxidant marker samples were prepared and
analysed for reduced glutathione (GSH) and oxidised glu-
tathione (GSSG) using themethod of Nuhu et al. [37]. Data
analysis was performed on Agilent Chem station software
version 2.30 (Agilent Technologies, Waldbronn, Baden-
Württemberg, Germany).

3.4 Lipid peroxidation markers

Markers of lipid peroxidation included peroxide
lipids (LOOH), thiobarbituric acid (TBA) and TBA reactive
substance (TBARS). TBARS was analysed by high perfor-

mance liquid chromatography (HPLC) according to mod-
ified method of Seljeskog et al. [38]. TBARS peaks in
samples were identified by comparison with the retention
times of 1,1,3,3-tetraethoxypropane (TEP) standard and a
TEP standard curve was used to quantify TBARS levels in
samples.

3.5 Pro-Oxidant activities

Pro-oxidant activity in the uraemic heart was eval-
uated through the activity of NADPH oxidase using modi-
fied method of Reusch and Burger [39]. NADPH oxidase
activity was calculated using an extinction coefficient of
6.22 mM−1 cm−1.

3.6 Antioxidant capacity

The antioxidant capacity of the uraemic heart and
skeletal muscle were assessed via measurement of the ac-
tivities of superoxide dismutase (SOD), glutathione perox-
idase (GPx), glutathione reductase (GR) and catalase.

Total SOD activity was determined using the mod-
ified method of Marklund and Marklund [40]. The activity
of SOD was recorded by comparing % inhibition of sam-
ples to that of authentic SOD standard (Randox laborato-
ries, Crumlin, UK) and enzyme activity expressed as U/mg
protein. One unit of SOD is the amount of the enzyme
which causes a 50% inhibition under conditions of the as-
say.

The endogenous GPx activity was measured us-
ing commercially available Ransel kit (Randox laborato-
ries, Crumlin, UK) according to the method of Paglia and
Valentine [41]. This method is based on the oxidation of
glutathione by cumen hydroxide under GPx catalysis. The
decrease in absorbance following the concomitant oxida-
tion of NADPH to NADP+ is measured at a wavelength of
340 nm. The GPx activity expressed as U/mg protein in
samples was determined by comparing the change of ab-
sorbance over 2 minutes to that of authentic GPx standard
(Sigma Aldrich, UK).

Glutathione reductase activity was measured us-
ing a commercially available kit (Glut Red, Randox Labo-
ratories, UK) which is based on the reduction of GSSG in
the presence of nicotinamide adenine dinucleotide hydro-
gen phosphate (NADPH) by GR. The GR in samples was
determined by comparing the change of absorbance (at 340
nm) of authentic GR standard (Sigma Aldrich, UK) over 4
minutes following 1minute incubation at 37 ◦C and activity
was expressed as U/mg protein.

Catalase activity was measured by modified
method of Aebi [42]. 3 mL of assay mixture containing
50 mM KH2PHO4 (monopotassium phosphate) and 10.4
mMH2O2 (hydrogen peroxide) was pre-incubated at 30 ◦C.
The reaction was activated by the addition of tissue and the
change of absorbance over 2minutes at a wavelength of 240
nm was monitored and recorded. The final rate was cor-
rected following subtraction of blank rate derived from the



445

spontaneous decomposition of hydrogen peroxide (H2O2)
without cardiac tissue and enzyme activity calculated using
the extinction coefficient of H2O2 (43.6 M−1 cm−1).

3.7 Aconitase

Aconitase, found both in the cytosol and mito-
chondria, is an iron-sulphur enzyme that catalyses the iso-
merisation of citrate to isocitrate via the intermediate isoa-
conitate. This isomerisation is necessary both in the tri-
carboxylic acid and glyoxylate cycles. During oxidative
stress, exposure to oxidants (such as O2

• and H2O2) ren-
ders aconitase inactive. Thus, loss of aconitase activity can
be interpreted as a measure of oxidative damage. The activ-
ity of aconitase was measured spectrophotometrically in ac-
cordance with Fransler and Lowenstein [43]. The enzyme
activity was calculated using extinction coefficient of 3.6
mM−1 cm−1.

3.8 Mitochondrial function in isolated cardiac cells

Mitochondrial function was studied using the Sea-
horse XFp analyser (Agilent Technologies, Santa Clara,
US). The Seahorse analyser measures real-time oxygen
consumption ratio (OCR) of mitochondria in a microplate.
Oxygen consumption (respiration) causes rapid, easily
measurable changes to the concentrations of dissolved oxy-
gen in a transient microchamber which are measured by
sensor probes residing 200 microns above a mitochondrial
monolayer. An integrated drug delivery system allows se-
quential addition of up to four compounds per well at ad-
justable intervals.

Cardiac tissue was excised, minced separately and
mitochondria isolated as previously described [7] in mi-
tochondrial isolation buffer (containing 70 mM sucrose,
210 mM mannitol, 5 mM 4- (2-hydroxyethyl)-1- piperazi-
neethanosulphonic acid) (HEPES), 1 mM ethyle glycol-
bis (tetraaminoethylether) NN’N’- tetra-acetic acid (EGTA)
and 0.5% (w/v) fatty acid-free BSA, pH 7.2). The protein
content was determined using the Bio-Rad protein assay.
Mitochondrial coupling or electron flow experiments were
carried out at 37 ◦C according to Roger et al. [44] and re-
sults were analysed on the Wave 2.3.0 software (Agilent
Technologies, Santa Clara, CA, USA).

3.9 Cardiolipin

Cardiolipin (CL) is a tetra-acyl phospholipid al-
most exclusively found in the inner mitochondrial mem-
brane where it constitutes 20% of the total lipid. It com-
prises of two phosphatidyl head groups connected on a glyc-
erol backbone, and four fatty acyl chains. CL is essential for
maintaining the structural integrity of the mitochondria and
optimal function of a number of enzymes involved in mi-
tochondrial energy metabolism. Changes in CL structure
and/composition have been associated with mitochondrial
respiratory dysfunction and increased susceptibility to ox-
idative stress.

Total lipid from 3 mg freeze-thawed cardiac mi-
tochondrial suspension or 50 mg freeze-dried tissue was
spiked with 60 nmol of tetramyristic cardiolipin internal
standard (IS) (Advanti Polar Lipids, USA) and extracted.
Cardiolipin (CL) was then separated using thin layer chro-
matography (TLC). 200 µL re-suspended lipid extract was
loaded onto a 20 cm × 20 cm × 0.25 mm silica gel glass
plate (DC-Fertigplatten SIL G-25, by Macherey-Nagel,
Germany) and eluted with chloroform : methanol : glacial
acetic acid : water (40 : 10 : 2 : 1, v/v) mobile phase.
The plate was stained in iodine and the CL band was de-
termined by comparison of the relative mobility to a cardi-
olipin standard (tetra linoleic cardiolipin from bovine heart,
Sigma-Aldrich UK, tetraoleic cardiolipin and tetramyristic
cardiolipin, Advanti Polar Lipids, USA. The CL band was
scrapped from the TLC plate and extracted five times us-
ing chloroform : methanol (1 : 2, v/v), dried under nitrogen
gas.

For gas chromatography mass spectrometry
(GCMS) analysis of total CL and side chain constitution,
dried samples were resuspended in 2 mL of chloroform and
then methylated using anhydrous methanolic HCl using
Agilent GC/MS 6890N Gas Chromatograph with 7683
autosampler which uses splitless inlet with a 5973 MSD
mass selector detector system, a 30 m × 0.25 mm × 0.25
µmHP-5MS column (Agilent Technologies) and helium as
the carrier gas. The relative proportion of each acyl chain
was expressed as a percentage of the most prominent acyl
chains to give a measure of remodeling.

LCMS (liquid chromatography mass spectrome-
try) measurement of cardiolipin molecular species was per-
formed on an Dionex Ultimate 3000 system, the column
used was Symmetry® C18 5 µm, 150 × 3.0 mm (Waters);
guard, SecurityGuard C18 4.0 × 2.0 mm (Phenomenex), a
mobile phase consisting of solvent A (90% (v/v) acetoni-
trile, 10% water containing 0.5% (v/v) triethylamine and
0.5% (v/v) acetic acid (v/v)) and solvent B (90% propan-
2-ol, 10% water containing 0.5% (v/v) triethylamine and
0.5% (v/v) acetic acid (v/v)) at a flow rate 0.3 mL/min and
temperature of 35 ◦C. The LCMS method was optimised to
detect the major CL species (CL(18:1)4, CL(18:2)2(18:1)2,
CL(18:2)3(18:1), CL(18:2)4 and CL(18:2)3(16:1)) in addi-
tion to other minor species such as CL(18:3)2(18:2)(20:2).
Remodeling in uraemic cardiac mitochondria and the im-
pact of iron therapy were investigated.

3.10 Mitochondrial coupling and electron flow

Mitochondrial coupling or electron flow experi-
ments was initiated at 37 ◦C and results were analysed on
the Wave 2.3.0 software of the Seahorse (Agilent Tech-
nologies LDA UK Limited, Stockport, Cheshire, UK,
Fig. 1A,B).
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Fig. 1. Mitochondrial coupling (A) and electron flow (B) experiments. (A) Mitochondrial coupling experiment. Injections are as follows: port A, 40
µM adenosine diphosphate (ADP) (4 µM final); port B, 25 µg/mL oligomycin (2.5 µg/mL final); port C, 40 µM phenylhydrazone (FCCP) (4 µM final);
and port D, 40 µM antimycin A (4 µM final). OCR, oxygen consumption ratio. (B) Mitochondrial electron flow experiment: port A, 20 µM rotenone
(2 µM final); port B, 100 mM succinate (10 mM final); port C, 40 µM antimycin A (4 µM final); port D, 100 mM ascorbate plus 1 mM N,N,N9,N9-
Tetramethylp- phenylenediamine (TMPD, 10 mM and 100 µM final, respectively). Initial condition: 0.6 µg mitochondrial, 10 mM pyruvate, 2 mM
malate and 4 µM FCCP with (blue) or without (orange) 10 mM malonate.

3.11 Numbers of animals used

Ideally power calculations should be carried out
for studies, including the potential level of animal attrition.
In this pilot/explorative set of studies examining underlying
potential mechanisms which is in part hypothesis generat-
ing, the number of animals used was determined by the in-
vestigator’s experience and personal judgment, and hence
are typically small. There are different numbers of animals
used in experiments due to the related number of studies
carried out where there was access to the tissue (cardiac and
skeletal tissue) to measure the various biomarkers. This ap-
proach was used to maximise as much data as possible to
ensure the data was more robust. Therefore, we included
all data with was available from multiple experiments with
the same protocol and collection and storage of tissue.

3.12 Statistical analysis

Data was recorded as means and Standard error of
the means (SEM). Difference between the control (sham)

and experimental (uraemic) groups was calculated using the
unpaired student t test and comparisons between control un-
treated and experimental treated groups was performed us-
ing one way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test when comparing greater
than two experimental groups on IBM SPSS statistics
software version 21 (online download, IBM, Portsmouth,
Hampshire, UK). A p value less than 0.05 was considered
statistically significant.

4. Results

4.1 Oxidative stress

To characterise vulnerability to oxidative stress,
the pro-oxidant activity and antioxidant capacity of cardiac
and skeletal tissue were evaluated by studying alterations
in the activities of glutathione, TBARS, superoxide dismu-
tase, aconitase and catalase.
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Fig. 2. Oxidises Glutathione (GSSG) concentrations and GSSG: GSH ratio in cardiac tissue from sham (control) and uraemic animals naïve and
after exposure to a single dose of parenteral iron at 6 weeks. (A) Increase in GSSG: GSH ratio in cardiac tissue from uraemic animals relative to sham
is indicative of oxidative stress (p< 0.01). (B) Intravenous iron at 6 weeks led to a subsequent reduction in the increased oxidative stress in cardiac tissue
from uraemic animals but increased level in cardiac tissue from sham animals (p< 0.01 and<0.05 respectively). (C) Oxidative damage in cardiac tissue
from sham and uraemic animals. Uraemia resulted in a 38% increased global lipid peroxidation in cardiac tissue (p < 0.01). Intravenous iron led to a
significant reduction in TBARS (p< 0.01). (D) Pro-oxidant activity (cardiac NADPH oxidase) in cardiac tissue from uraemic and sham animals and after
exposure to intravenous iron at 6 weeks. Increased in NADPH oxidase in uraemia resulted in increased global lipid peroxidation (p < 0.01) which was
unchanged by iron therapy p = NS). Results are presented as mean ± SEM (*p < 0.01; **p < 0.05).

4.2 Cardiac oxidative stress

The uraemic heart exhibited a net increase in pro-
oxidative activity as evidenced by increased cardiac ox-
idised glutathione (GSSG) relative to the reduced form

(GSH) (69% increase in GSSG/GSH ratio, Fig. 2A,B; p <

0.01), enhanced lipid peroxidation indicated by a 38% rise
in thiobarbituric acid-reactive substances (TBARS) levels
(Fig. 2C; p < 0.01) and a significantly (79%) upregulated
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Fig. 3. Cardiac tissue glutathione peroxidase and glutathione reductase activities in uraemic and sham animals and after exposure to a single
dose of intravenous iron at 6 weeks. (A, B) Each of these figures has four groups Sham (circles) and uraemic (squares) animals untreated (n = 11 for
each group) and sham (circles) and uraemic (squares) animals treated (n = 6 for each group). Uraemic increased antioxidant activity, while intravenous
iron led to a further increase in both sham and uraemic animals (p < 0.01). (C) SOD activity in the cardiac tissue from uraemic animals (p = NS). (D)
Catalase activity in cardiac tissue from uraemic animals (p = NS). Results are presented as mean ± SEM (*p < 0.01; **p < 0.05).

NADPH oxidase activity (Fig. 2D; p < 0.01) in this model
of UCM. This was associated with limited changes in the
anti-oxidant systems to cope with the stress. Cardiac glu-
tathione peroxidase (GPx) and glutathione reductase (GR)
activities were significantly increased by 30% (Fig. 3A; p
< 0.01) and 88% (Fig. 3B; p < 0.01) respectively without
changes in superoxide dismutase (SOD) (Fig. 3C) and cata-
lase (Fig. 3D). These adaptations may function to replen-
ish the levels of GSH and rid the heart of potentially toxic

GSSG. Despite the evidence of increased pro-oxidative ac-
tivities, aconitase activity was not altered in the uraemic
heart relative to sham in both untreated and IV iron treated
animals (Fig. 4).

4.3 Impact of intravenous single dose iron therapy on
cardiac oxidative stress

Parenteral iron (ferumoxytol) therapy ameliorated
the oxidative stress in the uraemic heart indicated by the re-
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Table 1. Glutathione content in skeletal tissue from sham and uraemic animals.
Glutathione (nmol/mg of tissue)

Untreated Treated (IV iron)

Sham Uraemic Sham Uraemic

Oxidised (GSSG) 0.031 ± 0.00 0.041 ± 0.00* 0.031 ± 0.00 0.042 ± 0.002*
Reduced (GSH) 0.30 ± 0.01 0.34 ± 0.01 0.29 ± 0.01 0.33 ± 0.01
Total glutathione 0.33 ± 0.01 0.38 ± 0.01* 0.32 ± 0.01* 0.37 ± 0.01
GSSG/GSH ratio 0.11 ± 0.01 0.12 ± 0.01 0.11 ± 0.01 0.13 ± 0.01

Results are presented as mean ± SEM (n = 4 in each group) (*p < 0.05, sham vs uraemic).

Fig. 4. Cardiac tissue aconitase activity in uraemic and sham animals
and after exposure to intravenous iron at 6 weeks. Each figure has four
groups Sham (circles) and uraemic (squares) animals untreated (n = 10
for each group) and sham (circles) and uraemic (squares) animals treated
(n = 12 for each group). Uraemic had no impact on aconitase in cardiac
tissue (p = NS) while intravenous iron dosing at 6 weeks increased activity
significantly in both sham and uraemic animals. Results are presented as
mean ± SEM (*p < 0.05).

duction of the GSSG/GSH ratio and TBARS by 62% and
51% respectively (Fig. 2B,C; p < 0.01 and <0.01). The
marginal change of NADPH oxidase activity (Fig. 2D; p
= NS) in the uraemic heart following therapy supported
by 49%, 28%, 45% and 19% increases in the activities
of cardiac GPx, GR, total SOD and catalase respectively
(Fig. 3A–D) indicated that the effect of treatment on oxida-
tive stress may be mediated downstream of the ROS path-
way. There was evidence of increased pro-oxidative ac-
tivities in iron treated sham hearts indicated by enhanced
NADPH oxidase activity (91%); p < 0.01), GSSG levels
(49%); p < 0.05 and GSSG/GSH ratio (61%); p < 0.05
with parallel enhanced antioxidant activities of GPx (66%);
p < 0.05 and GR (160%); p < 0.05 as an attempt to bal-
ance the effect. There was no change in SOD. Iron therapy

caused a significantly increased aconitase activity in both
sham and uraemic animals (Fig. 4; p < 0.05).

4.4 Skeletal oxidative stress

There was an increase in oxidised glutathione
(GSSG) in skeletal tissue in uraemic animals (Table 1; p
< 0.05), reflective of enhanced pro-oxidative activity. This
was associated with changes to reduced glutathione (GSH)
(Table 1) to maintain the glutathione balance (GSSH/GSH
ratio; Table 1; p< 0.05) and restore oxidant status. Uraemic
animals demonstrated significantly reduced activities of
both GPx and GR in skeletal muscle from uraemic animals
(Fig. 5A,B). This was accompanied by a 26% reduction
in the activity of the pro-oxidant marker NADPH oxidase
(Fig. 5C; p < 0.01) in skeletal tissue of uraemic compared
animals leading to maintenance of the status quo in the
GSSG : GSH ratio (Table 1) and TBARS levels (Fig. 5D).

4.5 Impact of intravenous single dose iron therapy on
skeletal oxidative stress

Single dose parenteral iron therapy resulted in a
significant 68% reduction of TBARS (Fig. 5D; p < 0.01)
in accordance with the improved skeletal antioxidant GR
activity in the skeletal muscles of uraemic animals. A two-
fold decrease in glutathione reductase (GR) activity (p <

0.01) (Fig. 5B) was observed in iron treated sham operated
animals in line with 41% decrease in the activity NADPH
oxidase (Fig. 5C; p < 0.01) in sham animals. Iron did not
impact NADPH activity in uraemic animals. Superoxide
dismutase (SOD) activity was increased 17% with IV iron
in skeletal muscle (Fig. 6; p < 0.05).

4.6 Cardiac cell mitochondrial function and impact of
uraemia and IV iron on mitochondrial cardiolipin

Cardiolipin (CL) was increased in the uraemic car-
diac mitochondria relative to sham animals. This accounts
for the increased absolute quantities of the prominent acyl
chains (linoleate, palmitate, oleate and stearate) (Fig. 7A; p
< 0.05). Untreated groups demonstrated an 18% increase
in overall CL content and between 26–63% CL molecular
species in the uraemic cardiac mitochondria compared to
sham animals (Fig. 8A; p = NS).
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Fig. 5. (A–D) Skeletal tissue anti-oxidant enzymes activity in sham and uraemic animals and after exposure to a single dose of intravenous iron at
6 weeks. Results are presented as mean ± SEM (*p < 0.05; **p < 0.01). (A) GPx activity in skeletal muscle from uraemic and sham animals and after
exposure to IV iron. (B) GR activity in skeletal muscle from uraemic and sham animals and after exposure to IV iron. Skeletal GR activity was reduced
in uraemic animals (p < 0.05) and a significant reduction in GR activity (p < 0.01) in iron treated sham operated animals. (C) NADPH oxidase activity
in skeletal muscle from uraemic and sham animals and after exposure to IV iron. Uraemia produced at 26% reduction in the activity of the pro-oxidant
marker NADPH oxidase (p < 0.01). There was a 41% decrease in the activity NADPH oxidase (p < 0.01) in sham animals. (D) TBARS activity in
skeletal muscle from uraemic and sham animals and after exposure to IV iron. Iron therapy reduced TBARS in uraemic animals (p < 0.01).

4.7 Impact of iron therapy on mitochondrial
membrane remodeling

Iron therapy was associated with an increase in
all major acyl chain constituents of CL in the uraemic
heart (Fig. 7B; p < 0.05) and an overall trend to an
increase in total cardiolipin content (Fig. 7C; p = NS).
There was a modest 19% increase in overall CL content

(Fig. 7C). Intravenous iron (Ferumoxytol) treatment mod-
ulated CL remodeling in the uraemic heart with between
a 7% reduced and 38% increase in molecular species;
CL(18:2)2(18:1)2/CL(18:2)3(18:0), CL(18:2)3(18:1) and
CL(18:2)4 were found to be increased by 37%, 38% and
14% respectively whilst CL(18:2)3(16:1) decreased by 7%
compared to untreated uraemic animals (Fig. 8A–D; p =
NS).
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Fig. 6. Pro-oxidant activity (measured via superoxide dismutase
(SOD) activity) in skeletal tissue from sham and uraemic animals and
after exposure to intravenous iron. Intravenous Iron produced a signif-
icant increase in SOD (p < 0.05). Results presented as mean ± SEM; *p
< 0.05.

4.7.1 Impact of uraemia and iron treatment on cardiac
mitochondrial respiration

Uraemia led to an increase in isolated cardiac mi-
tochondrial State 3 respiration in the presence of various
substrates of energy source (Fig. 9A; p< 0.05 for SR) Glu-
tamate and Malate (GM); Succinate and Rotenone (SR);
and Malate and Palmitoyl Carnitine (PC). State 4 respira-
tion was enhanced though not significantly (Fig. 9B) with
SR and PC as substrate. Respiratory control ratio, a mea-
sure of mitochondrial respiration efficiency was unchanged
in the presence of GM and SR but was depressed in the pres-
ence of PC suggesting reduced efficiency in the uraemic
heart (Fig. 9C; p < 0.05) as previously observed [7].

Iron therapy had no impact on mitochondrial State
3 respiration in either group following treatment irrespec-
tive of substrate used (Fig. 10A). However, it did signif-
icantly lower State 4 in uraemia in the presence of PC
(Fig. 10B; p < 0.05) thus overcoming the inefficiency
(Fig. 10C; p < 0.05) observed in the untreated group
(Fig. 9C).

Iron treatment reduced mitochondrial uncoupling
(as reflected in the State 4 respiration) in the uraemic heart
indicating improved efficiency without impact on State 3
with GM as substrate (Fig. 11A,B; p< 0.01). This resulted
in increased respiratory control rate (RCR) in response to
iron therapy (Fig. 11C; p< 0.01). No change was observed
in State 3 and 4 respiration in the presence of SR and thus

RCR. However, both State 3 and State 4 respiration were
reduced in the presence of PC and consequently increased
RCR following therapy (Fig. 11C).

There were no observed changes in State 3 and
4 respiration in the presence of SR (Fig. 12A,B) and thus
RCR (Fig. 12C). However, both State 3 and State 4 were
reduced by 39% and 43% respectively (Fig. 13A,B) in the
presence of PC and consequently increased RCR following
therapy (Fig. 13C). Therefore, the respiratory data suggests
improved efficiency of mitochondrial respiration following
iron therapy in the presence of GM and PC.

4.7.2 Mitochondrial bioenergetics

Uraemic animals demonstrated cardiac mitochon-
drial respiratory insufficiency evidenced by diminished
maximal respiration and respiratory reserve capacity albeit
with reduced proton leak in the presence of GM (Fig. 14A)
and SR (Fig. 14B) as substrates. Iron treatment restored
mitochondrial proton leak in uraemic hearts to the level of
baseline sham with GM as substrate (Fig. 14D) and also
respiratory capacity while iron therapy with SR, despite
no significant change in proton leak did also improve, res-
piratory reserve capacity indicative of improved cardiac
mitochondrial oxidative function in the uraemic animals
(Fig. 14C,D).

There was a “compensatory/adaptive increase” in
complex I, complex II and complex IV respiration in the
uraemic animals relative to sham animals (Fig. 15A) and
this change was absent following iron therapy, further high-
lighting restoration of mitochondrial (Fig. 15B).

5. Discussion

In this study on cardiac and skeletal tissue in an
experimental model of uraemia we showed that changes in
oxidative stress as a result of uraemia are improved with in-
travenous iron therapy as a result of increased antioxidant
activity compared to pro-oxidant activity. These effects in
turn have shown that mitochondrial respiration as a result of
uraemia had increased uncoupling of mitochondria through
enhanced State 4 respiration but little change in State 3
(ADP dependent respiration). Cardiolipin (CL), the major
phospholipid component of the inner mitochondrial mem-
brane (IMM), was increased in uraemic cardiac mitochon-
dria with evidence of changes in fatty acid constituents,
indicative of mitochondrial biogenesis. Intravenous iron
(Ferumoxytol) enhanced this remodeling and reduced the
extent of respiratory uncoupling with improved cardiac mi-
tochondrial function. Overall, these data emphasise the
complex metabolic interplay with oxidative stress and mi-
tochondrial function and intravenous iron leading to overall
benefit in cardiac mitochondria.
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Fig. 7. (A) Total cardiolipin (CL) and fatty acyl chain composition content. (B) Variation of fatty acyl chain composition and CL content following
iron treatment. (C) Cardiolipin (CL) content of mitochondria impact of iron therapy. (A) Baseline data for the total cardiolipin (CL) and its fatty
acyl chain composition content of hearts for untreated sham and uraemic animals. Results are presented as mean ± SEM (*p < 0.05; uraemic vs sham).
Data show an increased CL in the uraemic heart relative to control sham animals which accounted for the increased absolute quantities of the prominent
acyl chains (linoleate, palmitate, oleate and stearate). (B) Variation of fatty acyl chain composition and CL content in uraemic hearts following iron
(ferumoxytol—IV iron) treatment. Results are presented as mean± SEM (*p< 0.05; uraemia vs sham). Iron therapy (Ferumoxytol) was associated with
an increase in all major acyl chain constituents of CL in the uraemic heart. (C) Cardiolipin (CL) content (derived from summation of molecular species
from LCMS) in uraemic heart and impact of iron therapy (shown as speckled bars). Results are presented as mean± SEM (*p< 0.05; uraemic vs sham).

5.1 Impact of uraemia on cardiac and skeletal oxidant
status

In the normal physiological state, reactive oxy-
gen species (ROS) generated during oxidative phosphory-

lation (OXPHOS) and/or from enzymatic sources [45, 46]
are cleared by antioxidant systems [47, 48]. Perturbations
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Fig. 8. A–D: Cardiolipin (CL) molecular species distribution in sham and uraemic heart tissue and impact of iron. (A–D) Cardiolipin (CL)
molecular species distribution in sham and uraemic heart tissue and impact of iron therapy (shown as speckled bars). The data show the trend to change
for each molecular species. Results are presented as mean± SEM (*p < 0.05 vs sham). N = 3 for each study.

in the balance between the antioxidant defence system and
pro-oxidative activities result in oxidative stress as seen in
various cardiac pathologies [49, 50] including UCM [51].

This model of experimental uraemia was asso-
ciated with a significantly enhanced tissue NADPH ox-
idase activity in the uraemic heart. The mechanism of
NADPH oxidase activation here is unknown, but there
is evidence that accumulation of uraemic toxins in renal
disease activates NADPH oxidase and enhances oxidative
stress [52, 53]. The observed increased NADPH oxidase
activity reflecting increased generation of O2

• was asso-
ciated with a significant increase in markers of oxidative
stress (GSSG/GSH ratio and TBARS). GSH is a potent
intracellular scavenger which is preferentially oxidised to
GSSG thus detoxifying (ROS) in the process [54]. The ob-

servation of net increased GSSG over GSH in the uraemic
heart can be interpreted as increasing oxidative stress. Ele-
vated ROS induces cellular alterations such as DNA dam-
age, protein and lipid peroxidation, thus explaining the ob-
servation of increased TBARS levels in the uraemic heart.
The enhanced pro-oxidant activity in the uraemic heart was
associated with changes in the antioxidant systems to han-
dle the stress. GPx activity was enhanced in line with the
increased accumulation of GSSG. Remodeling of the an-
tioxidant system in the uraemic heart is further supported
by a pronounced rise in GR activity which may replenish
some of the depleted GSH.

An effective antioxidant defence system depends
upon the cohesive and coordinated action of all compo-
nents. Perturbations of one or more components signifi-
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Fig. 9. (A) Isolated Mitochondrial state 3 respiration. (B) Isolated mitochondria State 4 respiration. (C) Respiratory control ratio. (A–C) Isolated
Mitochondrial Respiration (A) State 3 (B) State 4 and (C) respiratory control rate in the presence of 5 mM glutamate and 1 mM malate (GM); 5 mM
succinate and 1 mM rotenone (SR); and 5 mM malate and 40 µM palmitoyl carnitine as substrates (PC). Results are presented as mean ± SEM (*p <

0.05 vs sham).

cantly lower the ability to maintain efficient ROS detox-
ification. Hence, the reduced SOD and catalase activ-
ity (though not significant at this stage) could culminate
in the increased oxidative stress observed in the uraemic
heart. Several studies, both clinical and experimental [55–
58] have illustrated increased oxidative activities in CKD.
Increases in GSSG/GSH ratio have been found in patients
with renal dysfunction [59]. Increased oxidative activities
in the uraemic heart were not accompanied by changes in
aconitase, despite increased evidence of oxidative damage
(TBARS). This indicated that the changes in cardiac oxi-
dant status observed here are early events that could explain

the increased vulnerability of uraemic cardiomyocytes to
oxidant induced stress indicated by a 30% reduction in cell
viability following exposure to 200 µM H2O2 [7].

The aetiology of oxidative stress in CKD is com-
plex and not fully elucidated. Oxidative stress in CKD can
result from several factors including increased uraemic tox-
ins [60], inflammation, iron deficiency [14], and decreased
antioxidant capacity [59]. The observed increase in cardiac
antioxidant markers in this model of UCM could be due to
the stage of renal dysfunction as different stages of CKD are
associated with varying antioxidant activities [29, 59–61].
Taken together the increased NADPH oxidase with parallel
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Fig. 10. (A) Isolated Mitochondrial state 3 respiration. (B) Isolated mitochondria State 4 respiration. (C) Respiratory control ratio. (A–C)
Isolated Mitochondrial Respiration in the presence of 5 mM glutamate and 1 mM malate (GM); 5 mM succinate and 1 mM rotenone (SR); and 5 mM
malate and 40 µM palmitoyl carnitine as substrates (PC) in the treated group of sham and uraemic animals. Results are presented as mean± SEM (*p<
0.05 vs sham).

increased GSSG/GSH and TBARS, it is conceivable that
the uraemic heart is in a pro-oxidant state and hence predis-
posed to the cardiovascular complications associated with
oxidative stress.

The induction of uraemia resulted in increased
GSSG concentration in skeletal tissue with evidence of de-
creased antioxidant capacity. The parallel reduction of pro-
oxidant NADPH oxidase activity (26%) could be an adap-
tive response to maintain pro oxidant-antioxidant balance,
leading to no changes in either GSSG/GSH ratio or TBARS

in skeletal tissue from uraemic animals. The reduction of
GR and GPx antioxidant enzymatic activities in muscle
from uraemic animals could increase the vulnerability to
oxidative stress as uraemia progresses. A recent report by
Avin et al. [62] demonstrated evidence of oxidative stress
in the skeletal muscle of CKD rats with high level of Nox4
expression. The authors also reported increased expression
of antioxidant SOD1 and SOD2 as an adaptive response to
offset the increased Nox4 [62].
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Fig. 11. (A) Isolated Mitochondrial state 3 respiration with glutamate and malate. (B) Isolated mitochondria State 4 respiration with glutamate
and malate. (C) Respiratory control ratio with glutamate and malate. (A–C) Isolated mitochondrial respiratory control ratio in the presence of 5 mM
glutamate and 1mM malate (GM). Results are presented as mean± SEM (*p < 0.01 vs untreated).

5.2 Impact of intravenous iron on oxidant status in
cardiac and skeletal tissues from uraemic animals

5.2.1 Cardiac muscle

Iron therapy ameliorated oxidative stress in the
uraemic heart. NADPH oxidases activity was not signifi-
cantly altered following therapy in agreement with the re-
port of Lim and Vaziri [63]. The authors reported a lim-
ited change in cardiac NADPH p22phox and aortic p67phox

subunits. However, they also demonstrated increased ex-
pression of cardiac p67phox subunit and reduction in aortic
p67phox subunit. Indeed, the use of gene and protein ex-
pression by Lim and Vaziri is limited as their changes may
not represent alteration in functional activity of the NADPH
oxidase complexes. The current study measured the bio-
chemical activity of NADPH oxidase rather than protein
expression, which could explain some of the discrepancies
between the two studies.

Iron treatment significantly increased antioxidant
capacity in the hearts from uraemic animals illustrated
by elevated activity of SOD, catalase, GPx and GR. En-
hance antioxidant defence coupled with little alteration of
NADPH oxidases could underpin the observed decrease in
markers of oxidative stress (TBARS and GSSG/GSH). This

experimental model of UCM demonstrated compensatory
antioxidant response evidenced by up-regulation of GPx
and GR in the untreated uraemic heart at week 12. Previous
studies have indicated compensated cardiac remodeling at
week 6 [7, 8] in this model of UCM. It is conceivable that
this cardiac remodeling could include up-regulation of the
antioxidant system. It was concluded that the hearts from
uraemic animals at week 6 had an extra capability to deal
with potential acute oxidative toxicity of IV iron allowing
them to respond beneficially to iron treatment compared to
sham. This capacity is certainly absent in the sham operated
animals showing of evidence of cardiac oxidative stress fol-
lowing therapy. One might speculate that the presence of
uraemia primes the oxidant system to better react to further
potential insults on the pro-oxidant system such as iron in
this model.

The lack of agreement in the observation here
of decreased oxidative stress (following iron therapy
in uraemic animals) with some published reports [33,
64],could be attributed to different stages of cardiac dys-
function, type, and dose of iron injection and time of ox-
idative stress studies post injection of iron. The study by
Lim and Vaziri [63] employed iron dextran at a dose of 500
mg/kg body weight at time zero. In contrast, the current
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Fig. 12. (A) Isolated Mitochondrial state 3 respiration with succinate and rotenone. (B) Isolated mitochondria State 4 respiration with succinate
and rotenone. (C) Respiratory control ratio with succinate and rotenone. Isolated Mitochondrial Respiratory rates (A: State 3; B: State 4 and C:
respiratory control rate) in the presence of 5 mM succinate and 1 mM rotenone (SR). Results are presented as mean± SEM). Results and mean and SEM
for n = 10 untreated (sham and uraemic) and n = 5 for treated animals (sham and uraemic) in each group.

studies used 10 mg/kg body weight of ferumoxytol a week
6. As demonstrated here, exposing sham animals to IV
iron altered the anti-oxidant pro-oxidant balance with ele-
vation of oxidative stress markers. The early administration
of high dose iron at time zero before the onset of uraemia
and iron deficiency in the study of Lim and Vaziri could in-
duce oxidative stress that could be exacerbated in the pres-
ence of developing uraemia. This would explain why the
authors reported enhanced oxidative stress in the uraemic
heart in response to IV iron in contrast to the observation
in the present study. Lim and Vaziri also reported elevated
lipid plasma MDA in their report contrasted our observa-
tion of no change in serumTBARS [63] in uraemic animals,
though the authors also reported unchanged oxidised low-
density lipoprotein (oxLDL) following iron therapy. Clini-
cal studies in uraemic patients confirm an increased oxida-
tive status [65] and also the impact of intravenous iron on
oxidative levels at a systemic level but not at a tissue level
[64, 66–70].

Iron therapy had a beneficial impact on cardiac
aconitase activity (2-fold increase) in uraemic animals in
agreement with literature report [71]. Mitochondrial iron
homeostasis modulates the expression and thus activity of
aconitase by changing the interaction between iron regula-
tory proteins (IRP) and iron responsive elements (IRE) of

aconitase mRNA [72, 73]. The presence of iron reduces the
binding affinity of IRE to IRPs. Conversely, iron deficiency
activates IRPs binding to IRE resulting in translational inhi-
bition of aconitase expression [74]. Aconitase exists in two
forms, active (4Fe-4S) and inactive forms (3Fe-4S). Mito-
chondrial iron concentration determines F-S cluster forma-
tion, by the mitochondrial protein frataxin [75] necessary
for post-translational stabilisation of aconitase active site
(4Fe-4S).

The present model of UCM demonstrated modu-
lation of cardiac iron content with evidence of reduced my-
ocardial unbound iron following iron therapy in uraemic
hearts. A recent study [75] demonstrated loss of cardiac
aconitase activity in HF, a phenomenon that was com-
pounded in the presence of comorbid myocardial iron de-
ficiency. This reinforces the importance of cellular iron in
cardiac mitochondrial function and supports the observa-
tion of increased aconitase activity following iron therapy
at this stage of UCM. The Fe-S clusters in aconitase are
vulnerable to ROS-induce oxidative damage [68]. The im-
provement of cardiac oxidant status (GSSG/GSH ratio and
TBARS through increased GPx, GR, SOD and catalase)
could reduce the risk of damage leading to the improved
aconitase activity following iron treatment. However, the
observation of increased aconitase in sham operated ani-
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Fig. 13. (A) Isolated Mitochondrial state 3 respiration with palmitoyl carnitine. (B) Isolated mitochondria State 4 respiration with palmitoyl
carnitine. (C) Respiratory control ratio with palmitoyl carnitine. Isolated mitochondrial respiratory control ratio (A: State 3; B: State 4 and C:
respiratory control rate) in the presence of 5 mM malate and 40 µM palmitoyl carnitine (PC). Results and mean ± SEM for n = 10 untreated (sham and
uraemic) and n = 5 for treated animals (sham and uraemic) in each group (*p < 0.05 vs untreated).

mals treated with iron did not mirror the evidence of en-
hanced oxidative stress with little alteration in cardiac or
liver iron levels and therefore remained unexplained.

5.2.2 Skeletal muscle

Similar to the heart, iron treatment was beneficial
in improving oxidant status in skeletal muscle. TBARS
level was reduced by 68% in skeletal tissue in uraemic an-
imals, though no change in glutathione (reduced, oxidised
or total) was observed. Therapy modulated skeletal oxi-
dant status in the uraemic animals by enhancing antioxidant
capacity indicated by increased GR (p < 0.05), GPx (p <

0.05) and SOD (p < 0.05) activities. Increased GR with-
out changes in pro-oxidant NADPH oxidase favours excess
antioxidant capacity to deal with uraemic associated ROS.
The beneficial impact of therapy on oxidative stress was
not specific to uraemic animals; skeletal TBARS was also
reduced in sham operated animals consistent with the re-
duction of NADPH oxidase activity. This might explain
some of the benefits seen in clinical trials of intravenous
iron in heart failure patients [76–78] of which a proportion
had CKD. Indeed, recent data from Charles-Edwards et al.
[79] on mitochondrial function strengthens this hypothesis.

Lipid peroxidation which was markedly enhanced
in untreated uraemic cardiac tissue was normalised after
iron treatment indicating amelioration of oxidative stress.
This beneficial impact of IV iron on cardiac oxidant status
was mediated through further increase in the anti-oxidant
capacity. Lipid peroxidation experiments in skeletal tissue
were unsuccessful with nomeaningful data produced. Also,
IV iron therapy was associated with improved antioxidant
capacity in skeletal tissue. These findings imply that IV
iron treatment in early stages of CKD could reduce oxida-
tive stress in the heart and potentially lessen the adverse
cardiac outcomes associated with more severe CKD.

5.3 Impact of uraemia on cardiac mitochondria

Mitochondria represent the main source of energy
for all cells. Mitochondria are commonly called the “pow-
erhouse of the cell”, generating energy in the form of ade-
nine tri-phosphate (ATP) and are thus critical for normal
function of cardiac and skeletal cells. Inflammation and ox-
idative stress are common in patients with CKD [80–83].
Dysfunctional mitochondria are one of the sources of ox-
idative stress and inflammation. Conversely, inflammation
and oxidative stress can lead to mitochondrial dysfunction
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Fig. 14. (A) Isolated cardiacMitochondrial Respiration in untreated animals in presence of glutamate andmalate. (B) Isolated cardiacMitochon-
drial Respiration in treated animals in presence of glutamate and malate. (C) Isolated cardiac Mitochondrial Respiration in untreated animals in
presence of succinate and rotenone. (D) Isolated cardiac Mitochondrial Respiration in treated animals in presence of succinate and rotenone. (A,
B) Isolated Mitochondrial Respiratory rates in the presence of 10 mM glutamate and 10 mMmalate (GM). (C, D) Isolated Mitochondrial Respiratory rates
in the presence of 0.6 µg mitochondria, 10 mM succinate and 2 µM rotenone (SR). Proton leak = (minimum rate measured after Oligomycin injection)
– (non-mitochondrial respiration rate or minimum rate measured after injection of Antimycin A); Maximal respiration = (maximal rate measured after
FCCP injection) – (non-mitochondrial respiration rate); Respiratory reserve capacity = (maximal respiration – basal respiration).
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Fig. 15. (A) Isolated Mitochondrial Respiratory rates (complex 1, II and IV) in untreated animals. (B) Isolated Mitochondrial Respiratory rates
(complex 1, II and IV) in iron treated animals. Isolated Mitochondrial Respiratory rates (complex 1, II and IV) in the presence of 10 mM pyruvate,
2 mM malate and 4 µM FCCP. Results are presented as mean ± SEM (n = 3 or 2, untreated; n = 3 treated). (A) Untreated animals (sham in blue and
uraemic in orange) and (B) Treated animals with Intravenous iron sand uraemic.

by damaging the mitochondria. Removal of damaged mi-
tochondria relies on mitophagy and mitochondrial fission,
a process of mitochondrial dynamics that segregates dam-
aged mitochondria [84–86]. Mitochondria offer the com-
mon oxidative pathway of metabolism. Some inner mito-
chondrial carrier proteins called uncoupling proteins cause
a proton leak across the inner mitochondrial membrane.
Uncoupling is associated with mitochondrial dysfunction
and this mitochondrial dysfunction is implicated in skele-
tal and cardiac abnormalities present in uraemic patients.
The detailed functional role of the mitochondrial membrane
phospholipid cardiolipin (CL) remains unclear, though sev-
eral studies have demonstrated the unique ability of CL to
interact with numerous proteins in the inner mitochondrial
membrane [87].

CL is required for the structural organisation of
mitochondrial complexes involved in oxidative phospho-
rylation (OXPHOS). CL is also required for their opti-
mal functioning of the complexes and enzyme complexes.
There is increased evidence that loss of CL is important in
oncotic and apoptotic cell death in cardiac tissue [88] indi-
cating a potential role in metabolic remodeling/alteration in
heart failure. Uraemia in this study led to increased oxida-
tion and a decrease in CL content and change in mitochon-
drial bioenergetics. Iron treatment modulated CL remodel-
ing in the uraemic heart and skeletal tissues leading to sta-
bilisation of the mitochondrial and increased mitochondrial
ATP production possibly to copewith the increased uraemic
induced uncoupling. In this regard, targeting of CL may be
a prudent therapeutic strategy for new drug discovery.

Mitochondrial dysfunction is considered an im-
portant contributory factor in heart failure and skeletal mus-
cle function [89]. Eventually there is a series ofmaladaptive

events which leads to cardiac dysfunction and heart failure
due to the depletion of energy reserves and a reduction in
respiratory efficiency in part related to this metabolic re-
modeling which is beneficial acutely but not chronically.
This leads to mitochondrial transition pore (mPTP) opening
which subsequently leads to mitochondrial swelling, rup-
ture and apoptosis. These processes of energy deprivation,
because there are limited reserves in all organs, culminate in
impaired contractile function/cellular remodeling and tissue
and organ dysfunction. Taken together, these observations
would suggest a central role for mitochondrial dysfunction
in the uraemic heart [90].

Collapse of the mitochondrial membrane poten-
tial (MMP) is a characteristic of cell death, thought to co-
incide with the opening of the mitochondrial permeabil-
ity transition pore (MPTP). Under conditions of stress, the
pore opens, increasing mitochondrial permeability. Conse-
quently, the MMP is dissipated with loss of energy, gener-
ation of ROS and release of pro-apoptotic proteins [91].

Uraemic animals demonstrated that in cardiac tis-
sue mitochondria, there was a significant increase in inef-
ficiency (enhanced proton leak and complex I dysfunction)
(Figs. 14,15). Iron therapy produced a mixed and complex
result with no change in the protein leak but an increased
maximal respiration and respiratory reserve capacity sug-
gesting improved mitochondrial oxidative capacity. How-
ever, there was a reduction of complex II and complex IV
driven respiration (Fig. 15), which would suggest a degree
of mitochondrial dysfunction.

Studies here on mitochondrial respiration showed
increased uncoupling of mitochondria through enhanced
State 4 respiration but little change in State 3 (ADP depen-
dent respiration). Cardiolipin (CL), the major phospholipid
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component of the IMM, was increased in uraemic cardiac
mitochondria with evidence of changes in fatty acid con-
stituents, indicative of mitochondrial biogenesis.

The end effect of this oxidative stress was a reduc-
tion in mitochondrial function (Fig. 14) and altered mito-
chondrial morphology perhaps similar to that seen in renal
mitochondria. There were also potential changes in mito-
chondrial membrane remodeling. Increased glycolytic flux,
reduced oxidative capacity, increased uncoupling are in-
dicative of impaired bioenergetics and mitochondrial dys-
function seen here as a result of uraemia. The sequential
measurement of electron flow through different complexes
of the electron transport chain confirmed impaired cardiac
mitochondrial bioenergetics (Fig. 15) which was amelio-
rated with iron therapy (Fig. 15).

6. Conclusions

In conclusion, within the limitations of this series
of experiments which including the number of experimental
animals used, the use of only one iron preparation in con-
sideration of the the potential differences in physicochemi-
cal structures with iron preparation [91], the lack of dosing
changes which may impact on outcomes as demonstrated in
the PIVOTAL and FIND-CKD studies and the more recent
FERWON study [92], this model of uremia demonstrated a
specific oxidative stress on the cardiac and skeletal tissues.
Parenteral single dose iron therapy ameliorated the oxida-
tive stress in cardiac tissue and improved oxidant status in
skeletal tissues. In addition, this produced an improve in
mitochondrial function. The evidence indicates that iron
therapy during the early stages of CKD could reduce vul-
nerability to oxidative stress and lessen its associated ad-
verse cardiovascular outcome. Further larger sample size
experiments are required to validate these findings.
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