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Oxidative stress constitutes a mechanism of injury seen in
many disease processes [1]. Increased production of reac-
tive oxygen and nitrogen species can induce the activation
of inflammatory mediators and modification of proteins,
lipids, and nucleic acids, thus contributing to cellular
injury and dysfunction [2]. Ιn this respect, oxidative stress
can be associated with the dysfunction of major organs
and systems and might be important in the outcome of
critically ill patients. Notably, clinical data have shown that
sepsis survivors had a greater antioxidant potential than
nonsurvivors [3].

An increased oxidative burden can affect several cellular
components. A potentially notable impact in critical illness
is the alteration of mitochondrial function which may be piv-
otal in states of increased oxygen demand or hypoperfusion,
that is, shock/sepsis. Indeed, there is evidence suggesting
that the severity of mitochondrial dysfunction following
increased oxidative stress correlates with the severity of sepsis
and has been associated with adverse outcomes in septic
patients [3]. The pathogenesis of mitochondrial dysfunction
is rather complex. Enhanced production of reactive oxygen
species may lead both to mitochondrial dysfunction and
damage by the initiation of apoptotic events via the caspase
pathway while nitrogen oxide metabolic products may

exhibit inhibitory actions in the mitochondrial respiratory
chain by interrupting ATP production reactive nitrogen
leading to further mitochondrial dysfunction [4]. Thus,
impaired O2 utilization from dysfunctional mitochondria
may represent the generator of fundamental abnormalities
in critical illness.

Those abnormalities at the cellular level may have signif-
icant implications in the function of organs which are fre-
quently impaired in critical care patients such as the heart
or the kidneys. Increased oxidative stress can induce ultra-
structural and functional changes in cardiomyocytes that
may result in altered electrical properties and compromised
contractility. Intriguingly, experimental treatment with anti-
oxidant vitamins alleviated both the systemic and myocardial
inflammatory cytokine responses and decreased myocardial
apoptosis [5]. On the other hand, acute or chronic kidney
disease represents extraordinary states of oxidative stress
which may be further exaggerated by diagnostic and thera-
peutic challenges which are common scenarios in critical care
such as iron infusions, contrast medium application, dialysis
filter exposure, artificial nutrition, and the loss of antioxi-
dants during renal replacement therapy. Deranged kidney
function directly translates into skewed adjustments in elec-
trolyte and body water homeostasis, acid-base composition,
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calcium-phosphate metabolism, and erythropoiesis further
resulting in accelerated atherosclerosis and disproportionally
increased cardiovascular burden [6, 7].

This special issue may stimulate our effort to thoroughly
understand the underlying mechanisms of oxidative stress
and to reveal its impact on organ functions and systemic
homeostasis. The increasing knowledge of its pathogenesis
and impact on several aspects of critical illness may provide
further insight in our perception of the development and
management of critical illness and in the evaluation of novel
concepts of treatment at the clinical level. As always, this con-
stitutes a work in progress with exciting prospects.

Demosthenes Makris
Peter R. Mertens

Evangelia Dounousi
Gregory Giamouzis

Saad Nseir
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Danshensu (DSS) is an active ingredient extracted from the root of the Danshen that could ameliorate oxidative stress via
upregulation of heme oxygenase- (HO-) 1. Little is known about the treatment effects of DSS on kidney function in diabetic
mice. Therefore, the primary aim of the present study was to characterize the renal clearance kinetics of IRdye800CW in db/db
mice after DSS treatment. The secondary aim was to measure several biomarkers of renal function and oxidative stress (urinary
F2-isoprostane, HO-1 in kidney and serum bilirubin). Fourteen db/db diabetic mice were randomly assigned into two groups
and received either DSS treatment (DM+DSS) or vehicle treatment (DM). A third group that comprised of db/+ nondiabetic
mice (non-DM control) received no DSS treatment and served as the nondiabetic control. At the end of a 3-week intervention
period, serum and urinary biomarkers of renal function and oxidative stress were assessed and the renal clearance of
IRdye800CW dye in all mice was determined noninvasively using Multispectral Optoacoustic Tomography. The major finding
from this study suggested that DSS treatment in db/db mice improved renal clearance. Increased expression of HO-1 after DSS
treatment also suggested that DSS might represent a potential therapeutic avenue for clinical intervention in diabetic nephropathy.

1. Introduction

The hyperglycemic and hyperinsulinemic conditions in dia-
betes are major risk factors promoting lipid peroxidation
[1–3] and impair kidney function [4–6]. Growing evidence
indicates that heme oxygenase- (HO-) 1 and unconjugated
bilirubin are potent antioxidants with therapeutic potential
in diabetes [7–9]. Many bioactive compounds extracted
from natural medicinal herbs/fruits, including Danshensu
(DSS) and Paeonol, may hold beneficial antioxidant and anti-
apoptotic effects, mediated via activation of factor-erythroid
2-related factor 2 (Nrf2)/HO-1 signaling [10]. DSS, an active
ingredient extracted from the root of the Danshen (Salvia
miltiorrhiza), has been used for the treatment of cardiovascu-
lar disease [11, 12]. Also, the renoprotective effect of DSS has
previously been linked with the suppression of oxidative
stress [13], inflammation, and fibrosis [14], in addition to a

reduction in lipid peroxidation by scavenging free radicals
and preventing thiol oxidation [15, 16]. Moreover, the com-
bined prescription of DSS with Rheum rhabarbarum is a
well-recognized, effective, and safe traditional Chinese
medicinal regimen for treating chronic kidney disease [17]
and suppressing oxidative stress [18, 19].

Insulin glomerular filtration rate currently represents the
gold standard assessment method of renal function. How-
ever, with recent advances in photoacoustic imaging, assess-
ment of renal function in small animals (including the
assessment of IRdye800CW renal clearance) can now be
determined noninvasively using Multispectral Optoacoustic
Tomography (MSOT). MSOT is an emerging technique that
captures photoacoustic signals from chromophoric spectra
or molecules that are distributed within tissues [20]. With
the development of new imaging probes [21], photoacoustic
imaging has now been applied to visualize the anatomy,
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function, and blood oxygenation in different organs [22, 23].
Yet, the assessment of DSS on renal clearance kinetics in a
diabetic mice model has not been investigated to date.

Inadequate HO-1 expression has been demonstrated in
obese diabetic mice [24], and the systemic induction of
HO-1 can improve insulin sensitivity, decrease inflammatory
cytokine expression, and increase circulating adiponectin
[25, 26]. Also, the induction of HO-1 within renal structures
normalized blood pressure, protected against oxidative
injury, and consequently improved renal function in sponta-
neously hypertensive rats [27]. Bilirubin is generally consid-
ered as the by-product of heme catabolism. However, new
evidence suggests that it may also possess physiological
significance. Despite the uncertainty of its physiological
importance, unconjugated bilirubin has demonstrated potent
antioxidant capacity in vitro and ex vivo [28, 29]. An argu-
ment for a physiological role of bilirubin is further supported
by reduced bilirubin concentrations in patients who had
chronic kidney disease [30]. Similarly, individuals with ele-
vated serum bilirubin have decreased prevalence of kidney
complications in diabetes [9]. These findings, therefore, sup-
port that HO-1 and bilirubin might protect the kidney from
oxidative stress by acting as an antioxidant [31–33]. The
abrogation of Nrf2/HO-1-dependent signaling cascade has
been largely implicated in chronic/acute kidney injury, car-
diac/endothelial dysfunction, and cerebral ischemia [34].
Many researchers have demonstrated that DSS-mediated
tissue protection against chronic kidney disease occurs via
cytoprotective and prosurvival Nrf2/HO-1 and PI3K/Akt
signaling pathways [10, 35]. However, whether overexpres-
sion of HO-1 is implicated in the DSS treatment effect in
diabetic renal function remains unknown. In this regard,
the present study aimed to (1) characterize the renal

clearance kinetics of IRdye800CW dye in db/db mice after
DSS treatment and (2) quantify the expression of several bio-
markers for renal function and oxidative stress in db/dbmice
with and without DSS treatment.

2. Materials and Methods

2.1. Animals and Intervention. Female 10wk old diabetic
homozygous (db/db) mice and nondiabetic heterozygous
(db/+) mice on a C57BLKS/J background were housed in
the Central Animal facilities, Hong Kong Polytechnic
University, in a 12 h light/dark cycle and under tight control
of temperature and humidity. The db/db homozygotes
exhibit persistent hyperphagia and obesity with spontane-
ously developed elevated leptin, glucose, and insulin concen-
trations [36]. All mice received regular laboratory chow and
tap water ad libitum during the study. After 1 week of accli-
mation, all diabetic mice were randomly divided into two
groups (n = 7/group): DM and DM+DSS, while heterozy-
gote nondiabetic mice (n = 6) were assigned to a non-DM
control group. During the intervention period of 3 weeks,
all mice were treated according to the following schedule:
the non-DM control group received no treatment, the DM
group received i.p. vehicle treatment while the DM+DSS
group received DSS (HPLC≥ 98%, dissolved in water,
Nanjing Zelang Pharmaceutical Technology Co. Ltd.) at a
dose of 10mg/kg i.p. daily. The kidney absorption level
of DSS was found to be at around 69μg/g of tissue via
i.p. method [37]. Experimental protocols were performed
in accordance with the approved license granted under
the Department of Health and approved by the Animal
Subjects Ethics Sub-Committee (ASESC) of Hong Kong
Polytechnic University.

(a) at 37” post injection (b) at 2’07” post injection

(d) at 9’25” post injection(c) at 4’08” post injection

Figure 1: The transition of IRdye800CW peak signal intensity (from the renal cortex and renal pelvis) in the right kidney over time in a db/db
mouse with no DSS treatment.
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2.2. Fasting Glucose, Body Weight, and Urinary Samples. At
the start and the end of the study, fasting blood glucose was
assessed using a glucometer (Bayer Contour TS), and the
body weight of mice was assessed using an electronic scale.
Daily urinary samples were collected, for four days before
the end of the study using individual metabolic cages for
the determination of F2-isoprostane (IsoPs), microalbumin,
and creatinine excretion of each mouse. The 24hr urinary
concentration of IsoPs was determined by commercial ELISA
method (item number 516351, Cayman Chemical, Ann
Arbor, Michigan, USA), while the levels of urinary albumin
and creatinine were determined using a clinical chemical
analyzer (AU480; Beckman Coulter, Brea, CA, USA).

2.3. Serum and Kidney Samples. After overnight fasting, the
mice were sacrificed and blood samples were collected via
cardiac puncture at the end of the study. Serum concen-
trations of creatinine and bilirubin (total, conjugated, and

unconjugated) were assessed using clinical chemistry
(AU480; Beckman Coulter, Brea, CA, USA). The concentra-
tion of fasting serum insulin was assayed by commercial
ELISA method (catalogue number 32270; Li Ka Shing Fac-
ulty of Medicine, the University of Hong Kong, Hong Kong).
The cortex of the kidney was carefully dissected for the anal-
ysis of HO-1, p-Akt, and t-Akt expression using western blot.
The total protein concentration was determined using a Bio-
Rad Protein Assay Kit II (Bio-rad, catalog number 500-0002).
The blots were incubated with primary antibodies overnight,
including HO-1 Antibody (Cell Signaling Technology,
Beverly, MA, USA), pan-Akt (Cell Signaling Technology,
Beverly, MA, USA), and Phospho-AktThr308 (Cell Signaling
Technology, Beverly, MA, USA). After washing, blots were
incubated with horseradish peroxidase- (HRP-) conjugated
secondary antibody (Santa Cruz Biotechnology). Finally,
protein expression was determined by a microplate reader
(Bio-Rad Laboratories, Richmond, CA) and quantified using
ImageJ software (IJ 1.46r).

2.4. Measurement of Renal Clearance of IRdye800CW Dye
Using MSOT. On the last day of the intervention period, all
mice were anesthetized using isoflurane in oxygen [3-4%
per liter of 100% oxygen for induction and 1.5% per liter of
100% oxygen during maintenance], with hair removed from
the chest to lower abdomen as per previously published
experimental protocols [38]. In brief, mice were put into a
water chamber within the MSOT (inVision 128 MSOT imag-
ing system, iThera Medical, Munich, Germany) in a prone
position, and the kidney region was then scanned at a rate
of 10Hz continuously using a multispectral protocol for 10
minutes after injection of 200μl (20 nmol in 0.9% of saline)
of IRdye800CW (LI-COR, USA) via the tail vein (Figure 1).
IRdye800CW is a small molecule that is rapidly excreted by
the kidneys in unmetabolised form [39]. After multispectral
decomposition of IRdye800CW signals over the anatomical
background, the time points at the mean of peak signal
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Figure 2: The fasting insulin level of mice at the end of the 3-week
intervention period (n = 6 − 7/group). ∗ denotes p < 0 05 when
compared to the DM group.

Table 1: A summary of all measured variables collected from serum, urine, and MSOT in the present study.

Non-DM control DM DM±DSS
Baseline measurement

Obesity Body weight (g) 20.8± 0.69 51.79± 4.03∗ 50.21± 3.08∗

Serum Fasting glucose (mmol/l) 7.58± 0.60 23.83± 5.10∗ 19.60± 3.58∗

After 3 weeks

Obesity Body weight (g) 18.78± 1.21 56.52± 6.07∗ 57.09± 4.03∗

Serum

Fasting glucose (mmol/l) 8.17± 1.36 24.24± 6.67∗ 24.97± 6.32∗

Creatinine (μmol/l) 9.79± 1.37 14.90± 3.79∗ 14.80± 3.10∗

Total bilirubin (μmol/l) 1.40± 0.21 1.50± 0.51 1.69± 0.32
Conjugated bilirubin (μmol/l) 0.35± 0.10 0.43± 0.11 0.41± 0.16

Unconjugated bilirubin (μmol/l) 1.02± 0.23 1.10± 0.58 1.33± 0.37

Urine
F2-isoprostane (ng/mg of creatinine) 15.82± 8.73# 24.46± 6.59 18.00± 6.39

Urinary albumin : creatinine ratio (mg/g of creatinine) 33.5± 14.86 115.7± 41.54∗ 118.2± 47.31∗

MSOT Tmax delay (s) 90.21± 14.93 142.97± 13.96∗ 81.96± 19.51
All data presented as mean ± SD. ∗ denotes p < 0 05 when this group is compared to the non-DM control group. # denotes p < 0 05 when this group is
compared to the DM group.
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intensity (Tmax) over the renal cortex and renal pelvis
regions of the right kidney were determined, and the time
difference between Tmax-Pelvis and Tmax-Cortex was cal-
culated as “Tmax delay,” which represents the efficiency of
IRdye200CW dye clearance [38].

2.5. Statistical Analyses. The assumptions of normality and
homogeneity of variance were first assessed. ANOVA with
multiple post hoc LSD adjustments or Kruskal-Wallis H test
with multiple post hoc Dunn adjustments was used to com-
pare the differences in the three groups where applicable.
Paired t-tests were used to test for significant differences

between the start and end fasting glucose concentrations in
each group. All data were expressed as means± SD. All statis-
tical analyses were performed using the Statistical Package
for the Social Sciences (SPSS) version 22 for Windows, and
the significant level was set at p < 0 05.

3. Results

A summary of all measured variables collected from serum,
urine, and MSOT in the present study can be found in
Table 1. The results indicated that all db/db mice exhibited
hyperglycemia and hyperinsulinemia and were more obese
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Figure 3: Changes in fasting blood glucose concentration (a) and body weight (b) of mice before and after 3 weeks of intervention.
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Figure 5: A plot of signal intensity over time over the renal cortex and renal pelvis of the kidney. (a, c) The left shows the spectrum collected
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delay = 105 s]. (b, d) The right shows the spectra collected from a mouse in the DM group [peak at 23 s and 158 s in the renal cortex
(b) and renal pelvis (d), respectively; Tmax delay = 135 s].
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Figure 6: The serum total bilirubin (a), unconjugated bilirubin (b), and conjugated bilirubin (c) levels of mice after 3 weeks of intervention
period (n = 6 − 7/group).
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(Figure 2) when compared to db/+mice at baseline and after
3 weeks. However, the fasting insulin concentration at the
end of the study in the DM group (3.50± 1.14 nmol/l) was
significantly greater when compared to those in the DM
+DSS (2.22± 1.02 nmol/l, p = 0 035) and non-DM control
(0.37± 0.16 nmol/l, p = 0 007) groups, suggesting that DSS
treatment might improve insulin resistance in the db/db
mice. On the contrary, there was no significant change in
fasting glucose and body weight between baseline and after
3 weeks in all groups, except that the fasting blood glucose
concentration tends to be increased in the DM+DSS group
(from 19.60± 1.35mmol/l at baseline to 24.97± 2.39mmol/l
after 3 weeks, p = 0 098) (Figure 3).

3.1. DSS Treatment Failed to Reduce ACR and Serum
Creatinine Level but Improved the Tmax Delay (Renal
Clearance) in db/db Mice. Both the DM and DM+DSS
groups demonstrated increased urinary albumin : creatinine
ratio (ACR) (Figure 4(a)) and serum creatinine
(Figure 4(b)) when compared to the non-DM control group,
which was consistent with a previous study [40]. From the
graphs shown in Figure 5, Tmax delay determined by
MSOT was longer in a db/db mouse without DSS treatment
(Figures 5(a) and 5(c)) when compared to another db/db
mouse with DSS treatment (Figures 5(b) and 5(d)). Collec-
tively, the mean value of Tmax delay was significantly
longer in the DM group when compared to the DM+DSS
(p = 0 001) and non-DM control (p < 0 001; Figure 4(c))
groups, suggesting an improved renal clearance after DSS
treatment in the DM+DSS group.

3.2. DSS Treatment Did Not Increase Serum Bilirubin or
Significantly Reduce Urinary F2-Isoprostane Concentrations
in db/db Mice. In the present study, the total bilirubin,
unconjugated bilirubin, and conjugated bilirubin levels in
the three groups (Figure 6) were similar, and the result was
comparable to a previous reported study [41]. Although the
DM+DSS group exhibited the highest concentrations of
total bilirubin and unconjugated bilirubin when compared
to the non-DM and DM groups, this difference did not
reach statistical significance (all p values> 0.2). On the
other hand, after the 3-week intervention period, the DM

(24.46± 2.49 ng/mg) group demonstrated a greater urinary
concentration of F2-isoprostane when compared to the
non-DM control (18.01± 2.41ng/mg, p = 0 046) group. With
DSS treatment, urinary F2-isoprostane over 24 hours
reduced to 15.81± 3.56 ng/mg in the DM+DSS group,
although this reduction was not statistically significant (p =
0 113) when compared to the DM group (Figure 7).

3.3. Upregulation of HO-1 Expression in the Kidney of
Diabetic Mice after 3 Weeks of DSS Treatment. Finally, we
analyzed the renal cortex for expression of HO-1 and the
p-Akt/t-Akt ratio. Significantly increased expression of
HO-1 (~2-fold) was noted in the DM+DSS group when
compared to the DM (p = 0 029) and non-DM control (p =
0 016) groups (Figure 8(a)). Although the p-Akt/t-Akt ratio
was also significantly increased (~3-fold, p = 0 011) in
the DM+DSS group when compared to the non-DM group,
the mean difference of the p-Akt/t-Akt ratio between the DM
+DSS and DM groups remained insignificant (p = 0 125;
Figure 8(b)). The corresponding western blot data of HO-1
and AKT are presented in Figure 8(c).

4. Discussion

4.1. DSS Treatment and Diabetic Status. db/db mice sponta-
neously develop hyperinsulinemia due to mutation in the
leptin receptor, which leads to impaired function of beta cells
of the pancreatic islets. At 4 weeks of age, hyperglycemia,
hyperinsulinemia, and insulin resistance are observed [42].
In the present study, although there was no observable
change in the fasting glucose level in diabetic mice after
DSS treatment, fasting insulin concentrations in the DSS
treatment group was decreased when compared to non-
treated diabetic group. This finding agreed with a previously
published study [13], suggesting the possibility of improved
insulin sensitivity mediated by DSS.

4.2. DSS Treatment and Renal Clearance. Significant reduc-
tion in renal function was evidenced in diabetic mice of the
present study, as indicated by higher ACR and serum creati-
nine when compared to the nondiabetic group. However, the
DSS antioxidant treatment failed to ameliorate the serum
creatinine level, probably due to the difference in the injec-
tion approach and hence a lower daily effective dosage of
DSS employed in the present study when compared to other
published studies [43, 44]. ACR and serum creatinine are
conventional and clinically relevant parameters for the
assessment of kidney function and are significantly corre-
lated with oxidative stress due to inactivation of NO [45].
However, proteinuria and changes in circulating creatinine
concentrations or clearance have their limitations in regard
to sensitivity and are typically modulated in moderate and
late stages of renal disease. Therefore, we applied a novel,
noninvasive measurement of renal clearance kinetics to
determine the impact of DSS on renal function in diabetic
animals, using the same methodology suggested by Scarfe’s
group [38]. This noninvasive examination technique pro-
vides a clear, sensitive, and specific optical signal from the
target tissue with the utilization of IRDye800CW. Our results
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Figure 7: The urinary F2-isoprostane concentration of mice at after
3 weeks of intervention. ∗ denotes p < 0 05 when compared to the
DM group.
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of Tmax delay in our diabetic mouse model were similar to
the previous work that studied the acute effect of
adriamycin-induced nephropathy on Tmax delay [38]. How-
ever, our results on Tmax delay have the following limita-
tions. Firstly, it should be noted that Tmax delay mainly
assesses the hyperfiltration of IRdye800CW and does not
account for tubular reabsorption of metabolites in the kidney
and variations in hourly production of creatinine. Second,
IRdye800CW could bind to plasma proteins and lead to
underestimation of the true “Tmax delay” in the present
study [38].

4.3. DSS Treatment and Lipid Peroxidation. DSS treatment
was previously reported to ameliorate oxidative stress and
lipid peroxidation via Akt/Nrf2/HO-1 [46, 47]. Lipid perox-
idation is elevated in patients with diabetes, especially in
those with increased HbA1c, LDL cholesterol, total choles-
terol, and triglycerides [48]. In obese and diabetic patients,
the accumulation of lipids and advanced glycation end prod-
ucts in plasma or organs represents an important source of
lipid peroxidation, which further leads to DNA damage,
protein/enzyme oxidation, and release of proinflammatory
cytokines [49–51]. Many previous studies have shown that
urinary IsoPs are a reliable biomarker of lipid peroxidation
and could act as an indicator of oxidative stress [52, 53]. In
the present study, diabetic mice exhibited higher levels of
urinary IsoPs when compared to nondiabetic controls, which
agrees with previous findings [54, 55]. However, the 3-week
period of DSS treatment failed to significantly reduce the

urinary IsoP concentration in db/db mice. At present, only
a few studies have investigated the effect of Salvia miltior-
rhiza (containing DSS) treatment on IsoPs [56, 57], with
most results indicating that DSS-containing herbs could
attenuate IsoPs in nondiabetic murine models. Therefore,
our study is the first report to investigate the effect of DSS
specifically on IsoP in db/db mice.

4.4. DSS Treatment and HO-1 Expression.We postulated that
DSS is a potential druggable adjuvant in ameliorating dia-
betic nephropathy via induction of HO-1 synthesis. Previous
studies have indicated that the HO system may act as a cru-
cial mediator of cellular redox homeostasis by degrading
heme, generating the antioxidant bilirubin, and releasing free
iron (bound by ferritin) especially in the renovascular sys-
tem [27, 58, 59]. Through activation of the nuclear factor-
erythroid 2-related factor-2- (Nrf2-) targeting antioxidant
response element (ARE)/heme oxygenase-1 (HO-1) signaling
cascade, DSS has attenuated acute kidney injury [35]. The
induction of HO-1 further activated adiponectin synthesis/
release, which in turn improved cellular redox status,
diminished apoptotic signaling kinase-1 expression, and pro-
tected from oxidative stress via activating p-Akt/Akt signal-
ing [59–61]. In the present study, although DSS treatment
was associated with increased expression of HO-1 in the
kidney of db/db mice when compared to DSS-treated db/db
mice, the levels of total and unconjugated bilirubin in the
blood were only mildly elevated, suggesting an argument
against HO-1-mediated protection via bilirubin in our
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Figure 8: The expression of HO-1 (a) and p-AKT/t-Akt ratio (b) of mice at the end of the 3-week intervention period. N = 4 in each group,
and the corresponding western blot data of HO-1 and Akt (c). ∗ denotes p < 0 05 when compared to the DM+DSS group.

7Oxidative Medicine and Cellular Longevity



diabetic mice model. According to a previous study, down-
regulation of Akt could attenuate the antioxidant effects of
HO-1 [62]; however, our data demonstrate that DSS could
only mildly elevate the p-Akt : t-Akt ratio. Therefore, the fail-
ure of DSS-induced overexpression of bilirubin and Akt sug-
gests other key players might be involved in mediating the
beneficial effects of HO-1, such as carbon monoxide (CO)
production or improved heme clearance. In this context, fur-
ther studies on the effect of DSS treatment on CO production
and heme clearance are warranted.

This study has several limitations. First, our team failed to
collect enough blood for the baseline measurement of all
selected biomarkers in the present study. Therefore, we only
measured the serum fasting glucose at baseline, which
required minimal blood volume. Second, the tail vein cannot
be recovered within 3 weeks after the injection of dye; there-
fore, we could not complete the baseline measurement of
renal clearance.

In summary, this study suggests that DSSmight represent
a potential viable preventative/treatment worthy of further
investigation in patients with, or at risk of developing, dia-
betic nephropathy. Although HO-1 is known to ameliorate
diabetic nephropathy [63], its effect in db/db mice remained
poorly understood. In the present study, DSS treatment
significantly improved renal clearance in db/db mice and
was associated with upregulation of HO-1/Akt signaling
pathways. However, the exact mechanism concerning how
DSS mediates HO-1 activity and preserves renal physiologi-
cal function remains unknown and requires further study.
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Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection. It remains a
leading cause of death worldwide, despite the development of various therapeutic strategies. Cardiac dysfunction, also referred
to as septic cardiomyopathy, is a frequent and well-described complication of sepsis and associated with worse clinical
outcomes. Recent research has increased our understanding of the role of mitochondrial dysfunction in the pathophysiology of
septic cardiomyopathy. The purpose of this review is to present this evidence as a coherent whole and to highlight future
research directions.

1. Introduction

Sepsis is defined by consensus as a life-threatening organ
dysfunction caused by a dysregulated host response to infec-
tion [1]. For clinical operationalization, patients with sepsis
can be identified by the presence of an infection and an
increase in the sepsis-related organ failure assessment score
of 2 points or more. With short-term mortality over 10%,
septic patients require hospitalization in intermediate or
intensive care units [2]. Septic shock is defined as a subset
of sepsis in which particularly profound circulatory, cellular,
and metabolic abnormalities are associated with a hospital
mortality rate of over 40% [1]. Patients with septic shock
can be clinically identified by a vasopressor requirement to
maintain a mean arterial pressure of 65mm Hg or greater
and serum lactate level greater than 2mmol/L in the absence
of hypovolemia. Both sepsis and septic shock are frequent in
Western countries, with an incidence ranging from 270 to
437 cases per 100000 inhabitants per year [3]. The mortality
attributable to sepsis is 5.3 million people per year world-
wide, representing around 10% of deaths [4].

The incidence of cardiac dysfunction in septic shock
(septic cardiomyopathy) is between 40 and 60%, as diagnosed
within the first 3 days [5]. The presence of cardiac dysfunction
is associated with increased mortality in patients with sepsis:
28-day mortality of patients hospitalized for sepsis was
16% in absence and 47% in the presence of myocardial
dysfunction [6]. Sepsis-related cardiomyopathy is clearly
multifactorial (Figure 1), and the general mechanisms of
underlying this dysfunction have been reviewed elsewhere
[7–10]. In summary, the potential extracellular candidates
responsible for septic cardiomyopathy include pathogen-
associated molecular patterns, cytokines, nitric oxide (NO),
and damage-associated molecular patterns. Moreover, myo-
cardial edema due to vascular leakage may also influence
cardiac function in sepsis. At the cardiomyocyte level, mecha-
nisms include the attenuation of the adrenergic response (i.e.,
downregulation of beta-adrenergic receptors and depressed
postreceptor signaling pathways), alterations of intracellular
calcium trafficking, blunted calcium sensitivity of contractile
proteins, and mitochondrial dysfunction. Sepsis-induced
myocardial dysfunction is not associated with significant
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cell death, and complete recovery occurs in survivors within
two weeks [11].

Cardiomyocytes are characterized by a high density of
mitochondria tightly packed between the sarcomeres and in
the subsarcolemmal area [12]. Cardiac mitochondria are
responsible for generating energy in the form of adenosine
triphosphate (ATP) through oxidative phosphorylation
(OXPHOS) and are crucial for cardiac function. Although
mitochondrial impairment has been described in both
human sepsis [13] and septic cardiomyopathy [14] for more
than 15 years, mitochondria-targeted management is still
absent from current clinical practice. A better understanding
of mechanisms and any causative involvement of mitochon-
drial dysfunction in septic cardiomyopathy may guide future
treatments in this field. Recent progress in sepsis research has
increased our understanding of the underlying molecular
alterations that contribute to cardiac dysfunction, including
those related to mitochondrial dysfunction. In the following
sections, we will review the evidence for the role of mitochon-
drial dysfunction in septic cardiomyopathy (Figure 2).

2. Ultrastructural Abnormalities of Myocardial
Mitochondria in Sepsis

Mitochondria are intracellular organelles with a double
membrane. This structure permits and is indeed essential
for the mitochondrial production of the bulk of energy
needed by the cell for normal function. Proton transfer from
the matrix, across the inner membrane into the intermem-
brane space, is driven by the electron transfer chain and leads
to phosphorylation of adenosine diphosphate (ADP) to ATP.
This cascade of reactions requires mitochondria to be the
most impermeable organelle in the cytoplasm and necessi-
tates homeostasis ofmitochondrial organization.When either
inner or outer membrane permeability is disrupted, mito-
chondria change shape and this is associated with dysfunction
and the release of content into the cytoplasm. Assessment
of morphological characteristics such as swelling, disruption
of cristae, and the length or density of mitochondria repre-
sents an easy way to identify mitochondrial dysfunction in
various tissues.

Increased mortality

Mitochondrial dysfunction
Myo�brillar dysfunction

Myocardial depressant factors

Damage -
associated 
molecular 
patterns

NO

Cardiac microcirculatory dysfunction
and vascular leakage 

Cellular activation
(endothelial or immune cells)

Pathogen-
associated 
molecular 
patterns

Cytokines

Attenuation of
adrenergic response 

Alteration of intracellular
calcium tra�cking 

Sepsis-induced 
cardiomyopathy

Figure 1: Main pathophysiological mechanisms of sepsis-induced cardiomyopathy. During sepsis, recognition of pathogen-associated
molecular patterns by immune cells activates inflammation pathways and the release of myocardial depressant factors in the extracellular
space. The subsequent activation of endothelial cells leads to alterations of microcirculatory perfusion and vascular leakage that are
implicated in sepsis-induced myocardial dysfunction. Among intracellular mechanisms, myofibrillar dysfunction, alterations of calcium
trafficking, attenuation of adrenergic response, and mitochondrial dysfunction seem to play important roles in sepsis-induced
cardiomyocyte impairment. NO: nitric oxide.
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The first description of morphological impairments of
cardiomyocyte mitochondria was made in an animal
model of septic cardiomyopathy in 1994 [14]. Recently,
in a rat model of endotoxin-induced peritonitis, Vanasco
et al. [15] reported both a dysfunction of OXPHOS by
determining respiration and electron transfer in isolated
cardiac mitochondria and an alteration of cardiac mitochon-
drial ultrastructure by transmission electron microscopy in
left ventricle myocardium. A half-maximal effect on respira-
tion was observed about 4 h after LPS administration.
Simultaneously, the percentage of damaged mitochondria

increased in 6 h from 1.4% to 6.3%. It is worth recalling
that impaired biochemical function seems to precede the
structural damage. The effects on heart mitochondrial
structure of LPS administration are illustrated in Figure 3.
After 6 h to 18 h of LPS injection, cardiac mitochondria
display abnormalities such as swelling, loss of cristae,
cleared matrix, internal vesicles and rupture of the inner
and outer membranes, and alterations that persisted up to
24 h [15].

Cardiac tissue remains difficult to study in humans,
requiring invasive procedures, while skeletal muscle is less
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Figure 2: Mitochondrial disorders in septic cardiomyopathy. Increased reactive oxygen species (ROS) and nitric oxide (NO) production may
cause direct oxidative or nitrosative damage and inhibition of oxidative phosphorylation (OXPHOS) complexes, leading to decreased O2
consumption and proton-motive force between the intermembrane space and the matrix (Δp). Reduced calcium (Ca2+) uptake by and
increased Ca2+ leakage from the sarcoplasmic reticulum result in cytosolic and mitochondrial Ca2+ overload. Increased ROS/NO
production, along with Ca2+ overload trigger the opening of the mitochondrial permeability transition pore (mPTP). This results in
mitochondrial uncoupling of adenosine triphosphate (ATP) synthesis from O2 consumption (i.e., OXPHOS uncoupling) and a decreased
Δp. Altered mitochondrial cyclic adenosine monophosphate (cAMP) protein kinase A (PKA) signaling also promotes OXPHOS uncoupling
and decreased Δp. Decreased Δp leads to ATP synthase (FOF1) inhibition and energy deficit. The mPTP opening and other mechanisms, as
yet poorly described, induce externalization of mitochondrial components to the cytosol and the extracellular space that activates the
inflammation pathway. Decreased Δp, the presence of oxidized proteins, and externalization of mitochondrial components in the cytosol
activate intrinsic apoptosis, leading to reduction in myofilament response to Ca2+. Although Δp and the presence of oxidized proteins
activate auto-mitophagy, RhoA-ROCK activation results in automitophagy failure. As increased ROS production, cytosolic Ca2+ overload
and energy deficit activate mitochondrial biogenesis, and peroxisome proliferator-activated receptor γ coactivator 1 alpha (PGC-1 alpha)
disorders result in mitochondrial biogenesis failure. Overall, increased inflammation, energy deficit, reduced myofilament response to Ca2+,
impaired automitophagy, and failure in mitochondrial biogenesis are the features of mitochondrial disorders in septic cardiomyopathy.
ADP: adenosine diphosphate; CI, CII, CIII, and CIV: the four complexes in the mitochondrial respiratory chain; mtDNA: mitochondrial
DNA; RYR: ryanodine receptor; SERCA: sarcoendoplasmic reticulum Ca2+ pump.
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problematic in this regard. Using an established scoring
system for mitochondrial structure damage, ranging from 0
(no abnormalities) to 4 (severe abnormalities), Fredriksson
et al. studied a cohort of 10 patients with sepsis-induced
multiple organ failure. In intercostal and leg muscle, they
observed a trend of increased abnormalities in the septic
group compared with controls. The same results were
evident in both subsarcolemmal and intermyofibrillar mito-
chondria [16]. Only one study has evaluated sepsis-related
changes in human cardiac mitochondrial ultrastructure
[17], focusing on the mechanistic basis of cardiac and renal
dysfunction in patients who died from septic shock. Electron
microscopy on 17 septic hearts revealed a mitochondrial
injury score of 3 in 6 patients (35%), whereas abnormalities
were absent in the control group comprising cardiac donor
hearts for transplant [17].

Ultrastructural abnormalities of mitochondria are associ-
ated with mitochondrial dysfunction and, through disruption
of OXPHOS, a decreased capacity for ATP production—the
primary role of mitochondria.

3. Oxidative Phosphorylation Disorders of
Myocardial Mitochondria in Sepsis

Mitochondrial OXPHOS is responsible for over 90% of total
oxygen consumption and ATP generation in the body. The
mitochondrial respiratory chain is organized into four
individual enzyme complexes in the inner membrane
(complex I, complex II, complex III, and complex IV) that
create an electrochemical gradient of protons between the
matrix and the intermembrane space [18, 19]. Beta-oxidation
of fatty acids and the Krebs cycle provide reduced nicotin-
amide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH2) to the respiratory chain. NADH and
FADH2 provide electrons to complex I and complex II,
respectively. Electron transport from complex I and/or com-
plex II to complex III then on to complex IV leads to proton
translocation from the matrix to the intermembrane space
and reduction of O2 to H2O. The oxidative activity of
the respiratory chain thus leads to an accumulation of
protons in the intermembrane space and creates a proton

Control

(a) Control

LPS

(b) LPS

LPS

(c) LPS

Figure 3: Altered cardiac mitochondrial morphology in lipopolysaccharide- (LPS-) treated mice. Representative, longitudinal electron
microscopy micrographs of the left ventricle from control (a) and LPS-treated (b, c) mice. Six hours after LPS administration, cardiac
mitochondria displayed abnormalities such as swelling, loss of cristae, and cleared matrix. Representative areas of mitochondrial
clustering (arrow) and myofibrils (asterisk) are indicated. IFM: interfibrillar mitochondria are arranged along the myofibrils; SSM:
subsarcolemmal mitochondria.
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motive force (Δp) between the intermembrane space and
the matrix [19, 20]. The ATP synthase (F0F1), located in
the inner mitochondrial membrane, is driven to produce
ATP by this Δp and the passage of H+ from the intermem-
brane space to the matrix. Thus, F0F1 couples oxidative
activity and O2 consumption of the respiratory chain to
ATP regeneration. The ADP/ATP ratio is the physiologic
activator of OXPHOS [21]; moreover, numerous posttransla-
tional changes in respiratory complexes can subtly regulate
OXPHOS and ATP production [22].

Alterations of organ function during sepsis are associated
withOXPHOS dysfunction. Brealey et al. reported an associa-
tionbetween shock severity,OXPHOSdysfunction (decreased
activity of Complex I), ATP depletion, intracellular antiox-
idant depletion (reduced glutathione), and NO production
in skeletal muscle tissue of patients with septic shock [13].
Mitochondrial dysfunction and reduced Δp have also been
described in septic patients and were associated with clin-
ical disease severity in peripheral blood monocytes [23]
and platelets [24]. Reduced activity and quantity of platelet
complex IV were independent predictors of 6-month
mortality in septic patients [25]. Reduced ADP-stimulated
mitochondrial respiration (state 3) in peripheral bloodmono-
nuclear cells has been associated with increased prevalence of
organ failure and mortality [26].

Mitochondrial dysfunction in septic cardiomyopathy is
also characterized by decreased rates of state 3 respiration
in mice and rats [27–29]. Moreover, increased rates of
ADP-independent mitochondrial respiration (state 4) have
been demonstrated in septic hearts from murine models
[27, 28, 30], indicative of proton leakage across the inner
mitochondrial membrane bypassing F0F1 (i.e., OXPHOS
uncoupling). Thus, the respiratory control ratio (RCR—i.e.,
the state 3/state 4 ratio) is decreased in murine models
of septic cardiomyopathy. This decrease in RCR reflects a
reduced capacity of the respiratory chain to maintain a
constant gradient of protons and is also associated with
decreased Δp [27, 28, 31].

The principal mechanisms involved in OXPHOS disor-
ders seen in septic cardiomyopathy include overproduction
of reactive oxygen and nitrogen species, calcium overload,
and altered cAMP-PKA signaling. Increased production of
superoxide anions and NO can cause direct oxidative or
nitrosative damage and inhibition of OXPHOS complexes,
leading to reduced O2 consumption and decreased Δp.
Firstly, reactive oxygen species (ROS) and nitrogen species
are produced in substantial excess during sepsis [32], partly
by mitochondria [33]. Mitochondrial complex I and complex
IV can be inhibited by ROS, NO, and other nitrogen species.
While it has been established that complex IV inhibition is
always reversible by NO [34], prolonged exposure to NO
results in a gradual and persistent inhibition of complex I
[35]. Mitochondrial production of ROS and NO contributes
to mitochondrial dysfunction during sepsis in various tissues,
including the heart [15, 30]. Secondly, the antioxidant
systems seem to be inhibited: inhibition of mitochondrial
complex I by NO was facilitated, in vitro, by a depletion of
reduced glutathione [36]. LPS-related depletion of reduced
glutathione occurred within 6 h in the cardiac mitochondria

of rats [37]. The activities ofmanganese superoxide dismutase
and glutathione peroxidase enzymes in cardiacmitochondrial
fractions from septic rats decreased significantly within 4 h
after bacterial challenge [38]. Thirdly, when superoxide
anions and NO are produced simultaneously, they rapidly
react together to yield the peroxynitrite anion, which may
result in significant inactivation of F0F1-ATP synthase [39].
Furthermore, complex I inhibition appears to result from
S-nitrosylation of critical thiols in the enzymatic complex
[35]. The increased activity of the inducible mitochondrial
NO synthase is responsible for increased mitochondrial
peroxynitrite levels [40]. In a mouse model of cecal ligation
and puncture, Escames et al. showed that increased oxidative
stress andmitochondrial dysfunctionwere restored by genetic
deletion of inducible NO synthase (which includes the
mitochondrial isoform), as well as by melatonin treatment, a
known inhibitor of inducible NO synthase [41]. Together,
these results suggest a significant role for peroxynitrite in
myocardial mitochondrial dysfunction in sepsis. Finally,
ROS species can lead to a diverse array of both reversible and
irreversible toxic modifications of proteins, lipids, or nucleic
acids. This oxidative stress alters respiratory capacity by
decreasing proteomic expression of several mitochondrial-
encoded subunits of complex I, complex IV, and F0F1 [37].
In addition, activation of mitochondrial calpain-1 can disrupt
F0F1, leading to increased mitochondrial ROS generation,
further alteration of mitochondrial components and promo-
tion of a proinflammatory response during endotoxemia [42].

Under pathological conditions, some protons return into
the matrix while bypassing F0F1 via uncoupling proteins
(UCPs) located in the inner mitochondrial membrane [43].
This results in OXPHOS uncoupling—the dissociation of
ATP synthesis from O2 consumption in the mitochondria.
The role of UCPs in sepsis remains controversial. In a rat
model of cecal ligation and puncture, Roshon and colleagues
found an increase in UCP2 mRNA levels concurrent with
decreased cardiac work and mechanical efficiency [44], but
no UCP2 protein was detected in the hearts 12 h after insult.
Significant increases in levels of UCP2 and UCP3 mRNA
were observed in the hearts of LPS-treated rats [37], while
both mRNA and protein levels of UCP2 were increased in
the myocardium in a canine model of endotoxin-induced
shock [45]. In this model, Wang et al. found an association
between elevated UCP2 expression and decreased ATP gen-
eration [45]. Conversely, increased UCP2 expression in
cardiac mitochondria may produce only mild uncoupling
that prevents ROS production without altering ATP genera-
tion. Indeed, Zheng et al. reported that H9C2 cells cultured
with LPS and peptidoglycan showed increased mRNA
expression of UCP2 and that this was associated with mito-
chondrial dysfunction [46]. These effects were worsened by
silencing UCP2, suggesting that UCP2 may play a protective
role in cardiomyocytes under septic conditions.

Permeability of the inner mitochondrial membrane is
mediated by a voltage- and calcium dependent, cyclosporine
A-sensitive, high-conductance channel called the mitochon-
drial permeability transition pore (mPTP). Mitochondrial
calcium overload is the primary trigger of mPTP opening,
but its sensitivity to this challenge is dependent on prevailing
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conditions [47]. In a rat model, Hassoun et al. reported that
an increasedmitochondrial calcium content (induced by LPS)
was associated with reduced calcium uptake by and increased
calcium leakage from the sarcoplasmic reticulum and it was
also associated with decreasedΔp,mitochondrial uncoupling,
altered state 3 respiration, and impaired RCR. Prevention of
calcium leakage from sarcoplasmic reticulum by dantrolene
prevented mitochondrial and cardiac contractile dysfunction,
suggesting that mitochondrial calcium overload could con-
tribute to myocardial mitochondrial dysfunction in sepsis
[28]. In a mouse model of acute peritonitis, Larche et al.
observed that improvement of mitochondrial function via
inhibition of mPTP opening (with cyclosporine A or overex-
pression of the antiapoptotic protein Bcl-2) prevents mortal-
ity and heart dysfunction [27]. Inhibition of mPTP opening
also prevented a sepsis-related decrease in Δp and RCR in
the septic heart. Overall, mitochondrial calcium overload
and mPTP opening seem to be the main mechanisms of
mitochondria uncoupling in septic cardiomyopathy.

Posttranslational changes in respiratory complexes may
also be involved in sepsis-induced mitochondrial and
contractile dysfunction in the heart. Cyclic adenosine
monophosphate (cAMP) is produced within mitochondria
by HCO3/CO2-responsive adenylyl cyclase, which couples
CO2 generation in the Krebs cycle with OXPHOS activity
[48–50]. Increased mitochondrial cAMP induces mitochon-
drial protein kinase A (PKA) activation. Thus, allosteric
ATP inhibition of mitochondrial complex IV is prevented
by reversible PKA-mediated phosphorylation of serine 58
of complex IV subunit IV-1. The mitochondrial cAMP-PKA
pathway couples the Krebs cycle and OXPHOS activity to
generate ATP. In a mouse model of acute peritonitis, Neviere
et al. observed that sepsis-related cardiomyopathy was
associated with impaired cAMP-PKA signaling, decreased
complex IV phosphorylation of serine 58, decreased mito-
chondrial RCR, and left ventricle contractile dysfunction
[51]. Ex vivo inhibition of phosphodiesterase 2A by
mitochondria-permeant Bay 607550 prevented mitochondrial
cAMP depletion, complex IV phosphorylation, OXPHOS
uncoupling, and contractile dysfunction. In vivo adminis-
tration of Bay 607550 did not prevent contractile dysfunc-
tion but restored energetic efficiency of the left ventricle
in septic mice.

While the mitochondrial capacity for generating ATP is
decreased in sepsis, mitochondrial dysfunction is not associ-
ated with significant myocardial necrosis in human septic
shock [11]. Nonetheless, respiratory chain dysfunction is
associated with contractile dysfunction and prevention of
OXPHOS disorders prevents cardiac dysfunction in murine
models of sepsis [27–31]. The importance of mitochondria
in cellular homeostasis could provide a mechanistic explana-
tion for the link between mitochondrial dysfunction and
heart failure in septic cardiomyopathy [52].

4. Alteration of Mitochondrial Signaling in
Septic Cardiomyopathy

Mitochondrial ROS production [53, 54], or externaliza-
tion of other mitochondrial components in the cytosol

(e.g., cytochrome c, SMAC/diablo, PGAM5, and mitochon-
drial DNA (mtDNA)) [55–57], may be considered to be a
part of cellular signaling. These components are involved in
both the apoptotic pathway and inflammation, key features
in the pathophysiology of septic cardiomyopathy.

Mitochondria are critical players in the regulation of
programmed cell death [58]. They modulate apoptosis
during the initiation and regulation of the intrinsic apoptotic
pathway, also known as mitochondria-mediated apoptosis.
Caspase 9-dependent activation of executioner caspases such
as caspase 3, 6, and 7 is a characteristic of the intrinsic path-
way. Oxidative stress, OXPHOS dysfunction, and mPTP
opening are the main triggers for mitochondria-mediated
apoptosis. Initially, ROS-induced protein alterations lead to
the accumulation of Nix and Bnip3 proteins on the outer
mitochondrial membrane. Thus, Nix and Bnip3 recruit proa-
poptotic proteins from the cytosol (such as Bax and Bak) on
the surface of mitochondria. Thereafter, Bax and Bak
permeabilize the outer membrane to molecules such as
cytochrome c which triggers the apoptotic pathway [57, 58].
Secondly, OXPHOS dysfunction and a decrease in the Δp
can lead to the cleavage of a mitochondrial phosphatase,
PGAM5. Cleaved PGAM5 translocates to the cytosol where
it activates the apoptotic pathway [56, 57]. Thirdly, the mPTP
opening directly permeabilizes mitochondria and can release
cytochrome c to the cytosol, activating the intrinsic apoptotic
pathway. Finally, the extrinsic apoptotic pathway may also
interfere with mitochondria-induced apoptosis. The extrinsic
pathway can activate Bax and Bak, which directly permeabi-
lize the outer mitochondrial membrane and trigger the
intrinsic apoptotic pathway [59].

Nevière et al. first demonstrated the importance of
apoptosis regulation in an experimental cardiomyopathy
model of endotoxin-treated rat. Caspase 9 and 3 activities
and the apoptosis pattern (DNA fragmentation or cyto-
chrome c release) were enhanced in this experimental model.
Cotreatment with a nonspecific caspase inhibitor not only
reduced caspase activity and nuclear apoptosis but was also
associated with a complete correction of endotoxin-induced
myocardial dysfunction [60]. The same authors also demon-
strated that specific inhibition of caspases 9 and 3 prevented
reduction in myofilament responses to calcium, troponin T
cleavage, and sarcomere destruction in endotoxin or septic
serum-treated rats [61]. Mitochondrial activation of intrinsic
apoptosis was also implicated in rats with post cecal ligation
puncture-induced septic cardiomyopathy. In this model,
prevention of cardiomyocyte dysfunction was also prevented
by inhibition of the intrinsic apoptotic pathway using cyclo-
sporine A or Bcl-2 overexpression [27].

All these experimental data converge to implicate mito-
chondrial upregulation of the intrinsic apoptotic pathway
in the genesis of septic cardiomyopathy. However, while the
mitochondrial apoptotic pathway has not been evaluated in
human sepsis, the importance of its activation seems overes-
timated by experimental models as apoptosis-related death of
cardiomyocytes does not significantly occur in human sepsis
[11, 17]. Whether caspase activation and/or caspase-induced
cleavage of troponin T occurs in the cardiomyocytes of
patients with septic shock remains unknown.
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Lovett et al. [62] suggested that myocardial cell depres-
sion may be due to circulating myocardial depressant factors.
Parrillo et al. later confirmed the existence of depressant
factors in human sepsis, showing that serum obtained from
septic shock patients and incubated in vitro with cardiomyo-
cytes decreased the extent and velocity of myocyte shorten-
ing. Removal of the preparation by washing with serum
obtained from nonseptic patients rapidly restored the
contractile force of cardiomyocytes [63]. Proinflammatory
cytokines (TNF-α and IL1-β) and NO were the first myocar-
dial depressant factors described [64]. Damage-associated
molecular patterns (DAMPs) are endogenous molecules
released in cytoplasm or the circulatory torrent in response
to cellular stress, whereupon they can react to pattern
recognition receptors also called host defense receptors of
innate immunity. From the “Danger model” developed by
Matzinger, DAMPs can trigger the immune system and
inflammation pathway [65, 66], engaging a defensive reaction
to cellular damage. A potential role has been proposed for
DAMPs in sepsis-induced organ dysfunction such as that seen
in septic cardiomyopathy. For instance, HMGB1, a nuclear
DAMP, can induce cardiac dysfunction via TLR4 interaction
and consequently enhance oxidative stress and impairment of
cardiac excitation-contraction coupling [9, 67].Mitochondria
can also react to infectious or inflammatory aggression
by liberating numerous components, collectively known as
mitochondrial DAMPs (mtDAMPs), into cytoplasm and
the circulatory torrent. Once there, mtDAMPs can interact
with pattern recognition receptors and induce a proinflamma-
tory response to damage, thereby implicatingmitochondria in
the regulation of danger signaling [68]. The structural homol-
ogy of mtDNA (containing CpG-nonmethylated DNA and
formylated proteins) underpins the proposed bacterial origin
of mitochondria (the endosymbiotic theory) and partially
explains its recognition by pattern recognition receptors.
The mtDNA is the most studied mtDAMPS in experimental
or human sepsis, but other mtDAMPs have been described
such as cytochrome c orN-formyl proteins [69, 70]. Although
conflicting data exist, owing largely to technical issues
around the detection of free plasmatic mtDNA, most exper-
imental and human results report elevated free plasmatic
circulating mtDNA in sepsis [71–73]. In addition, quantita-
tive expression seems to correlate with severity and mortality
in sepsis in a way similar to a large number of diseases
encountered in critical care [74, 75]. However, the mecha-
nism of mtDNA externalization in septic subjects remains
unclear. Mechanism does not seem as simple as in trauma
patients and may implicate necrosis, necroptosis, apoptosis,
or autophagyprocess [76–78].Mitoptosis, a recentlydescribed
caspase-independent mechanism by which mitochondria
undergo extensive fragmentation, is another potent mecha-
nism for the release ofmitochondrial content to the cytoplasm
or plasma [79].

It is nowadays clear that circulating mtDNA can contrib-
ute to systemic inflammation [80], neutrophil activation [81],
or even postseptic organ dysfunction of the immune system
[82], lung [83–85], or kidney [86]. No data are yet available
on the putative induction role of mtDNA in septic cardiomy-
opathy, but Oka et al. described mtDNA as a candidate

inducer of cardiac dysfunction in an experimental mouse
model of heart failure [87]. Likewise, cytochrome c and
N-formyl protein have been shown capable of injuring
cardiomyocytes and provoking cardiac dysfunction in vari-
ous models [69, 70]. While mtDAMPs may be a myocardial
depressant factor, new experimental data are necessary to
better understand their role in septic cardiomyopathy.

5. Mitochondrial Biogenesis and Mitophagy in
Septic Cardiomyopathy

The quality and quantity of mitochondria largely depend
upon both mitochondrial biogenesis and the autophagy/
mitophagy system. Mitochondrial biogenesis is mainly acti-
vated in cases of low ATP production, oxidative stress, and
calcium overload. In the presence of biogenesis activators,
peroxisome proliferator-activated receptor γ coactivator
(PGC-1 alpha) and nuclear transcription factors such as
nuclear respiratory factors (NRFs), estrogen-related recep-
tors (ERRs), and peroxisome proliferator-activated receptors
(PPARs) are overexpressed and activated [88]. The transcrip-
tion of nuclear genes coding for metabolic enzymes, respira-
tory chain proteins, mitochondrial transcription factors
(mTFs), and other mitochondrial proteins is thus activated.
In humans, over 97% of mitochondrial proteins are trans-
lated from nuclear mRNA and subsequently translocated to
mitochondria. The mTFs A, B1, and B2 activate the replica-
tion of mtDNA and transcription of the 37 mitochondrial
genes, essential for mitochondrial activity, and permit ade-
quate interplay between nuclear and mitochondrial genomes
during mitochondrial biogenesis. While insufficient biogene-
sis limits ATP production and induces cell necrosis [89], an
excessive production of mitochondria leads to disruption of
myofibrils and cardiomyocyte dysfunction [90]. Mitochon-
dria undergo continuous oxidative stress due to oxidative
activity of the mitochondrial respiratory chain. Production
of superoxide anion, hydrogen peroxide, and hydroxyl radi-
cal leads to impairment of protein structure, peroxidation
of membrane lipid, and alteration of mtDNA [19]. Non-
specific autophagy and mitochondria-specific autophagy
(i.e., mitophagy) remove damaged and dysfunctional mito-
chondria [91]. Mitophagy mainly involves activation of
PINK1/Parkin, PGAM5/FUNDC1, or the Nix/Bnip3 path-
ways. A decreasedΔp leads to accumulation of PINK1/Parkin
and PGAM5/FUNDC1 on the outer mitochondrial mem-
brane. The oxidation of mitochondrial proteins drives to
Nix/Bnip3 accumulation on the cytosolic surface of mito-
chondria. Thus, PINK/Parkin, PGAM5/FUNDC1, and Nix/
Bnip3 activate mitophagy and removal of dysfunctional
mitochondria [88]. Autophagy and mitophagy can limit
accumulation of depolarized mitochondria, generation of
superoxide anion, hydrogen peroxide, and hydroxyl radical,
and the release of mitochondrial content into cytosol or the
extracellular space. There exists significant interplay between
mitophagy and mitochondrial biogenesis. On the one hand,
biogenesis activation by mitophagy permits renewal of the
degraded organelles [92]; on the other hand, mitophagy
activation by mitochondrial biogenesis creates space for
new functional organelles [93].
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In the septic heart, there is an early (H6 to H24) decrease
in mitochondrial mass with in parallel, early activation of
biogenesis pathways [15, 37, 94, 95]. In rat cardiomyocytes,
endotoxins induced significant increases in biogenesis
markers such as PGC-1 alpha, NRF-1, and mTFs [96].
Autophagy was also stimulated in this model, as indicated
by an increased expression of microtubule-associated light
chain 3 (LC3). In humans, survival was associated with acti-
vation of mitochondrial biogenesis (assessed by PGC-1
alpha, NRF-1, and mTFA) in the skeletal muscle of septic
patients [97]. Importantly, manganese superoxide dismutase
expression (representing antioxidant system activity) was
associated with an increase in these markers of biogenesis.
Unsurprisingly, patients who died from sepsis had signifi-
cantly decreased expression of nuclear genes coding for
Krebs cycle enzymes and respiratory chain proteins [98].
The exact mechanisms by which transcription of nuclear
genes coding for mitochondrial proteins is altered in patients
dying from sepsis remain unclear. Nevertheless, ROS-
induced damage of mitochondrial DNAmight be responsible
for a relative insufficiency of mitochondrial transcription and
mitochondrial biogenesis in septic subjects [37].

Carbon monoxide can cause cardiac ischemia with an
inhibition of the respiratory chain together with an increase
in cardiac contractility [99]. Interestingly, as exposure to ele-
vated doses of carbon monoxide increased mortality in a
mouse model of sepsis, while exposure to low doses activated
mitochondrial biogenesis in the heart and prevented Δp
alterations in cardiac mitochondria, as well as acute mortality
[31]. Thus, minor inhibition of the respiratory chain may, to
some extent, play a beneficial role in septic models [100, 101].

Nevertheless, partial restoration of cardiac mitochondrial
mass is not always accompanied by improvement of mito-
chondrial function in acute endotoxemia [15]. Overexpres-
sion of PGC-1 alpha in the heart could be deleterious.
Transgenic mice overexpressing PGC-1 alpha displayed a
reversible cardiomyopathy: this cardiomyopathy was charac-
terized by an increase in ventricular mass (eccentric hyper-
trophy) and chamber dilation (echocardiographic data)
[102]. In the neonatal stages of this model, overexpression
of PGC-1 alpha increased the number and size of mitochon-
dria; in adult mice, this overexpression only modestly
increased the number of mitochondria, leading to changes
in mitochondrial ultrastructure (e.g., apparition of vacuoles
and granular inclusions) and cardiomyopathy.

A relative insufficiency of autophagy/mitophagy may
impede clearance of dysfunctional mitochondria despite
appropriate biogenesis in the septic heart. In a LPS injection
model, autophagy was activated in the mouse heart [29]. In
this model, inhibition of Drp1 phosphorylation by fasudil
(a ROCK inhibitor) further activated autophagy and pre-
vented cardiac and mitochondrial dysfunction. Similarly,
autophagy stimulation in a model of cecal ligation and punc-
ture could restore both cardiac function and cardiac ATP
production [103], whereas inhibition of autophagy in a
murine peritonitis model increased apoptosis and hepatic
injury [104]. Carbon monoxide exposure may regulate both
mitochondrial biogenesis and autophagy. Indeed, low doses
of carbon monoxide prevented acute mortality in a murine

peritonitis model via the systemic enhancement of autophagy
and phagocytosis [105]. Mice deficient for the autophagic
protein Becn1 (Becn1+/−) were more likely to die from sepsis
and be unresponsive to carbon monoxide therapy. The role
of cardiac mitophagy per se in sepsis has been evaluated in
only one animal study [106]. Sublethal doses of endotoxin
led to early mitophagy activation, transitory cardiac dys-
function (assessed by isolated heart preparation), and
reversible alteration of mitochondrial respiration in wild-
type mice. Conversely, Parkin−/−mice displayed only partial
recovery of mitochondrial and cardiac function, despite
residual mitophagy activation. Therefore, early and com-
plete activation of mitophagy pathways seem essential for
recovery of mitochondria and cardiac function during
septic cardiomyopathy.

Overall, the relative and/or absolute insufficiency of mito-
chondrial biogenesis and auto-/mitophagy may be important
for contractile and mitochondrial dysfunction in the septic
heart. Nonetheless, the precise mechanisms of mitochondrial
biogenesis alteration and mitophagy insufficiency are still
poorly understood and require further investigation.

6. Mitochondrial Genetic and Sepsis

According to the endosymbiotic theory, mitochondria origi-
nated from aerobic free-living bacteria-like organisms
(alpha-proteobacteria). At some point in evolution, they were
engulfed by primitive, nucleated anaerobic cells to form sym-
biotic, eukaryotic cells [107]. The organizational features
supporting endosymbiotic theory are the presence of a dou-
ble membrane and its own mtDNA. The mtDNA is a small,
circular, double-stranded molecule only 16.5 kb in length.
The 37 genes of the human mitochondrial genome encode
13 essential components of the OXPHOS system (i.e., com-
plex I, complex III, complex IV, and FOF1), 22 transfer
RNA, and 2 ribosomal RNA [108]. Nevertheless, nuclear
genes code for the majority of mitochondrial proteins subse-
quently translocated into mitochondrion from cytosolic ribo-
somes. The mtDNA is almost exclusively inherited from the
maternal line. A high random mutation rate of mtDNA can
be due to the lack of protective histones, inefficient DNA
repair mechanisms, and mutagenic effects of mitochondria-
generated ROS [109]. Consequently, a large number of
single-nucleotide polymorphisms of mtDNA have accumu-
lated among maternal lineages and have diverged as human
populations dispersed more widely to different geographical
regions of the world. These specific single-nucleotide poly-
morphisms are known as mtDNA haplogroups [110]. Nine
haplogroups have been successively described (H, J, T, U,
K, V, W, I, and X), the majority of the European population
belonging to haplogroup H (44%) [111].

A longitudinal clinical and genetic study of 150 patients
with septic shock revealed that haplogroup H patients pre-
sented proportionally better survival than other haplogroups
at 28 days, upon hospital discharge and at a six-month
follow-up [112]. Furthermore, the Spanish sepsis group of
researchers reported a protective effect of haplogroup H on
sepsis incidence in a study of 240 patients with postoperative
sepsis [113]. Haplogroup H is the most recent addition to the
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group of European mtDNA but, perhaps paradoxically, is the
most common: indeed, increased survival after septic shock
may provide one explanation for this. The hypothesis of a
direct, functional consequence of improved mitochondrial
efficiency arising from this clinical report was subsequently
tested by Amo et al. [114]. Using a transmitochondrial
cytoplasmic hybrid cell, they found no difference in mito-
chondrial bioenergetic capacities or coupling efficiencies
when comparing mitochondria from haplogroup H with
those from haplogroup T. Haplogroup H survival protection
remains poorly understood, and haplogroup effects on mito-
chondrial proliferation or signaling processes have not yet
been fully explored. Other research groups have described
the potential consequences of belonging to other hap-
logroups: for example, haplogroup JT was associated with
increased survival in a prospective cohort of 96 patients with
severe sepsis and an increased complex IV activity in patients
from this haplogroup relative to others [115, 116].

Together, these data indicate a potential effect of genetic
haplogroup variants on survival in sepsis cases. The associa-
tion with functional mitochondrial activity remains unclear;
however, no data yet exist on the consequences for cardiac
mitochondria during sepsis.

7. Conclusions

Cardiac dysfunction is common in patients suffering from
sepsis and septic shock. Mitochondrial dysfunction takes part
in the pathophysiology of septic cardiomyopathy and is asso-
ciated with patient outcome. Respiratory chain disorders, the
role of dysfunctional mitochondria in cellular homeostasis,
and insufficient renewal of mitochondria are deleterious
mechanisms in both development and persistence of cardiac
dysfunction in septic subjects. The weight of evidence for the
involvement of mitochondrial dysfunction in septic cardio-
myopathy makes it a potential target for future treatment
of sepsis. Nevertheless, the precise mechanisms and any
causative role for mitochondrial impairments in human
cardiomyopathy are still poorly understood and require
further investigation before clinical application.
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Acute kidney injury (AKI) is a multifactorial entity that occurs in a variety of clinical settings. Although AKI is not a usual reason
for intensive care unit (ICU) admission, it often complicates critically ill patients’ clinical course requiring renal replacement
therapy progressing sometimes to end-stage renal disease and increasing mortality. The causes of AKI in the group of ICU
patients are further complicated from damaged metabolic state, systemic inflammation, sepsis, and hemodynamic
dysregulations, leading to an imbalance that generates oxidative stress response. Abundant experimental and to a less extent
clinical data support the important role of oxidative stress-related mechanisms in the injury phase of AKI. The purpose of this
article is to present the main pathophysiologic mechanisms of AKI in ICU patients focusing on the different aspects of oxidative
stress generation, the available evidence of interventional measures for AKI prevention, biomarkers used in a clinical setting,
and future perspectives in oxidative stress regulation.

1. Introduction

Acute kidney injury (AKI) is a multifactorial clinical entity
that presents with primary and secondary nonspecific mani-
festations due to a variety of causes (Table 1). Until the begin-
ning of the 21st century, the incidence of AKI was not
accurately reported due to the fact that AKI definition was
highly dependent on clinician’s opinion and widely varied
among different centers [1]. The definition and diagnosis of
AKI based on standard criteria were first developed in 2004
by the Second International Consensus Conference of the
Acute Dialysis Quality Initiative (ADQI) Group which intro-
duced the RIFLE (Risk, Injury, Failure, Loss, End-stage

kidney disease) criteria [2] (Table 1). The different stages in
RIFLE classification are delineated according to changes in
serum creatinine levels and/or glomerular filtration rate
(GFR) or urine output [2]. In 2007, the Acute Kidney
Injury Network (AKIN) published a report that established
AKI is the term to be used in order to describe the whole
spectrum of acute kidney failure and proposed a modified
RIFLE classification without including separately renal
replacement therapy (RRT) [3]. Most recently, in 2012,
Kidney Disease: Improving Global Outcomes (KDIGO)
working group proposed that for accuracy purposes, serum
creatinine measurements should be used instead of GFR
estimation when staging AKI [4] and a guideline report
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was endorsed by the National Kidney Foundation Kidney
Disease Outcomes Quality Initiative (NKF-KDOQI) as
well [5] (Table 2).

AKI represents a major public health problem with a
reported incidence of 0.25% in the general population and
18% in the hospitalized patients [5]. Although AKI is not a
usual cause for admission to intensive care unit (ICU), it
often complicates critically ill patients’ clinical course. Epide-
miologic evidence of all-cause AKI incidence in ICU patients
widely varies due to the remarkable polyphony previously
used in diagnostic criteria and ranges from 5.7% [6] to 36%
[7–9]. The severity of AKI defined by RIFLE classification
has been reported to be 36.1% and seems to be an indepen-
dent risk factor for patients’ outcome and mortality [7, 8].
Moreover, in a critical care setting, AKI is connected with
prolongation of hospitalization and need for RRT and occa-
sional progress to chronic kidney disease. Sepsis is the lead-
ing cause of AKI in severely ill patients in ICU, accounting
for nearly 50% of cases [10], while common concurrent dis-
eases further complicate the outcome of these patients
including congestive heart failure, liver disease, malignancies,
and chronic obstructive pulmonary disease [11] as well as
preventable causes that are derived from surgical procedures
and prolonged hospitalization [12].

Kidney is a highly vulnerable organ, and the etiology of
AKI is of multiple origins. Nevertheless, in the majority of
situations, renal parenchyma integrity is disrupted either in
terms of hypoperfusion that ends up in renal tubular dys-
function or by direct damage from “toxins” that further
injure kidney’s interstitial tissue and cellular functions [13].
Oxidative stress gives rise to a chain-like response through
direct production of reactive oxygen species (ROS) and met-
abolic products that act as ligands for receptor types (i.e., toll-
like receptors) whose activation is the “alarm” for an ongoing
harmful process in AKI. Those circulating “toxins” are
inflammatory products that mediate the expansion of injury
and hemodynamic imbalance [14]. Critical illness is

interwoven with acute inflammation and the consequent
production of ROS that feed oxidative stress response. Albeit
etiology (hemodynamic dysregulations, infections, rhabdo-
myolysis, cardiorenal syndrome, uremia, inadequate clear-
ance of metabolism products, etc.), AKI and oxidative stress
preserve a bidirectional relationship in critically ill patients.
The purpose of this article is to present the main pathophys-
iologic mechanisms of AKI in ICU patients focusing on the
different aspects of oxidative stress generation, the available
evidence of interventional measures for AKI prevention,
biomarkers used in a clinical setting, and future perspectives
in oxidative stress regulation.

1.1. Oxidative Stress and Its Pathogenetic Role in AKI. Oxida-
tive metabolism constitutes a fundamental process for
aerobic organisms in order to cover energy needs and
respond to emergency metabolic situations [15, 16]. Under
normal circumstances, the balance between oxidants and
antioxidant production is retained in favor of homeostasis.
Oxidative stress was introduced for the first time by Stahland
and Sies in 1985 [17] and is briefly defined as the metabolic
disturbances, such as increased production of oxidants that
leads to the depletion of endogenous antioxidants with inad-
equate decompensation and ends up in cellular damage [15],
dysfunction of proteins, and damage of DNA, lipids, and
enzymes [17]. The quantification of oxidative stress can be
approached only indirectly, by measuring by-products such
as isoprostanes [18], malondialdehyde levels [19], and other
protein damage markers [20] with techniques and results
that have been questioned. On the other hand, endogenous
antioxidant systems are self-defense mechanisms with a
crucial participation in the maintenance of immune system
integrity that are activated when oxidative stress cannot be
counterbalanced [21]. When organisms sense a possible
threat, they have the ability to delay metabolic processes
and even enter cell cycle arrest in order to avoid further
oxidative damage.

The pathophysiology of AKI constitutes a complex inter-
play among vascular, tubular, and inflammatory factors
which is followed by a repair process that can either restore
epithelial cells and physiological function or result in
progressive fibrosis and chronic kidney damage. Abundant
experimental and to a less extent clinical data support the
important role of oxidative stress-related mechanics in the
injury phase of AKI (Figure 1). The more extensively
explored and better-established mechanisms of oxidative
stress involved in the pathogenesis of AKI will be reviewed.

1.1.1. Reactive Oxygen Species (ROS) and Nitric Oxide (NO).
Mitochondrion is the primary energy factory of the human
body and is abundant in proximal renal tubule making renal
cortex a crucial field of oxygen use for energy production.
Moreover, in AKI, mitochondrial injury precedes other renal
manifestations even the increase of serum creatinine levels
[22]. The main source of ROS generation is the reduction
of oxygen by cytochrome oxidase in mitochondrial electron
chain transport (ETC) that results in the production of
hydrogen peroxide (H2O2), superoxide anion radical (O2

−),
and hydroxyl radical (HO) [15]. There is no specific target

Table 1: Common causes and susceptibilities for AKI.

Sepsis

Circulatory compromise (shock)

Burns/trauma

Cardiac surgery (especially with cardiopulmonary bypass)

Major (noncardiac) surgery

Nephrotoxic drugs

Radiocontrast agents

Poisonous plants/animals

Volume depletion

Advanced age

Female gender

Black race

Chronic kidney disease

Diabetes mellitus

Cancer

Anemia
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Table 2: Acute kidney injury stratification criteria.

AKIN KDIGO
Serum creatinine Stage Stage Serum creatinine Urine output

≥0.3mg/dL increase or
increase ×1.5–2 from baseline

1 1
×1.5–1.9 from baseline
or ≥0.3mg/dL increase

<0.5mL/min/kg ×6–12 h

Increase ×2-3 from baseline 2 2 ×2–2.9 from baseline <0.5mL/min/kg for ≥12 h

Increase>×3 from baseline or
sCreatinine ≥4mg/dL with
acute increase of at least 0.5mg/dL

3 3

×3 from baseline or sCreatinine
≥4mg/dL or renal replacement

therapy or eGFR <35mL/min/1.73m2

in patients <18 yo

<0.3mL/min/kg for ≥24 h or
anuria for ≥12 h

AKIN: Acute Kidney Injury Network; KDIGO: Kidney Disease: Improving Global Outcomes; GFR: glomerular filtration rate; ESKD: end-stage kidney disease.

Homeostasis maintenance

Intensive care unit hospitalization

Cardiac surgery
Major trauma
Decompensated heart failure
Chronic obstructive pulmonary disease
Sepsis
Oncohematological malignancies

ROS generation
NO depletion
DAMP generation and TLR
activation
Autophagy (mitophagy)
Microvascular dysfunction

Regulatory mechanisms
Endogenous antioxidants

Acute kidney injury

Sustained (chronic) organ
damage

End-stage kidney disease

DeathFa
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Oxidative stress

Figure 1: Progress of acute kidney injury in critical illness-associated oxidative stress. Critically ill patients in intensive care units suffer from
multifactorial disorders that are added up against the potentiality of regulatory mechanisms to maintain homeostasis, leading to further
imbalance in favor of oxidative stress generation through multiple pathogenetic pathways. Once this cataract leads to renal damage with
the form of acute kidney injury, the prolonged exposure to oxidative stress environment leads to an uneventful outcome that ranges from
chronic kidney disease to death. ROS: reactive oxygen species; NO: nitric oxide; DAMPs: danger-associated molecular patterns.
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for ROS, but the attack on lipids, proteins, and amino acids
results in the formation of unstable molecules that act as
radicals and finally convert into compounds with multiple
metabolic effects [16]. Consequently, lipid, protein, and
nucleic acid peroxides belong in ROS family. Minor ROS
generators (about 10% in total) are xanthine oxidase,
NADPH oxidase complex (Nox), and adrenaline/epineph-
rine as well [15, 23].

Kidney receives about 25% of total blood supply and is
rich in mitochondria that render it susceptible to damage
from ROS and subsequent development of AKI [24]. Cellular
apoptosis, lipid peroxidation, and imbalanced calcium con-
centration are few of the induced mechanisms by ROS [25].
Two characteristic representatives of AKI are ischemia
reperfusion injury (IRI) and sepsis [24]. Aggressive fluid
resuscitation for retaining hemodynamic balance may have
adverse effects on renal function due to hemodilution and
diminished oxygenation [25] but can be prevented through
individualization and continuous therapy reassessment [26].
On the contrary, excessive oxygenation that leads to hyper-
oxia has been linked with further enhancement of ROS
production and oxidative stress in patients with acute lung
injury [27] and systemic inflammatory response (SIRS) [28].

The endothelial isoform of nitric oxide synthase (eNOS)
is the main source of NO production from arginine and oxy-
gen that is essential for the normal endothelial function and
vascular tone, the prevention of platelet aggregation, and
presenting anti-inflammatory properties [16, 25]. The
“uncoupling” phenomenon is met when eNOS is deprived
of its cofactors (i.e., calmodulin and tetrahydrobiopterin)
and results in the oxidation of oxygen and the release of
superoxide [29] that acts as a free radical adding on to
oxidative stress. The above phenomenon takes place in
inflammatory situations (such as sepsis) where there is an
incremental cellular NO release (and oxygen consumption)
and is mediated by the action of inducible nitric oxide syn-
thase (iNOS). According to a theory, the heterogeneous
iNOS expression in AKI that leads to focal increase of
NO levels and is further enhanced by microcirculatory dys-
function results in the perpetuation of regional oxygen
deprivation [30]. Thus, kidney damage not only is main-
tained but also expands. The iNOS-dependent inhibition
of eNOS deteriorates endothelial function further shaping
a triangle among ROS, NO, and oxygen [29, 30] in the
pathophysiology of AKI and oxidative stress.

1.1.2. Toll-Like Receptors (TLRs) and Damage-Associated
Molecular Pattern (DAMPs). TLRs are transmembrane,
pattern recognition receptors, and currently, there have been
about 10 recognized subtypes in humans [31]. DAMPs are
endogenous molecules that may either initiate immune
response or act as proinflammatory mediators (the latest
are occasionally called alarmins) [32]. They are presented
to the immune system after cellular lysis, scheduled exocyto-
sis, or after the release of enzymes’ matrix [33]. Apart from
DAMPs, TLRs recognize pathogen-associated molecular
pattern (PAMPs) (peptidoglycan and lipopolysaccharide
from pathogens). Macrophages, endothelial cells, dendritic
cells, and lymphocytes express TLRs. Kidney mesangial and

tubular epithelial cells express TLR1, TLR2, TLR3, TLR4,
and TLR6. Once a ligand is bind on the receptor, with the
complicity of factors such as myeloid differentiation factor
88 (MyD88) and toll-receptor activator of interferon (TRIF),
endogenous pathways are activated (nuclear factor kappa-B
and mitogen-activated protein kinase pathway) and result
in inflammation and interferon production [31, 34].

In 1994, Matzinger introduced the theory of “danger”
that is sensed by the immune system, it does not necessar-
ily originate from pathogens, and it has the ability to
enhance or fire innate immune response so that the threat
is sufficiently defeated [35]. DAMPs are the triggering fac-
tors for this process and come from endogenous, damaged
cells, usually including proteins. In AKI, heat shock pro-
teins (HSPs) and high-mobility group box-1 (HMGB-1)
protein are the most common but several others have been
suggested as well [33, 36]. According to accumulating evi-
dence during oxidative stress, TLR activation from DAMPs
further enhances the incremental release of the latest as it
was shown with HSp70 and TLR2/TLR4 in an animal
model during IRI [37]. On the contrary, the origin of
HMGB-1 is not that clear. Evidence from in vitro studies
in hypoxic hepatocytes is in favor of ROS regulation on
HMGB-1 release with prerequisite functional TLRs [38].
As derived from the aforementioned evidence, there is an
ambiguous relationship between DAMPs and TLR activa-
tion in oxidative stress. Also, the release of DAMPs is
partly determined by TLRs who are the main regulators
of overall immune answer in oxidative stress [33]. The
magnitude of inflammation-oxidative stress complexity is
yet to be revealed and translated.

1.1.3. Autophagy in AKI. Autophagy is a continuous, cata-
bolic process conserved through evolution that takes place
at a cellular level [39]. It is generally described as a “house-
keeping” process and aims at the removal of damaged and
dysfunctional molecules as well as at the enhanced response
to acute situations such as nutrient deficiency, ensuring the
recycling of components for protein and energy synthesis
and the elimination of toxic material [40]. Fundamental for
the initiation of autophagy is the expression of the
autophagy-related genes (ATG) that were first discovered in
yeast, with the produced proteins being subjected to multiple
posttranslational modifications that regulate the final out-
come [41]. According to evidence from animal models and
clinical trials, the ATG proteins increase in AKI. In particu-
lar, ATG proteins that augment in AKI with tubular dysfunc-
tion are microtubule-associated protein light chain 3 (LC3)
and Beclin-1 [42, 43]. The first step is the formation of an
intracellular, double-membrane organelle called phagophore
that after the sequestration of the target turns into autopha-
gosome and with the subsequent lysosomal fusion becomes
the autolysosome that with the intermediary action of lyso-
somal enzymes will lead to the degradation of the contained
cytoplasmic components in order to provide matrix for
“recycling” [44]. The process is complete after lysosomal
reformation and the inhibitory effect on autophagy of mam-
malian target of rapamycin receptor (mTOR) [39, 40].
Nevertheless, there are pending issues regarding the further
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clarification of the complicated signaling pathways in
autophagy, their selectivity, and regulation [39].

In AKI, hypoxic damage in tubular epithelial cells is a
potent stimulus for autophagy [45] that is generally consid-
ered beneficial and nephroprotective, preventing further
structural compromise, especially at the S3 segment of the
proximal tubule that is vulnerable to oxygen deprivation
[46]. In AKI, apart from hypoxia, the increased ROS produc-
tion due to inflammation and oxidative stress causes
mitochondrial depolarization and dysfunction that through
the PINK1/Parkin (PTEN-induced putative kinase protein
1) and the BNIP3/NIX/FUNDC1 pathway lead to selective
mitochondrial autophagy (“mitophagy”) [24, 44]. Contradic-
tory opinions exist and claim that autophagy can be deleteri-
ous promoting cellular apoptosis, adding on to the renal
injury [47–49].

1.1.4. Microvascular Dysfunction. Under normal circum-
stances, outer medulla is perfused with about half blood flow
compared to cortex and the consequent partial oxygen pres-
sure is 10–20mmHg and 50mmHg [50]. Thus, outer
medulla is an especially vulnerable zone to circulatory distur-
bances and hypoxia. During AKI, the sustained renal perfu-
sion through normal blood flow from renal artery does not
secure the unhampered function of the complex renal micro-
vasculature. Evidence data prove the existence of focal
hypoxemic renal tissue in AKI [51] that add on to our com-
prehension regarding the pathophysiology of AKI [52]. In
oxygen deprivation, anaerobic glycolysis is enhanced, lactic
acid is accumulated, mitochondrial dysfunction is enhanced,
and production of ROS and superoxide is upregulated [53].
The injury expands after reperfusion that is characterized
by inflammatory response with leukocyte and complements
activation that progresses to an oxidant environment that
cannot be counterbalanced by antioxidant mechanisms [54]
and uneventfully leads to excessive cell death [53].

Endothelium holds a crucial role regarding the expansion
of inflammation, through expression of adhesion molecules
such as selectins [55], the intracellular adhesion molecule-1
(ICAM-1) [56], and CX3CL1 (fractalkine) [57] that regulate
inflammatory cell recruitment. The effect on vascular wall,
along with the partly specified changes on glycocalyx [58],
is increased permeability that in AKI, is expressed as
proteinuria [58, 59].

1.2. Prediction of AKI by Oxidative Stress Biomarkers in
Critically Ill Patients. A number of obstacles have hampered
the investigation of the role of oxidant injury in multiple
organ failure and AKI in critically ill patients. Among them
is the fact that oxidative stress might be a focal, instant
response resulting to the lack of stable, specific oxidative
stress biomarkers that can be measured accurately and non-
invasively in these patients [16]. Nevertheless, prevention of
AKI requires among others the recognition of high-risk
patients and early diagnosis based on accurate predictive
tools. After the recognition of serum creatinine inadequacy
in the prediction of AKI due to the variability of measured
levels (based on age, gender, race, and muscle mass) with
low sensitivity and specificity [60], novel plasma and urine

biomarkers have been introduced. In the meantime, along
with the enhanced comprehension of novel biomarker char-
acteristics (for details refer to [61–65]), there is accumulating
evidence concerning the predictive value and the clinical
applicability of these molecules.

Oxidative stress can be assessed by indirect methods
which can measure the stable by-products of ROS activity
on biomolecules. In the setting of critical illness, the most
commonly measured markers of oxidative stress are isopros-
tanes, hydroxynonenal and lipid peroxides, chlorinated
compounds, oxidized glutathione, nitrated and oxidized pro-
teins, and malondialdehyde detected as thiobarbituric acid
reactants (TBARs) [15]. Among them, some biomarkers have
been investigated in order to predict the occurrence of AKI in
severely ill patients with different results. In an observational
cohort study in ICU patients with severe sepsis, Ware et al.
found that plasma levels of F2-isoprostanes and isofurans
were associated with acute hepatic, coagulation, and renal
failure [66]. Liver-type fatty acid-binding protein (L-FABP)
has been considered as an important cellular antioxidant
during oxidative stress by maintaining low levels of free fatty
acids in the cytoplasm of tubular cells through facilitation of
intracellular metabolism and excretion in urine. In a number
of studies, urine L-FABP has been able to reliably predict the
occurrence of AKI and death in ICU patients [64]. Recently,
Costa et al. found that erythrocyte superoxide dismutase
(SOD1) activity could play a role as an early marker of septic
AKI and could be seen as a new research avenue in the field of
biomarker in AKI [67].

According to robust evidence, an AKI-specific biomarker
is the neutrophil gelatinase-associated lipocalin (NGAL) that
can be measured in both plasma and urine [68, 69]. NGAL is
a multifaceted protein that is rapidly induced and released
from the injured distal nephron—among others. It has the
ability to scavenge iron whose role is crucial for bacterial sur-
vival and is an important component to free radical genera-
tion. Thus, NGAL levels have been implicated in various
types of organ injury, including myocardial infarction,
cancer, sepsis, and AKI [70]. Apart from bacteriostatic effects
[71], the protection against oxidative stress damage has been
suggested [71, 72], while the exact antioxidative mechanisms
of NGAL are still under question. There are data in favor of
the upregulation of endogenous antioxidants such as SOD1
and SOD2 as well as HO1 levels [73, 74]. According to a
2009 meta-analysis in 8500 critically ill patients, the area
under the curve (AUC) for the prediction of AKI (12 hours
earlier) reached 0.85 for plasma NGAL and 0.86 for urine
NGAL, superior to the predictive value of serum creatinine
levels and eGFR, with sensitivity of 81–96% and specificity
of 51–68% [75]. Urinary kidney injury molecule-1 (KIM-1)
and interleukin-18 (IL-18) are suggested as good markers
for the prediction of progressive AKI [75]. The high diagnos-
tic value of IL-18 in AKI (odds ratio (OR): 5.11, AUC: 0.77)
[76] is not corroborated by equal prognostic significance in
critically ill patients [77], and the careful interpretation of
urine IL-18 levels is highly recommended. KIM-1 was attrib-
uted with a good prognostic value of AKI development after
cardiac surgery with high sensitivity 92–100% and AUC
0.78–0.91 [78], while the persistent elevation of urine KIM-
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1 levels might correlate with poor prognosis [79]. What
should be mentioned is that NGAL, IL-18, and KIM-1 are
inflammatory mediators that increase in inflammatory situa-
tions regardless of the presence of AKI and are indivisible
parameters concerning their assessment in the prediction of
AKI [65].

Recently, tissue inhibitor ofmetalloproteinase 2 (TIMP-2)
and insulin-like growth factor-binding protein 7 (IGFBP-7)
have been investigated as predictive urine biomarkers of
AKI in high-risk patients [80, 81]. Both TIMP-2 and
IGFBP-7 are cell cycle arrest biomarkers as they have been
implicated in the G1 cell cycle arrest phase during the very
early stages of cellular stress. It has been shown that renal
tubular cells go through this G1 cell cycle arrest phase follow-
ing stress due to a number of different causes. Specifically, the
SAPPHIRE study assessed the urine product of TIMP-2 and
IGFBP-7 and concluded that it is superior in the prediction of
KDIGO stage 2-3 AKI compared with the rest of the bio-
markers of the study, even NGAL and KIM-1 (p < 0 002) in
critically ill patients [80]. Further analysis in the SAPPHIRE
and OPAL study cohorts has set cut-off values for risk strat-
ification of AKI with high-risk patients when TIMP-2 ×
IGFBP-7 is over 0.3 and the highest risk for patients with
product value is over 2 [81]. Nevertheless, in persisting AKI
that is equal with the ongoing damage, the levels of TIMP-2
× IGFBP-7 product remain elevated indicating the mainte-
nance of cell cycle arrest (in G1 phase) that may uneventfully
lead to failure of recovery and renal fibrosis [82]. Thus, the
potential selective intervention in the activation and disrup-
tion of cell cycle might be beneficial for renal protection.

1.3. Clinical Evidence in AKI Prevention by Targeting
Oxidative Stress. Albeit evidence for the role of oxidative
stress in the pathogenesis of AKI originating mainly from
experimental models and distinctive pathways remains
obscure, the idea that controlling oxidative stress in patients
with AKI may prevent or attenuate the severity of cellular
injury has been explored in the clinical setting. Existing
clinical evidence in this field, regarding critically ill and
ICU patients, comes from small cohorts and studies. Never-
theless, the scavenging of free radicals in order to avoid the
provocation of chain reactions that will lead to regional or
generalized oxidative stress demonstrates great interest.

Anesthetics have been suggested as potential oxidative
stress scavengers and in particular SOD mimetics (sodium
pentothal and propofol) and lidocaine, when used in critical
care practice [83]. N-acetylcysteine (NAC) as shown by
in vitro studies acts as a direct scavenger of OH− mainly,
but when administered orally, the bioavailability is low and
even untraceable. The antioxidant action of NAC is mediated
by the induction of glutathione synthesis [84]. Data from
trials in humans imply that NAC reduces the incidence
of AKI after contrast media administration (p = 0 02)
[85], but the direct intravenous administration of glutathione
has been shown to be superior as regards renal protection
against contrast-induced nephropathy compared to NAC
per os [86].

Apart from the first-line treatment in lipid-lowering
therapy, HMG-CoA reductase inhibitors, globally known

as statins, participate further in vascular endothelium func-
tion preservation through upregulation of eNOS, thus
increasing the available NO and contribute to the restriction
of free radical generation from lipids’ oxidation [87, 88]. In
this direction, results from cohort studies concerning severe
illness are in favor of the benefits of statins in the protection
of renal function after percutaneous coronary angiography
[89], acute coronary syndrome [90], and IRI [91]. On
the contrary, a Cochrane database meta-analysis on the
prevention of AKI with statin administration prior to
major surgery failed to show reduction in AKI incidence
for critically ill patients undergoing surgery with cardiac
bypass [92].

Ischemic preconditioning (IPR) was introduced in 1986
by Murry et al. in an animal model that sustained brief ische-
mic episodes before a major ischemic event and resulted in a
beneficial outcome for the organ [93]. In 1993, Przyklenk
et al. described a slightly different model of ischemic precon-
ditioning (remote and rIPR) [94] that has been further
modified and is currently followed, when the direct approach
to the involved organ is not feasible. The underlying mecha-
nisms are notably complex and not totally unraveled. In brief,
after the main stimuli (ischemia) is withdrawn, a series of
responses take place (neural, humoral pathway, and systemic
anti-inflammatory response) with the final receiver being the
mitochondrion [95]. The subsequent opening of the ATP-
dependent mitochondrial potassium channel prevents the
opening of the mitochondrial permeability transition pores
(MPTP) that enhances the stability of its membrane [96]
and the survival after IRI [97].

Generally speaking, rIPR concerns clinical practice and
especially critical care when it comes to scheduled procedures
that carry a significant burden for homeostasis and are
closely related with the induction of systematic inflammation
and oxidative stress, such as cardiac surgery procedures. The
highly vulnerable to hemodynamic imbalance renal cortex
and its complex microvasculature are affected by rIPR.
According to a recent review (2016) by Ho et al., who
included 17 clinical trials that examined the renal outcome
in different rIPR cases, a notable renal protection is shown
in 12/17 of the trials with no significant deviations in the rest
of the trials [98].

1.4. Therapeutic Interventions and Future Perspectives. In
the current clinical practice, there is a lack of standardized
preventive measures against AKI in severely ill patients
apart from general suggestions for maintenance of fluid
and electrolyte balance, avoidance of unnecessary exposure
to potentially nephrotoxic agents, and continuous clinical
monitoring [99, 100]. Earlier efforts to show benefit in renal
outcome in critical care setting through administration of
low-dose dopamine in continuous infusion have shown a
temporary benefit in urine output [101], but with no signif-
icant protection against the development of AKI, the pre-
vention of RRT, and mortality according to meta-analyses
[102–104]. In the same patient group, fenoldopam seems
to be superior compared to dopamine in the improvement
of serum creatinine levels when renal dysfunction is present
[105] and according to a meta-analysis in 1290 patients,
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fenoldopam administration reduced the need for RRT sup-
port and intensive care unit hospitalization [106].

As regards interventional measures in order to control
oxidative stress response in critically ill patients, the interest
has been focused on macro- and micronutrients and the
correlation of their levels with patients’ general clinical
course and outcome and not just with the prevention or ther-
apy of AKI. The early recommencement of enteral versus
parenteral feeding in ICU patients (even before 48 hours of
hospitalization) that contributes on the maintenance of
normal intestinal microflora has been correlated with better
survival and less infections [107]. Nevertheless, the optimal
dose that permits autophagy and provides the highest benefit
for ICU patients has not been quantified yet [107, 108]. The
supplementation of trace elements in critically ill patients
has employed investigators and in particular the administra-
tion of thiamine, vitamin C and E, and selenium separately
has been found to improve survival and reduce infectious
complications [109]. On the contrary, no clear benefit on
critically ill patients’ survival was shown in a meta-analysis
of 4 trials with zinc administration, neither a benefit in the
duration of ICU stay [110]. In a meta-analysis of 21 random-
ized control trials, it was shown that the supplementation of
trace elements correlated with reduction in the number of
days with need for mechanical ventilation, but the establish-
ment of clear conclusions regarding the best possible route of
administration (enteral versus intravenous) was not feasible
due to significant heterogeneity of the available data [111].
Even if this replenishment concerns relatively short periods,
toxicity [109, 110] is to be kept in mind and appropriate mea-
sures should be applied in order to avoid it. In general, the
substitution of more than 66% of the recommended daily
allowance of vitamins A, C, and E has been shown to improve
antioxidant capacity [112]. REDOXS (Reducing Deaths due
to Oxidative Stress) study is a blinded randomized trial in
1223 critically ill patients that failed in meeting its original
rationale and concluded that the administration of antioxi-
dants and glutamine increased mortality [113]. Among the
possible reasons are the doses chosen of the implemented
therapeutic strategy and the potential toxicity that may have
defined the final outcome [114]. Enteral administration of
melatonin [115] and parenteral administrations of NAC plus
deferoxamine [116] have been correlated with better total
antioxidant capacity (TAC) in serum. As derived from
the presented data, we are not yet capable to reach safe
conclusions with clinical applicability as regards the initia-
tion, dose, route, and duration of therapy for the afore-
mentioned strategies.

As regards future perspectives, antioxidants targeted to
mitochondria have been developed and the main axis of
their action is through the electrical potential and the
pH gradient of the mitochondrion that leads to the selec-
tive accumulation of these cationic molecules. Mito-vitE,
MitoQ, MitoPBN, and MitoPeroxidase have the ability to
prevent ROS generation and enhance mitochondrial sur-
vival [117–119]. The optimization of understanding the
mechanisms of action has gained a lot of interest, as well
as the enhancement of their chemical synthesis [120].
Unfortunately, current literature lacks in vitro or in vivo

studies investigating the administration of antioxidant
targeted molecules.

2. Conclusions

Acute kidney injury is a multifactorial clinical entity repre-
senting a major health problem. In critical care, AKI remains
highly prevalent, complicating the clinical course of patients,
extending the need for ICU hospitalization, requiring RRT,
and carrying high mortality. Pathogenesis of AKI is complex
and remains incompletely elucidated. Oxidative stress is
involved in the pathogenesis of AKI and is characterized by
complex, codependent mechanisms that progress to organ
response and damage. More extensively, main experimen-
tally explored mechanisms of oxidative stress involved in
AKI summarize to ROS generation, NO depletion, DAMP
generation and TLR activation, autophagy, and microvascu-
lar dysfunction. These mechanisms prevail over endogenous
antioxidants and regulatory mechanisms so that physiologi-
cal homeostasis is abolished and AKI is finally installed.

Prevention of AKI is essential and requires among others
the recognition of high-risk patients and early diagnosis
based on accurate predictive tools. In the setting of critical
illness, the most commonly measured markers of oxidative
stress are isoprostanes, hydroxynonenal and lipid peroxides,
chlorinated compounds, oxidized glutathione, nitrated and
oxidized proteins, and TBARs. Novel AKI-specific bio-
markers available are NGAL, KIM-1, and levels of TIMP-2 ×
IGFBP-7 with accumulating evidence being in favor of their
diagnostic and prognostic value. Further progress that will
encompass in daily practice techniques allowing more accu-
rate assessment of oxidative stress will further improve the
prevention of AKI in critical care. Therapeutic interventions
trying to control oxidative stress response in critically ill
patients have been focused on macro- and micronutrients.
Currently, there are encouraging results from the inhibition
of oxidative stress via exogenous administration of antioxi-
dants and methods as ischemic preconditioning, but no stan-
dardized therapeutic protocols exist. The role of antioxidant
therapy requires further elucidation and attention in the care
of critically ill patients and in AKI. The meticulous study and
interpretation of available observational data and expansion
of existing knowledge through well-designed interventional
studies in the setting of critical illness are necessary.
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Cardiac dysfunction may complicate the course of severe sepsis and septic shock with significant implications for patient’s survival.
The basic pathophysiologic mechanisms leading to septic cardiomyopathy have not been fully clarified until now. Disease-specific
treatment is lacking, and care is still based on supportive modalities. Septic state causes destruction of redox balance in many cell
types, cardiomyocytes included. The production of reactive oxygen and nitrogen species is increased, and natural antioxidant
systems fail to counterbalance the overwhelming generation of free radicals. Reactive species interfere with many basic cell
functions, mainly through destruction of protein, lipid, and nucleic acid integrity, compromising enzyme function,
mitochondrial structure and performance, and intracellular signaling, all leading to cardiac contractile failure. Takotsubo
cardiomyopathy may result from oxidative imbalance. This review will address the multiple aspects of cardiomyocyte
bioenergetic failure in sepsis and discuss potential therapeutic interventions.

1. Introduction

Myocardial depression may develop in patients with severe
sepsis and septic shock, complicating the course of their
disease. There are reports that it may develop in nearly 60%
of septic patients [1]. Parker et al. were the first to describe
this entity in 1984 [2]. Sepsis-induced cardiomyopathy is
characterized by the presence of left ventricular dilation
with normal or low filling pressures and decreased ejection
fraction. Characteristically, the syndrome has a reversible
character, beginning to normalize within 7–10 days of onset
[3]. Importantly, sepsis-induced cardiac dysfunction has a
negative impact on patient’s survival [4].

The exact pathophysiologic mechanisms, ultimately lead-
ing to cardiac dysfunction, are not well clarified. Endotoxins
and inflammatory cytokines seem to play a key role in the
genesis of myocardial depression. Moreover, hypoxia and
acidosis, hypotension and hypovolemia, metabolic distur-
bances, coagulation abnormalities, and increased production
of reactive oxygen and nitrogen species (ROS and RNS) have

been proposed to participate in myocardial depression
during sepsis [5]. On the other hand, hypotension/
hypoperfusion does not appear to be the key mechanism
in the genesis of myocardial dysfunction. Measurements of
coronary artery-coronary sinus oxygen content difference
revealed a reduced value, pointing out the oxygen utilization
problem rather than oxygen delivery [6]. In the late phases of
sepsis, tissue oxygen tension is increased emphasizing that
the major problem is oxygen utilization, a condition known
as cytopathic hypoxia [7]. The majority of body oxygen is
taken up by the mitochondria and is used for energy produc-
tion (in the form of adenosine triphosphate (ATP)). Thus, it
appears that these organelles may play a pivotal role in the
pathogenesis of sepsis-induced organ dysfunction. Oxidative
stress has well been implicated in sepsis in humans, having
been found to correlate with the severity of the disease and
mortality [8, 9]. Reactive oxygen and nitrogen species are
produced in excess and have been implicated in the genesis
of sepsis-induced myocardial dysfunction [10–16]. Imbal-
ance in oxidative status leading to overproduction of reactive
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oxygen species (ROS) on the one hand and nitric oxide (NO)
and its toxic derivative, peroxynitrite, on the other are major
contributors to myocardial injury [15, 17].

In the present review, we will focus on the role of reactive
oxygen and nitrogen species in the generation of myocardial
dysfunction in sepsis. Moreover, we will review current
treatment options targeting oxidative stress imbalance,
responsible for cardiomyopathy in sepsis.

1.1. Search Strategy. Data for this review were collected by
searching PubMed and from references of the related arti-
cles. We attempted a comprehensive research in PubMed,
through April 2017, using the terms “septic cardiomyopathy
and reactive oxygen species,” “septic cardiomyopathy and
mitochondrial dysfunction,” “reactive oxygen species and
heart and sepsis,” “redox and heart and sepsis,” “mitochon-
dria and heart and sepsis,” and “energy metabolism and
heart and sepsis.” The search was limited to publications
in English. In addition, we searched the online registry of
randomized controlled trials of the US National Institutes
of Health (http://www.clinicaltrials.gov) and the Current
Controlled Trials website (http://www.isrctn.com) for ongo-
ing investigations regarding this subject using the aforemen-
tioned terms. Seven hundred and ninety studies were
initially found: 667 of them were excluded after abstract
review because they were irrelevant. We focused on the rest
127 clinical studies which evaluated the relationship
between oxidative stress and the myocardial dysfunction
in sepsis.

2. Reactive Species

There is evidence that during sepsis, there is increased pro-
duction of free radicals from cardiomyocyte mitochondria
which depresses myocardial function. A free radical is a mol-
ecule characterized by the presence of one or more free elec-
trons in the outer orbit. The presence of these electrons gives
the molecule great instability, making it highly reactive and
toxic. The reactivity of different free radicals varies, but some
can cause severe damage to biological molecules, especially to
DNA, lipids, and proteins [18]. Oxygen containing free rad-
ical molecules and their precursors formed in biological sys-
tems are collectively termed reactive oxygen species (ROS),
including superoxide (O2

−), hydrogen peroxide (H2O2), and
hydroxyl radical (OH). On the other hand, NO produced
from nitric oxide synthases (NOS) may react with free radical
of oxygen forming peroxynitrite (ONOO−), a molecule sup-
posed to be the NO toxicity mediator, exhibiting multiple
inhibitory actions in the mitochondrial respiratory chain
[19, 20]. In a redox balance, reactive species play an impor-
tant role in the life cycle of cells, the induction of cell signaling
pathways, the activation of intra- and intercellular secondary
messengers, and immune cell defense mechanisms. RNS are
also involved in the regulation of blood pressure and vascular
tone, activation of NF-kB, release of inflammatory cytokines,
and expression of adhesion molecules [18, 21–23]. Oxidative
stress occurs when the production of ROS and RNS lays
beyond antioxidant protection mechanisms, leading to mito-
chondrial failure.

Mitochondria, which are placed in the cytoplasm of the
cardiomyocyte, are the main sources of energy supply
through oxidative phosphorylation. Sepsis diminishes the
total capacity of the respiratory chain leading to energy
imbalance. During oxidative phosphorylation, a small
amount of O2

− (superoxide anion) is produced, which is
scavenged to generate H2O2 by Mn-superoxide dismutase
(MnSOD), one of the major antioxidant systems in cells. On
the other hand, mitochondria are one of the major organelles
that initiate and sustain energy imbalance in the cardiomyo-
cyte during sepsis, leading to myocardial dysfunction [24].

2.1. ROS Production in Septic Hearts. Endotoxins, produced
during sepsis, are capable of inducing ROS production by
the mitochondria [25, 26]. In cardiomyocytes, endotoxin has
been shown to induce the production of superoxide, hydrogen
peroxide, and hydroxyl radical through xanthine oxidase,
NADH/NADPH oxidases, and mitochondria [27–29]. ROS
generation by the mitochondria further stimulates ROS
production in endothelial cells, triggering a vicious cycle
of free radical production resulting in a wide variety of
reversible and irreversible toxic modifications on biomole-
cules [30–32]. ROS production leads to ultrastructural and
functional changes in mitochondria, some of them being
reversible during the recovery phase of sepsis, others causing
irreversible mitochondrial failure leading to multiple organ
dysfunctions (mechanisms summarized in Figure 1) [33–35].
NADPH oxidases consist of a membrane-bound catalytic
subunit (NOX) and a number of cytosolic regulatory sub-
units, which have been found to increase their activity in
response to sepsis (lipopolysaccharides, LPS) [28, 36, 37].
Enhanced NO and superoxide production and thus peroxy-
nitrite occur in dysfunctional hearts from rats, while
increased levels of the lipid peroxidation product, malondial-
deyde (MDA), have also been found indicating the role of
underlying oxidative stress in septic hearts [35, 38]. More-
over, using an animal model, it was shown that ROS produc-
tion correlated with the increase of a NADPH subunit
(NOX1) mRNA, leading to increased cardiomyocyte apopto-
sis, while animals deficient of this subunit did not present
increased rates of apoptosis. Furthermore, the same study
showed that after LPS infusion, there was a significant reduc-
tion in heart performance (indicated by the fraction shorten-
ing (%FS)), as well as an increase in left ventricular end
systolic diameter, indicating myocardial contractile dysfunc-
tion [39]. Noteworthy, there is evidence suggesting that the
severity of mitochondrial dysfunction correlates with the
severity of sepsis [37].

2.1.1. ROS Production Affects Proteins, Lipids, and DNA

(1) Enzyme Dysfunction. ROS and RNS lead to lipid per-
oxidation, protein oxidation, and nitration and DNA frag-
mentation. Therefore, oxidative stress imbalance may
compromise the integrity of cell membranes and may affect
enzyme function and gene expression. ROS and RNP over-
production by the mitochondria has been found to inhibit
oxidative phosphorylation, thus resulting in decreased pro-
duction of ATP [40]. The state where mitochondria cannot
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utilize the delivered oxygen is known as “cytopathic hyp-
oxia.” This condition is verified by the decreased oxygen con-
tent difference between the coronary arteries and coronary
sinus, previously found (indicating reduced cell utilization
of oxygen in the abundant presence of oxygen molecules).
“Cytopathic hypoxia” is the most important step in the devel-
opment of multiorgan failure in sepsis [6, 41, 42]. Endotoxin
administration in animals results in reduction in mitochon-
drial state 3 respiration rate and reduces ATP production,
while oxygen consumption decreases. All these result in
reduced cardiac pressure-generating capacity [38]. Animal
models with sepsis presented inhibited electron flow through
complexes I, II, and III of the electron transport chain and
inhibition of oxidative phosphorylation and ATP generation
[35]. Moreover, mitochondrial dysfunction alters myocyte
contractility and its electrical properties and leads eventually
to cell death [43]. Smeding et al., reviewing literature on car-
diac structural alterations during sepsis, concluded that the
impairment in cardiac mitochondrial function correlated
with decreased cardiac contractility [44]. Matkovich et al.
showed that there is wide downregulation (up to 50%) of
cardiac mitochondrial genes during sepsis, with the major-
ity of genes coding for members of the electron transport
chain and almost every step of the Krebs tricarboxylic acid.
Interestingly, they also found decreased expression levels of
genes encoding major proteins of the cardiac sarcomere
and the excitation-contraction coupling process in septic
cardiomyopathy [45].

Oxidative and nitrative stress can lead to activation of
the nuclear enzyme poly (adenosine 5′-diphosphate
[ADP]-ribose) polymerase (PARP) with subsequent loss
of left ventricular systolic work index [46].

(2) Lipid and Protein Oxidation. ROS overproduction
induces lipid oxidation, further compromising the integrity
of membranes. In a time-course study in a rat model of
pneumonia-related sepsis, Zang et al. found that sepsis pro-
duces progressive oxidative mitochondrial damage in the
heart, as confirmed by mitochondrial outer membrane dam-
age and release of cytochrome c [47]. They also found greater
lipid and protein oxidation, following downregulation of
the activities of antioxidant enzyme SOD and GPx in
mitochondria [47]. Cytochrome c release from mitochondria
is initiated by ROS-mediated peroxidation of cardiolipin, a
phospholipid component of the mitochondrial inner mem-
brane [48]. Cardiolipin oxidation leads to mitochondrial
transition pore opening and dissociation of cytochrome c.
Cytochrome c is released to the cytosol, activating caspase
9 and subsequently caspase 3 and 7, being responsible for
the biochemical and morphological change characteristic
of apoptosis [49–51].

Oxidative damage to lipids and proteins is responsible for
structural myocardial changes and responsible for the clinical
presentation of septic cardiomyopathy. These changes seem
to precede phenotypic changes that characterize septic car-
diomyopathy. There is evidence of sarcolemma damage lead-
ing to increased plasma membrane permeability as an early
event in cecal ligation and puncture- (CLP-) induced severe
sepsis in mice [14]. Increased sarcolemma permeability indi-
cates functional impairment of the dystrophin glycoprotein
complex (DGC) in severe sepsis. Of the DGC proteins, dys-
trophin forms a strong mechanical link between the sarco-
lemma and costameric cytoskeleton in the cardiac muscle
cells, providing structural stability to the cell membrane
and the sarcolemma against stresses generated during muscle
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Figure 1: Oxidative damage in septic cardiomyocytes. In the presence of ROS, electron flow through the respiratory chain is impaired leading
to further production of ROS. Mitochondrial ROS production leads to oxidative damage to proteins, lipids, and DNA subsequently leading to
further mitochondrial dysfunction, apoptosis, destruction of the contractile apparatus, and promoting inflammation. NO reacts with ROS to
generate ONOO−, the cytotoxic product of NO. ROS: reactive oxygen species; mtDNA: mitochondrial DNA; DAMPs: danger-associated
molecular patterns; NO: nitric oxide; ONOO−: peroxynitrite.
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contraction [52]. Furthermore, sepsis mitochondrial damage
is probably the triggering factor leading to myocardic cell
vacuolation indicating apoptosis in the myocardium [53].
Other studies have confirmed loss of mitochondrial structure
integrity, as a response to septic stimuli, such as derange-
ments of mitochondrial cristae and mitochondrial matrix
edema [46, 54].

(3) ROS Production Initiates Inflammatory Responses. Mito-
chondrial damage resulting from imbalanced production of
ROS (mtROS) impairs mitochondrial structure on the one
hand and mitochondrial biogenesis via oxidative modifica-
tions on macromolecules, such as mitochondrial DNA
(mtDNA), on the other. Mitochondrial structures (mtROS,
mtDNA, cytochrome c, ATP, and cardiolipin) are increas-
ingly recognized as regulators/promoters of inflammation,
as they function as danger-associated molecular patterns
(DAMPs) (mechanisms summarized in Figure 1) [55–61].
In animal models, it was seen that after the induction of
sepsis, almost half of mtDNA loses its integrity, being
dependent on mtROS signaling. MtROS mediate reduction
of mitochondria-located mtDNA repair enzymes, also induc-
ing mitochondrial functional deficiency and structural
impairment in the heart. In the same study, mtROS-
mediated mtDNA damage increased the expression of
MYD88 and RAGE, both being implicated in promoting
cytokine production through a cytosolic DNA-TLR9-
dependent signaling pathway, inducing downstream inflam-
matory responses [62].

Mitochondria’s implication in the regulation of inflam-
mation is assumed by the activation of nuclear factor-kappa
B (NF-kB), a crucial mediator of apoptosis. Activation of
NF-kB is associated with its translocation from the cytosol
to the nucleus. Septic challenge decreases cytosolic with a
simultaneous increase of nucleic NF-kB, indicating activa-
tion of this molecule [47, 53]. The mitochondrial matrix pro-
teins MAVS and DOC-4 were identified as signaling factors
that regulate NF-kB activation, and changes in mitochondrial
Ca2+ have been suggested to modulate cytokine production
in cardiomyocytes [63–65]. Inflammatory reactions in the
septic heart increase progressively but not before the changes
in cardiac mitochondria. This finding suggests that sepsis
produces a cascade of myocardial mitochondrial damage,
namely, mitochondrial release of cytochrome c, damage to
the mitochondrial outer membrane, increase in lipid and
protein oxidation, and decrease in mitochondrial ROS
defenses, followed by progressive myocardial inflammation
and late cardiac dysfunction [47].

(4) Intracellular Signaling. Many extracellular stimuli rec-
ognized by cells involve a complex intracellular signaling
network; the most important of which being mitogen-
activated protein kinases (MAPK). MAPK are sensitive to
reactive oxygen species, being activated by NADPH oxidase
[66]. The most extensively studied members of the MAPK
are extracellular signal-regulated kinase 1/2 (ERK 1/2), p38
MAPK, and c-Jun N-terminal kinase (JNK). Activation of
these members has been found to be implicated in the genesis
of circulatory shock, while, via activation of other

inflammatory enzymes (such as COX-2), overproduction of
prostanoids may be involved in the myocardial dysfunction
associated with sepsis [67–69].

2.2. Role of NO and Peroxynitrite. The role of high NO con-
centration in the septic heart is still, as yet, controversial.
NO is an important bioactive substance which plays an
important role in the regulation of normal body function
and disease occurrence. It is thought of as a signaling mole-
cule with a multitude of biological actions and targets. It
has a half-life of a few seconds and is produced in many cell
types within the heart [70]. NO synthesis is activated by one
of the three isoforms of NOS that catalyze NADPH-
dependent oxidation of l-arginine to NO and l-citrulline:
NOS1 (neuronal or nNOS), NOS2 (inducible or iNOS), and
NOS3 (endothelial or eNOS) [71]. All three isoforms are
found in cardiomyocytes. NO plays multiple roles in cardiac
physiology in health and disease [70]. It results in vasodila-
tion (including coronary arteries), suppresses mitochondrial
respiration (regulatory control), and regulates the release of
proinflammatory cytokines. It regulates adhesion and aggre-
gation of platelets and smooth muscle cell proliferation, thus
functioning as a cardioprotective substance [72–74]. Apart
from coronary vasodilation, NO may increase ventricular
compliance, resulting in increased cardiac preload and myo-
cardial blood supply [75]. Furthermore, NO may serve to
restore myocardial function by promoting de novo synthesis
of mitochondrial proteins. Additionally, by reducing oxygen
consumption, NO preserves calcium sensitivity and contrac-
tile function, contributing to hibernation in response to myo-
cardial ischemia [76, 77]. However, excessive formation of
NO plays a central role in septic shock and has been found
to contribute to contractile dysfunction [4, 78]. Increased
oxidative stress, impairment in oxidative phosphorylation
function, and a decrease in ATP production were restored
by genetic deletion of iNOS (iNOS −/− mice). Moreover,
inhibition of iNOS by melatonin prevented the impairment
of mitochondrial homeostasis after sepsis and, finally,
improved survival [79, 80].

Studies of animals subjected to endotoxemia have
demonstrated that NO production, production of O2

− and
H2O2, global protein nitration, nitrotyrosine content, pro-
tein carbonylation, and lipid peroxidation are increased
in cardiac mitochondria [81–83]. Nitric oxide (NO) and
superoxide (O2

−) rapidly react to form the toxic product
peroxynitrite anion (ONOO−) [84]. ONOO− is a crucial
pathophysiological event which occurs during sepsis, since
it represents a critical cytotoxic factor in oxidative stress-
mediated tissue damage, supposed to be the NO toxicity
mediator, inhibiting in multiple ways the mitochondrial
respiratory chain [19, 20].

Peroxynitrite is able to enter the cell membrane and con-
sequently oxidize multiple target molecules, either directly or
through the generation of reactive radicals, resulting in struc-
tural modification and dysfunction of lipids, proteins, and
nucleic acids. They can disrupt DNA integrity, impair the
activity of ion channels, break down the mitochondrial respi-
ratory chain, and induce cell death [85]. Several animal
models have demonstrated the implication of peroxynitrite

4 Oxidative Medicine and Cellular Longevity



in sepsis and in septic cardiomyopathy as well. It has been
shown that LPS-treated mice are under oxidative stress and
reactive oxidative species, such as superoxide, and peroxyni-
trite is mainly involved in the oxidative stress formation [86].
Endotoxemic shock is accompanied by a marked increase in
mtNOS activity in the heart, leading to increased production
of NO, O2

−, H2O2, and ONOO−, causing mitochondrial dys-
function and contractile failure [87]. Many of these oxidative
radicals such as superoxide, nitric oxide, and peroxynitrite
have been demonstrated in septic hearts in animal models,
whereas the latter may be responsible for cardiovascular
alterations met in septic shock, such as vascular hyporeac-
tivity, myocardial impairment, and energetic failure [88].
Moreover, increased expression of peroxynitrite participates
in the fall of blood pressure, endothelial injury, multiple
organ dysfunction, and subsequent death, as was depicted
in rats treated with LPS [82, 83, 89]. Endogenous formation
of peroxynitrite induces cytotoxic effects in myocardic cells,
which, in turn, decreases the ability of the heart to convert
ATP into mechanical work, leading to myocardial contractile
dysfunction [90] (mechanisms summarized in Figure 1).

Recently, it was shown that animals with preexisting
cardiac disease (atherosclerosis) presented impaired ventric-
ular dilation (the relaxation time constant τ decreased
while dp/dtmax increased) and preserved systolic function
(unchanged ejection fraction), after the induction of
faecal peritonitis. Cardiac nitrotyrosine formation, a well-
established marker for both augmented oxidative and
nitrosative stress, increased [91].

In humans, there is evidence for significant presence of
peroxynitrite in myocardial specimens from septic patients
who have died, and it has been shown that septic hearts
demonstrate peroxynitrite-induced protein nitration and
activation of the proteolytic ubiquitin-proteasome pathway
[92–94]. The most abundant proteins for nitration modifi-
cation within cardiac myocyte are actin and myosin. The
observation of scattered foci of actin and myosin filament
disruption in septic hearts supports the idea that tyrosine
nitration could potentially decrease myocardial contractility
by directly modifying the contractile apparatus [93]. In
another series of biopsies obtained from septic patients, it
was shown that peroxynitrite is overproduced in the heart
of septic but not control patients and the inducible isoform
of NOS (NOS-2) is overexpressed in the left as well as the
right ventricle and both atria. This study also demonstrated
that peroxynitrite-induced tyrosine nitration, which has been
shown to alter contractile protein function, leads to contrac-
tion and relaxation alterations in septic hearts [92].

2.3. Takotsubo Cardiomyopathy. Takotsubo cardiomyopa-
thy, also known as stress-induced cardiomyopathy, is an
acute syndrome characterized by reversible wall-motion
abnormalities, triggered by an emotional or physical stressor,
occurring in acute medical illness, such as sepsis, trauma,
intracerebral haemorrhage or even postpartum [95–98].
The exact pathophysiological mechanisms leading to this
entity are not well clarified, with catecholamines being the
most appealing explanation leading to myocardial stunning
[99]. Oxidative stress is a rising, not thoroughly evaluated,

pathogenetic mechanism, implicated in the pathophysiology
of the syndrome. Upregulation of HO-1 was observed in an
animal model of stress-induced takotsubo cardiomyopathy.
Cardiac-specific induction of OH-1 is cytoprotective against
oxidative stress and has been found to restore ventricular
function, protecting tissue from ischemia/reperfusion injury
and postmyocardial infarct remodelling [100–102]. In
takotsubo cardiomyopathy, isolated hearts show impaired
contractile-metabolic coupling, while there is an altered
mitochondrial oxidative metabolic state, increased mito-
chondrial fragility, and oxidative stress. Interestingly, there
was a noted decrease in the activities of respiratory chain
complexes I and II (as high as 65 and 82%, respectively,
in state 3) [103].

2.4. Antioxidant Reserve. The term antioxidant is vaguely
defined in the literature and, according to its use, can refer
to an array of compounds with varying mechanisms of action
[104]. One proposed definition emphasizes that “an antioxi-
dant is any substance that, when present at concentrations
lower than those of an oxidizable substrate, significantly
delays or prevents oxidation of that substrate” [105]. Mito-
chondria are protected from damage caused by ROS, through
several antioxidant systems. When ROS production exceeds
antioxidant protectionmechanisms, oxidative stress damages
nitric acids, proteins, and lipids in mitochondria, ultimately
leading to impairment of ATP production through loss of
enzyme function in the energy transport chain (ETC) [106].
Antioxidants can be damaged through protein oxidation
and peroxidation of cardiolipin (leading to the dissociation
of cytochrome c and further generation of ROS) [107].
Antioxidant systems are classified as enzymatic and nonen-
zymatic as well as endogenous and exogenous. Enzymatic
molecules include those that scavenge ROS (superoxide
dismutase SOD, glutathione peroxidase (GPx), catalase,
and thioredoxin). Among nonenzymatic molecules usually
ingested in the diet are vitamins (A, C, and E), amino acids,
and metals (copper and selenium) [108]. These mechanisms
act synergistically to balance redox overproduction [104].

Intramitochondrial production of NO causes glutathione
depletion [19]. Sepsis has been found to increase the activity
of enzymes related to the metabolism of glutathione. Tissues
are able to increase glutathione levels through de novo syn-
thesis in response to infection, whereas there are other factors
that decrease its synthesis during sepsis such as anti-
inflammatory cytokines, malnutrition, hyperglycemia, and
the administration of erythropoietin, glucocorticoids, and
catecholamines [109]. Low glutathione levels are associated
with higher mortality in sepsis experimental models, as gluta-
thione is the main mechanism protecting cells from oxidative
damage [105].

Cardiac mitochondrial SOD and GPx decrease after
sepsis, with SOD activities being reduced 4–8h after sepsis
challenge and GPx activity falling to 70% after 12–24h
[47]. Moreover, glutathione peroxidase, degrading hydrogen
peroxide, H2O2 is found reduced 16 hours after sepsis, with
the reduction in the levels coinciding with reduced cardiac
contractility [11]. LPS-induced myocardial depression (mea-
sured as peak tension generated by myocardial contraction)
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coincides with decreased activity of GPx, the most abundant
antioxidant enzyme in myocardium, and decreased levels of
GSH, the most important thiol in combating oxidative stress
[11]. Moreover, strain echocardiography identified septic
cardiomyopathy which correlates with reduced expression
of key mitochondrial ROS scavengers [110]. In animals,
it has been found that both superoxide dismutase and gluta-
thione peroxidase activities, in cardiac mitochondria,
decrease (as much as 40% and 70% compared to animals
without sepsis) early after sepsis induction and remain at
lower levels throughout the first 24 hours after LPS chal-
lenge. These findings suggest that sepsis depletes mito-
chondria of their defense mechanisms against ROS [53].

2.5. Treatment Implications and Future Directions. Since oxi-
dative damage to mitochondria is central to the pathology of
sepsis, antioxidants could be potential therapies in resuscitat-
ing mitochondrial function further implementing organ
resuscitation. Antioxidants have been used to improve car-
diac function in other medical conditions as well [111–113].

2.5.1. Conventional Treatments. Preparation of septic animal
models with antioxidants prevents the increase in cardiac
mitochondrial generation of reactive oxygen species and,
most importantly, prevents reductions in systolic pressure-
generating capacity of the septic hearts [38]. Treatment with
antioxidant vitamins has been found to improve myocardial
contraction and relaxation defects in septic animals as a con-
sequence of alleviated inflammatory response and apoptosis
[114]. Naringin, an antioxidant, anti-inflammatory, and anti-
apoptotic flavanone glycoside found in grapefruits and
oranges, when given orally in septic mouse models, regulated
the expression and release of superoxide dismutase (SOD)
and malondialdehyde (MDA) to inhibit the subsequent myo-
cardial oxidative stress, suppressed myocardial cell apoptosis,
and ameliorated heart morphological changes, all these lead-
ing to improved mouse survival [115].

Another experimental sepsis model showed that treat-
ment with antioxidant vitamins alleviated both the systemic
and myocardial inflammatory cytokine response and that it
inhibited NF-kB nuclear translocation, decreasing caspase-3
and caspase-8 myocardial activity, thus decreasing myocar-
dial apoptosis [114]. Other studies have found, in vivo, that
antioxidant treatment significantly attenuated the loss of
sarcolemma dystrophin expression and the increased plasma
membrane permeability [14]. Cardiomyocytes lacking
dystrophin are abnormally vulnerable to mechanical stress-
induced injury, with loss of sarcolemma integrity and
increased fragility and permeability [116, 117].

It has been documented that neutralization of peroxyni-
trite can reduce its accumulation and improve myocardial
contractile dysfunction and inflammation in septic animal
models [118, 119]. Peroxynitrite neutralizers can prevent left
ventricular systolic function alterations of endotoxin-treated
hearts, left ventricular developed pressure, and its maximal
first derivatives (i.e., dp/dt). Moreover, they can prevent
I-kappa-B degradation and reduce plasma TNF-alpha levels
in endotoxin-treated rats, leading to reduced leucocyte
infiltration and endothelium-leucocyte activation [119].

2.5.2. Mitochondria-Targeted Antioxidants. Mitochondria-
targeted delivery of antioxidants provides mitochondrion-
specific antioxidant defense, protects mitochondria from oxi-
dative damage, prevents mitochondrial membrane damage,
improves mitochondrial respiratory function in the heart
with sepsis, and improves cardiac function in septic animals.

Mitochondria-targeted vitamin E prevented NF-kB acti-
vation, suppressed myocardial injury denoted by serum
troponin-I (cTnI) levels, and prevented myocardial apopto-
sis, ameliorating sepsis-induced disorganization and DNA
fragmentation. Taken together, these data suggest that
targeted suppression of mtROS suppresses cardiac inflam-
mation and improves cardiac performance in sepsis [62].
Mitochondria-targeted vitamin E increased antioxidant
capacity in a rat pneumonia-related sepsis model, reduced
the leakage of cytochrome c from mitochondria to cytosol,
and suppressed sepsis-induced myocardial inflammation,
all of them preventing sepsis-induced left ventricular decom-
pensation. Rats receiving mito-Vit E preserved their % EF
(ejection fraction) and % FS in contrast to controls [120].
Furthermore, this study provides clear evidence that
mitochondria-targeted antioxidant therapy could be more
effective in ameliorating oxidative damage and improving
organ function in sepsis, than conventional antioxidant
therapies, and this is because antioxidants are distributing
throughout the body and not accumulating in the mito-
chondria, where they are mostly needed. Conventional
antioxidants may have failed to present significant efficacy
due to their low penetrance to the mitochondria interior,
where ROS are mainly produced. Mitochondria-targeting
antioxidants have been effective in counterbalancing ROS
production in other disease states, such as kidney ischemia/
reperfusion injury [121].

2.5.3. Other Potential Treatments. Cytochrome oxidase
(CcOX), the terminal oxidase of the respiratory chain, uses
electrons donated by cytochrome c to reduce oxygen to
H2O [122]. CcOX inhibition is competitive and reversible
early after the induction of sepsis in experimental models,
becoming irreversible and noncompetitive during the late
phase of sepsis, which is associated with deterioration in
myocardial function and survival [123]. It has been shown
that exogenous administration of cytochrome c could gain
access to cardiomyocyte mitochondria and replete mitochon-
dria with supranormal levels of substrate, thus overcoming
competitive inhibition of CcOX. Exogenous administration
of cytochrome c improved myocardial contractility and
relaxation, as depicted by an increase in left ventricular sys-
tolic pressure and a 45% increase in dP/dtmax and dP/dtmin.
Importantly, these improvements occurred without signifi-
cant increases in heart rate, LV end-diastolic pressure, or
tau (the LV isovolumic relaxation constant) [124].

Sepsis triggers intracellular signaling cascades, regulated,
mainly, by intracellular kinases, phosphorylating down-
stream targets. Among these, small GTPases of the ras
homologous (Rho) family and one of their effectors, RhoA-
associated coiled-coli-containing protein kinases (ROCK)
are known to act in regulating actin cytoskeleton organiza-
tion and cell migration. RhoA/ROCK activation plays an
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essential role in vascular physiology and pathophysiology
[125, 126]. Recently, a study trying to evaluate whether
activation of RhoA/ROCK pathway could be involved in
mitochondrial dysfunction induced by endotoxemia
demonstrated that RhoA/ROCK inhibition normalized
mitochondrial respiration in LPS heart and reduced proin-
flammatory and oxidative stress responses, cytoskeleton
disorganization, and mitochondrial ultrastructural damage.
Additionally, the study revealed that sepsis caused LV con-
tractile dysfunction, while administration of the ROCK
inhibitor improved parameters of LV contractile function
(LV tension and maximal positive and negative first deriva-
tives of developed tension (dF/dtmax, dF/dtmin)) [127]. Tar-
geting the ROCK pathway in sepsis could have further
therapeutic implications in reducing oxidative stress and
inflammation via a NO-dependent mechanism [128].

The peroxisome proliferator-activated receptor- (PPAR-)
γ coactivator-1α (PGC-1α) and coactivator-1β (PGC-1β)
modulate members of the PPARs, which further regulate
mitochondrial energy metabolism and the production of
mitochondrial ROS in the heart. Both pathogen-associated
molecular patterns (PAMPs) and danger-associated molecu-
lar patterns (DAMPs) downregulate PGC-1α and PGC-1β
and cause impaired cardiac energy metabolism [129, 130].
A newly synthetic antimicrobial peptide 19-2.5 (Pep2.5),
acting against PAMPs, has been shown to counterbalance
mitochondria dysfunction in cardiomyocytes during sepsis.
Martin and coworkers showed that Pep2.5 enhances mito-
chondrial respiration, increases ATP levels, and downregu-
lates the production of mtROS in cardiomyocytes during
sepsis, by attenuating the suppression of PPARs and
PGC-1α/β [131].

3. Conclusion

Mitochondrial injury and dysfunction are two of the major
determinants of a clinical spectrum of phenomena seen in
septic patients, called septic cardiomyopathy. Oxidative and
nitrosative stress, generated in mitochondria, impairs cardiac
contractility during sepsis. Oxidative stress leads to energetic
(and thus functional) and structural failure of the cardiomyo-
cyte. On the other hand, during sepsis, there are various
mechanisms through which the organism tries to protect
itself against energy dysfunction, including a reduction in
the basal functions (and therefore the energy requirements)
of cells and metabolic pathways, an increase in the con-
sumption of energy reserves, and the activation of damage
repair mechanisms. This phenomenon is known as cell
hibernation and is an effort to avoid cytopathic hypoxia.
There is evidence that cells can and do change their energy
metabolism [132, 133].

It appears that inhibition of oxidative stress diminishes
myocardial damage. However, once mitochondrial damage
has occurred, recovery depends on the efficiency of biogene-
sis (removal and replacement) of the damaged mitochondria.
Current research focuses on mitochondrial dysfunction,
and mitochondria-targeted therapies are expected to gain
wide acceptance. Mitochondria-targeted antioxidants rep-
resent an attractive therapeutic approach for diseases

complicated by mitochondrial oxidative damage. In the
future, managing energetic failure may be a more effica-
cious treatment modality, rather than treatments focusing
on multiple organ failures.

Conflicts of Interest

Vasiliki Tsolaki has received funds from Luoxis Diagnostics
Inc. for measuring oxidative stress with the RedoxSYS™
Diagnostic system; the results of the study are not being
presented in this review. None of the rest of the authors has
a financial relationship with a commercial entity that has
an interest in the subject of this manuscript.

Acknowledgments

The authors want to thank Anna Koumeri for her help in
editing the manuscript in English.

References

[1] A. Vieillard-Baron, V. Caille, C. Charron, G. Belliard, B. Page,
and F. Jardin, “Actual incidence of global left ventricular
hypokinesia in adult septic shock,” Critical Care Medicine,
vol. 36, no. 6, pp. 1701–1706, 2008.

[2] M. M. Parker, J. H. Shelhamer, S. L. Bacharach et al.,
“Profound but reversible myocardial depression in patients
with septic shock,” Annals of Internal Medicine, vol. 100,
no. 4, pp. 483–490, 1984.

[3] F. Jardin, T. Fourme, B. Page et al., “Persistent preload defect
in severe sepsis despite fluid loading: a longitudinal echocar-
diographic study in patients with septic shock,” Chest,
vol. 116, no. 5, pp. 1354–1359, 1999.

[4] M. W. Merx and C. Weber, “Sepsis and the heart,” Circula-
tion, vol. 116, no. 7, pp. 793–802, 2007.

[5] A. Rudiger and M. Singer, “Mechanisms of sepsis-induced
cardiac dysfunction,” Critical Care Medicine, vol. 35, no. 6,
pp. 1599–1608, 2007.

[6] R. E. Cunnion, G. L. Schaer, M. M. Parker, C. Natanson, and
J. E. Parrillo, “The coronary circulation in human septic
shock,” Circulation, vol. 73, no. 4, pp. 637–644, 1986.

[7] P. Boekstegers, S. Weidenhofer, G. Pilz, and K. Werdan,
“Peripheral oxygen availability within skeletal muscle in sep-
sis and septic shock: comparison to limited infection and car-
diogenic shock,” Infection, vol. 19, no. 5, pp. 317–323, 1991.

[8] M. Karapetsa, M. Pitsika, N. Goutzourelas, D. Stagos, A.
Tousia Becker, and E. Zakynthinos, “Oxidative status in
ICU patients with septic shock,” Food and Chemical Toxicol-
ogy, vol. 61, pp. 106–111, 2013.

[9] H. K. Biesalski and G. P. McGregor, “Antioxidant therapy in
critical care—is the microcirculation the primary target?,”
Critical Care Medicine, vol. 35, Supplement 9, pp. S577–
S583, 2007.

[10] E. D. Crouser, “Mitochondrial dysfunction in septic shock
and multiple organ dysfunction syndrome,” Mitochondrion,
vol. 4, no. 5-6, pp. 729–741, 2004.

[11] M. Iqbal, R. I. Cohen, K. Marzouk, and S. F. Liu, “Time course
of nitric oxide, peroxynitrite, and antioxidants in the endo-
toxemic heart,” Critical Care Medicine, vol. 30, no. 6,
pp. 1291–1296, 2002.

7Oxidative Medicine and Cellular Longevity



[12] S. Lancel, O. Joulin, R. Favory et al., “Ventricular myocyte
caspases are directly responsible for endotoxin-induced car-
diac dysfunction,” Circulation, vol. 111, no. 20, pp. 2596–
2604, 2005.

[13] M. R. Celes, L. M. Malvestio, S. O. Suadicani et al., “Disrup-
tion of calcium homeostasis in cardiomyocytes underlies
cardiac structural and functional changes in severe sepsis,”
PLoS One, vol. 8, no. 7, article e68809, 2013.

[14] M. R. Celes, D. Torres-Duenas, C. M. Prado et al., “Increased
sarcolemmal permeability as an early event in experimental
septic cardiomyopathy: a potential role for oxidative damage
to lipids and proteins,” Shock, vol. 33, no. 3, pp. 322–331,
2010.

[15] E. Barth, P. Radermacher, C. Thiemermann, S. Weber, M.
Georgieff, and G. Albuszies, “Role of inducible nitric oxide
synthase in the reduced responsiveness of the myocardium
to catecholamines in a hyperdynamic, murine model of
septic shock,” Critical Care Medicine, vol. 34, no. 2,
pp. 307–313, 2006.

[16] L. Xiao, D. R. Pimentel, J. Wang, K. Singh, W. S. Colucci,
and D. B. Sawyer, “Role of reactive oxygen species and
NAD(P)H oxidase in α(1)-adrenoceptor signaling in adult
rat cardiac myocytes,” American Journal of Physiology: Cell
Physiology, vol. 282, no. 4, pp. C926–C934, 2002.

[17] N. Geoghegan-Morphet, D. Burger, X. Lu et al., “Role of
neuronal nitric oxide synthase in lipopolysaccharide-
induced tumor necrosis factor-alpha expression in neonatal
mouse cardiomyocytes,” Cardiovascular Research, vol. 75,
no. 2, pp. 408–416, 2007.

[18] B. Halliwell, “Free radicals and antioxidants: updating a
personal view,” Nutrition Reviews, vol. 70, no. 5, pp. 257–
265, 2012.

[19] D. Brealey, S. Karyampudi, T. S. Jacques et al., “Mitochon-
drial dysfunction in a long-term rodent model of sepsis and
organ failure,” American Journal of Physiology - Regulatory,
Integrative and Comparative Physiology, vol. 286, no. 3,
pp. R491–R497, 2004.

[20] P. Calcerrada, G. Peluffo, and R. Radi, “Nitric oxide-derived
oxidants with a focus on peroxynitrite: molecular targets,
cellular responses and therapeutic implications,” Current
Pharmaceutical Design, vol. 17, no. 35, pp. 3905–3932, 2011.

[21] P. Kovacic and R. S. Pozos, “Cell signaling (mechanism and
reproductive toxicity): redox chains, radicals, electrons,
relays, conduit, electrochemistry, and other medical implica-
tions,” Birth Defects Research Part C, Embryo Today, vol. 78,
no. 4, pp. 333–344, 2006.

[22] J. R. Stone and S. Yang, “Hydrogen peroxide: a signaling
messenger,” Antioxidants & Redox Signaling, vol. 8, no. 3-4,
pp. 243–270, 2006.

[23] H. Sauer, M. Wartenberg, and J. Hescheler, “Reactive oxygen
species as intracellular messengers during cell growth and
differentiation,” Cellular Physiology and Biochemistry,
vol. 11, no. 4, pp. 173–186, 2001.

[24] J. Duran-Bedolla, M. A. Montes de Oca-Sandoval, V.
Saldana-Navor, J. A. Villalobos-Silva, M. C. Rodriguez,
and S. Rivas-Arancibia, “Sepsis, mitochondrial failure and
multiple organ dysfunction,” Clinical and Investigative
Medicine, vol. 37, no. 2, pp. E58–E69, 2014.

[25] H. F. Galley, “Oxidative stress and mitochondrial dysfunction
in sepsis,” British Journal of Anaesthesia, vol. 107, no. 1,
pp. 57–64, 2011.

[26] S. Scolletta and B. Biagioli, “Energetic myocardial metabolism
and oxidative stress: let’s make them our friends in the fight
against heart failure,” Biomedicine & Pharmacotherapy,
vol. 64, no. 3, pp. 203–207, 2010.

[27] J. M. Zimmet and J. M. Hare, “Nitroso-redox interactions in
the cardiovascular system,” Circulation, vol. 114, no. 14,
pp. 1531–1544, 2006.

[28] F. H. Khadour, D. Panas, P. Ferdinandy et al., “Enhanced
NO and superoxide generation in dysfunctional hearts from
endotoxemic rats,” American Journal of Physiology - Heart
and Circulatory Physiology, vol. 283, no. 3, pp. H1108–
H1115, 2002.

[29] F. Ichinose, E. S. Buys, T. G. Neilan et al., “Cardiomyocyte-
specific overexpression of nitric oxide synthase 3 prevents
myocardial dysfunction in murine models of septic shock,”
Circulation Research, vol. 100, no. 1, pp. 130–139, 2007.

[30] M. P. Murphy, “How mitochondria produce reactive oxygen
species,” The Biochemical Journal, vol. 417, no. 1, pp. 1–13,
2009.

[31] A. A. Starkov, “The role of mitochondria in reactive oxygen
species metabolism and signaling,” Annals of the New York
Academy of Sciences, vol. 1147, pp. 37–52, 2008.

[32] M. Schafer, C. Schafer, N. Ewald, H. M. Piper, and T. Noll,
“Role of redox signaling in the autonomous proliferative
response of endothelial cells to hypoxia,” Circulation
Research, vol. 92, no. 9, pp. 1010–1015, 2003.

[33] R. J. Youle and A. M. van der Bliek, “Mitochondrial fission,
fusion, and stress,” Science, vol. 337, no. 6098, pp. 1062–
1065, 2012.

[34] K. E. Welty-Wolf, S. G. Simonson, Y. C. Huang, P. J. Fracica,
J. W. Patterson, and C. A. Piantadosi, “Ultrastructural
changes in skeletal muscle mitochondria in gram-negative
sepsis,” Shock, vol. 5, no. 5, pp. 378–384, 1996.

[35] F. N. Gellerich, S. Trumbeckaite, K. Hertel et al., “Impaired
energy metabolism in hearts of septic baboons: diminished
activities of complex I and complex II of the mitochondrial
respiratory chain,” Shock, vol. 11, no. 5, pp. 336–341, 1999.

[36] K. Bedard and K. H. Krause, “The NOX family of ROS-
generating NADPH oxidases: physiology and pathophysiol-
ogy,” Physiological Reviews, vol. 87, no. 1, pp. 245–313,
2007.

[37] V. Ben-Shaul, L. Lomnitski, A. Nyska, Y. Zurovsky, M.
Bergman, and S. Grossman, “The effect of natural antioxi-
dants, NAO and apocynin, on oxidative stress in the rat heart
following LPS challenge,” Toxicology Letters, vol. 123, no. 1,
pp. 1–10, 2001.

[38] G. S. Supinski and L. A. Callahan, “Polyethylene glycol-
superoxide dismutase prevents endotoxin-induced cardiac
dysfunction,” American Journal of Respiratory and Critical
Care Medicine, vol. 173, no. 11, pp. 1240–1247, 2006.

[39] K. Matsuno, K. Iwata, M. Matsumoto et al., “NOX1/NADPH
oxidase is involved in endotoxin-induced cardiomyocyte
apoptosis,” Free Radical Biology & Medicine, vol. 53, no. 9,
pp. 1718–1728, 2012.

[40] D. Brealey, M. Brand, I. Hargreaves et al., “Association
between mitochondrial dysfunction and severity and out-
come of septic shock,” Lancet, vol. 360, no. 9328, pp. 219–
223, 2002.

[41] M. C. Exline and E. D. Crouser, “Mitochondrial mechanisms
of sepsis-induced organ failure,” Frontiers in Bioscience,
vol. 13, pp. 5030–5041, 2008.

8 Oxidative Medicine and Cellular Longevity



[42] R. J. Levy, “Mitochondrial dysfunction, bioenergetic impair-
ment, and metabolic down-regulation in sepsis,” Shock,
vol. 28, no. 1, pp. 24–28, 2007.

[43] Y. Capetanaki, “Desmin cytoskeleton: a potential regulator
of muscle mitochondrial behavior and function,” Trends in
Cardiovascular Medicine, vol. 12, no. 8, pp. 339–348, 2002.

[44] L. Smeding, F. B. Plotz, A. B. Groeneveld, and M. C. Kneyber,
“Structural changes of the heart during severe sepsis or septic
shock,” Shock, vol. 37, no. 5, pp. 449–456, 2012.

[45] S. J. Matkovich, B. Al Khiami, I. R. Efimov et al., “Widespread
down-regulation of cardiac mitochondrial and sarcomeric
genes in patients with sepsis,” Critical Care Medicine,
vol. 45, no. 3, pp. 407–414, 2017.

[46] F. G. Soriano, A. C. Nogueira, E. G. Caldini et al., “Potential
role of poly(adenosine 5′-diphosphate-ribose) polymerase
activation in the pathogenesis of myocardial contractile
dysfunction associated with human septic shock,” Critical
Care Medicine, vol. 34, no. 4, pp. 1073–1079, 2006.

[47] Q. Zang, D. L. Maass, S. J. Tsai, and J. W. Horton, “Cardiac
mitochondrial damage and inflammation responses in sep-
sis,” Surgical Infections, vol. 8, no. 1, pp. 41–54, 2007.

[48] M. Ott, J. D. Robertson, V. Gogvadze, B. Zhivotovsky, and
S. Orrenius, “Cytochrome c release from mitochondria pro-
ceeds by a two-step process,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 99,
no. 3, pp. 1259–1263, 2002.

[49] J. Jacobson and M. R. Duchen, “Mitochondrial oxidative
stress and cell death in astrocytes—requirement for stored
Ca2+ and sustained opening of the permeability transition
pore,” Journal of Cell Science, vol. 115, Part 6, pp. 1175–
1188, 2002.

[50] Y. Nakagawa, “Initiation of apoptotic signal by the peroxida-
tion of cardiolipin of mitochondria,” Annals of the New York
Academy of Sciences, vol. 1011, pp. 177–184, 2004.

[51] M. Ott, B. Zhivotovsky, and S. Orrenius, “Role of cardiolipin
in cytochrome c release from mitochondria,” Cell Death and
Differentiation, vol. 14, no. 7, pp. 1243–1247, 2007.

[52] C. A. den Uil, E. Klijn, W. K. Lagrand et al., “The micro-
circulation in health and critical disease,” Progress in Cardio-
vascular Diseases, vol. 51, no. 2, pp. 161–170, 2008.

[53] L. Li, B. C. Hu, C. Q. Chen et al., “Role of mitochondrial dam-
age during cardiac apoptosis in septic rats,” Chinese Medical
Journal, vol. 126, no. 10, pp. 1860–1866, 2013.

[54] O. Takasu, J. P. Gaut, E. Watanabe et al., “Mechanisms of
cardiac and renal dysfunction in patients dying of sepsis,”
American Journal of Respiratory and Critical Care Medicine,
vol. 187, no. 5, pp. 509–517, 2013.

[55] H. Tsutsui, S. Kinugawa, and S. Matsushima, “Oxidative
stress and mitochondrial DNA damage in heart failure,” Cir-
culation Journal, vol. 72, Supplement A, pp. A31–A37, 2008.

[56] I. Shokolenko, N. Venediktova, A. Bochkareva, G. L. Wilson,
and M. F. Alexeyev, “Oxidative stress induces degradation of
mitochondrial DNA,” Nucleic Acids Research, vol. 37, no. 8,
pp. 2539–2548, 2009.

[57] Q. Zhang, M. Raoof, Y. Chen et al., “Circulating mitochon-
drial DAMPs cause inflammatory responses to injury,”
Nature, vol. 464, no. 7285, pp. 104–107, 2010.

[58] D. V. Krysko, P. Agostinis, O. Krysko et al., “Emerging
role of damage-associated molecular patterns derived from
mitochondria in inflammation,” Trends in Immunology,
vol. 32, no. 4, pp. 157–164, 2011.

[59] S. S. Iyer, W. P. Pulskens, J. J. Sadler et al., “Necrotic cells
trigger a sterile inflammatory response through the Nlrp3
inflammasome,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 106, no. 48,
pp. 20388–20393, 2009.

[60] R. Codina, A. Vanasse, A. Kelekar, V. Vezys, and R.
Jemmerson, “Cytochrome c-induced lymphocyte death
from the outside in: inhibition by serum leucine-rich alpha-
2-glycoprotein-1,” Apoptosis, vol. 15, no. 2, pp. 139–152,
2010.

[61] M. Sorice, A. Circella, I. M. Cristea et al., “Cardiolipin and
its metabolites move from mitochondria to other cellular
membranes during death receptor-mediated apoptosis,”
Cell Death and Differentiation, vol. 11, no. 10, pp. 1133–
1145, 2004.

[62] X. Yao, D. Carlson, Y. Sun et al., “Mitochondrial ROS induces
cardiac inflammation via a pathway throughmtDNA damage
in a pneumonia-related sepsis model,” PLoS One, vol. 10,
no. 10, article e0139416, 2015.

[63] R. B. Seth, L. Sun, C. K. Ea, and Z. J. Chen, “Identification and
characterization of MAVS, a mitochondrial antiviral signal-
ing protein that activates NF-κB and IRF 3,” Cell, vol. 122,
no. 5, pp. 669–682, 2005.

[64] S. Itoh, S. Lemay, M. Osawa et al., “Mitochondrial Dok-4
recruits Src kinase and regulates NF-κB activation in endo-
thelial cells,” The Journal of Biological Chemistry, vol. 280,
no. 28, pp. 26383–26396, 2005.

[65] D. L. Maass, J. White, B. Sanders, and J. W. Horton, “Role of
cytosolic vs. mitochondrial Ca2+ accumulation in burn
injury-related myocardial inflammation and function,”
American Journal of Physiology - Heart and Circulatory
Physiology, vol. 288, no. 2, pp. H744–H751, 2005.

[66] H. Y. Hsu and M. H. Wen, “Lipopolysaccharide-mediated
reactive oxygen species and signal transduction in the regula-
tion of interleukin-1 gene expression,” The Journal of Biolog-
ical Chemistry, vol. 277, no. 25, pp. 22131–22139, 2002.

[67] R. Treisman, “Regulation of transcription by MAP kinase
cascades,” Current Opinion in Cell Biology, vol. 8, no. 2,
pp. 205–215, 1996.

[68] J. L. Dean, M. Brook, A. R. Clark, and J. Saklatvala, “p38
mitogen-activated protein kinase regulates cyclooxygenase-2
mRNA stability and transcription in lipopolysaccharide-
treated humanmonocytes,” The Journal of Biological Chemis-
try, vol. 274, no. 1, pp. 264–269, 1999.

[69] T. Peng, X. Lu, and Q. Feng, “NADH oxidase signaling
induces cyclooxygenase-2 expression during lipopolysaccha-
ride stimulation in cardiomyocytes,” The FASEB Journal,
vol. 19, no. 2, pp. 293–295, 2005.

[70] P. B. Massion, O. Feron, C. Dessy, and J. L. Balligand, “Nitric
oxide and cardiac function: ten years after, and continuing,”
Circulation Research, vol. 93, no. 5, pp. 388–398, 2003.

[71] U. Forstermann and W. C. Sessa, “Nitric oxide synthases:
regulation and function,” European Heart Journal, vol. 33,
no. 7, pp. 829–837, 2012, 837a-837d.

[72] M. A. Arstall, D. B. Sawyer, R. Fukazawa, and R. A. Kelly,
“Cytokine-mediated apoptosis in cardiac myocytes: the
role of inducible nitric oxide synthase induction and peroxy-
nitrite generation,” Circulation Research, vol. 85, no. 9,
pp. 829–840, 1999.

[73] M. W. Radomski, P. Vallance, G. Whitley, N. Foxwell, and
S. Moncada, “Platelet adhesion to human vascular

9Oxidative Medicine and Cellular Longevity



endothelium is modulated by constitutive and cytokine
induced nitric oxide,” Cardiovascular Research, vol. 27,
no. 7, pp. 1380–1382, 1993.

[74] S. P. Jones and R. Bolli, “The ubiquitous role of nitric oxide in
cardioprotection,” Journal of Molecular and Cellular Cardiol-
ogy, vol. 40, no. 1, pp. 16–23, 2006.

[75] W. J. Paulus, P. J. Vantrimpont, and A. M. Shah, “Acute
effects of nitric oxide on left ventricular relaxation and dia-
stolic distensibility in humans. Assessment by bicoronary
sodium nitroprusside infusion,” Circulation, vol. 89, no. 5,
pp. 2070–2078, 1994.

[76] E. Nisoli, E. Clementi, C. Paolucci et al., “Mitochondrial bio-
genesis in mammals: the role of endogenous nitric oxide,”
Science, vol. 299, no. 5608, pp. 896–899, 2003.

[77] G. Heusch, H. Post, M. C. Michel, M. Kelm, and R. Schulz,
“Endogenous nitric oxide and myocardial adaptation to
ischemia,” Circulation Research, vol. 87, no. 2, pp. 146–152,
2000.

[78] E. Lupia, T. Spatola, A. Cuccurullo et al., “Thrombopoietin
modulates cardiac contractility in vitro and contributes to
myocardial depressing activity of septic shock serum,”
Basic Research in Cardiology, vol. 105, no. 5, pp. 609–
620, 2010.

[79] G. Escames, L. C. Lopez, F. Ortiz et al., “Attenuation of
cardiac mitochondrial dysfunction by melatonin in septic
mice,” The FEBS Journal, vol. 274, no. 8, pp. 2135–2147,
2007.

[80] C. Xu, C. Yi, H. Wang, I. C. Bruce, and Q. Xia, “Mitochon-
drial nitric oxide synthase participates in septic shock myo-
cardial depression by nitric oxide overproduction and
mitochondrial permeability transition pore opening,” Shock,
vol. 37, no. 1, pp. 110–115, 2012.

[81] V. Vanasco, T. Saez, N. D. Magnani et al., “Cardiac mito-
chondrial biogenesis in endotoxemia is not accompanied by
mitochondrial function recovery,” Free Radical Biology &
Medicine, vol. 77, pp. 1–9, 2014.

[82] M. S. Joshi, M. W. Julian, J. E. Huff, J. A. Bauer, Y. Xia,
and E. D. Crouser, “Calcineurin regulates myocardial func-
tion during acute endotoxemia,” American Journal of Respi-
ratory and Critical Care Medicine, vol. 173, no. 9, pp. 999–
1007, 2006.

[83] A. M. van de Sandt, R. Windler, A. Godecke et al., “Endothe-
lial NOS (NOS3) impairs myocardial function in developing
sepsis,” Basic Research in Cardiology, vol. 108, no. 2, p. 330,
2013.

[84] G. L. Squadrito and W. A. Pryor, “Oxidative chemistry of
nitric oxide: the roles of superoxide, peroxynitrite, and car-
bon dioxide,” Free Radical Biology & Medicine, vol. 25,
no. 4-5, pp. 392–403, 1998.

[85] M. Neri, I. Riezzo, C. Pomara, S. Schiavone, and E. Turillazzi,
“Oxidative-nitrosative stress and myocardial dysfunctions in
sepsis: evidence from the literature and postmortem observa-
tions,” Mediators of Inflammation, vol. 2016, Article ID
3423450, 12 pages, 2016.

[86] S. Okazaki, Y. Tachibana, Y. Koga-Ogawa, and K. Takeshita,
“Redox evaluation in sepsis model mice by the in vivo ESR
technique using acyl-protected hydroxylamine,” Free Radical
Biology & Medicine, vol. 68, pp. 72–79, 2014.

[87] S. Alvarez and A. Boveris, “Mitochondrial nitric oxide metab-
olism in rat muscle during endotoxemia,” Free Radical Biol-
ogy & Medicine, vol. 37, no. 9, pp. 1472–1478, 2004.

[88] C. B. Lorigados, F. G. Soriano, and C. Szabo, “Pathomechan-
isms of myocardial dysfunction in sepsis,” Endocrine, Meta-
bolic & Immune Disorders Drug Targets, vol. 10, no. 3,
pp. 274–284, 2010.

[89] J. R. Burgoyne, O. Rudyk, M. Mayr, and P. Eaton, “Nitrosa-
tive protein oxidation is modulated during early endotoxe-
mia,” Nitric Oxide, vol. 25, no. 2, pp. 118–124, 2011.

[90] P. Ferdinandy, D. Panas, and R. Schulz, “Peroxynitrite con-
tributes to spontaneous loss of cardiac efficiency in isolated
working rat hearts,” The American Journal of Physiology,
vol. 276, 6, Part 2, pp. H1861–H1867, 1999.

[91] B. L. Nussbaum, O. McCook, C. Hartmann et al., “Left ven-
tricular function during porcine-resuscitated septic shock
with pre-existing atherosclerosis,” Intensive Care Medicine
Experimental, vol. 4, no. 1, p. 14, 2016.

[92] C. Rabuel, J. L. Samuel, B. Lortat-Jacob et al., “Activation of
the ubiquitin proteolytic pathway in human septic heart
and diaphragm,” Cardiovascular Pathology, vol. 19, no. 3,
pp. 158–164, 2010.

[93] M. A. Rossi, M. R. Celes, C. M. Prado, and F. P. Saggioro,
“Myocardial structural changes in long-term human severe
sepsis/septic shock may be responsible for cardiac dysfunc-
tion,” Shock, vol. 27, no. 1, pp. 10–18, 2007.

[94] N. W. Kooy, S. J. Lewis, J. A. Royall, Y. Z. Ye, D. R. Kelly, and
J. S. Beckman, “Extensive tyrosine nitration in human myo-
cardial inflammation: evidence for the presence of peroxyni-
trite,” Critical Care Medicine, vol. 25, no. 5, pp. 812–819,
1997.

[95] P. Robles, I. Monedero, A. Rubio, and J. Botas, “Reverse or
inverted apical ballooning in a case of refeeding syndrome,”
World Journal of Cardiology, vol. 7, no. 6, pp. 361–366, 2015.

[96] D. Kapoor and K. A. Bybee, “Stress cardiomyopathy syn-
drome: a contemporary review,” Current Heart Failure
Reports, vol. 6, no. 4, pp. 265–271, 2009.

[97] J. Papanikolaou, D. Makris, V. Tsolaki, K. Spathoulas, and E.
Zakynthinos, “Post-partum hemorrhage complicated by
reverse-takotsubo cardiogenic shock; a novel therapeutic
approach,” The American Journal of Emergency Medicine,
vol. 35, no. 6, pp. 935.e1–935.e3, 2016.

[98] J. Papanikolaou, V. Tsolaki, D. Makris, and E. Zakynthinos,
“Early levosimendan administration may improve outcome
in patients with subarachnoid hemorrhage complicated by
acute heart failure,” International Journal of Cardiology,
vol. 176, no. 3, pp. 1435–1437, 2014.

[99] Y. J. Akashi, D. S. Goldstein, G. Barbaro, and T. Ueyama,
“Takotsubo cardiomyopathy: a new form of acute, reversible
heart failure,” Circulation, vol. 118, no. 25, pp. 2754–2762,
2008.

[100] T. Ueyama, T. Kawabe, T. Hano et al., “Upregulation of heme
oxygenase-1 in an animal model of takotsubo cardiomyopa-
thy,” Circulation Journal, vol. 73, no. 6, pp. 1141–1146, 2009.

[101] S. F. Yet, R. Tian, M. D. Layne et al., “Cardiac-specific expres-
sion of heme oxygenase-1 protects against ischemia and
reperfusion injury in transgenic mice,” Circulation Research,
vol. 89, no. 2, pp. 168–173, 2001.

[102] X. Liu, A. S. Pachori, C. A. Ward et al., “Heme oxygenase-1
(HO-1) inhibits postmyocardial infarct remodeling and
restores ventricular function,” The FASEB Journal, vol. 20,
no. 2, pp. 207–216, 2006.

[103] B. C. Willis, A. Salazar-Cantu, C. Silva-Platas et al., “Impaired
oxidative metabolism and calcium mishandling underlie

10 Oxidative Medicine and Cellular Longevity



cardiac dysfunction in a rat model of post-acute
isoproterenol-induced cardiomyopathy,” American Journal
of Physiology - Heart and Circulatory Physiology, vol. 308,
no. 5, pp. H467–H477, 2015.

[104] M. Rocha, R. Herance, S. Rovira, A. Hernández-Mijares, and
V. M. Victor, “Mitochondrial dysfunction and antioxidant
therapy in sepsis,” Infectious Disorders Drug Targets, vol. 12,
no. 2, pp. 161–178, 2012.

[105] B. Halliwell, “Antioxidants: the basics-what they are and how
to evaluate them,” Advances in Pharmacology, vol. 38, pp. 3–
20, 1997.

[106] A. M. James andM. P. Murphy, “Howmitochondrial damage
affects cell function,” Journal of Biomedical Science, vol. 9, 6,
Part 1, pp. 475–487, 2002.

[107] W. Droge, “Free radicals in the physiological control of cell
function,” Physiological Reviews, vol. 82, no. 1, pp. 47–95,
2002.

[108] M. Valko, D. Leibfritz, J. Moncol, M. T. Cronin, M. Mazur,
and J. Telser, “Free radicals and antioxidants in normal phys-
iological functions and human disease,” The International
Journal of Biochemistry & Cell Biology, vol. 39, no. 1,
pp. 44–84, 2007.

[109] T. Malmezat, D. Breuille, P. Capitan, P. P. Mirand, and C.
Obled, “Glutathione turnover is increased during the acute
phase of sepsis in rats,” The Journal of Nutrition, vol. 130,
no. 5, pp. 1239–1246, 2000.

[110] B. Haileselassie, E. Su, I. Pozios et al., “Myocardial oxidative
stress correlates with left ventricular dysfunction on strain
echocardiography in a rodent model of sepsis,” Intensive Care
Medicine Experimental, vol. 5, no. 1, p. 21, 2017.

[111] M. T. Elnakish, A. A. Ahmed, P. J. Mohler, and P. M. Janssen,
“Role of oxidative stress in thyroid hormone-induced cardio-
myocyte hypertrophy and associated cardiac dysfunction: an
undisclosed story,” Oxidative Medicine and Cellular Longev-
ity, vol. 2015, Article ID 854265, 16 pages, 2015.

[112] J. Xu, S. Lei, Y. Liu et al., “Antioxidant N-acetylcysteine atten-
uates the reduction of Brg1 protein expression in the myocar-
dium of type 1 diabetic rats,” Journal of Diabetes Research,
vol. 2013, Article ID 716219, 8 pages, 2013.

[113] I. Afanas'ev, “ROS and RNS signaling in heart disorders:
could antioxidant treatment be successful?” Oxidative Medi-
cine and Cellular Longevity, vol. 2011, Article ID 293769, 13
pages, 2011.

[114] D. Carlson, D. L. Maass, D. J. White, J. Tan, and J. W. Horton,
“Antioxidant vitamin therapy alters sepsis-related apoptotic
myocardial activity and inflammatory responses,” American
Journal of Physiology - Heart and Circulatory Physiology,
vol. 291, no. 6, pp. H2779–H2789, 2006.

[115] L. Xianchu, P. Z. Lan, L. Qiufang et al., “Naringin protects
against lipopolysaccharide-induced cardiac injury in mice,”
Environmental Toxicology and Pharmacology, vol. 48,
pp. 1–6, 2016.

[116] I. N. Rybakova, J. R. Patel, and J. M. Ervasti, “The dystrophin
complex forms a mechanically strong link between the sarco-
lemma and costameric actin,” The Journal of Cell Biology,
vol. 150, no. 5, pp. 1209–1214, 2000.

[117] M. Rodriguez, W. J. Cai, S. Kostin, B. R. Lucchesi, and J.
Schaper, “Ischemia depletes dystrophin and inhibits protein
synthesis in the canine heart: mechanisms of myocardial
ischemic injury,” Journal of Molecular and Cellular Cardiol-
ogy, vol. 38, no. 5, pp. 723–733, 2005.

[118] P. Ferdinandy, H. Danial, I. Ambrus, R. A. Rothery, and
R. Schulz, “Peroxynitrite is a major contributor to cytokine-
induced myocardial contractile failure,” Circulation Research,
vol. 87, no. 3, pp. 241–247, 2000.

[119] S. Lancel, S. Tissier, S. Mordon et al., “Peroxynitrite decom-
position catalysts prevent myocardial dysfunction and
inflammation in endotoxemic rats,” Journal of the American
College of Cardiology, vol. 43, no. 12, pp. 2348–2358, 2004.

[120] Q. S. Zang, H. Sadek, D. L. Maass et al., “Specific inhibition of
mitochondrial oxidative stress suppresses inflammation and
improves cardiac function in a rat pneumonia-related sepsis
model,” American Journal of Physiology - Heart and Circula-
tory Physiology, vol. 302, no. 9, pp. H1847–H1859, 2012.

[121] A. Kezic, I. Spasojevic, V. Lezaic, andM. Bajcetic, “Mitochon-
dria-targeted antioxidants: future perspectives in kidney
ischemia reperfusion injury,” Oxidative Medicine and Cellu-
lar Longevity, vol. 2016, Article ID 2950503, 12 pages, 2016.

[122] M. Saraste, “Oxidative phosphorylation at the fin de siecle,”
Science, vol. 283, no. 5407, pp. 1488–1493, 1999.

[123] R. J. Levy, D. A. Piel, P. D. Acton et al., “Evidence of myocar-
dial hibernation in the septic heart,” Critical Care Medicine,
vol. 33, no. 12, pp. 2752–2756, 2005.

[124] D. A. Piel, P. J. Gruber, C. J. Weinheimer et al., “Mitochon-
drial resuscitation with exogenous cytochrome c in the septic
heart,” Critical Care Medicine, vol. 35, no. 9, pp. 2120–2127,
2007.

[125] M. Amano, M. Nakayama, and K. Kaibuchi, “Rho-kinase/
ROCK: a key regulator of the cytoskeleton and cell polarity,”
Cytoskeleton (Hoboken), vol. 67, no. 9, pp. 545–554, 2010.

[126] M. Surma, L. Wei, and J. Shi, “Rho kinase as a therapeutic tar-
get in cardiovascular disease,” Future Cardiology, vol. 7, no. 5,
pp. 657–671, 2011.

[127] S. Preau, F. Delguste, Y. Yu et al., “Endotoxemia engages the
RhoA kinase pathway to impair cardiac function by altering
cytoskeleton, mitochondrial fission, and autophagy,” Antiox-
idants & Redox Signaling, vol. 24, no. 10, pp. 529–542, 2016.

[128] C. C. McGown, N. J. Brown, P. G. Hellewell, and Z. L.
Brookes, “ROCK induced inflammation of the microcircula-
tion during endotoxemia mediated by nitric oxide synthase,”
Microvascular Research, vol. 81, no. 3, pp. 281–288, 2011.

[129] M. I. Frisard, Y. Wu, R. P. McMillan et al., “Low levels of
lipopolysaccharide modulate mitochondrial oxygen con-
sumption in skeletal muscle,” Metabolism, vol. 64, no. 3,
pp. 416–427, 2015.

[130] L. Martin, C. Peters, S. Schmitz et al., “Soluble heparan sulfate
in serum of septic shock patients induces mitochondrial dys-
function in murine cardiomyocytes,” Shock, vol. 44, no. 6,
pp. 569–577, 2015.

[131] L. Martin, C. Peters, L. Heinbockel et al., “The synthetic
antimicrobial peptide 19-2.5 attenuates mitochondrial dys-
function in cardiomyocytes stimulated with human sepsis
serum,” Innate Immunity, vol. 22, no. 8, pp. 612–619, 2016.

[132] M. P. Fink, “Bench-to-bedside review: cytopathic hypoxia,”
Critical Care, vol. 6, no. 6, pp. 491–499, 2002.

[133] M. C. Cimolai, S. Alvarez, C. Bode, and H. Bugger, “Mito-
chondrial mechanisms in septic cardiomyopathy,” Interna-
tional Journal of Molecular Sciences, vol. 16, no. 8,
pp. 17763–17778, 2015.

11Oxidative Medicine and Cellular Longevity



Review Article
Oxidative Stress in Hemodialysis Patients:
A Review of the Literature

Vassilios Liakopoulos,1 Stefanos Roumeliotis,1 Xenia Gorny,2 Evangelia Dounousi,3 and
Peter R. Mertens2

1Division of Nephrology and Hypertension, 1st Department of Internal Medicine, AHEPA Hospital, School of Medicine, Aristotle
University of Thessaloniki, Thessaloniki, Greece
2Clinic of Nephrology andHypertension, Diabetes andEndocrinology, Otto vonGuerickeUniversityMagdeburg,Magdeburg,Germany
3Department of Nephrology, School of Medicine, University of Ioannina, Ioannina, Greece

Correspondence should be addressed to Vassilios Liakopoulos; liakopul@otenet.gr

Received 14 May 2017; Accepted 14 August 2017; Published 12 September 2017

Academic Editor: Janusz Gebicki

Copyright © 2017 Vassilios Liakopoulos et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Hemodialysis (HD) patients are at high risk for all-cause mortality and cardiovascular events. In addition to traditional risk factors,
excessive oxidative stress (OS) and chronic inflammation emerge as novel and major contributors to accelerated atherosclerosis and
elevated mortality. OS is defined as the imbalance between antioxidant defense mechanisms and oxidant products, the latter
overwhelming the former. OS appears in early stages of chronic kidney disease (CKD), advances along with worsening of renal
failure, and is further exacerbated by the HD process per se. HD patients manifest excessive OS status due to retention of a
plethora of toxins, subsidized under uremia, nutrition lacking antioxidants and turn-over of antioxidants, loss of antioxidants
during renal replacement therapy, and leukocyte activation that leads to accumulation of oxidative products. Duration of
dialysis therapy, iron infusion, anemia, presence of central venous catheter, and bioincompatible dialyzers are several factors
triggering the development of OS. Antioxidant supplementation may take an overall protective role, even at early stages of CKD,
to halt the deterioration of kidney function and antagonize systemic inflammation. Unfortunately, clinical studies have not
yielded unequivocal positive outcomes when antioxidants have been administered to hemodialysis patients, likely due to their
heterogeneous clinical conditions and underlying risk profile.

1. Introduction

Oxidative stress (OS) is defined as a disruption of the balance
between oxidative products and antioxidant defense mecha-
nisms, with the former overwhelming the latter [1]. Oxida-
tive molecules include reactive oxygen species (ROS) and
nitrogen species, such as nitric oxide (NO), while antioxi-
dants can be endogenous or dietary/exogenously adminis-
trated molecules. OS triggers the oxidation and subsequent
damage of molecules, such as proteins, lipids, nucleic acids
(DNA), and carbohydrates. OS is implicated in the patho-
logic pathways of various conditions, such as diabetes melli-
tus (DM), atherosclerosis, inflammation, and progression of
chronic kidney disease (CKD) to end-stage renal disease
(ESRD). OS is very common in CKD; it is present even in

the early stages, gradually increases along with renal impair-
ment, and is further exacerbated by hemodialysis (HD)
procedures. CKD is accompanied by pronounced oxidation
of proteins, carbohydrates, and lipids, leading to lipid perox-
idation and the accumulation of advanced glycation end
products (AGEs) which cause severe tissue damage. Also,
OS has been associated with renal anemia, malnutrition,
β2-microglobulin amyloidosis, and cardiovascular disease
(CVD) and is an independent predictor of mortality and
morbidity in this group of patients [1, 2].

2. CKD and OS

There is a growing body of evidence showing that CKD
patients are characterized by enhanced OS, even in early
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stages [3, 4]. OS increases in later stages of CKD and becomes
more severe in end-stage renal disease patients undergoing
maintenance patients [5]. It has been shown that the pres-
ence of OS may cause dramatic modifications in the normal
kidney, similar to those seen in CKD. Oxidant molecules
contribute to progressive kidney damage by promoting renal
ischemia, by inciting glomerular injury, cell death, and
apoptosis, and finally by stimulating a severe inflammatory
process [6, 7]. Moreover, OS is a major contributor to several
conditions which predispose to CKD, such as diabetes,
hypertension, and atherosclerosis promoting indirectly the
progression of renal damage [6]. In kidney failure, accumula-
tion of ROS or reduction in antioxidant systems can be
observed [6]. Specifically, accumulation of ROS, especially
O2

−, leads to NO inactivation and deficiency, which is a
critical antioxidant that protects kidney function by increas-
ing renal blood flow, enhancing pressure natriuresis, regulat-
ing tubuloglomerular function, and preserving fluid and
electrolyte homeostasis. NO deficiency and high levels of
plasma O2

− are considered critical promoters of OS. Several
in vivo studies highlighted that CKD is a state of NO defi-
ciency: hypertensive animal models showed increased levels
of O2

− in the endothelium and kidneys; animals with NO
deficiency developed salt retention, hypertension, albumin-
uria, and glomerulosclerosis; and oral intake of the NO
precursor molecule L-arginine in nephrectomized rats
increased estimated glomerular filtration rates (eGFR) and
improved glomerular function [6, 8, 9]. Chen et al. showed
that plasma levels of O2

− were significantly increased in
maintenance hemodialysis patients compared to healthy
controls [10].

Many studies concluded that NO deficiency due to inac-
tivation by O2

− or reduced renal NO production contributes
to CKD progression [6]. Yilmaz et al. showed that red blood
cells (RBCs) from patients in early stages of CKD (1-2) pres-
ent enhanced OS status compared to healthy subjects [11].
Furthermore, OS markers were strongly inversely associated
with eGFR and were progressively augmented, along with
deterioration of renal function [11]. Similar results were
reported by Terawaki et al. In a cohort of 55 nondialysis
patients with various degrees of kidney function (mean eGFR
50mL/min), plasma levels of oxidized albumin were aug-
mented progressively along with CKD deterioration [12].
In a multivariate regression model, the plasma concentra-
tion of oxidized albumin was independently and strongly
inversely correlated with eGFR. In another, cross-sectional
study OS biomarkers such as plasma levels of 8-isoprostanes
and serum total antioxidant capacity (TAC) increased gradu-
ally along with deterioration of renal function in patients with
CKD stages 1–4 and eGFR was a strong and independent
predictor of 8-isoprostanes levels, after adjustment for several
confounding factors [13]. However, these results are not in
line with the findings by Oberg et al. who reported no corre-
lation between F2-isoprostane levels and eGFR in a cohort of
60 patients with moderate-to-advanced CKD (stages 3–5).
The relatively small number of subjects and the distribution
in each stage (60% were in stages 4-5) could be identified as
a serious limitation of the latter study [14]. Another prospec-
tive cohort study assessed changes of several markers of OS

and inflammation prior and post renal transplantation in 19
patients. Plasma levels of C-reactive protein (CRP), tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6), F2-isopros-
tanes, and protein carbonyls were significantly elevated
compared to healthy controls before transplantation and
were dramatically decreased after renal transplantation.
Therefore, the authors suggested that restoration of kidney
function by renal transplantation could play a beneficial role
in the suppression of chronic inflammation and OS due to
ESRD and maintenance renal replacement therapy [15].

OS accompanies CKD even in the early stages, progresses
along with deterioration of kidney function, and becomes
more severe in ESRD. OS, CKD, and inflammation are tightly
interrelated and may lead to further CKD progression.

3. Hemodialysis and OS

Altered dietary restrictions and preferences may exaggerate
the depletion of antioxidant defense mechanisms, such as
low levels of vitamins C and E (mainly because of dietary
restrictions of vegetables and fruits, malnutrition, and loss
of vitamins during HD procedure), reduced selenium levels,
and reduced function of the GSH-scavenging mechanism
[16, 17]. Moreover, several factors accelerating prooxidant
activity in this group of patients have been demonstrated,
including the chronic excessive inflammatory status of
CKD, the uremic environment, other commonly encoun-
tered characteristics of HD patients (such as hypertension,
diabetes, obesity, dyslipidemia, advanced age, and enhanced
vascular calcification), and factors related to the HD proce-
dure per se [1].

There is a growing body of evidence suggesting that HD
is characterized by excessive OS status, which results from
loss of antioxidants during dialysis procedures and accumu-
lation of oxidative products (Table 1). Chen et al. suggested
that the HD procedure promotes the formation of O2

−, a
powerful prooxidant reactive oxygen molecule [10], and
another study showed a direct increase in ROS plasma levels
after each HD session [18]. During HD, blood exposure to
dialyzer membranes and dialysate trigger activation of
complement factors, platelets and polymorphonuclear white
blood cells (PMNs), and subsequently ROS production,
within minutes after initiation of HD sessions [16, 18–24].
PMN stimulation was reported as a significant OS biomarker
that is progressively increased along with the stages of CKD
and is more pronounced in HD [25]. Maher et al. reported
that within 30 minutes of HD initiation, lipid peroxidation
products increase and hypothesized that complement factor
activation or production of free fatty acids induced by hepa-
rin might be the pathophysiologic mechanisms underlying
these effects [19]. Loughrey et al. recruited 15 patients on
regular HD and 15 ESRD patients with eGFR< 15ml/min
that were managed with supportive care without renal
replacement therapy. Compared to the ESRD group, HD
patients presented significantly higher levels of lipid peroxi-
dation markers (MDA) and reduced plasma concentrations
of antioxidants (vitamin C, GSH-Px, and selenium), indicat-
ing that OS is further exacerbated by the HD procedure
[24]. Furthermore, Nguyen-Khoa showed that the duration
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of HD treatments is a significant independent factor of OS
[26]. This observation may be counterintuitive, given that
prolonged dialysis session, such as extended overnight,
reveals beneficial outcomes.

HD patients are characterized by increased inflammation
and lipid peroxidation [27]. The HD process promotes the
formation and accumulation of oxidative products through
activation of platelets, complement, and PMNs. After HD,
serum ROS were 14 times higher than before the start of
the HD session in a cohort of 80 chronic stable maintenance
HD patients [28]. Two studies showed that ROS plasma
levels were significantly increased in HD patients compared
to healthy controls [29, 30]. To explain this finding, Granata
et al. suggested that dysfunction of the mitochondrial respi-
ratory system, which is prominent in CKD patients and fur-
ther impaired in HD patients, might be the cause of ROS
generation [30]. Handelman et al. showed that plasma levels
of F2-isoprostanes were significantly higher in HD patients
than in controls with normal renal function. Moreover, F2-
isoprostanes were strongly associated with CRP values in
the HD group, suggesting thus a tight link between OS and
inflammation in patients undergoing maintenance HD [31].

4. Modifiable Factors Aggravating OS in
HD Patients

4.1. Not Dialysis-Related (Lifestyle) Factors. In CKD and HD
patients, lifestyle and dietary habits play a crucial role on OS

status, independently from renal failure and HD-related
oxidative burst.

4.1.1. Diet. In a study by Bergesio et al., patients with
advanced CKD on vegan diet not only had better lipid profile
parameters but also had decreased OS and inflammation
status compared to patients with the same level of renal
function on conventional diet. The authors concluded that
vegan diet might have a beneficial protective role against
CV events in this particular group of patients [32]. Several
studies showed that Mediterranean diet has a significant
protective effect on lipid profile, inflammation, and lipid
peroxidation in patients with advanced CKD, while dietary
glycemic load triggered the activation of inflammatory and
OS mediators in HD patients [33, 34]. A recent meta-
analysis of several cohort studies showed that in CKD
patients—especially ESRD undergoing HD—healthy dietary
interventions, including Mediterranean, vegan, low carbohy-
drate diets, may have a beneficial effect on quality of life,
blood pressure, and lipid profile but their impact on OS, mor-
tality, and CV events is yet uncertain [35, 36]. Moreover, oral
supplementation of fermentable dietary fiber, flaxseed, or vir-
gin argan oil improved oxidative and systemic inflammation
status in HD patients [37–40]. Therefore, healthy dietary
interventions that include a balanced Mediterranean, low-
carbohydrate diet with supplementation of fibers and virgin
oil might be suitable for HD patients, since it showed prom-
ising and protective results against OS and inflammation. In
this group of patients, larger cohort studies are required to

Table 1: Effect of HD session on OS.

Study (ref.) Year OS biomarker Patients Results

Data regarding effect of HD on OS

Sela et al. [25] 2005
MPO activity in PMNLs

SOD release rate in PMNLs

30 CKD (stages 2–5)
30 CAPD
30 HD

30 healthy controls

HD>CAPD>CKD> controls

Maher et al. [19] 1987 Free radicals
51 HD

33 healthy controls

Baseline: same HD= control
After 15′ of HD: ↑

After 30′ of HD: peak

Descamps-Latscha et al. [20] 1991
Complement activation and

stimulation of PMNLs
20 HD After 15′ of HD: ↑, peak

Himmelfarb et al. [21] 1993 ROS 10 HD
After 15′ of HD: ↑ (×6.5 times)

After 30′ of HD: peak

Yang et al. [28] 2006
ROS

Plasma vitamin C level
80 HD After HD: ↑ (×14 times)

Clermont et al. [22] 2001
Plasma vitamin C level ascorbyl
free radical/vitamin C ratio

PMNL activation
16 HD After HD: ↑↑

Chen et al. [10] 1998
SOD
MPO

104 HD
98 healthy controls

Baseline: HD> control
After HD: HD>>> control

Nguyen et al. [18] 1985 ROS
35 HD

44 healthy controls

Baseline: HD< control
After 15′ of HD: ↑ HD>> control

End of HD: ↓ HD< control
CKD: chronic kidney disease; HD: hemodialysis; OS: oxidative stress; MDA: malondialdehyde; ADMA: asymmetric dimethylarginine; SOD: superoxide
dismutase; Zn: zinc; Cu: copper; Se: selenium; GSH-Px: glutathione peroxidase; TAS: total antioxidant status; ESRD: end-stage renal disease; CAPD:
continuous ambulatory peritoneal dialysis; MPO: myeloperoxidase; PMNL: polymorphonuclear neutrophil; ROS: reactive oxygen species.
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investigate the direct effects of healthy eating patterns on OS
and clinical outcomes in HD patients.

4.1.2. Smoking. There are numerous studies supporting that
cigarette smoking causes an increase of blood neutrophils
and generates OS and inflammation in the general popula-
tion [41]. Moreover, it was repeatedly shown that tobacco
smoking has an additive and negative effect on serum lipid
peroxidation products, as well as oxidative injury mediated
by ROS in HD patients and patients with overt nephropathy
[42, 43]. Due to the decreased serum levels of antioxidants
such as vitamin C or total glutathione that are common in
smokers [44, 45], smoking HD patients are more prone to
oxidative tissue injury than nonsmoking HD subjects or even
healthy individuals [26, 42, 46]. Smoking was significantly
and negatively correlated with serum levels of the antioxidant
total GSH in a cohort of chronic HD patients [45]. In con-
clusion, OS is tremendously enhanced by tobacco smoking,
independently of dialysis modality, providing another rea-
son for which smoking cessation is strongly recommended
in HD patients.

4.1.3. Uric Acid. During the past decades, uric acid is becom-
ing a novel and interesting player involved in CKD and OS.
Data from epidemiological studies suggest a strong associa-
tion between hyperuricemia and hypertension, CV events,
progression of CKD, and mortality, where OS plays a key role
[47]. Furthermore, allopurinol—an inhibitor of xanthine
oxidase that lowers plasma uric acid levels—was shown
to act as an antioxidant in general population and CKD
patients [48–50]. Regarding the possible association between
hyperuricemia, OS, and poor outcomes in HD patients, the
evidence is still debatable. Reducing serum uric acid levels
after allopurinol administration in HD patients with meta-
bolic syndrome resulted in significant improvement of lipid
parameters and therefore might protect from future CV risk
[51]. A recent study on a large cohort of 27,229 HD subjects
showed that low and not high serum uric acid levels pre-
dicted all-cause and CV mortality [52]. In conclusion, the
data regarding the association of hyperuricemia with OS
and hard CV endpoints in HD patients is contraindicatory
and scarce. Therefore, no strong recommendations regard-
ing the lowering of uric acid in this group of patients can
be made.

4.1.4. Sodium and Fluid Overload. Increased sodium intake
has been tightly linked with excessive OS and endothelial
damage in both animal models and human studies acting
through the pathway of ROS, SOD, NADPH, and NO
[53–55]. In HD patients, high sodium intake and subse-
quent excessive fluid retention between HD sessions were
significant independent predictors of all-cause and CV
mortality [56], while low sodium diet was associated with
prolonged survival [57, 58] and lower degree of left ven-
tricular hypertrophy [59]. Furthermore, reduction of dialy-
sate sodium from 140 to 137mEq/L was accompanied by
significant improvement of endothelial damage, hemody-
namics, and OS status [60, 61]. In conclusion, high dietary
salt intake and subsequent fluid retention in HD patients

are associated with OS, endothelial injury, and poor out-
comes. Therefore, strict volume control and low-salt diet
are mandatory in this group of patients.

4.2. Dialysis-Related Factors. It has been reported that OS in
HD patients is complicated by several factors, the most stud-
ied are type of dialyzer, type and dosage of heparin, medica-
tions administered, HD solution, presence of central venous
catheter, and duration of HD treatment.

4.2.1. Type of Dialyzer Membranes. Several investigators have
reported that the type of dialysis membrane used in HD
patients may play a significant role in OS production.
Dasgupta et al. found that the use of the polysulphone dia-
lyzer was accompanied by lower levels of lipid peroxidation
products, compared to cuprophane [62]. Another study
reported that compared with cuprophane, regenerated cellu-
lose membrane was associated with lower production of OS
markers [63]. These effects of the two types of membranes
on OS production have been attributed to increased H202
production and water generation, caused by regenerated
cellulose membranes, through catalase and GPx activities.
In agreement with these findings, other investigators have
shown that patients undergoing HD with cuprophane mem-
branes exhibit significantly higher levels of ROS in mono-
cytes and PMNs, when compared to those who dialyze with
synthetic polysulphone membranes [20, 64]. Besides ROS
production, several investigators studied the impact of differ-
ent HD membranes on lipid peroxidation. Sevillano et al.
found that HD with cuprophane membrane caused an
increase in red blood cell MDA concentrations whereas the
levels decreased during a HD session with the cellulose-
acetate membrane [65]. Kosch et al. conducted a randomized,
single-blind, crossover study todetermine the impact of differ-
ent HD membranes on OS and endothelial dysfunction.
Twelve stableMHDpatientswere randomized toeither cupro-
phane or polysulphone membrane dialysis. Flow-mediated
dilatation of brachial artery and plasma levels of alpha-
tocopherol (AT) and ox-LDL were assessed pre- and postdia-
lysis. In contrast to polysulphone, HD with cuprophane was
accompanied by a significant reduction in both brachial artery
flow-mediated dilatation andAT serum levels, suggesting that
the typeofHDmembrane is a significantdeterminant of endo-
thelial dysfunction andOS.However, ox-LDL levels remained
unaffected by either treatment [66]. On the contrary, some
investigators found no difference in the effects of dialysis with
cuprophane versus dialysis with polysulphonemembranes on
ROSproduction [67],while others reported that polysulphone
induced an OS lower than cuprophane [63]. Another study
compared cellulose membranes coated with the antioxidant
vitamin E and polysulphone membranes. The cellulose-
diacetate membranes resulted in increased OS-induced DNA
damage in leukocytes compared to polysulphonemembranes,
whereas DNA damage was approximately the same for vita-
min E and polysulphone dialyzers [68]. Similarly, polysul-
phone membranes resulted in higher plasma levels of MDA
and reduced GSH-Px activity and selenium plasma levels,
compared with modified cellulose (hemophan) membrane in
maintenance HD patients [69]. Another study showed that
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regenerated cellulose HD dialyzers caused a significant
increase of serumMPO, AOPP, and 8-hydroxy-2′-deoxygua-
nosine (8-OHdG) levels, compared with polysulphone mem-
branes in a cohort of maintenance HD patients. The authors
reached the conclusion that the biocompatibility of the HD
membrane has critical effects on the development of HD-
derived OS [70]. Dialysis with cuprophane dialyzer resulted
in greater increase of MDA and a more severe decrease
of antioxidants (vitamin E, catalase) compared to HD with
polysulphone membrane [71]. However, studies examining
end-points such as overall survival and major cardiovascu-
lar events have not been performed in dependency of the
abovementioned different dialysis membranes.

Thus, the type of dialyzer membrane used in HD is a sig-
nificant determinant of OS status and may play a role in the
development of endothelial dysfunction. Although several
investigators studied the effects of different dialyzermembrane
types on OS production, the results remain contradictory.

4.2.2. Anticoagulation. Artificial surfaces contacted by blood
components in HD procedures trigger activation of platelets
and PMN, which release several bioactive molecules, includ-
ing MPO. MPO favors the generation of ROS, leading thus to
irreversible oxidation of DNA and proteins and modification
of carbohydrates and lipids. During this chain reaction, there
is a significant increase in accumulation, adhesion, and
degranulation of PMN cells. Accumulation and adhesion of
PMNs are the early key steps for complement activation,
and PMN degranulation seems to be a continuous process,
independent of the complement activation pathway. How-
ever, the degranulation process is highly linked with the pres-
ence of divalent calcium cations. While the effect of the type
of dialyzer on OS status in HD patients has been thoroughly
studied, there is limited data on the impact of anticoagulation
on the development of OS and specifically the activation of
PMNs. Bos et al. were the first to investigate the effect of cit-
rate administration as alternative anticoagulation and substi-
tute of heparin in HD on OS granule products (MPO and
lactoferrin) and PMN degranulation. Heparin and citrate
administration were compared in 10 stable patients undergo-
ing maintenance HD with cellulose-triacetate membranes.
Citrate abrogated MPO release to a significant degree,
whereas lactoferrin release was abolished in a lesser degree.
Citrate’s effect was mainly explained due to its impact on cal-
cium divalent cations. The authors also reported that degran-
ulation started at the beginning of HD procedures and was
not associated with complement activation or neutropenia
[72]. Sela et al. explored the effect of heparin on OS induced
during HD in 22 stable maintenance HD patients. All
patients received HD treatment with and without heparin
and both pre- and postdialysis plasma levels of oxidized glu-
tathione (GSSG) and superoxide release rate from activated
neutrophils were measured. Heparin administration resulted
in less superoxide release and reduced plasma levels of GSSG.
These results indicate that heparin may suppress the OS
derived by the HD process [73]. Another randomized cross-
over trial compared the effect of heparin, citrate, and dalte-
parin on OS and PMN degranulation in 8 maintenance HD
patients and showed that degranulation of PMN and platelets

are taking place early on and are highly dependent on diva-
lent calcium cations. HD with heparin and dalteparin was
accompanied with severe degranulation immediately after
the start of HD, and citrate completely abolished the release
of MPO and platelet factor 4, that are well-known granule
molecules. Furthermore, after 7 days of citrate administra-
tion, plasma levels of ox-LDL were significantly decreased
compared to HD with heparin and dalteparin [74].

4.2.3. Ultrapure Dialysate. Besides dialyzer bioincompatibil-
ity, it is widely accepted that white blood cell and platelet
activation leading to oxidative response are significantly
enhanced by microbial contaminants of HD fluid. Even slight
amounts of dialysate contamination undermine the biocom-
patibility of HD treatment and may aggravate HD-derived
amyloidosis, inflammation, atherosclerosis, and subsequent
accumulation of oxidative products [75, 76]. There is a grow-
ing body of evidence that the use of ultrapure dialysate in HD
patients reduces serum levels of inflammatory mediators, β2-
microglobulin, carbonyl, and OS biomarkers and improves
anemia status [77–83]. Multiple hit theory, including blood
exposure to dialyzer membranes and dialysate, endotoxin
amplification, administration of intravenous anticoagulation,
and finally loss of antioxidants, provides currently the best
explanation concerning the oxidative burst during HD ses-
sions, explaining thus, at least partially, the discrepancies
between different studies.

4.2.4. Anemia—Erythropoietin and i.v. Iron Administration.
In ESRD patients under HD, anemia and OS are interrelated
factors associated with poor outcomes. However, their rela-
tionship is still not clear. Renal anemia has been shown to
trigger accumulation of oxidative products in HD patients,
while correction of anemia may improve OS status [46]. Sev-
eral observational studies highlighted that increased lipid
peroxidation status might be associated with renal anemia
severity in chronic HD patients [84–86]. Improvement of
anemia by erythropoietin (ESA) has been accompanied by
significant inhibition of the oxidation process, suggesting
that anemia itself might aggravate OS [84, 87]. Both ESA
and intravenous iron administration are involved in the oxi-
dative response. Several studies supported the antioxidant
effects of ESA treatment [84, 87–89], while others found no
positive impact of ESA on OS status [90].

Iron metabolism is a major contributor to excessive OS in
HD patients. It has been repeatedly reported that intravenous
(i.v.) administration of iron sucrose causes excessive produc-
tion of OS [91, 92] both in vitro (cell cultures) and in vivo
[31]. Intravenous iron infusion in patients with advanced
CKD (stages 3 and 4) has been shown to cause OS very rap-
idly and independently of transferrin saturation. Within 15
to 30 minutes after iron administration, plasma and urine
levels of MDA were significantly increased. Administration
of NAC (N-acetylcysteine) reduced significantly OS produc-
tion, but did not show any protective effect on proteinuria
and renal tubular damage [91]. Similarly, intravenous iron
sucrose in maintenance HD patients was accompanied by a
significant increase in free iron, total peroxide, and biological
markers of lipid peroxidation, which accumulated almost
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immediately after the start of iron administration and
reached maximum levels in 30 minutes [93]. In agreement
with these studies, Muller et al. found that patients receiving
i.v. iron during HD session presented significantly increased
production of plasma MDA and specific OS-induced DNA
damage, 30 minutes after the start of iron infusion [68].
Tovbin et al. sought to determine the effect of i.v. iron on pro-
tein oxidation and inflammation in HD patients. Intravenous
administration of 100mg of iron after 3.5 hours of high-flux
HD caused a 37% elevation in protein oxidation, as assessed
by AOPP levels [94]. Furthermore, in maintenance HD
patients treated with intravenous iron, formation and accu-
mulation of ox-LDL have been shown to be closely associated
with iron load and enhanced erythrocyte lipid peroxidation
[95]. In contrast, another study found no association between
plasma levels of several OS biomarkers (GPx, SOD, TAC,
vitamin C, and MDA) and ferritin levels, transferrin satura-
tion values, and intravenous iron administration in 34
chronic HD patients receiving erythropoiesis-stimulating
agent (ESA) treatment [96]. These results ignited the devel-
opment of less “toxic” and “aggressive” iron preparations,
which are applied as glycosylated complexes through i.v.
lines, promoting biocompatibility and bioavailability studies
[97]. The way of intravenous administration of iron com-
pounds in a HD session affects directly the oxidative state.
Rapid or bolus intravenous administration aggravates OS in
HD patients mainly due to oversaturation of transferrin
and prolonged duration of iron overload [98, 99]. On the
contrary, slow i.v. iron infusion may eliminate these effects,
since the native antioxidant system has more time to respond
to the gradual accumulation of oxidative products [100]. In
agreement with this theory, Malindretos et al. reported that
slow i.v. intradialytic administration of iron sucrose or iron
dextran did not trigger an oxidative or inflammatory
response [101]. Moreover, administration of the antioxidant
NAC significantly reduced the OS that was caused by intrave-
nous iron therapy during a HD session [102], and therefore,
it might be used as an antioxidant “shield” whenever i.v. iron
infusion is necessary. Although it is widely accepted that i.v.
iron is strongly linked with oxidative response during HD
sessions, the lack of evidence to support a direct relationship
between i.v. iron and poor clinical outcomes and the undis-
puted beneficial role of renal anemia correction on OS,
inflammation, and survival leads to a strong recommenda-
tion for cautious and properly prescribed iron treatment for
anemia management in HD patients.

4.2.5. HD Modality—Hemodiafiltration. Compared with
standard hemodialysis, treatment with hemodiafiltration in
patients undergoing maintenance HD has a significant posi-
tive effect on OS markers and inflammation status and there-
fore may play a protective role against atherosclerosis and
CVD [103]. The beneficial protective effects of HDF against
OS are due to several factors: the ultrapure dialysate, the
biocompatible membranes, the hemodynamic stability and
the better anemia control of the patients, and the improved
clearance of middle and large molecular weight uremic
molecules such as inflammatory cytokines, homocysteine
and polyamines, and β2-microglobulin [103–106]. After a

6-month period of standard HD, Filiopoulos et al. treated 9
stable patients with postdilution hemodiafiltration for a
period of 9 months and showed that at the end of the study,
therewas a significant increase ofTACanda significant reduc-
tion of OS markers, such as SOD and ROS. Furthermore,
hemodiafiltration suppressed inflammation, as assessed by
high sensitive CRP (hs-CRP) and IL-6 [107].

4.3. Dialysis Access. It has been suggested that extended use of
central venous catheters for vascular access might be a signif-
icant prooxidative factor that favors development of inflam-
mation and atherogenesis [108], while Weiss et al. found an
increased expression of OS biomarkers and hyperplasia
factors in failed arteriovenous fistulae and grafts [109]. It
may be concluded that besides the HD process itself, several
conditions that are common in ESRD are involved in the
pathogenesis of OS in end-stage renal disease patients.

5. Residual Renal Function and OS

Impaired residual renal function (RRF) in ESRD patients was
associated with high inflammatory activity. Moreover, eGFR
was a significant independent determinant of increased
inflammatory state in ESRD patients close to the initiation
of renal replacement [110]. Preserved residual kidney
function was linked with decreased plasma levels of lipid
peroxidation products and other markers of carbonyl and
OS in ESRD patients undergoing PD [111]. The authors
hypothesized that this relation might be a possible explana-
tion for the prolonged survival of PD patients with preserved
RRF [112]. Although the possible association of several HD-
related factors with OS have been thoroughly studied, the
role of RRF regarding OS status has not yet been elucidated.
Future studies are needed in order to clarify this topic.

6. Diabetes and OS

OS has been suggested to play a key role in the progression of
micro-/macrovascular complications of diabetes mellitus
(DM). DM and CKD share common underlying pathoge-
netic processes which lead to accumulation of free radical
products. The high glucose environment in DM triggers
protein glycation and oxidation [113]. The glycated proteins
are further modified and oxidized and release free radical
products, the advanced glycation end products (AGEs)
[114]. AGE plasma levels are significantly elevated in ESRD
patients and favor OS in these patients [108]. Moreover, OS-
induced accumulation of AGEs is increased in HD patients,
independent from blood glucose concentrations [115].

Giugliano et al. suggested that the production and accu-
mulation of ROS in DM is the pathogenic pathway linking
impaired glucose metabolism with tissue damage and there-
fore may lead to DM-derived vascular complications [116].
Specifically, when endothelial cells are exposed to excessive
glucose levels, they are modified and produce O2

−, which
inactivates NO, a well-known endothelium-relaxing factor
that regulates homeostasis of the vasculature, leading thus
to early, subclinical atherosclerosis. Moreover, increased
plasma levels of triglycerides have been reported as common
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features in DM and CKD leading to accelerated free radical
production [117]. Ceriello et al. [118] suggested that the
impaired glycemic environment caused by high glycosylated
hemoglobin increases superoxide anion generation and sub-
sequently alters NO activity in diabetes. Dursun et al. [119]
sought to investigate the effects of HD and diabetes on OS
and found that both, diabetes and ESRD, induce oxidative
activity. Furthermore, both conditions combined yielded
synergic deleterious effects with the highest OS status, as
observed in diabetics under maintenance HD. Ceriello
et al. hypothesized that OS is the common pathogenic
pathway linking insulin resistance with structural and
functional modifications in endothelial and beta cells and
subsequently leading to accelerated atherosclerosis, CVD,
and DM [120]. The inter-relationship between AGEs, OS,
and CVDwas highlighted in a study of 225 HD patients: lipid
peroxidation and glycoxidation were strongly associated with
accelerated coronary vascular calcification in maintenance
HD patients [121].

7. CVD and OS

There is a growing body of evidence that OS along with
inflammation are key elements in the development and
progression of vascular calcification, all-cause, and CVD
mortality in patients with renal failure [108, 122, 123]. The
first step of vascular calcification is the development of endo-
thelial dysfunction. Ghiadoni et al. investigated the possible
relationship between OS, CKD severity, and endothelial
dysfunction in 40 CKD patients stages 3–5, 20 maintenance
HD patients, and 20 healthy controls and found that flow-
mediated dilatation of brachial artery was significantly
reduced in CKD patients compared to controls and was fur-
ther decreased in the HD group. Moreover, flow-mediated
dilatation was significantly and positively related to eGFR.
After oral administration of 2 g vitamin C in HD patients,
flow-mediated dilatation of brachial artery was significantly
elevated and OS biomarkers were reduced and therefore the
authors suggested that OS and endothelial dysfunction are
tightly associated in advanced CKD [124]. HD itself has been
shown to trigger the accumulation of numerous oxidative
factors and therefore contributes to the development of
endothelial dysfunction and CVD [108], while proathero-
genic molecules such as vascular endothelial growth factor
and the OSmarker Cu/Zn SODwere strongly associated with
duration of HD treatment [125]. Similarly, duration of HD
(in years) tended to be positively associated with coronary
artery calcification score (CAC) in a cohort of 225 mainte-
nance HD patients. In a multivariable model, lipid peroxides
were strong predictors of CAC, independently of several
traditional risk factors for atherosclerosis [121].

Although several investigators tried to explore the strong
linkage between OS and progression of atherosclerosis, the
exact pathophysiologic mechanisms are yet unclear. It has
been reported that OS results in decrease in NO availability
and subsequently causes endothelial dysfunction [126]. This
affects directly the vascular tone. LDL cholesterol enters into
the intima layer, where it undergoes an oxidization process
and is converted into ox-LDL, a profoundly atherogenic

molecule that favors the development and progression of
vascular inflammation [123]. Oxidation of LDL cholesterol
results in the release of MDA, a short-chain aldehyde that
stimulates the expression of white blood cell adhesion and
other inflammation molecules which accumulate into the
subendothelial area. Tissue macrophages take up the oxi-
dized LDL molecules in the arterial wall and form foamy
cells, a key first step in the development of atherosclerosis
[123]. Due to these qualitative changes in LDL, high levels
of ox-LDL and increased titers of antioxidized LDL antibod-
ies [127], along with increased concentrations of lipid perox-
idation markers such as MDA [128] have been found in HD
patients. Morena et al. showed that high density lipoprotein
(HDL cholesterol) loses the protective ability to abrogate
the LDL oxidation in HD patients and therefore may be a
promoter of HD-mediated atherosclerosis [129] while
Usberti et al. showed that the degree of CVD was tightly
linked with the severity of lipid peroxidation in maintenance
HD patients [130]. In a cohort of 32 maintenance HD and 39
continuous ambulatory peritoneal dialysis patients, MDA
was negatively correlated with cardiac function—assessed
by ejection fraction—and the antioxidant SOD was signifi-
cantly negatively associated with systolic and diastolic blood
pressure, suggesting thus that HD-induced OS may play a
role in the development of left ventricular hypertrophy [131].

The primary endogenous inhibitor of NO synthase that is
involved in endothelial dysfunction is asymmetric dimethy-
larginine (ADMA) which is increased in ESRD, possibly
due to its renal secretion. High intracellular ADMA levels
result in significant reduction of NO regeneration and have
been repeatedly linked to endothelial dysfunction and ath-
erosclerotic risk in both the general population and HD
patients [132–134]. OS attenuates the function of the specific
enzyme converting ADMA into citrulline resulting in high
intracellular ADMA levels. As expected, ADMA was
negatively associated with eGFR, ranking as the third risk-
predicting factor after proteinuria and hemoglobin in a
cohort of 131 patients with mild to severe CKD (eGFR 8 to
77ml/min/1.73m2), [135]. Moreover, plasma levels of
ADMA have been found to be six times higher in HD
patients compared to healthy controls [136] and five times
higher in peritoneal dialysis patients than in healthy subjects
[137]. Another study showed that plasma ADMA levels were
higher only in HD and renal transplant recipients compared
to healthy controls and not in patients with early and
advanced stages of CKD [132]. Numerous studies showed
the strong link between ADMA levels and early atherosclero-
sis and CVD complications in HD patients. Zoccali et al.
showed that ADMA levels are strong predictors of cIMT
(carotid intima-media thickness) and atherosclerosis pro-
gression, independently of several well-established CVD risk
factors in ESRD patients [134]. Yilmaz et al. demonstrated
that ADMA plasma levels were inversely correlated with
eGFR and were independent, strong predictors of endothelial
dysfunction in patients with CKD stages 1–5 [11]. Another
study reported that increased plasma levels of ADMA are
tightly linked with left ventricular hypertrophy in a cohort
of 198 stable maintenance HD patients [138]. Plasma con-
centration of ADMAwas also a strong independent predictor
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of cardiovascular events, all-cause, and cardiovascular mor-
tality in a cohort of 225 ESRD patients [135, 139]. Moreover,
in mild-to-severe CKD, ADMA plasma levels predicted pro-
gression to HD and all-cause mortality independent of sev-
eral traditional risk factors including eGFR, hemoglobin,
proteinuria, and serum CRP [135]. Therefore, there is a
growing body of evidence suggesting that ADMA might be
a novel risk factor for mortality and cardiovascular events
in HD patients [135, 139, 140].

Besides lipid peroxidation, ADMA, and MDA, several
other biomarkers of OS have been linked with development
of atherosclerosis in dialysis patients. Chronic accumulation
of advanced oxidation protein products (AOPPs) have been
associated with high values of cIMT [141] and CVD [142].
More interestingly, Liu et al. reported a strong causal rela-
tionship between elevated plasma AOPP levels, inflamma-
tion, and atherosclerosis in animal models [143]. Dursun
et al. reported that in HD patients, OS status assessed by high
levels of oxidative markers (plasma TBARS) and low levels of
antioxidants (catalase and plasma sulfhydryl activity) was a
strong and significant independent predictor of cIMT
[144]. OS-mediated DNA damage was also reported as a
significant independent predictor of all-cause mortality in a
cohort of 220 stable maintenance HD patients, potentially
due to its effect on vascular calcification [145].

OS is tightly associated with the development and
progression of atherosclerosis in CKD and HD patients. A
biomarker of OS, ADMA is an inhibitor of NO synthase.
ADMA is a strong predictor of atherosclerosis, mortality,
and major adverse cardiac events in CKD and HD patients.

8. Inflammation and OS

Both enhanced OS and inflammation status are well-known
interrelated factors in ESRD with common underlying
mechanisms including endothelial dysfunction and common
complications, such as CVD and death. It has been hypothe-
sized by several investigators that OS causes inflammation,
and on the other hand, chronic inflammation might also
stimulate an oxidative response. The inflammatory status
and HD duration were reported as determinants of OS in sta-
ble maintenance HD patients [26, 31], and F2-isoprostanes,
well-known markers of OS, were strongly and independently
associated with CRP in HD patients. Moreover, it has been
shown that acute phase proteins were significantly associated
with OS status in ESRD patients [146]. The exact pathophys-
iologic mechanisms underlying the link between OS, inflam-
mation, and endothelial dysfunction in ESRD patients are yet
unclear, although activation of neutrophils, myeloperoxidase
secretion, and dysregulation of the NO system have been
hypothesized as players linking these disorders [147, 148].

9. Hypoalbuminemia, β2-Amyloid Arthropathy,
and Sleep Disorders

Several studies have shown that low serum albumin levels
reflect poor nutritional status and are strong predictors of
all-cause and CVD mortality in maintenance HD patients
[149]. Danielski et al. investigated the possible association

between hypoalbuminemia, chronic inflammation, and OS
biomarkers in a cohort of patients undergoing HD. Plasma
levels of IL-6, CRP, protein carbonyl formation, and protein
thiol oxidation were significantly increased in severely hypo-
albuminemic HD patients compared to normoalbuminemic.
Therefore, the authors proposed that the combined additive
effect of hypoalbuminemia, OS, and inflammation might
result in increased CVD morbidity and mortality in mainte-
nance HD patients [150]. Chronic accumulation of oxidative
products leads to β2-microglobulin amyloid arthropathy.
Enhanced OS and accumulation of AGEs in DM and ESRD
is a key factor for the formation of amyloid fibrils [115]. OS
has been associated with sleep disorders in HD patients. A
recent study in 37 patients undergoing HD reported that
severe sleep apnea syndrome is associated with accelerated
OS status reflected by increased plasma levels of MPO and
ox-LDL [151]. Chen et al. reported that improvement of
sleep quality, anxiety, and fatigue in HD patients was accom-
panied by a significant reduction in inflammation and OS
markers [152].

10. Antioxidants and OS in CKD and HD

The HD procedure per se is characterized by a significant
depletion of antioxidants. Bayes et al. found reduced serum
levels of vitamin E in HD patients [27]. Morena et al. found
that patients undergoing chronic hemodiafiltration had
significantly lower plasma levels of vitamin C, compared to
healthy controls. Serum concentration of vitamin E did not
differ significantly among these groups. Furthermore,
Morena et al. quantified the exact loss of vitamin C during
a hemodiafiltration session and showed that vitamin C
deficiency was associated with increased levels of several oxi-
dants (MDA, AOPP) and reduced activity of the antioxidant
GSH-Px [44]. Therefore, it has been speculated that the
administration of antioxidants such as vitamins E and C
might be of benefit in HD patients. In vitro, vitamin E is
the most powerful lipid-soluble antioxidant molecule in cell
membranes. It not only preserves the stability of biological
membranes and protects them from injury induced by ROS
and lipid peroxides but it also modifies the cell reaction to
OS via regulation of signal-transmission molecular pathways
[153]. Moreover, in salt-sensitive hypertensive rats, com-
bined therapy of vitamins E and C ameliorated the accumula-
tion of oxidative products, improved kidney hemodynamics,
and subsequently protected the kidney from further damage
[154]. However, the clinical data regarding the use of oral vita-
min supplements for antioxidant protection in HD remains
controversial and does not preclude vitamin E supplementa-
tion for HD patients (Table 2).

10.1. Vitamin C Supplementation and OS. Several investiga-
tors have reported no effect of oral or intravenous adminis-
tration of vitamin C on various markers of OS (plasma
levels of TBARS and isoprostanes, Cu/Zn activity, and LDL
susceptibility to oxidation), in patients undergoing mainte-
nance HD [155–158]. Fumeron et al. conducted a prospec-
tive, randomized open-label trial to investigate the possible
effects of oral vitamin C administration on inflammation
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Table 2: Effect of antioxidant supplementation on OS in HD patients.

Study (ref.) Patients OS biomarker Antioxidant Study period Result

Vitamin C

Yang et al. [28]
40 on Vit. C
40 controls

ROS i.v. 1 g 4 hours ↓ OS

Ghiadoni et al. [124] 20 on Vit. C

MDA
Lipoperoxides
Ferric-reducing
plasma ability

p.o 2 g 4 hours ↓ OS

Fumeron et al. [159] 33 on Vit. C

Serum carbonyls, RBC
concentrations of

reduced and oxidized
glutathione

p.o 0.25 g ×3/week 8 weeks Same OS

Candan et al. [160]
17 on Vit. C
17 on placebo

MDA
RBC osmotic fragility

p.o 0.25 g 12 weeks ↓ OS

Abdollahzad et al. [161]
21 on Vit. C
21 on placebo

MDA p.o 0.25 g 12 weeks ↓ OS

Eiselt et al. [155]
20 on Fe i.v.

5 on Fe i.v. +Vit. C
TBARS

i.v. continuous
2mg/min

4 weeks ↑ OS

Chan et al. [156]
10 on 250mg p.o

11 on i.v.
F2-isoprostanes p.o/iv 12 weeks Same OS

Ramos et al. [157]
17 on Vit. C
17 on placebo

TBARS
Lipoperoxides

p.o 1 g/d 1 year Same OS

Washio et al. [158] 16 on Vit. C Cu/Zn-SOD p.o 0.2 to 1 g 3 weeks Same OS

Vitamin E

Diepeveen et al. [162]
12 on Vit. E
11 on placebo

Ox-LDL p.o 800 IU/d 12 weeks Same OS

Lu et al. [163]
14 on Vit. E
13 on placebo

Oxidative protein
modifications
Lipoperoxides

p.o 800 IU/d 24 weeks Same OS

Kamgar et al. [164]
20 on multivitamin
(including Vit. E)
17 on placebo

F2-isoprostane
protein carbonyl

p.o 800 IU/d 8 weeks Same OS

O’Byrne et al. [165] 16 on Vit. E Ox-LDL antibodies p.o 800 IU/d 12 weeks Same OS

Sanaka et al. [166]
11 on Vit. E
11 on placebo

PCOOH p.o 500mg/d — Same OS

Smith et al. [167] 11 on Vit. E F2-isoprostanes p.o 400 IU/d 8 weeks Same OS

Antoniadi et al. [168]
27 on Vit. E
20 on placebo

TAS
RBC SOD activity

GSH-Px
p.o 500mg/d 1 year ↑ OS

Inal et al. [170]
36 on EPO (100U/kg)
36 on 50% decreased
EPO dosage +Vit. E

MDA
SOD activity
CAT activity

p.o 300mg/d 12 weeks ↓ OS

Badiou et al. [173] 14 on Vit. E
Cu-induced LDL

oxidation
TBARS

p.o 500mg/d 24 weeks ↓ OS

Galli et al. [174] 7 on Vit. E
GSH

TBARS
NO

p.o 800mg/d 3 weeks ↓ OS

Giray et al. [175] 36 on Vit. E
GSH-Px

SOD + CAT
TBARS

p.o 600mg/d 14 weeks ↓ OS

Domenici et al. [176] 29 on Vit. E 8-OHdG
p.o 300mg/d
×3/week 4 weeks ↓ OS

Ono [177] 30 on Vit. E RBC osmotic fragility p.o 600mg/d 4 weeks ↓ OS
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and OS biomarkers in a cohort of maintenance HD
patients. Oral vitamin C (250mg, thrice weekly) was given
in 33 stable HD patients for two months. Although serum
levels of vitamin C and ascorbate were normalized by oral
supplementation, serum levels of CRP, albumin, carbonyls,
or concentrations of reduced and oxidized glutathione in
RBCs remained unchanged [159]. The investigators pro-
posed the short period of treatment (2 months) and the route
of administration (oral instead of intravenous) as possible
explanations for their findings. In disagreement with the
previous studies, Ghiadoni et al. reported that oral adminis-
tration of 2 g vitamin C reduced OS biomarkers such as
plasma MDA, lipoperoxides, and increased plasma antioxi-
dant capacity (assessed by ferric reducing ability of plasma)
in both HD and CKD stage 3 and 4 patients [124]. Two other
randomized, placebo-controlled studies showed that 250mg/
day oral intake of vitamin C in HD patients reduced plasma
and RBCMDA levels, although one study showed marginally
nonsignificant effects [160, 161], while another study

reported that intravenous administration of vitamin C
during HD sessions significantly decreased HD-mediated
OS in a study of 80 HD patients [28].

10.2. Vitamin E Supplementation and OS. Three randomized
controlled trials showed no positive effect of vitamin E intake
on OS development. Firstly, Diepeveen et al. administered
800 IU/day alpha-tocopherol for 12 weeks in a cohort of 23
HD and 21 PD patients and found that vitamin E did not
alter plasma ox-LDL levels [162]. Secondly, Lu et al. showed
that oral therapy with 800 IU of vitamin E every day for 6
months had no effect on plasma oxidative protein levels in
stable HD patients compared to HD patients that received
placebo [163]. Similarly, Kamgar et al. reported that after 8
weeks of daily oral treatment with a combination of vitamins
(250mg vitamin C, 800 IU vitamin E, 100mg vitamin B6,
250μg vitamin B12, and 10mg folic acid), the plasma levels
of protein carbonyls, F2-isoprostanes, IL-6, and CRP
remained unchanged and suggested that oral antioxidant

Table 2: Continued.

Study (ref.) Patients OS biomarker Antioxidant Study period Result

Cristol et al. [178]
7 on ESA+Vit. E

30 control

MDA
RBC SOD
RBS GSH
RBC Vit. E

p.o 500mg/d 24 weeks
↓ OS
↑ Hb

Nemeth et al. [179]
10 children on ESA for
2 weeks, then ESA+
Vit. E for 2 weeks

GSSG/GSH p.o 15mg/kg/d 4 weeks
↓ OS
↑ Hb

Uzum et al. [180]
19 on Vit. E
15 controls

MDA
RBC osmotic fragility

p.o 300mg/d 20 weeks ↓ OS

Hodkova et al. [181] 7 on i.v. iron +Vit. E
AOPPs

PMNLs burst
p.o 200mg/d 7 days Same OS

NAC

Swarnalatha et al. [102]
14 on NAC
14 on placebo

MDA
p.o 600mg ×2/day
Prior to i.v. iron

10 days ↓ OS

Garcia-Fernandez et al. [191]

10 iron 50
10 iron 50 +NAC

10 iron 100
10 iron 100 +NAC

MDA
i.v. 2 g

Prior to i.v. iron
10 days ↓ OS

Trimarchi et al. [188]
12 on NAC
12 control

MDA p.o 600mg ×2/day 30 days ↓ OS

Witko-Sarsat et al. [189]

16 HD
Cells incubated

with NAC
(in vitro study)

Serum albumin AOPPs 2mg/mL 30′ ↓ OS

Thaha et al. [190]
20 on NAC
20 on placebo

ADMA i.v. 5 g 4 hours ↓ OS

Statins

Diepeveen et al. [162]
12 on atorvastatin
11 on placebo

Ox-LDL p.o 40mg/d 12 weeks ↓ OS 30–43%

Ando et al. [192]
11 on EPA

11 on placebo
Ox-LDL p.o 1.8 g/d 12 weeks ↓ OS 38%

Nishikawa et al. [193] 38 on simvastatin MDA p.o 5mg/d 24 weeks ↓ OS

RBC: red blood cell; TBARS: thiobarbituric acid-reactive substances; Ox-LDL: oxidized low-density lipoprotein; PCOOH: phosphatidylcholine hydroperoxide;
EPO: erythropoietin; CAT: catalase; NO: nitric oxide; 8-OHdG: 8-hydroxy 2′-deoxyguanosine; AOPPs: advanced oxidation protein products; GSSG: oxidized
glutathione; EPA: eicosapentaenoic acid.

10 Oxidative Medicine and Cellular Longevity



multivitamin therapy does not improve OS, inflammatory,
nutritional, and erythropoiesis status in maintenance HD
patients [164]. In agreement, three open-label studies per-
formed with small numbers of HD patients with and without
DM2 failed to show any beneficial effect of oral vitamin E
intake on plasma levels of isoprostanes, autoantibodies
against ox-LDL and phosphatidylcholine hydroperoxide
(PCOOH), [165–167]. One study in a relatively small cohort
of subjects showed that prolonged (for one-year period),
daily oral supplementation of 500mg vitamin E in 27 HD
patients resulted in a decrease in serum concentrations of
some antioxidants (SOD, TAC) compared to the placebo
HD group [168].

Several investigators suggested that vitamin E adminis-
tration might have a protective role against OS in HD
patients. Vitamin E intake has been shown to decrease mem-
brane lipid peroxidation of platelets and red and white blood
cells in HD patients [169]. Two small studies reported a
beneficial effect of oral vitamin E intake on erythrocyte
MDA levels and lipid peroxidation status in HD patients
[170, 171]. Another study found that high daily oral intake
of vitamin E for 2 months caused a decrease in serum
ADMA levels in CKD predialysis patients [172]. Three
open-label studies in HD patients reported that daily oral
intake of AT (500–800mg/day) resulted in significant
reduction of plasma TBARS and induced antioxidant plasma
levels of GSH, GPx, and SOD [173–175]. Domenici et al.
reported that supplementation of vitamin E in both PD
and HD patients resulted in decrease of protein oxidation
and reduction of OS-induced DNA damage [176]. Several
studies have suggested that vitamin E intake improves
erythropoiesis factors by suppressing OS development in
HD patients. The beneficial effect of oral vitamin E intake
on erythrocyte fragility was first reported by Ono. Oral
administration of 600mg vitamin E every day for a month
resulted in significant improvement of anemia, RBC fragil-
ity, and both serum and RBC vitamin E concentrations in
a cohort of stable HD patients [177]. Oral administration
of vitamin E improved renal anemia and lowered require-
ments of ESA [178] and had a protective role against OS
induced by intravenous iron administration [93] in HD
patients. Another study showed that combined treatment
of ESA with oral intake of vitamin E (15mg/kg daily)
resulted in a significant reduction of the OS marker GSSG/
GSH ratio and a considerable improvement in erythropoiesis
compared to ESA therapy alone in children receiving chronic
HD [179]. Uzum et al. conducted a randomized controlled
trial and showed that treatment with 300mg vitamin E daily
for a period of 20 weeks resulted in a significant decrease of
erythrocyte osmotic fragility and lipid peroxidation—as
assessed by plasma MDA—in HD patients [180]. Hodkova
et al. [181] reported that combination of oral AT and intrave-
nous iron administration reduced PMN respiratory burst
after iron intake in a cohort of HD patients. Therefore, vita-
min E might be a beneficial supplement that suppresses the
immunologic preoxidative activity induced by HD and iron
infusion. However, it has to be cautioned, given that in other
randomized studies, vitamin E supplementation yielded a
negative result, that is, the supplementation led to no

difference in cardiovascular events when supplemented over
4 years [182].

Although there is accumulating data suggesting that
supplementation of various antioxidants such as vitamins
C+E and NAC might reduce OS state in HD, the studies
available are not consistent. The inconsistency between
interventional studies aiming OS reduction by antioxidant
supplementation in HD patients is due to several factors:
firstly, OS status is assessed by numerous different bio-
markers in different timelines and in heterogonous cohorts
of patients; secondly, the dosage and the supplementation
pathway of antioxidants differs between the trials; thirdly,
the number of patients studied is relatively small to sup-
port strong conclusions; and finally, the exact pathophysi-
ologic mechanism and the degree of OS abrogation by
antioxidants is yet unclear. Although common antioxi-
dants such as vitamins C+E seem to exert significant anti-
oxidant effect on HD patients in small dosages, when they
are administered in high dosages not only they lose their
protective effect but it has been reported that they might
actually act as prooxidants [168]. For all these reasons,
there is a discrepancy between interventional studies
regarding antioxidant supplementation and OS inhibition
as well as patient adverse outcomes in HD patients. There-
fore, antioxidant intake has not yet been adopted in guide-
lines or everyday clinical practice.

10.3. N-Acetylcysteine (NAC) and OS. NAC is a well-known
thiol-containing free radical scavenger that induces cysteine
and glutathione production. NAC exerts significant anti-
inflammatory actions and is widely used as a pharmacologic
antioxidant. NAC has the ability to scavenge ROS directly
leading to production of cysteine, which triggers the release
of glutathione, a powerful antioxidant [183]. NAC has been
used for the treatment of several conditions related to OS,
such as bronchiolitis and paracetamol overdose, whereas it
has been shown to exert protective effects in the preservation
of renal function in acute kidney injury and CKD [184–187].
Moreover, Trimarchi et al. reported that oral administration
of NAC results in a significant reduction of MDA levels pos-
sibly through elevation of glutathione concentrations [188]
and Witko-Sarsat et al. showed that NAC successfully
decreased AOPP-derived responses of both normal and ure-
mic neutrophils [189]. Another randomized placebo-con-
trolled, double-blinded study showed that intravenous
administration of high dose NAC (5 g) resulted in significant
reduction of serum ADMA levels, compared to the placebo
group [190]. Swarnalatha et al. [102] conducted a random-
ized placebo-controlled study and divided 28 HD patients
that were treated with iron infusion in two groups: 14 were
given NAC and 14 placebo. The NAC group showed reduced
plasma levels of MDA compared to the placebo group. In a
very similar study, Garcia-Fernandez et al. treated 80 HD
patients with intravenous administration of 2 g of NAC and
divided them in two groups: 40 received 50mg of iron
sucrose and the remainder 40 patients received 100mg
during HD. NAC resulted in significant increase in TAC in
both groups, whereas MDA serum levels were only reduced
in the low iron dose group [191].
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Several studies showed that oral or i.v. administration of
NAC—a powerful antioxidant scavenger—result in signifi-
cant reduction of OS status in HD patients.

10.4. Statins and OS. Several investigators sought to deter-
mine the possible protective effects of statins and eicosapen-
taenoic acid (EPA)—a polyunsaturated omega-3 fatty
acid—on the formation and accumulation of oxidized, ath-
erogenic lipoproteins in patients undergoing renal replace-
ment therapy. Ando et al. randomized 22 HD patients to
either 1.8 g of EPA or placebo for 3 months and found that
EPA supplementation significantly decreased plasma levels
of ox-LDL and atherogenic remnant lipoproteins [192].
Nishikawa et al. showed that daily treatment with 5mg of
simvastatin for 6 months improved several lipid profile
parameters and reduced the levels of MDA in 38 HD patients
[193]. In contrast, Martinez-Castelao and coworkers [194]
showed no effect of fluvastatin treatment on LDL suscepti-
bility to oxidization in renal transplanted patients with
dyslipidemia. The first prospective randomized, double
blind placebo-controlled trial of treatment with statin and
vitamin E in HD patients showed that the use of statins
improved significantly the lipid profile and ox-LDL levels
and might prevent CVD complications in these patients.
Additional administration of vitamin E did not influence
any lipid parameters but significantly reduced in vitro LDL
oxizability, likely acting synergistically with the statin treat-
ment [162]. Data from the LORD study suggest that admin-
istration of atorvastatin 10mg/day for 3 years had no effect
on plasma levels of F2-isoprostanes, protein carbonyls, gluta-
thione peroxidase activity, and total antioxidant capacity in
CKD patients [195].

Taken together, the possible antioxidant effects of statins
in HD patients are not unequivocally shown.

10.5. Antioxidants and CVD. Although many investigators
published promising results about the potential beneficial
effects of oral/intravenous antioxidants on OS and inflamma-
tion status, the data regarding the impact of antioxidants on
mortality and CVD events is scarce. Ghiadoni et al. reported
that oral administration of 2 g of vitamin C seemed to
improve significantly the endothelial dysfunction status—as-
sessed by brachial artery endothelium-dependent vasodila-
tion to reactive hyperemia and the response to sublingual
glyceryl trinitrate—in HD but not in CKD patients [124].
Ono found no effect of vitamin C administration on morbid-
ity and mortality in a cohort of 61 HD patients, after a period
of 2 years [196]. In disagreement, Boaz et al. conducted a ran-
domized double-blinded, placebo-controlled study in HD
patients with previous history of CVD. The patients were
randomized into two groups: 97 received 800 IU per day of
natural vitamin E and 99 received placebo. After a
follow-up period of 519 days, the authors reported that
the vitamin E group presented a significant 70% reduction
in myocardial infarction and 40% in composite CVD end-
points [197]. Another large randomized double-blinded,
placebo-controlled study showed significant decrease in
composite cardiovascular end-points in HD patients that
were treated with NAC compared to the control group of

HD subjects that received placebo [198]. Himmelfarb et al.
conducted a large prospective, double-blinded, placebo-
controlled randomized trial (provision of antioxidant ther-
apy in hemodialysis (PATH) trial) to investigate the effects
of oral antioxidant treatment administered for 6 months on
biomarkers of OS, inflammation, and erythropoiesis. The
study included 353 patients undergoing maintenance HD
that were randomized to treatment with a cocktail of tocoph-
erols (666 IU per day) and α-lipoic acid (600mg per day) or
placebo. Plasma levels of hs-CRP, IL-6, F2-isoprostanes,
and isofurans were assessed at baseline (similar concentra-
tion for all biomarkers measured) and at 3 and 6 months.
The authors failed to show any significant differences for
circulating levels of OS biomarkers between the two groups.
Furthermore, during the 6-month period, the hospitalization
and all-cause mortality rates were similar between the two
groups [199]. A recent systematic review and meta-analysis
included 10 randomized controlled studies that explored
the possible effects of antioxidant agents (vitamins A, C,
and E and NAC) on mortality, CVD, and CKD progression
in 1979 patients with CKD stages 3–5, renal transplant recip-
ients, and on HD (June 2012, 2013). Although the use of
antioxidants failed to prevent all-cause/CVD mortality and
CVD morbidity (coronary heart disease, cerebrovascular
disease, and peripheral artery disease) in CKD, antioxidant
treatment in HD patients exhibited significant protection
against CVD events. Moreover, in the nondialysis group
(404 patients with CKD 3+4 and renal transplant recipi-
ents), administration of antioxidants delayed the progression
of ESRD and was associated with preservation and even
increase of eGFR [200, 201].

Thus, antioxidant administration may play a significant
protective role against death and major adverse cardiac
events in HD patients and prevents progression of ESRD in
CKD patients.

11. Vitamin E-Coated Membranes and OS

Vitamin E has been repeatedly shown to be a scavenger of
lipid hydroperoxides involved in the regulation of lipid oxi-
dation in vitro [202] and a significant antioxidant and anti-
atherogenic molecule in vivo. Based on the fact that the
interaction of blood with the dialyzer triggers the production
of prooxidants, the use of vitamin E as adjunct in the
membranes to additively provide a scavenger seemed an
interesting approach. Galli et al. were the first to report
that coating the blood surface of HD filters with the anti-
oxidant vitamin E retained blood antioxidants (especially
vitamin E) and prohibited the lipoperoxidation process
both in vitro and in vivo and therefore could be consid-
ered a profound biocompatible material [203]. Moreover,
the same group found that vitamin E-coated membranes
(VECM) prevented efficiently the production of free radicals
(and particularly ROS) by phagocytic neutrophils in vitro
and in vivo [23]. They suggested that administration of vita-
min E abrogates lipid peroxidation, protects serum GSH and
thiols from the oxidation process, and seems to play a pivotal
role in the modification of the NO metabolism [174, 204].
The beneficial effects of VECM besides their antioxidant
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activity lie on their ability to inhibit complement activation, a
common side-effect of the less biocompatible generated
cellulose membranes. VECM cellulose showed significantly
reduced activation of both mononuclear cells and the com-
plement pathway compared to cellulose acetate dialyzers
[205]. Another crossover study showed that compared to
polyamide dialyzers, VECM presented similar effects on
lymphocyte function, but additionally, it suppressed the
formation of proinflammatory cytokines [206]. This may be
due to the fact that vitamin E abrogates directly the release
of proinflammatory cytokines by white blood cells, especially
monocytes [207]. Membranes coated with vitamin E showed
a significant protective role in alleviating HD-mediated OS,
especially when combined with intravenous administration
of vitamin C in a cohort of 80 stable HD patients [28].
Another study showed that VECM resulted in a higher
degree of fatty acid unsaturation in erythrocyte cell mem-
brane [208]. Similarly, it was reported that a 3-month
treatment with VECM resulted in significant improvement
of serum and HDL vitamin E content that was linked with
lower susceptibility of HDL to oxidation in 12 HD
patients [209]. VECM was also found to suppress the
peroxidation status in serum lipids and erythrocytes, to
reduce the circulating levels of AGEs and to pacify the
immune activity [206, 210]. Furthermore, they have been
reported to play a protective role against hemodialysis-
induced endothelial dysfunction and increased production
of ox-LDL [184]. In another study, 10 nondiabetic and 8
diabetic patients underwent regular HD with polysulphone
membrane for 1 month and then changed to treatment
with VECM for 6 months. MDA, AGEs, and 8-OHdG
were assessed as markers of lipid peroxidation, glycoxida-
tion, and DNA damage, respectively. Plasma levels of
MDA, AGE and 8-OHdG were significantly elevated after
a polysulphone HD, while a single dialysis session with
VECM completely abrogated this increase. After use of
VECM for a period of 6 months, there was a significant
decrease in the plasma levels of AGEs and 8-OHdG in both
diabetics and nondiabetics, while plasma MDA was
decreased only in diabetic patients after three months of
treatment. Furthermore, the improvement of OS status
was more pronounced in the diabetic group [211]. Another
randomized crossover study reported that maintenance HD
patients dialyzed repeatedly with vitamin E-coated mem-
branes for 12 weeks presented significant improvement in
lipid parameters, oxidative stress, and polymorphonuclear
function, compared with patients treated with control
dialyzer membranes, that were identical to VECM, except
for AT binding [212]. The long-term beneficial effects of
VECM on OS and inflammation status were evaluated by
Takouli et al. who switched 9 HD patients to VECM for a
period of 12 weeks and then back to the original polysul-
phone dialyzer for 24 weeks. At the end of the study, ROS
were significantly reduced and TAC and SOD were elevated.
Plasma levels of the inflammatory markers hs-CRP and IL-6
were dramatically decreased [213]. A meta-analysis of 14
studies suggested that treatment with VECM resulted in
significant improvement of lipid peroxidation markers, such
as TBARS and MDA [214].

Modification of the dialyzer with vitamin E might
increase its biocompatibility [215]. After 2 years follow-up
of 50 stable maintenance HD patients, the group that was
dialyzed with VECM presented significantly lower levels of
LDL malondialdehyde and ox-LDL, compared to the group
that received treatment with standard cellulose membrane
dialyzers. Additionally, the use of these modified dialyzers
resulted in slower progression of atherosclerosis, assessed
by the aortic calcification index [215]. In agreement with
these results, Morimoto et al. found that long-term (6
months) dialysis treatment with VECM was accompanied
by significant decrease in ADMA, ox-LDL, and MDA-LDL
plasma levels compared to dialysis with polysulphone dia-
lyzers. After the 6-month period of VECM exposure, the
patients were switched to HD with polysulphone mem-
branes for 1 year. ADMA, ox-LDL, and MDA-LDL serum
levels were increased back to the baseline. Since VECM
seem to exert a powerful antioxidant effect and decrease
the levels of circulating ADMA (a well-known indepen-
dent predictor of all-cause mortality and CVD in HD
patients), it is interesting to hypothesize that VECM might
prevent all-cause and CVD mortality in these patients
[216]. A recent study suggested that HD treatment with
VECM may play a significant protective role against OS,
anemia, and vitamin E deficiency. The use of VECM was
accompanied by a significant reduction in the levels of
DNA damage induced by OS [217].

A very recent meta-analysis of 60 studies aimed to
summarize the available data on the effects of VECM over
standard HD membranes on inflammation, anemia, and
OS. The data suggest that the new membranes exert positive
effects on the erythropoietin resistance index. Regarding
inflammation and OS status, VECM resulted in reduction
of IL-6 levels, circulating MDA, and levels of TBARS, while
plasma and RBC vitamin E levels were significantly increased
[218]. Lipid parameters and dialysis adequacy were not
altered by the use of the new membranes.

Compared to standard HD membranes, dialysis
treatment with vitamin E-coated membranes may possibly
confer a protective role against inflammation, OS, and eryth-
ropoietin resistance.

12. Conclusions

OS is a universal challenge in life and induces a counterre-
sponse by exposed cell. The enhanced OS status that charac-
terizes HD patients is mainly due to poor dietary intake of
exogenous antioxidants, accumulation of oxidative prod-
ucts, and loss of antioxidant molecules during HD and is
highly linked with development of atherosclerosis, chronic
inflammation, and all-cause and CVD mortality in these
patients. Although the administration of antioxidants
seems to play a beneficial role against OS development
in maintenance HD patients, it has not yet been adopted
in the everyday clinical practice. Large, prospective studies
are urgently needed to elucidate the possible protective
role of antioxidant administration against cellular stress
that hold the promise to ameliorate the cardiovascular risk
profile in CKD and end-stage renal disease. It seems that
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OS is an undisputed component of the uremic environ-
ment and since uremia is a well-established nontraditional
risk factor for CV events and all-cause/CV mortality, it is
tightly linked with early atheromatosis and CV disease.
Therefore, OS should be incorporated in a “uremic milieu”
abnormality approach and might constitute a novel but quite
important therapeutic target in chronic HD patients. Based
on the available data, the best renal replacement therapy for
reducing OS is HDF with ultrapure dialysate and synthetic
membranes. It is not justified or safe to derive strong
recommendations for either oral or intravenous antioxidant
supplementation in HD patients, due to the fact that the
interventional studies regarding this topic have failed to
produce concrete results. However, assessing OS status in
HD patients is a matter under discussion and probably in the
light of more solid evidence could be incorporated in future
routine clinical practice or even guidelines.
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Sepsis is one of the most important causes of death in intensive care units. Despite the fact that sepsis pathogenesis remains obscure,
there is increasing evidence that oxidants and antioxidants play a key role. The imbalance of the abovementioned substances in
favor of oxidants is called oxidative stress, and it contributes to sepsis process. The most important consequences are vascular
permeability impairment, decreased cardiac performance, and mitochondrial malfunction leading to impaired respiration. Nitric
oxide is perhaps the most important and well-studied oxidant. Selenium, vitamin C, and 3N-acetylcysteine among others are
potential therapies for the restoration of redox balance in sepsis. Results from recent studies are promising, but there is a need
for more human studies in a clinical setting for safety and efficiency evaluation.

1. Introduction

Sepsis is the leading cause of mortality in the intensive care
units [1, 2]. Recent publications regarding the definition [3]
and management of sepsis [4] underline the keen interest of
clinicians. Despite the research, sepsis pathogenesis remains
obscure. In the past, the widely accepted theory reported that
sepsis was an uncontrolled inflammatory response to a path-
ogen that was rather a bystander than the real insult [5]. The
failure of numerous studies using anti-inflammatory agents
questioned the hypothesis of hyperinflammation [6–9].

Therapies focused until recently on macrocirculatory
failure such as decreased mean arterial pressure and cardiac
output. Immunohistohemical analysis revealed that cell
death is minor suggesting that mechanisms other than cell
death are responsible for mortality [10]. A growing body of
evidence suggests that the inability of the cell to consume
oxygen may play a crucial role for sepsis pathogenesis. For
example, studies where supranormal oxygen delivery was
targeted failed to improve patients’ outcomes [11]. Further-
more, in animal studies, mucosal acidosis persisted despite
the fact that mucosal perfusion did not change [12]. Since
mitochondrial O2 consumption is 90% of the total body
consumption, impaired O2 utilization and dysfunctional

mitochondria may explain sepsis’ specific characteristics.
Sepsis is also characterized by excessive production of oxi-
dants. Therefore, they may represent the generator of the
abovementioned abnormalities that lead to increased mortal-
ity. In this context, redox homeostasis may play a key role,
and consequently, therapies targeted to redox abnormalities
may be useful for better management of septic patients.

Despite the increasing evidence that oxidative stress is
a cornerstone on sepsis pathogenesis, the role of oxidative
stress in sepsis may be underestimated. For example, in
recent sepsis guidelines, its significance has not been
highlighted. In this respect, clinicians may not be aware
of the potentially pivotal role of oxidative stress in sepsis
evolution. The aim of this literature review article is to
point out current aspects about the topic and the evaluation
of potential therapies.

2. Oxidants and Antioxidants

Redox reactions represent the basis for numerous biochemi-
cal mechanisms imperative for physiological cell function
like cell signaling [13, 14]. Oxidants and antioxidants play a
key role in the abovementioned mechanisms. The term anti-
oxidant refers to a substance which donates electrons,
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whereas an oxidant is a substance that accepts electrons [15].
Oxidants are involved in the formation of deoxyribonucleo-
tides, prostaglandin production, oxidation, and carboxyla-
tion and hydroxylation reactions that are essential for
normal cell function. Free radicals also participate in the host
defense against bacterial infections [16], the regulation of
vascular tone, and cell adhesion reactions and act as a sensor
for oxygen concentration [17]. Important reactive oxygen
species (ROS) in sepsis pathogenesis include superoxide
(O2

−), hydrogen peroxide (H2O2), and hydroxyl radicals
(HO). O2

− and HO are free radicals since they have unpaired
electrons in their molecule. Reactive nitrogen species (RNS)
include the free radical nitric oxide (NO) and the nonradical
peroxynitrite (ONOO−). There are several procedures
involved in the genesis of oxidant molecules in health [18]
and sepsis. Cells that represent the innate immune system,
like neutrophils and macrophages, are responsible for the
oxidative burst that takes place early in sepsis process
[19, 20]. The generated ROS and RNS are important for host
defense as it was demonstrated by studies with mice deficient
to produce O2

−, a fact associated with decreased bacterial
clearance [21]. The expression of nitric oxide synthase
(NOS) is enhanced by lipopolysaccharide (LPS) treatment
and nuclear factor kB (NF-kB) activation, and consequently,
NO concentration produced by L-arginine is increased.
Thereafter, NO can be combined with O2

− to form ONOO−

[22]. Increased NO levels generate H2O2 in mitochondria
by cytochrome c oxidase inhibition [23]. In addition, nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase,
cyclooxygenase, and electron transfer chain in mitochondria
are sources for the increased intracellular O2

− [24–26].
For the protection of cellular homeostasis, there are sev-

eral enzymes or other small molecules that act as oxidant
scavengers and comprise the antioxidant defense system.
The main antioxidant enzymes are (i) glutathione peroxidase
(GPx) which catalyzes the conversion of H2O2 into water, (ii)
superoxide dismutase (SOD) which converts O2

− to O2 or to
the less reactive H2O2, and (iii) catalase (CAT) which also
catalyzes the breakdown of H2O2. There are also other low
molecular weight substances like ascorbic acid (AA), gluta-
thione (GSH), and α-tocopherol. Among these, GSH is one
of the most important redox buffers for the cells, since it
can be found in all cell compartments. GSH/GSSG (glutathi-
one disulfide, the oxidized form of GSH) is a good marker of
oxidative stress. GSH can act as a cofactor for several
enzymes, help in DNA repair, scavenge HO, H2O2, and lipid
peroxides, and regenerate other antioxidants such as AA and
tocopherols (Table 1).

Under physiological conditions, there is a balance
between the formation of oxidant substances and their
removal by antioxidant scavenging compounds [27]. Oxida-
tive stress is the imbalance between antioxidant defense and
generation of oxidants leading to enhanced oxidant concen-
tration and constitutes a mechanism of injury for many dis-
ease processes [28]. The role of oxidative stress in the
pathophysiology of several common conditions like diabetes
mellitus, chronic heart failure, cancer, and degenerative, neu-
rological, and autoimmune diseases is outside the scope of
this review. Oxidative imbalance has been demonstrated in

several sepsis studies. Takeda et al., in an early study, found
an increased thiobarbituric acid reactive substance level in
septic patients suggesting increased lipid peroxidation [29].
Decreased levels of antioxidants were also detected [30].

The clinical significance of oxidative stress in sepsis is
demonstrated by several studies. Cowley et al. found that
sepsis survivors had greater antioxidant potential than
nonsurvivors and also that it was rapidly raised to normal
or supranormal levels [31]. In two other prospective obser-
vational studies, total antioxidant capacity was correlated
with Acute Physiology and Chronic Health Evaluation II
(APACHE II) score [32] and the presence of a greater antiox-
idant deficiency correlated with mortality [33]. This defi-
ciency was strongly indicated by two markers, GSH levels
and CAT activity in erythrocytes, and persisted in time.
Lower plasma vitamin C levels were detected in patients with
multiorgan failure [34]. Harmful mechanisms of increased
oxidants level in sepsis include modification of proteins,
lipids, and nucleic acids contributing to cellular injury and
endothelial dysfunction. In addition, the impairment of
glycocalyx and the cellular junctions between endothelial
cells lead to increased vascular permeability, a cornerstone
of sepsis development [35].

3. NO and Cardiovascular Dysfunction

NO is produced from L-arginine by NOS [36], an enzyme
with different isoenzymes (neuronal NOS or nNOS, induc-
ible NOS or iNOS, endothelial NOS or eNOS, and mitochon-
drial NOS or mtNOS). iNOS produces NO in micromolar
range as opposed to the other isoforms that produce NO in
nanomolar range [37]. In sepsis, NO can be produced by sev-
eral cells like activated macrophages, neutrophils, lympho-
cytes, and others [38–40]. Various molecules such as
interferon γ (IFNγ), tumor necrosis factor a (TNFa), and
interleukin 1β (IL-1β) involved in the septic inflammatory
process are incriminated in the induction of NO production
via iNOS hyperactivity. When the cell interacts with one of
these molecules, IkB in the cytoplasm is degraded, NF-kB is
permitted to move to the nucleus, and therefore expression
of iNOS-associated genes is enhanced [41–43].

The effects of NO can be divided into effects on cardiac
performance and effects on microcirculation. NO plays a
pivotal role in vasodilation and vascular hyporeactivity to

Table 1: Summary of antioxidants and their effects.

Antioxidant Mechanism of action

GPx H2O2 to H2O

SOD O2
− to O2

CAT H2O2 to H2O and O2

GSH
Antioxidant scavenger, DNA repair,

cofactor for enzymes

AA
Acts against oxidation of lipids, proteins,

and DNA

α-Tocopherol Scavenger for lipid peroxidation products

GPx: glutathione peroxidase; SOD: superoxide dismutase; CAT: catalase;
GSH: glutathione; AA: ascorbic acid.
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vasopressors. There are several studies that indicate this
relationship. The injection of LPS in iNOS-deficient mice
and the wild type as control provided the evidence that iNOS
mediates impairment of vascular contraction [44]. Moreover,
the inhibition of NO synthesis reversed shock in dogs
induced by bacterial endotoxin [45] and also in septic rats
by cecal ligation [46]. NO mediates negative inotropic effects
to the cardiac function. LPS treatment of failing myocardium
decreased maximum inotropic response to isoprenaline.
The depression of cardiac contractility was attributed to
enhanced iNOS activity and release [47]. In another study
by the same investigators, the negative inotropic effect on
human atrial and ventricular myocardium seemed to be
mediated via generation of cyclic guanosine monophosphate
(cGMP) [48]. On the other hand, other studies revealed that
NO has no effect on the myocardium [49] or even that low
concentrations of NO are preventive of cardiac performance.
In a rodent heart model, coronary flow and ventricular
function were reduced by LPS, effects that were partially pre-
vented by supplementation of NO substrate, L-arginine.
These improvements were partially blocked by the adminis-
tration of selective iNOS inhibitors [50]. These data lead to
the assumption that NO effects on cardiac performance are
concentration dependent.

Other deleterious effects include protein nitrosylation
and nitration, convertion of haemoglobin (Hb) to methae-
moglobin (MetHb) which leads to red blood cell lysis and
thus iron availability to the pathogens, and enhance the
production of IL-6 and IL-8 and activation of NF-kB
[26, 51] (Table 2).

4. Mitochondria and Apoptosis

Mitochondria play a key role in redox dysregulation being at
the same time sources and targets of oxidants. Oxidative
phosphorylation takes place in the inner mitochondrial
membrane where electron transport chain lies, consisting of
five respiratory complexes (I–V). Electrons are transferred
from one to another (I–IV) leading to adenosine triphos-
phate (ATP) generation in complex V (ATP synthase).

Molecular oxygen is the final receptor of the electrons,
and thus, an assessment of mitochondrial function can
be performed through the measurement of oxygen con-
sumption. The association between mitochondrial dysfunc-
tion and sepsis severity is addressed in several studies. In a
fundamental one [52], skeletal muscle biopsies on 28 sep-
tic patients showed that nonsurvivors had lower ATP con-
centrations. Furthermore, vasopressor requirements were
proportional to NO production as it was gauged by nitrite/
nitrate concentrations and inversely correlated to complex I
activity. Decreased ATP concentration and mitochondrial
activity were also found in other human or animal studies
[53, 54]. The pathogenesis of mitochondrial dysfunction is
probably complex. NO seems to play a pivotal role by
inhibiting the normal function of the respiratory complex
IV. By binding to the specific complex, NO interrupts
the normal transport of electrons and thus ATP produc-
tion while at the same time the production of O2

− is
enhanced. The generated O2

− reacts with NO leading to
further mitochondrial dysfunction especially by complex I
inhibition [55, 56] (Figure 1). The abovementioned mech-
anisms potentially explain the inability of the cells to uti-
lize oxygen despite the adequate tissue oxygen tension.
The term “cytopathic hypoxia” [57] refers to this phenom-
enon that eventually leads to multiorgan failure and worse
outcomes. On the other hand, lower NO concentration
seems to promote mitochondrial proliferation suggesting
that NO effect on mitochondrial function may be concen-
tration dependent [58].

Other potential mechanisms involve protein production
and apoptosis. The decreased ATP synthase gene expression
and subsequently impaired protein production were demon-
strated by the administration of LPS in humans [59]. Apo-
ptosis is the programmed cell death and is involved in
sepsis pathogenesis. It can be triggered in a cell through
either extrinsic or intrinsic stimuli. Mitochondria play a role
in both pathways but especially in the intrinsic one. Mito-
chondrial damage by ROS can release cytochrome c, the
mediator in electron flow between complexes III and IV, to
cytosol. The next step is the formation of the “apoptosome”
which reacts with caspases initiating the apoptotic pathway
via deoxyribonucleic acid (DNA) fragmentation and chro-
matin condensation [60–63] (Figure 2).

5. Potential Therapies

The mainstay of sepsis management is source control, antibi-
otic administration, and haemodynamic support, but the
relationship between antioxidant status and sepsis outcomes
sets also the rationale for the use of antioxidant substances
for the treatment of sepsis. Several molecules and different
strategies were used in a plethora of studies in the past years
with sometimes conflicting results.

5.1. Selenium. Selenium is essential for the synthesis of anti-
oxidant enzymes, like GPx, and is involved in redox signaling
and other immune responses [64]. The rationale for selenium
supplementation derives from the correlation between low
levels of selenium and disease severity and worse clinical

Table 2: Summary of NO effects in sepsis.

Positive effects of NO

Preventive of cardiac contractility in low concentrations

Mitochondrial proliferation

Scavenger of oxygen free radicals

Inhibition of oxygen free radical production

Low pulmonary vascular tone

Negative effects of NO

Vasodilation/hyporeactivity to vasopressors

Negative inotropic effect in high concentrations

Inhibition of mitochondrial respiration

Protein nitration/nitrosylation

Methemoglobinemia

Activation of NF-kB

NO: nitric oxide; NF-kB: nuclear factor kB.
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outcomes in critically ill patients [65]. In a single-center clin-
ical trial conducted on 54 septic patients, high-dose selenium
administration did not result in reduction of 28-day mortal-
ity but increased the activity of GPx. No effect on the level of
inflammatory cytokines was noted. However, selenium
administration was associated with reduced incidence of
ventilator-associated pneumonia (VAP) [66]. Moreover, in
a recent multicenter randomized controlled trial (RCT),
high-dose intravenous administration of sodium selenite
was combined with procalcitonin-guided antimicrobial ther-
apy in order to improve sepsis outcome. Both interventions
failed to improve 28-day mortality [67]. In the most recent
meta-analysis [68] after the review of 21 RCTs, the investiga-
tors concluded that parenteral supplementation of selenium
in critically ill patients as a single agent or combined with
other antioxidants had no effect on mortality, infections,
length of stay, or ventilator days. The only significant effect
was the reduction of infections in patients that were nonsep-
tic at the initiation of therapy. In conclusion, even if there is a

rationale for selenium administration, clinical trials failed to
demonstrate benefits. Further research may reveal new
insights in the role of selenium in sepsis pathophysiology.

5.2. Vitamin C. AA is the redox form of vitamin C and acts as
a natural antioxidant. Plasma AA in patients with multiorgan
failure was significantly lower [34], whereas low concen-
trations were inversely correlated with increased lipid per-
oxides [69] a marker of increased oxidative stress. Results
from animal models demonstrated that AA ameliorates
edema and hypotension and improves arteriolar respon-
siveness and capillary blood flow [70–73]. Experiments in
healthy volunteers after induction of systemic inflammation
by low doses of E. coli endotoxemia revealed that the hypor-
eactivity can be corrected by high doses of vitamin C, sug-
gesting that oxidative stress may represent an important
target for inflammation-induced impaired vascular function
[74]. In a phase I safety trial of intravenous AA in patients
with severe sepsis, infusion was safe and well tolerated [75].
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In a retrospective analysis of the combination of hydro-
cortisone, vitamin C, and thiamine for the treatment of
severe sepsis and septic shock, hospital mortality was
8.5% in the treatment group compared to 40.4% in the
control group (p < 0 001). The propensity-adjusted odds of
mortality in the patients treated with the vitamin C protocol
was 0.13 (95% CI 0.04–0.48, p = 0 02). The sequential organ
failure assessment score (SOFA score) decreased in all
patients in the treatment group with none developing pro-
gressive organ failure. The duration of vasopressors was
also smaller for the treatment group [76]. The very prom-
ising results of this study render the need for prospective
randomized trials imperative for the determination of the
role of vitamin C in sepsis treatment.

5.3. N-Acetylcysteine (NAC). GSH is an important molecule
recognized not only as an antioxidant but also as a mediator
of immune and inflammatory pathways. GSH function is
potentially enhanced by the administration of NAC, which
has also itself an antioxidant and immunomodulatory
activity [77–82]. Studies in humans demonstrated that
the administration of NAC can significantly increase hepa-
tosplanchnic blood flow attributed to the increase of car-
diac index [83] and can augment neutrophil phagocytosis
in patients diagnosed with sepsis, systemic inflammatory
response syndrome (SIRS), or multiple trauma [84]. On
the other hand, there are studies that demonstrate no
influence on outcomes and the level of cytokines [85].
Sometimes, sepsis-induced organ failure was even aggra-
vated [86]. The conflicting results may be due to a limited
number of patients. Findings need to be confirmed in
larger clinical trials.

5.4. Mitochondria-Targeted Antioxidants. Several strategies
were used in order to reduce oxidative stress generated in
mitochondria. The ability of lipophilic cations to accumulate
in the mitochondria makes them good candidates for clinical
studies. MitoQ (ubiquinone attached to a triphenylphospho-
nium cation) has been shown to protect mammalian cells
from hydrogen peroxide-induced apoptosis [87, 88]. In
another study, the effects of MitoQ were tested at first
in vitro in an endothelial cell model of sepsis and afterwards
in vivo in a rat model of sepsis. In vitro, MitoQ decreased oxi-
dative stress and protected mitochondria from damage as
indicated by a lower rate of ROS formation and by mainte-
nance of the mitochondrial membrane potential. In vivo,
MitoQ treatment resulted in lower levels of biochemical
markers of acute liver and renal dysfunction [89]. The
hypothesis that the administration of MitoQ would prevent
endotoxin-induced reductions in cardiac mitochondrial and
contractile function was tested in adult rodents. Endotoxin
induced reductions in mitochondrial state 3 respiration rates,
the respiratory control ratio, and ATP generation. These
effects were ameliorated in the MitoQ-treated animals [90].
There are other substances conjucated to triphenylphospho-
nium cation as well, like vitamin E (MitoVitE), or ebselen, a
selenium-containing compound with peroxidase activity
(MitoPeroxidase) [91, 92]. Despite their promising proper-
ties, data on human studies are lacking.

Another option is the use of SOD mimetics. SOD
mimetic M40401 improved vascular reactivity to vasopres-
sors, reduced cytokine production, and improved mortality
in a rat model of septic shock [93]. The ability of another
SODmimetic, the MnIIITE-2-PyP5+, to enter the mitochon-
dria in vivo at levels sufficient to exert its antioxidant action
was established by another study in rats [94]. These results
encourage the development of SOD mimetics as therapeutic
agents for sepsis.

TEMPOL was also used in animal studies with prom-
ising results [95, 96], but human studies are lacking. Anti-
apoptotic properties and ROS scavenging may explain its
beneficial action.

5.5. NOS Inhibitors. The crucial role of NO in sepsis develop-
ment and organ dysfunction led to the implementation of
therapeutic strategies capable of reducing NO levels. NOS
inhibition can be nonselective or selective for iNOS, which
is predominantly synthesized during inflammation. In ani-
mal studies, nonselective NOS inhibition improved haemo-
dynamics but increased mortality [97, 98]. The use of
nonselective NOS inhibitors in patients with septic shock
was terminated early because of increased mortality [99].
The inhibition of eNOS may explain the negative results of
the study. The finding that the overexpression of eNOS is
beneficial in septic animals [100, 101] led to the hypothesis
that it is the excessive NO production by iNOS that is harm-
ful and stimulated a research for selective iNOS inhibitors.
Treatment with the selective iNOS inhibitor aminoguanidine
inhibited the LPS-induced bacterial translocation by amelio-
rating intestinal hyperpermeability [102]. The rate of oxygen
consumption was significantly restored in endotoxemic rats
treated with aminoguanidine as compared with vehicle-
treated endotoxemic rats [103]. Furthermore, in a porcine
model of bacteremia where selective iNOS blockade was
used, sepsis-induced plasma nitrate/nitrite concentrations
were inhibited, hypotension was prevented without affecting
cardiac output, and progressive deterioration in ileal mucosal
microcirculation was blunted without mucosal acidosis
[104]. An interesting alternative is ketanserin, a serotonin
receptor antagonist. Several studies suggest that the adminis-
tration of ketanserin is beneficial in septic animals. Mecha-
nisms involved are the restoration of baroflex function
[105] and the inhibition of iNOS expression via the MEK/
ERK pathway [106]. The administration of ketanserin in sep-
tic patients resulted in improved microcirculatory perfusion
assessed by direct visualization of the microcirculation with
sidestream dark-field imaging [107]. The promising results
deserve further evaluation in randomized trials.

5.6. Melatonin. Melatonin is the major hormone secreted
by pineal gland predominantly at night. Melatonin has sig-
nificant anti-inflammatory and antiapoptotic effects, but it
can also act as an antioxidant scavenger for radical oxygen
and nitrogen species [108, 109]. There are several animal
studies depicting these beneficial antioxidant properties of
melatonin in LPS or cecal ligation and puncture- (CLP-)
induced septic shock [110–112]. Another important finding
is the protection of mitochondrial dysfunction. Melatonin
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administration decreased mitochondrial NOS activity and
inhibition of complexes I and IV in LPS-treated rats [113].
Furthermore, the results from another study suggest that
melatonin can also prevent mitochondrial damage from the
inducible isoform of mitochondrial NOS in septic mice
[114]. Finally, it can restore mitochondrial production of
ATP [115]. When healthy volunteers received melatonin
before the administration of LPS, several markers of inflam-
mation and oxidative stress were reduced [116]. In another
study, melatonin treatment in septic newborns resulted in
lower concentrations of lipid peroxidation products and
other favorable outcomes [117]. In conclusion, melatonin
has beneficial effects in sepsis that encourage the develop-
ment of human studies since relevant data are lacking.

6. Conclusion

Oxidative stress mechanisms in sepsis are highly compli-
cated. ROS and RNS play a pivotal role in sepsis evolution,
but their specific role and importance remain obscure.
Nevertheless, hyperpermeability, hypotension induced by
reduced vascular tone, and mitochondrial impairment of res-
piration are key elements for multiorgan failure and thus
mortality in septic patients. Several therapies were tested in
clinical trials. Results are not sufficient for the implementa-
tion of these therapies in a clinical setting. An explanation
may be that animal models do not completely resemble
human sepsis. Further research is needed to answer questions
about the underline mechanisms. Nevertheless, the increas-
ing insight may alter our perception in sepsis development
and management.
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