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Editorial
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Cardiovascular disease remains among the major healthcare
problems of the world population, and understanding its
determinants is pivotal for designing novel effective interven-
tions. Advances in molecular medicine have enabled us to
identify the critical pathways involved in cell survival or
death in the myocardium, endothelial cells, vascular wall,
and brain. What is more, some crucial regulators of these
pathways have been newly identified, resulting in the devel-
opment of novel strategies for treatment of coronary artery
disease, hypertension, and congestive heart failure. There
are a number of chemical mediators and pathways involved
in the inflammatory onset of cardiovascular disorders. Thus,
from a therapeutic point of view, it would be most important
to focus on the active mediators of inflammation and apopto-
sis and to manipulate these in order to improve cell function
and survival. The cellular mechanisms involved in the path-
ogenesis of cardiovascular inflammatory injury are complex
and involve the interactions of various cells, including coro-
nary endothelial cells, circulating blood cells, and cardiac
myocytes. The intracellular signalling pathways that mediate
stress responses and determine cell death or survival have not
been fully investigated. Protein kinase activation potentially
regulates the onset of injury. A substantial amount of basic
research has defined many of the details regarding the role

of inflammation in the kinase pathway organization and acti-
vation; nevertheless, the role of individual signalling path-
ways in pathogenesis of various forms of cardiovascular
disease is still investigated.

This special issue is aiming at stimulating the continuing
effort to understand the molecular mechanisms underlying
cardiovascular damage mediated by inflammation.

Selenoprotein S (SelS) has been identified in endothe-
lial cells and is associated with inflammation. S. Cui et al.
demonstrated that the upregulation of SelS enhances the
levels of nitric oxide and endothelial nitric oxide synthase
in tumour necrosis factor-α-treated human umbilical vein
endothelial cells. The authors postulate that SelS protects
endothelial cells against TNF-α-induced dysfunction by
inhibiting the activation of p38 MAPK and NF-κB path-
ways and implicate it as a possible modulator of vascular
inflammatory diseases.

Oxysterols may affect cholesterol metabolism, membrane
fluidity regulation, and intracellular signalling pathways.
They are implicated in a pathophysiology of type 2 diabetes
mellitus and neurodegenerative disorder as well as in malig-
nancies. Some studies postulate that oxysterols may play a
role in atherogenesis. T. Wielkoszyński et al., in their experi-
mental study, have shown that the oxidized cholesterol
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metabolites are postulated to exert atherogenic effect and
thus adversely affect vascular endothelium. The authors
demonstrate that oxidized cholesterol derivatives exert
cytotoxic effect on vascular endothelial cells, causing endo-
thelial dysfunction, the severity of which depends on the
duration of exposure. What is more, combined administra-
tion of oxysterols and cholesterol was shown to increase
their angiotoxic effect.

Despite advances in critical care treatment and increased
understanding of the sepsis pathophysiology, the mortality
rate of affected patients remains high, ca. 50% even in
developed countries, and is mostly attributed to cardiovas-
cular dysfunction. Endothelial dysfunction (ED) occurring
with an overproduction of endothelium-derived contract-
ing factor (EDCF) plays a key role in the pathogenesis
of cardiovascular disease. Overproduction of nitric oxide
and other molecules of vasodilatory action may result in
uncontrolled vasodilation leading in turn to the development
of hemodynamic shock. W. Han et al., in an interesting
paper, found that inhibition of the mTOR pathway plays a
cardioprotective role in a sepsis-induced myocardial dys-
function and that this effect may be mediated by acceleration
of autophagy. The mTOR is a sensor of energetic status and
induces autophagy upon energy depletion, which is a major
cause of myocardial dysfunction during sepsis. Hence, the
mTOR pathway seems to play an important role in myocar-
dial dysfunction induced by sepsis. The authors found that
the mTOR pathway was inhibited and rapamycin signifi-
cantly alleviated cardiac dysfunction and improved myocar-
dial anoxia in septic cardiomyopathy.

A. Stanek et al. in their study investigate the impact
of whole-body cryotherapy on cardiovascular risk factors in
patients with ankylosing spondylitis, which—according to
the results presented—might be a useful additional method
preventing development of atherosclerosis. The authors pos-
tulate that the whole-body cryotherapy with subsequent
kinesiotherapy may facilitate the decrease in oxidative stress,
lipid profile, atherosclerosis plaque, and its instability, as well
as inflammatory parameters.

Peripheral artery disease (PAD) affects ca. 25% of popu-
lation over 60 years old. Inflammation and mitochondrial
dysfunction may predispose to PAD, which is associated
with other highly prevalent disorders, including diabetes,
dyslipidaemia, and hypertension. In a research study by
A. Hernández-Aguilera, using metabolomic approach, the
authors have demonstrated a relevant correlation between
plasma concentrations of energy-balance-associated metabo-
lites, oxidative stress, and inflammation in subjects with
peripheral artery disease. The authors postulate that (iso)ci-
trate and glutamate could constitute novel biomarkers for
discriminating PAD patients without symptomatic disease.

In summary, the papers presented in this special issue
demonstrate the recent developments in understanding the
role of inflammation in the onset of cardiovascular disease.
We believe that some of the presented studies will provide
new evidence, which could lead to the discovery of potential
biomarkers and drug targets for the development of novel
therapeutic approaches for combating cardiovascular disease
in the future.
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Peripheral artery disease (PAD) is a common disease affecting 20–25% of population over 60 years old. Early diagnosis is difficult
because symptoms only become evident in advanced stages of the disease. Inflammation, impaired metabolism, and mitochondrial
dysfunction predispose to PAD, which is normally associated with other highly prevalent and related conditions, such as diabetes,
dyslipidemia, and hypertension. We have measured energy-balance-associated metabolite concentrations in the plasma of PAD
patients segregated by the severity of the disease and in plasma of healthy volunteers using a quantitative and targeted
metabolomic approach. We found relevant associations between several metabolites (3-hydroxybutirate, aconitate, (iso)citrate,
glutamate, and serine) with markers of oxidative stress and inflammation. Metabolomic profiling also revealed that (iso)citrate
and glutamate are metabolites with high ability to discriminate between healthy participants and PAD patients without
symptoms. Collectively, our data suggest that metabolomics provide significant information on the pathogenesis of PAD and
useful biomarkers for the diagnosis and assessment of progression.

1. Introduction

The prevalence of peripheral artery disease (PAD) is now
higher than 20% in population over 60 years, and affected
patients have a several-fold increased risk of all-cause mortal-
ity compared to people without the disease [1]. Age, hyper-
tension, hypercholesterolemia, diabetes, and smoking are
recognized risk factors, but the disease progresses silently
for decades, with the consequence that if appropriate,

effective measures are applied too late, or not implemented
at all, will result in atherosclerosis affecting wide portions of
the arteries in the lower extremities [2]. Tissue ischemia is a
common finding in PAD patients, and an increasing body
of evidence supports the notion that inflammation plays an
important role in the pathogenesis of this disease, linking
oxidative stress, metabolic adaptation, and immunity [3–6].
Consequently, the combined action of abnormal mitochon-
drial function, increased production of reactive oxygen spe-
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cies, impaired energy metabolism, and the subsequent
inflammatory response complicates vascular remodeling,
perfusion recovery, and atherosclerosis [7–10].

One of the main challenges clinicians face is early diagno-
sis of PAD (i.e., during the asymptomatic stages), and many
biomarker candidates have been proposed with limited suc-
cess [11–13]. The emergingmetabolomic approaches are pro-
viding new clues in understanding atherosclerosis-related
cardiovascular disease [14–20], but efforts on PAD have been
scarce. Previous studies from our group suggested that serum
paraoxonase-1 (PON1) and the chemokine (C-C) motif
ligand 2 (CCL2) might be useful biomarkers of PAD [21,
22]: PON1 being a scavenger of excessive reactive oxygen spe-
cies [23] and CCL2 an inducer of monocyte migration and
differentiation into macrophages [24]. As mitochondrial dys-
function and inflammation result in disrupted metabolism
[25, 26], we report here that metabolomic profiling of plasma
may be useful for identifying patients at increased risk of
PAD and that energy-balance metabolites are associated with
inflammation and oxidation in these patients. Our results
might suggest new biomarkers and therapeutic targets.

2. Materials and Methods

2.1. Participants and StudyDesign.Weperformed an observa-
tional, cross-sectional study in 201 men with clinically diag-
nosed PAD attending our vascular surgery department
between 2010 and 2015. Patients were classified according to
the Fontaine classification in nonsymptomatic stage (grade
I), intermittent claudication (grade II), rest pain (grade III),
and tissue damage, and necrosis (grade IV) [27]. Diagnostic
criteria involved ankle-brachial index (ABI), noninvasive
imaging techniques (computerized tomography scan or mag-
netic resonance imaging), and arteriography when indicated.
The exclusion criteria were the presence of acute ischemia,
signs of infection, renal failure, liver disease, cancer, or

autoimmune disease. Clinical data and laboratory variables
were obtained from patients’ clinical records. For compari-
sons, we used biobanked samples (n = 48) from healthy, age-
matchedmen and normal ABI values, whose details have been
previously described [28]. Plasma and serum samples from all
participants were collected and stored at −80°C until use. Pro-
cedures were approved by the Comité d’Ètica d’Investigació
Clínica of Hospital Universitari de Sant Joan (EPINOLS/12-
03-09/3proj6 and INFLAMET/15-04-30/4proj6), and written
informed consent was obtained from all participants.

2.2. Metabolomic Analyses. To detect and quantify metabo-
lites of energy metabolism, we used a previously described
method [6]. Briefly, metabolites from plasma (100μl) were
extracted using 400μl of methanol/water (8 : 2, v/v) and pro-
teins were precipitated for two hours at −20°C. After centri-
fugation at 14,000 rpm for 10 minutes at 4°C, the
supernatant was collected and dried under N2 flow. Metabo-
lites were then derivatized with methoxyamine in pyridine
(40mg/ml) and N-methyl-N-(trimethylsilyl)-trifluoroaceta-
mide and injected into a gas chromatograph coupled with a
quadrupole time-of-flight mass spectrometer by an electron
impact source. Metabolites were detected and quantified with
the use of proper calibration curves.

2.3. Biochemical Analyses. The true physiological substrates
for PON1 have not been yet identified. Since PON1 has lac-
tonase and esterase activities [23], we opted to analyze the
catalytic activity of PON1 using two different substrates:
paraoxon (an ester) and 5-thiobutyl butyrolactone (TBBL; a
synthetic lactone). Serum PON1 paraoxonase activity was
determined as the rate of hydrolysis of paraoxon at 410nm
and 37°C in a 0.05mM glycine buffer, pH 10.5 with 1mM
CaCl2. Activities were expressed as U/l (1U=1μmol of
paraoxon hydrolyzed per minute). Serum PON1 lactonase
activity was measured in an assay containing 1mM CaCl2,

Table 1: Clinical characteristics, blood count, and biochemical characteristics of the control group and PAD patients.

Control (n = 48) PAD (n = 201) p value

BMI (kg/m2) 24 (22.5–25.3) 25 (22.5–28) 0.021

Diabetes (%) — 64.1 <0.001
Hypertension (%) — 69.2 <0.001
Dyslipidemia — 37.9 <0.001
Red blood cells, ×1012/l 4.9 (4.4–5.2) 4.16 (3.57–4.66) <0.001
Hemoglobin, mmol/l 8.94 (8.32–9.43) 13.30 (11.50–14.90) 0.001

Leukocytes, ×109/l 6.8 (5.4–8.2) 8.17 (6.50–10.22) 0.003

Platelets, ×109/l 233 (205–273) 253 (200–329) ns

Total cholesterol, mmol/l 4.85 (4.40–5.85) 3.90 (3.31–4.94) <0.001
HDL cholesterol, mmol/l 1.34 (1.14–1.61) 0.96 (0.78–1.19) <0.001
LDL cholesterol, mmol/l 2.82 (2.40–3.86) 2.26 (1.77–2.79) <0.001
Triglycerides, mmol/l 0.90 (0.70–1.38) 1.99 (1.40–3.08) <0.001
Glucose, mmol/l 4.70 (4.37–4.92) 5.61 (4.60–6.88) <0.001
ALT, U/l 20 (13.5–24.9) 21.5 (15–34.8) ns

AST, U/l 20 (17.7–24) 21 (16–32) ns

BMI: Body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ns: not
significant. Nonparametric variables are shown as medians, and IQR are in parentheses. Qualitative variables are expressed as percentage of total participants.
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Metabolite Control (�휇M) PAD (�휇M)  PAD-to-control 
 ratio  �휌‐value

3‐Hydroxybutirate 0.12 (0.11–0.13) 0.22 (0.14–0.40) 1.83 <0.001
Aconitate 0.47 (0.39–0.63) 4.42 (2.45–6.26) 9.40 <0.001
�훼‐Ketoglutarate 2.91 (2.15–3.97) 4.67 (2.85–7.07) 1.60 <0.001
Alanine 199.95 (163.83–252.32) 208.71 (147.51–274.36) 1.04 ns
Aspartate 132.46 (114.27–147.78) 181.61 (142.32–229.68) 1.37 <0.001
(Iso)citrate 267.20 (200.34–329.55) 687.82 (561.31–921.93) 2.57 <0.001
Fumarate 0.31 (0.23–0.41) 0.25 (0.19–0.39) −1.24 0.032
Glucose 4718.45 (4407.71–5073.74) 4878.41 (4312.48–5658.30) 1.03 ns
Glutamate 168.57 (106.17–258.28) 1417.56 (711.82–2669–54) 8.41 <0.001
Glutamine 1705.99 (990.44–2736.23) 5073.46 (2616.13–9189.28) 2.97 <0.001
Isoleucine 48.28 (40.66–55.59) 61.55 (52.22–73.56) 1.27 <0.001
Lactate 399.68 (348.17–429.08) 358.59 (305.02–440.07) −1.11 ns
Leucine 71.25 (62.95–80.77) 88.41 (71.57–107.83) 1.24 <0.001
Malate 1.43 (1.15–1.77) 2.51 (1.90–3.88) 1.76 <0.001
Pyruvate 9.12 (6.47–13.49) 13.49 (3.79–23.04) 1.48 ns
Serine 103.49 (93.41–112.86) 135.86 (105.32–167.17) 1.31 <0.001
Succinate 10.52 (10.25–11.09) 9.40 (8.44–15.07) −1.12 0.021
Succinyl‐CoA 7.27 (5.27–9.76) 10.45 (7.58–15.54) 1.44 <0.001
Valine 92.81 (82.87–104.55) 105.44 (83.91–135.10) 1.14 0.004
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0.25mM 5-thiobutyl butyrolactone, and 0.5mM 5,5′-dithio-
bis-2-nitrobenzoic acid (DTNB) in 0.05mM Tris-HCl buffer,
pH=8.0. The change in absorbance was monitored at
412nm. Activities were expressed as U/l (1U=1mmol of
TBBL hydrolyzed per minute) [29]. Serum PON1 concentra-
tions were determined by an in-house enzyme-linked immu-
nosorbent assay (ELISA) with a rabbit polyclonal antibody
generated against the synthetic peptide CRNHQSSYQTRL-
NALREVQ which is sequence specific for mature PON1
[30]. CCL2 metabolites were measured by ELISA (Pepro-
Tech, London, UK). Serum lipid, liver profiles, and glucose
concentrations were analyzed by standard tests in a Roche
Modular Analytics P800 system. Blood count was analyzed
in a Roche Sysmex XT-1800i counter (Roche Diagnostics,
Basel, Switzerland).

2.4. Statistical Analysis. Differences between groups were
assessed by Student’s t-test (parametric) or Mann–Whit-
ney U test (nonparametric). Correlations between variables
were assessed by Spearman’s rho test. The relative magni-
tude of observed changes was evaluated using random for-
est analysis [31]. Receiver operating characteristic (ROC)
curves were used to assess the diagnostic accuracy of the
measured variables. This analysis represents plots of all
the sensitivity/specificity pairs resulting from varying deci-
sion thresholds. Sensitivity (or true-positive rate) is the
proportion of the sample correctly identified as having a
specific disease. Specificity (or true-negative rate) is the
proportion of the subjects correctly identified as not hav-
ing a specific disease. False-positive rate is calculated as

1− specificity. The area under the curve (AUC) and 95%
confidence interval (CI) were calculated. The AUC repre-
sents the ability of the test to correctly classify patients
according to the investigated alteration. The values of
AUC can range between 1 (perfect test) and 0.5 (worthless
test) [32]. Statistical analyses were performed with SPSS
22.0 (IBM Corp., Chicago, IL, USA). MetaboAnalyst 3.0
(http://www.metaboanalyst.ca/) was used to generate
scores/loading plots and random forest analyses.

3. Results

3.1. Participants’ Characteristics. Clinical characteristics and
biochemical variables of PAD patients and the control group
are shown in Table 1. PAD patients had a mildly higher BMI
than those in the control group, and they often had diabetes,
hypertension, or dyslipidemia. Serum glucose and triglycer-
ide concentrations were higher in patients, while cholesterol
was lower, which is probably the result of medication.

3.2. Alterations in Energy-Balance-Associated Metabolites.
The plasma concentrations of most energy metabolism inter-
mediates were significantly higher in PAD patients than
those in the control group, with the exceptions of fumarate,
lactate, and succinate, that were decreased (Figure 1(a)). Glu-
taminolysis was disrupted in PAD, as shown by glutamate
and glutamine increases. Moreover, reactions involving
amino acid metabolism seemed to be inhibited in PAD, as
serine, valine, isoleucine, and leucine concentrations were
increased. TCA cycle was strongly disturbed since

Table 2: Spearman’s correlation coefficients for PON1 concentration, PON1 paraoxonase activity, PON1 lactonase activity, CCL2
concentration, and related metabolites.

PON1 concentration Paraoxonase activity Lactonase activity CCL2 concentration
Spearman’s rho p value Spearman’s rho p value Spearman’s rho p value Spearman’s rho p value

3-hydroxybutirate −0.640 <0.001 −0.309 <0.001 −0.496 <0.001 0.241 0.009

α-Ketoglutarate −0.021 ns −0.183 0.029 −0.029 ns −0.045 ns

Aconitate −0.641 <0.001 −0.394 <0.001 −0.552 <0.001 0.345 <0.001
Alanine 0.153 ns 0.253 0.002 0.275 0.001 −0.155 ns

Aspartate −0.241 0.004 −0.187 0.026 −0.349 <0.001 0.184 0.046

(Iso)citrate −0.592 <0.001 −0.166 0.048 −0.381 <0.001 0.303 0.001

Fumarate 0.295 <0.001 −0.053 ns 0.166 0.048 −0.014 ns

Glucose 0.011 ns 0.109 ns 0.053 ns −0.098 ns

Glutamate −0.590 <0.001 −0.425 <0.001 −0.589 <0.001 .0171 ns

Glutamine −0.263 0.002 −0.059 ns −0.198 0.018 0.187 0.043

Isoleucine −0.342 <0.001 −0.101 ns −0.299 <0.001 0.167 ns

Lactate 0.277 0.001 0.086 ns 0.175 0.036 −0.104 ns

Leucine −0.229 0.006 0.008 ns −0.136 ns 0.079 ns

Malate −0.356 <0.001 −0.240 0.004 −0.279 0.001 0.225 0.014

Pyruvate 0.356 <0.001 −0.034 ns 0.158 ns −0.163 ns

Serine −0.595 <0.001 −0.294 <0.001 −0.534 <0.001 0.295 0.001

Succinate −0.355 <0.001 −0.194 0.021 −0.342 <0.001 0.110 ns

Succinyl-CoA −0.223 0.008 −0.101 ns −0.154 ns 0.025 ns

Valine −0.035 ns 0.155 ns 0.076 ns −0.009 ns

PON1: Paraoxonase 1; CCL2: chemokine (C-C) motif ligand 2; ns: not significant.
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(iso)citrate, aconitate, α-ketoglutarate, succinyl-CoA, and
malate concentrations were increased, and fumarate and suc-
cinate concentrations were decreased in PAD (Figure 1(b)).

3.3. Relationships between Energy-Balance-Associated
Metabolites, PON1 and CCL2. We observed significant
inverse correlations between metabolites and PON1-related
variables and direct correlations between metabolites and
CCL2. The strongest correlations were observed between
serum PON1 concentration and PON1 lactonase activity
with 3-hydroxybutirate, aconitate, (iso)citrate, glutamate,
and serine (Table 2).

3.4. Metabolites Are Linked to PAD Comorbidities, Age, and
BMI. Univariate analyses confirmed that many metabolites
were associated with diabetes, hypertension, or dyslipidemia
(Tables 3–5), while multivariate analyses (principal compo-
nent analyses) revealed that the combination of these metab-
olites was not able to separate groups regarding hypertension
(Figure 2(a)) and dyslipidemia (Figure 2(b)). Random forest
analysis showed that glucose and isoleucine were associated
with diabetes in PAD patients and glucose (as expected)
had the highest discriminant capacity (Figure 2(c)). Hyper-
lipidemic and normolipemic patients showed significant dif-
ferences in alanine, aspartate, glucose, isoleucine, lactate,
leucine, succinyl-CoA, and valine concentrations and, among
them, isoleucine had the highest discriminant capacity
(Figure 2(d)). Fumarate, glucose, isoleucine, lactate, malate,
serine, and pyruvate were associated with hypertension in

Table 4: Metabolite concentrations in patients segregated according
to the presence of hypertension.

Metabolite
Hypertension

No Yes

3-hydroxybutirate 0.21 (0.14–0.38) 0.35 (0.14–0.42)

Aconitate 4.59 (2.54–6.65) 4.13 (2.60–6.60)

α-Ketoglutarate 4.71 (2.81–6.67) 3.70 (2.51–7.07)

Alanine 213.5 (152.7–273.7) 184.3 (137.3–255.1)

Aspartate 181.6 (141.4–239.5) 173.1 (137.3–200.4)

(Iso)citrate 721.8 (566.6–934.0) 654.2 (476.5–815.9)

Fumarate 0.27 (0.19–0.40) 0.22 (0.17–0.30)a

Glucose 4955.9 (4459.1–5679.9)
4418.1

(4134.8–5191.7)b

Glutamate 1335.8 (725.0–2628.5) 1786.6 (691.1–2891.7)

Glutamine 5083.3 (2842.0–9072.2) 4742.5 (1700.9–7003.8)

Isoleucine 63.52 (52.24–75.19) 57.88 (51.23–63.22)a

Lactate 373.5 (308.3–452.5) 332.3 (279.5–405.9)a

Leucine 90.17 (71.33–109.35) 84.54 (69.77–93.84)

Malate 2.79 (1.96–4.09) 2.23 (1.75–3.08)a

Pyruvate 13.86 (3.85–24.11) 8.78 (2.72–18.15)a

Serine 135.3 (106.1–162.1) 161.0 (103.6–172.0)a

Succinate 9.15 (8.42–15.04) 11.71 (8.49–15.47)

Succinyl-CoA 11.21 (7.72–16.31) 9.94 (7.52–14.25)

Valine 107.3 (86.6–136.8) 96.6 (78.8–134.8)
ap < 0 05; bp < 0 01.

Table 5: Metabolite concentrations in patients segregated according
to the presence of dyslipidemia.

Metabolite
Dyslipidemia

No Yes

3-hydroxybutirate 0.31 (0.16–0.40) 0.19 (0.13–0.419)

Aconitate 4.64 (2.91–6.61) 4.22 (2.36–6.16)

α-Ketoglutarate 3.99 (2.44–6.55) 5.05 (3.05-6.90)

Alanine 180.5 (125.1–247.5) 233.6 (171.4–302.8)b

Aspartate 168.6 (134.1–205.4) 191.7 (148.8–253.2)a

(Iso)citrate 678.6 (545.4–864.5) 712.3 (566.1–959.1)

Fumarate 0.23 (0.18–0.36) 0.27 (0.19–0.40)

Glucose
4663.9

(4172.3–5417.5)
4925.3

(4503.6–5684.9)a

Glutamate 1556.2 (679.8–2785.7) 1342.5 (763.7–2372.1)

Glutamine 4742.5 (2007.9–7169.0)
5073.4

(2219.3–10427.7)

Isoleucine 57.90 (49.81–68.46) 65.02 (55.35–77.95)b

Lactate 334.7 (274.2–435.6) 393.3 (323.2–457.6)b

Leucine 83.96 (66.70–98.71) 92.19 (76.10–109.92)a

Malate 2.37 (1.83–3.66) 2.87 (2.12–3.80)

Pyruvate 9.50 (3.08–21.00) 13.58 (6.00–25.78)

Serine 150.0 (104.9–170.3) 131.9 (106.0–18.8)

Succinate 10.82 (8.44–15.23) 9.11 (8.46–15.15)

Succinyl-CoA 9.79 (6.71–14.00) 13.36 (8.90–18.47)b

Valine 99.3 (78.6–125.5) 113.3 (89.6–139.4)b

ap < 0 05; bp < 0 01.

Table 3: Metabolite concentration in patients segregated according
to the presence of diabetes.

Metabolite
Diabetes

No Yes

3-hydroxybutirate 0.27 (0.13–0.39) 0.27 (0.14–0.40)

Aconitate 3.75 (2.38–6.50) 4.60 (2.67–6.28)

α-Ketoglutarate
4.24

(2.56–7.22)
4.13 (2.76–6.50)

Alanine 210.6 (147.5–266.3) 189.6 (139.0–271.4)

Aspartate 172.5 (133.3–215.8) 179.7 (143.0–225.1)

(Iso)citrate 721.7 (584.42–867.3) 665.6 (538.0–880.5)

Fumarate 0.26 (0.19–0.41) 0.24 (0.18–0.37)

Glucose 4546.0 (4104.0–5115.5)
4959.3

(4040.8–5804.9)a

Glutamate 1457.2 (743.0–2912.4) 1416.9 (671.7–2684.2)

Glutamine 5073.4 (3054.2–7754.5) 4742.5 (1842.3–8881.2)

Isoleucine 57.14 (47.71–63.99) 63.68 (52.83–75.20)a

Lactate 367.2 (283.9–423.6) 341.0 (297.1–441.6)

Leucine 85.07 (70.62–94.86) 86.68 (69.33–109.65)

Malate 2.38 (1.85–4.31) 2.45 (1.88–3.56)

Pyruvate 12.47 (3.64–22.87) 12.83 (3.55–21.89)

Serine 147.5 (101.7–167.4) 137.6 (109.4–169.5)

Succinate 9.57 (8.35–15.11) 9.70 (8.47–15.23)

Succinyl-CoA 10.14 (7.74–15.12) 10.46 (7.37–17.62)

Valine 102.0 (83.0–129.4) 104.1 (80.7–138.9)
ap < 0 01.
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PAD patients, and serine was the metabolite with the best
discriminant capacity (Figure 2(e)). Aconitate, fumarate, and
malate were associatedwith age, and aconitate, alanine, aspar-
tate, glucose, isoleucine, leucine, and valine were correlated
with BMI (Table 6 and Figure 3). All these metabolites were
excluded for further analysis as candidates for PAD bio-
marker in order to avoid the influence of confounding factors.

3.5. Metabolic Biomarkers of PAD. Metabolites included in
further analysis were (iso)citrate, glutamate, succinate, 3-
hydroxybutirate, α-ketoglutarate, and glutamine. From them,
(iso)citrate and glutamate were those showing the greatest
differences between patients and controls and between the
different patient groups according to the Fontaine scale
(Figure 4). To evaluate the capacity of these metabolites to
discriminate between groups, we performed random forest
analyses and ROC curves confirming that (iso)citrate and
glutamate were the most powerful metabolites to separate
the healthy individuals from PAD patients (Figures 5(a)
and 5(b)), and the healthy individuals from asymptomatic
or nearly asymptomatic patients (grades I and II), with
AUC> 0.95 (Figures 5(c) and 5(d)). They were also useful
to discriminate between the different subgroups of patients
(Figure 5(e)).

4. Discussion

Energy-balance-associated metabolites are related to oxida-
tive stress and inflammation. We found in PAD patients
significant alterations in energy metabolism, particularly

evident through the citrate-aconitate-(iso)citrate conver-
sions. The mitochondrial enzymes involved in these reac-
tions are (iso)citrate dehydrogenase (IDH2) and aconitase 2
(ACO2). Both enzymes are crucial for normal mitochondrial
function [33]. In mice, decreased IDH2 expression contrib-
utes to atherosclerosis progression by increasing oxidative
stress [34]. An oxidative environment inactivates aconitase,
which in turn undergoes age-dependent oxidative modifica-
tion. Whether IDH2 and ACO2 may be the cause or conse-
quence of mitochondrial dysfunction in PAD requires
further studies [8].

Mitochondrial dysfunction, oxidative stress, and inflam-
mation are closely related [24, 25]. The present study shows
the existence of significant inverse correlations between
various metabolites and PON1-related variables and direct
correlations with CCL2. These correlations are stronger for
PON1 concentration and lactonase activity. This may be
due to the observation that PON1 is located (among other
cellular organelles) in the membranes of the mitochondria,
protecting them from oxidative stress [25]. Therefore, alter-
ations in the TCA cycle may directly affect PON1. The corre-
lations between metabolites and paraoxonase activity are
weaker than those found for lactonase activity, but this is
probably due to the differential impact of genetic polymor-
phisms [23]. Metabolites showing the strongest and more
consistent correlations with PON1 and CCl2 were 3-hydro-
xybutirate, aconitate, (iso)citrate, glutamate, and serine. 3-
Hydroxybutirate is a ketone body, and studies on the effects
of ketones on oxidative stress and inflammation are contra-
dictory. For example, it has been reported that these

Table 6: Spearman’s correlation coefficients for age, body mass index, and related metabolites.

Age BMI
Spearman’s rho p value Spearman’s rho p value

3-Hydroxybutirate 0.057 ns 0.022 ns

Aconitate 0.205 0.003 −0.236 0.010

α-Ketoglutarate 0.054 ns −0.031 ns

Alanine −0.081 ns 0.230 0.013

Aspartate 0.083 ns 0.256 0.005

(Iso)citrate 0.113 ns 0.147 ns

Fumarate 0.220 0.002 −0.085 ns

Glucose −0.031 ns 0.202 0.029

Glutamate 0.063 ns −0.032 ns

Glutamine 0.007 ns 0.157 ns

Isoleucine 0.124 ns 0.194 0.036

Lactate −0.023 ns 0.034 ns

Leucine −0.005 ns 0.220 0.017

Malate 0.248 <0.001 −0.079 ns

Pyruvate −0.009 ns 0.103 ns

Serine 0.062 ns −0.112 ns

Succinate 0.011 ns −0.145 ns

Succinyl-CoA 0.038 ns 0.134 ns

Valine −0.122 ns 0.241 0.009

BMI: Body mass index; ns: not significant.
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compounds inhibit mitochondrial production of reactive
oxygen species in rat and mice neurons [35–37] while they
activate NF-κB, upregulate NADPH oxidase, elevate oxida-
tive stress, and induce the expression of proinflammatory
cytokines in endothelial cells and hepatocytes [38, 39]. Our
results are in agreement with this latter possibility. It has been

suggested that these contradictory findings reflect tissue-
specific differences because the source of reactive oxygen
species in neurons differ from that in nonneuronal cells
[35]. Aconitate is the precursor of itaconate, and this
metabolite regulates metabolic remodeling and mitochon-
drial respiration in inflammatory macrophages [40]. There
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is little information on the associations of (iso)citrate, glu-
tamate, and serine with oxidative stress and inflammation,
but studies suggest that glutamate is pro-oxidant and pro-
inflammatory [41] while (iso)citrate and serine may elicit
the opposite effect [42, 43].

Energy-balance-associated metabolites might be con-
sidered as PAD biomarkers. Early diagnosis is important
in these patients because preventive treatment has
potential benefits in the progression of PAD. Current bio-
markers are indeed risk factors [11, 13], and dyslipidemia,
hypertension, or diabetes plays independent roles in ath-
erogenesis. In our population, approximately 80% of
patients had one or more of these complications. Their
effect on metabolite concentrations is unknown but prob-
ably multifactorial. For instance, branched-chain amino
acids (BCAA) were influenced by hypertension, diabetes,
and dyslipidemia confirming previous associations [44–47].
We therefore discarded metabolites influenced by con-
founding variables, and we found six candidates with sta-
tistically significant differences in concentration between
the control group and PAD patients: 3-hydroxybutyrate,
α-ketoglutarate, glutamate, glutamine, (iso)citrate, and
succinate. These candidates were useful to distinguish
between PAD patients and the control group and also to
discriminate between different clinical stages. The conver-
sion of (iso)citrate to α-ketoglutarate is mediated by

IDH2, and increased concentrations of this metabolite
have been associated with a worse cardiovascular progno-
sis [48]. Interestingly, glutamate, another metabolite with
a good discriminant capacity, is the substrate for many
enzymes located in the mitochondria [49] and plays an
important role in the mechanical function of the ischemic
myocardium [50]. Understanding glutamate overproduc-
tion in the blood of patients with atherosclerosis requires
further research. Our more interesting finding indicates
that (iso)citrate and glutamate may discriminate healthy
participants from PAD patients in the asymptomatic or
early symptomatic stages (Fontaine grades I and II). Sim-
ple measurements may then provide clinical tools to assess
patients at risk but without symptoms. Larger studies
using sensitive metabolomic techniques are warranted to
confirm these findings and to identify specific metabolic
pathways associated with increased risk of PAD.

5. Conclusion

Our metabolomic approach supports a relevant association of
plasma concentrations of energy-balance-associated metabo-
lites with oxidative stress and inflammation and reveals (iso)ci-
trate and glutamate as candidate biomarkers for discriminating
PAD patients without symptomatic disease.
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Background. Sepsis-induced myocardial dysfunction is a severe clinical problem. Recent studies have indicated that autophagy and
myocardial energy depletion play a major role in myocardial dysfunction during sepsis, a mechanistic target of rapamycin (mTOR)
as a master sensor of energy status and autophagy mediator; however, there are little data describing its role during sepsis in the
heart. Methods. Cecal ligation and puncture (CLP) or sham operation (SHAM) was performed in rats. After treatment,
pathological changes were determined by H&E staining, cardiac functions by echocardiography, the distribution of microtubule-
associated protein light chain 3 (LC-3) type II and hypoxia-inducible factor 1α (HIF-1a) by immunohistochemical staining, and
autophagic vacuoles by transmission electron microscopy. Moreover, the mTOR signaling pathway and LC3II, p62, and HIF-1a
expression were measured by western blotting. Results. Rapamycin alleviated the pathological damage of myocardial tissue,
attenuated cardiac dysfunction (left ventricular ejection fraction (LVEF), p < 0 05; fractional shortening (FS), p < 0 05), and
reduced HIF-1a expression (p < 0 05). Expectedly, rapamycin decreased the activity of the mTOR pathway in both sham-
operated rats (p < 0 0001) and CLP rats (p < 0 01). Interestingly, we also found inhibition of the mTOR pathway in CLP rats
compared with sham-operated rats; phosphorylation of both mTOR (p < 0 001) and pS6K1 (p < 0 01) was significantly
suppressed following CLP challenge. Furthermore, autophagic processes were elevated by CLP; the ratio of LC3II/LC3I (p < 0 05)
was increased while p62 expression (p < 0 001) was decreased significantly; there were also more autophagic vacuoles in CLP rats;
and rapamycin could further elevate the autophagic processes compared with CLP rats (LC3II/LC3I, p < 0 05; P62, p < 0 05).
Conclusion. Inhibition of the mTOR pathway has cardioprotective effects on myocardial dysfunction during sepsis induced by
CLP, which is partly mediated through autophagy.

1. Introduction

Sepsis as a systemic response to infection is a leading cause of
morbidity and mortality worldwide. Despite advances in crit-
ical care treatment and increased understanding of the sepsis
pathophysiology, the mortality rate of affected patients
remains high (40%–60%), even in developed countries [1].
High mortality in septic patients is associated with cardiac
dysfunction. When people suffer from severe heart failure,
their mortality rate increases by 50% [2]. To develop more
effective therapies for septic myocardial dysfunction, it is
necessary to explore the mechanisms of cardiac dysfunction
induced by sepsis.

Autophagy refers to any cellular degradative pathway
that involves delivery of cytoplasmic cargo to the lysosome
[3]. LC3-II and p62 are two major proteins in autophagy.
LC3II functions at an early stage of phagophore expansion,
while p62/SQSMT1 has an adaptor function to recognize
ubiquitinated proteins that need to be removed from the
cytoplasm during autophagy; its amount is generally consid-
ered to inversely correlate with autophagic activity [4–6]. In
the basal state, autophagy is an important process in the
heart, and a defect in this process can be detrimental [7]. It
also plays an important role in the modulation of ischemia-
reperfusion (I/R) injury. Evidence suggests that autophagy
protects against I/R injury, and impaired autophagy
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contributes to higher morbidity and mortality [8]. Recent
studies have found that autophagy also plays an important
role in septic myocardial depression. Accumulating evidence
has shown that autophagic activity in cardiomyocytes
changes during sepsis, but the results are unclear [9, 10].

Mammalian target of rapamycin (mTOR) is a master
sensor of energy status and promotes autophagy when there
is energy depletion [11]. Myocardial energy depletion plays a
major role in myocardial dysfunction during sepsis [12, 13].
However, to the best of our knowledge, there is little data
describing the role of the mTOR pathway during sepsis in
the heart [10, 14]. Furthermore, the relationship between
autophagy and the mTOR pathway in cardiac dysfunction
caused by sepsis is still unknown, which was investigated in
this study.

2. Methods

2.1. Animal Model. Healthy male Wistar rats, weighing
250± 10 g, were obtained from the Animal Facility Center,
PUMCH. All animals were housed in a pathogen-free facility
and treated according to protocols approved by the Institu-
tional Animal Care and Use Committee of PUMCH. Rats
were randomly divided into SHAM, SHAM+rapamycin
(RAPA), cecal ligation and puncture (CLP), and CLP+RAPA
groups (six mice per group). CLP was performed as
previously described to establish a mid-grade sepsis model
[15]. In brief, under chloral hydrate anesthesia, the cecum
was exposed by a 3 cm midline laparotomy. The mesentery
of the cecum was carefully dissected, and the cecum was
ligated at half the distance between the distal pole and base
of the cecum. Two cecal punctures were made with a 22G
needle, and a droplet of feces was forced out from both the
mesenteric and antimesenteric penetration holes to ensure
patency of the punctures. Sham-operated rats were subjected
to the same laparotomy without CLP. After surgery, all
animals immediately received a subcutaneous injection of
sterile saline (0.9% NaCl, 5ml per 100 g body weight) for
resuscitation. Eighteen hours after surgery, the animals
were killed, and the hearts were removed for further evalua-
tion. In treatment groups, rapamycin (10mg/kg BW) was
administered intraperitoneally for the 7 consecutive days
before CLP operation. In the vehicle-treated group, mice
received the same volume of vehicle (10% DMSO, 4ml/kg
BW) intraperitoneally. The dose of rapamycin was chosen
based on a previous study [9].

2.2. Hematoxylin and Eosin (H&E) Staining. The left ventri-
cle hearts of rats were transversely cut at a 2mm thickness,
immediately fixed in 4% paraformaldehyde, and embedded
in paraffin. Sections of 3μm in thickness were affixed to
slides, deparaffinized, and stained with H&E to evaluate mor-
phological changes of the heart.

2.3. Transmission Electron Microscopy Analysis. Transmis-
sion electron microscopy was performed as described previ-
ously [16]. The heart was perfused with 0.5% glutaric
dialdehyde in 0.1M cacodylate buffer (perfusion fluid) at
3ml/min for 5min to fix the muscle in situ. Then, the freshly

isolated cardiac tissue from mice was cut into small pieces
and immediately fixed by immersion in perfusion fluid
for 3 h. After washing with 0.1M cacodylate buffer and
15% sucrose buffer, the samples were cut into thin sections
(90 nm) that were viewed at 120 kV with a H7650 trans-
mission electron microscope (HITACHI, Tokyo, Japan).
Micrographs were obtained using a Philips CM12 (10–15
per sample) by random sampling.

2.4. Western Blot Analysis. The left ventricle tissues were
homogenized in lysis buffer. Tissue lysates were centrifuged
at 17,000g for 10min. An aliquot of the supernatant was
used to determine the protein concentration. Protein sam-
ples were mixed with 4× lithium dodecyl sulfate sample
buffer, electrophoresed on SDS-polyacrylamide gels, and
then transferred electrophoretically onto nitrocellulose. The
membranes were immunoblotted with antibodies against
LC3B (ab48394, Abcam, 1 : 1000 dilution), p62 (#9234, Cell
Signaling Technology, 1 : 1000 dilution), phospho-mTOR
(Ser2448) (#5536, Cell Signaling Technology, 1 : 8500 dilu-
tion), phospho-p70S6 kinase (Thr389) (#9234, Cell Signaling
Technology, 1 : 500 dilution), HIF-1a (ab2185, Abcam,
1 : 1000 dilution), and actin. A horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody was used.
After the final wash, the membranes were developed using
enhanced chemiluminescence (Amersham, Piscataway, NJ)
and autoradiographed. Actin was used as a loading control.

2.5. Immunohistochemistry. Formalin-fixed, paraffin-embedded
sections of rat hearts were subjected to immunohistochemical
analysis as described previously [17]. Briefly, 3μm thick tissue
sections were deparaffinized and rehydrated, followed by
antigen retrieval in a microwave, according to the standard
procedures. The sections were sequentially blocked with avidin
and biotin and then incubated at 4°C overnight with a 1/1000-
diluted anti-LC3 antibody (ab48394, Abcam) and 1/1000-
diluted anti-HIF-1a antibody (ab2185, Abcam). Following
repeated washes, the sections were incubated at 25°C for
30min with biotinylated IgG. Diaminobenzidine was used as
a development substrate. The sections were dehydrated and
mounted with DePex.

2.6. Echocardiography Examination. Rats were anaesthetized
intraperitoneally with pentobarbital (70–80mg/kg) at 18 h
after CLP and situated in the supine position on a warming
pad. An ultrasonic machine (M-Turbo Sonosite, USA)
equipped with a 15MHz transducer was used for noninvasive
transthoracic echocardiography. The left ventricular end-
diastolic and end-systolic dimensions were measured. The
left ventricular ejection fraction (LVEF) and fractional
shortening (FS) were also calculated from M-mode echo-
cardiograms. Data from three consecutive selected cardiac
cycles were analyzed and averaged.

2.7. Statistical Analysis. Data were analyzed by SPSS 18.0
software (SPSS Inc., IBM Corp., Armonk, NY, USA). All data
for continuous variables in this study had normal distribu-
tions and are shown as the mean± standard deviation.
Differences were assessed using analysis of variance followed
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by the least significant difference (LSD). A p value of less
than 0.05 was considered as statistically significant.

3. Results

3.1. Pathological Changes in the Myocardial Tissue of Model
Rats. H&E staining revealed that the myocardium of
SHAM rats had a normal architecture and clear myocyte
boundaries, whereas CLP rats after 18 h of sepsis showed
marked myocardial injury with myocardial necrosis and
interstitial edema adjacent to localized extravasation of
red blood cells. These results indicated cardiomyopathy
of the sepsis model established by CLP. Pathological dam-
age of myocardial tissue was significantly alleviated by
rapamycin treatment (Figure 1).

3.2. Rapamycin Alleviates CLP-Induced Cardiac Dysfunction
in Rats. To explore the effects of rapamycin on CLP-
induced cardiac dysfunction in rats, the rats were subjected
to a noninvasive transthoracic echocardiography. As shown in
Figure 2, LVEF and FS were measured at 18h after treatment.
Compared with the SHAM group, cardiac functions as
indicated by LVEF (CLP 0.49±0.08 versus SHAM 0.77±0.08,
p < 0 0001) and FS (CLP 0.32±0.05 versus SHAM 0.50±0.08,
p < 0 001) were significantly reduced in the CLP group, and
rapamycin partially, but significantly, reversed the reduced
cardiac dysfunction caused by CLP (LVEF: CLP+RAPA
0.61±0.06 versus CLP 0.49±0.08, p < 0 05; FS: CLP+RAPA
0.42±0.05 versus CLP 0.32±0.05, p < 0 05).

3.3. Rapamycin Reduces Expression of HIF-1a during Septic
Cardiomyopathy. As shown in Figure 3, HIF-1a expression
was significantly increased in CLP rats compared with
sham-operated rats (p < 0 0001). Interestingly, rapamycin
pretreatment of sham-operated rats reduced the expression
of HIF-1a compared with that of CLP rats (p < 0 05),
indicating that rapamycin alleviated myocardial anoxia in
septic cardiomyopathy.

3.4. mTOR Pathway Activity in the Myocardial Tissue of
Model Rats. As expected, the mTOR pathway in the myocar-
dium was significantly inhibited by rapamycin. Interestingly,
the activity of the mTOR pathway in the myocardium
was dramatically suppressed in CLP rats compared with
SHAM rats. The level of p-mTOR (phosphorylation at
Ser2448) was decreased in the myocardium of CLP rats
(p < 0 001) and activation of p70s6 kinase (phosphoryla-
tion at Thr389), a direct downstream target of mTOR,
was highly suppressed in CLP rats compared with sham-
operated rats (p < 0 01) (Figure 4). These results indicated
that the mTOR pathway might play vital roles in septic
myocardial dysfunction.

3.5. Relationship between the mTOR Pathway and Autophagy
Proteins (LC3-II and p62) in Septic Cardiomyopathy. LC3II/
LC3I in the left ventricle was significantly increased at 18 h
after CLP compared with sham-operated rats (p < 0 05).
Rapamycin treatment further increased the expression of
LC3II in the left ventricle compared with CLP rats without
rapamycin treatment (p < 0 05) (Figure 5(b)). We also

evaluated LC3II in the left ventricle by immunohistochemical
staining. As shown in Figure 5(a), the left ventricle sections
from CLP rats showed an increase in LC3II expression
compared with that from sham-operated rats, and LC3II
expression was further increased in CLP+RAPA rats com-
pared with CLP rats. Consistent with the change in LC3II
expression of the myocardium, p62 expression in CLP rats
was decreased compared with that in sham-operated rats
(p < 0 001). As shown in Figure 5(c), p62 expression in
CLP+RAPA rats was lower than that in CLP rats (p < 0 05).

3.6. Rapamycin Increases Autophagic Vacuoles in the
Myocardium during Septic Cardiomyopathy. As shown in
Figure 6, LV tissues from sham-operated rats showed a nor-
mal structure, whereas CLP rats had cellular disorganization
and myofibrillar disarray. Autophagic processes were
observed by transmission electron microscopy. We found
more autophagic vacuoles in the myocardium of CLP rats
compared with sham-operated rats. We also found that rapa-
mycin further promoted autophagic processes because more
autophagic vacuoles were found in CLP+RAPA rats than in
CLP rats.

4. Discussion

mTOR is a master sensor of energy status and promotes
autophagy upon energy depletion [11]. Energy depletion
is a major cause of myocardial dysfunction during sepsis
[12, 13]. Therefore, the mTOR pathway might play a major
role in cardiac dysfunction induced by sepsis. In the present
study, we used rapamycin, an inhibitor of the mTOR path-
way, to explore the role of the mTOR pathway and the
relationship between autophagy and the mTOR pathway in
cardiac dysfunction caused by sepsis. We found that the
mTOR pathway was inhibited in CLP rats compared with
sham-operated rats, and rapamycin significantly alleviated
pathological injury and cardiac dysfunction induced by
CLP and improved myocardial anoxia in septic cardiomyop-
athy. We also found that autophagy was activated in CLP

SHAM SHAM + RAPA

CLP CLP + RAPA

Figure 1: Representative H&E staining of the left ventricle sections.
Original magnification, ×200. SHAM, sham operated; CLP, cecal
ligation and puncture; RAPA, rapamycin.
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rats compared with sham-operated rats, and rapamycin
further promoted the autophagic process by affecting the
mTOR pathway.

The heart is a high energy-demanding organ because it is
required to constantly generate ATP to support the contrac-
tion/relaxation cycle. Energy depletion may cause cardiac
dysfunction accompanied by changes in nutrient-sensing
molecules. For example, in myocardial ischemia, the mTOR
signaling pathway is inhibited by AMP-activated protein
kinase (AMPK) that is activated by a reduction in cellular
ATP levels [18]. Energy depletion also plays a major role
in septic cardiac dysfunction induced by mitochondrial

dysfunction and reduced cardiac fatty acid oxidation
[19]. Our previous studies have found that the mTOR
pathway in CD8 (+) T-cell was changed during the sepsis
[20]; however, there is little evidence to prove the rele-
vance of mTOR in sepsis-induced cardiac dysfunction
[10, 14]. In our study, the mTOR pathway was signifi-
cantly inhibited at 18 h after CLP. Phosphorylation of both
mTOR and pS6K1, downstream targets of mTORC1, was
significantly suppressed following CLP challenge. This
result is consistent with a study by Li et al. Their study
showed that the mTORC1 pathway was inhibited at 12 h
after lipopolysaccharide (LPS) (20mg/kg) injection [14],
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Figure 2: Cardiac functions examined by echocardiography. Representative echocardiographic recordings from the four groups (a). LVEF
and FS were measured (b). Mean± SD, six rats per group, ∗p < 0 05; ∗∗∗p < 0 001; ∗∗∗∗p < 0 0001. LVEF, left ventricle ejection fraction; FS,
fraction shortening.
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whereas a recent study indicated that a small dose of LPS
(4mg/kg) overtly suppressed phosphorylation of AMPK
and promoted phosphorylation of mTORC1 and S6 in
the early stage of sepsis [10]. The reason for the different
outcomes may be that in different stages of sepsis, the
myocardium has specific energy states which needs to be
further explored.

Inhibition of the mTOR signaling pathway has been
reported to protect the heart against pathological damage
including myocardial infarction and hypertrophy [21–23].
Recently, Li et al. showed that the inhibition of mTORC1
results in cardiac protection against LPS-induced sepsis
[14]. However, few studies have supported their results. To
explore the role of the mTOR pathway in sepsis-induced
cardiac dysfunction, we used rapamycin to inhibit the

mTOR signaling pathway. We found that rapamycin sig-
nificantly alleviated CLP-induced pathological injury and
cardiac dysfunction in rats. We also found that CLP rats
treated with rapamycin had lower expression of HIF-1a
in their myocardium, indicating that rapamycin improved
myocardial anoxia in the sepsis model. These results suggest
that rapamycin plays a protective role in CLP-induced sepsis
cardiomyopathy. Combined with our results showing that
CLP inhibited the mTOR signaling pathway in cardiomyo-
cytes, we believe that CLP-induced inhibition of mTOR
signaling is beneficial for cardiomyocyte survival, leading to
improvement of cardiac functions under sepsis.

We further explored the mechanism by which rapamycin
attenuated cardiac dysfunction induced by sepsis. Many
studies have shown that the mTOR signaling pathway
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Figure 3: Effects of rapamycin on HIF-1a in the left ventricle 18 h after CLP. (a) The left ventricle sections stained with an
anti-HIF-1a antibody. Magnification, ×200. Bar, 100μm. (b, c) Expression of HIF-1a in the left ventricle. The left ventricle
was harvested at 18 h after CLP, and HIF-1a protein levels were quantified by western blotting. Mean± SD, six rats per group, ∗p < 0 05;
∗∗∗∗p < 0 0001.
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negatively regulates autophagy. Under nutrient-rich condi-
tions, the mTOR pathway is activated and suppresses
autophagy. Conversely, in response to energy depletion, the
mTOR pathway is inhibited and autophagy is induced to
provide an energy source [11]. As a housekeeping process,
autophagy is vital for the normal structure and functions of
the heart [7]. Additionally, autophagy plays a critical role in
the maintenance of cardiac functions by removing damaged
proteins and subcellular organelles under stress conditions
[24]. It also plays an important role in the modulation
of I/R injury. Evidence suggests that autophagy protects
against I/R injury [8]. A recent study has shown that the
process of autophagy in cardiomyocytes changes during
sepsis, indicating that autophagy might play a major role
in septic cardiac dysfunction [9].

In our study, we further explored changes of the autoph-
agy process induced by CLP challenge and the relationship
between the mTOR pathway and autophagy. We found that
autophagy was activated at 18 h after CLP. The ratio of
LC3II/LC3I was increased significantly, indicating that
autophagosomal formation was improved at 18 h after CLP.
We also found that p62, which inversely correlates with

autophagic activity, was decreased significantly, indicating
autophagy activation. This finding was confirmed by investi-
gating the ultrastructure of the myocardial cells and finding
more autophagic vacuoles in CLP rats. However, in a study
by Hsieh et al. [9], they found that the process of autophagy
in myocardial cells was not complete at 24 h after CLP.
Despite both of our studies revealing elevation of LC3-II, they
found that colocalization of LC3 and LAMP1 (a lysosome
marker) was decreased at 24h after CLP. They also observed
increased numbers of large autophagosomes containing
mitochondria in CLP mice, but few autolysosomes. The rea-
son for the different experimental results may be obtaining
myocardial tissues at different stages of sepsis. A recent
study demonstrated that autophagy was activated initially
in sepsis, followed by a subsequent phase of incompletion
in the liver [25], which may be similar in the heart. Even
though the time point that we chose was almost the same
as that in the study by Hsieh et al., we ligated the cecum
at half the distance between the distal pole and base of the
cecum to establish the mid-grade sepsis model, whereas
they ligated the cecum just below the ileocecal junction
for high-grade sepsis. As a result, the myocardial tissue
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Figure 4: p-mTOR and PS6K1 expression in the left ventricle. The left ventricle was harvested 18 h after CLP, and p-mTOR and
PS6K1 protein levels were quantified by western blotting. Mean± SD, six rats per group, ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001;
∗∗∗∗p < 0 0001.
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in our study may indicate the condition of autophagy in
the early stage of sepsis. We also found that rapamycin
further activated autophagy in CLP rats, which was consis-
tent with the improvement of cardiac functions and
decreased HIF-1a, indicating that the cardioprotective effect

of rapamycin in septic myocardial dysfunction may be
mediated by acceleration of autophagy.

In conclusion, inhibition of the mTOR pathway plays a
cardioprotective role in septic myocardial dysfunction, and
this effect may be mediated by the acceleration of autophagy.
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Figure 5: Effects of rapamycin on LC3-II and P62 expression in the left ventricle 18 h after CLP. (a) The left ventricle sections stained
with an anti-LC3 antibody. Magnification, ×200. Bar, 100μm. (b, c) LC3II and p62 expression in the left ventricle. The left ventricle
was harvested at 18 h after CLP, and LC3II and P62 protein levels were quantified by western blotting. Mean± SD, six rats per group,
∗p < 0 05; ∗∗∗p < 0 001.
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Endothelial dysfunction, partly induced by inflammatory mediators, is known to initiate and promote several cardiovascular
diseases. Selenoprotein S (SelS) has been identified in endothelial cells and is associated with inflammation; however, its
function in inflammation-induced endothelial dysfunction has not been described. We first demonstrated that the upregulation
of SelS enhances the levels of nitric oxide and endothelial nitric oxide synthase in tumor necrosis factor- (TNF-) α-treated
human umbilical vein endothelial cells (HUVECs). The levels of TNF-α-induced endothelin-1 and reactive oxygen species are
also reduced by the upregulation of SelS. Furthermore, SelS overexpression blocks the TNF-α-induced adhesion of THP-1 cells
to HUVECs and inhibits the increase in intercellular adhesion molecule-1 and vascular cell adhesion molecule-1. Moreover, SelS
overexpression regulates TNF-α-induced inflammatory factors including interleukin-1β, interleukin-6, interleukin-8, and
monocyte chemotactic protein-1 and attenuates the TNF-α-induced activation of p38 mitogen-activated protein kinase (MAPK)
and nuclear factor-κB (NF-κB) pathways. Conversely, the knockdown of SelS with siRNA results in an enhancement of
TNF-α-induced injury in HUVECs. These findings suggest that SelS protects endothelial cells against TNF-α-induced
dysfunction by inhibiting the activation of p38 MAPK and NF-κB pathways and implicates it as a possible modulator of
vascular inflammatory diseases.

1. Introduction

The vascular endothelium is regarded as a dynamic organ
between blood vessels and circulating blood and plays a cru-
cial role in the cardiovascular system, including the control of
fibrinolysis and coagulation, regulation of vascular tone,
inflammatory responses and angiogenesis processes, and
synthesis and secretion of vasoactive substances [1]. In the
healthy state, vascular equilibrium is regulated by a strict bal-
ance between agonist and antagonist substances secreted by
the endothelium. One of the major vasodilatory substances
produced by the endothelium is nitric oxide (NO). NO
is a potent relaxing factor that plays a fundamental role
in the maintenance of vasomotor function. In addition, it
inhibits leukocyte adhesion, platelet aggregation, vascular
smooth muscle cells (VSMCs) proliferation, and extracel-
lular matrix secretion [2]. Reduced NO and an imbalance
between NO and constriction factors such as endothelin-1

(ET-1) and angiotensin have been implicated in impaired
endothelial function [3]. When abnormal vascular homeo-
stasis occurs, injured endothelial cells synthesize and
release various kinds of proinflammatory factors and adhe-
sion molecules, such as interleukin-6 (IL-6), interleukin-1β
(IL-1β), interleukin-8 (IL-8), monocyte chemotactic protein-
1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1), which
facilitate the recruitment, adhesion, and migration of circu-
lating leukocytes to vascular endothelial surfaces and exacer-
bate inflammatory damage to the endothelium [4].

Several studies have reported a strong relationship
between inflammation and the development of endothelial
dysfunction [4, 5]. Tumor necrosis factor-α (TNF-α), one
of the prototype proinflammatory cytokines, is highly
expressed during a variety of inflammatory conditions and
is elevated in the arteries and plasma of humans and animals
with vascular complications [6, 7]. Previous studies have also
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shown that a high level of TNF-α could increase endothelium
permeability, disrupt endothelium integrity, and induce cyto-
kine secretion, all of which lead to the progression of vascular
damage [8].

There is increasing evidence that endothelial dysfunction
is crucial for the initiation and progression of primitive
atherosclerosis and other forms of cardiovascular diseases
including peripheral artery disease, chronic heart failure,
hypertension, and coronary artery disease [9]. In this
sense, endothelial function is considered as an important
predictor of future cardiovascular events for individuals with
cardiovascular diseases [10]. Thus, the treatment of endo-
thelial dysfunction is imperative as it promises to reduce
cardiovascular risk.

Selenoprotein S (SelS), a member of the selenoprotein
family, is located on the endoplasmic reticulum and cell
membranes and is expressed in various organs and cells
[11]. SelS is involved in the reduction of endoplasmic reticu-
lum stress, resistance to oxidative stress, regulation of inflam-
mation, and glycolipid metabolism [12–15]. SelS has been
reported as a receptor for serum amyloid A (SAA), which is
an acute inflammatory response protein [16]. Accordingly,
the inhibition of SelS is accompanied with increased SAA
in lipopolysaccharide- (LPS-) induced HepG2 cells [17].
Fradejas et al. [18] have reported that SelS is markedly
increased by the induction of inflammatory stimuli in the
brain tissue of C57BL/6 mice, while its inhibition further
increases the expression of IL-1β and IL-6 in LPS-induced
human and mouse astrocytes. These reports indicate that
SelS is strongly associated with the regulation of inflam-
mation. However, the molecular mechanisms and effects of
SelS on inflammation-induced endothelial damage remain
unclear. To address this issue, this study was designed to
clarify the biological effects of SelS on TNF-α-induced
endothelial injury and illustrate the intercellular signaling
cascades. We reveal, for the first time, that SelS could regulate
TNF-α-induced endothelial dysfunction, suggesting that
SelS might be a new biomarker for preventing vascular
inflammatory disease.

2. Materials and Methods

2.1. Cell Culture. Human umbilical vein endothelial cells
(HUVECs) and THP-1 monocytes were obtained from the
American Type Culture Collection. The cells were separately
cultured in RPMI-1640 medium containing 10% fetal bovine
serum (Hyclone, USA), 100U/ml penicillin, and 100μg/ml
streptomycin at 37°C and 5% CO2. The medium was changed
every two days, and the cells were ready for use when they
reached 80–90% confluence. The endothelial cells were
seeded into 6-well plates and treated with or without TNF-
α (10 ng/ml, Sigma, USA) at different time points. In some
experiments, the cells were pretreated with an inhibitor of
the p38 MAPK pathway (SB203580, Selleckchem, USA) or
an inhibitor of the NF-κB pathway (S2882, Selleckchem,
USA) for 1 h.

2.2. Animals. Six-week-old male low-density lipoprotein
receptor (LDLR) knockout (KO) mice were purchased from

Ireland Matt Technology Co. Ltd. (Suzhou Industrial Park,
China) and housed in a specific pathogen-free facility at the
Animal Center of Dalian Medical University, China. All ani-
mal experiments were approved by the ethical committee of
animal experiments in Dalian Medical University (Dalian,
China) and followed the Care and Use of Laboratory Animals
guidelines sanctioned by the National Institutes of Health.
The LDLR-KO mice were randomly divided into control
and treatment groups (six mice per group). The control
group was given a regular chow (RC) diet, whereas the treat-
ment group was provided with a high-fat diet (HFD, includ-
ing 10% lard and 2% cholesterol). The mice were fed for 16
weeks during which their food intake, water intake, and body
weight were recorded. After the feeding period, sodium pen-
tobarbital solution was administered via an intraperitoneal
injection. The LDLR-KO mice were then sacrificed and their
thoracic aorta segments were harvested and fixed in neutral
formalin. The tissues were then embedded in paraffin and
prepared for staining.

2.3. Identification of pcDNA3.1-SelS Recombinant Plasmid. A
segment of the human SelS gene (GenBank: NM_018445.5)
containing 1102 bp (from 104 bp to 1205 bp) was synthesized
by Sangon Biotech Co. Ltd. (Shanghai, China). A BamHI
cleavage site and a His-tag protein coding sequence were
added to the 5′ end, and an EcoRI cleavage site was added
to the 3′ end. After EcoRI and BamHI cleavage, the SelS seg-
ment was combined with a pcDNA3.1 (+) expression vector
by a T4 DNA ligase. The pcDNA3.1-SelS recombinant
plasmid was then constructed, and its identification has
been previously completed by our study group [19].

2.4. Transfection with pcDNA3.1-SelS Recombinant Plasmid
or SelS siRNAs. HUVECs were seeded into 6-well plates and
prepared for transfection using Lipofectamine 3000 reagent
(Invitrogen, USA). Briefly, 2μg of empty vector plasmid
or pcDNA3.1-SelS recombinant plasmid was mixed with
5μl of Lipofectamine 3000 in serum-free medium. The
mixture was dispensed into the wells for incubation. After
a 6 h incubation, the cells were cultured in fresh medium
for another 24 h and used for the subsequent assays. SelS
siRNAs and negative siRNA (the base sequences are provided
in Supplementary Table 1) were designed and synthesized by
GenePharma Co. Ltd. (Shanghai, China). The steps for the
transfection of the SelS siRNAs were the same as for the
transfection of the pcDNA3.1-SelS plasmid, and the negative
siRNA (Neg.RNA) served as a negative control.

2.5. Cell Viability Measurement. The viability of endothelial
cells was assessed with a cell counting kit-8 (CCK-8) accord-
ing to manufacturer’s instructions (Dojindo, Kumamoto,
Japan). Briefly, the transfected HUVECs were seeded into
96-well plates and treated with TNF-α. The CCK-8 solution
was added into the cells and incubated at 37°C for 2 h. The
absorbance at 490 nm was measured using a microplate
reader (NanoDrop, USA). The results were expressed as the
percentage of cell viability with respect to control absorbance.
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2.6. Nitric Oxide Assays. The nitrite concentrations in the
medium of different treatment groups which represent NO
levels were analyzed using the nitric oxide assay kit according
to manufacturer’s instructions (KeyGen Biotech, Nanjing,
China). The absorbance of the samples was measured using
a microplate reader (NanoDrop, USA) at a 550nm wave-
length, and concentration of the samples was determined.

2.7. Oxygen-Free Radical Test. HUVECs in different
groups were stimulated with TNF-α and then incubated with
2′, 7′-dichlorodihydrofluorescein diacetate (2′, 7′-DCFH-
DA, Sigma, USA) for 30min. After washing twice with
phosphate-buffered saline (PBS), the levels of cellular reactive
oxygen species (ROS) were evaluated using a fluorescence
microscope (Leica, Germany). To quantify the results, the
photographs were observed under the same exposure condi-
tion, and the fluorescence mean densities were estimated
using the Image Pro Plus 6.0 software (Microsoft Media
Cybernetics, Bethesda, MD, USA).

2.8. Cell Adhesion Test. Monocyte adhesion to endothelial
cells was determined using fluorescence-labeled THP-1 cells
as described in previous studies [20, 21]. In brief, the trans-
fected HUVECs were grown to confluence in 96-well plates
and treated with TNF-α. The cells were gently washed with
serum-free medium, and calcein AM-labeled THP-1 cells
(5× 104/ml DMEMmedium) (Sigma, USA) were then added
to the endothelial cells. After a 1 h incubation, the endothelial
cell monolayer was gently rinsed twice to remove unbound
monocytes. The adhesion of THP-1 cells in each group was
observed with a fluorescence microscope (Leica, Germany).
Under the same exposure condition, the values of fluores-
cence intensity were measured using the Image Pro Plus 6.0
software (Microsoft Media Cybernetics, Bethesda, MD,
USA) and normalized to the control.

2.9. Real-Time Quantitative PCR. The total RNA of the sam-
ples was extracted using the TRIzol reagent (Takara Bio Inc.,
Dalian, China). Reverse transcription of the total RNA was
then performed using a PrimeScriptTM cDNA kit (Takara
Bio Inc., Dalian, China) according to manufacturer’s direc-
tions. Real-time quantitative PCR (RT-qPCR) reactions were
incubated initially at 95°C for 30 sec, 95°C for 5 sec, and 60°C
for 30 sec of 35 cycles using a SYBR Green PCR Master Mix
(Takara Bio Inc., Dalian, China) and were carried out with
a PCR System 9700 (Applied Biosystems, USA). Three sam-
ples of each group were randomly selected for the RT-qPCR
experiment. The samples were analyzed in triplicates, and
the relative expression of mRNA was determined using
glyceraldehyde-3-phosphatedehydrogenase (GAPDH) as an
internal control. The relative gene expression was analyzed
using the 2−ΔΔCt method. The specific primers are listed in
Supplementary Table 2 and the curves of amplification
and dissolution of all RT-qPCR experiments are shown in
Supplementary Figure 1.

2.10. ELISA. The levels of ICAM-1 and VCAM-1 in the
supernatants of cells with different treatments were measured
using a commercially available kit (Senbeijia Bio Inc.,
Nanjing, China) according to manufacturer’s instructions.

The absorbance of the samples was read on a microplate
reader (NanoDrop, USA) at 450 nm.

2.11. Western Blot. The lysates of treated cells were reconsti-
tuted with loading buffer and run by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Nitrocellulose mem-
branes (Millipore, USA) containing the transferred proteins
were soaked in blocking buffer for 2 h and then separately
incubated at 4°C overnight with the following primary anti-
bodies: SelS (Sigma, USA), endothelial nitric oxide synthase
(eNOS; Proteintech, Wuhan, China), p-c-jun (Proteintech,
Wuhan, China), c-jun (Proteintech, Wuhan, China), p-p38
MAPK (Abcam, USA), p38 MAPK (Abcam, USA), inhibi-
tory kappa B α kinase β (IKKβ, CST, USA), p-IKKβ (CST,
USA), inhibitory kappa B α (IκBα, CST, USA), p-IκBα
(CST, USA), NF-κB p65 (Bioworld, USA), Lamin B (Protein-
tech, Wuhan, China), and GAPDH (Proteintech, Wuhan,
China). After washing for 30min, the nitrocellulose mem-
branes were then incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature.
The membranes were subsequently treated with enhanced
chemiluminescence (ECL, Thermo Scientific, USA) to develop
the protein bands, and images were captured using the
ChemiDoc MP Imaging System (Bio-Rad, USA). Quantita-
tive analysis of the band intensities was performed with the
Quantity One 4.52 software program (Bio-Rad, USA). Lamin
B and GAPDH were used as internal controls.

2.12. Immunohistochemistry. The sections were dewaxed,
hydrated, and microwaved to boiling point in citrate buffer
to restore the tissue antigens. Each section was treated with
3%H2O2 to block endogenous peroxidase activity. After rins-
ing in PBS, the sections were incubated with bull serum albu-
min (Beyotime, Shanghai, China) to remove nonspecific
antigens. The specimens were then treated with the primary
antibody of SelS (1 : 200, Sigma, USA) and incubated at 4°C
overnight. Subsequently, the specimens were treated with
secondary antibody for 30min. After treating with freshly
constituted diaminobenzidine (ZsBio, Beijing, China), each
section was then stained with hematoxylin and rinsed three
times. Finally, the sections were dehydrated, rendered trans-
parent, mounted, and dried. The sections were observed and
photographed under the same condition using an inverted
microscope (Leica, Germany). The mean intensities of the
targeted proteins were analyzed semiquantitatively using
the Image Pro Plus 6.0 software program (Microsoft Media
Cybernetics, Bethesda, MD, USA).

2.13. Statistical Analysis. The data were analyzed using SPSS
19.0 (IBM, Armonk, NY, USA) and expressed as mean±
standard deviation (SD). The difference between groups
was analyzed with one-way analysis of variance (ANOVA)
or the unpaired Student’s t-test, and p values less than 0.05
were considered statistically significant.

3. Results

3.1. HFD and TNF-α Induce Elevated SelS Expression in
LDLR-KO Mice and HUVECs, Respectively. To investigate
the relationship between SelS and endothelial dysfunction,
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we first explored the levels of SelS in the intima of the tho-
racic aorta of LDLR-KO mice. As shown in Figures 1(a)
and 1(b), the immunohistochemistry staining revealed a
significant increase in SelS expression in the aortic intima
of LDLR-KO mice fed with HFD. Conversely, LDLR-KO
mice fed with RC expressed relatively low levels of SelS
(Figures 1(a) and 1(b)). In an in vitro study, we investigated
the expression levels of SelS after treating HUVECs with
TNF-α. It was observed that TNF-α significantly induced
SelS expression in both a time- and dosage-dependent
manner (Figures 1(c) and 1(d)). These findings suggest the

involvement of SelS in aortic intima damage, and the induc-
tion of SelS may be associated with endothelium injury
caused by TNF-α stimulation.

3.2. Transfection of HUVECs with pcDNA3.1-SelS Plasmid
or SelS siRNAs and Selection of Transfectant. The transfec-
tion technique was employed to explore the functional role
of SelS. HUVECs were transfected with either pcDNA3.1-
SelS plasmid or SelS siRNAs. The successful overexpres-
sion or inhibition of SelS was confirmed by the RT-
qPCR and western blot techniques. Both mRNA and
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Figure 1: Induction and detection of SelS in LDLR-KO mice and TNF-α-treated HUVECs. (a) Representative images of SelS expression
detected by immunohistochemistry, and representative images captured at 10x and 40x magnifications. (b) Mean density of SelS analyzed
in different groups with the semiquantitative method using the Image Pro Plus 6.0 software. The sections from six mice of each group
were observed and three different fields of each slice were randomly selected. (c) Expression of SelS tested in HUVECs at different time
points with TNF-α (10 ng/ml) stimulation. (d) SelS expression determined in HUVECs with different concentrations of TNF-α treatment
(for 6 h of incubation). The results are representative of triplicate independent experiments and are presented as mean± SD, (n = 3).
∗∗p < 0 01 versus control. LDLR: low-density lipoprotein receptor; KO: knockout; HUVECs: human umbilical vein endothelial cells; RC:
regular chow; HFD: high-fat diet.

4 Mediators of Inflammation



protein levels of SelS were, respectively, increased by approx-
imately 4.94-fold and 3.12-fold, respectively, in HUVECs
transfected with the pcDNA3.1-SelS plasmid (Figures 2(a)
and 2(b)). In contrast, HUVECs transfected with SelS siR-
NAs demonstrated an inhibition of both mRNA and
protein expressions of SelS by SelS siRNA 3, with a reduc-
tion of 80% and 88%, respectively (Figures 2(c) and 2(d)).
Consequently, SelS siRNA 3 transfection was selected for
subsequent experiments.

3.3. SelS Enhances Endothelial Cell Viability after TNF-α
Treatment. Increasing evidence has demonstrated that
TNF-α reduces endothelium viability and promotes its

apoptosis, which contributes to the development of cardio-
vascular diseases. To investigate the role of SelS in endo-
thelial cells viability, we treated the HUVECs with
100 ng/ml TNF-α and assessed their viability with CCK-
8. The expression of SelS was determined in the experi-
ment and shown in Supplementary Figure 2. The viability
of TNF-α-treated HUVECs was strongly enhanced in SelS
plasmid transfection compared with transfection with an
empty vector plasmid (Figure 3(a)). However, SelS siRNA
transfection further reduced endothelial cell viability after
TNF-α treatment (Figure 3(a)). This observation reveals
the protective role of SelS in TNF-α-associated
endothelial damage.
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Figure 2: Upregulation and knockdown of SelS in HUVECs. HUVECs with pcDNA3.1-SelS plasmid transfection confirmed by RT-qPCR (a)
and by the western blot (b). The mRNA levels (c) and protein expression (d) of SelS determined following the transfection with SelS siRNAs or
negative siRNA in HUVECs. The cells were transfected with pcDNA3.1-SelS recombinant plasmid or SelS siRNAs for 30 h. The results are
representative of six independent experiments and are presented as mean± SD (n = 6). ##p < 0 01 versus empty vector; &&p < 0 01 versus
negative siRNA. E-vector: empty vector; Pc-SelS: pcDNA3.1-SelS plasmid; Neg.RNA: negative siRNA.
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3.4. SelS Increases NO and eNOS Levels in TNF-α-Treated
HUVECs. In order to further observe the effects of SelS on
endothelium relaxation, we determined the levels of NO
and eNOS in the HUVECs using different treatments. SelS
expression was tested in the experiments and shown in
Supplementary Figure 2. It was observed that the

upregulation of SelS relieved TNF-α-induced reduction in
NO production (Figure 3(b)). In contrast, the knockdown
of SelS in the endothelial cells further reduced TNF-α-
induced NO level (Figure 3(b)). At the protein level,
eNOS was significantly enhanced by SelS overexpression,
but the inhibition of SelS further reduced the level of
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Figure 3: Effect of SelS on the viability of HUVECs and NO and eNOS expressions. (a) Viability of the transfected HUVECs after a 12 h
stimulation with TNF-α (100 ng/ml), tested using the CCK-8 method. (b) The concentrations of NO in transfected HUVECs with 6 h
TNF-α (10 ng/ml) treatment, determined using the nitrate reductase assay. The protein expression of eNOS in 10 ng/ml TNF-α-induced
HUVECs after transfection with SelS plasmid (c) or SelS siRNA (d) examined by the western blot. The mRNA levels of eNOS in 10 ng/ml
TNF-α-induced HUVECs after transfection with SelS plasmid (e) or SelS siRNA (f). The cells were transfected with pcDNA3.1-SelS
recombinant plasmid or SelS siRNAs for 30 h. The eNOS expression was tested after 6 h TNF-α treatment. The results are representative
of triplicate independent experiments and are presented as mean± SD, (n = 3). ∗∗p < 0 01 versus control; #p < 0 05 versus empty vector;
##p < 0 01 versus empty vector; &&p < 0 01 versus negative siRNA. CCK-8: cell counting kit-8; NO: nitric oxide; eNOS: endothelial nitric
oxide synthase; E-vector: empty vector; Pc-SelS: pcDNA3.1-SelS plasmid; Neg.RNA: negative siRNA.
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eNOS in the TNF-α-treated endothelial cells (Figures 3(c)
and 3(d)). Additionally, compared with transfection with
the empty vector plasmid, the mRNA expression of eNOS
was significantly increased in SelS plasmid transfection
(Figure 3(e)). However, SelS siRNA transfection significantly
reduced the level of TNF-α-induced eNOS in the HUVECs
(Figure 3(f)). These results suggest that SelS enhances the
levels of NO and eNOS in TNF-α-treated endothelial cells.

3.5. SelS Reduces Elevated ET-1 and ROS Levels Caused by
TNF-α Induction. ET-1 is a potent vasoconstrictor, and regu-
lating its level of expression is crucial to maintaining endo-
thelial function. Similarly, ROS is highly expressed in the
endothelium under the stressed condition and facilitates vas-
cular endothelium damage. We, therefore, investigated the
effect of SelS on ET-1 and ROS with RT-qPCR and fluores-
cence staining, respectively. In the transcription state, trans-
fection with SelS plasmid reduced TNF-α-induced ET-1
expression in HUVECs, compared with empty vector trans-
fection (Figure 4(a)). HUVECs transfected with SelS siRNA
had an increased mRNA expression of ET-1 (Figure 4(b)).
Similarly, our fluorescence staining revealed that intracellular
ROS levels were largely increased in HUVECs after TNF-α
treatment (Figures 4(c) and 4(d)). However, the upregula-
tion of SelS inhibited the increase in TNF-α-induced ROS
production. In contrast, the knockdown of SelS in the
endothelial cells further elevated the production of ROS
induced by TNF-α (Figures 4(c) and 4(d)). Collectively, these
outcomes indicate that SelS protects the endothelium by
regulating ET-1 and ROS expressions in TNF-α-induced
endothelial damage.

3.6. SelS Suppresses TNF-α-Induced Adhesion Molecules and
the Adhesion of THP-1 Cells to Endothelial Cells. In trauma,
the trafficking of leukocytes to the endothelium is among
the initial stages in endothelial injury. Therefore, we
examined the effect of SelS on the TNF-α-induced adhe-
sion of THP-1 cells to endothelial cells. We observed via
fluorescence staining that SelS plasmid transfection signif-
icantly suppressed the TNF-α-induced adhesion of THP-1
cells (Figures 5(a) and 5(b)). However, the reverse was
noticed in SelS siRNA transfection, where a significant
increase in the adhesion of THP-1 cells to HUVECs was
noted (Figures 5(a) and 5(b)). Because several molecules
mediate leukocyte adhesion to endothelial cells, we examined
the effects of SelS on ICAM-1 and VCAM-1 expressions with
ELISA and RT-qPCR, respectively. TNF-α generally aug-
mented the levels of ICAM-1 and VCAM-1 compared with
the control group (Figures 5(c)–5(h)). However, SelS overex-
pression significantly reduced TNF-α-induced increase in the
production of ICAM-1 and VCAM-1, while the inhibition of
SelS notably enhanced the TNF-α-induced expression of
ICAM-1 and VCAM-1 (Figures 5(c)–5(h)). These results
indicate that SelS has the potential to reduce leukocyte adhe-
sion by inhibiting adhesion molecules.

3.7. SelS Reduces the Expression of Chemokines and Cytokines
Induced by TNF-α. Chemokines, such as MCP-1 and IL-8,
are responsible for recruiting leukocytes and for their

migration to the subintimal layer of injured endothelium.
The influence of SelS on TNF-α was, therefore, investigated
by measuring the expression levels of MCP-1 and IL-8 using
RT-qPCR. At the transcription stage, mRNA levels of MCP-1
and IL-8 were significantly enhanced by TNF-α stimulation
but were reduced in SelS overexpression (Figures 6(a) and
6(c)). Compared with negative siRNA transfection, the levels
of MCP-1 and IL-8 were elevated in SelS knockdown cells
(Figures 6(b) and 6(d)). In addition, we investigated the
effects of SelS on the proinflammatory cytokines, IL-6 and
IL-1β, which exacerbate endothelial damage, and they were
elevated by TNF-α (Figures 6(e)–6(h)). Similar to the obser-
vation made in MCP-1 and IL-8 production, the upregula-
tion of SelS reduced the mRNA expression of IL-6 and IL-
1β in TNF-α-treated HUVECs. However, the expression of
these cytokines was enhanced in SelS knockdown cells
(Figures 6(e)–6(h)). The inhibition of these molecules by SelS
suggests its antagonizing effect against proinflammatory che-
mokines and cytokines.

3.8. SelS Inhibits the Activation of the TNF-α-Induced p38
MAPK Pathway. As shown in Figures 7(a)–7(d), when
HUVECs were treated with SB203580 (a p38MAPK pathway
inhibitor) or S2882 (a NF-κB pathway inhibitor), the ele-
vation of ICAM-1, VCAM-1, IL-6, and IL-1β by TNF-α
induction was significantly inhibited, suggesting that the
production of these adhesion molecules and proinflamma-
tory factors partly depends on the activation of the NF-κB
and p38 MAPK signaling pathways. Consequently, we first
evaluated the role of SelS in the activation of p38 MAPK sig-
naling pathways. The levels of phosphorylated p38 MAPK
were upregulated after treatment with TNF-α for 30min
(Figures 7(e) and 7(f)). Subsequently, there was an increase
in its downstream phosphorylated c-jun (a subunit of activa-
tor protein-1) in endothelial cells treated with TNF-α for 1 h
(Figures 7(g) and 7(h)). Conversely, the upregulation of SelS
significantly reduced the TNF-α-induced activation of phos-
phorylated p38 MAPK and phosphorylated c-jun, while SelS
knockdown further increased TNF-α-induced phosphory-
lated proteins in HUVECs (Figures 7(e)–7(h)).

3.9. SelS Inhibits the Activation of the TNF-α-Induced NF-κB
Pathway. The translocation of NF-κB from the cytoplasm to
the nucleus is an essential step for the activation of inflamma-
tory factors. HUVECs pretreated with SelS plasmid or SelS
siRNA were incubated with TNF-α within a range of indi-
cated time points. Cytoplasmic and nuclear lysates were
western blotted for NF-κB p65 to determine the translocation
of NF-κB. TNF-α treatment increased nuclear NF-κB p65
levels and reduced cytoplasmic NF-κB p65 levels compared
with the control group (Figures 8(a)–8(d)). However, SelS
overexpression reduced the levels of nuclear NF-κB p65
and enhanced the expression of cytoplasmic NF-κB p65,
but the inhibition of SelS further enhanced the expression
of TNF-α-induced nuclear NF-κB p65 and decreased the
levels of cytoplasmic NF-κB p65 (Figures 8(a)–8(d)), indicat-
ing that SelS inhibits the translocation of NF-κB from the
cytoplasm to the nucleus in HUVECs.
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Figure 4: Continued.
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To further explore the mechanisms by which SelS inhibits
NF-κB activation, we studied its upstream pathways by
investigating the effects of SelS on IKKβ/IκBα. We observed
that TNF-α treatment rapidly led to the phosphorylation of
IκBα, degradation of IκBα, and phosphorylation of IKKβ in
HUVECs in a time-dependent manner (Figures 8(e)–8(h)).
Moreover, the upregulation of SelS markedly inhibited the
TNF-α-induced phosphorylation of IκBα and suppressed
the degradation of IκBα induced by TNF-α (Figures 8(e)
and 8(f)). There was no significant difference in the expres-
sion of IKKβ in SelS plasmid transfection or SelS siRNA
transfection (Figure 8(g)). However, the phosphorylation of
IKKβ was significantly reduced in cells transfected with the
SelS plasmid and was further increased in cells transfected
with SelS siRNA (Figure 8(h)), suggesting SelS as a negative
regulator of IKKβ/IκBα signaling via the inhibition of IκBα
and IKKβ phosphorylation and via the degradation of IκBα
in endothelial inflammation.

4. Discussion

As a biological barrier between the vessel wall and circulat-
ing blood, the vascular endothelium is especially crucial for
the maintenance of vascular homeostasis [1]. Many risk
factors such as smoking, hyperglycemia, and hyperlipid-
emia may promote the pathogenesis of endothelial dysfunc-
tion through the modulation of inflammatory pathways [9].
SelS has been reported to be strongly associated with
inflammation [14]. In our in vivo study, we observed a sig-
nificant increase in SelS expression in the aortic intima of

LDLR-KO mice fed with HFD, indicating that SelS is
closely associated with the formation of arteriosclerosis
(AS). However, endothelial dysfunction has been established
as a foundation in the initiation and progression of AS, and
SelS is highly expressed during endothelial injury. The upreg-
ulation of SelS could, therefore, be viewed as a defensive
response against AS formation and seems to play a medi-
atory role in endothelial dysfunction. HUVECs are usually
employed to explore the biology of vascular endothelial cells,
inflammation, and the onsetmechanisms ofmultiple diseases.
We found that TNF-α increased SelS expression in HUVECs
in a time- and dose-dependent manner (Figure 1), indicating
that TNF-α regulates SelS expression, and suggesting that
SelS plays a critical role in endothelial inflammation.

In order to better understand the molecular mechanisms
underlying inflammatory endothelial dysfunction, we exam-
ined the effects of SelS on TNF-α-induced HUVECs dysfunc-
tion. The hallmark of endothelial dysfunction is impaired
NO bioavailability. NO is synthesized by eNOS during the
conversion of L-arginine to L-citrulline within endothelial
cells, and eNOS, a dimeric enzyme, is mainly expressed by
vascular endothelial cells [22]. We found that SelS overex-
pression improved TNF-α-induced NO reduction by
increasing the level of eNOS (Figure 3). Under normal con-
ditions, inactive eNOS binds to caveolin-1 (Cav-1) and
remains in cytoplasmic caveolae. When the concentration
of cytoplasmic Ca2+ increases, caldesmon (CAM) replaces
Cav-1 and binds to eNOS to activate it [23]. However, the
upregulation of Cav-1 led to an interruption in the activa-
tion of eNOS in the liver of mice [24]. Our previous study
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Figure 4: Effect of SelS on the levels of ET-1 and ROS in TNF-α-treated HUVECs. The mRNA levels of ET-1 detected in HUVECs transfected
with SelS plasmid (a) or SelS siRNA (b) after 10 ng/ml TNF-α induction. (c) The levels of cellular ROS measured in different groups with
10 ng/ml TNF-α treatment using fluorescent probe method and (d) the corresponding fluorescent mean intensity evaluated by the Image
Pro Plus 6.0 software. The cells were transfected with pcDNA3.1-SelS recombinant plasmid or SelS siRNAs for 30 h. The levels of ET-1
and ROS were tested after 6 h TNF-α treatment. The results are representative of triplicate independent experiments and are presented as
mean± SD, (n = 3). ∗∗p < 0 01 versus control; ##p < 0 01 versus empty vector; &&p < 0 01 versus negative siRNA. ROS: reactive oxygen
species; ET-1: endothelin-1; E-vector: empty vector; Pc-SelS: pcDNA3.1-SelS plasmid; Neg.RNA: negative siRNA.
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Figure 5: Effect of SelS on THP-1 cells adhesion and adhesion factors. (a) Adhesion of THP-1 cells to HUVECs shown by the fluorescent
probe method and (b) the corresponding fluorescence intensity analyzed using Image Pro Plus 6.0 software. The production of ICAM-1
(c) and VCAM-1 (d) detected in the supernatant of cultures with 10 ng/ml TNF-α treatment by ELISA. The mRNA levels of ICAM-1
estimated in 10 ng/ml TNF-α-induced cells after transfection with SelS plasmid (e) or SelS siRNA (f). The mRNA levels of VCAM-1
determined in SelS plasmid (g) or SelS siRNA (h) transfected cells after 10 ng/ml TNF-α induction (for 6 h). The cells were transfected
with pcDNA3.1-SelS recombinant plasmid or SelS siRNAs for 30 h. The results are representative of triplicate independent experiments
and are presented as mean± SD, (n = 3). ∗∗p < 0 01 versus control; ##p < 0 01 versus empty vector; &&p < 0 01 versus negative siRNA.
ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular cell adhesion molecule-1; E-vector: empty vector; Pc-SelS: pcDNA3.1-SelS
plasmid; Neg.RNA: negative siRNA.
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found that transfection with SelS plasmid inhibited H2O2-
induced Cav-1 expression in HUVECs [25]. As such, SelS
may influence the levels of eNOS by regulating Cav-1 in
HUVECs; however, this hypothesis requires more research
for verification.

In the vascular system, excessive ROS facilitates the pro-
duction of superoxide anions (O2

•−) in endothelial cells. O2
•−

easily binds to NO and forms peroxynitrite, compromising
vasorelaxation [26]. However, we observed, in this study, that
the upregulation of SelS significantly reduced TNF-α-
induced production of ROS in the endothelial cells (as shown
in Figure 4). Our findings suggest that the elevated expres-
sion of SelS increases NO levels not only by increasing the
levels of eNOS but also by reducing ROS production and
indicate that the free radical scavenging effect of SelS contrib-
utes to its anti-inflammatory effects. ET-1 is a potent vaso-
constrictor peptide that exhibits both prooxidant and
proinflammatory properties and accelerates the development
of endothelial dysfunction [27]. TNF-α induces the excessive
production of ET-1 in the endothelium, and excessive ET-1

reduces eNOS expression by influencing the distribution of
eNOS between the membrane and mitochondria [28]. Addi-
tionally, the characteristic manifestation of endothelial injury
is a dysfunctional vasorelaxation caused by a severe imbal-
ance between NO and ET-1. We demonstrated in this
study that the elevation of TNF-α-induced ET-1 expres-
sion in HUVECs is suppressed by SelS overexpression
(Figure 4). Optimizing and controlling SelS expression could
be explored in endothelial dysfunction to enhance the level of
eNOS via inhibition of ET-1 expression and also to modulate
ET-1 and NO communication.

Endothelial dysfunction is also characterized by leuko-
cyte accumulation and increased adhesions. When endothe-
lial cells undergo inflammatory activation, an increase in
MCP-1 and IL-8 promotes the recruitment of leukocytes,
with a corresponding increase in ICAM-1 and VCAM-1,
which promotes the adherence of leukocyte to the endothe-
lium and aggravates endothelial damage. Our model con-
firmed that TNF-α mediates the production of ICAM-1,
VCAM-1, MCP-1, and IL-8 and enhances leukocyte
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Figure 6: Influence of SelS on inflammatory factors. The effect of SelS on the mRNA level of MCP-1 (a), IL-8 (c), IL-6 (e), and IL-1β (g) was
determined in TNF-α-treated cells (10 ng/ml) by means of SelS transfection. The mRNA levels of MCP-1 (b), IL-8 (d), IL-6 (f), and IL-1β (h)
in transfected cells with 10 ng/ml TNF-α treatment (for 6 h), estimated via RT-qPCR. The cells were transfected with pcDNA3.1-SelS
recombinant plasmid or SelS siRNAs for 30 h. The results are representative of triplicate independent experiments and are presented as
mean± SD, (n = 3). ∗∗p < 0 01 versus control; ##p < 0 01 versus empty vector; &&p < 0 01 versus negative siRNA. MCP-1: monocyte
chemoattractant protein-1; IL-8: interleukin-8; IL-6: interleukin-6; IL-1β: interleukin-1β; E-vector: empty vector; Pc-SelS: pcDNA3.1-SelS
plasmid; Neg.RNA: negative siRNA.
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adhesion to the endothelium (Figures 5 and 6). Notably,
these effects were downregulated after SelS overexpression,
demonstrating that SelS overexpression reduces leukocyte
adhesion by possibly inhibiting its chemotaxis and adhesive
molecules during inflammation. It has been established that
the elevation of inflammatory cytokines such as IL-1β and
IL-6 has adverse consequences and could worsen endothe-
lial damage and that limiting their expression implies the
reduction of the associated cellular insult. Our study shows
that the upregulation of SelS expression attenuates the
deleterious effects of IL-1β and IL-6 during endothelial
inflammation. By extension, SelS appears to regulate the
expression of several proinflammatory genes associated with
endothelial dysfunction.

We deduced from our study that the expression of tar-
geted cytokines and adhesion factors following endothelial

injury induced by TNF-α is mediated by the activation of
the p38 MAPK pathway. Activator protein-1 (AP-1), a tran-
scription factor, regulates a variety of cytokine expressions
and consists of the jun and fos proteins [29]. In most cells,
the AP-1 dimer consists of c-jun and c-fos [29]. When
TNF-α binds to its receptors on the endothelium, p38 MAPK
is activated which leads to the phosphorylation of c-jun
and c-fos and the subsequent activation of AP-1 [30]. In
this study, HUVECs transfected with SelS plasmid inhibited
TNF-α-induced phosphorylated p38 MAPK and phos-
phorylated c-jun activation (Figure 7). This suggests that
the elevated expression of SelS attenuates TNF-α-induced
inflammation in endothelial cells by inhibiting the activation
of p38 MAPK pathways.

Similarly, treating HUVECs with the NF-κB inhibitor
S2882 downregulated ICAM-1, VCAM-1, IL-6, and IL-1β
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Figure 7: Effect of SelS on the p38 MAPK pathway. The expression of ICAM-1 (a) and VCAM-1 (b) in cells treated with SB203580 (an
inhibitor of the p38/MAPK pathway) or S2882 (an inhibitor of the NF-κB pathway), prior to 10 ng/ml TNF-α treatment, detected by the
western blot. The mRNA levels of IL-6 (c) and IL-1β (d) in HUVECs treated with SB203580 or S2882 before 10 ng/ml TNF-α induction.
(e) and (f) The levels of phosphorylated p38 MAPK and p38 MAPK tested in the transfected cells after 10 ng/ml TNF-α stimulation. The
expression of phosphorylated c-jun and c-jun in SelS plasmid (g) or SelS siRNA (h) transfection following 10 ng/ml TNF-α treatment and
determined by the western blot. The cells were transfected with pcDNA3.1-SelS recombinant plasmid or SelS siRNAs for 30 h. The dosage
used for inhibitors SB203580 and S2882 was 20 μM and 10μM, respectively. The results are representative of triplicate independent
experiments and are presented as mean± SD, (n = 3). ∗∗p < 0 01 versus control; ##p < 0 01 versus empty vector; &&p < 0 01 versus negative
siRNA; $$p < 0 01 versus TNF-α treatment. E-vector: empty vector; Pc-SelS: pcDNA3.1-SelS plasmid; Neg.RNA: negative siRNA.
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in TNF-α-treated cells, revealing that TNF-α induces dys-
function through activating the NF-κB pathway. In NF-κB
signaling, the p50-p65 heterodimer contributes to the regula-
tion of the transcription of inflammatory-related factors [31].
When endothelial cells are inactive, NF-κB remains in the
cell cytoplasm and the p65 subunit binds to the protein
IκBα, covering the p50 subunit, which serves as the
nuclear localization signal. However, when endothelial cells
are stimulated by TNF-α, the phosphorylated inhibitor of
IKKβ causes the phosphorylation of IκBα and detachment
from NF-κB. NF-κB then migrates from the cytoplasm to

the nucleus to regulate gene transcription [31]. This study
demonstrated that the upregulation of SelS inhibited TNF-
α-induced p65 migration from the cytoplasm to the nucleus
(Figure 8). In addition, SelS reduced the levels of phosphory-
lated IkBα and phosphorylated IKKβ in HUVECs in a time-
dependent manner, following TNF-α treatment, suggesting
that SelS suppressed NF-κB translocation by regulating
IKKβ/IkBα signaling pathways. Other study revealed that
there are two loci bound by NF-κB in the SelS promoter
region in HepG2 cells [14], which suggest that NF-κB reg-
ulates SelS genes transcription. However, in our study, SelS
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Figure 8: Effect of SelS on the NF-κB pathway. Levels of nuclear NF-κB p65 in SelS plasmid (a) or SelS siRNA (b) transfected HUVECs
after 10 ng/ml TNF-α treatment, determined by the western blot. The expression of cytoplasmic NF-κB p65 in HUVECs transfected
with SelS plasmid (c) or SelS siRNA (d) and treated with 10 ng/ml TNF-α. Expression of IκBα (e) and phosphorylated IκBα (f)
detected in different groups at indicated time points after 10 ng/ml TNF-α induction. Levels of IKKβ (g) and phosphorylated IKKβ
(h) detected in HUVECs with different treatments after 10 ng/ml TNF-α induction. The cells were transfected with pcDNA3.1-SelS
recombinant plasmid or SelS siRNAs for 30 h. The results are representative of triplicate independent experiments and are presented as
mean± SD, (n = 3). ∗p < 0 05 and ∗∗p < 0 01 versus control; ##p < 0 01 versus empty vector at corresponding time point; &p < 0 05 and
&&p < 0 01 versus negative siRNA at corresponding time points. IκBα: inhibitory kappa B α; IKKβ: inhibitor of nuclear factor kappa-
B kinase β; N-NF-κB p65: nuclear NF-κB p65; C-NF-κB p65: cytoplasmic NF-κB p65; E-vector: empty vector; Pc-SelS: pcDNA3.1-
SelS plasmid; Neg.RNA: negative siRNA.
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overexpression regulated NF-κB translocation. By inference,
we hypothesize that a feedback loop exists between SelS and
NF-κB, in which NF-κB increases SelS transcription, and that
conversely elevated SelS expression inhibits the excessive
activation of NF-κB.

This is the first study to demonstrate that SelS could pro-
tect HUVECs from inflammatory damage by inhibiting the
p38 MAPK and NF-κB pathways. Our previous studies have
shown that SelS overexpression protects the endothelium
from oxidative stress injury by the inhibition of H2O2-
induced Cav-1 [25]. Another study has indicated that SelS
overexpression increases the resistance of VSMCs to oxi-
dative stress damage [13]. In addition, SelS may be associ-
ated with the pathogenesis and development of diabetic
macroangiopathy [19]. In the present study, we have dem-
onstrated that SelS attenuates endothelial dysfunction via
the inhibition of inflammatory responses. These results eluci-
date the mechanism of SelS function in vascular protection.
SelS may be considered as a clinical predictive biomarker or
a therapeutic option for vascular diseases associated with
endothelial dysfunction.

5. Conclusion

In summary, we have shown that the upregulation of SelS
improves the viability of endothelial cells, enhances the levels
of NO and eNOS, reduces the production of ET-1 and ROS,
and inhibits the adhesion of TNF-α-induced THP-1 cells to
endothelial cells. SelS overexpression also reduces the expres-
sion of ICAM-1, VCAM-1, MCP-1, IL-8, IL-6, and IL-1β
mediated by TNF-α. In addition, the upregulation of SelS
inactivates TNF-α-induced NF-κB and p38MAPK pathways,
while the knockdown of SelS leads to an enhancement of
inflammatory damage to endothelial cells. Moreover, a feed-
back signaling may exist between SelS and NF-κB, and the
overexpression of SelS attenuates TNF-α-induced endothe-
lial dysfunction by inhibiting the p38 MAPK and NF-κB
pathways in HUVECs.
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Table S1: the sequences of SelS siRNAs and negative siRNA
are shown. The sequences of SelS siRNA 1, SelS siRNA 2, SelS
siRNA 3, and negative siRNA are listed in Table S1. The SelS
siRNAs were used for SelS knockdown and the negative
siRNA was used as a control in liposome transfection exper-
iments. Table S2: the specific primers for RT-qPCR are
shown. The sequences of specific primers such as SelS,
GAPDH, eNOS, ET-1, ICAM-1, VCAM-1, IL-6, IL-1β,
MCP-1, and IL-8 are listed in Table S2. The primers were
used for RT-qPCR experiments to test gene mRNA levels.
The reactions were incubated initially at 95°C for 30 sec,
95°C for 5 sec, and 60°C for 30 sec of 35 cycles and were car-
ried out with a PCR System 9700 (Applied Biosystems, USA).
The relative expression of mRNA was determined using
GAPDH as an internal control. Figure S1: the dissolve and
amplification curves are shown in RT-qPCR experiments.
The dissolve and amplification curves of RT-qPCR experi-
ments are listed in Figure S1. The left part of the figure is
shown as amplification curves and the right part of the figure
is shown as dissolve curves in the RT-qPCR experiments. The
curves could reflect the accuracy, credibility, and authenticity
of the results. Figure S2: the transfection with pcDNA3.1-SelS
recombinant plasmid or SelS siRNA is identified in Figure 3
listed experiments. (a) pcDNA3.1-SelS plasmid transfection
and (b) SelS siRNA transfection using in cell viability exper-
iment were determined by western blot. (c) The transfection
with pc-SelS plasmid and (d) transfection with SelS siRNA
using in NO measurement were tested by western blot. (e)
The pc-SelS plasmid transfection or (f) SelS siRNA transfec-
tion in eNOS mRNA testing was determined by RT-qPCR.
(Supplementary Materials)
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Objective. Oxidized cholesterol derivatives are thought to exert atherogenic effect thus adversely affecting vascular endothelium.
The aim of the study was to assess the effect of 5α,6α-epoxycholesterol on experimentally induced hypercholesterolemia in
rabbits, and the levels of homocysteine (HCY), asymmetric dimethylarginine (ADMA), paraoxonase-1 (PON-1), and
inflammatory parameters (IL-6, TNF-α, CRP). Material and methods. The rabbits were divided into 3 groups, 8 animals each,
and fed with basic fodder (C), basic fodder plus cholesterol (Ch) or basic fodder plus 5α,6α-epoxycholesterol, and unoxidized
cholesterol (ECh). Serum concentrations of studied parameters were determined at 45-day intervals. The study was continued
for six months. Results. We demonstrated that adding 5α,6α-epoxycholesterol to basic fodder significantly affected lipid status of
the experimental animals, increasing total cholesterol and LDL cholesterol levels, as well as HCY and ADMA levels, whilst
leaving the PON-1 activity unaffected. Additionally, the ECh group presented with significantly higher concentrations of
inflammatory biomarkers (IL-6, TNF-α, and CRP). In the Ch group, lower yet significant (as compared to the C group) changes
of levels of studied parameters were observed. Conclusion. Exposure of animals with experimentally induced
hypercholesterolemia to 5α,6α-epoxycholesterol increases dyslipidaemia, endothelial dysfunction, and inflammatory response.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death in
Europe and the United States. Heart disease, stroke, and
hypertension are currently recognized to be caused, in part,
by arterial endothelial dysfunction. Endothelial dysfunction
may occur much earlier than the clinical manifestation of
cardiovascular diseases [1].

A healthy vascular endothelium remains in a tightly
regulated balance between pro and antioxidants, vasodilators
and vasoconstrictors, pro and anti-inflammatory molecules,
and pro and antithrombotic signals. Dysfunctional endothe-
lium, though, displays prooxidant, vasoconstrictor, proin-
flammatory, and prothrombotic properties [1–3].

Oxysterols are cholesterol oxidation products formed
through enzymatic or autoxidation mechanisms. They
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may be originally present in food containing animal fat,
but they are chiefly generated during food storing and
cooking. These compounds show a biochemical reactivity
that is one or even two orders of magnitude higher than
that of the parent compound. Furthermore, unlike choles-
terol, oxysterols are able to permeate through lipophilic
membranes [4, 5].

Oxysterols can affect many cellular functions and influ-
ence various physiological processes (e.g., cholesterolmetabo-
lism,membranefluidity regulation, and intracellular signaling
pathways). They are implicated in a number of pathologies,
including type2diabetesmellitus, neurodegenerativediseases,
inflammatory bowel disease, or degenerative changes within
the retina. It has also been suggested that oxysterols may play
a role in malignancies such as breast, prostate, colon, and bile
duct cancer [5–7]. Furthermore, it has been postulated that
oxysterols may play a role in atherosclerosis [8, 9].

In light of such findings, the primary aim of the
study was to assess the effect of dietary oxysterols on
vascular endothelium.

2. Material and Methods

2.1. Animals. The protocol was approved by the Bioethical
Committee for Animal Experimentation of the Medical
University of Silesia in Katowice, Poland (approval number
27/2007, dated April 17th 2007). All animals received
humane care in compliance with the 8th edition of the Guide
for the Care and Use of Laboratory Animals published by the
National Institute of Health [10].

Twenty-four male Chinchilla rabbits (b.m. 2870± 20 g)
were obtained from the Center for Experimental Medicine,
Medical University of Silesia in Katowice. The animals were
housed individually in stainless steel metabolic cages under
a 12-hour light/dark cycle. The rabbits were fed proper
fodder (80 g/kg) once a day, allowed unlimited access to
water, and weighed at 45-day intervals.

The rabbits were divided into three groups of eight
animals each, according to the following scheme:

(1) Control group (C): rabbits fed only a basal diet (BD)

(2) Cholesterol group (Ch): rabbits fed BD with 0.5%
cholesterol, 5% sunflower oil, and 2% porcine lard

(3) Oxidized cholesterol group (ECh): rabbits fed BD
with 5α,6α-epoxycholesterol acetate equal to 250mg
free 5α,6α-epoxycholesterol/kg BD, 0.5% cholesterol,
5% sunflower oil and 2% porcine lard. Daily
estimated dose of oxysterol in ECh group was about
10–15mg/kg

The specific diets for each group were prepared weekly
and stored in a freezer at −20°C. The BD was composed of
24% protein, 69% carbohydrate, and 7% fat of the total
energy content of the diet. Groups fed BD with cholesterol
(Ch group) and 5α,6α-epoxycholesterol (ECh group)
received 19% of energy from proteins, 42% from carbohy-
drates, and 39% from fat, respectively. The current study
was continued for six months.

2.2. Synthesis of 5α,6α-Epoxycholesterol Acetate. 5α,6α-
Epoxycholesterol acetate was synthetized from cholesterol
acetate (Sigma-Aldrich, USA) by oxidation with m-
chloroperoxybenzoic acid (Sigma-Aldrich, USA) as described
byMcCarthy [11]. Next, oxidation product mixture was puri-
fied by column chromatography on silica gel with the use of
chloroform-acetone (4 : 1, v/v) as mobile phase. Fractions
containing pure esterwere controlled byTLC technique (silica
gel plates, solvent as above), pooled, and dried under vacuum.

2.3. Blood Sample Collection. At the beginning of experiment
(following the acclimatization period) and at 45-day intervals
thereafter, 10mL blood samples were collected from ear veins
of each animal to plain and EDTA tubes (Sarstedt, S-Monov-
ette) in a total of six samplings. For serum preparation, sam-
ples were allowed to clot and centrifuge (15min, 1500g). The
serum was analyzed instantly (lipid parameters and PON-1
activity) or stored deep frozen at −75°C (other assays).
Plasma from EDTA tubes was separated immediately after
sampling (15min, 1500 g, 4°C) and stored at −75°C.

2.4. Biochemical Analyses

2.4.1. Lipid Profile Parameters Concentrations. Total choles-
terol and triacylglycerol concentrations were assayed using
a standard enzymatic method (Emapol, Poland). HDL cho-
lesterol was determined using an enzymatic method after
precipitation of other lipoproteins with phosphotungstic acid
(Emapol, Poland). For LDL cholesterol assay, QUANTOLIP
LDL kit (Technoclone, Austria) was used. All analyses were
performed using the EM280 biochemical analyzer (Emapol,
Poland). Interassay and intra-assay coefficients of variation
(CV) were below 3% and 5%, respectively, for all parameters.

2.4.2. Endothelial Dysfunction Markers

(1) Total Homocysteine Concentration. Total homocysteine
(tHCY) plasma concentration was estimated using the HPLC
method with spectrofluorimetric detection according to Kuo
et al. [12] and Minniti et al. [13]. HPLC separations were
conducted on LC-10ATVP chromatograph (Shimadzu,
Japan) equipped with RF-10AXL detector (Shimadzu, Japan)
and SUPELCOSIL RP-18 column (4.6 x 150mm, 5 μm,
Supelco, USA). Inter and intra-assay coefficients (CV) of var-
iation were 7.7% and 11.2%, respectively.

(2) Asymmetric Dimethylarginine Concentration. Asymmet-
ric dimethylarginine (ADMA) plasma concentration was
determined using the HPLC method as described previously
[14, 15]. Assays were performed on Nucleosil Phenyl column
(25× 4.6mm; 7 μm; Supelco, USA) and Shimadzu chromato-
graph with spectrofluorimetric detector (as described above).
Inter and intra-assay coefficients (CV) of variation were 7.2%
and 10.9%, respectively.

(3) Paraoxonase-1 Activity. Paraoxonase-1 (PON-1) serum
activity was assayed using the kinetic method with paraoxon
(o,o-diethyl-o-(p-nitrophenyl)-phosphate; Sigma, USA) as a
substrate [16]. Determinations were performed at 37°C on
TECHNICON RA-XT™ analyzer (Technicon Instruments
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Corporation, USA). For cholinesterase inactivation, physo-
stigmine salicylate (eserine) was added to serum samples prior
to theassay.Oneunit (1 IU)ofPON-1 is theamountof enzyme
sufficient to decompose 1 micromole of substrate per minute
under testing conditions. Inter and intra-assay coefficients
(CV) of variation were 2.6% and 4.4%, respectively.

2.4.3. Inflammatory Markers

(1) C-Reactive Protein Concentration. C-reactive protein
(CRP) serum concentration was determined using ELISA
assay with use the immunoaffinity purified, hen antirabbit
CRP antibody as a capture antibody, rabbit CRP reference
serum as a standard, and biotinylated CCRP-15A-Z antibody
(all reagents were from Immunology Consultants Laboratory
Inc., USA) along with streptavidin-horseradish peroxidase
conjugate (DakoCytomation, Denmark) for the immuno-
complex detection. Inter and intra-assay coefficients of vari-
ation were 5% and 7.6%, respectively.

(2) Tumor Necrosis Factor α Concentration. The concentra-
tion of rabbit tumor necrosis factor α (TNF-α) in serum was
measured using ELISA method with goat antirabbit TNF-α
antibody as a capture antibody, biotinylated, monoclonal
antirabbit TNF-α antibody (both from BD PharMingen,
USA), and streptavidin-horseradish peroxidase conjugate
(DakoCytomation, Denmark) as a tracer. The assay was
performed according to the manufacturer’s instruction and
calibrated with the use of rabbit TNF-α (BD PharMingen,
USA). Results were presented as pg of TNF-α per mL of
serum [pg/mL]. Inter and intra-assay coefficients of variation
were 6.4% and 8.9%, respectively.

2.5. Statistical Analyses. Statistical analysis was performed
using STATISTICA 10.0 PL (StatSoft, Poland, Cracow) and
StataSE 12.0 (StataCorp LP, TX, U.S.) bundles and R
software. p value below 0.05 was considered as statistically
significant. All tests were two tailed. Imputations were not
done for missing data. Nominal and ordinal data were
expressed as percentages, whilst interval data were expressed
as mean value± standard deviation if normally distributed or
as median/interquartile range if the distribution was skewed
or nonnormal. Distribution of variables was evaluated by
the Shapiro–Wilk test and homogeneity of variances was
assessed using the Levene test. The comparisons were made
using one-way parametric ANOVA with Tukey’s posthoc
test and one-way repeated measures ANOVA with contrast
analysis as a posthoc test.

3. Results

3.1. Animal Body Weight. The analysis of animal body weight
during the experiment demonstrated a statistically significant
growth inhibition in a group fed with 5α,6α-epoxycholesterol
acetate (ECh group) as compared to the control group.
There were no significant profile differences between the
C and Ch groups. Figure 1 shows measurement results,
and Table 1 shows the result of statistical analyses for
the studied variables.

3.2. Lipid Profile Parameters. Changes in total cholesterol and
LDL cholesterol during the experimental exposure to oxy-
sterols and cholesterol demonstrated significant differences
in concentration increase rates between the groups of exper-
imental animals. The fastest concentration increase was seen
in the group fed with both 5α,6α-epoxycholesterol and cho-
lesterol (ECh group). Total cholesterol and LDL cholesterol
levels in this group reached the plateau on day 90 and
remained unchanged thereafter. In a group fed with BD
and cholesterol only (Ch group), the concentration of the
markers in question increased at a slower rate to eventually
settle at a lower level. The total cholesterol and LDL choles-
terol concentration profiles in ECh group differed signifi-
cantly from those of the Ch group (see Figure 1 and
Table 1). Together, ECh and Ch groups had significantly
higher levels of total cholesterol and LDL cholesterol as com-
pared to the control group (C), where there was no change in
these parameters throughout the entire experiment.

The HDL cholesterol levels tended to increase in both
cholesterol-fed groups (ECh and Ch groups). The highest
increase of HDL cholesterol levels was noted in a group fed
with cholesterol-rich diet without oxysterols (Ch group).
Furthermore, there was a significant difference in HDL cho-
lesterol profile between ECh and Ch groups. The analysis of
HDL cholesterol concentration as a percentage of total cho-
lesterol did not demonstrate changes between the group
exposed to oxysterols and cholesterol versus the group
exposed to native cholesterol only (Figure 1 and Table 1).

Triacylglycerol levels varied in a nonspecific way with no
significant differences between the groups. There was a
significant variability between the individual time points
(collections). In a control group, triacylglycerol level at the
end of the experiment was significantly lower than the
baseline value, whereas in the two remaining groups, there
were no significant differences between the baseline and final
levels (Figure 1 and Table 1).

3.3. Endothelial Dysfunction Markers. The analysis of
changes in total plasma tHCY concentration in rabbits
demonstrated an increase tendency in a control group and
a marked significant increase in both cholesterol-fed groups.
The highest increase was observed in a group exposed addi-
tionally to 5α,6α-epoxycholesterol. The tHCY levels in this
group differed significantly from the only cholesterol-fed
group (Ch group) or the control group (Figure 2, Table 1).

Similar observations were made for plasma ADMA in
rabbits. The highest rate of ADMA concentration increase
was seen in ECh (Figure 2, Table 1).

Serum PON-1 activity in rabbits dropped significantly as
a result of exposure to dietary cholesterol. However, there
was no additional modulation of its activity by oxysterols,
as PON-1 levels decreased in the same manner in both
ECh group, exposed to oxycholesterol, and Ch group,
exposed to cholesterol. Figure 2 shows PON-1 activity at
subsequent time points, and Table 1 shows statistical
analysis of these results.

3.4. Inflammatory Markers. The analysis of changes in
inflammatory marker concentrations during experimental
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Figure 1: Time’s profile of body weight and concentrations of total cholesterol, LDL cholesterol, HDL cholesterol, HDL cholesterol as a
percentage of total cholesterol (% HDL), and triacylglycerols in rabbits exposed to 5α,6α-epoxycholesterol and cholesterol (ECh
group), cholesterol (Ch group), and fed with basal diet (C group).
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Table 1: Results of ANOVA analysis of parameters between groups and inside each group (between first and last sampling).

Parameter
Body
mass

Total
cholesterol

LDL
cholesterol

HDL
cholesterol

HDL
cholesterol
as percent
of total

cholesterol

Triacylglycerols tHCY ADMA PON-1 IL-6 TNF-α CRP

Differences between groups for all sampling (p values)

C–ECh <0.05 <0.001 <0.001 <0.01 <0.001 <0.05 <0.001 <0.001 NS <0.001 <0.001 <0.001
C–Ch NS <0.001 <0.001 <0.001 <0.001 <0.05 <0.05 <0001 <0.01 <0.001 <0.001 <0.001
ECh–Ch NS <0.001 <0.001 <0.01 NS NS <0.01 <0.001 NS <0.001 <0.001 NS

Differences inside each group between 0 day and 180 day (p values)

Ech <0.001 <0.001 <0.001 <0.01 <0.001 NS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ch <0.001 <0.001 <0.001 <0.001 <0.001 NS <0.001 <0.001 <0.001 <0.05 <0.001 <0.001
C <0.001 NS NS NS NS <0.001 NS NS NS NS NS NS

NS: nonstatistically significant.
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Figure 2: Time’s profile of concentrations of total homocysteine (tHCY), asymmetric dimethylarginine (ADMA), and paraoxonase-1 (PON-
1) activity in rabbits exposed to 5α,6α-epoxycholesterol and cholesterol (ECh group), cholesterol (Ch group), and fed with basal diet (C group).
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rabbit exposure to cholesterol and its epoxy derivatives
demonstrated activation of acute phase response in studied
animals (see Figure 3 and Table 1). Changes in IL-6 levels
demonstrated a significant increase in its production follow-
ing an exposure to 5α,6α-epoxycholesterol as compared to
exposure to native cholesterol or basal diet. Its increase rate
and the ultimate level achieved in month 6 in the ECh group
were significantly higher than in the Ch and C groups,
respectively.

A similar pattern was observed for the serum TNF-α
concentration during the experimental exposure to epoxy-
cholesterol. The highest concentrations were achieved in ani-
mals exposed to 5α,6α-epoxycholesterol and cholesterol-rich
fodder. The TNF-α profile in the ECh group significantly
differed to the one of the control group and the group

receiving cholesterol-rich fodder (Ch). Although the cyto-
kine in question was also biosynthesized in the Ch group,
the increase rate and the ultimate TNF-α level were signifi-
cantly lower than in the ECh group.

The serum CRP concentration increased in a similar
manner in both groups exposed to cholesterol. The CRP
profiles of ECh and Ch groups were significantly different
to the one of the control group. There was no significant
difference in CRP profiles between the ECh and Ch groups
(see Figure 3 and Table 1).

4. Discussion

The results achieved during the current study demonstrated
changes in the lipid parameters, endothelial dysfunction
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Figure 3: Time’s profile of concentrations of IL-6, TNF-α, and C-reactive protein (CRP) in rabbits exposed to 5α,6α-epoxycholesterol and
cholesterol (ECh group), cholesterol (Ch group), and fed with basal diet (C group).

6 Mediators of Inflammation



markers (tHCY, ADMA, and PON-1), and selected inflam-
matory markers in rabbits fed with cholesterol-rich diet with
added oxidized cholesterol derivatives for 6 months. The
concentrations of all these markers were assessed several
times at 45-day interval, which undoubtedly adds value to
the current study, as the experiments reported so far
provided only baseline and end concentrations of these
parameters. Having reviewed the available literature, we
failed to identify a study to assess changes in serum biochem-
ical markers during exposure to cholesterol-rich diet and
oxysterols.

In our research, we found total cholesterol and LDL cho-
lesterol levels in rabbits fed with cholesterol-rich diet
increased several dozenfold, with the highest increase
observed in a group of animals fed with both cholesterol
and 5α,6α-epoxycholesterols. Both total cholesterol and
LDL cholesterol levels in this group of animals were signifi-
cantly higher than in those fed with unoxidized cholesterol.
Therefore, adding 5α,6α-epoxycholesterols to the fodder
increased plasma levels of total cholesterol and LDL choles-
terol. The study by Mahfouz et al. [17] did not confirm that
replacing native cholesterol with autooxidized cholesterol
leads to changes in the plasma lipid profile. The mechanisms
leading to these observable changes in plasma cholesterol
levels are difficult to explain, especially that most published
data support inhibition by oxysterols of HMG-CoA reduc-
tase activity, which should be reflected in decreased biosyn-
thesis of endogenous cholesterol. On the other hand, it can
be hypothesized that endogenous cholesterol in plasma of
rabbits with experimentally induced hypercholesterolemia
constitutes only a small share of total amount of cholesterol,
so it is bioavailability (intestinal absorption and excretion) of
exogenous, dietary cholesterol, which mainly affects the
blood concentration. Another possible explanation is that
5α,6α-epoxycholesterols exert their effect at the stage of
intestinal absorption, as with the unchanged plasma levels
of biliary acids (unpublished data), slowing of cholesterol
metabolite elimination appears less likely mechanism
contributing to increasing hypercholesterolaemia [18].

The analysis of changes in HDL cholesterol levels in
rabbit serum demonstrated that absolute concentrations of
this fraction increased heterogeneously in the groups
exposed to cholesterol, with the highest increase observed
in the Ch group. The difference between the ECh and Ch
groups, though, was nonsignificant when the comparison
was made between HDL cholesterol levels expressed as a
percentage of total cholesterol in a given group. This finding
indicates the increased HDL production in the liver in
response to increased dietary cholesterol intake, which is in
keeping with published data [19].

Analysing the results of tHCY and ADMA assays in a
rabbit model, it becomes clear that the exposure to oxidized
cholesterol derivatives and cholesterol leads to their gradual
plasma level elevation and increases endothelial dysfunction
as compared to the controls. The plasma levels of both tHCY
and ADMA were elevated following the exposure to oxyster-
ols and cholesterol. However, exposure to cholesterol only
also resulted in a significant elevation of these biomarkers.
Significant elevation of HCY and ADMA levels in a group

fed with fodder containing 5α,6α-epoxycholesterols, as
compared to the groups C and Ch, indirectly confirms addi-
tional effect of epoxycholesterols on tHCY and ADMA levels.
The HCY and ADMA levels in the ECh group were signifi-
cantly higher than in the Ch group. In the ECh group, plasma
ADMA levels tended to start increasing earlier and more
markedly, which can be attributed to the angiotoxic effect
of oxysterols on vascular endothelium or abnormal renal
ADMA elimination.

The analysis of IL-6 concentrations in our experimental
animals seems to suggest that IL-6 biosynthesis is regulated
by exogenous epoxycholesterols, as IL-6 concentrations
increased significantly faster to settle at a higher level in ani-
mals exposed to oxycholesterol as compared to the groups
Ch and C. In the group Ch, the IL-6 level in month 6 was
twice as low as in the ECh group. In the control group, it
remained unchanged throughout the experiment. The above
findings are comparable to those published previously
[20–22]. However, the values reported in individual papers
tend to differ markedly, potentially due to different assay
methods used. Due to the well-established role of IL-6 in pro-
moting atherosclerosis in humans, its increased biosynthesis
seen in a rabbit model (particularly marked in a group
exposed to oxysterols) appears to be a significant biomarker
suggestive of chronic vascular wall inflammation.

In our experiment, the TNF-α concentration in rabbits
exposed to unoxidized cholesterol significantly increased
over the first four months to stabilise over the subsequent
two months. In the group fed additionally with 5α,6α-epoxy-
cholesterol, the rate and extent of increase were significantly
higher with higher TNF-α levels in month 6.

Rabbits with experimentally induced hypercholesterol-
emia presented with elevated levels of TNF-α, IL-6, IL-1,
and selected endothelial dysfunction markers, as it was seen
in a rat model [23]. Direct exposure of HUVEC cells to
7-keto-, 7β-hydroxycholesterol, and 7α-hydroxycholesterol
resulted in an increased TNF-α production [24]. This
can explain elevated TNF-α levels in animals exposed to
oxysterols. However, the available literature lacks data on
the effect of 5α,6α-epoxycholesterol on biosynthesis of
inflammatory cytokines.

The elevated levels of CRP in animals with experimen-
tally induced hypercholesterolemia, demonstrated in the cur-
rent study, are consistent with the available published data
[20, 23, 25]. Additional intake of dietary 5,6-epoxycholesterol
did not affect CRP levels. There is data to confirm extrahe-
patic origin of CRP in rabbits with experimentally induced
hypercholesterolemia, as its synthesis in adipocytes was
shown to be inhibited by administering atorvastatin [26].
Perhaps, then, animal adipose tissue constitutes an alterna-
tive source of this protein in the plasma, which is true for
some proinflammatory cytokines, such as TNF-α. This
hypothesis, though, appears unlikely due to decreased weight
gain observed in animals exposed to oxysterols as compared
to animals in the groups C and Ch.

The current study has some limitations. Extrapolating
the findings of experimental research in animal models to
the risk of oxysterol intake by humans, it should be noted
that the intake of cholesterol derivatives in experimental
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animals ranged between 2.5 to approx. 10mg/kg per day [27,
28], which translates into the intake of 175–700mg of oxy-
sterols per day in an adult and amounts to at least 100% of
typical cholesterol daily intake. Therefore, it is highly unlikely
that a diet of a modern individual can comply with these
assumptions. Another issue is interspecies differences
between experimental animals (usually rabbits, rodents, or
birds) and humans. A limitation of the current study is also
a relatively low number of experimental animals in each
group, which was guided by ethical considerations relevant
to animal research experiments.

5. Conclusions

Based on our findings, we conclude that having been
absorbed from the gastrointestinal tract and incorporated
in lipoprotein structures, oxidized cholesterol derivatives
exert cytotoxic effect on vascular endothelial cells, causing
endothelial dysfunction, the severity of which depends on
the duration of exposure. Combined administration of
oxysterols and cholesterol is likely to increase their angio-
toxic effect. At the same time, the inflammatory response
and dyslipidaemia increase in severity.
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Objective. The aim of the study was to estimate the impact of whole-body cryotherapy (WBC) on cardiovascular risk factors in
patients with ankylosing spondylitis (AS). Material and Methods. We investigated the effect of WBC with subsequent
kinesiotherapy on markers of inflammation, oxidative stress, lipid profile, and atherosclerosis plaque in male AS patients (WBC
group). To assess the disease activity, the BASDAI and BASFI were also calculated. The results from the WBC group were
compared with results from the kinesiotherapy (KT) group. Results. The results showed that in the WBC group, the plasma
hsCRP level decreased without change to the IL-6 level. The ICAM-1 level showed a decreasing tendency. The CER
concentration, as well as the BASDAI and BASFI, decreased in both groups, but the index changes of disease activity were
higher in the WBC than KT patients. Additionally, in the WBC group, we observed a decrease in oxidative stress markers,
changes in the activity of some antioxidant enzymes and nonenzymatic antioxidant parameters. In both groups, the total
cholesterol and LDL cholesterol, triglycerides, sCD40L, PAPP-A, and PLGF levels decreased, but the parameter changes were
higher in the WBC group. Conclusion. WBC appears to be a useful method of atherosclerosis prevention in AS patients.

1. Introduction

Patients with ankylosing spondylitis (AS) have a higher risk
of cardiovascular morbidity and mortality in comparison to
the general population, which may be connected with the
disease’s activity, the functional and mobility limitations,
structural damage, and inflammation [1, 2]. Even AS patients
without concomitant classical cardiovascular risk factors
yet, but in an active phase of the disease, are characterized
by increased levels of oxidative stress, inflammatory states,
higher serum concentrations of soluble CD40 ligand

(sCD40L), and increased carotid intima-media thickness
(IMT) in comparison to the general population. These
factors may accelerate atherosclerosis in this group of
patients [3, 4].

Fortunately, over the last several years, a revolution in the
treatment of AS has taken place through the introduction of
biological and disease-modifying antirheumatic drugs
(DMARDs). Despite these advances, exercise and physio-
therapy still play a very important role [5, 6].

A relatively new physiotherapeutic method used in the
rheumatic disease treatment is whole-body cryotherapy
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(WBC), which is based on the therapeutic exposure of the
entire human body to very low temperatures (below −100°C)
for 120–180 seconds [7].

Recent studies have confirmed the anti-inflammatory,
antianalgesic, and antioxidant effects of extremely low tem-
peratures in athletes [8]. WBC procedures also have had a
beneficial influence on lipid profiles in healthy subjects [9]
and in obese people [10].

In addition, noticeably positive effects on the mental
state [11] and antioxidant status of patients with multiple
sclerosis [12] and seropositive rheumatoid arthritis [13] have
been observed when low temperatures were applied to the
entire body.

Little is still known about the role ofWBC in the manage-
ment of AS patients. So far, the studies have shown thatWBC
procedures in AS patients do not influence ejection fraction,
late ventricular potentials, nor QT dispersion. However, they
do have a beneficial effect on the adaptive processes of the
vegetative nervous system in patients without a significant
pathology in the circulatory system [14].

It has also been proved that in AS patients, WBC proce-
dures with subsequent kinesiotherapy may improve BAS-
DAI (Bath Ankylosing Spondylitis Diseases Activity Index)
and BASFI (Bath Ankylosing Spondylitis Functional Index)
and some spinal mobility parameters and help to decrease
pain [15, 16].

In our preliminary study [17], we showed that WBC may
also have a beneficial influence on some specific inflamma-
tory parameters in AS patients.

In light of the above findings, the primary aim of the
study was to assess the influence of WBC on cardiovascular
risk factors in AS patients with active phase and without
any concomitant classical cardiovascular risk factors.

2. Materials and Methods

2.1. Participants. The study protocol had been reviewed and
approved by the Bioethical Committee of the Medical
University of Silesia in Katowice (permission number: NN-
6501-93/I/07), and all analyzed patients were informed
about the trial and provided written consent for inclusion
in the study. All clinical investigations were conducted
according to the principles expressed in the Declaration of
Helsinki (1964).

The study involved a total of 32 nonsmoking male
patients with ankylosing spondylitis who were divided ran-
domly by a physician into two groups with an allocation ratio
1 : 1. The first group consisted of 16 AS patients exposed to
whole-body cryotherapy procedures with subsequent kine-
siotherapy (WBC group, mean age 46.63± 1.5 years). The
second group consisted of 16 AS patients exposed only to
kinesiotherapy procedures (KT group, mean age 45.94± 1.24
years). There was no significant difference in the mean age,
BMI, carotid IMT, BASDAI, BASFI, and comorbiding disor-
ders and distribution of classical cardiovascular risk factors
between these groups.

Computer-generated random numbers were sealed in
sequentially numbered envelopes, and the group allocation
was independent of the time and person delivering the

treatment. The physician (main coordinator) who allocated
the patients to groups had 32 envelopes, each containing a
piece of paper marked with either group WBC or KT. The
physician selected and opened each envelope in the presence
of a physiotherapist to see the symbol and would then direct
the subject to the corresponding group.

Male patients who successfully enrolled in the study had
a definite diagnosis of AS, did not suffer from any other dis-
eases, had no associated pathologies, and had an attending
physician who did not apply disease-modifying antirheu-
matic drugs (DMARDs), biologic agents, or steroids. The
AS patients were treated with doses of nonsteroidal anti-
inflammatory drugs (NSAIDs), which were not altered
within one month before the beginning of the study and dur-
ing it. All the patients included in the trial fulfilled the mod-
ified New York Criteria for definite diagnosis of AS, which
serves as the basis for the ASAS/EULAR recommendations
[18]. The final selection for the study included only HLA
B27-positive patients, who exhibited II and III radiographic
grades of sacroiliac joint disease and attended a consulting
unit in a health resort in the period of subsidence of acute
clinical symptoms, in order to qualify for sanatorium treat-
ment (physiotherapy). The demographic data of the subjects
is shown in Table 1.

The patients from both groups were asked to abstain
from alcohol, drugs and any immunomodulators, immunos-
timulators, hormones, vitamins, minerals, or other sub-
stances with antioxidant properties for 4 weeks before the
study. All the patients were also asked to refrain from the
consumption of caffeine 12 hours prior to laboratory analy-
ses. The diet of the patients was not modified.

Before the study, each patient was examined by a physi-
cian to exclude any coexisting diseases as well as any contra-
indications for WBC procedures. Prior to the study, a resting
electrocardiogram was performed on all the patients, and
before each session of cryotherapy, the blood pressure was
measured for each patient.

2.2. Whole-Body Cryotherapy and Kinesiotherapy Procedures.
Depending on the group, the AS patients were exposed either
to a cycle of WBC procedures lasting 3 minutes a day with a
subsequent 60-minute session of kinesiotherapy or to a 60-
minute session of kinesiotherapy only, for 10 consecutive
days excluding the weekend.

The WBC procedures were performed in a cryochamber
with cold retention and cooled by synthetic liquid air (pro-
duced by Metrum Cryoflex, Poland), which consists of two
compartments: the antechamber and the proper chamber,
which were connected by a door. In the trial, the tempera-
ture in the antechamber was −60°C, whereas in the proper
chamber, it reached −120°C. After a 30-second adaptation
process in the antechamber, the patients were exposed to
cryogenic temperatures in the proper chamber for 3
minutes. During the WBC procedure, all the patients were
dressed in swimsuits, cotton socks and gloves, and
wooden shoes and their mouths and noses were protected
by surgical masks and their ears by ear protectors. All
jewelry, glasses, and contact lenses were removed before
entry into the chamber. During the WBC procedure, the
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patients were walking round the chamber without touching
each other.

Immediately after leaving the cryogenic chamber and
changing into track suits and trainers, the AS patients under-
went kinesiotherapy lasting one hour. The program of kine-
siotherapy was the same for all the patients in both groups.
Kinesiotherapy procedures included range-of-motion exer-
cises of the spine and major joints (including the ankle, knee,
hip, wrist, elbow, and shoulder). Chest expansion and breath-
ing exercises were also included. Apart from range-of-
motion exercise, the AS patients received strengthening exer-
cises of the muscles of the major joints (including the ankle,
knee, hip, wrist, elbow, shoulder, thoracolumbar spine, and
cervical spine) as well as aerobic exercise (including cycling
and fast walking). All the exercises were carried out under
the supervision of physical therapists.

All the patients completed the study and no complications
or side effects related to the WBC procedures were observed.

2.3. Blood Sample Collection. Blood samples of all the subjects
were collected in the morning before the first meal. Samples
of whole blood (5ml) were drawn from the basilic vein of
each subject and then collected into tubes containing ethyl-
enediaminetetraacetic acid (Sarstedt, S-Monovette with
1.6mg/ml EDTA-K3) and into tubes with a clot activator
(Sarstedt, S-Monovette). The blood samples were centrifuged
(10min, 900g at 4°C), and then the plasma and serum were
immediately separated and stored at the temperature of
−75°C, until biochemical analyses could be performed. In
turn, the red blood cells retained from the removal of EDTA
plasma were rinsed with isotonic salt solution and then 10%
of the hemolysates were prepared for further analyses. The
hemoglobin concentration in the hemolysates was deter-
mined by the standard cyanmethemoglobin method. The

inter- and intra-assay coefficients of variations (CV) were
1.1% and 2.4%, respectively.

2.4. Biochemical Analyses

2.4.1. Determination of Inflammatory-State Parameters.
High-sensitivity C-reactive protein (hs-CRP) concentration
in the serum was determined by the latex immunoturbidi-
metric method (BioSystems, Spain) and expressed in mg/l.
The inter- and intra-assay coefficients of variations (CV)
were 2.3% and 5.5%, respectively.

The serum ceruloplasmin (CER) oxidase activity was
measured using the p-phenylenediamine kinetic method by
Richterich [19] and expressed in mg/dl after a calibration
with pure ceruloplasmin isolated from a healthy donor serum
pool. The inter- and intra-assay coefficients of variations
(CV) were 3.1% and 6.1%, respectively.

The plasma interleukin 6 (IL-6) and soluble intercellular
adhesion molecule-1 (sICAM-1) concentrations were deter-
mined using the ELISA method from R&D Systems (USA).
The concentrations of IL-6 and sICAM-1 were expressed in
pg/ml and ng/ml. The inter- and intra-assay coefficients of
variations (CV) were 5.1% and 8.8%, respectively, for IL-6
and 4.8% and 9.1%, respectively, for sICAM-1.

2.4.2. Oxidative Stress Marker Analyses

(1) Determination of Lipid Peroxidation Products, Total
Oxidative Status, and Oxidative Stress Index. The intensity
of lipid peroxidation in the plasma and the erythrocytes
was measured spectrofluorimetrically as thiobarbituric acid-
reactive substances (TBARS) according to Ohkawa et al.
[20]. The TBARS concentrations were expressed as malon-
dialdehyde (MDA) equivalents in μmol/l in plasma or in
nmol/gHb in erythrocytes. The inter- and intra-assay coeffi-
cients of variations (CV) were 2.1% and 8.3%, respectively.

The serum concentrations of oxidized low-density lipo-
protein (ox-LDL) and antibodies to ox-LDL (ab-ox-LDL)
were measured with the use of ELISA kits (Biomedica,
Poland). The ox-LDL and the ab-ox-LDL concentrations
were expressed in ng/ml and mU/ml, respectively. The inter-
and intra-assay coefficients of variations (CV) for ox-LDL
were 5.8% and 9.4%, respectively, and −4.1% and 8.7% for
ab-ox-LDL, respectively.

The serum total oxidant status (TOS) was determined
with the method described by Erel [21] and expressed in
μmol/l. The inter- and intra-assay coefficients of variations
(CV) were 2.2% and 6.4%, respectively.

The oxidative stress index (OSI), an indicator of the
degree of oxidative stress, was expressed as the ratio of total
oxidant status (TOS) to total antioxidant capacity (FRAP)
in arbitrary units [22].

(2) Determination of Activity of Antioxidant Enzymes. The
plasma and erythrocytes superoxide dismutase (SOD -
E.C.1.15.1.1) activity was determined by the Oyanagui
method [23]. Enzymatic activity was expressed in nitrite unit
(NU) in each mg of hemoglobin (Hb) or ml of blood plasma.
One nitrite unit (1 NU) means a 50% inhibition of nitrite ion
production by SOD in this method. SOD isoenzymes (SOD-

Table 1: Demographic data of the study subjects.

Characteristic
WBC
group
(n = 16)

Kinesiotherapy
group
(n = 16)

P value

Age (years), mean (SD) 46.63± 1.5 45.94± 1.24 0.114

Sex (M/F) 16/0 16/0 —

BMI (kg/m2), mean (SD) 24.24± 4.4 23.76± 6.8 0.880

BASDAI 5.43± 1.61 5.28± 1.71 0.720

BASFI 5.20± 2.29 5.01± 2.06 1.00

Carotid IMT (mm) 1.1± 0.13 1.0± 0.14 0.925

Smoking (yes/no) 0/16 0/16 —

Medication

NSAID (yes/no) 16/0 16/0 —

DMARD (yes/no) 0/16 0/16 —

Biological agents
(yes/no)

0/16 0/16 —

SD: standard deviation; BMI: body mass index; BASDAI: the Bath
Ankylosing Spondylitis Diseases Activity Index; BASFI: the Bath
Ankylosing Spondylitis Functional Index; IMT: intima-media thickness;
NSAID: nonsteroidal anti-inflammatory drug; DMARD: disease-modifying
antirheumatic drug.
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Mn and SOD-ZnCu) were measured using potassium cya-
nide as the inhibitor of the SOD-ZnCu isoenzyme. The inter-
and intra-assay coefficients of variations (CV) were 2.8% and
5.4%, respectively.

The catalase (CAT - E.C.1.11.1.6.) activity in erythrocytes
was measured by the Aebi [24] kinetic method and expressed
in IU/mgHb. The inter- and intra-assay coefficients of varia-
tions (CV) were 2.6% and 6.1%, respectively.

The erythrocyte glutathione peroxidase (GPx - E.C.1.11.
1.9.) activity was assayed by Paglia and Valentine’s kinetic
method [25], with t-butyl peroxide as a substrate and
expressed as micromoles of NADPH oxidized per minute
and normalized to one gram of hemoglobin (IU/gHb). The
inter- and intra-assay coefficients of variations (CV) were
3.4% and 7.5%, respectively.

The activity of glutathione reductase in erythrocytes
(GR - E.C.1.6.4.2) was assayed by Richterich’s kinetic method
[19], expressed as micromoles of NADPH utilized per min-
ute and normalized to one gram of hemoglobin (IU/gHb).
The inter- and intra-assay coefficients of variations (CV)
were 2.1% and 5.8%, respectively.

(3) Determination of Nonenzymatic Antioxidant Status. The
total antioxidant capacity of plasma was measured as the
ferric-reducing ability of plasma (FRAP) according to Benzie
and Strain [26] and calibrated using Trolox and expressed in
(μmol/l). The inter- and intra-assay coefficients of variations
(CV) were 1.1% and 3.8%, respectively.

The serum concentration of protein sulfhydryl (PSH)
was determined by Koster’s method [27], using dithionitro-
benzoic acid (DTNB) and expressed in (μmol/l). The inter-
and intra-assay coefficients of variations (CV) were 2.6%
and 5.4%, respectively.

The serum concentration of uric acid (UA) was deter-
mined by a uricase-peroxidase method [28] on the Cobas
Integra 400 plus analyzer and expressed as (mg/dl). The
inter- and intra-assay coefficients of variations (CV) were
1.4% and 4.4%, respectively.

2.4.3. Determination of Lipid Profile. The total, HDL, and
LDL cholesterol (T-Chol, HDL-Chol, and LDL-Chol, resp.)
and triglyceride (TG) concentrations in serum were esti-
mated using routine techniques (Cobas Integra 400 plus ana-
lyzer, Roche Diagnostics, Mannheim, Germany). The
concentrations were expressed in (mg/dl). The inter- and
intra-assay coefficients of variations (CV) were 2.8% and
5.4%, respectively, for T-Chol; 3.2% and 5.4%, respectively,
for HDL-Chol; 2.6% and 6.5%, respectively, for LDL-Chol;
and 2.5% and 7.6%, respectively, for TG. The triglyceride/
HDL cholesterol (TG/HDL) ratio was calculated.

2.4.4. Determination of Atherosclerosis Plaque Instability
Markers and Atherosclerosis Plaque Markers. Serum
pregnancy-associated plasma protein-A (PAPP-A), soluble
CD40 ligand (sCD40L), and placental growth factor (PLGF)
concentrations were assayed by ELISA methods with DRG
Instruments GmbH (Germany). The PAPP-A and sCD40L
concentrations were expressed in ng/ml and the PLGF con-
centration in pg/ml. The inter- and intra-assay coefficients

of variations (CV) were 6.8% and 10.2%, respectively, for
PAPPA-A; 5.1% and 9.4%, respectively, for sCD40L; and
6.2% and 12.1%, respectively, for PLGF.

2.5. Assay of Activity of Ankylosing Spondylitis. The activity of
ankylosing spondylitis was measured by the Bath Ankylosing
Spondylitis Diseases Activity Index (BASDAI) and the Bath
Ankylosing Spondylitis Functional Index (BASFI).

The BASDAI has six questions related to fatigue, back
pain, peripheral pain, peripheral swelling, local tenderness,
and morning stiffness (degree and length). Other than the
issues relating to morning stiffness, all questions were scored
from 0 (none) to 10 (very severe) using a visual analogue
scale (VAS). The sum was calculated as the mean of two
morning stiffness issues and the four remaining issues [29].

The BASFI is the mean score of ten questions address-
ing functional limitations and the level of physical activity
at home and work, assessed on VAS scales (0 = easy,
10= impossible) [30].

2.6. Assay of Intima-Media Thickness. A high-resolution
Doppler ultrasonography was performed with a Logic-5
device with a high-frequency (11MHz, 15MHz) linear
probe. The sonographer was an angiologist who was unaware
of subject’s clinical state. The measurement of intima-media
thickness (IMT) was performed in the right and left common
carotid arteries, and the average of the 2 measurements was
calculated. The IMT was expressed in mm.

2.7. Statistical Analyses. Statistical analyses were undertaken
using the statistical package of Statistica 10 Pl software. For
each parameter, the indicators of the descriptive statistics
were determined (mean value and standard deviation
(SD)). The normality of the data distribution was checked
using the Shapiro-Wilk test, while the homogeneity of the
variance was checked by applying Levene’s test. In order
to compare the differences between the groups, an indepen-
dent sample Student t-test was used or alternatively the
Mann–Whitney U test. In the case of dependent samples,
the Student t-test was used or alternatively the Wilcoxon
test. Correlations between particular parameters were statis-
tically verified by means of Spearman’s nonparametric cor-
relation test. Differences at the significance level of P < 0 05
were considered as statistically significant.

3. Results

3.1. Inflammatory-State Parameters, BASDAI, and BASFI. In
the WBC group of AS patients, who underwent a ten-day-
long cycle of WBC procedures with subsequent kinesiother-
apy, it was found that after the completion of the treatment,
the levels of hsCRP and CER decreased significantly. In the
case of hsCRP, the difference prior to post treatment values
in the WBC group was significantly higher in comparison
to those in the KT group patients. Also, in the WBC group,
the level of sICAM-1 showed a decreasing trend. Moreover,
after the completion of the WBC cycle, the level of sICAM-
1 was significantly lower in comparison to the KT group.
But the level of IL-6 did not change significantly in the
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WBC group with subsequent kinesiotherapy after the com-
pletion of treatment.

After the completion of treatment, only the level of CER
decreased significantly from the estimated inflammatory
parameters in AS patients from the KT group who under-
went a cycle of kinesiotherapy only, without being preceded
by WBC procedures. The levels of hsCRP and sICAM-1 did
not change significantly in the KT group. Also, as in the
WBC group, no statistically significant changes in the level
of IL-6 were observed in the KT group.

In turn, the BASDAI and BASFI decreased significantly
in both groups, but in the WBC group with subsequent kine-
siotherapy after the completion of the treatment, the decrease
of these parameters was significantly higher in comparison to
that in the KT group. Moreover, only in the WBC group after
the completion of the treatment, the value of both BASDAI
and BASFI was below 4 (inactive phase of AS disease)
(Table 2).

3.2. Oxidative Stress. We observed that patients in the WBC
group had, after the completion of the treatment, a statisti-
cally significant decrease in erythrocyte levels of MDA,

serum anti-ox-LDL ab, serum TOS, and value of OSI in com-
parison to initial values.What is more, the differences of these
parameters prior to post treatment values in the WBC group
were significantly higher in comparison to the KT group.
The levels of plasmaMDA and serum ox-LDL did not change
significantly in the WBC group. In turn, in the KT group, no
significant changes in the levels of plasma and erythrocyte
MDA, serum ox-LDL, serum anti-ox-LDL ab, and serum
TOS and OSI were observed after the completion of the treat-
ment, in comparison to the initial values before the beginning
of the kinesiotherapy cycle (Table 3).

In the WBC group patients, we observed a statistically
significant decrease in erythrocyte activity of GPx after
the completion of a cycle of cryotherapy procedures with
subsequent kinesiotherapy. However, the activity of plasma
and erythrocyte total SOD, plasma SOD-Mn, plasma SOD-
CuZn, erythrocyte CAT, and GR did not change signifi-
cantly in the WBC group after treatment. But in the
WBC group, the activity of plasma SOD-Mn after treat-
ment was significantly higher in comparison to the KT
group. In turn, in the KT group, the activity of erythrocyte
total SOD, GPx, and GR decreased significantly after

Table 2: Levels of inflammatory parameters as well as the value of BASDAI and BASFI (mean value± standard deviation (SD)) in AS
patients before and after the completion of a cycle of ten whole-body cryotherapy procedures with subsequent kinesiotherapy (WBC
group) or a cycle of ten kinesiotherapy procedures only (KT group), with statistical analyses. (p): plasma; (s): serum; Δ: difference prior to
post treatment.

Parameters WBC group KT group P

hsCRP (s) (mg/l)

Before 13.5± 16.3 13.9± 15.2 0.942

After 9.2± 15.3 13.6± 16.2 0.438
∗P 0.002 0.623

Δ −4.24± 5.68 −0.27± 3.25 0.023

CER (s) (mg/dl)

Before 62.83± 12.61 67.57± 12.60 0.296

After 51.32± 10.74 53.51± 14.26 0.628
∗P 0.006 0.003

Δ −11.51± 16.6 −14.06± 14.47 0.646

IL-6 (p) (pg/ml)

Before 41.6± 8.86 41.8± 10.5 0.957

After 36.6± 7.89 41.0± 10.4 0.191
∗P 0.121 0.301 0.216

Δ −4.94± 11.9 −0.74± 5.71

sICAM-1 (p) (ng/ml)

Before 79.0± 15.5 84.3± 21.9 0.432

After 69.2± 14.2 83.9± 20.0 0.023
∗P 0.088 0.642

Δ −9.84± 23.0 −0.41± 16.1 0.191

BASDAI

Before 5.43± 1.61 5.28± 1.71 0.720

After 3.29 ± 0.91 4.53 ± 1.62 <0.05
∗P <0.001 <0.001
Δ −2.14 ± 1.23 −0.74 ± 0.38 0.001

BASFI

Before 5.20± 2.29 5.01± 2.06 1.00

After 3.81 ± 2.20 4.35 ± 2.23 0.497
∗P <0.001 <0.001
Δ −1.39 ± 1.03 −0.66 ± 0.39 <0.01

P: statistical significance of differences between both groups of patients; ∗P: statistical significance of differences between values before and after treatment in
particular groups of patients.

5Mediators of Inflammation



treatment in comparison to the WBC group. Additionally,
the activity of plasma SOD-CuZn showed also a decreased
tendency in the KT group. Similarly as in the WBC group
patients, the activity of plasma total SOD and erythrocyte
CAT did not change significantly in the KT group after
treatment (Table 4).

What is more, in the WBC group, the parameters of non-
enzymatic antioxidants, FRAP values, and UA concentration
increased significantly after treatment. The levels of those
parameters were significantly higher in the WBC group in
comparison to the KT group after the completion of the
treatment. The level of PSH did not change significantly in
the WBC group after treatment. In turn, in the KT group,
the FRAP values and PSH level decreased significantly, but
the level of UA did not change significantly after treatment
(Table 5).

3.3. Markers of Lipid Profile, Atherosclerosis Plaque, and
Atherosclerosis Plaque Instability. The levels of T-Chol,
LDL, TG, sCD40L, PLGF, and PAPP-A decreased signifi-
cantly after treatment in both groups, but the differences

prior to post treatment values in the WBC group were signif-
icantly higher in comparison to the KT group, except for T-
Chol. But the TG difference prior to post treatment values
in the WBC group was higher in comparison to the KT
group. The level of HDL-Chol did not change significantly
in both groups. The TG/HDL ratio showed a decreasing ten-
dency in the WBC group in comparison to the KT group
(Table 6).

3.4. Significant Relationships among the Estimated Parameters
in AS Patients Who Underwent WBC Procedures. After treat-
ment, we noticed significant relationships in the WBC group
between changes of serum hsCRP concentration and erythro-
cyteMDA concentration (r = 0 6). Also, a positive correlation
between serum hsCRP change and plasma FRAP activity
change (r = 0 6) was observed. Additionally, a negative corre-
lation between serum hsCRP concentration and plasma
SOD-CuZn activity was found (r = −0 62). In the case of
the analysis of serum oxLDL-ab, we observed a negative cor-
relation with CAT and SOD activities in erythrocytes (r coef-
ficients: −0.51 and −0.53, resp.). Furthermore, the ratio of

Table 3: Levels of lipid peroxidation parameters, total oxidative status (TOS), and oxidative stress index (OSI) (mean value± standard
deviation (SD)) in AS patients before and after the completion of a cycle of ten whole-body cryotherapy procedures with subsequent
kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures only (KT group), with statistical analyses. (p): plasma; (s): serum;
(e): erythrocyte lysates; Δ: difference prior to post treatment.

Parameters WBC group KT group P

MDA (p) (μmol/l)

Before 2.54± 0.52 2.32± 0.60 0.272

After 2.30± 0.75 2.41± 0.83 0.715
∗P 0.278 0.959

Δ −0.24± 0.81 0.09± 1.04 0.331

MDA (e) (nmol/gHb)

Before 0.17± 0.04 0.18± 0.02 0.418

After 0.15± 0.03 0.18± 0.04 0.007
∗P 0.013 0.642

Δ −0.02± 0.03 0.00± 0.04 0.043

ox-LDL (s) (ng/ml)

Before 249± 77.6 298± 122 0.191

After 223± 100 288± 133 0.132
∗P 0.301 0.84

Δ −25.9± 123 −9.6± 149 0.738

Anti-oxLDL ab (s) (mU/ml)

Before 465± 209 571± 426 0.382

After 347± 139 490± 316 0.111
∗P 0.013 0.379

Δ −118± 178 −80.5± 323 0.687

TOS (s) (μmol/l)

Before 26.54± 4.45 23.94± 11.60 0.414

After 12.09± 2.55 24.41± 6.24 <0.001
∗P <0.001 0.605

Δ −14.45± 4.83 0.46± 9.11 <0.001

OSI (p/s) (arbitrary unit)

Before 24.10± 15.94 18.87± 11.30 0.294

After 8.20± 6.76 23.65± 15.68 0.002
∗P 0.003 0.301

Δ −15.90± 16.82 4.78± 13.88 0.001

P: statistical significance of differences between both groups of patients; ∗P: statistical significance of differences between values before and after treatment in
particular groups of patients.
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TG/HDL was positively correlated with the PLGF serum
concentration after WBC procedures (r = 0 58). We also
observed a positive correlation between plasma concentra-
tions of sICAM-1 and MDA (r = 0 66) in the WBC group
after treatment. In the case of erythrocyte GPx activity in
AS patients who underwent WBC procedures with subse-
quent kinesiotherapy, a positive correlation with plasma
PSH (r = 0 54) was visible and a negative correlation was
found with plasma MDA concentration. All the correlations
mentioned above were significant (p < 0 05).

4. Discussion

In our study, we observed that, after the completion of the
treatment, the WBC group of AS patients who underwent a
ten-day-long cycle of WBC procedures with subsequent
kinesiotherapy had significantly decreased levels of hsCRP
and CER. The level of sICAM-1 showed a decreasing trend

in the WBC group. But the level of IL-6 did not change
significantly.

The results of the inflammatory parameters in this study
are consistent with our previous preliminary study [17], in
which AS patients who underwent WBC procedures were
observed to have a decrease in CRP, fibrinogen, mucoprotein,
and sICAM levels.

However, in another study [31], the authors have
observed a decrease in TNF-α and an increase in IL-6 in ten-
nis players after a 5-day exposure to WBC twice a day.

Banfi et al. [32] have also confirmed that a decreased level
of sICAM-1 is induced byWBC treatment and is linked to an
anti-inflammatory response. In another paper, Pournot et al.
[33] have found that WBC (−110°C) decreased IL-1β and
CRP levels and increased the IL-1ra level after intense exercise.
But the levels of TNF-α, IL-10, and IL-6 remained unchanged.
Similarly, in our study, we did not observe any changes in
serum IL-6 in AS patients who underwent WBC.

Table 4: Activities of antioxidant enzymes (mean value± standard deviation (SD)) in AS patients before and after the completion of a cycle
of ten whole-body cryotherapy procedures with subsequent kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures only
(KT group), with statistical analyses. (p): plasma; (e): erythrocyte lysates; Δ: difference prior to post treatment.

Parameters WBC group KT group P

Total SOD (p) (NU/ml)

Before 13.4± 2.13 12.3± 1.85 0.145

After 12.1± 1.88 1.7± 2.49 0.632
∗P 0.233 0.301

Δ −1.28± 3.13 −0.60± 2.65 0.512

SOD-Mn (p) (NU/ml)

Before 5.37± 2.75 4.56± 1.86 0.336

After 6.27± 0.99 5.02± 1.64 0.015
∗P 0.163 0.642

Δ 0.90± 2.80 0.46± 2.46 0.642

SOD-CuZn (p) (NU/ml)

Before 8.09± 2.74 7.80± 2.21 0.749

After 7.15± 1.32 7.05± 3.09 0.902
∗P 0.326 0.063

Δ −0.93± 2.77 −0.75± 2.72 0.854

Total SOD (e) (NU/mgHb)

Before 85.5± 17.3 128.0± 11.2 <0.001
After 90.5± 11.9 111.0± 15.6 <0.001
∗P 0.438 0.001

Δ 5.02± 17.3 −17.1± 11.8 <0.001

CAT (e) (IU/mgHb)

Before 385.0± 70.3 425.0± 53.6 0.084

After 375.0± 58.3 412.0± 58.6 0.088
∗P 0.535 0.352

Δ −9.9± 57.0 −13.0± 54.0 0.876

GPx (e) (IU/gHb)

Before 31.2± 4.90 29.9± 2.84 0.363

After 29.1± 2.97 20.4± 5.05 <0.001
∗P 0.039 0.001

Δ −2.09± 3.61 −9.49± 6.74 0.001

GR (e) (IU/gHb)

Before 1.72± 0.56 2.07± 0.52 0.043

After 1.54± 0.60 1.65± 0.59 0.078
∗P 0.469 0.002

Δ −0.18± 0.80 −0.42± 0.41 0.622

P: statistical significance of differences between both groups of patients; ∗P: statistical significance of differences between values before and after treatment in
particular groups of subjects.
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In the present study, we also saw a significant decrease in
the BASDAI and BASFI after the completion of the WBC
treatment in a cryochamber with cold retention. Similar
results were observed in a closed cryochamber of a type called
“Wrocławski”, cooled by liquid nitrogen [15]. In the both
studies, after the completion of a cycle consisting of ten daily
3-minute-long WBC procedures with subsequent kine-
siotherapy (−120°C, with a weekend break), the BASDAI
and BASFI decreased below 4. This indicates that the AS dis-
ease entered an inactive phase after the completion of treat-
ment. Our results are also consistent with a study [16], in
which the AS patients underwent 8 daily WBC procedures
(−110°C, 3 minutes).

There are not many reports on the impact of WBC on
the prooxidant-antioxidant balance. It has been noticed that
WBC procedures may have a beneficial influence on antiox-
idant status. In the study performed by Dugué et al. [34], a
significant increase has been seen in the TAS value in healthy
men at the end of a cycle of 45 procedures of WBC (−110°C,
2 minutes, coolant liquid nitrogen) performed three times a
week. In another study, Miller et al. [12] have noticed an
increase in total antioxidant status, SOD activity, and uric
acid level in the plasma of multiple sclerosis patients who
underwent WBC treatment (−110° temperature, daily 10
procedures with weekend break, coolant medium liquid
nitrogen). What is more, WBC was advocated to possibly
enhance antioxidant capacities and, thus, counteract the
exercise-induced reactive oxygen species production [12].

However, in a different study [13], patients with seropos-
itive rheumatoid were observed by the authors to have only a
short-term increase in TRAP during the first treatment ses-
sion of WBC (−110°C, three times daily for 7 consecutive
days) and the cold treatment did not cause any significant
oxidative stress or adaptation.

In our study, we observed a significant decrease in oxida-
tive stress, which may also be linked to the decrease in

systemic inflammation in AS patients who underwent WBC
treatment. After treatment, in the WBC group, we observed
positive correlations between plasma concentrations of
sICAM-1 and MDA as well as serum hsCRP and erythrocyte
MDA concentrations. In addition, negative correlations
between serum hsCRP concentration and plasma SOD-
CuZn activity were found.

Furthermore, we observed the similar results in healthy
subjects who underwent WBC procedures performed in a
cryochamber with cold retention [35].

The differences in the results of various studies may be
related to the type of cryochamber being used and the
coolant medium, in addition to the time of exposure to
cryogenic temperatures.

Only a few papers have estimated the impact of WBC on
lipid profile. In rats exposed to WBC for 5 or 10 days, HDL
and LDL cholesterol fraction decreased and total cholesterol
levels in animals subjected to −60°C sessions for 10 days
remained unchanged. The authors have also observed an
increase in triglycerides in the blood serum of animals sub-
jected to cryostimulation compared to control. A decrease
in HDL cholesterol in rats after cryostimulation can be
explained by the fact that HDL is the main fraction transport-
ing cholesterol in rats, while in humans, most cholesterol is
found in low-density lipoproteins [36].

In another study [9], the authors have observed reducing
T-Chol, LDL-Chol, and TG and increasing HDL-Chol after
20 sessions of WBC in healthy men, but after 10 sessions of
WBC, only LDL-Chol decreased, while a simultaneous
HDL-Chol increase was observed in healthy men (cryogenic
temperature −130°C).

In another study by these authors [14], a significant
decrease in the level of LDL-Chol and TG has been
observed, with a slight increase in high-density lipoprotein
concentration after WBC treatment, including two cryosti-
mulation treatments of 20 daily sessions in the second and

Table 5: Levels of nonenzymatic antioxidants (mean value± standard deviation (SD)) in AS patients before and after the completion of a
cycle of ten whole-body cryotherapy procedures with subsequent kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures
only (KT group), with statistical analyses. (p): plasma; (s): serum; Δ: difference prior to post treatment.

Parameters WBC group KT group P

FRAP (μmol/l)

Before 587.1± 58.3 550.0± 91.3 0.183

After 636.1± 62.3 499.3± 74.6 <0.001
∗P 0.010 0.001

Δ 49.0± 31.7 −50.8± 39.4 <0.001

PSH (s) (μmol/l)

Before 402.6± 91.7 393.2± 90.0 0.772

After 392.6± 87.4 364.7± 28.4 0.239
∗P 0.836 0.017

Δ −9.9± 108.1 −28.5± 92.6 0.605

UA (s) (mg/dl)

Before 5.40± 1.39 4.34± 1.15 0.025

After 6.62± 2.07 4.61± 1.25 0.003
∗P 0.011 0.196

Δ 1.22± 1.70 0.27± 0.70 0.052

P: statistical significance of differences between both groups of patients; ∗P: statistical significance of differences between values before and after treatment in
particular groups of patients.
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the last month of intervention, without diet modification in
obese subjects.

In our study, we also observed a significant decrease
in T-Chol, LDL-Chol, and TG. But the HDL-Chol level
did not change after completing WBC procedures in the
AS patients. What is more, in our study, we observed a sig-
nificant decrease in the levels of sCD40, PAPP-A, and
PLGF. Additionally, in the present study, the ratio of TG/
HDL was positively correlated with the PLGF serum con-
centration after WBC procedures. The impact of WBC on
these markers in AS patients has been estimated for the
first time.

A significant decrease in lipid profile, atherosclerotic
plaque and oxidative stress, and inflammatory parameters,
as well as a reduction in the proportion of TG cholesterol
to HDL cholesterol (TG/HDL ratio), seems beneficial enough
to consider WBC treatment as a useful method for athero-
sclerosis prevention in AS patients.

The present study has some limitations. First, the
study did not provide long-term follow-up (at least 3
months), and thus, we do not know how long the benefi-
cial effect of WBC with subsequent kinesiotherapy would
be maintained after the completion of a WBC cycle. Sec-
ond, the cycle of WBC with subsequent kinesiotherapy

Table 6: Levels of lipid profile parameters, atherosclerosis plaque markers, and atherosclerosis plaque instability and values of TG/HDL ratio
(mean value± standard deviation (SD)) in AS patients before and after the completion of a cycle of ten whole-body cryotherapy procedures
with subsequent kinesiotherapy (WBC group) or a cycle of ten kinesiotherapy procedures only (KT group), with statistical analyses.
(p): plasma; (s): serum; (e): erythrocyte lysates; Δ: difference prior to post treatment.

Parameters WBC group KT group P

T-Chol (s) (mg/dl)

Before 221.3± 39.17 200.33± 21.33 0.074

After 202.40± 24.40 190.70± 22.57 0.51
∗P 0.0006 0.04

Δ −18.90± 20.54 −9.63± 18.38 0.20

LDL-Chol (s) (mg/dl)

Before 125.2± 32.6 145.3± 28.3 0.073

After 93.3± 36.9 132.4± 24.7 0.002
∗P <0.001 0.005

Δ −31.9± 28.6 −12.9± 15.1 0.027

HDL-Chol (s) (mg/dl)

Before 50.5± 14.1 58.0± 18.0 0.198

After 47.0± 9.0 56.4± 18.2 0.078
∗P 0.079 0.109

Δ −3.5± 9.1 −1.7± 10.1 0.590

TG (s) (mg/dl)

Before 185.1± 18.9 178.6± 15.9 0.299

After 156.7± 11.2 165.2± 20.4 0.158
∗P 0.001 0.001

Δ −28.4± 22.4 −13.4± 19.7 0.053

TG/HDL ratio

Before 3.95± 1.18 3.32± 0.96 0.150

After 3.44± 0.60 3.18± 0.99 0.320
∗P 0.055 0.250

Δ −0.51± 0.92 −0.14± 0.43 0.190

sCD40L(s) (mg/ml)

Before 9.21± 3.88 7.25± 2.20 0.180

After 5.01± 2.55 5.85± 2.06 0.171
∗P 0.0004 0.006

Δ −4.19± 2.17 −1.4± 1.78 0.0001

PLGF(s) (pg/ml)

Before 30.17± 10.23 21.69± 3.54 0.007

After 19.32± 5.53 18.31± 2.91 0.641
∗P 0.001 0.004

Δ −10.84± 7.05 −3.38± 2.13 0.0001

PAPP-A (s) (ng/ml)

Before 17.74± 7.78 14.48± 4.52 0.162

After 11.24± 3.12 11.79± 3.72 0.920
∗P 0.0004 0.003

Δ −6.51± 8.40 −2.69± 3.65 0.008

P: statistical significance of differences between both groups of patients; ∗P: statistical significance of differences between values before and after treatment in
particular groups of patients.
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consisted of only ten procedures. A greater number of
procedures (e.g., 20–30) could probably increase the treat-
ment effect. Third, the study should involve a larger num-
ber of AS patients.

5. General Conclusion

Whole-body cryotherapy with subsequent kinesiotherapy
facilitates a decrease in oxidative stress, lipid profile, athero-
sclerosis plaque, and its instability, as well as inflammatory
parameters, and appears to be a useful method of atheroscle-
rosis prevention in AS patients.
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