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Background. Activation of endothelial cells by inflammatory mediators secreted by CD4+ T lymphocytes plays a key role in the
inflammatory response. Exosomes represent a specific class of signaling cues transporting a mixture of proteins, nucleic acids,
and other biomolecules. So far, the impact of exosomes shed by T lymphocytes on cardiac endothelial cells remained
unknown. Methods and Results. Supernatants of CD4+ T cells activated with anti-CD3/CD28 beads were used to isolate
exosomes by differential centrifugation. Activation of CD4+ T cells enhanced exosome production, and these exosomes (CD4-
exosomes) induced oxidative stress in cardiac microvascular endothelial cells (cMVECs) without affecting their adhesive
properties. Furthermore, CD4-exosome treatment aggravated the generation of mitochondrial reactive oxygen species (ROS),
reduced nitric oxide (NO) levels, and enhanced the proliferation of cMVECs. These effects were reversed by adding the
antioxidant apocynin. On the molecular level, CD4-exosomes increased NOX2, NOX4, ERK1/2, and MEK1/2 in cMVECs, and
ERK1/2 and MEK1/2 proteins were found in CD4-exosomes. Inhibition of either MEK/ERK with U0126 or ERK with
FR180204 successfully protected cMVECs from increased ROS levels and reduced NO bioavailability. Treatment with NOX1/4
inhibitor GKT136901 effectively blocked excessive ROS and superoxide production, reversed impaired NO levels, and reversed
enhanced cMVEC proliferation triggered by CD4-exosomes. The siRNA-mediated silencing of Nox4 in cMVECs confirmed the
key role of NOX4 in CD4-exosome-induced oxidative stress. To address the properties of exosomes under inflammatory
conditions, we used the mouse model of CD4+ T cell-dependent experimental autoimmune myocarditis. In contrast to
exosomes obtained from control hearts, exosomes obtained from inflamed hearts upregulated NOX2, NOX4, ERK1/2, MEK1/2,
increased ROS and superoxide levels, and reduced NO bioavailability in treated cMVECs, and these changes were reversed by
apocynin. Conclusion. Our results point to exosomes as a novel class of bioactive factors secreted by CD4+ T cells in immune
response and represent potential important triggers of NOX4-dependent endothelial dysfunction. Neutralization of the
prooxidative aspect of CD4-exosomes could open perspectives for the development of new therapeutic strategies in
inflammatory cardiovascular diseases.

1. Introduction

Cardiovascular diseases are the leading cause of morbidity
and mortality in the world, and coronary heart disease is
the most common form of cardiovascular disease [1].
Chronic oxidative stress in endothelial cells that leads to
their dysfunction plays a key role in the pathogenesis of ath-

erosclerosis and coronary microcirculation dysfunction [2,
3]. More recently, endothelial dysfunction was implicated
in life-threatening complications in COVID-19 patients [4].

The endothelial barrier is composed of vascular endothe-
lial cells, endothelial glycocalyx, and basement membrane.
The main function of this barrier is not only the separation
of blood from underlying tissues but also the control of
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nutrient delivery, metabolic homeostasis, prevention of
thrombotic events, management of immune cell trafficking,
and regulation of blood pressure. In a healthy condition,
the production of nitric oxide (NO) exerting vasodilating
properties represent a particularly important aspect of endo-
thelial cell activity. Loss or impairment of physiological
properties of the endothelium is termed endothelial dysfunc-
tion [5]. Oxidative stress is characterized by an increase of
reactive oxygen species (ROS), which include hydrogen per-
oxide (H2O2), superoxide anion (O2

–), and hydroxyl radi-
cals. Increased ROS production together with reduced
endothelial nitric oxide synthase (eNOS) activity and NO
bioavailability plays a pivotal role in endothelial dysfunction
[6]. ROS serve as signal transmitters regulating numerous
cellular processes, and their excessive production affects cel-
lular metabolism, transcriptomic profile, and signaling path-
way activities leading to abnormal cellular function [7, 8]. In
endothelial cells, ROS are produced by several cellular
sources including mitochondria, membrane-bound NADPH
oxidases (NOX) 1-5, and other enzymes, such as oxidases,
peroxidases, cytochromes, mono- and dioxygenases, and
uncoupled eNOS. Regulation of the NOX expression is not
completely understood. It involves a complex interplay
between several transcription factors, co-activators/repres-
sors, nuclear receptors, and epigenetic mechanisms [9].

Inflammation has been implicated in the activation of
endothelial cells. Chronic inflammatory conditions can
affect coronary microvascular function and contribute to
the development of myocardial ischemia and cardiovascular
events. Furthermore, chronic, low-grade inflammation of
the arterial wall is a typical feature of atherosclerosis [3]. In
response to inflammation, endothelial cells upregulate adhe-
sion molecules to interact with circulating leucocytes and
downregulate endothelial junctional structures to increase
vascular permeability. A growing body of evidence indicates
that inflammation affects ROS/NO balance in endothelial
cells leading to endothelial dysfunction [8]. The inflammatory
response in chronic inflammatory diseases is orchestrated
mainly by cells of myeloid lineage and T lymphocytes. Acti-
vation of naïve T lymphocytes through T cell receptor
(TCR) leads to expansion of the effector pool of antigen-
specific T lymphocytes. Activated naïve T cells turn into
effector T cells, and antigen-presenting cells direct their
polarization into the specific T helper subtype [10]. TCR acti-
vation results in the production and secretion of several pri-
mary inflammatory cytokines and chemokines, which often
exaggerate inflammatory response.

Mid- and long-distance cell-to-cell interaction is not
limited to secretory proteins but can also be mediated by
extracellular vesicles, which are shed by one class of cells
and absorbed by others [11]. Extracellular vesicles represent
fragments of the cytoplasm that carry molecular cargo that
includes membrane and cytosolic proteins, lipids, and vari-
ous RNAs. Practically, all cells actively release various types
of membrane vesicles of endosomal and plasma membrane
origin in the process of exocytosis. Extracellular vesicles are
classified by size and are usually separated by differential
centrifugation. The larger size class called microvesicles is
heterogeneous (200 to ~1,500 nm), while the smaller size

class called exosomes is relatively homogeneous in size (50
- 150nm). Exosomes bear specific surface markers and adhe-
sion molecules, transport various lipids, proteins, mRNAs,
and microRNAs, and therefore have to be considered as a
separate class of immunomodulatory molecules [11]. Extra-
cellular vesicles have been demonstrated to play a modula-
tory role in various cardiovascular disorders. So far, the
proinflammatory potential of T cell-derived exosomes has
not been extensively investigated. In this work, we specifi-
cally analyzed the effect of exosomes produced by activated
T lymphocytes in the context of endothelial cell activation.

2. Materials and Methods

2.1. Experimental Autoimmune Myocarditis (EAM) Model.
EAM was induced in 6–8 week-old Balb/c mice by subcuta-
neous injection of 200μg of α-MyHC614-634 peptide (Ac-
RSLKLMATLFSTYASADR-OH, Caslo, Denmark) emulsi-
fied in 1 : 1 ratio with complete Freund’s adjuvant (Difco,
USA) at days 0 and 7. Mice were anesthetized by intraperito-
neal injection of ketamine (75mg/kg) and euthanized by cer-
vical dislocation on day 21. All experiments were performed
in accordance with Polish law and were approved by local
authorities (license number 234/2019). Animal experiments
followed the guidelines of Directive 2010/63/EU of the Euro-
pean Parliament on the protection of animals used for scien-
tific purposes.

2.2. Isolation and Culture of Cardiac Microvascular
Endothelial Cells. Preliminary experiments were performed
using commercially available primary cardiac microvascular
endothelial cells (cMVECs) from Balb/c mice (Cedarlane,
Canada). Further experiments were performed on primary
cMVECs isolated from 4 weeks old Balb/c mice. Briefly, mice
were euthanized, and hearts were perfused with ice-cold PBS
supplemented with 5mM EDTA. Three hearts were cut into
small pieces, suspended in 1ml of RPMI 1640 (Corning,
USA) supplemented with 50μg/ml Liberase TL (Roche,
Switzerland), and incubated at 37°C. Every 10 minutes,
hearts were pipetted until tissues were completely disinte-
grated. Cell suspension was filtered through 70μm and
40μm cell strainers and centrifuged for 1 minute at 400 g.
Single cell suspension was resuspended in the growth
medium: RPMI 1640 containing 10% fetal bovine serum
(FBS; USA, Gibco), 0.5 ng/ml mouse recombinant endothe-
lial growth factor (BioLegend, USA), and 1ng/ml mouse
recombinant fibroblast growth factor (BioLegend, USA).
Cells isolated from a single mouse heart were seeded in a
10 cm cell culture dish (Falcon, USA) coated with 0.2% gel-
atine and incubated at 37°C for 60 minutes. Next, nonadhe-
sive cells were removed, and cMVECs were cultured in the
growth medium and were passaged after reaching at least
90% confluence. The purity of all cultures was confirmed by
CD31 staining using flow cytometry (over 90% of CD31+

cells). Cells between passages 3 and 7 were used in the exper-
iments. In selected experiments, the cMVECs were treated
with 50μM apocynin (Sigma, USA), 2μM GKT136901
(NOX inhibitor, Merck, Germany), 5μM FR180204 (ERK
inhibitor, Tocris Bioscience, GB), or 5μMU0126 (MEK
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inhibitor, Tocris Bioscience, GB). Apocynin, inhibitors, and
exosomes were added at the same time. All treatments were
performed 1 day after cMVECs reached full confluence.

2.3. Isolation and Culture of CD4+ T Lymphocytes. CD4+ T
lymphocytes were isolated from spleens of 4-6 weeks old
Balb/c mice. Briefly, spleens were mechanically mashed
through a 70μm cell strainer following erythrocyte lysis
using the ammonium-chloride-potassium buffer, and the
obtained cell suspension was filtered through a 40μm cell
strainer. CD4+ T cells were isolated using Dynabeads
Untouched Mouse CD4 Cells Kit (ThermoFisher, USA)
according to the manufacturer’s instructions. Isolated
CD4+ T cells were cultured in RPMI 1640 supplemented
with 10% FBS. The medium used in T cell cultures was
depleted from exosomes by 1-hour centrifugation at 100
000 g. T cell activation was performed with Mouse T-
Activator CD3/CD28 Dynabeads (ThermoFisher, USA).
After 3 days of culture (density about 4 × 106 T cells/ml),
the medium was collected for exosome isolation or used as
conditional medium.

2.4. Isolation and Measurement of Exosomes. CD4+ T cell-
derived exosomes were isolated from conditioned medium
of activated CD4+ T cells as described previously [12]. Heart
exosomes were isolated from mice hearts with induced EAM
and healthy age-matched mice. Each heart was perfused
with ice-cold PBS, cut into small pieces, and suspended in
1ml of RPMI 1640 (Corning, USA) supplemented with
50μg/ml Liberase TL and incubated at 37°C for approxi-
mately 40 minutes. Tissue pieces were pipetted every 10
minutes until single-cell suspension was obtained. Liberase
TL was neutralized by the addition of 2ml RPMI 1640 con-
taining 10% FBS. The suspension was further diluted to
10ml with PBS and centrifuged for 5 minutes at 4 000 g.
To obtain exosomes, conditioned medium or collected
supernatants were centrifuged at 20 000 g for 30 minutes to
remove cell debris. Next, obtained supernatants were centri-
fuged for 1 hour at 100 000 g, and pellets were resuspended
in 100μl PBS and stored at -20°C for up to a month. Exo-
somes were used at concentration of 108 particles/ml unless
otherwise stated. 108 particles/ml represented a typical con-
centration of exosomes in medium conditioned of activated
T lymphocytes. Exosomes were measured using the Nano-
Sight tracking analysis (NTA) system: the LM10HS micro-
scope was equipped with the LM14 488nm laser module
(Malvern Instruments Ltd., Malvern, UK). Samples were
diluted in PBS to provide counts within the detection range
of the instrument. One-minute duration videos were
recorded for each batch of exosomes. Particle movement
was analyzed with the NTA 3.1 NanoSight software accord-
ing to the manufacturer’s protocol.

2.5. Exosome Labeling. Isolated exosomes were labeled with
PKH26 Red Fluorescent Cell Linker Kit (Sigma-Aldrich)
according to manufacturer’s protocol and washed and resus-
pended in PBS. cMVECs were grown to full confluence on
24-well plates and treated with 4x108 PKH26 labeled exo-
somes for 18 h, washed with PBS, and resuspended in

growth medium. The immunofluorescence of live cells was
analyzed using an Olympus BX53 microscope equipped with
Olympus XC50 camera (Olympus, Tokyo, Japan).

2.6. Flow Cytometry. Cells were cultured in 24-well plates
coated with 0.2% gelatin. Before the experiment medium
was removed, cells were rinsed 3 times with PBS, collected
using trypsin, and washed 2 times in PBS. Total ROS pro-
duction was measured by staining with 0.5ml of 10μM 2′
,7′-dichlorofluorescein diacetate (H2DCFDA, Thermo-
Fisher, USA) diluted in PBS in the dark at 37°C for 10
minutes. The superoxide production by mitochondria was
evaluated using the MitoSOX™ Red reagent (ThermoFisher,
USA). cMVECs were suspended in 0.25ml growth medium
containing 2μM MitoSox and incubated in the dark at
37°C for 30 minutes. Nitric oxide levels were determined
with 4,5-diaminofluorescein diacetate (DAF2 DA, Abcam,
UK). Cells were incubated in PBS containing 5μM DAF2
DA in the dark at 37°C for 20 minutes. To perform mem-
brane adhesion molecules measurements, cultured cMVECs
were labeled with anti-ICAM1-PE (1 : 500, clone YN1/1.7.4,
Thermo Fisher, USA), anti-VCAM1-PE-Cy7 (1 : 500, clone
429, Biolegend, USA) anti-P-selectin-APC (1 : 500, clone
RMP-1, BioLegend, USA), and anti-CD31-FITC (1 : 500,
clone 390, ThermoFisher, USA) using standard procedure.
Dead cells were determined using propidium iodide (Ther-
moFisher, USA) staining and excluded from the analysis.
After each respective staining, cells were washed with growth
medium, centrifuged at 300 g for 5 minutes, washed again
with PBS, and resuspended in flow cytometry buffer (2%
FBS, 1mM EDTA in PBS). All samples were acquired using
the BD FACSCanto II analyzer (BD Biosciences), and the
data were analyzed with the FlowJo software (Tree Star,
FlowJo X 10.0.7., USA).

2.7. Peroxynitrite Measurement. Production of peroxynitrite
was determined using Cell Meter™ Fluorimetric Intracellular
Peroxynitrite Assay Kit ∗Green Fluorescence∗ (ATT Bio-
quest, USA). Briefly, cMVECs were seeded onto 96-well
plate coated with 0.2% gelatine. The dye was diluted accord-
ing to manufacturer instructions in growth medium. Cells
were incubated for 30 minutes in the dark at 37°C in 50μl
of staining solution. Cells were washed twice with PBS, and
fluorescence was measured using M200 PRO plate reader
(TECAN Instruments, Switzerland).

2.8. Proliferation Assay. 5000 cMVECs per well in 0.2ml
of growth medium were seeded onto 96-well plates coated
with 0.2% gelatin. Cells were stimulated with T cell-derived
exosomes alone or in combination with 50μM apocynin,
2μM GKT136901, NOX inhibitor, 5μM FR180204, or
5μMU0126. Cell proliferation was measured after 2 days
using CyQUANT™ Cell Proliferation Assay (ThermoFisher,
USA) according to the manufacturer’s instructions.

2.9. Adhesion Assay under Shear Stress. The BioFlux 200 48-
well plate 0-20 dyn (Fluxion, USA) microcapillaries were
coated with 1% gelatin (ThermoFisher, USA) and 25μg/ml
human fibronectin (ThermoFisher, USA) solution in growth
medium for 24 h at 37°C. Single cell suspension of MVECs
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(2:5 × 106/ml) in growth medium was loaded into capillaries
using the BioFlux 200 system (Fluxion, USA), and cells were
cultured inside the microcapillaries until the formation of a
confluent monolayer. Cells were stimulated with either
5 ng/ml recombinant mouse TNF-α (BioLegend), T cell-
derived exosomes, or a combination of both for 16 hours.
For the adhesion assay, single cell suspension of freshly iso-
lated mouse splenocytes was labelled with the CellTrace
CFSE (ThermoFisher, USA) and used at concentration of 3
× 105 cells/ml. The flow of splenocytes at 1 dyn/cm3 through
the microcapillaries coated with cMVECs was induced for
30 minutes, and adhesion of CFSE-labeled splenocytes was
analyzed with a fluorescence microscope (LS720, Etaluma,
USA).

2.10. RT-PCR. Total RNA was extracted with TRIzol (Invi-
trogen) according to manufacturer recommendations.
100 ng total RNA was used for reverse transcription using
the NG dART RT Kit (EURx, Poland). Quantitative real-
time PCR was performed using the SYBR Green PCR Master
Mix (EURx, Poland) and oligonucleotides complementary to
transcripts of the analyzed genes using the Quant Studio 6
Real-Time PCR system (Applied Biosystems, USA). The fol-
lowing oligonucleotides were used in this study: 5′-GAGC
GACTCAAACTGCCCT-3′, Mapk3 5′-GGTTGTTCCCA
AATGCTGACT-3′ and 5′-CAACTTCAATCCTCTTGTG
AGGG-3′, Map2k1 5′-AAGGTGGGGGAACTGAAGGAT-
3′ and 5′-CGGATTGCGGGTTTGATCTC-3′, Ywhaz 5′-
GAAAAGTTCTTGATCCCCAATGC-3′ and 5′-TGTGAC
TGGTCCACAATTCCTT-3′, Nox3 5′-CAACGCACAGG
CTCAAATGG-3′ and 5′-CACTCTCGTTCAGAATCCA
GC-3′, Cyba 5′-TGCCAGTGTGATCTATCTGCT-3′ and
5′-TCGGCTTCTTTCGGACCTCT-3′, Nox1 5′-AGCTTT
CTGAGTAGGTGTGCAT-3′ and 5′-CCCAACCAGGAA
ACCAGAAACA-3′, Nox2 5′-CCTCTACCAAAACCATT
CGGAG-3′ and 5′-CTGTCCACGTACAATTCGTTCA-3′,
Nox4 5′-GAAGGGGTTAAACACCTCTGC-3′ and 5′-AT
GCTCTGCTTAAACACAATCCT-3′, Sod1 5′-AACCAGT
TGTGTTGTCAGGAC-3′ and 5′-CCACCATGTTTCTTA
GAGTGAGG-3′, and Sod2 5′-CAGACCTGCCTTACGA
CTATGG-3′ and 5′-CTCGGTGGCGTTGAGATTGTT-3′.
Transcript levels of Ywhaz were used as endogenous refer-
ence, and the relative gene expression was calculated using
the 2−ΔΔCt method.

2.11. Immunoblotting. cMVECs, CD4+ T lymphocytes, and
exosomes were lysed in RIPA buffer supplemented with pro-
tease and phosphatase inhibitors (ThermoFisher, USA).
Immunoblotting procedure was performed as described pre-
viously [13] using the following antibodies: anti-MEK1/2
(1 : 1000, clone D1A5, Cell Signaling, USA), anti-phospho-
MEK1/2 (1 : 1000, clone S217/221, Cell Signaling USA),
anti-Erk1/2 (1 : 1000, clone 137F5, Cell Signaling, USA),
anti-phospho-Erk1/2 (1 : 1000, clone D13.14.4E, Cell Signal-
ing USA), anti-eNOS antibody (1 : 1000, polyclonal, Invitro-
gen, USA), anti-phospho-eNOS Thr495 (1 : 1000, polyclonal,
Invitrogen, USA), anti-phospho-eNOS Ser1177 (1 : 1000,

polyclonal, Invitrogen, USA), anti-NOX2 (1 : 1000, clone
ARC0181, Invitrogen USA), anti-NOX4 (1 : 500, clone
SY0214, Invitrogen, USA), β-tubulin (1 : 1000, clone
228.33, Invitrogen, USA), goat anti-mouse IgG (H+L)-
HRP (ThermoFisher, USA), and goat anti-rabbit IgG (H
+L)-HRP (ThermoFisher, USA). The protein signal was
detected using the Western Blotting Substrate (Thermo-
Fisher, USA) and imaged with the ChemiDoc instrument
(Bio-Rad, ChemiDoc Imaging System, USA). Results were
analyzed with the ImageJ software (Version 1.52a, NIH,
Bethesda, USA). Protein abundance was normalized to β-
tubulin levels. To detect eNOS dimers, cell lysates were incu-
bated in Laemmli buffer without 2-mercaptoethanol at 37°C
for 5min. For the monomer control, a sample was incubated
with reducing agents at 80°C for 5 minutes. The samples
were subjected to low temperature SDS-PAGE. Buffers and
gels were equilibrated at 4°C, samples were separated in 6%
gels at 80V for 90 minutes, and the electrophoresis was per-
formed in the fridge.

2.12. Nox4 Silencing. Nox4 silencing in cMVECs was per-
formed with anti-Nox4 siRNA (m) (Santa Cruz Biotechnol-
ogy, USA). cMVECs were seeded onto 24-well plates coated
with 0.2% gelatine. Cells were transfected with Lipofecta-
mine 3000 (Thermofisher) after reaching 90% confluence.
Briefly, cells were incubated in 0.3ml transfection mix (6μl
Lipofectamine 3000, 100nM anti-Nox4 siRNA) for 24 hours.
Afterwards, 0.2ml of growth medium was added, and cells
were stimulated with CD4-derived exosomes for another
24 hours. Cells transfected with Lipofectamine 3000 without
siRNA were used as controls. Optimalization of transfection
was performed using Control siRNA (FITC Conjugate)-A
(Santa Cruz Biotechnology, USA).

2.13. Histology. Mouse hearts were fixed in 4% formalin and
embedded in paraffin. Standard hematoxylin/eosin staining
was performed to visualize and grade the size of leukocyte
infiltrates. Immunohistochemistry of CD3 cells was per-
formed as described previously [14].

2.14. Statistic. Data was analyzed using Student’s t-test or
one-way ANOVA followed by Fisher’s least significant dif-
ference (LSD) post hoc test. Differences were considered sta-
tistically significant for p < 0:05. All analyses were performed
with GraphPad Prism 6 software (San Diego, USA), and
values are expressed as mean with standard deviation (SD)
as described in figure legends.

3. Results

3.1. Exosomes Shed by Activated CD4+ T Lymphocytes Induce
Endothelial Dysfunction but Do Not Affect the Adhesive
Properties of cMVECs. In the immune response, activation
of CD4+ T cells with antigen leads to the production of pro-
inflammatory mediators causing activation and dysfunction
of endothelial cells. We could confirm that conditional
medium of CD4+ T cells activated with anti-CD3/CD28
effectively increased membrane levels of cell adhesion anti-
gens ICAM-1, VCAM-1, and P-selectin, induced oxidative
stress in cMVECs as indicated by elevated total ROS levels,
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and increased mitochondrial superoxide production, and
showed defective NO production (Suppl. Figure 1A).

Activated T cells secrete not only cytokines and chemo-
kines but also shed exosomes; therefore, we asked how these
exosomes could affect the physiology of cMVECs. Activation
with anti-CD3/CD28 induced secretion of exosomes by
CD4+ T cells (Figure 1(a)). Stimulation with these CD4-
exosomes (108 particles/ml) for 16 hours increased ROS
levels and increased mitochondrial superoxide production
in cMVECs (Figures 1(b) and 1(c)). It is well known that
oxidative stress can reduce NO bioavailability. Indeed, we

observed reduced NO levels in cMVECs treated with exo-
somes (Figure 1(d)). Peroxynitrite is a highly reactive cou-
pling product of NO and superoxide, and we observed
reduced peroxynitrite levels in cells treated with CD4-
exosomes (Figure 1(e)). Antioxidant apocynin can efficiently
inhibit oxidative stress in endothelial cells by scavenging
ROS [15, 16]. Accordingly, treatment with apocynin nearly
completely protected cMVECs from CD4-exosome-induced
oxidative stress and impaired NO production (Figures 1(b)–
1(d)). Furthermore, treatment with CD4-exosomes enhanced
cMVEC proliferation that was abolished by treatment with
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Figure 1: CD4-exosomes induce oxidative stress in cMVECs. Panel (a) shows quantification and representative NTA analysis of exosomes
produced by resting and activated CD4+ T lymphocytes, n = 3. p values calculated with Student’s t-test. Panels (b)–(e) demonstrate effect of
CD4-exosomes (CD4 Exo) on cMVEC’s total ROS levels (b), n = 6, mitochondrial ROS generation (c), n = 6, NO levels (d), n = 6,
peroxynitrite levels (e), n = 6, and cell proliferation (f), n = 10, in the presence or absence of apocynin. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p <
0:001 calculated by one-way ANOVA followed by Fisher’s LSD post hoc test versus control group or for indicated groups.
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Figure 2: CD4-exosomes upregulate the eNOS expression in cMVECs independently of oxidative stress. Panel (a) shows representative
immunoblots and densitometry of total levels of eNOS, eNOS-p495 (inhibitory site), and eNOS-p1177 (activation site) in cMVECs
treated with CD4-exosomes and/or apocynin, n = 3. Protein levels were normalized to beta-tubulin or to total eNOS. Panel (b) shows
representative immunoblots and densitometry of eNOS dimer/monomer ratio in cMVECs stimulated with CD4-exosomes, n = 5. R
indicates sample with reducing agent. In each experiment, cMVECs were stimulated for 16 h. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001
calculated by one-way ANOVA followed by Fisher’s LSD post hoc test versus control group or for indicated groups.

6 Oxidative Medicine and Cellular Longevity



apocynin (Figure 1(f)). NO is produced by eNOS, which is
activated by dephosphorylation at Thr495 and phosphoryla-
tion at Ser1177. Treatment with CD4-exosomes elevated total
eNOS levels in cMVECs but relative phosphorylations at both
sites remained unaffected (Figure 2(a)). Importantly,
uncoupled eNOS represents a source of ROS rather than
NO. Our data showed, however, no changes in dimer/mono-
mer eNOS ratio in cMVECs following treatment with CD4-
exosomes (Figure 2(b)). Of note, exosomes derived from rest-
ing CD4+ T cells lowered ROS in cMVECs and did not affect
NO levels (Suppl. Figure 1B).

Oxidative stress has been associated with endothelial
activation [17]. cMVECs treated with CD4-exosomes were
analyzed for membrane levels of integrins involved in
endothelial-leukocyte adhesion. In contrast to treatment
with TNF-α, stimulation with CD4-exosomes did not upreg-
ulate ICAM-1, VCAM-1, and P-selectin in cMVECs
(Figure 3(a)). In line with these results, the functional adhe-
sive properties of cMVECs to bind leukocytes under shear
flow were unchanged after treatment with CD4-exosomes.

As expected, in activation of cMVECs with TNF-α induced
adhesion of leukocytes, however, the addition of CD4-
exosomes did not alter this response (Figure 3(b)).

3.2. CD4+ T Cell-Derived Exosomes Transport MEK1/2 and
ERK1/2 and Activate NADPH Oxidases in cMVECs. We
assumed that CD4-exosome-induced oxidative stress was
associated with the upregulation of endogenous NOXs in
these cells. The obtained results confirmed the upregulation
of Nox2, Nox4, Cyba (the gene that encodes P22 – a com-
mon subunit for NOX2 and NOX4 complexes), Sod1, and
Sod2, but not Nox1 at the mRNA level (Figure 4(a)). The
increased levels of Nox2 and Nox4 in cMVECs were further
confirmed at the protein level (Figure 4(b)). In the next step,
we addressed the expression of transcription factors that
control NOXs, such as MEK1/2 and ERK1/2. We found sig-
nificant upregulation of total MEK1/2, and ERK1/2 but also
p-MEK1/2 and p-ERK1/2 protein levels as early as 2-4 h
after treatment with CD4-exosomes (Figure 4(b)). In con-
trast to the protein level, mRNA levels of Mapk3 and
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Figure 4: CD4-exosomes activate ERK1/2 and MEK1/2 pathway in cMVECs. Panel (a) shows changes at mRNA levels in cMVECs
stimulated with CD4-exosomes for up to 6 hours, n = 10, for NOX4 and P22, n = 7, for other genes. Changes in protein levels of NOX2,
NOX4, ERK1/2, ERK1/2 phosphorylation (pERK1/2), MEK1/2 and MEK1/2 phosphorylation (pMEK1/2), phosphorylation sites in
cMVECs stimulated with CD4-exosomes for 16 h, and representative immunoblots are shown in panel (b), n = 4. Protein levels were
normalized to beta-tubulin, and phosphorylated proteins were additionally normalized to their respective nonphosphorylated forms.
Immunoblots of lysates (equal amounts of proteins were loaded on gel) from activated T lymphocytes (CD4) and CD4-exosomes (CD4
Exo) for indicated proteins are shown in panel (c). Panel (d) shows representative microphotographs demonstrating binding of PKH26-
stained CD4-exosomes (red fluorescence) to MVECs 16 h after treatment. Scale bar = 50μm. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001
calculated by one-way ANOVA followed by Fisher’s LSD post hoc test versus control group.
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Mapk2k1 (genes encoding ERK1 and MEK1, respectively)
remained unchanged (Figure 4(a)), suggesting that de novo
transcription was not responsible for the elevated protein
levels in activated cMVECs.

To address whether NOXs and transcription factors could
be delivered to cMVECs with exosomes, we analyzed their
presence in activated CD4+ T cells and CD4-exosomes.
Although NOX2 and NOX4 were found in CD4+ T cells, they
were not detected in the exosomes (Figure 4(c)). However, in
contrast to NOXs, exosomes shed by CD4+ T cells were rich
in MEK1/2 and ERK1/2 (Figure 4(c)). Furthermore, the
uptake of PKH26-stained CD4-exosomes by cMVECs was
confirmed by fluorescence imaging (Figure 4(d)). These data
suggest that activated CD4+ T cells release MEK1/2 and
ERK1/2 in exosomes, which can be taken up by cMVECs.

3.3. MEK/ERK Pathway Controls NOX4-Dependent
Endothelial Dysfunction in Exosome-Activated cMVECs. In
the next step, by using pharmacological inhibitors, we ana-
lyzed the contribution of NOXs and MEK-ERK pathways to
regulate CD4-exosome-induced oxidative stress in cMVECs.
We observed that NOX-1/4 inhibitor GKT136901 effectively
blocked excessive ROS and superoxide production and

reversed reduced NO levels triggered by CD4-exosomes
(Figures 5(a)–5(c)). Inhibition of either MEK/ERK (with
U0126) or ERK (with FR180204) also successfully protected
cMVECs from increased ROS and reduced NO production
and peroxynitrate levels but failed to suppress mitochondrial
superoxide production in stimulated cells (Figures 5(a)–
5(d)). Similarly, treatment with GKT136901 or U0126
reversed the enhanced proliferation of cMVECs triggered by
CD4-exosomes (Figure 5(e)).

As expected, ERK but also p-ERK/ERK levels were
downregulated in cells treated with U0126 or FR180204
(Figure 6). As shown above, CD4-exosomes induced
NOX4 production in cMVECs. We found that treatment
with U0126 or with FR180204 effectively reduced NOX4
(but not NOX2) protein levels in cMVECs exposed to
CD4-exosomes (Figure 6). Of note, protein levels of the
MEK/ERK pathway as well as of NOX2 and NOX4 upregu-
lated by CD4-exosomes were maintained in cMVECs treated
with GKT136901 (Figure 6). To confirm the key role of NOX4
in oxidative stress in our model, we silenced Nox4 in cMVECs
prior treatments with CD4-exosomes. Silencing resulted in
nearly 50% reduced NOX4 protein level (Figure 7(a)). Cells
with the reduced NOX4 were protected from CD4-exosome-
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Figure 5: Oxidative stress induced in cMVECs by CD4-exosomes is regulated by ERK1/2 and MEK1/2 pathway. cMVECs were stimulated
for 16 h with CD4-exosomes (CD4 Exo) in the presence or absence of ERK1/2 inhibitor (FR180204), MEK1/2 inhibitor (U0126), and NOX
inhibitor (GKT136901). Panels (a)–(e) show effect of indicated treatment on total ROS levels (a), n = 6, mitochondrial ROS generation (b),
n = 6, NO bioavailability (c), n = 6, peroxynitrite levels (d), n = 6, and cell proliferation (e), n = 10. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001
calculated by one-way ANOVA followed by Fisher’s LSD post hoc test versus control group or for indicated groups.
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induced oxidative stress and showed elevated NO levels
(Figure 7(b)). Collectively, these data point to NOX4 as a key
enzyme in oxidative stress caused by CD4-exosomes and to
MEK/ERK as a regulatory pathway.

3.4. Inflamed Hearts Contain Oxidative Stress-Inducing
Exosomes. In the next step, we analyzed whether cardiac
inflammation is associated with generation of oxidative
stress-inducing exosomes in vivo. Experimental
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Figure 6: T cell-derived exosomes upregulate NOX4 in cMVECs through ERK1/2 and MEK1/2 pathway. This panel shows representative
microphotographs of immunoblots and changes in levels of selected proteins in cMVECs in response to CD-4 exosomes in presence of
ERK1/2 inhibitor (FR180204), MEK1/2 inhibitor (U0126), and NOX inhibitor (GKT136901). Cells were stimulated with exosomes for
16 h, n = 4. Protein levels were normalized to beta-tubulin, and phosphorylated proteins were additionally normalized to their respective
nonphosphorylated forms. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 calculated by one-way ANOVA followed by Fisher’s LSD post hoc test
versus control group or for indicated groups.
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autoimmune myocarditis (EAM) represents a model of
CD4+ T cell-mediated cardiac inflammation, in which the
heart is infiltrated with T lymphocytes during the acute
inflammatory phase (d18-21, Figure 8(a)). We isolated exo-
somes from hearts of control and EAM groups at d19
(EAM-exosomes) and observed that inflammation was asso-
ciated with an increased number of microvesicles in the car-
diac tissue (Figure 8(b)). Treatment with exosomes (108

particles/ml) obtained from healthy hearts showed no effect
on ROS, NO levels, and mitochondrial superoxide produc-
tion in cMVECs. In contrast, EAM-exosomes (108 parti-
cles/ml) increased ROS and superoxide levels and reduced
NO bioavailability in the treated cells, and these changes
were reversed by apocynin (Figure 8(c)). Uptake of microve-
sicles isolated from EAM hearts by cMVECs was confirmed
by fluorescence imaging (Figure 8(d)). In line with the CD4-
exosome data, cMVECs treated with EAM-exosomes upreg-
ulated NOX2, NOX4, ERK1/2, MEK1/2, and eNOS protein
levels (Figure 8(e)). Of note, this upregulation remained
unaffected in the presence of apocynin, suggesting MEK/
ERK activation, and the subsequent increase of NOXs was
mediated by exosomes and independent of the induced oxi-
dative stress in cMVECs.

4. Discussion

Secreted bioactive factors mediate mid- and long-distance
cell-to-cell communication. Exosomes represent a specific

class of signaling cues as they transport a mixture of pro-
teins, nucleic acids, and other biomolecules [18]. Their cargo
depends on the cell type they were shed off, and therefore,
cell type-specific exosomes are expected to trigger unique
responses. In this work, we specifically examined the role
of exosomes shed by CD4+ T cells in the activation of
cMVECs. Involvement of CD4+ T cells has been recognized
in the pathogenesis of several cardiovascular diseases includ-
ing atherosclerosis, myocardial infarction, and myocarditis
[19–21]. It is well established that following activation of
TCR, CD4+ T cells secrete a number of proinflammatory
cytokines such as TNF-α, IL-6, IL-17, and others, which
upregulate adhesive molecules in endothelial cells leading
to tissue inflammation [22]. Unlike cytokines, CD4-
exosomes do not modulate adhesive properties of endothe-
lial cells suggesting that they are not transporting proinflam-
matory agents. This was a surprising finding, as oxidative
stress has been often implicated in upregulation of adhesion
molecules in endothelial cells. Thus, increased ROS was
expected to induce adhesive properties of cMVECs. We
can only speculate that either CD4-exosomes negatively reg-
ulate proadhesive mechanisms or ROS induces adhesion in
preactivated endothelial cells only. In fact, prooxidative
agents typically show pleiotropic effects and coactivate mul-
tiple molecular pathways; therefore, the exact mechanism of
ROS-induced adhesion requires further investigation and
may not be the same for all conditions. In line with our find-
ings, infiltration of leukocytes into tissue induces oxidative
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Figure 7: Oxidative stress caused by T cell-derived exosomes is mediated by NOX4. Panel (a) shows densitometry and representative
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Figure 8: Exosomes isolated from inflamed hearts induce oxidative stress in cMVECs. Panel (a) shows representative microphotographs of
CD3 staining in hearts of healthy controls and mice at day 19 of EAM. Scale bar = 100 μm. Panel (b) represents quantification of exosomes
isolated from hearts of healthy mice (Ctrl Exo) and hearts of mice at day 19 of EAM (EAM Exo), n = 6. Panel (c) shows relative changes in
levels of total ROS, mitochondrial ROS, and NO in cMVECs in response to 16 h of incubation with Ctrl Exo or EAM Exo in presence or
absence of apocynin (Apo), n = 6. Panel (d) shows representative microphotographs of PKH26-stained exosomes (red) bound to
cMVECs after 16 h of incubation. Representative immunoblots and quantification of selected proteins in cMVECs stimulated for 16
hours with exosomes obtained from healthy or inflamed hearts are presented in panel (e). Protein levels were normalized to beta tubulin,
and phosphorylated proteins were additionally normalized to their respective nonphosphorylated forms, n = 4. p > 0:05, ∗p < 0:05, ∗∗p <
0:01, and ∗∗∗p < 0:001 calculated by one-way ANOVA followed by Fisher’s LSD post hoc test versus control group or for indicated groups.
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stress [23]. Our in vitro results suggest that not only the
secretome but specifically the exosomes shed by activated
CD4+ T lymphocytes contribute to oxidative stress. There-
fore, our results add exosomes to the list of bioactive factors
secreted by CD4+ T cells and highlight them as potential
important deregulators of ROS/NO balance in the inflam-
matory response in the heart. A growing body of evidence
indicates that exosomes can modulate oxidative stress in
recipient cells. For example, macrophage-derived exosomes
can increase ROS production in neurons [24], microparticles
derived from ischemic muscles, and blood platelets from
septic patients induce oxidative stress in endothelial cells
by increasing NOX levels and their activity [25] [26],,. Fur-
thermore, exosomes have been associated with oxidative
stress in human diseases. Exosomes containing miR-137
are elevated in Parkinson’s disease and have been shown to
induce oxidative stress in neurons [27]. Similarly, the serum
of HIV infected patients is enriched in exosomes that carry
proteins involved in oxidative stress and immune activation
[28]. Importantly, not all types of exosomes induce oxidative
stress. Published data demonstrate that exosomes derived
from mesenchymal stem cells ameliorate ROS and inflamma-
tory response [29–31]. Similarly, microvesicles derived of an
activated T cell line were shown to protect human umbilical
vein endothelial cells from actinomycin D-induced apoptosis
by ameliorating ROS production [32].

Exosomes can either up- or downregulate oxidative
stress; therefore, it seems that their molecular cargo deter-
mines the ultimate effect in the recipient cell. In the case of
CD4+ T cell-derived exosomes, we found no evidence for
the presence of NOX2 and NOX4 in exosomes despite the
presence of these enzymes in the activated CD4+ T cells.
These data suggest a highly selective accumulation of cyto-
plasmic content into exosomes in CD4+ T cells. Unlike T
lymphocytes, macrophage-derived exosomes were reported

to contain functional NOX2 [24]. Instead, we detected
ERK1/2 and MEK1/2 in exosomes, and these transcription
factors are known to control NOXs levels in endothelial cells
[33, 34]. As CD4+ T cell-derived exosomes transport ERK1/2
and MEK1/2 but not NOXs, we suggest that endothelial cells
take up ERK1/2- and MEK1/2-rich exosomes and thereby
increase their intracellular ERK1/2 and MEK1/2 levels. This
leads to transcriptional upregulation of Noxs and eventually
to oxidative stress (Figure 9). Consistent with this hypothe-
sis, we observed a relatively quick (2 h after treatment with
exosomes) increase in intracellular ERK1/2 and MEK1/2
protein levels, while the corresponding mRNAs remained
unchanged. However, we cannot exclude an alternative
mechanism that upregulates ERK1/2 and MEK1/2 in our
experimental model.

Experiments with ERK1/2 and MEK1/2 inhibitors
showed that the MEK-ERK pathway controlled ROS and
mediated upregulation of specifically NOX4 and Nox4
silencing confirmed the key role of this enzyme in
exosome-induced oxidative stress. In the cardiovascular sys-
tem, NOX4 generates superoxide constitutively, whereas
NOX2 is an inducible enzyme [35]. It seems that NOX4 rep-
resents the most important NOX isoform in endothelial
cells. In line with our findings, the expression of NOX4 in
cardiomyocytes involved in mediating oxidative stress is
responsible for the impairment of cardiac functions in a
pressure overload model [35]. In endothelial cells, NOX4
appears to positively regulate functions related to angiogen-
esis. Increased levels of this enzyme promote proliferation,
migration, and angiogenesis, which are connected to activa-
tion of ERK1/2 pathway [36].

Oxidative stress induced by exosomes enhanced mito-
chondrial ROS production, reduced NO bioavailability, and
triggered proliferation of endothelial cells. It seems that ele-
vated ROS levels due to upregulated NOXs affected normal
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Figure 9: Schematic presentation of proposed mechanism. Activated T lymphocytes shed exosomes containing ERK1/2 and MEK1/2
kinases. These exosomes taken up by endothelial cells cause upregulation of NOX4 leading to oxidative stress and enhanced proliferation.
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mitochondrial metabolism and triggered mitochondrial ROS
production. Such oxidative stress positive feedback mecha-
nism is known as ROS-induced ROS release and has been
described in endothelial cells [37]. Our data did not indicate
the key involvement of NOX4 in mitochondrial ROS pro-
duction; therefore, this process might be linked with NOX2
activity as described previously [38]. Elevated NOX2 levels
were shown to be associated with increased antioxidant
enzyme and eNOS protein levels. NOX2 was also shown to
regulate the hemodynamic response to angiotensin II lead-
ing to endothelial dysfunction and increased mitochondrial
ROS generation in aortic cells [39, 40]. ROS generation in
mitochondria was originally thought to be a toxic by-
product of ATP synthesis, whereas more recent views point
to mitochondrial ROS as important signal transducers in
regulating endothelial metabolism [41]. Nevertheless, a pro-
longed increment of ROS generation above basal levels can
be detrimental and underlie the development of endothelial
dysfunction, and atherosclerosis and cause hyperglycaemic
damage [42, 43]. NO acts as a reversible inhibitor of the
respiratory chain limiting mitochondrial activity and thus
regulates respiration and ROS generation. In case of elevated
systemic oxidative stress, NO reacts with excessive ROS
forming peroxynitrite that irreversibly blocks multiple ele-
ments of the respiratory chain [44, 45]. Obtained data indi-
cated that in our model, NO level was regulated by NOX4
and preserved by the addition of antioxidant apocynin. This
suggests that CD4-exosomes trigger a reaction of NO with
NOX4-derived superoxide radical and thereby reduce NO
bioavailability in cMVECs. However, despite of increased
ROS production, measured peroxynitrite levels in cMVECs
were low. This unexpected result could be explained by
enhanced processes utilizing peroxynitrite as a substrate, like
SOD- or myeloperoxidase-dependent tyrosine nitration, or
by enhanced peroxynitrite decomposition [46].

Cell damage is known to trigger apoptosis-induced com-
pensatory proliferation, serving as a mechanism to maintain
homeostasis during tissue regeneration [47]. Increased oxi-
dative stress fuels this process through NOX-derived ROS,
which activate pathways responsible for the proliferation
[48]. In line with our data, in human dermal microvascular
endothelial cells, NOX4- but not NOX2-derived ROS were
shown to promote proliferation via ERK1/2 pathway [49].

Despite a straightforward effect in vitro, the actual con-
tribution of CD4+ T cell-derived exosomes to endothelial
dysfunction in vivo remains unclear. Currently, there are
no available tools to specifically block exosome shedding or
to modulate exosomal cargo in vivo to prove their impact
on disease. Nevertheless, our findings could confirm the
presence of pathogenic exosomes in inflamed hearts con-
taining inflammatory CD4+ T lymphocytes; although, it
should be acknowledged that these exosomes were not
exclusively derived from CD4+ T cells. However, taking into
account that myocarditis is associated with coronary micro-
vascular dysfunction [50], exosomes produced by heart
inflammatory cells should be considered as potential triggers
of this pathogenic vascular condition. Furthermore, we
believe that CD4+ T cell-derived exosomes could potentially
contribute to the pathogenesis of other vascular diseases. For

example, atherosclerosis represents a chronic inflammatory
disease of arterial walls with the involvement of CD4+ T cells
[19], and exosomes shed locally by these cells could exagger-
ate oxidative stress and promote endothelial dysfunction.
However, more research is still needed to verify this
hypothesis.

In conclusion, in this work, we identified exosomes as
potentially important mediators in CD4+ T cell-dependent
immune response, which can induce oxidative stress by
delivering transcription factors. Specific neutralization of
exosomal cargo might prevent from the induction of self-
fuelling oxidative stress and endothelial dysfunction. Thus,
the identification of a novel mechanism of intercellular com-
munication opens up perspectives for the development of
new therapeutic strategies for inflammatory cardiovascular
diseases.
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Background. Our previous studies demonstrated that melatonin could effectively ameliorate sleep deprivation- (SD-) caused
oxidative stress-mediated gut microbiota disorder and colitis. The research further clarified the mechanism of melatonin in
improving colitis from the perspective of the interaction between Aeromonas and goblet cells. Methods. A seventy-two hours
SD mouse model with or without melatonin intervention and fecal microbiota transplantation (FMT) to explore the vital
position of Aeromonas-goblet cell interactions in melatonin improving SD-induced colitis. Moreover, Aeromonas or LPS-
supplied mice were assessed, and the influence of melatonin on Aeromonas-goblet cell interactions-mediated oxidative stress
caused colitis. Furthermore, in vitro experiment investigated the regulation mechanism of melatonin.Results. Our study showed
that SD induced colitis, with upregulation of Aeromonas and LPS levels and reductions in goblet cells number and MUC2
protein. Similarly, FMT from SD mice, Aeromonas veronii colonization, and LPS treatment restored the SD-like goblet cells
number and MUC2 protein decrease and colitis. Moreover, LPS treatment downregulated the colonic antioxidant capacity. Yet,
melatonin intervention reversed all consequence in SD, A.veronii colonization, and LPS-treated mice. In vitro, melatonin
reversed A. veronii- or LPS-induced MUC2 depletion in mucus-secreting human HT-29 cells via increasing the expression
level of Villin, Tff3, p-GSK-3β, β-catenin, and melatonin receptor 2 (MT2) and decreasing the level of p-IκB, p-P65, ROS,
TLR4, and MyD88 proteins, while the improvement effect was blocked with pretreatment with a MT2 antagonist but were
mimicked by TLR4 and GSK-3β antagonists and ROS scavengers. Conclusions. Our results demonstrated that melatonin-
mediated MT2 inhibits Aeromonas-goblet cell interactions to restore the level of MUC2 production via LPS/TLR4/MyD88/
GSK-3β/ROS/NF-κB loop, further improving colitis in SD mice.

1. Introduction

Sleep has a vital effect on the homeostasis of gastrointestinal
mucosal barriers and intestinal microbiota [1, 2]. Insufficient
sleep is closely related to lots of adverse outcomes, including
higher risk of cardiovascular disease, diabetes mellitus, coro-
nary heart disease, hypertension [3], and inflammatory
bowel disease (IBD) [4]. In fact, some researches have indi-
cated that sleep disorders may disrupt the immune homeo-
stasis in the intestines, further inducing inflammatory
response, and resulting in the occurrence of IBD [4]. Con-
versely, IBD patients also suffer from poor sleep quality
and markedly prolonged sleep latency, as well as frequently

sleep fragmentation [5], which highlights the closely correla-
tion between IBD and sleep deficiency.

The intestinal homeostasis relies on closely regulated
cross-talk between the mucosal immune, intestinal microbi-
ota, and intestinal epithelial cells (IECs) [6]. Mucus layer
damage accelerates intestinal epithelium-pathogen interac-
tions and the pathogen invasion [7]. O-glycosylated mucin
(MUC)2, produced by goblet cells, constitutes the major
component of the intestinal mucus layer of the rodents’
intestines and is a mechanical barrier by forming a huge net-
work of mucus polymer barrier [8]. Importantly, the reduc-
tion of MUC2 content and goblet cells number means a
thinner mucus layer, which is closely related to IBD [9].
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Considering that mucin has a positive effect on offering pro-
tection resist the multiple inflammation caused by toxins
and invading pathogenic bacteria, it is vital to distinguish
the elements that regulate MUC2 gene expression exposed
to insufficient sleep [10–12].

Melatonin (N-acetyl-5-methoxytryptamine, MT), syn-
thesized from tryptophan, often used to regulate sleep. MT
can regulate a series of molecular process, such as circadian
rhythms, sleep control, immune pathway, oxidative stress,
apoptosis, and autophagy [13]. Moreover, MT is a neuro-
transmitter among intestinal hormones, and it affects physi-
ological functions of the gastrointestinal tract (GI), including
bicarbonate secretion, motility, permeability, energy utiliza-
tion, and tight junction proteins in intestines [14]. Specifi-
cally, consider that mucin influences the abundance of
intestinal microbiota [15] and that some microbiota treats
glycan as a nutrient [16, 17], bacteria modulation via mela-
tonin may be due to goblet cells differentiation-mediated
mucin regulation. Therefore, MT is expected to treat a vari-
ety of GI diseases, such as necrotizing enterocolitis, ischemic
injuries, and IBD [13]. However, it remains unknown
whether MT mediated the regulation of MUC2 synthesis
and secretion improves IBD in response to SD. Thus, we
aim to determine the influence of SD on MUC2 depletion
and the roles of MT using a continuous 72h SD mouse
model and Aeromonas veronii or LPS-treated mucus-
secreting human HT-29 cells.

2. Materials and Methods

All experiments were operated which subject to the Guide
for the Care and Use of Laboratory Animals published by
the Animal Welfare Committee of the Agricultural Research
Organization, China Agricultural University (Approval No.
CAU20170911-2).

2.1. Animal Model Establishment. 168 male ICR mice (eight
weeks old; Vital River Laboratory Animal Technology Co.
Ltd., Beijing, China) were fed in 28 cages (six mice/cage) in
general environments (temperature: 21 ± 1°C, relative
humidity: 50 ± 10%) with a regular 10 h dark: 14 h light cycle
(lights on at 7 : 00 am.). The mice eat and drink freely. One
week acclimatization later, the mice were casually distrib-
uted to 14 groups and used to carry out four experiments:
the sleep deprivation experiment: sleep deprivation (SD), SD
+melatonin supplementation (SD +MT), and nonsleep-
deprived control (CON) groups, the ZT time of day that SD
started and MT administration were previously described
by Gao et al. and Zhang et al.; [18, 19]; fecal microbiota
transplantation (FMT) experiment: F-CON, F-SD, F − SD
+MT (F-SM), and F-R group, FMT was performed via
oral gavage of a feces into wild mice as described Stebegg
et al.; [20] Aeromonas veronii colonization experiment:
C-CON, C-Aeromonas (C-A), and C − Aeromonas +MT
(C-AM) groups; and LPS experiment: LPS, LPS +
melatonin supplementation (LPS +MT), LPS + TAK − 242
supplementation (LPS + TAK − 242), and non-LPS control
(CON) groups.

Colitis was evaluated daily based on the overall rating of
body weight, stool consistency, and fecal occult blood to
count the disease activity index (DAI), which indicated in
Table 1. The scoring range for DAI scores is 0-4, as previ-
ously recorded by Murthy et al. [21]. Specific study design
is supplied in the Supplementary Material.

2.2. Fecal Occult Blood Test. Specific study design is supplied
in the Supplementary Material. The judgment criterion is
negative: (-) there is no rose red or cherry red after 3
minutes; positive: (+) rose red or cherry red appears within
30-60 s; strong positive: (++) rose red or cherry red appears
immediately; and the strongest positive: (+++) a deep rose
red or deep cherry red appears immediately.

2.3. Intestinal Permeability to Fluorescein Isothiocyanate-
(FITC-) Dextran. Two hours before the end of the experi-
ment (6 : 00 am), all mice were given oral administration of
0.6mg/g body weight of 4-kDa FITC-dextran at a concentra-
tion of 80mg/mL and fasted for 2 hours. Euthanasia was
subsequently carried out. Blood was collected by retroorbital
ocular hemorrhage and centrifuged (500 × g, 10 minutes) to
collect serum. A fluorescence spectrophotometer with emis-
sion at 535nm and excitation at 485nm was used to calcu-
late the fluorescence value in the serum. Create a standard
curve via diluting FITC-dextran within PBS using a standard
curve to calculate the content of FITC-dextran of the serum.

2.4. Histological Staining. Specific study design is supplied in
the Supplementary Material. The scoring criteria are (I) 0:
no obvious inflammation; (II) 2: low-grade inflammation,
scattered infiltrating monocytes (1~2 lesions); (III) 4: multifo-
cal lighter inflammation; (IV) 6: high level of inflammatory
response and upregulated blood vessel density, as well as obvi-
ous thickening of the wall; and (V) 8: the most severe inflam-
mation, accompanied by transmural leukocyte infiltration.

2.5. Immunohistochemical Staining. Using immunohisto-
chemistry to stain for MUC2 in paraffin intestinal sections,
tissues were infiltrated overnight at 4°C in the monoclonal
rabbit anti-mouse primary antibody (MUC2, 1 : 500; TLR4,
1 : 200; Abcam, Cambridge, MA, USA). Specific operation
is supplied in the Supplementary Material.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). A com-
petitive ELISA assay (Uscn Life Science, Inc., Wuhan,
China) was used to assess the inflammatory factors (IL-10,

Table 1: DAI score evaluation.

Weight
loss

Score Blood in stool Score
Stool

consistency
Score

<1% 0 Absence 0 Normal 0

1-5% 1 1 Soft stools 1

5-10% 2
Slight

bleeding
2 Loose stools 2

10-15% 3 3 Mild diarrhea 3

>15% 4
Gross

bleeding
4

Watery
diarrhea

4
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TNF-α, IFN-γ, and IL-1β) and fecal LPS of colonic tissue.
The operations were operated on the basis of the manufac-
turer’s instructions. There were 8 samples in every group,
and every sample was detected in triplicate. A microplate
reader (Model 680, Bio-Rad, St. Louis, MO, USA) equipped
with a 450nm filter was used to calculate the data. The data
were written as pg/mg protein for the IL-10, TNF-α, IFN-γ,
and IL-1β levels of the colonic tissue and μg/mL for the LPS
of the colonic content.

2.7. PAS Staining. Colon tissues were soaked in 4% parafor-
maldehyde in 0.1M phosphate-buffered saline (pH7.4, 4°C)
immediately for forty-eight hours and infiltrated in paraffin
for sectioning (5μm, cross-section). All colonic tissues were
embedded in periodic acid-schiff (PAS). 30 random fields in
6 sections of every sample from PAS staining were photo-
graphed at 400x magnification with a microscope (BX51;
Olympus, Tokyo, Japan), and a total of at least 360 fields
(12 mice) were analysed per group. The goblet cells number
per μm2 were counted.

2.8. Colonic RNA and Fecal DNA Isolation and Quantitative
RT-PCR Analysis. Specific operation is supplied in the
Supplementary Material. The primers used are shown in
Table 2.

2.9. Cell Culture and Treatment. We use 96-well culture
plates (5 × 106cells/mL) and 12-well culture plates (5 × 105
cells/mL) to culture the human colonic intestinal epithelial
cells (HT-29, CL-0118, China). The LPS-treated cells
(10 nM, Solarbio Ltd., Beijing, China) were treated with
100μM NAC (a ROS scavenger; MCE, New Jersey, USA;
LPS + NAC-cells), 100μM TAK-242 (a TLR4 antagonist;
MCE, New Jersey, USA; LPS + TAK-242-cells), 2μM
TWS119 (a selective GSK-3β antagonist; MCE, New Jersey,
USA; LPS+TWS-cells), or 10-8M MT (Sigma-Aldrich, St.
Louis, USA; LPS+MT-cells). After MT supplementation
for 30min, the LPS + MT-cells were sequentially treated
with 50μM 4P-PDOT (a nonselective MT2 antagonist;
MCE, New Jersey, USA; LPS + MT + 4P-PDOT-cells). Incu-
bate each treated cells for 24h. Meanwhile, some Aeromonas
veronii-supplied cells (ATCC35624, Aeromonas cells) were
treated with 10-10-10-8M MT (Aeromonas + MT-cells). Each

plate was inoculated with a bacterial suspension at a ratio of
1 : 5-5 : 1 (bacteria: host cells) for 0-12 h.

The IECs collected from the 96-well culture plates were
detected for ROS (Nanjingjianchen, Beijing, China) assay
and proliferation activity using MTT (3-(4,5)-dimethylthia-
hiazo (-z-y1)-3,5-di-phenytetrazoliumromide; Sigma, St.
Louis, MO, USA) assay. A microplate reader (Model 680,
Bio-Rad, St. Louis, MO, USA) equipped with a 570nm
wavelength filter was used to determine the optical density.
Meanwhile, the cells collected from the 12-well culture plates
was assessed for lactate dehydrogenase (LDH) assessment,
quantitative RT-PCR, and western blotting analysis. Each
operation used a repeat of 8 wells.

2.10. LDH Assessment. Consistent with the manufacturer’s
instructions, we use a LDH test kit (Solarbio Ltd., Beijing,
China) to detected the cell supernatants. The test data were
assessed at 450nm wavelength via a microplate reader
(Model 680, Bio-Rad, St. Louis, MO, USA) and were
expressed as U/104 cells. Every sample was assayed three
times.

2.11. Determination of ROS Formation. Consistent with the
manufacturer’s instructions, we use a ROS test kit, pur-
chased from Sigma-Aldrich to detect the ROS content
(n = 9). A flow cytometer with an oxidation-sensitive
DCFH-DA fluorescent probe was used to measure the intra-
cellular ROS generation. Specific operation is supplied in the
Supplementary Material.

2.12. Western Blotting. The appropriate amount of colon
segment was quickly homogenized in liquid nitrogen and
stored at -80°C refrigerator for western blotting analysis.
Specific operation is supplied in the Supplementary Material.

2.13. Statistical Analysis of Data.We use SPSS 10.0 statistical
software (SPSS, Inc., Chicago, IL, USA) to analysed the
data and showed as themean ± standard error. Differences
between groups were statistically analysed using one-way
ANOVA, which was used to indicated the significance of
differences among groups (P < 0:05 and P < 0:01).

Table 2: Primers of target genes and reference gene.

Gene Sense Antisense

MyD88 CCTGCGGTTCATCACTAT GGCTCCGCATCAGTCT

MUC2 CTGCACCAAGACCGTCCTCATG GCAAGGACTGAACAAAGACTCAGAC

Tff3 GGCTGCTGCTTTGACTC AGCCTGGACAGCTTCAA

Villin TCGGCCTCCAGTATGTAG CGTCTTCGGGGTAGAACT

GAPDH CCGAGAATGGGAAGCTTGTC TTCTCGTGGTTCACACCCATC

Firmicutes GGAGCATGTGGTTTAATTCGAAGCA AGCTGACGACAACCATGCAC

Bacteroidetes GAGAGGAAGGTCCCCCAC CGCTACTTGGCTGGTTCAG

Proteobacteria GGTTCTGAGAGGAGGTCCC GCTGGCTCCCGTAGGAGT

Aeromonas AGAGTTTGATCCTGGCTCAG GGCTACCTTGTTACGACTT

Escherichia coli GGAGCAAACAGGATTAGATACCC AACCCAACATTTCACAACACG
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3. Results

3.1. Melatonin Improved SD-Induced Aeromonas and LPS
Increase and MUC2 Deficiency in Mice. Results showed the
occurrence of colitis in SD mice, including weight loss
(Figure S1A), colon shortening (Figures S1B, C), fecal
occult blood (Figure S1F), the increase of histological score
(Figures S1D, E), intestinal permeability (Figure S1G), and
IL-17 levels (Figure S1H), compared with CON group. Our
researches demonstrated that SD induced an elevation in
the DAI score (Figure 1(a)). Moreover, there was an
upregulation of relative abundance in colonic Aeromonas
(Figure 1(b)) and LPS (Figure 1(c)) and a reduction in the
goblet cells number (Figure 1(d)) in the SD group relative
to the CON group. Meanwhile, compared with the CON
group, there was a decrease in MUC2 protein (Figures 1(e)
and 1(f)), Villin (Figure 1(g)), and Tff3 mRNA (Figure 1(h)).
Furthermore, there was an upregulation in the expression
levels of TLR4 (Figures 1(i–k)) and MyD88 (Figure 1(l)),
and a reduction in the expression levels of p-GSK-3β
(Figure 1(m)) and β-catenin (Figure 1(n)) in the SD groups
relative to the CON group.

MT-supplied elevated the colitis phenotype, goblet cells
number and expression level of MUC2, Villin, Tff3, p-
GSK-3β and β-catenin and reduced the DAI score, level of
Aeromonas and LPS, and contents of TLR4 and MyD88,
and there was no obviously difference between the SD+MT
and control groups (P > 0:063).

3.2. FMT Promotes Reestablishment of the Intestinal
Microecology. As illustrated in Figure 2, compared with the
F-CON group, the body weight, colonic length, the level of
IL-10, and IFN-γ, the goblet cells number and expression
levels of MUC2, p-GSK-3β, and β-catenin proteins
decreased by 2:3 ± 0:669% (Figure S2A), 56:8 ± 0:134%
(Figures S2D, E), 42:3 ± 1:004% (Figure S2H), 34:2 ± 2:115

% (Figure S2I), 4:3 ± 3:314% (Figures 2(a) and 2(b)), 54:3
± 0:015% (Figure 2(c)), 48:9 ± 0:006% (Figure 2(i)), and
62:1 ± 0:002% (Figure 2(j)), respectively, while the
intestinal permeability, histological score, the level of IL-1β
and IL-6, F:B ratio, relative abundance of Aeromonas and
LPS, and expression levels of TLR4, MyD88, p-P65, and p-
IκB proteins increased by 43:9 ± 0:006% (Figure S2C), 52:1
± 0:007% (Figures S2F, G), 29:8 ± 0:150% (Figure S2J),
35:6 ± 0:009% (Figure S2K), 38:1 ± 0:343% (Figure 2(d)),
51:5 ± 0:009% (Figure 2(e)), 48:1 ± 0:221% (Figure 2(f)),
35:7 ± 0:005% (Figure 2(g)), 45:2 ± 0:008% (Figure 2(h)),
32:1 ± 0:004% (Figure 2(k)), and 26:9 ± 0:005%
(Figure 2(l)) in the F-SD group, with fecal occult blood
(Figure S2B). Moreover, there was an upregulation of the
relative abundance in Firmicutes and proteobacteria
(Figures S3B, C) and a downregulation of bacteroidetes
and Faecalibacterium (Figures S3A, D) in F-SD group
related to F-CON group. Yet, the stimulating effects of F-
SD on changes in colitis and intestinal microbiota
imbalance were improved in the colon via F-MT
supplementation.

3.3. A. veronii Colonization Promoted the Occurrence of
Colitis and MUC2 Deficiency in Mice. To verify the core role
of the Aeromonas level increase in SD-induced MUC2 defi-
ciency, we established an A. veronii colonization mouse
model. After A. veronii colonization, we observed an upreg-
ulation of the relative level of Aeromonas and LPS by 31:2
± 0:254%, P = 0:024 (Figure S4A) and 29:1 ± 0:061%,
P = 0:025 (Figure S4B), respectively, and Pearson
correlation analysis demonstrated a positive correlation
between the relative content of Aeromonas and the colonic
LPS level (r2 = 0:9131, P < 0:0001, Figure S4C) in mice.
Moreover, the mice exhibited a more serious fecal occult
blood level (Figure 3(a)), elevations of permeability
(Figure 3(b)), and clinical score (Figures 3(c) and 3(d)) and
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Figure 1: Melatonin improved SD-induced Aeromonas and LPS level increase and MUC2 deficiency in mice. (a) DAI score; relative
abundance of colonic Aeromonas (b) and LPS (c); (d) PAS staining of colon tissue sections (scale: 50 μm); (e) immunohistochemical
staining of MUC2 in colon sections (scale: 50μm); (f) IOD of MUC2 protein; (g) Villin mRNA; (h) Tff3 mRNA; (i) TLR4 protein; (j)
immunohistochemical staining of TLR4 in colon sections (scale: 50 μm); (k) IOD of TLR4 protein; (l) MyD88 mRNA; (m) p-GSK-3β
and (n) β-catenin proteins in CON, SD, and SD+MT groups. Values are presented as mean ± SE. Differences were assessed using
ANOVA and are denoted as follows: different lowercase letters: P < 0:05; different uppercase letters: P < 0:01; same letter: P > 0:05. The
bottom is the same.
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levels of TNF-α (Figure 3(e)) and IL-1β (Figure 3(f)), as well
as reductions of IL-10 (Figure 3(g)) and IFN-γ (Figure 3(h))
levels, goblet cells’ number (Figures 3(i) and 3(j)), and
expression levels of MUC2 (Figure 3(k)), Villin

(Figure 3(l)), and Tff3 (Figure 3(m)), relative to the C-
CON group. However, MT supplementation suppressed
this process and caused no obvious differences between the
C-CON and C-AM groups (P > 0:053).
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Figure 2: FMT reestablished the intestinal microecology similar to CON, SD, and SD+MT mice. (a) PAS staining of colon tissue sections
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3.4. Melatonin Ameliorates LPS-Induced Colitis. To evaluate
the clinical relevance of MT and LPS-mediated mucin defi-
ciency, we established a LPS-induced mouse colitis model
with or without MT and TAK-242 supplementation. We
observed no significant changes in liver morphology
(Figure S5A) and levels of inflammatory factors (IL-6,
TNF-α, IFN-γ, and IL-10, Figures S5B-E) in mice of CON,
LPS and, LPS+MT groups. However, compared with the
CON group, the LPS-treated group showed a decrease in
body weight (Figure 4(a)), colon length (Figures 4(b) and
4(c)), IL-10 (Figure 4I), and IFN-γ (Figure 4(j)) as well as
an upregulation in histopathological score (Figures 4(d)
and 4(e)), permeability (Figure 4(f)), TNF-α (Figure 4(g)),
and IL-1β (Figure 4(h)).

In contrast, MT and TAK-242 supplementation reversed
the LPS-induced changes in colitis and the inflammatory
response; no significant difference was showed in body
weight (P > 0:052), colonic length (P > 0:556), colonic per-
meability (P > 0:345), histopathological score (P > 0:643),
proinflammatory cytokines (TNF-α and IL-1β, P > 0:772),
or anti-inflammatory factors (IL-10 and IFN-γ, P > 0:558)
among the LPS+MT, LPS+NAC, LPS+TAK-242, and CON
groups.

3.5. Melatonin Ameliorates LPS-Induced MUC2 Depletion
and Changes in the Expression Levels of Signalling Proteins
in Mice.Meanwhile, the PAS staining consequence indicated

that the goblet cells number was significantly reduced by
40:6 ± 2:513% (P = 0:035) in the colon in the LPS group
(Figures 5(a)–5(e)). An analogous effect was presented in
the expression levels of MUC2 protein, Villin, and Tff3
mRNA, which was significantly decreased by 20:6 ± 0:019%
(MUC2, P = 0:009, Figure 5(f)), 48:3 ± 0:007% (Villin,
P ≤ 0:001, Figure 5(g)), and 36:4 ± 0:018% (Tff3, P = 0:007,
Figure 5(h)), respectively, in the LPS group related to the
control group. While these diversifications were improved
after MT and TAK-242 supplementation, leading to no obvi-
ously difference among these groups (P > 0:209).

Moreover, our researches indicated that there was an
increase in the expression levels of TLR4 (Figure 5(i)),
MyD88 (Figure 5(j)), p-IκB (Figure 5(m)), and p-P65
(Figure 5(n)) and a decrease in p-GSK-3β (Figure 5(k))
and β-catenin (Figure 5(l)) in the LPS group compared with
the CON group. While after MT and TAK-242 supplemen-
tation, the expression levels of TLR4, MyD88, p-IκB, and p-
P65 proteins downregulated by 28:7 ± 0:020 − 35:7 ± 0:025%
, 36:1 ± 0:039 − 47:3 ± 0:028%, 29:4 ± 0:047 − 48:9 ± 0:044%,
and 25:4 ± 0:027 − 37:5 ± 0:030%, respectively, while the
expression levels of p-GSK-3β and β-catenin proteins
increased by 25:4 ± 0:039 − 32:9 ± 0:054% and 21:8 ± 0:050
− 33:6 ± 0:030%, respectively, relative to those in the LPS
group, leading to no significant diversity between the CON
group and the MT and TAK-242-supplied groups. More-
over, the changing trends of these proteins (TLR4, MyD88,
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p-GSK-3β, β-catenin, p-P65, and p-IκB) are consistent with
the mice in C-CON, C-A, and C-AM groups (Figure S6).

3.6. Melatonin Regulates the MUC2 Level in HT-29 Cells
Treated with A. veronii. To determine the vital effect of
MT in MUC2 production, we selected mucin-secreting
human HT-29 cells exposed to various proportions
(1 : 5~5 : 1) of A. veronii for 12h, which formed a homoge-
neous population of polarized goblet cells. Compared to
the cells in the CON group, A. veronii treatments from
1 : 3-5 : 1 significantly inhibited the proliferation activity
and MUC2 expression level of HT-29 cells, which decreased
by 44:2 ± 0:010 − 56:9 ± 0:007% (Figure S7A) and 38:6 ±
0:011 − 62:1 ± 0:005% (Figure S7D), respectively. A

decrease in proliferation activity and MUC2 level was
examined after 8 h of infiltrated with 1 : 1 A. veronii, which
reduced by 35:2 ± 0:009% (Figure S7B) and 34:1 ± 0:040%
(Figure S7E), respectively. To investigate the molecular
pathway via which MT regulates colonic MUC2
production, cells were supplied with MT at 10-10-10-8M
concentrations 1 h prior to A. veronii treatment (1 : 1) for
8h. We observed that the proliferation activity and
expression level of MUC2 protein were decreased by 54:8 ±
0:007% (Figure S7C) and 61:2 ± 0:033% (Figure S7F) in the
A. veronii-treated group relative to the CON group,
respectively. Obviously, the inhibitory effect of A. veronii on
proliferation activity and MUC2 expression was reversed by
pretreatment with MT after 10-8M MT supplementation.
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3.7. Regulatory Effect of Melatonin on the TLR4/MyD88/
GSK-3β/β-catenin/NF-κB Loop in A. veronii-Treated HT-29
Cells. The results demonstrated that there was an obviously
reduction in the expression levels of MUC2 (Figure 6(a)),
Villin (Figure 6(b)), Tff3 (Figure 6(c)), p-GSK-3β
(Figure 6(h)), and β-catenin (Figure 6(i)) and an upregula-
tion in the expression levels of TLR4 (Figure 6(d)), MyD88
(Figure 6(e)), p-IκB (Figure 6(f)), and p-P65 (Figure 6(g))
in the A. veronii-treated group related to the vehicle group.
While MT supplementation effectively improved these A.
veronii-induced changes. In contrast, we observed a down-
regulation of TLR4, MyD88, p-IκB, and p-P65 and an upreg-
ulation of MUC2, Villin, Tff3, p-GSK-3β, and β-catenin
related to the A. veronii-treated group.

3.8. Melatonin Regulates the MUC2 Level in HT-29 Cells
Treated with LPS. To investigate the effect of LPS in the reg-
ulation of mucin expression levels, HT-29 cells were infil-
trated with different concentrations (0-500 pg/mL) of LPS
for 24h. Compared to the cells in the CON group, LPS-
treated from 100 to 500 pg/mL obviously suppressed the
mucin expression levels of HT-29 cells (Figure S8A), which
decreased by 54:3 ± 0:084% and 58:4 ± 0:084%,
respectively. A reduction in MUC2 expression level was
presented after 24 h of exposed to 100 pg/mL LPS
(Figure S8B), which was reduced by 35:2 ± 0:078%. To
verify the molecular pathways by which MT regulates
colonic MUC2 production, the cells were treated with 10-
8M MT thirty min prior to LPS (100 pg/mL) for 24 hours.
We observed that the expression level of MUC2 protein
was decreased by 12:3 ± 0:065% in the LPS-treated group
relative to the CON group. Obviously, the inhibitory effect
of LPS on MUC2 expression was reversed by
supplementation with MT (Figure S8C). We also explored
the ability of MT to improve cell viability in LPS-treated
IECs in an LDH assay. Compared with the control cells,
LPS caused a large amount of cell death and released LDH

(Figure S8D). Statistically, the LDH level was obviously
upregulated (Figure S8E) in the LPS-treated group relative
to the vehicle group. Conversely, the MTT assay indicated
that LPS caused a decrease in proliferation index
(Figures S8F, G). However, after MT supplementation, the
LDH index was significantly reduced by 12:5 ± 0:094%,
while the proliferation capacity observably increased by
17:1 ± 0:075%, which almost returned to the vehicle level.

3.9. Melatonin Inhibited TLR4/MyD88 Pathway-Mediated
Oxidative Stress Activation-Induced MUC2 Depletion in
HT-29 Cells Treated with LPS. Consistent with the anticipa-
tion, LPS-treated obviously caused a decrease in the expres-
sion levels of MUC2 protein (Figure 7(a)), Tff3 (Figure 7(b)),
and Villin mRNA (Figure 7(c)) as well as an upregulation in
the expression levels of TLR4 protein (Figure 7(d)), MyD88
mRNA (Figure 7(e)), and ROS content (Figure 7(f)) com-
pared with the vehicle group. By contrast, MT-supplied
improved the stimulatory effect of LPS, leading to no signif-
icant difference between the CON group and the MT-
supplied group. Moreover, the LPS-induced effect was
blocked by pretreatment with TAK242, which showed an
upregulation of MUC2, Tff3, and Villin mRNA and a down-
regulation of TLR4, MyD88, and ROS contents in the
LPS+TAK242-treated IECs relative to the LPS-treated
group. Similarly, TW119 supplementation effectively
reversed these LPS-induced changes, while it had no effect
on the expression levels of TLR4 and MyD88. Furthermore,
our results demonstrated that NAC imitated the improve-
ment effect of MT and upregulated the expressions of
MUC2 protein, Tff3, and Villin mRNA, as well as downreg-
ulated the ROS content in LPS+NAC-treated IECs relative to
the LPS-treated group. Yet, it had no influence on the
expression levels of TLR4 and MyD88. These studies indi-
cated that the inhibitory influence of MT on oxidative stress
closely associates with the suppression of TLR4/MyD88
pathway induced by LPS. In contrast, 4P-PDOT
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(h) Tff3 mRNA; (a) colonic TLR4, (b) MyD88, (c) p-GSK-3β, (d) β-catenin, (e) p-IκB, and (f) p-P65 proteins and mRNA production in the
CON, LPS, LPS+MT, and LPS+TAK-242 groups.

16 Oxidative Medicine and Cellular Longevity



2.0

2.5

1.0

0.5

1.5

0.0

M
U

C2
 p

ro
te

in
A

A A

B

A. veronii
MT

–
– –

–+ +
+ +

MUC2

GAPDH

540kDa

36kDa

(a)

2.0

2.5

1.0

0.5

1.5

0.0

V
ill

in
 m

RN
A

A A
A

B

A. veronii
MT

–
– –

–+ +
+ +

(b)

2.0

1.0

0.5

1.5

0.0

Tff
3 

m
RN

A

A
A

A

B

A. veronii
MT

–
– –

–+ +
+ +

(c)

0.4

0.2

0.1

0.3

0.0

TL
R4

 p
ro

te
in

B
B

B

A

A. veronii
MT

–
– –

–+ +
+ +

TLR4

GAPDH

96kDa

36kDa

(d)

2.0

1.5

0.0

0.5

0.0

B B

B

A

A. veronii
MT

–
– –

–+ +
+ +

M
yD

88
 m

RN
A

(e)

0.0

0.1

0.2

0.3

0.4

0.5

A. veronii
MT

–
– –

–+ +
+ +

p-
Iκ

B 
pr

ot
ei

n

B

A

B B

40kDa
35kDa
36kDaGAPDH

p-IκB
IκB

(f)

Figure 6: Continued.

17Oxidative Medicine and Cellular Longevity



pretreatment counteracted the effects of MT. The expres-
sions of MUC2, Tff3, and Villin were decreased by 33:9 ±
0:081%, 35:9 ± 0:040%, and 32:9 ± 0:076%, while TLR4,
MyD88, and ROS contents were increased by 42:9 ± 0:064
%, 35:2 ± 0:070%, and 38:9 ± 0:092% in the LPS+MT+4P-
PDOT group versus the LPS+MT group.

3.10. Regulatory Effect of Melatonin on the GSK-3β/β-
catenin/NF-κB Loop Mediated by TLR4/MyD88 Pathway
Inactivation in HT-29 Cells Treated with LPS. Next, we
explored how TLR4/MyD88 activation was related to mucin
deficiency. The results showed an upregulation in the
expression levels of p-P65 (Figure 8(a)) and p-IκB
(Figure 8(b)) and a significant reduction in the expression
levels of p-GSK-3β (Figure 8(c)), β-catenin (Figure 8(d)),
and MT2 (Figure 8(f)) in the LPS-treated group, relative to
that in the vehicle group while the expression level of MT1
protein did not change (Figure 8(e)). While MT supplemen-
tation effectively improved these LPS-induced changes. In
contrast, after treatment with TAK-242 and TWS119, we
observed a downregulation of p-P65 and p-IκB and an
upregulation of p-GSK-3β and β-catenin relative to the
LPS group while these had no influence on the expression
of MT2 protein level. Moreover, our results suggested that
NAC, imitated the improvement effect of MT and downreg-

ulated the expressions of p-P65 and p-IκB proteins in
LPS+NAC-treated IECs relative to the LPS-treated group
while it had no influence on the expression levels of p-
GSK-3β, β-catenin, and MT2 proteins. However, in treat-
ment with 4P-PDOT, the antagonist of MT2 counteracted
the therapeutic influences of MT and failed to reverse the
changes induced by LPS, which further confirmed the role
of the TLR4/MyD88-mediated GSK-3β/β-catenin/NF-κB/
ROS pathway in LPS-treated IECs.

4. Discussion

Our previous results showed that SD induced intestinal
mucosal barrier damage, including a decrease in the number
of goblet cells and MUC2 protein and an upregulation of
pathogen (Aeromonas) content [18]. Meanwhile, FMT from
SD mice to wild mice recapitulates the SD-like Aeromonas
content increase and goblet cells number and MUC2 protein
level decreases, while MT improved these changes. These
results demonstrated a high correlation between Aeromonas
level increase and goblet cells number decrease. In the SD
experiment, we found that the relative abundance of Aero-
monas in the colon of the SD mice was upregulated most sig-
nificantly, and after melatonin supplementation, it returned
to the control level. Aeromonas species belong to Gram-
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Figure 6: Melatonin suppressed the changes in expression levels of signalling proteins in Aeromonas-treated HT-29 cells. MUC2 (a), Villin
(b), Tff3 (c), TLR4 (d), MyD88 (e), p-IκB (f), p-P65 (g), p-GSK-3β (h) and β-catenin (i) proteins, and mRNA in various treatment groups.
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Figure 7: Melatonin suppressed the changes in expression levels of signalling proteins (MUC2, Tff3, Villin, TLR4, and MyD88) in LPS-
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The bottom is the same.
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negative microbiota usually resides in the intestines.
Members of the genus Aeromonas are related to lots of inter-
intestinal and extraintestinal infections in rodents [22].

Aeromonas obviously induces intestinal inflammation, while
can frequently cause extraintestinal inflammatory responses,
e.g., biliary system infection, necrotizing fasciitis, cholangitis,

4

p-P65

P65 65kDa

60kDa

36kDaGAPDH

3
B B B B B

A A

2

p-
P6

5 
pr

ot
ei

n

1

0

(a)

4

3

B B B B B

AA

2

1

0

p-I𝜅B
I𝜅B

GAPDH
35kDa
40kDa

36kDa

(b)

3

A A
A

A

B

B
B

2

p-
G

SK
-3
β

 p
ro

te
in

1

0

GAPDH
46kDa
47kDa

36kDa

p-GSK-3β
GSK-3β

(c)

2.0

1.5 A
A A A

B
B

B1.0
β

-c
at

en
in

 p
ro

te
in

0.5

0.0
LPS
MT

TAK-242
TWS119

NAC
4P-PDOT

–
–
– – – –

– –

–

––
– – – –

––––

–
–

––
– – –

–
–
–

+ +
+

+
+

+
+

+

+ ++ +
–

β-catenin
GAPDH

94kDa
36kDa

(d)

2.0

1.5

1.0

M
T1

 p
ro

te
in

0.5

0.0
LPS
MT

TAK-242
TWS119

NAC
4P-PDOT

–
–
– – – –

– –

–

––
– – – –

––––

–
–

––
– – –

–
–
–

+ +
+

+
+

+
+

+

+ ++ +
–

39kDa
36kDa

MT1
GAPDH

(e)

2.5

2.0

1.5

A A

B B
B

BB
1.0

M
T2

 p
ro

te
in

0.5

0.0

MT2
GAPDH

40kDa
36kDa

LPS
MT

TAK-242
TWS119

NAC
4P-PDOT

–
–
– – – –

– –

–

––
– – – –

––––

–
–

––
– – –

–
–
–

+ +
+

+
+

+
+

+

+ ++ +
–

(f)

Figure 8: Melatonin suppressed the changes in expression levels of signalling proteins (p-P65, p-IκB, p-GSK-3β, β-catenin, MT1, and MT2)
in LPS-treated HT-29 cells. p-P65 (a), p-IκB (b), p-GSK-3β (c), β-catenin (d), MT1 (e), and MT2 (f) proteins in various treatment groups.
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surgical wounds, abdominal meningitis, and posttraumatic
cellulitis [23]. To test the vital role of Aeromonas in SD-
induced MUC2 depletion, we established an A. veronii colo-
nization mouse model. The results indicated that A. veronii-
colonized mice exhibited a colitis phenotype, including an
upregulation of Aeromonas and its cell wall composition
LPS levels and a downregulation of goblet cells’ number
and MUC2 protein level. However, MT supplementation
significantly suppressed A. veronii colonization-induced
proliferation of Aeromonas and LPS, restored MUC2 defi-
ciency, and improved colitis, which strongly indicated that
Aeromonas coupling with goblet cells promoted MUC2
depletion, further inducing colitis.

Furthermore, we set up a LPS-treated mouse model with
or without MT supplementation to demonstrate that exces-
sive Aeromonas-related LPS has a negative effect on MUC2
depletion in SD mice. The study is consistent with previous
researches in mice that were exposed to LPS that caused
obvious signs of colitis: shorter colonic length, lighter
weight, and more serious intestinal permeability [24]. Mean-
while, there was an elevation in LPS level and a reduction in
goblet cells number and MUC2 protein, Tff3, and Villin
mRNA expression levels in LPS-treated mice. Importantly,
the decrease of goblet cells number, MUC2 content, and a
thinner intestinal mucus layer closely associates with IBD
[9]. Van der Sluis et al. previously pointed that MUC2-/-

mice behave with clinical and histological characteristics of
colitis [25]. Furthermore, the present findings also showed
that MT supplementation could alleviate LPS-induced colitis
and the reduction of goblet cells and MUC2 protein, Villin,
and Tff3 mRNA. Similarly, Shah et al. showed that MT
could promote the proliferation of goblet cells to secrete
mucin to resist pathogenic bacteria [26]. Therefore, we spec-
ulated that MT could improve colitis by suppressing Aero-
monas-goblet cell interactions, thereby upregulating the
goblet cells number and MUC2 protein, further improving
SD-induced colitis. Meanwhile, we observed a decrease in
the expression levels of p-GSK-3β and β-catenin proteins,
as well as an increase in TLR4, MyD88 and p-P65, and p-
IκB proteins in LPS-treated mice, while MT supplementa-
tion restored these changes. Similarly, TAK-242 (an antago-
nist of TLR4) supplementation mimicked the improvement
effect of MT. Researches demonstrated that inappropriate
TLR activation can induce prolonged inflammatory
response and even autoimmune and inflammatory diseases
[27]. Similarly, in rat biliary epithelia, anti-TLR2 antibodies
or anti-TLR4 antibodies supplementation could reduce
MUC2 expression treated with LPS [28]. It seems that boost-
ing LPS activates the TLR4-MyD88-GSK-3β-NF-κB path-
way and promotes MUC2 depletion, further inducing colitis.

In vitro, we further found that LPS and A. veronii could
upregulate the LDH index and ROS abundance and down-
regulate the expression of MUC2 protein level and cell pro-
liferation activity in mucus-secreting human HT-29 cells.
However, MT supplementation effectively suppressed this
process. Further, the ameliorate effect of MT could be sup-
pressed by 4P-PDOT. However, TAK242 mimicked the
effect of MT in LPS-treated cells, while it had no influence
on the expression level of MT2 proteins. LPS binds innate

immunity TLRs, which activates signalling cascades related
to NF-κB transcription factor and mitogen-activated protein
kinases (MAPKs) in adipocytes [29]. Furthermore, we found
that TWS119 treatment enhanced the expressions levels of
p-GSK-3β and β-catenin, ultimately suppressing NF-κB
activation and promoting MUC2 secretion, while it had no
influence on the expression levels of TLR4 and MT2 protein
and MyD88 mRNA. Emerging date has also indicated that
GSK-3βmediated the activation of the NF-κB signalling cas-
cade via enhancing the NF-κB transcriptional activity in the
nucleus to promote cancer [30]. Similarly, NAC counter-
acted the effect of LPS in HT-29 cells, which suppressed
the activation of NF-κB pathway. Previous researches indi-
cated that oxidative stress-mediated NF-κB activation ulti-
mately relies on the phosphorylation and proteasomal
degradation of its inhibitor IκBα, supporting nuclear NF-
κB translocation. Therefore, in our study, a large number
of in vivo and in vitro experiments have been demonstrated
that melatonin-mediated MT2 inhibits aeromonas-goblet
cell interactions to restore the level of MUC2 production
via the LPS/TLR4/MyD88/GSK-3β/ROS/NF-κB loop, fur-
ther improving colitis in SD mice. Certainly, additional
loss-of-function experiments using knock-down or knock-
out mice/cell lines would be useful.

5. Conclusions

Overall, our study revealed that MT2-mediated MT sup-
pressed Aeromonas coupling with goblet cells and restored
MUC2 depletion by inhibiting the TLR4/MyD88/GSK-3β/
β-catenin/ROS/NF-κB loop, ultimately improving SD-
induced colitis in mice. Obviously, the study supported orig-
inal evidence for the useful influence of MT as a physiolog-
ical controller of Aeromonas-induced MUC2 deficiency and
supported the recent enlarging of the definition of psycho-
biotics to include MT-based strategies.
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Introduction. Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative colitis (UC), is a
multifactorial intestinal disorder but its precise etiology remains elusive. As the cells of the intestinal mucosa have high energy
demands, mitochondria may play a role in IBD pathogenesis. The present study is aimed at evaluating the expression levels of
mitochondrial oxidative phosphorylation (OXPHOS) complexes in IBD. Material and Methods. 286 intestinal biopsy samples
from the terminal ileum, ascending colon, and rectum from 124 probands (34 CD, 33 UC, and 57 controls) were stained
immunohistochemically for all five OXPHOS complexes and the voltage-dependent anion-selective channel 1 protein (VDAC1
or porin). Expression levels were compared in multivariate models including disease stage (CD and UC compared to controls)
and age (pediatric/adult). Results. Analysis of the terminal ileum of CD patients revealed a significant reduction of complex II
compared to controls, and a trend to lower levels was evident for VDAC1 and the other OXPHOS complexes except complex
III. A similar pattern was found in the rectum of UC patients: VDAC1, complex I, complex II, and complex IV were all
significantly reduced, and complex III and V showed a trend to lower levels. Reductions were more prominent in older
patients compared to pediatric patients and more marked in UC than CD. Conclusion. A reduced mitochondrial mass is
present in UC and CD compared to controls. This is potentially a result of alterations of mitochondrial biogenesis or
mitophagy. Reductions were more pronounced in older patients compared to pediatric patients, and more prominent in UC
than CD. Complex I and II are more severely compromised than the other OXPHOS complexes. This has potential therapeutic
implications, since treatments boosting biogenesis or influencing mitophagy could be beneficial for IBD treatment.
Additionally, substances specifically stimulating complex I activity should be tested in IBD treatment.

1. Introduction

Inflammatory bowel disease (IBD) with its two major clini-
cal forms, ulcerative colitis (UC) and Crohn’s disease (CD),
is a chronic relapsing inflammatory disorder of the intestine
[1]. UC is defined as a continuous and superficial, mucosal,

and submucosal inflammation limited to the colon. CD, on
the other hand, is characterized by scattered lesions affecting
any part of the gastrointestinal tract, with transmural inflam-
mation associated with many complications [2]. Although
the exact etiology of IBD is still enigmatic, it is known to be
a multifactorial disease that results from a complex interplay
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of genetic susceptibility, an altered immune response, changes
in the intestinal microbiota, and environmental triggers [3].
Destruction of the intestinal epithelial barrier, increased perme-
ability, dysfunctional immunoregulation, and increased inva-
sion by immune cells are central disease mechanisms [4–6].
Although IBD may develop at any age, up to 25% of patients
are diagnosed during childhood or adolescence [7, 8]. Previous
reports have suggested that the age of disease onset correlates
inversely with disease outcome, indicating that younger age
may be an important risk factor for aggressive, treatment-
resistant disease [9].

Mitochondria supply cells with energy by producing aden-
osine triphosphate (ATP) via the action of oxidative phos-
phorylation (OXPHOS) complexes I to V [10]. Cells with
high energy demand, like intestinal epithelial cells, tend to be
more vulnerable to the consequences of mitochondrial dys-
function. Several possible links between mitochondria and
IBD have been reported. For example, elevated levels of reac-
tive oxygen species (ROS) were observed in mitochondria of
patients with IBD [11, 12], highlighting oxidative injury in
IBD pathology. Furthermore, recent data suggest that mito-
chondrial dysfunction compromises the intestinal barrier
and may contribute to IBD pathogenesis [11, 13–18]. Addi-
tionally, IBD patients have significantly higher levels of circu-
lating mitochondrial DNA (mtDNA) in their plasma and
feces. Moreover, their mtDNA levels correlate with the sever-
ity and activity of the disease, and mtDNA was found to serve
as a proinflammatory damage-associated molecular pattern
during active IBD [19]. Regarding mitochondrial function
and morphology in the gut, several studies showed a signifi-
cant deficiency in the enzyme activity of OXPHOS complexes
as well as changes in morphological appearance of mitochon-
dria [17, 18]. Another study reported loss of cytochrome c oxi-
dase (COX; complex IV) to be an indicator of tumor
progression in adults with UC [20]. Studies of mitochondrial
dysfunction in pediatric IBD are scarce: there are two clinical
cases and one study that focused on the interplay between
the intestinal microbiota and mitochondria [21–23]. Specific
mitochondrial proteins were shown to be the primary proteins
downregulated in IBD, suggesting a regulatory interaction
between mitochondria and the intestinal microbiota as well
as a resulting imbalance of this relationship in CD patients.
More recently, transcriptome analysis of rectal mucosal speci-
mens revealed downregulation of mitochondria related genes
in a large pediatric UC cohort [24].

The aim of this study was to investigate if there are defects
in OXPHOS complex expression in IBD, whether the grade of
inflammation correlates with alterations in OXPHOS expres-
sion, and whether there are differences in OXPHOS expression
in pediatric versus adult IBD (Figure 1).

2. Material and Methods

The study was approved by the local ethics committee (415-
E/2080/5-2016) and conducted in accordance with the
Helsinki Declaration of 1975 (revised 2013).

2.1. Patients and Tissue Samples. Patients with chronic abdom-
inal pain, elevated fecal calprotectin, or signs and symptoms of

IBD underwent diagnostic colonoscopy. In routine ileocolonos-
copies performed at the hospital, biopsy specimens were taken
from the intestinal epithelium in a stepwise approach starting
from the terminal ileum and including all segments of the colon
(the cecum, ascending colon, transverse colon, descending
colon, sigmoid colon, and rectum). The specimens were then
analyzed by pathologists and used by clinicians to confirm the
diagnosis. The remaining biopsy material was obtained from
the Institute of Pathology, University Hospital Salzburg, Aus-
tria, and used for the present study.

If the diagnosis of IBD was established by macroscopic
and histologic evaluation, patients were assigned to our
study group. If colonoscopy did not show any abnormalities
on gross or on microscopic analysis, patients were assigned
to the control group. A pathologist verified that the samples
in the control group had no abnormalities by using a histo-
logic severity score (HSS) from 0 to 3, which included
evaluation of crypt architecture (0-3), acute and chronic
inflammation (each 0-3), and regeneration of the epithelium
(0-3), resulting in a range of integer values from 0 to 12
before the average of all 4 components was determined.
Only samples with an average score of less than or equal 1
were included in the control group. Some samples of the
control group were used previously [25].

As CD mainly affects the terminal ileum, one biopsy per
CD patient was obtained from that location. Similarly, the
rectum is the most commonly affected site in UC, so one
rectal biopsy per patient was obtained in the UC cohort.
From each patient, a biopsy from the ascending colon was
used as well, to enable comparison of all study groups based
on the same anatomical site. Samples from the terminal
ileum, ascending colon, and rectum were examined in the
control group.

In the diseased groups (pediatric and adult IBD), only
newly diagnosed patients were included, ensuring that these
patients did not receive any prior IBD-specific treatment,
which may have influenced the results.

2.2. Immunohistochemistry. The samples were fixed in 4%
neutral- buffered formalin and embedded in paraffin and
cut in 4μm sections with a microtome, and three samples
each were placed on a specimen holder. Immunohistochem-
ical (IHC) staining was performed as previously described by
Zimmermann et al. [26, 27]. The following antibodies were
used: mouse monoclonal anti-complex I subunit NDUFS4
(WH0004724M1-100UG, dilution 1 : 1000; Sigma Aldrich,
St. Louis, USA), mouse monoclonal anti-complex II subunit
SDHA (ab14715, 1 : 3000; Abcam, Cambridge, UK), mouse
monoclonal anti-complex III subunit core 2 (UQCRC2;
ab14745, 1 : 2000; Abcam, Cambridge, UK), mouse mono-
clonal anti-complex IV subunit I (MT-CO1; ab14705,
1 : 1000; Abcam, Cambridge, UK), mouse monoclonal anti-
complex V subunit alpha (ATP5F1A; ab14748, 1 : 2000;
Abcam, Cambridge, UK), and mouse monoclonal porin
antibody subunit VDAC1 (ab14734, 1 : 2000; Abcam, Cam-
bridge, UK). All primary antibodies were diluted in Dako
antibody diluent with background-reducing components
(Dako, Glostrup, Denmark). Digital micrographs were taken
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with a Moticam 5+ camera using Motic Images Plus 2.0 soft-
ware (Motic, Wetzlar, Germany).

2.3. Evaluation and Statistics. The staining intensity and
overall protein expression (percentage of cells staining posi-
tive) of OXPHOS complexes I-V and VDAC1 (porin) for
each sample were assessed by two independent examiners
blinded to each other and to information regarding the diag-
nosis or patient’s age. A scoring system (0: no staining; 1:
weak staining; 2: moderate staining; and 3: strong staining)
was used to quantify the levels of staining intensity
(Figure 2). The intensities were multiplied by the percentage
of positive cells present in the specimen to yield score values,
as semiquantitative indicators for expression level [27].

2.4. Statistical Analysis. Epidemiological data were analyzed
descriptively. Due to the ordinal data level, expression scores

were compared by median and interquartile range (IQR),
and graphical representation was done by boxplots and scat-
terplots. Expression levels were compared in multivariate
models per intestinal section by the nonparametric method
of Dobler et al., including disease (CD, UC) vs. controls,
age (pediatric vs. adults), and the interaction in all models
[28]. p values of these three models were corrected using
the Bonferroni method.

In a next step, expression levels were analyzed separately
for each complex to examine complex-specific differences
[29]. This was done first for all IBD patients vs. controls (CD
in the terminal ileum, UC in the rectum and CD and UC in
the ascending colon). In a second step, samples were stratified
by age. As healthy controls have already been compared
through their lifespan [25], only IBD patients were included
in this study. Nonparametric ANOVA-type statistics were
used to examine variable effects. Due to the exploratory style

INTESTINAL LUMEN

Epithelian
cells

Rectum

Nutrients &
bacteria

Nucleus

Microvilli

Smooth
endoplasmic

reticulum

Myofibroblasts
Immune

cells

BLOOD STREAM Golgi apparatus Mitochondria

Complex I

Ulcerative colitisHealthy

Figure 1: Overview and results of complex I in ulcerative colitis. The rectum, which is one of the main affected sites in ulcerative colitis, is
located in the last part of the large intestine (a). The luminal surface of the intestine is formed by an epithelial layer, which is composed of
simple columnar epithelial cells separating the intestinal lumen from the blood stream. It is responsible for the absorption of useful
substances and acts as a barrier in preventing harmful substances migrating from the gut to other parts of the body (b). The epithelium
is composed of simple columnar epithelial cells, which contain numerous mitochondria and other organelles. The mitochondria are
composed of inner and outer membranes. Proteins in the latter, like VDAC1, represent the mitochondrial mass. The inner membrane
harbors the respiratory chain with its complexes and is responsible for producing energy via oxidative phosphorylation (c). In a healthy
state, mitochondrial mass stays stable across the life span and the average protein expression levels of the respiratory chain subunits,
here represented by complex I, increase continuously from childhood onward, peak in middle age, and decline thereafter (d). In
ulcerative colitis, a trend of continuous deterioration of mitochondrial mass and complex I is seen from childhood onward (e).
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of this further analysis, no p value correction was applied. For
the ascending colon, post hoc analysis was done when results
were significant so as to distinguish exactly between the three
groups.

In a final step, expression levels were stratified by degree
of inflammation level (HSS), and correlation analysis for age
and stage was done. By definition, the control group had
HSS levels less than 1, whereas CD and UC patients had
scores from 1 to 3.

All tests were carried out at the 5% significance level. All
calculations were performed using R software (version, 4.0.2).

3. Results

3.1. Patient Characteristics. In total, 286 samples from 124
probands (34 CD, 33 UC, and 57 controls) were stained
immunohistochemically for all five OXPHOS complexes and
VDAC1 (Table 1). 19 samples had to be excluded due to low
quality of the sample or no crypts on the sample. The mean
age was 38 years, and 46 patients were below 18 years of age,
58% being female and 42% male. The patients were divided
into 4 subgroups: pediatric patients with IBD (p-IBD), adult
patients with IBD (a-IBD), children and adolescents without

IBD or any inflammation (pediatric controls), and adults
without IBD or any inflammation (adult controls).

Regarding evaluation, the average interobserver variabil-
ity between the two examiners was 0.24 points within the
intensity of the staining and 6.31% regarding the percentage
of positive cells.

For further statistical analysis, multivariate models per
intestinal segment examined all complexes and VDAC1

(a) (b)

(c) (d)

Figure 2: Assessment of staining intensities (0 to 3) with complex I antibody (subunit NDUFS4). Staining intensity 0: no staining, due to no
primary antibody control (a, case number 7229); 1: weak staining (b, case number 41197); 2: moderate staining (c, case number 33837); and
3: strong staining (d, case number 5905). Scale bar 100 μm.

Table 1: Patient characteristics.

Group
Number of
patients

Age, mean
(range) (years)

Sex, female (%)

p-IBD
28 (CD = 15,
CU = 13) 12.6 (3-17) 16 (57)

a-IBD
39 (CD = 19,
CU = 20) 52.7 (27-89) 22 (51)

Pediatric controls 18 12.5 (3-17) 10 (59)

Adult controls 39 53.6 (20-82) 26 (65)

Total 124

p-IBD: children and adolescents with inflammatory bowel disease (IBD); a-
IBD: adults with IBD; pediatric controls and adult controls; CD: Crohn’s
disease; UC: ulcerative colitis.
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Crohn´s disease Control
(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

CI

CII

CIII

CIV

CV

VDAC1

CI

CII

CIII

CIV

CV

VDAC1 (l)(k)

Figure 3: Representative images of immunohistochemical staining of complex I-V and VDAC 1 in the terminal ileum in pediatric Crohn’s
disease (CD) (case number 11760) and a control (case number 18642). (a, b) Complex I, (c, d) complex II, (e, f) complex III, (g, h) complex
IV, (i, j) complex V, and (k, l) VDAC1 (porin). Weaker staining is present in complex I and II and VDAC1 in CD. Scale bar 100 μm.

5Oxidative Medicine and Cellular Longevity



simultaneously, with group (CD, UC, and controls) and age
(pediatric and adult) as covariates first.

3.2. Crohn’s Disease (Terminal Ileum). To elucidate whether
there are differences in the expression of subunits of the
OXPHOS complexes I to V and VDAC1 samples of the
terminal ileum of CD patients and age-matched controls
were investigated (Figure 3).

VDAC1 levels were moderately diminished by 7% com-
pared to controls. Consistently, levels of subunits of the
OXPHOS complexes were diminished by 10-26% with excep-
tion of complex III subunit UQCRC2 in CD (Table 2). Across
all age groups, CD patients have a reduction of almost 30% in
complex II levels compared to that of age-matched controls.
The magnitude of the reduction of the NDUFS4 subunit of

complex I was equal (21% reduction). However, it was not
significant because of a higher standard deviation.

When CD patients were stratified by age, no significant
differences in the expression levels of all complexes were
seen between pediatric and adult patients. However, minor
trends to higher levels were present for all subunits of the
OXPHOS complexes. In contrast mitochondrial mass
(VDAC1) tended to be lower with increasing age (Figure 4).

To evaluate a potential connection between mitochondrial
expression and inflammation, score values of expression levels
were stratified by degree of inflammation (HSS). The control
group showed high mitochondrial expression levels, compara-
ble to those of CD patients with higher inflammation, while
the lowest expression levels were found in the moderate
inflammation group of CD patients (HSS 1.5). Adults tended
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Figure 4: Boxplots and scatterplots showing expression levels of OXPHOS complexes I-V and VDAC1 (porin) in the terminal ileum in
Crohn’s disease (CD) in pediatric and adult patients.

Table 2: Expression levels of OXPHOS complexes I to V and VDAC1 (porin) in the terminal ileum in Crohn’s disease (CD).

CI CII CIII CIV CV VDAC1

Expression level, mean (SD)

CD 138 (68) 115 (63) 166 (61) 206 (50) 168 (68) 139 (44)

Controls 175 (65) 156 (62) 177 (48) 233 (44) 178 (51) 150 (43)

Reduction controls- CD 37 (21%) 41 (26%) 11 (6%) 27 (12%) 10 (6%) 11 (7%)

p value 0.053 0.030∗ 0.895 0.081 0.850 0.442

It is shown as mean with standard deviation (SD) and reduction of expression level in CD patients compared to the control group. ∗p < 0:05.
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to have a higher correlation of inflammation and mitochon-
drial expression level, while children showed a weaker correla-
tion (spearman correlation 0.312 vs. 0.154; Figure 5).

3.3. Ulcerative Colitis (Rectum). IHC staining of subunits of
the complexes I to V and VDAC1 in the rectum was done
in tissue samples from UC patients and age-matched con-
trols (Figure 6). VDAC1 was significantly reduced in UC
patients compared to controls (p = 0:009; reduction by
24%). Consistently, all chosen subunits of the OXPHOS
complexes were diminished by 12-43% compared to con-
trols (Table 3). Subunits of complex I, complex II, and com-
plex IV were significantly lower, whereas complex III and V
only showed a trend to lower levels.

Stratification of UC patients by age revealed a trend to
lower expression for complexes I and IV and VDAC1 in
adults, whereas higher expression with increasing age was
seen for complex II, III, and V (Figure 7).

Score values of expression levels stratified by degree of
inflammation showed an undulating course of expression
levels for different degrees of inflammation, but like in CD,
patients with the highest HSS inflammatory scores exhibited
higher mitochondrial expression levels compared to patients
with only moderate degrees of inflammation. Children
showed a trend for higher correlation of inflammation and
expression level, whereas adults tended to have a weak corre-
lation (Spearman correlation 0.419 vs. 0.165, Figure 8).

3.4. Comparison of IBD Patients and Controls in the
Ascending Colon. In the ascending colon, all IBD patients

(CD and UC) exhibited lower levels of complexes I, II, and
V and VDAC1 compared to age-matched controls. Complex
II was most affected, showing a reduction of 51%, followed
by complex I, which was reduced by 36%, VDAC1 reduced
by 34%, and complex V reduced by 23% compared to the
expression levels of the control group. No difference was
identified between the groups in the expression of complexes
IV and V (Table 4).

A reduction in VDAC1 was found for pediatric IBD
patients versus adult IBD patients (p < 0:05). Stratified by
disease subtype, adult CD patients showed higher expression
levels of complexes II, III, and V, and a trend in complex I
and IV, but lower expression of VDAC1 compared to pedi-
atric patients. In the UC-subgroup, expression in adults
tended to be lower for complex IV and VDAC1 and higher
for all other complexes, but no significant differences were
found (Figure 9).

4. Discussion

The present study characterized OXPHOS expression and
mitochondrial mass in the intestinal mucosa of children
and adults with IBD compared to controls. The expression
levels of OXPHOS complexes in healthy individuals were
recently shown to increase from childhood onward and then
decline in older subjects [25]. These data suggest that reduc-
tions in the levels of mitochondrial OXPHOS complexes in
intestinal crypts might be transiently compensated in adult-
hood, but that, ultimately, reduced expression occurs in per-
sons aged 60 years and older.
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Figure 5: Boxplots and scatterplots of expression levels of OXPHOS complexes I-V and VDAC1 (porin) stratified by age and histological
severity score (HSS) in the terminal ileum in Crohn’s disease (CD) and controls (C). 0 indicates no histological abnormalities, 2.5 severe
signs of inflammation.
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Figure 6: Representative images of immunohistochemical staining of complex I-V and VDAC 1 in the rectum in pediatric ulcerative colitis
(UC) (case number 18385) and a control (case number 1867). (a, b) Complex I, (c, d) complex II, (e, f) complex III, (g, h) complex IV, (i, j)
complex V, and (k, l) VDAC 1 (porin). Weaker staining is seen in all complexes of the UC patient. Scale bar 100μm.
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In IBD, the levels of OXPHOS subunits were reduced
across all age groups. The defects were more frequent in
adult than in pediatric patients and more prominent in UC
than in CD (Figure 1). A significant reduction of VDAC1
was present in UC compared to controls, and there was a
trend to lower levels in CD. VDAC1 is the gold standard
marker protein for mitochondrial mass [30, 31].

Whether the reduction in mitochondrial mass is a conse-
quence of lower mitochondrial biogenesis or higher mitoph-
agy (or both mechanisms) remains to be elucidated. PGC-1α
is a master regulator of mitochondrial biogenesis [32, 33].
Deletion of the PGC-1α gene causes spontaneous colitis
and increases susceptibility to experimental colitis, and also
PPAR-γ, the target of PGC-1α, was reported to be downreg-
ulated in UC [34]. Nitric oxide (NO), a well-known effector

molecule with diverse functions, has been reported to be a
stimulator of mitochondrial biogenesis [35]. NO has also
been associated with the initiation and maintenance of
inflammation in human IBD [36].

The second principal mechanism to explain the reduction
in mitochondrial mass is an increase in autophagy or more
specifically mitophagy, a process which removes damaged
mitochondria. Indeed, a plethora of proteins associated with
autophagy contribute to the pathogenesis of IBD [37–39].
We found normal amounts of the UQCRC2 subunit of com-
plex III in our patient cohort. This might reflect compensatory
upregulation in response to the reduced mitochondrial mass
present in IBD. Notably, it was very recently proposed that
complex III is a tuner of autophagy [40]. Usually, mitochon-
drial dysfunction causes a reduction of autophagy because

Table 3: Expression levels of OXPHOS complexes I to V and VDAC 1 (porin) in the rectum in ulcerative colitis (UC).

CI CII CIII CIV CV VDAC1

Expression level, mean (SD)

UC 114 (69) 110 (70) 166 (65) 202 (42) 151 (54) 113 (48)

Controls 200 (75) 151 (73) 192 (67) 229 (65) 180 (54) 149 (50)

Reduction controls- UC 86 (43%) 41 (27%) 26 (14%) 27 (12%) 29 (16%) 36 (24%)

p value <0.001∗ 0.024∗ 0.182 0.013∗ 0.182 0.009∗

It is shown as mean with standard deviation (SD) and reduction of expression level in CD patients compared to control group. ∗p < 0:05.
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Figure 7: Boxplots and scatterplots showing expression levels of OXPHOS complexes I-V and VDAC1 (porin) in the rectum of pediatric
and adult ulcerative colitis (UC) patients. ∗Significance (p < 0:05).
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autophagy is an ATP-consuming process. It would be very
interesting if high complex III levels are a signal for the removal
of damaged mitochondria. Antimycin A and myxothiazol
reduce autophagy via complex III. Inhibition of the other
OXPHOS complexes had no effect on autophagy. ATG16L1
is a component of a large protein complex essential for autoph-
agy. In genome-wide association studies, variants in ATG16L1
have been linked to IBD (OMIM#610767) [41, 42]. ATG16L1
regulates mitochondrial antiviral signaling- (MAVS-) depen-
dent type I interferon (IFN-I) production [43]. ATG16L1 defi-
ciency causes mitochondrial defects in human macrophages.
Furthermore, the authors reported a reduced number of mito-
chondria in ATP16L1-deficient cells [44].

Complex I and complex II subunits were more severely
reduced than those of the other OXPHOS complexes and
VDAC1 in both CD and UC patients. Therefore, an addi-
tional dysfunction causing this more pronounced complex I

and II reduction might be present in IBD. Complex II is
exclusively encoded by the nuclear DNA. Therefore, the
combined reduction of complex I and II indicates the multi-
factorial cause of IBD. It is also known that complex I and
complex II do not form respiratory chain supercomplexes
together [45]. Our data are in line with those of Haberman
et al., who demonstrated reduced complex I expression in
UC [24]. In contrast, Sifroni et al. reported diminished com-
plex II, III, and IV in UC patients but normal complex I
activity [18]. Complex I is the largest OXPHOS complex,
consisting of 44 different subunits encoded by both mito-
chondrial and nuclear DNA [46]. Therefore, it was previ-
ously proposed that complex I is the complex most prone
to damage, simply because of its size. In addition, complex
I is a multifunctional protein involved in several pathways
fundamental for IBD pathogenesis, such as apoptosis. Cas-
pase 3 cleaves the NDUFS1 subunit of complex I to induce
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Figure 8: Boxplots and scatterplots of expression levels of OXPHOS complexes I-V and VDAC1 (porin) stratified by age and histological
severity score (HSS) in the rectum in ulcerative colitis (UC) patients and controls (C). 0 indicates no histological abnormalities, 3 severe
signs of inflammation.

Table 4: Expression levels of OXPHOS complexes I to V and VDAC1 (porin) in Crohn’s disease (CD), ulcerative colitis (UC), and controls
in the ascending colon.

CI CII CIII CIV CV VDAC1

Expression level, mean (SD)

CD (n = 34) 126 (69) 100 (65) 155 (66) 212 (48) 152 (72) 143 (45)

UC (n = 33) 130 (80) 105 (66) 150 (58) 195 (58) 143 (62) 113 (48)

Control (n = 57) 195 (73) 160 (75) 181 (59) 227 (54) 192 (60) 153 (42)

Reduction controls- IBD 67 (34%) 58 (36%) 29 (16%) 23 (10%) 45 (23%) 24 (16%)

p value <.001∗ 0.002∗ 0.207 0.079 0.020∗ 0.005∗

It is shown as mean with standard deviation (SD) and reduction of expression level in IBD patients (CD and UC) compared to the control group. ∗p < 0:05.
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apoptosis [47, 48]. In a UCmodel, granzyme A was increased
prior to macroscopic disease manifestation [49]. Granzyme
A is another protein able to cleave complex I and induce apo-
ptosis [50]. Stamp et al. showed that a reduction in complex I
is associated with an increased rate of stem cell cycle reentry
in the mouse colon, suggesting that these changes in stem cell
homeostasis could have an impact on age-associated pathol-
ogies of the colon [51]. Methylation-controlled J protein
(MCJ) acts as a natural inhibitor of complex I. Loss of MCJ
results in aggravated disease with a change in microbiota
composition and altered intestinal permeability, suggesting
that MCJ plays a protective function during intestinal inflam-
mation [52]. Importantly, both of the main entry points for
electrons, complex I and complex II (FADH2), are downreg-
ulated in IBD, indicating that OXPHOS is indeed reduced in
IBD and not compensated via complex II. Santhanam et al.
stated that a reduction in complex II activity appears to be
a specific change in UC [17]. In a recent study, a marked
decrease in MT-CO1 staining in the supranuclear region of
the superficial epithelium relative to the subnuclear region
was reported in 56% of patients with CD and 60% patients
with UC [53]. However, the study did not analyze subunits
of the other OXPHOS complexes. The authors further found
that mitochondrial dysfunction alters intestinal epithelial
metabolism of hepatic acylcarnitine species. NDUFAB1, also
termed acyl carrier protein, is a subunit of complex I. Fur-
thermore, NDUFAB1 is involved in Fe-S cluster biogenesis
and protein lipoylation [54]. Therefore, it is possible in prin-

ciple that low levels of NDUFAB1/complex I might influence
complex II, which carries a [2Fe-2S] and a [4Fe-4S] cluster
[55, 56].

In general, a trend to higher levels of OXPHOS complex
subunits was present in adult patients with UC (rectum;
ascending colon) and CD (terminal ileum; ascending colon)
compared to pediatric patients, whereas VDAC1 showed a
trend to lower amounts in adults. In adults, complex I was
reduced in the rectum of UC patients and complex IV in
the ascending colon of CD patients.

We hypothesize that an altered inner/outer membrane ratio
might at least be partially responsible for the observed age-
dependent phenotype. Altered mitochondrial (cristae) mor-
phology as well as changes in proteins involved in fission/fusion
was reported for IBD. A reduction of all OXPHOS complexes
can be a consequence of reduced inner membrane folding
[57–59]. MFN1, MFN2, OPA1, and p-DRP1 levels increased
in a model of DSS-induced colitis [60, 61]. A mitochondrial
fission inhibitor ameliorated DSS- and DNBS-induced murine
colitis [62].Whether a therapeutic intervention that shifts mito-
chondrial turnover to either fission or fusion would be benefi-
cial remains to be elucidated. Interestingly, it was proposed
that mitochondrial fusion of healthy and damaged mitochon-
dria helps to maintain a functional mitochondrial compart-
ment [63].

Studies have shown that the mitochondrial network of
aged animals is often more heterogeneous, fragmented, and
comprised of large, swollen mitochondria that cannot be
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eliminated by mitophagy [63]. We hypothesize that mito-
chondrial swelling might be present in IBD of adult patients.
Swelling would cause a decrease in VDAC1 because the
outer membrane fraction would decline. However, it was
also reported that fragmentation and swelling induce a loss
of OXPHOS complexes, which is in contrast to our findings.

By stratifying the expression levels according to severity of
inflammation, lower expression levels in IBD patients were
seen, but more severe inflammation did not correlate with a
reduction of mitochondrial mass and/or expression level of
the OXPHOS complexes. Patients with the highest HSS values
exhibited higher expression levels than those with only moder-
ate degrees of inflammation. A possible mechanism could be
that themitochondrial mass increases as a compensatorymech-
anism due to dysfunctionality within the respiratory chain.

Another possible explanation is that ROS, produced by
the respiratory chain, activate the NLRP3 inflammasome,
which is a known activator of excessive inflammatory
responses. Under physiologic conditions there is only a low
leakage of ROS, but damage to the respiratory chain pro-
duces higher amounts of ROS and stronger activation of
the NLRP3 inflammasome [64]. Since it is not known, if
there is an increased production of ROS within the given
samples, this is only speculative.

The inflammation by using the HSS score in adults was
not more severe than in pediatric patients. The HSS score
was 2 (mild-moderate inflammation) in most of the cases
and balanced between adults and children (data not shown).
However, due to the low case numbers in the higher HSS
classes and the heterogeneous results in the subgroups, the
results should be interpreted carefully.

Limitations of our study include the lack of enzyme mea-
surements. We cannot exclude defects in the activity of respi-
ratory chain enzymes. We employed IHC staining since it
enables reliable analysis of OXPHOS respiratory chain defects
at the level of the single cell, thus providing a major advantage
over enzymatic measurements, which do not allow discrimi-
nation between different cell types [27, 65, 66]. In addition,
we cannot provide clinical data, including fecal calprotectin
measurements. However, an HSS methodology was chosen,
as this is the gold standard for evaluating the degree of inflam-
mation. Low case numbers in the higher HSS classes only
allowed for descriptive analysis. However, to our knowledge,
this is the most comprehensive study evaluating all complexes
and mitochondrial mass in pediatric and adult IBD.

5. Conclusion

Reduced mitochondrial mass is present in UC and CD com-
pared to controls. This is potentially a result of alterations of
mitochondrial biogenesis or mitophagy. Reductions were
more pronounced in older patients compared to pediatric
patients and more prominent in UC than CD. Complex I
and II are more severely compromised than the other
OXPHOS complexes. This has potential therapeutic implica-
tions, since treatments boosting biogenesis or influencing
mitophagy could be beneficial for IBD treatment. Addition-
ally, substances specifically stimulating complex I activity
should be tested in IBD treatment.
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Chagas disease is a neglected tropical disease caused by the flagellated protozoa Trypanosoma cruzi that affects several million
people mainly in Latin American countries. Chagas disease has two phases, which are acute and chronic, both separated by an
indeterminate time period in which the infected individual is relatively asymptomatic. The acute phase extends for 40-60 days
with atypical and mild symptoms; however, about 30% of the infected patients will develop a symptomatic chronic phase, which
is characterized by either cardiac, digestive, neurological, or endocrine problems. Cardiomyopathy is the most important and
severe result of Chagas disease, which leads to left ventricular systolic dysfunction, heart failure, and sudden cardiac death. Most
deaths are due to heart failure (70%) and sudden death (30%) resulting from cardiomyopathy. During the chronic phase, T.
cruzi-infected macrophages respond with the production of proinflammatory cytokines and production of superoxide and nitric
oxide by the NADPH oxidase 2 (NOX2) and inducible nitric oxide synthase (iNOS) enzymes, respectively. During the chronic
phase, myocardial changes are produced as a result of chronic inflammation, oxidative stress, fibrosis, and cell death. The
cellular inflammatory response is mainly the result of activation of the NF-κB-dependent pathway, which activates gene
expression of inflammatory cytokines, leading to progressive tissue damage. The persisting production of reactive oxygen species
(ROS) is the result of mitochondrial dysfunction in the cardiomyocytes. In this review, we will discuss inflammation and
oxidative damage which is produced in the heart during the chronic phase of Chagas disease and recent evidence on the role of
macrophages and the production of proinflammatory cytokines during the acute phase and the origin of macrophages/
monocytes during the chronic phase of Chagas disease. We will also discuss the contributing factors and mechanisms leading to
the chronic inflammation of the cardiac tissue during the chronic phase of the disease as well as the innate and adaptive host
immune response. The contribution of genetic factors to the progression of the chronic inflammatory cardiomyopathy of
chronic Chagas disease is also discussed. The secreted extracellular vesicles (exosomes) produced for both T. cruzi and infected
host cells can play key roles in the host immune response, and those roles are described. Lastly, we describe potential treatments
to attenuate the chronic inflammation of the cardiac tissue, designed to improve heart function in chagasic patients.

1. Introduction

Chagas disease or American trypanosomiasis is a tropical
vector-borne disease, and its etiologic agent is the protozoan
parasite Trypanosoma cruzi. It was discovered in 1909 by the
Brazilian researcher Carlos Chagas and is endemic to South
and Central America, including Mexico, however is not
endemic in the Caribbean islands and Puerto Rico [1]. A

Pan American Health Organization (PAHO) estimate indi-
cates that 8-12 million people are infected in endemic areas
and another 100 million people are at risk of infection. In the
past two decades, the disease has been spread to other areas,
namely, the United States, Europe, and Western Pacific
areas, due to human immigration [2–7]; therefore, Chagas
disease is a worldwide concern. In the United States, it is
estimated that there are over 300.000 infected people by T.
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cruzi; meanwhile, in Europe, it is estimated to be around
80.000 infected people [1, 3, 7]. In endemic areas, Bolivia
has the highest incidence and prevalence rates; however,
Brazil, Argentina, and Colombia have a higher number of
infected people, due to their larger population and also due
to the fact that a large population lives in rural areas, where
the vector triatomine bugs are present. The distribution of
the triatomine bugs has been changing, and now, Chagas
disease is spreading to periurban and urban regions of those
countries [1, 3].

Currently, vaccines are not available to prevent infection,
although many South American countries have applied pro-
grams of interrupting vectorial transmission, which has led
to significantly reduced new infections [5]. Also, public
health guidelines, such as education of risky populations
and serological screening of blood donors, have reduced
the transmission of Chagas disease [1, 3, 6]. Despite all those
efforts, it is estimated that approximately 60.000 new infec-
tions are produced each year and around 15.000 people
can die each year from Chagas disease [1, 3, 7].

The disease is transmitted by several species of blood-
sucking triatomine insects (invertebrate host), and one of
the most common vectors in South America is Triatoma
infestans [3, 5]. The insects get T. cruzi as the infective trypo-
mastigote by sucking the blood of wild or domestic mam-
mals, which act as reservoirs of the parasites; then, the
trypomastigotes differentiate to the replicative epimastigotes
and multiply in the insect midgut and finally are excreted as
metacyclic trypomastigotes in the feces/urine during or
immediately after a blood meal [1, 3]. The trypomastigotes
enter the vertebrate host bloodstream through the bite
wound or can enter through mucosal membranes and prolif-
erate inside the host cells as amastigotes. Chagas disease has
two phases, and each of them presents different clinical syn-
dromes. The initial acute phase can last approximately 6-8
weeks and often is asymptomatic or unrecognized due to
the mild symptoms; however, around 5% of the infected
people can present a severe acute phase, mainly children
under 5 years old, elderly, and immunosuppressed patients
[3]. This severe form of the disease can cause fulminant
myocarditis, which can produce patient death due to heart
failure [2]. During the acute phase, there is a high detectable
parasitemia level. This acute phase usually resolves sponta-
neously, and the patients remain infected if they are left
untreated. This indeterminate form of Chagas disease has a
good prognosis, and most of the infected people never
develop symptoms of cardiac or digestive failure, despite
being seropositive for T. cruzi [2, 3]. However, a decade or
up to three decades after the initial infection, around 30-
40% of the chronically infected people can progress to a
chronic phase and develop organ damage, mainly cardiomy-
opathy and megaviscera (megaesophagus, megacolon, or
both of them) [2, 3]. The most serious and frequent compli-
cation of Chagas disease is chronic cardiomyopathy, which
is characterized by fibrosis and chronic inflammation result-
ing in heart failure [2].

Heart tissue inflammation is the hallmark of chronic
Chagas disease; however, the pathogenesis of chronic chaga-
sic cardiomyopathy is not completely understood yet. Until

recently, the consequences of the chronic disease are consid-
ered to be autoimmune, but later, it became clear that auto-
immune reaction is a consequence of parasite persistence.
However, other factors must be considered to explain chaga-
sic cardiomyopathy. In this article, we will review recent
findings on the pathogenesis of the disease, role of reactive
oxygen species (ROS) in keeping on the chronic heart
inflammation of Chagas disease, the host immune response,
the role of exosomes in Chagas disease, and new perspectives
on patient treatments.

1.1. Pathophysiology of Chagas Disease. As stated, the most
frequent complications of Chagas disease are syndromes
affecting cardiac, digestive, and neurological systems of the
patients. The late manifestations of the chronic phase of
the disease are disturbances in the heart, such as cardiomy-
opathy and cardiac arrhythmias, esophageal or colon motil-
ity, and neurological damage. These late manifestations
typically present as cardiac arrhythmias, cardiomyopathy,
or disturbances in esophageal and colon motility involving
hypertrophy and dilatation of the organ. The underlying
anatomical abnormalities in Chagas disease patients with
cardiac damage are an enlarged heart with parasympathetic
denervation and reduced ganglion cell numbers in the
myenteric plexuses [8]. This reduction in ganglion cell num-
bers is assumed to occur in the acute phase of the infection,
as it has been demonstrated through comparative studies
[9–12]. The cardiac system is the most compromised and
affects about 30% of chagasic patients, while megaesophagus
and megacolon are less frequent (5-20%) [2, 3]. A mixed
form of chronic Chagas disease (cardiac and digestive)
affects only 5-10% of the chagasic patients [3]. Death from
chronic Chagas disease is the result of congestive heart
failure that follows the development of myocardial dysfunc-
tion, caused by a chronic inflammatory response that might
progress to fibrosis and cell death; however, intestinal
denervation also occurs as a result of T. cruzi infection [3,
13, 14]. At least three factors are involved in the pathogen-
esis of Chagas disease, namely, (i) the induction of autoim-
mune response, (ii) the cellular inflammatory response, and
(iii) oxidative stress generated as a consequence of T. cruzi
infection [15–19].

The pathophysiology of the acute and chronic phases of
Chagas disease is quite different. The acute phase presents
high parasitemia and tissue parasitism, but with a preference
for the heart, esophagus, colon, and central nervous system.
The presence of T. cruzi elicits a strong immune/inflamma-
tory response against the parasite. In the heart, diffuse
myocarditis is present together with myocyte necrosis, cell
infiltration (mononuclear and polymorphonuclear), and
interstitial edema [2, 3, 19]. On the other hand, chronic
Chagas disease presents persistent inflammation, which
results in diffuse myocytolysis and appearance of reparative
fibrosis [2, 3, 19]. Subsequently, a ventricular dysfunction
appears together with reduced myocardial function, heart
remodeling, and neurohumoral activation [19]. Together,
the effect of all those factors results in a cycle of disease pro-
gression, which can lead to heart failure. Cellular injuries
and the strong immune/inflammatory response are the main

2 Oxidative Medicine and Cellular Longevity



sources of reactive oxygen species (ROS), and the mitochon-
dria are the major source of ROS during the chronic phase of
Chagas disease [19, 20]. Oxidative stress produced by mito-
chondrial ROS (mtROS) contributes to tissue damage and
sustains oxidative stress in the myocardium [19, 20]. In the
following section, the new evidence on the role of oxidative
stress on myocardium damage will be described.

2. Inflammation and Oxidative Damage in
Chagas Disease

Chronic inflammation and oxidative stress are hallmarks of
chronic cardiomyopathy in Chagas disease. When a host is
infected by T. cruzi, there is an attempt to control the infec-
tion by elevating the levels of ROS and NO, which leads to
oxidative stress at both the acute and chronic phases of Cha-
gas disease [20]. There are two main ROS sources relevant to
this disease which are NOX2 and mitochondria (mtROS),
and a proposed mechanism of mitochondrial dysfunction
caused by ROS is described in Figure 1. Several studies have
demonstrated that NOX2 locates at the plasma membrane of
peritoneal mouse macrophages upon interaction with the
parasite [20, 21], and it has been also demonstrated that T.
cruzi-activated macrophages can produce high levels of
ROS and NO both in in vitro and in vivo models [20, 21].
Also, it has been shown that splenocytes from infected mice
and in vitro cultured macrophages can respond to T. cruzi
infection by activating NOX2, which results in increased
levels of ROS [20]. The heart is a target organ for T. cruzi
infection, and infiltrating neutrophils and macrophages are
the main sources of NOX2- and myeloperoxidase-
dependent ROS in the acute phase of the Chagas disease,
although it has been also observed that mitochondria can
produce ROS from infected cardiomyocytes [20]. Both
ROS and NO can react and form peroxynitrite, which is able
to kill T. cruzi inside the macrophages; however, peroxyni-
trite can be harmful to the host cell as well. ROS can also
act as key regulators of parasite control by means of regulat-
ing cytokine responses and also splenic inflammatory cell
proliferation during the infection [20]. However, recent evi-
dence indicates that ROS can provide a positive signal for T.
cruzi cell proliferation [22].

Signaling lymphocyte activation molecule family 1
(SLAMF1 or CD150) of cell-surface receptors is broadly
expressed in the hematopoietic system [23]. SLAMF1 can
be considered a phenotypic marker of activated T cells, den-
dritic cells, B cells, and monocytes. It has been shown that it
is a key player in innate and adaptive immunity and serves
as a bacterial sensor and as a receptor for Morbilliviruses
[23]. It has been reported that interaction between OmpC/
F+ E. coli and SLAMF1 is required for macrophage phagocy-
tosis and phagosome localization where it can enhance PI3P
production, NOX2 activation, and superoxide production
[24]. Superoxide has antimicrobial activity and also is
involved in regulating cell motility and phagocytosis; there-
fore, the phagocytosis of Gram- bacteria can be compro-
mised in the absence of superoxide [25]. In the context of
T. cruzi infection, SLAMF1 controls the susceptibility of
infection by the virulent Y strain, since Slamf1−/− mice,

lacking the SLAMF1 receptor, are resistant to a lethal T.
cruzi Y strain challenge [26]. Moreover, Slamf1-defIcient
myeloid cells are impaired in their ability to replicate the
parasite, and they display an altered pattern of cytokine pro-
duction. Recent studies by Poveda et al. [27] have shown
that the interaction of SLAMF1 with T. cruzi is strain-
dependent and affects NOX2 expression and ROS produc-
tion, since five out of six strains tested showed a decrease
in parasite load in Slamf1−/− infected macrophages com-
pared to wild-type macrophages. Also, NOX2 expression
and ROS production were increased in Slamf1−/− infected
macrophages when compared to wild-type macrophages
[27]. Those results indicate that SLAMF1 increases parasite
infection and controls ROS production through NOX2.

When ROS are produced in excess or for long and sus-
tained periods, they exert toxic effects that damage cells
and tissues, since ROS can oxidize lipids, proteins, and
DNA [20, 28]. These effects produce cell membrane damage,
which leads to membrane integrity loss and membrane
protein function defects. The main damage on molecules
produced by ROS is lipid peroxidation, a direct attack on
Thr, Pro, Lys, and Arg residues of proteins that can deriva-
tize the polypeptides and lead to the formation of protein
carbonyls [20, 28–31]. DNA can be oxidized and damaged
to produce 8-oxo-deoxyguanosine (8-oxo-G) lesions, which
might exceed the capacity of the cellular DNA repair mech-
anisms, leading to mutations and transcription mistakes
[31]. The ROS in chagasic hearts is produced by dysfunc-
tional mitochondria, since it has demonstrated a decline in
complex I (CI) and complex III (CIII) activities, which are
associated with excessive electron leakage to produce super-
oxide and sustained ROS production in the myocardium of
chagasic mice [31–33].

ROS play a pivotal role as signaling intermediates to link
the innate and adaptive immune responses by generating
proinflammatory cytokine production (TNF-α, IL-1β, and
IFN-γ) from dendritic cells and macrophages, which are
components of the innate immune system [20]. Studies in
which the NOX2/ROS axis was inhibited in primary and
cultured macrophages have demonstrated that NOX2/ROS
is a key regulator of cytokine production in response to T.
cruzi infection [34]. Subsequent studies using splenocytes
from infected mice in vitro stimulated with T. cruzi antigens
have confirmed those observations and demonstrated that
inhibition of NOX2 by apocynin or by using ROS scavengers
greatly blocked the phagocyte cell proliferation and produc-
tion of inflammatory mediators such as IL-1, IL-6, TNF-α,
and IFN-γ [34–36]. Most importantly, a genetic deficiency
of a subunit of NOX2 (p47phox) resulted in an augmented
susceptibility to T. cruzi infection in those mice lacking the
p47phox gene, suggesting that the redox state plays a key
role in immune system activation and control of the T. cruzi
infection [20, 29, 37].

3. Diseased Heart and
Mitochondrial Biogenesis

The heart consumes enormous amounts of energy, and it is
highly dependent on the mitochondria for the energy
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required for its contractile and other metabolic activities. In
the cardiomyocytes, mitochondria represent around 30% of
the total cell volume and provide 90% of the cellular ATP
energy through the oxidative phosphorylation (OXPHOS)
pathway [38]. Creatine kinase reaction serves as the heart
primary energy reserve, and the creatine phosphate shuttle
system delivers the high-energy phosphate groups from their
production site in the mitochondria to the myofibrils to
regenerate the ATP consumed during heart contraction
[38]. This ATP flux is reduced in heart failure.

Heart development occurs mainly during perinatal and
postnatal periods, when a series of maturation events start
including mitophagy, fusion, and fission of the mitochondria
[38]. This process allows the redistribution and dense pack-
ing of mature mitochondria along the myofibrils and also
allows fatty acid oxidation (FAO), which are the predomi-
nant fuel substrate for the adult heart. The biogenic machin-
ery can coordinate the nuclear and mitochondrial genomes
during development and also in response to the source of
fuel substrate utilization or energy demands [38]. Mitochon-
drial biogenesis, maturation, and function are controlled at
the transcriptional level by a master regulator, which is the
transcriptional coactivator named peroxisome proliferator-
activated receptor γ (PPARγ) coactivator-1α (PGC-1α)

[39]. This coactivator is strongly activated by conditions
causing energy limitation, such as cold, exercise, and fasting,
and is particularly highly expressed in organs demanding
large energy consumption, such as the heart [40, 41]. PGC-
1α binds to and activates PPARs, which are key regulators
of genes involved in FAO, such as PPARs, hepatocyte
nuclear factor 4, and SIRT1 [40, 41]. It also functions as a
transcriptional coactivator for the nuclear respiratory factors
1 and 2 (NRF1 and NRF2) and triggers the expression of
genes involved in mitochondrial biogenesis, OXPHOS, tran-
scription, and replication of the mitochondrial genome [40,
41]. PGC-1α also serves as a transcriptional coactivator for
estrogen-related receptors (ERRs), which can act as ampli-
fiers for PGC-1α activation of PPARs and NRFs [36, 42].
PGC-1α is also a coactivator for the transcription factor
nuclear factor-erythroid-derived 2-like 2 (NFE2L2, also
known as NRF2, however is different from nuclear respira-
tory factor 2), which plays a key role in inducible expression
of several detoxification and cytoprotective genes involved in
response to oxidative and electrophilic stresses. SIRT1 is the
main regulator of PGC-1α and activates PGC-1α through a
NAD+-dependent deacetylation at specific lysine residues
of PGC-1α, and since NAD+ levels are regulated by AMPK
during fasting, the activation of PGC-1α through
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Figure 1: A mechanism to explain the mitochondrial dysfunction in Chagas disease. NOX2 is activated in T. cruzi-infected monocytes and
macrophages, which can produce ROS. On the other hand, T. cruzi infection can induce an intracellular calcium flux (iCa2+), which in turn
causes mitochondrial membrane permeability, respiratory complex malfunction, and electron leakage from the electron transport chain to
oxygen, which results in increased mtROS production. Most likely, the iCa2+ is associated with changes in the inositol 1,4,5 trisphosphate
(IP3) signaling pathway, which can cause Ca2+ release from the sarcoplasmic reticulum and the nuclear envelope. Both NOX2-produced
ROS and mtROS can inhibit the activity of the transcriptional coactivator PGC-1α, a coactivator of NRF1, NRF2, and other transcription
factors (TF) involved in mitochondrial biogenesis, OXPHOS, mtDNA replication, and transcription, altering the redox homeostasis of
the mitochondria. Additionally, ROS could directly inhibit the activity of NRF1 and NRF2, leading to mitochondrial dysfunction as well.
+1 represents the transcription start site of the genes.
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deacetylation potentially creates a link between energy
status, redox status, and mitochondrial function [42, 43].

Heart failure and cardiac hypertrophy in nonchagasic
individuals are characterized by an increase of gene expres-
sion of many genes normally expressed in the fetal heart
along with a decreased expression of those genes usually
expressed in the adult heart [44]. This organ can meet its
energy requirements from the oxidation of fatty acids,
glucose, lactate, and other oxidizable substrates. However,
the heart can function better when it uses both fatty acids
and glucose simultaneously [45]. During heart failure, the
heart switches from fatty acids to glucose utilization with a
downregulation of the enzymes involved in FAO, which
implies a reversion to the fetal energy substrate preference
[45, 46]. The expression of genes involved in FAO, which
are PGC-1α-coactivated, is downregulated during cardiac
hypertrophy, and this is even prior to a clear cardiac
dysfunction [47]. Cardiac hypertrophy is associated with
reduced myocardial fatty acid utilization, and this observa-
tion indicates that mitochondria are remodeled to a pheno-
type with a reduced capacity to perform FAO during cardiac
hypertrophy development and heart failure [44]. The loss of
PGC-1α accelerates cardiac dysfunction following pressure
overload stress [48]. Moreover, germline deletion of PGC-
1α evokes perinatal lethal heart failure, which is caused by
a lack of cardiac mitochondrial biogenesis [44, 49]. Interest-
ingly, a subset of mitochondria in adult PGC-1α-knockout
mice displays ultrastructural cristae abnormalities, which
resembles those observed in the Bart syndrome, a congenital
disease caused by altered phospholipid biosynthesis [44, 50].
PGC-1α as a transcriptional coactivator can interact directly
with members of the nuclear receptor superfamily of
transcriptional activators via LXXL recognition motifs,
recruiting molecules that mediate chromatin remodeling by
histone acetylation and interactions with the mediator
complex to recruit the RNA polymerase II transcription
machinery [51]. Effector transcriptional factors within this
cascade include members of the PPAR, ERR, NRF1, and
NRF2 and factors involved in the transcription and replica-
tion of the mitochondrial genome.

In the context of Chagas disease, T. cruzi-infected car-
diomyocytes and human chagasic hearts show increased
mRNA levels, but a decreased nuclear localization of PGC-
1α-coactivated transcription factors such as NRF1, NRF2,
and NFE2L2 [52]. However, there was an enhancement of
gene expression of genes involved in PPARγ-regulated
FAO, NRF1- and NRF2-activated mtDNA replication, and
transcription machinery gene such as the mitochondrial
transcription factor A (TFAM) [52]. Mitochondrial DNA
content and mtDNA replication decrease by 65% and 83%,
respectively. ROS, oxidative stress, and mtDNA oxidation
are significantly increased, and the NFE2L2-antioxidant
gene expression was severely compromised in infected
cardiomyocytes and in human chagasic hearts [52]. The
impairment of mitochondrial biogenesis by the decrease of
the mtDNA content caused by the defect in the mtDNA
replication results in a significant loss of mitochondrial-
encoded proteins of the OXPHOS pathway [52]. It is most
likely that the oxidated mtDNA is not a template to support

replication and gene expression. The mtDNA replication
defects increase ROS generation and a functional incapac-
ity of NFE2L2 to activate genes of the antioxidant
response leading to oxidative stress in the cardiomyocytes
[52]. However, the PGC-1α-coactivated NRF1 and NRF2
transcriptional activities in the expression of genes
involved in mtDNA replication and transcription were
not compromised; rather, the defects in cardiomyocyte
mitochondrial function can be attributed to a loss of func-
tion of NFE2L2 [52].

4. Mitochondrial Dysfunction and ROS
Production in Chagas Disease

Mitochondrial ROS can be produced from infected cardio-
myocytes as a consequence of mitochondrial dysfunction
and contributes to increased oxidative stress in the heart of
chagasic individuals. Usually, in the mitochondria occurs a
low, but constant, ROS production [31]. The main sites for
electron leakage are CI and CIII, which leads to increased
ROS generation in the mitochondria [53, 54]. Wen and
colleagues [14, 33] have demonstrated that in chagasic mice,
there is a decline in CI and CIII activities in the myocar-
dium, and this was associated with excessive electron leakage
to O2 and increased superoxide formation, resulting in a
sustained ROS production in chagasic mice. In those mice,
there was a significant decline in the content of mtDNA,
and mitochondria-encoded transcripts were also dimin-
ished; therefore, quantitative deficiencies in the respiratory
chain activity are produced in chagasic mice [33]. As a
consequence of the mitochondrial dysfunction, OXPHOS-
mediated ATP synthesis capacity of the myocyte mitochon-
dria is reduced. This is extremely important since the heart is
highly dependent on mitochondria for energy requirement
for its contractile activity and the mitochondria provide
more than 90% of the cellular ATP energy through
OXPHOS. Importantly, the mitochondria are targets of
several insults, which include inflammatory mediators pro-
duced during Chagas disease. Further studies by the same
group [33] have identified that CIII is the main source of
ROS production in the infected myocardium of chagasic
mice. Electron leakage is produced as a consequence of
defects in CIII proximal to the Qo site in cardiac mitochon-
dria of T. cruzi-infected mice [33]. The excessive electron
leakage can be reduced by the treatment of infected mice
with the antioxidant phenyl-a-tert-butyl-nitrone (PBN),
which is a spin-trapping antioxidant [33]. PBN can improve
the respiratory chain function by preventing the excessive
mtROS production in myocyte mitochondria and reduce
electron leakage. Mitochondrial defects at CIII have been
also observed in the heart of chronic Chagas patients [55],
indicating that mitochondria are the main source of ROS
production and oxidative stress during the chronic phase
of Chagas disease. Moreover, the ROS-induced oxidative
adducts can conduce to proinflammatory macrophage acti-
vation, which in turn can damage the mitochondria, leading
to an increase in mtROS production [55].

Mitochondrial ROS has a profound impact on cytokine
gene expression in cardiac myocytes infected with T. cruzi.
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Garg and colleagues have demonstrated that mtROS
augmented the nuclear translocation of the v-rel avian reti-
culoendotheliosis viral oncogene homolog A (RelA or p65),
therefore activating the NF-κB-dependent gene expression
of inflammatory cytokines such as TNF-α, IL-1β, and IFN-
γ [56]. Also, mtROS can cause 8-oxo-G lesions and DNA
fragmentation, which can signal poly-ADP ribose polymer-
ase 1 (PARP1) to get modified by poly-ADP-ribose (PAR)
together with other proteins in infected cardiomyocytes
[20, 57–59]. PARP1 can signal other proteins, such as
histones, by PARylation; however, the hyperactivation might
have negative effects, such as catalytic activation of inflam-
matory proteins, enhanced cytokine gene expression
activation, NAD+ depletion, and cell death [20, 57–59].
Importantly, inhibition of PARP1 expression by RNAi,
chemical inhibition by PJ34, or removing mtROS by an anti-
oxidant was beneficial to block mtROS formation and DNA
damage [20, 56, 59]. Interestingly, PARP1 can also regulate
cytokine gene expression by a different mechanism, which is
the PAR modification of RelA (p65)-interacting nuclear pro-
teins and the assembly of a NF-κB transcription-dependent
complex [20]. All those studies indicate that the ROS-
PARP1-RelA signaling pathway can contribute to the proin-
flammatory cytokine gene expression in T. cruzi-infected
cardiomyocytes. Those results are summarized in Figure 2.

The mechanisms underlying the progression to the
chronic phase of Chagas disease in humans are still under
study. It is noteworthy to state that even in the absence of
T. cruzi, the individual can develop a chronic disease as evi-
denced by the BENEFIT trial [60, 61]. The mechanisms that
trigger the progression to the chronic phase of Chagas dis-
ease are not completely known yet. During the chronic
phase of the disease, there is a high production of mtROS
by the cardiomyocytes as a consequence of changes in the
mitochondrial membrane potential (ΔΨ) due to lipid perox-
idation and/or formation of protein carbonyls and a decline
in the activities of the respiratory complexes, especially CIII
[20, 33]. The persisting ROS release leads to mitochondrial
dysfunction, inflammation, and heart tissue damage. Cellu-
lar components such as lipids, proteins, and DNA are
damaged which can lead to proinflammatory macrophage
activation causing cellular injury [55]. The high ROS levels
produce exhaustion of the antioxidant defense of the organ-
ism, which is mainly the superoxide dismutase (MnSOD),
glutathione peroxidase, catalase, and glutathione [37,
61–64]. Therefore, the use of antioxidant compounds, stim-
ulation of mitochondrial biogenesis, and enhancement of
antioxidant defenses or ROS scavengers could have benefits
in the treatment of chronic Chagas disease. Recently, it has
been found that TNF-α+monocytes/macrophages are associ-
ated with the inflammatory process in chronic Chagas
disease. There is an increase in the maturation of bone
marrow hematopoietic stem cell-derived monocytes of pro-
inflammatory and anti-inflammatory phenotypes in chronic
T. cruzi-infected mice [65]. On the other hand, yolk sac-
derived monocytes/macrophages of the CD11b+ F4/80+
phenotype were augmented in sinusoidal compartments of
chagasic mice [65]. The splenic monocytes/macrophages of
that phenotype displayed augmented mRNA, protein, and

surface expression of proinflammatory markers, such as
CD80+/CD64+, which are associated with cytokine response
(TNF-α, IL-6), and those cells are also detected in the myo-
cardium of chagasic mice [65]. Taken all together, those
results indicate that proinflammatory yolk sac-derived
monocytes/macrophages trigger the splenic and myocar-
dium inflammatory response.

5. Innate Immune Response in Chagas Disease

ROS are important mediators that participate in the immune
response by triggering the production of cytokines by
immune cells. This section will analyze the main aspects of
the innate immune response mounted by the host during
T. cruzi infection.

When invading a vertebrate host, T. cruzi must face the
first defense line with the innate immunity composed of
phagocytes, especially macrophages, neutrophils, and den-
dritic cells [66]. Those cells have two main features that
are key to their functions, which are (i) recognition of the
pathogen-associated molecular patterns (PAMPs) and the
damage-associated molecular patterns (DAMPs) by mem-
brane receptors, such as the Toll-like receptors (TLR). This
enables the cells to recognize and phagocyte foreign micro-
organisms and cellular debris to destroy those invading
microorganisms. (ii) Secretion of cytokines which promote
inflammation and activate other cells involved in defense
at the site of infection. Pattern recognition receptors (PRR)
can recognize several shared motifs in different microorgan-
isms, such as the classical lipopolysaccharides present in the
cell wall of bacteria, which are able to activate the expression
of genes involved in inflammation and antimicrobial
responses. T. cruzi is also recognized by the nucleotide-
binding oligomerization domain-like receptors or Nod-like
receptors (NLRs), which are intracellular sensors of PAMPs
that can enter the cells via phagocytosis or pores and also of
DAMPs, which are associated with cell stress [67]. On the
other hand, TLR is a family composed of 10 differentmembers
in humans [68]. Some of themare at the cell surface and others
into the cell. TLR2 and TLR4 are surface receptors, while
TLR7 and TLR9 are located at the endosome. For example,
glycosyl phosphatidylinositol- (GPI-) anchors, which are
derived fromT. cruzimucin-like glycoproteins (GPI-mucins),
are ligands of TLR2 and 6 [69], while glycol-inositol-
phospholipids (GIPLs) are ligands of TLR4 [70]. Meanwhile,
DNA (rich in unmethylated CpGmotifs) and RNA are potent
activators of TLR9 and 7, respectively [71, 72].

All those recognition signals regulate the expression of
proinflammatory cytokines from macrophages, such as IL-
1, IL-12, TNF-α, and IL-10 [73]. Those proinflammatory
cytokines, together with IFN-γ, which is produced by natu-
ral killer (NK) and T cells upon T. cruzi infection, are able
to prime macrophages, which leads to the induction of the
iNOS system that can produce high amounts of NO for 24
hours. The NO can diffuse to the phagosome where it can
react with O2 to produce ONOO-, a powerful oxidant able
to kill T. cruzi [73]. Dendritic cells, like macrophages and
neutrophils, also become activated in the presence of
PAMPs and DAMPs to produce costimulatory molecules
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and cytokines that are necessary, together with the antigen
itself, to activate T cells [74]. The profile of the produced
cytokines by the dendritic cells will depend on the nature
of the invading pathogen and can direct the differentiation
of naive T cells towards different functional roles. Experi-
ments with human dendritic cells have shown that their
functions are affected by factors secreted by T. cruzi that
can induce tolerance (no response) by inhibiting TNF-α
and IL-12 production, even though the parasite was inter-
nalized into the cytoplasm of the dendritic cell [75]. Further-
more, a decrease in molecules of classes I and II of the major
histocompatibility complex (MHC) and CD-40 coreceptor
expression was observed [75]. Those decreases are induced
by T. cruzi soluble factors, interfering with the antigen pre-
sentation ability of dendritic cells. Despite the fact that the
parasite is internalized by the dendritic cell, there are differ-
ent degrees of infectivity, which is dependent upon the T.
cruzi strain, however is not dependent on the T. cruzi
discrete typing units (DTUs) and neither dependent on the
biological characteristics of the dendritic cells [76].

Also, NK cells play a key role in innate immunity against
intracellular pathogens and in contrast to T and B lympho-
cytes do not require clonal expansion or differentiation to
carry out their functions [66]. NK cells can signal T cell
differentiation towards an inflammatory pathway and also
can secrete IFN-γ to activate macrophages when viable T.
cruzi infecting cells are present [66]. For example, it has been
shown that a peak of IFN-γ is produced soon after infection
by T. cruzi, in a process which requires adherent cells in the

thymus and viable parasites, however is independent of T
cells [77]. This IFN-γ peak might be key in the control of
the infection during the acute phase of Chagas disease, as
the depletion of NK cells from those mice causes an abroga-
tion in IFN-γ production and an increase in IL-10 levels,
which probably leads to tolerance of the parasite and allows
infection progression [77]. In addition, NK cells can directly
eliminate extracellular parasites by forming intercellular
contacts with the pathogen cell, which results in the loss of
motility and damage in the cell membrane of the parasite
[66, 78, 79]. This killing activity of the NK cells depends
on activation by IL-12 and results in the exocytosis of cyto-
toxic granules, which can damage the cell membrane of the
parasite [66, 78, 79]. It is believed that NK cell primary func-
tion is the direct killing of the parasite, more than the elim-
ination of T. cruzi-infected cells [66, 79]. It is noteworthy to
mention that expression of genes related to NK cell’s func-
tion is upregulated in PCR-positive asymptomatic patients
with Chagas disease, while they are downregulated in those
patients with severe cardiomyopathy [80].

The complement cascade system is another component
of innate immunity. It consists of several plasmatic proteins,
which are able to opsonize pathogens, recruit phagocytes to
the infection site, and also directly destroy the invading
pathogen [66]. It functions as a cascade of proteolytic
enzymes, in which a precursor (zymogen) is activated turn-
ing it up in an active proteolytic enzyme able to cleave and
activate the following component [66, 79]. The complement
system works by amplifying the signal generated by the
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presence of the pathogen to allow the clearance of the invad-
ing pathogen. It can be activated by three different vias,
which are the classical, the alternative, and the lectin path-
way, but all of them converge in the component C3 conver-
tase and its subsequent split in C3a and C3b [81].
Neutrophils and macrophages have receptors for C3b and
promote phagocytosis of the pathogen, whereas C3a acts as
a proinflammatory factor. C3b also acts on C5 to produce
C5a, a potent proinflammatory factor, and also is able to
generate pores in the pathogen cellular membrane [81].
However, despite the power of the complement system to
control initial infections, T. cruzi has evolved a myriad of
molecules to escape or subvert the complement system, by
either inactivation or blocking the activation of its compo-
nents. For example, calreticulin (TcCRT) is a T. cruzi
endoplasmic reticulum protein, which is translocated to
the surface upon infection, and it has been demonstrated
that it can bind to several molecular pattern sensors, such
as C1q, mannose binding lectin, and L-ficolin [66, 79, 82],
thereby affecting the first step on the classical and lectin
complement system pathway. Several other examples of
complement system inactivation by T. cruzi molecules
can be found in Reference [66, 79]. Figure 3 shows that
a C3 convertase binding protein is contained in T. cruzi
exosomes, and it is able to block its activity. We believe
that TcCRT can also be contained into the T. cruzi
released exosomes.

6. Adaptive Immune Response in
Chagas Disease

B lymphocytes play a fundamental role in adaptive humoral
immune response since they are able to produce and secrete
antibodies. Moreover, B cells can secrete cytokines and are
involved in antigen presentation to other immune cells,
thereby acting as a nexus between innate and adaptive
immune responses [66, 79]. B cells and their antibodies were
one of the first components studied in the context of Chagas
disease; however, several aspects of their roles are not well
understood yet. The focus of interest during the early days
of the field was the specificity of the elicited antibodies gen-
erated upon infection [66, 79]. Today, the immune epitope
database (IEDB) has more than 90 T. cruzi molecules entries
and several others marked as “other T. cruzi proteins”
displaying more than 2.000 different epitopes, which can
be bound by antibodies from human patients and animal
models. Some of those antibodies are lytic since they can
bind to the parasite and activate the complement system
for parasite lysis [83]. Therefore, those epitopes bound by
neutralizing antibodies might be good candidates to generate
vaccines against the parasite. Those antibodies are mostly
directed against surface antigens on T. cruzi, and a descrip-
tion of several of the antigenic molecules can be found in
[66, 79]. The advances of the high throughput technologies
and bioinformatics have considerably expanded the possibil-
ity to analyze the complete repertory of antibodies after
infection, and moreover, a database of antigen binding
regions of the antibodies could be built to serve as tools for
the study of the humoral response in Chagas disease [84].

The importance of the humoral immune response to
control the T. cruzi infection has been studied in the mouse
infection model, and it has been shown that mutant mice,
unable to produce antibodies, cannot control the T. cruzi
growth and die during the acute phase of the disease [85].
Those results indicate the importance of the B cells to
control the infection at the beginning of Chagas disease.
However, antibodies produced against T. cruzi seem to not
effectively control and completely eliminate the parasite,
providing the opportunity for the parasite to establish a per-
manent infection [66, 79]. This inefficient humoral immune
response could be due to three main factors: (i) antigenic
variability on the surface antigens, which are encoded by
multigene families and the high diversity of molecules
expressed at the same time, delays the activation of specific
B cell clones that impedes the production and maturation
of high-affinity specific antibodies with lytic and neutralizing
activities; (ii) reduced number of immature B cells in the
bone marrow, most likely as a consequence of increased apo-
ptosis in the bone marrow, due to T. cruzi infection. By
affecting the bone marrow, T. cruzi compromises the entire
humoral response, causing the decrease of mature B cells
in the periphery; and (iii) nonspecific polyclonal B cell acti-
vation, since some parasite antigens have been demonstrated
that can cause a nonspecific T cell-independent activation of
B cells in mouse models of infection. That activation of the B
cells can cause splenomegaly and hypergammaglobulinemia
with production of antibodies that are unspecific for T. cruzi
[86]. This could in part explain the pathogenesis of chronic
Chagas disease, since those antibodies could react with host
antigens, and evidence of molecular mimicry has been found
between host and parasite antigens [66, 79, 87].

The B cell-deficient murine model has been used to
study, during the acute phase of Chagas disease, the role of
B cells in the function of T cells. In those mice, a deficient
expansion of CD4+ and CD8+ T cells was observed, espe-
cially within the memory T cell subset, and also a decrease
in TH1, TH17, and regulatory T cell populations [88, 89].
This indicates that B cells are important for the establishment
of memory T cells, which are essential to control T. cruzi
infection. Moreover, in the absence of mature B cells, the
number of IFN-γ CD4+ T cells decreases, while the number
of TNF+ CD4+ T cells increases with a concomitant augment
of the cytokine levels in plasma [66, 88, 89]. Additionally, the
frequency of CD4+ T cells expressing inhibitory receptors is
lower than that in wild-type infected mice, indicating that the
regulation of those cell populations has been hampered. All
of those defects can contribute to the deleterious and proin-
flammatory state of those mutant mice [88, 89].

T lymphocytes or T cells play a key role in adaptive
cellular immune response. A T cell response is initiated by
signals, which are produced by a recognition of peptide-
MHC complexes presented on the surface of antigen-
presenting cells (APC), by the T cell receptors [66, 79, 90].
The consequence of this activation is the generation of a
large number of effector and pathogen-specific activated T
cells from a relatively small population of naive T (Tn) cells
with different specificities and roles. Tn cell activation trig-
gers their clonal expansion, along with changes in the
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molecular expression, especially membrane-anchored recep-
tors, and cytokine production, which can enable the T cell
effector capabilities [66, 79, 90]. In the context of an acute
infection, such as T. cruzi infection, the T cell response can
be divided into three phases: (i) priming and expansion,
(ii) resolution and contraction, and (iii) memory acquisition
[66, 79, 90]. During the first phase, the Tn cells proliferate
and differentiate in effector T (TE) cells, which increase the
expression of several molecules, such as surface receptors
and chemokine receptors, which favor activation and migra-
tion to lymphoid organs to be retained there [66, 79, 90].
Those changes upon activation promote a rapid amplifica-
tion of that cell population for a specific response, genera-
tion of effector and memory cell populations, enhancement
of the APC, and a response within nonpathological levels.
There are two types of TE; those monofunctional produce
only one cytokine, whereas those polyfunctional simulta-
neously produce more than one cytokine. In the context of
infection and vaccination, the production of polyfunctional
cells is considered a good correlate of protection [91, 92].
After the elimination of the antigen source (pathogen),
although this is not exactly the case with Chagas disease,
the clonal contraction step takes place. Most of the activated
TE die for apoptosis, and the immune system goes back to
its homeostatic state [93]. However, the process of activation
of Tn cells not only produces specific TE cells but also gives

rise to memory T cells that can remain after the contraction
phase is finished [92]. Those can self-renew by proliferation
and can be perpetuated in the long term, being remarkably
efficient to acquire effector functions when a new challenge
with the antigen occurs [66, 79, 93]. As stated earlier, T.
cruzi infection can bypass the innate and humoral immu-
nity, and the disease can progress to a chronic state. In
chronic Chagas patients, it has been demonstrated that there
are an increased number of circulating activated T cells,
which can secrete pro- and anti-inflammatory cytokines
[94]. However, there is a hampered T cell proliferative
response in Chagas disease patients, when cells are exposed
to a strong nonspecific mitogen, and there is also a
decreased expression of T cell receptors involved in activa-
tion [95, 96]. Moreover, T cell activation from noninfected
individuals is inhibited by T. cruzi antigens [95, 96]. T cell
response must be important to maintain a low parasitemia
during the chronic phase of Chagas disease, and whether
impaired by coinfections (e.g., VIH) could lead to a rapid
clinical onset of the disease. On the contrary, whether this
response is exacerbated could lead to a pathological state,
which must be controlled to impede disease progression
and tissue damage. During the host adaptive immune
response and Chagas disease progression, the exosomes
produced by the parasite play a pivotal role, which is
described below.
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Figure 3: Cellular and molecular mechanisms performed by exosomes during T. cruzi infection. T. cruzi releases exosomes during infection,
which contain C3 convertase binding protein and most likely contains TcCRT as well. C3 binds to the T. cruzi surface, but its cleavage is
inhibited by C3 convertase binding protein, therefore inhibiting the complement pathway and escaping complement-mediated lysis. On
the other hand, TcCRT binds C1q and mannose-binding proteins and ficolins, inhibiting the classical and lectin complement pathways.
The parasite also releases cruzipain, which helps T. cruzi to invade the host cell. Infected host cells can release cytokines such as TNF-α,
IL-1β, and IL-6. Symbols associated with each molecule or cells are indicated in the box.
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7. Genetic Variants Associated with
Mitochondrial Dysfunction and
Inflammation in Cardiomyopathies in
Chagas Disease

Chronic Chagas disease cardiomyopathy is an inflammatory
cardiomyopathy which is prevalent in Latin America and is
present in 30% of the six million individuals infected with
T. cruzi; however, 70% of the infected individuals remain
asymptomatic or free of heart disease. As mentioned earlier,
IFN-γ and mitochondrial dysfunction play a main patho-
genic role in this disease. Very little is known about the
genetic contribution to the progression of chronic inflam-
matory cardiomyopathy in chronic Chagas disease and the
factors that increase cardiomyocyte susceptibility to inflam-
matory damage. A recent and interesting exome sequencing
analysis was performed to study nuclear families containing
multiple cases with chronic Chagas inflammatory cardiomy-
opathy and chronic-infected asymptomatic siblings and in
unrelated but infected asymptomatic individuals [97].
Heterozygous pathogenic variants are linked to chronic
Chagas disease in all tested families on twenty-two distinct
genes; twenty were mitochondrial or inflammation-related,
with most of them involved in proinflammatory cytokine
production [97]. It has been suggested by the authors that
chronic Chagas cardiomyopathy-linked genetic variants
can increase mitochondrial susceptibility to IFN-γ-induced
damage to the myocardium, which leads to the observed
phenotype of chronic inflammatory cardiomyopathy [97].
This was only found in individuals that were both seroposi-
tive and carriers of the heterozygous pathogenic variants
which developed chronic Chagas cardiomyopathy, but not
those seropositive patients carrying the wild-type sequences,
neither seronegative siblings carrying the pathogenic variant.
The finding that only a single family carried a variant in a
gene previously associated with familiar cardiomyopathy
indicates that the genetic landscape and pathogenesis of
chronic Chagas disease cardiomyopathy is distinct from
that of familial cardiomyopathy [97]. Among the nine
mitochondrial genes showing chronic Chagas disease
cardiomyopathy-specific pathogenic variants, eight are
involved in mitochondrial ATP synthesis (biogenesis,
translation, FAO, and OXPHOS). Previous studies have
shown that patients carrying mutations or animals geneti-
cally deficient in six mitochondrial genes (described in 97)
can develop cardiac phenotypes [98–101]. Notably, up to
30% of mitochondriopathy patients develop cardiomyopa-
thy, heart conduction defects, ventricular arrhythmia or
sudden cardiac death, and autonomic nervous system
imbalance [102], while up to 15% develop gastrointestinal
motility disorders including achalasia/megaesophagus and
megacolon [103]. There is a striking similarity between the
clinical presentation and the proportion of cardiac and diges-
tive disorders in mitochondriopathies and the clinical spec-
trum of chronic Chagas disease, which suggests that the
pathogenesis of Chagas disease might be the consequence
of mitochondrial dysfunction as well. Chronic Chagas
disease cardiomyopathy displays signs of reduced mitochon-
drial respiratory chain activity [32, 104], energy production

[105], decreased rRNA [106], rDNA [107], and decreased
ATP production [104]. There is a loss of ΔΨ in cardiomyo-
cytes with a concomitant increase in ROS production [108].
In exome sequencing analysis, another eleven pathogenic
variants were located in ten inflammation-associated genes.
Eight out of these genes are involved in proinflammatory
cytokine production via activation of NF-κB andMAP kinase
pathways, which leads to an increase in proinflammatory
cytokine production, which could lead to further mitochon-
drial dysfunction in cardiomyocytes. This mitochondrial
damage can be further enhanced by IFN-γ. Dysfunctional
mitochondria have an increased ROS production, which
can produce oxidative stress, further damaging the mito-
chondria. Interestingly, patients carrying heterozygous gene
variants had a normal childhood and reported not to have a
debilitating disease before developing chronic Chagas cardio-
myopathy as adults, and it is inferred that the genetic variants
alone by themselves were not able to induce childhood-onset
mitochondriopathy [97]. Finally, the authors support the
notion of a two-hit mechanism where IFN-γ and proinflam-
matory cytokines induced by chronic T. cruzi infection trig-
ger mitochondrial dysfunction and clinical disease in
carriers of heterozygous mitochondrial gene variants [97].

8. Role of Exosomes in Chagas Disease

The exosomes are membrane-bound extracellular vesicles
secreted into the extracellular space by endothelial cells
(ECs) and several other cells such as immunocytes, platelets,
and smooth muscle cells [109–111]. They play key roles in
cell-to-cell signaling, and they are present in almost all bio-
logical fluids [112, 113]. There is a continuously extracellular
exchange of exosomes, containing bioactive molecules, in
between organelles to promote communication during
homeostasis and diseased states of the organism [113].
Several studies have suggested the participation of exosomes
in cellular communication associated with physiological and
pathological states due to their ability to modify the recipient
cell phenotype [114, 115]. The process of exosome genera-
tion begins with the internalization of the cellular membrane
through endocytosis to form an endosome [116]. After-
wards, an invagination occurs on the endosomal membrane
to end up with the maturation of multivesicular bodies
(MVBs). These MVBs can either be degraded by internal
lysosomes or transported to the cell membrane to undertake
transcytosis or fusion and release of the contents into the
extracellular space as exosomes [116]. Exosomes can then
target cells through specific receptors binding to activate
cell-to-cell signaling pathways such as horizontal gene trans-
fer, inflammation, antigen presentation, tumor progression,
and mediation of the immune response during pathogenic
states [117, 118]. The contents of the exosomes consist of
several metabolites, proteins, lipids, RNA, and DNA, which
can be interchanged in between exosomes and their target
cells. Exosomes have been isolated from protozoa, bacteria,
viruses, and fungi; however, each exosome has different
compositions [119]. As in the case of protozoan parasites,
those can modulate host cell responses by producing exo-
somes with virulence factors and effector molecules and this
way can modulate host gene expression, immune response,
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and factors to favor parasite growth, survival, and pathogen-
esis [120]. On the other hand, exosomes released during T.
cruzi infection might also make possible a host immune
response [121].

As in the context of Chagas disease, the parasite and host
cell exosomes play a fundamental role in the pathogenesis of
Chagas disease. T. cruzi infection induces blood cells to
release exosomes by a Ca2+-mediated mechanism [122].
The released exosomes are essential to host-parasite interac-
tions, intercellular communications, and increased parasite
survival. As an example, exosomes can protect extracellular
trypomastigotes from the action of the complement through
the binding of C3 convertase on the parasite surface, inhibit-
ing C3 cleavage [123, 124]. Also, exosomes released by T.
cruzi promote cell invasion and parasite survival by modu-
lating the innate immune system and producing several
virulence factors including glycoprotein 85 (gp85), trans-sia-
lidase, phosphatase, and other soluble proteins [124–126].
Therefore, the released parasite and cell host exosomes are
able to play a key role during parasite invasion of the host
innate immune system, parasite survival, and infection
establishment in Chagas disease [127]. Figure 3 shows that
T. cruzi released exosomes can contain molecules to escape
complement-mediated lysis.

Under pathological states, the stimulus that activates
exosome formation can regulate their selective arrangement
of constituents and composition, thereby regulating the bio-
logical information that can transfer. It has been recently
demonstrated that exosomes produced by T. cruzi trypo-
mastigotes can be fused to host cell membranes and promote
exosome release from THP-1 macrophages [128, 129]. Also,
it has been found that human peripheral blood mononuclear
cells incubated with T. cruzi can secrete exosomes, and those
exosomes elicit a proinflammatory gene expression response
in human THP-1 macrophages. Similarly, a proinflamma-
tory cytokine response was observed in THP-1 macrophages
when incubated with exosomes isolated from peripheral
blood of Chagas disease patients [130]. Thus, those findings
indicate that exposure to T. cruzi can influence exosome
release, and those have a deep impact on the surrounding
infected or injured tissue. The mechanisms of exosome-
dependent macrophage activation by T. cruzi are not well
understood yet. In a recent study, Choudhuri and colleagues
[131] have studied the role of exosomes in producing the
macrophage response in progressive Chagas disease. It was
found that cultured and bone marrow-derived macrophages
can respond to exosomes produced from axenic parasite cul-
tures, T. cruzi-induced exosomes produced by infected cells,
and exosomes derived from plasma of acutely or chronically
infected mice [131]. All of those can induce a profound
increase in expression and release of cytokines such as
TNF-α, IL-6, and IL-1β. Exosomes produced by immune
cells (macrophages) and nonimmune cells (muscle) were
proinflammatory. However, exosomes derived from plasma
of mutant PARP1-/- significantly reduced the exosome-
induced transcriptional and translational activation of pro-
inflammatory macrophage response. Interestingly, oxidized
DNA contained into the exosomes was necessary for
PARP1-dependent proinflammatory response, and the stud-

ies suggested that DNA-sensing immune receptor cyclic
GMP-AMP synthase (cGAS), a PRR, synergized with
PARP1 to signal and activate the NF-κB pathway [131].
Inhibition of both PARP1 and cGAS resulted in more than
80% inhibition of the exosome-induced NF-κB pathway
activity. In chagasic mice, a severe inflammatory infiltrate
was found, which was associated with an intense increase
in CD11b+CD68+TNF-α+ macrophages [131]. In contrast,
mutant PARP1-/- chagasic mice showed a low-to-moderate
tissue inflammation and more than 80% diminution of myo-
cardial infiltration by TNF-α+ macrophages, and there was
no change in immunoregulatory IL-10 macrophages [131].
A schematic representation and the results obtained from
those experiments are shown in Figure 4.

Although macrophages are the principal immune cells
that can exert trypanocidal effects, since they produce ROS
and NO, it has been found that nonimmune cells, such as
skeletal muscle cells and cardiomyocytes, can produce high
levels of ROS in response to T. cruzi infection [77, 132].
ROS can exert cytotoxic effects by oxidizing cellular compo-
nents including proteins, lipids, and DNA and cannot
discriminate between parasite or host cellular components.
Indeed, it has been shown that 8-oxo-G, which is a marker
for oxidative DNA damage, is augmented in T. cruzi-
infected cardiomyocytes and in the myocardium of chagasic
mice and in chronic Chagas disease patients [59]. Those
damaged encapsulated DNA molecules serve as a stimulus
for proinflammatory activation of macrophages [131]. The
authors proposed that genomic damaged DNA from both
host and parasite, which is into the exosomes, provides the
primary stimulus in engaging DNA sensing innate immune
receptors and macrophage activation in the context of
Chagas disease progression [131]. However, it is unknown
whether the damaged DNA are random sequences, or it
has some sequence preference. Thus, there is an axis
PARP1-cGAS-NF-κB, which activates the proinflammatory
macrophage activation by exosomes released during T. cruzi
infection and during the progression of Chagas disease.

9. Omics Studies of T. cruzi-Host
Cell Interactions

Chagas disease is a clinical consequence of T. cruzi infection,
and cardiomyopathy is the most severe consequence of the
chronic phase of the disease, which cannot be reversed only
by reducing the parasite load in the patient. The interaction
of T. cruzi with host cells is able to trigger several molecular
signaling cascades, and the response will be dependent on
the cell type, T. cruzi strain, and also experimental variables.
The global responses of host cells can be effectively studied
by -omics technologies, especially transcriptomics and
proteomics to assess the gene expression state of T.cruzi-
infected cells. Even though total gene expression levels can
provide useful information, it should be remembered that
many important signaling pathways are mediated by post-
transcriptional modifications of a particular polypeptide,
with minimal variation in protein levels. In particular,
posttranscriptional modifications such as phosphorylation,
acetylation, and glycosylation are important modifications
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to regulate the activity of proteins. Therefore, total gene
expression levels should be complemented with proteomic
approaches that could be combined with phosphoproteomic
studies to dissect precisely the signaling pathways involved
in chronic T. cruzi infection.

It is well known that different T. cruzi strains present
biological differences including virulence, pathogenicity,
and infectivity. To understand the variability, the different
strains are classified into six main groups, which are known
as discrete typing units (DTUs, from TcI to TcVI). However,
there exists a high genetic and biological difference even
between strains at the intra-DTU level that can impact the
host response to T. cruzi infection. Therefore, we would like
to highlight that the specific strain impacts T. cruzi host cell
interactions, and studies with one strain could be not com-
parable with another different strain, even though they
belong to the same DTU.

Transcriptomic studies focused on the changes in the
respiratory chain and OXPHOS of host cells, in response
to T. cruzi infection, have found an upregulation of
energy-related metabolism pathways in human primary car-
diomyocytes at early times using the Dm28c strain (TcI)
[133]. However, when the Tulahuen strain (TcVI) is used,
those changes were not observed. In the context of mouse
primary cardiomyocytes and at early time postinfection with
the Dm28c strain, there were no significant changes in the
pathways related to energy metabolism [134], although in
other similar studies, but using the Brazil strain (TcI), a
downregulation of the electron transport activity was
observed, though this study was done on late time postinfec-
tion [135]. All these studies indicate that the transcriptomic
results are dependent on the T. cruzi strain, origin of the

infected cell, and the experimental conditions used to per-
form the study. In the context of in vivo transcriptomics, it
has been shown that mouse hearts infected with the Sylvio
strain (TcI), Brazil strain (TcI) and Y strain (TcII), Col1.7G2
strain (TcI), and JG strain (TcII) showed a decrease in the
expression of genes related to energy metabolism (reviewed
in [136] and references therein). Regarding chronic Chagas
patients, the cardiac gene expression profile showed an
increase in genes related to energy metabolism (reviewed
in [136] and references therein). Again, those studies suggest
that in vivo transcriptomic results depend on the origin of
the infected cell.

Studies that evaluated the changes of both the transcrip-
tional level and the functional response of the components
related to cellular respiration have been performed by
several groups (reviewed in [135]). In human primary
cardiomyocytes with the Dm28c strain, an increase in respi-
ration and mitochondrial biogenesis was found [133], and
also, Shah-Simpson et al. [137] found that T. cruzi-infected
human dermal fibroblasts had increased respiration and
mitochondrial biogenesis. Human-infected macrophages
with Sylvio strain had also an increase in respiration [138].
Opposite results have been found using murine-infected
cells. A decrease in respiration has been found in murine-
infected cardiomyocytes with the CLBr strain (TcVI) at sim-
ilar analyzed times as it was done with human cells [139].
Also, a decrease in the respiration complexes CI and CIII
was found in infected murine cardiomyocytes with Sylvio
strain [99]. Those studies indicate that the results are related
to the specific origin of the cells (mouse or human). In the
context of in vivo infections, when evaluating the protein
expression of different respiratory complexes, a decreased
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Figure 4: T. cruzi extracellular vesicles can activate macrophages to release cytokines. Extracellular vesicles from T. cruzi axenic cultures
(TcEv), infected cells (TEv), or cultured cells of both acutely or chronically infected mice (pTEv) can stimulate both cultured and bone
marrow-derived macrophages to secrete TNF-α, IL-1β, and IL-6. However, plasma-derived TEv from mutant Parp1-/- mice cannot
induce cytokine production in macrophages, and it was determined that induction of cytokine production is through the PARP1-cGAS-
NF-κB axis.
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expression in the complexes CI-CV in cardiac mitochondria
of Sylvio-infected mice was found [32]. It has also been
found to have a decreased mitochondrial function in the
heart, skeletal muscle, colon, and stomach of acute infected
mice and in hearts and stomach of chronic T. cruzi-infected
mice [62]. There are few studies analyzing the cellular respi-
ration in tissues or cells derived from chronic Chagas
patients. As an example, in an analysis of hearts from a
group of five patients, Teixeira et al. [140] found that there
was a small decrease in the expression levels of the alpha
subunit of the ATP synthase enzyme (CV). In a similar work
done by Wan et al. [52], analyzing the heart of eight chronic
Chagas disease patients has shown a decrease in the mito-
chondrial Cyt B complex protein (CIII) and ND1 protein
(CI). Considering that there are several cell types present
in the heart (fibroblasts, endothelial cells, and cardiomyo-
cytes) and additional infiltrating macrophages and T cells
in the heart of chagasic patients, it might be important to
carry out studies in a larger number of chagasic heart sam-
ples with isolated cardiomyocytes as long as possible.

Multiplexed proteomic studies in the heart of a Chagas
disease mouse model, at the chronic phase of the disease,
have revealed an increase in the immune response and strong
repression in the expression of several mitochondrial pro-
teins [141]. Concomitantly, the phosphoproteomic analysis
showed abundance in phosphosites in plasma membrane
and cytoskeletal proteins. The analysis of kinase activity evi-
denced an activation of the JNK/p38 MAP kinases and also
activation of the DYRK2 and AMPKA2 kinases. However,
the casein kinase family was inhibited in the host response
to T. cruzi infection. As it was expected, there was an increase
of the IFN-γ-mediated signaling pathways [89] and repres-
sion of the mitochondrial function [21, 29, 142].

Significantly, new players that might be important for
disease progression were identified in the study [141], such
as Immunity-Related GTPase M (IRGM) 1 and 2 and also
the immune-associated guanylate binding proteins (GBPs).
Additionally, to changes in total protein abundance, it was
uncovered a vast signaling network of plasma membranes
and intermediate filament proteins with altered phosphory-
lation status after T. cruzi infection. Those include proteins
such as Striated Muscle Enriched Protein Kinase (SPEG),
Tensin 1, Sorbin and SH3 domain-containing protein
(SORBS) 1/2, BCL2 Associated Athanogene (BAG3), and
proteins from the myosin family. In those studies, the
authors highlighted signaling pathways that can be further
studied and validated for their contribution to the disease
progression and also could be potential drug targets.

Finally, caution should be taken to interpret and extrap-
olate results from the murine model to humans, since as
mentioned above, an increase in the respiration of T. cruzi-
infected human cells is found; however, a decrease in
infected cells of murine origin is usually found. Libisch and
colleagues [136] have proposed that mice have a lower abil-
ity to maintain adequate cellular homeostasis against differ-
ent types of stress, such as oxidative stress by ROS, since
mice have a metabolic rate per gram of body weight approx-
imately seven times higher compared with humans [136].
ROS is normally generated [143] but is highly increased in

T. cruzi-infected cardiomyocytes (mtROS) and macrophages
[99, 144]. Perhaps, this is the main reason to explain why
cells of human or murine origin do not present the same
response against T. cruzi infection, at least respecting path-
ways related to energy metabolism. It is also likely that
differences in the immune systems between humans and
mice could have an impact on mitochondrial respiration,
since a relationship has been established between the
immune system and energy metabolism [136, 145].

10. Chagas Disease Treatments

The main therapy for Chagas disease treatment is benznida-
zole (BZN); however, this drug is highly toxic for patient
treatments at the chronic phase and is more effective at the
acute phase of the disease [146]. New therapies propose
the reduction of BZN doses for chemotherapeutic treatment
combined with other drugs to slow the progress of the dis-
ease. One example is the combination of the trypanolytic
BZN combined with simvastatin to prevent endothelial cell
activation induced by T. cruzi infection [147]. In this study,
the anti-inflammatory effect of simvastatin is mediated by
the inhibition of NF-κB. Another study in mice with the
antioxidant resveratrol in chronic T. cruzi infection
improved cardiac function, activating the AMPK pathway
without altering the heart inflammatory infiltrates or vascu-
larization [148]. Similar results were observed in a study
using carvedilol alone or combined with vitamins E and C
to treat patients with chronic chagasic cardiomyopathy.
The combined use resulted more efficiently in reducing the
oxidative damage, but both treatments were unable to con-
trol the inflammatory process, as evaluated by the increase
of the inflammatory markers, such as adenosine deaminase
and myeloperoxidase [149]. However, when an anti-
inflammatory therapy using ibuprofen was compared with
an antioxidant therapy using vitamins E and C in T. cruzi-
infected mice, the first resulted more efficient in the attenu-
ation of oxidative stress and cardiac damage, without
altering cardiac parasitism [150]. The use of the anti-
inflammatory administration of aspirin does not alter the
parasitological course of T. cruzi infection in mice, however
reduced cardiac inflammatory infiltrates and thromboxane
levels [151]. Another type of drug being developed to treat
Chagas disease is the so-called target-based drugs to inter-
fere with specific pathways of T. cruzi [152]. There are sev-
eral of those; however, the most important are drugs that
can target the ergosterol biosynthesis pathway, trypa-
nothione reductase, cruzipain, enolase, ribose-5-phosphate
isomerase, sterol 14-α-demethylase, pteridine reductase,
farnesyl diphosphate synthase, isocitrate dehydrogenase 2,
dihydrofolate reductase-thymidylate synthase, and the sir-
tuins [152]. A schematic view of those approaches can be
found in Figure 5. On the other hand, new drug candidates
with trypanocidal activities have been recently developed,
and details can be found in Reference [153]. Sirtuins are
deacetylase enzymes of eukaryotic origin, which can regulate
several cellular processes, and they have been described as
potential targets for Chagas disease treatment [154]. Both
T. cruzi and the mammalian host have sirtuins. Mammalian
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SIRT1 is one of the main sirtuins and one of the most stud-
ied. SIRT1 therapy is one of the most promising potential
new therapies to treat Chagas disease at the chronic phase
and deserves a brief analysis. The antioxidant resveratrol,
which activates SIRT1, which in turn can deacetylase PGC-
1α to activate it and increase the mitochondrial number,
stimulates the gene expression of genes involved in oxidative
phosphorylation (OXPHOS) function and activates the anti-
oxidant defenses through the NRF factors [155]. SRT1720 is
a small selective molecule that can activate SIRT1 by binding
to the SIRT1-substrate complex. This small SIRT1 activator
is 1,000-fold more potent than resveratrol and can improve
OXPHOS function and attenuate aging-related cardiomyo-
cyte dysfunction [156–158]. Its use during the chronic phase
of Chagas disease can restore the heart left ventricular func-
tion, and PGC-1α was in an active state in chagasic mice,
although mitochondrial biogenesis was not improved
[155]. SRT1720 treatment of T. cruzi-infected mice can
decrease splenic expansion and infiltration of proinflamma-
tory monocytes/macrophages in the chagasic mice; however,
the capabilities of those cells to respond to T. cruzi stimulus
are not altered. SRT1720 decreases the T. cruzi-induced aug-
ment of expression and/or phosphorylation activity of focal
adhesion kinase (FAK) and downstream target transcription
factors such as Pu.1, c-Myb, and Runx1, involved in macro-
phage proliferation and migration and Notch1 involved in
functional cell activation [55, 65]. Studies using culturedmac-
rophages confirmed that SRT1720 can control the T. cruzi-
induced FAK-dependent expression of those transcription
factors and demonstrated that SRT1720 and a FAK specific
inhibitor [55, 65] can inhibit the NF-κB transcriptional activ-

ity and in turn inflammatory cytokine gene expression in T.
cruzi-infected macrophages. Taken altogether, those results
indicate that STR1720 can reprogram the T. cruzi-induced
FAK-dependent transcription factors needed for prolifera-
tion and proinflammatory activation in Chagas disease.

SRT1720 treatment can reduce ROS, nitrosative stress,
and inflammatory response in the chagasic myocardium
through the inhibition of the NF-κB transcriptional path-
way, with the subsequent inhibition of the production of
proinflammatory cytokines [155]. The main mechanism by
which SIRT1 inhibits NF-κB is by a direct deacetylation of
p65/RelA preventing the release and nuclear translocation
of NF-κB, although other mechanisms can also contribute
to the SIRT1 activity [155, 157]. The authors also concluded
that T. cruzi-induced inhibition of the SIRT1/PGC-1α regu-
latory axis is not a key mechanism in mitochondrial biogen-
esis defects observed in Chagas disease [155, 157].
Combined treatment of BZN and SRT1720 could be benefi-
cial during the acute phase of Chagas disease to avoid disease
progression and also during the chronic phase of the disease
to improve heart function. In this context, we suggest that
treatment with activators or agonists of SIRT3 might be
another option for the treatment of Chagas disease.

11. Concluding Remarks and Future Directions

It seems clear that chronic cardiomyopathy in Chagas dis-
ease is the result of several factors such as the parasite itself,
host adaptive immune response, oxidative stress, inflamma-
tory stress, and mitochondrial dysfunction. However, the
megaviscera and neurological disorders are another

Ergosterol biosynthesis

Trypanothione reductase

Cruzipain

Enolase

Diphosphate synthase

Isocitrate dehydrogenase

Dihydrofolate reductase-thymidylate
synthase

Target-based drugs
Parasite

Sirtuins

Host
SIRT1

Resveratrol
SRT1720

PGC-1α

FAK

NFkB Inhibition

Heart function

OXPHOS

Mitochondrial
biogenesis

NRF1/NRF2

Antioxidant
response

Coactivation

NEF2L2

Figure 5: Target-based drugs against T. cruzi and SIRT1 therapy. Drugs are being developed against specific T. cruzi pathways, and they are
shown in the figure. Both the parasite and the mammalian host possess sirtuins; therefore, target-based drugs have been tested against the
parasite sirtuins, and antioxidant therapies have been developed to improve the activity of mammalian SIRT1, either by using resveratrol
antioxidant or the SRT1720 agonist, which is able to activate SIRT1, which in turn can activate PGC-1α to promote mitochondrial
biogenesis and OXPHOS function and improve heart function through the transcription factors NRF1 and NRF2. Also, PGC-1α is a
coactivator for NFE2L2, which can activate the antioxidant system. On the other hand, activated SIRT1 can inhibit the activity of
transcription factor NF-κB, which leads to a decrease of proinflammatory cytokine production, and also can inhibit the activity of FAK.
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manifestation of chronic Chagas disease and have not been
studied as well as chronic cardiomyopathy, and it is an area
that also deserves attention. Mitochondrial dysfunction in
cardiomyocytes leads to the production of mtROS, which
can induce DNA damage and signal PARP1 to produce
PAR, which can help to activate the expression of proinflam-
matory cytokine genes. Also, mtROS can activate the NF-κB
transcription factor, which acts as a transcriptional activator
on proinflammatory cytokine genes increasing its expres-
sion, which leads to inflammatory stress with sustained
ROS production and therefore produces oxidative damage
of the cardiac cellular components during the chronic Cha-
gas disease. At the acute phase of the disease, the host innate
and the adaptive immune can control the parasitic invasion;
however, in around 30% of the patients, the infection is able
to progress, and it produces a chronic phase of the disease
that can be manifested decades later of the initial infection.
The parasite can escape the innate and adaptive immune
response by a series of mechanisms such as blocking the
complement pathway by producing molecules that can
inhibit the complement components or by producing a non-
specific immune response. Secreted extracellular vesicles
(exosomes) from both the parasite itself and from the
infected host cells play a key role in the immune response.
The parasite secretes exosomes containing molecules that
can inhibit the complement components and exosomes
carrying molecules which can induce cytokine production
and a host immune response.

Future studies should be focused to investigate the
nature of the mitochondrial dysfunction which produces
the mtROS and the persisting ROS signal that produces the
inflammatory and oxidative stress states in the cardiac tissue,
which is responsible for the cardiac tissue damage. It is likely
that epigenetic mechanisms triggered by mtROS could be
able to maintain the proinflammatory cytokine gene expres-
sion, either by modifying their promoters to keep them on or
by activating the gene expression or activity of the NF-κB
transcription factor or the transcriptional coactivators neces-
sary for the expression of the proinflammatory cytokine
genes. The exosome molecular contents should also be iden-
tified, and their contribution to the host immune response
has to be studied. Since there is not an available vaccine
yet, drugs to treat chronic Chagas disease should be devel-
oped and those able to target specific metabolic pathways
in T. cruzi are especially promising, and also, those drugs
able to improve heart function in chagasic patients will be
extremely valuable.
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Studying the features of changes in markers of oxidative stress (OS) and inflammation indicators in COPD patients depending on
the degree of bronchial obstruction is one of the priority directions for improving the prognosis and monitoring of the course of
this pathology. We conducted a comparative investigation of changes in markers of OS and apoptosis at the systemic and local
levels in patients with moderate to severe COPD during exacerbation and stable phase. 105 patients with COPD aged 46-67
and 21 healthy nonsmoking volunteers comparable in age were examined. COPD patients were divided into four groups:
moderate COPD (GOLDII) during the exacerbation (GOLDIIex, n = 25) and in the stable phase (GOLDIIst, n = 27), severe
COPD (GOLDIII) during the exacerbation (GOLDIIIex, n = 29), and in the stable phase (GOLDIIIst, n = 24). We studied the
levels of such lipid peroxidation (LPO) products as diene conjugates (DC) and Schiff bases (SB) and parameters of induced
chemiluminescence (Imax, total light sum-S, Imax/S) in blood serum, as well as sCD95 concentration in blood and exhaled
breath condensate (EBC). The relationship between the values of the OS system indicators with sCD95, as well as with the
parameters of lung function, was investigated. Multidirectional changes in OS indicator levels in COPD patients depending on
the severity of obstructive airway disorders have been established. The maximum values of DC (0:26 ± 0:046 RU), Imax
(0:265 ± 0:19 RLU), and Imax/S (0:13 ± 0:05) were typical for patients with moderate COPD, while the highest SB level
(5:7 ± 2:3 RU) was observed in severe COPD during an exacerbation. The exacerbation of the disease was characterized by an
increase in DC concentration in both GOLDIIex (0:26 ± 0:046 RU) and GOLDIIIex (0:209 ± 0:02 RU) compared to the stable
moderate and severe COPD (0:202 ± 0:028 RU and 0:19 ± 0:03 RU, respectively, p < 0:05). The established decrease in high
values of DC, Imax, Imax/S, and sCD95 and an increase in SB concentration in GOLD III can serve as quantitative indicators
of the prognosis of the severity of the disease. The serum concentration of sCD95 in GOLDIIex (366:4 ± 70:5U/ml) and
GOLDIIst (361:4 ± 72:8U/ml) did not differ from the control group (393:7 ± 80:9U/ml, p > 0:05). In patients with FEV1 < 49%
during the exacerbation and stable phase, the serum levels of Imax/S (0:058 ± 0:01 and 0:062 ± 0:01) and sCD95 (318:2 ± 66:3
U/ml and 321:4 ± 42:5U/ml) were lower than the values of healthy volunteers (0:08 ± 0:01 and 393:7 ± 80:9U/ml, respectively,
p < 0:05). A positive correlation between sCD95 concentration and airway obstruction degree in all examined COPD patients
was established. The revealed numerous associations between sCD95 and OS marker levels in GOLDIII indicate a relationship
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between systemic radical stress and apoptosis processes both in the respiratory tract and the whole body under conditions of
severe inflammation. The established correlations between the values of DC, Imax, and sCD95 in the blood serum and the
lung function parameters in all studied patients allow us to consider these indicators as additional prognostic indicators of
disease intensification. Our work results help clarify the participation and detail of FRO and apoptosis processes in developing
pathophysiological features in moderate to severe COPD in different periods and, accordingly, improve the efficiency of
diagnosis and treatment of the disease.

1. Introduction

Local and systemic inflammation in COPD is closely related
to the intensification of free radical oxidation (FRO) pro-
cesses and the development of oxidative and nitrosative
stress [1–5]. The leading role of oxidative (OS) and nitrosa-
tive stress (NS) in the damaging effect on almost all lung
structures, especially in the formation of lung tissue remod-
eling, is well known [1, 5].

Several studies have shown an increase in OS and NS
marker concentration in various biological environments
in COPD patients [1, 2, 4]. An increase in H2O2 concentra-
tion and the total oxidative status (TOS) in the EBC was
revealed in this disease [6–8]. In some works, an increase
in Fe2+ level in the respiratory tract was noted [9]. The
interaction of hydrogen peroxide and divalent iron in the
Fenton reaction can lead to the overproduction of extremely
reactive hydroxyl radicals, which initiate the processes of
FRO and lipid peroxidation (LPO). An increase in lipid per-
oxidation products such as MDA, 4-Hydroxy2-nonenal, and
8-isoprostane has also been found in serum, EBC, and spu-
tum in COPD [8, 10–13].

Along with an increase in FRO indices, it was found that
in patients with this disease, the activity of antioxidant
enzymes, such as SOD, catalase, and glutathione peroxidase,
as well as nonenzymatic antioxidant concentration (vitamins
A and C, glutathione, etc.) decreases [14, 15]. However, sev-
eral other studies have obtained opposite data on OS indica-
tors in COPD. For example, an increase in enzymatic
antioxidant activity, the absence of an increase in the level
of lipid peroxidation products in patients with this disease
has been shown [16, 17].

A significant proportion of OS and NS studies in COPD
are devoted to investigating biomarkers reflecting the inten-
sity of FRO directly in the respiratory tract: exhaled breath
condensate (EBC), sputum, and BAL fluid [10–12, 18–20].

Currently, information is accumulating on circulating
systemic OS markers associated with various pathophysiol-
ogical disorders in COPD patients [21]. However, the fea-
ture changes in the systemic indicators of radical stress in
COPD depending on the severity and period of the disease
have not been sufficiently studied. The activity of OS pro-
cesses is often researched by the lipid peroxidation indica-
tors, such as MDA and isoprostanes. At the same time, it
is important to study the intensification of lipoperoxidation
reactions by the values of the initial and end products of
LPO—diene conjugates (DC) and Schiff bases (SB). It is also
relevant to determine the DC to SB (DC/SB) ratio, which
allows you to define the direction and expressive of lipoper-
oxidation processes stages. There are few studies of these
molecular products in patients with COPD, depending on

the severity and period of the disease. There are few studies
of these molecular product concentrations in COPD
patients depending on the severity and period of the disease.

It should be noted that one of the most significant ways
to investigate FRO reactions is to determine the potential
ability of lipid substrates to form free radicals, which can
be detected using chemiluminescence (CL) analysis. This
method allows us to comprehensively evaluate both the pro-
oxidant and antioxidant properties of the biosubstrate
[22–24]. Given that there has been a growing interest in a
complex assessment of the oxidant/antioxidant system in
COPD, using this integral method to determine OS markers
in developing this disease is essential.

In addition to the study of FRO, to identify the mecha-
nisms of pathophysiological processes in COPD, special
attention is paid to investigating the relationship between
OS indicators and inflammation markers, such as cytokines
and soluble differentiation molecules (sCD). Earlier in our
works, we showed the role of several soluble forms of
membrane molecules in the mechanisms of development
of systemic and local inflammation in patients with this dis-
ease [3, 4, 25, 26]. In particular, changes in soluble CD95
(sCD95) concentration in serum and EBC were detected in
moderate and severe COPD patients during an exacerbation
[3]. The sCD95 molecules are one of the apoptosis-specific
markers and play an essential role in developing and regulat-
ing inflammatory processes in the airways and at the sys-
temic level [3, 27]. For a more detailed study of the
pathogenetic mechanisms of COPD progression, it is neces-
sary to comparatively research changes in FRO markers and
sCD95 levels in the blood and airways in patients with
COPD, depending on the stage and period of the disease.

The study is aimed at investigating changes in the con-
centrations of DC, SB, and CL parameters in the blood
serum and the level of sCD95 in the circulation and exhaled
breath condensate in moderate to severe COPD patients
during the exacerbation and stable phase.

Analysis of the relationship between OS and sCD95
markers, as well as these indicators and lung function
parameters, will help clarify the involvement of FRO and
apoptosis processes in the development of pathophysiologi-
cal features of COPD and improve the diagnosis efficiency
and therapy of the disease.

2. Materials and Methods

The study included 126 people: patients with COPD
(n = 105) and healthy nonsmoking volunteers (n = 21).

The diagnosis of COPD was defined and classified
according to the criteria of the Global Initiative on Chronic
Obstructive Pulmonary Disease (GOLD) [28]. The COPD
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diagnosis was established based on largely irreversible
airway obstruction with an improvement in FEV1 < 12%
after inhalation of 400μg salbutamol. Lung function was
measured again 15-20 minutes after inhalation of the bron-
chodilator to assess bronchodilator-induced bronchospasm
reversibility.

COPD patients (n = 105) were divided into four groups:
patients with moderate COPD (GOLDII) during the exac-
erbation (GOLDIIex, n = 25), patients with moderate
COPD in the stable phase (GOLDIIst, n = 27), patients with
severe COPD (GOLDIII) during the exacerbation (GOLD-
IIIex, n = 29), and patients with severe COPD in the stable
phase (GOLDIIIst, n = 24).

The presented study is a pilot, so we did not use traditional
approaches to calculating the sample size [29]. Currently,
there are several practical rules according to which the group
size in the pilot study is from 15 to 35 people [30, 31].

The study was implemented based on the principles of
the Helsinki Declaration. Written informed consent was
obtained from all participants. The study was approved by
the Ethics Committee of the Pulmonology Research Insti-
tute, Moscow, Russia (the protocol number N 05-19 от
16.10.2019).

The study included COPD patients meeting the follow-
ing inclusion criteria: age over 40 years, active or ex-
smokers (smoking index ðICÞ ≥ 10 pack-years), exacerbation
of COPD and stable period, and evidence of obstructed lung
function (postbronchodilator FEV1 < 80% and FEV1/FVC
< 70%) according to the GOLD [28]. An exacerbation was
defined as a change in the symptoms of a cough, expectora-
tion, and dyspnea beyond the daily variation and required
changes in therapy in COPD patients.

The exclusion criteria were the following: asthma and
other allergic diseases, pneumonia, history of congestive
heart failure, severe arterial hypertension, diabetes, and
conditions requiring the long-term use of systemic
corticosteroids.

The control group included healthy nonsmokers with
similar gender and age indicators who did not take any med-
ications. Healthy subjects underwent a medical examination
at the clinic and were randomly selected as a control group.
The participants in the healthy group had no diagnosed
respiratory diseases, diabetes, coronary heart disease, malig-
nancies, or connective tissue diseases.

A pulmonary function study was carried out on a com-
puter Spirograph “SpiroLab III” (Italy) for the evaluation
of the FEV1, FEV1/FVC, and the parameters of inspiratory
capacity (IC).

2.1. Serum and Exhaled Breath Condensate Preparation.
Blood samples were obtained in the morning on an empty
stomach from the middle cubital vein, immediately centri-
fuged at 3000 rpm for 10 minutes, and then extracted. Serum
samples were frozen at -40°C.

EBC was collected using the RTube and following the
guidelines for EBC by the ERS/ATS Task Force [32]. All
patients were asked to refrain from drinking any liquid
(except water) for 2 hours before the collection of EBC. To
avoid oral or nasal contamination, the patients were asked

to rinse their mouths with freshwater before collection and
to wear a nose clamp during collection. The donors were
asked to use tidal breathing into the mouthpiece for 10
minutes. After the 10-minute period of breathing is over,
the samples were immediately stored and cooled to -40°C.

2.2. Measurement of the Diene Conjugates and Schiff Base
Concentrations. The concentrations of DC and SB were
determined as described in [33, 34] spectrophotometrically
on a PerkinElmer LS-50 spectrophotometer. The levels of
these LPO products were expressed in relative units (RU).

2.3. Chemiluminescence Analysis. To determine the intensity
of free radical processes in blood serum, we used the CL
method induced by hydrogen peroxide with ferrous sulfate.
The measurements were carried out on a Dynatech chemilu-
minometer (Germany).

The following CL indicators were analyzed:
Imax (relative light units (RLU)) is the maximum value

of the CL outbreak intensity, reflecting the biological sys-
tem’s potential ability to develop FRO processes.

S (total light sum) is the area under the CL response
curve, which characterizes the FRO activity and is inversely
proportional to the antioxidant activity (AOA).

Imax/S is the ratio that characterizes antioxidant activity
(AOA) of the reaction system.

2.4. Measurement of sCD95 Concentration. The levels of sol-
uble CD95 molecules in the serum and the EBC were deter-
mined by enzyme-linked immunosorbent assay (ELISA)
using an ELISA reader (Multiskan MS, Labsystems, Finland)
wavelength of 405nm. In determining the content of soluble
CD95 molecules, we used goat polyclonal antibodies against
PBMC superficial antigens and mouse monoclonal anti-
bodies ICO-160 against the CD95 antigen conjugated with
horseradish peroxidase. The results were expressed in con-
ventional units (U/ml).

2.5. Statistical Analysis. The statistical analysis was carried
out using the Statgraphics Centurion software package, v.9.
The data were presented as the mean ± SD. To determine
the distribution normality, the Shapiro-Wilk test was used.
The student’s t-test performed further analysis. To calculate
the correlation coefficient (r), the Pearson correlation test
was used. The statistical significance level was considered
to be p < 0:05.

3. Results

Figure 1 shows a block diagram of patient recruitment. A
total of 258 people have successfully passed spirometry.
Out of 258 patients, 153 people did not participate in this
study according to the exclusion criteria. Therefore, 105
patients were recommended for further examination.

The demographic and clinical characteristics of individ-
uals are shown in Table 1. There was no significant differ-
ence between the groups by age. In all groups, the majority
of subjects were men. Spirometric values such as FEV1%,
FEV1/FVC ratio, and IC were significantly lower in COPD
patients compared to the control group (p < 0:01). Lung
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function parameters in GOLDII exceeded similar values in
patients with severe COPD (p < 0:01). The exacerbation of
the disease was characterized by a decrease in the values of
the studied spirometric parameters compared to the stable
phase in both GOLDII and GOLDIII (p < 0:05).

3.1. The Serum Concentration of Diene Conjugates in COPD
Patients. The DC level was increased in all COPD patients
compared to the control (p < 0:01) (Table 2). The maximum
value of these LPO products was observed in GOLDIIex rel-
ative to all the examined patients. The stable period of the
disease was characterized by a decrease in DC level com-
pared to during exacerbation in both moderate and severe
COPD (p < 0:05).

3.2. Schiff Base Concentration in COPD Patients. The SB
concentration in all the examined patients exceeded the
values of the control (p < 0:05) (Table 2). The highest SB
level was found in GOLDIIIex relative to controls and
patients with moderate COPD (p < 0:05). The concentration
of these LPO end products in patients during the exacerba-
tion did not differ from analogous values in the stable phase
in both moderate and severe COPD (p > 0:05).

3.3. Index of DC/SB in COPD Patients. To identify the
expressive of the initial or final stages of LPO, the DC/SB
ratio was determined. The value of the DC/SB index in
patients with moderate COPD was significantly higher com-
pared to the control (p < 0:05) (Table 2). At the same time,

COPD patients, age> 40 years (N = 258)

Inclusion criteria:
Previously diagnosed COPD patients by

lung function test (post FEV1/FVC <70%)
FEV1% predicted <80%

>40 years old
Smoking index ≥10 pack-years

Exacerbation and stable course of COPD

Exclusion criteria:
Asthma and other allergic diseases (n = 35)

Pneumonia (n = 9)
History of congestive heart failure (n = 37)

Severe arterial hypertension (n = 25)
Diabetes (n = 16)

Conditions requiring the long-term use of
systemic corticosteroids (n = 12)
Declined to participate (n = 19)

N = 105

Patients with FEV1 50-79 %
GOLDII (n = 52)

Patients with FEV1 30-49%
GOLDIII (n = 53) 

Patients during
exacerbation

(GOLDIIex, n = 25)

Patients in stable
period

(GOLDIIst, n = 27)

Patients during
exacerbation

(GOLDIIIex, n = 29)

Patients in stable
period

(GOLDIIst, n = 24)

Figure 1: The flowchart of the study population. COPD: chronic obstructive pulmonary disease; FEV1: forced expiratory volume in 1 s;
FVC: forced vital capacity.
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there was a decrease in DC/SB values in severe COPD both
during exacerbation and stable periods relative to healthy
volunteers and GOLDII patients (p < 0:05). There were no
differences in DC/SB level depending on the periods of the
disease in the examined individuals.

3.4. Chemiluminescent Parameters in the Blood Serum in
COPD Patients. The Imax and S values were increased in
all examined COPD patients in comparison with healthy
volunteers (p < 0:05) (Table 2). At the same time, the high
Imax level gradually decreased as the severity of the disease
increased. The maximum CL intensity in the serum was
recorded in GOLDIIex and was higher than in severe COPD
patients during exacerbation (p = 0:01) and in the stable
phase (p = 0:01).

The highest light sum (S) values were found in GOLD-
IIIex patients. This indicator’s value was lower in all
examined COPD patients in the stable phase than during
exacerbation (p < 0:05).

The ratio Imax/S (AOA) was higher in moderate COPD
compared to control (p > 0:05) (Table 2). The level of Imax/
S (AOA) in severe COPD was lower than in healthy volun-
teers and all GOLDII patients (p < 0:05). There were no dif-
ferences in Imax/S (AOA) value depending on the period of
the disease.

3.5. sCD95 Concentration in Blood Serum and Exhaled
Breath Condensate in COPD during Exacerbation and
Stable Periods. The serum level of sCD95 in patients with
moderate COPD did not differ from the level of healthy non-
smoking volunteers (393:7 ± 80:9U/ml, p > 0:05) (Figure 2).
However, the concentration of these molecules in severe
COPD during the exacerbation (318:2 ± 55:4U/ml) and stable
period (321:4 ± 42:5U/ml) was statistically lower than in
healthy nonsmokers (p < 0:001), GOLDIIex (366:4 ± 70:5
U/ml), and GOLDIIst (361:4 ± 65:4U/ml, p < 0:001).

The level of sCD95 in EBC was higher in patients with
moderate COPD both during the exacerbation (204:5 ± 41:5
U/ml) and the stable period (198:5 ± 38:3U/ml) than in
healthy volunteers (139:6 ± 31:2U/ml, p = 0:001). The
endobronchial concentrations of sCD95 in GOLDIIIex
(145:5 ± 19:5U/ml) and GOLDIIIst (150:6 ± 23:3U/ml) were
significantly lower compared to the GOLDII patients
(p < 0:001). They did not differ from the levels in the control
group (p > 0:05).

3.6. The Correlations between Oxidative Stress Indicators,
sCD95 Levels, and Lung Function Parameters. We found
correlations between the values of spirometric indicators
and the studied OS markers in COPD patients (Table 3). A
negative association between DC level and FEV1 and

Table 1: Characteristics of COPD patients and healthy nonsmokers included in the study.

Healthy nonsmokers
COPD

Moderate Severe
1 2 3 4 5

Subjects (n) 21 Exacerbation (n = 25) Stable (n = 27) Exacerbation (n = 29) Stable (n = 24)
Sex, male/female 15 (71%)/6 (29%) 18 (72%)/7 (28%) 22 (81%)/5 (19%) 26 (90%)/3 (10%) 20 (83%)/4 (17%)

Age (years) 50:4 ± 9:7 52:6 ± 7:9 49:5 ± 5:6 58:3 ± 4:2 55:2 ± 6:5
Smoking pack-years 0 36:5 ± 4:8 34:3 ± 5:3 42:6 ± 3:9 39:6 ± 5:1

FEV1 % pred 101:3 ± 5:3 59:1 ± 7:1
p1 = 0:001

65:4 ± 8:2
p1 = 0:001
p2 = 0:01

36:5 ± 5:2
p1 = 0:001
p2 = 0:001
p3 = 0:001

42:5 ± 9:8
p1 = 0:001
p2 = 0:001
p3 = 0:001
p4 = 0:02

FEV1/FVC % 104:2 ± 3:7 55:7 ± 9:2
p1 = 0:001

63:8 ± 11:3
p1 = 0:001
p2 = 0:01

46:5 ± 8:2
p1 = 0:001
p2 = 0:001
p3 = 0:001

51:9 ± 10:5
p1 = 0:001
p2 = 0:001
p3 = 0:001
p4 = 0:04

Inspiratory capacity IC (%) 108:3 ± 3:5 64:5 ± 6:1
p1 = 0:001

70:8 ± 9:1
p1 = 0:001
p2 = 0:01

59:6 ± 12:6
p1 = 0:001
p2 = 0:001
p3 = 0:001

68:5 ± 14:1
p1 = 0:001
p2 = 0:001
p3 = 0:001
p4 = 0:01

COPD medication —

LAMA 2 (8%) 4 (14.8%) — —

LAMA+LABA 7 (28%) 13 (48.1%) 8 (27.6%) 6 (25%)

ICS+LABA+LAMA 16 (64%) 10 (37%) 21 (77.8%) 18 (75%)

SCS 9 (36%) — 29 (100%) —

Data were presented asmean ± SD. COPD: chronic obstructive pulmonary disease; pack-years: number of cigarette packs per day multiplied by the number of
smoking years; FEV1: forced expiratory volume in one second; % pred: % predicted; FVC: forced vital capacity; IC: inspiratory capacity (%); LAMA: long-
acting muscarinic antagonists; LABA: long-acting β agonists; ICS: inhaled corticosteroids; SCS: systemic corticosteroids.
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Table 2: Changes in indicators of oxidative stress in patients with moderate to severe COPD in different periods of the disease.

Healthy nonsmoking
volunteers

GOLDIIex GOLDIIst GOLDIIIex GOLDIIIst

1 2 3 4 5

Schiff bases (RU) 3:2 ± 0:25 4:3 ± 1:2
p2−1 = 0:01

3:8 ± 0:8
p3−1 = 0:03
p3−2 > 0:05

5:7 ± 2:3
p4−1 = 0:01
p4−2 = 0:04
p4−3 = 0:001

4:7 ± 1:7
p5−1 = 0:01
p5−2 > 0:05
p5−3 = 0:001
p5−4 > 0:05

Diene conjugates (RU) 0:165 ± 0:01 0:26 ± 0:046
p2−1 = 0:001

0:202 ± 0:028
p3−1 = 0:001
p3−2 = 0:048

0:209 ± 0:02
p4−1 = 0:001
p4−2 = 0:042
p4−3 = 0:385

0:19 ± 0:03
p5−1 = 0:001
p5−2 = 0:001
p5−3 > 0:05
p5−4 = 0:026

Diene conjugates/Schiff base 0:0515 ± 0:02 0:06 ± 0:015
p2−1 = 0:032

0:0664 ± 0:035
p3−1 = 0:035
p3−2 > 0:05

0:0368 ± 0:008
p4−1 = 0:001
p4−2 = 0:001
p4−3 = 0:001

0:04 ± 0:017
p5−1 = 0:001
p5−2 = 0:003
p5−3 = 0:001
p5−4 > 0:05

Imax (RLU) 0:061 ± 0:029 0:265 ± 0:19
p2−1 = 0:001

0:23 ± 0:13
p3−1 = 0:01
p3−2 > 0:05

0:18 ± 0:1
p4−1 = 0:001
p4−2 = 0:01
p4−3 > 0:05

0:13 ± 0:07
p5−1 = 0:01
p5−2 = 0:01
p5−3 = 0:031
p5−4 > 0:05

S 0:75 ± 0:18 2:13 ± 0:48
p2−1 = 0:016

1:75 ± 0:23
p3−1 = 0:002
p3−2 = 0:01

3:1 ± 0:46
p4−1 = 0:001
p4−2 = 0:001
p4−3 = 0:001

2:09 ± 0:34
p5−1 = 0:047
p5−2 > 0:05
p5−3 = 0:001
p5−4 = 0:001

Imax/S 0:08 ± 0:01 0:12 ± 0:05
p2−1 = 0:041

0:13 ± 0:05
p3−1 = 0:046
p3−2 > 0:05

0:058 ± 0:01
p4−1 = 0:034
p4−2 = 0:01
p4−3 = 0:01

0:062 ± 0:01
p5−1 = 0:049
p5−2 = 0:01
p5−3 = 0:01
p5−4 > 0:05

Data were presented as mean ± SD.

Control II ex II st III ex III st Control II ex II st III ex III st
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Figure 2: The concentration of sCD95 molecules in blood serum and exhaled breath condensate in COPD patients during the exacerbation
and the stable period. Data are presented as mean ± SD; control: healthy nonsmoking volunteers; II: moderate COPD; III: severe COPD; ex:
exacerbation; st: stable phase. ∗p < 0:05 versus healthy nonsmokers; #p < 0:05 versus patients with moderate COPD during the exacerbation;
^p < 0:05 versus patients with moderate COPD in the stable period.
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FEV1/FVC was revealed in all COPD patients. The inverse
correlation was established between SB concentration and
FEV1/FVC (%), IC in severe disease. The multidirectional
nature of the relationship of the Imax values and lung
function parameters was revealed. The negative correlation
between these indicators was established in moderate
COPD; a positive relationship was found in severe disease.

A positive relationship between the AOA value and all
the studied lung function parameters in patients with severe
COPD was established. The increase in Imax/S (AOA)
values occurred against the background of an increase in
the IC level in GOLD II.

3.7. Analysis of Correlation between Oxidative Stress
Indicators. The results of the association analysis between
the concentration of LPO products and the studied CL were
the following:

(i) The negative correlations between the values of
Imax/S (AOA) and levels of SB and DC (r = −0:45
p = 0:001 and r = −0:43p = 0:001, respectively)

(ii) The negative relationship between the Imax value
and the SB level (r = −0:38p = 0:002)

(iii) The positive association of the DC concentration
and the value of light sum (r = 0:41p = 0:001)

3.8. Associations between sCD95 Levels and Lung Function
Parameters. An analysis of associations showed a positive
correlation between serum and endobronchial sCD95 levels
and the studied lung function parameters in all examined
patients (Table 3).

3.9. The Relationship between the Studied Markers of
Oxidative Stress and the Level of sCD95 in COPD Patients.
The relationship between the sCD95 level and the studied
OS indicators was revealed only in patients with severe air-
way obstructive disorders (Table 4). In this group of
patients, a decrease in the concentration of sCD95 both in

the bloodstream and in the EBC occurs against the back-
ground of an increase in the SB level, as well as a decrease
in DC concentration and Imax and Imax/S (AOA) values.

4. Discussion

In our work, we established a change in the concentration of
the studied molecular products of lipid peroxidation (SB,
DC) and CL indicators (Imax, S, Imax/S) in the blood serum
of patients with COPD depending on the severity and period
of the disease.

Increased DC and SB levels were found in all examined
COPD patients compared with healthy nonsmoking volun-
teers. The established negative correlations between DC con-
centration and FEV1 and FEV1/FVC values in all studied
patients may indicate the relationship between the activity
of the initial processes of lipoperoxidation and the degree
of airway obstruction violation. It is generally accepted that
diene conjugates (DCs) are formed at the initiation stage of
LPO reaction chain. At the final stage of lipid peroxidation,
the resulting malondialdehyde (MDA) interacts with free
amino groups to form the fat-soluble fluorescent and end
product LPO—Schiff’s base (SB) [35]. Quantifying the levels
of initial and end products (DC and SB) allows assessing the
activity and direction of LPO processes. The obtained high
rates of diene conjugates and Schiff bases indicate an inten-
sification of LPO processes in moderate and severe COPD.
Our results are consistent with research data, which found
an increase in the serum concentration of lipid peroxidation
products such as MDA in COPD patients [6–8, 21].

The present work revealed that the maximum concen-
tration of DCs was typical for patients with moderate COPD
during the exacerbation period. Based on the results
obtained, it can be assumed that activation of the initial lipid
peroxidation stage predominates at this disease stage. The
high concentration of DCs decreased with the increasing
severity of COPD. The decline in these molecules level
may be associated with the subsequent transformation of
diene conjugates into secondary and end LPO products,

Table 3: Correlations between oxidative stress markers and lung function parameters in patients with moderate to severe COPD.

GOLDII GOLDIII
FEV1 (%) FEV1/FVC (%) IC FEV1 (%) FEV1/FVC (%) IC

Diene conjugates
r = −0:47
p = 0:026

r = −0:43
p = 0:045

r = −0:33
p = 0:18

r = −0:45
p = 0:01

r = −0:43
p = 0:03

r = −0:41
p = 0:09

Schiff base
r = 0:08
p = 0:68

r = 0:32
p = 0:18

r = −0:39
p = 0:11

r = −0:3
p = 0:18

r = −0:42
p = 0:03

r = −0:5
p = 0:04

Imax
r = −0:54
p = 0:02

r = −0:6
p = 0:01

r = 0:103
p = 0:69

r = 0:36
p = 0:04

r = 0:5
p = 0:03

r = 0:13
p = 0:57

Imax/S
r = 0:32
p = 0:11

r = 0:27
p = 0:19

r = 0:63
p = 0:01

r = 0:47
p = 0:04

r = 0:72
p = 0:01

r = 0:52
p = 0:02

sCD95 (serum)
r = 0:61
p = 0:01

r = 0:5
p = 0:02

r = 0:62
p = 0:01

r = 0:43
p = 0:02

r = 0:45
p = 0:02

r = 0:6
p = 0:002

sCD95 (EBC)
r = 0:28
p = 0:24

r = 0:64
p = 0:01

r = 0:58
p = 0:04

r = 0:65
p = 0:001

r = 0:46
p = 0:04

r = 0:53
p = 0:03

r: correlation coefficient; FEV1: forced expiratory volume in 1 second; % pred: % predicted; FVC: forced vital capacity; IC: inspiratory capacity (%); EBC:
exhaled breath condensate.
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depletion of oxidized substrates, and/or a decrease in the
intensity of free radical processes against the background
of chronic inflammation progression and under conditions
of increasing hypoxia. This assumption is confirmed by
results demonstrating an increase in SB concentration and
a decrease in the DC/SB ratio in COPD patients with severe
obstructive airway disorders. These results may indicate the
predominance of the final stage of lipid peroxidation
processes and the accumulation of end LPO products in
GOLDIII. Under physiological conditions, SB transfers toxic
and unstable products of lipid peroxidation metabolism
(aldehydes, etc.) to the path of further utilization. However,
in high concentrations, SB can modify serum lipoproteins
and have a destructive effect on cells due to the destruction
of intermolecular cross-links of biopolymers and damage
to membranes [36]. In this case, the accumulation of these
end products of LPO can be one of the reasons for the
dysregulation of reparative processes, the formation of lung
tissue remodeling, and the intensification of chronic inflam-
matory processes [37].

The revealed negative relationship between Schiff base
level and FEV1/FVC values in GOLDIII indicates the
mutual influence of the intensity of systemic oxidative
stress and the functional capacity of the lungs under con-
ditions of increasing chronic inflammation severity. The
results obtained make it possible to consider the excessive
accumulation of Schiff bases as an additional diagnostic
criterion for an unfavorable course of COPD.

The CL parameters (Imax, S) also exceeded the control
group’s values and depended on disease severity. The inten-
sity of induced CL (Imax) in the blood serum reflects the
potential ability of lipid substrates to form highly active
electron-excited products [22, 23]. Accordingly, the regis-
tered increased Imax values confirm the activation of free
radical reactions in all examined COPD patients. At the
same time, the inhibition of CL intensity was revealed in
COLDIII compared to patients with moderate COPD. The
established decrease in the CL response against the back-
ground of increased violations of airway obstruction is con-
firmed by a positive correlation between Imax and FEV1 and
FEV1/FVC in GOPDII. The recorded decline in Imax values
with a growth in the severity of the disease may be associated
with an increasing deficiency of lipid substrates for oxidation
due to prolonged activation of free radical reactions. This

assumption is confirmed by the increased formation and accu-
mulation of end products (SB) of LPO, which are not capable
of oxidation, as well as a decrease in the concentration of DCs
in severe COPD compared with GOLDII patients.

The revealed negative correlation between the SB and
Imax levels also indicates a decrease in the CL intensity
against the background of an increase in the concentration
of lipid peroxidation end products. Thus, lower Imax values
in GOLDIII relative to patients with moderate COPD may
indicate an unfavorable course of inflammation in patients
with this disease.

The value of the light sum (S) increased with the pro-
gression of COPD severity. It should be noted that in the
examined patients GOLDII and GOLDIII, the S level and
DC concentration were significantly higher during the exac-
erbation than in the stable period. In this case, the results
obtained allow us to consider the DC and light sum values
as prognostic markers of an intensification in the inflamma-
tory process in COPD.

The light sum value reflects the concentration of free
radicals and is inversely proportional to the activity of the
antioxidant system. Accordingly, the assessment of antioxi-
dant activity (AOA) in the blood serum was determined by
the Imax/S ratio. The observed increase in Imax/S (AOA)
level against the background of high values of the intensity
of CL in the GOLDII group is probably a response of the
protective mechanism of antioxidant protection to the acti-
vation of FRO processes in patients with moderate obstruc-
tive airway disorders. At the same time, a decrease in Imax/S
(AOA) values in GOLD III may indicate a depletion of the
components of the general antioxidant defense under the
condition of systemic chronic inflammation progression.
The revealed positive correlations between Imax/S and
FEV1 and FEV1/FVC in severe COPD confirm the associa-
tion between a decrease in antioxidant potential and the for-
mation of persistent ventilation restrictions in the growth of
disease severity.

Thus, the detected increase in SB concentration, as well
as a decrease in the level of DC, Imax, and Imax/S (AOA)
in GOLDIII patients, may indicate a violation of the feed-
back principle in the proantioxidant system and dysregula-
tion of FRO processes in severe inflammation.

It is known that OS has a wide range of biochemical and
pathophysiological effects that affect the regulatory processes

Table 4: Correlations between the studied system markers of oxidative stress and sCD95 levels in serum and EBC in patients with moderate
to severe COPD.

sCD95 (serum) GOLDII sCD95 (EBC) GOLDII sCD95 (serum) GOLDIII sCD95 (EBC) GOLDDIII

Schiff base
r = 0:27
p = 0:22

r = −0:27
p = 0:24

r = −0:39
p = 0:038

r = −0:46
p = 0:02

Diene conjugates
r = −0:3
p = 0:25

r = 0:25
p = 0:27

r = 0:37
p = 0:046

r = 0:23
p = 0:35

Imax
r = −0:13
p = 0:54

r = −0:06
p = 0:79

r = 0:37
p = 0:046

r = 0:58
p = 0:001

Imax/S
r = 0:3
p = 0:25

r = 0:3
p = 0:25

r = 0:38
p = 0:045

r = 0:42
p = 0:02

r: correlation coefficient; EBC: exhaled breath condensate.
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of inflammation in COPD, including apoptosis [38]. In this
regard, we considered it expedient to study the features of
changes in sCD95 concentrations depending on the stages
and period of COPD as well as and the relationship of the
studied FRO parameters with this apoptosis marker level.
Previously, it was shown that an increase in the severity in
patients with exacerbation of COPD is accompanied by a
decrease in the level of sCD95 in the blood serum and
EBC [3]. In the present work, we evaluated the change in
this apoptosis marker level compared to the exacerbation
and the stable phase at different disease stages. As a result,
we did not find differences in sCD95 concentration in stud-
ied COPD patients depending on the disease period. In
addition, the decrease in this apoptosis marker concentra-
tion was established in the tested biological fluids with the
progression of inflammation, which was confirmed by a
positive correlation between spirometric parameters and
concentrations of these molecules in both moderate and
severe COPD. Functionally, sCD95 competes with the
CD95 membrane-localized receptor for Fas ligand binding
and thus can inhibit CD95-mediated apoptosis [39]. Thus,
the soluble form of this apoptotic marker can participate
in the preservation of cellular homeostasis during the nor-
mally developing process of programmed cell death. In this
case, the decrease in sCD95 level in patients with severe
COPD creates conditions for more effective implementation
of Fas-dependent apoptosis. This change in sCD95 concen-
tration can increase the apoptosis progression of pathogen-
etically significant cells and promote the development of
destructive processes in the lung tissue and the whole body
in GOLDIII patients.

Association analysis showed multiple correlations
between serum and endobronchial sCD95 levels and the
studied OS markers values in patients with severe COPD.
The revealed relationships may indicate indirect participa-
tion of the tested OS indicators in activating programmed
cell death processes through Fas-mediated mechanisms.
These mechanisms may underlie the development of repar-
ative disorders and, as a result, the lung fibrosis formation
and pathophysiological manifestations, severe inflammation
in GOLDIII patients.

In our work, we also established the positive correlations
between the levels of sCD95, Imax/S (AOA), and such a spi-
rometric indicator as to the inspiratory capacity (IC) in all
examined COPD patients. Also, the decline in IC values
was accompanied by an increase in SB concentration in
severe disease. The decrease in IC level is associated with
pulmonary hyperinflation development, increased hypoxia,
and loss of elasticity of the lung tissue in COPD.

Thus, the obtained data may indicate that a decrease in
the antioxidant potential, a violation of the regulation of
LPO processes, and an intensification in apoptotic reac-
tions contribute to structural and functional changes in
the respiratory tract, as well as the formation of hypoxemia
and impaired gas exchange in severe inflammation in
COPD patients.

A limitation of the presented results in this work may be
the approaches to the interpretation of the obtained data in
EBC. To date, there are various methodological approaches

for the determination of analytes in exhaled breath conden-
sate. EBC is a liquid formed as a result of cooling and subse-
quent condensation of exhaled breath. From a physical point
of view, the exhaled breath is an aerosol or an aerodisperse
system consisting of a gaseous dispersion medium and a liq-
uid dispersed phase suspended in it (aerosol particles). In
other words, EBC is a suspension of liquid particles in a
gas [40]. One of the main components of exhaled breath is
water vapor. The concentration of water vapor in exhaled
breath is a fairly constant value, little dependent on environ-
mental parameters [41]. The levels of nonvolatile compo-
nents of exhaled air can vary depending on a number of
factors, such as the exhalation rate, the state (diameter) of
the airways, and pathophysiological processes in airway lin-
ing fluid (ALF) [40–46]. In several works, attempts have
been made to standardize the assessment of nonvolatile
compounds in EBC, by taking into account the degree of
dilution of EBC. So, the dilution of the EBC was estimated
based on the measurement of its conductivity [47, 48]. In
the works [49, 50], the level of urea in EBC was used as a
marker of dilution. In another study [51], the assessment
of the degree of dilution was studied by the concentrations
of K+, Na+, Mg2+, Ca2+, the total level of cations, urea level,
and the EBC conductivity. However, until now, a unified
approach to standardizing the assessment of nonvolatile
compounds in EBC has not been found. In our opinion,
the concentrations of the analytes considered in these studies
may vary depending on the pathophysiological processes in
the airway lining fluid, especially in lung diseases. Accord-
ingly, these approaches may incorrectly display the dilution
rate of the EBC and require further study. Earlier, in our
work, a methodology was proposed for standardizing the
procedure for collecting EBC and evaluating nonvolatile
components in ALF based on taking into account the con-
centration of aerosol particles in exhaled breath [52]. There-
fore, in this work, we proceeded from the assumption that
the concentrations of nonvolatile components in the EBC
are indicators reflecting the pathophysiological processes in
the airway lining fluid of patients.

5. Conclusion

The findings indicate not only the participation of OS in the
development of COPD but also show the importance of
determining the degree of FRO activity and antioxidant
potential, taking into account the severity of impaired venti-
lation function of the lungs. A complex evaluation of OS
indicators in COPD patients, including the determination
of the concentration of DC and SB, the values of CL param-
eters in the blood serum, allowed us to clarify the activity of
systemic FRO reactions depending on the severity of airway
obstruction degree and disease periods.

Combining an increase in SB concentration, a decrease
in DC, Imax, Imax/S (AOA), and sCD95 levels in GOLDIII
patients allows us to consider these indicators as additional
quantitative indicators for predicting the disease severity.

The exacerbation of the disease was characterized by the
most significant increase in DC level in the blood serum
compared to the stable period of the disease, which makes
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it possible to use the concentration of this LPO product as
potential monitoring markers of inflammation intensifica-
tion in COPD.

The established numerous associations between the
levels of the studied LPO products, the CL, sCD95, and spi-
rometric parameter values in COPD patients indicate the
mutual influence of the intensity of systemic oxidative stress,
the processes of apoptosis, and the functional capacity of the
lungs. Also, the obtained correlations make it possible to
consider the studied indicators of OS and apoptosis as
laboratory-diagnostic and prognostic markers of systemic
and local chronic inflammation progression in COPD.

The revealed relationship between the values of sCD95
and OS markers in GOLD III patients may indicate the pos-
sible participation of LPO products and FRO processes in
the forming soluble CD95 and apoptosis processes activity
both in the respiratory tract and whole body in severe
obstructive airway violation.

The results obtained make it possible to clarify and sup-
plement the influence of systemic oxidative stress and apo-
ptosis processes on the development of pathophysiological
features in moderate and severe forms of COPD and,
accordingly, to improve the efficiency of diagnosis and treat-
ment of the disease.
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Objective. Obstructive sleep apnea (OSA) is a sleep disorder characterized by intermittent hypoxia, chronic inflammation, and
oxidative stress and is associated with cardiometabolic disease. Several biological substrates have been associated with OSA
such as nephroblastoma overexpressed (NOV), endothelial progenitor cells (EPC), and circulating endothelial cells (CEC). Few
studies have looked at the association of NOV with OSA while the EPC/CEC relationships with OSA are unclear. In this study,
we hypothesize that (1) NOV is associated with the severity of OSA independent of BMI, identifying a protein that may play a
role in the biogenesis of OSA complications, and (2) EPCs and CECs are also associated with the severity of OSA and are
biomarkers of endothelial dysfunction in OSA. Methods. 61 subjects underwent overnight polysomnography (PSG), clinical
evaluation, and blood analysis for NOV, EPC, CEC, interleukin 6 (IL-6), and other potential biomarkers. Results. NOV and
EPCs were independently associated with the oxygen desaturation index (ODI) after adjusting for potential confounders
including body mass index (BMI), age, and sex (NOV p = 0:032; EPC p = 0:001). EPC was also independently associated with
AHI after adjusting for BMI, age, and sex (p = 0:017). IL-6 was independently associated with AHI, but not with ODI.
Conclusion. NOV and EPC levels correlate with the degree of OSA independent of BMI, indicating that these biomarkers could
potentially further elucidate the relationship between OSA patients and their risk of the subsequent development of
cardiovascular disease.

1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disorder,
ranging from 3% to 17% in the general population depending
on age and gender [1]. OSA is characterized by repetitive
episodes of upper airway closure resulting in a reduction or
complete cessation of airflow and intermittent hypoxia;
obstructive respiratory events are terminated with an arousal
state accompanied by sympathetic surges [2]. The result of
poor alveolar ventilation associated with apnea/hypopnea
events reduces arterial oxygen saturation and increases arte-
rial pressure of carbon dioxide causing intermittent hypoxia.

This leads to oxidative imbalance and increased inflamma-
tory cytokines, lipid peroxidation, and cell-free DNA [3].
The severity of OSA is quantified by overnight sleep studies
which measure the apnea-hypopnea index (AHI) and oxygen
desaturation index (ODI). Risk factors for OSA include high
body mass index, male gender, and age, resulting in a patient
population already at risk for cardiometabolic disease.
Indeed, OSA has been associated with prevalent and incident
hypertension [4, 5], coronary artery disease, and cerebrovas-
cular events [6], likely via inflammatory processes from
oxidative stress with increased reactive oxygen species
(ROS) formation and proinflammatory cytokines [7].
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However, studies associating nephroblastoma overexpressed
(NOV), endothelial progenitor cells (EPC), and circulating
endothelial cells (CEC) with OSA and as a potential measure
of vascular inflammation to determine the risk for cardiovas-
cular disease (CVD) in OSA patients are minimal (NOV) or
discrepant (EPC/CEC). A recent meta-analysis showed a
linear correlation between AHI severity and olfactory dys-
function, but statistical differences between mild-moderate-
severe were not seen [8]. Other recent findings include the
apelin ligand of G protein-coupled receptor APJ; the apelin/
APJ system appears to be closely related to the development
of respiratory diseases, including OSA, that may well be an
attractive target for therapeutic intervention [9].

NOV is a multifunctional protein that plays a role in
inflammation, cancer, and fibrosis through its involvement
in adhesion and mitosis pathways [10] and has been associ-
ated with multiple disorders either directly or indirectly
linked to cardiovascular disease. Previously, we demon-
strated a novel association between OSA and NOV in a clin-
ical sample of obese and nonobese subjects [11].

CECs and EPCs are involved with vascular injury and
repair. CECs are essentially “sloughed endothelial cells”
resulting from systemic inflammation, which are replaced
by EPCs that are expected to increase as inflammation-
induced CECs sloughing increase [12]. When the EPC can
no longer sustain the replacement of sloughed CECs, this
denuded area is now ripe for plaque formation [13]. In a
prior study, we found that CECs in morbidly obese women
at increased risk of cardiovascular disease were elevated and
EPCs were altered in obesity, suggestive of early inflammation
[12]. Another study has also shown CEC elevation in a popu-
lation of type 2 diabetics, showing that inflammation induced
by diabetes was independent ofHgbA1C levels [14]. Although
these studies do not involve OSA patients, due to the strong
association of OSA with both morbid obesity and diabetes,
similar associations with OSA are likely present.

In the current study, we sought to demonstrate that in a
sample of well-characterized OSA subjects at increased risk
for cardiovascular disease, baseline inflammation in OSA,
as demonstrated by changes in known and novel inflamma-
tory biomarkers, may help to risk stratify this population
and further elucidate a pathogenic link between OSA and
cardiovascular disease. This manuscript is a follow-up study
to our previous work [11] with a larger sample of subjects
and further blood analysis including EPC, CEC, and cyto-
kines. Specifically, we hypothesized that NOV and other
inflammatory adipokines, CECs, and EPCs would indepen-
dently correlate with increasing OSA severity and provide
further evidence to support novel pathways leading to endo-
thelial damage and cardiovascular disease.

2. Methods

2.1. Study Design and Sample. Study subjects and controls
were enrolled at New York-Presbyterian Brooklyn Method-
ist Hospital (NYPBMH), and laboratory analysis of blood
samples was analyzed at New York Medical College
(NYMC). Subjects were drawn from individuals presenting
to the Center for Sleep Disorders at NYPBMH for evaluation

of possible OSA and from faculty and staff of NYMBMH
who were not at risk for OSA to serve as controls. Subjects
were considered for enrollment only in the absence of a
known history (chart review) of coronary artery disease,
atherosclerosis, or congestive heart failure. Only adults
(age > 18 years old) were recruited. All subjects provided
informed consent. A total of 61 subjects were enrolled. IRB
approval at the clinical site (NYPBMH) was obtained prior
to enrollment. All data were collected prospectively.

2.2. Clinical Parameters. All recruited patients had a
complete history and physical examination. Patient demo-
graphics were collected including age, gender, and race.
Patients underwent measurement of systolic and diastolic
blood pressure, height and weight for BMI determination,
neck circumference, and waist and hip circumference for
waist-hip ratio determination by standard methods. Patients
were also queried, and medication lists were evaluated to
determine the presence of comorbid medical conditions
(hypertension, diabetes, hyperlipidemia, chronic obstructive
pulmonary disease, and asthma).

2.3. Polysomnography. All patients underwent nocturnal
polysomnography (PSG) either by (1) conventional full-
montage in-laboratory PSG or (2) home sleep testing;
studies were performed in accordance with American Acad-
emy of Sleep Medicine (AASM) guidelines. Conventional
full-montage in-laboratory PSG was performed using Com-
pumedics (Victoria, Australia) software: standard 10-20
electroencephalography (EEG), electrocardiography (ECG),
electromyography (EMG) of the chin and anterior tibialis
muscle, electrooculography (EOG), snore, and pulse oxime-
try monitoring were utilized. Oral and nasal airflow were
measured by pressure transducer and thermocouple. Respi-
ratory effort was measured with respiratory impedance
plethysmography bands at the chest and the abdomen
including summation channel. Home sleep testing was
performed using ResMed ApneaLink Air (San Diego,
California). An apnea was defined as a reduction in peak
thermal sensor (or nasal pressure signal in the case of home
sleep testing) excursion by ≥90% of baseline, in which there
is continued or increased inspiratory effort throughout the
entire period of absent airflow lasting at least 10 seconds.
Desaturation and/or arousal were not required. A hypopnea
was defined as an abnormal respiratory event lasting at least
10 seconds with at least a ≥30% reduction in the nasal pres-
sure signal excursion (or alternate sensor) accompanied by a
≥4% oxyhemoglobin desaturation. The AHI is a measure of
OSA severity and derived from the number of apneas and
hypopneas per hour of sleep (in-lab determination) or per
hour of recording time (home sleep testing). OSA was
defined as AHI ≥ 5/hr for analysis purposed. Further analy-
sis with AHI ≥ 15/hr was also explored.

2.4. Laboratory Measurement. Venous blood was drawn from
antecubital vein into a serum separator tube and a tube con-
taining EDTA. Each SST sample was centrifuged at a force
of 1600g for 10 minutes after blood draw. The tubes were
placed in an insulated container with dry ice until analysis.
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2.5. Plasma NOV Protein Levels. Subjects frozen plasma was
suspended in buffer (mmol/l: 10 phosphate buffer, 250
sucrose, 1.0 EDTA, 0.1 PMSF, and 0.1% v/v tergitol,
pH7.5). Immunoblotting for NOV was performed as previ-
ously described [15]. NOV levels were based on densitome-
try fold-increase from a single control sample.

2.6. Blood Samples and Cytokine Measurements. After over-
night fasting, venous blood was drawn from an antecubital
vein to measure serum levels of inflammatory cytokines,
Leptin, and EPC testing (blood was drawn in heparinized
tubes). Serum samples were frozen at -80°C before analysis.
IL-6 was determined using ELISA.

2.7. Isolation of Circulating Endothelial Cells. A 10ml sample
of peripheral blood was obtained and used for CEC and EPC
experiments. One ml of blood was incubated with 100μl of
anti-CD146 coated 45μm Dynabeads (1:4 × 108 beads/ml)
overnight at 4°C in a Dynal mixer (Dynal, Lake Success,
New York) at 50 rpm. Cells bound to anti-CD146 coupled
beads were separated from blood in a Dynal magnet, washed
(3 washings using phosphate-buffered saline and 0.1%
bovine serum albumin and repetitive mixing for 5 minutes
in the Dynal mixer at 4°C), and dissolved in 100μl buffer.
Side-by-side assays were performed with Dynabeads coated
with human antibodies against mouse IgG but without an
antiendothelial antibody to check for nonspecific binding
to the Dynabeads. The cells were mixed with acridine and
visualized by light and fluorescence microscopy.

2.8. Isolation of Mononuclear Cells and EPC Colony
Formation. Peripheral mononuclear cells (PMNCs) were
fractionated using Ficoll density-gradient centrifugation.
Isolated PMNCs were resuspended in CFU-Hill Medium
(Stem Cell Technologies, Vancouver, Canada) and plated
on 6-well plates, coated with human fibronectin at a concen-
tration of 5 × 106 cells per well. After 48 hours, the nonad-
herent cells were collected and replated onto fibronectin-
coated 24-well plates. EPC colonies were counted using an
inverted microscope 7 days after plating. An EPC colony
was defined as a cluster of at least 100 flat cells surrounding
a cluster of rounded cells, as previously described [12].
Results are expressed as the mean number of colony-
forming units (CFUs) per well.

2.9. Statistical Analysis. We summarized continuous vari-
ables using means and standard deviations and summarized
categorical variables as frequencies and percentages. Contin-
uous variables were compared with Student’s t-test or
Mann–Whitney/Wilcoxon paired test as appropriate. Cate-
gorical variables were compared with the chi-square test
for independence. The relationship between NOV and
OSA was compared in several different categories including
ODI quartiles, AHI quartiles, and categories of OSA (no
OSA, mild OSA, moderate OSA, and severe OSA) as defined
by the AASM; these relationships were determined both
between groups and overall trends. Due to nonnormal distri-
bution of dependent variables, the cube-root transformation
of NOV (and ODI/AHI when dependent variables), which
approximated normality, was used in both multivariable

models and between group comparisons (Student’s t-test)
to ensure validity of the model. All analyses were performed
in Stata 15.1.

3. Results

61 subjects were recruited for enrollment. 3 subjects did not
complete sleep studies following blood draw. In the overall
group, the mean age was 42.6 years. Patients with OSA were
significantly older than those without OSA. Women predom-
inated the study population (57%). There was a similar
proportion of OSA among men and women (66%). Black race
accounted for 54% of the study population, while white race
accounted for 31%. Among comorbid conditions, hyperten-
sion was the most common at 31%; hypertension was seen
more frequently in OSA vs. no OSA subjects (41% vs. 11%, p
= 0:018). BMI was greater in OSA vs. no OSA subjects
(42:9 ± 10:4 vs. 32:1 ± 11:8 kg/m2; p = 0:007). 67% of subjects
demonstrated OSA on sleep testing with an AHI ≥ 5/hr while
41% of subjects had OSA under more stringent criteria of
AHI ≥ 15/hr (Table 1).

NOV levels were greater among those with OSA
(3:3 ± 2:9 vs. 2:2 ± 2-fold increase in OSA vs. no OSA
(p = 0:02) (Figure 1)). NOV levels increase as quartiles of
ODI (p = 0:002) and AHI (p = 0:039) increase. Within group
differences were observed (Figure 2): NOV was different
among ODI quartiles 1 and 3 (p = 0:028), quartiles 1 and 4
(p = 0:009), and quartiles 2 and 4 (p = 0:033), while NOV
was different among AHI quartiles 2 and 4 (p = 0:033).
NOV levels increase as OSA severity categories (clinical
severity of no OSA, mild, moderate, and severe OSA)
increase (p = 0:013); within group differences in NOV were
only seen comparing mild and severe OSA (p = 0:011).

EPC and CEC were not significantly different when com-
paring OSA vs. no OSA (Figure 3), while leptin and IL-6 were
(leptin: 70:5 ± 54 vs. 40:3 ± 45:5 ng/mL, p = 0:015; IL-6 4:4
± 2:7 vs. 2:5 ± 2:7 ng/mL, p = 0:006; Figure 4). EPC levels
increased as quartiles of ODI increased (p = 0:017) but
not with AHI quartiles or by OSA severity categories. In
exploratory analysis, EPC levels were higher in OSA when
OSA was classified as AHI ≥ 15 hr (39:3 ± 29:8 vs. 22 ±
16:1 number/mL, p = 0:021) (Figure 3(a)). These results
support that more severe disease has an association with
higher EPC levels.

In multivariable analysis (Table 2), after adjusting for
age, gender, and BMI, NOV was independently associated
with ODI (p = 0:032). NOV was not independently associ-
ated with AHI. EPCs were independently associated with
both ODI (p = 0:001) and AHI (p = 0:017). Leptin was
independently associated with both ODI and AHI in
model 2; however, when BMI was added, leptin was no
longer associated with either parameter indicative that
BMI is a strong confounding variable. IL-6 was indepen-
dently associated with ODI (p < 0:0001) and AHI
(p < 0:0001) in model 2; however, when BMI was added,
it was no longer associated with ODI but maintained sig-
nificance with AHI (p = 0:049), which supports that BMI
confounded IL-6 as well.
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4. Discussion

We have shown for the first time that measures of obstruc-
tive sleep apnea (OSA) are independently associated with
the novel adipokine matricellular protein nephroblastoma
overexpressed (NOV) and endothelial progenitor cells
(EPC) after adjusting for baseline demographics and BMI.
Specifically, NOV levels were higher in those with OSA com-
pared to those without OSA in univariate analysis. Further,
multivariable methods showed that NOV is associated with
the oxygen desaturation index (ODI) after adjusting for

age, gender, and BMI; this finding was not seen in associa-
tion with the apnea hypopnea index, suggesting that inter-
mittent hypoxia, as specifically measured by the ODI, is
central to this relationship, and that the more general mea-
sure of sleep-disordered breathing (AHI), which may also
include nonhypoxic arousal events, is not. EPCs, in contrast,
are independently associated with both the ODI and AHI,
suggesting that overall mechanisms of OSA including inter-
mittent hypoxia and other pathophysiologic variables are
important in this relationship. Leptin and IL-6 levels related
to OSA measures appear to be modified by BMI.

Table 1: Baseline characteristics∗.

Total (n = 61) No OSA (n = 19) OSA (n = 39) p value

Age (mean) 42:6 ± 13:8 34:6 ± 8:7 45:4 ± 12:8 p = 0:0016
Gender (%) NS

Men 26 (43) 8 (42) 16 (41)

Women 35 (57) 11 (58) 23 (59)

Race (%) NS

White 19 (31) 7 (37) 10 (36)

Black 33 (54) 7 (37) 25 (64)

Hispanic 3 (5) 0 3 (8)

Asian 6 (10) 5 (26) 1 (3)

Comorbidities (%)

Hypertension 19 (31) 2 (11) 16 (41) p = 0:018
Diabetes 13 (21) 2 (11) 10 (26) NS

Hyperlipidemia 10 (16) 1 (5) 8 (21) NS

BMI (kg/m2) 39 ± 11:9 32:1 ± 11:8 42:9 ± 10:4 p = 0:0007
AHI (events/hr) 21:4 ± 30 2:4 ± 1:3 30:6 ± 32:9 p = 0:0004
ODI (desat/hr) 17:3 ± 24:7 2:3 ± 2:0 24:6 ± 27:3 p = 0:0008
OSA (≥5/hr) (%) 39 (67)

OSA (≥15/hr) (%) 24 (41)

Abbreviations: OSA: obstructive sleep apnea; BMI: body mass index; AHI: apnea hypopnea index; ODI: oxygen desaturation index; NS: not significant
(p > 0:05). ∗Note: 3 subjects did not complete sleep study, accounting for the discrepancy between total and subgroup frequency.
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Figure 1: (a) Representative serum immunoblotting analysis for NOV in no OSA vs. OSA subjects. Subjects with OSA displayed an increase
in NOV proteins on western blot when compared to those without OSA. (b) Fold change in NOV expression in OSA vs. no OSA subjects.
Subjects with OSA displayed greater fold-increase in NOV levels when compared to subjects without OSA (n = 50, ∗p = 0:02). Results are
mean ± SE.
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Inflammation in OSA is driven by intermittent hypoxia
and fragmented sleep leading to oxidative stress, manifested
by increased formation of ROS and elevated adipocytokines
[16, 17]. Oxidative imbalance is the result of this intermit-
tent hypoxia with increased inflammatory cytokine produc-
tion of IL-6, TNF, and lipid peroxidation; literature review
has not identified which biomarkers better correlate with
the severity of disease [3]. CPAP has been shown to decrease
this oxidative stress [3] and normalize ROS, nitric oxide, and
8-isoprostane levels [18]. In contrast, obesity’s baseline
chronic inflammatory state is due to insulin and leptin resis-
tance resulting in increased inflammatory cytokines released

from white adipose tissue (WAT), which has diminished
thermogenic capability from mitochondrial dysfunction
compared to brown or beige adipose tissue (BBAT)
[19–21]. Due to OSA’s strong correlation with obesity, the
inflammation and associated comorbid conditions of obesity
can be seen in OSA patients. Our findings suggest that obe-
sity plays a role in chronic inflammation (as seen in leptin
and IL-6 levels modified by BMI) while the additional
inflammatory pressure resulting in elevated NOV and EPC
levels is likely driven by intermittent hypoxia and inflamma-
tion specific to OSA pathophysiology. The development of
atherosclerosis is thought to be highly influenced by this
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Figure 2: Box plots demonstrating change in cube-root transformed NOV levels (NOVc) as severity of sleep apnea increases. (a) ODI
quartiles, overall trend p = 0:002; (b) AHI quartiles, overall trend p = 0:039; (c) OSA severity, overall trend p = 0:013. ∗p < 0:05. These
plots were made using cube root transformation of NOV and Student’s t-test performed in Stata 15.1. (a) Box plots representing NOV
levels in the different ODI quartiles. Subjects in the upper ODI quartiles have increasing levels of NOV. There is statistically significant
higher expression of NOV in ODI quartile 4 when compared to ODI quartiles 1 and 2. The overall trend for NOV expression increases
as ODI quartile increases. (b) Box plots representing NOV levels in the different AHI quartiles. Subjects in the upper AHI quartiles have
increasing levels of NOV. There is statistically significant higher expression of NOV in AHI quartile 4 when compared to AHI quartile 2.
The overall trend for NOV expression increases as AHI quartile increases. (c) Box plots representing NOV levels in the different
severities of OSA. Subjects in the high severity groups have increasing levels of NOV. There is statistically significant higher expression
of NOV in the severe OSA group when compared to the no OSA group. The overall trend for NOV expression increases as AHI quartile
increases.
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intermittent hypoxia; this involves a complex interaction of
multiple factors that include oxidative stress and inflamma-
tion, autonomic nervous system dysfunction, and platelet
activation [22].

NOV, a member of the CCN multifunctional proteins,
plays a role in inflammation, cancer, and fibrosis through
its involvement in adhesion and mitosis pathways [10]. It
has been associated with multiple disorders either directly
or indirectly linked to cardiovascular disease. NOV is an
established regulator of and regulated by various cyto/che-
mokines, including the anti-inflammatory enzyme heme
oxygenase-1 (HO-1) [23], [10]. A recent study in humans
showed that NOV is strongly correlated with BMI and fat
mass, decreases with weight loss, and is associated with ele-
vated hemoglobin A1c levels [24]. Disease states associated
with increased inflammation, including endothelial cell dys-
function, obesity, insulin resistance, metabolic syndrome,
and interstitial renal fibrosis, have all been associated with
increased NOV levels [23–25], [26]. Furthermore, epoxyei-
cosatrienoic acid (EET), a molecule that inhibits the inflam-
matory process, improves insulin sensitivity, and decreases
NOV was shown to attenuate obesity-induced cardiomyop-
athy by down regulating NOV, increasing heme

oxygenase-1 (HO-1) and Wnt signaling in both cardiac
and pericardial fat [15, 27]. This resulted in decreased
inflammatory cytokines IL-6 and TNF, as well as an increase
in anti-inflammatory molecules and mitochondrial integrity
[15, 27]. HO-1 upregulation and EET upregulation both
result in marked reductions of IL-6, TNF, and NOV [28].
The knockout mouse model of peroxisome proliferator-
activated receptor gamma coactivator-1α (PGC-1 α)
reversed these findings and blocking the nuclear coactivator
of HO-1 suggested that HO-1 upregulation was the mecha-
nism involved. These findings propose that NOV may play
a role in the OSA-related risk of developing cardiac disease
and may be a target for potential therapy. This was shown
again by administration of an EET agonist that increased
PGC-1 α, which induced the HO-1 increase, improved mito-
chondrial function, and induced a change in the pericardial
and epicardial adipocyte phenotype from white to beige;
the improved insulin receptor phosphorylation improved
insulin sensitivity and resulted in reversal of heart failure
[27]. Thymoquinone (TQ) is another molecule that comes
from the Nigella sativa plant that has major anti-
inflammatory properties; in combination with omega fish
oils, they improved insulin sensitivity in obesity and
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Figure 3: (a) Difference in EPC levels in subjects with OSA vs. no OSA; OSA defined as AHI ≥ 5/hr or AHI ≥ 15/hr. Those with OSA had
higher EPC levels when more stringent criteria for OSA diagnosis (i.e., AHI ≥ 15) were used supportive that more severe disease has an
association with higher EPC levels (n = 53, ∗p = 0:021). (b) Difference in CEC levels in subjects with OSA vs. no OSA; OSA defined as
AHI ≥ 5/hr or AHI ≥ 15/hr. Those with OSA displayed higher levels of CEC, but the association did not reach statistical significance
(n = 44).
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Figure 4: (a) Difference in Leptin levels by OSA vs. no OSA. Those with OSA had higher levels of leptin (n = 59, ∗p ≤ 0:05) prior to adjusting
for age, gender, and BMI. This association was lost when BMI was adjusted for indicating BMI is a strong confounding variable. Results are
mean ± SE. (b) Difference in IL-6 levels by OSA vs. no OSA. Those with OSA had higher IL-6 levels (n = 59, ∗p ≤ 0:05). This association was
seen in both ODI and AHI as parameters for diagnosing OSA prior to adjusting for BMI. When BMI was added IL-6 maintained association
with AHI only (p = 0:049) supportive that BMI is a confounding variable. Results are mean ± SE.

Table 2: Regression model with dependent variables (ODI and AHI) vs. independent variables.

Model 1 Model 2 Model 3

ODIc

NOVc 17.1 (4.8, 29.3) ¶ 20.0 (7.5, 32.6) ¶ 14.4 (1.3, 27.5)∗

EPCs 0.16 (0.03, 0.29)∗ 0.17 (0.04, 0.31)∗ 0.20 (0.09, 0.31) ¶

Leptins 0.07 (-0.01, 0.16) 0.13 (0.05, 0.22) ¶ 0.05 (-0.06, 0.16)

IL-6 s 0.57 (0.22, 0.93) ¶ 0.71 (0.35, 1.1)§ 0.46 (-0.10, 1.0)

AHIc

NOVc 11.0 (-1.6, 23.6) 12.9 (-0.1, 25.9) 7.4 (-6.2, 21.1)

EPCs 0.11 (-0.01, 0.24) 0.12 (-0.01, 0.26) 0.14 (0.03, 0.26)∗

Leptins 0.05 (-0.04, 0.13) 0.10 (0.01, 0.19)∗ 0.02 (-0.10, 0.13)

IL-6 s 0.54 (0.19, 0.90)¶ 0.68 (0.33, 1.03)§ 0.56 (0.002, 1.11)∗

Model 1 is before adjustment; model 2: adjustment for age and sex; model 3: adjustment for BMI, age, and sex. ∗p < 0:05; ¶p < 0:01; §p < 0:0001. Abbreviations:
ODIc: cube-root transformed oxygen desaturation index; AHIc: cube-root transformed apnea hypopnea index; NOVc: cube-root transformed NOV levels;
EPCs: square-root transformed endothelial progenitor cells; Leptins: square-root transformed Leptin; IL-6 s: square-root transformed interleukin-6.
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promoted the browning of white fat, with upregulation of
mitochondrial enzymes, HO-1 levels, and reduction of the
inflammatory adipokine NOV, twist-related protein
(TWIST2), and the adipocyte hypoxia inducible factor
HIF-1α [29]. NOV induces cytokine formation by increasing
adipogenesis, with decreased numbers of mitochondria and
diminished mitochondrial function, which is all reversed
by EET upregulation [27]. White adipose tissue has higher
NOV levels than beige and brown adipose tissue [15]. In
addition, the inflammatory state is destructive to mitochon-
dria and contributes to multiorgan dysfunction [30–32].
The ability to generate thermogenesis via mitochondrial
electron transport chain (ETC) uncoupling is highest in
brown fat, followed by beige, and finally least in white fat
[19, 20]. Therefore, lean individuals with a higher brown/
beige adipose tissue (BBAT) to WAT ratio have better
anti-inflammatory mechanisms to fight severe inflamma-
tion due to stable thermogenesis secondary to higher mito-
chondria concentration, which utilizes HO-1 to promote
uncoupling [29, 33].

Other potential predictive markers such as CECs and
EPCs are of interest in proinflammatory disease states as
well. CECs are accepted and reliable indicators of vascular
damage [34]. CECs are a measure of “sloughed cells” from
the vascular endothelium that are routinely replaced by bone
marrow-derived EPCs as part of the injury-repair mecha-
nism, but EPCs are rarely identified in the peripheral blood
of healthy individuals, and when they are, they will be few
in number [35]. When the production of EPCs are no longer
able to replace the increasing amounts of sloughed CECs, the
area of denuded endothelium is now primed for the develop-
ment of vascular plaques [36]. EPCs have been implicated in
plaque “vulnerability to rupture” [12, 37]. As a result, their
presence in peripheral blood is a measure of endothelial
injury/repair [34]. Endothelial dysfunction is the initial stage
of atherosclerotic disease and more need to be done to iden-
tify patients at increased risk and intervene [38].

Quantification of CEC and EPC has correlated with
cardiovascular disease. Studies show increased levels of
CECs in the acute coronary syndrome spectrum, stable
angina, ischemic cerebrovascular accident (CVA), and criti-
cal limb ischemia [39]. CEC quantification 48 hours after
acute coronary syndrome was shown to accurately risk strat-
ify patients for major adverse coronary events and death at
both one month and one year [39]. Furthermore, the patho-
genesis of atherosclerosis and plaque rupture leading to
ischemic events is a proinflammatory process resulting in
higher oxidative stress in the endothelium [40]. On the other
hand, decreased EPCs have been associated with increased
levels of cardiovascular disease [36]. One theory posits that
there is a finite supply of EPCs, and once they have been
exhausted due to repetitive vascular injury, the evolution of
cardiovascular disease is established [41].

Individuals with higher levels of oxidative stress, such as
those with OSA and obesity, have higher risk for unstable
plaque formation over the damaged endothelium that con-
sists of cholesterol deposits and foam cells [40]. Presumably,
those with established cardiovascular disease would demon-
strate a reduction in EPCs, and this should be in a dose

response manner to the severity of OSA. However, this was
not what we found in our study, and the literature in OSA
and EPCs is quite variable. Multiple investigators have found
that EPCs are reduced in those with OSA [42]; [43]; [44].
Alternatively, other investigators found that EPCs were
increased [45] or unchanged [46] [47] in OSA vs. control.
Potential reasons for these discrepant results are numerous,
including differences in EPC measurement, differences in
patient population (i.e., race and age) [48], and differences
in the presence and evolution of cardiovascular disease in
each individual patient. Those with changes in EPC levels
are at risk for a vulnerable thin fibrous cap rupture leading
to acute thrombosis placing individuals with OSA at higher
risk for cardiovascular disease [12, 37, 40]. Intermittent hyp-
oxia seen in OSA causes increased ROS formation as a result
of decreased oxygenation and may subsequently result in
higher EPC levels as the endothelium undergoes repair [7,
40]. In our study, EPC levels were found to be independently
associated with both ODI (p = 0:001) and AHI (p = 0:017)
(Table 2). There was no statistically significant correlation
between OSA and CEC in our data; of note, only 44 subjects
had CECs measured in this study which may have resulted
in a type 2 error.

The proinflammatory state of OSA was confirmed in our
subjects by increased levels of IL-6. There was an overall
positive correlation between AHI and IL-6 (Table 2, model
1 p = 0:003), but the relationship was weakened when
adjusted for BMI (Table 2 model 3 p = 0:049), suggesting
the inflammatory state of obesity acts as an effect modifier.
Similar findings are well established in OSA patients, in
which several inflammatory markers are known to be ele-
vated in OSA, including leptin, CRP, TNF-a, and IL-6 [49].

There are several limitations in our study. Although we
feel that the findings are generalizable, the fact that we had
a large percentage of black subjects makes this less so.
Known racial differences in cardiovascular disease [50]
may indicate that the pathogenic mechanisms underlying
the vascular inflammatory cascade may also be different.
Because our study subjects in general did not have estab-
lished coronary or other cardiovascular diseases, we were
unable to differentiate those in whom EPCs may have been
decreased due to exhaustion of the bone marrow response
from those with an exuberant EPC response. Because we
did not collect actigraphy data, we were unable to assess
the role that shortened sleep duration and therefore sleep
deprivation may have played in our results. Similarly, the
lack of arterial blood gas analysis to determine the presence
of hypoventilation prevented us from identifying subjects
with obesity-hypoventilation syndrome, which may affect
the degree of deoxygenation and thus oxidative stress.
Finally, the cross-sectional nature of our study prevents
any temporality and therefore any causal inference.

5. Conclusion

The subjects of our study demonstrated that OSA is inde-
pendently correlated with NOV after adjusting for BMI,
age, and sex when compared to control. NOV appeared to
be driven by intermittent hypoxia rather than general
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obstructive episodes as the correlation was with ODI and not
AHI. EPCs were independently associated with both ODI
and AHI, while CECs did not demonstrate an association
with OSA. IL-6 was elevated in OSA subjects based on
AHI, but BMI appeared to be a strong modifier of this rela-
tionship. Leptin was not associated with OSA after fully
adjusting for BMI. In summary, the inflammatory adipokine
NOV and EPC represent potential biomarkers that may help
identify OSA patients at a current or future increased risk of
cardiovascular disease from oxidative stress and may be a
potential target to prevent the vascular downstream conse-
quences of this systemic inflammatory cascade.

Data Availability

Access to data is restricted due to legal and ethical concerns.

Additional Points

Study Importance Questions. What is already known about
this subject? (i) OSA is associated with oxidative stress of
chronic inflammation, elevation of adipocytokines, and
endothelial dysfunction. (ii) OSA is associated with cardio-
metabolic disease. What are the new findings in your manu-
script? (i) NOV levels correlate with the degree of OSA
independent of BMI. (ii) EPC levels correlate with the degree
of OSA independent of BMI. How might your results change
the direction of research or the focus of clinical practice?
NOV and EPC represent potential biomarkers which may
help to identify OSA patients at a current or future increased
risk of cardiovascular disease caused by oxidative stress and
chronic inflammation and may be a potential target to pre-
vent the vascular downstream consequences of this systemic
inflammatory cascade.

Conflicts of Interest

All authors declare no conflict of interest.

Authors’ Contributions

Eddie W. Fakhouri and Jeremy A. Weingarten contributed
equally to this work.

References

[1] P. E. Peppard, T. Young, J. H. Barnet, M. Palta, E. W. Hagen,
and K. M. Hla, “Increased prevalence of sleep-disordered
breathing in adults,” American Journal of Epidemiology,
vol. 177, no. 9, pp. 1006–1014, 2013.

[2] A. S. Jordan, D. G. McSharry, and A. Malhotra, “Adult
obstructive sleep apnoea,” Lancet, vol. 383, no. 9918,
pp. 736–747, 2014.

[3] A. Maniaci, G. Iannella, S. Cocuzza et al., “Oxidative stress and
inflammation biomarker expression in obstructive sleep apnea
patients,” Journal of Clinical Medicine, vol. 10, no. 2, p. 277, 2021.

[4] F. J. Nieto, T. B. Young, B. K. Lind et al., “Association of sleep-
disordered breathing, sleep apnea, and hypertension in a large
community-based study,” Journal of the American Medical
Association, vol. 283, no. 14, pp. 1829–1836, 2000.

[5] J. M. Marin, A. Agusti, I. Villar et al., “Association between
treated and untreated obstructive sleep apnea and risk of
hypertension,” Journal of the American Medical Association,
vol. 307, no. 20, pp. 2169–2176, 2012.

[6] J. M. Marin, S. J. Carrizo, E. Vicente, and A. G. Agusti, “Long-
term cardiovascular outcomes in men with obstructive sleep
apnoea- hypopnoea with or without treatment with continu-
ous positive airway pressure: an observational study,” Lancet,
vol. 365, no. 9464, pp. 1046–1053, 2005.

[7] L. Lavie, “Oxidative stress in obstructive sleep apnea and inter-
mittent hypoxia - Revisited - The bad ugly and good: Implica-
tions to the heart and brain,” Sleep Medicine Reviews, vol. 20,
pp. 27–45, 2015.

[8] G. Iannella, G. Magliulo, A. Maniaci et al., “Olfactory function
in patients with obstructive sleep apnea: a meta-analysis
study,” European Archives of Oto-Rhino-Laryngology,
vol. 278, no. 3, pp. 883–891, 2021.

[9] J. Yan, A. Wang, J. Cao, and L. Chen, “Apelin/APJ system: an
emerging therapeutic target for respiratory diseases,” Cellular
and Molecular Life Sciences, vol. 77, no. 15, pp. 2919–2930, 2020.

[10] L. Kular, J. Pakradouni, P. Kitabgi, M. Laurent, and
C. Martinerie, “The CCN family: a new class of inflammation
modulators?,” Biochimie, vol. 93, no. 3, pp. 377–388, 2011.

[11] J. A. Weingarten, L. Bellner, S. J. Peterson et al., “The associa-
tion of NOV/CCN3 with obstructive sleep apnea (OSA): pre-
liminary evidence of a novel biomarker in OSA,” Hormone
Molecular Biology and The Clinical Investigator, vol. 31,
no. 2, 2017.

[12] S. J. Peterson, J. I. Shapiro, E. Thompson et al., “Oxidized HDL,
adipokines, and endothelial dysfunction: a potential biomarker
profile for cardiovascular risk in women with obesity,”Obesity,
vol. 27, no. 1, pp. 87–93, 2019.

[13] J. L. Wilson, F. Bouillaud, A. S. Almeida et al., “Carbon mon-
oxide reverses the metabolic adaptation of microglia cells to
an inflammatory stimulus,” Free Radical Biology & Medicine,
vol. 104, pp. 311–323, 2017.

[14] J. A. McClung, N. Naseer, M. Saleem et al., “Circulating endo-
thelial cells are elevated in patients with type 2 diabetes melli-
tus independently of HbA (1)c,” Diabetologia, vol. 48, no. 2,
pp. 345–350, 2005.

[15] J. Cao, S. P. Singh, J. A. McClung et al., “EET intervention on
Wnt1, NOV, and HO-1 signaling prevents obesity-induced
cardiomyopathy in obese mice,” American Journal of Physiol-
ogy. Heart and Circulatory Physiology, vol. 313, no. 2,
pp. H368–H380, 2017.

[16] S. S. Martin, A. Qasim, and M. P. Reilly, “Leptin resistance: a
possible interface of inflammation and metabolism in
obesity-related cardiovascular disease,” Journal of the Ameri-
can College of Cardiology, vol. 52, no. 15, pp. 1201–1210, 2008.

[17] A. Stanek, K. Brozyna-Tkaczyk, and W. Myslinski, “Oxidative
stress markers among obstructive sleep apnea patients,” Oxi-
dative Medicine and Cellular Longevity, vol. 2021, Article ID
9681595, 8 pages, 2021.

[18] A. Alonso-Fernandez, F. Garcia-Rio, M. A. Arias et al., “Effects
of CPAP on oxidative stress and nitrate efficiency in sleep
apnoea: a randomised trial,” Thorax, vol. 64, no. 7, pp. 581–
586, 2009.

[19] E. W. Fakhouri, S. J. Peterson, J. Kothari, R. Alex, J. I. Shapiro,
and N. G. Abraham, “Genetic polymorphisms complicate
COVID-19 therapy: pivotal role of HO-1 in cytokine storm,”
Antioxidants, vol. 9, no. 7, p. 636, 2020.

9Oxidative Medicine and Cellular Longevity



[20] S. Demine, P. Renard, and T. Arnould, “Mitochondrial uncou-
pling: a key controller of biological processes in physiology and
diseases,” Cell, vol. 8, no. 8, p. 795, 2019.

[21] G. H. Goossens, “The metabolic phenotype in obesity: fat
mass, body fat distribution, and adipose tissue function,” Obe-
sity Facts, vol. 10, no. 3, pp. 207–215, 2017.

[22] J. Chen, S. Lin, and Y. Zeng, “An update on obstructive sleep
apnea for atherosclerosis: mechanism, diagnosis, and treat-
ment,” Frontiers in Cardiovascular Medicine, vol. 8,
p. 647071, 2021.

[23] C. Martinerie, M. Garcia, T. T. Do et al., “NOV/CCN3: a new
adipocytokine involved in obesity-associated insulin resis-
tance,” Diabetes, vol. 65, no. 9, pp. 2502–2515, 2016.

[24] J. Pakradouni, W. le Goff, C. Calmel et al., “PlasmaNOV/CCN3
levels are closely associated with obesity in patients with meta-
bolic disorders,” PLoS One, vol. 8, no. 6, article e66788, 2013.

[25] D. Sacerdoti, S. P. Singh, J. Schragenheim et al., “Development
of NASH in obese mice is confounded by adipose tissue
increase in inflammatory NOV and oxidative stress,” Interna-
tional Journal of Hepatology, vol. 2018, Article ID 3484107, 14
pages, 2018.

[26] P. O. Marchal, P. Kavvadas, A. Abed et al., “Reduced NOV/
CCN3 expression limits inflammation and interstitial renal
fibrosis after obstructive nephropathy in mice,” PLoS One,
vol. 10, no. 9, article e0137876, 2015.

[27] S. P. Singh, J. A. McClung, L. Bellner et al., “CYP-450 epoxy-
genase derived epoxyeicosatrienoic acid contribute to reversal
of heart failure in obesity-induced diabetic cardiomyopathy
via PGC-1 alpha activation,” Cardiovascular Pharmacology:
Open Access, vol. 7, no. 1, article e0137876, 2018.

[28] J. A. McClung, L. Levy, V. Garcia, D. E. Stec, S. J. Peterson,
and N. G. Abraham, “Heme-oxygenase and lipid mediators
in obesity and associated cardiometabolic diseases: thera-
peutic implications,” Pharmacology & Therapeutics, p.
107975, 2021.

[29] H. H. Shen, S. J. Peterson, L. Bellner et al., “Cold-pressed
nigella sativa oil standardized to 3% thymoquinone potentiates
omega-3 protection against obesity-induced oxidative stress,
inflammation, and markers of insulin resistance accompanied
with conversion of white to beige fat in mice,” Antioxidants,
vol. 9, no. 6, p. 489, 2020.

[30] A. Sasson, E. Kristoferson, R. Batista, J. A. McClung, N. G.
Abraham, and S. J. Peterson, “The pivotal role of heme
oxygenase-1 in reversing the pathophysiology and systemic
complications of NAFLD,” Archives of Biochemistry and Bio-
physics, vol. 697, p. 108679, 2021.

[31] S. J. Peterson, R. Rubinstein, M. Faroqui et al., “Positive effects of
heme oxygenase upregulation on adiposity and vascular dysfunc-
tion: gene targeting vs. pharmacologic therapy,” International
Journal of Molecular Sciences, vol. 20, no. 10, p. 2514, 2019.

[32] S. J. Peterson, A. Choudhary, A. K. Kalsi, S. Zhao, R. Alex, and
N. G. Abraham, “OX-HDL: a starring role in cardiorenal syn-
drome and the effects of heme oxygenase-1 intervention,”
Diagnostics, vol. 10, no. 11, p. 976, 2020.

[33] M. Raffaele, M. Licari, S. Amin et al., “Cold press pomegranate
seed oil attenuates dietary-obesity induced hepatic steatosis
and fibrosis through antioxidant and mitochondrial pathways
in obese mice,” International Journal of Molecular Sciences,
vol. 21, no. 15, p. 5469, 2020.

[34] U. Erdbruegger, A. Dhaygude, M. Haubitz, and A. Woywodt,
“Circulating endothelial cells: markers and mediators of vascu-

lar damage,” Current Stem Cell Research & Therapy, vol. 5,
no. 4, pp. 294–302, 2010.

[35] H. Wu, H. Chen, and P. C. Hu, “Circulating endothelial cells
and endothelial progenitors as surrogate biomarkers in vascu-
lar dysfunction,” Clinical Laboratory, vol. 53, no. 5-6, pp. 285–
295, 2007.

[36] A. Briasoulis, D. Tousoulis, C. Antoniades, N. Papageorgiou, and
C. Stefanadis, “The role of endothelial progenitor cells in vascular
repair after arterial injury and atherosclerotic plaque develop-
ment,” Cardiovascular Therapeutics, vol. 29, 139 pages, 2011.

[37] D. Kashiwazaki, N. Akioka, N. Kuwayama et al., “Involvement
of circulating endothelial progenitor cells in carotid plaque
growth and vulnerability,” Journal of Neurosurgery, vol. 125,
no. 6, pp. 1549–1556, 2016.

[38] A. Stanek, B. Fazeli, S. Bartus, and E. Sutkowska, “The role of
endothelium in physiological and pathological states: new
data,” BioMed Research International, vol. 2018, Article ID
1098039, 3 pages, 2018.

[39] C. J. Boos, G. Y. Lip, and A. D. Blann, “Circulating endothelial
cells in cardiovascular disease,” Journal of the American Col-
lege of Cardiology, vol. 48, no. 8, pp. 1538–1547, 2006.

[40] P. Libby, J. E. Buring, L. Badimon et al., “Atherosclerosis,”
Nature Reviews. Disease Primers, vol. 5, no. 1, p. 56, 2019.

[41] J. M. Hill, G. Zalos, J. P. J. Halcox et al., “Circulating endothe-
lial progenitor cells, vascular function, and cardiovascular
risk,” New England Journal of Medicine, vol. 348, no. 7,
pp. 593–600, 2003.

[42] M. de la Peña, A. Barceló, F. Barbe et al., “Endothelial function
and circulating endothelial progenitor cells in patients with sleep
apnea syndrome,” Respiration, vol. 76, no. 1, pp. 28–32, 2008.

[43] S. Jelic, M. Padeletti, S. M. Kawut et al., “Inflammation, oxida-
tive stress, and repair capacity of the vascular endothelium in
obstructive sleep apnea,” Circulation, vol. 117, no. 17,
pp. 2270–2278, 2008.

[44] M. Murri, R. Garcia-Delgado, J. Alcazar-Ramirez et al., “Effect
of CPAP on oxidative stress and circulating progenitor cell
levels in sleep patients with apnea-hypopnea syndrome,”
Respiratory Care, vol. 56, no. 11, pp. 1830–1836, 2011.

[45] T. Kizawa, Y. Nakamura, S. Takahashi, S. Sakurai,
K. Yamauchi, and H. Inoue, “Pathogenic role of angiotensin
II and oxidised LDL in obstructive sleep apnoea,” The Euro-
pean Respiratory Journal, vol. 34, no. 6, pp. 1390–1398, 2009.

[46] C. H. Yun, K. H. Jung, K. Chu et al., “Increased circulating
endothelial microparticles and carotid atherosclerosis in
obstructive sleep apnea,” Journal of Clinical Neurology, vol. 6,
no. 2, pp. 89–98, 2010.

[47] K. Martin, M. Stanchina, N. Kouttab, E. O. Harrington, and
S. Rounds, “Circulating endothelial cells and endothelial pro-
genitor cells in obstructive sleep apnea,” Lung, vol. 186,
no. 3, pp. 145–150, 2008.

[48] Q.Wang, Q. Wu, J. Feng, and X. Sun, “Obstructive sleep apnea
and endothelial progenitor cells,” Patient Preference and
Adherence, vol. 7, pp. 1077–1090, 2013.

[49] E. S. Arnardottir, M. Mackiewicz, T. Gislason, K. L. Teff, and
A. I. Pack, “Molecular signatures of obstructive sleep apnea
in adults: a review and perspective,” Sleep, vol. 32, no. 4,
pp. 447–470, 2009.

[50] M. M. Safford, T. M. Brown, P. M. Muntner et al., “Association
of race and sex with risk of incident acute coronary heart dis-
ease events,” Journal of the American Medical Association,
vol. 308, no. 17, pp. 1768–1774, 2012.

10 Oxidative Medicine and Cellular Longevity



Research Article
Biomarkers of Inflammation and Redox Imbalance in Umbilical
Cord in Pregnancies with and without Preeclampsia and
Consequent Perinatal Outcomes

Marilene Brandão Tenório Fragoso ,1 Raphaela Costa Ferreira ,2

Micaely Cristina dos Santos Tenório ,1 Fabiana Andréa Moura ,3

Orlando Roberto Pimentel de Araújo ,4 Nassib Bezerra Bueno ,3

Marília Oliveira Fonseca Goulart ,1,2,4 and Alane Cabral Menezes de Oliveira 3

1Instituto de Química e Biotecnologia (IQB/UFAL), Rede Nordeste de Biotecnologia (RENORBIO), Universidade Federal de Alagoas,
Campus A. C. Simões, BR 104 Norte, Km. 96.7, Tabuleiro dos Martins, CEP 57.072-970 Maceió, Alagoas, Brazil
2Programa de Pós-graduação em Ciências da Saúde, ICBS, Universidade Federal de Alagoas, Campus A. C. Simões, BR 104 Norte,
Km. 96.7, Tabuleiro dos Martins, CEP 57.072-970 Maceió, Alagoas, Brazil
3Faculdade de Nutrição, Universidade Federal de Alagoas, Campus A. C. Simões, BR 104 Norte, Km. 96.7, Tabuleiro dos Martins,
CEP 57.072-970 Maceió, Alagoas, Brazil
4Instituto de Química e Biotecnologia (IQB/UFAL), Programa de Pós-graduação Em Química e Biotecnologia, Universidade Federal
de Alagoas, Campus A. C. Simões, BR 104 Norte, Km. 96.7, Tabuleiro dos Martins, CEP 57.072-970 Maceió, Alagoas, Brazil

Correspondence should be addressed to Marília Oliveira Fonseca Goulart; mariliaofg@gmail.com
and Alane Cabral Menezes de Oliveira; alanecabral@gmail.com

Received 6 March 2021; Revised 16 July 2021; Accepted 11 October 2021; Published 9 November 2021

Academic Editor: Valentina Pallottini

Copyright © 2021 Marilene Brandão Tenório Fragoso et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Objective. To compare redox imbalance and inflammation biomarkers in umbilical cords from pregnancies with and without
preeclampsia (PE) and to analyse their relationships with perinatal outcomes. Methods. A controlled cross-sectional study was
conducted in Maceió, Alagoas, Brazil, that involved pregnant women with PE and a group of women without the disease,
through the application of a standardized questionnaire. After delivery, umbilical cord samples were collected to measure
antioxidant defense, products from oxidative damage, and inflammation biomarkers such as myeloperoxidase (MPO),
interleukin- (IL-) 6, IL-8, IL-10, and tumor necrosis factor-alpha (TNF-α). Statistical analyses were performed using Stata
version 13.0 software and IBM Statistical Package for the Social Sciences (SPSS) 20.0, adopting a 95% confidence level (α = 0:05
), with the chi-square test, the Wilcoxon–Mann–Whitney test, and the multinomial and Poisson regression tests. Results. One
hundred PE pregnant women and 50 women without the disease were studied. The umbilical cords from PE pregnancies
showed higher levels of reduced glutathione (GSH) (p ≤ 0:001), glutathione peroxidase (GPx) (p = 0:016), and malondialdehyde
(MDA) (p = 0:028) and lower levels of IL-6 (p = 0:030) and TNF-α (p ≤ 0:001) than the other group, with some associations
among these biomarkers with perinatal outcomes. Conclusion. The higher levels of GSH and GPx, in addition to the lower
levels of IL-6 and TNF-α, found in the PE umbilical cord, may result from adaptive mechanisms to maintain the oxidative and
inflammatory balance; however, despite these changes, the damage to the cell membranes was not minimized, as the MDA
level was higher in women with PE than in women without the disease. This implies that a redox imbalance is present,
confirming that other physiological and adaptive mechanisms are being activated to preserve foetal health. Therefore, the
present work unveils an important role of the umbilical cord in controlling redox imbalance and inflammation in PE
pregnancies. Our results reinforce the necessity for continuous research on GSH as a protective compound for the perinatal
outcome, especially in PE women.
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1. Introduction

The umbilical cord is a vital structure for foetal develop-
ment, as it provides the only connection with the placenta.
The outer part presents a layer of amniotic epithelium that
surrounds a core of mucoid connective tissue, namely,
Wharton’s jelly (WJ), capable of filling the entire tissue
space. WJ does not contain other blood or lymph vessels
and is not innervated. As a connective tissue, WJ is suited
for producing only mesenchymal cells, which comprise the
functional myofibroblasts of the tissue and their precursors.
WJ surrounds three vessels, two arteries responsible for
transporting nutrients and oxygenated blood to the foetus,
and a vein, which conducts deoxygenated blood and waste
products back to the placenta. The umbilical vessels are
comprised of an intimate tunic and a medium tunic, differ-
ent from other vessels, which also have an adventitious tunic
[1–4].

Scientists have demonstrated that structural and func-
tional changes in the umbilical cord may be associated with
pathological conditions. For example, diseases such as gesta-
tional diabetes mellitus and preeclampsia (PE), which lead to
adverse perinatal outcomes such as intrauterine growth
restriction (IUGR) and foetal death, are influenced by the
cord length and width, WJ area, type of cord insertion, cord
knot, morphometry, and the flow parameters of the umbili-
cal vessels [5–7].

The aetiology of PE is not fully understood, but it is
known that a deficient placentation process occurs at the
beginning of pregnancy, resulting in inadequate remodeling
of the uterine spiral arteries, which compromises the supply
of oxygenated blood to the foetoplacental unit. As a conse-
quence, hypoxia/reperfusion occurs in the organ, which
leads to high production of reactive oxygen species (ROS),
leading to oxidative stress in addition to inflammation and
endothelial dysfunction. Such changes culminate in the
occurrence of adverse perinatal outcomes, such as IUGR,
premature birth, newborns small for gestational age, and
other complications, including maternal and foetal deaths
[8–12]. It is also important to highlight that redox homeo-
stasis depends on a number of factors, including gender,
age, disease, and pregnancy, emphasizing, therefore, that
PE is a factor able to interfere in this redox homeostasis
[9, 13].

PE is currently considered a public health problem that
is associated with high maternal and perinatal morbidity
and mortality. Changes occur in the extracellular matrix that
lead to increased vascular resistance in the foetoplacental
circulation. As a result, changes in umbilical cord morphol-
ogy and composition occur in PE by reducing the area of the
umbilical vein and WJ, with narrower cords evident in early-
onset PE [4, 14, 15].

In addition, there is an increase in collagen deposition, a
reduction in elastin, a thickening of the vessel walls, and the
migration of smooth muscle cells. In the PE umbilical cord
artery, a decrease in the levels of collagen-degrading
enzymes, such as the matrix metalloproteinases, favours
changes in the collagen-elastin relationship. Additionally,
there is an increase in the proteoglycan amount associated

with the reduction of hyaluronic acid, causing WJ to lose
its ability to retain water and resist compression. Therefore,
the observed changes in the umbilical cord of pregnant
women with PE lead to premature deterioration of these tis-
sues, which can result in or contribute to the haemodynamic
changes characteristic of PE, as well as favour ROS passage
to the foetus through the umbilical cord [4, 16–18].

Despite not being a frequent target of research related to
PE, the umbilical cord constitutes a primary vascular struc-
ture, responsible for carrying oxygenated blood and nutri-
ents to the foetoplacental unit, as well as foetal metabolites
for excretion. As such, changes in its shape and function
reflect complications affecting maternal-foetal health [19].
To date, no articles have been published concerning the role
of the umbilical cord in maintaining redox and inflamma-
tory balance in women with PE and its consequences on foe-
tal outcomes, which gives a strong support to the present
work. It is necessary to obtain data about the pathophysiol-
ogy of the disease, the role of oxidative stress and inflamma-
tion in the umbilical cord, and possible changes in its
function, as a way to further understand its role, aiming at
minimizing the damage to foetal health from PE. Therefore,
this study is aimed at evaluating the markers of redox imbal-
ance and inflammation in umbilical cords of pregnancies
with PE, to compare them with those without the disease
and analyse their relationship with perinatal outcomes.

2. Materials and Methods

2.1. Experimental: Reagents and Equipment. A superoxide
dismutase (SOD) assay kit-WST® was purchased from
Sigma-Aldrich. Cytokine kits were obtained from Pepro-
Tech® (PeproTech Brasil FUNPEC, Ribeirão Preto, SP,
BR), protease inhibitor cocktail tablets were obtained from
Roche® (Germany), and radioimmunoprecipitation assay
(RIPA) buffer was obtained from Cell Signaling Technol-
ogy®. All other chemicals and enzymes were purchased from
Sigma-Aldrich® (St. Louis, USA).

The high-performance liquid chromatography system
(HPLC) (LC-20 AT-Prominence, Shimadzu) coupled to a
UV detector (Shimadzu, Serial no. L201550) was used. A
biofreezer from the VIP Series by Sanyo was used. The spec-
trofluorometer was manufactured by Thermo Fisher Scien-
tific® (Multiskan), who also supplied a Filizola® digital
balance, with a capacity of 150 kg and 100 g accuracy and a
stadiometer with a 2m length and 0.1 cm precision.

2.2. Study Design and Ethical Aspects. This was a controlled
cross-sectional study carried out in 2017 in the city of
Maceió, AL, Brazil. The present work is part of a larger
research project financed by the Research Program for the
Unified Health System, with approval by the Ethics Com-
mittee in Research of the Federal University of Alagoas (pro-
cess no. 35743614.1.0000.5013). It is important to mention
that an article has already been published containing the
data referring to the placenta analysis by our research group
[12] and that this study used the same PE women, women
without the disease, and their newborns [12]. Their umbili-
cal cords are herein analysed for the first time.
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With regard to the proportion of the sample size
between PE and women without the disease groups, accord-
ing to Tenny et al. [20] and Munnangi and Boktor [21],
there is no standard concerning the number of cases and
the comparative group, and this proportion can reach up
to 4 : 1. However, groups need to have similar characteristics,
such as sex and age, differing only in the disease presence or
absence. Therefore, the 1 : 1 ratio is optional, and the 2 : 1
ratio used was considered to be adequate.

2.3. Inclusion and Exclusion Criteria. The study group
included pregnant women diagnosed with PE, and their
identification was carried out through medical records fol-
lowing the criteria of the American College of Gynecology
and Obstetrics (ACOG) [22] and adjusted posteriorly
according to Brown et al. [23]. Women with HELLP (hemo-
lysis, elevated liver transaminases, and thrombocytopenia)
syndrome [24], eclampsia, severe general conditions,
smokers, twin pregnancies, or other conditions capable of
influencing pregnancy outcomes, such as preexisting or ges-
tational diabetes mellitus, cardiovascular and autoimmune
diseases, and infections, were not included in this study.
Additionally, healthy pregnant women were included as a
comparative group. They were recruited in the same mater-
nity of the PE cases. The presence of gestational or pregesta-
tional diseases and smoking habits were the exclusion
criteria for the women without the disease group. The
majority of them were already close to childbirth. Thus, they
were invited to participate in the study, answered the ques-
tionnaire, and were monitored until the moment of delivery,
where the umbilical cord samples were collected.

2.4. Data Collection and Classification. The selection of par-
ticipants took place by an analysis of their medical records to
identify pregnant women diagnosed with PE, according to
the inclusion criteria previously defined. Then, properly
trained researchers approached these women and invited
them to participate in the study. After accepting and signing
the informed consent form, a standardized questionnaire
was used to gather socioeconomic (maternal age, education,
and family income) and obstetric (gestational age, presence
of complications in the current pregnancy, and information
on previous pregnancies) information, in addition to infor-
mation about the current maternal nutritional status (height,
current weight, and calculation of the body mass index
(BMI)).

Regarding the socioeconomic data collected, women
were classified according to age (≤19 years: adolescents; 20
to 34 years: average age; and ≥35 years: advanced age)
[25], level of education (<4 years; ≥4 years of study) [26],
monthly family income (<1 minimum wage; ≥1 minimum
wage), self-declaration of black race (yes or no), and occupa-
tion (at home or work outside the home).

The assessment of maternal nutritional status was car-
ried out using height and current weight, measured with
the aid of a digital scale with a stadiometer to calculate
BMI, and classified according to Atalah Samur et al. [27].

After delivery, information on the newborns was also
obtained from the medical records and the declaration of

live births, such as weight and length at birth, gestational
age at delivery, type of delivery, the Apgar score in the 1st
and 5th minutes of life, sex, head circumference (HC), and
chest circumference (CC).

The characterization of the newborns was made based
on the weight and length at birth and classified following
the method of Villar et al. [28] in percentiles, with those
below the 10th percentile considered small for gestational
age (SGA), those between the 10th and 90th percentiles con-
sidered suitable for gestational age (SUGA), and those above
the 90th percentile considered large for gestational age
(LGA). The classification of the length at birth followed the
same pattern as the weight. Additionally, birth weight was
also classified according to the criteria proposed by the
World Health Organization (WHO) [29], such as low birth
weight (LBW) (<2,500 kg), adequate birth weight
(≥2,500 kg-<4,000 kg), and macrosomia (≥4,000 kg). To
obtain information on the newborn’s nutritional status, the
CC/HC ratio was calculated and was considered adequate
when the value was equal to 1 [30]. In addition, the Apgar
score in the 1st and 5th min of life, when the score is higher
than 7, is indicative of the child’s vitality at birth [31].

2.5. Umbilical Cord Samples. The samples were obtained
from the central region of the umbilical cord immediately
after delivery or, at most, within 20min, to perform analyses
to quantify the biomarkers of redox imbalance and inflam-
mation. After carrying out the appropriate washing proce-
dures, the tissues were stored in a biofreezer at -80°C.

2.6. Umbilical Cord Extract Preparation. Extracts of the
umbilical cords were prepared using approximately 100mg
of the tissue. Liquid nitrogen was used to promote tissue dis-
integration, which facilitates maceration. After this step, the
product obtained was transferred to microtubes, and RIPA
buffer was added in a volume equal to nine times the weight
of the tissue. RIPA buffer (radioimmunoprecipitation assay)
contains 50mM Trizma base, 150mM NaCl (sodium chlo-
ride), and 1mM ethylenediamine tetraacetic acid (EDTA),
as well as the detergents Triton X-100 1%, deoxycholate
1%, and sodium dodecyl sulfate (SDS) 0.1%, with protease
inhibitors at pH7.4 (protease inhibitor cocktail tablets were
purchased from Sigma-Aldrich). Subsequently, the homoge-
nates were centrifuged at 12,000 rpm for 12min at 4°C, and
the supernatant was collected as the umbilical cord extracts,
which were stored in appropriate volumes for subsequent
analyses, in a biofreezer at -80°C. This procedure was used
for most analyses, except for MDA, MPO, and GPx
(Figure 1).

2.7. Protein Quantification. After preparing the extracts, the
proteins from the umbilical cord were quantified according
to Bradford [32], aiming at normalizing the results of the
subsequent analyses by the protein content. For this, 20μL
of the sample, using bovine serum albumin ((BSA) 1 to
5mg dL-1) as the standard, was pipetted into a microplate
in duplicate, followed by the addition of 200μL of the Brad-
ford reagent. After 5min in the dark, the reading was per-
formed on a spectrophotometer at 595nm.
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2.8. Redox Imbalance Biomarkers. SOD was analysed using
the SOD Sigma Kit-WST®, following the manufacturer’s
instructions, with the spectrophotometer reading performed
at 450nm and the activity expressed in mg protein–1. Hydro-
gen peroxide (H2O2) was analysed according to the method
of Pick and Keisari [33], which is based on the ability of
H2O2 to oxidize phenol red, a reaction mediated by radish
peroxidase, and the concentration was expressed in nmolmg
of protein-1. Buffer (phosphate buffer, dextrose, and NaCl, in
a proportion of 1 : 25, at pH7.0) was added to the umbilical
cord extracts just before the analyses. Then, 5μL of phenol
red and 4.25μL of radish peroxidase were added and incu-
bated for 30min at 37°C. Finally, the samples were trans-
ferred to microplates. Then, 25μL of NaOH was added,
and the spectrophotometer reading at 610nm was obtained.
All assays were performed in duplicate.

Catalase (CAT) was evaluated according to Paton et al.
[34], as previously described by Aebi [35]. The method con-
sists of monitoring the decomposition rate of H2O2 in a spec-
trophotometer at 240nm, with readings taken every 15
seconds for 5min, with the results expressed in U of CATm-
gof protein-1. A CAT unit is defined as the amount of enzyme
needed to decompose, at 37°C, 1μmolmin-1 of H2O2. Reduced
glutathione (GSH), adapted from Tipple and Rogers [36], uses
assay buffer (PBS 0:1M + 5mMEDTA, at pH7.4 and 5%
metaphosphoric acid), and the reading is carried out in a
spectrophotometer at 412nm, in 3min kinetics, with read-
ings every 30 seconds and the results expressed in nMmgof -
protein-1.

Glutathione reductase (GR) and glutathione peroxidase
(GPx) were analysed according to a protocol adapted from

Flohé and Gunzler [37], with GR activity being directly mea-
sured by nicotinamide dinucleotide phosphate (NADPH) as
a cofactor in the reduction of GSSG (oxidized glutathione) to
GSH. For this analysis, umbilical cord extracts and a freshly
prepared reaction medium (0.1M phosphate buffer (pH7.0)
and 1.0mM EDTA, GSSG, and NADPH) were used. The
analyses were performed in duplicate, and the decrease
in absorbance at 340nm was monitored for 10min, kinet-
ically, with 10 readings taken every 15 seconds. The results
are expressed in nmol of NADPH consumed/min/mg of
protein.

For the analysis of GPx, considering its ability to convert
H2O2 into H2O and O2, tert-butyl hydroperoxide (t-
BuOOH) was used once its dismutation was performed by
GPx, generating 2 GSH molecules through the action of
GR based on the oxidation of NADPH. Therefore, this assay
assesses the consumption of NADPH. The sample prepara-
tion was different from that previously described. In sum-
mary, approximately 50mg of the tissue in assay buffer
(0.1M phosphate buffer with 5mM EDTA, at pH7.4) was
used. The homogenate was centrifuged at 12,000 rpm for
20min at 4°C, and the supernatant was collected. GR,
GSH, t-BuOOH, and NADPH were added at the time of
analysis. The experiment was performed in a microplate in
duplicate, with incubation at 37°C for 10min, with subse-
quent spectrometric monitoring of the absorbance decay at
340 nm per min for 5min, and the result is expressed in
nmol of NADPH consumed/min/mg of protein.

Malondialdehyde (MDA) was evaluated by HPLC, mea-
suring the peak height, following the technique of Vickie
et al. [38]. The conditions of the HPLC system were a C18

Collection of tissues

Preparation of extracts

Tissue homogenate –weigh / macerate –add: RIPA (9:1) +
protease inhibitor (1 tablet : 50mL); 

centrifugation: 12.000 Rpm For 20 Min At 4 °C.
collection of supernatant

Storage AT-80 °C

Distribution of the volumes, according to the analysis, with appropriate buffer 
and posterior storage (-80 °C)

PROTEIN SOD CATALASE GSH H2O2 IL-6 IL-8

Weighting and storage (-80 °C) of tissues for
MDA (nmol MDA mg tissue-1 [37]), MPO (IU·mg

protein−1 [38]) AND GPx (nmol of NADPH consumed/
min/mg of protein [36]) analyses

Use of buffer, different from ripa and should have
their extracts prepared, centrifugated and

supernatent collected at the time of the analysis

IL-10 TNF
[33][34] [35]

nmol.mg
protein−1

[32]

nM·mg
deprotein−1

pg·mg protein−1 pg·mg protein−1 pg·mg protein−1 pg·mg protein−1IU mg
protein−1

mg protein−1mg/mL

PeproTech® PeproTech® PeproTech® PeproTech®SOD Assay kit

(a)

(b)

GR
[36]

nMol of NADPH
consumed/ min/ mg

of protein

Figure 1: Flowchart representing the steps of collection, preparation and analyses of umbilical cords. Legend: CAT—catalase;
GPx—glutathione peroxidase; GR—glutathione reductase; GSH—reduced glutathione; H2O2—hydrogen peroxide; IL—interleukin;
MDA—malondialdehyde; MPO—myeloperoxidase; SOD—superoxide dismutase; TNF—tumor necrosis factor.
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column, a 259mm length, and a 4.6mm internal diameter,
with a mobile phase of acetonitrile and Trizma buffer
(pH7.4, in a proportion of 1 : 9). The umbilical cord tissue
was homogenized in Trizma, tert-butyl-hydroxytoluene
(BHT), and acetonitrile buffer. Afterward, these homoge-
nates were centrifuged at 3500 rpm for 10min at 4°C, and
the supernatant was later filtered through a specific HPLC
filter (0.22μm). The flow rate was 1.0mLmin−1, and the
MDA level was calculated using a standard curve, which
was generated using 1,1,3,3-tetramethoxypropane (TMP),
which is a precursor to MDA, and subsequently corrected
for the weight of the tissue analysed (in mg), as shown in
the following:

TissueMDA =MDA found ×
1000

tissue weight mgð Þ : ð1Þ

The results are expressed in nmolMDAmg tissue−1. The
retention time was approximately 2min and 48 seconds, and
the UV detector was adjusted to 270 nm.

2.9. Inflammatory Biomarkers. The inflammatory bio-
markers interleukin- (IL-) 6, IL-8, IL-10, and tumor necrosis
factor-alpha (TNF-α), with duplicate analyses, were evalu-
ated by means of an enzyme-linked immunosorbent assay
(ELISA) with a PeproTech® kit (PeproTech Brasil FUNPEC,
Ribeirão Preto, SP, BR), following the manufacturer’s
instructions, with cytokine levels expressed in pgmgpro-
tein-1.

Myeloperoxidase (MPO) activity was measured via
adaptation of the method proposed by Bradley et al. [39].
For the analysis, approximately 25mg of tissue in assay
buffer (50mM potassium phosphate buffer, 0.5% hexadecyl-
trimethylammonium bromide, and 5mM EDTA (pH6.0))
was used. This homogenate was centrifuged at 4,000 rpm
for 15min at 4°C. Then, the supernatant was removed and
centrifuged again at 12,000 rpm for 15min, at 4°C. After-
ward, in duplicate, 50μL of the supernatant was transferred
to a microplate, and 50μL of ortho-dianisidine solution
(0.68mg/mL) was added. The incubation was carried out
at 37°C for 15min, and then 50μL of H2O2 solution (0.3%)
was added. After incubation at the same temperature for
10min, a spectrophotometer reading was performed at
460nm. It should be noted that an MPO unit is defined as
the amount of H2O2 decomposed per min. The results are
expressed in U of MPOmgprotein-1.

2.10. Statistical Analyses. Statistical analyses were performed
using Stata version 13.0 software and IBM Statistical Pack-
age for the Social Sciences (SPSS) software 20.0 (SPSS Inc.,
USA), adopting α = 0:05. To compare the socioeconomic,
obstetric, and nutritional status characteristics of the studied
groups, a chi-square test was performed. To evaluate nor-
mality, the Lilliefors test was used. Then, a visual graphical
analysis was performed with a QQ plot, and it was decided
to use nonparametric investigations due to violations of nor-
mality. After this, Wilcoxon–Mann–Whitney tests were per-
formed. Finally, the results of the biomarkers evaluated in
this study were related to the perinatal variables (birth

weight, gestational age, the Apgar scores in the 1st and
5th min, HC, CC/HC, length at birth, and birth complica-
tions) through the multinomial and Poisson regression,
adjusting for maternal age, origin, education, family
income, gestational BMI, black race, primigravida, mode
of delivery, and gestational age. In addition, in order to
investigate if there were significant interactions between
the different redox/inflammatory markers and PE for each
of the outcomes, the interaction term biomarkers ∗ PE was
also included in each outcome regression model, consider-
ing p < 0:05 as significant.

3. Results

3.1. Sample Size. In this study, 100 pregnant women with PE
(PE group) and 50 pregnant women without the disease
were included. As this study is part of a larger study, the
achieved sample power was calculated with the G Power
program, considering a determination coefficient (R2) of
0.027 and a sample of 100, with an alpha of 5%, which
results in an achieved power of 50.3% in the present study.

3.2. PE and without PE Group Characterization. The mean
age of the PE group was 25:5 ± 7:04 years; for the group of
women without the disease, it was 24:2 ± 6:53 years
(p = 0:259). Table 1 summarizes the socioeconomic, obstet-
ric, and nutritional status data of the pregnant women with
PE and women without the disease. It is possible to observe
that in the PE group, 26% were teenagers, and 13% were
older; 8.3% declared themselves to be black; concerning edu-
cation, 3% had <4 years of study; 24.2% stated that they lived
monthly on less than 1 minimum wage per family; in terms
of nutritional status, 26.9% and 32.2% were overweight and
obese, respectively, and half of them were in their first preg-
nancy. About folic acid supplementation, 7.8% started before
pregnancy and 63.3% started in the first trimester; ferrous
supplementation was received by 84.8%. There were no sta-
tistically significant differences in these variables between the
PE and without PE groups.

Besides, in the PE group, magnesium sulfate supple-
mentation, as an eclampsia-preventive medicine, was used
in only 5% of the cases; 78% did not receive this supple-
mentation. About medications, 49% of them used standard
hospital medication to control the disease, especially anti-
hypertensive drugs, such as methyldopa and hydralazine.

3.3. Newborn Characterization. Regarding the newborn
characterization data from PE pregnancies, 52.5% were
female, the predominant mode of delivery was cesarean
delivery (70.4%), 22.4% of the neonates were premature,
75.3% had an adequate length at birth, and 8.6% and 1.1%
had low vitality on the Apgar score in the 1st and 5th min,
respectively. Regarding birth weight, 11.5% were classified
as SGA and 13.5% as LGA, and the CC/HC ratio was inad-
equate in 73% of cases (Table 2).

It is important to mention that Tables 1 and 2 are repro-
duced from a previously published part of the overall study
and are repeated here for the reader’s convenience. Permis-
sion to duplicate them was obtained.
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3.4. Redox Imbalance and Inflammation Biomarker Levels.
Figures 2 and 3 show the whiskers charts of redox imbalance
and inflammation biomarkers, respectively, between PE and

the without PE pregnancies. The umbilical cords of the PE
group showed higher levels of GSH (p ≤ 0:001), GPx
(p = 0:016), and MDA (p = 0:028), and lower levels of IL-6

Table 1: Socioeconomic, obstetric, and nutritional status characteristics of preeclampsia pregnant women and women without preeclampsia
in Maceió, Alagoas, Brazil, in 2017.

Preeclampsia
Without

preeclampsia
OR CI 95%

n % n %
100 66.7 50 33.3

Age (years)

≤19 26 26.0 16 32.0 0.747 0.355-1.570

20-35 61 61.0 31 62.0 1.084 0.542-2.168

≥35 13 13.0 3 6.0 2.341 0.635-8.629

Self-declaration of black race

Yes 8 8.3 7 14.0 0.534 0.182-1.568

No 88 91.7 43 86.0

No information 4 0

Education (years)

<4 3 3.0 2 4.0 0.742 0.120-4.529

≥4 97 97.0 48 96.0

Monthly family income (minimum wage)

<1 23 24.2 12 26.7 0.878 0.391-1.976

≥1 72 75.8 33 73.3

No information 5 5

Primiparous

Yes 50 50.0 21 42.0 1.381 0.696-2.739

No 50 50.0 29 58.0

Previous PE

Yes 23 23.0 1 2.7 10.753 1.397-82.769

No 77 77.0 36 97.3

Gestational BMI

Low weight 6 6.5 8 17.4 0.345 0.112-1.060

Eutrophy 32 34.4 17 37.0 0.957 0.461-1.985

Overweight 25 26.9 12 26.1 1.103 0.497-2.450

Obesity 30 32.2 9 19.5 2.063 0.886-5.989

No information 7 4

Folic acid supplementation before pregnancy

Yes 7 7.8 4 8.9 0.86 0.23-3.12

No 83 92.2 41 91.1

No information 10 5

Folic acid supplementation in the first trimester

Yes 57 63.3 31 70.5 0.72 0.33-1.57

No 33 36.7 13 29.5

No information 10 6

Ferrous sulfate supplementation

Yes 78 84.8 40 85.1 0.97 0.36-2.60

No 14 15.2 7 14.9

No information 8 3

Legend: BMI—body mass index; PE—preeclampsia; CI—confidence interval; OR—odds ratio. Chi-square test, p < 0:05. Source: data on preeclampsia was
reported by Ferreira et al. [12], with permission.
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(p = 0:019), and TNF-α (p ≤ 0:001), than those of the women
without PE group. The other results showed no statistically
significant differences.

3.5. Association between Redox Imbalance and Inflammation
Biomarkers and Perinatal Variables. Tables 3–6 show the
results of the associations between the biomarkers of redox
imbalance and inflammation in the umbilical cord of PE
and without PE pregnancies, and the perinatal variables

(birth weight, gestational age, the Apgar scores in the 1st
and 5th min, HC, CC/HC, length at birth, and birth compli-
cations), with significant associations identified.

In the PE group, the associations identified by perinatal
variables were LBW with TNF-α and MDA; LGA with
TNF-α; preterm with TNF-α and MDA; a low Apgar score
in the 5th min with TNF-α, SOD, H2O2, CAT, GR, GPx,
IL-8, and MPO; CC/HC with TNF-α, SOD, H2O2, and GR;
a low Apgar score in the 1st min with MDA; macrosomia
with SOD; low HC with GR and MPO; and birth complica-
tions with GSH.

In turn, the group of women without PE shows the fol-
lowing associations: preterm with SOD, CAT, GR, GPx, IL-
6, IL-10, and MPO; a low Apgar score in the 1st min with
SOD, GR, IL-10, and MDA; low HC with SOD, CAT, GR,
GPx, IL-6, IL-10, and MPO; short length with SOD, CAT,
GR, GPx, IL-6, IL-8, IL-10, MPO, MDA, GSH, and H2O2;
birth complications with SOD, GR, GPx, IL-8, MPO,
MDA, and GSH; a low Apgar score in the 5th min with
CAT, GR, GPx, IL-6, IL-10, and MDA; and CC/HC with
CAT and MPO.

Interaction analysis was also performed between the redox
imbalance/inflammatory biomarkers and PE (Tables 3–6) for
each of the investigated outcomes, where a significant inter-
action was only seen between the MDA biomarker and
LGA newborns (p = 0:022) (Table 3, column 11); however,
MDA showed a nonsignificant role in the PE group (PR:
0.21; CI: 0.04-1.07) and in the group without PE (PR: 1.02;
CI: 0.81-1.27).

4. Discussion

Few studies [40–42] in the literature have evaluated
biomarkers of oxidative stress and inflammation in the
umbilical cord tissues from pregnancies with PE. To our
knowledge, the present work is the only one that evaluated
a wide variety of such markers, including antioxidants of
an enzymatic and nonenzymatic nature and markers of oxi-
dative damage, and analysed their relationship with perina-
tal outcomes. Higher levels of the antioxidants GSH and
GPx and the oxidative tissue damage marker MDA, as well
as lower levels of IL-6 and TNF-α, were observed in the
umbilical cords of PE pregnancies.

It is understood that in PE, there is an imbalance
between the enzymatic and low-molecular weight antioxi-
dants (superoxide dismutase (SOD), GPx, catalase; biothiols,
and others) and prooxidants (with exacerbation of these),
based on the inadequacy of the remodeling of the spiral
arteries [9, 43]. Given this scenario, placental hypoxia result-
ing from impaired trophoblastic invasion raises the Th1
immune response characterized by the production of
gamma interferon (IFN-γ), TNF-α, and IL-2, when com-
pared to Th2 activity, which is characterized by the produc-
tion of IL-4, IL-5, IL-6, IL-10, and IL-13, in addition to an
increase in the Th17 profile, which secretes the proinflam-
matory cytokine IL-17 and stimulates the migration of other
cytokines that act in cellular communication, and oxidative
stress, with the production of ROS and RNS [44].

Table 2: Characteristics of newborns from pregnancies with
preeclampsia in Maceió, Alagoas, Brazil, in 2017.

Variables
PE

n = 100
n %

Sex

Men 52 52.5

Women 47 47.5

No information 1

Mode of delivery

Cesarean 69 70.4

Normal 29 29.6

No information 2

Gestational age at birth

Preterm 22 22.4

Term 76 77.6

Postterm 0 0.0

No information 2

Birth weight

SGA 11 11.5

SUGA 72 75.0

LGA 13 13.5

No information 4

Length at birth

Low 8 9.0

Adequate 67 75.3

High 14 15.7

No information 11

Apgar 1st minute

≤6 8 8.6

≥7 85 91.4

No information 7

Apgar 5th minute

≤6 1 1.1

≥7 92 98.9

No information 7

CC/HC ratio

Adequate 24 27.0

Inadequate 65 73.0

No information 11

Legend: CC—chest circumference; HC—head circumference; LGA—large
for gestational age; PE—preeclampsia; SGA—small for gestational age;
SUGA—suitable for gestational age. Source: data reported in Ferreira et al.
[12], with permission.
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Therefore, it is important to highlight that in PE, there is
an increase in oxidative stress and inflammation in a two-
way path, where the hypoxia/reperfusion process during
inadequate placentation, which leads to inadequate remodel-
ing of the uterine spiral arteries, maintaining its caliber and
high resistance, is responsible for initiating the higher pro-
duction of ROS and proinflammatory cytokines. It is also
known that, in the inflammatory response, there is the

involvement of genes related to the increase of oxidative
stress, especially by the release of the nuclear factor kappa
B (NF-κB), located in the cellular cytoplasm. ROS are able
to oxidize the IκB kinase (IKK) complex, leading to the
delivery of NF-κB, which is formed by p50 and p65 subunits,
and so this factor is able to enter the cell nucleus, promoting
the transcription of several proinflammatory cytokines such
as IL-6 and TNF-α. This process is exacerbated in PE, but
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Figure 2: Whisker charts of the biomarkers of redox imbalance between pregnant women with PE and without PE. Legend: CAT—catalase;
GPx—glutathione peroxidase; GR—glutathione reductase; GSH—reduced glutathione; H2O2—hydrogen peroxide; MDA—malondialdehyde;
SOD—superoxide dismutase. Mann–Whitney test: p < 0:05.
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occurs naturally during gestation. Furthermore, in PE, there
is an overactivation of NF-κB, contributing to induce the
expression of proinflammatory and antiangiogenic proteins,
further elevating oxidative stress, inflammation, and vascu-
lar dysfunction [9, 45, 46].

Besides, during the trophoblastic invasion, the decidua
contains a lot of necessary immune system cells to promote
this process, such as macrophages, natural killer (NK) cells,
T cells, and regulatory T cells (Treg). In PE, a higher secre-

tion of proinflammatory cytokines and a decrease of Treg
cells occur as a result of an immunological imbalance, lead-
ing to the activation of a chronic inflammatory response in
the immune system [9, 47, 48].

Among the components of the nonenzymatic oxidative
defense system, GSH has a prominent role. It is the major
intracellular antioxidant compound, found in abundance in
the cytosol, nucleus, and mitochondria, able to perform
biotransformation and elimination of xenobiotics and in

Table 3: Association between biomarkers of redox imbalance and inflammation in umbilical cords and perinatal outcome birth weight of
pregnancies with and without preeclampsia at a university hospital in Maceió, Alagoas, Brazil, in 2017.

(a)

Redox imbalance
and inflammatory
markers

Birth weight
Small for gestational age Large for gestational age

PE Without PE
p-for-interaction

PE Without PE
p-for-interaction

OR CI OR CI OR CI OR CI

SOD 0.99 0.99-1.00 1.00 0.01-81.32 0.483 0.99 0.99-1.00 0.99 0.99-1.00 0.216

H2O2 0.99 0.97-1.00 1.02 0 0.771 1.00 0.99-1.01 1.00 0.99-1.02 0.998

CAT 0.99 0.99-1.00 1.00 0.25-3.97 0.411 0.99 0.99-1.00 1.00 0.99-1.00 0.389

GSH 1.00 0.99-1.00 1.00 0.14-6.72 0.382 0.99 0.99-1.00 0.99 0.99-1.00 0.665

GR 0.99 0.85-1.14 0.95 0 0.971 1.05 0.97-1.14 1.00 0.82-1.22 0.913

GPx 3.11 0.60-16.03 8.87 0 0.241 1.33 0.49-3.59 1.03 0.21-4.92 0.897

MDA 1.13 0.91-1.42 0.79 0 0.144 0.21 0.04-1.07 1.02 0.81-1.27 0.022

IL-6 1.00 0.99-1.00 1.00 7:25e‐10–1:38e + 09 0.469 1.00 0.99-1.00 1.00 0.99-1.00 0.679

IL-8 0.99 0.99-1.00 0.99 0.14-6.68 0.290 0.99 0.99-1.00 0.99 0.99-1.00 0.167

IL-10 0.73 0.06-8.74 10.86 0 0.987 2.27 0.54-9.53 2.44 0.17-35.19 0.833

TNF-α 0.99 0.99-1.00 1.00 5:22e‐07–1918116 0.639 1.00 1.00-1.00 1.00 0.99-1.00 0.875

MPO 0.99 0.99-1.00 1.00 0.00-60179.64 0.565 1.00 0.99-1.00 0.99 0.99-1.00 0.361

(b)

Redox imbalance
and inflammatory
markers

Birth weight
Low birth weight Macrosomia

PE Without PE
p-for-interaction

PE
Without

PE p-for-interaction
OR CI OR CI OR CI OR CI

SOD 0.99 0.99-1.00 0.99 0.99-1.00 0.954 0.99 0.99-0.99 — — 0.994

H2O2 0.99 0.98-1.00 1.02 0.99-1.05 0.819 1.00 0.98-1.01 — — 1.000

CAT 0.99 0.99-1.00 0.98 0 0.522 0.99 0.99-1.00 — — 1.000

GSH 1.00 0.99-1.00 0.99 0.99-1.00 0.138 0.99 0.99-1.00 — — 0.999

GR 0.96 0.87-1.05 9:54e‐13 0 0.347 0.97 0.83-1.13 — — 1.000

GPx 0.96 0.42-2.17 1:9e‐164 0 0.306 0.22 0.02-1.87 — — 1.000

MDA 1.23 1.02-1.50 0.62 0.26-1.48 0.068 0.58 0.17-1.92 — — 0.999

IL-6 0.99 0.99-1.00 0.99 0.99-1.00 0.264 0.99 0.99-1.00 — — 1.000

IL-8 0.99 0.99-1.00 0.98 0 0.482 0.99 0.99-1.00 — — 0.999

IL-10 0.50 0.10-2.50 0 0 0.282 0.64 0.04-9.58 — — 1.000

TNF-α 0.99 0.99-0.99 0.66 0 0.196 1.00 0.99-1.00 — — 1.000

MPO 0.99 0.99-1.00 0.95 0.89-1.01 0.358 1.00 0.99-1.00 — — 1.000

Legend: CAT—catalase; CI—confidence interval; GPx—glutathione peroxidase; GR—glutathione reductase; GSH—reduced glutathione; H2O2—hydrogen
peroxide; IL—interleukin; MDA—malondialdehyde; MPO—myeloperoxidase; OR—odds ratio; SOD—superoxide dismutase; TNF—tumor necrosis factor.
Multinomial regression: p < 0:05. Adjusted for maternal age, origin, education, family income, gestational BMI, black race, primigravida, way of delivery,
and gestational age. Note. p-for-interaction: p value for the interaction term between the redox imbalance/inflammatory marker and PE, for each of the
investigated outcomes.
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defense of cells against oxidative stress, which is very impor-
tant in PE pathology. It exerts antioxidant action through its
oxidation to oxidized glutathione (GSSG), in a reaction cat-
alyzed by GPx. In addition, GSH has important effects on
various organs of the human body; it plays a variety of roles
in detoxification, redox regulation, and cellular signaling;
including biological development, fertilization, implantation,
and cellular differentiation [8, 9, 12, 49, 50].

Regarding the placenta, the total GSH and GPx levels are
higher in the decidua, although they are increased through-
out the organ and reflect the maternal protective capacity of
this tissue against toxins and free radicals produced by the
maternal-foetal interface or by the placenta in relation to
the foetus. Both in healthy pregnant women and in PE ones,
where there is an increase in redox imbalance, the protective
effect of this antioxidant can be observed, including on foetal
outcomes [12, 51]. However, the studies are still controver-
sial. It was also reported in the literature that there may be
a reduction in the placental levels of GSH in PE in response
to the increase in oxidative stress [52].

The findings of the present study revealed, in compari-
son with the women without PE, higher levels of GSH in
the umbilical cord of PE pregnancies. This result suggests
that higher production of this antioxidant may be related
to an organic compensatory mechanism, aimed at mitigating
the consequences of oxidative stress. The presence of oxida-

tive stress in the umbilical cord during PE was revealed by
the increased level of MDA in comparison to the group
without PE. GSH plays a beneficial role in the health of the
foetus, as demonstrated previously in the placenta, where
higher levels of GSH in PE placentas positively influenced
birth weight, HC, CC, and gestational age at birth, which
might be a compensation mechanism against oxidative stress
[12]. However, data on this topic are still controversial.
Research with blood and placenta that has evaluated GSH
levels has produced conflicting results, with some authors
observing higher levels of this antioxidant in PE [51, 53]
and others finding reduced levels [8, 52, 54–56].

In addition to catalyzing the conversion of GSH to
GSSG, the enzyme GPx also helps transforming H2O2 into
water [57]. The findings of our study revealed higher levels
of GPx in the umbilical cords of PE pregnancies than in
women without PE. This may explain the similar levels of
H2O2 in comparison to normal pregnancies. Therefore, it
is possible that the effects of GPx prevented the formation
of hydroxyl radicals from H2O2; thus, the damage to the
membrane, revealed by the increase in MDA levels in the
cords of women with PE, may be due to other reactive
species.

Ferreira et al. [12], after evaluating biomarkers of oxida-
tive stress in placental PE pregnancies compared to normal
pregnancies, reported higher levels of SOD and CAT and a
higher GSH/GSSG ratio, suggesting the existence of a com-
pensatory mechanism against oxidative stress and a positive
relationship of GSH with perinatal outcomes at birth, indi-
cating an important role of this antioxidant in the health
of the foetus.

These findings are partly in line with those of the present
study, suggesting that the increase in the levels of this anti-
oxidant in PE umbilical cords has occurred to compensate
for the oxidative stress present during PE in order to protect
the foetus.

Despite the scarcity of data evaluating oxidative stress
markers in umbilical cords from PE pregnancies, a study
conducted in Turkey assessed MDA levels in the placenta
and umbilical cords in women with PE and their relation-
ships to perinatal outcomes, and higher MDA levels were
found in both tissues, in addition to a positive correlation
between MDA levels in the umbilical cord and the neonate’s
asphyxia criteria [40]. Thus, the data in the present study are
similar to the previous findings, except for the relationship
between MDA levels and perinatal outcomes.

It is known that during pregnancy, PE causes oxidative
stress, which simultaneously leads to an increase in the
inflammatory response mediated by proinflammatory cyto-
kines, especially TNF-α and IL-6, and activation of the
inflammatory process also leads to more significant oxida-
tive stress [9, 58]. Notably, as a consequence of oxidative
stress, there is a release into the maternal circulation of a
high amount of syncytial material, antiangiogenic factors,
and debris, stimulating the activation of systemic leukocytes,
which finally leads to a generalized inflammatory response
[59]. Given the above, it is interesting to note that the scien-
tific community widely reports that the exacerbated inflam-
matory response in PE observed in the blood and in the

Table 6: Association between biomarkers of redox imbalance and
inflammation in umbilical cords and perinatal outcome birth
complications of pregnancies with and without preeclampsia at a
university hospital in Maceió, Alagoas, Brazil, in 2017.

Redox
imbalance and
inflammatory
markers

Outcome
Birth complications

PE Without PE p-for-
interactionPR CI PR CI

SOD 0.99 0.99-1.00 1.00 1.00-1.00 0.260

H2O2 1.00 0.99-1.01 0.98 0.94-1.01 0.579

CAT 0.99 0.99-1.00 1.00 0.99-1.00 0.935

GSH 0.99 0.99-1.00 0.99 0.99-0.99 0.318

GR 1.03 0.95-1.11 0.44 0.35-0.55 0.259

GPx 0.76 0.18-3.16 0.00 4.45-0.00 0.278

MDA 1.12 0.84-1.51 0.31 0.22-0.43 0.870

IL-6 1.00 0.99-1.00 0.99 0.99-1.00 0.195

IL-8 0.99 0.99-1.00 0.99 0.99-0.99 0.223

IL-10 1.62 0.39-6.65 0.00 — 0.177

TNF-α 1.00 0.99-1.00 0.99 0.99-1.00 0.324

MPO 1.00 0.99-1.00 1.00 1.00-1.00 0.216

Legend: CAT—catalase; CC/HC—ratio chest circumference and head
circumference; CI—confidence interval; GPx—glutathione peroxidase;
GR—glutathione reductase; GSH—reduced glutathione; HC—head
circumference; H2O2—hydrogen peroxide; IL—interleukin; MDA—
malondialdehyde; MPO—myeloperoxidase; PR—prevalence ratio; SOD—
superoxide dismutase; TNF—tumor necrosis factor. Poisson regression.
p < 0:05. Adjusted for maternal age, origin, education, family income,
gestational BMI, black race, primigravida, way of delivery, and
gestational age. Note. p-for-interaction: p value for the interaction term
between the redox imbalance/inflammatory marker and PE, for each of
the investigated outcomes.
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placenta is an essential determinant of the disease’s patho-
physiology. However, in this research, lower levels of IL-6
and TNF-α were observed in umbilical cords from pregnan-
cies with PE.

TNF-α is a cytokine with an inflammatory capacity that
activates macrophages, regulates the production of other
inflammatory cytokines, and increases the production of
lipid mediators [60, 61]. IL-6, in general, is responsible for
communicating with monocytes, endothelial cells, and fibro-
blasts [47, 62]. In healthy pregnancies, the IL-6 and TNF-α
levels are reduced in placentas and in maternal blood, umbil-
ical cord blood, and the amniotic fluid. As pregnancy pro-
gresses and labour begins, their concentrations increase
considerably, indicating that the presence of these cytokines
in gestational fluids is a maturational event, as they increase
with gestational age [63].

In PE, it is proposed that inadequate placentation leads
to placental hypoxia, which leads to the expression of higher
amounts of proinflammatory cytokines, especially IL-6 and
TNF-α, which subsequently favours higher production of
ROS, in addition to the release of autoantibodies against
the angiotensin II type 1 receptor (AT1-AA) and other anti-
angiogenic factors, such as sFlt-1, soluble endoglin, and
endothelin-1. Therefore, these changes induce endothelial
dysfunction and clinically characterize PE. Additionally,
the increase in placental levels of these interleukins pro-
motes the excessive activation of macrophages and prevents
the recruitment of deciduous natural killer cells, which are
essential for the remodeling of the spiral arteries, and they
stimulate the activity of matrix metalloproteinases, which
further inhibit the trophoblast invasion process by degrading
the decidual extracellular matrix [64].

There is little information on the levels of inflammatory
markers in umbilical cords in PE. Valencia-Ortega et al. [65]
reported higher umbilical serum concentrations of IL-6 and
TNF-α in PE than in the control group. Reyes-Aguilar et al.
[66], studying the transcription of proinflammatory cytokine
genes in umbilical cord blood, identified lower levels of IL-6
transcripts in PE women than in normotensive women.
Thus, the authors suggested that the decrease in the release
of inflammatory cytokines by umbilical vein endothelial cells
in women with PE is an attempt to protect the foetus. This is
clinically significant because neonates of mothers with PE
have reduced immune activity, a fact supported by their aug-
mented susceptibility to infections [66].

However, a study carried out in Portugal found a corre-
lation between inflammatory markers in the maternal circu-
lation and umbilical cord blood during PE, including IL-6.
Therefore, the increase in maternal inflammation during
PE is reflected in higher inflammation in the foetal circula-
tion, which leads to early stimulation of the immune system
to combat the increase in circulating cytokines. Lower leuko-
cyte and neutrophil levels have also been observed in
mothers’ umbilical cord blood with PE, which was inter-
preted by the authors as a physiological response to try to
neutralize the inflammatory process [67]. Thus, the present
study’s findings suggest that the lower levels of IL-6 and
TNF-α observed in PE umbilical cords may be the result of
an adaptive mechanism to protect the foetus.

The literature is scarce regarding the study of umbilical
cord tissues. Therefore, no data related to the specific role
of cytokines in this organ could be obtained. However, stud-
ies carried out on the placenta emphasize that cytokines play
a physiological role in that organ, including modulation of
the invasion and differentiation of trophoblasts, placental
growth, and metabolic and endocrine homeostasis. In addi-
tion, the release of cytokines from placental tissues to the
umbilical circulation results in increased concentrations of
cytokines in umbilical cord blood and, consequently, in the
foetus. It is noteworthy that physiological situations, such
as labour, and pathological situations involving hypoxia, as
in the case of PE, both lead to greater production of placental
cytokines, and both can be reflected in the cord and foetal
blood [68–70].

The present study allowed observing some significant
associations between biomarkers of redox imbalance and
inflammation in umbilical cords and perinatal outcomes.
Regarding the biomarkers of redox imbalance in the PE
group, a positive association was observed between SOD
and a low Apgar score in the 5th min, CAT and a low Apgar
score in the 5th min, GR with low HC, and MDA with LBW
and preterm birth. A negative association was seen between
SOD, macrosomia, and CC/HC ratio < 1; GR with a low
Apgar score in the 5th min and CC/HC ratio < 1; GPx with
a low Apgar score in the 5th min; GSH with complications
at birth; MDA with a low Apgar score in the 1st min of life;
and H2O2 with a low Apgar score in the 5th min and CC/
HC ratio < 1. Therefore, it is possible to note that about
enzymatic and nonenzymatic antioxidants, the higher the
levels of these, the greater protection over perinatal out-
comes, including birth weight and CC/HC ratio < 1, which
indicates better nutritional status at birth. On the other
hand, the cell damage marker MDA showed a relationship
with worse health conditions at birth, such as LBW and
prematurity.

Concerning inflammation biomarkers, an inverse associ-
ation was seen between TNF-α and LBW, preterm birth and
a low Apgar score in the 5th min, and MPO with a low
Apgar score in the 5th min. On the other hand, the higher
the TNF-α level, the greater the occurrence of LGA new-
borns. IL-8 was directly associated with a low Apgar score
in the 5th min. Corroborating with these findings, a direct
association was seen between MPO and low HC. Thus, a
relationship is observed between higher levels of proinflam-
matory biomarkers with adverse perinatal outcomes, includ-
ing a low Apgar score in the 5th min and low HC,
reinforcing the existence of an inadequate health condition
at birth and insufficient foetal development in PE. Therefore,
high levels of proinflammatory mediators are related to
adverse perinatal outcomes in PE. As such, once inflamma-
tory biomarkers can negatively influence the proper devel-
opment of the conceptus and the pregnancy, the
inflammation in PE requires an early control and should
be the therapeutic target in the clinical monitoring of these
pregnant women.

Corroborating with these findings, in a recent study car-
ried out by our group in PE placentas from the same popu-
lation herein studied, a positive (beneficial) association was
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observed between placental GSH levels and birth weight,
HC, CC, and gestational age at birth [12]. In other words,
the higher the placental GHS levels, the better the perinatal
outcomes of conceptuses from pregnancies with PE. Such
results are considered to reflect a maternal physiological
adaptive process, aimed at allowing adequate passage of
nutrients through the cord to the foetus, and in this way,
favouring an adequate foetal development. The literature
has shown that changes in the umbilical cord structure
may be associated with pathological conditions and adverse
perinatal outcomes, such as gestational diabetes mellitus,
PE, IUGR, and foetal death, and that these changes are
related to the umbilical cord length and thickness, WJ area,
cord insertion type, cord knot, morphometry, and flow
parameters of the umbilical vessels [5–7].

With regard to perinatal outcomes, a study evaluating
preterm newborns from a university hospital reported that
maternal PE generates an increase in neonatal morbidities
in preterm infants without causing significant changes in
the levels of cytokines in the umbilical blood, given that
the levels of cytokines can be altered by other conditions,
causing prematurity [11]. In another study, with pregnant
women in Turkey, the authors reported higher maternal
and umbilical serum levels of IL-6, IL-8, and TNF-α in PE,
in addition to significantly higher levels of IL-8 and TNF-α
in newborns with IUGR from PE mothers relative to those
who, even with PE, had infants with normal foetal growth
[71]. In another cohort study carried out with pregnant
women in prenatal care, they observed an increase in the
levels of TNF-α in the umbilical blood of newborns of
mothers diagnosed with PE, although no differences were
observed in the maternal serum levels of this cytokine in
the first and second trimesters [72]. In turn, a study pro-
duced in a high-risk hospital in Turkey identified a serum
elevation of IL-6 and TNF-α in women with PE and a corre-
lation of these markers with birth weight [73].

Regarding the associations between redox imbalance
biomarkers and adverse perinatal outcomes in the group of
women without PE, it was seen that the enzymes and antiox-
idant compounds analysed showed an inverse association
with unfavorable health conditions at birth and foetal devel-
opment, such as prematurity, a low Apgar score in the 1st
and 5th min of life, short length, low HC, HC/CC ratio < 1,
and complications during delivery, showing the antioxidant
protective role of these compounds to foetal health. On the
other hand, the higher the levels of the damage marker
MDA, the lower the Apgar score in the 1st and 5th min,
and the greater the occurrence of short length at birth, indi-
cating the possibility of the involvement of this biomarker
with impaired foetal development and health conditions at
birth.

The relationship between inflammation biomarkers and
perinatal outcomes assessed in the group of women without
PE indicated the protective role of IL-10 against prematurity,
a low Apgar score in the 1st and 5th min of life, low HC, and
a short length. On the other hand, increased MPO levels
were associated with complications at birth. In turn, the
IL-6, IL-8, and TNF-α levels were associated with better
perinatal outcomes at birth, including gestational age,

weight, length, HC at birth, the Apgar score, and even the
complications during childbirth, emphasizing the occur-
rence of better foetal conditions at birth in women without
PE.

After performing the interaction analysis between the PE
group and the group without PE, a significant interaction
was seen between the MDA biomarker and LGA newborns,
as shown in Table 3. So, there was only one significant inter-
action, but it was an outcome that did not show significance
with the groups alone. Thus, although the MDA is higher in
the umbilical cords of PE pregnancies, this is not enough to
justify an action of this marker that is different from the
action it normally exerts in pregnant women without the
disease.

In view of the above and comparing the findings of the
present study with the previous study carried out by our
group on placentas of PE women [12], it is possible to
observe that the reduced levels of IL-6 in the umbilical cord
of pregnancies with PE, as well as the increase of this cyto-
kine in placentas, indicate the accumulation of IL-6 in the
placenta for foetal protection. On the other hand, TNF-α
was reduced in the umbilical cord of PE pregnancies; how-
ever, in placentas, there were no differences between the
PE and without PE groups. With this, we hypothesized that
the cord tissue is without protection against inflammation in
PE, and more tissues must be researched in this condition
since there was low inflammation in the evaluated tissues,
and proinflammatory cytokines may have been recruited to
another organ.

Given the above, it is possible to identify some limita-
tions in the present study, which include nonassessment of
food consumption and the lack of measurement of markers
of endothelial damage, such as sFlt-1, soluble endoglin, and
endothelin-1, which have been suggested by the literature
as possibly involved in PE pathophysiology. We also report
that the sample size power calculated at 50.3% is considered
low, which can also be a study limitation. Still, we were able
to find significant results in some of the analysis, indicating
that the low power of the primary analysis was not able to
compromise the other analysis in our study.

Despite the appointed limitations, the present study sug-
gests a potential compensation mechanism that protects the
newborn of a mother with PE from the stress process expe-
rienced in pregnancy, which seems to have an evolutionary
advantage in protecting the foetus exposed to oxidative dam-
age during labour, as evidenced in the placenta [12]. In an
additional study, not directly related to the placenta/umbili-
cal cord but indirectly related to the health of the foetus,
Silberstein et al. [74] reported a significant decrease (approx-
imately 20%) in lipid peroxidation levels (MDA) in the
colostrum of women who had PE compared with the control
group and an increase in polyphenol concentrations
(approximately 33%), an important antioxidant, highlight-
ing a possible compensatory effect where the body activates
the defense system, which can be a physiological organic
adaptation to prioritize and protect the child.

As such, the results found in this research showed an
increase in the levels of GSH, GPx, and MDA, in addition
to a reduction in the levels of IL-6 and TNF-α in PE cords
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compared to women without PE. They can serve as subsidies
to guide clinical management of PE, as well as for future
research on pathophysiology and perinatal outcomes result-
ing from the disease. Furthermore, the importance of the
umbilical cord against the oxidative damage and inflamma-
tion present in PE is evident, providing protection of the
health of the foetus, although an increase in the oxidative
damage marker MDA was noted. Therefore, the existence
of a compensatory mechanism developed by the umbilical
cord is suggested to protect the health of the foetus during
PE.

Future perspectives from the present study include a
comparison of the present data on PE pregnancy, using sim-
ilar biomarkers obtained from other biological matrixes,
such as urine, saliva, and blood, which may facilitate the
clinical routine, once they can be assessed throughout preg-
nancy. Additionally, the use of the umbilical cord may be
considered together with the placenta, in these studies, once
they give a real picture of the mother/foetal health at the
moment of birth.

5. Conclusion

Higher levels of GSH and GPx, in addition to lower levels of
IL-6 and TNF-α, in the PE umbilical cord may result from
an adaptive mechanism to maintain the oxidative and
inflammatory balance; however, despite these changes, dam-
age to the cell membrane occurred since the MDA content
was higher. Besides, it is clear that this redox imbalance does
not directly influence the outcome of the pregnancy, con-
firming that other physiological and adaptive mechanisms
may act to preserve foetal health. Therefore, it is suggested
that the umbilical cord plays an important role in control-
ling redox imbalance and inflammation in pregnancies with
PE. The present results also reinforce the necessity for con-
tinuous research on GSH as a protective compound for the
perinatal outcome, favouring a possible supplementation to
increase GSH levels, especially in PE women. It will also
stimulate research on umbilical cords.
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Clinical observations found vision-threatening diabetic retinopathy (DR) occurs in both type 1 diabetes mellitus (T1DM)
and type 2 diabetes mellitus (T2DM) patients, but T1DM may perform more progressive retinal abnormalities at the
same diabetic duration with or without clinical retinopathy. In the present study, T1DM and T2DM patients without
manifestations of DR were included in our preliminary clinical retrospective observation study to investigate the
differentiated retinal function at the preclinical stage. Then, T1DM and T2DM rat models with 12-week diabetic
duration were constructed to explore the potential mechanism of the discrepancy in retinal disorders. Our data
demonstrated T1DM patients presented a poor retinal function, a higher allele frequency for ALDH2GA/AA, and a
depressed aldehyde dehydrogenase 2 (ALDH2) activity and silent information regulator 1 (SIRT1) level, compared to
T2DM individuals. In line with this, higher amplitudes of neurovascular function-related waves of electroretinograms
were found in T2DM rats. Furthermore, the retinal outer nuclear layers were reduced in T1DM rats. The levels of
retinal oxidative stress biomarkers including total reactive oxygen species, NADPH oxidase 4 and mitochondrial DNA
damage, and inflammatory indicators covering inducible/endothelial nitric acid synthase ratio, interleukin-1, and
interleukin-6 were obviously elevated. Notably, the level of retinal ALDH2 and SIRT1 in T1DM rats was significantly
diminished, while the expression of neovascularization factors was dramatically enhanced compared to T2DM. Together,
our data indicated that the ALDH2/SIRT1 deficiency resulted in prominent oxidative stress and was in association with
DR progression. Moreover, a differentiating ALDH2/SIRT1 expression may be responsible for the dissimilar severity of
DR pathological processes in chronic inflammatory-related T1DM and T2DM.

1. Introduction

Diabetes mellitus (DM) has been a severe health-killer, and
how to manage itself and its comorbidities is becoming a
global concern [1]. It is estimated that the prevalence of DM
will rise sharply from the 464 million cases in 2019 to 700
million by 2045 [2]. Diabetic retinopathy (DR) is a common
neurovascular complication of DM and has become one of

the most frequent causes of blindness in the working-age
population worldwide [3, 4].

In clinical, diabetic retinopathy occurs both in type 1
diabetes mellitus (T1DM) featured with severe insulin defi-
ciency and type 2 diabetes mellitus (T2DM) featured with
insulin resistance and/or impaired insulin secretion. Aston-
ishingly, individual lifetime risk of DR is up to 90% in
T1DM patients and 50–60% in T2DM patients [5–7]. As
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we have known, the frequency of the progression to DR is
influenced by multifactors, such as age, persisted hyperglyce-
mia, and duration of diabetes [8]. Interestingly, the severity
of DR denoted by various clinical symptoms existed an obvi-
ous difference between T1DM and T2DM at the nearly
duration point [9]. However, there are few systematic
researches about the comparison of DR features at preclini-
cal or clinical stages caused by T1DM and T2DM, respec-
tively. Here, we would like to study preclinical DR patients
who suffered from T1DM or T2DM and established two cor-
responding animal models to determine the different retinal
manifestations. Specifically, via exploring the representative
retinal structure, function, and biochemical features of
T1DM and T2DM animal models at the same duration, we
may reconfirm the clinical finding and further uncover the
substantial mechanism of different retinal disorders between
T1DM and T2DM.

Intricate interconnecting biochemical pathways are
implicated in modulating the pathophysiology of diabetic
retinopathy [10]. Among those related mechanisms, oxida-
tive stress (OS), as a consequence of hyperglycemia-
provoked overproduction of reactive oxygen species (ROS),
is believed as the promising pathway to be responsible for
DR progression. As we all know, elevated ROS can result
in massive cellular structure damage and mitochondrial dys-
function. Moreover, OS has been postulated as the underly-
ing stressor linking other relative mechanisms which could
be related to retinal structural, functional, and metabolic
abnormalities in DR process [11, 12]. Specifically, NADPH
oxidases (NOX4) could induce OS-correlated mitochondrial
impairment and lipid peroxidation (4-hydroxynonenal) in
neurodegeneration disease [13].

Recently, studies found that diabetic retinal cells pos-
sessed an impaired aldehyde detoxifying capacity, making
them especially be prone to aldehyde damages [14, 15].
And elevated lipid aldehydes such as 4-hydroxynonenal (4-
HNE) can induce carbonyl stress and mitochondrial damage
and accumulate advanced glycation end products (AGEs)
[16, 17]. Interestingly, aldehyde dehydrogenase 2 (ALDH2),
the mitochondrial isoform of aldehyde dehydrogenases,
plays vital roles in clearing acetaldehyde and endogenous
lipid aldehydes. Furthermore, epidemiological studies sug-
gest that the gene polymorphism of ALDH2 rs671 in the
population is related to DR susceptibility and development
[18, 19]. Indeed, our previous study verified that ALDH2
could alleviate early stage aged diabetic retinal damage
through upregulating silent information regulator 1 (SIRT1)
signaling and depressing oxidative stress reaction [20].

SIRT1 wildly expresses throughout the retinal cells'
nuclear, which plays a pivotal role in regulating cell metabo-
lism and mitochondrial homeostasis. Moreover, a body of
evidences from our group and others demonstrated that
SIRT1 showed strongly protective roles against DR develop-
ment through attenuating oxidative stress, inflammation,
and apoptosis [20, 21]. Additionally, SIRT1 is well-
recognized as a redox-sensitive enzyme and tightly affected
by cellular oxidative stress conditions [21, 22]. To be specific,
the disturbance of oxidative stress, including carbonyl stress
(induced by lipid aldehydes), can interfere SIRT1 via down-

regulating nicotinamide adenine dinucleotide (NAD) levels,
decreasing posttranslational modification’s ability, and
inducing protein-protein interaction disorders [21, 22].

To this regard, ALDH2/SIRT1 may serve as one of the
potent molecules to restore the redox homeostasis and mito-
chondrial health. Lately, our work further revealed that
ALDH2 could diminish oxidative stress-related apoptosis
and inflammation in naturally aged mouse retinas [23]. In
fact, proinflammatory cytokines (interleukin-6), nitric oxide
synthase (iNOS), and vascular endothelial growth factor-α
(VEGF-α) directly or indirectly stimulated by oxidative
stress can be found in varying ocular diseases including
age-related macular degeneration, retinitis pigmentosa, and
diabetic retinopathy [24–26]. To be specific, VEGF-α is a
powerful angiogenic inducer which is not only responsible
for ocular neovascularization but also implicated in the
increase of macrophage and monocyte chemotaxis [27]. As
a result of ROS overabundance and a compromised defense
against oxidative stress, aggravated retinal neuron (photore-
ceptor cells) and capillary disorders can accelerate the devel-
opment of DR pathogenesis. Accordingly, elucidating the
distinction of such typical biomarkers would be conducive
to uncover the underlying mechanisms in T1DM/T2DM-
related DR and make more targeted therapeutical strategies.

Therefore, the goal of this preliminary clinical retrospec-
tive observation study was to determine whether preclinical
stage of DR in T1DM and T2DM would exist retinal struc-
tural or functional difference. Moreover, rat models, involv-
ing single high-dose streptozotocin- (STZ-) induced T1DM
and high-calorie diet combined with low-dose STZ-
induced T2DM, were applied to investigate the retinal dys-
function characteristics and further explore the potential
mechanism in the pathological processes of T1DM and
T2DM.

2. Materials and Methods

2.1. Study Subjects. A total of 85 individuals were included in
this preliminary clinical retrospective observation study,
including 70 cases with diabetes mellitus and 15 healthy
individuals as controls (CON). Diabetic patients were classi-
fied into two cohorts by the type of diabetes mellitus, and it
included 15 type 1 diabetes mellitus (T1DM) and 55 type 2
diabetes mellitus (T2DM). All of the subjects had no clinical
manifestations of DR such as microaneurysms, macular
edema, or neovascularization, which was confirmed by fun-
dus fluorescein angiography, slit lamp microscope, and opti-
cal coherence tomography (OCT) according to certified
ophthalmologists, and the best-corrected visual acuity
(BCVA) was beyond 20/20. Additionally, the demographic
and clinical characteristics of the study participants such as
age, sex, body mass index (BMI), fasting blood glucose, dia-
betic duration, retina thickness, full-field electroretinograms
(ERG) test, and therapies for diabetes were recorded. Sub-
jects with uncontrolled hypertension, acute or chronic sys-
tematical inflammatory disease, and maturity-onset
diabetes of the young were excluded. The cases were col-
lected from the Department of Ophthalmology in the Gen-
eral Hospital of Western Theater Command through

2 Oxidative Medicine and Cellular Longevity



2018.01-2020.02. All participants gave written informed
consent prior to study participation, and this retrospective
case-control study was approved by the Ethics Committee
of the General Hospital of Western Theater Command for
human studies.

2.2. Genotyping of ALDH2 Genotypes in Preclinical DR
Patients. The blood samples were collected from subjects fol-
lowing a 12-hour fast, and genomic DNA specimens were
extracted by using a commercial DNA extraction and purifi-
cation kit (Shenggong, China) following the manufacturer’s
protocols. Genotyping was performed on coded genomic
DNA samples following a previous study [28]. The ALHD2
rs671, the most well-known functional single nucleotide
polymorphism (SNP) acting as a coenzyme binding site
[29], was selected as a typical ALDH2 genotyping marker
in this study. Individuals carrying wild-type homozygote of
the GG (ALDH2∗1/∗1) have a full enzyme activity, whereas
participants with mutant heterozygote of the GA (ALDH2∗
1/∗2) or mutant homozygote of the AA (ALDH2∗2/∗2)
genotype have reduced or little enzyme activity.

2.3. The Determination of Serum ALDH2 Activity and SIRT1
Expression in Preclinical DR Patients. The blood serum sam-
ples were collected and assayed for ALDH2 activity using a
commercial colorimetric kit (#ab115348; Abcam) according
to the manufacturer’s protocol. The specific method was
accordant with previous study [30]. The SIRT1 level was
estimated by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s protocols. The ELISA kit
for human SIRT1 was obtained from Abcam (#ab171573).
Plate readings were done on a Multiskan® GO Microplate
Reader from Thermo Fisher (Basingstoke, UK). Standard
solutions in the kit were used to normalize the ELISA values
for each plate.

2.4. Animals and T1DM and T2DM Rats’ Model. Male Spra-
gue Dawley (SD) rats were purchased from the Laboratory
Animal Center of Fourth Military Medical University in
Xi’an, China (license No. 2014270138S). Rats were housed
under standard laboratory conditions, and all experiments
were performed in compliance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.
Studies were approved by the research ethics committee for
the care and use of laboratory animals at the Fourth Military
Medical University. 40 SD rats (6-8 weeks old, male, 200-
240 g) were fed with a high-fat and high-calorie diet (breed-
ing rodent material 54.6%, lard 16.9%, sucrose 14%, casein
10.2%, premix 2.1%, and maltodextrin 2.2%) for 4 weeks,
as previously described [20]. Then, the T2DM rats’ model
was induced by an intraperitoneal injection of streptozotocin
(STZ) (45mg/kg body weight) (Sigma, USA) after a 4-week
specific diet. Simultaneously, to construct the T1DM rats’
model with the same diabetic duration, 40 age-matched SD
rats (10-12 weeks old, male, 320-360 g) were intraperitone-
ally injected with a single dose of STZ (60mg/kg body
weight). Seventy-two hours post-STZ injection, blood glu-
cose level was measured by ACCU-CHEK Performa (Roche,
Germany) and rats showing a blood glucose level above

16.7mmol/L were considered as DM and selected for the
study. Diabetic rats were divided into two groups: T1DM
group (n = 30) and T2DM group (n = 30), both groups
treated with a high-fat and high-calorie diet afterwards.
And 30 age-matched SD rats (10-12 weeks old, 320-360 g)
served as the CON group.

2.5. Full-Field Electroretinograms (ffERG) and Fundus
Fluorescein Angiography (FFA) Detection in Diabetic Rats.
Full-field electroretinography (ffERG) and fundus fluorescein
angiography (FFA) measurements were performed according
to the International Society for Clinical Electrophysiology of
Vision (ISCEV) guidelines as described earlier [31]. Briefly,
dark-adapted (12h) rats were anesthetized as previously
described [20] and scotopic recordings were performed under
a dim red-light condition. Electrical responses were recorded
with custom-made silver chloride electrodes as previously
described [20]. The ERG items, including dark-adaptation
3.0 response and dark-adaptation 3.0 oscillatory potential
response, were evaluated. Subsequently, anesthetized rats
underwent FFA testing using HRAplusII (Heidelberg, Ger-
many) after intraperitoneal injecting 0.1mL/100 g 10% fluo-
rescence sodium (Baiyunshan Mingxing Corporation,
China). Sodium fluorescein intravenous imaging time was
obtained to evaluate retinal vessel function.

2.6. HE Staining Detection in Diabetic Rats. Retinal histolog-
ical alterations were visualized by HE staining of rat eye sec-
tions. Rats were euthanized by a lethal dose of sodium
pentobarbital, and the eyeballs were rapidly removed and
enucleated. The eyes were kept immersed for at least 48 h
at 4°C in a fixative solution containing 4% paraformaldehyde
and embedded in paraffin blocks. 4μm sections were pre-
pared in the standard manner and stained with HE staining.
The layers of outer nuclear layer (ONL) and inner nuclear
layer (INL) cells and the thickness of inner and outer
segment layer (IS/OS) were calculated for morphometric
analysis. Color micrographs were photographed under a dig-
ital imaging system.

2.7. Detection of Apoptosis in Diabetic Rats. To determine
apoptosis in the retina, we performed TdT-mediated dUTP
nick-end labeling (TUNEL) assay labeling the nuclear cut
ends of DNA fragments in apoptotic (or necrotic) cells.
The detection was conducted following the manufacturer’s
instructions. DAPI (100 ng/mL) was added in the fluorescent
staining procedure to label the nuclei of retinal cells. The
fluorescence intensity of the apoptotic signal was quantified
by ImageJ software.

2.8. Real Time-Quantitative PCR (RT-qPCR) Analysis in
Diabetic Rats. Total RNA was isolated from the retinal sam-
ples collected at 12-week diabetic duration, using TRIzol
reagent. RNA was converted to cDNA by synthesis accord-
ing to the manufacturer’s protocol of the RevertAid M-
MuLV cDNA synthesis kit (Thermo Scientific™, EP0733,
USA). Real-time polymerase chain reaction (RT-PCR) was
performed on the ABI StepOnePlus Real-Time PCR device
with FastStart Universal SYBR-Green Master kit (Roche,
Germany). GAPDH was used as a housekeeping gene.
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Primers were as follows: 5′-GAGCAACGTCACTATGCAG
ATC-3′ (forward) and 5′-TTTCTCCGCTCTGAACAAGG-
3′ (reverse) for VEGF-α, 5′-TGGATTTGGACATGGTTCT
GA-3′ (forward) and 5′-GCGGGTGTAGCTGAAGAAGT-
3′ (reverse) for ALDH2, 5′-GCTCGCCTTGCTGTGGACT
TC-3′ (forward) and 5′-GTGACACAGAGATGGCTGG
AACTG-3′ (reverse) for SIRT1, and 5′-CAAGTTCAACG
GCACAGTCAA-3′ (forward) and 5′-CGCCAGTAGAC
TCCACGACA-3′ (reverse) for GAPDH. Quantification of
VEGF-α, ALDH2, and SIRT1 mRNA expressions was calcu-
lated by normalizing with the GAPDH mRNA expression.
Analysis was performed using the 2−ΔΔCt method.

2.9. Immunofluorescence Staining in Diabetic Rats. The
immunofluorescence staining and quantitation of VEGF-α,
ALDH2, SIRT1, SOD1, eNOS, iNOS, and VEGF Receptor2
in rat retinas were performed as described in our previous
study [20]. In brief, after deparaffinization and antigen resto-
ration, eye sections were blocked in 1% bovine serum albu-
min for 1 h and stained overnight at 4°C with VEGF-α
(1 : 200; #GTX102643, GeneTex), ALDH2 (1 : 200;
#ab108306, Abcam,), SIRT1 (1 : 200; #ab110304, Abcam),
NOX4 (1 : 200; #ab133303, Abcam), SOD1 (1 : 200;
#ab51254, Abcam), eNOS (1 : 200; #ab5589, Abcam), iNOS
(1 : 200; #18985-1-AP, Proteintech Group, Inc.), and VEGF
Receptor2 (1 : 200; #9698, Cell Signaling Technology) pri-
mary antibody. Then, the slides were incubated with HRP-
IgG (H+L) secondary antibody (#EK022, #EK012,
Zhuangzhibio, China) at 1 : 200 dilution for 1 hour, and

the nuclei were stained with 4-6-diamidino-2-phenylindole
(DAPI). Images were captured by a fluorescence
microscope.

2.10. Immunoblotting in Diabetic Rats. The whole retina was
dissected, and protein was isolated as described previously
[23]. Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) of retinal proteins was performed with Tris-
glycine-SDS running buffer (NCM Biotech, China). Next,
the proteins from the gels were transferred onto the PVDF
membrane (Millipore, US) with electroblotting. After blocking
with 5% nonfat milk solution, membranes were incubated
with ALDH2 (1 : 1000; #ab108306, Abcam), VEGF-α
(1 : 1000; #ab46154, Abcam), SIRT1 (1 : 1000; #ab110304,
Abcam), Bax (1 : 1000; #ab32503, Abcam), Bcl-2 (1 : 1000;
#ab182858, Abcam), Caspase 3 (1 : 1000; #19677-1-AP, Pro-
teintech Group, Inc.), 4-HNE (1 : 1000; #ab46545, Abcam),
hypoxia-inducible factor-1α (HIF-1α) (1 : 1000; #ab1, Abcam),
VEGF Receptor2 (1 : 1000; #9698, Cell Signaling Technology),
and GAPDH (1 : 1000; #5174, Cell Signaling Technology)
overnight at 4°C. Binding of HRP-conjugated secondary anti-
body (1 : 10000; #EK020, #EK010; Zhuangzhibio, China) was
observed using enhanced chemiluminescence (Thermo Fisher
Scientific). All blots were quantified by densitometry using
ImageJ software (NIH).

2.11. Determination of the Retinal Total ROS and
Mitochondrial DNA Damage in Diabetic Rats. The fluores-
cent probe 2′,7′-dichlorofluorescein diacetate (DCHFDA;
Sigma, USA) was applied to quantify total ROS levels of

Table 1: General characteristics of the included diabetic patients.

Characteristic T1DM (n = 15) T2DM (n = 55) CON (n = 15) p value

Female (%) 6(40.0%) 28(50.9%) 8(53.3%)

Age (years) 40:3 ± 10:8 52:5 ± 11:5## 45:8 ± 15:3 0.002

BMI (kg/m2) 24:9 ± 4:0 24:1 ± 3:6 23:5 ± 3:2 ns

Duration of diabetes (years) 11:8 ± 4:5 18:2 ± 6:8## 0.001

Systolic blood pressure (mmHg) 124:7 ± 14:3 130:4 ± 16:4 122:2 ± 14:4 ns

Diastolic blood pressure (mmHg) 75:3 ± 7:9 77:3 ± 9:3 76:3 ± 7:4 ns

HbA1c (%) 7:6 ± 1:0∗∗ 7:5 ± 1:1∗∗ 5:2 ± 0:6 <0.001
Fasting blood glucose (mmol/L) 8:3 ± 1:1∗∗ 7:7 ± 1:1∗∗ 5:2 ± 0:8 <0.001
Therapy components

Diet only (%) 0 0

Insulin (%) 15(100%) 51(92.7%)

Sulfonylureas (%) 0(0%) 8(14.5%)

α-Glucosidase inhibitors (%) 11(73.3%) 31(56.4%)

Biguanides (%) 9(60.0%) 47 (85.5%)

Retinal thickness (μm) 279:1 ± 19:8 283:6 ± 18:9 288:9 ± 21:9 ns

ERG test

Amplitude of max b (μv) 288:5 ± 51:4∗∗ 337:1 ± 58:9## 367:5 ± 47:8 0.001

Amplitude of OPs2 (μv) 86:3 ± 17:8∗∗ 114:2 ± 20:6∗∗## 136:3 ± 19:4 <0.001
The results are described as mean ± standard deviation (SD) or number (%). ns: no significance. ∗∗p < 0:01: T1DM cohort and T2DM cohort vs. CON cohort;
##p < 0:01: T2DM cohort vs. T1DM cohort.
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the retina. Specifically, 10μg protein extracted from the ret-
ina was incubated with 2μmol/L DCHFDA for 10 minutes
and the resultant fluorescence intensity was detected at exci-
tation wavelength of 485nm and emission wavelength of
530nm [32, 33]. Mitochondria were isolated from retina tis-
sues by using the Mitochondria Isolation kit (Sigma, USA)
in compliance with the manufacturer’s protocols. Total
DNA was isolated with a DNeasy blood and tissue kit (Qia-
gen, USA), and extended-length PCR was performed by
amplification of long and short regions of mitochondrial
DNA (mtDNA). Un-Scan-It Gel digitizing software was
used to capture the intensity of PCR gel photographs, and
then, the ratio of the long (13.4 kb) to short fragment
(210 bp) of PCR amplicons was estimated. The primers of
mtDNA long were 5′-AAAATCCCGCAAACAATGACC
ACCCC-3′ (forward) and 5′-GGCAATTAAGAGTGGG
ATGGAGCCAA-3′ (reverse). The primers of mtDNA short
were 5′-CCTCCCATTCATTATCGCCGCCCTTGC-3′
(forward) and 5′-GTCTGGGTCTCCTAGTAGGTCTGG
GAA-3′ (reverse). The mtDNA damage was denoted by
the decreased ratio of long to short amplicons [33].

2.12. Determination of Inflammatory Parameters in Diabetic
Rats. Retinal tissues were collected at 12 weeks post diabetic rat
model established. Interleukin-1 (IL-1) and interleukin-6 (IL-6)
levels in retinas and insulin in serumwere assessed using a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit from Westang Bio-Tech Co., LTD. (Shanghai,
China) according to the manufacturer’s instructions.

2.13. Statistical Analysis. The statistical software SPSS, ver-
sion 19.0 (IBM Co., USA), was applied to perform the statis-
tical analysis. Student’s t-test was used for two-group
comparison, and one-way ANOVA followed by Fisher’s
Least Significant Difference (LSD) post hoc analysis was
performed to examine the statistical differences among
multiple groups. The chi-squared test (Fisher’s exact test)
was used to analyze the distributions of allele and genotype
frequencies. Categorical variables were expressed as per-
centages, and continuous data are presented as mean ±
standard deviation (SD). All p values ≤ 0.05 were consid-
ered as statistically significant.

3. Results

3.1. The Characteristics of Preclinical DR Patients. The gen-
eral characteristics of diabetic patients with no clinical man-

ifestation of DR are presented in Table 1. The diabetic
patients were classified into two cohorts by type of diabetes,
and there were 15 patients with T1DM and 55 patients with
T2DM. Moreover, 15 healthy individuals were included as
the control (CON). The blood glucose levels exhibited no
statistically significant difference (fasting blood glucose
level < 10mmol/L) between T1DM and T2DM patients,
because of a well-maintained blood glucose control by insu-
lin therapy and/or oral hypoglycemic drugs. Besides, whole
retinal thickness showed no statistically significant difference
among T1DM, T2DM, and CON individuals. Noteworthily,
the T1DM patients in DR preclinical period had a signifi-
cantly lower ERG amplitude, especially in b wave (dark-
adapted 3.0 response) and OPs2 wave, when compared to
the T2DM and CON individuals (all p < 0:05). However,
the b wave (dark-adapted 3.0 response) of the ERG test in
T2DM and CON individuals showed no significant differ-
ence (p > 0:05).

3.2. The Gene Polymorphisms of ALDH2 in Preclinical DR
Patients. The above results indicated that the retinal function
had been decreased more in T1DM compared with T2DM
before clinically detectable DR. To investigate the potential
role of ALDH2, ALDH2 gene types (ALDH2 rs671 polymor-
phisms: including ALDH2GG, ALDH2GA, and ALDH2AA)
in different cohorts were detected. It was known that those
who carried an A allele are related to deficient ALDH2 activ-
ity. As shown in Table 2, we found the number of patients or
healthy individuals with ALDH2GA/AA genotype was
small, and there is no significant difference in the distribu-
tion of ALDH2 genotypes. However, the allele frequencies
for ALDH2GA/AA in T1DM patients were statistically more
than T2DM patients and CON individuals (all p < 0:05). In
contrast, there was no significant difference in ALDH2-
GA/AA genotype distribution between T2DM patients and
healthy individuals (p > 0:05). Taken together, our data sug-
gested that the risk of DR development in patients with
T1DM was potentially associated with ALDH2 deficiency.

3.3. ALDH2 Activity and SIRT1 Expression in Preclinical DR
Patients. To further explore whether the ALDH2 activity
could be related to preclinical DR patients’ retinal function,
serum ALDH2 activity was estimated. As showed in
Figure 1(a), T1DM patients presented a significantly lower
level of serum ALDH2 activity compared with CON individ-
uals (p < 0:01). Interestingly, the serum ALDH2 activity in
T1DM patients was evidently decreased compared with that
in T2DM patients (p < 0:01). Additionally, the potential asso-
ciations between ALDH2 and SIRT1 were once revealed by
our previous work [20]. As shown in Figure 1(b), the serum
SIRT1 level in T1DM patients was downregulated compared
to T2DM patients and CON individuals (all p < 0:05). More-
over, there existed a significant difference in serum SIRT1 level
between T2DM patients and CON individuals (p < 0:05).

3.4. The Blood Glucose Level, Insulin Concentration, and
Retinal Function in Diabetic Rats. The blood glucose of the
CON group was 6:24 ± 0:97mmol/L at the initial. And the
blood glucose level of the T1DM group was 19:67 ± 3:85

Table 2: ALDH2 polymorphisms in DM and healthy individuals.

ALDH2 genotype
(rs671)

T1DM
(n = 15)

T2DM
(n = 55)

CON
(n = 15)

ALDH2GG (%) 9 (60%) 48 (87.3%) 14 (93.3%)

ALDH2GA (%) 4 (26.7%) 5 (9.1%) 1 (6.7%)

ALDH2AA (%) 2 (13.3%) 2 (3.6%) 0 (0.0%)

ALDH2GA/AA (%) 6 (40.0%)∗ 7 (12.7%)# 1 (6.7%)

The results are described as number (%). ∗p < 0:05: T1DM cohort and
T2DM cohort vs. CON cohort; #p < 0:05: T2DM cohort vs. T1DM cohort.
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mmol/L, and the T2DM group was 20:23 ± 4:26mmol/L.
There existed no significant difference between the T1DM
group and the T2DM group (p > 0:05). After a 12-week
study, the level of blood glucose in the T1DM group was
23:84 ± 2:85mmol/L and the T2DM group was 24:51 ±
4:63mmol/L with no statistically significant difference
(p > 0:05) (Figure 2(a)). Moreover, the level of blood insulin
in the T1DM group was 0:17 ± 0:02ng/mL and that in the
T2DM group was 0:24 ± 0:05ng/mL, while the blood insu-
lin level in the CON group was 0:30 ± 0:08ng/mL after a
12-week study (Figure 2(b)). As we could see, the blood
insulin level in the CON and T2DM groups was all higher
than the T1DM group (all p < 0:05), while there existed no
significant difference between the CON group and the
T2DM group (p > 0:05).

To evaluate the retinal function of both types of DM at 12
week’s durations, ffERG and FFA were performed. As shown
in Figures 2(c)–2(e) and 2(h), the amplitude of a wave (dark-
adaptation 3.0 response) and OPs2 wave (dark-adaptation
3.0 oscillatory potential response) in both the T1DM and
T2DMgroups obviously declined at 12-week diabetic duration
compared to the CON group (all p < 0:05). And the T2DM
group showed much better performances in the amplitude of
a and OPs2 waves relative to T1DM. Furthermore,
Figures 2(f) and 2(g) show the amplitude of b wave (dark-
adaptation 3.0 response) in the T1DM group was significantly
lower than that in the CON group (p < 0:01) and the peak
time of b wave (dark-adaptation 3.0 response) in the T1DM
group was significantly longer than the CON group (p < 0:01
). Interestingly, in the T2DM group, the amplitude of b wave
(dark-adaptation 3.0 response) was obviously higher than that
in the T1DM group (p < 0:05); meanwhile, the peak time of b
wave was significantly shorter (p < 0:05). However, the ampli-
tude and peak time of b wave (dark-adaptation 3.0 response)
existed no statistically significant difference between the
T2DM group and the CON group (all p > 0:05). As for rats’
retinal vessel microcirculation function, it is shown in
Figure 2(i) and 2(j) that the fluorescein sodium appearing time
in the retinal vein in the T1DM group (28:44 ± 4:85 s) was evi-
dently prolonged compared to the CON (14:45 ± 2:24 s) and

T2DM groups (18:67 ± 3:28 s) (all p < 0:05), whereas the dif-
ference between the T2DM group and the CON group did
not achieve statistical significance (p > 0:05).

3.5. Retinal Morphological Structure and Apoptosis in
Diabetic Rats. HE staining and TUNEL assay were applied
to evaluate retinal morphometric structure changes and
determine whether cell apoptosis partly caused this phe-
nomenon. As shown in Figures 3(a) and 3(b), compared
with the CON group, an extremely decreasing thickness of
photoreceptors’ inner and outer segment layer (IS/OS) was
observed in both DM groups (all p < 0:05). Moreover,
T1DM had significantly lesser cell layers of outer nuclear
layer (ONL) which consists of photoreceptors’ (cone and
rod cells) nucleus, compared to the CON group (p < 0:05)
(Figure 3(c)). Significantly, T1DM exhibited thinner IS/OS
and ONL layers relative to T2DM retinas (all p < 0:05).
When it came to the cell layers of the inner nuclear layer
(INL), despite the T1DM group showed a decreasing ten-
dency compared with the CON group, there existed no sta-
tistically significant difference among CON, T1DM, and
T2DM (p > 0:05) (Figure 3(d)). Subsequently, it is shown
in Figure 3(e) that apoptosis obviously occurred in T1DM
retinas rather than T2DM retinas, especially in photorecep-
tor layers (ONL), compared with CON retinas according to
TUNEL assay (all p < 0:01). This was further proved by the
prominent elevated expression of proapoptotic molecules
Bax and Caspase 3 and depressed antiapoptotic Bcl-2 in
T1DM retinas, when compared to the CON and T2DM
groups (p < 0:05) (Figures 3(f)–3(i)).

3.6. Retinal ALDH2 and SIRT1 Expression in Diabetic Rats.
The mRNA expression of retinal ALDH2 and SIRT1 was
detected by the RT-PCR method. Meanwhile, the protein
expression of ALDH2 and SIRT1 was measured both via
immunofluorescence and Western blotting assays. As shown
in Figure 4(a), SIRT1 was strongly expressed in ONL, INL,
and ganglion cell layer (GCL), which consisted with ALDH2,
which was wildly expressed in metabolically active position.
The mRNA expression of retinal ALDH2 and SIRT1 in the
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Figure 2: Continued.
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T1DM group was lesser than the CON and T2DM groups
(all p < 0:05) (Figures 4(b) and 4(c)). However, the mRNA
expression of ALDH2 and SIRT1 in the CON group and
the T2DM group existed no significant difference (all p >
0:05). Moreover, the protein expression of ALDH2 and
SIRT1 in the T1DM group was significantly decreased com-
pared with both the CON and T2DM groups indicated by
immunofluorescence and Western blotting detections (all p
< 0:05) (Figures 4(a) and 4(d)–4(f)). Interestingly, the pro-
tein expression of ALDH2 and SIRT1 showed no significant
difference between the T2DM and CON groups according to
Western blotting (all p > 0:05) (Figures 4(d)–4(f)). The out-
comes of Western blotting were in accordance with immu-
nofluorescence staining.

3.7. Retinal VEGF-α, HIF-1α, and VEGFR2 Expressions in
Diabetic Rats. To estimate the reaction of neovascularization
in the retina, angiogenesis mediators VEGF-α, HIF-1α, and
VEGFR2 were measured at 12-week diabetic duration. As
shown in Figures 5(a) and 5(d), VEGF-α was strongly
expressed in the external limiting membrane (ELM), inner
plexiform layer (IPL), and ganglion cell layer (GCL); mean-
while, HIF-1α and VEGFR2 immunoreactivities were
observed in ONL and INL, and GCL. It was found that the
protein expression of VEGF-α in T1DM retinas was more
than those in the CON and T2DM groups (all p < 0:05),
while there existed no significant difference between CON
and T2DM (all p > 0:05) (Figures 5(e) and 5(f)). Moreover,
VEGFR2, the angiogenic receptor of VEGF, was extremely
increased in T1DM, compared to CON and T2DM (all p <
0:05) (Figures 5(b), 5(e), and 5(h)). Additionally, although

retinal HIF-1α, a VEGF transcriptional regulator, was
increased in both types of DM relative to CON as demon-
strated in Figure 5(c), T1DM exhibited a much greater
increase of HIF-1α expression compared to T2DM, which
was confirmed by both Western blotting and immunofluo-
rescence (Figures 5(e) and 5(g)). It could indicate that the
changes of retinal HIF-1α and VEGFR2 levels in T1DM
were closely correlated to the elevating expression of
VEGF-α.

3.8. The Retinal iNOS/eNOS Ratio and Inflammation in
Diabetic Rats. Immunofluorescence assay was further per-
formed to identify iNOS/eNOS imbalance in the diabetic
retina. According to our study (data not shown), the retinal
iNOS level was notably elevated in T1DM (p < 0:05) at 12-
week diabetic duration, compared to CON and T2DM,
whereas there existed no statistically significant difference
of retinal eNOS expression among all groups (p > 0:05). Sur-
prisingly, the iNOS/eNOS ratio in T1DM and T2DM retinas
exhibited an obvious increase compared with CON retinas,
which denoted an imbalance of iNOS/eNOS in diabetic ret-
inas, especially in T1DM when compared to T2DM (all p
< 0:05) ((Figures 6(a) and 6(b)). Undoubtedly, enhanced
iNOS level could be a biomarker of the vicious inflammatory
milieu in the diabetic retina. Accordingly, proinflammatory
cytokines IL-1 and IL-6 were also measured via ELISA assay.
As shown in Figure 6(c), retinal IL-1 production in the
T1DM group was significantly increased compared with
both the CON and T2DM groups (all p < 0:01), while there
existed no significant difference between the CON group
and the T2DM group (p > 0:05). As for IL-6, the retinal
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Figure 2: The retinal electrical activity and retinal vessel microcirculation function in the CON, T1DM, and T2DM groups after a 12-week
study: (a) the concentration of blood glucose; (b) the concentration of blood insulin; (c) presentive images of a, b wave (dark-adaptation 3.0
response) and (d) OPs2 wave (dark-adaptation 3.0 oscillatory potential response); (e) the amplitude of a wave; (f) the peak time of b wave;
(g) the amplitude of b wave; (h) the amplitude of OPs2 wave; (i) the representative fundus fluorescein angiography picture; (j) the fluorescein
sodium appearing time in the retinal vein. Values are presented as mean ± SD, n = 15 or 6, respectively. ∗p < 0:05 and ∗∗p < 0:01: the T1DM
group and the T2DM group vs. the CON group; #p < 0:05: the T2DM group vs. the T1DM group.
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production in T1DM was also increased compared with
both the CON and T2DM groups (all p < 0:05), while there
existed no significant difference between the CON and the
T2DM (p > 0:05) at 12-week diabetic duration (Figure 6(d)).

3.9. Retinal Oxidative and Mitochondrial DNA Damage
Level in Diabetic Rats. It was found that antioxidative
enzyme superoxide dismutase 1 (SOD1) and ROS-
producer NADPH oxidase 4 (NOX4) were both actively
expressed mainly in retinal ONL, INL, and GCL
(Figure 7(a)). SOD1 was notably declined in T1DM com-

pared to the CON and T2DM retina, while NOX4 was nota-
bly elevated in T1DM compared to the CON retina (all
p < 0:05) (Figures 7(b) and 7(c)). Although there were prom-
inent reductions of retinal SOD1 in T2DM, there existed no
statistically significant difference in NOX4 expressions
between CON and T2DM. According to Figure 7(d), the ret-
inal total ROS level was notably elevated in both T1DM and
T2DM rats at 12-week diabetic duration, while there was a
relatively lower level of ROS in the T2DM retina compared
to the T1DM retina (all p < 0:05). It is known that mtDNA
is highly susceptible to oxidative stress. As shown in
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Figure 3: The number of retinal cell layers in the CON, T1DM, and T2DM groups detected by HE staining after a 12-week study: (a) the
representative HE staining picture; (b) the thickness of OS/IS layer; (c) the layer of ONL cells; (d) the layer of INL cells; (e) the presented
TUNEL images; (f) the representative Western blotting picture of Caspase 3, Bcl-2, and Bax; (g) the relative protein expression of Caspase 3;
(h) the relative protein expression of Bcl-2; (i) the relative protein expression of Bax. INL: inner nuclear layer; ONL: outer nuclear layer;
IS/OS: inner and outer segment layer; RPE: retinal pigment epithelial. Scale bar: 100 μm. Values are presented as mean ± SD, n = 4-6.
∗∗p < 0:01, and ∗∗∗p < 0:001: the T1DM group and the T2DM group vs. the CON group; #p < 0:05, ##p < 0:01, and ###p < 0:001: the
T2DM group vs. the T1DM group.
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Figure 7(e), despite increased ROS in the retina, mtDNA was
not statistically significantly damaged in the T2DM retina
(p > 0:05). Nevertheless, evident mtDNA damage was
observed in the T1DM retina compared to that in the
T2DM and CON groups (p < 0:05).

4. Discussion

Our clinical investigation found an identifiable retinal dys-
function in both T1DM and T2DM patients at preclinical
diabetic retinopathy stage. To our surprise, although the
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Figure 4: The protein and mRNA expressions of retinal SIRT1 and ALDH2 detected by immunofluorescence, RT-PCR, and Western
blotting in the CON, T1DM, and T2DM groups after a 12-week study: (a) the representative immunofluorescence picture of ALDH2
and SIRT1; (b) the relative mRNA expression of ALDH2; (c) the relative mRNA expression of SIRT1; (d) the representative Western
blotting picture of ALDH2 and SIRT1; (e) the relative protein expression of ALDH2; (f) the relative protein expression of SIRT1. Scale
bar: 100μm. Values are presented as mean ± SD, n = 3-4. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001: the T1DM group and the T2DM group
vs. the CON group; #p < 0:05, ##p < 0:01, and ###p < 0:001: the T2DM group vs. the T1DM group.
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Figure 5: The expressions of retinal VEGF-α, HIF-1α, and VEGFR2 in the CON, T1DM, and T2DM groups after a 12-week study: (a, d) the
representative immunofluorescence picture of VEGF-α, HIF-1α, and VEGFR2; (b) the relative expression of VEGFR2; (c) the relative
expression of HIF-1α; (e) the representative Western blotting picture of VEGF-α, HIF-1α, and VEGFR2; (f–h) the relative protein
expression of VEGF-α, HIF-1α, and VEGFR2. Scale bar: 100 μm. Values are presented as mean ± SD, n = 3-4. ∗p < 0:05, ∗∗p < 0:01, and
∗∗∗p < 0:001: the T1DM group and the T2DM group vs. the CON group; #p < 0:05, ##p < 0:01, and ###p < 0:001: the T2DM group vs. the
T1DM group.
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disease duration of T1DM patients was shorter, the retinal
function of the patients was seriously poor. Additionally,
serum ALDH2 activity and SIRT1 expression in T1DM
patients were significantly lower than those in T2DM
patients. To further verify this phenomenon, we constructed
the T1DM and T2DM rats’ model to study the potential dif-
ference in retinal morphology, function, and molecular bio-
logical marker and explore the possible mechanism.

As we all know, diabetic retinopathy can both trigger ret-
inal microvessel and neuron cell damages. The oscillatory
potential (OPs) wave, a component of the electroretino-
graphic test, is regarded as a valuable indicator to evaluate
retinal vessel-related disorders (retinal ischemia caused by
reduced circulation) [34, 35]. Our results showed retinal ves-
sel microcirculation function in both T1DM and T2DM rats
attenuated to a lower level, but T1DM deteriorated much
more rapidly and seriously, which has also been proved by
increased fluorescein sodium appearing time. In fact, this
was in line with other findings which revealed that dimin-
ished OPs wave amplitudes were found in persons with
DM and no photographic evidence of background retinopa-
thy [35].

In the study, we demonstrated that T1DM and T2DM
jeopardized rats’ retinas mainly at outer layers. This finding
was supported by our several observations: (1) typical thin-
ning occurred at the outer layers/photoreceptor layer
(including ONL and IS/OS); (2) the prominent apoptotic
cells were largely concentrated at the outer layers; (3) the
negative wave of ERG (dark-adaptation 3.0 response) called
a wave, reflecting the light absorption activity of the photo-
receptors, depressed significantly. So, why was the outer ret-
ina extremely vulnerable to hyperglycemia? Primarily, there
exists vigorous energy metabolism activity in the outer retina
accompanied with a great number of metabolic wastes and
mitochondrial damages all the time. The similar finding
was also verified, in which, mtDNA damage was obviously
occurred and even continued when hyperglycemia state con-
tinued in T1DM Wistar rat [36, 37]. Secondly, photorecep-
tors are fragile in some way, with limited nutritional
supply and restricted resistant ability to adverse environ-
ments. Finally, the protective threshold of cellular stress
response is limited, and the sophisticated cellular metabo-
lism pathways are involved, which results in infaust resis-
tance ability. Interestingly, the inner nuclear layers did not
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Figure 6: The level of retinal iNOS, eNOS, IL-1, and IL-6 in the CON, T1DM, and T2DM groups after a 12-week study: (a) the
representative immunofluorescence picture of iNOS and eNOS; (b) the ratio of iNOS expression to eNOS expression; (c) the level of
retinal IL-6; (d) the concentration of retinal IL-1. Scale bar: 100μm. Values are presented as mean ± SD, n = 3-4. ∗p < 0:05 and ∗∗p < 0:01
: the T1DM group and the T2DM group vs. the CON group; #p < 0:05 and ##p < 0:01: the T2DM group vs. the T1DM group.
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significantly decrease in both T1DM and T2DM rats, and we
supposed that despite the obvious dysfunction in photore-
ceptors, Müller, and bipolar cells, the morphological changes
of inner retinal would probably intact at this early stage of
DR.

It is widely realized that increasing reactive oxygen spe-
cies (ROS) generation could impair antioxidant defenses,
which decreases the ability of retinal cell homeostasis sus-
taining [38]. The data collected in our study showed that
the level of retinal total ROS and ROS-producer NOX4
was significantly elevated in T1DM rats, while the expres-
sion of antioxidant SOD1 was obviously diminished. More-
over, oxidative stress levels and proinflammatory factors,
such as IL-1, IL-6, and iNOS, were notably increased in
T1DM rats. Recently, studies found that DM was well-
recognized as a result of subclinical chronic low-grade
inflammation event [39, 40]. Epidemiological studies
revealed that levels of inflammatory cytokines, such as IL-
6, IL-1β, and TNF-α, were prominently increased in DM

patients [40]. In the case of the dynamic inflammation level
alterations in different retinopathy stages, clinical studies
showed that serum IL-6 was significantly increased in both
the nonproliferative DR and proliferative DR but not in no
DR patients with T2DM [26, 41]. Undeniably, higher IL-6
levels are potential risk factors for DR in T2DM. In the pres-
ent study, diabetic rats with T2DM also showed no statisti-
cally significant difference in retinal IL-1 and IL-6 level
compared with CON rats. We postulated that 12-week dia-
betic duration was not the advanced retinopathy stage for
T2DM rats.

As we all know, hyperglycemia impairs vascular endo-
thelium resulting in the breakdown of the blood-retinal bar-
rier (BRB) integrity, the enhanced retinal microvascular
permeability, and subsequently neovascularization [42–45].
In our animal study, despite the varying increased retinal
proangiogenic reaction in both DM, the expression of
VEGF-α was dramatically lesser in the T2DM group com-
pared with the T1DM group. This relatively slighter
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Figure 7: The levels of retinal SOD1, NOX4, total ROS, and mtDNA damage in the CON, T1DM, and T2DM groups after a 12-week study:
(a) the representative immunofluorescence picture of SOD1 and NOX4; (b) SOD1 immunofluorescence levels normalized to CON; (c)
NOX4 immunofluorescence levels normalized to CON; (d) the retinal total ROS level; (e) damage of mtDNA in the retina. Scale bar:
100μm. Values are presented as mean ± SD, n = 3-4. ∗p < 0:05 and ∗∗p < 0:01: the T1DM group and the T2DM group vs. the CON
group; #p < 0:05 and ##p < 0:01: the T2DM group vs. the T1DM group.
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angiogenic reaction in the diabetic retina of T2DM was also
convincingly verified by the less increasing of HIF-1α and
VEGFR2, the transcriptional regulator, and receptor of
VEGF, respectively. A previous clinical study proved that
an increase of serum VEGF level is associated with the sever-
ity of diabetic retinopathy in T2DM patients [46]. Particu-
larly, it demonstrated the level of VEGF showed a
significant difference between controls and DR, while no sig-
nificant difference was observed between controls and no
DR in patients with clinically T2DM [46]. However, it was
reported that the increased level of VEGF was found already
in type 1 diabetic children and adolescents without clinical
signs of retinopathy or in the early stages of nonproliferative
retinopathy [47]. It suggests that VEGF activation occurs in
both types of diabetes but increases less radically and slower
in T2DM. Our results in the animal study were consistent
with these studies. Meantime, it is convinced that the shift
in eNOS and iNOS, the endothelial isoform, and inducible iso-
form of NO synthase, respectively, are implicated in vascular
pathologic processes in DR [25, 48]. In line with those studies,
we observed a significant increase of the iNOS/eNOS ratio in
T1DM retinas. This imbalance was the consequence of oxida-
tive stress injuries and stimulated by proinflammatory cyto-
kines, indicating the presence of radical inflammatory events
and vascular endothelial dysfunction in the T1DM retina
which somehow explained the poor ERG outcome.

Interestingly, in the present study, mitochondrial
ALDH2 was diminished much more in T1DM patients/rats.
It was found that ALDH2 was wildly expressed in ONL,
inner nuclear layer (INL), and ganglion cell layer (GCL),
which featured with an active metabolism. Interestingly,
nuclear SIRT1 was also wildly expressed in ONL, INL, and
GCL, which was colocated with ALDH2 confirmed by
immunofluorescent staining. In addition to that, the distin-
guished overall mtDNA damage which was extremely sensi-
tive to oxidative stress [33, 36] was observed in the T1DM
retina. We speculated that the mitochondrial-nuclear com-
munication between ALDH2 and SIRT1 could alleviate oxi-
dative stress, restore redox homeostasis, and improve the
mitochondrion function. To some extent, the present study
demonstrated an improved understanding of the ALDH2/-
SIRT1 interplays, which may elucidate new therapeutic tar-
gets for the treatment of DR.

Accordingly, the functional and structural pathological
alterations and deleterious oxidative stress reactions have
been demonstrated in diabetic rats’ retina, especially in
T1DM when compared with T2DM. Moreover, the relative
lower retinal ALDH2 and SIRT1 expressions, and elevated
angiogenic factors were observed in the T1DM retina.
Besides, the potential role of ALDH2 in DR and the highly
accordant variation tendency of ALDH2 and SIRT1 were
once elucidated by our previous work. We supposed that
ALDH2/SIRT1 could be related to protecting the retina from
ROS damage, alleviating hypoxic ischemic situation and
attenuating angiogenic reaction. Thus, it is revealed that
ALDH2/SIRT1 may play important roles during physiologi-
cal and pathological processes of DR.

While the preliminary clinical retrospective observation
study demonstrated the potential association between

ALDH2/SIRT1 deficiency and DR progression, it is undeni-
able that the quantity of clinical cases was not sufficient and
some essential tests were missed. Therefore, the findings
need further thorough study with longer follow-up times
for more reliable clinical results to verify the role of
ALDH2/SIRT1 in different types of DM during DR develop-
ment. As for the animal study, the 12-week observation
period also seems not long enough and a single detection
point was limited. Actually, in the beginning, we were inter-
ested in whether T1DM and T2DM showed a different
diabetes-related retinal disorder in preclinical DR stage/a
certain lasting period. Fortunately, the clinical observations
were impressive and some common results were found in
animal tests. As for the underlying reason for such difference
of retinal ALDH2/SIRT1 and oxidative stress between
T1DM and T2DM, further exploration is needed. On the
basis of insulin secretion deference, we suspected that the
insulin signaling pathway (insulin resistance and reduced
glucose utilization), such as phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) signaling, could be involved
in inducing differential protein changes in retinal tissue.
Therefore, in the near future, we would like to thoroughly
design experiments in both clinical cases and animal models
to observe the specific diabetic retinal function and structure
changes along with T1DM and T2DM duration and explore
the potential role of ALDH2/SIRT1 in the process of diabetic
retinal damage.

In summary, we found retinal function and structure
injury induced by T1DM was more severe than T2DM in
the certain period through clinical and animal study. And
we first demonstrated that the slighter retinal disorders in
T2DM would be related to the activation of the ALDH2/-
SIRT1 pathway.
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Obesity is increasing worldwide in prepubertal children, reducing the age of onset of associated comorbidities, including type 2
diabetes. Sulfur-containing amino acids, methionine, cysteine, and their derivatives play important roles in the transmethylation
and transsulfuration pathways. Dysregulation of these pathways leads to alterations in the cellular methylation patterns and an
imbalanced redox state. Therefore, we tested the hypothesis that one-carbon metabolism is already dysregulated in prepubertal
children with obesity. Peripheral blood was collected from 64 children, and the plasma metabolites from transmethylation and
transsulfuration pathways were quantified by HPLC. The cohort was stratified by BMI z-scores and HOMA-IR indices into
healthy lean (HL), healthy obese (HO), and unhealthy obese (UHO). Fasting insulin levels were higher in the HO group
compared to the HL, while the UHO had the highest. All groups presented normal fasting glycemia. Furthermore, high-density
lipoprotein (HDL) was lower while triglycerides and lactate levels were higher in the UHO compared to HO subjects. S-
adenosylhomocysteine (SAH) and total homocysteine levels were increased in the HO group compared to HL. Additionally,
glutathione metabolism was also altered. Free cystine and oxidized glutathione (GSSG) were increased in the HO as compared
to HL subjects. Importantly, the adipocyte secretory function was already compromised at this young age. Elevated circulating
leptin and decreased adiponectin levels were observed in the UHO as compared to the HO subjects. Some of these alterations
were concomitant with alterations in the DNA methylation patterns in the obese group, independent of the impaired insulin
levels. In conclusion, our study informs on novel and important metabolic alterations in the transmethylation and the
transsulfuration pathways in the early stages of obesity. Moreover, the altered secretory function of the adipocyte very early in
life may be relevant in identifying early metabolic markers of disease that may inform on the increased risk for specific future
comorbidities in this population.

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 2207125, 16 pages
https://doi.org/10.1155/2021/2207125

https://orcid.org/0000-0003-1301-6952
https://orcid.org/0000-0001-6238-3017
https://orcid.org/0000-0003-0595-4367
https://orcid.org/0000-0001-6264-3632
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2207125


1. Introduction

Obesity is a rapidly growing epidemic that is contributing
to the significant increase in metabolic diseases worldwide.
It is characterized by excess adipose tissue expansion and is
associated with low-grade inflammation and metabolic dys-
function [1]. The continuous release of proinflammatory
cytokines [1] and adipokines (e.g., leptin) by dysregulated
adipose tissue may contribute to the obesity-associated
inflammation [2]. It is thought that chronic low-grade
inflammation induces chronic oxidative stress, and that
both contribute to the obesity-related insulin resistance
(IR) and type 2 diabetes (T2D) development [3]. Due to
the drastic increase in early childhood obesity, the journey
to T2D development is starting earlier in life. This in turn
increases the risk for other severe health complications over
the lifespan, such as hypertension, cardiovascular diseases
(CVD), retinopathy, and neuropathy, that appear to
increase as the age of T2D onset decreases [4–6]. Further,
there are several important differences in the pathophysiol-
ogy of obesity-associated comorbidities in adults compared
to children, including early β-cell decline and time to T2D
treatment failure, as well as the lack of appropriate pharma-
cological medications approved for earlier ages, and longer
duration of the disease [7–10].

Early alterations in the redox and methylation status that
are associated with obesity may play a significant role in the
early onset of metabolic disturbances in children with obe-
sity. The thiol group plays an important role in biological sys-
tems [11]. It appears in the sulfur-containing amino acids
methionine and cysteine, and their derivatives, such as gluta-
thione (GSH) and other low molecular weight intermediates
in the transmethylation and transsulfuration pathways
[11, 12], also known as aminothiols. Thiols are responsible
for scavenging reactive oxygen species (ROS) and maintain-
ing redox homeostasis [13]. In particular, cysteine is primar-
ily responsible for maintaining the redox state in plasma [14],
while GSH maintains intracellular redox homeostasis, acting
directly or indirectly through enzymatic activity [13]. Recent
studies postulate dysfunction in the redox homeostasis in
obese children [15, 16]. Lechuga-Sancho et al. [15] have iden-
tified an altered oxidative status in erythrocytes from obesity-
associated insulin resistant children, even before those
changes occurred in plasma. Besides, Zalewska et al. [16]
reported alterations in the saliva redox status followed by
higher oxidative damage in obese when compared to over-
weight children.

Transmethylation and transsulfuration intermediates
are also critically important for methylation of DNA,
proteins, and lipids [14] with methionine-derived S-
adenosylmethionine (SAM), being the primary methyl
group donor [17]. Imbalance in the transmethylation and
transsulfuration pathways is linked with obesity-related
inflammation [18]. It has also been shown that high levels
of circulating homocysteine, resulting from the S-
adenosylhomocysteine (SAH) degradation, are linked to
an increased oxidation status in circulation [19]. Moreover,
the hyperhomocysteinemia resulting from the imbalance of
transsulfuration and transmethylation metabolites has been

linked to further risk of obesity-associated CVD, such as
atherosclerosis [18, 19]. Interestingly, a study conducted
in mice suggested that high levels of SAH in the circulation
could be involved with alterations at the epigenetic levels by
inhibiting the DNA methyltransferase enzymes. The same
study also indicated a possible relation between high levels
of SAH and endothelial dysfunction [20].

One-carbon metabolism pathways, including those
described above, have been implicated in important meta-
bolic processes that include redox defenses and epigenetic
alterations, which are both altered in obesity [11]. However,
it is not known how soon this can happen in life and whether
these pathways, if becoming altered in prepubertal children
with obesity, can facilitate the early onset of obesity-related
comorbidities.

Therefore, the present study is mainly aimed at testing
the hypothesis that one-carbon metabolism perturbation is
already present in the early stages of obesity development,
in prepubertal children. Therefore, transsulfuration and
transmethylation metabolite levels were quantified and
related with their systemic oxidative stress, genomic methyl-
ation status, and inflammatory marker levels in children of
normal weight or with overweight/obesity.

2. Material and Methods

2.1. Study Cohort. A group of 64 prepubertal children (5-9
years old, Tables 1 and 2 from Results) were recruited after
approval of the study by the Institutional Review Board
(IRB) (protocol number 206164) at the University of Arkan-
sas for Medical Science and following the guidelines of Dec-
laration of Helsinki (1964). This clinical study was
registered at ClinicalTrials.gov (NCT03323294). The inclu-
sion criteria were age 5-9 years at the date of the visit (i.e.,
5-<10 years), and the exclusion criteria were the presence
of known chronic illnesses/disorders that might affect study
outcome measures, such as type 1 diabetes mellitus, neuro-
logic, developmental, endocrine, hepatic, autoimmune, car-
diac, and renal disorders; use of any medication could affect
study outcomes, e.g., antipsychotics, thyroid hormone
replacement therapy, inhalation/oral steroids, insulin, ana-
bolic drugs and stimulants, or being classified as underweight
based on the CDC growth charts (http://www.cdc.gov/
growthcharts).

Anthropometric variables were collected for all study
participants and sex (male/female), age (years), weight (kg),
height (cm), and waist circumference (cm) were included
(Tables 1 and 2). For data analyses, children with an age ≥ 9
years and 6 months, but <10 years, were considered 10 years
old (Tables 1 and 2). The weight was measured using a cali-
brated Avery Berkel, HL122 Series Platform Scale (Dynamic
Scales, Terre Haute, IN, USA) wearing minimal clothing,
while height was obtained using a stadiometer (Novel
Products, Rockton, IL, USA). The waist circumference was
measured as reported previously [21].

Body mass index (BMI) was calculated from body
mass and height as kg/m2 and adjusted for age and sex
according to the Centers for Diseases Control and Preven-
tion (http://www.cdc.gov/growthcharts). The participants
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were considered overweight or obese if their age- and sex-
adjusted BMI was above the 85th percentile (i.e., BMI z −
score ðBMIzÞ > 1:04). Although during the stratification
present in Statistical Analysis, all the participants with over-
weight and obesity were included in obese groups. Clinical
outcomes such as systolic and diastolic blood pressure
(mmHg), as well as heart rate (bpm), were also measured
using a digital sphygmomanometer (Tables 1 and 2). The
measurement was performed on an arm rested at heart level,
and the cuff was placed two fingers above the brachial artery.
These measurements were performed at the Pediatric Clini-
cal Research Unit from Arkansas Children’s Hospital using
a GE Carescape V100 Dinamap vital sign monitor following
the standard procedures for this unit. The instrument is cal-
ibrated for children.

Fat-free mass, fat mass, and total body water were also
measured using the Tanita Body Composition Analyzer
(Model TBF-300A; Tanita Corporation of America, Inc.,
Arlington Heights, IL, USA).

2.2. Blood Collection and Processing. Fasting venous blood
samples were collected in EDTA tubes to isolate peripheral
blood mononuclear cells (PBMCs), as previously described
[21]. Plasma samples were collected after whole blood centri-
fugation (1,500 × g for 30min at 4°C). Thereafter, samples
were stored up to 1-2 years at -80°C, until the study was con-

cluded, so that all samples could be measured together to
reduce batch effects. Then, the plasma volume was replaced
with wash buffer consisting of Ca2+/Mg2+-free PBS supple-
mented with 2mM EDTA and 0.1% BSA (Sigma Aldrich,
St. Louis, MO). To perform the gradient separation,
Histopaque-1077 (Sigma Aldrich) was used. The diluted
blood was layered on histopaque and centrifuged at 400 × g
for 30min at room temperature. The white cloudy layer of
PBMCs was collected and washed two times with ~20ml of
room temperature wash buffer. PBMCs were counted using
a hemocytometer (Bright-Line; Hausser Scientific, Horsham,
PA), and 2-5 million PBMCs were pelleted, snap frozen on
dry ice, and stored up to two years at -80°C, until the study
was concluded [21].

2.3. Biochemical Measures. Fasting insulin concentration was
measured in plasma using the Mesoscale Discovery Platform
(MSD Multi-Array Assay System, Gaithersburg, MD, USA)
according to the manufacturer’s protocol. Fasting plasma
glucose was measured using YSI 2900 biochemistry analyzer
(YSI Life Sciences, Yellow Springs, OH, USA). The lipid pro-
file was quantified in plasma using a RX Daytona clinical
analyzer accordingly to the manufacturer’s instructions
(Randox Laboratories-IS Limited, Kearneysville, WV,
USA)—nonesterified fatty acids (NEFA: mmol/L), glycerol
(μmol/L), high-density lipoprotein (HDL: mmol/L), low-

Table 1: Physiologic and biochemical characteristics of healthy prepubertal children stratified per BMIz.

Characteristics n HL n HO p value

Sex: male/female 20 14/6 28 15/13

Age (years) 20 7.0 (6.0–8.0) 28 7.0 (6.0–8.3) ns

BMIz 20 0:078 ± 0:663 28 1:846 ± 0:557 <0.01
WC (cm) 20 55.0 (51.4-56.6) 28 61.5 (56.8-75.1) <0.01
Systolic BP (mmHg) 20 99:7 ± 9:71 28 106:71 ± 10:39 0.047

Diastolic BP (mmHg) 20 58:7 ± 9:30 28 62:29 ± 7:65 ns

Heart rate (bpm) 20 78 ± 12 28 79 ± 11 ns

Fat mass (kg) 20 3.9 (3.3-5.2) 28 9.4 (6.5-14.4) <0.01
Free-fat mass (kg) 20 19.0 (18.1-21.7) 28 23.3 (20.3-26.0) <0.01
Total body water (kg) 20 13.9 (13.3-15.9) 28 17.1 (14.8-19.0) <0.01
Insulin (μU/mL) 20 3:65 ± 1:55 28 5 <0.01
Glucose (mmol/L) 20 4.91 (4.75-5.12) 27 5.03 (4.60-5.35) ns

HOMA-IR 20 0.79 (0.54-0.92) 27 1.21 (1.00-1.49) <0.01
HOMA-β 20 50.17 (30.65-66.85) 27 72.05 (44.40-128.60) 0.015

HDL cholesterol (mmol/L) 20 1:47 ± 0:31 27 1:40 ± 0:29 ns

LDL cholesterol (mmol/L) 20 2:16 ± 0:61 27 2:35 ± 0:76 ns

Triglycerides (mmol/L) 20 0.52 (0.41-0.65) 27 0.53 (0.37-0.82) ns

Total cholesterol (mmol/L) 20 3:73 ± 0:68 27 3:89 ± 0:81 ns

NEFA (mmol/L) 20 0.10 (0.06-0.16) 27 0.08 (0.04-0.13) ns

Glycerol (μmol/L) 20 77.27 (64.19-130.24) 27 82.77 (68.20-92.10) ns

Lactate (mmol/L) 20 2:07 ± 0:57 27 2:03 ± 0:47 ns

HL: healthy lean; HO: healthy obese; BMIz: BMI z-score; WC: waist circumference; BP: blood pressure; BMR: basal metabolic rate; HOMA-IR: homeostatic
model assessment of insulin resistance; HOMA-β: homeostatic model assessment of β-cell function; LDL: low-density lipoprotein; HDL: high-density
lipoprotein; NEFA: nonesterified fatty acids; ns: nonsignificant; p value <0.05 was considered significant.
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density lipoprotein (LDL: mmol/L), and triglycerides (TGs:
mmol/L). Additionally, plasma lactate (mmol/L) and CRP
were measured using the same methodology.

Fasting insulin (μU/mL) and glucose concentrations
(mmol/L) were used to calculate HOMA-IR and HOMA-β
using the following equations:

HOMA − IR = fGlucose mmol/Lð Þ × fInsulin μU/mLð Þ
22:5 ,

HOMA − β = fInsulin μU/mLð Þ × 20
fGlucose mmol/Lð Þ − 3:5 :

ð1Þ

HOMA-IR was used to determine the insulin sensitivity
status for each participant. When HOMA − IR ≥ 2, the par-
ticipant was considered insulin resistant [22–24].

2.4. Sample Preparation for Aminothiol Analysis. Plasma was
prepared for analysis as previously described by Melnyk et al.
[25] in order to determine free reduced and oxidized or total
reduced aminothiols. Briefly, to assess the total concentration
of aminothiols, 50μL of a solution containing 1.43M of
sodium borohydride, 66mM sodium hydroxide, 1.5μM
EDTA, and 10μL n-amyl alcohol was added to 200μL of
plasma and incubated for 30min at 40°C. Thereafter, the pro-
teins were precipitated by incubation for 10min with cold

10% meta-phosphoric acid, the samples were centrifuged
for 15min at 14,000 RPM, and 20μL of supernatant was
measured by HPLC. To assess the free and oxidized ami-
nothiol concentration, an equal volume of 10% meta-
phosphoric acid was added to the plasma samples and treated
as previously described [25].

2.5. Aminothiols and Oxidative Damage Marker
Identification. Total and free aminothiols were separated
using a Shimadzu HPLC with a Shimadzu pump model 580
on a 5μm, 4:6 × 150mm i.d. reverse-phase C18 column
(MCM, Inc., Tokyo, Japan) with the thermostat at 25°C. An
isocratic mobile phase composed of 50mM sodium phos-
phate, 1.0mM of reagent OSA, and 2% acetonitrile (v/v) at
pH2.7 was used. The detection of all compounds was carried
out using a Coulochem II EC detector, model 5200A (ESA,
Inc.). The identification was carried out using external
standards for each compound: methionine, homocysteine,
cysteine, cystine, cysteinylglycine, reduced and oxidized glu-
tathione, gamma-glutamylcysteine, 3-nitro-tyrosine, and 3-
chloro-tyrosine, as previously described [25].

The percentage of oxidized GSH was obtained using the
following equation [14]:

%oxidizedGSH = 2GSSG
free GSH + 2GSSG × 100: ð2Þ

Table 2: Physiologic and biochemical characteristics of prepubertal children with obesity stratified per HOMA-IR.

Characteristics n HO n UHO p value

Sex: male/female 28 15/13 16 7/9

Age: years 28 7.0 (6.0–8.3) 16 8.0 (7.0–9.0) ns

BMIz 28 1:85 ± 0:56 16 2:45 ± 0:55 <0.01
WC (cm) 28 65:6 ± 12:1 16 77:5 ± 12:3 ns

Systolic BP (mmHg) 28 106:7 ± 10:4 16 113:5 ± 9:1 0.035

Diastolic BP (mmHg) 28 62:3 ± 7:7 16 64:75 ± 8:4 ns

Heart rate (bpm) 28 79 ± 11 16 83 ± 10 ns

Fat mass (kg) 28 9.4 (6.5-14.4) 16 19.3 (16.8-23.9) <0.01
Fat-free mass (kg) 28 23.3 (20.3–26.0) 16 29.2 (26.4-31.8) <0.01
Total body water (kg) 28 17.0 (14.8-19.0) 16 21.4 (19.3-23.3) <0.01
Insulin (μU/mL) 28 5.75 (4.56-7.10) 16 15.19 (10.33-25.20) <0.01
Glucose (mmol/L) 27 4:94 ± 0:52 16 5:28 ± 0:79 ns

HOMA-IR 27 1.21 (1.00-1.49) 16 3.00 (2.24-6.24) <0.01
HOMA-β 27 72.05 (44.40-128.60) 16 200.74 (143.46-300.65) <0.01
HDL cholesterol (mmol/L) 27 1.33 (1.18-1.59) 14 1.19 (1.05-1.24) 0.010

LDL cholesterol (mmol/L) 27 2.27 (2.01-2.97) 14 3.03 (2.16-3.25) ns

Triglycerides (mmol/L) 27 0.53 (0.37-0.82) 14 0.75 (0.65-1.20) 0.041

Total cholesterol (mmol/L) 27 3.81 (3.47-4.51) 14 4.37 (3.47-4.58) ns

NEFA (mmol/L) 27 0.08 (0.03-0.13) 16 0.09 (0.07-0.11) ns

Glycerol (μmol/L) 27 82.77 (68.20-92.10) 14 91.12 (73.80-111.00) ns

Lactate (mmol/L) 27 2:03 ± 0:47 14 2:62 ± 0:60 <0.01
HO: healthy obese; UHO: unhealthy obese; BMIz: BMI z-score; WC: waist circumference; BP: blood pressure; BMR: basal metabolic rate; HOMA-IR:
homeostatic model assessment of insulin resistance; HOMA-β: homeostatic model assessment of β-cell function; LDL: low-density lipoprotein; HDL: high-
density lipoprotein; NEFA: nonesterified fatty acids; ns: nonsignificant; p value <0.05 was considered significant.
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2.6. Plasma Adipokines and Cytokine Quantification. A
plasma adipokine and cytokine kit was used to measure lep-
tin, IL-1β, IL-6, IL-8, MCP-1, and TNF-α by multiplexing
using a Milliplex® Map Human Adipokine Panel (Milli-
pore®, MA, USA). Adiponectin was also measured using a
human Adiponectin ELISA (Millipore®, MA, USA). All pro-
cedures were performed according to the manufacturer’s
instructions.

2.7. DNAMethylation Profile.DNAmethylation was assessed
in the isolated PBMCs. The Puregene Blood Kit (Gentra
Systems, Inc., Minneapolis, MN, USA) was used to extract
the DNA, and it was further bisulfite-converted and purified
using an EZ DNA Methylation-Gold kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s protocol
[26]. After bisulfite-conversion, the methylation was deter-
mined using the Infinium MethylationEPIC bead chip from
Illumina®. The acquired data was followed by a quality con-
trol analysis of samples and probes, followed by further nor-
malization using the Bioconductor packages minfi v1.34.0
and watermelon version 1.32.0 [27, 28] in R version 4.0.2
[29, 30]. In order to reduce the bias within-array, the data
was normalized combining Noob+BMIQ (β-mixture quan-
tile normalization) in order to improve signal intensities
[27, 31]. After normalization, the data was filtered and
probes that failed (p value >0.01) were removed. All probes
mapped to the X and Y chromosomes were also removed
to avoid sex chromosome bias. Finally, cross-reactive probes
[32] and probes including known SNPs were also removed,
according to Illumina recommendations, before final statisti-
cal analysis [33].

2.8. Statistical Analysis. The original statistical power for the
present study was computed with a total of 110 children
based on a one-factor ANOVA, 80% power and α = 0:05
were assumed, and a minimum detectable Cohen’s f effect
size of 0.33 was used. To test the differences between HL
and HO and between HO and UHO, a t-test was performed
when data fulfilled all the assumptions—the normal distribu-
tion was tested by the Shapiro-Wilk test, and the variance
homogeneity was tested by the Levene’s test. Otherwise, a
Wilcoxon signed-rank test was performed. Results are
presented as mean ± standard deviation ðsdÞ and median
(Q1–Q3) according to the respective test. The correlation
between continuous variables was assessed using the Spear-
man’s Rank-Order correlation, and the coefficient (rho) is
shown for each correlation. A p value <0.05 was considered
statistically significant. These tests were performed using
the R version 4.0.2 [29, 30].

For statistical analysis of methylation results, differen-
tially methylated positions (DMPs) were tested among
groups using limma v3.44.3 [34] R package, after converting
β values into M values. Covariates such as sex, age, and race
were adjusted to the linear model. The p values were adjusted
by the Benjamini-Hochberg method (false discovery rate
[FDR]) [35]. DMPs were considered significative for FDR
< 0:1. Gene set enrichment analyses were performed using
the webtool STRING database v11.0b [36], for Gene Ontol-
ogy (GO), KEGG (Kyoto Encyclopedia of Genes and

Genomes), and Reactome pathways. Significant results were
defined as FDR < 0:05.

3. Results

3.1. Physiologic and Biochemical Characterization of Study
Population. The physiologic and biochemical characteristics
of the study population were stratified according to the BMIz
and HOMA-IR, as shown in Tables 1 and 2, respectively. The
HO showed a significantly higher BMIz (p < 0:01) and waist
circumference (p < 0:01), as compared with the HL subjects.
In addition, the HO displayed a significantly higher fat-free
mass (p < 0:01) and fat mass (p < 0:01) compared with HL.
Interestingly, the HO showed significantly elevated plasma
insulin levels (p < 0:01) when compared with the HL, despite
normal fasting glucose levels and a HOMA − IR < 2. The HL
presented a better β-cell insulin secretory function (HOMA-
β) compared to the HO group (Table 1). Although obesity is
normally characterized by dyslipidemia, this was not
observed in the HO group, as their lipid profile was similar
to that of HL. The systolic blood pressure was elevated in
the HO as compared to HL subjects (p = 0:047).

Differences between the HO and UHO groups are pre-
sented in Table 2. The data indicate that UHO participants
had higher BMIz as compared to the HO. Their higher BMIz
was caused by a significant higher fat mass, as well as fat-free
mass, that was accompanied by a significantly higher total
body water in UHO compared to the HO. Insulin was signif-
icantly higher in the UHO group, in comparison to the HO
group. This was also accompanied by a significant insulin
secretory dysfunction, as represented by the HOMA-β index
(p = 0:0145). Interestingly, these metabolic defects are already
present in this prepubertal cohort of obese children, even in
the presence of normal fasting plasma glycemia. The fasting
glucose levels are similar among all the groups. While there
were no differences in plasma cholesterol levels in the HL vs.
HO, the UHO presented dyslipidemia which was character-
ized by a decrease in HDL cholesterol (p = 0:01) and signifi-
cant increase in triglycerides levels (p = 0:041). The LDL
cholesterol levels were slightly increased in the UHO com-
pared to the HO participants, but the difference did not reach
statistical significance (p = 0:34) in the UHO vs. HO partici-
pants. In spite of the young age of this cohort of UHO subjects,
they already presented significantly elevated systolic blood
pressure, as compared to the HO. Furthermore, the plasma
lactate concentration was also significantly higher in the
UHO compared to the HO. The lactate concentration was
fairly well correlated with high levels of plasma insulin (Spear-
man’s correlation, rho = 0:42, p value <0.01) and with
HOMA-IR (Spearman’s correlation, rho = 0:44, p value
≤0.01) (Supplementary Table 1B).

3.2. Transmethylation Metabolites. Transmethylation metab-
olites, such as methionine, SAH, SAM, adenosine, and
homocysteine were quantified in the three groups of partici-
pants (Table 3). Of the evaluated metabolites, SAH levels
were significantly increased in the HO group compared with
the HL subjects. Interestingly, similar results were also
observed for homocysteine levels. However, there was no

5Oxidative Medicine and Cellular Longevity



difference in the SAM/SAH ratio. This ratio is frequently
used to predict the methylation capacity of the cells. When
UHO were compared with HO, no significant differences
were found between groups.

3.3. Transsulfuration Metabolites. In parallel to the measure-
ments of plasma transmethylation metabolites, Table 4
shows the levels of plasma metabolites related with the redox
state as well as the transsulfuration pathway. When compar-
ing the HL with the HO prepubertal children, several metab-
olites were significantly altered. The HO children exhibited
increased levels of total cysteine (tCysteine; free circulating
+protein-bound), while free cysteine (fCysteine) was not dif-
ferent as compared to the HL. Similarly, increased levels of
cystine were observed. The cysteine oxidation ratio (fCystei-
ne/cystine) is an important redox buffer responsible for
maintaining the plasma redox state. However, the ratio was
not different between groups. The homocysteine levels
described above play an important role in the transsulfura-
tion pathway, since it acts as an intermediary metabolite
between both the transmethylation and the transsulfuration
pathways. In fact, homocysteine is the main source of cyste-
ine that is used to synthetize glutathione (GSH). Total

reduced GSH (tGSH) and free reduced GSH (fGSH) were
also measured but showed no significant differences between
groups. On the other hand, the oxidized glutathione (GSSG)
was significantly elevated in the HO compared with the HL
subjects. The evaluation of tGSH/GSSG and fGSH/GSSG
ratios showed a significant reduction in the antioxidant
capacity and consequently an increase in oxidative stress in
plasma of the HO children. The percentage of oxidized
GSH was also higher in HO subjects compared to HL. Addi-
tionally, the levels of cysteinylglycine in HO group were also
significantly higher, when compared with the HL.

Biomarkers of nitrosative stress, 3-chloro-tyrosine and 3-
nitro-tyrosine, showed no significant differences between
groups.

3.4. Inflammation Patterns. Oxidative stress is normally
accompanied by an increase in the systemic inflammatory
status. Therefore, we measured inflammatory cytokines as
well as the inflammatory marker, C-reactive protein (CRP)
in the plasma (Table 5). While CRP was elevated in HO as
compared with the HL, no significant alterations were
observed for inflammatory cytokines except for the unex-
pected finding of reduced TNF alpha levels in UHO as

Table 4: Circulating transsulfuration and oxidative damage metabolites in prepubertal children stratified per BMIz and HOMA-IR.

Metabolites HL (n = 20) HO (n = 28) p value∗ UHO (n = 16) p value∗∗

Total cysteine (μmol/L) 183.80 (165.43-195.58) 199.75 (178.20-214.20) 0.020 195.60 (184.80-207.13) ns

Free cysteine (nmol/L) 19:23 ± 2:50 20:75 ± 3:09 ns 20:86 ± 2:73 ns

Cystine (nmol/L) 18.45 (17.35-19.50) 20.30 (19.28-21.83) 0.005 20.15 (17.55-21.43) ns

Free cysteine/cystine 1:04 ± 0:11 1:04 ± 0:10 ns 1:05 ± 0:13 ns

Total ?-glutamylcysteine (μmol/L) 1:65 ± 0:22 1:67 ± 0:25 ns 1:71 ± 0:17 ns

Total reduced GSH (μmol/L) 5:63 ± 1:04 5:70 ± 1:08 ns 5:60 ± 0:71 ns

Free reduced GSH (μmol/L) 1.75 (1.57-1.92) 1.77 (1.60-1.87) ns 1.79 (1.61-1.84) ns

GSSG (μmol/L) 0.17 (0.15-0.20) 0.21 (0.17-0.26) 0.014 0.19 (0.17-0.23) ns

Total reduced GSH/GSSG 32:81 ± 11:12 26:72 ± 8:66 0.038 30:15 ± 10:00 ns

Free reduced GSH/GSSG 10:00 ± 2:73 8:28 ± 2:43 0.026 9:36 ± 2:68 ns

Cysteinylglycine (μmol/L) 31:73 ± 6:52 38:67 ± 7:99 0.003 38:68 ± 6:69 ns

Oxidized GSH (%) 16.17 (14.56–18.93) 19.05 (17.07–21.42) 0.021 17.40 (15.66–21.14) ns

3-Chloro-tyrosine (nmol/L) 42:35 ± 7:34 46:44 ± 10:19 ns 44:88 ± 9:10 ns

3-Nitro-tyrosine (nmol/L) 30:38 ± 8:63 33:24 ± 7:77 ns 33:46 ± 5:50 ns

HL: healthy lean; HO: healthy obese; UHO: unhealthy obese; GSH: reduced glutathione; GSSG: glutathione dissulfide; ∗HL-HO comparison; ∗∗HO-UHO
comparison; ns: nonsignificant; p value <0.05 was considered significant.

Table 3: Plasma transmethylation metabolite concentrations in prepubertal children stratified per BMIz and HOMA-IR.

Metabolites HL (n = 20) HO (n = 28) p value∗ UHO (n = 16) p value∗∗

Methionine (μmol/L) 19:22 ± 3:14 20:70 ± 3:53 ns 19:81 ± 3:44 ns

SAH (nmol/L) 19.32 (17.13-20.94) 23.34 (18.42-25.31) 0.027 21.76 (20.41-26.56) ns

SAM (nmol/L) 45:24 ± 7:69 49:65 ± 8:00 ns 49:83 ± 9:75 ns

SAM/SAH ratio 2:35 ± 0:47 2:29 ± 0:53 ns 2:16 ± 0:53 ns

Adenosine (μmol/L) 0:16 ± 0:06 0:19 ± 0:06 ns 0:19 ± 0:06 ns

Total homocysteine (μmol/L) 5.06 (4.68-5.62) 6.23 (5.33-7.18) <0.01 6.36 (5.46-6.86) ns

HL: healthy lean; HO: healthy obese; UHO: unhealthy obese; SAM: S-adenosylmethyonine; SAH: S-adenosylhomocysteine; ∗LH-HO comparison; ∗∗HO-UHO
comparison; ns: nonsignificant; p value <0.05 was considered significant.

6 Oxidative Medicine and Cellular Longevity



CBS

DHF

Folate

5-CH3-THF

5,10-CH2-THF

Hcy SAH

Met SAM

M S

SAHH

DNMTs

R

CH3-R

Cysta

CyS

GSH
GPX

H2O2H2O

SOD

Adenosine

O2-·

MTHFR

DHFR

MAT

GSSG

THF

Ser

ATP

DHFR

Methyltransferases
PEMT

MTRR

SHMT

CySS
Oxidation

Cys-Gly

𝛾GT

DP

Highlights
Alterations in one-carbon metabolism during childhood obesity;
High levels of SAH in metabolic healthy obese;

Biomarkers for identification of high risk to develop CVD and T2D;
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Table 5: Markers of inflammation and adipocyte function in prepubertal children stratified per BMIz and HOMA-IR.

HL HO
p value∗

UHO
p value∗∗

n n n

CRP (mg/L) 20 0.15 (0.15-0.19) 27 0.80 (0.35-2.28) <0.01 14 1.16 (0.41-2.87) ns

IL-6 (pg/mL) 19 13.73 (5.32-49.58) 28 8.31 (3.45-37.77) ns 16 8.95 (2.13-13.08) ns

IL-8 (pg/mL) 18 4.88 (4.09-13.75) 22 5.55 (4.22-10.40) ns 9 3.39 (3.08-7.60) ns

MCP1 (pg/mL) 19 127:78 ± 36:691 28 125:614 ± 41:909 ns 16 115:94 ± 39:06 ns

TNF alpha (pg/mL) 19 6.49 (5.43-7.91) 28 6.12 (4.32-7.67) ns 16 3.86 (2.40-5.18) 0.015

IL-1beta (pg/mL) 16 0.90 (0.54-1.40) 23 0.76 (0.57-2.19) ns 12 0.57 (0.57-0.80) ns

Leptin (ng/mL) 19 88.77 (51.30-104.25) 28 662.30 (187.46-1620.67) <0.01 16
1439.34

(951.73-1647.30)
0.036

Adiponectin (ng/mL) 20
13928.27

(11255.19-17488.51)
27

13917.50
(10686.40-18460.15)

ns 16
7800.46

(7091.7-9684.40)
<0.01

Leptin/adiponectin 19 0.006 (0.003-0.008) 27 0.057 (0.012-0.114) <0.01 16 0.165 (0.121-0.249) <0.01
HL: healthy lean; HO: healthy obese; UHO: unhealthy obese; CRP: C-reactive protein; IL: interleukin; MCP-1: monocyte chemoattractant protein 1; ∗HL-HO
comparison; ∗∗HO-UHO comparison; ns: nonsignificant; p value <0.05 was considered significant.
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compared to HO subjects. Also, presented in Table 5 are the
circulating levels of leptin and adiponectin, which are impor-
tant cytokines secreted by adipose tissue. Adiponectin was
reduced in the UHO as compared to the HO subjects while
leptin levels and the leptin/adiponectin ratio were signifi-
cantly elevated in the UHO as compared to the HO as well
as in HO when compared to the HL groups. Increased levels
of CRP were correlated with the leptin levels (Spearman’s
correlation, rho = 0:69, p < 0:01) (Supplementary Table 1A).

3.5. DNA Methylation Pattern. Since the transmethylation
and transsulfuration pathways have a complementary loop
as shown in Figure 1, and to further support our described
findings of metabolic perturbations with possible effect at
the DNA methylation mechanism, we analyzed the DNA
methylation profile in PBMCs from a subset of the partici-
pants (N = 14HL, N = 16HO, and N = 11UHO). Since no
significant differences were observed between the HO and
the UHO groups, both groups were merged (OverallObese)
to achieve higher statistical power. Therefore, the HL
(n = 14) were compared with the OverallObese subjects
(n = 27) adjusting the model for HOMA-IR, thus enabling
us to better isolate the effect of obesity.

From the cytosine-phosphate-guanines (CpGs) analyzed,
4677 were differentially methylated between the two groups
(FDR < 0:1) (Supplementary Table 2). Furthermore, 35% of

the significant DMPs presented a reduction in the
methylation status (hypomethylation) in the OverallObese
group, while 65% of the DMPs were hypermethylated in
the same group. Moreover, 24 DMPs were selected from
the list of 4677 DMPs based on their association with genes
that are directly or indirectly related with one-carbon
metabolism and consequently associated with oxidative
stress and/or methylation processes [37–39], as explained
before (Table 6).

Some of these DMPs are associated with genes involved
in the expression of important enzymes, such as methionine
synthase reductase (MTRR gene), methylenetetrahydrofolate
dehydrogenase (MTHFD1 gene), methylenetrahydrofolate
reductase (MTHFR gene), and glycine-N-methyltransferase
(GNMT gene). These enzymes are key in one-carbon metab-
olism and are responsible for methionine regeneration
through the homocysteine conversion and the transmethyla-
tion pathway [40]. From these important results, it is possible
to predict a downregulation in these enzymes since their
genes are hypermethylated (positive β value or fold change
in Table 6). The alteration in the methylation status of these
enzymes could indeed explain the observed increase in SAH
and homocysteine plasma levels observed in the HO
(Table 3). Moreover, the methylation results also showed
alteration in the regulation of genes involved in oxidative
stress, which include glutathione peroxidase 1 and 7 (GPX1

Table 6: Differentially methylated positions in healthy lean (HL) and OverallObese prepubertal children that are related with genes involved
in one-carbon metabolism.

DMP Chr Position Genes Δβ Log2 fold change p value∗

cg14819132 17 17495032 PEMT 0.011 0.553 0.050

cg00214165 5 7869652 MTRR; FASTKD3 0.026 0.617 0.056

cg02956320 2 169643050 NOSTRIN -0.073 -0.137 0.056

cg05065230 3 49395807 GPX1 0.012 0.651 0.063

cg06293195 22 36878654 TXN2 -0.078 -0.146 0.064

cg19948014 21 33032656 SOD1 0.007 0.552 0.070

cg22473973 10 133794911 BNIP3 0.012 0.437 0.073

cg19014302 19 18303893 MPV17L2 0.017 1.148 0.076

cg07941301 6 42928277 GNMT 0.015 0.740 0.078

cg01495361 20 31369590 DNMT3B -0.055 -0.089 0.079

cg27619163 17 7982806 ALOX12B 0.044 1.474 0.083

cg05065765 3 38206519 OXSR1 0.016 0.632 0.084

cg04550070 11 73694480 UCP2 0.011 0.565 0.085

cg26978822 16 56622779 MT3 -0.019 -0.029 0.084

cg03452047 1 53067911 GPX7 0.012 0.391 0.087

cg26748435 14 64854866 MTHFD1 0.022 0.600 0.088

cg04372675 8 107283146 OXR1 0.019 0.510 0.094

cg06858294 17 7983203 ALOX12B 0.030 0.834 0.093

cg19642128 8 26240703 BNIP3L 0.031 1.068 0.094

cg13722539 11 64085131 PRDX5; TRMT112 0.006 0.406 0.094

cg10216074 2 25467197 DNMT3A 0.015 0.025 0.097

cg22545535 17 17495014 PEMT 0.024 0.941 0.096

cg08869383 1 11865661 MTHFR; CLCN6 0.010 0.464 0.098

cg09692733 19 10249298 DNMT1 0.006 0.009 0.096

DMP: differentially methylated position; Chr: chromosome; ∗adjusted p value using false discovery rate (FDR).
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and GPX7), oxidation resistance 1 (OXR1), and superoxide
dismutase 1 (SOD1). All these genes were hypermethylated
in the OverallObese group, suggesting epigenetic-mediated
downregulation. Interestingly, the enzymes responsible for
DNA methylation, i.e., DNA methyltransferases (transcribed
by the gene DNMT1), seem to be downregulated in the Over-
allObese group as well.

In order to disclose the biological meaning of these results,
gene enrichment analysis was performed for the 24 DMP set,
using the STRING database [36]. Importantly, the enrichment
analysis showed 207 significant biological processes (Supple-
mentary Table 3). Furthermore, 19 of them are terms
involved in aminothiol metabolism, such as “response to
oxidative stress,” “methylation,” “S-adenosylhomocysteine
metabolic process,” and “homocysteine metabolic process”
(Figure 2(a)). In addition, 16 molecular functions, including
SAM-dependent methyltransferase and peroxidase activity
and 10 cellular components, including mitochondrial
components, appear to be affected through the methylation
pattern (Figures 2(b) and 2(c)). Interestingly, mitochondria
seem to be of the most affected cellular component
(Figure 2(c)). The KEGG pathway analysis, shown in
Figure 3(a), indicates alterations in cysteine, methionine,
and glutathione metabolism, as well as “one-carbon pool by
folate.” The Reactome pathway enrichment corroborates
previous findings by showing alterations in metabolism and
their association to epigenetic regulation (Figure 3(b)).

4. Discussion

Overnutrition and poor-quality diets are triggering a severe
increase in obesity worldwide, with resulting metabolic disor-

ders starting early in life, in particular during childhood [41].
Our results show that obesity has already caused profound
changes in several aspects of metabolism in a cohort of pre-
pubertal children, particularly in the one-carbonmetabolism,
of particular importance in the folate, transmethylation, and
transsulfuration pathways. These studies, evaluating early
childhood obesity, can inform on the potential origin of the
related comorbidities that start plaguing many, already in
young adulthood. We first chose to stratify children with
obesity into two groups, the healthy and unhealthy obese,
in order to understand the main differences between both
conditions, where the unhealthy obese already presented
insulin resistance. Our main criteria for this stratification
were based on the HOMA − IR ≥ 2, although different phe-
notypes could be used to characterize and differentiate the
metabolic state of this population, as reviewed by Phillips
[41], who described various valid ways to characterize and
distinguish between metabolically healthy and metabolically
unhealthy obese children [41]. This separation between obese
groups may give some important insights into adulthood
comorbidities linked to obesity [41], and our analyses have
revealed essential differences in several metabolic processes
already emerging in this pediatric cohort. All pediatric sub-
jects in this study presented normoglycemia, while the state
of insulin resistance driven by the high circulating insulin
concentrations observed in the UHO group likely reflects
an attempt to maintain their euglycemia [42]. This is in
agreement with other studies indicating that the insulin-
resistant state could be present years before any alteration
in circulating glucose are detected [43, 44]. Chronic periods
of insulin resistance, even in the absence of elevated fasting
glucose, may be an important contributing factor to the early
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blood pressure alterations also observed in our cohort [45,
46]. The increase in insulin production is reflected by the
increased HOMA-β observed in the obese unhealthy sub-
jects, reflecting increased β-cell activity. Similar to insulin,
lactate levels were also elevated in the insulin-resistant obese

group. This phenomenon has already been observed by
Hosking et al. [47] in children with insulin resistance, indi-
cating a positive correlation between insulin resistance and
lactate levels during childhood and adolescence, even after
controlling for BMIz as covariate BMIz. Furthermore,
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Gene Ontology; FDR: false discovery rate; observed genes: number of genes (DMPs) involved in a particular pathway.
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Berhane et al. [48] have shown that plasma lactate was
increased in adults during a hyperinsulinemic euglycemic
clamp, a method that mimics the hyperinsulinemic state.
Besides, they also indicated that high levels of lactate were
present even before the insulin resistance was clinically
detected [48]. Our data show that children as young as 5 to
10 years of age already show significantly elevated levels of
lactate in the circulation, when comparing the HO to the
UHO subjects. Moreover, there was a positive correlation
between insulin and lactate levels as previously demonstrated
[47]. Obesity-related insulin resistance has been involved in
the development of other metabolic conditions, including
CVD [49, 50] and lipid dysregulation [51, 52]. The insulin-
resistant UHO subjects also presented lipid dysregulation
and increased systolic blood pressure, risk factors for CVD.
Furthermore, chronic low-grade inflammation and increased
oxidative stress are characteristics of obesity [15]. The quan-
tification of thiol molecules during prepubertal obesity and
insulin resistance has not been well described. Some of these
molecules are intermediaries of one-carbon metabolism and
are important for the maintenance of redox homeostasis
and the methylation capacity of cells by acting on transsul-
furation and transmethylation pathways. Our data clearly
show important differences in the transmethylation pathway,
especially when comparing the HL and HO subjects. The HO
showed higher levels of SAH and total homocysteine, simi-
larity to the previously reported findings by Kumar et al.
[53]. These molecules have already been implicated in the
development of atherosclerosis and CVD [20, 54]. Similar
alterations have been identified in diabetic patients with renal
dysfunction, and the homocysteine levels were also positively
correlated with insulin levels [40]. In addition, Chiang et al.
[40] have observed the effect of insulin (1μM) in HepG2 cell
lines and showed that mRNA expression of different
enzymes related with one-carbon metabolism, such as
MTRR, was reduced during the treatment with insulin. In
agreement, the HO subjects in the present study had higher
fasting insulin levels that are accompanied with high levels
of homocysteine in plasma, compared to their lean counter-
parts. Importantly, DNA methylation analysis, from PBMCs
isolated from the prepubertal children with obesity, showed
hypermethylation of different CpGs that are localized in the
vicinity of important metabolic genes, including PEMT,
MTRR, and MTHFR, suggesting that an epigenetic effect
could be the cause for this downregulation. Gene Ontology
enrichment analysis also showed alteration in different key
biological processes, molecular functions, and cellular com-
ponents related with one-carbon metabolism, as shown in
Figure 2. Even though the SAM/SAH ratio was not altered
in our cohort, there were already alterations in the methyla-
tion profile of PBMCs in the obese subjects. Yi et al. [55] cor-
related high levels of homocysteine and SAH with a decrease
in DNA methylation of lymphocytes. High SAH levels are
also described as inhibitors of methyltransferase processes
[20]. Furthermore, alterations in the transsulfuration path-
way were also identified, in particular when comparing the
HL with the HO subjects. This pathway is important in the
redox state maintenance, since it is responsible for the syn-
thesis of molecules, such as cysteine and GSH, that act as

important ROS scavengers [14]. Interestingly, increased
insulin levels have been shown to disrupt the redox homeo-
stasis and consequently alter the defense mechanisms against
excess ROS production [56]. Elshorbagy et al. [57] indicated
that alterations in plasma total cysteine are associated with an
increase in BMI, in adults. Similarly, we also observed higher
levels of total cysteine in the HO subjects compared to their
lean counterparts. On the other hand, the levels of fCysteine
remain unchanged between groups even in the presence of
higher levels of cystine, especially in the obese groups. Fur-
thermore, the fCysteine/cystine ratio is an important plasma
marker that defines an imbalance in redox homeostasis [58].
However, no differences were identified in that ratio between
groups in our cohort, although the levels of GSSG were
increased in the obese groups. Similar results were postulated
by Choromańska et al. [59] who reported high levels of GSSG
in plasma of obese adults with hypertension. While the fCys-
teine/cystine ratio was not altered, we observed significant
alterations in the GSH/GSSG ratio in the HO group, with
an increase in the percentage of GSH oxidation compared
to HL. Few studies of this kind have been performed in pre-
pubertal children with obesity; however, it is known that in
adults, insulin resistance and dyslipidemia have a significant
impact on oxidative stress [3, 60]. In line with the alterations
detected in the redox homeostasis, increased plasma inflam-
mation was also observed, in the children with obesity, in
particular CRP and leptin levels. Pedersen et al. [61] demon-
strated that hyperinsulinemia during obesity induced the
expression of inflammation-associated genes. Importantly,
the role leptin plays in inflammatory exacerbation has been
reviewed [2]. Interestingly, high levels of homocysteine have
also previously been implicated with inflammation [62].

These metabolic alterations are key factors for future
development of obesity-related comorbidities, particularly
in people with insulin resistance, and have been described,
particularly in adults, as important predictive markers of
CVD, including atherosclerosis [20, 54, 63]. Additionally,
our data show significant differences in adipocyte secretion
of adipokines. While leptin levels were increased in both
obese groups, adiponectin levels were decreased in the
UHO group. Our results are in agreement with other studies
indicating low adiponectin levels, as a marker of adipocyte
secretory dysfunction, together with elevated leptin secretion
[64, 65]. Our data indicate an evident alteration in adipocyte
secretory patterns, especially in the obese- and insulin-
resistant subjects. Landgraf et al. [66] corroborate the pres-
ence of adipose tissue dysfunction during childhood obesity,
making the correlation between adipocyte expansion and
inflammation. Interestingly, the high leptin and low adipo-
nectin levels together with the increased plasma lactate are
early important markers that differentiate obese subjects with
insulin resistance from their metabolic healthy counterpart.
Our results show a deregulated adipocyte secretory function,
even under normoglycemia in prepubertal children with
obesity.

Moreover, our data also show significant changes in the
methylation patterns of PBMCs. Circulating cells have been
considered important surrogate markers for different type
of diseases, since they are in contact with the continuous
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changing circulating molecules from surrounding tissues.
Therefore, small metabolic changes that may occur in the
body will induce key modifications in the biology of these
cells [67]. In agreement, our results reflect the impact of obe-
sity on the epigenetic patterns of PBMC DNA. In particular,
we noticed alterations of the methylation degree in the vicin-
ity of genes that are involved in one-carbonmetabolism, such
as the transmethylation and transsulfuration pathways. Pre-
vious studies have shown alterations in methylation patterns
associated with obesity and obesity-related insulin resistance
[68–70]. The lack of significant differences in these metabolic
pathways and in the DNAmethylation results when compar-
ing the HO and the UHO subjects might likely be due to the
low study power when we split the obese subjects into two
different groups. Our study is limited by relatively small sam-
ple sizes as we were unable to fully reach our recruitment
goals. Unfortunately, we do not have the DNA methylation
data for the entire cohort. In future studies, we would like
to increase the N in each group and invite the subjects back
two years later for a follow-up visit.

Finally, the physiological and biochemical characteristics
of the young prepubertal children show that among the obese
subjects, there are indeed a group of HO that are still meta-
bolically healthy as the HL, while the UHO already presented
metabolic dysfunction, even under normoglycemia. This
suggests that the adult obesity phenotype is starting to set
in at an early age, raising important questions about the
reversibility of this condition and the future health of these
subjects.

In conclusion, our study showed the presence of deep
alteration in one-carbon metabolism and related pathways
in children with obesity (Figure 1), as young as 5-9 years of
age. These alterations are mainly driven by obesity and ele-
vated insulin levels. Most importantly, even the metabolic
healthy obese subjects show increased levels of important
metabolic markers, such as SAH, that is related with develop-
ing future comorbidities. This may reflect an important tran-
sition phase between different stages of obesity and insulin
resistance. Specific markers that could identify this transition
would be extremely important in identifying populations
early at high risk of developing CVD and T2D. The data pre-
sented provide insight on important metabolic changes that
occur in obesity early in life (summarized in Figure 1).
Importantly, the metabolic healthy obese children seem to
have some compensatory mechanisms to maintain impor-
tant features unchanged, including the lipid profile and glu-
cose levels. Also, some important alterations are already
established at the epigenetic level, although some of these
alterations could still be reversed by possible changing life-
style habits [39].
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Objective. To investigate the protective effect and molecular mechanism of nuclear factor E2-related factor 2 (Nrf2) pathway in
interstitial cystitis (IC). Methods. We established a mouse model of IC by cyclophosphamide (CYP) in wild-type mice and Nrf2
gene knockout mice. We examined the histological and functional alterations, the changes of oxidative stress markers, and the
expression of the antioxidant genes downstream of Nrf2 pathway. Results. After CYP administration, the mice showed urinary
frequency and urgency, pain sensitization, decreased contractility, bladder edema, and oxidative stress disorder. Notably, the
Nrf2-/- CYP mice had more severe symptoms. The mRNA and protein levels of antioxidant genes downstream of Nrf2 pathway
were significantly upregulated in the Nrf2+/+ CYP mice, while there were no significant changes in the Nrf2-/- CYP mice.
Conclusion. Nrf2 pathway protects bladder injury and ameliorates bladder dysfunction in IC, possibly by upregulating
antioxidant genes and inhibiting oxidative stress.

1. Introduction

Interstitial cystitis (IC), also known as bladder painful syn-
drome (BPS), is a chronic inflammatory bladder disease that
clinically manifests as pain or pelvic discomfort related to
bladder filling, accompanied by lower urinary tract symp-
toms such as urinary urgency and frequency [1]. There is
wide variation in reported incidence and prevalence of IC
depending on the criteria used for diagnosis, but approxi-
mately 90% of the patients are women [2]. At present, the
therapeutic alternatives are still limited and unsatisfactory.
Therefore, further research is needed to clarify the related
mechanism of IC.

Recently, increasing studies have found that oxidative
stress is closely associated with pathological mechanisms of
various diseases [3]. Reactive oxygen species (ROS) produced
by oxidative stress may contribute to bladder dysfunction [4].
Previous research has found that diverse antioxidants could
suppress oxidative stress induced by IC [5, 6]. The nuclear

factor E2-related factor 2 (Nrf2) pathway is a transcription
factor involved in regulating the cellular antioxidative
responses by promoting the expression of ant genes through
binding to antioxidant response element (ARE, 5′
-TGACXXXGC-3′) [7]. Under homeostatic conditions, two
molecules of keap1 are bound to Nrf2 and isolate Nrf2 in
the cytoplasm [8]. In response to oxidative stress, Keap1
inactivation promotes the dissociation of Nrf2 from Keap1
and translocation into the nucleus. The Nrf2-sMaf complex
binds, in a sequence-specific manner, to the ARE in the pro-
moter region of Nrf2 target genes and then initiates the
expression of a series of antioxidant genes, such as heme
oxygenase-1 (HO-1), NAD (P)H : quinone oxidoreductase 1
(NQO1), glutathione reductase (GR), and superoxide dis-
mutase (SOD) [9]. However, the specific molecular mecha-
nism of Nrf2 in IC is still unclear and the functional
evaluation of IC animal models remains vague.

In this study, wild-type and Nrf2 knockout mice were
obtained to establish the IC model by cyclophosphamide
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(CYP). Moreover, our study is the first to establish an objec-
tive functional evaluation system for the study of the bladder
function and behavior in IC animal models, according to the
typical clinical manifestation of IC. Micturition behavior,
pain hypersensitivity, and urodynamics were performed to
assess the IC animal models. In summary, the protective
effect and regulation mechanism of the Nrf2 pathway in IC
were explored, in order to provide new options for the clini-
cal treatment of IC.

2. Materials and Methods

2.1. Animals. Wild-type C57BL/6J mice were obtained from
the Animal Center of Nanjing Medical University and the
Nrf2 knockout mice were purchased from the Model Animal
Research Center of Nanjing University. All mice were housed
five per cage in a room under a 12 h light/dark cycle with free
access to food and water under the condition of 20–26°Cwith
40–60% relative humidity. The animals in this study were
sacrificed by a physical method of euthanasia under anesthe-
tized with isoflurane. All experimental procedures were
approved by the Animal Ethical and Welfare Committee of
Nanjing Medical University (IACUC-1904032).

A total of 80 mice were randomly divided into four
groups (n = 20): Nrf2+/+ control group, Nrf2-/- control group,
Nrf2+/+ CYP group, and Nrf2-/- CYP group. The control
groups received saline treatment, and the CYP groups
received a single intraperitoneal injection of cyclophospha-
mide (CYP, 150mg/kg) [10]. The mice were sacrificed 24
hours after administration. Mice in the same group received
homogeneous treatment.

2.2. Void Spot Assays (VSA). Urinary frequency and mean
voided volume were studied using the void spot assay [11].
We performed the VSA experiments 24 hours after CYP
administration in a circle metabolic cage (Yuyan, Shanghai).
Individual mice were gently removed into the metabolic cage
with circular filter paper (Whatman No.1) taped to the bot-
tom without a grid. The mice were provided with standard
food and water for the duration of the assay. The micturition
cages were kept in a quiet area for 2 hours. At the end of 2
hours, the mice were returned to normal housing, and the fil-
ter paper was recovered and imaged using an imaging sys-
tem. The images were analyzed by the Fiji version of the
ImageJ software. Urine volumes were determined using an
area-to-volume standard curve as shown in Figure 1. We per-
formed the VSA experiments at approximately the same time
every afternoon between 9AM and 4PM.

2.3. Pelvic Nociceptive Response Using von Frey Filaments.
Mice were placed individually in Plexiglas cubicles on a wire
grid on a raised platform (Yuyan, Shanghai). Mice were
allowed to acclimate to the environment for a minimum of
30 minutes before testing. Filaments were applied vertically
to the pelvic area close to the bladder. The 50% withdrawal
threshold was determined using the up-down method of
Dixon (1980) [12]. We chose 0.008 g, 0.02 g, 0.04 g, 0.07 g,
0.16 g, 0.4 g, 1 g, 2 g (North coast, USA) as a series and the
testing was initiated with the 0.07 g hair, in the middle of

the series. Withdrawal or retraction of the lower abdominal/-
pelvic area from the filament stimulation was considered a
positive response. In the absence of a withdrawal response
to the initially selected filament, a stronger stimulus was cho-
sen; in the event of withdrawal, a weaker stimulus was cho-
sen. According to Dixon, once the two responses straddle
the threshold, four additional responses are required.

2.4. Urodynamic Measurements. Urodynamic measurements
were performed 24 hours after CYP administration in mice
as previously described [13]. The mice were anesthetized
with isoflurane (2%). Before the start of the recording, the
air in the system was emptied and the catheter was connected
via a T-tube to a pressure transducer (Taimeng, Chengdu)
and microinjection pump (Silugao, Beijing). Normal saline
was infused at room temperature into the bladder at a rate
of 3ml/h to elicit repetitive bladder contractions. Continuous
urodynamic curves were digitized and recorded using a mul-
tichannel signal processing system (Taimeng, Chengdu) for
at least 30 minutes. The micturition pressure and intercon-
tractile interval were analyzed, which represent the bladder
contractility and urinary frequency. We performed the uro-
dynamic measurements at approximately the same time
every afternoon between 9AM and 4PM.

2.5. Bladder Histology. Mice bladders were obtained and
processed with 4% paraformaldehyde fixation, paraffin
embedment, 5μm section preparation, dewaxing, hematoxy-
lin and eosin (HE) staining, dehydration, and photography,
according to the standard steps.

2.6. Oxidative Stress Markers Determination. This study uses
the method of Liu et al., and the method description partly
reproduces their wording [14]. The contents of MDA, SOD,
and GSH-Px in the bladder tissues were determined by spec-
trophotometry according to the manufacturer’s protocols
(Jiancheng, Nanjing). Briefly, the MDA level was detected
using the thiobarbituric acid (TAB) method, and the maxi-
mum absorbance was read at 532 nm. The activity of SOD
was based on the combination of xanthine and xanthine oxi-
dase, and the maximum absorbance was read at 450nm. The
activity of GSH-Px was measured using the enzyme-
catalyzed reaction product, and the maximum absorbance
was read at 412nm.

2.7. Western Blot. Mice bladders were lysed in RIPA lysis
buffer (Beyotime, Shanghai) to extract total protein. Protein
concentrations were measured with BCA. Then, 30-50μg
protein aliquots were separated using 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. After being blocked with 5% skim milk dissolved in
TBST at room temperature for 2 h, the membranes were
incubated overnight at 4°C with various primary antibodies:
HO-1 (1 : 1000, Affinity), NQO1 (1 : 1000, Affinity), and β-
actin (1 : 5000, Proteintech). Following incubation with
horseradish peroxidase-conjugated secondary antibodies (1
: 5000, Proteintech), antibody–antigen complexes were
detected using an ECL substrate and visualized with an imag-
ing system.
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2.8. qRT-PCR. RNAs in tissues were extracted using TRIzol
(Invitrogen, USA). The extracted RNA was quantified and
stored at -80°C. Reverse transcription experiments were per-
formed according to the instructions of the PrimeScript™ RT
reagent Kit with gDNA Eraser (Takara) on GeneAmp PCR
System 9700 (Applied Biosystems, USA). Quantitative real-
time PCR (qRT-PCR) was performed by TB Green® Premix
Ex Taq™ II (Takara) on the Applied Biosystems StepOnePlus
Real-Time PCR system (Applied Biosystems, USA). The PCR
was performed as follows: incubation at 95°C for 3min
followed by 35 cycles for 30 s at 94°C, 30 s at 57°C, and 30 s
at 72°C. The relative expression of mRNA was evaluated
using the 2-ΔΔCt method. β-Actin was used as a reference
housekeeper gene [15]. Primer sequences were list in Table 1.

2.9. Statistical Analysis. All data are shown as mean ± SD.
GraphPad Prism 8 was used to evaluate data. Student’s t
-test was used to analyze the differences between the groups.
A value of P < 0:05 was considered statistically significant.

3. Result

3.1. Nrf2 Ameliorated Bladder Dysfunction in CYP-Induced
Cystitis. As shown, there was no difference between the con-
trol groups (P > 0:05). After CYP administration, the mice
showed urinary frequency and urgency (Figure 2(a)). We
found the number of micturition increased and mean voided
volume decreased compared with the corresponding control
mice. Compared with Nrf2+/+ CYP mice, Nrf2-/- CYP mice
had more severe performance (Figures 2(c) and 2(d)).

Furthermore, the urodynamics of the mice were exam-
ined under anesthesia, and the parameters of cystometry
were measured according to the urodynamic curve
(Figure 2(b)). The inter contractile interval was significantly
shorter in CYP mice than in control mice. However, the
intercontractile interval in Nrf2-/- CYP mice significantly
decreased compared with that in Nrf2+/+ CYP mice
(Figure 2(e)). Micturition pressure significantly decreased
in CYP mice; however, no significant difference was observed
in micturition pressure between Nrf2+/+ CYP mice and Nrf2-
/- CYP mice (Figure 2(f)). The results showed that Nrf2 ame-
liorated bladder dysfunction in CYP-induced cystitis.

3.2. Nrf2 Alleviated the Pelvic Hypersensitivity in CYP-
Induced Cystitis. As a typical clinical manifestation of IC,
allodynia in the suprapubic area was determined using von
Frey filaments (Figure 3(a)). The pelvic hypersensitivity was
represented by 50% withdrawal threshold, which signifi-
cantly decreased in CYP mice than in control mice. Impor-
tantly, Nrf2-/- CYP mice showed lower withdrawal
threshold compared with Nrf2+/+ CYP mice (Figure 3(b)).

3.3. Nrf2 Rescued the Histological Changes in CYP-Induced
Cystitis. CYP administration caused bladder injury, as mani-
fested by the appearance of bladder edema and congestion
(Figure 4(a)). The bladder weight significantly increased in
CYP mice and Nrf2-/- CYP mice had higher wet weight than
Nrf2+/+ CYP mice (Figure 4(b)). HE staining revealed that
CYP administration resulted in bladder edema and structural
destruction. However, Nrf2-/- CYP mice showed more severe
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Figure 1: Urine was collected to construct the standard curve and the urine was pipetted onto filter paper in different volumes (1, 2, 4, 10, 20,
40, 80, 100, 150 μl). The formula Y ðvolumeÞ = 56:204 ∗ X ðstained areaÞ − 2:9022 ðR2 = 0:9976Þ was used to calculate individual void on the
filter paper.

Table 1: Prime sequence.

Gene GeneBank Primer sequence (5′-3′) Product size (bp)

Nrf2 NM_010902
F: TTCCTCTGCTGCCATTAGTCAGTC

215
R: GCTCTTCCATTTCCGAGTCACTG

HO-1 NM_010442
F: ATCGTGCTCGCATGAACACT

339
R: CCAACACTGCATTTACATGGC

NQO1 NM_008706
F: ACTCGGAGAACTTTCAGTACC

492
R: TTGGAGCAAAGTAGAGTGGT

β-Actin NM_007393
F: AGTGTGACGTTGACATCCGTA

150
R: GCCAGAGCAGTAATCTCCTTCT
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Figure 2: Nrf2 ameliorated bladder dysfunction in CYP-induced cystitis. (a) Sample VSA blots from four groups. (b) Urodynamic curves of
four groups. Comparison of urinary frequency (c), mean voided volume (d), micturition pressure (e), and inter contractile interval (f) in four
groups. ∗P < 0:05, ∗∗P < 0:01. Data are presented as mean ± SD.
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Figure 3: Nrf2 alleviated the pelvic hypersensitivity in CYP-induced cystitis. (a) Schematic diagram of determination of withdrawal threshold
using von Frey filaments. (b) 50% withdrawal threshold of four groups. ∗P < 0:05, ∗∗P < 0:01. Data are presented as mean ± SD.
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Figure 4: Nrf2 rescued the histological changes in CYP-induced cystitis. (a) Representative images of bladder from four groups. (b)
Comparison of bladder weight in four groups. (c) Representative histological bladder sections from four groups (magnification: 20x). ∗P <
0:05, ∗∗P < 0:01. Data are presented as mean ± SD.
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damage in histology (Figure 4(c)). The findings indicated
that Nrf2 rescued the histological changes in CYP-induced
cystitis.

3.4. Nrf2 Attenuated Oxidative Stress in CYP-Induced
Cystitis.MDA, SOD, and GSH-Px were measured to evaluate
the level of oxidative stress. Our study showed that the con-
tent of MDA in bladder was significantly increased in CYP
mice compared with the corresponding control mice. Fur-
thermore, the level of MDA was higher in Nrf2-/- CYP mice
than in Nrf2+/+ CYP mice (Figure 5(a)). The activities of
SOD and GSH-Px significantly decreased in CYP mice com-
pared with the corresponding control mice. However, the
activities of SOD and GSH-Px was lower in Nrf2-/- CYP mice
than in Nrf2+/+ CYPmice (Figures 5(b) and 5(c)). The results
indicated that Nrf2 attenuated oxidative stress in CYP-
induced cystitis.

3.5. Nrf2 Might Protect against Bladder Injury by Activating
Its Downstream Antioxidant Genes. In order to explore the
mechanism of Nrf2 in CYP-induced cystitis, we investigated
the expression of its downstream antioxidant genes. We
found that both the mRNA and protein levels of HO-1 and
NQO1 were upregulated in Nrf2+/+ CYP mice compared
with Nrf2+/+ control mice. As expected, there was no obvious
expression in Nrf2-/- mice (Figures 3(a)–3(d)). The results
demonstrated that Nrf2 protected mice against bladder
injury, possibly through activating its downstream antioxi-
dant genes. The Figure 6 is shown below.

4. Discussion

The etiology of IC is unknown and there are few effective
clinical treatments for IC. Therefore, exploration of more
alternative treatments for IC is necessary. Nrf2 pathway has
been proven to inhibit oxidative stress damage in cardiac

myocyte damage [16], lung injury [17, 18], and liver damage
[19, 20]. Increasing studies have shown that oxidative stress
participates in IC [21]. Moreover, a study demonstrates that
the serum antioxidant capacity in IC patients is lower than
that in controls [22]. As the crucial regulator of antioxidant
defense system, Nrf2 pathway may play a critical role in the
occurrence and development of IC. According to relevant
studies, CYP-induced cystitis is the most stable, reliable,
and widely used mode for the study of IC [23]. The typical
clinical manifestations of IC can be induced after a single
high-dose injection, such as pain-related behavior, bladder
edema, urinary frequency, and urgency [24]. According to
the symptoms above, our study is the first to establish an
objective functional evaluation system for the study of the
function and behavior in IC animal models, which provides
a reference method for the related research in the future.
However, animal models for the study of IC need further
optimization.

It has been reported that Nrf2 could ameliorate bladder
dysfunction through suppressing oxidative stress [25, 26].
In this study, we performed some interesting experiments,
such as void spot assay, determination of pain threshold
using von Frey filaments, and urodynamic examination. Pre-
vious researches just adapted some of them to evaluate blad-
der hyperreflexia induced by CYP [27]. As reported, we
observed the urination frequency and mean voided volume.
The 50% withdrawal threshold was determined using the
up-downmethod of Dixon. At the same time, the micturition
pressure and the micturition interval are measured in the
urodynamic examination. We found that the CYP mice
showed varying degrees of bladder dysfunction and behav-
ioral changes, but Nrf2-/- CYP mice had more severe symp-
toms. The results indirectly indicated that Nrf2 might play
a vital role in ameliorating IC-induced bladder dysfunction.

In addition, we performed HE staining on the mice blad-
der. CYP administration could result in extensive cystitis,
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Figure 5: Nrf2 attenuated oxidative stress in CYP-induced cystitis. (a) MDA level in the bladder of the four groups. (b) The activities of GSH-
Px in the bladder of the four groups. (c) The activities of SOD in the bladder of the four groups. ∗P < 0:05, ∗∗P < 0:01. Data are presented as
mean ± SD.
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bladder edema and structural destruction [28]. Notably,
Nrf2-/- CYP mice had more severe symptoms. Our study
demonstrated that Nrf2 could protect mice against IC-
induced morphological damage. Furthermore, we measured
the oxidative stress markers in mice bladder. We found that
knockout of Nrf2 caused higher sensitivity to oxidative stress
in CYP mice. Nrf2-/- CYP mice showed higher level of MDA
and decreased activities of SOD and GSH-Px compared with
Nrf2+/+ CYPmice. The results indicated that Nrf2 might alle-
viate oxidative stress in IC.

Finally, we further studied the potential mechanism of
Nrf2 pathway in IC. The expression of the antioxidant

enzymes downstream of Nrf2 pathway, including HO-1
and NQO1, was determined. HO-1 is an antioxidant enzyme
encoded by the HMOX1 gene, which can catalyze the decom-
position of heme and exert antioxidant effects through the
decomposition products [29]. NQO1 is a ubiquitous cyto-
solic phase II biotransformation enzyme whose primary
physiological role is catalysis of two-electron reduction of
quinones and thereby their detoxification. Knockout of
NQO1 gene in mice led to increased reactive oxygen species,
alterations in factors regulating energy metabolism and adhe-
sion, and loss of mitochondrial structures including cristae
structures [30]. We found that after knocking out Nrf2, the
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Figure 6: Nrf2 might protect bladder injury by activating its downstream antioxidant genes. (a) The protein expression of HO-1 in the
bladder of the four groups. (b) The protein expression of NQO1 in the bladder of the four groups. Relative mRNA expression levels of
HO-1 (c) and NQO1 (d) in the bladder of the four groups. ∗P < 0:05, ∗∗P < 0:01. Data are presented as mean ± SD.
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endogenous HO-1 and NQO1 levels were significantly lower
than those in normal mice. Importantly, their activities could
not be upregulated after CYP administration, which sug-
gested that Nrf2 is an essential translation factor for regulat-
ing the expression of antioxidant genes. It has been reported
that the expression of Nrf2 and its downstream antioxidant
genes decreased after other drug administration [31, 32]. Dif-
ference of drugs and the duration of intervention may con-
tribute to the discrepancy. Some poison administration may
directly or indirectly cause DNA damage, thereby affecting
gene transcription regulation. Moreover, in response to oxi-
dative stress injury, Nrf2 translocates into the nucleus and
then activates its downstream antioxidant genes, which may
show a curvilinear change. Our previous study showed that
the expression of Nrf2 and its downstream antioxidant genes
gradually increased after CYP administration. However, the
expression levels reached their peak at 24 hours and gradu-
ally decreased subsequently, which is consistent with previ-
ous research [33, 34]. The results indicated that Nrf2 might
protect mice against bladder dysfunction and oxidative stress
by activating its downstream antioxidant genes in IC. Based
on current findings, it is significant to explore Nrf2-related
pharmaceutical treatments for IC.

In summary, our study is the first to adopt Nrf2 knockout
mice in the study of IC and establish an objective functional
evaluation system for IC animal models. We found that Nrf2
pathway protected mice against CYP-induced cystitis, possi-
bly by activating the expression of antioxidant genes to
inhibit oxidative stress and ameliorate bladder dysfunction.
These findings may provide strong evidence for the Nrf2
pathway as a new target for clinical treatment of IC.
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