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Endothelial cell injury and vascular function strongly correlate with cardiac function following ischemia/reperfusion injury. Several
studies indicate that endothelial cells are more sensitive to ischemia/reperfusion compared to cardiomyocytes and are critical
mediators of cardiac ischemia/reperfusion injury. H2S is involved in the regulation of cardiovascular system homeostasis and
can act as a cytoprotectant during ischemia/reperfusion. Activation of ERK1/2 in endothelial cells after H2S stimulation exerts
an enhancement of angiogenesis while its inhibition significantly decreases H2S cardioprotective effects. In this work, we
investigated how H2S pretreatment for 24 hours prevents the ischemia/reperfusion injury and promotes angiogenesis on
microvascular endothelial cells following an ischemia/reperfusion protocol in vitro, using a hypoxic chamber and ischemic
buffer to simulate the ischemic event. H2S preconditioning positively affected cell viability and significantly increased endothelial
cell migration when treated with 1μM H2S. Furthermore, mitochondrial function was preserved when cells were
preconditioned. Since ERK1/2 phosphorylation was extremely enhanced in ischemia/reperfusion condition, we inhibited ERK
both directly and indirectly to verify how H2S triggers this pathway in endothelial cells. Taken together, our data suggest that
H2S treatment 24 hours before the ischemic insult protects endothelial cells from ischemia/reperfusion injury and eventually
decreases myocardial injury.

1. Introduction

Cardiovascular diseases represent the leading cause of death
and disabilities in the industrialized countries, and ischemic
heart disease (IHD) majorly represents them. IHD causes
46% of cardiovascular deaths in men and 38% in women
worldwide [1]. One of the major challenges in treating the
ischemic heart is to avoid ischemia reperfusion injury (IRI);
the limitation of which can result of pivotal importance in
case of programmed ischemia/hypoxia such as open-heart
surgery, transplantation, or primary percutaneous coronary
intervention [2–4].

IRI is the trigger leading to cell death by apoptosis and
necrosis, and the causes of the activation of these phenomena
are mainly oxidative stress, inflammation, and intracellular
Ca2+ overload [5, 6]. In addition, reperfusion can also lead
to severe ventricular arrhythmia and, as a consequence, death

[7]. Low cardiac output, perioperative myocardial infarction,
and arrhythmias can, in turn, be the causes of I/R injury fol-
lowing cardiac surgery [8].

Paradoxically, the restoration of blood flow in the ische-
mic tissue can exacerbate the damage more than the ischemic
event itself, causing a phenomenon known as reperfusion
injury [2, 9]. Indeed, the restoration of coronary blood flow,
although necessary after the ischemic episode, leads to the
death of cardiac myocytes that were potentially viable at the
onset of reperfusion [10].

Since 1980, many important contributions shed light on
the importance of the endothelium in the cardiovascular sys-
tem, redirecting the investigating approach to the cardiovas-
cular system [5, 6, 11–16]. In the last 40 years, many advances
have been made toward a deeper comprehension of the role
of different cell types participating in the ischemic scenario
and the attention on ECs proportionally increased.
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In support to these findings, several studies indicate that
endothelial cells are as sensitive to ischemia/reperfusion as
cardiomyocytes and therefore are critical mediators of car-
diac IRI [17–22].

Furthermore, reoxygenation of the ischemic tissue causes
oxidative stress: during reperfusion, xanthine oxidase,
NADPH oxidase, and the mitochondrial electron transport
chain (mETC) generate reactive oxygen species (ROS), medi-
ating an increased myocardial injury [23, 24]. The above-
mentioned enzymes also provide the greatest amount of
superoxide anion in ECs [6].

During IRI, there is a deficiency of vasodilator molecules
such as endothelin [25], angiotensin, prostacyclin, and nitric
oxide, which directly influence metabolic and contractile
function in the adult heart [22, 26]. After the IR insult, ECs
undergo changes in cytoskeletal architecture and expression
of adhesion molecules (e.g., CAMs and E- and P-selectins).
The activation of quiescent ECs induces the recruitment of
neutrophils which initiate the inflammatory response. In par-
allel, ECs permeability increase resulting in the loss of barrier
function and capillary leakage [3, 5, 27].

The process of angiogenesis, which is de novo formation
of micro vessels, in pathological conditions is not only essen-
tial to prevent heart failure in the long term but also has the
potential to support the recovery of the ischemic myocar-
dium in the days following myocardial infarction. Impair-
ment of myocardial angiogenesis causes a reduction in
myocardial perfusion and fatal ischemic cardiomyopathy
[28–30]. Moreover, EC injury and vascular function strongly
correlate with the cardiac performance following IRI [31].

To prevent pathological remodeling in the structure of
blood vessels, ECs produce and release two endogenous gaso-
transmitters, hydrogen sulfide (H2S) and nitric oxide (NO).
In particular, H2S has been known for many years for being
a toxic agent. Nowadays, it is recognized as being a key factor
in the regulation of inflammatory and immune response, car-
diovascular and nervous systems, and gastrointestinal tract
function [32–35]. The cardiac tissue is capable of producing
H2S endogenously, due to the presence of a discreet quantity
of cystathionine-γ-lyase (CSE), one of the enzymes responsi-
ble for the production of this gasotransmitter [36]. H2S can
act as a cytoprotectant against oxidative stress and as an anti-
apoptotic agent by preserving mitochondrial function during
ischemia/reperfusion [37, 38].

The identification of the reperfusion injury salvage kinase
(RISK) pathway led the way to understand how to improve
the clinical outcomes of acute myocardial infarction by medi-
ating a programmed cell survival [9, 39, 40] when activated
specifically at the time of reperfusion [41]. The RISK pathway
is linked to two signaling cascades: PI3K-Akt and MEK1-
ERK1/2. Hu et al. observed not only that preconditioning
rat myocytes with NaHS (1–100μM) increased cell viability
but also that if ERK1/2 or Akt were blocked during precondi-
tioning or ischemia there was a significant decrease of the
H2S cardioprotective effect [42].

Studies on isolated rat liver mitochondria showed a
biphasic effect of H2S on mETC. Concentrations ranging
from 100nM to 1μM stimulated electron transport, whereas
10μM or higher provoked its inhibition [43]. The same

bimodal effect has been shown by Pupo et al., where H2S
induced no effect at the lowest and highest concentrations
(0.5 and 100μM) and a significant cellular response at 1μM
in terms of cell migration and proliferation [44].

Both PI3K-Akt and MEK-ERK1/2 pathways have been
demonstrated to be downstream effectors of H2S signaling
cascade also in ECs, thus promoting migration, proliferation,
and angiogenesis [35, 45–48].

Despite the growing literature in the field, it is still not
clear whether H2S could be more effective as a precondition-
ing or postconditioning agent [7, 19, 40, 42, 49, 50].

In our study, we decided to investigate the role of H2S as a
preconditioning trigger molecule, by using different micro-
molar concentrations of an inorganic H2S donor, namely,
sodium hydrosulfide (NaHS). Specifically, we investigated
whether a 24-hour treatment could trigger a cascade that
would enhance the endothelial response after an ischemic
insult in an in vitromodel of human microvascular endothe-
lial cells (HMEC-1). The in vitromodel is particularly feasible
to address functional recovery of ECs since it allows exposure
to hypoxia and drugs while maintaining the ability to prolif-
erate and migrate and, therefore, performing experimental
assays.

2. Materials and Methods

2.1. Cell Culture. Human microvascular endothelial cells 1
(HMEC-1) (ATCC® CRL3243™) were cultured in
EndoGRO™-MV Complete Culture Media Kit (Millipore)
and 1% penicillin/streptomycin (Pan Biotech) and passaged
80-90% confluence.

Dulbecco’s Modified Eagle’s Medium (DMEM) with phe-
nol red (Sigma-Aldrich) 2% FBS (Microgem), 1% penicillin/-
streptomycin, and 1% L-glutamine (Microgem) was used for
preconditioning and reoxygenation processes.

2.2. Hydrogen Sulfide Preconditioning and
Ischemia/Reperfusion Protocol. Sodium hydrosulfide hydrate
(NaHS) (Sigma-Aldrich) was used as a saline hydrogen sul-
fide donor. NaHS was freshly prepared in phenol red DMEM
2% FBS on the day of the experiment at a concentration of
5mM; the stock solution was used for dilutions to reach
our working conditions (1-10-100μM).

In vitro simulation of ischemia/reperfusion injury was
induced using an ischemic buffer (pH 6.2) as described in lit-
erature [25], and severe hypoxic conditions were reached
through incubation in a sealed chamber (see Scheme 1)
endowed with a regulator of gas mixture (InvivO2 200, Rus-
kinn, United Kingdom).

A minimum level of 1% O2 can be achieved by this sys-
tem, and no complete anoxia is guaranteed from the manu-
facturer. Moreover, to the best of our knowledge, 1% O2 at
atmospheric pressure matches the oxygen partial pressure
of ischemic tissues, including the myocardium [51]. The
buffer was equilibrated overnight in a hypoxic chamber (1%
O2, 5% CO2, 37

°C). CO2 levels were set to 5% to buffer pH
in medium, matching normoxic incubation. Cells were put
in the hypoxic chamber, and the medium was changed with
the equilibrated ischemic buffer. Ischemic protocol lasted

2 Oxidative Medicine and Cellular Longevity



for 2 hours in every experiment; cells were then reoxygenated
with fresh medium for 1 hour in a normoxic incubator (37°C,
5% CO2).

2.3. Solutions and Reagents

2.3.1. Ischemic Buffer. The buffer was freshly prepared before
each experiment. The following formulation was used: NaCl
137mM, KCl 12mM, MgCl2 0.49mM, CaCl2 0.9mM, HEPES
4mM, and Na L-lactate 20mM (all purchased from Sigma-
Aldrich). The ingredients were dissolved into double-distilled
water, and pH was adjusted to reach 6.2 before bringing the
solution to the required volume (100mL).

2.3.2. AZD6244. Also called Selumetinib, it is a selective
MEK1/2 inhibitor. The inhibitor was solubilized in DMSO,
as 10mM stock solutions at -20°C. The stock was diluted to
obtain a final concentration of 1μM.

2.3.3. SCH772984 (Aurogene). Selective ERK1/2 inhibitor was
dissolved in DMSO, as 5mM stock solutions at -80°C. The
stock was diluted to reach a working concentration of 1μM.

2.3.4. Antibodies. Primary antibodies anti-Heat-shock pro-
tein 90 (HSP90), p44/42 MAPK (ERK1/2), and phospho-
p44/42 MAPK (p-ERK1/2) were all purchased from Cell Sig-
naling Technology (The Netherlands). Secondary anti-rabbit
antibody was purchased from ImmunoReagents, Inc. (North
Carolina, USA). All antibodies were used according to the
manufacturer’s instructions.

2.4. Viability Assay. In order to address how cell viability
could be influenced by preconditioning, an MTT assay was
performed at 24 hours from the end of reoxygenation. Cells
were plated in a 96-well plate at a density of 0:5 × 104 cells/-
well in growth medium. On the next day, cells were precon-
ditioned as previously described. After 24 hours of
preconditioning, cells would undergo normoxic or IR condi-
tion following the ischemia/reperfusion protocol mentioned
earlier. At the end of reperfusion, media was changed for all
cells to DMEM 2% FBS, in order to keep cells alive for the
next 24 hours but avoiding cell proliferation. After one day,
MTT solution was added to each well (10μL/well), and plates
were kept in the dark in an incubator for 3 hours. Then,
media was removed and 100μL DMSO was added to each
well, and absorbance was detected at 570nm using a micro-

plate reader. At least eight wells for each condition were
analyzed.

2.5. Cell Migration Assay. To assess cell migration, cells were
plated into three-chamber silicone-culture inserts (Ibidi) in a
12-well plate at a density of 4 × 105 cells/mL in growth
medium. This density was chosen as the most appropriate
to have cells at 90-100% confluence overnight. On the next
day, cells were treated with NaHS as described before, by
removing the medium from each chamber and adding the
desired treatment or just control medium, being careful not
to scratch cells away. After 24 hours, all culture inserts were
removed, and cells were gently washed with warm PBS with
Ca/Mg. At this point, cells underwent IR protocol for 2
hours. At the end of the ischemia, cells were gently washed
with warm PBS and growth medium was added to each well.
After 6 hours of migration, cells were fixed in 4% PAF.
Images were then acquired using a Nikon Eclipse Ti-E micro-
scope with a ×10 lens. The MetaMorph software was used to
both acquire and analyze all images. Cell motility was
expressed as percentage of wound closure. At least three
fields for each condition were analyzed.

2.6. In Vitro Angiogenesis Assay. The formation of capillary-
like structures in vitro was studied on growth factor-reduced
Matrigel (Corning, USA). Matrigel was used according to the
manufacturer’s instructions. ECs were plated into Petri
dishes and treated according to our protocols on the follow-
ing day. After in vitro-simulated IR injury, cells were seeded
at 2:5 × 104 cells per well onto Matrigel-precoated 24-well
plate in growth medium. After 16 hours, cell organization
was observed using a 5x lens. Images were acquired using
the Infinity Analyze software (Lumenera Corporation). A
minimum of three fields was analyzed for each condition.

Image analysis was performed using ImageJ’s plugin
Angiogenesis Analyzer, which works on phase contrast
(RGB colors, 24 bit) or fluorescence images (8 or 16 bit). In
order to avoid artifacts, some background noise had to be
removed from the images using the “blurred mask tool.”
Once the image has been modified, the program can be run
and the images are automatically analyzed. The images are
returned with different paths traced in a color-code mode
and a table with different automatically measured parame-
ters. We choose to include in our analysis three parameters:

24h NaHS preconditioning

24h NaHS preconditioning 2 h ischemia 1 h reoxygenation

3 h normoxia

Incubator
5% CO2, 37ºC

Incubator 5% CO2, 37ºC
NaHS 1-10-100 𝜇M or DMEM 2% FBS

Incubator 5% CO2, 37ºC
NaHS 1-10-100 𝜇M or DMEM 2% FBS

+ normoxic medium

Incubator
5% CO2, 37ºC1% O2, 5% CO2, 37ºC

+ normoxic medium

Hypoxic chamber

+ ischemic buffer pH 6.2

Scheme 1: Schematic representation of the experimental design used. On the upper side is represented the “normoxia” setting, whereas on the
lower panel is the setting used to simulate the in vitro “ischemia-reperfusion” condition.

3Oxidative Medicine and Cellular Longevity



(I) number of master segments, (II) total master segment
length, and (III) number of isolated segments.

2.7. Quantification of Mitochondrial Mass and Membrane
Depolarization. To measure the depolarization of mitochon-
drial membrane in relationship with mitochondrial mass,
endothelial cells were plated at a density of 2 × 104 cells/well
on 1.5mm ø cover slips in growth medium. Cells were
treated as previously described (see Hydrogen Sulfide Pre-
conditioning and Ischemia/Reperfusion Protocol) with
1μM NaHS. After reperfusion, all specimens were incubated
in DMEM 2% FBS with both MitoTracker™ Green FM
(Thermo Fisher) 200 nM and MitoTracker™ Red CMXROS
(Thermo Fisher) 50 nM in the dark for 30 minutes at 37°C.
After staining, cells were washed with PBS and fixed with
4% PAF. After fixation, coverslips were mounted on micro-
scope slides and observed at a confocal microscope (Zeiss
LSM800) with a 63x oil-immersion objective. GMT has an
absorption/emission spectrum of 490 nm/516 nm, while the
RMT one is 579nm/599 nm. Images were acquired with
ZEN System software with a resolution of 512 × 512 pixels.

2.8. Western Blot. Cells were seeded into Petri dishes and
were allowed to reach confluence before being treated with
NaHS (1-10-100μM) and/or AZD6244 1μM and then
underwent IR simulation protocol. At the end of the proto-
col, cells were scraped and lysed with RIPA buffer (Sigma-
Aldrich), containing protease and phosphatase inhibitors
(Complete protease inhibitor tablets and PhosStop, Roche).
Whole cell lysates were separated by SDS-PAGE and wet-
transferred on PVDF membranes, according to the manufac-
turer’s protocol (Bio-Rad). After transfer, membranes were
blocked in 4% nonfat dried milk or 4% BSA (depending on
the primary antibody), for 1 hour at room temperature.
Membranes were washed once in TBST and incubated with
antibodies against HSP90 (1 : 1,000), ERK1/2 (1 : 1,000), and
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
(1 : 1,000) overnight at 4°C. Membranes were washed with
TBST three times for 10min. Anti-rabbit secondary antibody
incubation (1 : 5,000) lasted for 1 hour. After another 30′ of
washing with TBST 1x, chemiluminescence was detected
using the ECL system (Bio-Rad) using a ChemiDoc Touch
instrument (Bio-Rad).

2.9. Image Analysis

2.9.1. Tubulogenesis Assay. During the analysis, we kept into
consideration the following parameters: number of master
segments, number of master junctions, total master segment
length, and number of isolated segments. A well-constructed
network should have more master elements (segments and
junctions), thus creating a more physiological and functional
structure. The images were analyzed with ImageJ’s Angio-
genesis Analyzer plugin, and only the aforementioned
parameters were kept into consideration. All images were
converted to RGB format if needed.

2.9.2. Mitochondrial Staining.Multichannel images were split
to separate the two channels. Then, the corrected total cell
fluorescence (CTCF) was calculated for each cell in both

channels as described in literature [52]. For each cell, the
ratio between mitochondrial depolarization and mass was
calculated and normalized on the control condition.

2.9.3. Image Lab Quantification. Using Image Lab software,
bands were detected automatically and then subtracting the
background to obtain a better quantification. Density of
bands was computed keeping into consideration the value
of the integrated density adjusted by subtracting the back-
ground. All proteins were quantified by normalizing the den-
sity over the loading control (HSP90).

2.10. Statistical and Computer Analysis. Results are expressed
as mean ± SEM. Differences between groups were analyzed
by one-way ANOVA or Kruskal-Wallis or Mann–Whitney
t-test. Significance was established at p value < 0.05. All raw
data were analyzed using Microsoft Excel and Prism 6. All
experiments were repeated at least three times.

3. Results

3.1. Biological Effects of NaHS Preconditioning. During acute
myocardial infarction, endothelial cells can go towards death
through apoptosis, necrosis, or autophagy [53–55]. To assess
endothelial cell response after IR injury in terms of viability,
an MTT assay was performed after 24 hours from the injury.

As shown in Figure 1, there was a decrease in the IR con-
dition compared to normoxia, but H2S did not significantly
increase cell viability in the post-IR condition.

The highest viability was observed at 10μM, but only in
normoxic conditions.

Cell migration is one of the essential processes during
angiogenesis. In fact, cells have to migrate to create new ves-
sels. The creation of new vessels is important after IR injury
in order to allow an adequate blood supply to the myocar-
dium and, eventually, to replace arteries that have been dis-
rupted by the ischemic event and subsequent reperfusion.
To study this process, we observed cell migration following
IR simulation. After 6 hours, the percentage of wound clo-
sure was calculated and compared to the normoxic control
condition (Figure 2(b)).

We observed a significant improvement of cell migration
in cells treated with NaHS, with the strongest effect at 1μM
NaHS, both in normoxia and post-IR.

To study whether NaHS treatment had a proangiogenic
effect on cells that underwent IR injury simulation, we stud-
ied their ability to form capillary-like structures in vitro
focusing on the most promising concentration of 1μM
NaHS.

After IR, cells were detached and plated in Matrigel-
precoated 24-well multiwell in EndoGRO 10% FBS for 16
hours. As shown in Figure 3, there is a positive trend in terms
of capillary formation in both normoxia and IR, upon treat-
ment of cells with 1μM NaHS, but no statistical significance
was observed.

We decided to perform a double MitoTracker™ stain-
ing on all samples to investigate whether mitochondria
were affected by NaHS preconditioning. MitoTracker™
Green FM stains all mitochondria, whereas MitoTracker™
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Figure 1: Normalized viability on the normoxic control condition. Statistical significance was set at p value < 0.05 (∗∗∗p ≤ 0:001).
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Figure 2: (a) Representative images of cells after 6 hours in the different experimental conditions. (b) Relative migration, all data sets were
normalized on the normoxic control condition (CTRL). Statistical significance: ∗∗∗∗p < 0:0001.
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Red CMXROS stains only viable mitochondria. Red fluo-
rescence is directly proportional to membrane
depolarization.

By calculating the ratio between red and green fluores-
cence, we determined the influence of NaHS and IR on mito-
chondria in endothelial cells.

NaHS treatment decreased the mitochondrial mass with
a similar fashion in normoxia and IR (Figure 4(b)). However,
the mitochondrial function did not change much between
the two IR experimental conditions. On the other hand,
NaHS treatment caused an improvement in mitochondria
viability, observed as an increased ratio between vital (red)
and total (green) mitochondria, both in IR and normoxic
conditions (Figures 4(a)–4(d)).

3.2. NaHS Preconditioning and IR Injury Influence ERK1/2
Phosphorylation. Since ERK1/2 is deeply implicated in both
cell migration and angiogenesis, but also in inducing apopto-
sis, we evaluated whether IR and/or NaHS treatment could
influence its level of phosphorylation. Protein expression
and phosphorylation levels were assessed through western
blot.

ERK appeared to be strongly phosphorylated in IR condi-
tion, whereas NaHS treatment attenuated the p-ERK/ERK
ratio, bringing it towards a more physiological condition
(Figure 5).

3.3. Effects of MEK-ERK Pathway Inhibition. After assessing
the levels of ERK phosphorylation, we decided to investigate
if NaHS directly modulated the ERK pathway.

At first, we targeted its upstream modulator, MEK, using
its specific inhibitor AZD6244 before preconditioning. Both
viability and cell migration were tested.

Considering cell viability, there was no relevant differ-
ence with or without inhibitor and/or 1μM NaHS, confirm-
ing what we had already observed (see Figure 1).

When we tested the effects on cell migration, we con-
firmed the effect of preconditioning with 1μMNaHS in both
normoxia and IR. Moreover, we observed that the treatment
with MEK inhibitor only slightly decreased the rate of cell
migration compared to the control condition, especially in
normoxia. An even slighter effect was observed when we used
both the inhibitor and NaHS (Figure 6(b)).

After evaluating the effects on upstream inhibition, we
decided to investigate whether NaHS preconditioning could
rescue the biological effects after direct ERK1/2 inhibition.

Again, we assessed the inhibition on both cell viability
and cell migration, which are two key pathways in which
ERK1/2 is strongly involved.

No relevant changes were observed in IR condition, but a
significant decrease in cell viability was observed in normoxia
when cells were treated with both ERK inhibitor and NaHS
(Figure 7(a)).
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Figure 3: Quantification of main elements of the in vitro capillary network: (a) total master segment length; (b) number of master segments;
(c) number of junctions; (d) number of isolated elements.
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Figure 4: (a) Ratio between red (RMT) and green (GMT) MitoTracker™; (b, c) GMT and RMT fluorescence, respectively, calculated for each
experimental condition as a percentage of CTRL; (d) representative fields of stained cells. All data sets were normalized on the normoxic
control condition (CTRL). Statistical significance: ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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Focusing on cell migration, in normoxia, ERK inhibition
caused a significant decrease in cell migration, but NaHS
treatment was able to rescue this inhibition, restoring the
migration (Figure 7(b)). However, in IR, the direct inhibition
of ERK actually caused a very strong decrease in cell migra-
tion when compared to the IR untreated cells, which could
not be rescued by NaHS treatment (Figure 7(b)).

4. Discussion

Cardiovascular diseases are the leading cause of death world-
wide. In 2016, they represented up to 30% of all global deaths
[56, 57]. CVDs include different clinical conditions, most of
which are associated to a pathological condition known as
ischemia/reperfusion injury, such as myocardial infarction
and stroke [58–61]. Whether this phenomenon affects the
clinical outcome, it depends on the site, the duration, and
the severity of the ischemic event itself. Nevertheless, postis-
chemic reperfusion could exacerbate the damage both locally
and systemically. This paradox relies on an increase in
inflammatory response and, later on, to a profound tissue
injury [2]. During an ischemic insult, moreover, there are
several biochemical and cellular changes caused by the rapid
depletion of oxygen and nutrients that cells cannot bear alto-
gether with exacerbated effects during the reperfusion phase
[62–64].

Endothelial integrity is pivotal for a proper vasculariza-
tion which is, in turn, a key step for restoration of the physi-
ological state as demonstrated by the several complications
for patients undergoing incomplete cardiac revascularization
[65, 66]. In this regard, it is reported that endothelial cells are
very sensitive to IRI, even more than other cell types [20, 22,
27]. In addition, they are critical mediators for the onset of
the inflammatory response, the generation of ROS, and the
rapid restoration of the physiological pH.

In the ischemic myocardium, these events negatively
affect the surrounding tissue, exacerbating the reperfusion
injury and worsening the outcomes [2, 67].

A considerable part of literature about IRI has its focus on
cardiac cells, while a small amount of data is available about
endothelial cells, despite their importance in this context.
Considering the role of ECs in both injury and recovery after
the ischemic insult, the role of endothelial function in the
hypoxic/ischemic scenario is of scientific relevance to amelio-
rate tissue recovery.

To this end, the action of hydrogen sulfide as a protective
agent on endothelial cells against hypoxic/ischemic stress is
promising because of the recent description of its beneficial
effects in similar settings [68, 69]. H2S is known to act as a
secondary messenger [70, 71], and there is evidence that it
can be beneficial in IRI in several experimental models [72,
73]; hence, its potential as endogenous and exogenous thera-
peutic agent is gaining scientific attention. In order to study
the effects solely on the endothelium, we decided to use an
in vitro model of human microvascular endothelial cells to
test the direct effects of hydrogen sulfide as a preconditioning
agent, by using the inorganic donor NaHS. The aim was to
recover the physiological state after the ischemic event. In
particular, we expected to trigger a response in endothelial
cells that would last until the end of the ischemic event,
although NaHS is known to be rapidly hydrolyzed in water,
establishing equilibrium between H2S and S2−+HS− species
[74].

The preconditioning phenomenon can play an important
role in the attenuation of ischemic consequences as demon-
strated by the modulation of angiogenic activity of ECs. We
verified this hypothesis by addressing the effects of H2S on
cell migration and the ability to create capillary-like struc-
tures in vitro. Data showed that 1μM NaHS pretreatment
in cells that underwent IR protocol was able to rescue the
defect in the migration rate, restoring the properties observed
in the control-normoxic condition. This finding suggests a
potential role of the gasotransmitter in promoting tissue
repair following IRI.

There is still open debate about the actual in vivo levels of
endogenous hydrogen sulfide. In order to test different
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Figure 5: (a) Representative experiment of ERK1/2 and p-ERK1/2; (b) ratio of p-ERK on total ERK (n = 4). Both total and phosphorylated
proteins were first normalized on the loading control (HSP90), and then, the ratio was calculated. All data sets were normalized on the
normoxic control condition (CTRL). Statistical significance: ∗∗∗∗p < 0:0001.
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conditions, the comparison of 2 putative concentrations (1
and 10μM) can help decipherer the biological effects of con-
stitutive deficiency. Low levels, 1μM NaHS, restored the
physiological condition in cell migration, whereas 10μM
gave a less intense increase in consistence with previously
described bimodal activities shown in other cell types [44].
These data contribute to the hypothesis that endogenous
and exogenous H2S, and their respective levels, might have
opposite effects on some important cellular functions.

Goubern et al. suggest that exogenous H2S could function
as an electron donor and as a potential inorganic energy
source in mammalian cells at low micromolar concentrations
[75]. The described mitoprotectant behavior could involve
mitochondrial biogenesis and dynamics, as demonstrated in
an endothelial model of rat aortic endothelial cells (RAEC)
in which exogenous H2S exerts antifission and promitophagy

effects when compared to the control in which endogenous
H2S is modulated [76]. An enhanced mitophagy could
explain diminished mitochondrial content in preconditioned
I/R cells compared to the untreated control (Figure 4).

Despite the decrease in the mitochondrial mass, the ratio
of functional mitochondria was enhanced in cells pretreated
with NaHS. These data could be explained by an H2S-medi-
ated enhancement of mitochondrial function and its sug-
gested role of ROS scavenger.

The next step was to understand whether a 24-hour pre-
conditioning could trigger a modulation of ERK phosphory-
lation, because of the role that the MEK/ERK pathway has in
endothelial cell migration, other than apoptosis. Most inter-
estingly, IR alone significantly enhanced ERK1/2 phosphory-
lation, while 1μM NaHS treatment managed to drastically
reduce this effect, going towards a more physiological
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Figure 6: (a) Cell viability after MEK inhibition (1 μMAZD6244) and 1μMNaHS preconditioning. (b) Cell migration after MEK inhibition
(1 μM AZD6244) and 1μM NaHS preconditioning. Statistical significance: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗∗p < 0:0001.
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(CTRL) phosphorylation state. On the other hand, the treat-
ment did not affect ERK1/2 phosphorylation in normoxic
cells.

Last, since it appeared that ERK was modulated by the
NaHS treatment, we inhibited both ERK1/2 and its upstream
activator, MEK, with the selective inhibitors AZD6244 and
SCH772984. After testing the effects on cell viability and cell
migration, we observed that the direct inhibition of ERK, but
not MEK, decreased cell migration and could not be rescued
by H2S treatment, thus indicating that H2S modulates the
ERK pathway acting at the level of ERK phosphorylation.

Further experiments are needed to better describe the
involvement of this pathway activated 24 hours ahead of
the ischemic insult and how it is sustained over time. More-
over, it might be interesting to see whether the same concen-

trations could trigger similar effects in the postconditioning
window and what similarities the pre- and postconditioning
scenarios might have in common.

5. Conclusion

In our study, we showed that, despite its rapid metaboliza-
tion, H2S could be used as a long-term preconditioning agent
to ameliorate the effects of IRI. Moreover, this work is aimed
at investigating the role of H2S as a modulator of an ERK1/2-
dependent pathway, thus suggesting an important role for
microvascular endothelial cells to participate in the response
to ischemia/reperfusion injury. A deeper comprehension of
endothelial cells in this context can contribute to design
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Figure 7: (a) Normalized viability after direct ERK1/2 inhibition (1 μM SCH772984) and 1μMNaHS preconditioning. (b) Cell migration on
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0:0001.
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better strategies to preserve and repair tissues after a hypox-
ic/ischemic insult.
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Aging leads to structural and electrophysiological changes that increase the risk of postoperative atrial arrhythmias; however,
noninvasive preoperative markers of atrial proarrhythmic conditions are still needed. This study is aimed at assessing whether
interatrial dyssynchrony determined using two-dimensional speckle tracking echocardiography relates to proarrhythmic
structural and functional remodeling. A cohort of 45 patients in sinus rhythm referred for cardiac surgery was evaluated by
echocardiography and surface electrocardiogram the day before the intervention. Transmembrane potential, connexin, and
potassium channel distribution, inflammatory, and nitrooxidative markers were measured from right atrial tissue obtained from
patients. A difference greater than 40 milliseconds between right and left atrial free wall contraction confirmed the presence of
interatrial dyssynchrony in 21 patients. No difference in relation with age, previous diseases, and 2-dimensional
echocardiographic findings as well as average values of global longitudinal right and left atrial strain were found between
synchronic and dyssynchronic patients. Postoperative atrial fibrillation incidence increased from 8.3% in the synchronic group
to 33.3% in the dyssynchronic ones. P wave duration showed no difference between groups. Action potentials from
dyssynchronous patients decreased in amplitude, maximal rate of depolarization, and hyperpolarized. Duration at 30% of
repolarization increased, being markedly shorter at 90% of repolarization. Only the dyssynchronous group showed early and
delayed afterdepolarizations. Atrial tissue of dyssynchronous patients displayed lateralization of connexin 40 and increased
connexin 43 expression and accumulation of tumor necrosis factor-α in the intercalated disc. Tumor necrosis factor-α did not
colocalize, however, with lateralized connexin 40. Nitroxidative marks and KATP channels increased perivascularly and in
myocytes. Our results demonstrate that, as compared to a traditional surface electrocardiogram, the novel noninvasive
echocardiographic evaluation of interatrial dyssynchrony provides a better identification of nonaged-related proarrhythmic
atrial remodeling with increased susceptibility to postoperative atrial fibrillation.
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1. Introduction

Arrhythmias usually complicate cardiovascular surgery, and
aging is the main risk factor. Atrial fibrillation is the most fre-
quent sustained arrhythmia with a peak of appearance
between the second and fifth days of the postoperative stay
[1]. Its incidence progressively increases from 18% in sexage-
narians to 50% in octogenarians [2]. Arrhythmic events are
usually self-limited, and treatment frequently restores sinus
rhythm. However, postoperative atrial fibrillation (POAF)
prolongs hospital stay and increases the risk of stroke and
mortality [1].

Atrial aging is an elusive prooxidative and proarrhythmic
condition. Oxidative stress, hyperadrenergic states, and
inflammation contribute to age-related atrial remodeling,
but these tissue alterations are challenging to identify nonin-
vasively [3, 4]. In this context, atrial enlargement, stiffness,
and conduction blockade are known risk factors, but they
are present in only a few patients. Therefore, the mechanisms
involved in the onset and perpetuation of POAF are difficult
to foresee [5]. Additionally, surgery per se facilitates arrhyth-
mias due to ischemia-reperfusion injury, which increases the
preexisting oxidative stress state. The lack of tools to estimate
the proarrhythmic substrate evidences the absence of preven-
tive interventions.

Structure and function of the beating heart can reveal
atrial hidden oxidation and inflammation. Signs of tissue
remodeling, before dilatation, arise from atrial dynamic
cyclic changes. New echocardiographic techniques like strain
and strain rate represent the magnitude and rate of myocar-
dial deformation. Strain can reflect distensibility and atrial
contractility [6]. Nonmyocytic cells and extracellular matrix
mainly affect distensibility [7]. Cardiomyocyte structure
and intercellular communication determine contractile func-
tion. Each atrial segment follows a trajectory during the car-
diac cycle representative of the tissue physiology [8].
Electrical remodeling involves alterations in both myocytes
and nonmyocytic cells, which manifest as contractile dyssyn-
chrony in the echocardiogram, in a similar way as reported
for the ventricles [9].

Gap junctions in the heart provide low resistance path-
ways for propagating the action potential across the myocar-
dium, contributing to electrical coupling and signal
propagation [10]. Alteration of cardiomyocyte gap junctions
and their main components, connexins (Cx), has been sug-
gested to contribute to the formation of arrhythmias, includ-
ing atrial fibrillation [11–13]. Accumulating evidence also
suggests that inflammation and oxidative stress are involved
in atrial remodeling. Detection of protein 3-nitrotyrosine is
regarded as a marker of nitrooxidative stress and is observed
especially in inflammatory processes. The reaction of perox-
ynitrite with tyrosine leads to the formation of 3-
nitrotyrosine and promotes protein, lipid, and DNA damage
[14, 15]. ATP-regulated potassium channels (KATP) are well-
characterized metabolic and oxidative sensors in ischemia/r-
eperfusion arrhythmias and here postulated as an interesting
substrate of POAF [16].

This study is aimed at assessing whether interatrial dys-
synchrony, determined by using two-dimensional speckle

tracking echocardiography, relates to proarrhythmic struc-
tural and functional remodeling of the atria and whether this
increases the susceptibility for POAF.

2. Materials and Methods

2.1. Subjects and Ethical Considerations. Patients with coro-
nary artery disease, aortic stenosis, or the combination of
both pathologies, scheduled for surgery at the Department
of Cardiac Surgery (Clinic of Cuyo, Mendoza, Argentina),
were prospectively enrolled between January 2018 and
March 2020. Coronary disease and aortic valve stenosis
severity were defined according to current ESC Guidelines
to determine surgery indication [17, 18]. All subjects pro-
vided written informed consent under the research protocol
approved by the Ethics Committee of the National University
of Cuyo (Exp-Cuy: 22959/2017).

Clinical data including age, gender, and history of previ-
ous myocardial infarction and heart failure was collected.
The presence of preoperative atrial fibrillation was deter-
mined according to previous electrocardiographic reports
or diagnosis in medical history. Information regarding the
following cardiovascular risk factors was collected: hyperten-
sion, dyslipidemia (low-density lipoprotein cholesterol above
100mg/dL or the use of lipid-lowering drugs), smoking (cur-
rent or any smoking habit in the past ten years), and diabetes
mellitus (previous diagnosis of diabetes mellitus or glycated
hemoglobin greater than 6.5%). The preoperative use of
medications was also documented.

2.2. Inclusion and Exclusion Criteria. Patients over 18 years of
age in sinus rhythm with an indication of cardiovascular sur-
gery that gave written informed consent were included in the
study. Exclusion criteria were as follows: indication of mitral
or tricuspid valve repair or replacement, being older than 80
years, history of previous atrial fibrillation, presence of mod-
erate valvular disease or valvular prosthesis, history of con-
genital cardiac abnormalities or cardiac tumors, emergency
surgery, inability to provide informed consent, and a not
entirely detectable left and right atrial profile from the apical
four-chamber view during preoperative echocardiography.

2.3. Preoperative Electrocardiogram. Before surgery, patients
underwent a 12-lead electrocardiogram (ECG) using the
Synchronous ECG software V1.3.5. Measurement in milli-
seconds of the P wave and the PR segment was performed
with the software caliper. According to the current classifica-
tion, these patients were evaluated for the presence of an
interatrial conduction disturbance called Bayes syndrome
[19]. There are two major categories for this syndrome: com-
plete and incomplete, both based on P wave duration and
morphology in the 12-lead ECG.

2.4. Echocardiography and Atrial Strain. All patients were
imaged in a left lateral decubitus position using ESAOTE
ultrasound system equipment (MyLab30Gold Cardiovascu-
lar) with a 2-4MHz/PA240 probe. Two-dimensional speckle
tracking strain imaging was performed from the apical posi-
tion by an experienced technician. The average frame rate for
analysis was 60-80 frames/s. During a single breath-hold,
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three consecutive cardiac cycles were stored digitally for off-
line analysis in the four-, two-, and three-chamber view. The
entire right and left atriums were carefully visualized to pre-
vent walls’ dropout.

Measurements focused on evaluating the indexed volume
of the left atrium and the area of the right atrium. In the para-
sternal long-axis or short-axis view, M-mode of the left ven-
tricle chamber was measured for diameter and wall thickness.
In the apical 4-chamber view, the left ventricle ejection frac-
tion was determined using the Simpson measurement. Mitral
and tricuspid inflows were recorded at the tip of the valve
leaflets. The peak velocities of early and late diastolic filling
waves (E wave and A wave) and the E/A velocity ratio were
measured. The e velocity was obtained by tissue Doppler
averaging the lateral and septal mitral annulus values and
the e wave of the tricuspid lateral wall. E/e’ values were
obtained from both ventricles.

Strain and strain rate datasets were analyzed using a wall
motion tracking software (ESAOTE MyLab). In apical views
(4-chamber, 3-chamber, and 2-chamber), left atrial endocar-
dial boundaries were manually measured at the end-diastolic
phase. Right atria were only registered in the 4-chamber view.
The values of the reservoir, conduit, and atrial contraction
strain were recorded according to the EACVI/ASE/Industry
Task Force to standardize deformation imaging [20]. The
values of strain rate for the reservoir phase, the conduit,
and contraction phases were also recorded (Figure 1). The
same was also done in 4 chambers for the right atrium. The
left atrium was subsequently divided into basal, medial, and
roof atrial segments. This determined a total of 15 segments
for the left atria when the 3 apical views were added. The
right atrium was evaluated similarly, but only the lateral seg-
ments were taken into account, adding 3 more segments,
thus making a total of 18 segments. Septal segments were
considered as left atria.

Deformation rate time (DRT) was recorded from the
beginning of the P wave in the ECG to the maximum deflec-
tion of the atrial contraction in the strain rate for each of the
segments, as indicated in Figures 1(a) and 1(e).

To determine interatrial synchrony, an adaptation of atrial
strain was performed to evaluate the right and left atrial walls
at the same time. This new evaluation was called “Omega” (ω)
because of the form the strain takes in the images. Here, the
maximal time difference between the strain rate contraction
peaks of both right and left atrial lateral walls was recorded
(Figure 2). Blinded analysis of the echocardiograms was per-
formed by two independent researchers (FJS and VAG).

2.5. Atrial Transmembrane Potential. Right atrium samples
taken in the operating room were transferred within 15 to
20 minutes to the laboratory using a cold oxygenated
Ringer-type solution with albumin. Upon arrival, all samples
were dissected into smaller pieces, pinned at the bottom of a
perfusion chamber with the endocardial surface facing up,
and continuously superfused with a modified Krebs–Hense-
leit solution containing (in mM): 121 NaCl, 25 NaHCO3,
1.2 Na2HPO4, 5 KCl, 2 CaCl2, 1.2 MgSO4, and 11 glucose.
Once equilibrated with 5% CO2 in O2 at 36:5 ± 0:5°C, the
pH of the solution was 7:4 ± 0:02.

The membrane potential was recorded with flexibly
mounted glass microelectrodes from subendocardial trabec-
ular atrial cells. Microelectrodes were filled with 3mM KCl
and had resistances of 10–15MΩ. After 20 to 30 minutes of
stabilization, we continuously obtained epicardial transmem-
brane potential using a custom-made microelectrode ampli-
fier. The signals were digitized with an analog-to-digital
converter (NI PCI-6221; National Instruments, Austin,
Texas) and recorded using LabView SignalExpress 2.5
(National Instruments, Austin, Texas).

The following properties of the transmembrane poten-
tials were quantified: action potential amplitude, resting
potential, maximum upstroke velocity (ΔV/Δtmax), and
action potential duration at 30 and 90% of repolarization.
Arrhythmic events and arrhythmogenic triggers were evalu-
ated by visual supervision of the traces blindly regarding
the patient’s characteristics.

2.6. Structural, Inflammatory, and Nitrooxidative Evaluation
by Fluorescent Immunohistochemistry. Part of each atrial
sample was fixed in a 4% paraformaldehyde solution for 1 h
at 4°C before embedding in paraffin blocks. Five-
micrometer-thick tissue sections were stained using the fol-
lowing primary antibodies or label: rabbit polyclonal anti-
Cx40 (Cx40 H-116, Santa Cruz, sc-28658, dilution 1 : 300),
rabbit polyclonal anti-Cx43 (Cx43, Abcam, ab11370, dilution
1 : 1000), rabbit polyclonal anti-Kir6.1 (Kir6.1, Thermo
Fisher, PA5-48354, dilution 1 : 500), mouse monoclonal
anti-TNFα (TNFα 52B83, Santa Cruz, sc-52746, dilution
1 : 300), mouse monoclonal antinitrotyrosine (3-nitrotyro-
sine, Santa Cruz, sc-32757, dilution 1 : 200), and mouse
monoclonal anti-SERCA2a (ab2817 Abcam, dilution
1 : 1000). Wheat germ agglutinin (WGA) conjugated to Alexa
Fluor 555 against the extracellular matrix (W32464 Thermo
Fisher, dilution 1 : 500) and fluorescently conjugated F-actin
against the intracellular content (ab112124 Abcam, dilution
1 : 300). The secondary antibodies were anti-rabbit conju-
gated with Alexa Fluor 633 and anti-mouse labeled with the
Alexa Fluor 488 (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA, dilution 1 : 500). Images were
acquired with a confocal microscope Zeiss LSM 880 and
processed with the Zen Blue 2.5 software (Carl Zeiss Micros-
copy GmbH, 2018).

The maximum intensity projection of 20 to 40 z stacks
was used to analyze the lateralization of connexins and the
integrated optical density (IOD). Lateralization was mea-
sured with an open access automated program designed by
our group called MARTA [21]. This software generates cell
masks, contours individual cells, and splits the cells into 4
rectangles to estimate the lateral-to-total ratio of connexins.
The IOD quantified the area (>3 pixels connected) multiplied
by the average intensity using the software ImageProPlus 4.5,
2001 (Media Cybernetics, Inc., Rockville, MD, USA). Values
of IOD measured for 18 pictures per immunofluorescence
channel were grouped after the blinded analysis was com-
pleted by two independent researchers (NJP and ERD), and
the results were assigned to the corresponding groups. The
values of IOD are relatively expressed to the level measured
in the synchronic group.
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2.7. Postoperative Atrial Fibrillation Detection. Continuous
ECG monitoring after surgery was performed in the cardio-
vascular intensive care unit for 48–96 hours to detect any
new onset of atrial fibrillation. Arrhythmic events of at least
1min length were considered POAF when assessed by a
monitoring system or using a 12-lead ECG in case of a symp-
tomatic episode that required intervention.

2.8. Statistical Analysis. Qualitative variables are expressed as
number and percentage. Quantitative variables are expressed
as mean ± standard deviation (SD) if they are normally dis-
tributed and median with a range if they are not normally
distributed. For qualitative data, the chi-square test is used.
For nonnormally distributed data, the Mann–Whitney tests
are used; for normally distributed data, the Student t-test is
used. The receiver-operating characteristic (ROC) curve
analysis is performed to determine the cutoff value of atrial
variables as predictors of POAF. The area under the curve
and 95% confidence interval (CI) are used to determine the
parameters’ incremental diagnostic value. Log-rank (Mantel
Cox) test is used to assess the incidence of POAF. A p value
below 0.05 was chosen as an indicative of statistical signifi-
cance. The GraphPad Prism version 9.0.0, 2020 (GraphPad
Software, San Diego, CA, USA, http://www.graphpad.com)
was used for statistical analysis.

3. Results

3.1. Postoperative Atrial Fibrillation, Patient Characteristics,
and Classification regarding Interatrial Synchrony. A total
of 45 patients were included in the study. Forty-one under-
went coronary artery bypass surgery, three aortic valve

replacement, and one combined surgery. The mean age was
67:4 ± 7:7 years, and 69% were male. No patient was under
treatment with digitalis or antiarrhythmics.

This population was divided into synchronic and dyssyn-
chronic patients based on the difference between the activa-
tion of the lateral right and left atrial walls determined from
the echocardiogram (Omega). This was used as a factor
related to the incidence of POAF. A time difference greater
than 40 milliseconds had a sensitivity of 88.9% and a specific-
ity of 55.6% for identifying the atrial fibrillation events, with
an area under the curve of 0.728 (95% CI 0.575-0.850)
(Figure 3(a)).

Dyssynchronic patients suffered from a higher incidence
of POAF. The median time of atrial fibrillation onset after
surgery was 2.5 days (Figure 3(b)). All patients recovered
sinus rhythm prior to discharge from hospital with the use
of intravenous amiodarone. No electrical cardioversion was
required.

The receiver-operating characteristic curve (ROC) of
atrial echocardiographic measurements had the following
areas under the curve and cutoff values: right atrial area
0.796 (95% CI 0.650-0.902), cutoff 17.6 cm2; left atrial volume
index 0.742 (95% CI 0.590-0.861), cutoff 29.86mL/m2; left
atria contraction strain 0.645 (95% CI 0.488-0.782), cutoff
15.4%; left atrial reservoir strain 0.636 (95% CI 0.479-
0.774), cutoff 30.7%. After adjusting the right atrial area, left
atrial volume index, left atrial reservoir strain, and left atria
contraction strain for the cutoff values, according to current
guidelines, only left atrial volume index remained as predic-
tors of postoperative atrial fibrillation (area under the curve:
0.681 95% CI 0.525-0.812), but the area under the curve was
lower than the one obtained with the interatrial
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Figure 1: Two-dimensional atrial strain curves. (a) Atrial strain and strain rate curves and determination of atrial mechanics according to an
R-R wave-timed analysis. Deformation rate time (DRT) is determined from the beginning of the P wave in the electrocardiogram to the
maximum deflection of the strain rate contractile phase (STct). (b) Four-chamber view of speckle tracking left atrial strain. (c) Atrial
strain curves. The white, dashed, and dotted line shows the average strain curve for the six segments of the atria in that view. (d) Atrial
strain rate curves. (e) Determination of DRT in a segment of left atria. The measurement agreed with the scheme in (a). (f) Schematic
four-chamber view of how DRT can show the activation in time of different segments from both atria. B: base segment; M: medium
segment; R: roof segment.

4 Oxidative Medicine and Cellular Longevity

http://www.graphpad.com


dyssynchrony [22–24]. These results supported dyssyn-
chrony as the grouping variable for the comparisons
throughout the study.

Patients in the synchronic and dyssynchronic groups did
not show differences in age, type of surgery, comorbidity, risk
factors, or treatment received before surgery (Table 1). The
average pump time of the patients was 118 ± 39 minutes,
and the clamping time was 75 ± 24 minutes, with no signifi-
cant differences between groups. During the study, there
was only one death from a patient in the synchronic group.

3.2. Atrial-Related ECG. P wave duration in the ECG was
125 ± 15ms and 118 ± 12ms in the synchronic and dyssyn-
chronic groups, respectively (p = 0:128 by t-test). PR interval
was longer in the synchronic group than in the dyssynchro-
nic group (179 ± 32ms vs. 160 ± 25ms, respectively;
p = 0:044 by Mann–Whitney test). No significant differences
in Bayes syndrome incidence were found between groups
(p = 0:985).

3.3. Echocardiography and Atrial Strain. Regarding general
data from the echocardiograms, the mean ejection fraction
of the left ventricle was 56:83 ± 15:36%. The mean indexed
volume of the left atrium was 30:78 ± 9:04mL/m2, and the
area of the right atrium was 16:20 ± 3:36 cm2. The E/e’ ratio
of the left ventricle showed a value of 8:6 ± 3:5, which indi-
cated end-diastole pressures at the normal upper limit in
most patients (Table 2). There was no other significant differ-
ence between the groups in echocardiographic findings,

except for the left ventricular index mass. The analysis of
the atrial speckle tracking strain showed no significant differ-
ences between groups in the deformation rate times corre-
sponding to the activation of any of the 18 atrial segments
(Table 3).

The rest of the usual strain analysis also showed no differ-
ences between groups (Table 4).

3.4. Action Potentials and Proarrhythmic Triggers. Action
potentials from dyssynchronous patients decreased by 3:9
± 1:9mV in amplitude and by 66 ± 13V/s in the maximal
upstroke velocity (Figures 4(b) and 4(c)).

During the beginning of the upstroke of the action poten-
tial, we observed that a segment of the ascendent activation
had a little nudge, like a foot that delayed the maximal
upstroke occurrence. The resting membrane potential was
hyperpolarized by 3:3 ± 1:3mV in the atrial tissue samples
from dyssynchronic patients. The action potential duration
at 30% of repolarization increased by 4:0 ± 0:7ms but mark-
edly shortened when measured at 90% of repolarization by
107 ± 12ms. Only action potentials from synchronic patients
displayed a plateau and slow repolarization typical of a stan-
dard atrial action potential. Early and delayed afterdepolari-
zations were only observed in the dyssynchronic group.

3.5. Atrial Remodeling, Inflammation, and Nitrooxidative
Stress. Cx40 lateralization increased by 9.81% (95% CI of dif-
ference 7.71-10.93) in samples from dyssynchronic patients
with respect to synchronic ones (Figure 5).
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Figure 3: Receiver-operating characteristic curves (ROC) for atrial fibrillation incidence after cardiac surgery. (a) ROC curves for right atrial
area (RAA), interatrial dyssynchrony, left atrial reservoir strain (LAεR), left atria contraction strain (LAεCT), and left atrial volume index
(LAVi). (b) Postoperative atrial fibrillation incidence in patients with synchronic and dyssynchronic activation of the right and left atrial
lateral walls.

Table 1: Demographics and medication of patients before surgery.

Variables Dyssynchronous (n = 21) Synchronous (n = 24) p value

Demographics

Age in years (n) 68 ± 9 67 ± 7 0.262

Patient sex (male) 15 (71.4) 16 (66.6) 0.731

Type of surgery: coronary 20 (95.2) 21 (87.5) 0.559

Coronary disease 20 (95.2) 23 (95.8) 0.923

Diabetes mellitus 13 (61.9) 10 (41.6) 0.175

Hypertension 20 (95.2) 22 (91.6) 0.632

Dyslipidemia 19 (90.5) 20 (83.3) 0.482

Dilated cardiomyopathy 4 (19.0) 1 (4.2) 0.113

Chronic pulmonary obstructive disease 1 (4.8) 3 (12.5) 0.363

Chronic renal failure 3 (14.3) 1 (4.2) 0.234

Obesity 10 (47.6) 8 (33.3) 0.329

Stroke 0 1 (4.2) 0.344

Heart failure in last month 3 (14.3) 5 (20.8) 0.567

Smoker 2 (9.5) 4 (16.6) 0.482

Presurgical medications

Aspirin use 21 (100) 24 (100) 1

β Blocker use 15 (71.4) 17 (70.8) 0.965

Statins 20 (95.2) 24 (100) 0.280

ACEI or ARA 15 (71.5) 14 (58.3) 0.360

Spironolactone or eplerenone 5 (23.8) 2 (8.3) 0.153

Furosemide 3 (14.3) 2 (8.3) 0.526

Data are expressed as number and (%), unless otherwise indicated. p values are calculated by Kruskal-Wallis test or chi-square test. ACEI: angiotensin-
converting enzyme inhibitors; ARA: angiotensin II, type 1 receptor antagonists.
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This lateralization was not colocalized with the increased
signal of tumor necrosis factor-α (TNFα) seen in the dyssyn-
chronic group (Figure 6). The TNFα was mainly colocalized
with Cx40 close to the intercalated discs.

Nitrotyrosine is a relatively stable marker of nitroxidative
stress that is formed by peroxynitrite interaction with tyro-
sine. The nitrotyrosine signal was clearly higher in the dys-
synchronic group, especially around the blood vessels.
However, it was diffusely observed in the tissue and the
microvasculature (Figure 7). Cx43 increased in intercalated
discs and also lateralized 14.6% (95% CI of difference
10.81-16.56) more in dyssynchronic patients (Figure 5), but
both changes were unrelated to nitrotyrosine marks.

The expression of KATP channels assessed by the detec-
tion of its pore-forming unit Kir6.1 increased in atrial myo-
cytes of dyssynchronic samples (Figure 8). KATP channels

usually aggregated at a vascular level in images of both syn-
chronic and dyssynchronic patients. The action potential
shortening and the hyperpolarization observed with the
microelectrodes agrees with increased expression of this
channel.

4. Discussion

Our study found that interatrial dyssynchrony assessed by
echocardiography was associated with electrical and struc-
tural atrial remodeling and the incidence of postoperative
atrial fibrillation. The innovative measurement interatrial
dyssynchrony was suitable to estimate noninvasively
nitrooxidative and inflammatory substrate, as well as, an
electrophysiological arrhythmogenic remodeling.

Table 2: Comparative echocardiographic measurements in both groups.

Echocardiographic variables Dyssynchronous Synchronous p value

Atrial index volume (mL/m2) 32.51± 8.27 29.45± 9.76 0.534

Right atrial area (cm2) 17.07± 3.54 15.57± 3.13 0.694

Fey Simpson (%) 54.71± 15.36 59.21± 15.47 0.887

Mitral E wave velocity (cm/sec) 68.14± 20.32 71.83± 16.82 0.216

Mitral A wave velocity (cm/sec) 85.33± 21.44 76.96± 18.4 0.568

E/e ratio LV 8.83± 3.83 8.53± 3.44 0.542

E/e ratio RV 4.42± 1.37 4.38± 1.08 0.404

LV index mass (g/m2) 138.29± 52.97 108.33± 33.61 0.021

Data are express as mean and SD. p values are analyzed by t-test. LA: left atria; RA: right atria; LVEF: left ventricular ejection fraction; LV: left ventricle; RV:
right ventricle.

Table 3: Deformation rate time per segment in both groups.

Deformation rate time Dyssynchronous Synchronous p value

Left atria

Base septum segment 138.95± 44.43 142.46± 39.48 0.780

Medium septum segment 146.57± 40.89 136.54± 30.11 0.350

Roof septum segment 157.76± 47.46 134.46± 30.11 0.078

Base lateral segment 168.38± 45.32 150.79± 41.49 0.181

Medium lateral segment 169.48± 41.77 149.67± 42.23 0.122

Roof lateral segment 161.67± 33.42 156.83± 41.26 0.671

Base anterior segment 151.71± 43.26 155.67± 34.38 0.734

Medium anterior segment 154.05± 41.87 154.54± 35.02 0.966

Roof anterior segment 157.05± 41.48 151.67± 49.59 0.697

Base inferior segment 159.52± 48.36 140.04± 30.32 0.108

Medium inferior segment 154.24± 51.01 144.42± 28.44 0.422

Roof inferior segment 161.43± 63.04 150.08± 33.65 0.447

Base inferior lateral segment 153.29± 49.10 145.38± 35.49 0.535

Medium inferior lateral segment 150.90± 44.43 148.04± 31.73 0.803

Roof inferior lateral segment 133.62± 45.81 151.54± 27.04 0.112

Right atria

Base lateral segment 138.29± 62.95 135.17± 42.17 0.844

Medium lateral segment 131.24± 57.68 141.71± 35.19 0.460

Roof lateral segment 138.81± 62.89 143.88± 35.68 0.737

Data are expressed as mean and SD. p values for analysis by unpaired t-test.
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4.1. Atrial Dyssynchrony and Postoperative Atrial
Fibrillation. Interatrial dyssynchrony is not a common risk
factor for POAF. This is one of the first reports of a preoper-
ative indicator of proarrhythmic tissue remodeling. Reservoir
and contractile strain of the left atria have been previously
related to the development of paroxysmal and chronic atrial
fibrillation [25–27]. In this study, both were below the refer-
ence values agreed in the clinical guidelines [22]. This indi-
cates more rigid atria, with less pump function, but without
a difference between the two groups. One of the reasons for
this absence of difference could be the way in which the
patients were classified. We did not separate the groups
according to the incidence of atrial fibrillation but to the
presence of dyssynchrony determined by echocardiogram.
Another reason for our patients having a better pump and
reservoir function is that we did not include patients with
mitral or tricuspid valve disease known for having larger
atrial volumes, more rigid atria, and a clear tendency to
develop atrial fibrillation. Also, one of our exclusion criteria
was a previous history of atrial fibrillation. We found that
interatrial dyssynchrony was a better predictor of postopera-
tive atrial fibrillation than other atrial measurements.

Atrial structural and functional remodeling has many
causal factors such as oxidative stress, inflammation, fibrosis,
and the normal process of aging. Previous studies have
shown that left and right atrial enlargement predicts postop-
erative atrial fibrillation [28, 29]. All our patients had left
atrial size below the cutoff values for atrial enlargement.
Moreover, the atrial size was preserved in the dyssynchronic
patients despite the higher left ventricle index mass and the
slightly reduced conduit strain. Left ventricular hypertrophy
is associated with higher end-diastolic left ventricular pres-
sures, explaining the difference in the conduit left atrial
strain, but other markers of elevated end-diastolic pressures
like E/e’ relation showed no differences. Right atrial size
had no significant difference between groups but was slightly
bigger in the dyssynchronic group.

Evaluating the activation of the different segments of the
atria did not show differences between the two groups. This
supports the standardization guidelines that recommend

the longitudinal analysis of the atria as a whole [22]. Addi-
tionally, segment by segment analysis takes a longer time
and requires a more experienced operator. Nevertheless, sev-
eral studies have already shown that intra-atrial dyssyn-
chrony is related to atrial fibrillation development [30, 31].
So, this analysis may be a useful tool for the prediction of
arrhythmias. The omega approach, presented here for the
first time, is an adaptation of the technique that not only
introduces the evaluation of the right atria but it also reduces
the time for analysis. This facilitates the interatrial dyssyn-
chrony evaluation with significant potential for arrhythmo-
genic substrate identification in the preoperative setting.

Structural remodeling produces changes in atrial func-
tion. These changes can be accelerated in many disease pro-
cesses, like hypertension, diabetes mellitus, and ischemic
heart disease. These changes can reflect modifications in
structural proteins that produce atrial electrical remodeling,
which, in turn, could be the cause for longer times of atrial
mechanical activation. The results of our study support that
atrial dyssynchronic activation is related to both electrical
and structural changes, without an apparent influence of
other risk factors.

4.2. Atrial Dyssynchrony, Action Potentials, Connexins, and
KATP Channels.Dyssynchronic patients presented abnormal-
ities in the upstroke of the action potentials. In multicellular
preparations, both Na+ channels and connexins contribute to
phase 0 of the action potentials. The foot and the delay in the
upstroke observed in dyssynchronic patients have been pre-
viously associated with connexin alterations (see
Figure 3(a)) [32]. Connexin expression, conductance, and
location can influence the initial part of the electrical activa-
tion [33]. The lateralization of Cx40 and Cx43 shown in
Figure 5 could support these findings at the beginning of
the action potentials. Still, the concurrent increase in Cx43
at the intercalated discs goes against this idea, but agrees with
previous reports that reduce the link with action potential
morphology [34]. The reduced amplitude and maximal rate
of depolarization indicate an impairment in the sodium cur-
rents. Therefore, both sodium channels and connexins can

Table 4: Comparative atrial strain measurements in both groups.

Atrial strain variables Dyssynchronous Synchronous p value

Reservoir LA strain (%) 25.34± 8.7 31.30± 10.99 0.433

Conduit LA strain (%) 11.62± 5.08 15.61± 6.99 0.063

Contractile LA strain (%) 14.58± 5.8 16.37± 5.57 0.963

Strain rate LA reservoir (1/s) 1.16± 0.51 1.44± 0.58 0.867

Strain rate LA conduit (1/s) -1.13± 0.60 1.63± 1.45 0.419

Strain rate LA contraction (1/s) -1.01± 0.61 -1.15± 0.66 0.623

Reservoir RA strain (%) 46.81± 21.29 52.50± 19.13 0.623

Conduit RA strain (%) 20.62± 12.59 25.56± 14.26 0.787

Contractile RA strain (%) 17.92± 13.19 26.73± 14.69 0.598

Strain rate RA reservoir (1/s) 1.96± 0.83 2.04± 0.59 0.336

Strain rate RA conduit (1/s) -1.52± 1.02 -2.10± 0.86 0.605

Strain rate RA contraction (1/s) -1.22± 0.74 -1.68± 1.31 0.080

Data are expressed as mean and SD. p value values for analysis of t-test. LA: left atria; RA: right atria.
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contribute to interatrial dyssynchrony because they are the
major determinants of electrical impulse propagation
between cardiomyocytes.

KATP channels could explain the action potential short-
ening and the hyperpolarization, and these features can
worsen under stressful situations like ischemia and reperfu-
sion. Our results bring a new potential substrate to the com-
plex electrophysiology of the atrial tissue. The subunit Kir6.1
is an inward rectifier current mainly expressed in the vascu-
lature [16]. Here, we report the expression in human atrial
cardiomyocytes of dyssynchronic patients. The activation of
these channels reduces the refractory period, thus facilitating
reentrant currents that could lead to postoperative atrial
fibrillation. KATP channels are particularly sensitive to the

metabolic and oxidative cellular conditions [35]. In the con-
text of cardiovascular surgery, their properties make them
attractive candidates for potential preventive antiarrhythmic
therapies.

The afterdepolarizations observed in the dyssynchronic
group could be related to alterations in calcium handling
and leaks from the sarcoplasmic reticulum through the rya-
nodine receptors. These alterations have already been
described as associated with a more oxidized substrate in
patients undergoing coronary artery bypass grafting [36].
Dyssynchrony can promote stretching of the cells during
the repolarization phase of shortened action potentials, lead-
ing to mechanoelectric feedback capable of early afterdepo-
larization induction [37].
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Figure 4: Action potentials and arrhythmic triggers in interatrial dyssynchronic patients. (a) Averaged action potentials from three different
patients from each group; (b) quantification of action potential amplitude, resting membrane potential, maximum upstroke velocity
(ΔV/Δtmax), and the action potential duration at 30 and 90% of the repolarization from both groups. ∗p < 0:01 by t-test; (c)
arrhythmogenic triggers in 2 seconds traces from two dyssynchronic patients. The blue arrows mark delayed afterdepolarizations, which
are very frequent in dyssynchronous patients. Green arrowheads indicate triggered events from early afterdepolarizations.
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4.3. Atrial Dyssynchrony, Inflammation and Nitrooxidative
Stress. The signal with nitrotyrosine was clearly higher in
dyssynchronic patients, indicating an increased nitrooxida-
tive state in this group. Accumulating data suggest that
inflammation and oxidative stress are involved in the devel-
opment, recurrence, and persistence of atrial fibrillation
[38]. Myocardial oxidative injury can lead to an increased
susceptibility to postoperative atrial fibrillation by impairing
atrial contraction, altering myofibrillar energetics, and reduc-
ing atrial effective refractory period [5]. As a biomarker of
oxidative damage, 3-nitrotyrosine has been widely studied.

The formation of 3-nitrotyrosine increases in various car-
diovascular diseases, such as cardiac failure, hypertension,
atherosclerosis, and cardiovascular complication of diabe-
tes [39]. 3-Nitrotyrosine formation associates with atrial
fibrillation in patients with mitral valve disease [14, 40].
Peroxynitrite has been suggested to participate in oxida-
tive damage, which may contribute to atrial contractile
dysfunction in atrial fibrillation [41]. Here, we found
an increase of 3-nitrotyrosine in the dyssynchronic
group, making the echocardiogram a potential oxidative
stress indicator.
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Figure 5: Automatic quantification of Cx40 and Cx43 lateralization. Cardiomyocyte detection in samples marked with wheat germ agglutinin
(WGA) and antibodies anti-SERCA2a and anti-Cx40 in (a) or anti-Cx43 in (b). White bars correspond to 100 μm. The numbers 1 and 2 are
used to trace the origin of the myocytes shown in (c) and (d). Each cell is divided into 4 rectangles to estimate the lateral-to-total ratio of
connexins from the individual channel of the connexins marks. White bars correspond to 20 μm. (e) Median and quartiles of the
percentage values for the lateralization of each connexin and ∗p < 0:01 by Mann–Whitney tests.
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Inflammation levels were clearer in the dyssynchronic
group. POAF is associated with a higher expression of NF-
κB, myocardial fibrosis, and impaired cardiomyocyte com-
munication before the bypass surgery [11]. The histological
results presented here show higher degree of colocalization
between TNFα patches and the Cx40 close to the intercalated
disc. Lateralized Cx40 did not show this association with
TNFα. The latter weakens the relation between structural
remodeling and inflammation. TNFα should be interpreted

with caution as the signal was disturbed by the fluorescence
of red blood cells. An altered substrate of Cx40 can worsen
the downregulation described during bypass surgery [42].

5. Conclusion

In conclusion, our results demonstrate that a novel noninva-
sive echocardiographic evaluation of interatrial dyssyn-
chrony is better than the surface ECG to identify
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Figure 7: Detection of nitrooxidative stress levels and Cx43 expression in atrial samples from synchronic and dyssynchronic patients. (a) An
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proarrhythmic atrial electrical and structural remodeling,
with increased susceptibility to POAF. The increase in the
KATP channel and the lateralization of connexins observed
in dyssynchronic atria could shorten action potential and
predispose hearts to reentrant circuits. Inflammation and
nitrooxidative stress can increase the proarrhythmic sub-
strate. These factors were all estimated by a simple, noninva-
sive technique. Future research using this technique will help
to further understand the potential role of atrial dyssyn-
chrony as a preoperative predictor of atrial fibrillation in
the context of cardiovascular surgery.
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In addition to high plasma glucose, increased levels of trimethylamine N-oxide (TMAO) have been found in obese subjects, where
are considered as a novel risk factor for cardiovascular diseases. The present study aimed to investigate the effect of a novel
nutraceutical formulation based on grape polyphenols (registered as Taurisolo®) in counteracting TMAO- and high glucose
(HG)-induced cytotoxicity in cardiomyoblast H9c2 cells. Cell damage was induced with HG (HG-H9c2) and HG+TMAO
(THG-H9c2); both experimental cell models were, thus, incubated for 72 h in the presence or absence of Taurisolo®. It was
observed that Taurisolo® significantly increased the cell viability and reduced lactate dehydrogenase and aspartate transaminase
release in both HG- and THG-H9c2 cells. Additionally, through its antioxidant activity, Taurisolo® modulated cell proliferation
via ERK activation in THG-H9c2. Furthermore, Taurisolo® was able to induce autophagic process via increasing the expression
of LC3II, a protein marker involved in formation of autophagosome and ex novo synthesis of sphingomyelin, ceramides, and
their metabolites both in HG- and THG-H9c2 cells. Finally, Taurisolo® reduced hypertrophy and induced differentiation of
HG-H9C2 cells into cardiomyocyte-like cells. These data suggest that Taurisolo® counteracts the toxicity induced by TMAO
and HG concentrations increasing autophagic process and activating de novo sphingolipid synthesis, resulting in a
morphological cell remodeling. In conclusion, our results allow speculating that Taurisolo®, combined with energy restriction,
may represent a useful nutraceutical approach for prevention of cardiomyopathy in obese subjects.

1. Introduction

Obesity is a medical condition mainly characterized by
increased body fat accumulation, which negative effects on
health are well-known. Excessive adipose tissue is among
the leading causes of chronic inflammation that, in turn,
plays a pivotal role in developing or worsening the outcome
of various pathologies such as metabolic, cardiovascular,
respiratory, viral, and tumoral [1]. Obesity is a widely spread
health problem in the world, and it has been recognized as a
risk factor for the development of metabolic disorders, such

as type 2 diabetes, cardiovascular disease, or atherosclerosis
[2, 3]. Diet-induced obesity (DIO) leads a significant increase
of oxidative stress (OS) and reduced antioxidant defense, and
it is associated with a typical chronic low-grade inflamma-
tion, which results in severe cardiovascular complications
[4, 5]. Moreover, in cardiomyocytes, DIO induced many
alterations, including mitochondria dysfunction [5], endo-
plasmic reticulum stress [6], apoptosis, and autophagy. Many
studies suggest that enhanced autophagy acts as a protective
mechanism against OS in the liver, adipose tissue, and skele-
tal muscle [7, 8]. Furthermore, when cardiac stresses are
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sustained for a prolonged period, e.g., in high blood sugar
levels, upregulation of autophagy promotes myocyte cellular
architecture remodeling. Sphingolipids (SLs), a heteroge-
neous lipid class that includes ceramide (Cer), sphingosine-
1-phosphate, and dihydroceramide present in all membrane
structures, have been associated to mediate distinct autopha-
gic pathways described as protective autophagy and
autophagy-associated cell death [1, 9]. A recent study showed
that Cer directly interacts with microtubule-associated pro-
tein light chain 3 (LC3) on mitochondrial membranes,
inducing autophagy [10]. Therefore, Cer has been shown to
reduce the nutrient transporters in plasma membrane result-
ing in autophagy activation. S1P has emerged as a cell-
proliferative lipid messenger. It has been found to induce
survival-mediated or protective autophagy under nutrient
starvation, but it was shown to not be related to Beclin1 pro-
tein accumulation or class I PI3K or Akt suppression [11, 12].
The conversion of Cer to S1P simultaneously accumulates
the survival effects and removes the death signals. This obser-
vation led to the concept of a so-called “SL rheostat” or “SL
biostat,” based on the relative amounts and reciprocal roles
of these antagonistic metabolites, which are critical in guid-
ing the destiny of cells [12–14].

Circulating trimethylamine N-oxide (TMAO) levels has
been recently highlighted as a potential prognostic marker
for cardiovascular diseases (CVD). Increased TMAO con-
centrations have also been associated with impaired glucose
tolerance and diabetes and were accompanied by other met-
abolic conditions such as low HDL cholesterol and phospho-
lipids and hypomethylation [15]. Recently, Annunziata et al.
demonstrated the ability of a novel nutraceutical formulation
based on grape pomace polyphenolic extract (registered as
Taurisolo®) to reduce the serum levels of TMAO in healthy
[16] and in overweight/obese subjects [17]. The authors have
hypothesized two mechanisms of action by which Taurisolo®
may exert its TMAO-reducing effect: the antioxidant activity
and the microbiota remodeling, both exerted by polyphenols.
The goal of the present study was to investigate the in vitro
effect and signaling mechanisms of Taurisolo® on prolifera-
tion, OS, morphological remodeling, and autophagy, in
trimethylamine TMAO and hyperglycemia damaged embry-
onic rat cardiomyoblast H9c2 cells.

2. Materials and Methods

2.1. Chemicals. All chemicals, standards, and reagents used
were either analytical or mass grade reagents. The water
was treated in a Milli-Q water purification system (Millipore,
Bedford, MA, United States) before use. Bovine serum albu-
min (BSA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) and trimethylamine N-oxide
(TMAO) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Phosphate-buffered saline (PBS) and trypsin-
EDTA were from Lonza (Milano, Italy). Fetal bovine serum
(FBS) and Dulbecco’s modified Eagle’s medium (DMEM)
were purchased from Gibco (Grand Island, NY, USA). West-
ern blot analysis was performed using the following primary
antibodies: polyclonal antibody (polyAb) p-ERK 44/42 and
polyAb ERK 44/42 from Cell Signaling Technology (Beverly,

MA, USA); monoclonal Ab Mn-SOD was from Santa Cruz
Biotechnology (San Diego, CA, USA). Blots were incubated
with horseradish peroxidase (HRP)-conjugated goat anti-
rabbit or HRP-conjugated goat anti-mouse (Immunorea-
gents Inc., Raleigh, NC, USA) secondary antibodies. Anti-
mAb was purchased from Santa Cruz Biotechnology and sec-
ondary antibodies conjugated to Alexafluor 488 from Life
Science, Portland, OR, USA, and 4′,6-diamidino-2-pheny-
lindole (DAPI) from Sigma-Aldrich.

2.2. Taurisolo® Supplement. Taurisolo® is a supplement con-
sisting of a polyphenol extract obtained from Aglianico culti-
var grape, collected during the autumn 2016 harvest. Firstly,
the Department of Pharmacy, University of Naples Federico II
(Naples, Italy), provided the supplement formulation; then,
the large-scale production was accomplished by MBMed Com-
pany (Turin, Italy). For the polyphenol extract production,
grapes were extracted with water (50°C), and the solution was
filtrated and concentrated and underwent a spray-drying pro-
cess with maltodextrins as support (40-70%) to obtain a fine
microencapsulated powder. As previously reported, the High-
Performance Liquid Chromatography-diodearray detector
(HPLC-DAD, Jasco Inc., Easton, MD, USA) polyphenol profile
of Taurisolo® revealed the presence of: Ferulic acid 10:5 ± 0:70
μg/g, Resveratrol 13:6 ± 0:64μg/g, Caffeic acid 20:7 ± 0:76
μg/g, Procyanidin B3 dimer 22:05 ± 6:61μg/g, p-coumaric acid
27:9 ± 0:66μg/g, Rutin 28:4 ± 0:70μg/g, Quercetin 40:22 ±
7:11μg/g, Procyanidin C2 trimer 44:6 ± 0:66μg/g, Procyanidin
B4 dimer 56:6 ± 0:88μg/g, Procyanidin B1 dimer 62:8 ± 0:59
μg/g, Procyanidin B2 dimer 426:5 ± 5:92μg/g, Syringic acid
539:2 ± 6:02μg/g, Epicatechin 886:0 ± 7:82μg/g, Gallic acid
1463:4 ± 65:5μg/g, and Catechin 4087:0 ± 64:5μg/g [18].

2.3. Cell Culture. Rat cardiomyocytes (H9c2) (ATCC, Manas-
sas, VA) cells were cultured in DMEM, at two different glu-
cose concentration 5.5mM (NH-H9c2) and 44mM (HG-
H9c2), supplemented with 10% fetal bovine serum,
100U/mL of penicillin, and 100 lg/mL of streptomycin in
150 cm2 tissue culture flasks at 37°C in a humidified atmo-
sphere of 5% CO2. The cells were fed every 2–3 days and sub-
cultured once they reached 70–80% of confluence. After 4 hr
incubation, cells were washed with 1% PBS to remove unat-
tached dead cells and treated with Tau (0,5μg/μL), TMAO
(50μM), and TMAO/Tau combination.

2.4. Cell Proliferation Assay. The evaluation of cell prolifera-
tion was performed on NG-H9c2 and HG-H9c2 cell line after
24 and 72 hr incubation with Taurisolo®, TMAO, and
TMAO/Tau combination. The cells were seeded in 96-well
plates in a number of 30 × 102 per well. The growth was
assessed by MTT viability assay as previously described
[19]. Then, MTT assay was carried out by triplicate determi-
nation on at least three separate experiments. All data were
expressed as mean ± SD. We have determined also the cell
number and proliferation by TC10 automated cell counter
(Bio-Rad, Milan, Italy).

2.5. Morphological Evaluation of Cardiomyocytes by Confocal
Microscopy. After 72hr incubation with Tau, TMAO, and
TMAO/Tau combination, the HG-H9c2 cells were fixed for
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20min with a 3% (w/v) paraformaldehyde (PFA) solution
and permeabilized for 10min with 0.1% (w/v) Triton X–
100 in phosphate-buffered saline (PBS) at room temperature.
To prevent nonspecific interactions of antibodies, cells were
treated for 2 hr in 5% fetal bovine serum (FBS) in PBS; then,
cells were incubated with a specific mouse monoclonal anti-
body raised against actin (1 : 500 Alexa Fluor®, BD Pharmin-
gen™) for 24 hr at 37°C. The slides were mounted on
microscope slides by Mowiol. The analyses were performed
with a Zeiss LSM 510 microscope equipped with a plan-
apochromat objective X 63 (NA 1.4) in oil immersion. Actin
fluorescence was collected in a multitrack mode. Aggiungere
dapi aggiungere nostra reference The nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI) [20].

2.6. Nitrite Levels. Nitrite was measured by the Griess reac-
tion. Briefly, 50μL of medium was mixed with an equal vol-
ume of the Griess reagent (0.5% sulfanilamide, 2.5% H3PO4,
and 0.05% naphthylethylene diamine in H2O) and incubated
for 10min at room temperature. Absorbance was assayed at
550 nm and compared with a standard curve obtained using
sodium nitrite. [21]

2.7. Thiobarbituric Acid-Reactive Species (TBARS) Assay.
Samples were incubated with 0.5mL of 20% acetic acid, pH
3.5, and 0.5mL of 0.78% aqueous solution of thiobarbituric
acid. After heating at 95°C for 45min, samples were centri-
fuged at 4000 rpm for 5min. The TBARS were quantified
by spectrophotometry at 532nm. Results were expressed as
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Figure 1: Taurisolo® (Tau) counteracts the H9c2 cell injury induced from TMAO in hyperglycemic condition. H9c2 cells were grown in
standard (5.5mM Glu NG-H9c2) and high glucose (44mM Glu, HG-H9c2) condition. The HG-H9c2 cells were treated, for 72 h with Tau
(0,5 μg/μL), TMAO(50μM), and TMAO-Tau combination. (a) The cell survival was performed with MTT assay. (b, c) AST and LDH as
makers of cell injury were performed by the colorimetric assay. (d) LDH1/LDH2 isoenzymes ratio was evaluated at 72 h by the
colorimetric assay. Each experiment was repeated at least three times. Results are expressed as mean ± SD.
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TBARS μM/g of proteins. Each data point is the average of
triplicate measurements, with each experiment performed
in triplicate.

2.8. AST and LDH Assay. NG-H9c2 and HG-H9c2 cardio-
myocytes (1 × 105 cells/well) after 24 and 72 hr incubation
with Taurisolo®, TMAO, and TMAO/Tau combination were
cultured in 6-well plates. The medium was collected for the
measurement of the Aspartate transaminase (AST) and Lac-
tate dehydrogenase (LDH) enzymes, including isoform 1 and
2 release. The enzyme activity was measured using an Abbott
Aeroset fully automatic biochemical analyzer (Abbott Labo-
ratories, USA). The levels of enzymes were assayed according
to the instructions provided with the corresponding enzy-
matic kits.

2.9. Western Blots. We followed the methods of Vanacore
et al. 2018 [22] for evaluation the protein expression by
Western blot. Briefly, the cells were cultured at different con-
dition for 72 hr, and then, cell pellets were lysed with 1mL of
lysis buffer (1% Triton, 0.5% sodium deoxycholate, 0.1M
NaCl, 1mM Ethylenediamine tetra-acetic acid (EDTA),
pH7.5, 10mM Na2HPO4, pH7.4, 10mM Phenylmethyl sul-
fonyl fluoride, 25mM benzamidine, 1mM leupeptin, and
0.025 units/mL aprotinin). The lysates were centrifuged at
12,000 rpm for 10min at 4°C. Equal amounts of protein
extracts were separated by SDS-PAGE, electrotransferred to
nitrocellulose, and reacted with the different antibodies
(ERK, pERK, LC3II, and Mn-SOD). All Western blots were
repeated for three times. GAPDH was used as internal
control. To quantify the results, the relative amount of each
protein was determined.

2.10. Mass Spectrometry. LIPID MAPS Lipidomics Gateway
and Human Metabolome Database queries were used to
assign putative identities to mass features using based on
mass accuracy within ±1Da. (http://www.lipidmaps.org/
data/structure/index.html.)

3. Results and Discussion

The present study was designed to test the ability of Tauri-
solo® to counteract or reduce the high glucose and TMAO-
induced cardiomyocytes damage. All experiments were per-
formed utilizing H9c2 cardiomyoblast cells growth in
DMEM with 5.5mM glucose (NG-H9c2), 44mM glucose
(HG-H9c2); both NG and HG-H9c2 cells were treated with
50μM TMAO (TNG-H9c2 THG-H9c2). We have set these
concentrations of glucose and TMAO, because they pro-
duced moderate H9c2 cardiomyocyte toxicity and could be
the conditions suitable for mimic in vitro diet-induced obe-
sity (DIO) model.

3.1. Cardioprotective Effects of Taurisolo® in H9c2 Cells under
TMAO-/High Glucose-Induced Cytotoxicity. To gain an
insight about the mechanism through which Taurisolo® sus-
tained the cardiomyocyte viability, we have damaged the
H9c2 cardiomioblastic cell line with high glucose concentra-
tion (44mM) and TMAO, a molecule linked to obesity and
energy metabolism [23, 24] (Figure 1). H9c2 vitality was
detected via MTT assay, while LDH and AST release assays
were performed for cellular injury. High glucose treatment
of H9c2 (44mM) significantly reduced cell viability (~25%;
P = 0:011) and increased both AST and LDH release
(P = 0,037 and P = 0, 0074, respectively) compared with the
NG-H9c2 growth in standard condition (5.5mM glucose).
In contrast, treatment with Taurisolo® was able to counteract
significantly the decrease of vitality and the AST and LDH
release in both HG-H9c2 and THG-H9c2 cells, while at the
same concentration, Tau-treated NG-H9c2 did not produce
the same effect.

In Figure 1(d), we reported the LDH1 : LDH2 isoenzyme
ratio, observing that increased of about 1,8 and 2,5 fold in
HG-H9c2 and THG-H9c2, respectively, compared to NG-
H9c2 (LDH1 : LDH2 ratio = 1). Interestingly, Taurisolo®
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Figure 2: Taurisolo® increased the nitric oxide values in the
medium of THG-treated H9c2 cells. The values of NO were
evaluated by the Griess assay. H9c2 cells were grown in standard
(5.5mM NG-H9c2) and high glucose (44mM Glu, HG-H9c2)
condition. The NG and HG-H9c2 cells were treated, for 72 h with
Tau (0.5 μg/μL), TMAO (50 μM), and TMAO-Tau combination.
Absorbance was assayed at 550 nm and compared with a standard
curve obtained using sodium nitrite. TBARS were quantified by
spectrophotometry at 532 nm. Results were expressed as TBARS
M/g of serum proteins. Each data point is the average of triplicate
measurements, with each experiment performed in triplicate.
Results are expressed as mean ± SD.
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treatment of THG-H9c2 counteracted the increase of
LDH1/LDH2 ratio. To demonstrate that the effect of Tauri-
solo® on proliferation was related to the reduction of reactive
oxygen species (ROS) production, we evaluated both lipid
peroxidation by aldheide reactive to thiobarbituric acids
(TBARS) assay and endogenous free nitric oxide (as NO2

-)
by the Griess assay (Figure 2). We observed a significant
increase of TBARS production in THG-H9c2 cells compared
to Taurisolo®-treated THG-H9c2 cells (P = 0:0159) and an
increase of NO production in the medium of Taurisolo®-
treated THG-H9C2 (P = 0:038) compared with untreated
THG-H9c2 cells. Furthermore, Taurisolo® treatment coun-
teracted the higher expression of Manganese Superoxide dis-
mutase (Mn-SOD) in THG-H9c2 cells (Figure 3).

Extracellular signal-regulated protein kinase (ERK) and
its phosphorylated form (pERK) are important mediators
of various cellular responses, such as proliferation, differenti-
ation, and cell death. It is noting that chronic high glucose
induced ERK phosphorylation and cell death. We detected
ERK activation by evaluating the pERK/ERK ratio by West-

ern blot analysis using phospho-specific antibodies. ERK
activation (Figure 4(a)) was elevated in HG-H9c2 cells com-
pared to NG-H9c2 cells (Figure 4), while it was significantly
reduced after TMAO treatment in both NG and HG-H9c2
cells. Of note, treatment with Tau modulated ERK activation
in prosurvival manner both HG and THG-H9c2 cells.

Collectively, these data suggested that the association of
72 h-hyperglycemia and 72 h-TMAO treatment of H9c2 cells
led to both cardiac cell cytotoxicity and increase in OS, as
mainly indicated by the increases of both lipid peroxidation
and antioxidant enzyme levels. Taurisolo® treatment miti-
gated the increases in AST and LDH levels and increased
H9c2 cell viability, suggesting its protective effect on cardio-
myocytes during both hyperglycemia- and TMAO-caused
damage. Furthermore, these results showed that Taurisolo®
reduced THG-induced H9c2 injury by reducing OS.
Decreased levels of TBARS are combined with increase of
free NO production, suggesting a potential involvement of
Taurisolo® in regulating the balance between NO and perox-
ynitrite. A protective effect of NO has also been observed in
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Figure 3: Taurisolo® (Tau) increase LC3II expression and counteract high levels of MnSOD. H9c2 cells were grown in standard (5.5mM Glu
NG-H9c2) and high glucose (44mM Glu, HG9c2) condition. The NG and HG-H9c2 cells were treated, for 72 h with Tau (0.5μg/μL), TMAO
(50μM), and TMAO-Tau combination. (a) Bar graphs show densitometrically quantified LC3II, MnSOD with respect to house-keeping
GAPDH in NG (5.5mM glucose) and HG-H9c2 cells. Representative immunoblots of Tau treated TNG-H9c2 (b) and THG-H9c2 cells (c).
Each data point is the average of triplicate measurements, with each experiment performed in triplicate. Results are expressed as mean ± SD.
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endothelial cells, cardiomyocytes [25], and inflammatory
cells [26]. When MnSOD is overexpressed, more superoxide
radicals are converted to H2O2, which acts as a cytotoxic
agent, and therefore are removed from the physiological
equilibrium, causing an increased production of membrane
lipid peroxidation. To demonstrate that the cellular damage
effect of high glucose and TMAO was related to increased
oxidative stress, we assessed cell vitality after treatment for
24 h with 10μMN-acetyl cysteine (NAC) widely used as a
pharmacological antioxidant and cytoprotective compound.
In this experimental condition, we did not observe growth
inhibition in both HG and THG-H9c2 cells (data not
shown). In conclusion, the protective effect of Taurisolo®
on cell viability and cell injury is closely linked to the antiox-
idant activity of its polyphenol composition. To demonstrate
that the antiproliferative effect inducted in high glucose con-
centration was related to increased oxidative stress, we
assessed cell vitality after treatment for 24 h with 10μM
NAC. In this experimental condition, we did not observe
growth inhibition in both HG and THG-H9c2 cells (data
not shown) compared to NG-H9c2 cells. In conclusion, the
protective effect of Taurisolo® on cell viability and cell injury
is closely linked to the antioxidant activity of its polyphenol
composition. The antioxidant potential of Taurisolo® results
in decreased both expression of MnSOD (Figures 3(a)–3(c))
and lipid peroxidation levels. Conversely, the increased
release of NO leads to an ERK activation and a consequently

prosurvival effect against TMAO damage induced in the
H9c2 cells.

.

3.2. Taurisolo® Increases Autophagic Process and Remodeling
α-Actin Distribution under High Glucose- and TMAO-
Induced H9c2 Injury. As autophagy is important for the
maintenance of mitochondrial homeostasis, it was hypothe-
sized that Taurisolo® may preserve the H9c2 from injury
induced by TMAO and hyperglycemia via autophagy activa-
tion. To prove this hypothesis, we evaluated the autophagy
marker protein microtubule-associated protein LC3II
expression by western blot analysis. TMAO treatment of
HG-H9c2 induced a downregulation of autophagy, as evi-
denced by a decrease in LC3II, compared with the HG-
H9c2 cells. 72 h-treatment with TMAO/Taurisolo® combina-
tion of HG-H9c2 cells was able to reverse the decrease of
LC3II expression in THG-H9c2 cells (Figures 3(a)–3(c)).
Morphological changes induced by both HG and TMAO in
H9c2 cells were detected by α-actin immunofluorescence by
confocal microscopy; the representative results were shown
in Figure 5. The α-actin protein (green signal) in
Taurisolo®-treated HG-H9c2 cells was uniformly distributed
in the cytoplasm, and cells presented a typical elongated form
with respect to untreated HG-H9c2 cells where the shape
appeared enlarged and rounded; in THG-H9c2 cells, α-actin
accumulated, forming evident punctuated signals.
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Figure 4: Taurisolo® modulated ERK activation. H9c2 cells were grown in standard (5.5mM Glu NG-H9c2) and high glucose (44mM Glu,
HG9c2) condition. The NG and HG-H9c2 cells were treated, for 72 h with Tau (0.5μg/μL), TMAO (50 μM), and TMAO-Tau combination.
(a) Bar graphs show densitometrically quantified ratio of p-ERK/ERK in H9c2 cells. (b) Representative immunoblots of NG-H9c2 cells treated
with Tau, TMAO, and Tau-TMAO combination. (c) Representative immunoblots of HG-H9c2 cells treated with Tau, TMAO, and Tau-
TMAO combination. Each data point is the average of triplicate measurements, with each experiment performed in triplicate. Results are
expressed as mean ± SD.
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Meanwhile, Taurisolo® treatment reduced actin aggregation
in THG-H9c2 cells. These results demonstrate that exposure
to Taurisolo® in both HG and THG-H9c2 cells induced α-
actin spatial organization and a functional cell morphological
conformation. The purpose of autophagy is to ensure quality
control of organelles and proteins, as well as protection of
intracellular homeostasis in stress and nutrient efficiency
[27–32]. Autophagy is involved in the maintenance of organ-
elle integrity, protein quality [33], and modulated and to par-
ticipate in the pathogenesis of human diseases, such as DM,
neurodegenerative diseases, aging, and vascular disease [7,
34, 35]. It has been reported that antioxidant molecules such
as resveratrol by increasing autophagic flux ameliorates dia-
betic cardiomyopathy [36]. In THG-H9c2 damage cell model

cells, we demonstrated that Taurisolo®, restoring the autoph-
agic process, induces a reduction of the actin aggregation,
restoring a normal cell morphology.

3.3. Taurisolo® Induces the Ex Novo Synthesis of
Sphingomyelin, Ceramides, and Their Metabolites. SLs are
molecules implicated in cell survival and autophagy. Bioac-
tive lysolipids, including Cer and sphingosine-1-phosphate,
may act as both extracellular and intracellular mediators.
We used tandem mass spectrometry to investigate which
sphingolipids were secreted in the cell medium in
Taurisolo®-treated HG- and THG-H9c2 cells. In
Figure 6, the positive ion mass spectrometry profile of
lipid extract in the medium of the HG-H9c2, THG-

(a)

(b)

(c)

(d)

Figure 5: Representative microphotographs of HG-H9c2 cells. Cardiomyocyte was identified with α-actin antibody (green signal), and the
nucleus was identified by DAPI (blue signal). (a) H9c2 cell growth with 44mM glucose (HG-H9c2). (b) HG-H9c2 was treated for 72 h
with Tau (0.5 μg/μL). (c) HG-H9c2 cell was treated for 72 h with TMAO (50 μM). (d) HG-H9c2 cell was treated for 72 h with TMAO/Tau
combination.
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H9c2, and both Taurisolo®-treated HG- and THG-H9c2
cells was reported. In both HG- and THG-H9c2 spectra,
we identified the following peaks: d18: 1 sphingoid base
and phosphocholine headgroup (449m/z) [37] (Monoun-
saturated 18-carbon dihydroxylated sphingoid base linked
to one chain of palmitic acid denominated 1-O-tricosa-
noyl-Cer (d18: 1/16: 0) (875m/z) and N-(hexacosanoyl)-
eicosasphinganine-1-O-[D-mannopyranosyl-α1-2-myo-ino-
sitol-1-phosphate] MIPC (d20 : 0/26 : 0) (1111m/z). We
observed in the lipid fingerprint profile of Tau-treated
HG- and THG-H9c2 cells that the metabolite peaks were
centered between 200 and 1500m/z as sphingosine, C16-
C18 sphinganine-1-phosphate, PE-Cer (d16 : 2/20 : 1), SM
(d18 : 0/16 : 0), PI-Cer (d18 : 0/16 : 0), 1-O-stearoyl-Cer
(d18 : 1/18 : 0)/Or 1-O-eicosanoyl-Cer (d18 : 1/16 : 0), MIPC
(18 : /20), PIM2 (16 : 0/18 : 1), and Glu/Gal-ceramide. Cer
plays a central role in sphingolipid metabolism. Cer con-
sists of sphingoid long-chain base linked to an acyl chain
via an amide bond and synthesized de novo in the endo-
plasmatic reticulum (ER); it can be modified into Golgi
in sphingomyelin (SM), sphingosine, and glycosphingoli-
pids (e.g., galactosylceramide) and are transported to the
plasma membrane (PM). Cer can then be metabolized into
ceramide-1-phosphate (C1P) and sphingosine-1-phosphate
(S1P) or be resynthesized back into SM. Sphingosine was
associated with growth arrest [38] (whereas SP1 promoted

cell proliferation and prevents programmed cell death
[39]). In H9c2 cells, higher glucose concentration may
block the Cer production and then promote transforma-
tion in SM and Sph1P, whereas Taurisolo® treatment of
HG and THG-H9c2 cells induced a reprogramming lipid
metabolism and increased Cer, SM, and Sph1P produc-
tions that may protect the cardiomyocyte from glucose
cytotoxicity. Further in vivo researches may serve to
license Taurisolo® as a useful nutraceutical approach in
the prevention of heart damage in obese subjects.

4. Conclusion

It has been previously reported that polyphenols enhance
glucose uptake, mainly in the muscular tissue, via increasing
expression and/or translocation of GLUT4 transporters [40–
42]. Moreover, studies demonstrated that polyphenols Res-
veratrol and Quercetin exert antioxidant and anti-
inflammatory properties [43–46] and can ameliorate the dia-
betic complications [47]. However, the beneficial effects of
polyphenolic compounds in functional foods and nutraceuti-
cals are affected by several factors compromising their bio-
availability. Notably, several strategies have been developed
by the pharmaceutical and nutraceutical industries in order
to counteract this crucial concern, including microencapsu-
lation in various coating materials. Microencapsulation,
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Figure 6: Positive mass spectra of lipid extracted frommedia of H9c2 cells. Positive ion electrospray mass spectra of lipid molecular species in
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treatment (Tau-HG-H9c2; Tau-THG-H9c2). Aliquots of chloroform extracts were analyzed directly by electrospray as described in the
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indeed, has been demonstrated to (i) protect polyphenols
against degrading factors met during the transit in the gastro-
intestinal tract, including pH variations and digestive
enzymes (increasing, thus, their bioaccessibility) and (ii)
favor their absorption across the intestinal barrier (increasing
their bioavailability) [48]. In this sense, Taurisolo® is a nutra-
ceutical formulation based on grape polyphenols microen-
capsulated in maltodextrins. In our previous studies [16],
we demonstrated high bioavailability of Taurisolo® polyphe-
nols, leading to assume that also after oral administration,
these bioactive compounds may reach high tissue
concentrations.

Annunziata and colleagues [16, 17] have demonstrated
the ability of the Taurisolo® to reduce circulating levels of
TMAO, a molecule related to metabolic syndrome and car-
diovascular risk [49]. Moreover, the TMAO levels are
inversely associated with the adherence to the Mediterranean
diet [50]. The present study was designed to test the ability of
Taurisolo® to counteract or reduce the cardiomyocytes dam-
age induced by high glucose concentration and TMAO. The
hyperglycemia in ventricular cardiomyoblasts H9c2 cell
induces cytotoxicity, OS, and cellular hypertrophy, whereas
TMAO reduces autophagy and causes actin accumulation.
Taurisolo® exerted a protective effect on both hyperglycemia
and TMAO-induced H9c2 cell injury by (1) modulation of
OS through its direct scavenger action, (2) induction of mor-
phological changes by α-actin redistribution, and (3) activa-
tion of the autophagic process by means of the ex novo
synthesis of Cers and their metabolites [51]. Here, we dem-
onstrated that Taurisolo® improves in vitro HG- and
TMAO-induced H9c2 dysfunction, suggesting that Tauri-
solo®, combined with energy restriction, may represent a
useful nutraceutical approach for the prevention of cardio-
myopathy in obese subjects.
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This study examines the effects of chicoric acid (CA) on nonalcoholic fatty liver disease (NAFLD) in high-fat-diet- (HFD-) fed
C57BL/6 mice. CA treatment decreased body weight and white adipose weight, mitigated hyperglycemia and dyslipidemia, and
reduced hepatic steatosis in HFD-fed mice. Moreover, CA treatment reversed HFD-induced oxidative stress and inflammation
both systemically and locally in the liver, evidenced by the decreased serum malondialdehyde (MDA) abundance, increased
serum superoxide dismutase (SOD) activity, lowered in situ reactive oxygen species (ROS) in the liver, decreased serum and
hepatic inflammatory cytokine levels, and reduced hepatic inflammatory cell infiltration in HFD-fed mice. In addition, CA
significantly reduced lipid accumulation and oxidative stress in palmitic acid- (PA-) treated HepG2 cells. In particular, we
identified AMPK as an activator of Nrf2 and an inactivator of NFκB. CA upregulated AMPK phosphorylation, the nuclear
protein level of Nrf2, and downregulated NFκB protein level both in HFD mice and PA-treated HepG2 cells. Notably, AMPK
inhibitor compound C blocked the regulation of Nrf2 and NFκB, as well as ROS overproduction mediated by CA in PA-treated
HepG2 cells, while AMPK activator AICAR mimicked the effects of CA. Similarly, Nrf2 inhibitor ML385 partly blocked the
regulation of antioxidative genes and ROS overproduction by CA in PA-treated HepG2 cells. Interestingly, high-throughput
pyrosequencing of 16S rRNA suggested that CA could increase Firmicutes-to-Bacteroidetes ratio and modify gut microbial
composition towards a healthier microbial profile. In summary, CA plays a preventative role in the amelioration of oxidative
stress and inflammation via the AMPK/Nrf2/NFκB signaling pathway and shapes gut microbiota in HFD-induced NAFLD.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by
hepatic fat accumulation in patients without consumption
of excessive alcohol, is the manifestation of metabolic syn-
drome in the liver. NAFLD ranges from simple hepatic stea-
tosis to steatohepatitis (NASH), fibrosis, and cirrhosis [1].
The prevalence of NAFLD is increasing rapidly worldwide,
which has become the major cause of chronic liver disease
consistent with the increasing incidence of obesity [2]. The
underlying mechanism in the development of NAFLD is
complicated. The increase of free fatty acid (FFA) levels could

cause fat accumulation, along with consequent oxidative
stress and insulin resistance to activate proinflammatory
cytokine production and release systemically and locally in
the liver [3]. Hepatic oxidative stress and inflammation have
been revealed to play critical roles in the progression of
NAFLD in recent studies [3, 4]. It is reported that anti-
inflammatory therapy can effectively improve the NAFLD/-
NASH [5]. Besides, gut microbiota was also considered to
play an important role in the pathophysiology of NAFLD,
through the gut-liver axis [6].

Adenosine monophosphate-activated protein kinase
(AMPK) has been proposed to be a potential therapeutic
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target of NAFLD [7]. As a key energy sensor to alter meta-
bolic pathways, previous studies largely focused on its role
on regulation of energy metabolism in related diseases [8,
9]; however, AMPK also took part in the modulation of
inflammatory signaling pathways [10]. Recently, attention
has shifted toward the role of AMPK on influence of inflam-
matory degree in metabolic disorders [11], yet its action on
alleviating the progression of NAFLD has not been attracted
sufficiently. In response to chronic low-grade inflammation
induced by high-fat diet (HFD), AMPK activity was found
to be reduced in the liver [12]. Moreover, liver-specific
AMPK activation would decrease the expression of inflam-
mation genes, which gain improvements in obesity [13].
Besides, it is believed that AMPK exerts a positive influence
on Kelch-like ECH-associated protein 1/nuclear factor-
related factor 2 (keap1/Nrf2) signaling [14], thus increasing
the cellular defense against oxidative and other harmful
insults. Accumulating evidence suggests the functional cross-
talk between Nrf2 and nuclear factor-κB (NFκB) [15], since
the latter is a key transcription factor regulating the cellular
response to inflammation. Nevertheless, the related associa-
tion among AMPK, Nrf2, and NFκB signaling in the liver
has not been well investigated in NAFLD. Therefore, we
started to examine the crosstalk among AMPK, Nrf2, and
NFκB in the alleviation of hepatic oxidative and inflamma-
tory injury in high-fat-induced NAFLD.

Chicoric acid (CA), a major nutraceutical component of
chicory (Cichorium intybus L.), exhibited a wide range of
pharmacological effects including antioxidant, antiviral,
anti-inflammatory, and antihyperglycemic activities [16–
19]. Although there are few reports revealing the protective
effects of chicory seed extract on diabetes- and oleic acid-
induced NAFLD [20], information concerning the specific
molecular mechanism of CA on HFD-induced NAFLD is
rarely available. Growing scientific evidence has demon-
strated the regulation of gut microbiota by natural com-
pounds in metabolic disorders which also include NAFLD
[21, 22], while the effect of CA on gut microbiota still remains
unclear. Overall, the aim of the present study was to investi-
gate the effect and its underlying mechanism of CA on oxida-
tive stress and inflammation in the liver of HFD mice and
palmitic acid- (PA-) incubated human hepatoma cell line
(HepG2), in addition, to further explore the potential cross-
talk among the AMPK, keap1/Nrf2, and NFκB pathways,
and to evaluate whether its effects are related to modulations
in the gut microbiota of HFD mice.

2. Results

2.1. CAMitigated Hyperglycemia, Dyslipidemia, and Systemic
Inflammation in Mice Fed with a High-Fat Diet. As illus-
trated in Figures 1(a) and 1(b), significant higher body weight
and white adipose weight were observed in the HFD group in
comparison with the ND group (p < 0:001). CA (15 and
30mg/kg) administration significantly reduced body weight
and white adipose weight in comparison with the HFD group
(p < 0:01, p < 0:001). Compared with the ND mice, the HFD
mice exhibited a significant increase in fasting blood glucose
level (p < 0:001). Consequently, CA significantly reduced

fasting blood level in mice fed with a high-fat diet
(Figure 1(c); p < 0:001). In addition, compared with the ND
mice, serum total cholesterol (TC), triglyceride (TG), and
low-density lipoprotein cholesterol (LDL-C) levels were sig-
nificantly increased, and high-density lipoprotein cholesterol
(HDL-C) level was decreased in the HFD mice (p < 0:001),
while CA administration significantly downregulated TC,
TG, and LDL-C levels, as well as upregulated HDL-C level
(Figures 1(d)–1(g); p < 0:05, p < 0:001). Furthermore, the
serum levels of interleukin- (IL-) 2, IL-6, IL-1β, and tumor
necrosis factor- (TNF-) α were all increased in the HFD
group in comparison with the ND group (p < 0:001). Conse-
quently, CA (15 and 30mg/kg) administration led to the
reduction of IL-2 (p < 0:01), IL-6 (p < 0:001), IL-1β
(p < 0:001), and TNF-α (p < 0:01, p < 0:05). These results
suggested that CA could ameliorate HFD-induced hypergly-
cemia, dyslipidemia, and inflammation in mice.

2.2. CA Alleviated Hepatic Lipid Accumulation, Oxidative
Stress, and Liver Injury in Mice Fed with a High-Fat Diet.
Lipid accumulation in the liver is a sign of NAFLD. As
observed in Figure 2(a), Oil Red O- (ORO-) stained lipid
droplets were more prominent in sections from the HFD
mice in comparison with those of the ND mice, while CA-
treated mice had a relative healthier liver tissue (p < 0:001).
Moreover, large areas of steatosis, cytoplasmic vacuolation
(red arrow), and inflammatory cell infiltration (black arrow)
were seen in hepatic hematoxylin and eosin (H&E) staining
of the HFD mice; all of which were ameliorated after CA
treatment (Figure 2(b)). NAFLD activity score analysis also
showed the decrease of NAFLD lesion severity by CA
(Figure 2(c); p < 0:001, p < 0:001). The serum MDA level
was prominently increased, while the SOD activity was
decreased in the HFD group in comparison with those of
the ND group (p < 0:001), and these parameters were all
reversed after CA administration (Figures 2(d) and 2(e); p
< 0:01, p < 0:001). As showed in Figure 2(f), dihydroethi-
dium (DHE) staining of the liver in HFD mice established a
distinct higher in situ ROS in comparison with the ND mice
(p < 0:001). However, both two doses of CA treatment nota-
bly restored ROS overproduction in the liver (p < 0:001).
Furthermore, the enzymatic activities of serum pyruvic
transaminase/alanine aminotransferase (GPT-ALT) and glu-
tamic oxaloacetic transaminase/aspartate aminotransferase
(GOT-AST) were dramatically increased in HFD mice
(p < 0:001). These two markers of liver injury were both
reversed after CA treatment (Figures 2(g) and 2(h); p < 0:01
, p < 0:001). All above data suggested that CA could amelio-
rate HFD-induced lipid accumulation, oxidative stress, and
liver injury.

2.3. CA Suppressed the Hepatic NFκB Pathway and Liver
Inflammation in HFD Mice. The inflammatory reaction is
one of the major features of liver injury in NAFLD [23]. To
determine whether CA could inhibit hepatic inflammatory
responses in NAFLD, we assessed the hepatic levels of
inflammatory cytokines. As showed in Figure 3(a), the
hepatic levels of inflammatory cytokines were all increased
in the HFD group in comparison with the ND group
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(p < 0:001). Consequently, CA administration reduced IL-2
(p < 0:01), IL-6 (p < 0:01, p < 0:001), IL-1β (p < 0:01), and
TNF-α (p < 0:05, p < 0:05) levels in the liver. As a transcrip-

tion factor that plays a crucial role in inflammation, NFκB
can facilitate the occurrence and development of NAFLD
[24]. In parallel with the elevated levels of these inflammatory
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Figure 1: Effects of CA on hyperglycemia, dyslipidemia, and inflammation in HFD mice. CA affected body weight (a), white adipose (b),
blood glucose (c), serum TC (d), TG (e), HDL-C (f), LDL-C (g), and serum inflammatory cytokines (h) in HFD-fed mice. C57BL/6 mice
were randomly divided into four groups: in the ND group, mice were fed with a ND and received 0.9% NaCl solution. In the HFD group,
mice were fed with a HFD diet and received 0.9% NaCl solution. In the two HFD+CA groups, mice were fed with a HFD and received
15mg/kg or 30mg/kg of CA once daily by oral gavage. Data represent the mean ± SEM, n = 8 per group. +++p < 0:001 vs. ND group. ∗p <
0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. HFD group.
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cytokines, the hepatic protein expression levels of p-IKKα/β
(p < 0:01), p-IκBα (p < 0:01), and p-NFκB (p < 0:001) were
all significantly increased in HFD mice in comparison with
those of ND mice, while CA administration led to a remark-
able reduction of these parameters (Figure 3(b); p < 0:01).
These findings demonstrated the significant anti-
inflammatory effect of CA in NAFLD.

2.4. CA Ameliorated Lipid Accumulation and Oxidative Stress
and Inhibited the NFκB Pathway in PA-Treated HepG2 Cells.
To further investigate the role of CA in the amelioration of
NAFLD, we constructed an in vitro NAFLD model by using
HepG2 cells as previously described [25]. As shown in
Figure 4(a), there was no significant growth inhibition of
HepG2 cells after CA treatment even up to the concentration
of 250μM, indicating the well safety of CA. Significantly
more lipid droplets were observed in PA-treated HepG2 cells
than those of the normal group (Figure 4(b); p < 0:001). And
the results showed that the intracellular TC and TG levels
were significantly increased in PA-treated HepG2 cells in
comparison with the normal group (Figure 4(c); p < 0:001).
Interestingly, the accumulation of lipids induced by PA treat-
ment was significantly decreased by CA (10 and 20μM)
administration (p < 0:01, p < 0:001). As showed in
Figure 4(d), using DHE and MitoSOX Red staining, we
observed that CA reduced the intracellular O2

⋅− and mito-
chondrial oxidative stress in PA-treated HepG2 cells
(p < 0:001). To further confirm the antioxidant effect of CA
in NAFLD, we assessed intracellular ROS through the 2′,7′
-dichlorofluorescein diacetate (DCFH-DA) detector. PA
treatment significantly elevated ROS production in HepG2
cells, but it was prevented after CA administration
(Figure 4(e); p < 0:001). In addition, the protein levels of p-
IKKα/β (p < 0:01), p-IκBα (p < 0:001), and p-NFκB
(p < 0:01) were significantly increased in PA-treated HepG2
cells, which were remarkably decreased after CA administra-
tion (Figure 4(f); p < 0:01, p < 0:001). These data suggested
the lipid regulation, antioxidant activity, and the inhibition
of the NFκB pathway of CA in vitro evaluation.

2.5. CA Activated Keap1/Nrf2 Signaling Both in the Liver of
HFD Mice and PA-Treated HepG2 Cells. The keap1/Nrf2
pathway is one of the most important defense mechanisms
against oxidative stress. It has been shown that Nrf2-/- mice
fed with a high-carbohydrate diet failed to induce antioxidant
enzymes resulting in oxidative liver damage [26]. In the pres-
ent study, high keap1 protein level (p < 0:01) and low nuclear
Nrf2 protein level (p < 0:001) were both observed in the liver
of HFD mice. In accordance with the inhibition of nuclear
Nrf2, significant decreases of protein levels of HO-1
(p < 0:001), SOD1 (p < 0:01), and SOD2 (p < 0:001) were also
detected in the liver of HFD mice in comparison with those
in ND mice. However, treatment with CA significantly
decreased keap1 protein expression level (p < 0:05), upregu-
lated nuclear Nrf2 protein level (p < 0:001, p < 0:01), and
increased the protein levels of HO-1 (p < 0:01, p < 0:001),
SOD1 (p < 0:001, p < 0:01), and SOD2 (p < 0:01) in the liver
of mice fed with a high-fat diet (Figure 5(a)). In accordance
with the suppression of keap1/Nrf2 signaling in the liver of

HFD mice, we also observed the elevated keap1 (p < 0:05),
downregulated nuclear Nrf2 (p < 0:001), and decreased
HO-1 (p < 0:05), SOD1 (p < 0:001), and SOD2 (p < 0:05)
protein levels in PA-treated HepG2 cells, and all of these
parameters were reversed to normal after CA administration
(Figure 5(b)).

2.6. CA Suppressed Oxidative Stress and Inflammation via
AMPK Activation. AMPK is a key energy sensor of cellular
metabolism, including oxidative stress and inflammation
[27, 28]. Both in the liver of HFD mice and PA-treated
HepG2 cells, decreased AMPK phosphorylation at threonine
183/172 levels (p < 0:01) could be observed in the present
study. However, the protein level of p-AMPK was signifi-
cantly elevated after CA administration both in vivo and
in vitro (Figures 6(a) and 6(b); p < 0:05, p < 0:01). To further
investigate whether CA activates keap1/Nrf2 and inhibits
NFκB via AMPK to suppress oxidative stress and inflamma-
tion in NAFLD, AMPK activator AICAR and AMPK inhibi-
tor compound C were used as a pair in the CA-mediated
action of PA-treated HepG2 cells. The results showed that
AICAR (0.5mmol/L) partly mimicked, while compound C
(CC, 10μmol/L) partly abolished, the downregulative effect
of CA on keap1, the upregulative effect of CA on nuclear
Nrf2 protein level, and the downregulative effect of CA on
NFκB phosphorylation level in PA-treated HepG2 cells
(Figures 6(c)). These results suggested that the AMPK path-
way was involved in the CA-induced keap1-dependent acti-
vation of Nrf2 and suppression of NFκB in PA-treated
HepG2 cells.

Moreover, both AICAR and CC were used to investigate
whether the AMPK pathway was also involved in the CA-
mediated antioxidant effect in PA-treated HepG2 cells. Our
data showed that AICAR partly mimicked, while compound
C partly abolished the downregulation of CA on ROS pro-
duction in PA-treated HepG2 cells (Figure 6(d)).

In addition, the Nrf2 inhibitor ML385 (5μM) partly
blocked the upregulation of SOD1, SOD2, and HO-1 and
the downregulation of ROS production by CA in PA-
induced HepG2 cells. These results indicate Nrf2 as a key fac-
tor in the regulation of oxidative stress by CA. Likewise, we
investigated whether ML385 blocked the role of CA-
mediated NFκB inactivation. The result showed that ML385
diminished CA-induced NFκB suppression, suggesting that
Nrf2 plays a key role in CA-mediated amelioration of inflam-
mation (Figures 6(e) and 6(f)).

All these data above demonstrated that CA might sup-
press oxidative and inflammation via AMPK-mediated
keap1/Nrf2 activation and NFκB inhibition in NAFLD.

2.7. CA Shaped the Gut Microbiota in HFD Mice. Gut micro-
biota dysbiosis has been repeatedly observed in NAFLD and
NASH [29]. To reveal the possible contribution of gut micro-
biota in the therapeutic action of CA, we analyzed the fecal
microbiota composition using the 16S rRNA pyrosequencing
based on V3-V4 region. After size filtering, quality control,
and chimera removal, we totally detected 1953854 raw tags
from 24 fecal samples with 1953854 clean sequences for fur-
ther analysis, from which were clustered into operational
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Figure 2: Continued.
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taxonomic unit (OTU) with similarity higher than 97%.
According to the rarefaction curve analysis (Figure 7(a)),
the OTU rarefaction curves reached a steady level, indicating
that the libraries were large enough to obtain the major infor-
mation of the bacterial diversity in all samples. A Venn dia-
gram displaying 593 OTUs was shared among 3 groups,
and each group owned unique OTUs (Figure 7(b)). Alpha
analyses with chao1 (p < 0:05), observed_species, PD_
whole_tree, and Shannon indexes indicated that the HFD
mice had decreased microbial species richness, while CA
administration increased the diversity of gut bacteria
(Figures 7(c) and 7(d)). The nonmetric multidimensional
scaling (NMDS) analysis and principal component analysis
(PCA) revealed a separated clustering of gut microbiota
among ND, HFD, and CA-treated mice (Figures 7(e) and
7(f)).

The microbial community bar plot analyses on top phy-
lum and genus levels exhibited different bacterial community
structures among the groups. The microbial community
structure at phylum level was dominated by Firmicutes and
Bacteroidetes. The increased level of the phylum Firmicutes
and decreased level of the phylum Bacteroidetes were
observed in HFD mice, which were reversed by CA adminis-
tration (Figure 8(a)), Thus, Firmicutes-to-Bacteroidetes ratio
(F/B ratio) was significantly increased (p < 0:01) in the
HFD group compared with the ND group, and after CA
administration, this ratio was significantly decreased
(Figure 8(b); p < 0:05). Among the dominant microbial com-
munities at the genus level, the relative abundance of Lacto-
bacillus (p < 0:05), Turicibacter (p < 0:05), Bacteroides,
Faecalibaculum (p < 0:001), and Candidatus_Saccharimonas
was higher, while the proportion of Lachnospiraceae, Alloba-
culum, Ruminococcaceae_UCG-014, and Alloprevotella was
decreased in HFD mice compared with the ND mice. How-
ever, CA administration reversed the proportion of Lactoba-
cillus (p < 0:05), Turicibacter (p < 0:05), Ruminococcaceae_
UCG-014, Alloprevotella, and Candidatus_Saccharimonas in
HFD mice (Figure 8(c)). The community heat map analysis

confirmed these changes (Figure 8(d)). All these suggested
that CA enhanced the diversity of gut microbiota and
restored the alert microbiota to a state more similar to ND
mice.

3. Discussion

Oxidative stress, inflammatory response, and gut microbiota
are critical factors in the progression of NAFLD. Due to its
potential antioxidant and anti-inflammatory activities, CA
may contribute to the intervention of NAFLD. In the present
study, we evaluated the effects of CA treatment on NAFLD
both in HFDmice and PA-induced HepG2 cells. The amelio-
ration of oxidative stress and inflammation was observed.
Moreover, CA greatly shaped the composition of gut micro-
biota into a status more similar to ND mice. Collectively, the
therapeutic effect of CA on NAFLD has been proven through
the present investigation.

As an important cellular sensor to restore cellular energy
homeostasis and a central regulator of multiple metabolic
pathways, AMPK has been proposed as a therapeutic target
for metabolic diseases [7, 30, 31]. The ability to control the
energy balance equation through definedmetabolic pathways
heavily pursues AMPK as a golden target against obesity [31].
Activation of AMPK by the E3 ubiquitin ligase makorin ring
finger protein 1 (MKRN1) represses diet-induced metabolic
syndrome [8]. Lipid metabolism abnormal and insulin resis-
tance are two typical features of NAFLD, so the regulative
effects of lipid and glucose metabolism of AMPK have got
the most attention in NAFLD. Liver-specific reduction of
AMPK activity inhibits acetyl-CoA carboxylase (ACC) phos-
phorylation and leads to lipogenesis increases in hepatocytes
[9]. Liver AMPK activator PF-06409577 decreases both
hepatic and systemic lipids in the high-fat-diet-induced
NAFLDmodels of the rodent and monkey preclinical models
[32]. Activation of AMPK suppresses hepatic glucose release
and enhances insulin sensitivity in dexamethasone-induced
fatty liver disease in C57BL/6 mice [33]. In this study, the
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Figure 2: CA alleviated hepatic lipid accumulation, oxidative stress, inflammation, and liver injury in HFD-fed mice. (a) Hepatic ORO
staining (scale bar: 100μM) and quantitative analysis of lipid content (n = 6). (b) Histological analysis of liver tissues by H&E staining
(scale bar: 100μM); red arrow: cytoplasmic vacuolation; black arrow: inflammatory cell infiltration. (c) NAFLD activity score determined
according to the liver section histology analysis (n = 6). (d, e) Serum SOD and MDA activity levels in mice (n = 8). (f) The in situ ROS of
the liver detected by DHE staining (scale bar: 50μM) and the fluorescence intensity analysis (n = 4). (g, h) Serum GPT-ALT and GOT-
AST levels in mice (n = 8). Data represent the mean ± SEM. ++p < 0:01 and +++p < 0:001 vs. ND group. ∗∗p < 0:01 and ∗∗∗p < 0:001 vs.
HFD group.
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reduction of AMPK phosphorylation was observed both in
the liver of HFD mice and PA-treated HepG2 cells, in com-
pany with elevated body weight, serum glucose, and lipid
metabolism disorders. It has been surmised that numerous
polyphenols are capable of activating AMPK via the elevation
of AMP levels by inhibiting mitochondrial ATP production,
which serves as indirect AMPK activators [34]. CA has been
found to restore insulin signaling and dyslipidemia [19, 35].
Our results indicated that CA alleviated HFD-induced
hyperglycemia and dyslipidemia in mice, as well as reduced
lipid accumulation in the liver. In addition to these, CA could
also restore PA-induced lipid drop deposition and decrease
TC and TG levels in HepG2 cells. Importantly, decreased
AMPK phosphorylation levels in the liver of HFD mice and
PA-treated HepG2 cells were both reversed by CA.

Moreover, oxidative metabolism also contributes to oxi-
dative stress and inflammation during NAFLD [36]. Recent
researches demonstrated that suppression of oxidative stress
and inflammation contributed to the amelioration of NAFLD
or NASH [5, 37, 38]. Not only as a key sensor of energy
balance but also a factor of redox balance improvement and
inflammation reduction, the antioxidation and anti-

inflammatory effect of AMPK activation has gained more
attention [39, 40]. Activation of AMPK could alleviate mito-
chondrial oxidative damage and apoptosis [40]. AMPK was
also reported to prevent oxidative stress-induced senescence
by improving autophagic flux and NAD(+) homeostasis
[41]. Furthermore, stimulation of AMPK phosphorylation
prevented HFD-induced insulin resistance and inflammation
in adipose tissue through anti-inflammatory effects in obesity
and attenuated lipopolysaccharide-induced secretion of pro-
inflammatory cytokines such as TNF-α and MCP-1 [11]. In
this study, we observed oxidative stress and inflammation,
including elevated MDA and suppressed SOD activity in
HFD mice, overproduction of O2

⋅− in the liver and ROS in
PA-treated HepG2 cells, and increased serum IL-2, IL-6,
IL-1β, and TNF-α levels in HFD mice. It has been noted that
the antioxidant and anti-inflammatory effects of CA have
already been documented in metabolic diseases, including
obesity and atherosclerosis [16, 42]. Consistent with these
reports, in our experiments, CA treatment dramatically
decreased ROS production and inflammatory cytokines.
Taken together, our data demonstrated that CA could miti-
gate high-fat-induced inflammation and oxidative damage

+++

+++

+++

+
⁎⁎ ⁎⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎⁎

0
50

100
150
200
250

H
ep

at
ic

 in
fla

m
m

at
or

y 
cy

to
ki

ne
s

(p
g/

m
g 

pr
ot

ei
n) 300

350
400

IL-2 IL-6 IL-1𝛽 TNF-𝛼

ND
HFD

HFD+CA (15 mg/kg)
HFD+CA (30 mg/kg)

(a)

p-IKK𝛼/𝛽

IKK𝛽

p-I𝜅B𝛼

p-NFB

NF𝜅B

I𝜅B𝛼

N
D

H
FD

H
FD

+C
A

 (1
5 

m
g/

kg
)

H
FD

+C
A

 (3
0 

m
g/

kg
)

+++++++

⁎⁎⁎⁎⁎⁎
⁎⁎⁎⁎ ⁎⁎

Re
lat

iv
e p

ro
te

in
 le

ve
ls

in
 th

e l
iv

er

0

p-
IK

K𝛼
/𝛽

p-
I𝜅

B𝛼

p-
N

F𝜅
B

1

2

3

ND
HFD

HFD+CA (15 mg/kg)
HFD+CA (30 mg/kg)

(b)

Figure 3: CA suppressed the hepatic NFκB pathway and liver inflammation in HFD mice. (a) Hepatic levels of IL-2, IL-6, IL-1β, and TNF-α
(n = 8). (b) Hepatic p-IKKα/β, p-IκBα, and p-NFκB protein levels in mice (n = 3). Data represent the mean ± SEM. ++p < 0:01 and
+++p < 0:001 vs. ND group. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. HFD group.

7Oxidative Medicine and Cellular Longevity



 𝜇M
0

0 5 10 20 50 100 150 200

50

100

C
el

l v
ia

bi
lit

y 
(1

00
%

)
150

(a)

0

5

10

15

O
il 

Re
d 

O
 st

ai
ni

ng
(fo

ld
 ch

an
ge

)

PA (250 𝜇M)

PA (250 𝜇M)
+CA (10 𝜇M)

PA (250 𝜇M)
+CA (20 𝜇M)

PA (250 𝜇M)Normal

–
–
–

+
–
–

+
+
–

+
–
+

CA (10 𝜇M)
CA (20 𝜇M)

+++

⁎⁎⁎
⁎⁎⁎

(b)

0.0

0.5

1.0

1.5

2.5 +++
2.0

TC
 le

ve
ls 

in
 H

ep
G

2
(𝜇

m
ol

/m
g 

pr
ot

ei
n)

⁎⁎⁎

⁎⁎

0.0
PA (250 𝜇M) –

–
–

+
–
–

+
+
–

+
–
+

CA (10 𝜇M)
CA (20 𝜇M)

0.2

0.4

0.6

0.8

+++

TG
 le

ve
ls 

in
 H

ep
G

2
(𝜇

m
ol

/m
g 

pr
ot

ei
n)

⁎⁎⁎

⁎⁎⁎

(c)

PA (250 𝜇M)
+CA (10 𝜇M)

PA (250 𝜇M)
+CA (20 𝜇M)PA (250 𝜇M)Normal

DHE

MitoSOX
Red

0

PA (250 𝜇M) –
–

–

+
–

–

+
+

–

+
–

+

CA (10 𝜇M)

CA (20 𝜇M)

2

4

6

8
+++

M
ito

SO
X 

Re
d 

flu
or

es
ce

nc
e

in
te

ns
ity

 (f
ol

d 
ch

an
ge

)

⁎⁎⁎⁎⁎⁎

0

1

2

3

4 +++

D
H

E 
flu

or
es

ce
nc

e i
nt

en
sit

y
(fo

ld
 ch

an
ge

)

⁎⁎⁎

⁎⁎⁎

(d)

Figure 4: Continued.
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in vivo and in vitro probably via AMPK phosphorylation
activation.

Importantly, those benefits of antioxidative and anti-
inflammation were also observed in previous studies on
Nrf2 activation [43–45]. Keap1/Nrf2 system forms the cellu-
lar defense against oxidative and electrophilic stresses, which
has been known to attenuate inflammation [44, 45]. Activa-
tion of Nrf2 has also been confirmed to reduce hepatic lipid
accumulation in bisphenol A-induced mouse model of
NAFLD [46]. It has been demonstrated that Nrf2-
dependent antioxidant genes contain almost all the antioxi-
dant enzymes, including SOD, catalase, glutathione S-
transferase (GST), glutathione peroxidase-1 (GPX-1), and
HO-1 [47]. Activation of Nrf2 in hepatocytes inhibited
inflammatory and oxidative stress, suppressed hepatic steato-
sis, and mitigated liver fibrosis in NASH [48, 49], while inac-
tivation of Nrf2 led to aggravation of liver injury in NASH;
thus, impairment of Nrf2 activity represented a major risk
factor for the evolution of NAFLD to NASH [50]. We sur-
mised that activation of Nrf2 functions attributed to ROS
elimination in NAFLD. Likewise, we observed keap1 and
Nrf2 alteration both in the liver of HFD mice and PA-
treated HepG2 cells. Activation of Nrf2 by CA increased
the expression of downstream antioxidant genes, including
SOD1, SOD2, and HO-1, thereby functionally attenuated
hepatocyte injury in vivo and in vitro. What is interesting,
recent researches have revealed the crosstalk between AMPK
and Nrf2 [14, 39, 51]. Nrf2 signaling was revealed as the
downstream signal of AMPK in oxidative stress and inflam-
mation [39], and AMPK activation promotes autophagic
degradation of keap1 to induce Nrf2 dissociate from keap1

and translocate to the nucleus [52]. However, whether Nrf2
is the downstream signal of AMPK in HFD-induced NAFLD
still remains unclear. To confirm the crosstalk between
AMPK and Nrf2 in NAFLD and whether CA could regulate
Nrf2 via AMPK, we conducted AMPK activator AICAR
and inhibitor compound C in PA-induced HepG2 cell. Our
results showed that both PA-induced elevation of keap1
and reduction of nuclear Nrf2 protein level and ROS over-
production in HepG2 cells were reversed by either CA or
partly reversed by AMPK activator AICAR. Importantly,
the downregulative effect on keap1 level and upregulative
effect on Nrf2 level of CA and the decease of ROS production
were partly eliminated by adding AMPK inhibitor com-
pound C. These results indicated that the AMPK pathway
was involved in the keap1-depedent regulation of CA on
Nrf2 level in PA-treated HepG2 cells. Likewise, the upregula-
tive effect on SOD1, SOD2, and p-NFκB protein levels, and
the downregualtive effect of ROS production of CA were
party diminished by Nrf2 inhibitor ML385. These results
further indicated that Nrf2 was involved in CA-mediated
amelioration of oxidative stress in PA-treated HepG2 cells.

On the one hand, inflammation results in a stress
response of hepatocytes and may lead to lipid accumula-
tion and precede steatosis [53]. On the other hand,
increased FFA levels, insulin resistance, and adipose tissue
dysfunction activate the production and release of proin-
flammatory cytokines, both systemically and locally in
the liver [3]. NFκB has been recognized as a key proin-
flammatory transcription faction in inflammation and
immune response. Persistent NFκB pathway activation
has been shown in animal models or patients with
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Figure 4: CA ameliorated lipid accumulation and oxidative stress, as well as inhibited the NFκB pathway in PA-induced HepG2 cells. (a) Cell
viability after treatment with different concentrations of CA from 0 to 250 μM for 24 h (n = 8). (b) lipid droplets detected by ORO staining
(scale bar: 100 μM) and quantitative analysis of lipid content in HepG2 cells (n = 4). (c) Intracellular TC and TG levels in HepG2 cells
(n = 8). (d) The intracellular O2

⋅− and mitochondrial ROS detected by DHE (scale bar: 100μM), MitoSOX Red staining (scale bar: 50 μM),
and the fluorescence intensity analyses in PA-treated HepG2 cells (n = 8). (e) ROS production detected by DCFH-DA detector (n = 8). (f)
The protein levels of p-IKKα/β, p-IκBα, and p-NFκB in HepG2 cells (n = 3). Data represent the mean ± SEM. ++p < 0:01 and +++p < 0:001
vs. normal group. ∗∗p < 0:01 and ∗∗∗p < 0:001 vs. PA group.
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NAFLD and NASH [54–57]. To further characterize the
mechanism of inhibitory effect of CA on inflammatory
cytokine production, we investigated the effect of CA on
the NFκB pathways and serum inflammatory cytokines
in HFD mice. It was well noted that the increase of serum
IL-2, IL-6, IL-1β, and TNF-α was confirmed in HFD mice,
as well as the inflammatory cell infiltration detected by
liver H&E staining. CA treatment significantly downregu-
lated inflammation systemically and in the liver. Studies
have shown that the NFκB pathway could be regulated
by AMPK and Nrf2 [15, 58]. Herewith, we showed many
degrees of upregulation on NFκB phosphorylation by
AICAR in PA-treated HepG2 cells. Moreover, the upregu-
lative effect of CA on NFκB phosphorylation level was
partly eliminated by compound C. Similarly, the suppres-
sion on p-NFκB of CA was party diminished by ML385.
These results indicated that the AMPK-Nrf2 pathway
was involved in the regulation of CA on NFκB suppres-
sion in PA-treated HepG2 cells.

Growing evidences indicate the gut microbiota alteration
in metabolic disorders, including NAFLD [29]. In the present
study, the composition and proportion of gut microbiota
were changed in HFD mice. Our 16S rRNA sequencing
experiment revealed that CA treatment increased the OTU
numbers and upregulated chao1, observed_species, PD_
whole_tree, and Shannon indexes in HFD mice. Based on
the NMDS and PCoA, HFD changed the overall gut microbi-
ota composition in NAFLD mice, and it was reversed by CA
treatment. Bacteroidetes and Firmicutes are two dominant
bacterial divisions in the gut, and numerous studies have
observed that the ratio of Firmicutes to Bacteroidetes in gut
microbiota, characteristic of “obese microbiota”, was associ-
ated with metabolic disorders including obesity and NAFLD
[22, 59, 60]. In the current study, HFD induced relative
increase of Firmicutes and decrease of Bacteroidetes in the
gut in comparison with the NDmouse group, causing the sig-
nificantly elevation of F/B ratio, in parallel with body weight
gain and adiposity in HFD mice. CA treatment significantly
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Figure 6: Continued.
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reversed F/B ratio in HFD mice, as well as decreased HFD-
induced body weight gain and adiposity. Although Lactoba-
cillus is recognized as a probiotic bacterium in metabolic dis-
orders including NAFLD, some studies showed the contrary
results [61–63]. Elevated Lactobacillus in the gut may corre-
late with decreased insulin sensitivity and increased plasma
inflammatory cytokine [61]. Similar increase of Lactobacillus
was also observed in NAFLD patient and mice [62, 63]. Fur-
thermore, some species of Lactobacillus such as L. reuteri also
had a redundant role associated with increased body fat and
insulin levels [64]. In the current study, the proportion of
Lactobacillus was increased almost 3 folds (from 5.3% to
14%) in HFD mice in comparison of ND mice and lowered
to 6.1% after CA administration. NAFLD severity associates

with gut dysbiosis and a shift in metabolic function of the
gut microbiota. We conjectured that overmuch or dispropor-
tionate Lactobacillus might cause adverse reactions. Bacter-
oides abundance was significantly increased in NASH and
has been defined as independently associated with NASH
[65]. In this study, Bacteroides was increased in the HFD
group, indicating the high severity of NAFLD in the mice.
Turicibacter, a genus of the Firmicutes phylum Firmicutes,
has been primary confirmed to alter gut microbiota of
healthy and be associated with hyperlipidemia and body gain
[66]. Compared with the HFD group, the abundance of Tur-
icibacter was decreased in the CA group. Faecalibaculum
belonging to Erysipelotrichaceae, enriched in HFD mice,
was closely related to adiposity and found as biomarker
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Figure 6: CA suppressed oxidative stress and inflammation via AMPK activation. (a, b) Effects of CA on the phosphorylation of APMK in the
liver and HepG2 cells (n = 3). (c) The protein levels of keap1, nuclear Nrf2, and p-NFκB in HepG2 cells (n = 3). (d) ROS production of cells
detected by DHE staining (scale bar: 100μM) and the fluorescence intensity analysis (n = 4). (e) The protein levels of SOD1, SOD2, HO-1, and
p-NFκB in HepG2 cells (n = 3). (f) ROS production in HepG2 cells detected by DCFH-DA detector (n = 8). Data represent themean ± SEM.
++p < 0:01 and +++p < 0:001 vs. ND or normal group. ∗p < 0:05 and ∗∗p < 0:01 vs. HFD or PA group.
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correlated with oxidative stress [67]. In this study, the
amount of Faecalibaculum was increased in HFD mice and
reversed to normal after CA administration. CA also contrib-
uted to an increase in the abundance of Alloprevotella, which
was associated with health benefits in short-chain fatty acids
producing and anti-inflammatory [68]. We primary infer
that the amelioration of NAFLD by CA may be associated
with the alleviation on the dysbiosis of gut microbial, and fur-
ther investigation is needed to support this hypothesis.

We noticed that previous studies also tried to explore the
therapeutic effect of CA on NAFLD or NASH, and many
researches had been well done. Using methionine and cho-
line deficiency-induced mouse model and cell models, Kim
et al. revealed the improvement of NASH by CA [69]. Xiao
et al. placed emphasis on the antiobesity effect of CA by the
regulation of COX-2, p-JNK, PPARγ, and C/EBPα in high-
fat-diet mice [70]. Here, using high-fat-diet-induced NAFLD
mouse model and PA-induced cell model, we focused on the
antioxidant and anti-inflammation effect of CA and tried to
connect and explain the crosstalk among AMPK,
keap1/Nrf2, and NFκB system in HFD-induced NAFLD for
the first time. These results of the study formed a completed
signal path loop, which clearly figured out the mechanism of
CA onHFD-induced NAFLD. Additionally, we applied high-
throughput pyrosequencing of 16S rRNA to observe the
changes of related gut microbial composition, and the results
suggested that high-fat-diet-induced decrease of Firmicutes-
to-Bacteroidetes ratio and dysbiosis of NAFLD mice could
be reversed by CA treatment. Ziamajidi et al. observed that
chicory seed extract improved diabetes- and oleic acid-
induced NAFLD and NASH by PPARα and SREBP-1 [20].
Chicory seed extract contains a variety of compounds, yet
the precise ingredient is not clear. Here, in this study, we con-

firmed the amelioration of NAFLD by CA, as a single active
compound. Mohammadi et al. paid the attention on the
improvement of lipid accumulation by CA and fish oil
through a NAFLD cell model via the AMPK-mediated
SREBP-1/FAS and PPARα/UCP2 pathways [71]. Here, we
investigated the improvement of oxidative stress and inflam-
mation in both NAFLD animal and cell models via the
AMPK/Nrf2/NFκB pathway and this might be associated
with the restored gut microbiota. The pathogenesis of
NAFLD is very complex, and CA may serve as a multitarget-
ing pharmacologically active compound. Combined with
these previous studies, CA would be an attractive agent for
the amelioration of NAFLD.

In conclusion, CA treatment displays an effect against
lipid dysregulation, oxidative stress, inflammation, and gut
microbiota in NAFLD. The action of CA in upregulating
AMPK phosphorylation and nuclear Nrf2 level, as well as
suppression of NFκB in hepatocytes, may contribute to the
protective effect of the liver in NAFLD. It is conceivable that
CA may be able to protect hepatocytes from oxidative dam-
age and inflammation via regulating AMPK-mediated Nrf2
activation and NFκB inactivation and shaping gut microbi-
ota. Our findings provide strong scientific basis of CA for
amelioration of NAFLD and its related metabolic diseases.

4. Materials and Methods

4.1. Reagents and Chemical. CA (purity > 98%), palmitic
acid, and fatty acid-free bovine serum albumin (BSA) were
purchased from Nanjing Spring & Autumn Biological Engi-
neering Corporation (Nanjing, China), Macklin (Shanghai,
China), and YEASEN (Shanghai, China), respectively. AIA-
CAR, Compound C, and ML385 were obtained from
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Beyotime Institute of Biotechnology (Haimen, China), Sell-
eck (Houston, TX, USA), and MedChemExpress (NJ, USA),
respectively. Dulbecco’s modified Eagle’s medium (DMEM),
penicillin-streptomycin, and fetal bovine serum (FBS) were
all obtained from Invitrogen-Gibco (Grand Island, NY). Cell
Counting Kit-8 (CCK-8) assay and bicinchoninic acid (BCA)
Protein Quantification Kit were purchased from Biosharp
(Hefei, China). Biochemical indexes including glucose, TC,
TG, LDL-C, HDL-C, GPT-ALT, and GOT-AST assay kits
were purchased from Nanjing Jiancheng Bioengineering
Institute (Jiangsu, China). MDA and SOD assay kits, DHE
and DCFH-DA probes, and the nuclear protein extraction
kit were offered by Beyotime Institute of Biotechnology
(Jiangsu, China). ORO staining kit was purchased from Nan-
jing Jiancheng Bioengineering Institute (Jiangsu, China).
MitoSOX Red probe was obtained from Yeasen (Shanghai,
China). Serum and hepatic inflammatory cytokines including
IL-2 (EK202HS-96), IL-6 (EK206/3-96), IL-1β (EK201B/3-
96), and TNF-α (EK282HS-96) enzyme-linked immunosor-
bent assay (ELISA) kits were purchased from MultiSciences
(Lianke) Biotech Co., Ltd (Zhejiang, China). Antibodies
against Nrf2, NFκB, p-NFκB, IκBα, p-IκBα, IKKβ, p-IKKα/β,
and the HRP-linked secondary antibodies were obtained
from Cell Signaling (Boston, MA, USA); antibodies against
keap1, SOD1, and HO-1 were obtained from Santa Cruz
Biotechnology (CA, USA); antibodies against SOD2 and
AMPK were purchased from Proteintech Group (Chicago,
USA). p-AMPK (T183/172) was purchased from Bioworld
Technology (MN, USA).

4.2. Animal Model and the Treatment. All animal experi-
ments were in strict accordance with the Guide for the Care
and Use of Laboratory Animals approved by the Animal
Ethics Committee of China Pharmaceutical University (cer-
tificate number: SYXK2016-0011, approval date: 27 January
2016 to 26 January 2021). Male C57BL/6 mice (20 to 25 g

body weight) were housed with food and water available ad
libitum in light, temperature, and humidity-controlled envi-
ronments. The normal control group was fed with normal
diet (ND), while the others were fed with HFD (18% lard
stearin (w/w), 5% egg powder, 1% cholesterol, 20% sucrose,
0.1% bile salt, and 55.9% normal diet) [72] for 9 weeks. Then,
the HFD mice received either CA (15 or 30mg/kg/d, dis-
solved in water) or saline solution daily for 9 weeks by gavage
(n = 8). Mice were sacrificed, and then the blood samples
were collected from the carotid artery and centrifuged to
obtain serum, and the livers were harvested for the following
biochemical analysis. The serum and liver tissues were stored
at -80°C.

4.3. Detection of Serum Biomarkers. The levels of serum glu-
cose, TC, TG, LDL-C, HDL-C, MDA, SOD activity, GPT-
ALT, and GOT-AST were determined by commercial assay
kits in accordance with the manufacturer’s instructions.
The inflammatory cytokines including IL-2, IL-6, IL-1β,
and TNF-α were measured using ELISA kits in accordance
with the manufacturer’s instructions.

4.4. Histological Assessment. Pieces of the liver were fixed in
4% paraformaldehyde and processed to paraffin wax then
stained with hematoxylin and eosin (H&E). In addition, lipid
droplets in the liver were observed by ORO staining in the
frozen liver sections and quantified by ImageJ software. His-
topathological changes of the livers were observed and
photographed under a light microscope (Olympus, Tokyo,
Japan).

4.5. Measurement of Hepatic Inflammatory Cytokines. Liver
tissues were homogenized in lysis buffer (pH 7.2, Tris with
1% Triton X-100 and 0.1% protease inhibitor) and centri-
fuged at 12,000g for 15min. The supernatants were collected
for determination of IL-2, IL-6, IL-1β, and TNF-α by ELISA
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kits according to the manufacturer’s instructions adjusted for
protein content.

4.6. Cell Culture and Treatment. HepG2 cells were obtained
from FuHeng Cell Center, Shanghai, China. Cells were cul-
tured in low-glucose DMEM supplemented with 5% FBS
and 1% penicillin-streptomycin and incubated at 37°C and
5% CO2. PA was dissolved in 50% ethanol by heating at
50°C, then conjugated with 10.5% fatty acid-free BSA (vol-
ume ratio 1 : 25) under agitation at 40°C for 2 h, and finally
diluted in culture media. HepG2 cells were pretreated with
or without 250μMPA for 24 h and then incubated in the cul-
ture media with or without 250μMPA or CA (10 and 20μM,
dissolved in PBS) for another 24 h. To clarify the involved
signaling pathways, AICAR (0.5mM) or compound C
(10μM) was used to treat HepG2 cells.

4.7. Cell Viability Analysis. The cell viabilities were assessed
using CCK-8 assay. In brief, HepG2 cells were plated into
96-well plates with 2 × 105 per well and incubated overnight.
Afterwards, the cells were incubated with different concen-
trations (0-250μM) of CA for 24 h. Subsequently, CCK-8
working solution was added to each well and cultivated for
another 1 h. The absorbance was recorded on a microplate
reader at 450nm (Molecular Devices, Sunnyvale, USA).

4.8. Measurement of Lipid Uptake in HepG2 Cells. The cells
were homogenized in lysis buffer. The intracellular TC and
TG contents were measured using commercially assay kits
according to the manufacturer’s instructions. The protein
concentration was assayed using BCA protein quantitative
kit. The intracellular TC and TG contents were presented
as μmol/mg protein.

The lipid deposition in HepG2 cells was measured by
ORO staining [73]. Briefly, after fixed in 4% formaldehyde
for 15min fixation and then cleaned with PBS, ORO working
solution was injected into cells for 30min. The cells were
immediately washed with 60% isopropanol, incubated with
hematoxylin for 5 minutes, washed by PBS and immediately
imaged using microscopy (Olympus, Tokyo, Japan), and
quantified by ImageJ software.

4.9. Detection of ROS. Liver in situ O2
⋅− production was deter-

mined by fluorescence probe DHE labeling. Frozen liver sec-
tions were prepared for immediate DHE staining. Thawed
sections were incubated with 2μM DHE at 37°C for 30
minutes (avoiding light). After washed 3 times by PBS, sec-
tions were immediately imaged using fluorescence micros-
copy (Olympus, Tokyo, Japan) and quantified by ImageJ
software.

Intracellular O2
⋅− levels were detected using the DHE

staining. Cells were incubated with PBS diluted DHE
(10μM) at 37°C for 20min (avoiding light), washed with
PBS for 3 times, and then imaged using fluorescence micros-
copy (Olympus, Tokyo, Japan). Mitochondrial ROS in
HepG2 cells was measured by MitoSOX Red at a concentra-
tion of 4μM for 20min at 37°C, imaged using fluorescence
microscopy (Olympus, Tokyo, Japan), and quantified by
ImageJ software.

DCFH-DA fluorescent probe was used to detect intracel-
lular ROS generation. Cells were washed with PBS after incu-
bation with DCFH-DA (10μM) at 37°C for 30min (avoiding
light). Fluorescence intensity was measured at 530 nm with
an excitation wavelength of 485 nm using a fluorescence
microscope (Tecan, Crailsheim, Germany).

4.10. Western Blot. The liver tissues and HepG2 cell cultures
were lysed in RIPA buffer and then centrifuged again at
12,000g for 15min at 4°C, following the supernatant collec-
tion. The nuclear protein was obtained using a nuclear pro-
tein extraction kit. The concentration of protein was
measured using a BCA protein assay kit, and then the protein
level was normalized and the 5× loading buffer was added,
following boiled at 100°C.

The proteins (equal amount) were electrophoresed on
10% SDS-PAGE at 85V (stacking gel) and 135V (separating
gel), transferred onto a 2.2μM PVDF membrane in a 4°C
refrigerator at 300mA for 1.5 h, blocked with 5% skim milk
for 2 h at room temperature, and incubated with primary
antibodies overnight at 4°C. The membranes were washed
three times with TBST (8min each time) and then probed
with horseradish peroxidase- (HRP-) conjugated anti-rabbit
or anti-mouse secondary antibody for 1 h followed by six
washes with TBST (8min each time). The blot bands were
visualized using enhanced chemiluminescence, and band
intensities were analyzed using ImageJ gel analysis software.
β-Actin and histone H3 were used as the loading controls.

4.11. Gut Microbiota Analysis. At the end of the intervention
period, fresh fecal samples were collected and stored at -80°C
immediately. The DNA of fecal samples was extracted using
an EZNA Stool DNA kit (Omega Bio-tek, Norcross, GA,
USA) according to the manufacturer’s instructions. Purity
and quality of the genomic DNA were checked on 0.8% aga-
rose gels. Amplification was performed targeting the variable
regions V3-4 of bacterial 16S rRNA gene with the primers
338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGAC
TACHVGGGTWTCTAAT). The PCR was carried out on a
Mastercycler Gradient (Eppendorf, Germany) in triplicate:
25μL mixture containing 12.5μL of KAPA 2G Robust Hot
Start Ready Mix, 1μL of forward primer (5μM), 1μL of
reverse primer (5μM), 5μL of DNA sample (30 ng), and
5.5μL of H2O. Cycling parameters were 95°C for 5min,
followed by 28 cycles of 95°C for 45 s, 55°C for 50 s, and
72°C for 45 s with a final extension at 72°C for 10min. The
PCR products were purified using a QIAquick Gel Extraction
Kit (QIAGEN, Germany) and quantified using real-time
PCR. Deep sequencing was performed at Beijing Allwegene
Technology Inc. (Beijing, China) using Illumina Miseq
PE300 sequencing platform (Illumina, San Diego, CA,
USA) as described previously [74].

4.12. Statistical Analysis. All statistical analyses were
performed using GraphPad Prism 8 (San Diego, CA). All
data were expressed as the mean ± standard error of the
mean ðSEMÞ. Statistical analysis was performed by one-way
ANOVA analysis followed by Dunnett’s post hoc test.
Statistical significance was set at p < 0:05.
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Objective. Severe acute pancreatitis (SAP) is a serious and life-threatening disease associated with multiple organ failure and a high
mortality rate and is accompanied by distinct oxidative stress and inflammatory responses. Saikosaponin A has strong antioxidant
properties and can affect the composition of gut microbiota. We sought to determine the effects of Saikosaponin A interventions on
SAP by investigating the changes of gut microbiota and related antioxidant signaling. Methods. A SAP model was established in
Sprague-Dawley (SD) rats through the injection of sodium taurocholate into the biliopancreatic duct and confirmed by elevated
levels of serum lipase and amylase. The model was fed a standard diet either with saline solution or with Saikosaponin A. Fecal
microbiota transplantation (FMT) from Saikosaponin A-induced rats into the rat model was performed to test the effects of
gut microbiota. The composition of gut microbiota was analyzed by using 16S rRNA gene sequencing. We measured
apoptotic status, inflammatory biomarkers, and Keap1-Nrf2-ARE ((Kelch-like ECH-associated protein 1) nuclear factor
erythroid 2-related factor 2-antioxidant response element) antioxidant signaling. Results. Saikosaponin A intervention
attenuated SAP lesions and reduced the levels of serum amylase and lipase, oxidative stress, and inflammatory responses by
reducing pathological scores and affecting the serum level of oxidative and inflammatory factors. Meanwhile, the expression
of Keap1-Nrf2-ARE was increased. Saikosaponin A intervention improved microbiota composition by increasing the relative
abundance of Lactobacillus and Prevotella species. FMT resulted in similar results as those caused by the Saikosaponin A
intervention, suggesting Saikosaponin A may exert its function via the improvement of gut microbiota composition.
Conclusions. Saikosaponin A-induced gut microbiota changes attenuate SAP progression in the rat model and may be a
potential natural drug for adjuvant treatment of SAP. Further work is needed to clear up the points.

1. Introduction

Pancreatitis is a leading complication of gastrointestinal dis-
eases, and often initiates and exacerbates systemic inflamma-
tory responses. The mortality rate of pancreatitis is between
1.5% and 4.2% according to the previous report [1]. Pancre-
atitis development will lead to the release of inflammatory
indicators and cytokines, which lead to intestinal barrier
damage [2]. Pancreatitis increases intestinal permeability
and facilitates bacterial infection, resulting in the damage of
intestinal barrier [3]. Pancreatitis is often involved with lung
injury [4, 5], liver disease [6], and other organ failure [7, 8].

Natural products have been found to be effective in the
prevention of pancreatitis risk [9, 10]. Radix bupleuri is a
common Chinese herb and shows anti-inflammatory proper-
ties in the prevention of SAP progression [11]. Saikosaponin
A is one of the most effective components of Radix bupleuri
roots [12, 13]. The previous work indicated that Saikosapo-
nin A attenuated hyperlipidemic pancreatitis in an animal
model by improving lipid metabolism and preventing the
release of proinflammatory cytokines via the NF-kappaB
signaling [14]. However, its function on SAP remains
unclear. SAP is often characterized by recurrent episodes of
inflammation and loss of tissue integrity in the intestine
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[15]. Gut microbiota is thought to be important for main-
taining the balance of proinflammatory cytokines, which is
closely associated with SAP progression. The knowledge for
gut microbiota and its metabolites on intestinal barrier func-
tion in SAP will help us to understand the mechanism of gut
failure in the pathogenesis of SAP [16]. Early dysbiosis of the
gut microbiota is associated with the SAP risk, and the mod-
ulation of the gut microbiota is a potential approach in the
prevention of SAP development [17].

Keap1-Nrf2-ARE ((Kelch-like ECH-associated protein 1)
nuclear factor erythroid 2-related factor 2-antioxidant
response element) are widely reported antioxidant signaling
molecules [18, 19]. Pancreatitis is usually accompanied by
the increase in the oxidative stress and inflammatory
responses [20, 21]. Free radicals play an import role in the
pathophysiology of SAP, and increased free radical activities
and increased concentrations of lipid peroxides have been
found in both SAP patients [22] and animal models [20, 23].
Xanthine oxidase (XO) [24] and nitric oxide synthase (NOS)
[25] may be the individual contribution of possible sources
of free radicals. Cellular oxidative stress contributes to pan-
creas injury and the improvement of antioxidant capacity by
increasing the levels of the reduced glutathione (GSH) level,
and catalase (CAT) activity will reduce the injury [26]. The
enhancement of antioxidants superoxidase dismutase (SOD)
and glutathione peroxidases (GPx) and the reduction of lipid
oxidation product malondialdehyde (MDA) contribute to
the recovery of SAP-induced intestinal barrier injury [27].
Therefore, the improvement of the expression of antioxidant
signaling molecules will be a potential approach in the therapy
of pancreatitis [28, 29]. Therefore, the aim of present work is
to explore the protective effects of Saikosaponin A on SAP
and delineate the underlying mechanisms of functional Saiko-
saponin A by investigating the composition of gut microbiota
and related molecules.

2. Materials and Methods

2.1. Extracts of Saikosaponin A and Analysis of HPLC. Saiko-
saponin A standard (purity > 99%) was bought from Sigma
(St. Louis, MO, USA) and dissolved in PBS buffer (20mM,
pH7.4) with 0.1% BSA at room temperature. Sodium tauro-
cholate was purchased from Sigma and dissolved in 0.9%
NaCl to final concentration 1mg/ml. All other reagents were
analytical grade.

Radix bupleuri rhizomes were purchased from Shanghai
State-owned Changning Pharmacy (Shanghai, China); Saiko-
saponin A was isolated and characterized according to a
previous report with slight modification [30]. 1000-g rhi-
zomes of Radix bupleuri were taken, crushed, sieved through
a 20-30-mesh sieve, soaked with 100% ethanol for three days,
filtered, combined with the soaking solution, and evaporated
under reduced pressure on a rotary evaporator to recover
ethanol. The sample was concentrated to obtain the total
extracts of Radix bupleuri. The extracts were suspended in
water and further extracted with petroleum ether, chloro-
form, and ethyl acetate to obtain a petroleum ether portion,
a chloroform portion, an ethyl acetate portion, and a water-
soluble portion, respectively. One thousand grams of macro-

porous resin H802 was packed into a column (10 × 60 cm).
After pretreatment, ethyl acetate raffinate was added (50 g
of the concentrated solution was dissolved in water, and
insoluble matter was filtered off). After the sample loading,
the column was washed with 3000ml of water and then
eluted with 50% ethanol, concentrated under reduced pres-
sure on a rotary evaporator, and then dried in a vacuum
oven. A total of 1500 g of 200~300 mesh silica gel was sus-
pended in CHCl3 and equilibrated the column with CHCl3
in a column. The sample was dissolved in 200ml of ethanol,
mixed with 100 mesh silica gel, and dried at room tempera-
ture. After the column was equilibrated, the sample was
loaded. CHCl3 : MeOH = 5 : 1 was used as the mobile phase
to elute the sample successively. The eluted samples were
collected (250ml/bottle), numbered, and analyzed via
high-pressure liquid chromatography (HPLC) (apparatus:
HPLC-SCL-10 Avp; mobile phase: MeOH :H2O (4 : 6);
detection wavelength: 265 nm; column size: Luna C18
250 × 4:6mm; column temperature: 40°C; flow rate:
1ml/min; and injection volume: 10μl). Thirty-nine grams
of Saikosaponin was obtained. Finally, about 10 g of Saiko-
saponin A was finally purified on semipreparative HPLC
(Beckman, Brea, CA, USA).

2.2. Establishment of the Model with SAP. Before the present
study, all experimental processes were ensured to be consis-
tent with the guidance for the care and use of laboratory
animals from NIH and approved by the Animal Ethics
Committee of The First Hospital of Jilin University
(2017JLU0298). Eighty male Sprague-Dawley (SD) rats (8
weeks, 220–240 g) were purchased from the Animal Center
of The First Hospital of Jilin University (Changchun,
China). All rats were housed in separated cages (two rats
in a cage) under either a 12 : 12 light : dark cycle (LD
12 : 12) and 22 ± 1°C with 65% humidity [2]. The rats
had free access to standard food pellets and tap water ad
libitum. SAP was established via the injection of 0.2ml
of 5% sodium taurocholate into the biliopancreatic duct
according to the previous report [31]. SAP was induced
by sodium taurocholate that resulted in acinar cell calcium
overload, zymogen activation, cytokine activities, and cell
death [32]. The SAP model was confirmed by the evalu-
ated levels of blood lipase or amylase [33]. Fifty microliters
blood was obtained from each rat tail vein before and after
3-day model establishment, and serum was prepared via
centrifugation at 2000 × g for 10min. Rat serum amylase
and lipase were measured by using the rat pancreatic amylase
(PAMY) ELISA Kit (Cat. No. MBS269618) and rat pancreatic
lipase ELISA Kit (Cat. No. MBS453575) from MyBioSource
(San Diego, CA, USA) according to the manufacturer’s
instructions. For the controls, the rats were injected with
0.9% NaCl solution. The animal model establishment was
performed for twice as Figure 1 shows.

2.3. Animal Grouping. The dose range of Saikosaponin was
referred to a report that the concentration of Saikosaponin
A was from 6.25mg/kg to 25.00mg/kg [34], and a wider
range of the dose (10, 20, and 40mg/kg) was used in the pres-
ent study. According to a previous report, pancreatic tissues
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were collected after 1-, 3-, and 5-day SAP model establish-
ment. Most inflammatory cytokines had significant changes
after 3- and 5-day SAP model establishment [35]. On the
other hand, considering the effects of the Saikosaponin A
on gut microbiota, a longer time (7 d) may be used [36].
There were two stages for the whole experiment as Figure 1
shows. After 12-hour sodium taurocholate injection, 24
SAP rats were administrated with different concentrations
of Saikosaponin A (10, 20, and 40mg/kg) in 0.2ml 0.9%
saline solution via the tail vein. Meanwhile, 0.2ml 0.9% saline
solution was injected in the control or animal group (n = 8
for each group) without Saikosaponin A. In the first stage,
all rats were divided into CG (control group), MG (model
group), SLG (low-dose Saikosaponin A), SMG (middle-dose
Saikosaponin A), and SHG (high-dose Saikosaponin) groups
according to different treatments (Figure 1). Rats were mon-
itored daily for weight and disease activity index (DAI,
including weight loss, presence of blood in feces, and stool
consistency). The feces and urine samples were collected at
7 days. After 7 days, the rats were anesthetized with pento-
barbital (40mg/kg i.p.), blood samples were drawn, colon
length was measured, and the animals were killed. Pancreas
tissues were quickly removed and frozen at −80°C until use.

After 7-day Saikosaponin A intervention, fecal sample
(1.0 g) was obtained from each rat in the MG, SLG, SMG,
and SHG groups, suspended with 5ml of sterile PBS buffer,
and used to colonize the newly SAP rats. In the second stage,
fecal microbiota transplantation (FMT) was transferred
according to the previous study [37]. For the control group,
the rats were treated with PBS buffer. Briefly, the fecal sam-
ples in the PBS solution (0.01M, pH7.4) were vortexed for
5min, homogenized, and centrifuged for 10min (1,000 g),
and the pools were divided into equal volumes for 7 d. The
model rats were colonized with pooled samples for
another 7 d. These rats were divided into TCG, TMG,
TSLG, TSMG, and TSHG groups according to the fecal
microbiota were from MG, SLG, SMG, and SHG groups,
respectively (Figure 1).

2.4. DAI. The DAI was evaluated according to the previous
report, and the DAI score was presented as mean scores of

body weight loss, fecal consistency, and fecal blood test
scores [38].

2.5. Histological Evaluation. Colon tissues were washed in
PBS buffer. The pancreas tissues were fixed by using 4% for-
malin, embedded in paraffin, cut in 4m sections, and stained
with hematoxylin and eosin (H&E) [39]. The inflammatory
and injury of pancreas were observed in 5 fields per sections.
The pathological grades were calculated according to Park’s
classification [40, 41] with slight modification: Grade 0, the
lowest grade of injury with normal pancreas cell structure
and without inflammation; Grade 1, the normal pancreas
morphology was with a small number of mononuclear cell
infiltration; Grade 2, the pancreas tissues were with middle
number of mononuclear cell infiltration; Grade 3, the
pancreas tissues were characterized with high-number of
mononuclear cell infiltration; and Grade 4, pancreas struc-
ture was damaged with the significant number of mononu-
clear cell infiltration.

2.6. Serum Oxidative Assay. Blood sample was collected via
abdominal aorta and centrifuged at 4000 × g for 10min at
4°C. The serum was separated and stored at -80°C for subse-
quent biochemical testing. Sera MDA, CAT, SOD, and GPx
were measured by using corresponding assay kits from
Northwest Life Science Specialties (Vancouver, WA, USA),
Cayman Chemical Company (MI, USA), Calbiochem (San
Diego, CA, USA), and Nanjing Jiancheng Bio-Tek Co.
(Nanjing, China) on an automatic blood chemical analyzer
(CIBA Corning, OH, USA), respectively.

2.7. Serum Inflammatory Cytokines Analysis. The levels of
TNF-α (SKU: BC-ER141303), IL-1β (SKU: BC-EH101933),
IL-6 (SKU: BC-ER140741), and IL-10 (SKU: BC-ER140711)
in serum were assessed by using ELISA kits following
the manufacturer’s scheme from Biocodon Technologies
(Mission, KS, USA) and an automatic blood chemical ana-
lyzer (CIBA Corning, OH, USA). Serum C-reactive protein
(CRP) was measured using the ELISA kit from DRG
Instrument GmbH (Marburg, Germany) on a microplate
reader from Thermo Scientific (Waltham, MA, USA).

40 SD rats

Sham group, n =  8
32 SAP-induced

intestinal injury model

Model group
(MG), n = 8

Low-dose
Saikosaponin A

group (SLG), n = 8

Middle-dose
Saikosaponin A

group (SMG), n = 8

High-dose
Saikosaponin A

 group (SHG), n = 8
Control group

(CG), n = 8

Pathological analysis,
inflammatory analysis, apoptosis

analysis and tight conjunction
protein expression analysis
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intervention

Model transfer
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Low-dose transfer
(TSLG), n = 8
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(TSHG), n = 8
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intestinal injury model
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Figure 1: Study flow chart of the present experiment. There were 7 days for each stage, and the second stage was performed following
the first stage.

3Oxidative Medicine and Cellular Longevity



Serum procalcitonin (PCT) was measured with the ELISA
kit from EIAab Science Co., Ltd. (Wuhan, China).

2.8. Reverse Transcription-Quantitative PCR (RT-qPCR).
RNA was isolated from 5mg pancreas using TRIzol reagent
(Shanghai Shenggong Co., Ltd., Shanghai, China). cDNA
was made by using a reverse transcription kit (Shanghai
Shenggong Co., Ltd., Shanghai, China). The following
primers were used: Keap1 forward primer 5′-TTCGCCT
ACACGGCCTC-3′ and reverse primer 5′-GAAGTTGGC
GATGCCGATG-3′; Nrf2, forward primer 5′-CCTCAACT
ATAGCGATGCTGAATCT-3′ and reverse primer 5′-
AGGAGTTGGGCATGAGTGAGTAG-3′; ARE, forward
primer 5′-CTGTCCTCAAATGAACCTGCCTCCTC-3′ and
reverse primer 5′-GAGGAGGCAGGTTCCATTGAGGAC
AG-3′; and β-actin, forward primer 5′-AAGTCCCTCAC
CCTCCCAAAAG-3′ and reverse primer 5′-AAGCAATGC
TGTCACCTTCCC-3′. RT-qPCR was performed on Gen-
eAmp PCR System 9700 (Applied Biosystems, Foster City,
CA, USA). The levels of target genes were detected and the rel-
ative mRNA levels were normalized to β-actin using the 2-ΔΔCt

method.

2.9. Western Blot. Pancreas tissues were used to measure the
expression of Keap1, Nrf2, and ARE. Ten milligrams of
pancreatic tissue was ground in liquid nitrogen, and total
protein was extracted by using the Protein Isolation Kit (Invi-
trogen, CA, USA) according to the manufacture’s instruc-
tion. Protein concentration was determined by using the
BCA kit (Invitrogen, Carlsbad, CA, USA). HRP-conjugated
goat anti-rabbit IgG H&L (ab6721) secondary antibodies
were from Abcam (Abcam, San Francisco, CA, USA). The
proteins were separated by SDS-PAGE and transferred to
the PVDFmembrane. The membrane was blocked for 1 hour
at ambient room temperature in 10% nonfat milk and incu-
bated with primary antibody (Anti-Keap1 antibody/Anti-
Nrf2 antibody/Anti-ARE antibody from Abcam (1 : 1,000;
Cambridge, MA, USA) overnight at 4°C. The membrane
was rinsed 3 times with PBTB, incubated 2 hours at 37°C in
secondary antibodies. Image was obtained on an infrared
scanner (Odyssey, Lincoln, NE, USA). Relative protein levels
were calculated by using internal reference β-actin.

2.10. Analysis of Gut Microbiota. Fecal pellets were collected
and weighed, homogenized with 1ml of sterile PBS. Bacterial
DNA was extracted from the samples by using the QIAamp
Fast DNA Stool Mini Kit (catalog number: 51604, QIAGEN,
CA, USA). The isolated DNA was amplified using primers
for the target gene 16S rRNA (V3-4 regions: forward 5′-
CCTACGGGNGGCWGCAG-3′ and reverse 5′-GACTAC
HVGGGTATCTAATCC-3′) according to the previous
report [42]. The gut microbiota of rats was analyzed by using
16S rRNA sequencing of bacterial genomes.

2.11. Statistical Analysis. All data were presented as the
mean ± standard deviation (S.D.). The variables were ana-
lyzed by using unpaired two tailed Student’s t-test. A normal
distribution of variance was confirmed by the Kolmogorov

and Smirnov test [43]. Homogeneity of variance was con-
firmed by using Bartlett’s test [44]. p values were corrected
for multiple comparisons by using the Bonferroni adjust-
ment [45]. The statistical data were analyzed by one-way
ANOVA followed by Tukey’s post hoc test. The statistical
difference was considered if p < 0:5.

3. Results

3.1. HPLC Analysis of Saikosaponin A. Comparing with the
standard of Saikosaponin A (Figure 2(a)), HPLC analysis
showed that the main extracts of Radix bupleuri was Saikosa-
ponin A (Figure 2(b)) and the eluting time was 19.9min.
Radix bupleurimay exert its function via its main component
Saikosaponin A.

3.2. Saikosaponin A Intervention Reduced SAP Symptoms.
The present results showed that the levels of serum amylase
(Figure 3(a)) and serum lipase (Figure 3(b)) significantly
increased in the MG group when compared with the CG
group (p < 0:05). The results suggested that SAP was estab-
lished with the significantly increased levels of serum amylase
and lipase. On the other hand, Saikosaponin A treatment
reduced the level of serum amylase (Figure 3(a)) and serum
lipase (Figure 3(b)) in a dose-dependent way (p < 0:05).
The results suggest that Saikosaponin A intervention reduces
serum levels of amylase and lipase in the SAP model.

To explore the effects of Saikosaponin A on pancreas
damage, an SAP model was established in rats. The DAI
was 0 in the CG group, and the scores were highest in the
MG group. Saikosaponin A intervention reduced the DAI
value in a dose-dependent way (Figure 4(a), p < 0:05). Path-
ological change was assessed by using the H&E stain. There
was no pathological character in the CG group with Grade
0. In contrast, the rats had a significant pathological character
in the MG group with grade 4, including acinar cell edema,
widened intercellular spaces, hemorrhage, necrosis, inflam-
matory cell infiltration, and cell destruction (Figures 4(b)
and 3(c), p < 0:05). The pathological characters were signifi-
cantly reduced in Saikosaponin A-treated group in a dose-
dependent way (Figures 4(b) and 3(c), p < 0:05). These
results suggest that Saikosaponin A intervention ameliorates
SAP lesions.

3.3. Saikosaponin A Had Antioxidant and Anti-
Inflammatory Effects on the Rats with SAP. Antioxidant
analysis showed that serum levels of SOD (Figure 5(a)),
CAT (Figure 5(b)), and GPx (Figure 5(c)) were highest in
the CG group and significantly reduced in the MG group
while the MDA level was lowest in the CG group and
highest in the MG group (Figure 5(d), p < 0:05). Saikosa-
ponin A intervention increased the serum levels of SOD
(Figure 5(a)), CAT (Figure 5(b)), and GPx (Figure 5(c))
and reduced the MDA level (Figure 5(d), p < 0:05). The
administration of Saikosaponin A suppressed oxidative
stress in the rats with SAP.

Anti-inflammatory analysis showed that serum levels
of TNF-α (Figure 5(e)), IL-1β (Figure 5(f)), and IL-6
(Figure 5(g)) were lowest in the CG group and significantly
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increased in the MG group while the IL-10 level was highest
in the CG group and lowest in the MG group (Figure 5(h),
p < 0:05). Saikosaponin A intervention reduced the serum
levels of TNF-α (Figure 5(e)), IL-1β (Figure 5(f)), and IL-6
(Figure 5(g)) and increased the IL-10 level (Figure 5(h), p <
0:05). The levels of serum CRP (Figure 5(i)) and serum
PCT (Figure 5(j)) significantly increased in the MG group
when compared with the CG group (p < 0:05). The results
suggested that SAP was established with the significantly
increased levels of serum CRP and PCT. On the other hand,
Saikosaponin A treatment reduced the level of serum CRP
(Figure 5(i)) and serum PCT (Figure 5(j)) in a dose-
dependent way (p < 0:05). The results suggest that Saikosa-
ponin A intervention reduces serum levels of inflammatory
indicators in the SAP model. Saikosaponin A increased
anti-inflammatory properties in the rats with SAP.

3.4. Saikosaponin A Increased the Relative mRNA Levels of
Antioxidant Signaling Molecules.Keap1-Nrf2-ARE are impor-

tant antioxidant signaling molecules to maintain antioxidant
properties and pancreas integrity [46]. Thus, we explored the
protective function by investigating the effects of Saikosaponin
A on the relative mRNA levels of the antioxidant signaling.
The levels of Keap1 (Figure 6(a)), Nrf2 (Figure 6(b)), and
ARE (Figure 6(c)) were obviously decreased in the MG group
when compared with those in the CG group (p < 0:05). How-
ever, the administration of Saikosaponin A increased the
level of Keap1 (Figure 6(a)), Nrf2 (Figure 6(b)), and ARE
(Figure 6(c)). The experiment result demonstrated that Sai-
kosaponin A ameliorated the SAP by increasing the relative
mRNA levels of antioxidant signaling molecules.

3.5. Saikosaponin A Increased the Protein Levels of
Antioxidant Signaling Molecules. We further explored the
protective function by investigating the effects of Saikosaponin
A on the protein levels of the antioxidant signaling molecules.
The expression levels of Keap1 (Figure 7(a)), Nrf2
(Figure 7(b)), and ARE (Figure 7(c)) obviously decreased in
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Figure 2: High-performance liquid chromatography (HPLC) analysis for the extracts of Radix bupleuri. (a) The standard of Saikosaponin A.
(b) Purified Saikosaponin A.
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Figure 3: The effects of Saikosaponin A on serum lipase and amylase among different groups. Data were presented asmeans ± S:D: (standard
deviation) and n = 8 for each group. ap < 0:05 vs. the CG group, bp < 0:05 vs. the MG group, cp < 0:05 vs. the SLG group, dp < 0:05 vs. the SMG
group, and ep < 0:05 vs. the SHG group.
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Figure 4: Saikosaponin A ameliorated pathological character of SAP in rats. (a) Disease activity index. (b) Hematoxylin and eosin (H&E)
staining of pancreas in each group. (c) Histopathological scores. Data were presented as means ± S:D: (standard deviation) and n = 8 for
each group. ap < 0:05 vs. the CG group, bp < 0:05 vs. the MG group, cp < 0:05 vs. the SLG group, dp < 0:05 vs. the SMG group, and
ep < 0:05 vs. the SHG group.
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the MG group when compared with those in the CG group
(p < 0:05). However, the administration of Saikosaponin A
increased the expression levels of Keap1 (Figure 7(a)), Nrf2
(Figure 7(b)), and ARE (Figure 7(c)). The experiment result
demonstrated that Saikosaponin A ameliorated the SAP

status by increasing the expression of antioxidant signaling
proteins.

3.6. Saikosaponin A Intervention Improved Gut Microbiota
Composition. Dysbiosis of gut microbiota is closely
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Figure 5: The effects of administration of Saikosaponin A on serum level of oxidative stress, inflammatory responses, and apoptosis
status in the rats with severe acute pancreatitis (SAP). (a) Superoxide dismutase (SOD). (b) Catalase (CAT). (c) Oxidized glutathione
(GPx). (d) Malondialdehyde (MDA). (e) Tumor necrosis factor- (TNF-) α. (f) Interleukin- (IL-) 1β. (g) IL-6. (h) IL-10. (i) C-reactive
protein (CRP). (j) Procalcitonin (PCT). Data were presented as means ± S:D: (standard deviation) and n = 8 for each group. ap < 0:05 vs.
the CG group, bp < 0:05 vs. the MG group, cp < 0:05 vs. the SLG group, dp < 0:05 vs. the SMG group, and ep < 0:05 vs. the SHG group.
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associated with pancreas dysfunction and damage. To inves-
tigate the impact of Saikosaponin A on gut microbiota com-
position, 16S rRNA gene sequencing was conducted by using
the different fecal specimens from all groups. The relative
abundance of Lactobacillus species was highest in the CG,
and lowest in the MG group (Figure 8(a)). Saikosaponin A
treatment increased the relative abundance of Lactobacillus
species in a dose-dependent way (Figure 8(a)). The abun-

dance of Prevotella species was similar between the CG
and MG groups (Figure 8(a)). Saikosaponin A treatment
increased the relative abundance of Prevotella species in a
dose-dependent way (Figure 8(a)). Heatmap analysis showed
the similar results as those in the barplots (Figure 8(b)).

3.7. FMT of Saikosaponin A-Treated Rats Ameliorated SAP
Lesions. To explore whether the gut microbiota of
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Figure 6: The real-time reverse transcription polymerase chain reaction (RT-PCR) analysis of the effects of Saikosaponin A on the relative
mRNA levels of antioxidant signaling proteins. (a) Kelch-like ECH-associated protein 1 (Keap1). (b) Nuclear factor erythroid 2-related
factor 2 (NRF2). (c) Antioxidant response element (ARE). Data were presented as mean values ± S:D: (standard deviation) and n = 8 for
each group. ap < 0:05 vs. the CG group, bp < 0:05 vs. the MG group, cp < 0:05 vs. the SLG group, dp < 0:05 vs. the SMG group, and
ep < 0:05 vs. the SHG group.
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Figure 7: Western blot analysis of the effects of Saikosaponin A on the expression of antioxidant signaling proteins. (a) Kelch-like ECH-
associated protein 1 (Keap1). (b) Nuclear factor erythroid 2-related factor 2 (NRF2). (c) Antioxidant response element (ARE). Data were
presented as mean values ± S:D: (standard deviation) and n = 8 for each group. ap < 0:05 vs. the CG group, bp < 0:05 vs. the MG group,
cp < 0:05 vs. the SLG group, dp < 0:05 vs. the SMG group, and ep < 0:05 vs. the SHG group.

8 Oxidative Medicine and Cellular Longevity



Saikosaponin A-treated animals improve the SAP rats, the
gut microbiota of Saikosaponin A-treated SAP rats (the
model was established within the first 7 days) was transferred
to another SAP rats (the model was established within the
second 7 days). All the previous parameters were repeated
analyzed. The levels of serum amylase (Figure 9(a)) and
serum lipase (Figure 9(b)) significantly increased in the
TMG group when compared with the TCG group
(p < 0:05). The results suggested that FMT of the SAP
model rats significantly increased the levels of serum amy-
lase and lipase. On the other hand, FMT of Saikosaponin
A-treated rats reduced the level of serum amylase
(Figure 9(a)) and serum lipase (Figure 9(b), p < 0:05). The

results suggest that FMT of Saikosaponin A-treated rats
reduces serum levels of amylase and lipase in the SAP model.
FMT of model rat increased disease activity index scores
(Figure 10(a)) and pathological scores (Figures 10(b) and
10(c)). In contrast, the FMT of Saikosaponin A-treated rats
reduced disease activity index scores (Figure 10(a)) and path-
ological scores (Figures 10(b) and 10(c)). These results suggest
that Saikosaponin A ameliorates SAP lesions by improving gut
microbiota.

3.8. FMT of Saikosaponin A-Treated Rats Had Antioxidant
and Anti-Inflammatory Effects on the Rats with SAP. Anti-
oxidant analysis showed that serum levels of SOD
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Figure 8: The composition of gut microbiota among different groups. (a) The proportion of gut microbiota. (b) Heatmap analysis of gut
microbiota changes from different treatments.
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Figure 9: The effects of fecal microbiota transplantation (FMT) of Saikosaponin A-treated rats on serum lipase and amylase among different
groups. Data were presented as means ± S:D: (standard deviation) and n = 8 for each group. ap < 0:05 vs. the TCG group, bp < 0:05 vs. the
TMG group, cp < 0:05 vs. the TSLG group, dp < 0:05 vs. the TSMG group, and ep < 0:05 vs. the TSHG group.
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(Figure 11(a)), CAT (Figure 11(b)), and GPx (Figure 11(c))
were highest in the TCG group and significantly reduced
in the TMG group while the MDA level was lowest in the

TCG group and highest in the TMG group (Figure 11(d),
p < 0:05). FMT of Saikosaponin A-treated rats increased
the serum levels of SOD (Figure 11(a)), CAT (Figure 11(b)),

0 1 2 3 4 5 6 7
Time (days)

2.5

2.0

1.5

1.0

0.5

0.0D
ise

as
e a

ct
iv

ity
 in

de
x 

(s
co

re
s)

TSHG
TSMG
TSLG

TMG
TCG

(a)

TCG TMG TSLG

TSMG TSHG

50 𝜇m 50 𝜇m 50 𝜇m

50 𝜇m 50 𝜇m

(b)

TCG TMG TSLG TSMG TSHG

4

3

2

1

0

Pa
th

ol
og

ic
al

 sc
or

es

B, C, D, E

A, C, D, E

A, B, D, E

A, B, C, E

A, B, C, D

(c)

Figure 10: Fecal microbiota transplantation (FMT) of Saikosaponin A-treated rats ameliorated pathological character of severe
acute pancreatitis (SAP) in rats. (a) Disease activity index. (b) Hematoxylin and eosin (H&E) staining of pancreas in each group.
(c) Histopathological scores. Data were presented as means ± S:D: (standard deviation) and n = 8 for each group. ap < 0:05 vs. the
TCG group, bp < 0:05 vs. the TMG group, cp < 0:05 vs. the TSLG group, dp < 0:05 vs. the TSMG group, and ep < 0:05 vs. the
TSHG group.
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Figure 11: The effects of Saikosaponin A-treated rats on serum level of oxidative stress, inflammatory responses, and apoptosis status
in the rats with severe acute pancreatitis (SAP). (a) Superoxide dismutase (SOD). (b) Catalase (CAT). (c) Oxidized glutathione (GPx).
(d) Malondialdehyde (MDA). (e) Tumor necrosis factor- (TNF-) α. (f) Interleukin- (IL-) 1β. (g) IL-6. (h) IL-10. (i) C-reactive protein
(CRP). (j) Procalcitonin (PCT). Data were presented as means ± S:D: (standard deviation) and n = 8 for each group. ap < 0:05 vs. the TCG
group, bp < 0:05 vs. the TMG group, cp < 0:05 vs. the TSLG group, dp < 0:05 vs. the TSMG group, and ep < 0:05 vs. the TSHG group.
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and GPx (Figure 11(c)) and reduced the MDA level
(Figure 11(d), p < 0:05). FMT of Saikosaponin A-treated rats
suppressed oxidative stress in the rats with SAP.

Anti-inflammatory analysis showed that serum levels of
TNF-α (Figure 11(e)), IL-1β (Figure 11(f)), and IL-6
(Figure 11(g)) were lowest in the TCG group and signifi-
cantly increased in the TMG group while the IL-10 level
was highest in the TCG group and lowest in the TMG group
(Figure 11(h), p < 0:05). FMT of Saikosaponin A-treated rats
reduced the serum levels of serum levels of TNF-α
(Figure 11(e)), IL-1β (Figure 11(f)), and IL-6 (Figure 11(g))
and increased the IL-10 level (Figure 11(h), p < 0:05). The
levels of serum CRP (Figure 11(i)) and serum PCT
(Figure 11(j)) significantly increased in the TMG group when
compared with the TCG group (p < 0:05). The results sug-
gested that FMT of SAP model rats significantly increased
the levels of serum CRP and PCT. On the other hand,
FMT of Saikosaponin A-treated rats reduced the level of
serum CRP (Figure 11(i)) and serum PCT (Figure 11(j),
p < 0:05). FMT of Saikosaponin A-treated rats increased
anti-inflammatory properties in the rats with SAP.

3.9. FMT of Saikosaponin A-Treated Rats Increased the
Relative mRNA Levels of Antioxidant Signaling Protein. The
relative mRNA levels of Keap1 (Figure 12(a)), Nrf2
(Figure 12(b)), and ARE (Figure 12(c)) was obviously
decreased in the TMG group when compared with those

in the TCG group (p < 0:05). However, FMT of Saikosapo-
nin A-treated rats increased the relative mRNA levels of
Keap1 (Figure 12(a)), Nrf2 (Figure 12(b)), and ARE
(Figure 12(c)). The experiment result demonstrated that
FMT of Saikosaponin A-treated rats ameliorated the SAP
by increasing the relative mRNA levels of antioxidant sig-
naling molecules.

3.10. FMT of Saikosaponin A-Treated Rats Increased the
Expression of Antioxidant Signaling Protein. Western blot
analysis showed that the expression levels of Keap1
(Figure 13(a)), Nrf2 (Figure 13(b)), and ARE (Figure 13(c))
obviously decreased in the TMG group when compared with
the TCG group (p < 0:05). However, FMT of Saikosaponin
A-treated rats increased the expression levels of Keap1
(Figure 13(a)), Nrf2 (Figure 13(b)), and ARE (Figure 13(c)).
The experiment result demonstrated that FMT of Saikosapo-
nin A-treated rats ameliorated the SAP by increasing the
expression of antioxidant signaling protein.

3.11. FMT of Saikosaponin A-Treated Rats Improved Gut
Microbiota Composition. The abundance of Lactobacillus
species was highest in the TCG, and lowest in the TMG
group (Figure 14(a)). FMT of Saikosaponin A-treated rats
increased the relative abundance of Lactobacillus species
(Figure 14(a)). The abundance of Prevotella species was
similar between the TCG and TMG groups (Figure 14(a)).
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Figure 12: The real-time reverse transcription polymerase chain reaction (RT-PCR) analysis of the effects of fecal microbiota transplantation
(FMT) of Saikosaponin A on relative mRNA levels of antioxidant signaling proteins. (a) Kelch-like ECH-associated protein 1 (Keap1).
(b) Nuclear factor erythroid 2-related factor 2 (NRF2). (c) Antioxidant response element (ARE). Data were presented as means ± S:D:
(standard deviation) and n = 8 for each group. ap < 0:05 vs. the TCG group, bp < 0:05 vs. the TMG group, cp < 0:05 vs. the TSLG
group, dp < 0:05 vs. the TSMG group, and ep < 0:05 vs. the TSHG group.
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FMT of Saikosaponin A-treated rats increased the relative
abundance of Prevotella species in a dose-dependent way
(Figure 14(a)). Heatmap analysis showed the similar results
as the barplots (Figure 14(b)). Therefore, FMT of Saikosapo-
nin A-treated rats improved the gut microbiota by increasing
the proportion of Lactobacillus and Prevotella species
(Figure 14). The results indicated that FMT of Saikosaponin
A-treated rats improved gut microbiota in the SAP model.

4. Discussion

SAP lesions are linked with sepsis, infected pancreatic
necrosis, and multiorgan failure [47]. SAP is a relapsing com-
plication of digestive system and can lead to chronic inflam-
matory disease [48]. Many drugs are used for the treatment
of SAP but most of them have unwanted adverse effects
[49]. The present work showed that Saikosaponin A exerted

protective effects against SAP risk by reducing pathological
scores (Figure 4) and increasing antioxidant and anti-
inflammation (Figure 5) properties. We next examined the
effects of Saikosaponin A on the expression of antioxidant
signaling molecules. Saikosaponin A administration signifi-
cantly improved the expression of Keap1, Nrf2, and ARE
(Figures 7 and 8). Furthermore, Saikosaponin A intervention
also increased anti-inflammatory capacity by reducing the
levels of IL-6, IL-1β, and TNF-α and increased the level of
IL-10 (Figure 5). The results were consistent with the
previous reports that Saikosaponin A treatment reduced the
IL-6, IL-1β, and TNF-α levels [50] and increased IL-10 level
[50, 51]. Saikosaponin A treatment also reduced the levels of
main inflammatory factors of SAP, CRP, and PCT (Figure 5),
but the related report was not found yet. These results suggest
that Saikosaponin A is a potential drug in the prevention of
SAP progression.
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Figure 13: Western blot analysis of the effects of FMT of Saikosaponin A on the expression of antioxidant signaling proteins. (a) Kelch-like
ECH-associated protein 1 (Keap1). (b) Nuclear factor erythroid 2-related factor 2 (NRF2). (c) Antioxidant response element (ARE). Data
were presented as means ± S:D: (standard deviation) and n = 8 for each group. ap < 0:05 vs. the TCG group, bp < 0:05 vs. the TMG group,
cp < 0:05 vs. the TSLG group, dp < 0:05 vs. the TSMG group, and ep < 0:05 vs. the TSHG group.
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Figure 14: The effects of FMT on composition of gut microbiota among different groups. (a) The proportion of gut microbiota. (b) Heatmap
analysis of gut microbiota changes from different FMT.
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Saikosaponin A treatment improved antioxidant capacity
by increasing the serum levels of SOD, CAT, and GPx and
reducing the MDA level. Free radicals and reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) contribute to
many pancreatitis processes by inducing oxidative stress and
oxidative damage [29, 52, 53]. The increase in the ROS level
induces DNA damage and potential cytotoxicity [54]. SOD
shows its antioxidant role by directly scavenging excess intra-
cellular free radicals and reducing MDA level and enhancing
total antioxidant capacity (T-AOC) [55]. Decreased antioxidant
SOD activity will induce the increase in the levels of oxidative
stress biomarkers (MDA) in the SAP model [56]. GPx is a
selenium-dependent enzyme that prevents intracellular hydro-
gen peroxide and lipid peroxides [57]. CAT widely exists in
mammalian cells and shows the protection against from ROS,
which is produced through the decomposition of H2O2 [58].
Serum activity of GPx and SOD is closely associated with the
removal of ROS [59]. SOD, CAT, and GPx are indispensable
in the defense against oxidative species into bloodstream, espe-
cially super oxide anion radical (O2·-), which is continuously
produced in human body metabolism via the mitochondrial
energy production pathway [60].

The ROS superoxide anion radical is mainly generated by
NADPH oxidase (NOX) in the SAP model and usually con-
verted into H2O2 with the participation of SOD, as well as
NO generated by inducible nitric oxide synthase. The latter
ROS generated from XO plays a crucial role in SAP injury
[29]. The previous reports showed that Saikosaponin A
reduced the expression of NOX [61]. The extracts with Sai-
kosaponin A inhibited the superoxide anion formation by
XO [62].

Nrf2-ARE pathway also attenuates oxidative stress-
induced DNA damage in pancreatic beta cells [63]. Keap1-
Nrf2-ARE are important antioxidant signaling and exerts
protective function against SAP. The expression of Keap1-
Nrf2-ARE was significantly downregulated in SAP rats. The
change was inhibited via Saikosaponin A administration.
Many antioxidant enzyme systems are expressed by activat-
ing the Keap1-Nrf2-ARE signaling pathway [64]. These
results indicate that Saikosaponin A may exert an important
protective effect on pancreas integrity by affecting the expres-
sion of Keap1-Nrf2-ARE antioxidant signaling.

On the other hand, the treatment of Saikosaponin A
treatment improved gut microbiota composition (Figure 8).
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Figure 15: Saikosaponin A from Radix bupleuri prevented severe acute pancreatitis. Saikosaponin A intervention improved gut microbiota
composition, which reduces inflammation responses and improves antioxidant properties via Kelch-like ECH-associated protein 1-nuclear
factor erythroid 2-related factor 2-antioxidant response element (Keap1-Nrf2-ARE) signaling.
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Saikosaponin A may show its function via the improvement
of gut microbiota composition, and the results of FMT fur-
ther confirmed such a proposal. To explore the effects of
FMT on pancreatitis, histology analysis was also performed.
FMT of Saikosaponin A-treated rats increased colon length
and reduced DAI and pathological scores. FMT of Saikosa-
ponin A-treated rats also increased antioxidant and anti-
inflammation properties (Figure 11). Meanwhile, the FMT
of Saikosaponin A-treated rats increased the expression
of antioxidant signaling molecules of Keap1-Nrf2-ARE
(Figure 13).

Additionally, Saikosaponin A intervention improved
gut microbiota and showed significant increases in the
probiotics, including Lactobacillus and Prevotella species
(Figure 8). Similarly, FMT of Saikosaponin A-treated rats
also improved gut microbiota. FMT-treated samples
showed significant increases in the probiotics, including
Lactobacillus and Prevotella species (Figure 14). Lactoba-
cillus species suppressed and repair E. coli-impaired SAP
by increasing the expression and distribution of antioxi-
dant proteins and can be served as an essential food addi-
tive to solve health complications. Lactobacillus as a new
generation of probiotics plays an important role in main-
taining intestinal epithelial homeostasis and exerting health-
promoting function [65]. Prevotella species may exert their
function by fermenting carbohydrate and releasing short-
chain fatty acid (SCFA) to protect pancreas integrity [66].
Notably, Prevotella copri is potential harmful bacterium which
can be inhibited by lactobacillus bacteria [67]. Surprisingly,
the abundance of Lactobacillus and Prevotella species was
increased after supplementation with Saikosaponin A or
gavage with FMT. These results suggest that Saikosaponin
A-induced gut microbiota reduces SAP by reducing inflam-
matory responses and improving antioxidant signaling
through gut microbiota (Figure 15).

There were some limitations in the present study. The
redox homeostasis was only analyzed in the blood sample
although it is more important to measure the redox homeo-
stasis in pancreatic tissues for better understanding the
effects of Saikosaponin A on the SAP risk. The serum con-
centrations of ROS and RNS were not measured although
ROS and RNS levels are closely associated with oxidative
stress. Albumin is a very abundant and important circulating
antioxidant with ligand binding and strong DPPH (1,1-
diphenyl-2-picrylhydrazyl) radical scavenging activity prop-
erties [68, 69]. However, serum albumin was not measured
in the present experiment. Furthermore, only the activities
of selected redox biomarkers were evaluated without consid-
ering other critical redox protein, DNA oxidation products,
ROS production rate, etc. The effects of FMT on healthy rats
were not evaluated. Finally, the rat models could not ade-
quately imitate the clinical scenarios of human SAP. The
effects of Saikosaponin A treatment on microbiota-depleted
rats were not explored in the present work, and thus, the
function of Saikosaponin A may be affected by the preexist-
ing gut microbiota. Saikosaponin A intervention may induce
the production of an antimicrobial peptide (AMP), which
can change the composition of gut microbiota by reducing
the bacterial translocation. The decrease in the AMP levels

will result in the dysbiosis of gut microbiota in the AP model
[70]. The FMT may contain such AMP and affect the distri-
bution of gut microbiota. Therefore, the effect of FMT in nor-
mal animals should be studied if AMP can be identified and
used to treat AP. Further work is needed to address these
important issues.

In conclusion, this study indicates that administration of
Saikosaponin A intervention attenuates SAP lesions. Saikosa-
ponin A treatment not only increased antioxidant and anti-
inflammatory properties but also improved SAP lesions in
the rat model. These findings indicate that Saikosaponin A-
induced gut microbiota changes may have a potential protec-
tive effect on SAP and are useful in the prevention of the
inflammatory disease as SAP.
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Excess iron has been reported to lead to osteoblastic cell damage, which is a crucial pathogenesis of iron overload-related
osteoporosis. However, the cytotoxic mechanisms have not been fully documented. In the present study, we focused on whether
necroptosis contributes to iron overload-induced osteoblastic cell death and related underlying mechanisms. Here, we showed
that the cytotoxicity of iron overload in osteoblastic cells was mainly due to necrosis, as evidenced by the Hoechst 33258/PI
staining, Annexin-V/PI staining, and transmission electronic microscopy. Furthermore, we revealed that iron overload-induced
osteoblastic necrosis might be mediated via the RIPK1/RIPK3/MLKL necroptotic pathway. In addition, we also found that iron
overload was able to trigger mitochondrial permeability transition pore (mPTP) opening, which is a critical downstream event
in the execution of necroptosis. The key finding of our experiment was that iron overload-induced necroptotic cell death might
depend on reactive oxygen species (ROS) generation, as N-acetylcysteine effectively rescued mPTP opening and necroptotic cell
death. ROS induced by iron overload promote necroptosis via a positive feedback mechanism, as on the one hand N-
acetylcysteine attenuates the upregulation of RIPK1 and RIPK3 and phosphorylation of RIPK1, RIPK3, and MLKL and on the
other hand Nec-1, siRIPK1, or siRIPK3 reduced ROS generation. In summary, iron overload induced necroptosis of osteoblastic
cells in vitro, which is mediated, at least in part, through the RIPK1/RIPK3/MLKL pathway. We also highlight the critical role of
ROS in the regulation of iron overload-induced necroptosis in osteoblastic cells.

1. Introduction

Iron, an essential micronutrient, plays a crucial role in a wide
scale of biological processes like DNA synthesis, energy
metabolism, and oxygen transport; however, excess iron is
toxic to cells as leading to organ dysfunction and diseases
[1, 2]. As reported, excess iron stored in the bone tissue is
linked with higher rates of bone loss at proximal femur sites
even in healthy people [3]. Moreover, patients with iron
overload associated diseases like hemochromatosis, thalasse-
mia, and sickle cell disease are much more prone to suffer
from osteoporosis [4, 5]. Nevertheless, the fundamental
mechanisms by which iron overload causes osteoporosis
remain poorly understood.

Recently, substantial evidence has accumulated to
demonstrate that oxidative stress caused by iron overload is
the major contributor to the pathogenesis of osteoporosis
[6–8]. In our previous study, we have demonstrated that
reactive oxygen species was essential for iron overload-
induced apoptosis in the osteoblastic cells [9]. More impor-
tantly, an in vivo study of iron overload documented that
elimination of ROS by antioxidants largely prevented the
bone abnormalities and inhibited detrimental inflammatory
cytokine production [10, 11]. However, it has been
documented that apoptosis is generally considered to be
nonimmunogenic [11, 12]. Meanwhile, we also noticed that
osteoblastic cell death was only partially mediated by apopto-
sis under iron overload conditions [9]. Based on previous
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related studies and this phenomenon, we hypothesized that
other types of cell death might account for the underlying
mechanisms.

Necroptosis is another type of programmed cell death
characterized by cellular organelle swelling and membrane
rupture, induced by multiple death receptors, oxidative
stress, or mitochondrial dysfunction, which is mainly medi-
ated by the RIPK1/RIPK3/MLKL pathway [13–15]. Recent
studies have suggested that necroptosis plays an important
role in the regulation of tissue homeostasis and disorders
[16–18]. It has also been established that activation by stimuli
leads to RIPK1 autophosphorylation, recruitment of RIPK3
to RIPK1 to form the necrosome complex, then oligomeriza-
tion of MLKL, and finally translocation to the plasma
membrane to execute necroptotic cell death [19]. However,
it is unknown whether necroptosis was implicated in iron
overload-induced osteoblastic cell death.

In our current study, for the first time, we systematically
confirm that the necroptosis pathway is involved in iron
overload-induced death of osteoblastic cells. The key finding
of this study is that ROS is essential for iron overload-
induced necroptosis. We then further discover that ROS
contribute to necroptosis of osteoblastic cells through a
positive feedback loop involving RIPK1/RIPK3. These find-
ings suggest targeted antioxidants as an alternative therapy
for the prevention and treatment of iron overload relevant
osteoblastic cell injury.

2. Materials and Methods

2.1. Cell Culture. MC3T3-E1 (subclone 4; ATCC® CRL-
2593™), an osteoblast cell line, was obtained from American
Type Culture Collection [20, 21]. Cells were maintained in
modified α-Minimum Essential Medium Eagle (α-MEM)
(HyClone, Logan, USA) which contains 10% fetal bovine
serum (FBS) (Gibco, Invitrogen, NY, USA) and 1%
antibiotics (penicillin and streptomycin) in a humidified
atmosphere at 37°C. The culture medium was replaced every
2 or 3 days.

2.2. Treatment Groups. Ferric ammonium citrate (FAC)
(Sigma, St. Louis, MO, USA), a source of iron, was utilized to
mimic iron overload conditions in vivo and in vitro [7, 9, 22].
To evaluate the cytotoxic effect of iron overload, the MC3T3-
E1 osteoblastic cells were exposed to FAC (50, 100, and
200μM) for 24, 72, and 120h, respectively. The control groups
were treated with 0.9% saline solution. According to our
previous experiments, the cell viability of osteoblastic cells
significantly decreased from 24 to 120h [9]. More importantly,
with iron overload exposure time prolonged, the osteoblastic
cell necrosis peaked at 120h. Thus, 120h FAC-treated time
periods were chosen throughout the following study. N-
acetyl-cysteine (NAC) (Beyotime Biological Technology,
Shanghai, China) was dissolved in phosphate-buffered saline
(PBS). The RIPK1 inhibitor Necrostatin-1 (Nec-1) (Selleck,
Houston, TX), MLKL inhibitor Necrosulfonamide (NSA)
(Selleck, Houston, TX), and RIPK3 inhibitor GSK872 (Selleck,
Houston, TX) were dissolved in DMSO solution. Before expo-
sure to FAC, the MC3T3-E1 osteoblastic cells were incubated

with or without NAC (1mM), Nec-1 (20μM), GSK872
(4μM), or NSA (4μM) [9, 23–25]. Then, after FAC
(200μM) treatment for 120h, all samples were collected and
analyzed by a microplate reader, flow cytometry, western
blots, and confocal microscopy.

2.3. Cell Counting Kit-8 Assay. The cytotoxicity of iron on
osteoblastic cells was determined by the cell counting kit-8
assay kit (Dojindo Biotechnology, Japan) as described in
instruments [9]. The osteoblastic cells were collected and
seeded in a 96-well plate. After culture for 24 h, the osteoblas-
tic cells were treated with FAC as described above. Then, the
culture medium was removed and replaced with 100μl
mixture solution containing 10μl of CCK-8 reactant. After
reaction for 2 h at room temperature in the dark, the absor-
bance value at 450 nm was detected in a microplate reader
(Thermo, Waltham, MA, USA).

2.4. Evaluation of Cell Death by Annexin-V-FITC/Propidium
Iodide Staining. After exposure as mentioned above, the
osteoblastic cells were stained using Annexin-V-FITC/propi-
dium iodide (PI) kit (KeyGen Biotech, Nanjing, China) [9].
Then, the osteoblastic cells underwent trypsinization and
centrifugation. Subsequently, cells were gently washed twice
by PBS and resuspended in 500μl binding buffer containing
5μl Annexin-V and 5μl PI. After incubating for 15min in
the dark, the samples were detected using flow cytometry
(Becton Dickinson, NJ, USA).

2.5. Hoechst 33258/Propidium Iodide Staining. Cell death was
evaluated by the confocal laser scanning microscope
(OLYMPUS FV1000, Japan) using Hoechst 33258/PI stain-
ing kit (Sigma, St. Louis, MO, USA) [26]. The osteoblastic
cells were seeded and treated in 24-well culture plates as
described above. Then, the culture medium was discarded,
and the plates were washed twice with PBS. Hoechst 33258
(10mg/ml) and PI (5mg/ml) were used to stain osteoblastic
cells. After incubating for 10min in the dark, the osteoblastic
cells were washed with phosphate-buffered saline and
observed under the confocal laser scanning microscope.

2.6. Transmission Electron Microscopy (TEM). The cellular
ultrastructure of osteoblasts after treatment with FAC was
observed by TEM as previously described [23]. Briefly, the
osteoblastic cells were collected, centrifuged, and rinsed twice
with PBS. Next, all samples were fixed in 2.5% glutaraldehyde
for 2 h and subsequently postfixed with 1% osmium tetroxide
for 2 h at 37°C. Then, after being dehydrated with ethanol
and embedded in Epon-812, the ultrathin sections were
stained with lead citrate and uranyl acetate and were used
to evaluate ultrastructure changes with TEM (Tecnai 20
200 kV, FEI Company, Holland).

2.7. Western Blot Analysis.When the cells reached an 80-90%
confluence, they were then seeded at 6 × 104 cells/cm2 density
onto appropriate culture plates for western blot. After treat-
ment as described above, the osteoblastic cells were harvested
and lysed in the RIPA lysis buffer (Boster Biological Technol-
ogy, Wuhan, China). After centrifugation at 12, 000 ∗ g for
10min at 4°C, the protein concentrations were determined
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by an Enhanced BCA Protein Assay Kit (Beyotime Biological
Technology, Shanghai, China). Then, the total lysates of each
simple were separated by 12% SDS-PAGE and then trans-
ferred to the nitrocellulose membranes, which was blocked
in blocking solution for 2 h at room temperature and incu-
bated with primary antibodies overnight at 4°C [27]. All the
primary antibodies used in this experiment were the follow-
ing: anti-RIPK1 (1 : 500, CST, USA), anti-Phospho-RIPK1
(1 : 1000, CST, USA), anti-RIPK3 (1 : 1000, Abcam, USA),
anti-Phospho-RIPK3 (1 : 1000, Abcam, USA), anti-MLKL
(1 : 1000, CST, USA), anti-Phospho-MLKL (1 : 1000, CST,
USA), anti-VDAC1 (1 : 1000, CST, USA), anti-PGAM5
(1 : 1000, Abcam, USA), anti-Drp-1 (1 : 1000, Abcam, USA),
anti-Phospho-Drp-1 (ser637) (1 : 1000, Abcam, USA), and
anti-β-Actin (1 : 1000, Abcam, USA). Following three washes
by TBST solution, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies for 2 h
at room temperature. Finally, the protein levels were
determined by the enhanced chemiluminescence kit (Boster
Biological Technology, Wuhan, China) as described in the
manufacturer’s instructions.

2.8. Estimation of Mitochondrial Membrane Potential
(MMP).MMP was quantified by flow cytometry after stained
in 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazoly-
carbocyanine iodide (JC-1) (Beyotime Biological Technol-
ogy, Shanghai, China). When the mitochondrial membrane
potential is high, JC-1 aggregates in the matrix which can
produce red fluorescence. When MMP is low, JC-1 disperses
which can exhibit green fluorescence. In this study, the oste-
oblastic cells were subjected as described above and stained
according to the manufacturer’s instructions [28]. The levels
of MMP in osteoblastic cells were analyzed by flow cytometry
and determined by the ratio of red to green fluorescence
intensity. Additionally, a laser scanning confocal microscopy
(OLYMPUS FV1000, Japan) was utilized to visualize the
changes of MMP in situ.

2.9. Evaluation of Mitochondrial Permeability Transition
Pore (mPTP). The mPTP of the osteoblastic cells was ana-
lyzed by mPTP Assay Kit (Beyotime Biological Technology,
Shanghai, China) as previously described [24]. Finally, the
relative fluorescence intensity (RFI) in different groups was
determined by flow cytometry.

2.10. Detection of Reactive Oxygen Species. 2’,7’-Dichlorofluor-
escin diacetate (H2DCF-DA) (Sigma, St. Louis, MO, USA) is
a special and commonly used fluorescent probe to detect the
intracellular ROS level. Briefly, after being treated as described
above, the culture medium was discarded and the osteoblastic
cells were harvested and washed thrice by PBS. Then, cells were
resuspended and incubated with 20μM H2DCF-DA at 37°C
for 20min in the dark [25]. Subsequently, serum-free medium
was used to rinse the cells in order to remove the residual dyes.
Finally, the mean fluorescence intensity (MFI) in different
groups was determined by flow cytometry. In addition, in order
to estimate the production of intracellular ROS levels in situ, a
fluorescence microscope (Carl Zeiss, German) was utilized to
visualize each sample.

2.11. siRNA Knockdown. siRIPK1 and siRIPK3 were synthe-
sized by Ribo Biological Technology (Ribo, Guangzhou,
China) according to the current guidelines [23, 24, 29, 30].
The sequences of each are shown in Table 1.

Nonspecific siRNA was treated as a negative control
group (siControl).

The osteoblastic cells were transfected with effective
sequence at a concentration of 100 pmol/105 cell using
Lipofectamine™ RNAi MAX reagent (Invitrogen, Life Tech-
nologies) according to the manufacturer’s protocol [23, 24].
After 24h transfection with siRNAs, the osteoblastic cells
were used for subsequent experiments. The knockdown
efficiency of the siRNAs was assessed by western blotting.

2.12. Statistical Analysis. All data were derived from at least
three separate experiments and were given as the mean ±
standard deviation (SD). Statistical analyses were performed
with SPSS software package 18.0 by the method one-way
analysis of variance (ANOVA) to compare different samples.
Student’s t-tests were also performed to analyze the differ-
ences between the two groups. A probability of p < 0:05 was
considered statistically significant.

3. Results

3.1. Iron Overload Impair the Viability of Osteoblastic Cells.
To explore the cytotoxic effects of iron overload on the
osteoblastic cells, CCK-8 assays were used to quantitate cell via-
bility. The results showed the dose-dependent cytotoxicity as
evidenced by the decrease of absorbance in the osteoblastic cells
with increasing FAC treatment for 72h and 120h (Figure 1).
However, there is no statistical difference between control
groups and treatment groups for 24h, suggesting iron exerts
cytotoxic effects through a long-term accumulation in the oste-
oblastic cells. Thus, the osteoblastic cells were subjected to FAC
(50-200μM) for 120h in the following experiments.

3.2. Characterization of Osteoblastic Cell Death Induced by
Iron Overload. In order to analyze the type of osteoblastic cell
death induced by iron overload, Annexin-V/PI staining and
Hoechst 33258/PI staining were used to detect cell death. In
our study, after incubating with FAC (50-200μM) for 120h,
the increase of osteoblastic cell death was mainly caused by
the PI-positive cells (Figures 2(a)). Meanwhile, as shown in
Figures 2(b), there is a definitive increase in the ratio of PI-
positive cells with elevated dose of FAC (p < 0:05).
Consistently, the Hoechst 33258/PI staining demonstrated
that the ratio of necrosis (PI-positive cells) was elevated greatly
in osteoblastic cells after treatment with FAC (50-200μM)
(Figures 2(c)). To further identify that cellular necrosis was
induced by iron overload in the osteoblastic cells, TEM was
applied to observe morphological changes. With the detection
by TEM, after treatment with 200μM FAC for 120h, the
osteoblastic cells presented typical necrotic morphological
features including severe vacuolation, organelle swelling, and
subsequent cellular lysis (Figure 3). Taken together, our results
of experiments demonstrated that iron overload-induced oste-
oblastic cell death might be mainly due to cellular necrosis.
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3.3. Implication of the Necroptotic Pathway in Iron-Induced
Osteoblastic Necrosis. Necroptosis, one form of programmed
cellular necrosis, recently has been demonstrated to play an
essential role in several pathologies [11]. To explore whether
iron-induced osteoblastic cell death is associated with
necroptosis, we detected the expression of RIPK1, RIPK3,
and MLKL, three crucial regulating molecules of the necrop-
tosis pathway. As shown in Figures 4(a) and 4(b), after expo-
sure to FAC (50-200μM) for 120 h, the expression levels of
RIPK1 and RIPK3 were upregulated in a dose-dependent
manner. However, FAC had no significant modulatory effect
on the expression of MLKL. Interestingly, the phosphoryla-
tion of RIPK1, RIPK3, and MLKL in the osteoblastic cells
was increased in response to FAC treatment. To further
confirm whether the RIPK1-RIPK3-MLKL pathway was
involved in the necroptosis induced by iron overload, the
osteoblastic cells were pretreated with and without the Nec-1
(20μM) (Supplementary Figure 1), GSK872 (4μM)
(Supplementary Figure 2), and NSA (4μM) (Supplementary
Figure 3), respectively. As shown in Figures 4(c) and 4(d),
the ratio of PI-positive cells was effectively decreased by Nec-
1, GSK872, or NSA. Meanwhile, the data of CCK-8 assays
demonstrated that the osteoblastic cell viability was
effectively improved by GSK872, Nec-1, or NSA
(Figure 4(e)). Taken together, these findings illustrate that
RIPK1, RIPK3, and MLKL are required for iron overload-
induced necrotic cell death in osteoblastic cells.

3.4. Iron Overload Induces the Opening of Mitochondrial
Permeability Transition Pore (mPTP) in Osteoblastic Cells.
Mitochondrial dysfunctions have been considered a crucial
step during iron overload-induced cell death [31]. Various
pathologic factors could trigger the opening of mitochondrial
permeability transition pore, result in the loss of mitochon-
drial membrane potential, and eventually lead to necroptosis.
To illustrate the fundamental mechanisms of iron overload-
caused necroptosis, we explored its possible effects on
mitochondria. Firstly, we detected the opening of mPTP by
flow cytometry in osteoblastic cells. As shown in Figure 5(a),
the value of RFI was markedly decreased in osteoblastic cells
after treatment with FAC (50-200μM) for 120h. Meanwhile,
we also estimated the changes of mitochondrial membrane
potential by JC-1 staining. The collapse of the mitochondrial
membrane potential was defined as the decline in the ratio
of red fluorescence (JC-1 aggregates) to green fluorescence
(JC-1 monomers). After exposure to FAC (50-200μM) for
120h, compared with the saline group, a dose-dependent
decrease of the ratio of red to green fluorescence in osteoblas-
tic cells was detected by flow cytometry (Figure 5(b)). To
further evaluate the loss of mitochondrial membrane potential
caused by iron overload, after JC-1 staining, the osteoblastic
cells were detected by the confocal microscopy in situ. In the
saline group, the osteoblastic cells exhibited primarily red
fluorescence, indicating that the mitochondrial membrane
potential was normal. However, after treatment with FAC
(50-200μM) for 120h, the red fluorescence in the osteoblastic
cells was dramatically decreased and the green fluorescence
was increased (Figure 5(c)).

Next, to further explore the molecular pathway underly-
ing iron overload-induced mitochondrial permeability
transition pore opening, we determined the alteration of
PGAM5 and DRP1, two important molecules in maintaining
mitochondrial homeostasis, which have been uncovered to
act as a substrate of RIPK3. PGAM5, once activated by
RIPK3, will be recruited to mitochondrial membrane, which
then actives DRP1 by dephosphorylation of serine 637 site
and ultimately results in mPTP opening and necroptosis
[32]. As shown in Figures 5(d) and 5(e), following 50-
200μM treatment, the total protein expression of PGAM5
and DRP1 was obviously increased in a dose-dependent
manner, accompanied by a decrease in DRP1 serine 637 site
phosphorylation in mitochondria.

Collectively, these results suggested that mPTP opening
might involve iron overload-induced necroptosis in osteo-
blastic cells.

3.5. ROS Are Required for Iron Overload-Induced Necroptotic
Cell Death in Osteoblastic Cells. ROS caused by iron overload
have long been considered the principal factor in regulating
cell death [2]. To investigate whether ROS formation is

Table 1

Genes The special sequences of siRNA

RIPK1
RIPK3

5′-AUGAUCUCCACGAUUAUCCdTdT-3′
5′-GCAGUUGUAUAUGUUAAGGAGCGGUCGdTdT-3′
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Figure 1: The influence of iron overload on the osteoblastic cell
viability. After subjecting to FAC (50-200μM) for 24, 72, and
120 h, the viability of osteoblasts was detected by CCK-8 assays.
The histogram showed the statistical significance only in the 72 h
and 120 h groups. Values are expressed as the means ± SD from
three independent experiments (∗p < 0:05 vs. saline control,
ANOVA test).
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required for iron overload-induced necroptosis in osteoblas-
tic cells, we first measured the effect of iron overload on the
intracellular ROS levels by flow cytometry. As shown in

Figures 6(a) and 6(b), FAC increased the intracellular ROS
levels in a dose-dependent manner. Furthermore, observa-
tion using fluorescence microscopy, the green fluorescence
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Figure 2: Iron overload-induced necrotic cell death in the osteoblastic cells. (a) Representative data were analyzed using the flow cytometer
after Annexin-V/PI staining in osteoblastic cells after exposure to 50-200 μMFAC for 120 h. In each plot, the lower left quadrant (Annexin-V-
/PI-) corresponds to live cells, the lower right quadrant (Annexin-V+/PI-) corresponds to apoptosis, and the upper left and right quadrants
(Annexin-V-/PI+ and Annexin-V+/PI+) correspond to necrotic cell. (b) Histogram statistical analysis illustrated the dose-dependent increase
of PI-positive osteoblasts. Values are expressed as themeans ± SD from three independent experiments (∗p < 0:05 vs. saline control, ANOVA
test). (c) Representative confocal photomicrograph of Hoechst 33258/PI staining. After treatment with FAC (50-200μM) for 120 h, the
osteoblastic cells were counterstained with Hoechst 33258 and PI. PI positive represents necrotic cells. Scale bar = 30 μm.
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spots were dramatically increased in osteoblastic cells follow-
ing FAC (50-200μM) treatment, indicating the generation of
intracellular ROS induced by iron overload (Figure 6(c)).

Next, we explored whether ROS are indispensable for
iron overload-induced necroptosis, using radical scavengers
to inhibit the production of ROS. In our study, the antioxi-
dant NAC significantly diminished the generation of ROS
induced by iron overload in osteoblastic cells (Figure 7(a)).
Notably, addition of NAC obviously reduced iron overload-
induced necroptotic cell death of the osteoblastic cells
(Figure 7(b)).

As the RIPK1-RIPK3-MLKL pathway represents an
essential mechanism mediating necroptosis, we then ana-
lyzed whether ROS drive the necroptotic cell death through
the RIPK1-RIPK3-MLKL pathway in osteoblastic cells.
Intriguingly, we found that the increased phosphorylation
of RIPK1, RIPK3, and MLKL induced by iron overload was
abrogated by NAC. Besides, NAC also abolished the upregu-
lated expression of the total protein of RIPK1 and RIPK3
(Figures 7(c) and 7(d)).

Together, this set of results confirms that ROS are
required for iron overload-induced necroptotic cell death
and might mediate the necroptosis through the RIPK1-
RIPK3-MLKL pathway.

3.6. ROS Are Required for Iron Overload-Induced mPTP in
Osteoblastic Cells. ROS has been confirmed as one of the prin-
cipal factors triggering mPTP opening in multiple necrotic
death pathways [33]. Once activating mPTP opening directly
results in the loss of mitochondrial membrane potential, it
eventually leads to necroptotic cell death [30]. To explore
whether ROS generation is required for iron overload-
induced mPTP, we used NAC to neutralize ROS stimulated
by iron overload. As shown in Figure 8(a), FAC (200μM)
promoted the opening of mPTP in osteoblastic cells, which

was attenuated by NAC. Similarly, JC-1 staining revealed that
NAC also could reverse the depolarization of MMP induced
by iron overload in osteoblastic cells (Figures 8(b) and 8(c)).
Furthermore, NAC inhibited the upregulation of PGAM5
and activation of DRP1 in mitochondria caused by iron over-
load (Figures 8(d) and 8(e)). Therefore, our results verified
that ROS contributed to the mPTP opening under iron
overload-induced necroptosis in osteoblastic cells.

3.7. RIPK1 And RIPK3 Contribute to Iron Overload-Induced
ROS Generation in Osteoblastic Cells. RIPK1 has been
identified to contribute to the production of ROS and also
play essential roles in the regulation of cell survival and death
[34]. To analyze the roles of RIPK1 in iron overload-induced
ROS production and cell death, RIPK1 was silenced with
RIPK1siRNA or inhibited its kinase activity by Nec-1. First,
we silenced RIPK1 as confirmed by western blot
(Figure 9(a)). The generation of ROS in response to iron over-
load was significantly suppressed in the RIPK1-silenced and
Nec-1-treated groups (Figures 9(c) and 9(e)). Interestingly,
knockdown of RIPK1 significantly increased iron overload-
induced necrotic cell death, which implied that RIPK1 defi-
ciency in osteoblastic cells was highly sensitive to iron toxicity
(Figure 9(d)). By comparison, Nec-1, described as the kinase
activity inhibitor of RIPK1, significantly decreased iron
overload-induced necrotic cell death (Figure 9(f)). Consider-
ing kinase-dependent and kinase-independent functions of
RIPK1, our findings indicated that the kinase activity of RIPK1
might partly contribute to iron overload-induced ROS pro-
duction and is required for iron overload-induced necroptosis
in osteoblastic cells.

Next, we explored the role of RIPK3 in iron overload-
triggered ROS generation, which has recently been considered
a central regulator of necroptosis. To clarify the requirement
of RIPK3 for iron overload-induced ROS generation, the

Saline FAC 200

Figure 3: Typical TEM images of morphological ultrastructural changes in the osteoblastic cells. In the saline control group, the osteoblastic
cells exhibited a normal cell morphology as manifested by intact plasma membrane and organelles. After exposure to 200μM FAC for 120 h,
the osteoblastic cells displayed typical necrotic ultrastructural changes including losing integrity of the plasma membrane, swelling of
organelles, and eventually cellular lysis. Scale bar = 1μm and 2 μm.
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Figure 4: Continued.
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osteoblastic cells were treated with RIPK3 siRNA. Knockdown
efficacy of RIPK3 was confirmed by western blot analysis
(Figure 9(b)). As shown in Figures 9(g) and 9(h), silencing of
RIPK3 substantially attenuated iron overload-induced ROS
production and also protected against iron overload-induced
necrotic cell death. Meanwhile, inhibition of RIPK3 by
GSK872 abrogated iron overload-stimulated necrotic cell
death in the osteoblastic cells (Figures 4(c) and 4(d)). Based
on our results, we conclude that RIPK3, at least in part,
contributes to iron overload-induced ROS generation and is
indispensable for iron overload-induced necroptosis in the
osteoblastic cells.

4. Discussion

Osteoporosis is an age-related degenerative disorder that
connected with a higher risk of fragility fractures. Iron
gradually accumulates in the course of aging, and excess iron
could accelerate bone loss in physically fit postmenopausal
women and old men [35]. As numerous studies have
confirmed iron overload as an independent risk contributor
for the development of aging-associated osteoporosis, it is
imperative to explore the precise iron toxicity in osteoblastic
cells and elucidate the underlying mechanism. In the present
study, we first demonstrated that iron overload could induce
necroptosis of osteoblastic cells in vitro, which is mediated, at
least in part, through the RIPK1/RIPK3/MLKL pathway.
More interestingly, we revealed the critical regulation of
ROS in iron overload-induced necroptosis. Notably, ROS

induced by iron overload promote necroptosis via the forma-
tion positive feedback loop involving RIPK1/RIPK3.

Excessive iron can be toxic tomany cell types, and it seems
that the mechanism of iron toxicity is closely associated with
cell death in the iron overload-related disorders [36, 37].
Historically, there are two mainly fundamental pathways of
cell death: apoptosis and necrosis [38]. Apoptosis is marked
by cytosolic shrinkage, nuclear condensation, apoptotic body
formation, and activation of caspases [37]. The typical
characteristics of necrosis, as opposed to apoptosis, are cellular
swelling, plasma membrane disintegration, cellular contents
release, and inflammation induction [14, 39]. Previous studies
indicated that apoptosis mediated by the mitochondrial path-
way was involved in iron overload-induced osteoblastic cell
death [9]. However, our data suggested that the characteristics
of osteoblastic cell death induced by iron overload seem to be
closely related to necrosis, as proved by the higher PI-positive
rate of cells and the typical necrotic morphological features
obtained by TEM. Similar phenomena have also been found
by previous work, which implied that necrosis might be the
primary type of cell death for the osteoblastic cells in the iron
overload-associated bone diseases [7, 40].

The exact mechanisms by which iron overload induced
necrosis in osteoblastic cells have not been well established.
Necrosis is traditionally considered to be an unregulated type
of cell death, but growing evidence has shown that it is a type
of programmed cell death carried out by multiple signaling
transduction mechanisms [41]. Necroptosis, one type of
programmed necrosis, was characterized by morphological
changes of necrosis, which is critically dependent on the
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Figure 4: Implication of the necroptosis pathway in iron-induced osteoblastic necrosis. (a) Total protein levels of phosphorylated RIPK1,
RIPK3, MLKL, and corresponding total protein. After exposure to FAC (50-200μM) for 120 h, western blot was used to detect the
expression of phosphorylated RIPK1, RIPK3, MLKL, and corresponding total protein in osteoblastic cells. (b) Histogram analysis showing
the relative protein levels of phosphorylated RIPK1, RIPK3, MLKL, and corresponding total protein. Data are presented as the means ±
SD from three independent experiments (∗p < 0:05 vs. saline control, ANOVA test). (c) Representative data were analyzed using the flow
cytometer after Annexin-V/PI staining in osteoblastic cells after exposure to 50-200μM FAC for 120 h. (d) Histogram statistical analysis
demonstrating the ratio of PI positive cells. Values are expressed as the means ± SD from three independent experiments (∗p < 0:05 vs.
saline control, #p < 0:05 vs. FAC 200, ANOVA test). (e) The protective effects of Nec-1, GSK872, or NSA on the osteoblastic cell viability
were evaluated by the CCK-8 assay. Values are expressed as the means ± SD from three independent experiments (∗p < 0:05 vs. saline
control, #p < 0:05 vs. FAC 200, ANOVA test).

8 Oxidative Medicine and Cellular Longevity



100
Co

un
ts

500

400

300

200

100

0

80

60

40

20

0

100

Co
un

ts

80

60

40

20

0
100 101 102

FL1-H RF
I

Sa
lin

e

Saline

FA
C 

50

FAC 50

FA
C 

10
0

FAC 100

FA
C 

20
0

FAC 200

103 104 100 101 102

FL1-H
103 104

100

Co
un

ts

80

60

40

20

0

100

Co
un

ts

80

60

40

20

0
100 101 102

FL1-H
103 104 100 101 102

FL1-H
103 104

⁎

⁎
⁎

330.90

89.87 60.40

151.81

(a)

104

20

15

10

5

0

103

102

101

100

94.78%

5.00%

74.39%

25.59%

66.99%

32.95%

42.75%

57.23%

Re
d/

gr
ee

n 
ra

tio
 (%

)

Saline FAC 50

FAC 100 FAC 200

Sa
lin

e

FA
C 

50

FA
C 

10
0

FA
C 

20
0

100 101 102

FL1-H

FL
2-

H

104

103

102

101

100

FL
2-

H

103 104

100 101 102

FL1-H
103 104

100 101 102

FL1-H
103 104

104

103

102

101

100

FL
2-

H

100 101 102

FL1-H
103 104

104

103

102

101

100

FL
2-

H

⁎
⁎

⁎

(b)

Figure 5: Continued.

9Oxidative Medicine and Cellular Longevity



Saline

JC-1 greenJC-1 red DAPI Merge

FAC 50

FAC 100

FAC 200

(c)

Sa
lin

e

FA
C 

50

FA
C 

10
0

FA
C 

20
0

mito.p-DRP1-ser637

mito.VDAC1

PGAM5

DRP1

𝛽-Actin

−80 kD

−32 kD

−32 kD

−82 kD

−42 kD

(d)

⁎ ⁎

⁎

⁎ ⁎

⁎

3

2

1

0

Re
lat

iv
e p

ro
te

in
 le

ve
ls 

(fo
ld

s o
f s

al
in

e)

m
ito

.p
-D

RP
1-

se
r6

37

PG
A

M
5

D
RP

1

Saline

FAC 50

FAC 100

FAC 200

(e)

Figure 5: Iron overload induces the opening of mitochondrial permeability transition pore in osteoblastic cells. The opening of mitochondrial
permeability transition pore results in the loss of mitochondrial membrane potential. After exposure to FAC (50-200μM) for 120 h, the flow
cytometry was used to detect the opening of mPTP and changes of MMP. (a) Representative dot plot of the flow cytometry results illustrated
the increase of mPTP opening. The quantitative mPTP in osteoblasts is shown by RFI. Values are expressed as the means ± SD from three
independent experiments (∗p < 0:05 vs. saline control, ANOVA test). (b) Representative dot plot of the flow cytometry results illustrated
the decrease MMP. The quantitative MMP in osteoblasts is shown by red/green ratio. Values are expressed as the means ± SD from three
independent experiments (∗p < 0:05 vs. saline control, ANOVA test). (c) Representative fluorescence images were obtained in situ JC-1
staining by confocal microscopy. Scale bar = 50μm. (d) Representative western blots of the total protein expression of PGAM5, DRP1, and
mitochondrial protein expression of phosphorylated DRP1 (Ser637). (e) Histogram analysis showing the relative protein levels of PGAM5,
DRP1, and mitochondrial protein expression of phosphorylated DRP1 (Ser637). Data are presented as the means ± SD from three
independent experiments (∗p < 0:05 vs. saline control, ANOVA test).
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regulation of RIPK1, RIPK3, andMLKL. During activation of
necroptosis, the phosphorylated RIPK1 recruits RIPK3 to
form the RIPK1/RIPK3 necrosome complex. Then, RIPK3
recruits and phosphorylates MLKL [19]. Eventually, the
phosphorylated MLKL undergoes oligomerization and
translocates to the plasma membrane to execute necroptotic
cell death [18, 29]. In this study, our data showed a dose-
dependent increase in the total protein expression and phos-
phorylation of RIPK1 and RIPK3 in the osteoblastic cells
after exposure to FAC. However, the protein expression of
MLKL has no significant change in the osteoblastic cells after
treatment with FAC. Considering RIPK3-dependent MLKL
phosphorylation is the more critical step for necroptosis
execution; we next detected the phosphorylation levels of

MLKL in osteoblastic cells. In line with the changes of RIPK3
expression, we found that iron overload induced the increase
of MLKL phosphorylation, indicating that phosphorylated
MLKL is involved in the execution of necroptotic cell death.
Furthermore, addition of Nec-1, GSK872, or NSA reduced
iron overload-induced necrotic cell death in osteoblastic
cells. Taken these results and previous research together, we
could possibly conclude that iron overload promotes necrop-
tosis in osteoblastic cells, at least in part, via the RIPK1/-
RIPK3/MLKL pathway.

RIPK1 and RIPK3 have been identified as two major
executive molecules of necroptosis [11, 42]. Nevertheless,
the exact mechanisms of RIPK1 and RIPK3 underlying
osteoblastic necroptosis under iron overload condition are
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Figure 6: Iron overload induces the production of ROS in osteoblastic cells. (a) Representative data were analyzed using a flow cytometer after
H2DCF-DA staining in osteoblasts after exposure to FAC (50-200μM) for 120 h. (b) Histogram statistical analysis illustrated the production
of ROS in osteoblasts. Values are expressed as the means ± SD from three independent experiments (∗p < 0:05 vs. saline control, ANOVA
test). (c) Representative fluorescence photomicrograph was obtained in situ H2DCF-DA staining by the fluorescence microscope. Scale bar
= 30μm.
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poorly understood. The molecular roles of RIPK1 in
mediating necroptosis have been controversially discussed.
On the one hand, numerous studies indicated that RIPK1
and its kinase activity are necessary for the initiation of
necroptosis by various stimulators [43, 44]. On the other
hand, RIPK1, through its kinase-independent scaffolding
functions, maintains cellular homeostasis by inhibiting
necroptosis [15, 45, 46]. In the current study, we showed that
selective silencing of RIPK1 in osteoblastic cells sensitizes
these cells to necroptosis triggered by iron overload. In con-
trast to genetic silencing of RIPK1, we indicated that Nec-1
protected against necroptosis induced by iron overload.
Although these results seemed to be contradictory, we specu-
lated this phenomenon might be related to kinase-dependent
and kinase-independent functions of RIPK1 as discussed
above. Furthermore, the exact molecular mechanisms of
RIPK1 in mediating osteoblastic necroptosis will be investi-
gated in the future studies. Currently, these results at least
revealed that the kinase activity of RIPK1 was essential for iron
overload-induced necroptosis in osteoblastic cells. Unlike
RIPK1, the ability of RIPK3 in mediating necroptosis has been
well established [47]. In our experiment, knockdown of RIPK3
significantly inhibited iron overload-induced necrotic cell
death. Similarly, GSK872 also reduced iron overload-

stimulated necrotic cell death in osteoblastic cells, which is
consistent with previous studies. Based on these data together,
we could possibly conclude that the kinase activity of RIPK1
and RIPK3 is indispensable for iron overload-induced necrop-
tosis in osteoblastic cells.

In addition, mPTP opening has been also identified as an
important downstream event for RIPK3-mediated necropto-
sis [29, 30]. PGAM5, a critical convergence effector of various
necroptotic death pathways, could be recruited by phosphor-
ylated RIPK3, then activates DRP1 dephosphorylation, and
consequently promotes mPTP opening and necroptotic cell
death [48–50]. More interestingly, our results revealed a
dose-dependent increase in the levels of RIPK3 phosphoryla-
tion, upregulation of PGAM5 and DRP1, and dephosphory-
lation of DRP1 in mitochondria after treatment with FAC.
Furthermore, we observed that the opening of mPTP was
markedly increased and the PI-positive ratio of osteoblastic
cells also concomitantly elevated. Therefore, we could be
possibly concluded that the opening of mPTP is involved in
necroptosis of osteoblastic cells in response to iron overload.

A key contribution of this study is the finding that ROS
are essential for iron overload-induced necroptosis in osteo-
blastic cells. ROS have been considered as a critical driving
force for necroptosis [19, 51]. Our previous studies have
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Figure 7: ROS are required for iron overload-induced necroptosis in osteoblastic cells. Osteoblasts were treated with 200μM FAC with or
without NAC (1mM) for 120 h. (a) Representative graphs were obtained from a flow cytometer after H2DCF-DA staining in osteoblasts.
Histogram statistical analysis illustrated the production of ROS in osteoblasts. Data are expressed as the means ± SD from three
independent experiments (∗p < 0:05 vs. saline control, #p < 0:05 vs. FAC 200, ANOVA test). (b) Representative data were analyzed using a
flow cytometer after Annexin-V/PI double staining in osteoblasts. Histogram analysis demonstrating the ratio of PI positive cells. Values
are expressed as the means ± SD from three independent experiments (∗p < 0:05 vs. saline control, #p < 0:05 vs. FAC 200, ANOVA test).
(c) Representative western blots of the expression of phosphorylated RIPK1, RIPK3, MLKL, and corresponding total protein. (d)
Histogram analysis showing the relative protein levels of phosphorylated RIPK1, RIPK3, MLKL, and corresponding total protein. Data are
presented as the means ± SD from three independent experiments (∗p < 0:05 vs. saline control, #p < 0:05 vs. FAC 200, ANOVA test).
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Figure 8: ROS are required for iron overload-induced mPTP opening in osteoblastic cells. The opening of mitochondrial permeability
transition pore results in the loss of mitochondrial membrane potential. After exposure to FAC (200 μM) with or without NAC (1mM)
for 120 h, the flow cytometry was used to detect the opening of mPTP and changes of MMP. (a) Representative dot plot of the flow
cytometry results illustrated the increase mPTP opening. The quantitative mPTP in osteoblasts is shown by RFI. Data are expressed as the
means ± SD from three independent experiments (∗p < 0:05 vs. saline control, #p < 0:05 vs. FAC 200, ANOVA test). (b) Representative dot
plot of the flow cytometry results illustrated the decrease MMP. The quantitative MMP in osteoblasts is shown by red/green ratio. Data
are expressed as the means ± SD from three independent experiments (∗p < 0:05 vs. saline control, #p < 0:05 vs. FAC 200, ANOVA test).
(c) Representative fluorescence images were obtained in situ JC-1 staining by confocal microscopy. Scale bar = 50μm. (d) Representative
western blots of the total protein expression of PGAM5 and DRP1 and mitochondrial protein expression of phosphorylated DRP1
(Ser637). (e) Histogram analysis showing the relative protein levels of PGAM5 and DRP1 and mitochondrial protein expression of
phosphorylated DRP1 (Ser637). Data are presented as the means ± SD from three independent experiments (∗p < 0:05 vs. saline control,
#p < 0:05 vs. FAC 200, ANOVA test).
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indicated that labile iron stimulated by iron overload contrib-
uted to the production of ROS in osteoblastic cells [9]. However,
numerous evidence has suggested that the involvement of ROS
in necroptosis is cell type-dependent [19]. It is therefore of great
interest to explore whether ROSmediate iron overload-induced
necroptosis in osteoblastic cells. Accordingly, we demonstrated
that exposure with FAC triggered osteoblastic cells to produce
ROS in a concentration-related manner. Furthermore, dimin-
ishing ROS by NAC strongly reduced iron overload-induced
mPTP opening and necrotic cell death. In addition, posttransla-
tional modifications involved by ROS play an essential role dur-
ing necroptosis execution [19]. Furthermore, we detected the
phosphorylation levels of RIPK1, RIPK3, and MLKL, three
key upstream molecules of the necroptotic pathway. When
NAC was applied, the phosphorylation levels of RIPK1 and
RIPK3 dramatically decreased, indicating that ROS promote
RIPK1 and RIPK3 phosphorylation in iron overload-induced
necroptosis. Meanwhile, by detecting the necessity of key
necroptotic molecules for ROS generation, we also found that
RIPK1 and RIPK3 are indispensable for iron overload-

induced ROS production, as genetic silencing of these mole-
cules or inhibition of RIPK1 kinase activity by Nec-1 block
ROS generation. Collectively, our results strongly suggest that
ROS drive the phosphorylation of RIPK1 and RIPK3 and
initiate a positive feedback loop involving RIPK1/RIPK3 in
the iron overload-induced necroptosis process.

In our experiments, our data were highly reproducible.
However, there are also some limitations that need to be
considered. First, our study was conducted in vitro, and
conclusions might not completely reflect the clinical condi-
tions. In the subsequent studies, we will explore the exact
mechanisms of iron toxicity in vivo. Second, because of
technical limits for human osteoblastic cells, MC3T3-E1 cell
line was used to investigate the cytotoxicity of iron [9, 52].
Third, our results only elaborate one aspect of iron toxicity
pathway in osteoblastic cells. In fact, various pathways may
contribute to the activation of iron overload-induced cell
death. Therefore, in the subsequent studies, we need to
further explore other pathways in iron overload-induced cell
death of osteoblastic cells.
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Figure 9: RIPK1 and RIPK3 contribute to iron overload-induced ROS. (a, b) The osteoblastic cells were transfected with siControl, siRIPK1,
or siRIPK3 for 24 h; then, the expression of RIPK1 and RIPK3 was measured by western blot. Representative western blots of the expression of
RIPK1 and RIPK3. Histogram analysis showing the relative protein levels of RIPK1 and RIPK3. Data are presented as themeans ± SD of three
independent experiments (∗p < 0:05 vs. siControl, Student’s t-tests). (c, d) The osteoblastic cells were treated with FAC (200 μM) for 120 h
with siRIPK1 or siControl. Effect of siRIPK1 on ROS production by H2DCF-DA staining (c). Effect of siRIPK1 on iron overload-induced
necrotic cell death by Annexin-V/PI double staining in the osteoblastic cells (d). (e, f) The osteoblastic cells were treated with FAC
(200 μM) for 120 h with or without Nec-1 (20 μM). Effect of Nec-1 on ROS production by H2DCF-DA staining (e). Effect of Nec-1 on
iron overload-induced necrotic cell death by Annexin-V/PI double staining in the osteoblastic cells (f). (g, h) The osteoblastic cells were
treated with FAC (200 μM) for 120 h with siRIPK3 or siControl. Effect of siRIPK3 on ROS production by H2DCF-DA staining (g). Effect
of siRIPK3 on iron overload-induced necrotic cell death by Annexin-V/PI double staining in the osteoblastic cells (h). Data are expressed
as the means ± SD from three independent experiments (∗p < 0:05 vs FAC 200, ANOVA test).
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In conclusion, we firstly demonstrated that iron overload
induced necroptosis of osteoblastic cells in vitro, which is
mediated, at least in part, through the RIPK1/RIPK3/MLKL
pathway. Moreover, we also revealed that ROS mediated iron
overload-induced necroptosis via a positive feedback loop
involving RIPK1/RIPK3. The possible mechanisms involved
in iron overload-caused osteoblastic cell death are depicted
in Figure 10. Importantly, our studies highlight the critical
role of ROS in the regulation of iron overload-induced
necroptosis in osteoblastic cells and provide a novel strategy
to treat iron overload-associated bone disease.
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osteoblastic cells. After subjecting to FAC (200μM) with or
without Nec-1 (5-160μM) for 120 h, the viability of
osteoblastic cells was detected by CCK-8 assays. Values are
expressed as the means ± SD from three independent exper-
iments (∗p < 0:05 vs. saline control; #p < 0:05 vs. FAC 200).

Supplementary 2. Supplementary Figure 2: the protective
effects of GSK872 against iron overload-induced cytotoxity
in osteoblastic cells. After subjecting to FAC (200μM) with
or without GSK872 (1-32μM) for 120 h, the viability of
osteoblastic cells was detected by CCK-8 assays. Values are
expressed as the means ± SD from three independent exper-
iments (∗p < 0:05 vs. saline control; #p < 0:05 vs. FAC 200).

Supplementary 3. Supplementary Figure 3: the protective
effects of NSA against iron overload-induced cytotoxity in
osteoblastic cells. After subjecting to FAC (200μM) with
or without NSA (1-32μM) for 120 h, the viability of osteo-
blastic cells was detected by CCK-8 assays. Values are
expressed as the means ± SD from three independent exper-
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Trastuzumab (TZM) is a humanized monoclonal antibody that has been approved for the clinical management of HER2-positive
metastatic breast and gastric cancers but its use is limited by its cumulative dose and off-target cardiotoxicity. Unfortunately, till
date, there is no approved antidote to this off-target toxicity. Therefore, an acute study was designed at investigating the
protective potential and mechanism(s) of CVE and IGE in TZM-induced cardiotoxicity utilizing cardiac enzyme and oxidative
stress markers and histopathological endpoints. 400mg/kg/day CVE and IGE dissolved in 5% DMSO in sterile water were
investigated in Wistar rats injected with 2.25mg/kg/day/i.p. route of TZM for 7 days, using serum cTnI and LDH, complete
lipid profile, cardiac tissue oxidative stress markers assays, and histopathological examination of TZM-intoxicated heart tissue.
Results showed that 400mg/kg/day CVE and IGE profoundly attenuated increases in the serum cTnI and LDH levels but caused
no significant alterations in the serum lipids and weight gain pattern in the treated rats. CVE and IGE profoundly attenuated
alterations in the cardiac tissue oxidative stress markers’ activities while improving TZM-associated cardiac histological lesions.
These results suggest that CVE and IGE could be mediating its cardioprotection via antioxidant, free radical scavenging, and
antithrombotic mechanisms, thus, highlighting the therapeutic potentials of CVE and IGE in the management of TZM-mediated
cardiotoxicity.

1. Introduction

Trastuzumab, a humanized monoclonal antibody targeted
against epidermal growth factor receptor 2 (HER2), was

approved by the United States Food and Drug Administra-
tion (FDA) for the clinical management of HER2-positive
breast cancers either as an adjuvant or neoadjuvant, and
metastatic breast and gastric carcinomas and metastatic
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gastric cancer [1]. In mediating its cytotoxic action,
trastuzumab is known to bind to the domain IV of the
extracellular domain of HER2 and triggers cascade tumor-
suppressive actions including the activation of antibody-
dependent cell-mediated cytotoxicity, inhibition of HER2
extracellular domain cleavage, disruption of HER2 receptor
homo- and heterodimerization extracellular segment of
HER2 and consequently resulting in the inhibition of
HER2-mediated malignant transformation [1, 2]. Trastuzu-
mab use as a key treatment therapy for advanced HER2-
positive breast carcinoma has also been reported to have
yielded unequivocal improvements in the clinical treatment
outcome of this disease [3]. Clinically, trastuzumab is either
used alone or in combination with other cytotoxic agents
especially with the anthracycline doxorubicin usually in a
pegylated form although it is reported to be most effective
in its combination form [4] since DOX enters its target cells
by simple diffusion, intercalates into DNA, and inhibits
topoisomerase II to hinder and completely stall DNA repli-
cation [5]. However, wide-scale clinical use of trastuzumab-
based therapies has been significantly limited by its adverse
cardiac dysfunctions and dilated cardiomyopathy-related
congestive heart failures, which have been reported to occur
in up to 27% of HER2-positive metastatic breast cancer
patients on its combination therapy with doxorubicin [2].
Trastuzumab has been reported to dysregulate HER2 sig-
naling pathways and suppress autophagy by activating
autophagy-inhibitory Erk/mTOR/Ulk 1 signaling cascade
in cardiomyocytes and overtly resulting in the massive
mitochondrial and toxic reactive oxygen species (ROS)
accumulation in human cardiomyocytes [6, 7]. As a clinical
strategy of preventing the development of trastuzumab-
induced cardiotoxicity, Wu et al. [8] recently investigated
and reported the clinical efficacy and attenuation of
trastuzumab-induced cardiac dysfunction in HER2-
positive breast cancer patients using fixed 440mg dose
monthly administration of trastuzumab. Unfortunately, till
date, there are no approved effective therapeutic agent(s)
available that could prevent the development of this
unwanted/adverse effect of trastuzumab without compris-
ing its efficacy.

Clerodendrum volubile P. Beauv (known as White butter-
fly in English language) is a climbing and edibleWest African
vegetable, belonging to the Verbenaceae family [9] but was
recently reclassified to as belonging to the Labiatae family
[10]. In the Niger-Delta region of Nigeria where the plant is
predominantly cultivated for consumption wholly as green
leafy vegetable or as food condiment to improve soup taste,
it is used for the local management of gouty arthritis, rheu-
matism, dropsy, swellings/edema, and ulcers [9, 11]. Phyto-
chemically, Clerodendrum volubile leaf extracts have been
reported to contain secondary metabolites such as alkaloids,
flavonoids, saponins, anthraquinone, and cardiac glycoside
[12]. The phenolic-rich solvent fractions of the plant extract
have been reported to elicit antihyperglycemic activity
through α-amylase, α-glucosidase, and improvement in the
glucose tolerance while its antihypertensive activity was
mediated via angiotensin I converting enzyme inhibition
[9, 10]. Similarly, the antioxidative, immunomodulatory,

anti-inflammatory, and cytotoxic activities of the plant have
also been reported [12–15]. Clerodendrum volubile is
reported to be very rich in polyphenols (especially flavo-
noids) content which is conferred on its potent antioxidant
potential [9, 16, 17].

Irvingia gabonensis (Aubry-Lecomte ex O’Rorke) Bail
belonging to the family, Irvingiaceae, is known as African
Mango (in English). Its common English names include
bread tree, African wild mango, wild mango, and bush
mango [18, 19], while its local names in Nigeria include
“Apon” and “Ogbono” (amongst the Yoruba, Southwest
Nigeria and Igbo, Southeast Nigeria, respectively). Irvingia
gabonensis is widely cultivated in West African countries
including southwest and southeast Nigeria, southern Camer-
oon, Côte d’Ivoire, Ghana, Togo, and Benin, to produce its
edible fruit whose seed is used in the preparation of local deli-
cious viscous soup for swallowing yam and cassava puddings
[20]. Fat extracted from its seeds is commonly known as dika
fat and majorly consists of C12 and C14 fatty acids, alongside
with smaller quantities of C10, C16 and C18, glycerides, and
proteins [20]. Irvingia gabonensis seeds are also a good source
of nutrients including a variety of vitamins and minerals such
as sodium, calcium, magnesium, phosphorus, and iron. It is
also a rich source of flavonoids (quercetin and kaempferol),
ellagic acid, mono-, di-, and tri-O-methyl-ellagic acids, and
their glycosides which are potent antioxidants [21, 22]. Phy-
tochemical analysis of its seeds showed that it contains tan-
nins, alkaloids, flavonoids, cardiac glycosides, steroids,
carbohydrate, volatile oils, and terpenoids [23–25] and its
proximate composition of moisture 1:4 ± 0:11%, ash 6:8 ±
0:12%, crude lipid 7:9 ± 0:01%, crude fibre 21:6 ± 0:45%,
and crude protein 5:6 ± 0:20% [25]. Similarly, proximate
analysis of its soup shows that it contains 9% protein,
70.42% fat, 4.61% fibre, 1.92% ash, and 11.91% carbohydrate
[26]. Specific compounds already isolated from the seed
extract of include: methyl 2- [2-formyl-5-(hydroxymethyl)-
1 H-pyrrol1yl]-propanoate, kaempferol-3-0-β-D-6″ (p-cou-
maroyl) glucopyranoside and lupeol (3β-lup-20(29)-en-3-ol
with lupeol exhibiting the most abundant with the most sig-
nificant antioxidant activities [27].

In the absence of any clinically approved chemothera-
peutic or chemoprophylactic agents for the clinical
management of trastuzumab-induced cardiovascular events,
the current study was designed at investigating possible ame-
liorative potential of the ethanol extracts of Clerodendrum
volubile leaves and Irvingia gabonensis seeds in
trastuzumab-induced cardiotoxicity in Wistar rats intraperi-
toneally injected with 2.25mg/kg/day of trastuzumab for 7
days. The effects of oral pretreatments with 400mg/kg/day
of Clerodendrum volubile ethanol leaf extract as well as
400mg/kg/day of Irvingia gabonensis ethanol seed extract
were investigated in trastuzumab intoxicated rat hearts using
cardiac enzyme biomarkers such as cardiac troponin I (cTnI)
and cardiac lactate dehydrogenase (LDH), complete lipid
profile, cardiovascular disease risk indices (atherogenic index
(AI) and coronary artery disease risk index (CRI)), oxidative
stress markers, as well as the histopathological studies of the
trastuzumab-treated cardiac tissues as measuring endpoints
for the study.
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2. Materials and Methods

2.1. Plant Materials. Stock of fresh mature whole plants of
Clerodendrum volubile and fresh seeds of Irvingia gabonensis
were purchased from Herbal Vendors in Isikan Market in
Akure, Ondo State, Nigeria, in the month of February 2020.
Samples of the Clerodendrum volubile plant obtained were
subjected to botanical identification and referencing at the
University of Ilorin (UNILORIN) Herbarium with a voucher
specimen number: UIL/001/2019/1254 as previously
reported by Akinsola (2019) [28]. Fresh leaves, inflorescence,
and fruits of Irvingia gabonensis were equally processed for
botanical identification and authentication and voucher
specimen with reference number (UIL/001/2019/1364) was
also deposited in UNILORIN Herbarium.

2.2. Extraction Process. Fresh leaves of Clerodendrum volubile
were destalked from the whole plant, then gently but thor-
oughly rinsed under running tap water and completely air-
dried at the room temperature (28-33°C) until the weight of
the dried leaves was constant. The dried leaves were then pul-
verized using Milling Machine and kept in water- and air-
tight containers.

1.50 kg of the pulverized leaves was completely macerated
in 8 liters of absolute ethanol at room temperature for 5 days
but intermittently shaken to ensure complete dissolution.
Thereafter, the solution was first filtered with cotton wool
and then 110mmWhatman filter paper. The resultant filtrate
was then concentrated in vacuo using a rotary evaporator
(B˙U˙CHI Rotavapor® Model R-215, Switzerland) with
Vacuum Module V-801 EasyVac®, Switzerland) set at a rev-
olution of 70 rpm and a temperature at 36°C before it was
completely dried over a water bath preset at 40°C. The jelly-
like, dark-colored residue left behind was weighed, stored in
air- and water-proof container which was kept in a refrigera-
tor at 4°C. From this stock, fresh solutions were made when-
ever required.

%Yield was calculated as = (weight of crude extract
obtained ðgÞ/weight of starting pulverized dry leaf extracted
ðgÞ)× 100.

The same procedure was performed with 1.5 kg of the
pulverized, dried seeds of Irvingia gabonensis.

2.3. Experimental Animals. Young adult male Wistar Albino
rats (aged 8-12 weeks old and body weight: 150-190 g) used
in this study were obtained from the Animal House of the
Lagos State University College of Medicine, Ikeja, Lagos
State, Nigeria, after an ethical approval (UERC Approval
number: UERC/ASN/2020/2072) was obtained from the
University of Ilorin Ethical Review Committee for Postgrad-
uate Research. The rats were handled in accordance with
international principles guiding the Use and Handling of
Experimental Animals [29]. The rats were maintained on
standard rat feed (Ladokun Feeds, Ibadan, Oyo State,
Nigeria) and potable water which were made available ad
libitum. The rats were maintained at an ambient temperature
between 28-30°C, humidity of 55 ± 5%, and standard (natu-
ral) photoperiod of approximately 12/12 hours of alternating
light and dark periodicity.

2.4. Measurement of Body Weight. The body weights of rats
were taken on days 1 and 7 of the experiment and determined
on a digital rodent weighing scale (®Virgo Electronic
Compact Scale, New Delhi, India). The obtained values were
expressed in grams (g).

2.5. Induction of Trastuzumab- (TZM-) Induced
Cardiotoxicity and Other Drug Treatment of Rats. Prior to
commencement of the experiment, rats were randomly allot-
ted into 7 groups of 7 rats per group such that the weight dif-
ference between and within groups was not more than ±20%
of the average weight of the sample population of rats used
for the study. However, the choice of the therapeutic dose
range of 400mg/kg/day of CVE and IGE was made based
on the results of the preliminary studies conducted.

In this experimental repeated-dose model, Group I rats
which served as untreated control were orally pretreated with
10ml/kg/day of sterile water but equally treated with
1ml/kg/day of sterile water and administered via intraperito-
neally for 7 days. Group II and III rats were orally treated
with 400mg/kg/day of CVE and IGE dissolved in 5% DMSO
sterile water (CVE and IGE being only partly soluble in water
and DMSO an organosulfur polar aprotic and inert solvent
that readily dissolves both polar and nonpolar compounds)
but treated with 1ml/kg/day of sterile water and adminis-
tered intraperitoneally for 7 days, respectively. Group IV rats
were orally pretreated with 10ml/kg/day of sterile water 3
hours before intraperitoneal injection of 2.25mg/kg/day of
TZM (®CAMMab, Biocon Limited, Km 34 Tumkur Road,
T-Bengur, Nelamangala Taluk, Bangalore-56 123, India) dis-
solved in accompanying sterile water for 7 days. Group V rats
which served as the positive control group were equally pre-
treated with 20mg/kg/day of Vitamin C 3 hours before treat-
ment with 2.25mg/kg/day of TZM dissolved in sterile water
administered intraperitoneally for 7 days. Group VI and
VII rats were orally pretreated with 400mg/kg/day of CVE
and IGE 3 hours before treatment with 2.25mg/kg of TZM
dissolved in sterile water and administered intraperitoneally
daily for 7 days (Table 1). The choice of vitamin C was made
being a standard antioxidant agent, and its effect as positive
control was compared with other treatment groups. The dose
of TZM adopted was as described by Poon et al. [30] and
Riccio et al. [31].

2.6. Blood Sample Collection. On the 7th day which was the
last day of the experiment, the rats were weighed and later
fasted overnight but drinking water was made available ad
libitum. On the 8th day, fasted rats were sacrificed and whole
blood samples were collected directly from the heart under
inhaled diethyl ether anesthesia. Blood samples were care-
fully collected with a fine 21G Needle and 5ml Syringe
(Hangzhou Longde Medical Products Co. Ltd., Hangzhou,
China) without causing damage to the heart tissues. The rat
heart, liver, and kidneys were identified, harvested en bloc,
and weighed on a digital weighing scale.

2.7. Biochemical Assays. Blood samples obtained directly
from the heart chamber were allowed to clot and then centri-
fuged at 5000 rpm to separate clear sera from the clotted
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blood samples. The clear samples were obtained for assays of
the following biochemical parameters: serum cardiac tropo-
nin I, LDH, TG, TC, and cholesterol fractions (HDL-c,
LDL-c, and VLDL-c). Serum lipids were assayed using
methods of Tietz [32] while serum cTnI and LDH were esti-
mated standard bioassay procedures.

2.8. Calculation of AI and CRI. AI was calculated as LDL −
c ðmg/dlÞ ÷HDL − c ðmg/dlÞ [33] while CRI was calculated
as TC ðmg/dlÞ ÷HDL − c ðmg/dlÞ [34].

2.9. Determination of Antioxidant Activities in the Rat
Cardiac Tissues. After the rats were sacrificed humanely
under inhaled diethyl ether, the heart was harvested en bloc.
The heart was gently and carefully divided into two halves
(each consisting of the atrium and ventricle) using a new sur-
gical blade. The left half of the heart was briskly rinsed in ice-
cold 1.15% KCl solution in order to preserve the oxidative
enzyme activities of the heart before being placed in a clean
sample bottle which itself was in an ice-pack filled cooler.
This is to prevent the breakdown of the oxidative stress
enzymes in these organs.

2.9.1. Determination of SOD Activities in the Heart Tissues.
Superoxide dismutase activity was determined by its ability
to inhibit the autooxidation of epinephrine by the increase
in absorbance at 480nm as described by Paoletti et al. [35].
Enzyme activity was calculated by measuring the change in
absorbance at 480nm for 5 minutes.

2.9.2. Determination of CAT Activities in the Heart Tissues.
Tissue CAT activities were determined by the method
described by Hadwan [36]. The specific activity of CAT was
expressed as U/ml.

2.9.3. Determination of GSH, GPx, and GST Activities in the
Heart Tissue. The reduced glutathione (GSH) content in
the heart tissue was estimated according to the method
described by Rahman et al. [37]. To the homogenate, 10%
TCA was added and centrifuged. One millilitre of the super-
natant was treated with 0.5ml of Elman’s reagent (19.8mg of
5,5-dithiobisnitro benzoic acid (DTNB) in 100ml of 0.1%
sodium nitrate) and -3.0ml of phosphate buffer (0.2M,
pH8.0). The absorbance was read at 412 nm. Similarly, GPx
and GST activities were determined using the method of Far-
aji et al. [38] and Vontas et al. [39].

2.9.4. Determination of MDA Activities in the Heart Tissues.
The method of Buege and Aust [40] was adopted in deter-
mining MDA activities in the cardiac tissue. One millilitre
of supernatant was added to 2ml of (1 : 1 : 1 ratio) TCA-
TBA-HCl reagent (thiobarbituric acid 0.37%, 0.24N HCl,
and 15% TCA) tricarboxylic acid, thiobarbituric acid, reagent
boiled at 100°C for 15 minutes, and allowed to cool. Floccu-
lent material was removed by centrifuging at 3000 rpm for
ten minutes. The supernatant was removed, and the absor-
bance was read at 532nm against a blank. MDA was calcu-
lated using the molar extinction for MDA-TBA-complex of
1:56 × 105 m−1 cm−1.

2.9.5. Histopathological Studies of the Heart. Using the
remaining equally divided harvested heart, the right halves
of the seven randomly selected rats from each treatment
and control groups were subjected to histopathological
examinations, the right ventricle being the most susceptible
to doxorubicin toxicity of the heart chambers. After rinsing
in normal saline, the dissected right half of was preserved in
10% formo-saline before it was completely dehydrated in
absolute (100%) ethanol. It was then embedded in routine
paraffin blocks. From the embedded paraffin blocks, 4-5μm
thick sections of the tissue was prepared and stained with
hematoxylin-eosin stain. These were examined under a
photomicroscope (Model N-400ME, CEL-TECH Diagnos-
tics, Hamburg, Germany) connected with a host computer.
Sections were illuminated with white light from a 12V halo-
gen lamp (100W) after filtering with a 520nm monochro-
matic filter. The slides were examined for associated
histopathological lesions [41].

2.10. Statistical Analysis. Data were presented asmean ± S:D:
andmean ± S:E:M: of seven observations for the body weight
and biochemical parameters, respectively. Statistical analysis
was done using a two-way analysis of variance followed by
post hoc test, Student-Newman-Keuls test on GraphPad
Prism Version 5. Statistical significance was considered at p
< 0:05, p < 0:01, and p < 0:001.

3. Results

3.1. %Yield. Complete extraction of the pulverized dry leaves
Clerodendrum volubile in absolute ethanol was calculated to
be 8.39%. The resultant residue was a dark color, sticky and
jelly-like, sweet-smelling (bland) residue which was not
completely soluble in water but completely soluble in metha-
nol and ethanol. Similarly, complete extraction of Irvingia

Table 1: Group treatment of rats.

Groups Treatments

Group I
10ml/kg/day of sterile water p.o. for 7 days + 1ml/kg/

day of sterile water given i.p. for 7 days

Group II
400mg/kg/day of CVE dissolved in 5% DMSO-sterile
water p.o. for 7 days + 1ml/kg/day of sterile water

given i.p. for 7 days

Group III
400mg/kg/day of IGE dissolved in 5% DMSO-sterile
water p.o. for 7 days + 1ml/kg/day of sterile water

given i.p. for 7 days

Group IV
10ml/kg/day of sterile water p.o. for 7 days + 2:25mg/
kg/day of TZM dissolved in sterile water given i.p.

for 7 days

Group V
20mg/kg/day of vitamin C dissolved in sterile water

p.o. for 7 days + 2:25mg/kg/day of
TZM dissolved in sterile water given i.p. for 7 days

Group VI
400mg/kg/day of CVE dissolved in 5% DMSO-sterile

water p.o. for 7 days + 2:25mg/kg/day of TZM
dissolved in sterile water given i.p. for 7 days

Group VII
400mg/kg/day of IGE dissolved in 5% DMSO-sterile

water p.o. for 7 days + 2:25mg/kg/day of TZM
dissolved in sterile water given i.p. for 7 days
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gabonensis ethanol seed extract in absolute ethanol resulted
in a yield of 58%, which was a dark brown oily and aromatic
residue that was only soluble in methanol and ethanol.

3.2. Effect of CVE and IGE on the Average Body Weight of
TZM-Treated Rats. Table 2 shows the effect of repeated
daily intraperitoneal injection with 2.25mg/kg of TZM
and oral pretreatments with 20mg/kg/day of vit. C and
400mg/kg/day of CVE and IGE, respectively, on the aver-
age body weight on days 1 and 7, percentage weight change
(%Δwt.), and relative heart weight of treated rats. Repeated
intraperitoneal TZM injection did not significantly alter
(p > 0:05) the weight gain pattern and relative heart weight
in the TZM only treated (Group IV) rats when compared to
untreated control (normal) rats (Group II) as well as CVE-
(Group VI) and IGE- (Group VII) pretreated rats (Table 2).
Similarly, vit. C pretreatment did not significantly alter the
weight gain pattern and relative heart weight in the TZM-
treated rats (Table 2).

3.3. Effect of CVE and IGE on Cardiac Marker Enzymes (LDH
and cTnI) of TZM-Treated Rats. Repeated daily intraperito-
neal TZM injection for 7 days resulted in significant increases
(p < 0:0001) in the serum LDH and cTnI levels when com-
pared to that of untreated negative (control) (Group I) values
(Table 3). However, 400mg/kg/day of CVE and IGE oral pre-
treatments significantly attenuated (p < 0:0001) increases in
the serum LDH and cTnI levels (Table 3). Similarly,
20mg/kg/day of vit. C pretreatment also significantly
(p < 0:001 and p < 0:0001) attenuated increases in the serum
LDH and cTnI though at a lower level of statistical signifi-
cance when compared to either CVE or IGE (Table 3).

3.4. Effect of CVE and IGE on the Serum Lipids (TG, TC,
HDL-c, LDL-c, and VLDL-c) Level of TZM-Treated Rats.
Repeated TZM intraperitoneal injections did not cause sig-
nificant (p > 0:05) alterations in the serum lipids measured
when compared to the untreated control (Group I) values
(Table 4). However, repeated daily oral pretreatments with
400mg/kg/day of CVE and IGE resulted in insignificant
reductions in the serum levels of TG, TC, HDL-c, LDL-c,
and VLDL-c when compared to TZM only-treated rats
(Table 4). Similarly, vit. C did not cause significant
(p > 0:05) alterations in the serum TG, TC, LDL-c, and
VLDL-c levels when compared to TZM only-treated rats
(Table 4).

3.5. Effect of CVE and IGE on the Atherogenic Index (AI) and
Coronary Artery Disease Index (CRI) of TZM-Treated Rats.
Repeated intraperitoneal injections with 2.25mg/kg/day of
TZM to treated rats resulted in an insignificant (p > 0:05)
increase in the AI and CRI values when compared to the
untreated control (Group I), CVE only treated (Group II),
and IGE only treated (Group III) values (Table 5). Oral pre-
treatments with 400mg/kg/day of CVE and IGE, however,
resulted in insignificant (p > 0:05) reductions in the AI and
CRI values when compared to TZM only-treated rats
(Table 5). Similar insignificant reductions (p > 0:05) in the
AI and CRI values were caused by 20mg/kg/day of vit. C oral
pretreatment (Table 5).

3.6. Effect of CVE and IGE on the Cardiac Tissue Oxidative
Stress Markers (GSH, GST, GPx, SOD, CAT, and MDA) of
TZM-Treated Rats. Repeated TZM intraperitoneal injection
to treated rats resulted in significant attenuation (p < 0:05
and p < 0:0001) in SOD, CAT, GST activities, and GSH levels
while there were significant increases (p < 0:0001) in the GPx
and MDA activities (Table 6). However, repeated oral treat-
ments with 400mg/kg/day of CVE and IGE significantly
(p < 0:001 and p < 0:0001) attenuated the alterations in the
activities of these oxidative stress markers in the cardiac
tissue restoring their activities to normal as recorded for
Groups I-III values. These values were also comparable to
those of vit. C-treated group (Table 6).

3.7. Histological Effect of CVE and IGE on TZM-Treated
Heart. Repeated intraperitoneal injections of rats with
2.25mg/kg/day of TZM for 7 days resulted in marked vascu-
lar congestion, intraparenchymal hemorrhage, and coronary
artery microthrombi formation with the preservation of the
cardiac myocyte cytoarchitecture (Figure 1). This is in sharp
contrast with normal coronary artery and cardiomyocyte
architecture recorded for Groups I-III cardiac muscle that
were orally treated with 10ml/kg/day of sterile water,
400mg/kg/day of CVE, and 400mg/kg/day of IGE only,
respectively, with no remarkable histological changes in the

Table 2: Effect of repeated oral pretreatments with 400mg/kg/day
of CVE and IGE on the average body weights on days 1 and 7,
percentage change in weight (% Δwt.) and relative heart weight
(RHW) of TZM-treated rats.

Group Day 1 bwt. (g) Day 7 bwt. (g) % Δwt. RHW

I 175:8 ± 25:2 183:9 ± 20:5 05:1 ± 04:9 0:25 ± 0:01

II 178:2 ± 27:9 189:9 ± 34:4 06:2 ± 05:1 0:30 ± 0:02

III 183:4 ± 37:7 190:0 ± 39:9 03:5 ± 02:9 0:36 ± 0:04

IV 177:1 ± 20:4 188:5 ± 23:6 06:4 ± 02:6 0:37 ± 0:01

V 176:2 ± 20:5 185:0 ± 23:5 06:0 ± 05:4 0:38 ± 0:02

VI 171:5 ± 17:7 178:4 ± 17:2 04:2 ± 04:1 0:34 ± 0:02

VII 171:5 ± 21:4 180:7 ± 22:9 04:0 ± 04:3 0:40 ± 0:03

Table 3: Effect of 400mg/kg/day of CVE and IGE on serum LDH
and cTn I in TZM-intoxicated rats.

Treatment groups LDH (U/L) cTn I (ng/ml)

I 2826 ± 637:1 04:46 ± 01:04

II 3733 ± 365:0 05:05 ± 01:38

III 3634 ± 318:8 05:23 ± 01:26
IV 7200 ± 371:7c+ 83:86 ± 13:04c+

V 2813 ± 344:4c- 11:06 ± 02:50b-

VI 3483 ± 310:9c- 06:35 ± 02:05c-

VII 3104 ± 405:0c- 04:45 ± 02:73c-
c+ represents a significant increase at p < 0:0001when compared to Groups I-
III values while b- and c- represent significant decreases at p < 0:001 and p
< 0:0001, respectively, when compared to untreated positive (TZM only-
treated only) control values, respectively.

5Oxidative Medicine and Cellular Longevity



treated heart muscles (Figures 2–4). However, repeated oral
pretreatments with 20mg/kg/day of vit. C (standard antioxi-
dant drug), 400mg/kg/day of CVE, and 400mg/kg/day of
IGE markedly improved TZM-induced coronary artery his-
topathological alterations (Figures 5–7) with coronary artery
recanalization recorded in IGE pretreated, TZM-treated
(Group VII) rats (Figure 7).

4. Discussion

Trastuzumab either used alone or in combination with other
agents from other classes of cytotoxic agents has remained a
cornerstone and key strategy in the clinical management of
patients with metastatic breast carcinoma overexpressing
the HER2 protein [42, 43]. Despite its wide application in this
regard, its clinical use has been limited by its cumulative
dose-limiting but reversible cardiotoxicity which manifests
as a life-threatening dilated cardiomyopathy and congestive
cardiac failure [43, 44]. Unfortunately, till date, there are no
approved effective chemotherapeutic/chemoprophylactic
options available in its amelioration despite efforts being
directed towards developing an effective therapeutic alterna-
tive, one of which is the antianginal agent, ranolazine, which
has been reported to blunt trastuzumab cardiotoxicity medi-
ated via redox-mediated mechanisms [31]. However, ranola-
zine’s clinical use is known to be limited by its serious side
effects such as bradycardia, syncope attacks, hematuria, acute
renal failure, and its predilection to liver cirrhosis [45, 46].
Therefore, this study investigated the ameliorative potential

of CVE and IGE in TZM-related cardiotoxicity in experimen-
tal rats. In doing this, experimental TZM cardiotoxicity was
reliably induced in the treated rats following repeated daily
intraperitoneal injection of 2.25mg/kg of TZM for 7 days as
evidenced by profound elevations in the serum cardiac
markers (cTnI and LDH), alterations in the serum lipids pro-
file and cardiovascular disease risk indices, and marked alter-
ation in the oxidative stress markers. All of these biochemical
changes were corroborated by remarkable histological lesions
such as vascular congestion, intraparenchymal hemorrhage,
coronary artery endothelial thickening, and thrombi
formation. cTnI and LDH are considered reliable markers
of cardiotoxicity and are as such used in monitoring drug-
induced-cardiotoxicities including TZM [47–52]. The fact
that the serum levels of cTn I and LDH were significantly ele-
vated following repeated administration for 7 days is a strong
indication that TZM-induced cardiac damage was reliably
established and in consonance with reports of other studies
[49, 51, 53]. However, repeated oral pretreatments with vita-
min C, CVE, and IGE profoundly attenuated elevations in
serum levels of these cardiac markers, thus, indicating the
potential therapeutic role of these agents in mitigating the
deleterious effects of TZM on the integrity cardiac myocytes.

Another significant finding of this study is the effect of
TZM treatment on the circulating lipids levels. Prolonged
TZM treatment was also being documented to be associated
with dyslipidemia which is characterized by significant
increases in the serum triglycerides, very low-density lipo-
protein cholesterol (VLDL-c), and low-density lipoprotein
cholesterol (LDL-c) [54, 55]. The findings of our study are
in agreement with this assertion although TZM treatment
for 7 days in our study was associated with slight improve-
ments in the circulating lipids levels as well as the cardio-
vascular disease risk indices. The variance between our
result of study and other studies could have resulted from
the short duration of TZM treatment. This remains a
hypothesis until validated by similar studies of longer dura-
tion. In the same vein, neither TZM treatment nor extracts
pretreatment treatment causes any significant changes in
the weight gain pattern of the treated rats. Again, it is
possible that the short duration of the studies could be
responsible for this.

TZM like other anticancer agents such as cisplatin has
been reported to cause “acute coronary syndrome” which

Table 4: Effect of 400mg/kg/day of CVE and IGE on serum lipid profile of TZM-treated rats.

Groups
Serum lipids

TG (mmol/l) TC (mmol/l) HDL-c (mmol/l) LDL-c (mmol/l) VLDC-c (mmol/l)

I 1:00 ± 0:11 1:37 ± 0:11 0:40 ± 0:03 0:51 ± 0:10 0:45 ± 0:05

II 0:79 ± 0:06 1:41 ± 0:13 0:41 ± 0:04 0:64 ± 0:08 0:36 ± 0:04

III 0:79 ± 0:09 1:47 ± 0:12 0:44 ± 0:04 0:67 ± 0:09 0:36 ± 0:04

IV 0:96 ± 0:05 1:53 ± 0:09 0:44 ± 0:02 0:66 ± 0:09 0:43 ± 0:02

V 0:94 ± 0:10 1:51 ± 0:10 0:44 ± 0:02 0:64 ± 0:07 0:43 ± 0:04

VI 0:86 ± 0:09 1:40 ± 0:13 0:40 ± 0:03 0:62 ± 0:07 0:39 ± 0:04

VII 0:80 ± 0:06 1:45 ± 0:08 0:42 ± 0:03 0:67 ± 0:04 0:36 ± 0:03

Table 5: Effect of 400mg/kg/day of CVE and IGE on atherogenic
index (AI) and coronary artery disease index (CRI) in TZM-
intoxicated rats.

Treatment groups AI CRI

I 01:19 ± 0:17 03:39 ± 0:08

II 01:53 ± 0:13 03:45 ± 0:11

III 01:34 ± 0:22 03:39 ± 0:04

IV 01:65 ± 0:16 03:52 ± 0:16

V 01:18 ± 0:06 03:42 ± 0:10

VI 01:42 ± 0:10 03:50 ± 0:09

VII 01:59 ± 0:09 03:45 ± 0:07
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may manifest as coronary ischemia from coronary artery
endothelial thrombi and profound elevation in cardiac
enzymes which are often prevented with aspirin and inten-
sive anti-ischemic medication with nitrates and β-blockers
[56]. Acute coronary syndrome is believed to equally result
from attendant vascular endothelial dysfunction of the coro-
nary artery and peripheral vasculature, and this endothelial
dysfunction is considered an early indicator of atherosclero-
sis [57, 58]. The histological findings of increased coronary
artery endothelial thickening and microthrombi in the
TZM-only treated rat hearts are indicative of the full experi-
mental induction of TZM-related arteriosclerosis and TZM-
induced cardiotoxicity. Vitamin C has previously been
reported to improve endothelial function of conduct arteries
in patients with chronic cardiac failure [59]. However, the
fact that oral pretreatments with CVE and IGE effectively
improved these histological lesions is strongly reflective of
the therapeutic potential effects of these extracts against
TZM-associated endothelial dysfunction.

Oxidative stress (the shift in the balance between oxi-
dants and antioxidants in favor of oxidants) is the net result
of an imbalance between ROS production and destruction
(the latter being regulated by antioxidant defense system)
[60, 61]. ROS (free radicals and non-radicals) are produced
from molecular oxygen as a result of normal cellular metab-
olism and the 3 major ROS that are of physiological signifi-
cance are superoxide anion (O2

−.), hydroxyl radical (•OH),
and hydrogen peroxide (H2O2) [60]. Oxidative stress is a
consequence of an increased generation of these free radicals
and/or reduced physiological activity of antioxidant defenses
against free radicals. In containing the activities of the ROS,
the body system has evolved an innate antioxidant system
to mitigate the possible deleterious effects of oxidative stress
on the body organs/systems [60, 62, 63]. The antioxidant sys-
tems are basically of two types, namely, enzymatic antioxi-
dants which include SOD, CAT, GSH Px, GSTs, and heme
oxygenase-1 and nonenzymatic antioxidants which include
vitamins (vitamins C and E), β-carotene, uric acid, and
GSH, a tripeptide (L-γ-glutamyl-L-cysteinyl-L-glycine) that
comprise a thiol (sulfhydryl) group (e.g., thioredoxin-1
(Trx-1)) [60, 64]. These antioxidant systems are known to
mediate their antioxidant activities via several mechanisms
which include the inhibition of free radical formations; pro-
tection of cells against apoptosis by interacting with proapop-
totic and antiapoptotic signaling pathways; regulation and
activation of several transcription factors, such as AP-1,
NF-κB, and Sp-1; superoxide and oxygen-free radical scav-
enging activities [65–70]. Pleiotropic deleterious effects of
oxidative stress are observed in numerous disease states and
are also implicated in a variety of drug-induced toxicities.
Identifiable drugs are alkylating anthracycline antineoplastic
agents (doxorubicin), antiretroviral (azidovudine), anti-
inflammatory (diclofenac), platinum-based antineoplastic
agent (cisplatin), antipsychotic (chlorpromazine) [71], and
most recently, a HER2 directed monoclonal antibody (trastu-
zumab) [7, 72]. However, the effectiveness of conventional
cytotoxic drugs is largely based on the generation of ROS
and consequently on the increase of oxidative stress that
exceeds the reduction capacity of cancerous tissue, resulting
in apoptotic cell death [73], and most of the adverse effects
emanating from chemotherapy result from excess ROS

Table 6: Antioxidant activities of 400mg/kg/day of CVE and IGE in TZM-intoxicated rat cardiac tissue.

Groups
Antioxidant parameters

GSH GST GPx SOD CAT MDA

I 26:8 ± 3:0 31:7 ± 1:1 28:5 ± 2:8 08:4 ± 0:6 44:5 ± 1:2 0:4 ± 0:1

II 35:0 ± 3:6 29:3 ± 0:9 32:5 ± 3:3 07:7 ± 0:5 42:0 ± 6:8 0:5 ± 0:3

III 33:5 ± 4:5 22:9 ± 1:7 24:8 ± 1:8 06:2 ± 0:9 33:4 ± 7:2 0:5 ± 0:1
IV 16:7 ± 2:1c- 19:8 ± 2:2c- 46:9 ± 2:0f+ 03:6 ± 0:2c- 17:7 ± 2:4c- 0:8 ± 0:1f+

V 29:5 ± 3:3b+ 24:7 ± 0:6b+ 19:9 ± 1:1f- 06:5 ± 0:7c+ 26:0 ± 2:6b+ 0:5 ± 0:1f-

VI 28:3 ± 1:6b+ 25:0 ± 0:5b+ 19:6 ± 1:8f- 08:1 ± 0:6c+ 26:9 ± 1:2b+ 0:4 ± 0:1f-

VII 34:8 ± 2:7c+ 26:4 ± 0:5c+ 16:7 ± 2:1f- 07:6 ± 0:7c+ 30:2 ± 2:6c+ 0:5 ± 0:1f-
c- represents a significant decrease at p < 0:0001 when compared to Groups I-III (controls) values while f+ represents a significant increases at p < 0:0001 when
compared to Groups I-III values; b+ and c+ represent significant increases at p < 0:05 and p < 0:0001, respectively, when compared to Groups IV values while f-

represents a significant decrease at p < 0:0001 when compared to untreated positive control (TZM treated only, Group IV).

Figure 1: A cross-sectional representative of TZM intoxicated rat
heart pretreated with 10ml/kg/day of sterile water showing severe
vascular congestion and intraparenchymal hemorrhage as well as
coronary arterial wall thickening with endothelial microthrombi
formation indicative of coronary arteriosclerosis (x400 magnification,
hematoxylin-eosin stain).
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production in healthy tissues, such as anthracycline-
mediated cardiotoxicity, and nephrotoxicity triggered by
platinum compounds [74, 75] which are mainly based on
the interaction of OH• with target tissue DNA [76, 77].
TZM has been reported to potentiate cardiomyocyte toxicity
through a “dual-hit” mechanism, which includes alterations
in antiapoptotic signalling pathways in cardiomyocytes, inhi-
bition of the neuregulin-1 survival signaling pathway, and
angiotensin II-induced activation of NADPH oxidase, with
the ability to further increase reactive oxygen species produc-
tion, ultimately resulting in dilated cardiomyopathy [78, 79].

The present study showed that TZM had significant
effects on the oxidative stress markers such as SOD, CAT,
GST, and GSH whose activities and levels in the treated car-
diac tissues were suppressed while the cardiac tissue activities
and levels of GPx and MDA were profoundly elevated. These
results are similar to others previously reported [31, 80, 81].
TZM induces cardiomyocyte toxicity through a mitochon-
drial pathway depending on ROS production and oxidative
stress. TZM activates proapoptotic proteins such as Bax
and induces mPTP opening, and these eventually result in

mitochondrial defects and dysfunctions [82]. Classes of con-
ventional drugs such as angiotensin-converting enzyme
inhibitor (ACEI), angiotensin receptor blocker (ARB), min-
eralocorticoid receptor antagonist (MRA), nonsteroidal
anti-inflammatory drug (NSAID), and lecithinized human
recombinant superoxide dismutase (PC-SOD) have been
reported to offer cardioprotection against DOX-mediated
cardiotoxicities [83]. Natural antioxidant supplements such
as coenzyme Q10 [84] and N-acetylcysteine (administered
either alone or with vitamins E and C) [85] have been
reported to mitigate anthracycline- (doxorubicin-) mediated
left ventricular dysfunction and remodeling while melatonin
[86] and levocarnitine [87] have also been tested in the clin-
ical setting with positive results. Similarly, plant-derived
small molecules such as arjunolic acid, anthocyanins, api-
genin, avicularin, berberine, baicalein, caffeic acid, gingerol,
ginsenosides, calceolarioside, cannabidiol, carotenoids, chry-
sin, catechins, chrysoeriol, curcumin, eugenol, frederine,
diosgenin, hesperidin, and kaempferol have all been reported
to positively mitigate doxorubicin-mediated cardiotoxicity
[88]. However, ours is the first to report the mitigating effect
of plant extracts and indeed Clerodendrum volubile leaf and
Irvingia gabonensis seed extracts against TZM-induced cardi-
otoxicity. Plant secondary metabolites especially polyphenols
such as flavonoids, epicatechin, catechin, anthocyanidins,
epigallocatechin gallate, carotenoids, terpenoids, sesquiterpe-
noids, and unsaturated fatty acids have been reported to pro-
tect against the deleterious effects of oxidative stress, reduce
blood pressure, and improve endothelial dysfunction
through several mechanisms [89, 90] which include activa-
tion of eNOS and reduced endothelial ET-1 secretion which
are key in NO/cGMP pathway [91–95], as well as through
activation of Akt/eNOS pathway [96]. Proanthocyanidins
are also known to possess antithrombotic properties that
are associated with endothelial protection and inhibition of
inflammatory cells adhesion because it decreases P-selectin
expression, thus, inhibiting leucocyte recruitment and
thrombosis [96–98]. Proanthocyanidins are also known to
have anti-inflammatory and antioxidant effects and improve

Figure 2: A cross-sectional representative of the normal rat heart
showing normal cardiac histoarchitecture (x400 magnification,
hematoxylin-eosin stain).

Figure 3: A cross-sectional representative of the 400mg/kg/day of
CVE treated-rat heart showing normal cardiac histoarchitecture
with mild pericardiac fat deposit (x400 magnification, hematoxylin-
eosin stain).

Figure 4: A cross-sectional representative of the 400mg/kg/day of
IGE treated-rat heart showing normal cardiac histoarchitecture
(x400 magnification, hematoxylin-eosin stain).
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circulating HDL-c levels without causing dyslipidemia, thus,
exhibiting endothelium-protective, antiatherogenic, and car-
dioprotective activities [97, 99, 100]. Although coronary
artery microthrombi formation was observed histopatholog-
ically in the rat hearts intoxicated with TZM but this was for
profoundly improved with repeated oral CVE and IGE pre-
treatments with coronary artery revascularization observed
in rat heart pretreated with IGE. CVE and IGE have reported
to be abundantly rich in polyphenols and have been attrib-
uted to responsible for the high antioxidant activities of the
plants [9, 16, 17, 25, 27]. Thus, the presence of polyphenols
in high amounts in these extracts could be responsible for
the observed cardioprotection offered against TZM cardio-
toxicity. Similarly, oleanolic acid has been reported to be
abundantly present in CVE and IGE and is known to decrease
oxidative stress, apoptosis, and proteasomal activity follow-
ing ischemia-reperfusion injury [101], antihyperlipidemic,
and cardioprotective effects [23, 102]. Thus, the presence of

this oil and other secondary metabolites could have also con-
tributed to the cardioprotection offered by these extracts.

The clinical use of antioxidants in recent years has gained
considerable interest. Epidemiological studies have suggested
that diets (fruits and vegetables) that are richly high in anti-
oxidant contents including vitamins A, C, and E and other
phenolic contents might help decrease the risk of cardiovas-
cular diseases (such as atherosclerosis, preeclampsia, or
hypertension) and other chronic noncommunicable diseases
such as diabetes mellitus, whose etiopathogenesis are thought
to be mediated by oxidative stress [103]. Similarly, antioxi-
dants have been documented to have useful clinical applica-
tion in ameliorating drugs and xenobiotic toxicity. Drug,
xenobiotic and environmental pollutant biotransformation
results in the overproduction of free radicals in the body lead-
ing to lipid peroxidation, oxidative stress, and oxidative
damage [104]. The ROS, thus, generated either directly or
indirectly through the mediation of oxidative and inflamma-
tory signals, disrupt the cellular equilibrium, and cause mito-
genesis, mutagenesis, genotoxicity, and cytotoxicity and form
the underlying pathophysiology for diseases such as diabetes,
hypertension, atherosclerosis, cancer, Parkinsonism, and
Alzheimer’s disease [104]. However, studies have shown the
benefit of antioxidants in protection against drug- and
xenobiotic-induced toxicities. For example, the beneficial
role of citrus fruit-derived flavonoid (diosmin) in ameliorat-
ing and preventing methotrexate-induced oxidative and
inflammatory markers, suggesting the promising protective
role of diosmin against methotrexate-induced toxicities in
patients with cancer and autoimmune diseases have been
reported [105]. Similarly, the protective effects of green tea
(Camellia sinensis) on nicotine exposure-induced oxidative
damage in mice leading to behavioral alterations including
physical development, neuromotor maturation, and behav-
ioral performance in newborn male and female mice have
been demonstrated [106]. In another study, the cardioprotec-
tive role of the flavonoid and phenolic contents of Murraya
koenigii (L.) Spreng. leaf extract against doxorubicin-
induced cardiotoxicity in rat model was reported, indicating
the protective potential of Murraya koenigii (L.) Spreng. leaf
extract as an adjuvant therapy with doxorubicin [107]. Thus,
in line with the above, the flavonoid and phenolic contents in

Figure 5: A photomicrograph of cross-sectional representative of
TZM intoxicated rat heart orally pretreated with 20mg/kg/day of
vit. C showing mild vascular congestion, mild intraparenchymal
hemorrhage, and increased pericardial fat thickness (x400
magnification, hematoxylin-eosin stain).

Figure 6: A photomicrograph of cross-sectional representative of
TZM intoxicated rat heart treated with 400mg/kg/day of CVE
showing mild intraparenchymal hemorrhage with thickened
coronary arterial wall suggestive of coronary arteriosclerosis (x400
magnification, hematoxylin-eosin stain).

Figure 7: A photomicrograph of cross-sectional representative of
TZM intoxicated rat heart treated with 400mg/kg/day IGE showing
mild vascular congestion and coronary artery recanalization (x100
magnification, hematoxylin-eosin stain).

9Oxidative Medicine and Cellular Longevity



CVE and IGE could be useful adjuvant therapy to ameliorate
TZM-mediated cardiotoxicity.

The chemopreventive role of the standard antioxidant
drug, vitamin C, in doxorubicin/trastuzumab-mediated car-
diotoxicity which are primarily mediated via reactive oxida-
tive stress, nitrosative stress, and inflammatory pathways is
well documented (Fujita et al., 1982; Shimpo et al., 1991;
Vincent et al., 2013; Akolkar et al., 2017; Singh et al., 2018;
Carrasco et al., 2020) [108–113]. Vitamin C and its deriva-
tives were reported to prevent myocardial lipoperoxidation
and subsequent doxorubicin-mediated cardiomyopathy,
thus, prolonged the life expectancy of experimental animals
treated with doxorubicin [108, 109]. Vitamin C was also
reported to mediate its cardioprotection via multimodal
mechanisms which include reduced protein carbonyl forma-
tion, NOS activity, protein nitrosylation, iNOS expression,
expression of apoptotic proteins (Bax, Bnip-3, Bak, and
caspase-3), as well as decreased cardiac TNF-α, IL-1β, and
IL-6 levels and increased Vitamin C transporter proteins
(SVCT-2 and GLUT-4) [114]. Thus, the results of this study
are in complete agreement with those of earlier studies where
vitamin C pretreatments either prevented or ameliorated the
deleterious effects of TZM-induced myocardial cellular
oxidative damage.

Another notable finding of this study is the effect of TZM
and the oral pretreatments with CVE, IGE, and Vit. C. TZM,
unlike anthracycline cytotoxic agents, have been reported not
to alter the lipid profile of cancer patients on it although pre-
existing diabetes mellitus, dyslipidemia, and obesity along
with a number of cardiovascular risk factors and comorbidi-
ties are known to increase the propensity for cardiotoxicity in
cancer patients on anthracycline/TZM therapy (Jawa et al.,
2016; Kosalka et al., 2019; Abdel-Rasaq et al., 2019; Georgia-
dis et al., 2020) [115–118]. Going by the fact that repeated
TZM injections did not significantly alter the complete lipids
profile including the cardiovascular disease risk indices
including AI and CRI of treated rats strongly indicated our
result to be in tandem with earlier studies. AI is known to
be a strong, reliable, and independent predictor of ischemic
heart diseases including coronary artery disease and acute
myocardial infarction (Cai et al., 2017; Kazemi et al., 2018;
Gómez-Álvarez et al., 2020) [119–121]. AI is known to be a
better predictor of coronary artery disease than traditional
lipid parameters and other lipid ratios such as CRI and lipo-
protein combined index (Cai et al., 2017) [119]. AI also
reflects the lipid-driven inflammatory state in acute coronary
syndrome (Zhan et al., 2016) [122]. The mere fact that TZM
did not alter the value of this predictor is an indication that
TZM does not mediate its cardiac dysfunction via the athero-
genic mechanism. Similarly, this further strengthens the fact
that CVE and IGE possess cardioprotective potentials.

5. Conclusion

Overall, results of our study for the first time showed that
CVE and IGE effectively attenuated TZM-induced cardio-
toxicity and their cardioprotective activities were mediated
via antioxidant, free radical scavenging, antilipoperoxidation
mechanisms although their antithrombotic mechanism

remains plausible but more studies are required in this
direction.
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Reactive oxygen species (ROS) have been implicated in mechanisms of heart development and regenerative therapies such as the
use of pluripotent stem cells. The roles of ROS mediating cell fate are dependent on the intensity of stimuli, cellular context, and
metabolic status. ROS mainly act through several targets (such as kinases and transcription factors) and have diverse roles in
different stages of cardiac differentiation, proliferation, and maturation. Therefore, further detailed investigation and
characterization of redox signaling will help the understanding of the molecular mechanisms of ROS during different cellular
processes and enable the design of targeted strategies to foster cardiac regeneration and functional recovery. In this review, we
focus on the roles of ROS in cardiac differentiation as well as transdifferentiation (direct reprogramming). The potential
mechanisms are discussed in regard to ROS generation pathways and regulation of downstream targets. Further methodological
optimization is required for translational research in order to robustly enhance the generation efficiency of cardiac myocytes
through metabolic modulations. Additionally, we highlight the deleterious effect of the host’s ROS on graft (donor) cells in a
paracrine manner during stem cell-based implantation. This knowledge is important for the development of antioxidant
strategies to enhance cell survival and engraftment of tissue engineering-based technologies. Thus, proper timing and level of
ROS generation after a myocardial injury need to be tailored to ensure the maximal efficacy of regenerative therapies and avoid
undesired damage.

1. Introduction

Myocardial infarction (MI) is an anemic infarct disease asso-
ciated with cell death of myocardium and frequently causes
heart failure or cardiac arrest [1]. Recently, the promising
therapeutic strategies have emerged for regeneration of car-
diomyocytes (CMs) or remuscularization of the myocardium
in MI [2], including induction of endogenous CM prolifera-
tion, direct reprogramming of nonmyocytes to CMs, and
transplantation of pluripotent stem cell- (PSC-) derived
CMs. Although these studies have demonstrated substantial
potentials of in vitro and in vivo CM regeneration, several
notable challenges remain to be addressed before translation
to a clinical setting. For instance, insufficient long-term
engraftment and integration with host tissue after transplan-
tation remains a critical hurdle for using PSC-CMs in regen-

erative therapy [3]. Other issues including low regeneration
efficiency, immaturity, and tumorigenic risk would compro-
mise the therapeutic effects of new regenerative approaches
[2, 4]. Therefore, it is important to converge various bio-
chemical strategies with methods developed for regeneration
of functional CM to overcome these challenges [5].

Current protocols of CM regeneration have been devel-
oped based on activating the embryonic cardiomyogenesis-
induced signaling pathways and gene regulatory networks
[6]. Most studies of CM regeneration are focusing on the
contributions of transcriptional mechanisms including gene
programming, epigenetic chromatin modifications, and bio-
chemical differentiation cues [7]. Energy metabolism is
central to mammalian heart development and function, and
metabolic processes can be modulated to support the con-
tractile apparatus of regenerated CMs [8]. The change in
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energy metabolism impacts the ability of stem cell self-
renewal, differentiation, and cell fate decision [9]. Although
the coordination of genetic networks with developmental
bioenergetics is critical to CM phenotype specification, the
underlying metabolic mechanisms that drive cardiac differ-
entiation are not fully known.

The metabolic processes in heart development and dis-
ease are regulated by redox signaling through the direct
effects of O2 levels and the byproduct-reactive oxygen species
(ROS) [10]. Emerging evidence shows that the production
and signaling of ROS plays an important role in heart devel-
opment and pathogenesis of cardiovascular disease [11, 12].
ROS serve as an important driver of cell cycle arrest in post-
natal CMs, and the mechanisms of CM proliferation have
been summarized comprehensively [13, 14]. In this review,
we discuss the current state of the art in effect of redox signal-
ing on the strategies of myocardial regeneration including
PSC-CM differentiation and cardiac reprogramming. In
addition, we focus on the effect of ROS on PSC-CM engraft-
ment in the host environment and highlight the importance
of antioxidant approaches for enhancing efficacy of cell
therapy.

2. Generation and Function of ROS

Here, we briefly outline the sources, forms, and functions of
ROS related to cardiac biology.

2.1. Main Sources of Cellular ROS. Oxidation and reduction
(redox signaling) induce changes in structural and functional
characteristics of molecules or proteins by loss or gain of an
electron, thus mediating transmission and amplification of
metabolic signals. The major molecules that participate in
redox signaling are ROS that are byproducts of the metabo-
lism of oxygen such as superoxide, hydrogen peroxide, and
hydroxyl radical [15]. Cellular ROS mostly originate from
superoxide O2

⋅- produced by nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidases (NOXs), the electron
transport chain (ETC) in the mitochondria, or the nitric
oxide synthases (NOSs).

The NOX family includes seven NOX isoforms with
distinct catalytic subunits and they are crucial regulators of
redox signaling in multiple body systems and organisms
[16]. NOX enzymes can transfer electrons from NADPH to
oxygen across biological membranes to produce ROS in both
phagocytic and nonphagocytic cells [16, 17]. Mitochondrial
ETC transfers electrons from NADH (nicotinamide adenine
dinucleotide hydrogen) and succinate along a controlled
redox path during respiratory ATP synthesis. However, the
electron flow in ETC is an imperfect process, and occasion-
ally oxygen molecules may undergo one- or two-electron
reduction reactions to form ROS [18]. Depending on mito-
chondrial states of respiration, complexes I and III of the
ETC may contribute to ROS production through leakage
of electrons [18, 19]. NOSs catalyze the conversion of
L-arginine to L-citrulline and NO, but can become
uncoupled under pathological conditions and switch to
ROS production [20].

2.2. ROS Exert Different Physiological and Pathological
Functions. ROS can be classified depending on their chemical
properties into two groups: one-electron oxidants (e.g., free
radical O2

⋅- and HO⋅) and two-electron oxidants (e.g., nonra-
dical H2O2) [21]. Superoxide O2

⋅- can diffuse within a cell
with a relatively longer half-life as compared with other rad-
icals but is neither a strong oxidant nor a powerful reductant
[22]. Hydrogen peroxide H2O2 is stable, diffuses within and
between cells, and can function as a signaling molecule or
second messenger in the regulation of a variety of biological
processes [23]. Hydroxyl radical HO⋅ is formed from
H2O2via Fenton chemistry in the presence of Fe2+. HO⋅, the
most reactive ROS, is responsible for DNA damage, oxidative
stress, and lipid oxidation, but its short half-life (10-9 s)
restricts its damaging effects [24, 25]. Therefore, H2O2
appears to be a critical ROS molecule in redox-dependent
signal transduction.

It is known that a physiological H2O2 flux activates sig-
naling pathways by reversible oxidation of effector proteins.
H2O2 oxidizes the thiol side chain of cysteine residues of
the targeted functional motifs [26]. The cysteine residues
are modified with highly susceptible thiolate anions under
physiological condition, while oxidation of these anions into
sulfenic forms can change the activity and function of pro-
teins such as protein tyrosine kinases and transcription fac-
tors (TFs) [27, 28], thereby modulating the downstream
gene expression and cell behaviors.

The borderline between “oxidative eustress” (beneficial
responses) and “oxidative distress” (deleterious responses)
in different pathophysiological settings is highly context
dependent and remains to be clearly characterized in health
and disease [29]. When ROS concentrations remain at phys-
iological levels, they are indispensable in maintaining cell
signaling and redox homeostasis. However, excessive pro-
duction of ROS or oxidative stress has been associated with
disease pathogenesis including cardiovascular disease and
cancer [30]. ROS regulate diverse processes such as cell
death, calcium handling, and cardiac hypertrophy involved
in the pathophysiology of heart failure [31].

ROS levels are influenced not only by their generation
rate but also by ROS-scavenging systems or antioxidants.
Endogenous antioxidant defense system exists to detoxify
ROS, repair oxidative damage, and maintain redox homeo-
stasis [32]. Specific endogenous antioxidants such as catalase,
peroxiredoxins, thioredoxin, and glutathione peroxidases can
prevent potential damage of overoxidation by H2O2 [33, 34].
Our previous study also demonstrated that H2O2-induced
CM hypertrophy was improved by activation of antioxidant
heme oxygenase-1 (HO-1) [35].

In addition, the compartmentalization and temporal
profiles of ROS need to be considered to interpret the conse-
quences of downstream signaling cascades. For instance, ele-
vated mitochondrial ROS is a principal source of oxidative
stress leading to arrhythmias and contractile dysfunction in
heart failure, and reduction of mitochondrial ROS (rather
than cytoplasmic ROS) can prevent and reverse electrical
instability and sudden cardiac death [36]. Thus, the physio-
logical roles of ROS and their toxic effects are complicated,
which are influenced by a multitude of factors including
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concentration, source, distribution, and type of ROS. We
discuss the complex roles of ROS, H2O2 in particular, in
CM differentiation and heart regenerative therapy below.

3. ROS Mediate Cardiac Differentiation of PSCs

PSCs including iPSCs (induced pluripotent stem cells) and
ESCs (embryonic stem cells) have emerged as one of the
promising cell resources used to differentiate into functional
CMs for heart regeneration [37]. Activation of embryonic
signaling pathways including Activin, TGF-β, Wnt, and
BMP is essential for development of CM lineage [38]. Multi-
ple complex interactions between these conserved signaling
pathways control the initial differentiation, proliferation,
and maturation of myocardium to establish the cardiovascu-
lar system [38]. The delineation of specific redox-sensitive
pathways and mechanisms that contribute to different com-
ponents of CM regeneration processes may facilitate to
fine-tune existing protocols or devise novel strategies in heart
disease modeling and therapy.

New CMs can be generated from mesodermal progeni-
tors during spontaneous differentiation (embryoid body
(EB) formation or a monolayer induction) of PSCs by using
growth factors and small molecules mimicking developmen-
tal signals [39, 40]. For stem cell culture and maintenance,
ROS scavengers or antioxidant supplements are extensively
used to prevent cellular oxidative stress [41]. However, β-
mercaptoethanol and other thiol-based antioxidant supple-
ments may cause changes to cellular redox state and then
reduce the cardiogenic potential of stem cells [42]. The
molecular mechanisms involved in metabolism and ROS
regulation of PSC differentiation are still poorly understood

and merit further investigation to optimize stem cell culture
methods.

3.1. Generation of ROS in Early Differentiation Stage.
Accumulating evidence shows that intracellular ROS are a
critical signal to trigger CM differentiation of stem cells
(Figure 1). The intracellular ROS level was increasing in early
stage of mouse ESC differentiation [43]. The differentiation
cues (e.g., growth factors, small molecules, mechanical
stimulus, and electrical fields) were found to increase ROS
level in ESCs, while cardiac lineage formation would be
impaired by inhibition of ROS-generating pathways or
ROS activity [44–46].

Compared to differentiated cells, PSCs have few imma-
ture mitochondria (that are globular in shape with poor
cristae structure) and mostly rely on glycolysis to meet their
energy demands [47, 48]. Therefore, cardiac specification
and excitation-contraction coupling require a switch of gly-
colytic metabolism towards more efficient mitochondrial
oxidative metabolism in PSCs. The energetic switch during
differentiation of ESCs was programmed by rearrangement
of the metabolic transcriptome (encoding enzymes of glycol-
ysis, fatty acid oxidation, the Krebs cycle, and the ETC) and
development of a mature mitochondrial network [49]. ROS
are subsequently generated during oxidative metabolism in
redox regulation of mitochondrial biogenesis and promote
cardiac differentiation and maturation [50]. Thus, ROS gen-
eration is potential crosstalk between genetic and metabolic
signaling in directing cell fate.

The mechanisms underlying ROS generation remain
poorly known in current studies of initiating cardiac differen-
tiation of PSCs. A cytokine-PI3-kinase-NOXs cascade was
reported as an initial signal of ROS upregulation in cardiac
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differentiation of mouse ESCs [43, 45], suggesting the role of
ROS as intracellular second messengers. Additionally, stimu-
lation of fatty acid metabolism by activation of peroxisome
proliferator-activated receptor-α may be an upstream signal
of NOX4-induced ROS generation in mouse ESCs, while
mitochondrial electron transport was not involved in this
process [51]. Mechanical strain-NOXs, metabotropic gluta-
mate receptor 5, and the PI3K/AKT pathway may also
contribute to ROS generation in cardiomyogenesis of ESCs
[52–54]. Other studies showed a high expression level of
NOX4 in mouse ESCs and demonstrated it as an important
source of ROS signals involved in cardiomyogenesis by using
siRNA approach [55]. NOX4-induced ROS was also an
important signal of differentiating cardiac progenitors under
stimulation of magnetic fields [56].

While most of the above studies involve activation of
NOX4, ROS derived from mitochondria also play an impor-
tant signaling role in differentiation and maturation. Specific
antagonists had been used to demonstrate an essential role of
complex III activity of the mitochondrial ETC in cardiac
differentiation and calcium oscillations [57]. In mitochondria
of cardiac myocytes, complex III is the principal site for ROS
production during the oxidation of complex I substrates [58].
Importantly, a high glucose concentration had been shown to
promote cardiac differentiation of ESCs via mitochondrial
ROS generation [59]. Temporally reduced antioxidant activ-
ity of peroxiredoxin-2 via nitrosylation can cause transient
endogenous ROS accumulation and promote ESC-derived
cardiomyogenesis [60]. During cardiac differentiation of
human ESCs, PGC-1α-dependent mitochondrial biogenesis
was associated with increased ROS levels in the CM popula-
tion [61]. Therefore, cellular ROS are tightly regulated by a
variety of proteins involved in the redox regulation of PSCs
undergoing a metabolic switch when they differentiate.

ROS may be differently generated in multiple subcellular
compartments in targeted cells. Communications between
these distinct sites of ROS generation are also functionally
relevant to cardiac differentiation. NOX4 can be activated
by mitochondrial ROS in differentiated ESCs under the high
glucose condition, suggesting an integrated signal between
NOXs and mitochondrial ETC [59]. Moreover, a feed-
forward regulation of ROS generation was shown by H2O2-
induced NOX4 gene expression in cardiac differentiation
[62]. Intriguingly, an increasing level of ROS can lead to fur-
ther release of mitochondrial ROS, termed ROS-induced
ROS release, which propagates and amplifies ROS produc-
tion and effects in cardiac myocytes [63], although this
remains undetermined in cardiac differentiation.

The location of ROS generation should be considered
when interpreting their effects. Although instructive, the
antioxidant compounds do not readily identify the source
of ROS due to low specificity. The dynamics of H2O2 metab-
olism can be assessed by the use of fluorescent probes and
other redox-sensitive tools [64]. H2O2 release and cell distri-
bution can be visualized by new ratiometric reporters that
have been targeted to subcellular compartments [65]. These
molecular tools will be a more specific system for in vivo
monitoring of cardiac redox signaling and heterogeneity of
individual cell responses to oxidants.

3.2. Continuous Exposure to ROS Inhibits Cardiomyogenesis.
The physiological range of H2O2 concentrations was esti-
mated to be between 1 and 10nM, but it depends on several
parameters including cell type and developmental stage [66].
Exogenous H2O2 is a useful tool to determine the direct
contribution of ROS in CM differentiation. Stimulation of
cardiomyogenesis by exogenous H2O2 (10nM) was showed
to increase the number of beating EB containing CMs and
the expression of cardiac genes at 2-3 induction days
[43, 55, 62]. Several cardiogenic TFs and cytokines were
upregulated by addition of H2O2 in ESCs [67].

In addition to ROS sources, the role of ROS in cardiac dif-
ferentiation is dependent on metabolism phases and redox
balance. Continuous exposure to ROS at a high concentra-
tion may overwhelm the antioxidative capacity of cells,
thereby exerting a detrimental effect on cell differentiation.
Indeed, exogenous H2O2 (100 nM) was showed to inhibit
the beating activity of EBs from day 5 to 12 [68]. Excessive
H2O2 levels (1μM) can reduce and degrade Gata4 protein
in P19 stem cells [69]. Moreover, increase of intracellular
ROS level was responsible for inhibitory effect of valproic
acid on cardiomyogenesis [70]. The enforced expression of
the pyruvate dehydrogenase phosphatase catalytic subunit 1
gene increased mitochondrial ROS levels in ESCs and inhib-
ited cardiac differentiation [71].

These data suggest that a particular window of “cardio-
poietic programming” [72] may exist where a proper level
of ROS is important for cardiac differentiation during early
stages. During the early period of cardiac differentiation, a
high ROS level and low ATP production from immature
mitochondria of PSCs may help themselves (or regenerative
cells) to adapt to the stress of metabolic switch. After
metabolic demand is fulfilled, activation of endogenous
antioxidant defense will decrease ROS level to avoid excessive
oxidative stress on genetic programming of further CM
differentiation and maturation (Figure 1).

Accumulating evidence points out that the redox signal-
ing is associated with mitochondrial permeability transition
(MPT) regulating myocyte differentiation and maturation.
MPT is caused by the opening of mitochondrial permeability
transition pores (mPTP) in the inner mitochondrial mem-
brane. mPTP opening can couple to mitochondrial ETC-
dependent ROS production in unstressed cells [73], while
mechanisms by which mPTP regulates ROS remain to be
determined. Importantly, a study of heart development
showed that mPTP opening was nonpathologic in embryonic
cardiac myocytes (E9.5) with immature mitochondrial struc-
ture and function, low ATP production, and high ROS levels
[74]. Differentiation of embryonic CMs was accelerated after
closure of mPTP companied with decreased ROS levels,
whereas concurrent treatment with oxidant and mPTP
blocker inhibited differentiation [74]. Therefore, the benefi-
cent effect of ROS in the window of “cardiopoietic program-
ming” would be offset after closure of mPTP.

Recently, some mPTP inhibitors have been assessed
for inducing cardiac differentiation. mPTP inhibition by
cyclosporine-A increased ROS generation, but addition of
antioxidants rather than prooxidant can enhance cardiomyo-
genesis [75]. Prolonged closure of mPTP with cyclosporine-
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A in human iPSC-derived endothelial cells resulted in more
mature mitochondria, prevention of ROS leakage, and func-
tional improvements [76]. These studies suggested that the
redox signaling is a cardiogenic regulatory factor lying the
downstream of mPTP inhibition. The approaches relying
on manipulation of redox status should be dependent on
monitoring the mode of mPTP.

There are several common features (e.g., cytochrome c
release and caspase activation) that govern cell differentiation
and apoptosis [77, 78]. MPT and ROS are known to involve
in the etiology of several pathological conditions related to
necrosis and apoptosis [79], while they can trigger cell differ-
entiation as discussed above. Basic ROS activity contributes
to cell differentiation but can induce caspase-dependent
apoptosis once the oxidative stress exceeds a certain thresh-
old [80]. Lower levels of ROS, loss of one p53 isoform, and
reversible loss of the mitochondrial membrane potential were
observed in the differentiating cells as compared to the apo-
ptotic cells that were induced by doxorubicin treatment (an
antitumor agent or useful tool with cardiotoxicity), although
these features were absent in undifferentiated ESCs [81]. This
study indicated that the timing, intensity, and reversibility of
activation of mitochondrion-dependent apoptotic pathway
may determine whether a cell dies or differentiates.

3.3. ROS Regulate Cardiac Gene Transcription and
Expression. ROS have been considered as critical small-
molecule messengers in cell signaling transduction. Several
signal transducers are redox-sensitive and can be reversibly
or irreversibly modified by ROS, providing a link with the
control of gene expression [82]. Principal modifications are
selective oxidation or nitrosylation of key redox-sensitive
cysteine residues in kinases with low ionization pKa (4-5 vs.
8.5 in nonreactive cysteines of most other proteins) [83].
Cysteine oxidation results in either inhibition or activation
of targeted molecules depending on the tertiary structure
[83]. Furthermore, ROS have been implicated in modulating
epigenetic pathways including histone modifications, DNA
modifications, expression of noncoding RNAs, and ATP-
dependent chromatin remodeling in cardiovascular diseases
[84]. Herein, we discuss the direct targets of ROS involved
in the mechanisms of cardiac differentiation and heart
regeneration (Figure 2).

In response to differentiation cues such as growth factors,
the downstream cell signaling pathways will be activated
before the gene transcription determining cardiac lineage
[85]. Tightly controlling phosphorylation of mitogen-
activated protein kinase (MAPK) is important for early
mesoderm and subsequent CM formation [86]. ROS were
shown to enhance differentiation of human ESCs into
bipotent mesendoderm via the activation of MAPK family
[87]. The phosphorylation of p38 MAPK was inhibited by
knockdown of NOX4 and nuclear translocation of Mef2c
was prevented, thereby reducing cardiac differentiation
[55]. Activation of p38 MAPK was eliminated by an antioxi-
dant in ESCs, and p38 phosphorylation may provide a
checkpoint during mesodermal differentiation to the cardiac
lineage [59]. These studies suggested that activation of p38
MAPK was closely related to high ROS levels.

In contrast, activation of p38 MAPK mediated by ROS
was involved in inhibiting cardiac differentiation of murine
ESCs [88], suggesting that the effects of p38 MAPK may be
different in distinct timing of differentiation. It remains
unknown how ROS can interact with p38 MAPK signaling
during cardiogenesis. Oxidative modifications of upstream
signaling proteins or receptor kinases by ROS may be a
plausible mechanism for activation of the MAPK pathways
[89]. Apoptosis signal-regulating kinase 1 (ASK1) was an
upstream protein of p38 MAPK and bound to reduced
thioredoxin in unstressed HEK293A cells, while thioredoxin
can be oxidized upon oxidative stress and disassociate
from ASK1, thereby leading to p38 phosphorylation via
oligomerization of ASK1 [90]. Alternatively, degradation
or inactivation of MAPK phosphatase by ROS-related
ubiquitin-proteasome system may contribute to activation
of the MAPK pathways in ESCs and other cells [91, 92].
Therefore, MAPKs might not be directly redox-sensitive
but instead rely on ROS-mediated upstream proteins such
as ras and PKC [93]. These potential mechanisms of ROS-
related pathways need to be further determined in the set-
ting of cardiac differentiation.

Cardiac commitment of PSCs is controlled by the regula-
tory network of TFs such as Nkx2.5, Gata4, and Tbx5 [6, 85].
Although these TFs might not be directly targeted by ROS,
their transcription can be regulated by other epigenetic
modulators or constitutively active TFs (e.g., AP1 and
HIF1α) that are ROS-sensing in vascular cells [94]. Expres-
sion of earliest cardiogenic TFs such as Gata4 and Mef2c
was dependent upon Nox4-generated ROS that activate
redox-sensitive TFs including c-Jun in P19 stem cells [95].
Moreover, extrinsic ROS can enhance the redox-sensitive
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caspase-mediated degradation of Oct4 and Nanog (pluripo-
tent factors), thereby activating Gata4 and Nkx2.5 promoters
that were repressed by Nanog/Hdac4 complex in P19 stem
cells [69]. Interestingly, an increase of ROS due to removal
of antioxidant in medium can induce epigenetic DNA mod-
ifications (such as 8-oxoG) on Tbx5 promoter, leading to
Tbx5 activation that enhanced cardiac differentiation of
ESCs [96]. Bmi1 is an epigenetic repressor silencing cardiac
genes in steady state of cardiac progenitors, while ROS and
oxidative damage induced Bmi1 delocalization from canoni-
cal DNA targets, therefore triggering an imbalance toward
upregulation of differentiation-related genes and downregu-
lation of stemness-related genes in cardiac progenitors [97].
In neural progenitor cell lines, ROS may induce dissociation
of redox-sensitive targets such as nucleoredoxin from dishev-
elled complex that was responsible for activation of the
Wnt/β-catenin cascade in transcription of differentiation-
related genes [98]. Although different cell models including
ESCs have been tested, ROS may regulate downstream gene
expression through a common mechanism targeting the
transcription-related factors.

The above mechanism studies suggest that identification
of redox-sensitive targets helps to delineate how ROS or oxi-
dative stress contributes to cell fate decision. New methods
are therefore needed to screen ROS targets and verify their
redox functions in various models of cardiomyogenesis and
heart regeneration on a global scale. For instance, cysteine
reactivity in response to oxidative modifications can be
labeled using chemical probes and further assessed by quan-
titative mass spectrometry in targeted proteins or in a whole
proteome scale [99, 100]. In addition to protein assays, sev-
eral methods have been developed using next-generation
sequencing to assess the genome wide distribution of
oxidative DNA modifications [101]. Importantly, several
computational tools and databases have been developed for
analysis of redox-sensitive cysteines and annotation of
ROS-related proteins and peroxidase families [102, 103].
Thus, these chemical-genetic methods enable detailed char-
acterization of protein or DNA modifications that are
targeted by ROS in the redox environment related to CM
regeneration.

4. Unexploited Role of ROS in Direct
Cardiac Reprogramming

Transdifferentiation is a new paradigm that has been devised
to generate cardiac lineage-specific cells directly from
somatic cells, by combining transient overexpression of the
cardiac specific TFs. The retroviral transfections of Gata4,
Mef2c, and Tbx5 (or with Hand2) reprogramed mouse post-
natal cardiac or skin fibroblasts directly into CM-like cells
(termed induced CMs (iCMs)), but with low efficiency
[104–106]. The TF overexpression was an inefficient method
to induce cardiac reprogramming, and the infected cells
lacked some molecular and electrophysiological phenotypes
of mature CMs [107]. Therefore, researchers are exhibiting
tremendous enthusiasm and interest in the quest to elucidate
the mechanisms of iCM generation and further enhance

reprogramming efficiency. The current progress in this field
has been summarized in other reviews [108, 109].

Yet, it remains unknown whether ROS are involved in
the process of direct cardiac reprogramming. A preliminary
study showed that the treatment of vitamin E nicotinate (an
antioxidant) facilitated application of direct cardiac repro-
gramming approach to repair heart damage in vivo [110].
Further investigation should determine whether the observed
effects were related to the elimination of ROS or redox
imbalance in iCMs or injured host CMs. Exogenous ROS
incubation, use of redox-sensitive probes, treatment of anti-
oxidants in different induction timing, and loss-of-function
studies of ROS-associated genes would be helpful strategies
to address the unexplored role of ROS in both in vitro and
in vivo direct cardiac reprogramming.

The studies of ROS in induced pluripotency reprogram-
ming may bring new insights into genetic resetting during
direct cardiac lineage conversion. NOX expression and ROS
generation were increased in the early stage of iPSC repro-
gramming, whereas antagonism of ROS using antioxidants
or knockdown of NOXs decreased reprogramming efficiency
[111]. Excessive ROS generation impaired iPSC generation,
and antioxidant enzymes such as Gpx2 and Nrf2 were upreg-
ulated in the late phase of reprogramming [111, 112]. There-
fore, these data indicate that the kinetics and intensity of
redox signaling is critical for efficient cell reprogramming.
Importantly, short-term opening of mPTP has been found
during the early stage of somatic cell reprogramming into
iPSCs, as companied with activation of mitochondrial ROS
[113]. Furthermore, ROS generation triggered by activation
of innate immune signaling is required for pluripotent repro-
gramming and lineage transdifferentiation [114].

The precise mechanisms of direct cardiac reprogram-
ming are not well understood. Recently, next-generation
sequencing techniques have been employed not only to deci-
pher the transcriptional mechanisms of cardiac TFs but also
to uncover the dynamic process of cell fate reprogramming in
a genome-wide scale or at a single-cell level [115–117]. These
data suggest that innate immune signaling is critical for
cardiac fate acquisition at early stage and cell cycle exit is
essential for successful reprogramming. It is conceivable that
immune response genes can be activated due to the common
use of viral vectors for reprogramming gene delivery
[118, 119]. For instance, expression of Toll-like receptor 3
(an immune regulatory gene) contributed to human cardiac
reprogramming through impacting DNA methylation status
of cardiac loci [115]. Given that ROS can interact with innate
immune receptors including Toll-like receptors and NOD-
like receptors [120], it is likely that ROS are an important
signal during the early stage of cardiac reprogramming and
redox balance ensures the further functional maturation of
iCMs, which is similar to cardiac differentiation as discussed
above. However, it is unknown whether the innate immune
pathways are still reactivated in alternative, nonviral repro-
gramming approaches such as chemically induced CM-like
cells [121]. Despite the complexity, the ultimate goal of car-
diac TFs or reprogramming factors is to convert the fibro-
blasts to contracting muscle cells with a high metabolic
demand. Based on gene expression of metabolic enzymes,

6 Oxidative Medicine and Cellular Longevity



iCMs utilized fatty acid oxidation as the main pathway,
which was distinguishable from iPSC-CMs primarily using
glycolysis [122]. All above findings encourage further inves-
tigation of ROS in the mechanisms of cardiac reprogram-
ming with respect to chromatin accessibility changes,
innate immune response, cell cycle regulation, and meta-
bolic switch.

5. ROS Affect Regenerative Therapy in the
Infarcted Heart

Currently, PSCs are the main cell sources that can definitively
generate cardiovascular cells (seed cells) in high quantities
for MI therapy using cardiac tissue engineering [123]. How-
ever, insufficient integration of transplanted cells with ische-
mic tissue remains a major hurdle for clinical translation of
using engineered heart tissues (EHTs) in regenerative
therapy. Understanding of the healing process of MI, includ-
ing inflammatory, proliferative, and maturation phases, is
important for design and timing selection of cell transplan-
tation in patients. There exists a potential feedback loop
(cell-cell interaction) between the host infarcted myocar-
dium and the engraftment of implanted cells, as discussed
by us [124]. In this section, we integrate the current evi-
dence to speculate how ROS affect the cell survival and
functional engraftment of implanted or regenerated CMs
in the infarcted heart (Figure 3).

5.1. A High Level of Intracellular or Extracellular ROS Harms
Graft Cell Survival. Clinical application of stem cell therapies
requires large-scale cell culture technologies such as bioreac-
tors that allow for conditional manipulations of the survival,
differentiation, and maturation of PSC-CMs [125]. Mainte-
nance of low cellular H2O2 concentration may facilitate

in vitro maturation of PSC-CMs [126]. However, PSC-CMs
appear to be particularly sensitive to hypoxia and nutrient
deprivation-induced cell death associated with increased
ROS formation and modulation of key nutrient sensors
[127]. A gradual cessation of contractility with increased
intracellular ROS and loss of calcium transients was found
in mouse PSC-CMs after short-term exposure to monochro-
matic light [128]. It is likely that ROS-induced protein glu-
tathionylation contributes to a loss of myofibril integrity
and degradation of sarcomeric proteins in CMs [129]. Cellu-
lar ROS are substantially elevated in cardiovascular cells dur-
ing ischemia and reperfusion procedure and also involved in
the post-MI remodeling of heart failure [36, 130]. Excessive
ROS generation depletes endogenous antioxidant defenses
in the ischemic heart and primes the cell for oxidative dam-
age at reperfusion [130]. ROS also can persistently impair
myocardial matrix network by nonenzymatic protein degra-
dation and modification or activating specific proteolytic
enzymes [130]. Therefore, maintenance of redox homeosta-
sis through reduced intrinsic ROS generation and increased
antioxidant defense mechanism may promote therapeutic
efficacy of cardiac cell replacement approaches (see later).

Extracellular ROS and oxidative stress are critical compo-
nents of harsh conditions in the infarcted myocardium.
Despite the short half-lives, extracellular ROS likely partici-
pate in cell-cell communications at the site of ischemia.
NOX isoforms are responsible for generation of superoxide
(O2

⋅-) toward intracellular or extracellular space and its auto-
crine or paracrine-like action [131]. Unlike superoxide free
radicals (O2

⋅-) with a negative charge, H2O2 is known as a
membrane permeable molecule which can diffuse through
the mitochondrial and cell membranes. Therefore, ROS can
serve as a paracrine-diffusible signal to mediate nearby cells.
For instance, H2O2 increased in the infarct core can diffuse
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Figure 3: Potential interactions between the ischemic heart and implanted cells contribute to low engraftment efficiency. When stem cells or
PSC-CMs are implanted, intracellular ROS would be increased and induce cell death in a cell-autonomous manner in response to the hypoxic
microenvironment. Paracrine effects of host’s ROS are involved in regulation of the graft cell fate and may lead to engrafted cell death in a
nonautonomous manner. EVs: extracellular vesicles; AQP: aquaporin.
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into circulating cells and produce 3-nitrotyrosine that was
cytotoxic and contributed to decreased recruitment of
endogenous progenitor cells to the site of injury [132]. ROS
generated in the infarcted heart can hinder the adhesiveness
of injected cells via interference of focal adhesion molecules
[133]. Interestingly, several aquaporins (water channels)
have been identified to facilitate movement of H2O2 across
cell membranes at a much higher rate than passive diffusion
[134], but their roles remain largely unknown in cardiac cells
or regenerated CMs.

5.2. New Insights of ROS in Intercellular Communications.
New lines of evidence show that ROS signaling can be trans-
ferred in a diffusion-independent fashion from donor cells to
nearby cells [135]. For instance, pericardial ROS were shown
to directly modulate the expression of cell adhesion and cyto-
skeleton molecules that facilitate interaction between the
pericardial cells and cardiac myocytes [136]. In addition,
extracellular vesicles such as exosomes that derived from
CMs in response to H2O2 were shown to exacerbate apopto-
sis of transplanted stem cells [137]. ROS were contained in
microvesicles isolated from endothelial cells after hypoxia-
reoxygenation, leading to apoptosis and oxidative stress in
myoblasts [138]. A study of spinal injury brought a novel
sight from finding of exosomal delivery of ROS-producing
NOX2 to the injury site and triggering inflammation [139].
The potential mechanisms of ROS and their producers trans-
ferring through exosomes or microvesicles require further
research in the setting of MI and cell therapies. Knowledge
obtained from these studies helps to interpret a possibility
that ischemic myocardium-derived ROS target engrafted
stem cells or PSC-CMs in a paracrine manner via extracellu-
lar vesicles or free diffusion.

6. Convergences of Antioxidants and
Cell-Based Therapy

When the oxidative insult overwhelms the endogenous anti-
oxidant defense system during MI, a prolonged elevation in
ROS levels leads to chronic inflammation with scarring and

tissue dysfunction [140]. Therefore, proper timing and level
of ROS generation after MI injury need to be tailored to
ensure maximal efficacy in order to avoid undesired damage.
Nevertheless, pharmacological interventions using nonselec-
tive antioxidants (e.g., vitamin C, vitamin E, and β-carotene)
failed to show a significant impact on prevention or treat-
ment of cardiovascular disease in trials [140]. Noneffective
or harmful outcome of these antioxidants is likely owing to
low drug specificity or disturbed the redox balance signaling.
Moreover, systemic delivery of antioxidants might be limited
by low bioavailability or low effective levels in the site of
injury. To this end, stable materials are being developed for
localized antioxidant activity. We could also take advantage
of novel biomaterials using in cardiac tissue engineering to
scavenge ROS, enhance graft survival, and achieve replenish-
ment of the lost myocardium (Figure 4).

To obtain functional EHT for cell therapy, natural bio-
materials or synthetic nanomaterials have been used to pro-
vide mechanical, electroactive support and generate 2D or
3D cardiac sheets [141, 142]. Nonetheless, oxidative stress
would be generated due to a detrimental immune response
to biomaterials at the site of implantation [143]. It remains
challenging to identify biocompatible, biodegradable scaf-
folds that allow cell migration into infarct zone and protect
cells against the oxidative stress. Antioxidants function in
different mechanisms, such as free radical scavengers, singlet
oxygen quenchers, inactivators of peroxides, chelators of
redox metal ion, and quenchers of secondary oxidation prod-
ucts and inhibitors of prooxidative enzymes [144]. We focus
on the antioxidative biomaterials that are cardiac-compatible
and also show application potential to enhance graft cell
survival in preclinical studies.

Recently, incorporation of small antioxidant molecules
into polymeric scaffold is a straightforward means to retain
the antioxidant activity. For instance, a degradable polyure-
thane backbone conjugating with ascorbic acid was shown
to provide sustainable antioxidant properties and robust
mechanical support for CM growth, which rescued CM death
under oxidative stress [145]. Interestingly, incorporation of
calcium peroxide into an antioxidant hydrophobic polymer
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Figure 4: Overview of antioxidant approaches to enhance stem cell-based regeneration. Antioxidant strategies including pretreatments and
modified biomaterials targeting the ROS signaling can be applied to enhance the engraftment of implanted stem cells or PSC-CMs.
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can yield a 3D scaffold with a sustained oxygen release as well
as attenuation of free radicals [146]. The development of
scaffolds with oxygen-releasing and antioxidant properties
will offer a unique solution to protect graft from hypoxia-
induced cell death by providing sufficient oxygen and atten-
uating the oxidative stress during oxygen generation, leading
to better survival of the critically perfused tissues [146].
Additionally, the antioxidant property of injectable hydrogel
can be enhanced by structural introduction of antioxidants
such as citric acid and glutathione, and their protective
potential effects on graft cells have been determined in MI
or oxidative stress models [147, 148]. Antioxidant-loaded
nanoparticles can be embedded in hydrogel that possesses a
highly porous structure, and this systemmight have an excel-
lent biocompatibility to support the adhesion and survival of
CMs for injectable cardiac tissue engineering [149, 150].

The development of scaffold-based cell delivery tech-
niques is in the early stages for cardiac tissue engineering,
and there are still opportunities to incorporate addi-
tional treatments to modulate the antioxidative and anti-
inflammatory process. Pharmacological pretreatments (such
as omega-3 fatty acids and cobalt protoporphyrin) have
beneficent effects on survival of ESC-CMs as evidenced by
upregulation of HO-1 and decreased ROS levels under oxi-
dative or hypoxic conditions [151, 152]. Future study will
reveal new targets and pharmacological compounds to
enhance cell engraftment of EHTs after delineating the
mechanisms by which the fate of transplanted cells is medi-
ated by increased ROS or downregulated endogenous anti-
oxidant system.

7. Perspectives and Conclusion

In light of the extensive impact of ROS on different aspects of
cell differentiation andmetabolic homeostasis, there has been
continued interest in targeting ROS for therapeutic benefit in
the development of heart regenerative medicine. The poten-
tial of redox signaling to promote or inhibit CM differentia-
tion may depend upon the ROS source, cell context, and
probably the magnitude of ROS generation. It should be
noted that the beneficial or detrimental roles of ROS in this
scenario do not necessarily need to be mutually exclusive.
Cellular ROS may act through several targets and have
diverse roles in different stages of cardiac differentiation, pro-
liferation, and maturation. Stem cells are thought to maintain
a low basal level of ROS for preserving their functions in
quiescence, while increased ROS after differentiation can be
countered by the antioxidant defense system to avoid sus-
tained oxidative stress. Although mouse or human ESCs pro-
vide a unique experimental model to study the role of ROS
and ROS-generating enzymes in the regulation of CM differ-
entiation in vitro, it remains further investigation in human
iPSCs to refine the methodologies regulating cellular redox
states via metabolic modulations for translational research.
Improvement in omic technologies, including genetic screen-
ing, single-cell approach, and large-scale profiling of redox-
sensitive targets, will undoubtedly advance the understand-
ing of the complexities of ROS and antioxidant pathways
during cardiac differentiation and heart development. Addi-

tionally, the detailed role of ROS has not been determined in
direct cardiac transdifferentiation (reprogramming). Further
investigation of epigenetic mechanisms, innate immune
response, and mitochondrial regulation will bring new
insights into the field of metabolic reprogramming in order
to enhance the CM conversion efficiency.

ROS also play a role in applications of cardiac regenera-
tive therapies for MI treatment. Intracellular ROS are
increased and induce cell death of implanted stem cells or
PSC-CMs in a cell-autonomous manner in the ischemic
microenvironment. Paracrine effects of host’s cells on the site
of implant also likely cause graft cell death in a nonautono-
mous manner due to uptake of transferred ROS. Yet, this
remains to be elucidated to what extent potential paracrine
mechanisms contribute to the low engraftment and survival
rate of stem cell-based therapies. It will help to address this
question by the gain- and loss-of-function studies of the rel-
evant genes in ROS generation pathways in host and donor
cells, respectively. This knowledge is important for the design
and selection of antioxidant strategies for development of tis-
sue engineering-based technologies. Natural or synthetic bio-
materials with antioxidant activity have been used in tissue
engineering scaffolds. Further optimization of cardiac tissue
engineering needs in-depth evaluation of new biomaterials
in regard to donor-host cell coupling, immunogenicity,
antioxidant and anti-inflammatory activity, and mechanical
and electronic properties. These antioxidant intervention
approaches should ensure protecting against infarct expan-
sion, ventricular rupture, and other potentially devastating
post-MI complications and avoid disruption of other impor-
tant signaling of self-healing processes when combining with
stem cell-based technology.
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Lipoprotein apheresis (LA) treatment results in a substantial reduction of low-density lipoprotein- (LDL-) cholesterol and
lipoprotein(a) concentrations, which consequently decreases the rate of cardiovascular events. The additional benefit of LA may
be associated with its impact on the composition and quality of high-density lipoprotein (HDL) particles, inflammation, and
oxidative stress condition. To verify the effects of LA procedure, the current study is aimed at analyzing the effect of a single
apheresis procedure with direct hemadsorption (DALI) and cascade filtration (MONET) on oxidative stress markers and HDL-
related parameters. The study included eleven patients with familial hypercholesterolemia and hyperlipoproteinemia(a) treated
with regular LA (DALI or MONET). We investigated the pre- and postapheresis concentration of the lipid-related oxidative
stress markers 8-isoPGF2, oxLDL, TBARS, and PON-1. We also tracked potential changes in the main HDL apolipoproteins
(ApoA-I, ApoA-II) and cholesterol contained in HDL subfractions. A single session of LA with DALI or MONET techniques
resulted in a similar reduction of lipid-related oxidative stress markers. Concentrations of 8-isoPGF2 and TBARS were reduced
by ~60% and ~30%, respectively. LA resulted in a 67% decrease in oxLDL levels along with a ~19% reduction in the
oxLDL/ApoB ratio. Concentrations of HDL cholesterol, ApoA-I, ApoA-II, and PON-1 activity were also reduced by LA
sessions, with more noticeable effects seen in the MONET technique. The quantitative proportions between HDL2 and HDL3
cholesterol did not change significantly by both methods. In conclusion, LA treatment with MONET or DALI system has a
small nonselective effect on lowering HDL particles without any changes in the protein composition of these particles.
Significant reduction in the level of oxidative stress parameters and less oxidation of LDL particles may provide an additional
benefit of LA therapy.

1. Introduction

Atherosclerosis and related cardiovascular disease represent
a major health problem in Western countries and constitute
a leading cause of morbidity and mortality [1]. The relation-
ship among elevated low-density lipoprotein (LDL) particles,
their oxidation, and the progression of atherosclerosis is well
recognized [2]. More recently, an increased lipoprotein(a)
(lp(a)) level was identified as a major cardiovascular lipid-
related risk factor [3, 4].

Lipid-lowering medications, diet, and lifestyle modifica-
tion do not always achieve the intended and restrictive ther-
apeutic goals and proper reduction of cardiovascular event
rate [5]. Individuals with severe familial hypercholesterol-
emia (FH) and those with high levels of lp(a) may require
extracorporeal treatment with lipoprotein apheresis (LA).
Specific columns not only remove LDL particles and lp(a)
but also affect the concentration of chylomicrons, very-low-
density lipoproteins (VLDL), and high-density lipoproteins
(HDL) [6]. Several techniques of LA are available. The
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elimination mechanism can either be based on precipitation
(heparin-mediated extracorporeal LDL precipitation—-
H.E.L.P.), membrane filtration (Membrane Filtration Opti-
mized Novel Extracorporeal Treatment—MONET),
adsorption from whole blood (direct adsorption by polyacry-
late/polyacrylamide—DALI), or immunoabsorption (IA).

Selective LA therapies, regardless of the technique used,
have been shown to be safe and reduce the rate of adverse
cardiac or vascular events [7–9]. Recent studies have sug-
gested that the clinical benefits of LA may be associated with
the impact of LA on inflammation and oxidative stress con-
dition [10–12]. Published data have proved that increased
oxidative stress in patients with FH enhanced the proathero-
genic properties of LDL particles and participated in the
acceleration of atherosclerosis [13]. However, investigations
on the effect of single apheresis procedures on oxidative
stress parameters are rare and remain inconclusive. While
some have shown that LA treatment can decrease oxidative
stress biomarkers [11, 14], others have demonstrated the
enhancement of oxidative processes [15, 16].

Another interesting phenomenon is the effect of LA on
HDL particles. The low HDL cholesterol phenotype observed
in FH patients may also contribute to premature atheroscle-
rosis. HDL particles possess multiple antiatherogenic func-
tions related to their participation in reverse cholesterol
transport, as well as antioxidant and anti-inflammatory
capacity [17]. In this context, the depletion of HDL particles
may be understood as a counterproductive result of LA.
However, HDL particles are a very heterogeneous group of
particles that differ in composition and functionality. There-
fore, the assessment of the impact of LA only on the amount
of HDL cholesterol does not reflect the potential changes in
the composition and quality of these particles.

In the current study, we aimed to more fully explain the
effect of apheresis by analyzing the effect of a single apheresis
procedure using the MONET and DALI techniques on lp(a),
lipid-related oxidative stress markers, including isoprostanes
(8-iso-prostaglandin F2a), thiobarbituric acid reactive sub-
stances (TBARS), and oxidized LDL particles (oxLDL). In
addition, we evaluated the level of major apolipoproteins
contained in HDL particles (ApoA-I, ApoA-II), assessed
the activity of the HDL-related antioxidant enzyme
paraoxonase-1 (PON-1), and tracked potential changes in
cholesterol in HDL2 and HDL3 subfractions.

2. Methods

2.1. Subjects. The study cohort consisted of eleven patients on
regular LA therapy. The indication for LA in eight patients
was FH with the inability to achieve LDL-C treatment goals
using maximally tolerated lipid-lowering therapy. Three
patients had isolated hyperlipoproteinemia(a) with an lp(a)
level above 100mg/dl and LDL-C levels on target. Regular
LA treatment was performed at biweekly intervals using
two methods, according to the patients’ characteristics and
indications, as previously described [18, 19]. Seven individ-
uals were treated with the cascade filtration method
(MONET) and four with the direct hemadsorption (DALI)
technique. The anticoagulation was based on heparin and cit-

rate infusion. Each procedure was designed and conducted to
achieve LDL-C and lp(a) reduction of at least 60% and proc-
essed at least 45ml of plasma volume per kg of body weight
in MONET procedures or 1.5 l of blood volume in DALI
sessions.

FH was diagnosed based on the Dutch Lipid Clinic Net-
work Score, validated in the Polish population [20]. Before
the initiation of LA, all subjects were treated with maximally
tolerated lipid-lowering therapy to achieve recommended
LDL-C treatment goals [5, 21]. The study was performed in
accordance with the ethical guidelines of the 1975 Declara-
tion of Helsinki and was approved by the Medical Ethics
Committee of the Medical University of Gdańsk (Project
code: 428/2018-2019). All of the participants provided writ-
ten informed consent.

2.2. Laboratory Measurements. Blood samples were obtained
from peripheral blood, in a fasting state directly before aphe-
resis sessions and immediately after the apheresis procedure,
as previously described [18]. The serum was separated after
centrifugation at 1000 g for 15min and was stored at −80°C
until analysis.

The total cholesterol (TC) and triacylglycerols (TAG)
were measured using commercially available enzymatic kits
obtained from Pointe Scientific (Warsaw, Poland). The
LDL-cholesterol (LDL-C) levels were measured using com-
mercially available Direct LDL Kits fromAbbott Laboratories
(Chicago, United States). The HDL was isolated by the pre-
cipitation of apolipoprotein B-containing lipoproteins with
heparin and manganese chloride, and the HDL-cholesterol
(HDL-C) was measured in the supernatant using a kit
obtained from Pointe Scientific. HDL2 and HDL3 subfrac-
tions were isolated by density gradient (HDL2:1.06-1.125,
HDL3:1.125-1.25) ultracentrifugation in a Beckman Coulter
TLA 120 2 [22]. lp(a) concentrations were measured using
a commercially available lp(a) kit from Abbott Laboratories
(Chicago, United States). The ApoB, ApoA-I, and ApoA-II
concentrations were determined using the nephelometric
method with antibodies obtained from Siemens Healthcare
Diagnostics (Eschborn, Germany) with a Behring laser neph-
elometer. The paraoxonase-1 activity was measured in serum

Table 1: Demographic and clinical data.

Parameters MONET (n = 7) DALI (n = 4) P

Gender (M/F) 4/3 2/2 0.472

Age (years) 59 ± 13 54 ± 6 0.953

Height (cm) 170 ± 10 169 ± 9 0.979

Weight (kg) 86 ± 24 86 ± 10 0.788

BMI (kg/m2) 29 ± 6 30 ± 6 0.486

HR (bpm) 61 ± 9 64 ± 5 0.271

SBP (mmHg) 124 ± 6 118 ± 11 0.978

DBP (mmHg) 72 ± 7 72 ± 4 0.472

Continuous values are presented as means ± standard deviation. Potential
differences between MONET and DALI techniques were analyzed using
ANOVA for unrelated variables or Pearson's chi-squared test for nominal
data. BMI: body mass index; DBP: baseline diastolic blood pressure; HR:
baseline resting heart rate; SBP: baseline systolic blood pressure.
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with paraoxon ethyl as the substrate, according to the proce-
dure described earlier [23]. The concentration of TBARS was
analyzed by fluorescence spectroscopy using a modified thio-
barbituric acid-reactive substance [24]. oxLDL was analyzed
using an enzyme immunoassay kit (EIAab, China), and 8-
Iso-PGF2α was analyzed in plasma using an enzyme immu-
noassay kit (Cayman Chemical, USA).

2.3. Statistical Analysis. Statistical analyses were performed
using STATISTICA software, version 13 (StatSoft, Kraków,
Poland). The Shapiro–Wilk test was used to test the deter-

mined normality of the distribution of variables. The vari-
ables were expressed as mean ± SD (standard deviation) or
as medians with 25th and 75th percentiles. The one-way
analysis of variance (ANOVA) for related variables or the
Friedman test was used to assess the changes in individual
parameters due to apheresis sessions, and the multivariate
ANOVA was used to assess the impact of the apheresis tech-
nique on these changes. Pearson’s chi-squared test was used
to compare categorical variables. P values below 0.05 were
considered to be statistically significant.

3. Results

The demographic and clinical data are presented in Table 1.
The detailed characteristics of all investigated patients
(n = 11) are shown in Supplemental Table S1. Of the eleven
patients undergoing lipoprotein apheresis treatment, 7 were
diagnosed with hypertension, 2 were diagnosed with
diabetes, and 5 were past smokers. Ten patients had
coronary artery disease (CAD). Of the eleven, ten patients
were administered a potent statin in combination with
ezetimibe and one patient was stain naïve due to
mitochondrial myopathy.

The two investigated apheresis techniques, MONET and
DALI, were similarly effective in lowering LDL-C (by 62%
and 67%, respectively) and lp(a) (by 60% and 74%, respec-
tively) and resulted in a comparable reduction of TC (by
45% and 43%, respectively), non-HDL-C concentration (by
51% and 53%, respectively), and TG concentration (by 53%
and 52%, respectively) (Table 2).

The HDL-C, ApoA-I, and ApoA-II concentrations and
PON-1 activity were reduced with the MONET technique
on an average by 17%, 19%, 20%, and 20%, respectively.
The decrease in the above parameters with the DALI tech-
nique was approximately halved (Figure 1). The reduction
of cholesterol concentration was similar for both HDL2 and

Table 2: Impact of lipoprotein apheresis on plasma lipids and apolipoproteins.

Parameters
MONET DALI

Preapheresis Postapheresis P Preapheresis Postapheresis P

TC (mg/dl) 178 ± 63 92 ± 28 0.002∗ 169 ± 63 94 ± 29 0.019∗

LDL-C (mg/dl) 136 ± 62 50 ± 26 <0.001∗ 137 ± 68 50 ± 34 0.012∗

ApoB (g/l) 1:19 ± 0:35 0:53 ± 0:19 0.002∗ 1:28 ± 1:62 0:53 ± 0:36 0.002∗

Non-HDL-C (mg/dl) 142 ± 61 61 ± 33 0.002∗ 134 ± 73 63 ± 34 0.043∗

TAG (mg/dl) 188 (98-255) 78 (55-111) 0.017∗∗ 182 (158-340) 85 (61-182) 0.067∗∗

lp(a) (mg/dl) 79 (12-116) 17 (5-60) 0.017∗∗ 119 (32-274) 30 (8-71) 0.068∗∗

HDL-C (mg/dl) 36 ± 6 30 ± 6 <0.001∗ 34 ± 8 31 ± 12 0.012∗

HDL2-C (mg/dl) 22 ± 3 19 ± 3 0.018∗ 22 ± 7 20 ± 6 0.003∗

HDL3-C (mg/dl) 14 ± 3 11 ± 3 <0.001∗ 12 ± 5 11 ± 5 0.015∗

HDL2-C/HDL3-C ratio 1:65 ± 0:15 1:7 ± 0:22 0.404∗ 1:9 ± 0:45 1:9 ± 0:5 0.996∗

ApoA-I (g/l) 1:41 ± 0:28 1:15 ± 0:13 0.003∗ 1:45 ± 0:27 1:26 ± 0:02 0.046∗

ApoA-II (g/l) 0:32 ± 0:06 0:25 ± 0:06 0.003 0:31 ± 0:08 0:30 ± 0:08 0.009

ApoB/ApoA-I 0:85 ± 0:29 0:48 ± 0:20 <0.001 1:00 ± 0:63 0:47 ± 0:36 0.02∗

Continuous values are presented as means ± standard deviation or as medians (25th-75th percentile). Potential differences between pre- and postapheresis
results were analyzed using ∗ANOVA for related variables or ∗∗a nonparametric Friedman test.
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Figure 1: Percentage changes in HDL-related parameters due to the
apheresis sessions. Bar graphs showing percentage changes in HDL-
related parameters due to the MONET (open bar) and DALI
(dashed bar) sessions. Values are presented as mean ± standard
deviation. ∗The multivariate ANOVA for related variables was
used to assess the impact of the method on the changes in
individual parameters.
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HDL3 (~17% using the MONET technique and ~11% using
the DALI technique). The quantitative proportions of
HDL2 and HDL3 cholesterol did not change significantly
due to the LA sessions, irrespective of the method used
(Table 2).

A single session of LA using both the investigated tech-
niques resulted in a significant reduction of oxidative stress
marker levels, in addition to lowered lipid parameters. The
8-isoPGF2 concentration was reduced by 60% and 62%,
TBARS concentration by 28% and 32%, and oxLDL concen-
tration by 66% and 68% for the MONET and DALI tech-
niques, respectively (Figure 2). In parallel, we noticed 21%
and 17% reductions, respectively, in the oxLDL/ApoB ratio
(Table 3).

4. Discussion

We have shown that the MONET and DALI techniques are
similar in terms of the reduction of stress marker levels and
proatherogenic lipoproteins. The obtained results are in line
with previously published data [16] and confirmed the selec-
tivity of atherogenic lipid removal, showing only a slight
reduction in HDL cholesterol levels, which was more notice-
able with the MONET technique. A decrease in HDL choles-
terol of 12-20%, depending on the type of LA, is well-known
and can be considered an unwanted effect of the treatment
[25]. The participation of HDL particles in reverse choles-
terol transport as well as their antioxidant and anti-
inflammatory properties is thought to be protective in ath-
erosclerosis. Nevertheless, HDL particles are a heterogeneous
fraction. Accumulating evidence indicates that in the pres-
ence of systemic inflammation, HDL particles become dys-
functional, mainly as a result of the oxidation of their lipid
and protein components, becoming cytotoxic and contribut-
ing to accelerated atherosclerosis [26]. Thus, the depletion of
this subtype of particles would be beneficial even for patients

at high cardiovascular risk. However, data on the impact of
apheresis on individual HDL subfractions and their proper-
ties are scarce. Opole et al. analyzed 10 subjects treated with
the H.E.L.P. system and 3 patients treated with the lipopro-
tein adsorption technique and showed selective removal of
proinflammatory HDL particles. This was explained by a
change in lipoprotein composition and surface charge result-
ing in a less negative cation, which may have enhanced its
removal by LA [27]. Using the DALI technique, Orsoni
et al. demonstrated that the highest reduction in HDL parti-
cles by LA was the result of a reduction in the HDL2 subfrac-
tion, which contained ~70% of total HDL ApoE [28].
Nevertheless, other studies conducted by these researchers
showed no effect of apheresis on the ability of HDL particles
to promote reverse cholesterol transport [29]. In our study,
the decrease in serum ApoA-I, ApoA-II concentration, and
activity of the HDL-linked antioxidant enzyme PON-1 was
parallel to the decrease in HDL-C concentration. Moreover,
we did not observe a change in the quantitative proportions
of HDL2 and HDL3 cholesterol due to the apheresis sessions.
Thus, it can be assumed that LA caused an unselective deple-
tion of HDL subfractions and that this was more pronounced
in the MONET technique. The smaller degree of HDL cho-
lesterol reduction when using the DALI technique indicates
that the adsorption techniques have a lower influence on
HDL-related parameters.

Since oxidative stress is believed to play a major patho-
genic role in vascular disease, the impact of apheresis on oxi-
dative stress parameters appears to be clinically important,
especially considering patients with FH and hyperlipoprotei-
nemia(a) are characterized by the intensification of prooxida-
tive processes [30]. Our study showed a clear decrease in
oxidative stress parameters after a single apheresis session,
which is in line with previous studies showing a significant
reduction in free oxygen radicals and an increase in free oxy-
gen radical defense [11, 14]. Nevertheless, not all studies have
shown a positive impact of apheresis on systemic oxidative
burden. Kopprasch et al., analyzing oxidant generation by
phagocytes in whole blood and isolated leukocytes, demon-
strated a transiently increased production of reactive oxygen
species (ROS) following H.E.L.P. apheresis, while also sug-
gesting a biochemical benefit of a single DALI treatment,
namely, lower systemic oxidative burden in comparison to
HELP and IA procedures [13].

In our work, we did not observe differences between
the impact of the MONET and DALI techniques on
lipid-related oxidative stress parameters, including a
~60% reduction in 8-isoPGF2 levels, which are the most
valid in vivo lipid peroxidation biomarkers and exert
proatherogenic function via their vasoconstrictive platelet-
activating and mitogenic properties [31, 32]. We also
noticed a decrease in oxLDL concentration. An increase
in the oxidation of LDL due to prolonged intravascular
residence time has been established as one of the key
pathogenic mechanisms for the development of premature
coronary lesions in hypercholesterolemia. In our work,
along with the decrease in the oxLDL level, we noted
reductions in the oxLDL/ApoB ratio, which may reflect
the ratio of oxidatively modified LDL to total LDL
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particles. A decrease in LDL susceptibility to oxidation
after lipid apheresis has been noted earlier [33]. Some
researchers have speculated that exogenous removal of
LDL induces changes in the chemical composition, such
as an increase in the content of vitamin E, oleic acid,
and arachidonic acid in LDL particles, which may lead
to increased resistance against oxidation [34].

A computer simulation study by Donner et al., investigat-
ing the effect of dextran sulfate apheresis and HELP tech-
niques on LDL oxidizability and performing, reported a
decrease in the susceptibility of LDL to oxidation after aphe-
resis session as the result of an altered ratio between freshly
produced (less susceptible to oxidation) and older (more sus-
ceptible to oxidation) LDL particles. This speculation seems
to be independent of the apheresis method and can also
explain the lower ratio of oxidatively modified LDL to total
LDL particles after MONET and DALI techniques observed
in our study [35].

Our study has some limitations. The most important is
the relatively small sample size. This is primarily because
although LA treatment is fully reimbursed in Poland, only 4
centers offer such last-line therapy. To our knowledge, only
20 patients are currently undergoing regular LA in Poland.
In conclusion, LA sessions, in addition to lowering the con-
centration of proatherogenic lipoproteins, have an acute,
minor, nonselective effect on lowering HDL particles but do
not change the protein composition of these particles and
do not appear to affect their antioxidant properties associated
with PON-1 activity. We observed a significant reduction in
the level of oxidative stress parameters and demonstrated a
reduction in the oxidation of LDL particles, which may pro-
vide additional benefit to LA therapy.
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Inhibition of either P2Y12 receptor or the nucleotide-binding oligomerization domain- (NOD-) like receptor pyrin domain
containing 3 (NLRP3) inflammasome provides cardioprotective effects. Here, we investigate whether direct NLRP3
inflammasome inhibition exerts additive effects on myocardial protection induced by the P2Y12 receptor antagonist Ticagrelor.
Ticagrelor (150mg/kg) was orally administered to rats for three consecutive days. Then, isolated hearts underwent an
ischemia/reperfusion (30min ischemia/60min reperfusion; IR) protocol. The selective NLRP3 inflammasome inhibitor INF
(50 μM) was infused before the IR protocol to the hearts from untreated animals or pretreated with Ticagrelor. In parallel
experiments, the hearts isolated from untreated animals were perfused with Ticagrelor (3.70 μM) before ischemia and subjected
to IR. The hearts of animals pretreated with Ticagrelor showed a significantly reduced infarct size (IS, 49 ± 3% of area at risk,
AAR) when compared to control IR group (69 ± 2% of AAR). Similarly, ex vivo administration of INF before the IR injury
resulted in significant IS reduction (38 ± 3% of AAR). Myocardial IR induced the NLRP3 inflammasome complex formation,
which was attenuated by either INF pretreatment ex vivo, or by repeated oral treatment with Ticagrelor. The beneficial effects
induced by either treatment were associated with the protective Reperfusion Injury Salvage Kinase (RISK) pathway activation
and redox defence upregulation. In contrast, no protective effects nor NLRP3/RISK modulation were recorded when Ticagrelor
was administered before ischemia in isolated heart, indicating that Ticagrelor direct target is not in the myocardium. Our results
confirm that Ticagrelor conditioning effects are likely mediated through platelets, but are not additives to the ones achieved by
directly inhibiting NLRP3.

1. Introduction

Ischemic heart disease remains the leading cause of morbid-
ity in the Western world, and the number of deaths from
acute myocardial infarction (AMI) is also rapidly rising in
the developing world. Although restoration of early blood

flow to the ischemic myocardium with thrombolysis is pres-
ently the most effective therapy to limit infarct size, reperfu-
sion alone is inadequate to salvage the damaged myocardium
and may result in myocardial ischemia/reperfusion (IR)
injury, which is characterized by excessive oxidative stress
and inflammatory response [1–3]. In fact, as shown by both
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preclinical and clinical studies, the excess myocardial cell
death resulting from the restoration of blood and oxygen
supply can contribute up to 50% of the final infarct size [1–3].

In clinical practice, P2Y12 adenosine disphosphate
(ADP) receptor antagonists are standard of care in AMI
patients undergoing primary percutaneous intervention. Sev-
eral preclinical studies have convincingly shown that these
drugs significantly protect against IR injury, suggesting that
these pleiotropic effects could be even more important than
their antiaggregant properties in this specific clinical setting
[4–8]. Clinical trials have shown that the nonthienopyridine
P2Y12 antagonists such as Ticagrelor and Cangrelor were
associated to lower incidence of cardiovascular mortality,
AMI, or stroke compared with the thienopyridine P2Y12
antagonists, Clopidogrel and Prasugrel [9]. These differences
have been ascribed, at least in part, to better and more consis-
tent pharmacokinetic profile of the nonthienopyridine
P2Y12 antagonists (Ticagrelor and Cangrelor) that do not
require hepatic P450-mediated metabolic conversion of the
prodrug (e.g., Clopidogrel and Prasugrel) into active forms
to ensure P2Y12 receptor inhibition. Moreover, Ticagrelor
is the only P2Y12 antagonist that increases tissue adenosine
levels via inhibition of the equilibrative nucleoside trans-
porter 1 (ENT1) by protecting the extracellular adenosine
from intracellular metabolism [10–12]. This effect has been
suggested to further contribute to the drug-induced cardio-
protection [13–15], despite a recently published paper cloud-
ing this hypothesis [8].

Although different cell types (including endothelial cells
[16]) express P2Y12 receptors, the conditioning effect of
P2Y12 receptor-inhibitors has been attributed to the modu-
lation of platelet sphingosine kinase activity and perhaps to
sphingosine 1-phosphate (S1P) release [5, 17]. Since P2Y12
antagonists reduce infarct size but do not eliminate it, some
other processes must be responsible of residual IR injury.
Indeed, additive cardioprotective effects have been demon-
strated by the combination of Ticagrelor and Rosuvastatin
[13]. More recently, Audia et al. [4] demonstrated that a
highly selective caspase-1 inhibitor provides additional and
sustained infarct size reduction when added to Ticagrelor in
preclinical models of IR injury. Caspase-1 activation is a crit-
ical choke point for eliciting activation of the inflammatory
cascade NLRP3 (NOD-like receptor family, pyrin domain-
containing3) inflammasome. The NLRP3 inflammasome is
a large multimeric protein complex which interacts with an
apoptosis-associated speck-like protein including a caspase
recruitment domain (ASC), thus recruiting and activating
caspase-1, which in turn mediates the cleavage of inactive
prointerleukin- (IL-) 1? and IL-18 into their active forms
[18]. We and others have previously demonstrated the piv-
otal role of the NLRP3 inflammasome in cardiometabolic
disorders, including myocardial ischemia reperfusion injury,
[19–23] and several NLRP3 inhibitors, including the small
molecule INF we recently developed, have been tested in
animal model of IR injury, showing salvage of part of the
myocardium at risk [24, 25]. The cardioprotective role of
NLRP3 inhibitors is attributable, at least in part, to their abil-
ity to modify protective pathways and redox environment of
cells [24, 26].

In the present study, we evaluate (1) the ability of Tica-
grelor and INF, alone and in combination, to reduce infarct
size following IR injury, (2) the potential mechanisms of
cross-talk between the two drug treatments underlying their
myocardial protection, and (3) the relevance of the presence
of blood in mediating cardioprotective effects and the platelet
mediators released after Ticagrelor exposure.

2. Materials and Methods

2.1. Ex Vivo Rat Model of Heart IR Injury. Male Wistar rats
(Harlan Laboratories, Udine, Italy) 5–6 months old, reaching
a body weight of 450–550 g, were anesthetized with sodium
pentothal (50mg/kg) by intraperitoneal injections and hepa-
rinized (800U/100 g b.w., i.m.) before being culled by cervical
dislocation. The hearts were then rapidly excised, placed in
an ice-cold buffer solution, and weighed. The excised hearts
were rapidly perfused by the Langendorff technique with
Krebs-Henseleit bicarbonate buffer containing (mM) NaCl
118, NaHCO3 25, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, CaCl2
1.25, and Glucose 11. The buffer was gassed with 95%
O2 : 5% CO2. The hearts were perfused in constant flowmode
to achieve a perfusion pressure of about 80mmHg. To assess
the conditions of experimental preparation, coronary perfu-
sion pressure was monitored during all experiments [27],
and flow rate was checked in a specific time period. The tem-
perature of the perfusion system was maintained at 37°C.
After a 30min stabilization period, the hearts were subjected
to a protocol of IR, which consisted in 30min of global no-
flow, normothermic ischemia followed by a period of
60min of reperfusion. At the end of perfusion period, the
hearts were rapidly removed from the perfusion apparatus
and divided in two parts by a coronal section (perpendicular
to the long axis). The apical part of the left ventricle (LV, less
than 1/3 of ventricular mass) was frozen rapidly in liquid
nitrogen and stored at -80°C and subsequently used for
Western blot analysis; the basal part of the LV was used for
infarct size assessment.

The protocol was approved by the Institutional Animal
Care and Use Committee of the University of Turin and con-
formed to the European Directive 2010/63/EU on the protec-
tion of animals used for scientific purposes.

2.2. Drug Treatments. Rats (n = 6 − 8 per group) received
water or Ticagrelor (TIC, 150mg/kg/d) by oral gavage for 3
days (oTIC). Then, the isolated hearts were submitted to
ischemia/reperfusion as described above (IR and oTIC
groups). A subgroup of isolated hearts from oTIC rats were
exposed to the selective NLRP3 inflammasome inhibitor
INF (50μM) in the perfusate for 20min before ischemia
(oTIC+exINF). In a subsequent series of experiments, the
isolated hearts from control rats were pretreated with
3.70μM Ticagrelor or 50μM exINF or both in the perfusate
for 20min before ischemia (exTIC, exINF, and exTIC+exINF
groups, respectively). After stabilization, sham hearts under-
went 90min perfusion only and served as control group
(Figure 1).

A stock solution of 200mM INF in DMSO was prepared
and was then diluted at a final concentration of 50μM in the
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perfusion buffer. The description of the synthesis of the
inhibitor as well as the in vitro biological effects has been
already published. INF is an acrylate derivative originally
synthesized by Cocco et al. [28] and selected, among the
tested compounds, as the most effective inhibitor of
NLP3 activation (IC50 of 1:26 × 10−7 M and 1:58 × 10−7 M
in LPS/ATP-triggered and LPS/nigericin-triggered pyropto-
sis, respectively). As previously documented [29, 30], INF
inhibits the NLRP3 ATPase activity of isolated human-
recombinant NLRP3 protein as well as caspase-1 activation,
and it acts as covalent NLRP3 inhibitor through irreversible
binding to nucleophilic residues present in NLRP3, with a
reactivity of 0:824 ± 0:017M−1 s−1, measured as second-

order rate constant (k2) for the reaction with cysteamine.
Ticagrelor was dissolved at 3.70μM concentration in Krebs
solution. The in vivo dose of Ticagrelor and the in vitro con-
centrations of both Ticagrelor and INF were chosen accord-
ing to previous studies demonstrating their efficacy against
myocardial IR injury [13, 24, 28, 31].

2.3. Infarct Size Assessment. Infarct areas were assessed at the
end of the 60min reperfusion with the nitro-blue-
tetrazolium (NBT) technique. The basal part of the left ven-
tricle was dissected by transverse sections into two/three
slices. Following 20min of incubation at 37°C in 0.1% solu-
tion NBT (Sigma-Aldrich, St. Louis, MO, USA) in phosphate

In vivo treatments: 
oTIC groups: received Ticagrelor by oral gavage for 3 days.
Other groups: received water by oral gavage for 3 days.

Ex vivo protocols

Buff: buffer solution; stab: stabilization.

IR control group 
(n = 6)

oTIC group 
(n = 8)

exTIC group
(n = 8)

exINF group
(n = 6)

oTIC+exINF group
(n = 8)

exTIC+exINF group
(n = 8)

Sham group
(n = 6)

Isolated heart and
global normothermic ischemia and

reperfusion
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Reperfusion

Stab TIC Reperfusion

Stab INF Reperfusion
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Figure 1: Schematic representation of rat treatments in vivo and various protocols ex vivo. Rats received water or Ticagrelor (TIC) by oral
gavage for 3 days; then, hearts were isolated and perfused. After stabilization, isolated hearts were submitted to specific treatment and then
to global ischemia/reperfusion protocol.

3Oxidative Medicine and Cellular Longevity



buffer, unstained necrotic tissue was carefully separated from
stained viable tissue by an independent observer, who was
unaware of the protocols. Since the ischemia was global and
we analyzed only the basal part of the ventricle, the necrotic
mass was expressed as a percentage of the analyzed ischemic
tissue [32].

2.4. Preparation of Tissue Extracts. As previously described
[33], the heart apex was homogenized at 10% (w/v) in a
Potter-Elvehjem homogenizer (Wheaton, NJ, USA) using a
homogenization buffer (containing 20mM HEPES, pH7.9,
1mM MgCl2, 0.5mM EDTA, 1mM EGTA, 1mM dithio-
threitol (DTT), 0.5mM phenylmethyl sulphonyl fluoride
(PMSF), 0.5% Nonidet P-40, phosphatase, and protease
inhibitors) and centrifuged at 1300 × g for 5min at 4°C. To
obtain the cytosolic fraction, supernatants were removed
and centrifuged at 16000 × g at 4°C for 40 minutes. The pel-
leted nuclei were resuspended in extraction buffer containing
20mM HEPES (pH7.9), 1.5mM MgCl2, 420mM NaCl,
0.2mM EDTA, 20% glycerol, 1mM EGTA, phosphatase,
and protease inhibitors and incubated in ice for 30 minutes
followed by centrifugation at 16000 × g for 20min at 4°C.
The resulting supernatants containing nuclear proteins were
carefully removed, and protein content was determined on
both nuclear and cytosolic extracts using the bicinchoninic
acid (BCA) protein assay following the manufacturer’s direc-
tions (Therma Fisher Scientific, Rockford, IL). Protein
extracts were stored at −80°C until use.

2.5. Determination of IL-1β in Heart Homogenates.Commer-
cially available ELISA kit (R&D Systems, Abingdon, UK) was
used to measure concentrations of IL-1β in tissue homoge-
nates, according to the manufacturer’s instructions.

2.6. Western Blot Analysis. Equal amounts of total protein
extracts were separated by SDS-PAGE and electrotransferred
to nitrocellulose membrane (GE-Healthcare Europe, Milan,
Italy). Membranes were probed with rabbit anti-NLRP3
(Abcam, Cambridge, UK), rabbit anti-caspase-1 (Santa Cruz
Biotechnology, Dallas, TX, USA), mouse anti-Ser473Akt (Cell
Signaling Technology, Danver, MA, USA), rabbit anti-total
Akt (Cell Signaling Technology, Danver, MA, USA), rabbit
anti-Ser9 GSK-3β (Abcam, Cambridge, UK), anti-total
GSK-3β (Cell Signaling Technology, Danver, MA, USA),
anti-Ser660 PKC and total PKC (Santa Cruz Biotechnology,
Dallas, TX, USA), SOD2 (Novus Biologicals, Centennial,
CO, USA), and NRF2 (Thermo Fisher Scientific, Whaltam,
MA, USA) followed by incubation with appropriate HRP-
conjugated secondary antibodies (BioRad). Proteins were
detected with ClarityWestern ECL substrate (BioRad, Califor-
nia, USA) and quantified by densitometry using analytic soft-
ware (Quantity-One, BIO-RAD Image Lab Software.6.0.1.).
Results were normalized with respect to densitometric value
of mouse anti-tubulin (Abcam, Cambridge, UK), and autora-
diograms showing statistically significant differences in terms
of gel-loading homogeneity were excluded from the following
biomarkers analyses.

2.7. Platelet Release of S1P and Adenosine. Fasting venous
blood sample from four male healthy volunteers (mean age:

38 ± 2 years) was withdrawn without stasis and anticoagu-
lated with citrate-dextrose solution (ACD, with the final
ACD/blood ratio 1: 6 vol/vol). The human platelet study
was authorized by “Comitato Etico Interaziendale San Luigi
Gonzaga,” authorization n. 155/2017, and informed consent
was obtained in accordance with the 1964 Declaration of
Helsinki and its later amendments. The platelet-rich plasma,
obtained by centrifugation at 100 × g for 20min, underwent
further centrifugation at 2000 × g for 10min, and pellet was
washed 2 times at 37°C in HEPES-Na buffer (mmol\L):
10 HEPES Na, 140 NaCl, 2.1 MgSO4, 10 D-glucose, and
pH7.4. Platelets were counted by automatic blood cells
counter (Mythic 18, Orphèe, Switzerland) and resuspended
to a final concentration of 2 × 1011 cells/L in phosphate-
buffered saline containing 1% BSA. The contamination of
white blood cells was less than 1/104 platelets. Platelet sam-
ples were subjected to stirring (1200 rpm speed at 37°C) in
both the absence and presence of Ticagrelor (5000 ng/mL,
30min) or thrombin receptor-activating peptide (TRAP-6)
(Mascia Brunelli, Monza, Milan, Italy) (10μmol/L, 8min),
then centrifuged at 4000 rpm for 10min. Supernatants
were stored at -20°C until sphingosine, S1P, and adenosine
measurements.

2.8. Sample Preparation for UHPLC-Tandem Mass Analysis.
100μL of platelet samples and heart homogenates were
added with 2mL of 0.1% trifluoroacetic acid in chloroform/-
methanol 1/1 and with internal standards (adenosine and
S1P d7) at 300μg/L as final concentration. After vortex in g
for 30 seconds, 0.5mL of chloroform and 0.5mL of water
were added. After centrifugation, organic phase was recov-
ered and extracted twice with 1mL of chloroform. The solu-
tion was dried overnight under vacuum (Centrivap,
Labconco, Kansas City, MO, USA) and reconstituted with
100μL of eluents A/B 7/3.

2.9. UHPLC-Tandem Mass Analytical Method. The analyses
of sphingolipids and adenosine were performed using a Nex-
era (Shimadzu, Milan, Italy) UHPLC coupled through an ESI
source to a Qtrap5500 triple quadrupole analyzer (Sciex,
Milan, Italy).

The chromatographic separation was achieved with a
Kinetex column (1.7μm, 100 × 2:1mm, 100Å, Phenomenex,
Bologna, Italy) with 0.1% formic acid in water/acetonitrile
8/2 (eluent A) and 0.1% formic acid in isopropanol/acetoni-
trile 8/2 (eluent B). The separation gradient was from 5 to
100% of B in 7 minutes, followed by column reconditioning.
Flow rate was set at 400μLmin-1, and injection volume was
3μL. The LC column effluent was delivered to the ESI ion
source, using air as both 1 and 2 gasses (40 and 50 arbitrary
units, respectively), and the ion voltage was 5.0 kV. Curtain
gas (nitrogen) was 30 arbitrary units.

The multiple reaction monitoring (MRM) transitions
and parameters were C18-Sph (m/z) 300@282 CE 13 V;
C18-S1P (m/z) 380@264 CE 21 V; and adenosine (m/z)
268@136 CE 21 V. For the internal standard, the MRM tran-
sition was C18-S1P d7 (m/z) 387@271 CE 19 V. The lower
limit of detection (LLOQ) was 0.50μg/L for all analytes.
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2.10. Materials. Unless otherwise stated, all compounds were
purchased from the Sigma-Aldrich Company Ltd. (St. Louis,
Missouri, USA).

2.11. Statistical Analysis. All values are expressed as means
± SEM and were analyzed by ANOVA test followed by Bon-
ferroni’s posttest and Student’s t-test. A P value < 0.05 was
considered statistically significant.

3. Results

3.1. Infarct Size Was Reduced by Ticagrelor In Vivo but Not
Ex Vivo. Rat hearts exposed to a 30min global ischemia
and 60min reperfusion developed infarction which was
69:5 ± 2:3% of ischemic area at risk (AAR). Infarct size was
significantly reduced by rat pretreatment for 3 days with
Ticagrelor (oTIC, infarct size 49:6 ± 3:9% of AAR, P < 0:01
vs. IR group). No protective effects were recorded when Tica-
grelor was added ex vivo to the perfusate of excised hearts
from untreated animals (exTIC, infarct size 68:6 ± 3:0% of
AAR), thus suggesting that Ticagrelor protection was only
triggered in the intact organism (Figure 2). Coronary flow
and perfusion pressure measured during stabilization in the
IR group (10 ± 1mL/min/g and 80 ± 2mmHg, respectively)
were not statistically different from those recorded in the
treated groups, thus suggesting similar oxygen demands
among groups.

3.2. Ticagrelor and INF Do Not Exert Additive Effects on
Infarct Size Limitation. When INF was added ex vivo to the
perfusate before ischemia (exINF), we observed a significant
reduction in infarct size (exINF, infarct size 38:3 ± 3:0% of
AAR, P < 0:05 vs. IR group), comparable to the one achieved
by oTIC alone (Figure 2).

Interestingly, exINF did not exert additive effects on pro-
tection against infarct size evoked by oral Ticagrelor pretreat-
ment, as the reduction in infarct size evoked by the
combination was almost identical to that obtained herein
with either Ticagrelor or exINF alone (oTIC+exINF, infarct
size 44:1 ± 1:9% of AAR, P < 0:05 vs. IR group). Similarly,
no priming effects on exINF protection were recorded when
Ticagrelor was coadministered ex vivo in the perfusate only
(exTIC+exINF, infarct size 52:2 ± 2:7% of AAR).

3.3. Ticagrelor Pretreatment Prevented NLRP3 Inflammasome
Activation and Downstream Signaling. Expression level and
activation of the downstream signaling of NLRP3 inflamma-
some were assessed by Western blotting analysis in protein
extracts obtained from the apical portion of hearts pretreated
or not with either Ticagrelor or INF and exposed to IR.

As expected, the INF pretreatment effectively reduced the
IR-induced NLRP3 upregulation and activation, resulting in
significant reduction of the cleaved active p10 subunit of
caspase-1 (Figures 3(a) and 3(b)). As a consequence of
reduced caspase-1 activation, the levels of IL-1β, that reached
the highest concentrations after 60min of reperfusion,
showed a mild but still significant decrease in the exINF
group (Figure 3(c)). Notably, both Western blotting analysis
and ELISA assay demonstrated that similar inhibition of
NLRP3 expression and activation could be reached when rats

were pretreated with Ticagrelor (oTIC), but not when Tica-
grelor was added in the perfusate only (exTIC). Besides, no
further NLRP3 inflammasome inhibition was recorded when
INF was added in the perfusate of heart from rats previously
exposed to Ticagrelor pretreatment (oTIC+exINF).

3.4. Risk Pathway Protective Activity Was Enhanced by Either
Oral Ticagrelor Pretreatment Or INF Heart Exposure. Since
RISK pathway is activated by both pre- and postconditioning
treatments [34], we quantified expression and activity (in
terms of phosphorylation) of its key members. After 60min
of reperfusion, slight but not significant increase in phos-
phorylation rate of Akt, GSK-3β, and PKC (Figures 4(a)–
4(c), respectively) was recorded in untreated hearts exposed
to IR protocol, when compared to the sham group. The phos-
phorylation rates of Akt, GSK-3β, and PKC induced by the
60min reperfusion were all increased massively in oTIC
and exINF (both P < 0:05 vs. sham; P = NS among groups).
No additive effects were recorded when the two treatments
were combined. Interestingly, ex vivo Ticagrelor exposure
20min prior to ischemia only did not significantly modify
the activation of the RISK pathway evoked by IR and/or INF.

3.5. Ticagrelor and INF Improved IR-Induced Antioxidant
Response. SOD2 is an important endogenous antioxidant
and provides protection against myocardial IR. Consistently
with other studies [24], we found that IR led to increased
expression of SOD2 (P < 0:05 vs. sham). All treatments
blunted IR-induced SOD upregulation. However, in oTIC,
oTIC+exINF, and exTIC+exINF groups, the levels of SOD2
were significantly lower than that of IR group (P < 0:05 vs.
IR, Figure 5(a)). A reduction in SOD2 levels was also
recorded in the heart of mice treated with INF only when
compared to IR group, without reaching statistical signifi-
cance (Figure 5(a)).

The Western blot analysis on the expression levels of the
antioxidant transcription factor Nrf2 showed that its nuclear
translocation was reduced by IR when compared to sham
(Figure 5(b)). All treatments blunted IR-induced reduction
of Nrf2 nuclear translocation. However, only in oTIC the
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Figure 2: Infarct size. Data analyzed by one-way ANOVA followed
by a Bonferroni post hoc test and expressed as mean ± SEM. n = 6
– 8 per group. Statistical significance: ●P < 0:05 vs. IR and
■P < 0:05vs. exTIC.
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levels of Nrf2 nuclear translocation were significantly higher
than in IR and similar to sham (Figure 5(b)).

3.6. Oral Ticagrelor Pretreatment Resulted in S1P and
Adenosine Overaccumulation in the Heart. As shown in
Figure 6, a marked increase in the myocardial concentration
of either S1P or adenosine was recorded in the postischemic
heart from rats exposed to the oral Ticagrelor pretreatment
(oTIC) when compared to IR only, whereas ex vivo adminis-
tration of Ticagrelor or exINF did not significantly affect
their levels. Combining Ticagrelor and INF (oTIC+exINF)
did not further increase S1P or adenosine accumulation in
the heart in comparison to oTIC alone.

3.7. Ticagrelor Enhanced S1P and Adenosine Release from
Platelets. Sphingosine, S1P, and adenosine were evaluated
in the supernatant of human platelet samples subjected to
stirring (1200 rpm speed at 37°C) with or without Ticagrelor
(5000ng/mL, 30min) (Table 1). Ticagrelor-treated samples
show high level of S1P in the supernatant and low level of
sphingosine if compared to control (P < 0:05). Adenosine
concentration increased significantly compared to control
in the supernatant of Ticagrelor-treated platelets. The posi-
tive control was obtained by incubating human platelet with
TRAP-6 (10μmol/L, 8min). The values of the release of S1P
and adenosine in the supernatant in TRAP-6 group were sig-
nificantly higher than control and Ticagrelor-treated plate-
lets (data not shown).

4. Discussion

The present study further extends previous findings on Tica-
grelor cardioprotective effects, confirming that the protection
was dependent upon its administration in vivo, as adding the
P2Y12 antagonist ex vivo to the perfusate in excised hearts
does not counteract the IR injury. Here, we confirm our pre-
vious data [24] that the specific and direct inhibition of
NLRP3 by exINF results in a significant reduction in infarct
size. Most notably, adding INF just before ischemia does not
further improve cardioprotection induced by Ticagrelor pre-
treatment (3 days), with no significant effect of the combina-
tion over each drug alone. We then aimed to assess whether
Ticagrelor primes the isolated hearts exposed to the inflamma-
some inhibitor. Administration of Ticagrelor to the perfusate
ex vivo does not enhance the heart response to exINF, showing
no interactions between the two treatments.

Indeed, Ticagrelor has been shown to modulate the
expression on blood cells of toll-like receptors, key receptors
involved in NLRP3 regulation [35]. Here, we show that the
reduction in infarct size achieved by oral Ticagrelor is, at least
in part, attributable to a cardioprotective effect mediated by
the inhibition of the NLRP3 inflammasome pathway, as simi-
lar inhibitory effects on the activation of pivotal markers of the
inflammasome cascade were recorded when either pharmaco-
logical tools (oral Ticagrelor or exINF) were used. With these
two treatments, there is also an upregulation of the RISK path-
way and a limitation of IR-induced oxidative stress.
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Figure 3: Western blotting analysis on (a) NLRP3, (b) pro- and activated caspase, and (c) quantification of IL1β by ELISA kit assay. Data
analyzed by one-way ANOVA followed by a Bonferroni post hoc test and expressed as mean ± SEM. n = 6 – 8 per group. Statistical
significance: ●P < 0:05 vs. IR; ★P < 0:05 vs. sham, ■P < 0:05 vs. exTIC. Representative blots are shown of at least three different experiments.
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To the best of our knowledge, so far, only another study
has suggested that cardioprotection of Ticagrelor tested in
models of acute myocardial injury can be partially attribut-

able to inhibition of mRNA levels of NLRP3 and IL-1beta
in the heart of diabetic rats [13]. Here, we extended these
observations to nondiabetic conditions and we documented
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Figure 4: Western blotting analysis on (a) Akt, (b) GSK3β, and (c) PKC. Data analyzed by one-way ANOVA followed by a Bonferroni post
hoc test and expressed as mean ± SEM. n = 6 – 8 per group. Statistical significance: ●P < 0:05 vs. IR; ★P < 0:05 vs. sham, ■P < 0:05 vs. exTIC.
Representative blots are shown of at least three different experiments.
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Figure 5: Western blotting analysis on (a) SOD2 and (b) nuclear and cytosolic Nrf2. Data analyzed by one-way ANOVA followed by a
Bonferroni post hoc test and expressed as mean ± SEM. n = 6 – 8 per group. Statistical significance: ●P < 0:05 vs. IR; ★P < 0:05 vs. sham,
■P < 0:05 vs. exTIC. Representative blots are shown of at least three different experiments.
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that Ticagrelor, when administered to rats in vivo, evokes sig-
nificant decrease of protein levels of NLRP3, resulting in lower
activation of caspase-1, thus counteracting the IR-induced
accumulation of active IL-1beta proteins in the heart.

A pharmacological approach with cardioprotective
inhibitors has suggested that cardioprotection induced by
P2Y12 antagonists is due to a conditioning phenomenon
rather than to their antiplatelet effect [6]. In the presence of
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Figure 6: Myocardial levels of sphingosine, sphingosine 1P (S-1P), and adenosine. Data analyzed by one-way ANOVA followed by a
Bonferroni post hoc test and expressed as mean ± SEM. n = 6 – 8 per group. Statistical significance: ●P < 0:05 vs. IR; ★P < 0:05 vs. sham,
■P < 0:05 vs. exTIC.

Table 1: Level of sphingosine, sphingosine 1P (S-1P), and adenosine released by platelets exposed to Ticagrelor.

Sphingosine (ng/mL) S-1P (ng/mL) Adenosine (ng/mL)

Control 356:9 ± 44:3 94:3 ± 29:0 18:8 ± 5:8
Ticagrelor 68:4 ± 2:4∗ 300:7 ± 38:5∗ 48:8 ± 5:4∗

Level of sphingosine, S-1P, and adenosine, measured with UHPLC-tandem mass analysis, in the supernatant of human platelet subjected to stirring (1200 rpm
speed at 37°C) incubated in absence and presence of Ticagrelor (5000 ng/mL, 30min). Data analyzed by Student’s t test and expressed as mean ± SEM; n = 6 − 8
per group in duplicate. Statistical significance: ∗P < 0:05 vs. control.
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sphingosine kinase inhibitor, Cangrelor’s antiplatelet effect
seems intact; nevertheless, in vivo studies did not definitively
rule out a contribution from the antiplatelet effect in limiting
IR injury. Our study, in which the P2Y12 antagonist was
administered in vivo and myocardial infarct subsequently
induced ex vivo, in the absence of platelets, definitively con-
firms that the protective effect is mainly due to a precondi-
tioning effect in vivo that lasts throughout the IR procedure
ex vivo. The lack of cardioprotection by Ticagrelor when
administered in the ex vivo model further support the idea
of a blood cell-mediated preconditioning effect [5, 8, 31].
Given the apparent dependence upon the presence of blood
in mediating Ticagrelor effects [5, 17], it would seem logical
to propose that the cardioprotective effect of Ticagrelor is
dependent on platelets and likely the P2Y12 receptor. This
is supported by previous observations showing that chemi-
cally distinct P2Y12 antagonists have similar cardioprotec-
tive properties [6, 16, 17]. We thus investigated the ability
of Ticagrelor to affect platelet ability to release S1P, an essen-
tial, bioactive lysophospholipid mediator that regulates vari-
ous physiological functions such as lymphocyte trafficking,
inflammation, and behavioural characteristics of the vascular
system [36]. Platelets are among the major source of S1P in
the circulation [17, 37], and platelet-derived S1P has been
demonstrated to exert a critical role in the repair of pivotal
microvascular structures during injury [38, 39]. Ticagrelor
is unique in being an inhibitor of equilibrative nucleotide
transporter 1 (ENT1) [6, 13, 14, 16]. Here, we confirm these
effects in isolated human platelets, as revealed by an increase
in S1P and adenosine release after exposure to Ticagrelor.
Ticagrelor was previously demonstrated to raise tissue levels
of adenosine, which is a known endogenous cardioprotective
substance in pathophysiological conditions of the heart,
including myocardial ischemia and heart failure [40, 41].
This effect has been suggested to involve inhibition of
ENT1 in heart tissue [13–15]. However, so far, no experi-
mental evidence of direct effects of Ticagrelor on ENT1 has
been reported. Besides, our findings on the lack of cardiopro-
tection by Ticagrelor on the isolated heart cloud this hypothe-
sis of cardioprotection through interference with cardiac ENT
1 [8]. Thereby, its effects on increasing adenosine levels in
heart tissue could derive from an effect of Ticagrelor on a sub-
group of blood cells. Both erythrocytes and platelets are
known to release different substances in blood stream, includ-
ing adenosine and S1P [17, 42, 43]. Here, we demonstrated for
the first time that Ticagrelor increased the levels of adenosine
released from platelets, thus suggesting that this effect might
contribute, together with S1P, to the cardioprotection
recorded when Ticagrelor was administered in vivo only.

The contribution of blood-derived S1P and adenosine in
mediating the myocardial protective effects of Ticagrelor was
confirmed by showing that both S1P and adenosine reached
the highest concentrations in the heart of rats orally exposed
to Ticagrelor. While the increase in myocardial adenosine
levels has been already documented in the IR heart of rats
orally pretreated with Ticagrelor [13], so far, no direct myo-
cardial detection of S1P or comparison of adenosine/S1P
myocardial levels between in vivo vs. ex vivo treatments has
been reported in the literature. Thus, our study adds a further

interesting piece of evidence on the ability of Ticagrelor to
cause blood cells to release substances, which may contribute
to cardioprotection. In fact, either S1P or adenosine has been
already demonstrated to evoke protective effects throughout
activation of the protective survival RISK pathway in the
heart [44, 45]. As Ticagrelor protection seems to depend
at least in part on the same signaling cascade modulate
S1P and adenosine, it seemed likely that these endogenous
components would be involved in Ticagrelor’s protective
mechanism. Interestingly, both the treatment (Ticagrelor
and exINF) in aerobic conditions do not affect myocardial
perfusion, thus suggesting an unchanged oxygen demand
in comparison to untreated hearts. Moreover, the levels of
components of either NLRP3 or RISK pathways in sham ani-
mals were lower than those detected in all IR groups (pro-
tected and nonprotected), thus suggesting that in aerobic
conditions, the pharmacological treatments do not influence
the myocardial metabolism, but may trigger mechanisms
that will make the hearts more resistant to IR challenge
boosting RISK activation in postischemic phase. Indeed, the
RISK pathway is an intrinsic prosurvival signaling cascade
evoked by IR itself which confers protection against the
reperfusion insult by avoiding the opening of the mitochon-
drial permeability transition pore at the onset of reperfusion
[34, 46]. Potentiation of RISK activation in the early minutes
of reperfusion contributes to cardioprotection induced by
preconditioning protocols. Actually, in protected hearts, the
phosphorylation of RISK enzymes peaks at 10-15minutes
of reperfusion and progressively wanes thereafter [34, 47–
49]. A two-threefold higher phosphorylation level after
60min of reperfusion is a strong indication of kinase involve-
ment in protection, especially if we consider that the reduc-
tion in infarct size in protected hearts resulted in a ~20%
increase in vital tissue when compared to control IR hearts.
As previously documented [6], pharmacological inhibition
of the RISK pathway blunted the protective effects of P2Y12
antagonists against IR, thus further supporting the hypothe-
sis that their mechanisms of cardioprotection utilize specific
signal transduction of myocardial protection rather than
inhibition of intravascular coagulation. Our study extends
these findings confirming cross-talk mechanisms linking
NLRP3 inflammasome to RISK pathway in cardioprotection,
which have been so far faintly suggested [50–52], but not
convincingly demonstrated. Besides, it shows that Ticagrelor
uses similar mechanisms of protection evoked by a NLRP3
inflammasome inhibitor, leading to activation of the RISK
pathway. The lack of additive effects of the drug combination
may be explained considering that additional protection can-
not be induced by strategies that share common prosurvival
signaling pathways such as the P2Y12 antagonist and the
NLRP3 inflammasome inhibitor. However, previous studies
demonstrated that treatment with a caspase-1 inhibitor prior
to ischemia or reperfusion adds its protection to the one elic-
ited by the P2Y12 antagonist, Cangrelor [4, 7]. Differently
from INF that directly targets NLRP3 complex formation,
direct caspase-1 inhibitors may influence not only inflamma-
tory response but also glycolytic, mitochondrial, and pyrop-
totic cell death [4]; thus, the additional beneficial effects
recorded by these authors could be due to interference with
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any of these pathways beyond the inhibition of the NLRP3
inflammasome-caspase axis. Another substantial difference
between our study and that of Audia et al. [4] is that these
authors had higher coronary flow when the caspase-1 inhib-
itor was used, while we perfused the hearts at constant flow,
to avoid flow effects on IR injury.

The role of oxidative stress in contributing to IR injury is
not clear [53, 54]. Overall, it seems that IR-dependent oxida-
tive stress is reduced by all protective treatments. However,
only Ticagrelor pretreatment displays a consistent effect in
limiting the oxidative component as suggested by the signif-
icant increase in nuclear levels of Nrf2 and by the downregu-
lation of SOD2. Nevertheless, also for this mechanism, there
are not apparent differences between Ticagrelor and INF.
Moreover, the antioxidant effect of Ticagrelor given orally
seems stronger than that observed when it is given ex vivo.

5. Limitation of the Study

Our results confirm Ticagrelor conditioning effects, which
are not additives to the cardioprotection achieved by directly
inhibiting NLRP3. It is likely that this lack of additive effect is
due to the activation of RISK pathway by both treatments.
Other studies demonstrated additive effect when P2Y12 and
a downstream NLRP3 factor, namely, caspase-1, were inhib-
ited [4, 7], thus confirming that the cross-talk between
NLRP3 and RISK cardioprotective pathways is quite complex
[36]. Besides, here, we did not test the impact of the proposed
pharmacological treatments on the tested signaling cascades
at basal condition. Therefore, further studies are needed to
fully elucidate the cross-talk among mechanisms linking
NLRP3 complex, redox state, and RISK pathway. Finally,
we must consider that all experimental paradigms have dis-
advantages and advantages. For instance, we used gavage to
administer Ticagrelor instead of a spontaneous intake which
is more physiological, as gavage guarantees a more constant
dosage, which is recommendable in cardioprotection studies
[55]. Determining which blood-derived factors mediate
Ticagrelor-induced cardioprotection was beyond the scope
of this study. Nevertheless, the fact that Ticagrelor increases
platelet release of both adenosine and S1P suggests these fac-
tors as important players that deserve further investigations.

6. Conclusions

In conclusion, we confirm that Ticagrelor requires the pres-
ence of blood to act as conditioning agent. Importantly, we
demonstrate that the cardioprotective effects of Ticagrelor
are not due to a direct action on the myocardial tissue nor
to its antiaggregating effect, whereas the NLRP3 inhibitor,
INF, is able to act directly on the heart. Nevertheless, these
two drugs given before ischemia activate a similar protective
pathway, involving RISK pathway and redox modulation,
without additive cardioprotective effects.
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