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Cellular oxidants are unique classes of signaling messengers,
those control signal transduction events to drive desirable
cellular and biological responses, such as inflammatory
cytokine production [1, 2]. However, imbalance oxidative
stress causes both cellular damage and biological damage.
Thus, it is reasonable to counter balance of oxidative stress
to treat inflammation-related diseases bymodulating reactive
oxygen species (ROS) production. Such antioxidative thera-
peutic strategies include various endogenous and exogenous
antioxidative enzymes, antioxidants, and radical scavengers
[3].

This special issue features review articles, original
research articles, and clinical studies that portray and expand
the current knowledge of the specific antioxidative strategy
for inflammatory diseases including therapeutic strategies by
modulating oxidative stress in inflammatory diseases, devel-
opment of antioxidants (enzymes, phytomedicines, nutrients,
or radical scavengers) for inflammatory diseases, cellular
reduction-oxidation (redox) networks and free radical biol-
ogy in inflammation, oxidative biomarkers for inflamma-
tory diseases, oxidative stress in immune cell proliferation
and death, and redox-sensitive signal transduction pathways
(receptor, kinase, and transcription factor) in inflammation.

In this published special issue, we are pleased to present to
the reader several articles written by experts in the field.There

are three review articles that focus on the role of oxidative
stress and inflammation in systemic sclerosis, diabetes, and
other various inflammatory diseases, respectively. Given the
role of ROS in development of inflammatory diseases, phar-
maceutical agents targeting this pathway promise to improve
the clinical outcome.These reviews highlight themechanisms
of redox regulation and demonstrate the potential impact of
this antioxidative strategy in themanagement of several acute
and chronic inflammatory diseases, including cancer.

In the topic of development of antioxidants for inflam-
matory diseases, different pharmaceutical agents targeting
antioxidative pathway such as rotenone, paeonol, epigallocat-
echin gallate, 𝛼-lipoic acid, troglitazones, mitoquinone, ser-
ine protease inhibitors, and hydrogen-rich saline were pro-
posed to contribute to detrimental ROS generating processes;
it seems to be a reasonable approach to modulate redox
pathways in inflammation. In the human organism, a burst
in ROS generation is observed during inflammatory diseases.
Under pathological conditions with reduced or increased
ROS levels different consequences regarding protection or
susceptibility to inflammation have to be considered.

In another topic of free radical biology and cellular redox
networks (redox-sensitive signal transduction pathways) in
inflammation, various redox-related signaling cascades such
as interleukin-10, toll-like receptor 4, estrogen receptors,
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nicotinamide adenine dinucleotide phosphate oxidase, pro-
tein kinases, nuclear factor-𝜅B, and nitric oxide synthases
were found to play important roles in the regulation of
inflammatory diseases. Therapeutic interventions focus on
these redox-related signaling cascades which have an impact
on the inflammation status and might be utilized as a
potential antioxidative strategy in inflammatory diseases.
New antioxidative agents designed to scavenge ROS in a
redox active state may provide increased efficacy in this
regard.

Moreover, for the topic of oxidative biomarkers for
inflammatory diseases, oxidative stress makers and vita-
min C, cerebrospinal fluid biomarkers, antioxidant profiles
(glutathione peroxidase, copper/zinc superoxide dismutase,
and glutathione), and lysosomal/membrane enzyme activi-
ties indicate an essential involvement of these redox-related
biomarkers in acute bacterial osteomyelitis, herpesvirus 6
associated encephalopathy/febrile seizures, and pancreatitis,
respectively. These studies suggest that antioxidative system
plays the role of the first line of defense against oxidative stress
and redox imbalance in the course of acute inflammation.

Taken together, this special issue aims to inspire novel
antioxidant/drug development targeting the cellular redox
networks to treat inflammatory diseases. The clinicians and
researchers summarized the recent ideas with respect to the
regulation of oxidative stress and provided the antioxidative
therapeutic and delivery strategy for various inflammatory
diseases.
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Diabetes and alcohol misuse are two of the major challenges in health systems worldwide. These two diseases finally affect several
organs and systems including the central nervous system. Hippocampus is one of the most relevant structures due to neurogenesis
and memory-related processing among other functions.The present review focuses on the common profile of diabetes and ethanol
exposure in terms of oxidative stress and proinflammatory and prosurvival recruiting transcription factors affecting hippocampal
neurogenesis. Some aspects around antioxidant strategies are also included. As a global conclusion, the present review points out
some common hits on both diseases giving support to the relations between alcohol intake and diabetes.

1. Introduction

In accordance with the International Diabetes Federation,
latest diabetes statistics indicates that 382 million people are
affected by diabetes in 2013. Alcohol use disorder (formerly
called alcohol dependence or alcohol abuse) is the most
abundant mental disorder in America, where approximately
14% of the populationmeets chronic alcoholic criteria during
some period of their lives [1, 2]. It is closely related to
several organic diseases and is involved in almost 50% of
traffic accidents and the majority of homicides, suicides,
and domestic violence cases [3]. Alcoholism and diabetes
can affect several organs and systems. Alcohol exposure and
diabetes can both be associatedwith cognitive impairment. In
fact, diabetes-associated cognitive decline describes a state of
cognitive impairment [4, 5]. Furthermore, diabetes increases
the risk of Alzheimer’s disease, vascular dementia, and any
other type of dementia [6, 7]. Alcoholic dementia and ethanol
related cognitive decline are also described [8–10].

The central nervous system (CNS) is especially vulnerable
to oxidative damage as a result of its high oxygen consump-
tion rate, its abundant lipid content, and relative paucity of

antioxidant enzymes as compared to other tissues. Neural
tissue is particularly sensitive to oxidative insults; in fact
reactive oxygen species (ROS) are involved in many diseases
finally affecting theCNS [11, 12].Under these twopathological
conditions, cellular stress triggers mitochondrial oxidative
damage, which may result in apoptosis and/or necrosis [13–
15].

2. Diabetes and Ethanol Exposure Promote
Oxidative Stress: AGE and Aldehydes

It is well documented that diabetes and alcohol exposure
are accompanied by alterations in the redox status. Hyper-
glycemia and ethanol exposure reduce antioxidant levels and
increase the production of free radicals with subsequent
activation of redox-sensitive genes [15–21].

Glutathione system, including both reduced and oxidized
forms (GSH and GSSG, resp.) and the glutathione peroxidase
enzyme (GPx), is one of the most important cellular antioxi-
dant defense systems due to its capacity of trappingROS.GSH
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is ubiquitously present including the central nervous tissue
[22]. It is well documented that hippocampal GSH/GSSG
ratio and GPx activity are significantly reduced in diabetes
or by ethanol exposure [15, 18–21, 23–26]. Interestingly, this
decrease can be prevented by antioxidant treatment in both
cases [17, 19, 26, 27], indicating that ROS could be at least
partially responsible of the GSH content and GPx activity
decreases.

ROS usually react with lipids, a process known as lipid
peroxidation. Since the CNS is particularly rich in fatty
acids, this peroxidation results in aldehyde production, for
example, malondialdehyde (MDA) and 4-hydroxyalkenals
such as 4-hydroxy-nonenal (4-HNE). These end-products
may create adducts leading to DNA alterations (for a review
see [28]) and protein modifications. These facts can produce
enzymatic activity alterations or lack of DNA sequence-
recognizing, among other side effects. In this way, 4-HNE
inhibits Akt1 by competitive inhibition of ATP at the kinase
domain of ATP binding sites resulting in increasedROS levels
and cell death [29]. ROS production decreased antioxidant
defense and increased lipid peroxidation and membrane
degeneration, leading to cellular damage/death in diabetes or
ethanol exposure [30–32]. In fact, mitochondrial dysfunction
and reduced ATP biosynthesis have been implicated in
diabetes and ethanol exposure [15, 33]. Accumulation of
lipid peroxidation products such as 4-HNE and MDA in
mitochondria has also been reported in diabetic patients,
possibly causing further damage to mitochondrial genetic
and metabolic systems [34, 35]. In this sense, recent data
from our laboratory indicate a marked increase in 4-HNE
aggregates after ethanol exposure in a human retinal pigment
epithelial cell line (ARPE-19) accompanied by mitochondrial
degeneration and mitophagy [36].

One of the main questions concerning ethanol and
diabetes is the one related to how hyperglycemia and ethanol
exposure exert primarily their negative effects. Evidences are
accumulating pointing to the role of oxidative stress and
proinflammatory mechanisms on both pathological condi-
tions, but little is known about the molecular mechanisms.

Circulating proteins or lipids can be modified by circu-
lating sugars and even aldehydes such as acetaldehyde [37,
38]. These products are known as advanced glycation end
products (AGEs) [39, 40]. AGEs can produce ROS and AGEs
can bind to specific cell surface receptors (RAGE) [40, 41].
AGEs produce ROS via NAD(P)H oxidase and also activate
nuclear factor kappa B (NF-𝜅B) [20, 42]. Further support for
this idea is the finding of increased expression of serumAGEs
in alcoholic patients and RAGE in the prefrontal cortex of
human alcoholic patients [43, 44]. In fact, some toxic effects
promoted by experimental diabetes are increased by ethanol
administration [45].

3. Cytochrome p450 2E1 (CYP2E1) Is
Commonly Implicated

Another relevant enzyme related to diabetes and ethanol
exposure is cytochrome P450. This is a family of enzymes
involved in the oxidativemetabolismof both endogenous and

xenobiotic products [46–48]. Particularly involved in EtOH
oxidation, CYP2E1 isoform assumes an important role in
metabolizing ethanol being considered as amajor component
of the microsomal ethanol-oxidizing system (MEOS) [49,
50].

Increased expression of hepatic CYP2E1 in human or
experimental diabetes and alcohol abusers has been reported
[51–54]. Ethanol-induced CYP2E1 gene transcription is ROS-
mediated and therefore CYP2E1 induction is accompanied
by more ROS production and vice versa [55]. In fact, diallyl
sulphide (DAS), a competitive inhibitor of CYP2E1, can
directly block ROS production and also inhibit CYP2E1
induction [55]. A parallel increase of CYP2E1 expression and
ROS production in brain, kidney, and liver of streptozotocin-
induced diabetic rats has been also reported and these
increases can be blocked by ascorbic acid [56, 57]. So
CYP2E1 and ROS are reciprocally modulated in diabetes
and ethanol exposure. Interestingly, NF-𝜅B regulates CYP2E1
expression by different ways, being implicated in several
diseases including diabetes [58]. Considering that CYP2E1
is not only found in liver, but can be also considered
almost ubiquitously present, the possibility that an ethanol
extrahepatic detoxifying activity could be present in other
tissues, including the brain, must be taken into account.

4. Hippocampal Neurogenesis Is Affected in
Diabetes and Ethanol Exposure

Hippocampus is part of the temporal lobe being considered
crucial for several cognitive processes as well as for spa-
tial navigation and memory processing [59]. Hippocampus
is particularly affected in several diseases, for example,
Alzheimer’s disease and diabetes, or in alcohol use disorder
[60, 61]. One of the particularities of this neural structure
is that referred to neurogenesis. Hippocampus shares this
privilege with the subventricular zone (SVZ). Concretely,
the subgranular zone (SGZ) of the dentate gyrus presents
a discrete stem cell population [62]. Newborn subgranular
cells differentiate to neurons being finally integrated into
the granular cell layer (GCL) thickness [63]. Although the
concrete function or meaning of this neuronal incorpora-
tion still remains unclear [64], the inhibition of stem cell
proliferation or the death of newborn cells is accompanied
by an impairment of hippocampal-dependent functions.
Focusing on diabetes and alcohol consumption, it is well
established that both conditions can affect cognitive processes
and neurogenesis.

A classical experimental task evaluating hippocampal-
dependent functions is the popular Morris water maze test,
based on the location of an underwater hidden platform.
Independently of the swimming speed, animals treated with
ethanol exhibit more latency time to find the platform.
In other words they need more time to learn. This task
is considered a good tool assessing hippocampal function.
Giving support to this phenomenon is the finding that
hippocampal long term potentiation (LTP) is also disrupted.
Experimental LTP is considered as a good tool to approach
synaptic plasticity and therefore learning processes [65].
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Interestingly the simultaneous triad consisting of neuro-
genesis reduction, spatial navigation impairment, and hip-
pocampal LTP disruption is usually present in diabetes and
ethanol exposure [17, 19, 66–68], suggesting close relation-
ship among them. Furthermore, all these alterations can be
prevented by antioxidant treatment adding more evidence
to this relationship [19, 68]. Although it seems clear that
ROS are relevant in these processes, evidences are also
accumulating pointing to the glucocorticoid pathway, since
it has been demonstrated how those hippocampal alterations
(including neurogenesis, LTP, and water maze test) in type
I and II diabetes are normalized when glucocorticoid levels
are in a physiological range [69]. The negative effects of
high glucocorticoid levels on hippocampal neurogenesis and
synaptic plasticity are well documented [69–72]. Ethanol
exposure also alters the hypothalamic pituitary axis (HPA): in
a rat model of binge drinking, increased corticosterone levels
led to dentate gyrus degeneration and this phenomenon
seemed to be mediated by type II glucocorticoid receptor
[73], in agreement with that occurring in diabetes.

5. CREB, NF-𝜅B, and Nrf2 Are Altered in
Diabetes and Alcohol Exposure

NF-𝜅B and cAMP responsive element-binding protein
(CREB) are both transcription factors, respectively, related
with proinflammatory and prosurvival genes.

CREB-related genes are transcribed by the phosphoryla-
tion of CREB (p-CREB).ThoseCREB-related genes encoding
neurotrophins are generally related to neuronal survival,
cell death protection, and neural plasticity, as are the brain
derived neurotrophic factor (BDNF), B-cell lymphoma 2
(Bcl-2) protein, nerve growth factor (NGF), and vascular
endothelial growth factor (VEGF) genes [74, 75].

CREB/p-CREB signaling has been related to neurite out-
growth, learning-memory and LTP [76–78].

Although NF-𝜅B is a transcriptional factor typically
implicated in inflammatory and immune responses [79], NF-
𝜅B is also involved in neuroprotection, being implicated in
cell division, synaptic plasticity, neurite growth, and forma-
tion of functional dendritic spines [79–83].

NF-𝜅B can be activated by oxidative stress or other signals
such as cytokines or glutamate [79, 82, 84]. In fact, NF-𝜅B
is induced in several conditions such as neurodegenerative
diseases and brain injury [81, 85, 86].

As indicated above, ethanol exposure and diabetes pro-
mote oxidative stress in the CNS and particularly in the
hippocampus. At the same time both, ethanol exposure and
diabetes, decrease hippocampal CREB phosphorylation [18,
87, 88] while they increase NF-𝜅B activity [17, 18, 88]. Addi-
tionally, deregulation of inflammatory genes has been found
in hippocampi of alcoholic patients [89] and furthermore
prefrontal cortices from alcoholic patients also show NF-
𝜅B/p50 downregulation [90].

Ethanol-induced p-CREB decrease is accompanied by
reductions in BDNF gene expression contributing to hip-
pocampal neurotoxicity [91]. In fact, hippocampal BDNF
is also decreased in a type 2 diabetes animal model and it

is associated with hippocampal dependent memory impair-
ment [92, 93]. Furthermore, caffeine and huperzine restore
hippocampal-dependentmemory impairment via BDNF [94,
95].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) binds
to the antioxidant response element (ARE) sequence pro-
moting the transcription of antioxidant-related proteins
as NAD(P)H quinone oxidoreductase 1, gluthatione S-
transferase, or GPx among others [96]. According to Ceder-
baum [97] Nrf2 plays a key role in the adaptive response
against increased oxidative stress caused by CYP2E1 in
HepG2 cells. Nrf2 activation inhibits NF-𝜅B activation by
reducing ROS and by inhibiting I𝜅B degradation [97, 98].
NF-𝜅B also binds to ARE sequence competing with Nrf2
[99] and therefore the result of this balance may lead to
proinflammation or antioxidant defense responses.

Focusing on hippocampal neurogenesis, a positive reg-
ulation of cell proliferation has been demonstrated by p-
CREB in the SGZ [100]. Stressing the role of CREB in
this process, hippocampal neurogenesis is also a GABA-
CREB dependent process regulating maturation and survival
of newly generated subgranular neurons [101]. All these
evidences give support to the possibility that ethanol and
diabetes may reduce hippocampal neurogenesis in the same
way.

According to previous reports [80–82], NF-𝜅B may play
different roles in hippocampal neurogenesis depending on
the cell stage. In neuronal progenitor cells (NPC) it regulates
axogenesis and maturation, whereas in mature granule cells
(MGC) it regulates neuroprotection and synaptic trans-
mission. In fact NF-𝜅B inhibition promotes dentate gyrus
atrophy [80].

How some genes related to neurogenesis and synaptic
plasticity are altered by diabetes as well as how dietary
supplementation with resveratrol normalized them has been
described. Furthermore, proinflammatory genes from the
Jak-Stat pathway are also repressed after resveratrol admin-
istration [102]. In this sense, it is interesting to note that
resveratrol acts as a mixed agonist/antagonist for estrogen
receptors [103] that induces Bcl-2 expression via CREB and
Akt phosphorylation [104], so its action is not solely by direct
ROS trapping [105].

Regarding the CREB-related pathway, it has been shown
that Nrf2 and NF-𝜅B compete for the transcriptional coac-
tivator CREB-binding protein (CBP) [106]. Additionally,
CBP/p300 complex is a histone acetyltransferase (HAT) asso-
ciated with CREB, Nrf2, NF-𝜅B, and AP-1 gene transcription
[107]. However, CBP is also associated with glucocorticoid
receptors [108], resulting in HAT activity inhibition with
subsequent transcriptional blockade of the genes above;
interestingly, curcumin has been described as an inhibitor of
CBP/p300 [109]. Several data are focusing on the neuropro-
tective role of curcumin improving hippocampal neurogene-
sis in some animal models such as ischemic brain injury [110]
and chronic stress [111]. Curcumin alleviates neuropathic
pain by reducing spinal BDNF and cox-2 gene expression
in a rat model of neuropathic pain [112], and interestingly
the Akt/Nrf2 pathway is involved in neuroprotection after
brain ischemia [113]. However and surprisingly, hippocampal
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neurogenesis inhibition, under chronic stress conditions, can
be reversed by curcumin via increasing BDNF [110].

High glucose and ethanol exposure promote glucose
misbalance, HPA deregulation with metabolic andmolecular
changes affecting different systems but particularly CNS.
ROS and oxidative stress misbalance are present as common
background feature and may be the reason of the similarities
observed between high glucose and ethanol exposure such as
the presence of AGE, good outcome to antioxidant strategies,
and hippocampal neurogenesis inhibition. Since alcoholism
and diabetes in humans are long lasting diseases with a
“waveform-like” behavior in terms of intermittent relapse-
abstinence, binge or chronic drinking, randomly insulin
control, or uncontrolled glycemia, it seems plausible that
alcoholism and diabetes may lead to neuroadaptive changes.

Transcription signaling for CREB, Nrf2, and NF-𝜅B
dependent genes is commonly regulated by CBP activity

and furthermore the competition for DNA sequences might
explain the outcome of these diseases. Exposure to high
glucose levels or ethanol seems to act on a similar way
activating similar genes and some antioxidants as curcumin
or resveratrol are effective by activating up-streammolecules
modulating those aforementioned genes. ROS inhibition sig-
nificantly alleviates many of the deleterious effects promoted
by hyperglycemia or ethanol exposure. So the combination
of direct ROS scavengers and antioxidants as curcumin or
resveratrol can not only block cellular damage but also
modulate gene transcription activity (see Figure 1).

6. Final Summary

Several cellular and molecular alterations are shared during
ethanol exposure or under diabetic conditions. Hippocampal
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neurogenesis is negatively affected and CREB/p-CREB, NF-
𝜅B, Nrf2, and CYP 2E1 are involved and modified in both
situations. Oxidative stress is a key factor of these situa-
tions, since the addition of antioxidants (trapping ROS) can
reverse or normalize all these aforementioned alterations.
Furthermore, evidences are also focusing on downstream
effects of antioxidants in terms of activation-repression of
transcription factors such as CREB or Nrf2, making of
antioxidant therapies a good tool against neural and func-
tional alterations in diabetes and alcohol-related memory
or cognitive impairments. Diabetes and chronic ethanol
exposure affect different organs and systems and some of
their negative effects can be improved or prevented by
antioxidant therapies. Knowing how antioxidants can prevent
those negative effects or elicit cellular protective responses
may be helpful for future development of new therapeutic
tools against these two diseases affecting millions of people
worldwide.

Additionally, experimental and clinical studies strongly
indicate a close relationship between alcohol intake and risk
of diabetes development [114–117]. Considering all data avail-
able, and reviewed herein (molecular signaling, genes, and
transcription factors), it seems plausible that all overlapping
mechanisms of alcohol intake and diabetes could explain this
relationship.
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chondrial alterations after chronic alcohol consumption,” Jour-
nal of Physiology and Biochemistry, vol. 65, no. 3, pp. 305–312,
2009.

[16] D. Bonnefont-Rousselot, “Glucose and reactive oxygen species,”
Current Opinion in Clinical Nutrition andMetabolic Care, vol. 5,
no. 5, pp. 561–568, 2002.

[17] M. Muriach, F. Bosch-Morell, G. Alexander et al., “Lutein effect
on retina and hippocampus of diabetic mice,” Free Radical
Biology and Medicine, vol. 41, no. 6, pp. 979–984, 2006.

[18] R. Alvarez-Nölting, E. Arnal, J. M. Barcia, M. Miranda, and F.
J. Romero, “Protection by DHA of early hippocampal changes
in diabetes: possible role of CREB and NF-𝜅B,” Neurochemical
Research, vol. 37, no. 1, pp. 105–115, 2012.

[19] S. Johnsen-Soriano, F. Bosch-Morell, M. Miranda et al., “Ebse-
len prevents chronic alcohol-induced rat hippocampal stress
and functional impairment,” Alcoholism: Clinical and Experi-
mental Research, vol. 31, no. 3, pp. 486–492, 2007.

[20] M. Muriach, M. Flores-Bellver, F. J. Romero, and J. M. Barcia,
“Diabetes and the brain: oxidative stress, inflammation, and
autophagy,” Oxidative Medicine and Cellular Longevity, vol.
2014, Article ID 102158, 9 pages, 2014.

[21] I. Almansa, J. M. Barcia, R. López-Pedrajas, M. Muriach,
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[68] D. G. Herrera, A. G. Yagüe, S. Johnsen-Soriano et al., “Selective
impairment of hippocampal neurogenesis by chronic alco-
holism: protective effects of an antioxidant,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 100, no. 13, pp. 7919–7924, 2003.

[69] A. M. Stranahan, T. V. Arumugam, R. G. Cutler, K. Lee, J.
M. Egan, and M. P. Mattson, “Diabetes impairs hippocampal
function through glucocorticoid-mediated effects on new and
mature neurons,” Nature Neuroscience, vol. 11, no. 3, pp. 309–
317, 2008.

[70] E. Gould, H. A. Cameron, D. C. Daniels, C. S. Woolley, and
B. S. McEwen, “Adrenal hormones suppress cell division in the
adult rat dentate gyrus,” Journal of Neuroscience, vol. 12, no. 9,
pp. 3642–3650, 1992.

[71] E. Gould, C. S. Woolley, and B. S. McEwen, “Adrenal steroids
regulate postnatal development of the rat dentate gyrus: I.
Effects of glucocorticoids on cell death,” Journal of Comparative
Neurology, vol. 313, no. 3, pp. 479–485, 1991.

[72] D.-J. Saaltink and E. Vreugdenhil, “Stress, glucocorticoid recep-
tors, and adult neurogenesis: a balance between excitation and
inhibition?” Cellular and Molecular Life Sciences, vol. 71, no. 13,
pp. 2499–2515, 2014.

[73] A. Cippitelli, R. Damadzic, C. Hamelink et al., “Binge-like
ethanol consumption increases corticosterone levels and neu-
rodegneration whereas occupancy of type II glucocorticoid
receptors with mifepristone is neuroprotective,” Addiction Biol-
ogy, vol. 19, no. 1, pp. 27–36, 2014.

[74] B. E. Lonze and D. D. Ginty, “Function and regulation of CREB
family transcription factors in the nervous system,”Neuron, vol.
35, no. 4, pp. 605–623, 2002.

[75] T. Mantamadiotis, T. Lemberger, S. C. Bleckmann et al., “Dis-
ruption of CREB function in brain leads to neurodegeneration,”
Nature Genetics, vol. 31, no. 1, pp. 47–54, 2002.

[76] C. F. Stevens, “CREB and memory consolidation,” Neuron, vol.
13, no. 4, pp. 769–770, 1994.

[77] D. A. Frank and M. E. Greenberg, “CREB: a mediator of long-
term memory from mollusks to mammals,” Cell, vol. 79, no. 1,
pp. 5–8, 1994.

[78] S.-H. Ghil, B.-J. Kim, Y.-D. Lee, and H. Suh-Kim, “Neurite
outgrowth-induced by cyclic AMP can be modulated by the 𝛼
subunit of Go,” Journal of Neurochemistry, vol. 74, no. 1, pp. 151–
158, 2000.

[79] L. A. J. O’Neill and C. Kaltschmidt, “NF-𝜅B: a crucial tran-
scription factor for glial and neuronal cell function,” Trends in
Neurosciences, vol. 20, no. 6, pp. 252–258, 1997.

[80] Y. Imielski, J. C. Schwamborn, P. Lüningschrör et al., “Regrow-
ing the adult brain: NF-𝜅B controls functional circuit formation
and tissue homeostasis in the dentate gyrus,” PLoS ONE, vol. 7,
no. 2, Article ID e30838, 2012.

[81] B. Kaltschmidt and C. Kaltschmidt, “NF-kappaB in the nervous
system,” Cold Spring Harbor perspectives in biology, vol. 1, no. 3,
Article ID a001271, 2009.

[82] M. P. Mattson andM. K. Meffert, “Roles for NF-𝜅B in nerve cell
survival, plasticity, and disease,” Cell Death and Differentiation,
vol. 13, no. 5, pp. 852–860, 2006.
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Since iron can contribute to detrimental radical generating processes through the Fenton andHaber-Weiss reactions, it seems to be a
reasonable approach to modulate iron-related pathways in inflammation. In the human organism a counterregulatory reduction in
iron availability is observed during inflammatory diseases. Under pathological conditions with reduced or increased baseline iron
levels different consequences regarding protection or susceptibility to inflammation have to be considered. Given the role of iron
in development of inflammatory diseases, pharmaceutical agents targeting this pathway promise to improve the clinical outcome.
The objective of this review is to highlight the mechanisms of iron regulation and iron chelation, and to demonstrate the potential
impact of this strategy in the management of several acute and chronic inflammatory diseases, including cancer.

1. Introduction

Although iron exists in abundance in the earth’s crust and the
environment, iron is found in relatively low concentrations
in aqueous systems under aerobic conditions. Fe occurs in
two main oxidation states: the reduced Fe2+ (Fe II, ferrous)
and the oxidized Fe3+ (Fe III, ferric) form. Iron represents an
essential trace element for almost all forms of life; however,
iron has paradoxical properties. It readily accepts and donates
electrons, converting between the more soluble ferrous form
and the insoluble ferric form, and thus plays an integral
role in electron transfer and oxygen transport as well as
adenosine triphosphate and deoxyribonucleic acid synthesis
[1]. However, iron can also catalyze the formation of reactive
oxygen species (ROS) via redox reactions. The Fenton and

Haber-Weiss reactions of H
2
O
2
with Fe2+ generate hydroxyl

radicals that promote oxidative stress and are responsible for
lipid, protein, and DNA damage. Importantly, dysregulated
iron homeostasis is associated with progressive inflammatory
and degenerative diseases, as well as cancer [2]. Iron and
its homeostasis are intimately tied to the inflammatory
response. Iron withdrawal is part of the natural innate
immune response in inflammation [3]. During inflammation
and infection a “hypoferremic response” is observed (anemia
of inflammation) [4].

Given the role of iron in development of inflamma-
tory diseases, pharmaceutical agents targeting this pathway
promise to improve the clinical outcome.The objective of this
review is to highlight the mechanisms of iron regulation and
iron chelation and to demonstrate the potential impact of this
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approach in the management of several acute and chronic
inflammatory diseases, including cancer. For this purpose, we
reviewed the literature regarding experimental and clinical
evidence for iron-related anti-inflammatory strategies and
discuss implications and limitations of iron removal in
inflammation.

2. Basic Mechanisms

2.1. Iron Absorption and Regulation in the Human Body.
Dietary iron uptake is closely regulated, which is critical
to cell physiology and to ensure minimal concentrations of
potentially dangerous free intracellular iron. Mechanisms for
iron homeostasis are complex compared to other metals,
which are typically controlled by a simple elimination process
[5]. Iron requirements are high during infancy, childhood,
and pregnancy [6]. Absorption declines to around 1mg/day
in men and 2mg/day in women when growth declines [5].
Both heme and nonheme iron can be utilized by the intestinal
epithelium. Heme iron is abundant in meat as hemeprotein
and myoglobin, released from hemeprotein by proteolytic
enzymes in the stomach and small intestine. Nonheme iron
crosses the apical brush border membrane of enterocytes
after conversion into ferrous iron by duodenal cytochrome
B [7]. Iron has two fates according to the requirement of
the body once within the enterocytes. When iron demand in
the body is low, iron remains sequestered in the enterocyte
within ferritin as a mechanism of iron storage. When the
iron demand of the body is high, iron crosses the basolateral
membrane via the iron export protein ferroportin1 (FPN) and
enters the circulation, ultimately binding to transferrin. FPN
is found in the basolateral membrane of the enterocytes and
in large quantities on macrophages [8]. Ferroxidase activity
of ceruloplasmin or hephaestin is required to load iron safely
onto transferrin [9]. To mitigate iron losses from the body
from shedding of epithelial cells and menstruation, the body
must absorb an equivalent amount of iron from the gut,
maintaining an overall iron balance.

In total, the human body contains approximately 3 to 4 g
of iron in the form of both heme and nonheme iron [10].
Human hemoglobin accounts for 65% of total body iron,
while 25% of body iron is bound to iron storage proteins fer-
ritin and hemosiderin.The remaining 10% are constituents of
myoglobin, cytochrome, and other iron-containing enzymes
[11]. Only about 0.1% of body iron is bound to transferrin
and this circulates as a soluble exchangeable pool in the
plasma. Tissuemacrophages phagocytize senescent red blood
cells to recover, turnover, and recycle iron. This recycling
of iron by macrophages is 20-fold greater than the amount
of iron absorbed daily by the intestine. Iron absorption by
enterocytes and the recycled iron efflux from macrophages
are controlled by hepcidin, a key iron regulatory hormone
produced by hepatocytes [12, 13]. It limits the cellular iron
efflux by binding to FPN and facilitates its internalization and
ultimate degradation [14]. Hepcidin expression is increased
in times when iron stores are sufficient and is decreased when
the requirement of iron is high. Poor gut iron absorption can
be predicted by elevated hepcidin level [15]. The regulation
of iron absorption is critical because humans do not have

physiological pathways for its excretion. Hepcidin levels are
increased during infection and inflammation. Its release is
upregulated in response to inflammatory cytokines, in partic-
ular interleukin-6 (IL-6) [16–18]. Hepcidin is also produced
by macrophages and neutrophils during the innate immune
response through a Toll-like receptor 4-dependent pathway
[19]. In contrast, the level of hepcidin decreases during
hypoxia, during iron deficiency, and when erythropoietic
needs are increased [5].

2.2. Iron and ROS. ROS possess paradoxical cellular effects,
as they can both induce cell growth and survival or trigger
cell death. Multiple factors influence the cellular effects of
ROS, including ROS type as well as the level, localization,
and duration of the assault [20–22]. Low levels of ROS
act as second messengers in many important signaling
pathways, while prolonged exposure to higher levels can
exceed cellular antioxidant defenses and damageDNA, lipids,
and proteins [21, 23]. A complex relationship exists between
iron metabolism and oxidant status (Figures 1 and 2). Free
iron plays an important role in ROS production as it can
participate in the Fenton and Haber-Weiss reactions to yield
superoxide anion and the highly reactive hydroxyl radical
[20–22]. To prevent iron-catalyzed ROS production, iron
levels are strictly regulated by multiple factors including
hepcidin and FPN, as described above.

During inflammation, various pathways in immune cells
are involved in the generation of ROS and RNS [24]. ROS and
RNS generation can lead to significant tissue damage and is
responsible for a variety of inflammatory disease processes
[20–22]. Proinflammatory cytokines induced by inflamma-
tion can stimulate anemia of inflammation by limiting serum
iron and increasing cellular iron stores by modulating the
expression and activity of various iron regulatory proteins
including hepcidin, FPN, ferritin, and the iron importer
divalent metal transporter 1 (DMT1) [25–30]. Due to their
role in iron recycling from erythrocytes, iron loading in
macrophages is particularly significant [31]. Iron accumula-
tion, in addition to increased levels of ROS and RNS induced
by other facets of inflammation, may lead to increased labile
iron, which can further perpetuate ROS production and
damage through participation in the Fenton andHaber-Weiss
reactions (Figure 2). In addition, increased labile iron can
contribute to the activation of redox-sensitive transcription
factors such as NF-𝜅B, which is a potent regulator of inflam-
matory gene products including TNF-𝛼 [32]. An inhibitory
effect on NF-𝜅B-mediated generation of TNF-𝛼 and other
inflammatory cytokines has been reported in Kupffer cells
following the reduction of free iron by chelation [33].

3. Iron Chelators

3.1. Chemistry of Iron and Iron Chelators. ROS and RNS are
produced both during normal aerobic respiration of cells
and at increased rates and concentrations as part of the
inflammatory response. Of the various reactive species, ROS
have free iron directly involved in their production through
the Fenton and Haber-Weiss reactions. Thus, the harnessed
and controlled redox cycling of iron, which contributes
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Figure 1: Role of iron in the development of disease.
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Figure 2: Putative involvement of iron in inflammation. Inflammation induces the production of proinflammatory cytokines which can
induce the sequestration of iron within cells through the modulation of iron regulatory protein expression (e.g., divalent metal transporter 1
(DMT1), hepcidin (HAMP), ferritin, and ferroportin1 (FPN)). Increased iron levels, especially in macrophages, may lead to ROS production
via the Fenton and Haber-Weiss reactions. ROS in return can increase levels of labile iron and induce oxidative damage of DNA, proteins,
and lipids. Additionally, ROS can activate redox-sensitive transcription factors whose targets include proinflammatory cytokines.

activity for cell-essential iron-dependent enzymes such as
the cytochromes, myeloperoxidase, or superoxide dismutase,
also provides a less controlled source of cell-damaging reac-
tive chemicals; that is, should free iron be available for Fenton
or Haber-Weiss chemistry, the latter comprises essentially
side reactions.

Iron can achieve hexadentate coordination with electron-
donating ligands and when fully coordinated it is rela-
tively redox stable. Studies have shown that Fenton-induced
hydroxyl radical formation requires at least one free coordi-
nation site on the catalyzing iron [34].Moreover, these studies
were done using various chelating molecules with varying
abilities to coordinate up to the six available coordination
sites on iron and these therefore illustrated a key feature of
iron chelators. For example, iron-EDTA and iron-bleomycin

chelates are redox-active liberating radicals while the hex-
adentate Fe-desferal chelate is relatively redox-stable [34]. By
definition (IUPAC, 1997) a metal chelate includes at least two
coordinate bonds with a metal contributed by a chelating
ligand and this, therefore, has important implications for the
selection and use of iron chelators for treating inflammation
or other disease conditions. It is interesting to note that
the transferrins which are the main vertebrate iron chelator
and transport protein molecules hold iron protected, within
the transferrin structure itself, fully coordinating bound iron
in a stable form using carbonate as a coligand [35]. Iron
has a hexadentate coordination capacity. Noncoordinated
sites have a high reactivity. Therefore, inappropriate or weak
chelating molecules that retain their chelated iron with
free, otherwise redox reactive coordination sites could be
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problematic as to undesirable radical generation. This issue
might be further compoundedon the basis that such chelators
might solubilize and hold additional reactive iron spatially
available at or near sensitive sites or, alternately, might deliver
reactive iron to sensitive sites for participation in hydroxyl
radical formation. An example of this problem is evident
with the aminoglycoside antibiotics used to treat bacterial
infection but known to possess ototoxicity related to oxidative
radical formation when these agents bind iron in a redox
active state [36].

3.2. Anti-Inflammatory Chelators, Designer Molecules,
and Other Pharmaceutical Agents as Iron Chelating
Anti-Inflammatory Agents

3.2.1. Natural Products. Desferal (Novartis), also known as
desferrioxamine or deferoxamine B, is a natural microbial
product and an excellent example of a siderophore produced
by microbes, in this case by Streptomyces spp. [37]. Both
pathogenic bacteria [38] and fungi [39] can produce iron
chelating siderophores as one strategy for obtaining host iron
that is essential to their growth and pathogenesis [37, 39].
Iron withholding andmicrobial acquisition are key aspects of
the host parasite battle during the pathogenesis of infection
[40, 41]. While desferrioxamine reduced experimental LPS-
induced inflammation in mice, its use and that of other
microbial chelators need to be carefully considered given that
these agents could potentially promote infection owing to
their microbial origin, for example, as has been shown for
desferrioxamine with Yersinia enterocolitica [42] or Candida
albicans [43].

A variety of natural phytochemicals have been described
as having anti-inflammatory activity and some of these have
been shown to possess iron-chelating activity [44]. For exam-
ple, curcuminoids bind ferric iron in vitro and alleviate iron
toxicity in thalassemic mice [45, 46]. In addition, Aayush et
al. [47] recently reviewed the iron chelating activity ofAfrican
walnut and wheat grass extracts as to their potential for
natural iron removal agents for iron overload associated with
thalassemia, which is currently typically treated clinically
with desferal. However, the role that iron chelation plays with
various phytochemicals in relation to their anti-inflammatory
activities remains unclear.

3.2.2. Synthetic Compounds. As to synthetic agents with anti-
inflammatory activity, ibuprofen, a widely used synthetic
anti-inflammatory agent, has been shown to chelate iron in
a stable formwithout a free Fenton-reactive coordination site
and to protect from lipid peroxidation in vitro and phosgene-
induced septic lung injury in rabbits [48]. This evidence
suggests at least part of ibuprofen’s mode of action is related
to iron chelation and suppression of ROS activity.

Research on newer generation synthetic iron chelators
has produced a number of candidate molecules primarily in
relation for their potential for treating iron overload or as
anticancer agents. In this regard, agents that hold iron in a
ROS-reactive manner have been reviewed, their enhanced
ROS being proposed to provide killing of cancer cells
[49]. Such ROS-reactive molecules would not likely provide

anti-inflammatory activity but, conversely, could induce
inflammatory responses.

On the other hand, new iron chelators that bind iron in
a stable manner would be useful for treating iron overload
diseases and thus, presumably, inflammation. Kalinowski
and Richardson have recently reviewed synthetic chelators
based on various chelating chemical groupings such as
catechol, hydroxamate, and hydroxypyridinone, concluding
that structures providing hexadentate hydroxypyridinone
functionality (an example being deferiprone) have particular
promise as bacteriostatic agents in relation to outcompeting
siderophores of microbes [49]. However, the hydroxamate
desferal and the hydroxypyridinone deferiprone have been
shown to be accessible by various micoorganisms thereby
restricting their potential use as microbial control agents
[50]. Holbein and Mira reported that DIBI, a new chela-
tor, which possesses modified hydroxypyridinone activity,
provided Fe-specific growth inhibition of Candida albicans
[43]. DIBI is one example of a new approach to providing
controlled molecular weight chelating-functional polymers.
These agents may provide an additional advantage through
providing compartmentalized sinks for iron thus reducing its
participation in ROS inflammatory reactions or its bioavail-
ability to either pathogenic cancer or microbial cells.

4. Experimental Studies

4.1. Cancer. Deficient regulation of iron homeostasis can
contribute to tumor development through a number of
different mechanisms (Figure 1, Table 1). The iron-catalyzed
production of ROS and subsequent damage to DNA can
result in the loss of tumor suppressors and activation of
oncogenes [51, 52]. Oxidative stress may also modulate sig-
nal transduction pathways associated with malignancy [53].
Cancer cells require considerablymore iron than normal cells
due to their increased rate of DNA synthesis and utilization
of the iron-dependent enzyme ribonucleotide reductase [54].
Thus, cancer cells have increased expression of transferrin
receptor-1 and a higher rate of iron uptake from transferrin
[55, 56], as well as decreased expression of iron exporters [57].
In addition, iron regulates the activity of the transcription
factors NF-𝜅B and HIF-1𝛼 [58], which promote the expres-
sion of genes involved in the survival andmetastasis of cancer
cells [59, 60]. Interestingly, higher concentrations of free iron
in breast cancer cells are associated with a more aggressive
tumor phenotype [57]. It follows that cancer cells are more
sensitive to iron deprivation than normal cells and may
therefore be susceptible to treatment with iron chelators [61].

4.2. Atherosclerosis. Atherosclerosis is characterized by
chronic vascular inflammation [74]. It has been suggested
that the development of atherosclerosis is associated with the
amount of iron stored in the body and iron may contribute
to the pathogenesis of atherosclerosis by acting as a regulator
of vascular oxidative stress and inflammatory immune res-
ponses in atherosclerosis [75]. Increased levels of iron and
oxidized lipids are both found in high-cholesterol diet-fed
rabbits associated with atherosclerotic lesions [62]. Iron che-
lation by deferoxamine reduced the expression of oxidative
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Table 1: Selected experimental studies.

Disease Subject Results Reference

Cancer

Analysis of the specific murine
OKT9-antibody on human leukemia cells

OKT9 receptor is transferrin
OKT9 binding on both normal and malignant
cells was strongly associated with proliferation

[55]

Expression of ferroportin and hepcidin in
cultured human breast cancer cells plus an
observational cohort study in patients

Reduction of ferroportin in cancer cells altered
the labile iron pool
Combined ferroportin/hepcidin gene expression
identified clinical subset of breast cancer

[58]

Atherosclerosis

Influence of zinc to the development of
atherosclerotic plaques

Zinc fed rabbits showed decreased atherosclerotic
plaques
Average lesion Fe levels in the zinc-fed group were
significantly higher

[62]

Effect of iron chelation on ferritin induction
and iron accumulation in the rat aorta
depending on Angiotensin II administration
and vascular function

Angiotensin II infusion caused ferritin induction
and iron deposition in the aortas
Impairment of vascular function was mediated in
part by enhancement of oxidative stress

[63]

Relationship between chronic
hemolysis/increased body iron burden and
premature atherosclerosis

Carotid intima-media thickness in patients with
thalassemia major was significantly increased
compared with healthy controls

[64]

Diabetes and Obesity

Role of iron in adiposity using diabetic and
obese mice model (KKAy) DFO treatment

DFO diminished fat iron and serum ferritin
levels, reduced fat weight and adipocyte size, and
reduced macrophage infiltration, superoxide
production, NADPH oxidase activity, and mRNA
of inflammatory cytokines

[65]

Effect of intravenous iron preparation on the
beta cells in isolated pancreatic islets

Exposure to iron resulted in a
concentration-dependent oxidative stress and
pancreatic islet cell death predominantly affecting
beta cells

[66]

Renal fibrosis
Effect of an iron chelator (DFO) on renal
fibrosis induced by unilateral ureteral
obstruction in mice

DFO suppressed changes including macrophage
infiltration, expression of collagen and
inflammatory cytokines, activation of the
TGF-beta1/Smad3 pathway, and tubulointerstitial
fibrosis

[67]

Glaucoma

To investigate the association between
dietary and total calcium and iron
consumption with a diagnosis of glaucoma

Odds of glaucoma were increased in the
population with higher total consumption of
calcium and iron

[68]

To study the effect of metal chelator EDTA
on the rat optic nerve and retinal ganglion
cells exposed to oxidative stress

EDTA ameliorated oxidative damage and
inflammation, increased survival of retinal
ganglion cell, and decreased demyelination of
optic nerve

[69]

Systemic inflammatory
response syndrome

To study the effect of DFO on acute hepatic
ischemia induced SIRS in pigs

DFO completely blocked IL-6 production and
lipid peroxidation and attenuated the
development of SIRS and MOD

[70]

To study the effect of DFO on acute hepatic
ischemia induced SIRS in swine

DFO inhibited iron-catalyzed oxidative reactions,
delayed the development of intracranial
hypertension, and improved survival

[71]

To test the hypothesis that inhibition of
oxidative stress through iron chelation with
DFO attenuates pulmonary injury caused by
acute liver failure (ALF)

DFO reduced systemic and pulmonary oxidative
stress during ALF, attenuated pneumonocyte
necrosis, improved alveolocapillary membrane
permeability, and prevented alveolar space
collapse

[72]

Colitis

To evaluate the effect of selected iron
chelators and antioxidants on protection of
trinitrobenzene sulfonic acid (TNBS)
induced colitis in rats

Maltol (iron chelator) was capable of protecting
rat from TNBS induced colitis. Kojic acid (iron
chelator) and vitamin E (antioxidant) were not
effective

[73]
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stress markers and delayed the formation of atherosclerotic
lesions, indicating that chelation therapy may aid in preven-
tion of atherosclerosis [63, 76].

4.3. Diabetes and Obesity. Diabetes mellitus is characterized
by an impaired glucose metabolism with the main symptom
of hyperglycemia, caused either by impaired insulin secretion
or impaired insulin action or both [77]. Obesity is char-
acterized by an increase in the number and/or the size of
the fat cells [78]. By activating adipocytes and stimulating
their growth, iron contributes to obesity. Iron reduction by
deferoxamine resulted in amelioration of adiposity via the
regulation of oxidative stress and inflammation in obese and
type 2 diabetes mice [65]. Interestingly, despite of deferoxam-
ine administration for two weeks, there was only a mild but
not significant reduction in the haemoglobin concentration
and the hematocrit between vehicle-treated and chelator-
treated mice (Table 1).

The uptake of unbound, that is, non-transferrin-bound
iron, into pancreatic beta cells causes oxidative stress via the
Fenton reaction. Due to their reduced antioxidant capacity,
cell death is induced in the beta cells of isolated pancre-
atic islets by pharmacological-relevant iron concentrations
that may occur during intravenous iron supplementation
[66].

4.4. Renal Fibrosis. Renal interstitial fibrosis is characterized
by the accumulation of collagen and related molecules in the
interstitium, involving cells like tubular epithelial cells, fibro-
blasts, fibrocytes, myofibroblasts, monocyte/macrophages,
andmast cells [79], and can be caused inter alia by inflamma-
tory processes [80]. In a recent study, the impact of deferox-
amine on experimentally induced renal fibrosis was explored,
again with an emphasis on inflammation caused by iron
induced oxidative stress. After a surgically induced uni-
lateral ureter obstruction (UUO), mice treated with DFO
showed significantly less fibrotic progression, less intersti-
tial macrophage infiltration, and thereby a reduced expres-
sion of IL-1𝛽 and MCP-1 and a suppressed UUO-induced
accumulation of myofibroblasts, compared with untreated
mice. The authors concluded that in mice iron reduction
by deferoxamine may prevent renal interstitial fibrosis by
regulating TGF-beta/Smad signaling, oxidative stress, and
inflammatory responses [67].

4.5. Glaucoma. Elevated intraocular pressure, the main risk
factor for glaucoma, triggers the initiation and progression
of oxidative stress-induced cell damage [81]. The disease is
marked by loss of optic nerve axons and retinal ganglion cells,
resulting in characteristic optic nerve atrophy and visual field
defects [69]. Wang et al. observed a correlation of iron intake
and the odds of glaucoma in humans [68].

In an in vivo model in rats, chelation treatment ame-
liorated ocular sequelae caused by increased intraocular
pressure. The topically administered metal chelator, EDTA,
combined with a permeability enhancer reduced signs of
oxidative stress and inflammation in glaucoma in the rat’s
eyes, increased retinal ganglion cell survival, and decreased

demyelination of optic nerve compared with untreated eyes
[69].

4.6. Systemic Inflammatory Response Syndrome. Systemic
inflammatory response syndrome (SIRS) is characterized
by specific physiological alterations, including temperature,
white blood cell count, heart rate, and respiratory rate, caused
by a broad spectrum of noninfectious and infectious triggers
[82]. Hypoferremia in SIRS is observed in humans [83] and
animals [84, 85]. In acute hepatic ischemia induced SIRS
and consecutive multiple organ dysfunction (MOD) in pigs,
Vlahakos et al. [70] demonstrated that DFO attenuated lipid
peroxidation, inhibited IL-6 production, and substantially
diminished SIRS and MOD. Tubulointerstitial damage in the
porcine kidney as expression of severity of SIRS induced
organ failure was reduced by a bolus followed by a con-
tinuous infusion of the chelator. These results suggest that
iron plays a pivotal role in the pathogenesis of SIRS and
MOD including acute kidney injury by its involvement in
various inflammatory pathways and in the generation of reac-
tive oxygen species. Using the same model, the researchers
also demonstrated that application of DFO significantly
reduced brain edema, intracranial pressure, and lung injury
[71, 72].

In an endotoxemic mouse model, lactoferrin, a nonheme
iron-binding glycoprotein, decreased LPS-induced oxidative
burst and reactive oxygen species in cultured cells and atten-
uated mitochondrial dysfunction in liver of endotoxemic
mice [86]. In a carbon tetrachloride induced acute hepatic
injury rat model, application of DFO significantly decreased
oxidative stress and limited inflammatory infiltration and
hepatocyte necrosis, resulting in reduced mortality rate
[87].

4.7. Ischemia Reperfusion Injury. Ischemia reperfusion injury
can be regarded as the most exaggerated form of oxidative
stress for cells [88].ONOO− andH

2
O
2
produced in the reper-

fusion phase are known to release iron ions from intracellular
iron-sulphur proteins thus increasing intracellular labile iron
pool, which in turn promotes by the above-outlined reactions
the production of further reactive species [89].

In the postischemic renal injury model in rats, acute
iron loading exacerbated postischemic lipid peroxidation and
renal injury, while reducing iron level by DFO suppressed
lipid peroxidation and improved renal function [90]. In a
cardioplegia-ischemia and reperfusion model via cardiopul-
monary bypass in sheep, DFO protected lung injury by
inhibiting endothelial injury and eliminating postischemic
cardiac stunning [91].

4.8. Colitis. Colitis is another example for chronic inflamma-
tion, leading to anemia of inflammation as a consequence of
low serum iron and low iron-binding capacity [92].

Using a trinitrobenzene sulfonic acid induced colitis
rat model, Minaiyan and coworkers compared the effect of
deferiprone and deferoxamine with the newer iron chelators,
maltol and kojic acid, on inflammatory response. In the
highest dosage maltol was comparable with prednisolone as
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standard anti-inflammatory drug and also deferoxamine and
deferiprone as reference iron binding agents [73].

5. Clinical Evidence

5.1. Iron Homoeostasis in Inflammation

5.1.1. Anemia of Inflammation. Anemia represents a common
clinical finding in patients with acute or chronic inflamma-
tion. In acute inflammation (e.g., trauma and surgery) the
two major mechanisms leading to anemia are blood loss
and blunted erythropoiesis due to decreased iron availability
[93, 94]. In the event of chronic blood loss and/or persisting
decreased iron absorption, acute anemia may evolve to
anemia of chronic disease (ACD) with true iron deficiency
(ACD+ID).

Anemia in chronic inflammation (without blood loss
or decreased baseline iron availability) represents a specific
entity, that is, ACD. It is observed, for example, in cancer,
rheumatoid arthritis, inflammatory bowel diseases, and con-
gestive heart failure, as well as in sepsis and chronic renal
failure. This anemia is the result of activation of the immune
system by the underlying process and certain immune
and inflammatory cytokines including tumor necrosis fac-
tor-alpha, interferon-gamma, IL-1, IL-6, IL-8, and IL-10 [4,
95].

5.1.2. Hepcidin. The discovery of hepcidin yielded significant
insight into the link between the immune response in
inflammation and systemic iron homoeostasis. The above-
mentioned cytokines are known to increase hepcidin expres-
sion. Circulating hepcidin expression in vivo has also been
correlated with acute phase proteins such as C-reactive
protein, 𝛼-1-acid-glycoprotein, ferritin, and amyloid A [96,
97].

Hepcidin produced by the hepatocytes binds to its recep-
tor FPN, which is an iron export protein that is present
on limited cells such as macrophages, hepatocytes, duo-
denal enterocytes, and placental syncytiotrophoblasts [98].
Hepcidin binding to ferroportin leads to ubiquitinization,
followed by internalization and degradation of FPN [98].The
end result is that iron cannot be released into the plasma and
remains trapped inside the macrophages and hepatocytes,
resulting in an increase in iron stores reflected in high levels
of serum ferritin [29]. In addition, hepcidin inhibits intestinal
absorption of iron [99]. Therefore, ACD is characterized by
low serum iron, transferrin, and total iron binding capacity,
by normal transferrin saturation, and by increased ferritin,
the latter in contrast to iron deficiency anemia. The low
transferrin levels are due to downregulation of transferrin
synthesis as a result of an increase in ferritin.

The increase in hepcidin production in response to
inflammation is a protective mechanism in the case of infec-
tions in which iron restriction would limit bacterial growth.
However, in ACD or inflammation without infection, this
mechanism can have detrimental consequences when iron
remains sequestered in the macrophages and hepatocytes
and is not available for erythropoiesis, resulting in anemia
[97].

5.2. Preexisting Diseases with Iron Overload

5.2.1. Hereditary Iron Storage Diseases. Iron overload can be
the result of hereditary (primary) or acquired (secondary)
increase in iron storage. The most common hereditary
iron storage disease is hemochromatosis. Most forms of
hemochromatosis result from dysregulation of hepcidin or
defects of hepcidin or ferroportin themselves [100]. When
hepcidin binds to ferroportin it causes internalization of fer-
roportin and its proteolytic destruction [17]. Thus, hepcidin
serves to prevent the egress of iron both from intestinal cells
and frommacrophages. Hepcidin is normally upregulated by
excess iron stores [17]. This serves to prevent further absorp-
tion of iron from the gastrointestinal tract and its release
from macrophages. It is this regulation that is impaired in
several types of hemochromatosis [100]. There is evidence
that patients with hemochromatosis have a higher risk for
infectious diseases. Iron overload associated with hereditary
hemochromatosis has been reported to confer susceptibility
to infectious pathogens, such as Yersinia enterocolitica and
Vibrio vulnificus [101].

5.2.2. Acquired Iron Storage Disease. Acquired iron over-
load is frequently observed in thalassemia, myelodysplastic
syndromes, congenital dyserythropoietic anemias, sickle cell
disease, and other hemoglobinopathies. Patients with tha-
lassemia, whose erythroid precursor populations are greatly
expanded but fail to mature into functional erythrocytes,
have increased intestinal iron absorption despite often severe
systemic iron overload [102]. Although blood transfusions
given for severe anemia (e.g., thalassemia major) contribute
to the lethal iron overload in ineffective erythropoiesis,
many patients with less severe anemia (e.g., thalassemia
intermedia) receive few or no transfusions but still become
severely iron-overloaded [103]. Walter et al. found increased
levels of plasma malondialdehyde in thalassemia [104].
They described three potential mechanisms: (i) the excess
𝛼-chains in 𝛽-thalassemic erythrocytes and erythroblasts
being unstable and prone to denaturation and oxidation,
(ii) peroxidation of tissues that leak malondialdehyde into
the blood, and (iii) depleted antioxidant capacity lowering
defense against oxidants [105]. Infections and inflammations
are more frequent in thalassemic patients with iron overload
induced by frequent blood transfusions [104].

5.2.3. Other Diseases with Iron Involvement. Iron accumu-
lation and increased oxidative stress were also described
in the pathogenesis of preeclampsia [2], diabetes [106], the
metabolic syndrome [107], obesity [108], hypertension [109],
cardiovascular diseases [110], heart failure [95], atheroscle-
rosis [111], stroke [112], Alzheimer’s, Parkinson’s and other
major neurodegenerative diseases [113], Friedreich’s ataxia
[114], amyotrophic lateral sclerosis [115], rheumatoid arthri-
tis [116], systemic lupus erythematosus [117], asthma [118],
inflammatory bowel diseases [119], age-relatedmacula degen-
eration [120], psoriasis [121], gout [122], chronic obstructive
pulmonary disorder [123], cancer [51], malaria [124], and
other diseases (for overviews see Kell 2009 [2] andWeinberg
2010 [125]).
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5.3. Preexisting Diseases with Iron Deficiency. Iron deficiency
(ID) can be caused by inadequate oral iron uptake (dietary),
inadequate iron absorption (e.g., celiac disease), excessive
blood loss, or increased iron demand (e.g. growth or preg-
nancy). The clinical picture of ID patients is usually charac-
terized by mild to severe anemias and further consequences,
including epithelial changes (stomatitis and glossitis), and
neurocognitive effects, that is, impaired motor and mental
functioning [126]. Imperative to treatment is identifying the
underlying cause of iron deficiency. Oral iron replacement is
preferentially used to replete iron stores. Ferrous sulfate is the
most common oral iron supplement used [126].

However, in the same way that primary or secondary
iron storage diseases can cause oxidative stress, artificial
iron overload due to therapeutic administration can cause
harm for the patients. The Pemba trial, which led to adverse
events in children receiving iron in amalaria-endemic region,
underscores the need for caution [127]. For tuberculosis, it
has been demonstrated that parenteral or oral iron increase
mycobacterial growth [128] and that morbidity andmortality
increase in patients receiving iron supplementation [129]. In
fact, dietary iron is associated with occurrence and death
from tuberculosis [130].

Mild ID has been associated with protection against
certain inflammatory and infectious conditions. The “iron
hypothesis” of the benefits of some iron depletion due to
menstruation was devised to account for the lowering of
heart-disease risk in young women that disappears in those
who are postmenopausal [131, 132].

5.4. Clinical Iron Removal in Inflammation

5.4.1. Potential Indications. Depending on the localization
and severity of the inflammatory condition, different ap-
proaches and routes of administration for iron chelators are
feasible.The route of administration aswell as needs for extra-
and/or intracellular action determines the required mole-
cular structure and weight of the iron chelating substances.
For wound infections, topical/local administration of large
molecular size substances might be feasible, whereas for
systemic (SC/IV/IP) administration (e.g., sepsis) smaller
molecules might be necessary. Due to the bacteriostatic/bac-
tericidal effects of iron removal from media, the use of iron
chelators as preservatives in standard medications (e.g., eye
drops) is also an option. In the same way, application of iron
chelators as adjunct to peritoneal lavage fluids appears to be
an option for both prophylactic and therapeutic purposes.

5.4.2. Potential Limitations. Suggesting that inflammatory
disorders might be treatable by the induction of a second dis-
order, that is, iron depletion, might be seen as a controversial
proposal due to the prevalent assumption that iron in storage
is inherently safe. This assumption is based on traditional
medical practices rather than on rigorous clinical trials [133].
It has been previously stated that the benefit of iron depletion
can only be rigorously demonstrated in relation to the state
of iron in excess of needs (i.e., the condition of having iron
in storage). It has not been widely appreciated that the safety
of stored iron can only be shown with clarity in studies of the

samedesign.Absence of proof that iron depletion is beneficial
implies an absence of proof of the safety of stored iron.
Because of the deeply rooted assumption that stored iron is
safe, appropriate trials to rule out the potential hazards of iron
stores have not been undertaken [134]. But even if there exists
a potential (short-term) harm of iron depletion (e.g., anemia)
when administered in inflammatory diseases, this can be
compared with “side effects” of chemotherapy in cancer:
“collateral damage” appears acceptable, if it is possible to get
control over the main, potentially life-threatening condition.

6. Conclusions

Iron is involved in almost every clinical condition of acute
or chronic inflammation. Since iron can contribute to detri-
mental ROS and RNS generating processes, it seems to be
a reasonable approach to modulate iron-related pathways in
inflammation. In humans (with normal baseline iron levels),
a counterregulatory reduction in iron availability is observed
during inflammatory diseases (anemia of inflammation).
Under pathological conditions with reduced or increased
baseline iron levels different consequences regarding protec-
tion or susceptibility to inflammation have to be considered.

Therapeutic interventionswith iron or iron chelators have
an impact on the oxidant status and iron chelation might be
utilized as a potential antioxidative strategy in inflammatory
diseases. New iron chelators designed to sequester iron in a
nonredox active state may prove to provide increased efficacy
in this regard. Additional requirements for new iron chelators
apply in infection-induced, local, and systemic inflammation.
Conventional clinical chelators do not effectively deny iron to
pathogens; in fact pathogens can utilize these conventional
chelators as iron sources. This underscores the need for
superior chelators since agents like desferal or deferiprone as
antimicrobials agents have provided varying results depend-
ing on the microbe being tested.
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iron metabolism. Part 1: molecular basis of iron homoeostasis,”
Journal of Clinical Pathology, vol. 64, no. 4, pp. 281–286, 2011.

[95] G.Weiss and L. T. Goodnough, “Anemia of chronic disease,”The
New England Journal of Medicine, vol. 352, no. 10, pp. 1011–1023,
2005.

[96] K. H. Park, T. Sawada, T. Kosuge et al., “Surgical inflammation
induces hepcidin production after abdominal surgery,” World
Journal of Surgery, vol. 36, no. 4, pp. 800–806, 2012.

[97] E. Gaffney-Stomberg and J. P. McClung, “Inflammation and
diminished iron status: mechanisms and functional outcomes,”
Current Opinion in Clinical Nutrition and Metabolic Care, vol.
15, no. 6, pp. 605–613, 2012.

[98] A. Donovan, C. A. Lima, J. L. Pinkus et al., “The iron exporter
ferroportin/Slc40a1 is essential for iron homeostasis,” Cell
Metabolism, vol. 1, no. 3, pp. 191–200, 2005.

[99] A. H. Laftah, B. Ramesh, R. J. Simpson et al., “Effect of hepcidin
on intestinal iron absorption inmice,” Blood, vol. 103, no. 10, pp.
3940–3944, 2004.

[100] E. Beutler, “Iron storage disease: facts, fiction and progress,”
Blood Cells, Molecules, and Diseases, vol. 39, no. 2, pp. 140–147,
2007.

[101] C. P. Doherty, “Host-pathogen interactions: the role of iron,”
Journal of Nutrition, vol. 137, no. 5, pp. 1341–1344, 2007.

[102] M. Cazzola and C. A. Finch, “Iron balance in thalassemia,”
Progress in Clinical and Biological Research, vol. 309, pp. 93–100,
1989.

[103] M. J. Pippard, S. T. Callender, G. T.Warner, andD. J.Weatherall,
“Iron absorption and loading in 𝛽-thalassaemia intermedia,”
The Lancet, vol. 2, no. 8147, pp. 819–821, 1979.

[104] P. B. Walter, E. A. Macklin, J. Porter et al., “Inflammation and
oxidant-stress in 𝛽-thalassemia patients treated with iron chela-
tors deferasirox (ICL670) or deferoxamine: an ancillary study of
theNovartis CICL670A0107 trial,”Haematologica, vol. 93, no. 6,
pp. 817–825, 2008.

[105] M. D. Scott, J. J. M. van den Berg, T. Repka et al., “Effect of
excess 𝛼-hemoglobin chains on cellular and membrane oxida-
tion in model 𝛽-thalassemic erythrocytes,” Journal of Clinical
Investigation, vol. 91, no. 4, pp. 1706–1712, 1993.

[106] P. C. Adams, A. E. Kertesz, and L. S. Valberg, “Clinical presen-
tation of hemochromatosis: a changing scene,” The American
Journal of Medicine, vol. 90, no. 4, pp. 445–449, 1991.

[107] J.-M. Fernández-Real, W. Ricart-Engel, E. Arroyo et al., “Serum
ferritin as a component of the insulin resistance syndrome,”
Diabetes Care, vol. 21, no. 1, pp. 62–68, 1998.

[108] J. Wärnberg and A. Marcos, “Low-grade inflammation and
the metabolic syndrome in children and adolescents,” Current
Opinion in Lipidology, vol. 19, no. 1, pp. 11–15, 2008.

[109] J. R. Peterson, R. V. Sharma, and R. L. Davisson, “Reactive oxy-
gen species in the neuropathogenesis of hypertension,” Current
Hypertension Reports, vol. 8, no. 3, pp. 232–241, 2006.



12 Mediators of Inflammation

[110] T.-P. Tuomainen,K. Punnonen,K.Nyyssönen, and J. T. Salonen,
“Association between body iron stores and the risk of acute
myocardial infarction in men,” Circulation, vol. 97, no. 15, pp.
1461–1466, 1998.

[111] G. J. Brewer, “Iron and copper toxicity in diseases of aging, par-
ticularly atherosclerosis and Alzheimer’s disease,” Experimental
Biology and Medicine, vol. 232, no. 2, pp. 323–335, 2007.

[112] A. Sola, H. Peng, M. Rogido, and T.-C. Wen, “Animal models
of neonatal stroke and response to erythropoietin and cardio-
trophin-1,” International Journal of Developmental Neuroscience,
vol. 26, no. 1, pp. 27–35, 2008.

[113] K. Jellinger, W. Paulus, I. Grundke-Iqbal, P. Riederer, and M.
B. H. Youdim, “Brain iron and ferritin in Parkinson’s and
Alzheimer’s diseases,” Journal of Neural Transmission—Parkin-
son’s Disease and Dementia Section, vol. 2, no. 4, pp. 327–340,
1990.

[114] H. Seznec, D. Simon, C. Bouton et al., “Friedreich ataxia: the
oxidative stress paradox,”HumanMolecularGenetics, vol. 14, no.
4, pp. 463–474, 2005.

[115] E. J. Kasarskis, L. Tandon, M. A. Lovell, and W. D. Ehmann,
“Aluminum, calcium, and iron in the spinal cord of patientswith
sporadic amyotrophic lateral sclerosis using laser microprobe
mass spectroscopy: a preliminary study,” Journal of the Neuro-
logical Sciences, vol. 130, no. 2, pp. 203–208, 1995.

[116] K. D. Muirden and G. B. Senator, “Iron in the synovial mem-
brane in rheumatoid arthritis and other joint diseases.,” Annals
of the Rheumatic Diseases, vol. 27, no. 1, pp. 38–48, 1968.

[117] M.-K. Lim, C.-K. Lee, Y. S. Ju et al., “Serum ferritin as a sero-
logicmarker of activity in systemic lupus erythematosus,”Rheu-
matology International, vol. 20, no. 3, pp. 89–93, 2001.

[118] A. M. K. Choi and J. Alam, “Heme oxygenase-1: function, regu-
lation, and implication of a novel stress-inducible protein in
oxidant-induced lung injury,”The American Journal of Respira-
tory Cell and Molecular Biology, vol. 15, no. 1, pp. 9–19, 1996.

[119] D. N. Seril, J. Liao, G. Y. Yang, and C. S. Yang, “Oxidative
stress and ulcerative colitis-associated carcinogenesis: studies in
humans and animal models,” Carcinogenesis, vol. 24, no. 3, pp.
353–362, 2003.

[120] J. Cai, K. C. Nelson, M. Wu, J. Sternberg P., and D. P. Jones,
“Oxidative damage and protection of the RPE,” Progress in
Retinal and Eye Research, vol. 19, no. 2, pp. 205–221, 2000.

[121] A. Wojas-Pelc and J. Marcinkiewicz, “What is a role of haeme
oxygenase-1 in psoriasis? Current concepts of pathogenesis,”
International Journal of Experimental Pathology, vol. 88, no. 2,
pp. 95–102, 2007.

[122] K. J. Davies, A. Sevanian, S. F. Muakkassah-Kelly, and P.
Hochstein, “Uric acid-iron ion complexes. A new aspect of the
antioxidant functions of uric acid,”Biochemical Journal, vol. 235,
no. 3, pp. 747–754, 1986.

[123] A. Mutti, M. Corradi, M. Goldoni, M. V. Vettori, A. Bernard,
and P. Apostoli, “Exhaled metallic elements and serum pneu-
moproteins in asymptomatic smokers and patients with COPD
or asthma,” Chest, vol. 129, no. 5, pp. 1288–1297, 2006.

[124] L. W. Scheibel and A. Adler, “Antimalarial activity of selected
aromatic chelators,” Molecular Pharmacology, vol. 18, no. 2, pp.
320–325, 1980.

[125] E. D.Weinberg, “The hazards of iron loading,”Metallomics, vol.
2, no. 11, pp. 732–740, 2010.

[126] C.M.Witmer, “Hematologic manifestations of systemic disease
(including iron deficiency, anemia of inflammation and DIC),”
Pediatric Clinics of North America, vol. 60, no. 6, pp. 1337–1348,
2013.

[127] S. Sazawal, R. E. Black,M. Ramsan et al., “Effects of routine pro-
phylactic supplementation with iron and folic acid on admis-
sion to hospital and mortality in preschool children in a high
malaria transmission setting: community-based, randomised,
placebo-controlled trial,”The Lancet, vol. 367, no. 9505, pp. 133–
143, 2006.

[128] I. Kochan, “The role of iron in bacterial infections, with special
consideration of host-tubercle bacillus interaction.,” Current
Topics in Microbiology and Immunology, vol. 60, pp. 1–30, 1973.

[129] M. J.Murray, A. B.Murray,M. B.Murray, andC. J.Murray, “The
adverse effect of iron repletion on the course of certain infec-
tions,” British Medical Journal, vol. 2, no. 6145, pp. 1113–1115,
1978.

[130] I. T. Gangaidzo, V. M.Moyo, E. Mvundura et al., “Association of
pulmonary tuberculosis with increased dietary iron,” Journal of
Infectious Diseases, vol. 184, no. 7, pp. 936–939, 2001.

[131] J. L. Sullivan, “Iron and the sex difference in heart disease risk,”
The Lancet, vol. 1, no. 8233, pp. 1293–1294, 1981.

[132] X.-M. Yuan and W. Li, “The iron hypothesis of atherosclerosis
and its clinical impact,” Annals of Medicine, vol. 35, no. 8, pp.
578–591, 2003.

[133] J. L. Sullivan, “Iron in arterial plaque: a modifiable risk factor
for atherosclerosis,” Biochimica et Biophysica Acta, vol. 1790, no.
7, pp. 718–723, 2009.

[134] J. L. Sullivan, “Is stored iron safe?” Journal of Laboratory and
Clinical Medicine, vol. 144, no. 6, pp. 280–284, 2004.



Research Article
Hydrogen-Rich Saline Attenuates Acute Renal Injury in
Sodium Taurocholate-Induced Severe Acute Pancreatitis by
Inhibiting ROS and NF-𝜅B Pathway

Qiao Shi,1 Kang-Shu Liao,2 Kai-Liang Zhao,1 Wei-Xing Wang,1 Teng Zuo,1

Wen-Hong Deng,1 Chen Chen,1 Jia Yu,1 Wen-Yi Guo,1 Xiao-Bo He,1 Ablikim Abliz,1

Peng Wang,1 and Liang Zhao1

1Department of General Surgery, Renmin Hospital of Wuhan University, Wuhan, Hubei 430060, China
2Department of Hepatobiliary Surgery, Central Hospital of Enshi Autonomous Prefecture, Enshi, Hubei 445000, China

Correspondence should be addressed to Wei-Xing Wang; sate.llite@163.com

Received 18 May 2014; Revised 12 August 2014; Accepted 15 August 2014

Academic Editor: Yung-Hsiang Chen

Copyright © 2015 Qiao Shi et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Hydrogen (H
2
), a new antioxidant, was reported to reduce ∙OH and ONOO− selectively and inhibit certain proinflammatory

mediators to product, without disturbing metabolic redox reactions or ROS involved in cell signaling. We herein aim to explore
its protective effects on acute renal injury in sodium taurocholate-induced acute pancreatitis and its possible mechanisms. Rats
were injected with hydrogen-rich saline (HRS group) or normal saline (SO and SAP group) through tail intravenously (6mL/kg)
and compensated subcutaneously (20mL/kg) after successful modeling. Results showed that hydrogen-rich saline attenuated the
following: (1) serum Cr and BUN, (2) pancreatic and renal pathological injuries, (3) renal MDA, (4) renal MPO, (5) serum IL-1𝛽,
IL-6, and renal TNF-𝛼, HMGB1, and (6) tyrosine nitration, I𝜅B degradation, and NF-𝜅B activation in renal tissues. In addition,
it increased the level of IL-10 and SOD activity in renal tissues. These results proved that hydrogen-rich saline attenuates acute
renal injury in sodium taurocholate-induced acute pancreatitis, presumably because of its detoxification activity against excessive
ROS, and inhibits the activation of NF-𝜅B by affecting I𝜅B nitration and degradation. Our findings highlight the potential value of
hydrogen-rich saline as a new therapeutic method on acute renal injury in severe acute pancreatitis clinically.

1. Introduction

Acute pancreatitis (AP) is an acute inflammatory disorder
with variable severity ranging from self-limited to severe con-
ditions. It is about 20% of AP experience severe attacks, such
as complicate with multiple-organ dysfunction syndrome
frequently [1]. Acute renal failure (ARF) is a common com-
plication of severe acute pancreatitis (SAP); the morbidity
of ARF in SAP was 14% to 43%, and its mortality was 71%
to 84% [2]. Usually, acute renal failure is a major prognostic
factor in SAP and is known to occur in the early stage of this
disease. It could promote the failure of other organ systems
and accelerate the progression of the disease, subsequently
leading to death.

Although there are good evidences illustrating that
“autodigestion” of pancreatic gland is the main cause of

the disease, the exact mechanism of AP remains entirely
unclear. An available study showed activated enzymes and
oxygen-free radicals injure cells, tissues, and organs and cause
the release of cytokines and vasoactive mediators [3]. Acute
renal injury in SAP is closely related to oxidative stress, the
activation, and release of various cytokines and inflammatory
mediators, including nuclear factor kappa B (NF-𝜅B), tumor
necrosis factor (TNF-𝛼), interleukin (IL)-1𝛽, interleukin IL-
6, interleukin IL-10, and high mobility group box protein
1 (HMGB1) [4, 5]. Thence, reducing oxidative stress and
proinflammatory mediators might be a good therapeutic
strategy to attenuate acute renal injury in SAP.

Hydrogen gas (H
2
), a well-known molecule with the

simplest structure, has been demonstrated recently to have
selectively reduced ROS and anti-inflammatory properties
[6, 7]. Instead of H

2
, hydrogen-rich saline, which is safer
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and easier for administration, may be more suitable for
clinical applications. Effects ofmolecular hydrogen have been
observed essentially in ischemia-reperfusion (I/R) injury
[7, 8], lipid, and glucosemetabolism in patients with type
2 diabetes impaired glucose tolerance [9], Alzheimer’s and
Parkinson’s disease [10, 11], kidney transplantation [12], acute
pancreatitis [13–15], and other oxidative stress-related dis-
eases. However, there are no experimental studies about
extrapancreatic organ injuries and few researches to explore
the protectivemechanisms of hydrogen-rich saline concretely
for SAP. Therefore, we designed this experiment to evaluate
the effects of hydrogen-rich saline on acute renal injury in
SAP and explore its possible mechanisms.

2. Materials and Methods

2.1. Animals. Male SPF Wistar rats, with weight from 200 g
to 250 g, were obtained from the Center of Experimental
Animals of Hubei Academy of Medical Sciences, Wuhan,
China. All animals were housed under standardized con-
ditions with a 12-hour day-night rhythm with free access
to standard laboratory chow and water. The study was
approved by the Ethics Committee of Wuhan University and
performed in accordance with the EC regulations (Official
Journal of European Community L385 12/18/1986) and the
NIH standards (Guide for the Care and Use of Laboratory
Animal, National Institutes of Health’s publication 85-23,
revised 1996).

2.2. Preparation of Hydrogen-Rich Saline. Hydrogen-rich sa-
line was generously offered by Professor Xuejun Sun (the
Second Military Medical University, Shanghai, China) and
prepared to confirm the content of hydrogen in saline as
described previously [16]. In short, H

2
gas (0.4mPa) was

dissolved in normal saline for at least 2 hours to reach super-
saturated level (>0.6mmol/L). The hydrogen-rich saline was
stored under atmospheric pressure at 4∘C in an aluminum
bag with no dead volume and sterilized by gamma radiation
before use.

2.3. Experimental Model and Groups. Rats were fasted
overnight and given fresh tap water ad libitum. Anesthe-
sia was administered by intraperitoneal injection of 10%
chloraldurat (0.3mL/100 g). The SAP model was induced
by a standard retrograde infusion of a freshly prepared 5%
sodium taurocholate solution (Sigma-Aldrich, St Louis, Mo,
0.1mL/100 g) into the biliopancreatic duct after laparotomy.
Equivalent volume of normal saline solution was substituted
for 5% sodium taurocholate solution in the sham-operation
control group. The incision was closed with a continuous 3-
0-silk suture, and 2mL/100 g of saline was injected into the
back subcutaneously to compensate for the fluid loss. 72 rats
were randomly divided into three groups: (1) hydrogen-rich
saline treatment group (HRS group, 𝑛 = 24) where the rats
were administered as a tail intravenously (0.6mL/100 g) and
compensated subcutaneously (2mL/100 g) with hydrogen-
rich saline at 5min after successful SAP modeling; (2) severe
acute pancreatitis model group (SAP group, 𝑛 = 24) where

these rats received an equivalent volume of the normal saline
instead of hydrogen-rich saline; (3) Sham operation group
(SO group, control, 𝑛 = 24) where these rats received an
equivalent volume of the normal saline after successful sham-
operation. All the rats were sacrificed at 3, 12, and 24 hours
after the operation (𝑛 = 8 per group).

2.4. Blood and Tissue Preparation. For each group of the
studies, rats were sacrificed by taking blood via intracardiac
puncture at respective time points. Blood samples were col-
lected for centrifuging, and serum was stored at −20∘C. Pan-
creas and kidney were harvested and fixed in 4% phosphate-
buffered formaldehyde for histopathology observation. The
remaining parts of the pancreatic and kidney tissues were
immediately frozen in liquid nitrogen and stored at −80∘C for
assay.

2.5. Serum AMY, LIP, BUN, and Cr Assays. Blood samples
were centrifuged at 3000 rpm for 10min and kept at −20∘C
until assays. Amylase (AMY), lipase (LIP), creatinine (Cr),
and urea nitrogen (UNB) were measured to use standard
procedurewith a full automatic chemistry analyzer (Olympus
AU 2700 Analyzer, Olympus Inc, Tokyo, Japan).

2.6. Histological Examination. For histological analysis,
formaldehyde-fixed specimens were embedded in paraffin,
sectioned at 4 um thick, and treated with hematoxylin-eosin
staining. Sections were evaluated under light microscope
(Olympus Optical Ltd., Tokyo, Japan) by two independent
pathologists who were blinded to this experiment. Scoring
of the severity of pancreatitis was based on edema,
inflammation, vacuolization, and necrosis according to
the scale described by Schmidt et al. [17]. Evaluation of
kidney injury was quantified by using a histopathological
score, as outlined by Paller et al. [18]. For each kidney 100
cortical tubules from at least 10 different areas were scored,
and care was taken to avoid repeated scoring of different
convolutions of the same tubule. Higher scores represented
more severe damage (maximum score per tubule was 10),
with points given for the presence and extent of tubular
epithelial cell flattening (1 point), brush border loss (1 point),
cell membrane bleb formation (1 or 2 points), interstitial
edema (1 point), cytoplasmic vacuolization (1 point), cell
necrosis (1 or 2 points), and tubular lumen obstruction (1 or
2 points).

2.7. RenalMDAand SODAssays. TissueMDA level, amarker
of lipid peroxidation, was measured using a commercial
MDA assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Briefly, hydroxytoluene combined with
thiobarbituric acidwas able to become red.The absorbance of
condensation products was tested at a wavelength of 532 nm.
The levels of MDA in renal tissue were normalized against
total protein (mg protein/mL).The activity of superoxide dis-
mutase (SOD) in renal tissueswasmeasured using a commer-
cial assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), following the manufacturer’s instructions.
Briefly, this assay kit uses a thiazole salt for detection of



Mediators of Inflammation 3

superoxide anions to produce a colored product; absorbance
was tested at a wavelength of 450 nm. One unit (U) of SOD
was defined as the sum of enzyme needed to produce 50%
dismutation of superoxide radical. The total tissue protein
concentration was measured by a commercial kit (Beyotime
Institute of Biotechnology, Shanghai, China), and the activity
of SOD was expressed as units of enzyme activity of SOD per
milligram of protein (U/mg protein).

2.8. Renal MPO Activity Assay. Myeloperoxidase (MPO), an
indicator of neutrophil infiltration into the renal parenchyma,
was measured as described previously [19]. Myeloperoxi-
dase activity was measured photometrically with 3,3,5,5-
tetramethylbenzidine as a substrate, and the reaction hap-
pened by adding hydrogen peroxide to the medium. Renal
cortical samples were weighed and homogenized in 1 : 19
(wt/vol) in ice-cold buffer. Myeloperoxidase activity assay
was performed with a commercial kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Absorbance was
measured at a wavelength of 460 nm. The results were
expressed as units of enzyme activity of MPO per gram of
wet tissue (U/g wet tissue).

2.9. Immunohistochemistry for NF-𝜅B and 3-Nitrotyrosine
in Renal Sections. The expressions of NF-𝜅B p65 and 3-
nitrotyrosine were detected by immunohistochemistry in
renal tissues. Briefly, the renal sections (4 um) were dewaxed
and incubated with 3% H

2
O
2
in methanol at 37∘C for

10min to quench endogenous peroxidase activity. Following
a 20min blocking step with 5% normal goat serum diluted
in 0.01% PBS, the primary antibodies of rabbit monoclonal
NF-𝜅B p65 (1 : 100, abcam, UK) and mouse monoclonal 3-
nitrotyrosine (1 : 150, abcam, UK) were applied and incubated
for 2 h in a moisture chamber at 37∘C. Sections were coun-
terstained with hematoxylin. The dark reddish-brown areas
were the NF-𝜅B p65 and 3-nitrotyrosine-containing cells.
The positive staining cells were observed under microscope
(400x) and evaluated by two pathologists in a blind manner.

2.10. Cytokines Assay. Serum concentrations of IL-1𝛽 and
IL-6 were measured by the commercially available enzyme-
linked immunosorbent assay (ELISA), according to the man-
ufacturer’s instructions (R&D Systems, Minneapolis, Minn.).
The absorbance was read on an automated ELISA reader
and concentrations were calculated according to the standard
curve run on each assay plate. All samples were assayed 3
times.

2.11. Western Blot Analysis. Renal NF-𝜅B p65, I𝜅B𝛼, TNF-𝛼,
and IL-10 at 12 hours and HMGB1 at 24 hours after successful
modeling were measured byWestern blot analysis. Cytoplas-
mic and nuclear proteins were extracted using the nuclear-
cytosol extraction kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China), followingmanufacturer’s instructions.
Proteins were evaluated by the Bradford method with bovine
serum albumin as a standard. Briefly, equal sums of protein
samples were separated on 8% or 10% sodium dodecyl sul-
phate polyacrylamide (SDS-PAGE) gels and then transferred

to a nitrocellulose membrane. Membranes were blocked with
blocking buffer (TBS containing 5% nonfat dry milk, 0.1%
Tween-20) for 2 hours at room temperature. The nuclear
proteins were incubated with primary antibodies of rabbit
monoclonal anti-rat NF-𝜅B p65 antibody (1 : 1000, Abcam,
UK) and anti-Lamin B1 antibody (1 : 1000, Cell Signaling
Technology,USA).Meanwhile, the cytoplasmic proteinswere
incubatedwith primary antibodies of rabbitmonoclonal anti-
rat I𝜅B𝛼 antibody (1 : 1000, Abcam,UK) and𝛽-actin antibody
(1 : 1000, Abcam, UK). In addition, the total proteins were
incubatedwith primary antibodies of rabbitmonoclonal anti-
rat TNF-𝛼 antibody (1 : 1000, Abcam, UK), IL-10 antibody
(1 : 1000, Abcam, UK) and HMGB1 (1 : 1000, Cell Signaling
Technology, USA), and 𝛽-actin antibody (1 : 1000, Abcam,
UK) overnight at 4∘C. The membranes were washed with
TBST (TBS containing 0.05% Tween-20) and then incubated
with horseradish peroxidase-conjugated goat anti-rabbit sec-
ondary antibodies (1 : 5000, Pierce Biotechnology, Rockford,
e) for 1 h at room temperature and developed with the use
of ECL reagent (Millipore, Bedford, Mass) and captured on
light-sensitive imaging film (Kodak).The protein bands were
quantified with densitometry (Quantity One 4.5.0 software;
Bio-Rad Laboratories, Richmond, Calif.).

2.12. Statistical Analysis. All data were expressed as means ±
standard deviation values. Data were compared between all
groups by one-way analysis of variance (ANOVA). Statistical
analysis was performed with the SPSS statistical package
(SPSS 17.0, Chicago, III). A value of 𝑃 < 0.05 was regarded
as a significant difference.

3. Result

3.1. Serum AMY, LIP, Cr, and BUN Assay. Compared with
SO group, serum AMY and LIP levels were significantly
increased in the SAP group at respective time points (𝑃 <
0.05), but there were no significant differences between SAP
group andHRS group (𝑃 > 0.05). SAP group had a significant
increase on the levels of serum Cr and BUN (𝑃 < 0.05).
Hydrogen-rich saline induced a significant decrease on the
levels of serum Cr and BUN at 12 and 24 hours after SAP
(𝑃 < 0.05) (Figure 1).

3.2. Pancreatic and Renal Histological Analysis and Scores.
Representative histological sections are shown in Figures
2(a)–2(c) (pancreas) and Figures 3(a)–3(c) (kidney) at 12
hours. The normal histological structure of pancreas was
observed in SO group (Figure 2(a)). Conspicuous pancre-
atic edema, interstitial leukocyte infiltration, intrapancreatic
hemorrhage, and necrosis were observed in the SAP group
(Figure 2(b)). Compared with SAP group, the extent and
severity of the pancreatic histological injuries were signifi-
cantly reduced in the HRS group (𝑃 < 0.05, Figure 2(c)).
As shown in Figure 2(d), all time points of the pancreatic
histological scores in the HRS group were significantly more
decreased than SAP group (𝑃 < 0.05).
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Figure 1: Serum levels of AMY, LIP, Cr, and BUN in all groups of rats. (a) Serum AMY level, (b) serum LIP level, (c) serum Cr level, and (d)
serum BUN level. Results are expressed as mean (SD), 8 rats per group.∗𝑃 < 0.05 versus respective SO group; #𝑃 < 0.05 versus respective
SAP group.

SO group represents normal histological structure of
renal glomerulus, tubule, and interstitium (Figure 3(a)). In
contrast, SAP group at 12 hours demonstrated the identifiable
features of kidney injury including typical histological signs
of glomerular and tubular damage. Degeneration of the
glomerulus, blurred cellular boundaries, tubular epithelial
cells swelling and necrosis, interstitial hemorrhage, tubular
lumen stenosis, a large amount of tubular casts formatting,
and the presence of inflammatory cell infiltration were
observed (Figure 3(b)). Kidneys obtained from rats that were
treated with hydrogen-rich saline were demonstrated to have
milder histological features and lower pathological scores
when compared with SAP group (Figure 3(c)). As shown in
Figure 3(d), the renal histological scores in HRS group were

significantly decreased when compared with SAP group in
the corresponding time points (𝑃 < 0.05).

3.3. Hydrogen-Rich Saline Treatment Reduced Oxidative Stress
and Renal Neutrophil Infiltration. Although enhanced oxi-
dative stress was observed in all acute pancreatitis animals, as
evidenced by elevated renal tissue MDA level, the elevation
appeared to be significantly inhibited by hydrogen-rich
saline treatment (𝑃 < 0.05, Figure 4(a)). Moreover, similar
changes were observed for SOD activity in renal tissues.
This was found to be significantly depleted in acute
pancreatitis rats, presumably as a result of oxidative stress
processes. In contrast, treatment with hydrogen-rich saline
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Figure 2:Morphologic changes of pancreas at 12 hours and the pancreatic histological scores at each time point. (a) SO group, (b) SAP group,
(c) HRS group, and (d) pathological scores of pancreas at each time point. ∗𝑃 < 0.05 versus SO group; #𝑃 < 0.05 versus SAP group.The figure
is representative of at least 3 experiments performed on different experimental days (original magnification ×200).

effectively improved the activity of SOD in kidney
(𝑃 < 0.05, Figure 4(b)). The infiltration of neutrophils into
the kidneys was evaluated by renal MPO activity. Myeloper-
oxidase activity was significantly elevated after SAP at each
time point compared with SO group (𝑃 < 0.05). However,
HRS group had a significant reduced when compared with
SAP group (𝑃 < 0.05, Figure 4(c)).

3.4. Immunohistochemistry Analysis for NF-𝜅B p65 and 3-
Nitrotyrosine. Immunohistochemical assay was used to eval-
uate the expressions of NF-𝜅B p65 and 3-nitrotyrosine in
renal tissues. In SO group, theweak expressions ofNF-𝜅BP65
was concentrated in the cytoplasms (Figure 5(a)); the expres-
sions of 3-nitrotyrosine were exceedingly weak in cytoplasm
(Figure 5(d)). In SAPgroup, intense immunoreactivity ofNF-
𝜅B p65 was expressed in nucleus (Figure 5(b)) and intense
immunoreactivity of 3-nitrotyrosine was concentrated in
cytoplasts (Figure 5(e)). InHRS group, the expressions ofNF-
𝜅B p65 have a significant decrease in nucleus (Figure 5(c)),
the expressions of 3-nitrotyrosine have a significant decrease
in cytoplasms (Figure 5(f)).

3.5. Hydrogen-Rich Saline Treatment Reduced the Produc-
tion of Proinflammatory Cytokines. Serum concentrations of
proinflammatory cytokines were analyzed to obverse anti-
inflammatory process of hydrogen-rich saline after SAP. As
illustrated in Figures 6(a) and 6(b), with the progress of
SAP, serum levels of IL-1𝛽 and IL-6 increased continuously.
However, there were significant decreases in HRS group
compared to SAP group (𝑃 < 0.05).

3.6. Hydrogen-Rich Saline Attenuates the Inflammatory
Response by Suppressing NF-𝜅B p65, TNF-𝛼, and HMGB1
and Activating IL-10. To obtain a mechanistic insight
into the effects of hydrogen-rich saline used here, a
Western blot analysis of the expression of NF-𝜅B p65
protein in the nucleus (Figure 7(a)) and I𝜅B𝛼 protein in the
cytoplasm (Figure 7(c)). In addition, the expression of TNF-𝛼
(Figure 8(a)), IL-10 (Figure 8(a)), and HMGB1 (Figure 9(a))
was carried out, as well as densitometric analysis of the
bands for the expression of these proteins ratio. As shown
in Figures 7(b), 8(b), and 9(b), the ratios of the expression
of NF-𝜅B p65 and TNF-𝛼 in renal tissues at 12 hours and
HMGB1 at 24 hours were significantly decreased in HRS
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Figure 3: Morphologic changes of the kidney at 12 hours and the renal histological scores at each time point. (a) SO group, (b) SAP Group,
(c) HRS group, and (d) the pathological scores of the kidney at each time points. ∗𝑃 < 0.05 versus SO group; #𝑃 < 0.05 versus SAP group.
The figure is representative of at least 3 experiments performed on different experimental days (original magnification ×200).

group when compared with SAP group (𝑃 < 0.05). As shown
in Figures 7(d) and 8(c), the expression of I𝜅B and IL-10 in
renal tissues at 12 hours was significantly decreased after SAP
(𝑃 < 0.05), but the hydrogen-rich saline treatment induced a
significant increase (𝑃 < 0.05).

4. Discussion

ROS, which contain ∙OH, O
2
, H
2
O
2
, ONOO, NO−, and so

forth, are important cytotoxic molecules and signal media-
tors in the pathophysiological mechanisms of inflammatory
diseases (Figure 10) [19, 20]. Among them, ∙OH andONOO−
are much more reactive than others and are regarded as
major cytotoxic mediators of cellular oxidative damage [20].
A previous study had demonstrated that H

2
reacts only with

the strongest oxidants (∙OH and ONOO−) and does not
disrupt metabolic redox reactions or ROS concerned in cell
signaling [6]. In addition, some studies also demonstrated
that hydrogen-rich saline showed promising efficacy in ani-
mal models of several inflammatory diseases including AP
[13–15], but there are no reports of hydrogen-rich saline
in treating SAP associated acute kidney injury and other

extrapancreatic organs injury. Therefore, our hypothesis is
that hydrogen-rich saline may attenuate acute renal injury
in SAP. In this study, we demonstrated (1) the renal injuries
that were caused by the STC-induced acute pancreatitis were
significantly improved by hydrogen-rich saline; (2) themech-
anism by which hydrogen-rich saline attenuates acute renal
injury was to reduce oxidative stress and inhibit activation
of NF-𝜅B by inhibiting I𝜅B nitration and degradation; (3)
hydrogen-rich saline downregulated the expression of “evil”
inflammatory mediators and promote “angelic” inflamma-
tory cytokine to produce.

In our experiments, conspicuous hyperamylasemia,
hyperlipasemia, and pathological evidences like pancreatic
hemorrhage and necrosis were observed in the STC-induced
SAP model group. These results showed that the SAP
model was successfully induced. The levels of serum Cr and
BUN combined with aggravating morphological changes
of the kidney showed obvious renal dysfunction and tissue
injuries during the progression of SAP. We demonstrated
hydrogen-rich saline treatment improves renal dysfunction
and pancreatic and renal pathological injuries and inhibits
inflammatory cytokines and oxidative stress. All of these
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Figure 4: Effects of hydrogen-rich saline reduced oxidative stress and renal neutrophil infiltration in renal tissues. (a) Content of MDA, (b)
SOD activity, and (c) MPO activity. Results are expressed as mean (SD), 8 rats per group. ∗𝑃 < 0.05 versus respective SO group; #𝑃 < 0.05
versus respective SAP group.

observations indicate that hydrogen-rich saline exerts potent
antioxidative and anti-inflammatory effects and attenuates
the severity of SAP associated kidney injury in rats.

A growing number of reports have demonstrated that
oxidative stress and its resultant production of ROS play
prominent roles in themechanismof inflammatory responses
during AP [21, 22]. Under physiological condition, tissues
contain various endogenous antioxidant enzymes like GSH
and SOD, which scavenge ROS and prevent lipid peroxida-
tion [23]. In the process of SAP, ROS were overproduced and
then induced an imbalance between the ROS and endoge-
nous antioxidants or antioxidant enzymes.The overproduced
ROSwas able to directly or indirectly damage the renal tissues
and result in renal dysfunction and histological changes. Our
results showed that the activity of SOD was significantly

increased when using the hydrogen-rich saline treatment in
SAP rat. Oppositely, the level of MDA was decreased. These
results combined with the morphologic change of kidneys
indicate that hydrogen-rich saline neutralizes the ROS and
eases the renal oxidative damage.

Oxidative stress activates various cell signaling pathways
[24–26], among which we focused particularly on NF-𝜅B.
Blocking I𝜅B degradation can inhibit the activation of NF-
𝜅B [27]. Thus, inhibiting I𝜅B degradation can attenuate the
severity of experimental acute pancreatitis [28, 29]. In this
study, we found that the translocation of activated NF-𝜅B
into the nucleus was significantly increased, and the level
of I𝜅B in cytoplasm was the lowest in SAP rat kidneys. But
in using hydrogen-rich saline treated SAP rats, the activated
NF-𝜅B in nucleus was decreased and the level of I𝜅B in
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Figure 5: The expressions of NF-𝜅B p65 and 3-nitrotyrosine were detected in renal tissues at 12 hours in all groups (original magnification
×400). (a) In SO group, weak immunoreactivity of NF-𝜅B was mainly shown in cytoplasts. (b) In SAP group, intense immunoreactivity of
NF-𝜅B was shown in nucleus. (c) In HRS group, lower immunoreactivity of NF-𝜅B was shown in nucleus than SAP group. (d) In SO group,
exceedinglyweak immunoreactivity of 3-nitrotyrosinewas shown in cytoplasts. (e) In SAP group, intense immunoreactivity of 3-nitrotyrosine
was shown in cytoplasts. (f) In HRS group, lower immunoreactivity of 3-nitrotyrosine was shown in cytoplasts than SAP group.

cytoplasm was increased. These results strengthen the idea
that the activation of NF-𝜅B could be inhibited by hydrogen-
rich saline via blocking I𝜅B degradation. Available studies
showed that the activation of NF-𝜅B was closely related to
I𝜅Bnitration [30]; I𝜅Bmolecules containing nitrated tyrosine
residues may by themselves be targets for degradation by
proteases, leading to NF-𝜅B activation [30, 31], and it is
necessary that ROS (∙OH and ONOO−) be involved in the
process of I𝜅B nitrated reaction [32]. In our experiments,
the expression of 3-nitrotyrosine had a significant increase
after SAP, but the expression was inhibited by hydrogen-
rich saline. Therefore, we conclude that hydrogen-rich saline

affects the formation of I𝜅B nitrated tyrosine residues by
scavenging the overproduced ROS (∙OH and ONOO−), thus
inhibiting the activation of NF-𝜅B.

Cytokines such as TNF-𝛼, IL-1𝛽, and IL-6 play a pivotal
role in SAP and exert amajor influence on the outcome of the
disease, in particular by triggering the systemic inflammatory
response and multisystem organ failure, the latter being a
marked feature of SAP and responsible formost of the associ-
ated mortality [33, 34]. Moreover, the “angelic” inflammatory
cytokine such as IL-10 might play an important role in the
process of the disease. Available studies demonstrated that IL-
10 could inhibit the production of TNF-𝛼, IL-1𝛽, and IL-6 [35]
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Figure 6: Effects of hydrogen-rich saline reduced proinflammatory cytokines. Serum levels of IL-1𝛽 and IL-6 were quantified by ELISA at
different time points after SAP. (a) Serum IL-1𝛽 Level, (b) serum IL-6 level. Results are expressed as mean (SD), 8 rats per group. ∗𝑃 < 0.05
versus SO group; #𝑃 < 0.05 versus respective SAP group.
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Figure 7: Western blotting for measuring the activation of NF-𝜅B p65. (a) Level of NF-𝜅B p65 in renal nucleoprotein at 12 hours, (b)
densitometric analysis of the bands for the expression of NF-𝜅B p65/Lamin B in renal nucleoprotein, (c) level of I𝜅B in renal cytoplasmic
protein at 12 hours, and (d) densitometric analysis of the bands for the ratio of I𝜅B/𝛽-actin in renal nucleoprotein. Results are expressed as
mean (SD), 8 rats per group. ∗𝑃 < 0.05 versus respective SO group; #𝑃 < 0.05 versus respective SAP group.
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Figure 8: Western blotting for measuring the expression of TNF-𝛼 and IL-10 by using extract of renal total proteins at 12 hours. (a) Levels of
TNF-𝛼 and IL-10 in renal total proteins. (b) and (c) Densitometric analysis of the bands for the ratios of TNF-𝛼/𝛽-actin and IL-10/𝛽-actin.
Results are expressed as mean (SD), 8 rats per group. ∗𝑃 < 0.05 versus respective SO group; #𝑃 < 0.05 versus respective SAP group.
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Figure 9: Western blotting for measuring the expression of HMGB1 by using extract of renal total proteins at 24 hours. (a) Level of HMGB1
and (b) densitometric analysis of the bands for the ratio of HMGB1/𝛽-actin. Results are expressed as mean (SD), 8 rats per group. ∗𝑃 < 0.05
versus respective SO group; #𝑃 < 0.05 versus respective SAP group.



Mediators of Inflammation 11

Proved mechanism

Degradation
Nuclear
membrane

ROS

Renal injury IL-10

Hydrogen-rich saline

Proteases

Dissociation

Downregulation Upregulation

ONOO−

O
2

−

H2O2

NO−

etc

∙OH ONOO−

NF-𝜅B binds to DNA

NF-𝜅B

SOD GSH etc

I𝜅B nitration

OH∙

IL-1𝛽 IL-6 TNF-𝛼 HMGB1

Figure 10: The protective mechanisms involved in the inflammatory response of renal tissues during severe acute pancreatitis. Hydrogen-
rich saline protects the acute renal injury by antioxidant effect directly and by scavenging the overproduced ∙OH and ONOO− to inhibit the
activation of NF-𝜅B.

and take part in negative feedback that controls acute inflam-
matory response [36]. Our results showed that the levels of
IL-1𝛽 and IL-6 in serum and TNF-𝛼 in renal tissue were
significantly reduced in using hydrogen-rich saline treated
rats when compared with SAP ones. In addition, the level
of IL-10 was elevated. These findings clarified that hydrogen-
rich saline inhibits the production of these cytokines except
IL-10 via reducing oxidative stress and inhibiting NF-𝜅B
activation.

High-mobility group box protein 1 (HMGB1) is a late
activator in the inflammatory cascade. It has the capacity
to induce cytokines releasing and activate inflammatory
cells after being translocated into extracellular space [37].
It is reported that cerulein-induced HMGB1 expression
was reduced in pancreatic acinar cells by inhibiting NF-𝜅B
activation [38]. Our results concerningHMGB1 expression at
24 hourswere in agreementwith other reports and strengthen
the idea that the expression of HMGB1 is inhibited by
hydrogen-rich saline via inhibiting NF-𝜅B activation.

Myeloperoxidase (MPO) is a biochemical marker for
neutrophil infiltration in studies of multiple-organs injury
in AP, and its activity in kidney related to the severity of
renal injury [39, 40]. Our results showed that the increase of
renalMPO and function parameters indicates the progressive
aggravation of SAP associated renal injury. The hydrogen-
rich saline treatment significantly reduced these outcomes
and suggested that it could attenuate the renal neutrophil
infiltration.

In conclusion, our study demonstrated that hydrogen-
rich saline could attenuate acute renal injury in sodium
taurocholate-induced SAP rat model. By inhibiting NF-
𝜅B activation and scavenging ROS, hydrogen-rich saline
prevented the development of inflammatory cascade and
eased renal oxidative damage. Thus, we presented the novel
antioxidant hydrogen-rich saline, which is easier and safer
to apply, could reduce ROS and suppress inflammatory
mediators, andmay have the potential application to alleviate
SAP associated acute renal injury clinically.
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Although oxidative stress has been strongly implicated in the development of acute pancreatitis (AP), antioxidant therapy in
patients has so far been discouraging. The aim of this study was to assess potential protective effects of a mitochondria-targeted
antioxidant, MitoQ, in experimental AP using in vitro and in vivo approaches. MitoQ blocked H

2
O
2
-induced intracellular ROS

responses inmurine pancreatic acinar cells, an action not shared by the control analogue dTPP.MitoQdid not reducemitochondrial
depolarisation induced by either cholecystokinin (CCK) or bile acid TLCS, and at 10 𝜇M caused depolarisation per se. Both MitoQ
and dTPP increased basal and CCK-induced cell death in a plate-reader assay. In a TLCS-induced APmodel MitoQ treatment was
not protective. In AP induced by caerulein hyperstimulation (CER-AP), MitoQ exerted mixed effects.Thus, partial amelioration of
histopathology scores was observed, actions shared by dTPP, but without reduction of the biochemical markers pancreatic trypsin
or serum amylase. Interestingly, lungmyeloperoxidase and interleukin-6 were concurrently increased byMitoQ in CER-AP.MitoQ
caused biphasic effects on ROS production in isolated polymorphonuclear leukocytes, inhibiting an acute increase but elevating
later levels. Our results suggest that MitoQ would be inappropriate for AP therapy, consistent with prior antioxidant evaluations in
this disease.

1. Introduction

Acute pancreatitis (AP) is a severe inflammatory condition
of the exocrine pancreas caused primarily by gallstones and
excess alcohol [1, 2] with an incidence of approximately 30
per 100,000 per year in the United Kingdom [3]. Although
most patients have a mild and self-limiting clinical course [4]
roughly 15–20% of cases involve potentially lethal complica-
tions such as persistent organ failure and infected pancreatic
necrosis [5], resulting in a heavy socioeconomical burden [6].
Despite increased understanding of the pathophysiology of
this disease in the last two decades, a specific therapy for AP
is lacking [4].

The initial site of damage in AP is considered to be the
pancreatic acinar cell, which exhibits pathological features
including premature activation of digestive enzyme precur-
sors, inhibition of apical secretion, disordered autophagy
and lysosomal degradation, mitochondrial dysfunction, and
release of inflammatory cytokines [7]. Evidence suggests a
pivotal role for calcium, with diverse AP precipitants, such
as bile acids, cholecystokinin hyperstimulation, and nonox-
idative ethanolmetabolites, inducing calciumoverload,mito-
chondrial dysfunction, and loss of ATP that result in acinar
cell necrosis [8], the extent of which determines outcome
in a clinical setting. Localised and systemic inflammatory
responses are features of AP progression, involving activation
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and infiltration of inflammatory cells into the pancreas
provoking further injury in a vicious cycle [9].

A role for ROS has been proposed in the development
of AP on the basis of an elevated oxidative status or reduced
antioxidant capacity observed in the clinic and in experimen-
tal animal models [8, 10]. For example, increased superoxide
and lipid peroxide levels and diminished antioxidant status
were present in the blood of AP patients compared with
healthy controls that correlated with disease severity [11].
Investigations in experimental AP, including in vivo caerulein
hyperstimulation and bile acid models, have shown increases
of ROS associated with the disease progression [12]. The
involvement of ROS in AP is complex and poorly defined,
with generation in the pancreatic acinar cell in response to
many stimuli [13], including sustained calcium elevations
induced by bile acid [14], and also by extrapancreatic inflam-
matory cells including neutrophils expressing NAD(P)H oxi-
dase; knockout of this enzyme was associated with reduced
severity of experimental AP [15]. Despite the strong evidence
demonstrating oxidative stress in AP, there has been an
apparent translational gap, with randomised clinical trials
using antioxidant therapy so far discouraging [12].

A more recent strategy relating to antioxidant therapy
has been to target compounds to the mitochondria in order
to locally scavenge ROS and protect the organelle [16]. A
mitochondrial-targeted antioxidant mitoquinone (MitoQ)
has been designed to deliver a quinone antioxidant moiety
to the mitochondria via a 10-carbon alkyl chain linked to a
lipophilic cation triphenylphosphonium (TPP+) that utilises
the mitochondrial membrane potential (ΔΨ𝑚) for accumu-
lation [17]. Studies have shown that MitoQ protects against
many oxidative stress-induced conditions in cell lines and
animal disease models, and this drug has undergone phase II
clinical trials in hepatitis C patients [18]. However, potential
protective effects of MitoQ in AP have not been tested so far.
In this study we have investigated the effects ofMitoQ on iso-
lated pancreatic acinar cells, polymorphonuclear leukocytes
(PMNs), and in twomurine in vivo experimental APmodels.

2. Materials and Methods

2.1. Animals and Reagents. Male CD1 mice (30–35 g) or
C57BL/6Jmice (20–25 g)were bought fromCharles RiverUK
Ltd. (Margate, UK). They were housed at 23 ± 2∘C under a
12-hour light/dark cycle with ad libitum access to standard
laboratory chow and water. For 12 hours before the start of
the in vivo experiments, the animals were deprived of food
but were allowed access to water. Studies were conducted in
compliance with the appropriate UK Home Office personal
and project licenses, and with the Institutional ethical review
processes of the University of Liverpool. For reagents if not
otherwise mentioned were all from Sigma (Gillingham, UK).
MitoQ and its nonantioxidant control decyl-TPP (dTPP)
were synthesised in the Department of Chemistry, University
of Octago, New Zealand.

2.2. Isolation of Pancreatic Acinar Cells. Freshly isolated
pancreatic acinar cells were obtained from the pancreas of

adult CD1 mice using a standard collagenase (Worthington
Biochemical Corporation, Lakewood, NJ, USA) digestion
procedure established in previouswork [19].The extracellular
solution contained (mM): 140 NaCl, 4.7 KCl, 1.13 MgCl

2
, 1

CaCl
2
, 10 D-glucose, and 10 HEPES.The final pH of the solu-

tion was adjusted to pH 7.35 using NaOH. All experiments
on isolated pancreatic acinar cells were performed at room
temperature (23–25∘C) and the cells were used no more than
4 h after isolation if not otherwise stated.

2.3. Isolation of PMNs. Isolation of PMNs was achieved as
previously described [20]. Murine long bones were isolated
and flushed with sterile PBS, followed by filtered through a
70mm sterile filter (Fisher Scientific, Loughborough, UK)
and centrifuged at 600 g for 5 minutes at 4∘C. The cell pellet
was then suspended in 4mL PBS and loaded onto a Percoll
density gradient (62% and 81%), followed by centrifugation
at 1500 g for 20min at 4∘C. Cells between Percoll layers were
collected and suspended in 4mL Red Cell Lysis Buffer for
5min on a rocker, washed 2 : 1 with PBS, and centrifuged
at 600 g for 5min before suspending in RPMI1460. These
isolated cells were further counted by a Countess Automated
Cell Counter (Invitrogen, Carlsbad, CA, USA). All cells used
in this study were morphologically >90% PMNs with >90%
viability.

2.4. Measurement of ROS Production. Real-time ROS pro-
duction and redox changes in pancreatic acinar cells were
measured with the probe 5-chloromethyl-2,7-dichlorodihy-
drofluoresceindiacetate acetyl (CM-H

2
DCFDA) using a

Zeiss LSM510 confocal microscope (Carl Zeiss Jena GmbH,
Jena, Germany) as previously described [14]. Freshly isolated
murine pancreatic acinar cells were incubated with either
1 𝜇MMitoQ or dTPP and simultaneously loaded with 10 𝜇M
CM-H

2
DCFDA for 30 minutes. The cells were then per-

fused with H
2
O
2
to induce ROS. The fluorescence of CM-

H
2
DCFDA was excited at 488 nm and the emission was

collected at 505–550 nm.
For ROS measurement in PMNs, a peroxidase-enhanced

luminol chemiluminescent assay was employed using a
POLARstar Omega Plate Reader (BMG Labtech, Germany).
Cells were plated at a density of 500,000 per well and
pretreated with 1 𝜇M MitoQ or dTPP for 10 minutes, before
adding 50𝜇M luminol and 75 units/mL horseradish per-
oxidase. Activation of NAD(P)H oxidase was induced by
50 ng/mL phorbol myristate acetate (PMA) while inhibition
was achieved by using 1𝜇M diphenylene iodonium (DPI).
The luminescence emission at 440 nm for the ROS dye was
recorded for 40min. The chemiluminescence intensity was
normalised to negative controls for each mouse/run.

2.5. Measurement of ΔΨ𝑚 in Pancreatic Acinar Cells. In
separate experiments, ΔΨ𝑚 of pancreatic acinar cells was
determined by tetramethyl rhodamine methyl ester (TMRM;
Molecular Probes, Eugene, OR, USA) assay as described
previously [14]. Briefly, the cells were loaded with 40 nM
TMRM for 30 minutes prior incubation with either 1𝜇M
or 10 𝜇M of MitoQ or dTPP. Cholecystokinin-8 (CCK-8,
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10 nM) or bile acid taurolithocholic acid 3-sulphate (TLCS,
500𝜇M) was used to induce ΔΨ𝑚 depolarisation. At the
end of the perfusion, the protonophore carbonyl cyanide 3-
chlorophenylhydrazone (CCCP, 10 𝜇M) was added to induce
complete depolarisation of ΔΨ𝑚. The fluorescence of TMRM
was excited at 543 nm and the emission was collected at 560–
650 nm.

2.6. In Vitro Cell Death Assay for Pancreatic Acinar Cells.
Pancreatic acinar cell death was detected as the intensity of
fluorescent dye propidium iodide (PI) taken up by the nuclei
of necrotic cells [14]. For cell death induced byCCK-8, a time-
course fluorescent plate reader method was used. Briefly,
cells were isolated from one murine pancreas, centrifuged,
and resuspended into 1mL solution. Cells were carefully
pipetted into individual wells to ensure homogeneity. Cells
were treated with CCK-8 (10 nM) alone, or in the presence
of 1 𝜇M of either MitoQ or dTPP. For normal control groups,
cells treated with equal volume of extracellular solution. After
5min, PI (50𝜇M) was then added to all wells mixed by
automated agitation. The microplate was then placed in the
POLARstar Omega Plate Reader (preheated to 37∘C), and
fluorescence determined by excitation 543 nm and emission
620 nm with bottom reading. The assay was set to run with
a cycle time of 600 seconds. All fluorescence measurements
are expressed as changes from basal fluorescence (F/F

0
ratio),

where F
0
represents the initial fluorescence recorded at the

start of the experiment, and F the fluorescence recorded at
specific time points.

2.7. Experimental AP Models. Seven intraperitoneal injec-
tions of a supramaximal dose (50𝜇g/kg) of caerulein, a
CCK-8 analogue, were given on an hourly basis to induce
hyperstimulation acute pancreatitis (CER-AP) [21]. Control
mice received equal volumes of PBS injection. In the MitoQ
treatment groups, MitoQ at 10mg/kg (dose 1) or 25mg/kg
(dose 2)was given at the first and third injections of caerulein.
Similarly, dTPP at 9.6mg/kg (dose 1) or 24mg/kg (dose 2)was
given for the dTPP treatment group. MitoQ and dTPP were
at the same molar concentration at doses 1 and 2. Mice were
sacrificed at 12 h after the first caerulein injection to collect
samples.

Bile acid-inducedAPwas achieved by retrograde infusion
of TLCS into the pancreatic duct (TLCS-AP) [22]. After
induction of anesthesia, TLCS applied using a mini infusion
pump (Harvard Apparatus, Kent, UK) at a speed of 5 𝜇L/min
for 10 minutes. Successful infusion of TLCS into pancreas
was demonstrated by a diffuse light blue colour (methylene
blue) appearing in the pancreatic head. Controlmice received
sham surgery without TLCS infusion. In the treatment
groups, MitoQ (10mg/kg) or dTPP (9.6mg/kg) was given
at 1 h and 3 h after TLCS infusion. Mice were sacrificed
at 24 h after the TLCS infusion or sham surgery. In both
animal models, analgesia was achieved by administration of
0.1mg/kg buprenorphine hydrochloride.

2.8. SeverityMarkers for AP. After sacrifice of themice, blood
was allowed for natural clotting for 30 minutes and followed

by centrifugation at 1,500 g × 10 minutes to collect serum.
Pancreas and lung samples were also harvested and snap
frozen for future use. A proportion of pancreas was also fixed
by 10% formalin overnight before being subjected to H&E
staining (5 𝜇m thick per slide).

Serum amylase was tested in Clinical Biochemistry
Department in Royal Liverpool University Hospital using
a kinetic method. Serum IL-6 was measured by ELISA
according to manufacturer’s instruction (R&D, Abingdon,
UK). Pancreatic trypsin activity was determined by estab-
lished protocol using trypsin peptide substrate Boc-Gln-Ala-
Arg-MCA (Peptide, Osaka, Japan) on a fluorescent plate
reader (BMG Labtech, UK). Pancreatic and lung myeloper-
oxidase activity, pancreatic trypsin activity, and pancre-
atic histopathology were analysed by methods previously
reported [23]. All histopathological scoring was undertaken
in a double-blinded manner by independent assessors.

2.9. Statistical Analysis. Results were presented as mean ±
SEM obtained from three or more independent experiments.
In all the figures, vertical bars denote SEM values. A Student’s
t-test was used for statistical evaluation of data with a normal
distribution, while an ANOVA test was carried out for data
with a skewed distribution. P values of <0.05 were considered
to indicate significant differences.

3. Results

3.1. MitoQ Scavenged ROS Production in Isolated Pancreatic
Acinar Cells. Application of 1mMH

2
O
2
caused a steady rise

of ROS in the cells (control group) as reflected by increased
intensity of CM-H

2
DCFDA fluorescence; Cells pretreated

with 1 𝜇M MitoQ showed a significantly reduced ROS pro-
duction compared with cells in the control group, whereas
pretreatment of 1 𝜇M dTPP, the lipophilic cation of MitoQ
without antioxidant activity was without effect (Figure 1(a)).
Neither MitoQ nor dTPP induced ROS production per se
(Figure 1(b)).

3.2. MitoQ Did Not Protect against Mitochondrial Depo-
larisation Caused by AP Precipitants in Isolated Pancreatic
Acinar Cells. Neither pretreatment with 1 𝜇M MitoQ nor
dTPP caused depolarisation of ΔΨ𝑚 in isolated pancreatic
acinar cells, in contrast to the protonophore CCCP applied at
the end of the experiment to elicit complete depolarisation.
(Figure 2(a)). However, at 10 𝜇M both MitoQ and dTPP
induced a steady decrease of ΔΨ𝑚 per se that was more
profound for MitoQ (Figures 2(b) and 2(c)). CCK (10 nM)
induced depolarisation of ΔΨ𝑚 compared with control cells
treatedwithHEPES alone (Figure 2(d)), an effect that was not
significantly affected by pretreatment with either 1𝜇MMitoQ
or dTPP (Figure 2(e)). Similarly, perfusion of TLCS (500𝜇M)
depolarised ΔΨ𝑚 (Figure 2(f)) that was unaffected by 1 𝜇M
MitoQ or dTPP (Figure 2(g)).

3.3. MitoQ Caused Pancreatic Acinar Cell Death and Aggra-
vated CCK-Induced Necrosis. Both 1 𝜇M MitoQ and dTPP



4 Mediators of Inflammation

H
2
CM

-D
CF

D
A

 (F
/
F
0
)

Time (s)

Ctrl (n = 87)
MitoQ (n = 112)

dTPP (n = 88)

1mM H2O2

0 400 800 1200 1600

0.8

1.0

1.2

1.4

1.6

(a)

H
2
CM

-D
CF

D
A

 (F
/
F
0
)

Time (s)

Ctrl (n = 102)
MitoQ (n = 89)

dTPP (n = 69)

1𝜇M MitoQ/dTPP

0 200 400 600 800

0.8

1.0

1.2

1.4

1.6

1.8

2.0

(b)

Figure 1: Effects of MitoQ on ROS responses in isolated pancreatic acinar cells. (a) 1mM H
2
O
2
induced a steady rise of intracellular ROS

production, indicated by an increase in DFDCA fluorescence, which was significantly reduced by 1𝜇MMitoQ but not dTPP. (b) Neither 1 𝜇M
MitoQ nor dTPP caused ROS production per se. (𝑛 ≥ 3mice per group). DCFDA fluorescent traces are shown as normalised (F/F

0
) mean ±

SEM.

caused an increased PI uptake indicative of necrosis; signifi-
cant differences were observed at 2, 6, and 10 h between cells
pretreated with eitherMitoQ or dTPP and cells in the control
group treated with HEPES alone (Figure 3(a)). Addition of
10 nM CCK induced a time-dependent increase of necrosis.
However, 1 𝜇M MitoQ did not exert any protection against
CCK-induced cell death. Rather both MitoQ and dTPP
significantly worsened necrosis compared with CCK alone at
2 h, whereas dTPP, but not MitoQ, aggravated CCK-induced
cell death at later time-points (Figure 3(b)).

3.4. MitoQ Ameliorated Overall Pancreatic Histopathology in
CER-AP but Aggravated Systemic Injury. Figure 4(a) shows
representative histopathology slides for control and different
treatment groups, with the overall histopathology score and
breakdown scores for individual components summarised in
Figure 4(b). Intraperitoneal saline injections did not cause
any significant histopathological changes of the pancreas,
whereas hyperstimulation with caerulein induced typical
features of AP; marked oedema, vacuolisation, neutrophil
infiltration in the ductal margins, and parenchyma of the
pancreas, with focal acinar cell necrosis evident 12 h after the
first caerulein injection. The CER-AP was also characterised
by significantly increased serum amylase, pancreatic trypsin
andMPO activity, and lungMPO activity compared to saline
controls.

MitoQ treatment at both doses tested significantly
reduced pancreatic oedema and neutrophil infiltration. How-
ever, pancreatic necrosis was not prevented, with a trend
toward greater necrosis at the higher dose although this did
not attain significance. MitoQ dose-dependently increased
serum amylase with an approximate doubling at the higher
dose (Figure 5(a)). Pancreatic trypsin activity and MPO

activity were not significantly affected by MitoQ at either
dose (Figures 5(b) and 5(c)). In addition, MitoQ treatment
nearly doubled lung MPO activity induced by caerulein
(Figure 5(d)) with a significant increase of serum IL-6 levels
also evident at dose 1 (Figure 5(e)).

The nonantioxidant analogue dTPP significantly reduced
oedema, neutrophil infiltration, and necrosis at both doses,
resulting in an overall reduction of the histopathologi-
cal score. Serum amylase was not significantly affected
(Figure 5(a)), although dTPP reduced pancreatic trypsin and
MPO activity (Figures 5(b) and 5(c)). Similar to the results
obtained with MitoQ, dTPP also significantly increased
caerulein-induced lung MPO activity and serum IL-6 levels
(Figures 5(d) and 5(e)).

3.5. MitoQ Did Not Protect against TLCS-AP. Sham oper-
ation only induced mild oedema of the pancreatic acinar
cells without discernible signs of inflammation and necrosis.
Infusion of 3mM TLCS into the pancreas via the pancreatic
duct resulted in marked histopathological changes of the
head of the pancreas at 24 h, characterised by significantly
increased oedema, inflammation, necrosis and thus, overall
histopathology score (Figure 6(a)(i–iv)). However, the body
and tail of the pancreas were much less affected (data not
shown). The TLCS-AP was associated with increased serum
amylase, pancreatic MPO activity, and serum IL-6 levels
compared to the sham group (Figures 6(b)–6(d)).

Neither MitoQ nor dTPP at the lower dose induced
histopathological changes of the pancreas, with oedema,
inflammation, necrosis, and overall histopathological score
unaltered (Figure 6(a)(i–iv)). Similarly, there were no signif-
icant changes of serum amylase and pancreatic MPO activity
when TLCS-APmice were treatedwith eitherMitoQ or dTPP
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Figure 2: Continued.
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Figure 2: Effects of MitoQ on mitochondrial membrane potential (ΔΨ𝑚) in isolated pancreatic acinar cells. (a) Neither 1 𝜇M MitoQ nor
dTPP had a significant effect on ΔΨ𝑚 per se. In contrast the protonophore CCCP induced complete depolarisation. Mean data (b) and
representative images (c) showing that 10 𝜇M MitoQ and dTPP partially depolarised mitochondria. Application (d) CCK (10 nM) or (f)
TLCS (500 𝜇M) caused a fall of ΔΨ𝑚 compared to time-matched controls. However, neither 1𝜇MMitoQ nor dTPP pretreatment protected
against ΔΨ𝑚 depolarisation induced by (e) CCK (10 nM) or (g) TLCS (500 𝜇M) (𝑛 ≥ 3mice per group). TMRM fluorescent traces are shown
as normalised (F/F
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Figure 3: Effects of MitoQ on cell death in isolated pancreatic acinar cells. (a) Both 1𝜇M MitoQ and dTPP caused significant increases in
necrosis, demonstrated by an increase in PI fluorescence compared with cells in the control group. (b) Both 1𝜇MMitoQ and dTPP worsened
CCK-induced cell death. ∗𝑃 < 0.05 compared with control group, †compared with CCK group. (𝑛 ≥ 3mice per group).

(Figures 6(b) and 6(c)). Serum IL-6 levels were marginally
increased byMitoQ or dTPP treatment but this did not attain
statistical significance (Figure 6(d)). Application of MitoQ or
dTPP at both doses alone to mice in the absence of caerulein
injections or TLCS infusion showed that both MitoQ and
dTPP significantly increased lung MPO activity per se (data
not shown).

3.6. Biphasic Effects of MitoQ on PMA-Induced ROS Produc-
tion in PMNs. Figure 7(a) illustrates the effect of 1 𝜇MMitoQ
or dTPPonPMA-inducedROSproduction in isolated PMNs.
The NAD(P)H oxidase stimulator PMA (50 ng/mL) induced
a dramatic increase of ROS in the extracellular solution
around PMNs within the first few minutes that peaked at
8mins and declined to a plateau after approximately 20mins.



Mediators of Inflammation 7

Saline CER/MitoQ dose 1 CER/MitoQ dose 2

CER/dTPP dose 1 CER/dTPP dose 2CER 
200𝜇M

(a)

(i) (ii)

(iii) (iv)

0

1

2

3

4

5

6

7

#

H
ist

ol
og

y 
sc

or
e

Dose 1 Dose 2

+

+

++ +

+

+

MitoQ
CER +

+dTPP

∗

−

−

−

−

−

−−

−

−

0.0

0.5

1.0

1.5

2.0

2.5

# #

In
fla

m
m

at
io

n 

Dose 1 Dose 2

∗

+

+

++ +

+

+

MitoQ
CER +

+dTPP
−

−

−

−

−

−−

−

−

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Dose 1

#

Dose 2

∗

+

+

++ +

+

+

MitoQ
CER +

+dTPP
−

−

−

−

−

−−

−

−

0.0

0.4

0.8

1.2

1.6

N
ec

ro
sis

Dose 1 Dose 2

#
#

∗

+

+

++ +

+

+

MitoQ
CER +

+dTPP
−

−

−

−

−

−−

−

−

†

†

†

†

†

†

†

†

†

†

†
†

†

†O
ed

em
a

(b)

Figure 4: Effects of MitoQ on histopathological changes of CER-AP. (a) Representative H&E images for all experimental groups
(magnification 200x). (b) Histopathology scores: (i) overall, (ii) oedema, (iii) inflammation and (iv) necrosis. ∗𝑃 < 0.05 when compared
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Figure 5: Effects of MitoQ on biochemical markers of CER-AP. (a) Serum amylase. (b) Pancreatic trypsin activity (normalised to CER-AP
group). (c) Pancreatic and (d) lungMPO activity (both normalised to CER-AP group). (e) Serum IL-6 levels. ∗𝑃 < 0.05 when compared with
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per group).
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Figure 6: Continued.
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Figure 6: Effects of MitoQ on TLCS-AP. (a) Histopathology scores: (i) overall, (ii) oedema, (iii) inflammation, and (iv) necrosis. (b) Serum
amylase. (c) Pancreatic MPO activity (normalized to CER-AP group). (d) Serum IL-6 levels. ∗𝑃 < 0.05when compared with all other groups.
Values are the mean ± SEM (𝑛 = 6–8 mice per group).

Application of the NAD(P)H oxidase inhibitor DPI reduced
the peak phase and completely inhibited the ROS plateau
(Figure 7(c)). MitoQ treatment caused a biphasic effect on
ROS production in PMNs. Thus, a concentration-dependent
inhibition of the initial ROS peak induced by PMA was
observed, with the peak time delayed to 10 minutes (Figures
7(a)–7(c)). Application of 1𝜇MdTPPhad no significant effect
on the peak of PMA-induced ROS production in PMNs
compared to cells treated by PMA alone. Interestingly, MitoQ
caused a concentration-dependent potentiation of PMA-
induced ROS production at 40mins (Figure 7(c)), an action
shared by dTPP only at the higher concentration.

4. Discussion

Our study has evaluated, for the first time, the effects of a
mitochondria-targeted antioxidant MitoQ on in vitro and
in vivo models of experimental AP. Previous preclinical
evaluations of antioxidants in AP models have produced
mixed results, with unsuccessful translation to the clinic thus
far [12]. A confounding factor that might have positively
influenced prior outcomes of antioxidant evaluations in
experimental models is that such agents have mostly been
administered as a pretreatment; that is, before induction
of the disease, that does not adequately reflect the clinical
situation. Therefore in the present study MitoQ was given as
a treatment after the induction of AP in two experimental
models. CER-AP is one of the most commonly used animal
models of AP but has few clinical parallels [7], whereas TLCS-
AP mimics gallstone aetiology with necrotising pancreatitis
in the pancreatic head associated with moderate to severe
systemicmanifestations, including greatly elevated serum IL-
6.

MitoQ has been shown to exert protective effects in
diverse disease models that are associated with oxidative
stress, including colitis [24], encephalomyelitis [25], diabetes

[26], cardiac ischaemia-reperfusion injury [27], and sepsis
[28]. However, the actions of MitoQ in the two murine
experimental models of AP were complex, with TLCS-AP
unaffected by treatment with the mitochondrial antioxidant.
Although no studies have directly measured oxidative stress
in mouse TLCS-AP, elevated markers have been demon-
strated in the pancreas and erythrocytes following pancreatic
ductal taurocholate administration in rats [29–31]. The study
of Rau and colleagues [30] indicated that whilst ROS might
be mediators of tissue damage, their extracellular generation
alone did not induce typical biochemical and morphological
changes indicative of AP; a lack of a protective effect of
MitoQ in the current TLCS-AP model would support this
view. In contrast, the general antioxidant N-acetylcysteine
(NAC), which prevented oxidant-induced ROS increases in
pancreatic acinar cells [32], reduced tissue necrosis, leuko-
cyte infiltration, oedema, and haemorrhage in taurocholate-
induced AP in rats, although this was given as pretreatment
rather than postinsult [33]. However, an investigation in
murine CER-AP specifically compared the effects of NAC
administration before and after the first caerulein injection;
only the prophylactic treatment was successful in limiting
the severity of experimental AP whereas antioxidant therapy
postinsult was ineffective [34].

In the present study some protective actions of MitoQ
were evident in the CER-AP model, although effects were
variable and shared by the nonantioxidant control dTPP.
Thus, MitoQ partially protected against the severity of CER-
AP as assessed by pancreatic histopathology, but without
a significant reduction of pancreatic necrosis, increased
in isolated pancreatic acinar cells. No reduction of serum
amylase or pancreatic trypsin was evident, whilst MitoQ
concurrently elevated systemic injury markers such as lung
MPO activity and serum IL-6. In addition, perhaps sur-
prisingly, dTPP significantly improved overall and individ-
ual pancreatic histopathology scores, decreased pancreatic
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Figure 7: Effects of MitoQ on PMA-induced ROS production in isolated PMNs. (a) Effects of 1𝜇MMitoQ or dTPP and 1 𝜇M DPI on ROS
production induced by 50 ng/mL PMA. (b) Effects of 10 𝜇MMitoQ or dTPP and 1 𝜇MDPI on ROS production induced by 50 ng/mL PMA. (c)
Summary bar charts for PMA-induced ROS production at 8mins (peak) and 40mins for all experimental groups. ∗𝑃 < 0.05when compared
with control groups and †compared with PMA alone group. Values are the mean ± SEM (𝑛 ≥ 3mice per group).

trypsin, and reduced pancreatic MPO activity. Currently the
explanation for any beneficial effect of dTPP is unclear, but
some deleterious effects of MitoQ may have resulted from
antioxidant activity. Previously we have shown that ROS
inhibition in isolated pancreatic acinar cells exposed to TLCS
results in more necrosis and less apoptosis, indicating a
protective role for ROS in these cells [14]. At higher doses
both MitoQ and dTPP caused mitochondrial depolarisation
per se and increased pancreatic acinar cell death, possibly
indicative of nonspecific toxic effects that might relate to
uncoupling actions due to accumulation of fatty acyl chains
in the mitochondria. Fatty acids are known to uncouple
oxidative phosphorylation andpreviouslywe have shown that

application of long-chain fatty acids to isolated pancreatic
acinar cells caused mitochondrial depolarisation, loss of
NAD(P)H and ATP, leading to necrosis [35, 36]. In the
present study both MitoQ and dTPP augmented basal and
CCK-induced necrosis in a cell death assay.

Interestingly, MitoQ exerted biphasic effects on ROS
production in PMNs, generated by activation of NAD(P)H
oxidase. Thus, it initially inhibited the PMA-induced acute
ROS peak at 8mins but later potentiated the plateau at
40mins. This initial inhibition was not shared by dTPP,
suggesting that it was attributable to the ROS scavenging
properties of MitoQ. In contrast, the NAD(P)H oxidase
inhibitor DPI, which similarly reduced acute ROS levels,
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also completely abolished the late phase. The PMNs, which
account for about 60% of leukocytes, are essential for innate
immunity and one of earliest inflammatory cells to arrive
at the infection/injury site [37]. In the experimental AP
models, histology indicated that PMNs accumulated moder-
ately within the pancreas 2 hours after induction and were
abundant at 6 hours. In clinical acute pancreatitis, enrolment
and infiltration of PMNs in the pancreas and distant organs
are a principal feature of the disease [38]. PMNs may further
aggravate tissue injury by releasing ROS that are generated
by NAD(P)H oxidase [15] or by degranulation and release of
their nuclear contents to form extracellular traps [39]. Serum
IL-6, mainly secreted by myeloid cells including PMNs, is a
cytokine known to connect pancreatic injury to distal organ
damage [40] and also serves as severity marker for human
AP [41]. Thus, an overall increase in ROS production in the
PMNs induced byMitoQ and dTPPmay have facilitated lung
MPO, generating hypochlorous acid and reactive oxidants,
further enhancing its activity. Indeed, both MitoQ and dTPP
at the doses used for the in vivo experiments significantly
increased lung MPO activity per se (data not shown).

5. Conclusion

In conclusion, the findings of this study further emphasize
the unsuitability of antioxidant therapy in the treatment of
AP, previously highlighted by a randomised, double-blind,
and placebo-controlled clinical trial [42]. There was no
protection of experimental TLCS-AP by MitoQ and mixed
effects observed in the milder CER-AP model, including
elevations of inflammation markers. These results are in
accordance with previous studies showing that suppression
of ROS enhances pancreatic acinar cell necrosis by inhibiting
a protective apoptotic mechanism [14], an action that would
promote local pancreatic damage in AP.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by BBSRC and MRC (UK) and
through the National Institute for Health Research funding
for the NIHR Liverpool Pancreas Biomedical Research Unit,
UK. Wei Huang was awarded a UK/China Postgraduate
Scholarship for Excellence. Li Wen was a recipient of a schol-
arship fromChina Scholarships UK Council. Wei Huang and
Nicole Cash contributed equally to this study.

References

[1] J.-L. Frossard,M. L. Steer, and C.M. Pastor, “Acute pancreatitis,”
The Lancet, vol. 371, no. 9607, pp. 143–152, 2008.

[2] D. Yadav andA. B. Lowenfels, “The epidemiology of pancreatitis
and pancreatic cancer,” Gastroenterology, vol. 144, no. 6, pp.
1252–1261, 2013.

[3] S. E. Roberts, A. Akbari, K. Thorne, M. Atkinson, and P. A.
Evans, “The incidence of acute pancreatitis: Impact of social
deprivation, alcohol consumption, seasonal and demographic
factors,”Alimentary Pharmacology andTherapeutics, vol. 38, no.
5, pp. 539–548, 2013.

[4] S. Tenner, J. Baillie, J. Dewitt, and S. S. Vege, “American
college of gastroenterology guideline: management of acute
pancreatitis,”TheAmerican Journal of Gastroenterology, vol. 108,
no. 9, pp. 1400–1415, 2013.

[5] M. S. Petrov and J. A. Windsor, “Severity of acute pancreatitis:
impact of local and systemic complications,” Gastroenterology,
vol. 142, no. 7, pp. e20–e21, 2012.

[6] A. F. Peery, E. S. Dellon, J. Lund et al., “Burden of gastrointesti-
nal disease in the United States: 2012 update,” Gastroenterology,
vol. 143, no. 5, pp. 1179.e3–1187.e3, 2012.

[7] M. M. Lerch and F. S. Gorelick, “Models of acute and chronic
pancreatitis,” Gastroenterology, vol. 144, no. 6, pp. 1180–1193,
2013.

[8] D. M. Booth, R. Mukherjee, R. Sutton, and D. N. Criddle,
“Calcium and reactive oxygen species in acute pancreatitis:
friend or foe?” Antioxidants & Redox Signaling, vol. 15, no. 10,
pp. 2683–2698, 2011.

[9] S. J. Pandol, A. K. Saluja, C. W. Imrie, and P. A. Banks, “Acute
pancreatitis: bench to the bedside,” Gastroenterology, vol. 133,
no. 3, pp. 1056.e1–1056.e25, 2007.

[10] T. Hackert and J. Werner, “Antioxidant therapy in acute pan-
creatitis: experimental and clinical evidence,” Antioxidants and
Redox Signaling, vol. 15, no. 10, pp. 2767–2777, 2011.

[11] K. Tsai, S.-S. Wang, T.-S. Chen et al., “Oxidative stress: an
important phenomenon with pathogenetic significance in the
progression of acute pancreatitis,” Gut, vol. 42, no. 6, pp. 850–
855, 1998.

[12] J. A. Armstrong, N. Cash, P. M. G. Soares, M. H. L. P.
Souza, R. Sutton, and D. N. Criddle, “Oxidative stress in acute
pancreatitis: Lost in translation?” Free Radical Research, vol. 47,
no. 11, pp. 917–933, 2013.

[13] M. Chvanov, W. Huang, T. Jin et al., “Novel lipophilic probe
for detecting near-membrane reactive oxygen species responses
and its application for studies of pancreatic acinar cells: effects
of pyocyanin and L-ornithine,”Antioxidants & Redox Signaling,
2014.

[14] D.M.Booth, J. A.Murphy, R.Mukherjee et al., “Reactive oxygen
species induced by bile acid induce apoptosis and protect
against necrosis in pancreatic acinar cells,” Gastroenterology,
vol. 140, no. 7, pp. 2116–2125, 2011.

[15] A. S. Gukovskaya, E. Vaquero, V. Zaninovic et al., “Neutrophils
andNADPHoxidasemediate intrapancreatic trypsin activation
in murine experimental acute pancreatitis,” Gastroenterology,
vol. 122, no. 4, pp. 974–984, 2002.

[16] R. A. J. Smith, R. C. Hartley, H. M. Cochemé, and M. P. Mur-
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[40] H. Zhang, P. Neuhöfer, L. Song et al., “IL-6 trans-signaling
promotes pancreatitis-associated lung injury and lethality,”The
Journal of Clinical Investigation, vol. 123, no. 3, pp. 1019–1031,
2013.

[41] E. Aoun, J. Chen, D. Reighard, F. C. Gleeson, D. C. Whitcomb,
and G. I. Papachristou, “Diagnostic accuracy of interleukin-
6 and interleukin-8 in predicting severe acute pancreatitis: a
meta-analysis,” Pancreatology, vol. 9, no. 6, pp. 777–785, 2010.

[42] A. K. Siriwardena, J. M. Mason, S. Balachandra et al., “Ran-
domised, double blind, placebo controlled trial of intravenous
antioxidant (n-acetylcysteine, selenium, vitamin C) therapy in
severe acute pancreatitis,” Gut, vol. 56, no. 10, pp. 1439–1444,
2007.



Research Article
Hydrogen-Rich Saline Protects against Ischemia/Reperfusion
Injury in Grafts after Pancreas Transplantations by Reducing
Oxidative Stress in Rats

Zhu-Lin Luo,1 Long Cheng,1 Jian-Dong Ren,1 Chen Fang,2 Ke Xiang,1 Hao-Tong Xu,1

Li-Jun Tang,1 Tao Wang,1 and Fu-Zhou Tian1

1Department of General Surgery, Chengdu Military General Hospital, No. 270, Rongdu Avenue, Jinniu District, Chengdu,
Sichuan 610020, China
2Chengdu Military Institute for Drug and Instrument Control, No. 44 Yuefu Street, Chengdu, Sichuan 610020, China

Correspondence should be addressed to Li-Jun Tang; whjtlj@yahoo.com and Fu-Zhou Tian; tfz30061@163.com

Received 4 July 2014; Revised 20 August 2014; Accepted 9 September 2014

Academic Editor: Yung-Hsiang Chen

Copyright © 2015 Zhu-Lin Luo et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Purpose. This study aimed to investigate the therapeutic potential of hydrogen-rich saline on pancreatic ischemia/reperfusion
(I/R) injury in rats.Methods. Eighty heterotopic pancreas transplantations (HPT) were performed in syngenic rats. The receptors
were randomized blindly into the following three groups: the HPT group and two groups that underwent transplantation and
administration of hydrogen-rich saline (HS, >0.6mM, 6mL/kg) or normal saline (NS, 6mL/kg) via the tail vein at the beginning
of reperfusion (HPT +HS group, HPT +NS group). Samples from the pancreas and blood were taken at 12 hours after reperfusion.
The protective effects of hydrogen-rich saline against I/R injury were evaluated by determining the changes in histopathology and
measuring serological parameters, oxidative stress-associated molecules, and proinflammatory cytokines. Results. Administration
of hydrogen-rich saline produced notable protection against pancreatic I/R injury in rats. Histopathological improvements and
recovery of impaired pancreatic function were observed. In addition, TNF-𝛼, IL-1𝛽, and IL-6 were reduced markedly in the
HPT + HS group. Additionally, there were noticeable inhibitory effects on the pancreatic malondialdehyde level and considerable
recruitment of SOD and GPx, which are antioxidants. Conclusion. Hydrogen-rich saline treatment significantly attenuated the
severity of pancreatic I/R injury in rats, possibly by reducing oxidative stress and inflammation.

1. Introduction

In recent years, pancreas transplantation has become the
treatment of choice for patients with insulin-dependent
diabetes mellitus [1–3]. However, graft pancreatitis as a result
of ischemia/reperfusion (I/R) injury is one of the most
severe complications in the early postoperative period [4].
Postimplantation pancreatitis induced by I/R is responsible
for considerable morbidity after pancreas transplantation
and is observed in more than 20% of the patients who
undergo pancreas transplantation [5]. In cases of graft in
other tissues, oxygen free radicals cause direct membrane
damage, expression of adhesion molecules, and neutrophil
infiltration, which mediate the damage. Many factors lead
to the generation of oxygen-derived free radicals during

the reperfusion period, including endothelial dysfunction,
endogenous enzymes, and leucocyte recruitment [6]. The
induction of oxidative stress is the major mechanism of
I/R injury in pancreas transplantation [7]. Free radicals
and proinflammatory cytokines could damage the cellular
membrane and subcellular structures, which contain large
amounts of phospholipids and protein, resulting in lipid
peroxidation and subsequent structural and metabolic alter-
ations, leading to cell apoptosis and necrosis. An early study
showed that superoxide dismutase (SOD) and glutathione
peroxidase (GPx) reduce the glandular edema and tissue
damage induced by I/R in the pancreas [8]. Postimplantation
pancreatitis induced by I/Rmight be caused or promoted by a
prooxidative and an antioxidative imbalance. This theory led
to the development of a new therapeutic strategy for reducing
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I/R injury based on supplementation with exogenous antiox-
idants.

Recently, Ohsawa and his colleagues first reported that
hydrogen gas, as an antioxidant, has potential preventive
and therapeutic roles in many common diseases caused by
oxidative stress [9]. In 2010, Ji et al. reported that inhala-
tion of hydrogen markedly suppressed I/R-induced brain
injury by selectively eliminating toxic oxygen radicals [10].
Following that there were more studies that investigated the
possible therapeutic effects of hydrogen-rich saline on renal,
myocardial, intestinal, and lung I/R injuries in rats [11–14] and
demonstrated that ROS and reactive nitrogen species increase
in areas of ischemia and reperfusion, which are responsible
for the tissue damage.

The potential effect of hydrogen on pancreatic I/R injury
has not been examined. To further investigate the potential
protective effect of hydrogen, we developed a rat model
of heterotopic pancreas transplantation that allowed simul-
taneous determination of the functional, biochemical, and
morphological parameters. The first aim of this study was
to investigate the therapeutic effects of hydrogen-rich saline
on the I/R injury of the graft after pancreas transplantation.
Second, we aimed to determine the association between the
protective effects of hydrogen-rich saline and its suppression
of oxidative stress.

2. Materials and Methods

2.1. Animals. Male Wistar rats were purchased from the
Experimental Animal Center of Sichuan University (Chen-
gdu, Sichuan Province, China).The average weight of the rats
at the time of the experiment was 200 ± 50 g. The animals
were housed at a controlled temperature (22 ± 1∘C) with 12-
hour light and 12-hour dark cycles (light, 08:00–20:00; dark,
20:00–08:00). The animals were acclimatized for one week
prior to any experimentation. The animals used in this work
received humane care in compliancewith institutional animal
care guidelines and with approval by a committee of Sichuan
University.The surgical and experimental procedures were in
accordance with the institutional animal care guidelines.

2.2. Preparation of the Hydrogen-Rich Saline. Hydrogen-rich
saline was generously provided by Professor Xue-jun Sun (at
the Second Military Medical University, Shanghai, China).
The saturated hydrogen-rich saline was prepared as the
method described previously and stored under atmospheric
pressure at 4∘C in an aluminum bag [13].

2.3. Experimental Design. Thirty-six animals were divided
into 18 donors and 18 receptors, and 18 heterotopic pancreas
transplantations (HPT)were performed, with a cold ischemia
time (University of Wisconsin solution at 4∘C) of 12 hours.
The receptors were randomized blindly into three groups and
treated as follows: the HPT group, the HPT + hydrogen-
rich saline group (HPT + HS), and the HPT + normal
saline group (HPT + NS). The saline-treated groups received
hydrogen-rich saline (>0.6mM, 6mL/kg) or normal saline
(6mL/kg), respectively, via the tail vein at the beginning of

reperfusion.The two kinds of saline are only administered to
the recipients at the time of graft reperfusion and not used in
the preservation solution of the pancreas during the retrieval
and cold ischemia. These animals were sacrificed at 12 hours
after injury to collect the samples. Six rats that underwent
only laparotomy were in the sham operation group (SO).The
animals in each group were sacrificed at 12 hours to collect
samples after reperfusion.

2.4. Pancreas Transplantation. Anesthesia: before surgery,
the rats were anesthetized by inhalation of ethyl ether and an
intraperitoneal injection of pentobarbital (25mg/kg). Donor
surgery: the no-touch technique was used to dislodge the
pancreas, and this technique was described previously by Lee
et al. [15] and modified in another study [16]. A laparotomy
was performed after successful anesthesia and then the left
gastric artery, hepatic artery, and common bile duct were
ligated and cut. We separated the portal vein from the porta
hepatis and separated the omentum from the pancreas. The
pylorus and duodenum were ligated and separated, and the
colon was expanded after the ligation of the colon artery
and vein. We ligated the superior mesenteric artery from the
head of the pancreas and separated and ligated the abdominal
aorta and renal arteries. A cannula was inserted into the distal
aorta, and we used 50 IU/kg of heparin to ensure anticoagu-
lation in the animals. Thereafter, the pancreas was perfused
via the aorta with cold Ringer’s solution (50mL, perfusion
pressure of 50mmHg), and the pancreas and the portal vein
containing the aortic segment were removed. Each pancreas
was stored in a UW solution at 4∘C for 12 hours. Recipient
surgery: after the recipient laparotomy, the infrarenal aorta
and vena cava were exposed and clamped with vascular
clamps above the vessel bifurcation and below the level of
the renal vessels. After the aorta and vena cava were incised,
we made an end-to-side anastomosis by 8-0 sutures between
the organ donor portal vein and inferior vena cava and
between the two aorta segments. Then the saline-treated
groups received hydrogen-rich saline (>0.6mM, 6mL/kg) or
normal saline (6mL/kg), respectively, via the tail vein at the
beginning of graft reperfusion.Then, the anastomosis clamps
were removed to let the donor organ reperfuse. After these
procedures, an enterovesical anastomosis was performed for
pancreatic secretion drainage.

The animals in each group were sacrificed at the assigned
time after reperfusion to collect the samples for the bio-
chemical assays. We reanesthetized the animals and opened
the abdomen, and the serum samples were obtained from
the harvested blood samples by centrifugation (1800×g for
15min at 4∘C). The pancreas was carefully removed, and
the pancreatic tissues were removed for histopathological
examination. A portion of the excised tissue was fixed in
10% neutral formalin and embedded in paraffin, and the
remaining samplewas immediately submerged in ice-coldNS
and homogenized.

2.5. Histological Examination. The paraffin sections of pan-
creatic tissue were stained with hematoxylin-eosin after
removing paraffin.Under opticalmicroscope, the histological
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evaluation was performed by independent pathologists who
were blind with the animal grouping. The expert graded the
severity of the injuries based on edema, inflammation, and
necrosis ranging from 0 to 3, as described by Schmidt et al.
[17].

2.6. Determination of Serological Parameters Related to Pan-
creatic Function. The serological concentrations of insulin,
lipase, and amylase were measured to assess the function of
the pancreas. Insulin was measured by a radioimmunoassay
using a commercial assay (INSULIN-CT; CIS Bio Inter-
national, Oris Group, Gif/Yvette, France). The automated
enzyme-based colorimetric assay (Hitachi 7170 biochemistry
analyzer, Tokyo, Japan) was performed to determine the
serum levels of amylase and lipase.

2.7. Determination of Serum Cytokine Levels. The serum
sample was prepared for detecting the levels of tumor
necrosis factor-alpha (TNF-𝛼), interleukin-1𝛽 (IL-1𝛽), and
interleukin-6 (IL-6) using commercial quantitative enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions. The protein content in the serum sample was
determined by a Coomassie blue assay.

2.8. Detection of the Level of Malondialdehyde (MDA) and
the Activities of SOD and GPx in Pancreatic Tissue. Fresh
pancreatic tissue samples were placed into centrifuge tubes.
Butylated hydroxytoluene was added to the homogenized
pancreatic tissues with protease inhibitors.Then, the mixture
was centrifuged at 10,000×g for 10min at 4∘C. The super-
natant was used for the determination. The level of MDA in
the pancreatic tissue was detected using a commercial MDA-
586 assay kit (OxisResearch, Portland, OR, USA) according
to the manufacturer’s instructions. The MDA levels in the
tissue were normalized against the total protein (pmol/mg).
The SOD activity in the pancreas was measured using a
commercial assay kit (Ann Arbor, MI, USA), following
the manufacturer’s instructions. This assay kit utilizes tetra-
zolium salt for the detection of superoxide anions generated
by xanthine oxidase and hypoxanthine. The total tissue
protein concentration was determined using a commercial
kit (Nanjing Jiancheng Corp., Nanjing, China), and the SOD
activity is expressed as U/mg of protein. The GPx activity in
the pancreatic tissue was measured according to the method
described by Paglia and Valentine [18]. GPx catalyzes the
oxidation of glutathione (GSH) by H

2
O
2
, and nicotinamide

adenine dinucleotide phosphate (NADPH) (reduced form) is
converted to NADPH+ (oxidized form) during the reaction;
GPx activity can thus be detected by the absorbance at
340 nm.

2.9. Statistical Analysis. All of the experimental results are
presented as the mean ± standard deviation (SD). Significant
differences in the data between groups were compared by
Student’s 𝑡-test. A 𝑃 value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Histopathologic Changes. Histopathological examination
of the pancreas demonstrated that all of the animals under-
going transplantation showed signs of a postischemia pan-
creatitis with significant edema formation, inflammatory
infiltration, and cell necrosis. In the HPT + HS group,
these histological changes were significantly less evident
comparedwith the animals that received normal saline before
reperfusion, as evidenced by the histopathological scoring
(Table 1) (Figure 1). These results showed that the hydrogen-
rich saline might relate to the relieving of histopathological
changes of pancreatic tissue.

3.2. Serological Parameters Related to Pancreatic Function.
I/R induced a significant reduction in the insulin concen-
tration in the serum (𝑃 < 0.05) (Figure 2(a)). The admin-
istration of hydrogen-rich saline partially restored the level
of insulin in the HPT + HS group and caused a noticeable
increase compared with the HPT + NS group. There were
marked increases in the amylase and lipase levels in the serum
of rats subjected to I/R injury in the HPT group, HPT + NS
group, and HPT + HS group compared with the SO group
(𝑃 < 0.05) (Figures 2(b) and 2(c)). Hydrogen-rich saline
administration significantly reduced the amylase and lipase
levels in the HPT + HS group compared with those in the
HPT + NS group (𝑃 < 0.05). These results indicated that
the hydrogen-rich saline might be helpful for the recovery of
endocrine function of pancreas and it reduced the severity of
graft pancreatitis.

3.3. Serum Cytokine Levels. Compared with the SO group,
the levels of serum TNF-𝛼, IL-1𝛽, and IL-6 were remarkably
increased in the HPT group, HPT + NS group, and HPT +
HS group (𝑃 < 0.05). In addition, treatment with hydrogen-
rich saline partially reversed those parameters of serum
cytokines; the levels were significantly lower than the levels
after treatment with normal saline (Figure 3). Our results
reveal that treatmentwith hydrogen-rich saline attenuates I/R
injury-induced inflammation in the pancreas.

3.4. Oxidative Stress-Associated Molecules. As a marker of
lipid peroxidation, pancreaticMDA levels indicate the degree
of oxidative stress caused by I/R injury. Although enhanced
MDA levels were observed in all of the injured animals, the
elevation appeared to be significantly inhibited by hydrogen-
rich saline treatment (𝑃 < 0.05; Figure 4(a)). Moreover,
as a result of oxidative stress-induced processes, the SOD
activity of pancreatic tissue in rats suffering from I/R injury
was markedly reduced compared with the sham operation
group. Treatment with hydrogen-rich saline significantly
attenuated this reduction (𝑃 < 0.05; Figure 4(b)). Fur-
thermore, pancreatic GPx activity was notably decreased in
injured rats; however, treatment with hydrogen-rich saline
effectively improved the activity of GPx in the pancreas (𝑃 <
0.05; Figure 4(c)). Our results revealed that treatment with
hydrogen-rich saline attenuates I/R injury-induced oxidative
stress in the pancreas.



4 Mediators of Inflammation

(a) (b)

(c) (d)

Figure 1: Histopathologic analysis of the pancreas using hematoxylin-eosin staining (×200). (a) SO group: pancreatic acini are well conserved
without edema, inflammatory infiltrates, or hemorrhage. ((b), (c)) HPT andHPT +NS groups: acute pancreatitis characterized by interacinar
edema, inflammatory infiltrates, necrosis, and hemorrhage. (d)HPT+HS group: these histological changes showed significantly less extensive
inflammatory infiltrates, interacinar edema, necrosis, and hemorrhage. Bar equals 50 𝜇m.

Table 1: Histopathological scores of pancreatic injury.

Groups SO (𝑛 = 6) HPT (𝑛 = 6) HPT + NS (𝑛 = 6) HPT + HS (𝑛 = 6)
Edema 0 1.9 ± 0.4 2.0 ± 0.4 0.9 ± 0.2

∗

Inflammation 0 2.0 ± 0.2 2.1 ± 0.3 1.0 ± 0.1
∗

Necrosis 0 1.8 ± 0.3 1.8 ± 0.3 1.0 ± 0.2
∗

Histopathological scores 0 5.7 ± 0.8 5.9 ± 0.7 2.9 ± 0.4
∗

The data are expressed as the mean ± SE. ∗𝑃 < 0.05 versus the HPT + NS group.

4. Discussion

In the present study, I/R induced intense oxidative stress,
which was characterized by an increase in lipid peroxides and
the depletion of enzymatic (SOD and GSH-Px) antioxidants,
in the pancreas. Treatment with hydrogen-rich saline exerted
a powerful antioxidant effect with a reduction in free radical-
derived product MDA and recovery of antioxidant status
in the pancreas subjected to I/R. This finding suggests that
hydrogen might exert its therapeutic effects on I/R injury by
inhibiting the excessive activation of oxidative stress or by
correcting the prooxidative/antioxidative imbalance.

I/R injuries are issues which are relevant for all organ
transplantations [19] that are clearly worsened in individuals
with diabetes due to the high levels of oxidative damage [20].
I/R induces the development of postimplantation pancreati-
tis, which is responsible for considerable morbidity following

pancreas transplants. The graft pancreatitis induced by I/R
might involve various factors, thereby stimulating different
molecular pathways and leading to different physiological
complications. The role of oxidative stress in the I/R injury
of the pancreas is well demonstrated. Oxygen free radicals
induce cell and tissue damage not only by causing direct
cellular membrane damage but also by enhancing the expres-
sion of adhesion molecules and promoting inflammatory
infiltration.

Inflammatory infiltration plays an important role in the
development of pancreatic damage during the course of
I/R injury. Cytokines such as TNF-𝛼, IL-1𝛽, and IL-6 play
important roles in the induction of neutrophil activation and
infiltration and induce localized tissue injury and remote
organ injury [21]. In the present study, the pancreas tissue lev-
els of the cytokines TNF-𝛼, IL-1𝛽, and IL-6 were significantly
elevated in I/R-induced pancreas injury. Lipid peroxidation
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Figure 2: Changes in insulin (a), amylase (b), and lipase (c) serum concentrations in rats exposed to various treatments. As with the results
of oxidative stress after I/R injury, the levels of insulin were decreased, whereas the levels of amylase and lipase were increased.The treatment
with hydrogen-rich saline reverted those parameters to basal levels. ∗𝑃 < 0.05 compared with the SO group; #𝑃 < 0.05 compared with the
HPT + NS group.

caused by ROS is one of themost critical mechanisms leading
to cellular damage. Hydroxyl radicals attack membrane-
associated polyunsaturated fatty acids, leading to lipid perox-
idation and cellular damage [22].MDA is a sensitive indicator
of oxidative DNA damage. SOD converts the superoxide
anion radical into H

2
O
2
, which is detoxified into H

2
O by

antioxidant enzymes such as GPx. Therefore, deficiencies of
these antioxidant enzymes could cause excessive oxidative
stress. Our study demonstrated that hydrogen-rich saline
treatment significantly alleviated oxidative stress following
I/R injury by reducing the MDA levels and improving the
activities of SOD and GPx in the pancreas.

Oxidative stress and its resultant production of ROS play
key roles in the pathogenesis of pancreatitis induced by I/R
injury; many researchers have been studying the therapeutic
potential of antioxidants. Muñoz-Casares’s study showed that
the administration of melatonin as an antioxidant prevented

some tissue markers of oxidative stress [23]; another study
showed that melatonin also improves interleukin-10 (IL-
10), TNF-𝛼, and amylase concentrations in serum during
I/R injury [24]. However, the majority of antioxidants have
not shown sufficient capability to protect oxidative stress-
induced injury. Meanwhile, it was demonstrated that there
was no evidence to justify the continued administration of
antioxidant-based therapy with n-acetylcysteine, selenium,
or vitamin C in severe acute pancreatitis [25]. Otherwise,
treatmentwith antioxidants, such as beta carotene, vitaminA,
and vitamin E,may lead to physiologic disorders and increase
mortality in some oxidative stress-related diseases [26].

Recently, Ohsawa et al. reported that hydrogen could
selectively reduce the cytotoxic oxygen radicals induced by
I/R injury [9]. Furthermore, Chen et al. demonstrated that
hydrogen-rich saline has the protective effects of hydrogen-
rich saline on the L-arginine-induced acute pancreatitis
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Figure 3: Inhibition of hydrogen-rich saline treatment on serum cytokine levels in rats. The serum TNF-𝛼 (a), IL-1𝛽 (b), and IL-6 (c) levels
increased strongly after I/R injury.The administration of hydrogen-rich saline (0.6mM, 6mL/kg) resulted in significantly decreased levels of
serum TNF-𝛼, IL-1𝛽, and IL-6. ∗𝑃 < 0.05 compared with the SO group; #𝑃 < 0.05, compared with the HPT + NS group.

due to its ability to inhibit oxidative stress, apoptosis, and
NF-kB activation [27]. Hydrogen has the ability to rapidly
diffuse across cellular membranes, react with cytotoxic ROS,
and subsequently protect against oxidative damage. Thus,
hydrogen is considered as an established, safe, and convenient
antioxidant [9]. This property of hydrogen provides valuable
insights into the potential mechanisms of ameliorating I/R
injury-induced graft pancreatitis. Previous studies have indi-
cated that the ROS such as ∙OH and oxidative stress-related
mediators dramatically increased after reperfusion of pan-
creatic grafts with 18-hour cold ischemia preservation in rat.
Consistent with these reports, the current study also showed
that the oxidative stress-related mediators, such as MDA,
SOD, and GPx, underwent marked increase after reperfu-
sion during pancreatic transplantation, and administration
of hydrogen-rich saline resulted in significant decrease of

these mediators. So, we presumed that hydrogen-mediated
clearance of ∙OH and other detrimental ROS might play
an important role in relieving the oxidative stress of pancre-
atic I/R injury. However, beyond pancreatic transplantation,
other animal models, such as pancreatic warm ischemic
injury model, should be established to further investigate
the role and mechanisms of hydrogen in the protection of
pancreatic I/R injury.

5. Conclusion

Our findings indicate that hydrogen-rich saline has anti-
inflammatory and antioxidant effect. It is a promising therapy
for graft pancreatitis induced by I/R injury in rats. Pancreas
I/R injuries, such as vascular surgery, transplantation, and
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Figure 4: Pancreatic tissue levels of MDA, SOD, and GPx in rats exposed to various treatments. After I/R injury, the MDA level (a) in
pancreatic tissue presented a pronounced increase, and the SOD (b) and GPx (c) in the pancreas were nearly depleted.The administration of
hydrogen-rich saline (0.6mM, 6mL/kg) effectively improved the SOD and GPx levels in the pancreas with significantly reduced pancreatic
MDA levels. ∗𝑃 < 0.05 compared with the SO group; #𝑃 < 0.05 compared with the HPT + NS group.

pancreatic injury, frequently occur because of surgical or
medical causes. Further studies are required to confirm
the clinical values and reveal the detailed mechanisms of
hydrogen-rich saline.
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Thiopurines are extensively used immunosuppressants for the treatment of inflammatory bowel disease (IBD).The polymorphism
of thiopurine S-methyltransferase (TPMT) influences thiopurine metabolism and therapy outcome. We used a TPMT knockdown
(kd)model of human Jurkat T-lymphocytes cells to study the effects of treatment with 6-mercaptopurine (6-MP) and 6-thioguanine
(6-TG) on proteome and phosphoproteome. We identified thirteen proteins with altered expression and nine proteins with altered
phosphorylation signals. Three proteins (THIO, TXD17, and GSTM3) with putative functions in cellular oxidative stress responses
were altered by 6-TG treatment and another protein PRDX3 was differentially phosphorylated in TPMT kd cells. Furthermore,
reactive oxygen species (ROS) assay results were consistent with a significant induction of oxidative stress by both TPMT
knockdown and thiopurine treatments. Immunoblot analyses showed treatment altered expression of key antioxidant enzymes
(i.e., SOD2 and catalase) in both wt and kd groups, while SOD1 was downregulated by 6-TG treatment and TPMT knockdown.
Collectively, increased oxidative stress might be a mechanism involved in thiopurine induced cytotoxicity and adverse effects (i.e.,
hepatotoxicity) and an antioxidant cotherapy might help to combat this. Results highlight the significance of oxidative stress in
thiopurines’ actions and could have important implications for the treatment of IBD patients.

1. Introduction

Thiopurines (e.g., azathioprine (AZA), 6-mercaptopurine
(6-MP), and 6-thioguanine (6-TG)) are purine analogues
that induce immunosuppression and reduce proliferation of
cancerous cells [1]. Different mechanisms of action have been
reported for thiopurines including blocking replication by
incorporation into DNA and transcription by incorporation
into RNA, blocking Rac-1-mediated signal transduction, and
an antimetabolic effect through inhibition of GTP synthesis
by 6-methyl thioinosine monophosphate (6-MeTIMP) [2].

Thiopurines are prodrugs which undergo extensive
metabolism in order to exert their cytotoxic action [3]. The
complex metabolism of these agents has been extensively
investigated in an attempt to elucidate their mechanisms of
action for efficacy and toxicity [3].There are three competing

thiopurine metabolic pathways, that is, conversion to 6-
thioguanine nucleotides (6-TGN) by hypoxanthine guanine
phosphoribosyl transferase (HPRT), inosinemonophosphate
dehydrogenase (IMPDH), and various kinases and reduc-
tases, methylation by the polymorphic enzyme, thiopurine S-
methyltransferase (TPMT), and catabolism to thiouric acid
by xanthine oxidase (XO) [3]. The 6-TGN are incorporated
into DNA which after nonenzymatic methylation by S-
adenosylmethionine are converted to 6-meTGN [4]. During
replication instead of cytosine, 6-meTGN preferentially base
pairs with thymine [4]. The 6-meTGN:T base pairs resemble
replication errors and provoke processing bymismatch repair
(MMR) and result in cell death [4].

TPMT catalyzes the S-methylation of aromatic com-
pounds; it has no known endogenous substrate and thiop-
urine drugs are its only known substrates [5]. TPMT enzyme
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activity exhibits a trimodal distribution in erythrocytes [6].
TPMT gene polymorphisms lead to an almost 50-fold vari-
ation in enzyme activity between individuals [7]. Variations
in response to thiopurine drug therapy are mainly caused
by TPMT genetic polymorphism (reviewed in [8]). Adverse
effects of 6-MP/AZA include bone marrow suppression
which is of major concern, occurring in 2–5% of inflamma-
tory bowel disease (IBD) patients treated with thiopurines
[9]. The risk of thiopurine induced myelosuppression is
increased in patients with TPMT deficiency. Homozygous
deficiency occurs in 0.3% (with very low or absent levels) and
heterozygosity occurs in 11% (associated with intermediate
levels) of the general population [10]. Liver toxicity occurs
in 3–10% of AZA exposed patients with hypersensitivity, an
idiosyncratic cholestatic reaction, or endothelial cell damage
and results in drug withdrawal [11]. A number of different
factors have been reported to be linked to this thiopurine
induced hepatotoxicity including higher concentrations of
methylated metabolites and mitochondrial injury associated
with glutathione depletion [12].

Thiopurines are known to induce oxidative stress, espe-
cially in mitochondria [13], resulting in mitochondrial dys-
function and activation of stress activated protein kinase
pathways [14]. AZA induced oxidative stress causes tricar-
boxylic acid cycle dysfunction by depleting crucialmitochon-
drial enzymes [15]. 6-TGN is also known to incorporate into
mitochondrial DNA (mtDNA) where it is rapidly oxidized
and inhibits mtDNA replication. This leads to decreased
mitochondrial protein concentrations and loss of mitochon-
drial function [16]. A recent study in cultured human lym-
phoblasts proposed ROS generation, causing oxidative DNA
damage and mitochondrial dysfunction as the mechanism
responsible for thioguanine induced cytotoxicity [17]. Gene
expression studies have also reported thiopurine induced
alterations in the expression of genes involved in protein
and ATP-biosynthesis [18]. When mice were treated with 6-
MP, significant alterations were observed in the expression of
genes associated with abnormal lipid metabolism, inflamma-
tory responses, oxidative stress, ATP depletion, and cell death
[19].

In the study reported here we employed a proteomic
approach to identify cellular targets of thiopurine therapy and
differential TPMT activity. Stable TPMT knockdown (>80%
reduction in protein level and 72% in enzyme activity level)
was established in cultured human T-lymphocytes using
sequence specific shRNAs [20]. These TPMT knockdown
cells were then used for the first time as a model in a
proteomic profiling study. We reasoned that the functional
association of regulated proteins might be helpful in under-
standing the effects of thiopurine therapy on crucial cellular
processes or identifying new cellular targets or potential
approaches to the individualized therapy with thiopurine
drugs.

2. Methods

2.1. Reagents. All cell culture reagents, RPMI, fetal calf
serum (FCS), phosphate buffered saline (PBS), penicillin,

and streptomycin, were purchased from PAA Laboratories,
Colbe, Germany. Acetonitrile (ACN) was purchased from
Promochem, Wesel, Germany. CHAPS was obtained from
Applichem, Darmstadt, Germany. Urea, thiourea, dithio-
threitol (DTT), trypsin, trifluoroacetic acid (TFA), sodium
carbonate, ammonium bicarbonate, 6-MP, 6-TG, and DMSO
were obtained from Sigma-Aldrich, Steinheim, Germany.
Ampholytes, protein assay kits, and immobilized pH gradient
strips (IPG strips) were obtained from Bio-Rad, Munich,
Germany. Protease and phosphatase inhibitor cocktails were
purchased from Roche, Mannheim, Germany. Glycerin,
potassium ferricyanide, and sodium thiosulfate were pur-
chased from Merck, Darmstadt, Germany. Formic acid was
from BASF, Ludwigshafen, Germany. Bromophenol blue and
Trizma base were from Carl Roth, Karlsruhe, Germany.
Sodium dodecyl sulfate (SDS) was purchased from Serva,
Heidelberg, Germany.

2.2. Cell Cultures. The thiopurines are immunosuppressive
drugs that target T-lymphocytes, so we chose Jurkat cell
line (T-lymphocytes) for our study. The wild-type Jurkat
cell line (wt) was obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ), Braunschweig,
Germany. Cells weremaintained in RPMI supplementedwith
10% (v/v) heat-inactivated FCS, 100U/mL penicillin, and
0.1mg/mL streptomycin at 37∘C in 95% humidity, 20% O

2
,

and 5% CO
2
in 75 cm2 culture flasks (Sarstedt, Nuembrecht,

Germany).The Jurkat knockdown (kd) cells weremaintained
under hygromycin (Cayla, France) induced selective pressure
(200𝜇g/mL). To avoid any effect of selective agent on exper-
imental findings, cells were seeded 24 hrs before thiopurine
treatment and kept without hygromycin till the end of
experiment. To ensure the same level of TPMT knockdown
throughout study, cultures were frequently renewed with
frozen cells of earlier passages. Further, the TPMT level of
the running cultures was confirmed using real-time PCR or
enzyme activity assays.

2.3. Sample Preparation for Proteome Analysis. Jurkat wt and
kd cells were treated for 48 h with DMSO or IC

60
doses of

6-MP (4.6 𝜇mol/L and 4.7 𝜇mol/L for wt and kd, resp.) or 6-
TG (2.7 𝜇mol/L and 0.8 𝜇mol/L for wt and kd, resp.).The IC

60

values were determined as described previously [20]; briefly
cells were treated with DMSO (control) or 0.75𝜇mol/L to
10 𝜇mol/L 6-MP and 0.25 𝜇mol/L to 8 𝜇mol/L 6-TG for 48 h.
After incubation viability of the cells was estimated using
microculture tetrazolium salts (MTS) reagent (Promega Cor-
poration, Madison, WI) and IC

60
values were calculated

using GraphPad Prism Software version 5.01 (GraphPad
Software, Inc.). Cells were harvested and washed three times
with ice cold PBS. Washed cell pellets were obtained with
centrifugation at 1800 rpm for 10min at 4∘C and then lysed
in a buffer containing 7mol/L urea, 2mol/L thiourea, 4% w/v
CHAPS, 2% ampholyte (pH 3–10), 1% DTT, 15% v/v protease,
and 10% v/v phosphatase inhibitor cocktail. The protein
content of lysates was estimated by Bradford assay using
the Bio-Rad protein reagent according to the manufacturer’s
instructions. Sample aliquots were kept at−80∘Cuntil further
use.



Mediators of Inflammation 3

2.4. Two-Dimensional Electrophoresis (2-DE). The 2-DE was
performed as described previously [21] with some minor
modifications. Briefly, protein samples (130 𝜇g) from Jurkat
wt or kd cells were mixed with rehydration buffer (7mol/L
urea, 2mol/L thiourea, 4% CHAPS, 0.2% ampholyte (pH
3–10), and 0.2% DTT) containing a trace amount of bro-
mophenol blue to a total volume of 330 𝜇L. For rehydration
(passive), samples were applied to nonlinear IPG strips (pH
3–10) for 1 h, then covered with mineral oil, and allowed
to stand overnight at room temperature. Then isoelectric
focusing (IEF) was performed in a Protean IEF cell (Bio-Rad)
with the following configuration: 1 h at 100 volts, 1 h at 500
volts, and 2 h at 1000 volts and at 8000 volts with a total of
32000 volts-h. Before the second dimension electrophoretic
separation, focused IPG strips were equilibrated for 30min
at room temperature in a buffer containing 50mmol/L Tris-
HCL (pH 8.8), 6mol/L urea, 30% v/v glycerol, 2% SDS, and
10 g/L DTT followed by incubation in identical buffer in
which DTT was replaced with 40 g/L iodoacetamide. The
proteins in the equilibrated stripswere then resolved on 12.5%
SDS-PAGE in a Protean II chamber (Bio-Rad) at 100V and
4∘C.

2.5. Phosphospecific Staining of 2-DE Gels. Gel fixation was
performed twice in a solution containing 50% methanol
and 10% acetic acid for 45 minutes each followed by three
15min washes in double distilled water.The gels were stained
with Pro-QDiamond phosphostain (Invitrogen, Paisley, UK)
overnight in the dark, at room temperature. Destaining was
done three times for 30min in destaining solution containing
20% ACN and 50mmol/L sodium acetate, followed by three
washes in double distilled water each for 5min. The gels
were scanned using an imaging instrument (FLA-5100 Fuji
photo film, Dusseldorf, Germany) at a wavelength of 532 nm.
For excision of phosphorylated proteins from silver gels, the
phospho- and silver gels (master gels in each case) were
overlapped (warped) by using Delta 2D software (Decodon
GmbH, Greifswald, Germany). The landmarks were then
transferred from phospho- to silver gels. To ensure the exact
localization, two independent individual assessments were
also performed to confirm the software assisted spot position.

2.6. Protein Visualization: Densitometric and Statistical Anal-
ysis. Briefly, gels were fixed, followed by washing and sensi-
tization. The gels were stained with freshly prepared silver
nitrate solution (0.2% silver nitrate and 0.026% formalde-
hyde) for 20min at room temperature followed by three
20 sec washes in double distilled water. Gels were immersed
in developing solution containing 6% sodium carbonate,
0.0185% formaldehyde, and 6% sodium thiosulfate. When
spots appeared, the reaction was stopped with stop solution
(50% methanol and 12% acetic acid). After developing, the
gels were scannedwith a color image scanner Cano scan 8400
(Canon, Tokyo, Japan). Five independent 2-DE experiments
were performed with each treatment and cell type and
Delta 2D software version 3.6 (Decodon GmbH, Greifswald,
Germany) was used for densitometric analysis [22].

After matching the spots across the gels, spot intensities
were calculated and normalized by dividing the intensity of

each spot by the sum of the intensity of all spots on the
corresponding gel and the resultant intensity was considered
to be the relative intensity of that particular spot. Microsoft
Excel was used to calculate mean, standard deviation, ratio,
fold change, and significance (using Student’s t-test). Spots
showing at least 1.5-fold expression changes (𝑃 ≤ 0.05) were
considered statistically significant. GraphPad Prism Software
version 5.01 (GraphPad Software, Inc.) was used to generate
graphs.

2.7. Tryptic Digestion. Differentially expressed spots were
excised from silver stained gels, followed by in-gel diges-
tion according to the modified method earlier described
by Shevchenko and colleagues [23]. Briefly, excised gel
spots were washed with 30mmol/L potassium ferricyanide
and 100mmol/L sodium thiosulfate for destaining, fol-
lowed by washing with 50% ACN and 100mmol/L ammo-
nium bicarbonate and drying in a vacuum centrifuge
(UNIVAPO, uniEquip, Martinsried, Germany). After dry-
ing, tryptic digestion was performed with trypsin diges-
tion buffer (0.1 𝜇g/𝜇L trypsin, 1mol/L calcium chloride,
and 1mol/L ammonium bicarbonate) on ice for 45min
and then incubated overnight in digestion buffer without
trypsin at 37∘C. The peptides were extracted with increas-
ing concentrations of ACN and TFA and the extracted
peptides were dried by vacuum centrifugation. Peptides
were reconstituted in 0.1% FA for injecting into a nanoflow
HPLC.

2.8. Peptide Sequence Analysis Using Nano-LC ESI Q-TOF
MS/MS and Database Search. The peptide samples (1 𝜇L)
were introduced onto two consecutive C18-reversed phase
chromatography columns (C18 PepMap: 300 𝜇m × 5mm;
5 𝜇m particle size, and C18 PepMap100 nanoanalytical col-
umn: 75𝜇m × 15 cm; 3 𝜇m particle size; LC Packings, Ger-
mering, Germany) using a nanoflow CapLC autosampler
(Waters, Eschborn, Germany).The peptides were eluted with
an increasing gradient of ACN and analyzed on a Q-TOF
Ultima Global mass spectrometer (Micromass, Manchester,
UK) equipped with a nanoflow ESI Z-spray source in the
positive ion mode, as previously described [24]. The data
were analyzed with the MassLynx (version 4.0) software.
The peak lists were searched using the online MASCOT
search engine (http://www.matrixscience.com/) against the
UniProt/SwissProt database release 15.15 (515203 entries,
181334896 elements). The data were searched against the
database using the following parameters: trypsin as enzyme
for digestion; up to a maximum of one missed cleavage
site allowed; monoisotopic mass value and with unrestricted
protein mass; peptide tolerance ±0.5Da and MS/MS toler-
ance ±0.5Da. Proteins were identified on the basis of two or
more peptides whose ions score exceeded the threshold, and
𝑃 ≤ 0.05 reflected the 95% confidence level for the matched
peptides.

2.9. Functional Classification. Biological functions were as-
signed to the identified proteins usingCOGnitor (http://www
.ncbi.nlm.nih.gov/COG/) [25].
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Figure 1: Schematic representation of experimental system. (a) Silver stained 2-DE gel (Jurkat wt DMSO), (b) phosphor stained 2-DE gel
(Jurkat wt DMSO), and (c) Jurkat wt and kd cells were treated with IC

60
doses of 6-MP, 6-TG, and vehicle (DMSO) for 48 h. Total protein

lysates from DMSO, 6-MP, and 6-TG treated Jurkat wt and kd cells were separated by 2-DE, followed by staining with phosphor specific
and silver stain. Consistently regulated (circled) spots were identified by Q-TOFMS/MS analysis. Densitometric analysis of Jurkat wt and kd
groups (a); DMSO treated, silver stained, and phosphor stained representative gels of Jurkat wt ((b) and (c)) cell lysates.

2.10. Western Blotting. Briefly, proteins were separated on
12.5% SDS-PAGE and blotted onto PVDF membrane (Mil-
lipore, Schwalbach, Germany) using a semidry Trans-Blot
system (SD Trans-Blot, Bio-Rad, Munich, Germany). The
membrane was blocked with 5% skimmed milk powder
prepared in TBS-T buffer (50mmol/L Tris-HCl (pH 7.5),
200mmol/L NaCl, and 0.05% Tween 20) for 1 h at room
temperature. After washing three times with TBS-T buffer,
themembranewas incubatedwith 1 : 1000 diluted; rabbit anti-
stathmin (Cell Signaling Technology, Danvers, MA) or rabbit
anti-SOD1 (Abnova, Taipei, Taiwan) or rabbit anti-SOD2
(Abcam, Cambridge, UK) or rabbit anti-CAT (Rockland,
Gilbertsville, PA) and 1 : 10000 mouse beta-actin (Sigma-
Aldrich, Steinheim, Germany) overnight at 4∘C. After com-
pletion of incubation the membrane was washed and further
incubated with appropriate HRP-conjugated secondary anti-
bodies for 1 h at room temperature. Proteins were detected
using an enhanced chemiluminescent (ECL) reagent (GE
Healthcare, Munich, Germany). Blots were developed on
Amersham Hyperfilm (GE Healthcare, Munich, Germany).
Four independent experiments were performed for stathmin
and signal intensities from each immunoblot were quantified
using LabImage software version 2.71 (Kapelan, Leipzig,
Germany). Three independent experiments were performed
for SOD1, SOD2, and CAT.

2.11. ROS Assay. The level of reactive oxygen species was
determined as described previously [26] with some modi-
fications. After treatment of cells with IC

60
doses of 6-MP

and 6-TG for 48 h, media were removed by centrifugation.
Cells were resuspended in PBS containing 10 𝜇mol/LDCFDA
(Sigma-Aldrich, Steinheim, Germany) and incubated at 37∘C
for 1 h. The fluorescence intensity was determined with a
Lambda Fluoro 320 fluorescence plate reader (MWGBiotech,
Penzberg, Germany) with the excitation and emission wave-
length settings at 485 and 530 nm, respectively. Finally, cell
counting was done for each sample for normalization. The
ROS assays were repeated in four independent cell prepara-
tions, each in triplicate.

3. Results and Discussion

The influence of thiopurine treatment on the proteome and
phosphoproteome of human T-lymphocytes (Jurkat) with
wild-type (wt) normal TPMT expression and knockdown
(kd) cells with reduced TPMT expression was investigated.
The cells were treated with vehicle DMSO or IC

60
doses

of 6-MP or 6-TG for 48 h (Figure 1(a)). After treatment,
cells were harvested and lysed and total protein lysate was
used for 2-DE. The gels were stained with phosphospe-
cific staining followed by silver staining (see supplementary
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Figure 1 of the Supplementary Material available online
at http://dx.doi.org/10.1155/2014/434825). The differentially
regulated spots with ≥ ±1.5-fold changes (𝑃 ≤ 0.05 as
determined by Student’s t-test) were excised, digested, and
identified by Q-TOF MS/MS analysis. Statistical analysis
indicated that a total of thirteen proteins showed significant
altered expression and nine proteins showed altered phos-
phorylation (Figures 1(b) and 1(c)). Predicted and actual pI
of proteins, as well as molecular masses with their SwissProt
accession numbers, and MS/MS spectral information is pro-
vided in Supplementary Tables 1 and 2. Significant changes
were observed at the proteome and phosphoproteome levels,
as a result of both TPMT knockdown and thiopurine treat-
ment. Interestingly 6-MP and 6-TG showed different protein
regulation patterns in both cell types. The identified proteins
with significantly altered expression and phosphorylation
are involved in diverse cellular functions with the majority
of proteins involved in three functional categories, that is,
oxidative stress response, cell cycle regulation, and regulation
of cytoskeleton dynamics (Tables 1 and 2).

Based on these findings, we further assessed cellular
oxidative stress using ROS assays (Figure 2(a)). Intensity
of fluorescence generated by incubating treated and con-
trol cells with the fluorescence dye DCFDA was measured
and normalized to total cell number. The results showed
significantly increased fluorescence intensity in wt and kd
cells as a result of 6-MP and 6-TG treatment compared to
their DMSO treated controls. All TPMT knockdown groups
showed higher ROS levels compared to their wild-type
counterparts. In order to see the effects of ROS accumulation
on cellular antioxidant machinery, we then measured the
alterations in the expression of three important antioxidant
enzymes, that is, superoxide dismutase 1 (SOD1), superoxide
dismutase 2 (SOD2), and catalase (CAT) by Western blot
analysis (Figure 2(b)).

3.1. Proteins Regulated by TPMTKnockdown. Comparison of
Jurkat kd cells to theirwt counterpartswhen grown inDMSO,
6-MP, or 6-TG showed altered expression of six proteins
in kd cells (Table 1; Figure 1(b) shows a representative silver
stained gel of wt DMSO with these spots marked). Of
these proteins, four were significantly upregulated (spots
2–5) and two were downregulated (spots 1 and 13). Het-
erogeneous ribonucleoproteins H3 (HNRH3), delta(3, 5)-
delta(2, 4)-dienoyl-CoA isomerase (ECH1), deoxyuridine
5-triphosphate nucleotidohydrolase, mitochondrial (DUT),
and cofilin 1 (COF1) were upregulated. Ataxin 10 (ATX10,
spot 1) was downregulated in kd DMSO cells compared to
wt DMSO. Myotrophin (MTPN, spot 13) was downregulated
in kd 6-TG cells compared to wt 6-TG. COF1 is a key player
in actin dynamics and has emerged as an agent of cellular
homeostasis [27]; its upregulation in kd (DMSO, 6-MP, and
6-TG) cells indicates the importance of TPMT in cellular
homeostatic processes. MTPN is a multifunction, ankyrin
repeat protein which is ubiquitously expressed in all mam-
malian tissues [28]. COF1 and MTPN are involved in actin
dynamics and polymerization, respectively. Their altered
expression in kd cells indicates the possible involvement of
TPMT or its substrates in cytoskeleton regulation. COF1 has

a proapoptotic role; the mitochondrial translocation of COF1
induces cytochrome c release and apoptosis [29]. ROS also
influence COF1 activity by promoting its dephosphorylation
[30]. Hence, the known role of COF1 in cytoskeletal changes
induced by oxidative stress [30] might also be involved in the
mechanism of action of thiopurines (Supplementary Figures
2(a) and 5(a)). Densitometric analysis of phosphostained gels
identified six proteins with altered phosphorylation signals
(Table 2; Figure 1(c) shows a representative phosphostained
gel of wt, DMSO treated cells with these spots marked). Of
these six proteins, four exhibited increased phosphorylation
as a result of knockdown (i.e., 6-phosphofructokinase type
C (K6PP, spot 1), T-complex protein 1 subunit zeta (TCPZ,
spot 2), glutathione S-transferase Mu 3 (GSTM3, spot 8), and
thioredoxin-dependent peroxide reductase (PRDX3, spot
9)). TCPZ is a subunit of TCP-1 (CCT) which contains
chaperonin and is involved in the production of native
actin, tubulin, and numerous other proteins required for
cell cycle progression [31]. We observed an increased phos-
phorylation of TCPZ in 6-MP treated kd cells compared
to 6-MP treated wt cells (Supplementary Figures 2(b) and
6(a)). Altered phosphorylation of this TCPZ subunit possibly
indicates a change in the affinity of CCT towards substrate
proteins as a result of 6-MP treatment of TPMT deficient
cells.

GSTM3 is a member of the glutathione S-transferase
(GST) family. It protects cells from oxidative stress by neu-
tralizing reactive compounds [32]. Posttranslational modifi-
cations such as serine, threonine, or tyrosine phosphorylation
can modulate GST stability and function [33]. GST is known
for its role in conjugation of AZA with glutathione, a step
required for its conversion to 6-MP. A correlation between
GST polymorphism and AZA adverse effects has also been
reported [34]. In this study, 6-TG treatment caused increased
GSTM3 phosphorylation in both wt and kd cells whichmight
attenuate its function and in turn influence oxidative stress
in cells. PRDX3 (thioredoxin peroxidase-3) is localized in
mitochondria and uses mitochondrial thioredoxin-2 (Trx2)
as an electron donor to scavenge H

2
O
2
[35]. PRDX3 phos-

phorylation is associated with decreased peroxidase activity,
increased oxidative stress, and consequently dysregulation of
mitochondrial function [36]. We also observed upregulation
of PRDX3 in kd cells (Supplementary Figures 3 and 6(b)).
Increased GSTM3 and PRDX3 phosphorylation along with
SOD1 downregulation in TPMT treated kd cells correlate
with the oxidative stress suggested by the ROS assay results.
SOD1 catalyzes the conversion of the superoxide radical to
hydrogen peroxide which is further cleared by CAT [37].
Downregulation of SOD1 is known to be associated with
oxidative stress [38]. Similarly, upregulated expression of
SOD2 and CAT after 6-MP and 6-TG treatment is also
indicative of cellular responses to high oxidative stress and
their upregulation could have a protective effect [39] because
SOD2 helps to maintain ROS balance and produce a more
ideal metabolic environment for the cell [40]. In kd cells
oxidative stress was significantly higher compared to wt cells,
with and without treatment. Since the natural substrate of
TPMT is still not known, it can be hypothesized that TPMT
knockdown might affect metabolism of some endogenous
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Figure 2: ROS assay after 6-MP or 6-TG treatment (a) and differential expression of ROS related SOD1, SOD2, and CAT proteins (b). (a) Cells
were treated with vehicle DMSO or IC

60
doses of 6-MP or 6-TG for 48 h. After treatment media were removed and the cells were resuspended

in PBS containing 10𝜇mol/L DCFDA. Fluorescence intensity was measured after 1 h incubation at 37∘C.The error bars represent mean ± SD
of four independent experiments (in triplicate format each). ∗𝑃 ≤ 0.05; ∗∗∗𝑃 ≤ 0.0005. For expressional regulation of ROS related proteins,
total protein lysates fromDMSO or 6-MP or 6-TG treated Jurkat wt and kd cells were separated by 1D gel electrophoresis and immunoblotted
with antibody against SOD1, SOD2, and CAT (b). Beta-actin was used as a loading control.
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compound(s) which could lead to alteration in the expression
or posttranslational modifications of antioxidant proteins
and consequently increased oxidative stress.

Both the Rab GDP dissociation inhibitor beta (GDIB,
spot 4) and the mRNA export factor (RAE1L, spot 7)
showed decreased phosphorylation in kd cells. Rab GDP
dissociation inhibitors bind prenylated Rab-GTPases, deliver
Rab proteins to specific compartments, and retrieve Rabs
from fusion targets after completion of the catalytic cycle
[41]. TPMTknockdown decreased phosphorylation ofGDIB.
Previous studies showed that phosphorylation of GDI might
be associated with more effective retrieval of Rab proteins
from membranes (reviewed in [41]). Decreased GDIB phos-
phorylation might indicate an alteration in GDIB activity
which could consequently modulate cell cycle progression.
Eukaryotic cells regulate fundamental cellular processes
by rapid destruction of key regulatory proteins, such as
cell cycle regulators and transcription factors, catalyzed
by PRS10 [42]. Studies on yeast showed decreased PRS10
ATPase activity after dephosphorylation and vice versa
[43]. We observed decreased PRS10 phosphorylation in this
study.

RAE1L is a shuttling transport factor that permits efficient
export of mRNA through the nuclear pore complex (NPC)
[44]. Its phosphorylation was increased as a result of 6-TG
treatment in kd cells, but compared to wt 6-TG its signal was
weaker. NPC dynamics play a critical role during cell cycle
transitions (reviewed in [45]). Phosphorylation of RAE1L and
some other proteins of the nuclear complex bymitotic kinases
results in altered NPC dynamics (reviewed in [44]).

3.2. Proteins Regulated by 6-MP (4.6 𝜇mol/L) and 6-TG
(2.8 𝜇mol/L) Treatment in Jurkat wt Cells. Jurkat wt cells
were treated with IC

60
doses of 6-MP (4.6 𝜇mol/L) and 6-

TG (2.8𝜇mol/L). Comparison of 6-MP treated Jurkat wt
cells with their DMSO controls showed significant expression
changes in three proteins (Table 1). Spot 6, corresponding
to stathmin 1 (STMN1), was downregulated (Figure 3(a) and
Supplementary Figure 5(c)). Regulation of STMN1 was fur-
ther confirmed byWestern blot analysis (Figure 3(b)). Spot 7,
identified as costars family protein ABRACL (ABRAL), was
also significantly downregulated in 6-MP treated wt cells.
Spot 11, hemoglobin subunit alpha (HBA), was upregulated
as a result of 6-MP treatment in wt cells (Supplementary
Figures 4(a) and 5(b)). Thiopurines are known to induce cell
death by inserting mismatches in DNA and activating cell
cycle check points (ATM/Chk2 and ATR/Chk1) which result
in cell cycle arrest at G2/M phase and cell death [4]. STMN1
is a phosphoprotein that acts as a microtubule regulator
during mitosis [46]; its expression was downregulated by
6-MP treatment. Inhibition of STMN1 expression is associ-
ated with severe mitotic spindle abnormalities and difficulty
in exiting from mitosis that leads to the accumulation
of cells in the G2/M phases. These results are consistent
with previously reported G2/M phase cell arrest caused by
thiopurines (reviewed in [4]). The mechanism responsible
for this cell cycle arrest is DNA strand breaks (reviewed in
[4]). However, downregulation of STMN1 might also be a
mechanism responsible for the G2/M phase arrest caused by

thiopurines. The ABRAL, a member of the costars family,
was downregulated by exposure to 6-MP. There is little
functional information available for ABRAL (or HSPC280),
but some studies indicate that it has a possible role in cell
cycle regulation and DNA damage response [47, 48]. This
finding correlates well with the thiopurine induced cell cycle
disturbances.

6-TG treatment influenced expression of seven pro-
teins in wt cells. There was upregulation of COF1, thiore-
doxin (THIO), profilin 1 (PROF1), macrophage migration
inhibitory factor (MIF), hemoglobin subunit alpha (HBA),
thioredoxin domain containing protein 17 (TXD17), and
MTPN. These proteins corresponded to spots 5 and 8–
13, respectively, and are marked in a representative gel
(Figure 1(b)). THIO was upregulated in Jurkat wt cells by
6-TG treatment. It catalyzes reversible reduction of protein
disulfide bonds (reviewed in [49]). It is primarily localized
in the cytosol, but with oxidative stress it translocates to
the nucleus (reviewed in [49]). THIO upregulation may
be a response to 6-TG induced oxidative stress. PROF1
overexpression induces cell cycle arrest in breast cancer cells
and sensitizes cells to apoptosis in response to a cytotoxic
stimulus [50]. PROF1 upregulation observed here might also
sensitize cells to 6-TG induced apoptosis.

Alteration of the phosphoproteome was also observed
after 6-MP and 6-TG treatment. Five proteins showed sig-
nificantly changed phosphorylation signals: two after 6-
MP exposure and three after 6-TG (Table 2, Figure 1(c)).
Coronin-1A (COR1A) or spot 3 showed significantly down-
regulated phosphorylation in the wt 6-MP group. Decreased
phosphorylation was observed in the 26S protease regulatory
subunit 10B (PRS10, spot 6). In the 6-TG group, actin
related protein-2 (ARP2, spot 5) showed downregulation of
phosphorylation, while RAE1L (spot 7) and GSTM3 (spot 8)
showed upregulation of phosphorylation.The coronins influ-
ence actin dynamics by inhibitingArp2/3 complex nucleation
[51]. Studies of COR1B showed regulation of its interaction
with Arp2/3 through phosphorylation by protein kinase C
(PKC) [52]. ARP2 is related to actin and forms part of the
Arp2/3 complex that controls actin dynamics [53]. Phospho-
rylation of the Arp2/3 complex is necessary for actin filament
nucleation.We observed thiopurine induced downregulation
of ARP2 phosphorylation. This downregulation might have
caused reductions in Arp2/3 complex activity and thereby
affected actin dynamics. COR1A and ARP2 influence Arp2/3
nucleation and activity, respectively. It can be hypothesized
that thiopurine treatment might affect actin dynamics by
manipulating Arp2/3 complex nucleation and activity. Col-
lectively, the alterations observed in the regulation of actin
dynamics might be involved in the cytotoxicity or induction
of apoptosis by thiopurines (Supplementary Figures 4(b) and
6(c)).

All the protein targets described in our study are already
well characterized, butwe are reporting them for the first time
as a result of thiopurine exposure in both wt and kd cells.
Thiopurines induce cell cycle arrest by DNA damage and
oxidative stress, as well as by altering these protein targets.
Alternately there may be as yet unclear crosstalk between
these pathways that needs to be further investigated.
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Figure 3: Differential expression of STMN1 as shown by silver stained gels (a) andWestern blot analysis (b). (a) STMN1 spot in all six groups:
significant downregulation in wt and kd 6-MP treated groups. Graphical representation of spot density (% volume) with mean ± SD of five
independent experiments (∗𝑃 ≤ 0.05). (b) Total protein lysates from DMSO or 6-MP or 6-TG treated Jurkat wt and kd cells were separated
by 1D gel electrophoresis and immunoblotted with antibody against STMN1. Densitometric analyses were performed using LabImage 2.71
software. Beta-actin was used as a loading control. The error bars represent mean ± SD of four independent experiments (∗𝑃 ≤ 0.05).
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Figure 4: Thiopurine induced oxidative stress and proteome regulation 6-MP and 6-TG treatment induced phosphorylation changes in
GSTM3 and PRDX3 (redox regulators of cell) which can consequently reduce their ROS neutralization activity [32, 36]. Similarly, TPMT
knockdown and thiopurine treatment downregulated expression of SOD1 which together with altered activity of GSTM3 and PRDX3 might
result in enhanced ROS accumulation. ROS assays showed an increase in ROS level after 6-MP and 6-TG treatment. Increased ROS levels
may causemitochondrial dysfunction [59]. Persistent and increasingmitochondrial dysfunction can induce cellular cytotoxicity and apoptosis
[59]. On the other hand, to cope with increasing oxidative stress, cells could activate their cellular antioxidant mechanisms [59] as suggested
by the increased expression of the antioxidant proteins THIO [60], SOD2 [61], and CAT [39]. ROS accumulation also affects cytoskeleton
[62], suggested by the altered cytoskeleton regulator proteins (expression of COF1 and PROF1 and phosphorylation of p-ARP2, p-COR1A)
[30, 50, 52, 53]. Oxidative stress influences the cell cycle [63], and the observed reduced expression of STMN1 (a regulator of microtubule
dynamics during meiosis) and decreased phosphorylation of PRS10 (involved in ATP-dependent degradation of ubiquitinated proteins) may
be indicative of this phenomenon [43, 46]. We hypothesize that 6-MP and 6-TG treatment affect the activity of antioxidant proteins which
results in increased oxidative stress and consequently mitochondrial dysfunction, as well as cytoskeleton and cell cycle disturbances which
collectively contribute to thiopurine induced cytotoxicity.
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3.3. Proteins Regulated by 6-MP (4.7 𝜇mol/L) and 6-TG
(0.8 𝜇mol/L) Treatment in Jurkat kd Cells. In total three
proteins were differentially regulated in Jurkat kd cells: one
after 6-MP treatment and two after 6-TG treatment (Table 1).
STMN1 was downregulated after 6-MP treatment. ECH1 was
one of two proteins that were significantly upregulated in
kd cells exposed to 6-TG. The second upregulated protein
in kd cells was MIF. Quantitative analysis showed four
proteins with altered phosphorylation: one in 6-MP and
three in 6-TG exposed cells (Table 2). After 6-MP expo-
sure TCPZ phosphorylation was increased compared to the
DMSO exposed control kd cells. In kd cells exposed to 6-
TG K6PP showed decreased phosphorylation, while RAE1L
and GSTM3 showed increased phosphorylation. Figure 1(c)
shows a representative phosphostained gel of the wt DMSO
group with these spots marked.

The proteins identified include some important targets
of cellular oxidative stress response, that is, THIO, TXD17,
GSTM3, and PRDX3. Similarly, important regulators of actin
cytoskeleton, that is, COF1 and PROF1, which are known to
be sensitive to oxidative stress (i.e., COF1 activity and PROF1
expression are regulated by oxidative stress [27, 54]), were
also identified in both wt and kd cells.

In vivo studies show that thiopurines induce toxicity
through induction of apoptosis and by a mechanism that
involves oxidative stress, mitochondrial injury, and ATP
depletion that can lead to irreversible deenergization and
cell death by necrosis [13, 55]. Collectively, these and our
results suggest that increased oxidative stress is a possible
cause of thiopurine induced adverse drug reactions (ADRs)
including hepatotoxicity in IBD and acute lymphoblastic
leukemia patients. Allopurinol (Allo) is an antioxidant that
acts by inhibiting xanthine oxidase (XO) [12]. Combination
therapy with allopurinol and thiopurines for IBD patients
can lead to major clinical improvements, but at the same
time it may increase the chances of myelotoxicity and
opportunistic infections [12, 56]. Cotherapy of thiopurines
and allopurinol has not been reported to be used for
ALL patients although the incidence of thiopurine induced
hepatotoxicity is also significant in ALL patients [57]. One
logical strategy to prevent thiopurine induced liver toxicity
is to utilize antioxidant cotherapy, with drugs that do not
affect thiopurine metabolism and that could be used in
all TPMT activity groups without dosage readjustments.
There are anecdotal reports of the successful use of herbal
antioxidant therapies in combination with thiopurines to
avoid liver injury including a case report of a 34-year-old
woman suffering from promyelocytic leukemia who prior
to combined therapy was unable to tolerate maintenance
therapy (methotrexate and 6-mercaptopurine) due to liver
toxicity [58]. This patient reportedly was able to complete
therapy and achieved normal liver function, when treated
with silymarin (an herbal antioxidant product) along with
maintenance therapy.

4. Conclusion

This is the first proteomics based study to investigate the
effects of both thiopurine and differential TPMT activity

on a cellular proteome. In both wild-type and knockdown
cells, 6-MP and 6-TG treatment resulted in significant protein
regulation. The regulated proteins identified were directly
or indirectly involved in cellular responses to oxidative
stress. Similarly, significant influence on cell cycle regulation
and cytoskeleton reorganization mechanisms was identified.
Taken together, these results suggest that thiopurine treat-
ment can induce cytotoxicity by both DNA damage (a known
mechanism of thiopurine action) and increased oxidative
stress. Cell responses to these stresses include regulation of
the expression and activity of important targets in the cell
cycle and cytoskeleton systems. Both 6-MP and 6-TG affected
the activity of antioxidant proteins which resulted in signs
of increased oxidative stress and mitochondrial dysfunction,
as well as cytoskeleton and cell cycle disturbances. These
effects might contribute to thiopurine induced cytotoxic-
ity in patients including myelotoxicity and hepatotoxicity
(Figure 4). Protein targets with possible role in thiopurine
induced oxidative stress and cytotoxicity were identified
for the first time using proteomic and phosphoproteomic
methods in both wild-type and knockdown human cell
lymphocyte cell lines. Although the exact mechanism of
these alterations is not known, further investigation may
help to understand the complex mechanism of action of
thiopurines or their prevention with antioxidant cotreatment
in thiopurine treated patients.
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Accumulating evidence indicates that the regimen to increase adiponectinwill provide a novel therapeutic strategy for inflammation
and cardiovascular disorders. Here, we tested the effect of troglitazone (TG) and its newly synthesized derivative, 5-[4-(6-hydroxy-
2,5,7,8-tetramethyl-chroman-2-yl-methoxy)-benzylidene]-2,4-thiazolidinedione (Δ2troglitazone, (Δ2TG)), on the adiponectin
expression in monocytes/macrophages and the relative mechanisms. The expression of adiponectin was located in macrophages
of atherosclerotic lesions from patients and cholesterol-fed rabbits. TG and Δ2TG enhanced adiponectin mRNA and protein
expression in THP-1 cells by quantitative real-time PCR,Western blot, and immunocytochemistry. TG induced adiponectinmRNA
expression through a PPAR𝛾-dependent pathway whereas Δ2TG enhanced adiponectin mRNA expression through a PPAR𝛾-
independent pathway in THP-1 cells. Both TG andΔ2TG enhanced adiponectinmRNA expression through AMP-activated protein
kinase (AMPK) activation. TG and Δ2TG decreased the adhesion of THP-1 cells to TNF-𝛼-treated HUVECs and the inhibitory
effect was abolished by specific antiadiponectin antibodies. TG- and Δ2TG-induced suppression on monocyte adhesion were
inhibited by a selective AMPK inhibitor compound C. Our data suggest that the inhibitory effect of TG and Δ2TG on monocyte
adhesion might be at least in part through de novo adiponectin expression and activation of an AMPK-dependent pathway, which
might play an important role in anti-inflammation and antiatherosclerosis.

1. Introduction

Macrophages are heterogenous and plastic population of
phagocytic cells, which arise from circulating myeloid-
derived blood monocytes, enter target tissues, and gain
phenotypic and functional attributes partly determined by
their tissue of residence [1]. These cells play a crucial role in
the processes of inflammation and cardiovascular disorders.
They accumulate large amounts of lipid to form the foam
cells that initiate the formation of the lesion and participate

actively in the development of the atherosclerotic lesion. A
well-characterized cell model system to study this critical
transformation of macrophages to foam cells is the human
THP-1monocytic cell line [2]. Adiponectin, an adipocytokine
exclusively expressed and secreted by adipocytes and circu-
lating in plasma in a high concentration, has been shown
to inhibit macrophage foam cell formation by downregu-
lating scavenger receptor A expression and acyl-coenzyme
A: cholesterol acyltransferase-1 expression [3]. Although
adiponectin has been considered to be expressed and secreted
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largely from the adipose tissue, adiponectin mRNA expres-
sion has been found in several other cell types, including
primary hepatic sinusoidal endothelial cells, stellate cells, and
macrophages [4]. It has also been reported that adiponectin
may inhibit both the inflammatory process and atherogenesis
by suppressing themigration ofmonocytes/macrophages, the
transformation into macrophage foam cells, and the lipid
accumulation in macrophages [5, 6]. Thus, the increasing
adiponectin expression has become a promising drug target
for the treatment of cardiovascular and other related disor-
ders.

The thiazolidinediones have emerged as effective agents
for antidiabetes and anti-inflammation [7]. It is generally
assumed that they function by activating peroxisome
proliferator-activated receptor-𝛾 (PPAR𝛾). The thiazolidine-
diones-induced adiponectin expression through PPAR𝛾
activation in adipocytes may underlie its pharmacological
functions, as adiponectin contributing to insulin-sensitizing
and antiatherogenic effects is well established [8]. Trog-
litazone, a PPAR𝛾 activator, reduced tumor necrosis factor-
alpha (TNF)-𝛼-induced reactive oxygen species (ROS)
production and intercellular adhesion molecule-1 (ICAM-
1) expression in endothelial cells [9]. PPAR𝛾 activators
enhance the expression of PPAR𝛾 in macrophages and
inhibit synthesis of scavenger receptor A and matrix
metalloproteinase-9 [10]. Our previous study demonstrated
that PPAR𝛾 agonist rosiglitazone inhibitsmonocyte adhesion
to fibronectin-coated plates through de novo adiponectin
production in human monocytes [11]. The function of
thiazolidinediones may improve insulin sensitivity by
increasing concentrations of adiponectin and by decreasing
free fatty acid and inflammatory factor TNF-𝛼 levels in
diabetic subjects and animal models [12, 13]. Regulation
of adiponectin expression requires a complex array of
intracellular signaling pathways involving PPAR𝛾 andAMPK
[14, 15]. Little is known about the effects of troglitazone (TG)
and its newly synthesized derivative, 5-[4-(6-hydroxy-
2,5,7,8-tetramethyl-chroman-2-yl-methoxy)-benzylidene]-
2,4-thiazolidinedione (Δ2troglitazone (Δ2TG), Figure 1) on
adiponectin expression under inflammatory conditions and
the mechanisms of these effects, and a better understanding
of these points might provide important insights into the
development of inflammation and cardiovascular disorders.
The aims of this study were to investigate the effects of TG
and Δ2TG on the adiponectin expression in THP-1 cells and
to determine whether PPAR𝛾 and AMPKwere involved. Our
results showed that TG and Δ2TG increased adiponectin
mRNA and protein expression and that this effect was
mediated by AMPK phosphorylation. TG and Δ2TG also
significantly reduced the adhesion of the monocytes to
TNF-𝛼-treated HUVECs.

2. Materials and Methods

2.1. Sample Collection and Immunohistochemical Staining.
This study was approved by the Institutional Review Board
of the National Taiwan University Hospital, Taipei, Taiwan.
All participants provided written informed consent before
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Figure 1: Chemical structures of troglitazone and its PPAR𝛾-
inactive analogues Δ2troglitazone (Δ2TG). The introduction of the
double bond adjoining the terminal thiazolidinedione ring results in
the abrogation of the PPAR𝛾 ligand property of Δ2TG.

inclusion in the study. All experimental procedures and
protocols involving animals were in accordance with the local
institutional guidelines for animal care, were approved by the
Institutional Animal Care Committee of the National Taiwan
University (Taipei, Taiwan), and complied with the Guide for
theCare andUse of LaboratoryAnimals (NIHpublicationno.
86-23, revised 1985). Coronary arteries were obtained from
3 patients undergoing surgery for cardiac transplantation
or atherosclerosis. Immediately after surgery, tissues were
rinsed with ice-cold phosphate-buffered saline (PBS), fixed
in 4% paraformaldehyde solution, and paraffin-embedded.
Tissues were serially sectioned at 5𝜇m intervals and the
tissue sections were deparaffinized, rehydrated, and washed
with PBS. Endogenous peroxidase activity was eliminated by
incubation with 3%H

2
O
2
. Sections were then incubated with

PBS containing 5mg/mL bovine serum albumin (BSA) to
block nonspecific binding.

To determine the level of adiponectin expression in vas-
cular walls and whether it was associated with macrophages,
two serial sections were examined by immunostaining for,
respectively, adiponectin or a marker for macrophages. The
first section was incubated sequentially for overnight at 4∘C
with a 1 : 100 dilution of rabbit antibodies against human
adiponectin (Epitomics) in phosphate-buffered saline (PBS)
containing 10% normal horse serum (Gibco) (PBS-NHS)
and for 90min at room temperature with a 1 : 200 dilu-
tion of biotinylated goat anti-rabbit IgG antibodies (Santa
Cruz Biotechnology) in PBS-NHS, then bound antibodies
were visualized using 3,3-diaminobenzidine (DAB, Sigma-
Aldrich). Specific signals recognized by the primary antibody
are brown. As a negative control, the primary antiserum
was replaced by normal rabbit immunoglobulins. For the
identification of macrophages, the second section was incu-
bated with mouse monoclonal antibodies against human
macrophage (DAKO, Japan). These sections were then incu-
bated with fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse secondary antibody (Sigma) and observed
by fluorescence microscopy.
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2.2. Cell Culture. Human monocytic leukemia THP-1 cells
were cultured in RPMI 1640 medium (Gibco, Life Technolo-
gies, NY, USA) supplemented with 10% fetal bovine serum,
penicillin (100U/mL, Biologival Industries, Israel), and strep-
tomycin (100mg/mL) at 37∘C in 5% CO

2
. All reagents were

added to the culture medium in a minimal volume (<0.1%)
of dimethyl sulfoxide (DMSO), and in each case the carrier
was shown to not affect the measured parameters. For each
experiment, a minimum of three independent experiments
with the triplicate samples was performed.

2.3. Preparation of Cell Lysates and Western Blot Analysis.
To prepare cell lysates, the cells were lysed for 1 h at 4∘C in
20mM Tris-HCl, 150mM NaCl, 1mM EDTA, 1mM EGTA,
1% Triton X-100, 1mM phenylmethylsulfonyl fluoride, and
pH 7.4; then the lysate was centrifuged at 4000 g for 30min at
4∘Cand the supernatant retained. Samples of cell lysate (80𝜇g
of protein) were subjected to 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membranes (Pall Corporation,
NY, USA), which were then incubated for 30min at room
temperature with 5% nonfat milk in Tris-buffered saline
containing 0.2% Tween 20 (TBST) to block nonspecific
binding of antibodies. All dilutions of antibodies used were
in TBST. The membranes were then incubated overnight
at 4∘C with rabbit antibodies against human adiponectin
(Abcam; 1 : 2000 dilution) or human phospho-AMPK (Cell
Signaling; 1 : 1000 dilution), then for 1 h at room tempera-
ture with horseradish peroxidase-conjugated goat anti-rabbit
IgG antibodies (Sigma; 1 : 5000 dilution), bound antibodies
being detected using chemiluminescence reagent Plus (NEN,
Boston, MA, USA) and the intensity of each band quanti-
fied using a densitometer. Antibodies against AMPK (Cell
Signaling; 1 : 1000 dilution) or 𝛽-actin (santa Cruz; 1 : 10000
dilution) were used as loading controls.

2.4. Quantitative Real-Time PCR Analysis. Total RNA was
extracted by REzol (PROtech Technology, Sparks, NV),
according to themanufacturer’s instructions. Single-stranded
cDNA was synthesized with SuperScript II reverse transcrip-
tase (Invitrogen, Carlsbad, CA). The Q-PCR was performed
with ABI 7000 real-time PCR system, with primers for
measuring adiponectin (forward: 5-AGA AAG GAG ATC
CAGGTCTTATTGGT-3, reverse: 5-AACGTAAGTCTC
CAA TCC CAC ACT-3). Real-time PCR was performed
with an initial denaturation at 94∘C for 5min, followed by
denaturing at 94∘C for 30 s, annealing at 62∘C for 30 s, and
polymerization at 72∘C for 30 s for a total of 35 cycles, then by
a final extension at 72∘C for 10min. The expression levels of
mRNA were normalized by the expression of the housekeep-
ing gene glyceraldehyde dehydrogenase (GAPDH).

2.5. Immunocytochemistry. To localize adiponectin expres-
sion in situ, cells (control or cells treated for 24 h with TG
or with Δ2TG) adhered to fibronectin-coated cover glasses
were fixed with 4% paraformaldehyde in PBS for 15min.
After treatment with 0.1% Triton X-100 for 1min, they were
treated with bovine serum albumin in PBS (5mg/mL) for

1 h to block nonspecific binding. The cells were incubated
with adiponectin (1 : 50 dilution; R&D Systems) antibody
for overnight at 4∘C. They were then incubated with FITC-
conjugated secondary antibodies (1 : 100 dilutions; Sigma) for
1 h at room temperature and stained with DAPI (1 : 6,000
dilutions) for 10min. The cells were then observed by con-
focal fluorescent microscopy (EZ-C1; Nikon, Tokyo, Japan).
Negative control was performed by omitting the incubation
of the cells with primary antibodies.

2.6. Monocyte-Endothelial Cell Adhesion Assay. Monocytes
were suspended at the concentration of 4 × 105 cells per well
and were cultured in serum-freemediumwith or without TG
or Δ2TG (9 𝜇M) for 18 h. To assess the effects of adiponectin
on monocyte adhesiveness to endothelial cells, THP-1 cells
were preincubated for 30min with adiponectin antibody
(Abcam, UK) or with GW9662 or with an AMP-dependent
protein kinase (AMPK) inhibitor compound C (Merck).
Subsequently the THP-1 cells were labeled for 1 h at 37∘C
with 1mMBCECF/AM (BoehringerMannheim,Mannheim,
Germany) in DMSO and then were suspended in the same
medium used for culture of HUVECs. Primary cultures of
HUVECs were prepared as described previously [16]. The
cells were grown in medium 199 (Gibco, NY, USA) contain-
ing 1% penicillin-streptomycin, 30 𝜇g/mL of endothelial cell
growth supplement (R&D Systems, Minneapolis, MN), and
10% fetal bovine serum (FBS; Biological Industries, Israel)
at 37∘C in a humidified atmosphere of 95% air, 5% CO

2
.

Cells between passages 1 and 3 were used for experiments.
HUVECs were incubated for 4 h with 3 ng/mL of TNF-𝛼.
For the test, the labeled THP-1 cells were added to 4 × 105
adherent TNF-𝛼-treated HUVECs in a 24-well plate and
incubated for 1 h, then the nonadherent cells were removed
by two gentle washes with PBS and the number of bound
monocytes counted by fluorescence microscopy.

2.7. Statistical Analysis. All data are expressed as the mean ±
SEM. Differences in the mean values among different groups
were analyzed by one-way ANOVA and a subsequent post
hoc Dunnett test. A value of 𝑃 < 0.05 was considered
statistically significant.

3. Results

3.1. The Expression of Adiponectin Was Located in Mac-
rophages of Atherosclerotic Lesions from Patients and Choles-
terol-Fed Rabbits. To investigate the adiponectin expression
was associated with macrophages in vivo, the atherosclerotic
lesions of human artery and cholesterol-fed rabbits were
used and immunohistochemical staining was performed to
detect the adiponectin expression. Adiponectin expression
was observed mainly in atherosclerotic lesions of human
patients, especially in the presence ofmacrophages, identified
using antibody against macrophages (Figure 2(a)). As shown
in Figure 2(b), weak adiponectin staining was seen in the
normal group, while the cholesterol-fed group showed strong
adiponectin staining inmacrophages (Figure 2(c)). As shown
in higher magnification, all of the adiponectin staining was
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Figure 2: The expression of adiponectin was located in macrophages of atherosclerotic lesions from patients and cholesterol-fed rabbits
by immunohistochemistry. Arterial serial sections from human atherosclerotic lesions (a), rabbits fed regular chow (b), or 2% cholesterol-
containing diet for 6 weeks ((c), (d)) were stained for macrophages or adiponectin antibodies. Nuclei were stained by DAPI. L represents the
vascular lumen. Bar = 50 𝜇m.

present inmacrophages (Figure 2(d)). Results of immunohis-
tochemistry indicate that adiponectin expression was closely
associated with macrophages.

3.2. TG and Δ2TG Enhanced Adiponectin mRNA and Protein
Expression in THP-1 Cells. When the cytotoxicity of TG

or Δ2TG for THP-1 cells was detected by the MTT assay
after 24 h of incubation, cell viability was not affected by
the presence of 1–9 𝜇M of TG or Δ2TG (data no shown).
To determine the optimal conditions for TG or Δ2TG-
induced adiponectin mRNA expression by THP-1 cells, we
first performed time-response and dose-response studies in
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Figure 3: Troglitazone (TG) and Δ2troglitazone (Δ2TG) enhanced adiponectin mRNA and protein expression in THP-1 cells. ((a)–(d)) The
expression of adiponectin mRNA was examined by quantitative RT-PCR. Macrophages were treated with 9𝜇M of TG for the indicated time
(a) or with the indicated concentration of TG for 18 h (b). In addition, macrophages were treated with 9𝜇M of Δ2TG for the indicated time
(c) or with the indicated concentration of Δ2TG for 18 h (d). GAPDH was used as the internal control. (e) Macrophages were incubated for
18 h with 9𝜇M of TG or Δ2TG and adiponectin protein expression was measured in cell lysates by Western blotting. 𝛽-actin was used as the
loading control. (f) Macrophages were treated for 18 h with 9𝜇M TG or Δ2TG, and then, the distribution of adiponectin was analyzed by
immunofluorescentmicroscopy.Themerged images of adiponectin staining andDAPIwere shownon the right panel. Adiponectin expression
is indicated by green fluorescence (FITC) and nuclei by blue fluorescence (DAPI). The level of adiponectin expression was higher in TG or
Δ2TG-treated cells. Scale bar = 50 𝜇m. ∗𝑃 < 0.05 as compared to the untreated cells.
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Figure 4: PPAR𝛾 antagonist GW9662 abolished the TG-stimulated adiponectin mRNA expression and had no effect on Δ2TG-enhanced
adiponectin mRNA expression in THP-1 cells. Macrophages were incubated for 1 h with 5𝜇MGW9662 (a PPAR𝛾 inhibitor) and then for 18 h
with or without 9𝜇MTG (a) or Δ2TG (b) in the continued presence of the inhibitor, and then, adiponectin mRNA expression was measured
by quantitative RT-PCR. ∗𝑃 < 0.05 as compared to the untreated cells. †𝑃 < 0.05 as compared to the TG or Δ2TG-treated cells, respectively.

which THP-1 cells were cultured with various concentrations
of TG or Δ2TG for various time intervals. Adiponectin
mRNA expression was induced in a time-dependent manner
after treatment with 9 𝜇M of TG for 6, 12, or 18 h (1.2 ± 0.1,
1.8 ± 0.2, and 2.6 ± 0.4, resp., of control levels) (Figure 3(a)).
The induction caused by the two highest time course being
significant. Adiponectin mRNA expression was induced in
a dose-dependent manner after treatment with 1, 3, or 9𝜇M
of TG for 18 h (1.0 ± 0.0, 1.9 ± 0.3, and 2.0 ± 0.3, resp., of
control levels) (Figure 3(b)). The induction caused by the
two highest concentrations was being significant. Δ2TG also
enhanced adiponectin mRNA expression in THP-1 cells in
both time- (Figure 3(c), 1.5±0.1, 2.0±0.2, and 3.0±0.2, resp.,
of control levels) and dose-dependent manners (Figure 3(d),
1.4 ± 0.2, 1.7 ± 0.2, and 2.2 ± 0.2, resp., of control levels).
To illustrate the expression and cellular localization of the
de novo synthesized adiponectin protein in macrophages
with TG or Δ2TG treatment was also studied by Western
blotting and immunofluorescence staining. THP-1 cells were
incubated with or without 9 𝜇M TG or Δ2TG for 18 h; then
Western blotting was performed. TG or Δ2TG treatment
resulted in a significant increase in adiponectin expression
(Figure 3(e)). As shown in Figure 3(f), adiponectin expression
was weak in untreated cells (C), while THP-1 cells treated
with 9 𝜇Mof TG orΔ2TG for 18 h showed strong adiponectin
expression in the cytoplasm. In all subsequent experiments,
unless otherwise specified, 9 𝜇M TG or Δ2TG were used.

3.3. TG Induced Adiponectin mRNA Expression through a
PPAR𝛾-Dependent Pathway Whereas Δ2TG Enhanced Adi-
ponectin mRNA Expression through a PPAR𝛾-Independent
Pathway in THP-1 Cells. PPAR𝛾 has emerged as a key
regulator of adipocyte and macrophage function. PPAR𝛾
activation is closely associated with potential effects on the
expression and secretion of adiponectin [8]. To examine

whether the effect of TG or Δ2TG on adiponectin mRNA
expression is dependent on PPAR𝛾, we employed a PPAR𝛾
antagonist, GW9662, and abolished TG-induced adiponectin
mRNA expression (Figure 4(a)). In contrast, it had no
effect on the upregulated adiponectin mRNA expression by
Δ2TG treatment (Figure 4(b)). These data suggested that TG
induced adiponectin mRNA expression through a PPAR𝛾-
dependent pathway whereas Δ2TG enhanced adiponectin
mRNAexpression through a PPAR𝛾-independent pathway in
THP-1 cells.

3.4. Both TG andΔ2TG Enhanced AdiponectinmRNAExpres-
sion in THP-1 Cells through AMPK Activation. Thiazolidine-
diones could activate AMPK in adipocytes, a pathway that
increases fat oxidation and glucose transport [17]. THP-1
cells incubated with TG for 15, 30, or 45min demonstrated
a time-dependent increase in the phosphorylation of AMPK.
The significant increase in phosphorylation was 1.3 ± 0.1-
fold and 2.1 ± 0.1-fold at 30min and 45min treatment,
respectively (Figure 5(a)). THP-1 cells incubated with TG for
1, 3, or 9 𝜇M for 45min showed a dose-dependent increase
in the phosphorylation of AMPK. The significant increase
in phosphorylation was 1.4 ± 0.1-fold and 2.2 ± 0.1-fold at
3 𝜇M and 9 𝜇M treatment, respectively (Figure 5(b)). Cells
treated with Δ2TG, paralleled to the result of TG treatment,
showed the increase in AMPK phosphorylation in both time-
(Figure 5(d), 1.0±0.1, 1.4±0.1, and 2.1±0.1, resp., of control
levels) and dose-dependent manners (Figure 5(e), 1.0 ± 0.1,
1.5 ± 0.1, and 2.0 ± 0.1, resp., of control levels). The phospho-
rylation of AMPK by both TG and Δ2TG could be abolished
by compound C, an AMPK inhibitor (Figures 5(c) and 5(f)).
To examine whether the upregulated effect of both TG and
Δ2TG on adiponectin mRNA expression in THP-1 cells is
through AMPK activation, AICAR, an AMPK activator was
employed. AICAR treatment enhanced adiponectin mRNA
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Figure 5: TG and Δ2TG enhanced AMPK phosphorylation. Macrophages were treated with 9𝜇Mof TG or Δ2TG for the indicated time ((a),
(d)) or with the indicated concentration of TG or Δ2TG for 45min ((b), (e)). ((c), (e)) Macrophages were incubated for 1 h with compound
C (an AMPK inhibitor) and then for 45min with or without 9𝜇M TG or Δ2TG in the continued presence of the inhibitor, and then, the
phosphorylated AMPK expression was measured in cell lysates by Western blotting. AMPK was used as the loading control. ∗𝑃 < 0.05 as
compared to the untreated cells. †𝑃 < 0.05 as compared to the TG or Δ2TG-treated cells.
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Figure 6: TG and Δ2TG enhanced adiponectin mRNA expression was mediated through the AMPK pathway in THP-1 cells. The expression
of adiponectin mRNAwas examined by quantitative RT-PCR.Macrophages were treated with 150𝜇Mof AICAR (an AMPK activator) for the
indicated time (a) or with the indicated concentration for 18 h (b). Macrophages were treated with compound C (an AMPK inhibitor) for the
indicated concentration and then with (c) or without (d) AICAR for 18 h and then adiponectin mRNA expression was measured by real-time
PCR. Macrophages were incubated for 1 h with compound C and then for 18 h with or without 9𝜇M TG (e) or Δ2TG (f) in the continued
presence of the inhibitor, and then, adiponectin mRNA expression was measured by real-time PCR. ∗𝑃 < 0.05 as compared to the untreated
cells. †𝑃 < 0.05 as compared to the TG or Δ2TG-treated cells.

expression in THP-1 cells in both time- and dose-dependent
manners (Figures 6(a) and 6(b)). Compound C, an AMPK
inhibitor, decreased the effect of AICAR on adiponectin
mRNA expression (Figure 6(c)). Compound C treatment

also decreased the upregulated effect of TG or Δ2TG on
adiponectin mRNA expression (Figures 6(e) and 6(f)).These
results TG- or Δ2TG-increased adiponectin mRNA expres-
sion was mediated through the AMPK phosphorylation.
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TNF-𝛼. THP-1 cells were left untreated or were pretreated for 1 h with 0.2𝜇g/mL of purified antiadiponectin antibody (Ab-ADI) and thenwith
9 𝜇MTG or with Δ2TG for 18 h. In addition, THP-1 cells were left untreated or were pretreated for 1 h with 5𝜇MGW9662 (GW) or 0.625 𝜇M
compound C (Com C) and then with 9 𝜇M TG or with Δ2TG for 18 h in the continued presence of the inhibitor. The BCECF/AM-labeled
THP-1 cells were added to TNF-𝛼-treated HUVECs in a 24-well plate and incubated for 1 h, and then the nonadherent cells were removed by
two gentle washes with PBS and the number of bound monocytes counted by fluorescence microscopy. N represents HUVECs without any
treatment. C represents HUVECs with TNF-𝛼 treatment. ∗𝑃 < 0.05 as compared to the C cells. †𝑃 < 0.05 as compared to TG-treated cells
and Δ2TG-treated cells, respectively. Bar = 100 𝜇m.

3.5. TG and Δ2TG Decreased the Adhesion of THP-1 Cells
to TNF-𝛼-Treated HUVECs. To explore the effects of TG
and Δ2TG on the endothelial cell-leukocyte interaction, the
adhesion of THP-1 cells to TNF-𝛼-treated HUVECs was
employed. As shown in the Figure 7(a), confluent HUVECs
without any treatment (N) incubated with THP-1 cells for
1 h showed minimal binding, but adhesion was significantly
increased when the HUVECs were pretreated with 3 ng/mL
of TNF-𝛼 for 4 h (C). This effect was significantly decreased
by treatment of THP-1 cells with 9 𝜇M TG or Δ2TG for

18 h. To assess the involvement of adiponectin in the TG or
Δ2TG-reduced the number of THP-1 cells bound to TNF-
𝛼-treated HUVECs, the THP-1 cells was pretreated with
antiadiponectin antibody. As shown in the Figure 7, when
THP-1 cells were pretreated with 0.2𝜇g/mL antiadiponectin
antibody for 1 h, then incubated with either TG or Δ2TG for
18 h, the binding of THP-1 cells to TNF-𝛼-treated HUVECs
was significantly higher than that to non-antibody-treated
THP-1 cells, showing that adiponectin plays an important role
in the adhesion of THP-1 cells to TNF-𝛼-treated HUVECs.
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Furthermore, GW9662 pretreatment attenuated TG-induced
the inhibition of macrophages to TNF-𝛼-treated HUVECs.
In contrast, it had no effect on the inhibition of the adhe-
sion of macrophages to TNF-𝛼-treated HUVECs by Δ2TG
treatment. TG- andΔ2TG-induced suppression onmonocyte
adhesion was inhibited by a selective AMPK inhibitor com-
pound C. Taken together, these data indicate that the TG or
Δ2TG-mediated inhibition on monocyte adhesion to TNF-
𝛼-treated HUVECs is, at least in part, mediated by the de
novo synthesized adiponectin in THP-1 cells and the AMPK
pathway.

4. Discussion

In this study, we demonstrated for the first time that TG and
Δ2TG effectively increased adiponectin mRNA expression in
a dose- and time-dependent manner in THP-1 cells. TG and
Δ2TG also upregulate the adiponectin protein expression.
Moreover, de novo synthesized adiponectin in macrophages
significantly reduced monocyte adhesion to TNF-𝛼-treated
HUVECs via the AMPK pathway.

Adiponectin predominately secreted from adipose tis-
sue, exerts multiple protective properties against obesity,
diabetes, inflammation, cardiovascular diseases, and so on
[18, 19]. Adiponectin is also detectable in several cell types,
including endothelial cells, stellate cells and macrophages
[4]. The present study demonstrated that adiponectin was
significantly expressed in macrophages in atherosclerotic
lesions of cholesterol-fed rabbits and humans during the
development of cardiovascular diseases. Adiponectin was
accumulated more preferably to the injured vascular wall
than intact vessels. The previous study showed that the
function of adiponectin expression in macrophage foam
cells can significantly decrease triglyceride and cholesterol
accumulation in these cells by reducing oxLDL uptake
into the cells while enhancing HDL-mediated cholesterol
efflux [20]. The treatment of macrophages with recombi-
nant adiponectin protein lead to a reduction of reactive
oxygen species and switched toward an anti-inflammatory
phenotype [21]. Some insights have also been gained through
work that overexpression of the adiponectin gene protected
apoE-deficient mice from atherosclerosis by reducing lesion
formation in the aortic sinus [22]. These results suggest
that adiponectin expression in atherosclerotic lesions may
play an important role in lipid metabolism and cholesterol
efflux by modulating lipid metabolic signaling pathways
for suppressing macrophage-to-foam cells transformation.
All these investigations point to the anti-inflammatory and
antiatherogenic role of adiponectin during atherosclerosis.
Based on these findings, the regimen to increase adiponectin
will provide a novel therapeutic strategy for cardiovascular
and other related disorders.

Certain members of the thiazolidinediones family of
the peroxisome proliferator-activated receptor (PPAR𝛾) ago-
nists, such as TG and ciglitazone, possess a beneficial
action against ROS, inflammation, and adipocytokine dys-
regulation [23, 24]. Moreover, thiazolidinediones-mediated

PPAR𝛾 activation has been shown to promote the differ-
entiation of preadipocytes by mimicking certain genomic
effects of insulin on adipocytes and to modulate the expres-
sion of adiponectin and a host of endocrine regulators in
adipocytes [25]. 3T3-L1 adipocytes treated with TG upregu-
lated adiponectin mRNA expression [26]. The present study
demonstrated that TG and Δ2TG enhanced adiponectin
mRNA and protein expression in THP-1 cells by quantita-
tive real-time PCR, Western blot, and immunocytochem-
istry. Furthermore, GW9662, a PPAR-𝛾 antagonist, treated
macrophage was found to significantly decrease the TG-
induced adiponectin mRNA expression while did not affect
Δ2TG-induced adiponectin mRNA expression. The data
suggest that TG strongly enhanced adiponectin expression
in THP-1 cells through a PPAR-𝛾-signaling pathway, whereas
Δ2TG did not. These findings indicate that the mechanism
of the induction of adiponectin mRNA expression between
TG and Δ2TG treatment was different. The previous report
indicated that the structure of Δ2TG has the introduction
of a double bond adjacent to the thiazolidinedione ring to
abolish the ability of the resultingmolecule to activate PPAR𝛾
[27]. Δ2TG, a PPAR𝛾-inactive analogue of TG, was modestly
more potent than their parent compounds in suppressing
cell proliferation in cancer cells [28]. Because TG has some
side effects [18], Δ2TG may be used as the additional alter-
native medications. However, additional studies are required
to determine the affectivity and safety of Δ2TG for the
prevention and treatment of cardiovascular disorders and
inflammation.

AMPK, a fuel-sensing enzyme, which has been impli-
cated in the regulation of glucose and lipid homeostasis and
insulin sensitivity could perhaps account for the observed
effects of thiazolidinediones onmacrophages [29, 30]. AMPK
is expressed in multiple tissues and is activated by diverse
stimuli that increase the AMP-to-ATP ratio (e.g., exercise
and hypoxia) as well as by hormones (e.g., adiponectin and
leptin). Also, rosiglitazone has been shown to acutely activate
AMPK in H-2Kb muscle cells, and when administered over
a period of weeks they increase AMPK phosphorylation
and activity in the liver and adipose tissue of rats [31]. TG
can rapidly stimulate AMPK activity in isolated mammalian
skeletal muscle [32]. Since the previous study had shown the
ability of adiponectin to activate AMPK in myocytes and
hepatocytes [33], we explored the effect of AMPK phospho-
rylation on adiponectin expression in TG or ΔTG-treated
macrophages. Cells treatedwithTGorwithΔ2TG showed the
increase of AMPK phosphorylation in both time and dose-
dependent manners. We also found that AICAR, an AMPK
activator, enhanced the adiponectin mRNA expression in a
time- and dose-dependent manner. In contrast, compound
C, an AMPK inhibitor, decreased the upregulated effect of
TG orΔ2TG on adiponectinmRNA expression.These results
suggested that TG- or Δ2TG-increased adiponectin mRNA
expression was mediated via the AMPK signaling pathway.
A putative PPAR𝛾 obligatory binding (PPAR-responsive ele-
ment) site, C/EBP𝛼, sterol-regulatory-element-binding pro-
teins (SREBPs), and cAMP response element binding protein
(CREB) were present in human and mouse adiponectin
promoters, and pointmutations at this sitemay lead to change
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TZD-induced adiponectin promoter transactivation [15].The
previous study reported that rosiglitazone promoted the
modulation of AMPK-dependent CRTC2 (cAMP-dependent
induct of the CREB regulated transcription coactivator 2)
activity to influence hepatic gluconeogenesis [34]. Telmis-
artan, an angiotensin II type 1 receptor (AT

1
) blocker, can

increase adiponectin production in white adipose tissue via
a PPAR𝛾-independent mechanism, including the activation
of AMPK-Sirt1 pathway [35]. Precise understanding of this
molecular mechanism of AMPK activation involved in the
Δ2TG-increased adiponectin mRNA expression will require
further investigation.

Monocyte adhesion to endothelial surface has been con-
sidered as the major early step in the initiation of atheroscle-
rosis and inflammation [36]. The earlier study demonstrated
that the addition of recombinant adiponectin proteins had
significantly inhibitory effects on monocyte adhesion and
adhesion molecule expression in TNF-𝛼-treated endothelial
cells [37]. It has also been reported that adiponectin may
inhibit both the inflammatory process and atherosclerosis
by suppressing the migration of monocytes/macrophages
and their transformation into macrophage foam cells in the
vascular wall [5, 6]. In the present study, TG and Δ2TG
reduced monocyte-EC adhesion under the inflammatory
condition and this effect was mediated through the increase
in adiponectin expression. The effects were blocked by the
antiadiponectin antibody. The result demonstrated that the
monocyte adhesion was reduced dependently by adiponectin
expression. These inhibitory effects of monocyte adhesion
were also abolished in the presence of an AMPK inhibitor,
compound C. Consistent with the previous study, AMPK
phosphorylation was involved in the inhibition of mono-
cyte adhesion [38]. The present study demonstrated that
the inhibitory effect of TG and Δ2TG on monocyte adhe-
sion to TNF-𝛼-treated HUVECs was mediated via de novo
adiponectin expression and activation of AMPK signaling.
On the basis of the probable involvement of adiponectin in
monocyte recruitment to early atherosclerotic lesions, our
findings suggest an additional mechanism by which TG and
Δ2TG treatmentmay be important in preventing the progress
of inflammation and atherosclerosis.

In conclusion, this study documented for the first time
that TG and Δ2TG can upregulate the expression and
function of adiponectin in human monocytes/macrophages.
Furthermore, the upregulated expression of adiponectin by
TG and Δ2TG inhibits monocyte adhesion to TNF-𝛼-treated
endothelial cells via activation of AMPK signaling pathway.
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Oxidative stress and inflammatory mediators, such as IL-6, play an important role in the pathophysiology of acute pancreatitis.
The study was aimed to assess the degree of the pro/antioxidative imbalance and estimate which antioxidant plays a role in the
maintenance of pro/antioxidative balance during acute pancreatitis. The study was investigated in the blood of 32 patients with
acute pancreatitis and 37 healthy subjects. IL-6 concentration as early marker of inflammation was determinated. The intensity
of oxidative stress was assessed by TBARS concentration. To investigate antioxidative status, the GPx and Cu/Zn SOD activities
and the levels of GSH, MT, SH groups, and TRAP were measured. The concentrations of Cu and Zn as ions participating in the
maintenance of antioxidant enzymes stability and playing a role in the course of disease were determinated. The activities of GGT,
AAP, NAG, and 𝛽-GD as markers of tissue damage were also measured. An increase in IL-6 concentration, which correlated with
Ranson criteria, and an increase in GPx activity, levels of MT, TBARS, or GGT, and NAG activities in patients group compared to
healthy subjects were demonstrated. A decrease in GSH level in patients group compared to control group was noted. The studies
suggest that GPx/GSH and MT play the role of the first line of defence against oxidative stress and pro/antioxidant imbalance in
the course of acute pancreatitis.

1. Introduction

Inflammatory mediators play a key role in acute pancreatitis
development and in the systemic complications of the disease,
which are a main cause of patient’s death [1]. One of the
most important mediators of inflammation is interleukin-
6 (IL-6), which can be considered as a factor modulating
the defence mechanism in organism. It was demonstrated
that the IL-6 level is increased in the blood of patients with
acute pancreatitis (AP). The concentration of this cytokine
was correlated with both the severity of AP and other indi-
cators of inflammation, C-reactive protein and the activity
of phospholipase A

2
. The level of IL-6 is an early marker of

pancreatitis (24–36 hours after the occurrence of symptoms)
and it can be considered as a predictor of disease [1].

Recent results have confirmed an essential role of oxida-
tive stress in pathogenesis and pathophysiology of pancreati-
tis [2–5]. Numerous studies have suggested an essential role
of antioxidants in the course of inflammatory process, among
which a significant role plays: glutathione (GSH), glutathione
peroxidase (GPx) (EC 1.11.1.9), and Cu/Zn superoxide dismu-
tase (Cu/Zn SOD) (EC 1.15.1.1) [3–7].

Glutathione (glutamyl-cysteinyl-glycine) is mainly
known for its important role as a major contributor to the
intracellular reducing environment. Along with GPx it
participates in the depletion of hydrogen peroxide and other
organic peroxides, protecting the cells before protein SH
groups, nucleic acids, and lipids oxidation.The role of Cu/Zn
SOD in the protection against the GSH depletion, the lipids
peroxidation, and the progression of AP was shown [7–9].
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The relation between Cu/Zn SOD and GPx in acute
pancreatitis is controversial. In experimentally induced acute
pancreatitis, a substantial decrease of Cu/Zn SOD activity
was detected [8], while GPx activity considerably increased
in blood hemolysates and pancreatitis cells [5]. No substan-
tial differences in GPx activity between the control group
and the group of patients with AP of were noticed by
Szuster-Ciesielska et al. [10]. Cu/Zn SODactivity significantly
increased in the serum of patients with AP and chronic
pancreatitis [10]. The Cu/Zn SOD activity can influence the
level of zinc and copper ions participating in the mainte-
nance of the proper stability of the subunits of enzyme and
neutralization of superoxide radical anion. Pancreas plays
an important role in the homeostasis of metals, what is
confirmed by the changes in the Cu/Zn ratio in the course
of the disease [6, 11].

SH groups of proteins play an important role in the
maintenance of pro/antioxidative balance. One of them is
metallothionein (MT), a cysteine rich (20–33%) small molec-
ular weight protein (6-7 kDa). MT can neutralize reactive
oxygen species (ROS) and scavenge free radicals, thereby
acting as antioxidant. The role of this protein in maintaining
the homeostasis of Zn and Cu was also shown [12].

The ability to scavenge free radicals in organism can be
assessed by total peroxyl radical trapping potential (TRAP)
determination, which is the combined capacity of all antiox-
idants to neutralize free radicals in serum. It is a marker to
signal the beginning of oxidant-antioxidant imbalance,which
results in oxidative stress [13]. Oxidative damage induces cas-
cade of reactive oxygen species production, some ofwhich are
relatively transients, such as hydroxynonenol, while others
appear later and accumulate, such as malondialdehyde [14].

As a result of intensified pancreatitis and oxidative stress,
the tissue damage of pancreas and the increased release of cel-
lular enzymes to extracellular space are observed. The mem-
brane enzymes there are alanine aminopeptidase (AAP) (EC
3.4.11.2) and 𝛾-glutamyltransferase (GGT) (EC 2.3.2.2). AAP
is a glycoproteinwith low content of cysteine residue and high
content of Zn ions [15]. It is known as a sensitive indicator
of pancreatic disease. GGT is a microsomal enzyme, which
catalyzes hydrolysis of the bond linking the glutamate and
cysteine residues of glutathione and glutathione-S-conjugates
[16]. It was suggested that GGT activity can be considered
as a good marker, which allows differing alcohol-related AP
from others AP [17]. In other studies, it was shown that
alcohol abuse did not cause the increase in GGT activity [18].
N-acetyl-𝛽-D-glucosaminidase (NAG) (EC 3.2.1.30) and 𝛽-
glucuronidase (𝛽-GD) (EC 3.2.1.31) are known as lysosomal
enzymes. A statistically significant increase in NAG activity
in pancreatocytes was shown as a result of tissue damage
in rats with AP [19]. The determination of 𝛽-GD activity
is a sensitive marker of increased phagocytic activity. The
increased 𝛽-GD activity can suggest coming cell lysis [20].

The aim of the study was to assess the degree of dis-
turbances in the pro/antioxidative balance of above men-
tioned markers and estimate which antioxidant plays the
main role in the maintenance of pro/antioxidative balance
during acute pancreatitis. The study was aimed to determine

an early marker of pancreatic damage in patients with acute
pancreatitis.

2. Materials and Methods

2.1. Materials. The tests were conducted in the blood, serum,
and plasma derived from the patients of Department and
Clinic of Gastrointestinal and General Surgery, Medical
University of Wroclaw. All hospitalized patients and healthy
volunteers of the control group had been informed about the
aim of the study and gave their consent. The study protocol
was approved by Local Bioethics Committee of Wroclaw
University of Medicine (No: KB-257/2005 and KB-829/2012).

The venous blood was collected on the patients’ admis-
sion to hospital and during their hospitalization. The blood
samples were obtained from 32 patients. They were classified
into the group of patients with AP due to clinical symptoms,
personal interview, physical examination and clinicalmethod
used in the diagnosis of pancreatitis (ultrasonography, radio-
logical examinations, and computed tomography of abdom-
inal cavity), and laboratory tests (C-reactive protein, leuko-
cytosis, the activity of amylase, lipase, aspartate and alanine
transaminase, alkaline phosphatase, the level of bilirubin,
urea, creatinine, and albumin in serum). From the study,
were excluded the patients with pancreatic cancer arising
in the course of pancreatitis. As control group, 37 healthy
volunteers were qualified by clinician of primary medical
care. The patients were in age of 53.1 ± 10.6 (4 patients in age
of 31–40, 12 in age of 41–50, 6 in age of 51–60, 8 in age of 61–70,
and 2 in age of 71–80). The control group was in age of 41.3 ±
10.0.

The serum was collected according to the routine pro-
cedure, by taking the venous blood to disposable test tube.
The plasma was obtained through collecting blood to a test
tubewith EDTAor heparin and theyweremixed immediately
and centrifuged (2500 g/15min).The serum and plasma were
frozen rapidly and stored at −30∘C. From the fresh collected
blood, samples hemolysates were prepared (150 𝜇L of blood
and 1050 𝜇L H

2
OmQ), and then 300𝜇L 25% metaphosphoric

acid (Cat. no: 23 927-5, Sigma-Aldrich, Germany) was added,
so that the final concentration of it in hemolysate was 5%.The
samples were thoroughly mixed and then centrifuged for 6
minutes (10000 g). The supernatant obtained in this way for
GSH analyzing was collected and used.

In the case of some patients with AP, the dynamics of
selected examined parameters was performed. Additionally,
on the basis of personal interview and medical diagnosis, the
group of patients was divided according to the etiology of
disease to check the course of disease changes. Two groups
of patients (patients with gallstone and idiopathic AP and
patients with alcohol-related AP) were distinguished.

2.2. Methods. The concentration of IL-6 in serum was
determined using DuoSet-ELISA development system test
(Cat. no. DY206, R&D Systems, USA) using mice antibodies
against human IL-6, immobilized on 96-wells polystyrene
plate (Nunc-Immuno Modules MaxiStrip, Cat. no. 468667,
Nunc, Germany).
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GSH level was determined in blood hemolysates with the
method early described using glutathione standard (Cat. no:
49 750 Sigma-Aldrich, Germany) and alloxan (Cat. no: 23
437-0, Sigma-Aldrich, Germany) developed by Patterson and
Lazarow [21].

Thiol groups (SH groups) concentration was measured
in plasma using a colorimetric method based on the reac-
tion with 2,2-dithiobisnitrobenzoic acid (Ellman’s reagent)
(Sigma Aldrich, Germany) according the method described
earlier [22].

MT concentration in plasma was measured using two-
step direct ELISA method with commercial antibody (Dako,
Denmark) according the method described by Milnerowicz
and Bizoń [23].

Measurements of metals (Cu and Zn) concentrations
in the serum were assessed with the use of FAAS method
(Flame Atomic Absorption Spectrometry) in the acetylate
flame on the SOLAAR M6 apparatus (Thermo Elemental,
Solaar House, Cambridge, UK). The accuracy and repetition
of the method were verified by determining the metal con-
centrations in control serum samples (Seronorm TM Trace
Elements Serum of Sero AS, Bilingstad, Norway, Cat. no:
201405). On the base of the concentration of Cu and Zn in
serum, the Cu/Zn ratio was calculated.

GPx activity in the blood plasma was determined using
Glutathione Peroxidase Colorimetric/Kinetic Assay test (Cat.
no: CM89031, Immuno-Biological Laboratories, Germany).
Serum Cu/Zn SOD activity was determined with Superoxide
Dismutase Assay (Cat. no: CM706002, Immuno-Biological
Laboratories, Germany).

Total peroxyl radical trapping potential (TRAP) was
determined in plasma according to the modified method of
Alho and Leinonen [24] and described earlier [25].

The concentration of lipid peroxidation products (thio-
barbituric acid reactive substances, TBARS) in the plasma
was measured using thiobarbituric acid (TBA; Cat. no:
011.350-6, Sigma-Aldrich,Germany) according to themethod
described earlier [26].

Serum NAG activity was performed by colorimetric
methods with use of p-nitrophenyl-N-acetyl-𝛽-D-gluco-
samide (Cat. no. 222-398-7, Sigma-Aldrich, Germany) as
a substrate according to the method of Maruhn [27]. 𝛽-
GD activity in serum was measured according to the
method developed by Maruhn et al. [28]. As a sub-
strate, p-nitrophenyl-𝛽-D-glucuronide (Cat. no. 233-753-0,
Sigma Aldrich, Germany) was used. Serum AAP activity
was performed in colorimetric methods using L-alanyl-𝛽-
naphthylamide (Cat. no. 211-956-5, Sigma-Aldrich,Germany)
as substrate according to the method described earlier [29].
GGT activity in serum was measured using Bio-LA-TEST
(Cat. no. 1105902, LACHEMIA, Czech Republic) and 𝛾-
glutamyl-p-nitroanilide as substrates.

2.3. Statistical Analysis. Statistical analysis was carried out
using the program Statistica 9.0. The results for control
group and the group of patients with alcohol-related AP were
analysed using Student’s t test. Normality of distribution was

Table 1: IL-6 concentration and Ranson criteria as parameters
describing the severity of acute pancreatitis.

Parameter Control group
𝑛 = 37

AP
𝑛 = 32

IL-6 concentration [U/mL] 1.3 72.8∗

Standard deviation 0.8 36.2
Median 1.1 71.3
Range 0.3–2.5 21.5–143.4

Ranson criteria [points] — 6.3
Standard deviation — 1.7
Median — 6.0
Range — 4.0–9.0

∗Statistically significant compared to control group.

confirmed by Shapiro-Wilk test. In the absence of normal dis-
tribution, the nonparametricUMann-Whitney test was used.
In order to verify the correlation between parameters, the
Spearman correlation was performed. Statistical significance
was accepted for 𝑃 < 0.05.

3. Results

Results of determination of antioxidant balance parameters
were calculated for the first day of hospitalization (Tables 1, 2,
and 3).

3.1. Serum IL-6 Concentration and Ranson Criteria. More
than 55-fold increase in IL-6 concentration in the group of
AP was demonstrated compared to control group (Table 1).
In AP patients, IL-6 concentration has been increased rapidly
within several tens of hours since the occurrence of acute
pancreatitis symptoms. The maximum of IL-6 concentration
was reached after 2-3 days and thereafter gradually decreased
to about 10U/mL. The Ranson criteria for patients with AP
were also assessed (Table 1).

3.2. GSH Level in Blood Hemolysates. The results have shown
significant decrease in GSH level in blood of the examined
patients compared to control group. In the blood of AP group
compared to control group, 3-fold decreased GSH level was
noted (Table 2).

The dynamics of the changes in GSH level and IL-6
concentration in the case of selected patients were performed.
It was shown that an increase in severity of pancreatitis caused
a decrease in antioxidant status of organism in the serve AP
(the patient died). An increase in IL-6 concentration which
caused a decrease in GSH level was shown (Figure 1). In the
other case, it was demonstrated that a lower concentration of
IL-6 is accompanied by an increased GSH level (Figure 2).
The dynamics of these parameters have shown that increased
GSH level is beneficial to patient and it can lead to decreased
IL-6 concentration.

3.3. PlasmaMT and SHGroups Concentrations. A significant
increase in MT concentration in the group of patients with
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Table 2:The parameters of pro/antioxidant balance in patients with
acute pancreatitis compared to control group.

Parameter Control group
𝑛 = 37

AP
𝑛 = 32

GSH concentration [nmol/mL] 448.0 135.8∗

Standard deviation 87.2 46.5
Median 432.9 140.5
Range 320.2–661.4 54.2–228.5

SH group concentration [umol/L] 294.3 219.0
Standard deviation 54.9 45.1
Median 309.0 227.0
Range 215.0–415.0 157.0–265.0

MT concentration [ng/mL] 1.2 2.4∗

Standard deviation 1.0 1.4
Median 0.8 2.1
Range 0.1–3.4 0.3–5.0

Cu/Zn ratio 0.7 0.9
Standard deviation 0.3 0.2
Median 0.8 0.9
Range 0.3–1.2 0.5–1.3

GPx activity [nmol/min/mL] 41.6 66.9∗

Standard deviation 3.8 17.9
Median 41.0 66.3
Range 36.3–49.7 33.1–86.8

Cu/Zn SOD activity [nmol/min/mL] 1.7 1.8
Standard deviation 0.3 0.5
Median 1.7 1.7
Range 0.9–2.2 0.8–2.6

TRAP concentration [umol/L] 1412.1 1268.7
Standard deviation 386.7 163.4
Median 1340.0 1233.0
Range 809.0–2097.0 1126.0–1447.0

TBARS concentration [umol/L] 2.3 4.4∗

Standard deviation 0.9 2.9
Median 2.3 3.7
Range 0.4–4.5 1.5–10.7

∗Statistically significant compared to control group.

AP was noted compared to control group. No differences
in the concentration of SH groups between AP group and
control group were shown (Table 2).

3.4. Plasma GPx Activity and Serum Cu/Zn SOD Activity.
An increase in GPx activity in the plasma of patients with
diagnosed AP compared to control group was observed. No
statistically significant difference was detected in Cu/Zn SOD
activity between the group of patients with AP and control
group (Table 2).

The concentration of Cu and Zn participating in the
maintenance of the stability of Cu/Zn SOD subunits was also
measured. In the serum of control group, the values of Cu/Zn

Table 3: The activity of membrane and lysosomal enzymes as
a marker of tissue damage in patients with acute pancreatitis
compared to control group.

Parameter Control group
𝑛 = 37

AP
𝑛 = 32

GGT activity [U/L] 10.7 118.7∗

Standard deviation 3.8 79.8
Median 10.6 88.8
Range 6.8–22.7 41.8–295.8

AAP activity [U/L] 43.1 65.3
Standard deviation 10.9 46.9
Median 40.1 56.9
Range 27.5–66.6 29.2–228.1

NAG activity [U/L] 8.9 28.6∗

Standard deviation 5.9 22.4
Median 8.2 18.0
Range 1.5–24.3 8.1–91.4
𝛽-GD activity [U/L] 1.3 1.4

Standard deviation 0.5 0.5
Median 1.3 1.4
Range 0.5–2.4 0.6–2.2

∗Statistically significant compared to control group.
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Figure 1: Dynamics of the changes in GSH level and IL-6 concen-
tration in patient 6 with acute pancreatitis.

ratio ranged from 0.3 to 1.2. No difference between the group
of patients with AP and control group was shown (Table 2).

3.5. Plasma TRAP Concentration and TBARS Level. No
differences in the concentration of TRAP between examined
groups were shown (Table 2). In this study, a statistically
significant increase in the concentration of TBARS in AP
group compared to control group was determined. The
average concentration of this parameter in plasma of AP
patients was over 2-fold higher as compared to the group of
healthy volunteers (Table 2).

3.6. The Activity of Membrane Enzymes. AAP and GGT
activities were measured. 11-fold increase in GGT activity in
the group of patients with AP compared to control group
was shown. However, no differences in AAP activity between
examined groups were noted (Table 3). The analysis of AAP



Mediators of Inflammation 5

Table 4: Biochemical parameters in patients with acute pancreatitis related to gallstone and alcohol abuse (in the first 24 hours after
admission).

Examined marker Il-6 [U/mL] NAG [U/L] 𝛽-GD [U/L] GGT [U/L] AAP [U/L]
Gallstone and idiopathic acute pancreatitis

Average/standard deviation 68.0 ± 41.8∗∗ 60.2 ± 47.6
∗,∗∗ 1.3 ± 0.7 118.2 ± 93.3

∗,∗∗ 59.2 ± 11.2∗

Median 60.8 47.6 1.0 87.6 64.6
Range 20.2–143.4 17.8–126.3 0.5–2.2 46.2–295.8 44.3–68.4
The number of cases 12 12 12 12 12
Control group 1.3 ± 0.8 8.9 ± 5.9 1.3 ± 0.5 10.7 ± 3.8 43.1 ± 10.9

Alcohol-related acute pancreatitis
Average/standard deviation 91.3 ± 79.0∗∗ 23.9 ± 15.4∗∗ 1.5 ± 0.4 102.0 ± 108.0∗∗ 46.2 ± 16.2
Median 72.7 20.25 1.4 42.4 46.0
Range 20.2–143.4 4.2–48.2 0.6–2.2 17.4–328.8 20.9–72.2
The number of cases 20 20 20 20 20
Control group 21.5 ± 2.9 8.9 ± 5.9 1.3 ± 0.5 10.7 ± 3.8 43.1 ± 10.9
∗Significant differences between gallstone and alcohol-related acute pancreatitis.
∗∗Significant differences between experimental and control group.

Table 5: Result of Spearman correlations for examined parameters in patients with AP.

Parameters Ranson criteria GSH GPx Cu/Zn SOD AAP NAG 𝛽-GD
IL-6 0.71∗∗ 0.60∗ 0.55∗∗ 0.73∗

GPx −0.70∗ −0.60∗

TBARS −0.76∗∗

GGT −0.75∗ 0.65∗ −0.61∗∗

NAG 0.74∗ 0.68∗ 0.69∗
∗Statistically significant for 𝑃 < 0.001.
∗∗Statistically significant for 𝑃 < 0.05.
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Figure 2: Dynamics of the changes in GSH level and IL-6 concen-
tration in patient 2 with acute pancreatitis.

and GGT activities in depending on etiology has shown an
increased AAP and GGT activity in idiopathic and gallstone
AP compared to alcohol-related AP (Table 4).

3.7. The Activity of Lysosomal Enzymes. An increase in
NAG activity in AP group compared to control group was
demonstrated. In AP group, more than 3-fold increase in
NAG activity was observed. However, no differences in 𝛽-
GD activity between examined groups were shown (Table 3).
In the AP group with gallstone and idiopathic etiology,

an increased NAG activity compared to alcohol-related AP
was shown (Table 4).

3.8. Correlations. In the group of patients with AP, the corre-
lations between the parameters were observed (Table 5). The
correlation between IL-6 concentration and Ranson criteria
was also shown (Table 5). There were also the correlations
between NAG activity and the concentration of IL-6 and
activity of Cu/Zn SOD and GPx. The correlations between
Cu/Zn SOD activity and IL-6 concentration and GPx activity
were observed. Negative relations were noted between the
GSH concentration and GGT activity and between GPx
activity and TBARS concentration. There was a relation
betweenGPx activity and the IL-6 concentration.The relation
between activity of 𝛽-GD and NAG, 𝛽-GD and GGT, and
AAP and GGT was demonstrated.

4. Discussion

The studies suggest that an essential mediator in the
pathophysiology of acute pancreatitis is the inflammatory
cytokines. A special role in initiating an inflammatory
response in the course of acute pancreatitis was attributed
to interleukin-6 (IL-6). IL-6 is a major inducer of acute
phase protein synthesis in liver, and therefore an increase
in this cytokine concentration in serum precedes (24 hours)
the appearance of C-reactive protein [30]. Points of Ranson
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criteria commonly used to assess the patient’s state only partly
seem to confirm its usefulness as a predictor of disease course.
Only four from seven patients, which died during hospital-
isation as a severe case of acute pancreatitis (6.3 points in
Ranson criteria), were classified.The disadvantage of Ranson
criteria is also the fact that it is important parameter only in
the first 48 hours after the occurrence of acute pancreatitis
symptoms.Theusefulness of Ranson criteria in later period of
disease was not confirmed. Berney et al. [31] have confirmed
that the method of determining the severity of pancreatitis
on the base of serum IL-6 concentration (in the first three
days of disease duration) is characterized by high specificity
(67–95%), sensitivity (69–100%), and accuracy (80–84%). In
addition, in our study, the positive correlation IL-6 with
Ranson criteria was noted, which can confirm usefulness of
IL-6 to assess acute pancreatitis severity.

In this study, was demonstrated over 55-fold increase
in the level of IL-6 in the serum of patients with AP
during the first 48 hours of hospitalization compared to the
control group. In the study of Mayer et al. [1], it has been
shown that high level of IL-6 is associated with increased
mortality of patients with AP and it can be a marker for the
development of systemic complications of pancreatitis. This
study confirmed that an increase in severity of pancreatitis
caused a decrease in GSH level in organism, which led to
death of patient. A dramatic decrease in GSH concentration
in this group of patients correlated with an increase in lipid
peroxidation products (TBARS) (𝑃 < 0.01). A decrease
in GSH level was similar to the results obtained by other
researchers [32].

Significant changes in GSH level in the first phase of
AP may be the result of massive attack of ROS and the
participation of GSH in enzymatic elimination of oxidative
stress products [32]. The findings obtained from the study
confirm this assumption. A statistically significant increase in
plasmaGPx activity (participatingmainly inGSH-dependent
hydrogen peroxide elimination) was detected in patients with
AP. A decrease in GSH level with a simultaneous increase in
GPx activity has also found the confirmation in a statistically
significant negative correlation (𝑃 < 0.001). This study
suggests that a decrease in GSH level can be related to
enhanced activity of GPx using GSH as substrate.

The studies on the people linking Cu/Zn SOD with
pancreatitis turned out to be contradictory. It is possible that,
in the course of acute pancreatitis, both GPx and Cu/Zn SOD
were involved, but GPx/GSH system seems to play a role in
the first defence line against ROS, whereas Cu/Zn SOD may
play a role in chronic pancreatitis and its exacerbation. In
the studies of Hausmann et al. a dramatic decrease in serum
Cu/Zn SOD activity of patients with chronic pancreatitis was
demonstrated [33]. A lowered enzyme activity in patients
with severe AP than in those with mild pancreatitis was
also shown [4]. It can explain no differences in Cu/Zn SOD
activity in this study.

Zinc and copper ions participate in maintaining the
proper stability of Cu/Zn SOD subunits and superoxidase
radical anion neutralization. Kashimagi et al. have shown
considerably lowered Zn concentration in pancreatic tissues
in the course of pancreatitis [34]. Due to Zn participation in

antioxidant processes, the authors suggested that Zn deficit
might impair lipid metabolism and negatively influence the
cellmembrane protein synthesis. In present study, an increase
in value of Cu/Zn ratio in the group of patients with AP
compared to control group was not statistically significant.
It can suggest that Zn deficiency in the group of patients
with AP was not so considerable to cause the changes of
Cu/Zn SODactivity, but it has influence onCu/Zn imbalance.
The Cu/Zn index can be increased and Cu may have a
prooxidative effect. An increase in ROS production can be a
cause of 2-fold increase in MT concentrations in AP group
compared to control group. A significant increase in MT
concentration in the plasma with AP (2.8 ng/mL) compared
to control group (0.9 ng/mL) was shown [35]. Probably, MT
is the protein, which plays an important role in the defence
against oxidative stress. It may be considered as a sensitive
marker, which protects before the changes in pro/antioxidant
balance.

The pro/antioxidant imbalance in AP patients could lead
to oxidative stress, which reflected an increase in TBARS
concentration in the blood. An increase in lipid peroxidation
products in the course of AP in its severe (6.2 𝜇mol/L) and
mild form (4.0 𝜇mol/L) was also observed by Tsai et al. [36]
and was later confirmed by the results of the further studies
[37].

In our studies, the concentrations of SH groups and
TRAP were measured, but the differences in AP group
compared to control group were not statistically significant.
It is contradictory in comparison to other studies, in which
a decrease in SH groups concentration and an increased
TRAP level in the group of patients with AP compared to
healthy volunteers were shown [25]. It can suggest that the
pro/antioxidant imbalance in acute pancreatitis can cause
little changes in the level of TRAP, which indicate a small
usefulness of TRAP determination. We observed an increase
in levels of antioxidants, such as GPx or MT and the
decrease in GSH concentration. These antioxidants seem to
be important in the first line of defence against oxidative
stress in acute pancreatitis.

The development of pancreatitis can cause the formation
of numerous tissue damages and it can lead to enhanced
release of enzymes from the cells and the extracellular space.
In this study, membrane enzymes including AAP and GGT
or lysosomal enzymes NAG and 𝛽-GD were measured.

In current study, an increase in GGT activity in patients
with AP compared to control group can be caused by
pancreatocytes damage as a result of pancreatitis or it can
be an effect of increased demand for GSH in metabolism
of organism, in which GGT is involved. Other results were
contradictory. McKnight [38] suggested that the induction
of GGT activity depends on bile stasis within the biliary
tree. However, Hayakawa [39] has demonstrated that the
increase of enzyme activity is result of alcohol abuse, which
can cause an increase in enzyme release into serum (probably
as a result of changes in cell membrane permeability). It was
confirmed by other researchers which maintained that GGT
determination can be a good marker differentiating alcohol-
related AP from others AP [17]. In our study, the enhanced
release of GGT into serum in gallstone and idiopathic AP
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Figure 3:The graphical summary of themost important parameters determinated in the patients with acute pancreatitis compared to control
group.

compared to alcohol-related AP was demonstrated. It can
indicate that AP is inducedmainly by cholestasis and damage
of duct epithelium. This process caused also the release of
AAP in this group of patients, which can result in disorder
of metabolic processes catalysed by AAP and GGT.

Inflammation can cause an increase in NAG level, what
can be considered as a marker of lysosomal dysfunction
and abnormal cellular integrity. In this study, more than 3-
fold increase in NAG activity in serum of patients with AP
was demonstrated. The analysis of AP patients in terms of
etiology suggests that NAG was released into serum mainly
as a result of pancreas damage during inflammatory process.
It can indicate deep damages of pancreas, which led to total
destruction of its structure.

The measurement of 𝛽-GD activity in examined groups
did not show significant differences. In Wilson’s studies [40],

an increase in 𝛽-GD activity in the blood of rats with
protein deficiency treated with ethanol was demonstrated.
An increase in 𝛽-GD activity (but not statistically significant)
in the group of patients with alcohol-related AP was also
noted.This suggests that greater destruction of cells structure
and lysosomal enzymes release in patients with gallstone and
idiopathic etiology of AP compared to patients with alcohol
related AP were observed.

In the patients with AP, the correlation between determi-
nated parameters was shown. In the group of patients with
AP, the correlation between IL-6 level and the activity of
antioxidant enzymes: Cu/Zn SOD and GPx or between the
IL-6 concentration and the activity of NAG was shown. The
positive correlation of IL-6 concentration and NAG activity
can confirm that inflammation increases tissue damage. The
inflammatory state caused the increase in cytokine level
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and the running of antioxidant mechanism, wherein the
correlations between antioxidant enzymes (GPx and Cu/Zn
SOD) were negative. The relation between the activities of
membrane enzymes (GGT and AAP) was noted, which can
confirm the interaction of them, similar to the activities
of lysosomal enzymes (NAG and 𝛽-GD). The membrane
damages can lead to the enzymes release and an increase
in the activity of AAP and GGT in serum. However, the
destruction of cell organelles can lead to an increase in
the activity of NAG and 𝛽-GD. The confirmation on the
significant involving of GSH in the defence against oxidative
stresswas the increase inTBARS concentration and increased
GPx activity, which correlated with a decrease in GSH level.
With the development of the pancreatitis, the release of
lysosomal enzymes, such as NAG, was increased. Its activity
correlatedwith antioxidant enzymes activity (GPx andCu/Zn
SOD). An increased activity of GGT in the serum of patients
withAP and a decreased level ofGSH involving in the defence
against free radicals in the negative correlation between these
parameters were demonstrated.

5. Conclusions

The main findings from the study were demonstrated in
Figure 3. This study can be concluded as follows:

(1) GSH, GPx, and MT seem to be the antioxidants the
most involved in the defence against oxidative stress
in acute pancreatitis.

(2) A significant decrease in GSH level can be a result of
increased GPx and GGT activities.

(3) An increased TBARS concentration and the activities
of membrane or lysosomal enzymes indicate deep
tissue damage, more in gallstone and idiopathic AP
than in alcohol-related AP.

(4) The release of membrane and lysosomal enzymes in
inflammatory process can contribute to metabolism
dysfunction in nutrition and detoxification process,
which can deteriorate the patient’s condition.
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Diabetes is associated with hyperglycemia and increased thrombin production. However, it is unknown whether a combination
of high glucose and thrombin can modulate the expression of NAPDH oxidase (Nox) subtypes in human aortic endothelial cells
(HAECs). Moreover, we investigated the role of a diabetes-associatedmicroRNA (miR-146a) in a diabetic atherothrombosis model.
We showed that high glucose (HG) exerted a synergistic effect with thrombin to induce a 10.69-fold increase in Nox4 mRNA
level in HAECs. Increased Nox4 mRNA expression was associated with increased Nox4 protein expression and ROS production.
Inflammatory cytokine kit identified that the treatment increased IL-8 and IL-6 levels. Moreover, HG/thrombin treatment caused
an 11.43-fold increase of THP-1 adhesion to HAECs. In silico analysis identified the homology between miR-146a and the 3-
untranslated region of the Nox4 mRNA, and a luciferase reporter assay confirmed that the miR-146a mimic bound to this Nox4
regulatory region. Additionally, miR-146a expression was decreased to 58% of that in the control, indicating impaired feedback
restraint of HG/thrombin-induced endothelial inflammation. In contrast, miR-146a mimic transfection attenuated HG/thrombin-
induced upregulation of Nox4 expression, ROS generation, and inflammatory phenotypes. In conclusion, miR-146a is involved in
the regulation of endothelial inflammation via modulation of Nox4 expression in a diabetic atherothrombosis model.

1. Introduction

Diabetes mellitus is an epidemic that affects all age groups
worldwide. Both microvascular (nephropathy, neuropathy,
and retinopathy) andmacrovascular diseases (atherosclerosis
of coronary, cerebral, and peripheral arteries) are prevalent
in diabetic patients. Diabetes is associated with polyvas-
cular, accelerated, and diffuse atherosclerotic diseases [1].
In advanced stages, the chances of atherosclerotic plaque

rupture increase, which can cause atherothrombosis with
clinical presentations of acute ischemic stroke, acute myocar-
dial infarction, and peripheral arterial occlusive disease.

Endothelial dysfunction is an initiator of diabetic vascu-
lar diseases. Multiple diabetes-associated stresses, including
hyperglycemia, impaired insulin signaling, advanced gly-
cated end products, and dyslipidemia, lead to the inflam-
mation of the endothelium, which can lead to thrombosis
[2]. These metabolic abnormalities in diabetes increase the
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generation of reactive oxygen species (ROS), effectors that
play a major role in producing a proinflammatory phe-
notype that culminates into accelerated atherosclerosis and
atherothrombosis [3]. The most important ROS-generating
systems in the vasculature include themitochondrial electron
transport chain, xanthine oxidase, and NADPH oxidases
(Noxes) [2]. Noxes are transmembrane electron transporters
that transport the cytoplasmic electron donor NADPH to
oxygen in order to generate superoxide. Among the 7 known
subtypes, Nox1, Nox2, Nox4, and Nox5 are expressed in
endothelial cells and are the major sources of ROS in the
cardiovascular systems [4].

MicroRNAs (miRs) are endogenous ∼22-nucleotide
RNAs that bind to the 3-untranslated region (UTR) of a
messenger RNA (mRNA) target.These miRs can regulate the
oxidative and inflammatory state at the posttranscriptional
level by causing degradation of the target mRNA or
inhibiting translation [5]. Among the many miRs, miR-146a
is identified as a negative regulator of NF-𝜅B, which targets
IRAK1, TRAF6, and IRAK2 [6, 7]. Generally, an increased
level of cellular miR-146a that exerts a negative feedback
effect on NF-𝜅B signaling is observed during multiple
stresses (e.g., TNF-𝛼, LPS, interleukin- (IL-) 1𝛽, PMA, and
ox-LDL) [6, 8–11]. However, decreased cellular miR-146a
levels have been reported inmultiple diabetes-related studies,
including in high glucose- (HG-) stimulated endothelial cells
and diabetic rats [12, 13], in diabetic mouse wounds [14],
in glycated albumin-stimulated endothelial cells [15], and
in type 2 diabetes patients with subclinical inflammation
and insulin resistance [16]. All of the above in vitro and in
vivo evidences indicate that impaired miR-146a expression
contributes to the proinflammatory state in diabetes.

The hallmark of diabetes is hyperglycemia. In addition,
diabetes can cause a hypercoagulable state that is due
to increased thrombin generation [17, 18]. Since HG and
thrombin are known to increase ROS production [19, 20],
the present study investigated whether a combination of
HG and thrombin (HG/thrombin) influenced Nox subtype
expression and endothelial inflammation. In addition, we
testedwhethermiR-146a is involved in the regulation ofNox4
expression in this in vitro model of diabetic atherothrombo-
sis.

2. Materials and Methods

2.1. Cell Culture. Human aortic endothelial cells (HAECs)
were purchased from Cell Applications, Inc. (San Diego, CA)
and cultured in endothelial cell growth medium (Cell Appli-
cations, Inc.) according to the manufacturer’s recommenda-
tions. The cells were grown to near confluence in a 75-T flask
before the experiment. All chemicals were obtained from
Sigma-Aldrich (St. Louis, MO) unless otherwise specified.
Thrombin at a dose of 2 units/mL andD-glucose (25mmol/L)
were added to the HAECs for the respective times. L-glucose
(25mmol/L) was used as an osmotic control. The human
monocytic cell line THP-1 was obtained from the American
Type Culture Collection (Rockville, MD) and maintained
in RPMI-1640 culture medium (Thermo Scientific HyClone,

Logan, UT) supplemented with 10% FBS and 1% penicillin-
streptomycin (Invitrogen, Carlsbald, CA).

2.2. Real-TimePolymerase ChainReaction (PCR). ThemRNA
expression level in the HAECs was analyzed by real-time
PCR, as previously described [21]. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was selected for
normalization of data. These real-time PCR data were
calculated by the 2−ΔΔCt method for RNA quantification.
The primer sequences used for the amplification of genes
encoding GAPDH, Nox1, Nox2, Nox4, Nox5, interleukin-6
(IL-6), interleukin-8 (IL-8), vascular cell adhesion protein 1
(VCAM-1), intercellular adhesion molecule 1 (ICAM-1), and
E-selectin (SELE) were as follows:

GAPDH:
Forward primer: 5-CTCTGCTCCTCCTGTTC-
GAC-3

Reverse primer: 5-ACGACCAAATCCGTTGA-
CTC-3

Nox1:
Forward primer: 5-TCACCCCCTTTGCTTCT-
ATCT-3

Reverse primer: 5-AATGCTGCATGACCAAC-
CTT-3

Nox2:
Forward primer: 5-CATTCAACCTCTGCCAC-
CAT-3

Reverse primer: 5-CCCCAGCCAAACCAGAAT-3

Nox4:
Forward primer: 5-GCTGACGTTGCATGTTT-
CAG-3

Reverse primer: 5-CGGGAGGGTGGGTATCTAA-
3

Nox5:
Forward primer: 5-GGAGAAGATGAACACAT-
CTGGAG-3

Reverse primer: 5-CATCCTCCTCGGCACTCA-3

IL-6:
Forward primer: 5-GATGAGTACAAAAGTCC-
TGATCCA-3

Reverse primer: 5-CTGCAGCCACTGGTTCTGT-
3

IL-8:
Forward primer: 5-AGACAGCAGAGCACACA-
AGC-3

Reverse primer: 5-ATGGTTCCTTCCGGTGTT-3

VCAM-1:
Forward primer: 5-TGCACAGTGACTTGTGG-
ACAT-3
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Reverse primer: 5-CCACTCATCTCGATTTCTGG-
A-3

ICAM-1:
Forward primer: 5-CCTTCCTCACCGTGTAC-
TGG-3

Reverse primer: 5-AGCGTAGGGTAAGGTTC-
TTGC-3

SELE:
Forward primer: 5-ACCAGCCCAGGTTGAATG-
3

Reverse primer: 5-GGTTGGACAAGGCTGTGC-3

2.3.Western Blot Analysis. Theprotein expression level in the
HAECs was analyzed by western blot analysis, as previously
described [21]. Antibodies against Nox4 (GeneTex, Irvine,
CA) and GAPDH (Santa Cruz Biotechnology, Santa Cruz,
CA) were used at concentrations of 1 : 1000 and 1 : 2000,
respectively. Whole cell lysates were used in all blots, which
were normalized to GAPDH.

2.4. Intracellular ROS Determination. Intracellular ROS
expression level was analyzed by an Oxiselect Intracellu-
lar ROS Assay Kit (Cell Biolabs, San Diego, CA), which
measures ROS by employing the cell-permeable fluorogenic
probe 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA). Briefly, HAECs (1 × 104) were stimulated with different
stressors for 5 h before determining the level of ROS.The level
of ROS was determined according to the manufacturer’s pro-
tocol. In separate experiments, the HAECs were transfected
with a miR-146a mimic before determining ROS production.

2.5. Inflammatory Cytokine Expression. HAECs were plated
onto coverslips in a 24-well plate at a density of 5 × 105
cells/well and stimulated with thrombin and/or HG. After
treatment, the supernatants were collected and separated by
centrifugation at 500×g for 5min at 4∘C and stored at −80∘C
until used for analysis. A panel of cytokines including IL-8,
IL-1𝛽, IL-6, IL-10, TNF-𝛼, and IL-12p70 was simultaneously
examined using the Human Inflammatory Cytokines Kit
(BD Biosciences Pharmingen, San Diego, CA) through flow
cytometry (BD FACSCanto system; Becton Dickinson Corp.,
San Jose, CA), as previously described [15].

2.6. Monocyte Adhesion Assay. In adhesion experiments,
THP-1 cells were labeled with calcein acetoxymethyl ester
(Calcein-AM; Molecular Probes, OR). The THP-1 cells were
stained with the dye at a concentration of 7.5𝜇M for 30min
immediately preceding the adhesion assay. HAECs were
maintained in 12 wells until 90% confluence. The HAECs
(105 cells/well) were then treated with thrombin and/or HG
for 5 h and incubated with culture medium containing the
labeled THP-1 cells (THP-1/HAECs = 7) for 10min. After
incubation, nonadherent THP-1 cells were removed by gentle
washing with PBS for 20 s. The adherent THP-1 cells on
different thrombin and/or HG-activated ECs were identified
and quantified in 10 randomly selected view fields. In separate

experiments, the THP-1 adhesion assay was performed after
miR-146a mimic transfection.

2.7. miR Extraction and Analysis. The protocols for miR
extraction and determination of miR-146a expression level
were previously described [15]. RNU6B expression level
served as a loading control.

2.8. Luciferase Reporter Assay. The partial Nox-4 mRNA 3-
UTR containing themiR-146a target site was constructed into
a pGL-2-promoter vector (Promega, Madison, WI). HAECs
were cotransfected with 1 𝜇g of constructed plasmids and
100 nM of miR-146a mimic or miR-control sequences using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 24 h of
transfection, cells were harvested to measure luciferase activ-
ity according to the manufacturer’s procedures (Promega).

2.9. miR-146a Mimic Transfection. The miR-146a mimic
(mirVana miRNA mimic) and miR-control were obtained
from Ambion (Austin, TX). HAECs were transfected with
hsa-miR-146a mimic (30 nM) or miR-control (30 nM) using
the Lipofectamine 2000 transfection reagent (Invitrogen) in
serum-free M-199 medium for 2 h. After transfection, the
M-199 medium was changed to the endothelial cell growth
medium. HAECs were then treated with thrombin and
HG for different times in the respective experiments. After
treatment, the supernatants were collected and preserved for
studies of inflammatory cytokine expression. The HAECs
were collected, and the expression levels of Nox4, VCAM-
1, ICAM-1, SELE, IL6, IL8 mRNA, Nox4 protein, and ROS
activity were determined. In addition, THP-1 adhesion exper-
iments were performed after miR-146a mimic transfection.

2.10. Statistical Analysis. Statistical analyses were performed
using SPSS 12.0 statistical software for Windows (SPSS Inc.,
Chicago, IL). All data are presented as the mean ± SEM.
The significance between 2 groups was determined using
unpaired 𝑡-tests. 𝑃 values less than 0.05 were considered
statistically significant.

3. Results

3.1. Endothelial Nox4 and Intracellular ROSWere Significantly
Induced by HG/Thrombin. We first examined the effects of
HG and thrombin on the expression of endothelial Nox1,
Nox2, Nox4, and Nox5mRNA expression (Figure 1(a)). After
5 h of stimulation, high D-glucose (HG, 25mmol/L) alone
caused significant 1.95- and 2.74-fold increases in Nox1 and
Nox4 mRNA expression, respectively, while the Nox2 and
Nox5mRNA expression did not change. Thrombin (2U/mL)
alone caused a significant 3.67-fold increase in Nox5 mRNA
expression, while Nox1, Nox2, and Nox4 mRNA expression
did not change. HG/thrombin cotreatment caused significant
3.62- and 10.69-fold increases in Nox1 and Nox4 mRNA,
respectively, whileNox2 andNox5 expression did not change.
Both L-glucose treatment and L-glucose/thrombin cotreat-
ment had no discernible effects on the mRNA expression of
Nox1, Nox2, Nox4, and Nox5.
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Figure 1: Endothelial Nox4 expression and intracellular ROS production were significantly induced by HG/thrombin. (a) HAECs were
stimulated with HG (25mmol/L), L-glucose (25mmol/L), and thrombin (2U/mL) for 5 h. Real-time PCR showed that stimulation of
HAECs with D-glucose/thrombin induced a 10.69-fold synergistic increase of Nox4 mRNA levels compared with the control, while L-
glucose/thrombin had no such effect. The bars represent the means ± SEM from 3 experiments. ∗𝑃 < 0.05, as compared with the control.
∗∗
𝑃 < 0.01, as compared with the control. (b) Stimulation of HAECs with HG/thrombin for 12 h increased Nox4 protein expression 1.35-fold

compared with the control; alternatively, L-glucose/thrombin had no discernible effect on Nox4 expression. The bars represent the means
± SEM from 4 experiments. ∗𝑃 < 0.05, as compared with the control. (c) Stimulation of HAECs with HG/thrombin for 5 h significantly
increased ROS production 2.81-fold compared with the control. The bars represent the means ± SEM from 3 experiments. ∗𝑃 < 0.05, as
compared with the control. ∗∗𝑃 < 0.01, as compared with the control.

In the western blot analysis, HG/thrombin cotreat-
ment for 12 h caused a significant 1.33-fold increase in
Nox4 expression compared with the control, while the L-
glucose treatment and L-glucose/thrombin cotreatment had
no discernible effects on the protein expression of Nox4
(Figure 1(b)). To determine if HG/thrombin-induced Nox4
expression was associated with enhanced intracellular ROS
production, DCFH-DA assay was employed. As shown in
Figure 1(c), HG and thrombin treatment alone for 5 h caused
significant 1.48- and 2.40-fold increases of ROS production

in HAECs, respectively. HG/thrombin cotreatment further
increased the ROS production up to 2.81-fold.

3.2. Endothelial Inflammation Was Significantly Induced by
HG/Thrombin. HG/thrombin-induced inflammatory cytok-
ine changes were first examined using the Human Inflam-
matory Cytokines Kit. The HG/thrombin cotreatment for
12 h caused an increase in the IL-8 and IL-6 levels in the
conditioned medium, as shown by the rightward shift of
the dotted lines; however, IL-1𝛽, IL-10, TNF-𝛼, and IL-12p70
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Figure 2: Continued.
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Figure 2: Endothelial inflammation was induced by HG/thrombin through an ROS-dependent pathway. (a) From top to bottom, multiple
small dots accumulated into 6 horizontal lines, which represented the expression levels of IL-8, IL-1𝛽, IL-6, IL-10, TNF-𝛼, and IL-12p70
proteins in conditioned medium. The rightward shift of the dotted lines represents the relative protein expression levels. Analysis using an
inflammatory cytokine kit showed that HG/thrombin stimulation increased IL-8 and IL-6 expression in HAECs, while L-1𝛽, IL-10, TNF-
𝛼, and IL-12p70 had no discernible effect on its protein expression levels. The images shown represent the results from 3 independent
experiments. (b) Stimulation of HAECs with HG/thrombin for 5 h increased caused 4.06-fold and 5.05-fold increases of IL-6 and IL-8mRNA
gene expression levels, respectively. The bars represent the means ± SEM from 3 experiments. ∗𝑃 < 0.05, as compared with the control. (c)
Stimulation of HAECs with HG/thrombin for 5 h induced an 11.43-fold synergistic increase of THP-1 adhesiveness to HAECs compared with
the control.Thebars represent themeans± SEM from4 experiments. ∗∗𝑃 < 0.01, as comparedwith the control. (d) Stimulation ofHAECswith
HG/thrombin for 5 h induced significant 8.72-, 11.67-, and 67.21-fold increases of VCAM-1, ICAM-1, and SELE gene expression, respectively.
The bars represent the means ± SEM from 3 experiments. ∗𝑃 < 0.05, as compared with the control. (e) HAECs were pretreated with 5mMN-
acetylcysteine (NAC) for 1 h and then stimulated withHG/thrombin for 5 h. Real-time PCR showed that NAC pretreatment caused significant
decreases in the gene expression of VCAM-1, ICAM-1, and SELE to 51%, 70%, and 49% of that in the HG/thrombin-stimulated HAECs. The
bars represent the means ± SEM from 4 experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, as compared with the HG/thrombin.

expression levels were not affected (Figure 2(a)). In addition,
HG/thrombin cotreatment caused 4.06-fold and 5.05-fold
increases of IL-6 and IL-8 mRNA gene expression levels,
respectively (Figure 2(b)).

The adhesion of circulatingmonocytes to endothelial cells
is an important event in causing vascular inflammation and
atherosclerosis development [22]. As shown in Figure 2(b),
HG/thrombin cotreatment significantly increasedmonocytic
THP-1 cell adhesion to HAECs. While HG and thrombin
treatment alone for 5 h caused 2.84- and 2.15-fold increases
in the THP-1 adhesion to HAECs, respectively, HG/thrombin
cotreatment caused an 11.43-fold synergistic increase of
THP-1 adhesion (Figure 2(c)). The increased THP-1 adhe-
siveness was associated with increased gene expression of
cellular adhesion molecules (CAMs). HG/thrombin cotreat-
ment caused 8.72-fold, 11.67-fold, and 67.21-fold increases
of VCAM-1, ICAM-1, and SELE mRNA gene expression
levels, respectively (Figure 2(d)). These data demonstrate
that increased expression of these CAMs was at least
partially responsible for increased THP-1 adhesiveness in
HG/thrombin-activated HAECs.

Oxidative stress is known to impair endothelial func-
tion. Therefore, we tested whether ROS are involved in the
HG/thrombin-induced endothelial inflammation. As shown

in Figure 2(e), an ROS scavenger N-acetylcysteine (NAC,
5mM) pretreatment caused a significant decrease in the gene
expression of VCAM-1, ICAM-1, and SELE, suggesting that
ROS are involved in the HG/thrombin-induced endothelial
inflammation.

3.3. Nox4 Is a Direct Target of miR-146a. Bioinformatic miR
target analysis using miR databases (http://www.microrna
.org/microrna/getGeneForm.do) identified homology between
miR-146a and the 3-UTR of the human Nox4 mRNA, indi-
cating that Nox4 is a potential miR-146a target (Figure 3(a)).
To investigate whether miR-146a can interact with Nox4
mRNA3-UTR, a luciferase reporter assay was performed. As
shown in Figure 3(b), cotransfection of pGL2-Nox4-3-UTR
and the miR-146a mimic resulted in a decrease in luciferase
signal to 47% of that in the miR-control, which confirmed
direct binding of miR-146a to the Nox4 3-UTR.

3.4.HG/ThrombinDownregulatedmiR-146aExpression. Since
miR-146a is an important diabetes-associated posttranscrip-
tional regulator, we determined whether miR-146a levels
changed in HG/thrombin-stimulated HAECs. As shown in
Figure 4, treatment with either HG or thrombin separately
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Figure 3: Nox4 was identified as a target of miR-146a. (a) Bioinformatic miR target analysis identified homology between miR-146a and the
3-UTR of the human Nox4 mRNA, indicating potential regulation of Nox4 by miR-146a. (b) A luciferase reporter assay showed that the
miR-146a mimic could downregulate relative luciferase activity of pGL2-Nox4-3-UTR compared with the miR-control. The bars represent
the means ± SEM from 6 experiments. ∗∗𝑃 < 0.01, as compared with the miR-control.
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Figure 4: HG/thrombin downregulated miR-146a expression in
HAECs. miR-146a expression was measured by real-time PCR.
HG/thrombin stimulation for 5 h decreased miR-146a expression to
58% of that in the control.The bars represent themeans ± SEM from
5 experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, as compared with the
control. miR levels are expressed as the ratio of RNU6B levels.

for 5 h significantly decreased miR-146a expression to 83%
and 76% of that in the control, respectively. HG/thrombin
cotreatment further downregulated the miR-146a expres-
sion to 58% of that in the control. In contrast, both L-
glucose treatment and L-glucose/thrombin cotreatment had
no discernible effects on the expression of miR-146a. These
findings indicate that the anti-inflammatory feedback circuit
mediated by cellular miR-146a levels was impaired in the
HG/thrombin-activated HAECs.

3.5. Nox4 Expression and Intracellular ROS Production Were
Attenuated in miR-146 Mimic-Transfected, HG/Thrombin-
Treated HAECs. To determine whether miR-146a can inhibit
Nox4 expression in the HG/thrombin-stimulated HAECs,
we transfected HAECs with a miR-146a mimic. Regarding
Nox4 mRNA expression, the stimulatory effect of HG/
thrombin was preserved in themiR-control-transfected, HG/
thrombin-stimulated HAECs. In contrast, the miR-146a
mimic abolished the stimulatory effect ofNox4mRNAexpres-
sion in HG/thrombin-stimulated HAECs (Figure 5(a)).
Regarding Nox4 protein expression, the stimulatory effect
of HG/thrombin onNox4 protein expressionwas also attenu-
ated in miR-146a mimic-transfected HAECs (Figure 5(b)).
This inhibitory effect of the miR-146 mimic on the Nox4
expression concurrently occurred with decreased ROS pro-
duction in theHG/thrombin-stimulatedHAECs (Figure 5(c)).

3.6. Endothelial Inflammation Was Attenuated by the miR-
146 Mimic. To further determine whether the reduced Nox4
expression andROSproductionwere associatedwith reduced
endothelial inflammation in the miR-146 mimic-transfected,
HG/thrombin-stimulated HAECs, we measured inflamma-
tory cytokine expression, THP-1 adhesion, and inflammatory
gene expression. As anticipated, both IL-8 and IL-6 protein
expression in the conditioned medium were attenuated by
miR-146amimic transfection (Figure 6(a)). Furthermore, the
adhesion of THP-1 cells (Figure 6(b)) and gene expression
of VACM-1, ICAM-1, SELE, IL-6, and IL-8 (Figure 6(c))
were also significantly reduced in the miR-146a transfected,
HG/thrombin-stimulated HAECs.
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Figure 5:The stimulatory effects of HG/thrombin on Nox4 expression and ROS production were attenuated in miR-146a mimic-transfected
HAECs. (a) The stimulatory effect of HG/thrombin on Nox4 mRNA expression was preserved in miR-control-transfected HAECs, with an
increase of 8.95-fold Nox4 mRNA levels compared with the control. In contrast, HG/thrombin did not increase Nox4 mRNA expression
in miR-146a mimic-transfected HAECs. The bars represent the means ± SEM from 3 experiments. ∗𝑃 < 0.05, as compared with the miR-
control. (b) The stimulatory effect of HG/thrombin on Nox4 protein expression was significantly attenuated in miR-146a mimic-transfected
HAECs. The bars represent the means ± SEM from 4 experiments. ∗∗𝑃 < 0.01, as compared with the miR-control. (c) The stimulatory effect
of HG/thrombin on intracellular ROS production was significantly attenuated in miR-146a mimic-transfected, HG/thrombin-stimulated
HAECs. The bars represent the means ± SEM from 3 experiments. ∗𝑃 < 0.05, as compared with the miR-control.

The proposed role of miR-146a in regulating HG/throm-
bin-induced endothelial inflammation is shown in Figure 7.

4. Discussion

This study demonstrated thatHG/thrombin exerts a synergis-
tic effect to upregulateNox4mRNA expression, Nox4 protein
expression and to increase ROS generation in HAECs. Such
diabetes-associated stimuli also downregulate endothelial

miR-146a cellular level and enhance endothelial inflamma-
tory phenotypes. The luciferase reporter assay and trans-
fection experiments confirm the role of miR-146a in the
posttranscriptional regulation of Nox4 expression. Further-
more, overexpression of the miR-146a mimic can result in a
vascular protective effect by its anti-inflammatory effect in
HG/thrombin-stimulated HAECs. Such properties of miR-
146a may be useful for treating accelerated atherosclerosis
and atherothrombosis in diabetes.
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Figure 6:The proinflammatory phenotypes of HG/thrombin-stimulated HAECs were attenuated by amiR-146amimic. (a) Analysis using an
inflammatory cytokine kit showed that the stimulatory effect of HG/thrombin on IL-8 and IL-6 protein expression in conditioned mediums
was preserved inmiR-control-transfectedHAECs, while the stimulatory effect was attenuated inmiR-146amimic-transfected, HG/thrombin-
stimulated HAECs. The images shown represent the results from 3 independent experiments. (b) The stimulatory effect of HG/thrombin on
THP-1 adhesion to HAECs was preserved in miR-control-transfected HAECs, while the THP-1 adhesiveness was attenuated in miR-146a
mimic-transfected, HG/thrombin-stimulated HAECs to 34% of that in the miR-control-transfected HACEs. The bars represent the means ±
SEM from 4 experiments. ∗∗𝑃 < 0.01, as compared with the miR-control. (c) The stimulatory effect of HG/thrombin on the gene expression
of VCAM-1, ICAM-1, SELE, IL-6, and IL-8 significantly decreased in miR-146a mimic-transfected, HG/thrombin-stimulated HAECs to 42%,
51%, 71%, 40%, and 34% of that in miR-control-transfected, HG/thrombin-stimulated HAECs. The bars represent the means ± SEM from 3
experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, as compared with the miR-control.

Blood vessels expressed a high level of Nox4 [4].
Additionally, gene expression studies reported that Nox4 was
the dominant isoform expressed in endothelial cells [23, 24].
In endothelial cells, multiple cellular stresses, including
oscillatory shear stress [25], TNF-𝛼 [26], lipopolysaccharide
[27], oxidized-phospholipids [28], and glycated albumin [29],
were reported to upregulate endothelial Nox4 expression.The

upregulated Nox4, in turn, mediated multiple detrimental
effects on endothelial cells, including senescence [30],
apoptosis [31], and proinflammatory response [27]. Elevated
Nox4 expression was previously reported in many cardiovas-
cular diseases including atherosclerosis, pulmonary artery
hypertension, stroke, and heart failure [32]. In addition, Nox4
plays a critical role in mediating diabetic nephropathy [33]
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Figure 7: The proposed role of miR-146a in regulating HG/throm-
bin-induced endothelial inflammation.

and diabetic retinopathy [34]. Our data provide evidence that
Nox4 expression, ROS production, and endothelial inflam-
mation were strongly upregulated in the HG/thrombin-
stimulated HAECs, further supporting Nox4-mediated
vascular complications in diabetes. Interestingly, although
the L-glucose alone did not change endothelial Nox4 expres-
sion, it did cause reduction of thrombin-induced Nox5
mRNA expression and ROS production. Valeri et al. reported
that both fructose and D-tagatose (L-epimer of D-fructose)
had cytoprotective effects in prooxidant (i.e., cocaine or
nitrofurantoin) induced rat hepatocyte cell injury; these
effects were exerted by suppressing the iron-catalyzed
formation of ROS [35]. Moreover, Paterna et al. also showed
that D-tagatose prevented oxidative cell injury induced by
nitrofurantoin or toxic iron overload with ferric nitrilotri-
acetate in mouse hepatocytes [36]. Their findings revealed
that other monosaccharides might have a role in attenuating
oxidative cell injury, although additional studies are
needed to address the role of L-glucose in alleviating ROS
production.

Nox4 activity is constitutive for its ROS-generating ability
[37].The close correlation between ROS generation andNox4
mRNA level indicates that Nox4 is an inducible isoform [38].
As shown in our data, the amount of ROS production and the
degree of Nox4 mRNA upregulation indicate that increased
ROS production in HG/thrombin-stimulated HAECs was
at least partially dependent on Nox4 upregulation. ROS are
important signaling molecules that participate in endothelial
inflammation [39]. Previous studies reported that Nox4
played an important role in mediating IL-8 expression [27]
and THP-1 adhesion [40, 41]. Consistent with these findings,
we observed attenuated ROS production and endothelial
inflammation after downregulation of Nox4 expression with
a miR-146a mimic, indicating that Nox4-inducing ROS were
partially responsible for the proinflammatory response in
HG/thrombin-stimulated HAECs.

Nox4 is mostly regulated by transcription via several
transcription factors, including E2F, NF𝜅B, STAT1/3, HIF-
1𝛼, Nrf2, and Oct-1 [42]. The posttranscriptional regulation
of Nox4, however, is less well understood. Interestingly, 2
separate groups reported that Nox4 was regulated at the
posttranscriptional level bymiR-25. In the first study, Fu et al.
reported thatmiR-25was significantly reduced inHG-treated
rat mesangial cells and the kidneys of streptozotocin-induced
diabetic rats. These researchers demonstrated that miR-25
was a direct target of Nox4 3-UTR and concluded that miR-
25 may contribute to the regulation of Nox4 expression in
diabetic nephropathy [43]. In the second group, Varga et al.
demonstrated that miR-25 was downregulated in the heart
of cholesterol-enriched diet-induced hypercholesterolemia
rats.These researchers concluded that downregulatedmiR-25
contributes to myocardial oxidative/nitrative stress through
increased Nox4 expression [44]. Similar to the regulation
patterns of miR-25, we also noted that HG/thrombin down-
regulatedmiR-146a expression and upregulatedNox4 expres-
sion. A luciferase reporter assay confirmed that Nox4 3-
UTR is a direct target of miR-146a. In addition, transfection
experiments further support that the stimulatory effect of
HG/thrombin on Nox4 expression was at least partially
mediated by a posttranscriptional regulatory mechanism via
cellularmiR-146a levels. All of our findings also indicate a role
of impaired miR-146a expression in diabetes.

Previous studies have shown that miR-146a negatively
modulated IL-6 and IL-8 in human fibroblasts [45] and
human trabecularmeshwork cells [46]. Our data also showed
that themiR-146mimic downregulated IL-6 and IL-8 expres-
sion in HG/thrombin-stimulated HAECs. Increased IL-6
expression and signaling events are known to contribute to
both atherosclerotic plaque growth and plaque destabiliza-
tion [47]. In diabetes, IL-6 was reported as an independent
predictor of microvascular complications and cardiovascular
disease [48]. On the other hand, IL-8 signalingwas important
for the angiogenic response and survival of endothelial cells
[49]. Angiogenesis in atherosclerotic plaques is important for
plaque development and plaque vulnerability [50]. Increased
IL-8 levels are also reported to predict cardiovascular events
in patients with stable coronary artery disease [51]. Our data
demonstrate that both IL-6/IL-8 expression and THP-1 adhe-
sion were strongly upregulated by HG/thrombin, indicating
that diabetic plaque rupture with thrombin generation in a
hyperglycemic medium can exert a vicious autoamplifying
cycle by further accelerating vascular inflammation and
atherosclerosis development.

CAMs (VCAM-1, ICAM-1, and SELE) are important
for macrophage recruitment, endothelial inflammation, and
subsequent atherosclerotic plaque development [22]. By acti-
vating theHAECswithHG/thrombin, we observed increased
expression of these CAMs, while the miR-146a mimic atten-
uated expression of these CAMs and associated THP-1 adhe-
siveness. Interestingly,Wu et al. reported that aerobic exercise
and statins could increasemiR-146a levels in ApoE-null mice,
thereby attenuating vascular inflammation through reducing
TLR4 and TRAF6 signaling [52]. Our previous work also
found that angiotensin-(1–7) can decrease endothelial IL-6
expression in glycated albumin-stimulated HAECs through
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its ability to enhance endogenous miR-146a levels [15]. All of
these findings supported the beneficial effects of modulating
miR-146a in atherosclerosis and diabetes-associated vascular
injury.

5. Conclusions

HG/thrombin causes impairment of miR-146a expression
with an increase of Nox4 expression, ROS production, and
inflammatory phenotypes in HAECs. In contrast, the miR-
146a mimic exerts an endothelial protective effect by atten-
uating Nox4 expression, ROS production, and endothelial
inflammation. These findings indicate therapeutic potential
of modulating miR-146a in alleviating diabetic vascular
complications.
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“Modulation of protein kinase activity and gene expression by
reactive oxygen species and their role in vascular physiology
and pathophysiology,” Arteriosclerosis, Thrombosis, and Vascu-
lar Biology, vol. 20, no. 10, pp. 2175–2183, 2000.

[40] C. R. Williams, X. Lu, R. L. Sutliff, and C. Michael Hart,
“Rosiglitazone attenuates NF-𝜅B-mediated Nox4 upregulation
in hyperglycemia-activated endothelial cells,”American Journal
of Physiology - Cell Physiology, vol. 303, no. 2, pp. C213–C223,
2012.

[41] C. F. Lee, S. Ullevig, H. S. Kim, and R. Asmis, “Regulation of
monocyte adhesion and migration by Nox4,” PLoS ONE, vol. 8,
no. 6, Article ID e66964, 2013.
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To determine the involvement of oxidative stress in the pathogenesis of acute encephalopathy associated with human herpesvirus-6
(HHV-6) infection, we measured the levels of oxidative stress markers 8-hydroxy-2-deoxyguanosine (8-OHdG) and hexanoyl-
lysine adduct (HEL), tau protein, and cytokines in cerebrospinal fluid (CSF) obtained from patients with HHV-6-associated acute
encephalopathy (HHV-6 encephalopathy) (𝑛 = 16) and complex febrile seizures associated with HHV-6 (HHV-6 complex FS)
(𝑛 = 10). We also examined changes in CSF-8OHdG and CSF-HEL levels in patients with HHV-6 encephalopathy before and after
treatment with edaravone, a free radical scavenger. CSF-8-OHdG levels in HHV-6 encephalopathy and HHV-6 complex FS were
significantly higher than in control subjects. In contrast, CSF-HEL levels showed no significant difference between groups. The
levels of total tau protein in HHV-6 encephalopathy were significantly higher than in control subjects. In six patients with HHV-6
infection (5 encephalopathy and 1 febrile seizure), the CSF-8-OHdG levels of five patients decreased after edaravone treatment. Our
results suggest that oxidative DNA damage is involved in acute encephalopathy associated with HHV-6 infection.

1. Introduction

Viral infection-associated acute encephalopathy/encephalitis
is a serious complication with neurological sequelae. The
main symptoms of the acute phase are impaired conscious-
ness and convulsive status epilepticuswith hyperpyrexia. Sev-
eral subtypes of acute encephalopathy have been established
based on clinical, radiologic, and laboratory findings. Acute
encephalopathy with biphasic seizures and late reduced dif-
fusion (AESD) is a new subtype characterized by a prolonged
febrile seizure (FS) on day 1, which usually lasts longer than
30min, as the initial neurological symptom [1, 2]. The initial
seizures are followed by secondary seizures, most often a
cluster of complex partial seizures on days 4–6. Magnetic
resonance imaging (MRI) shows no acute abnormalities

until day 1 or 2 but reveals reduced subcortical diffusion
from day 3 onwards. Hoshino et al. reported that AESD
was the most frequent syndrome in a nationwide survey
on the epidemiology of acute encephalopathy in Japan and
that human herpesvirus-6 (HHV-6) was the most common
preceding pathogenic infection in AESD [3]. Recent studies
demonstrated three potential major pathomechanisms of
viral associated encephalopathy: metabolic error, cytokine
storm, and excitotoxicity [4]. However, the exact pathogen-
esis remains unknown.

Oxidative stress originates from an imbalance between
the production of reactive oxygen species (ROS) and, to
a lesser extent, reactive nitrogen species (RNS), and the
antioxidant capacities of cells and organs [5]. Recently,
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oxidative stress was confirmed to play a role in adult-
onset neurodegenerative diseases such asAlzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis [6, 7].
We confirmed the involvement of oxidative neuronal damage
in child-onset neurodegenerative diseases, such as subacute
sclerosing panencephalitis [8], xeroderma pigmentosum [9],
Cockayne syndrome [10], and spinal muscular atrophy [11].

In the present study, we measured the levels of oxidative
stress markers (8-hydroxy-2-deoxyguanosine: 8-OHdG and
hexanoyl-lysine adduct: HEL), tau protein, and cytokines in
cerebrospinal fluid (CSF) obtained from patients with HHV-
6-associated encephalopathy and complex FS associated with
HHV-6 infection.

2. Patients and Methods

2.1. Patients. We analyzed CSF obtained in the acute phase
of inpatients with HHV-6-associated encephalopathy (HHV-
6 encephalopathy) (𝑛 = 16) and complex FS associated
with HHV-6 (HHV-6 complex FS) (𝑛 = 10) during the
period from 2008 to 2010. Laboratory diagnoses of HHV-
6 infection were based on a virus-specific polymerase chain
reaction (PCR) assay or detection of virus-specific antibod-
ies. Diagnosis of acute encephalopathy or complex FS was
performed by the attending physician and later confirmed by
examination of available clinicoradiological information. All
cases of HHV-6-associated encephalopathy were diagnosed
based on the clinical course and MRI findings. The complex
FS group consisted of children who presented with fever and
seizure butwere later found to be free fromacute neurological
damage based on the clinical course, laboratory data, and
brain imaging. Another 16 children (15with fever but not cen-
tral nervous system infection and 1 with hypoglycemia) were
also enrolled as control subjects. Parent consent was obtained
in all subjects in accordance with the Helsinki Declaration
and all protocols were approved by the institutional ethics
committee of the Tokyo Metropolitan Fuchu Medical Center
for the Disabled.

2.2. Sample Collection and Measurement of CSF Biomarkers.
CSF samples were obtained from each patient at any point
during the disease and immediately stored at−80∘Cuntil they
were analyzed. The amount of DNA oxidative stress marker,
8-hydroxy-2-deoxyguanosine (8-OHdG), and the early stage
lipid peroxidation marker, hexanoyl-lysine adduct (HEL),
was examined using commercially available enzyme-linked
immunosorbent assay (ELISA) kits (Japan Institute for the
Aging, Shizuoka, Japan). Total tau protein was determined
using sandwich ELISA (Invitrogen Corporation, Camarillo,
CA). The levels of cytokines were evaluated by multiplex
bead-based immunoassay (BioPlex 200 system) (Bio-Rad
Laboratories, Inc., Hercules, CA). All assays were carried out
according to themanufacturer’s protocols.Thedetection limit
for each ELISA kit was 0.06 ng/mL (8-OHdG), 2.6 ng/mL
(HEL), and 15 pg/mL (total tau protein).

2.3. Edaravone Treatment. Edaravone (3-methyl-1-phenyl-
2-pyrazolin-5-one) is a free radical scavenging drug that

is clinically used in Japan for treatment of acute ischemic
stroke [12, 13]. Several studies have shown that edaravone
has preventive effects on brain injury following ischemia
and reperfusion in patients with brain attack [14, 15]. Based
on these observations, six patients with HHV-6 infection
(5 patients with encephalopathy and 1 patient with complex
FS) received free radical scavenger edaravone treatment in
addition to conventional therapy for acute encephalopathy.
A standard treatment protocol is edaravone 0.5mg/kg every
12 hours (1mg/kg daily) intravenously for 7–12 days. Parent
consent was obtained in all patients before the treatment.

2.4. Statistical Analysis. Data were analyzed by GraphPad
Prism version 5.0. Differences in oxidative stress markers,
tau protein, and cytokine levels among each group were
analyzed by one-way analysis of variance (ANOVA) and
Dunn’s multiple comparison test. Correlations between CSF-
8OHdG and other biomarkers were evaluated using Spear-
man’s rank correlation coefficient. We used Fisher’s exact
test to examine the relationship between increased levels of
each biomarker and the presence or absence of neurological
sequelae in HHV-6 encephalopathy. Comparisons of levels of
CSF biomarkers before and after edaravone treatment were
performed by paired 𝑡-test. A 𝑃 value of less than 0.05 was
considered statistically significant.

3. Results

3.1. Study Population and Clinical Features. The characteris-
tics of the patients included in the study are summarized in
Table 1. There were no significant differences of age among
each group. Thirteen of 16 patients (81.3%) with HHV-6
encephalopathy were AESD, and only five patients (31.3%)
recovered without sequelae from HHV-6 encephalopathy. In
contrast, all patients with complex FS associated with HHV-6
infection were without neurological sequelae.

3.2. Oxidative DNADamage and Lipid Peroxidation inHHV-6
Encephalopathy and Complex FS. TheCSF-8-OHdG levels in
HHV-6 encephalopathy (0.129±0.07 ng/mL,mean ± SD,𝑃 <
0.01) and HHV-6 complex FS (0.116 ± 0.061 ng/mL, mean ±
SD, 𝑃 < 0.05) patients were significantly higher than in con-
trol subjects (0.063 ± 0.01 ng/mL, mean ± SD) (Figure 1(a)).
CSF-HEL levels (mean ± SD) in HHV-6 encephalopathy,
HHV-6 complex FS, and control subjects were 3.59 ±
1.87 nmol/L, 5.24 ± 3.63 nmol/L, and 3.62 ± 1.08 nmol/L,
respectively. There were no significant differences in CSF-
HEL levels between all groups (Figure 1(b)). These data are
summarized in Table 2.

3.3. Total Tau Protein Levels in HHV-6 Encephalopathy and
Complex FS. Total tau protein levels in HHV-6 encephalopa-
thy patients (𝑛 = 16) (13, 905.6 ± 14, 201.1 pg/mL, mean ±
SD)were significantly higher than in control subjects (609.0±
342.0 pg/mL, mean ± SD) (𝑃 < 0.05, Figure 2). However,
there were no significant differences in CSF tau protein levels
between the HHV-6 encephalopathy group and HHV-6 FS
group (654.7 ± 213.7 pg/mL, mean ± SD). We then divided
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Table 1: Clinical characteristics of HHV-6 encephalopathy and febrile seizure patients.

HHV-6 encephalopathy HHV-6 complex febrile seizures Controls
Number of patients 16 10 16
Age (months) 15.1 ± 5.4 12.6 ± 3.9 11.1 ± 10.8

Sex ratio (M : F) 8 : 8 5 : 5 11 : 5
Sampling time (day of illness) 1–8 1 —
MRI abnormality 14/16 ND ND
Outcome (without sequelae) 5/16 10/10 —
HHV: human herpesvirus; No.: number; ND: not done; M: male; F: female; MRI: magnetic resonance imaging.
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Figure 1: Cerebrospinal fluid (CSF) levels of oxidative stress markers in HHV-6 encephalopathy, HHV-6 complex febrile seizures (FS), and
controls. (a) 8-hydroxy-2-deoxyguanosine: 8-OHdG, (b) hexanoyl-lysine adduct: HEL. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01. The horizontal bar indicates
the mean value of each group. CSF-8OHdG levels (mean ± SD) in HHV-6 encephalopathy, HHV-6 complex FS, and controls are 0.129 ±
0.07 ng/mL, 0.116 ± 0.061 ng/mL, and 0.063 ± 0.01 ng/mL, respectively. CSF-HEL levels (mean ± SD) in HHV-6 encephalopathy, HHV-6
complex FS, and control subjects are 3.59 ± 1.87 nmol/L, 5.24 ± 3.63 nmol/L, and 3.62 ± 1.08 nmol/L, respectively.

Table 2: Descriptive statistics for the biomarkers examineda.

Biomarkers Controls HHV-6
complex FS

HHV-6
encephalopathy

𝑃

Global
Controls
versus

HHV-6 FS

Controls versus
HHV-6

encephalopathy

HHV-6 FS
versus HHV-6
encephalopathy

8-OHdG,
ng/mL 0.063 (0.01) 0.116 (0.061) 0.129 (0.07) 0.0025 <0.05 <0.01 ns

HEL, nmol/L 3.62 (1.08) 5.24 (3.63) 3.59 (1.87) 0.1863 ns ns ns
Tau, pg/mL 609.0 (342.0) 654.7 (213.7) 13,905.6 (14,201.1) 0.0028 ns <0.05 ns
IL-6, pg/mL 3.2 (3.0) 5.8 (5.3) 74.6 (116.9) 0.0349 ns <0.01 ns
IL-10, pg/mL 0.4 (0.3) 0.6 (0.8) 1.4 (2.1) 0.1663 ns ns ns
TNF-𝛼, pg/mL 0.1 (0.1) 0.3 (0.5) 3.4 (4.0) 0.0036 ns <0.01 <0.05
8-OHdG: 8-hydroxy-2-deoxyguanosine; HEL: hexanoyl-lysine adduct; HHV-6: human herpesvirus-6; FS: febrile seizure; ns: not significant; IL: interleukin;
TNF: tumor necrosis factor.
aValues are expressed as the mean (standard deviation).
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Figure 2: Cerebrospinal fluid (CSF) tau protein levels.The horizon-
tal bar indicates the mean value of each group. CSF levels (mean
± SD) of tau protein in HHV-6 encephalopathy, HHV-6 complex
febrile seizures (FS), and controls are 13, 905.6 ± 14, 201.1 pg/mL,
654.7±213.7 pg/mL, and 609.0±342.0 pg/mL, respectively. Total tau
protein levels in HHV-6 encephalopathy patients are significantly
higher than in control subjects (∗𝑃 < 0.05). The levels of tau protein
in HHV-6 encephalopathy at days 3–8 (19, 856.9 ± 13, 121.9 pg/mL)
are significantly higher than those of HHV-6 encephalopathy at
days 1-2 (520.4 ± 229.6 pg/mL), HHV-6 complex FS, and controls
(∗∗𝑃 < 0.01).

the HHV-6 encephalopathy group into two groups according
to sampling time at days 1-2 (𝑛 = 5) and days 3–8 (𝑛 = 11),
respectively. Consequently, we found that the levels of tau
protein were significantly increased at days 3–8 in HHV-6
encephalopathy (19, 856.9 ± 13, 121.9 pg/mL, mean ± SD)
compared with those of HHV-6 encephalopathy at days 1-
2 (520.4 ± 229.6 pg/mL, mean ± SD) (𝑃 < 0.01), HHV-6
complex FS (𝑃 < 0.01), and controls (𝑃 < 0.01) (Figure 2).

3.4. CSF Cytokine Profile in Acute Encephalopathy and Com-
plex FS. We next confirmed the elevation of CSF IL-6 and
TNF-𝛼 in patients with HHV-6 encephalopathy (Figure 3).
The CSF IL-6 levels in patients with HHV-6 encephalopathy
(74.6 ± 116.9 pg/mL, mean ± SD) were significantly higher
than in controls (3.2 ± 3.0 pg/mL, mean ± SD) (𝑃 < 0.01)
(Figure 3(a)). The CSF TNF-𝛼 levels in patients with HHV-
6 encephalopathy (3.4 ± 4.0 pg/mL, mean ± SD) were also

significantly higher than those with complex FS (0.3 ±
0.5 pg/mL, mean ± SD) and in controls (0.10 ± 0.1 pg/mL,
mean ± SD) (𝑃 < 0.05 and 𝑃 < 0.01, resp.) (Figure 3(c)).
In contrast, there were no significant differences of CSF IL-10
levels among patients with HHV-6 encephalopathy or HHV-
6 complex FS and controls (Figure 3(b)).

3.5. Correlation Analysis of CSF Biomarkers in HHV-6
Encephalopathy. We next examined correlations between
CSF-8OHdG and other biomarkers in the HHV-6
encephalopathy group (Table 3). There was a significant
positive correlation between IL-6 and TNF-𝛼 (Spearman
𝑟 = 0.783, 𝑃 = 0.0006). However, there were no significant
correlations among other biomarkers. In addition, there
was no correlation between the increased levels of each
biomarker and the presence or absence of neurological
sequelae in HHV-6 encephalopathy (data not shown).

3.6. Changes in CSF-8-OHdG and CSF-HEL Levels before
and after Edaravone Treatment in HHV-6-Associated Acute
Encephalopathy and Complex FS. Finally, we compared the
CSF levels of oxidative stress markers in six patients with
HHV-6 infection (5 patients with encephalopathy and 1
patient with febrile seizures) before and after edaravone treat-
ment. Clinical profile of patients with edaravone treatment
is shown in Table 4. The mean initiation time of edaravone
treatment was day 4.8 for the HHV-6 encephalopathy group.
One patient with febrile seizures associated with HHV-
6 infection who received edaravone treatment from day
1 did not develop encephalopathy and recovered without
sequelae (patient 6). The CSF-8-OHdG levels decreased after
edaravone treatment (𝑃 = 0.0202, paired 𝑡-test) (Figure 4(a)).
Regarding the CSF-HEL levels, there were no significant
differences between before and after edaravone treatment.
We also compared the mean CSF levels of other biomarkers
before and after treatment and observed no significant differ-
ences of mean values (data not shown).

4. Discussion

In the present study, we demonstrated that CSF-8-OHdG
levels in HHV-6 encephalopathy and HHV-6 complex FS
patients were significantly higher than in controls, suggesting
increased oxidative stress is induced by HHV-6 infection.
Recent studies revealed that oxidative damage is an emerging
general mechanism of nervous system injury caused by viral
infection. For example, oxidative injury is a component of
acute encephalitis caused by herpes simplex virus type 1
(HSV-1) [16]. HSV-1 infection of nervous system tissues in
mice was associated with the expression of inducible nitric
oxide synthase (iNOS) and the release of cytokines including
TNF-𝛼 from inflammatory cells. Thus, increased generation
of ROS and RNS can be caused by the direct effects of
virus on cells and the indirect effects of host inflammatory
responses [17]. Regarding HHV-6 infection, Fukuda et al.
reported that urinary 8-OHdG concentrations in a patient
with HHV-6 encephalopathy on the first day of hospital-
ization were 1.5 times higher than the mean concentration
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Figure 3: Cerebrospinal fluid (CSF) cytokine levels. The horizontal bar indicates the mean value of each group. (a) Levels of CSF IL-6 in
patients with HHV-6 encephalopathy, HHV-6 febrile seizures (FS), and controls are 74.6±116.9 pg/mL, 5.8±5.3 pg/mL, and 3.2±3.0 pg/mL,
respectively. The CSF IL-6 levels in patients with HHV-6 encephalopathy are significantly higher than in controls (∗∗𝑃 < 0.01). (b) Levels
of CSF IL-10 in patients with HHV-6 encephalopathy, HHV-6 febrile seizures (FS), and controls are 1.4 ± 2.1 pg/mL, 0.6 ± 0.8 pg/mL, and
0.4 ± 0.3 pg/mL, respectively. (c) Levels of CSF TNF-𝛼 in patients with HHV-6 encephalopathy, HHV-6 febrile seizures (FS), and controls
are 3.4 ± 4.0 pg/mL, 0.3 ± 0.5 pg/mL, and 0.1 ± 0.1 pg/mL, respectively. The CSF TNF-𝛼 levels in patients with HHV-6 encephalopathy are
significantly higher than those with complex FS and in controls (∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, resp.).
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Table 3: Correlation analysis of CSF biomarkers in HHV-6 encephalopathy.

Biomarker 8-OHdG HEL Tau IL-6 IL-10 TNF-𝛼

8-OHdG Spearman 𝑟 1.000 −0.292 −0.239 −0.484 −0.046 −0.315
𝑃 <0.0001 0.312 0.373 0.068 0.871 0.253

HEL Spearman 𝑟 −0.292 1.000 0.277 0.476 −0.286 0.497
𝑃 0.312 <0.0001 0.338 0.086 0.322 0.070

Tau Spearman 𝑟 −0.239 0.277 1.000 −0.036 −0.224 0.091
𝑃 0.373 0.338 <0.0001 0.899 0.422 0.748

IL-6 Spearman 𝑟 −0.484 0.476 −0.036 1.000 0.226 0.783
𝑃 0.068 0.086 0.899 <0.0001 0.418 0.0006

Il-10 Spearman 𝑟 −0.046 −0.286 −0.224 0.226 1.000 0.166
𝑃 0.871 0.322 0.422 0.418 <0.0001 0.555

TNF-𝛼 Spearman 𝑟 −0.315 0.497 0.091 0.783 0.166 1.000
𝑃 0.253 0.070 0.748 0.0006 0.555 <0.0001

CSF: cerebrospinal fluid; HHV: human herpesvirus; 8-OHdG: 8-hydroxy-2-deoxyguanosine; HEL: hexanoyl-lysine adduct; IL: interleukin; TNF: tumor
necrosis factor.

Table 4: Clinical profile of patients receiving edaravone treatment.

Patient Clinical diagnosis Age/sex Initiation and dosage of
edaravone treatment Other treatments Outcomes

1 HHV-6
encephalopathy 14m/M Day 5

0.5mg/kg × 2/day × 7 days

Mannitol,
Dexamethasone,
Ganciclovir,
MDL, PHT

Intellectual disability

2
HHV-6

encephalopathy
(AESD)

12m/F Day 5
0.5mg/kg × 2/day × 8 days

Mannitol,
Dexamethasone,
Ganciclovir,
DZP, MDL

Without sequelae

3 HHV-6
encephalopathy 14m/M Day 4

0.5mg/kg × 2/day × 10 days

Mannitol,
Dexamethasone,
Ganciclovir/acyclovir,
DZP, MDL

Hemophagocytic
syndrome
Died of fulminant
hepatitis

4
HHV-6

encephalopathy
(AESD)

20m/F Day 7
0.5mg/kg × 2/day × 7 days

Mannitol,
Dexamethasone,
Aciclovir,
MDL

Lt hemiparesis

5
HHV-6

encephalopathy
(AESD)

12m/M Day 3
15mg/day × 10 days

DZP, MDL,
steroid pulse therapy,
mild therapeutic
hypothermia

Moderate
psychomotor
retardation

6 HHV-6 febrile
seizures 10m/F Day 1

0.5mg/kg × 2/day × 12 days

Mannitol,
Dexamethasone,
Ganciclovir/acyclovir,
DZP, MDL, PHT

Without sequelae

m: months; M: male; F: female; DZP: diazepam; MDL: midazolam; PHT: phenytoin; Lt: left; HHV: human herpesvirus; AESD: acute encephalopathy with
biphasic seizures and late reduced diffusion.

in healthy children and they peaked at the second seizures
[18]. They speculated that 8-OHdG was produced by ROS
from cytokines associated with inflammation and apoptosis
following brain edema because changes in urinary 8-OHdG
levels reflected the degree of brain edema. However, we found
that increased levels of 8-OHdG were observed not only in
HHV-6 encephalopathy but also in complex FS associated
with HHV-6 infection. We also showed that CSF IL-6 and
TNF-𝛼 levels were elevated only in the HHV-6 encephalopa-
thy group, but not in the HHV-6 complex FS group. In

addition, we analyzed correlations among biomarkers and
observed no significant correlations between increased 8-
OHdG levels and cytokine production or increased tau levels.
These results suggest that oxidative DNA damage in the
brain caused by HHV-6 infection may be independent of
inflammatory reactions and subsequent axonal damage.

In contrast with the increased levels of 8-OHdG, there
was no significant increase of CSF-HEL levels in HHV-
6 encephalopathy compared with HHV-6 complex FS and
controls. We previously demonstrated that oxidative stress
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Figure 4: Changes in cerebrospinal fluid (CSF)-8-OHdG (a) and CSF-HEL (b) levels before and after edaravone treatment in HHV-6-
associated acute encephalopathy and complex febrile seizure (FS) patients. CSF-8-OHdG levels are decreased after edaravone treatment
(𝑃 = 0.0202, paired 𝑡-test).

of DNA contributes to early neuronal damage, whereas lipid
peroxidation is related to subsequent neurodegeneration in
subacute sclerosing panencephalitis [8]. In the present study,
we only examined levels of CSF biomarkers in the acute phase
of the diseases. Further investigation is required to clarify
whether lipid peroxidation may be involved in the chronic
phase.

Most patients with HHV-6 encephalopathy in this study
(81.3%) were AESD, which has a high incidence of neurolog-
ical sequelae. We previously indicated that levels of CSF tau
protein were elevated in patients with AESD [19].The current
study demonstrates that CSF levels of tau protein were signif-
icantly increased at days 3–8 inHHV-6 encephalopathy com-
paredwith those ofHHV-6 encephalopathy at days 1-2,HHV-
6 complex FS, and controls. AsCSF tau protein is considered a
useful biomarker of axonal damage [20], our results raise the
possibility that the high incidence of neurological sequelae in
AESD is attributable to axonal injury. However, there was no
correlation between the increased levels of tau protein and the
presence or absence of neurological sequelae. These findings
suggest that tau protein is a sensitive biomarker that might
help diagnose HHV-6 encephalopathy, but it is difficult to
make an early diagnosis for acute encephalopathy using this
biomarker. In terms of the prognostic prediction for HHV-6
encephalopathy, another biomarker will be required because
increased levels of tau protein do not always reflect a poor
prognosis.

Edaravone is a free radical scavenger that interacts
biochemically with a wide range of free radicals [21]. In
experimental models, edaravone protects against apoptotic
neuronal cell death and improves cerebral function after trau-
matic brain injury (TBI) [21]. In addition, Ohta et al. reported
that administration of edaravone to mice immediately after
TBI suppressed traumatic axonal injury and oxidative stress,

which protected against trauma-induced memory deficits
[22]. Edaravone is used clinically in Japan for the treatment
of acute ischemic stroke. Although childhood ischemic stroke
is different than in adults, the use of edaravone was recently
approved for the treatment of stroke in children. In the
present study, we reported 5 cases of edaravone treatment
for HHV-6-associated acute encephalopathy and one case of
HHV-6 complex FS. Our study is very preliminary and it is
likely that the efficacy of edaravone treatment in combination
with other therapies at this time was poor.

There were several limitations in this study. First, the
initiation of edaravone treatment was delayed in HHV-6
encephalopathy because it is difficult to distinguish HHV-
6 encephalopathy from HHV-6 complex FS during the
initial seizures. Early diagnosis of HHV-6 encephalopathy,
especially AESD, will be required to overcome this problem.
Second, a clinical trial of edaravone for the treatment of acute
encephalopathymight be difficult ethically, as placebo control
cannot be used because of the severe nature of this disease.
We confirmed that CSF-8-OHdG levels decreased after edar-
avone treatment, although there were no significant differ-
ences of mean values of other biomarkers between before and
after the treatment.These results suggest edaravone treatment
was partially effective for HHV-6 encephalopathy. Although
these findings are encouraging, the therapeutic implications
of ROS and RNS scavengers are complex, owing to their
potential to exert toxic as well as protective effects [23].

5. Conclusion

In summary, we found oxidative DNA damage is involved in
acute encephalopathy/febrile seizures associatedwithHHV-6
infection andmay be independent of inflammatory reactions
and subsequent axonal damage.
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Systemic sclerosis (SSc) is an autoimmune connective tissue disorder of unknown etiology. This disease is characterized by a
large variety of clinical patterns, which include the fibrosis of skin and visceral organs causing a variety of clinical manifestations.
Genetic and environmental factors participate in the etiology of this disease; however, recentlymany studies underline the oxidative
background influencing the course and complications of this disease. Reactive oxygen species (ROS) synthesized in SSc canmediate
extra- and intracellular oxidative processes affecting endothelial cells and fibroblasts.The estimation of prooxidative markers in the
pathogenesis of SSc can enable the identification of useful markers for disease activity and, thus, may help in planning appropriate
therapy focusing on the fibrotic or vascular pattern. Recently, many attempts have been made to find antioxidative molecules
(nutritional and pharmacological) reducing the prooxidant state in a variety of cells—mainly in endothelium and proliferating
fibroblasts. This paper presents both the background of oxidative stress processes in systemic sclerosis mediated by different
mechanisms and the evidence suggesting which of the dietary and pharmacological antioxidants can be used as therapeutic targets
for this disease.

1. Introduction

Systemic sclerosis is an autoimmune disease characterized
by vascular hyperreactivity and fibrosis of skin and visceral
organs [1, 2]. The degree of skin fibrosis, immunological pro-
file, and microvascular dysfunction determines the clinical
classification of the disease, which includes limited (lSSc)
and diffuse (dSSc) cutaneous SSc [3, 4]. An excessive fibrosis
is the most characteristic pathological manifestation of SSc,
particularly evident in the diffuse cutaneous form of this
disease [3]. The overproduction of the extracellular matrix
by fibroblasts and myofibroblasts is responsible for increased
collagen synthesis and its deposition in the skin, lungs,
heart, gastrointestinal tract, kidney, tendons, and ligaments
[2, 3]. Increased fibrosis causes organ dysfunction and is
responsible, to a large extent, for morbidity and mortality in
SSc.

In the development of SSc, many genetic and environ-
mental factors may initiate the onset and stimulate the pro-
gression of the disease [5]. However, recently many studies
underline the possible role of oxidative stress processes in the
pathogenesis of SSc and show a new aspect of this disease
(Figure 1) [6–9]. The production of reactive oxygen species
(ROS) by skin and visceral fibroblasts as well as endothelial
cells has been suggested as a background pathology, mainly
in progressive SSc [6]. Synthesized ROS include superoxide
anions (O

2

∙−
), hydrogen peroxide (H

2
O
2
), hydroxyl radicals

(∙OH), and/or peroxynitrite (ONOO−) (Figure 2). Indeed,
skin and visceral fibroblasts spontaneously produce large
amounts of ROS that trigger collagen synthesis [6, 7]. Given
the fact that oxidative stress is involved in the pathogenesis
of this disease, many trials with antioxidative treatment have
been undertaken to prevent proliferation of the fibroblasts
and inhibit the progression of SSc [9–20].
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Figure 1: The main mechanisms of oxidative stress in systemic sclerosis. NADPH oxidase: nicotinamide adenine dinucleotide phosphate-
oxidase; oxLDL: oxidized low-density lipoprotein; ROS: reactive oxygen species; O

2

∙−: superoxide anions.

In this paper, we summarize the role of oxidative stress
processes in the development of various patterns of SSc and
describe the mechanisms of action of different prooxidant
molecules synthesized by endothelial cells and fibroblasts.We
also discuss the efficiency of the physiological antioxidant
system in the development and progression of the disease,
the possibilities of the beneficial influence of pharmacological
and nutritional antioxidants, and putative therapeutic strate-
gies, which could be effective in the supportive treatment of
systemic sclerosis.

2. The Basic Background Pathology of
Oxidative Stress in Systemic Sclerosis

Oxidative stress processes are one of the main background
mechanisms present in manymetabolic, cardiovascular, neu-
rodegenerative, and neoplastic diseases and many others [6,
13, 18, 20–23]. Because of the common prevalence of proox-
idant activity in the development of various pathologies,
scientific curiosity has also focused on systemic sclerosis.
Also in the early stages of systemic sclerosis, oxidative stress
is considered to be a background factor in the development
and activity of this disease [6, 8–11, 20, 24], and it is suggested
as contributing to clinical manifestations associated with SSc
[6]. In in vitro studies, sera from patients with SSc can induce
the production of ROS in endothelial cells and in proliferating
fibroblasts [9]. Studies on animal models have suggested
that oxidative processes can influence the onset and course
of this disease [24–27]. The injection of intradermal ROS-
generating substances stimulates the development of skin
changes typical for local and systemic SSc [24].

Prooxidants may also increase the production of autoan-
tibodies. In animal models and clinical studies, local produc-
tion of hypochlorous acid (HOCl) or hydroxyl radicals can
stimulate the immune response and the production of anti-
DNA topoisomerase 1 autoantibodies, whereas the generation
of peroxynitrite triggers the production of anticentromeric
protein B antibodies [24, 28]. Some studies have even shown
that the presence of autoantibodies in endothelial cells and
in fibroblasts in SSc is not correlated with serum-induced
ROS production or cell proliferation [29, 30]. However,
the role of autoantibodies cannot be totally ruled out. The

above-mentioned phenomenon is also confirmed by anti-
PDGRF antibodies (anti-PDGFR Abs), which can trigger the
production of ROS and, thus, activate SSc development [31].

2.1. Oxidative Stress in Fibroblastic Cells. Unquestionably,
permanent overproduction of ROS stimulates the inflam-
matory reaction, activates the differentiation of fibroblasts
into myofibroblasts [32], stimulates the growth of dermal
and visceral fibroblasts [7], causes fibrotic complications [33,
34], and (in high concentrations) can induce cell apoptosis
(Figure 2) [35–37].

Fibrosis can be activated by NO and is associated with
digital ischemia or pulmonary arterial hypertension (PAH)
[5, 38]. The extremely disturbed metabolism and overpro-
duction of NO cause increased synthesis of superoxide
anions, O

2

∙−, and peroxynitrite, ONOO−, which lead to cell
injuries and death [6, 37, 39, 40]. NO is largely oxidized to
nitrate (NO

3

−) and nitrite (NO
2

−) and increased plasma
ratio NO

3

−/NO
2

− levels are found [38, 39]. Additionally, an
elevated nitration of plasma proteins (measured by ONOO−
markers) is found in many organs, including skin fibrob-
lasts [41]. Moreover, in fibrogenesis NO directly stimulates
transcription factors (such as NF-𝜅B, SP-1, and AP which
inhibit collagen gene expression) [42] and regulates prolyl
hydroxylase—an enzyme important in the posttranslational
processing of collagen [43].

NO is synthesized from L-arginine by NO synthase
(NOS). NOS is expressed in three main isoforms: neuronal
(nNOSorNOS1), endothelial (eNOSorNOS3), and inducible
(iNOS or NOS2). The last one is present mainly in the
inflammatory state of fibroblasts [44, 45]. In sites of active
inflammation, the stimulated iNOS isoform is responsible for
increased synthesis of NO, which is associated with raised
O
2

∙− production by macrophages or activated fibroblasts
[46]. With the progression of the disease, the production
of iNOS is upregulated in skin fibroblasts [45]. Another
synthase—eNOS—also participates in the pathology of SSc
and in eNOS knock-out mice decreased bioactivity of NO
causes prolonged pulmonary fibrosis [47].

In SSc dermal fibroblasts, collagen synthesis is also
promoted by platelet-derived growth factor (PDGF) and its
receptor (PDGFR) promotes fibrosis. PDGFR is phospho-
rylated upon PDGF stimulation and is dephosphorylated
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- Transduces fibroblast proliferation, collagen-gene expression, and stimulates the development of skin 
changes typical for local and systemic SSc

- Oxidizes SSc-specific antigens and infringes autoantigen tolerance 

AOPPs 

1 autoantibodies

- Activates the differentiation of fibroblasts into myofibroblasts through:
∙ The release of TGF-𝛽 released from activated cells
∙ The activation of the ADAM17/NOTCH pathway

∙ Local production of HOCl or hydroxyl radicals stimulates the production of anti-DNA topoisomerase

∙ Peroxynitrite triggers the production of anti-centromeric protein B Abs

- Activates the RAS pathway and in consequence stimulates the growth of dermal fibroblasts

- Induces cell death via the same mechanism as in tumor cells

- Influences the development of Raynaud’s phenomenon and this process is associated with 
diminished activity of eNOS expression

-Promotes a profibrotic phenotype in SSc fibroblasts through the oxidative inactivation of PTP1B
and causes the activation of PDGFR, which promotes fibrosis in SSc dermal fibroblasts

∙ Can trigger a respiratory burst in monocytes
∙ Activate endothelial cells and fibroblasts to generate ROS
∙ Increase production of NO and H2O2

H2O2

involvement (restrictive syndrome) when compared to those subjects without pulmonary changes

collagen synthesis

∙ After achieving the threshold of toxicity in endothelium, inhibits cell proliferation
∙ Intracellular synthesis of H2O2 in fibroblast stimulates their pathological proliferation
∙ Higher concentrations of H2O2 are observed in the sera from SSc patients with a pulmonary

∙ Increases synthesis of O2

∙− or ONOO− which induce oxidative damage of endothelium and stimulate

∙ Is associated with raised O2

∙−production by macrophages or activated fibroblasts

Figure 2: The role of oxidative stress in systemic sclerosis. HOCl: hypochlorous acid; TGF-𝛽: transforming growth factor 𝛽;
ADAM17/NOTCH: ADAM17 (disintegrin and metalloproteinase domain-containing protein 17; also known as TACE) involved in the
activation of the Notch signaling pathway; Ras proteins: a family of related proteins involved in transmitting signals within cells through
the Ras pathway and belonging to a class of proteins called small GTPase; eNOS: endothelial nitric oxide synthase (eNOS or NOS3); PTP1B:
protein tyrosine phosphatases 1B; PDGFR: platelet-derived growth factor receptor; AOPPs: advance oxidation protein products; NO: nitric
oxide; H

2
O
2
: hydrogen peroxide; O

2

∙−: superoxide anions; ONOO−: peroxynitrite.

by protein tyrosine phosphatases (PTPs), including PTP1B.
A study by Tsou et al. proved that ROS may promote a
profibrotic phenotype in SSc fibroblasts through the oxidative
inactivation of PTP1B, leading to pronounced activation of
PDGFR [20]. In fibroblasts isolated from the skin of patients
with diffuse SSc, levels of ROS and type I collagenwere signif-
icantly higher and the amounts of free thiol were significantly
lower when compared to normal fibroblasts. The activity of

PTP1B was inactivated by the raised levels of ROS in SSc
fibroblasts [20]. Moreover, anti-PDGF receptor antibodies
[31] and probably also environmental factors [31, 48, 49]
could initiate a secondary self-maintained process that is
associated with the production of advanced oxidation protein
products (AOPPs). The elevated AOPPs concentration can
trigger a respiratory burst in monocytes [50, 51]. AOPPs also
activate endothelial cells and, to a lesser extent, fibroblasts to
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Raynaud’s 
phenomenon

The pathologic regulation of 
peripheral vascular tone in the
digital microcirculation

Nonoxidative pathway

Activation of RhoA and its effector, 
ROCK, which causes the 
contraction of vascular smooth 
muscle cells 

An impairment of endothelium-
dependent relaxation in dorsal 
hand vein and digital arteries

Increased synthesis of endothelial 
mediators such as prostacyclin, 
NO, endothelin, and ROS 

Oxidative pathway

Adrenergic mechanism 

responsible for the 
supersensitivity and reduction of 

(stimulation of 𝛼2-adrenoceptors

𝛼1-adrenoceptor activity)

Figure 3: Background pathology of SSc-associated Raynaud’s phenomenon. RhoA: Ras homolog gene family, member A (a small GTPase
protein regulating the actin cytoskeleton in the formation of stress fibers); ROCK: Rho kinase; NO: nitric oxide, ROS: reactive oxygen species.

generate ROS. They can lead to the production of either NO
or H
2
O
2
in SSc fibroblasts and stimulate their proliferation

[6, 7, 9].
Another prooxidative molecule in SSc is 8-isoprostane—

a nonenzymatic eicosanoid produced during the random
oxidation of tissue phospholipids by oxygen radicals [8,
52]. This is considered a reliable biomarker of oxidative
stress and antioxidant deficiency because of its biochemical
stability [52]. 8-Isoprostane level increases by 75-fold in
SSc patients in both forms, that is, dSSc and lSSc [8]. The
serum concentration of this marker correlates inversely with
pulmonary function and can be a useful serological marker
for the severity of lung fibrosis in SSs [8, 53].

2.2. Oxidative Stress in Endothelial Cells. In SSc, oxidative
processes cause the activation of and damage to endothelium.
The mechanism of endothelial dysfunction is equivocal;
however, the development of the vasculopathy includesmany
serological biomarkers (endothelin, which leads to vessel
vasoconstriction), cell adhesion molecules (e.g., E-selectin),
antiendothelial antibodies, and ROS (including nitric oxide)
[39, 43]. Synthesized ROS selectively activate endothelial
cells, leading to vascular complications [33, 34]. In SSc
patients, endothelial cells reveal the ability to induce the
production of H

2
O
2
. It is suspected that the high level

of H
2
O
2
generated in endothelium probably achieves the

threshold of toxicity and thus inhibits intracellular processes
[9]. When vascular disorders have been present, inhibited
endothelial cell growth associated with increased nitric oxide
(NO) overproduction has been observed [9, 38]. How-
ever, in SSc a paradoxical decrease in NO production by
eNOS in endothelial cells is also observed, and this can be
explained by the rapid reaction of NO and O

2

∙− to generate
the reactive intermediate ONOO− [6, 39, 41]. Diminished

eNOS expression and vasculopathy contribute to Raynaud’s
phenomenon—a pathology often present in SSc patients [54,
55]. With the progression of the disease, the production of
eNOS is downregulated [45].

Another marker that directly reflects free radical forma-
tion in endothelium is 8-isoprostane—a potent vasoconstric-
tor revealing platelet proaggregant functions and stimulating
endothelial cells to bindmonocytes [56]. An increased level of
isoprostanes correlates with the extent of vascular damage in
Raynaud’s phenomenon—a primary or secondary condition
to SSc [52]. This vasculopathy occurs in more than 90% of
patients with systemic sclerosis and results from an excessive,
vasoconstrictive response to low temperatures and other
stimuli.Many causes have been suggested in the pathogenesis
of this vasculopathy (Figure 3). Cutaneous vasoconstriction
by direct local cooling induces a response, which is in
part adrenergically dependent (nonoxidative pathway). Local
cooling causes a temperature-dependent inhibition of basal
NOS activity (particularly nNOS and iNOS) [57, 58] associ-
ated with hypertrophy and occlusion of the vasculature [59].

Because the presynaptic blockade of noradrenalin release
from vasoconstrictor nerve fibers does not completely elim-
inate the vessel spasm stimulated by low temperatures and
the construction of a vascular bed is also observed in the
internal organs, it is suggested that other nonadrenergic
mechanisms could be involved in this process (oxidative
pathway) [60, 61]. The endothelial cells release mediators,
such as prostacyclin,NO, and endothelin; increasedROSgen-
eration is observed as well [46, 62]. NO acts as a physiological
vasodilator and improves peripheral ischemia in SSc, but in
Raynaud’s phenomenon increased generation of NO during
reperfusion injury reacts with superoxides and forms highly
reactive hydroxyl radicals, which rapidly diffuse across cell
membranes and lead to cell injury [22, 46].
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∙ Enzymatic: superoxide dismutase, catalase, and glutathione peroxidase

∙ HO-1 reduces activation of NADPH oxidase pathway responsible for excessive

genes in hyperoxic environment
∙ ADMA: a natural inhibitor of NOS activity

oxidase, participates in hepatic synthesis of GSH, reduces PDGFR phosphorylation,

H2O2 in SSc fibroblasts, and inhibits their proliferation and collagen synthesis

∙ (PHTE)2NQ reduces the intracellular level of ROS, reveals cytotoxic activity in

decreases 𝛼-SMA expression in the skin, reduces the concentration of AAOPs, nitrate,
and anti-DNA topoisomerase I autoantibodies

attacks
∙ NAC improves the vascular symptoms of Raynaud’s phenomenon in patients with SSs

∙ Vitamin E: the first line of defense, which reveals peroxyl radical-scavenging

phospholipids and in plasma lipoproteins from oxidation, increases cell-mediated

∙ Ascorbic acid scavenges aqueous peroxyl radicals before their damage of the
lipids and cooperates with alpha-tocopherol and the glutathione peroxidase to stop
free radical chain reactions

activities and regulate cell-matrix composition in systemic sclerosis
∙ Selenium catalyzes the breakdown of toxic hydrogen peroxide, modulates

proteolytic activities and regulate cell-matrix composition in systemic sclerosis

fibroblasts in SSc, decrease NADPH oxidase expression, induce protective
antioxidant enzymes like HO-1, reveal anti-inflammatory and antifibrotic properties

antifibrotic effects in bleomycin-induced pulmonary fibrosis in animal models
∙ Ginkgo biloba extract suppresses inflammatory cytokine-stimulated endothelial

∙ Probucol-hypolipemic medication reduces the frequency and severity of Raynaud’s

∙ Zinc is needed for proper function of MMPs—the enzymes that reveal proteolytic

∙ Zinc is needed for the proper function of MMPs—the enzymes that reveal

inhibit the formation of ROS such as O2

∙− and ONOO− in human dermal
∙ Polyphenols from green tea extracts (mainly EGCG) scavenge free radicals,

∙ Nonenzymatic: glutathione, ascorbic acid, 𝛼-tocopherol, carotene, and selenium

fibrogenesis and, via induction of Nrf2 gene expression, reduces expression of collagen

∙ NAC reduces ONOO
−synthesis, scavenges free radicals produced by NADPH

via regulation of PDGF-induced 𝛼1(I) collagen, fibronectin, and 𝛼-SMA, exerts 

Figure 4: Antioxidative defense in systemic sclerosis. HO-1: haemoxygenase-1, NADPH oxidase: nicotinamide adenine dinucleotide
phosphate-oxidase, Nrf2: nuclear factor erythroid-2-related factor 2, ADMA: asymmetric dimethylarginine, NOS: nitric oxide synthase, NAC:
N-acetyl-l-cysteine, ONOO−: peroxynitrite, GSH: glutathione, PDGFR: antiplatelet derived growth factor receptor, PTP: protein tyrosine
phosphatases, H

2
O
2
: hydrogen peroxide, (PHTE)2NQ: 2,3-bis(phenyltellanyl)-naphthoquinone, ROS: reactive oxygen species, 𝛼-SMA:

alpha-smooth muscle actin, AOPPs: advance oxidation protein products, MMPs: matrix metalloproteinase-1, EGCG: (−)-epigallocatechin-
3-gallate, O

2

∙−: superoxide anions, and PDGF: antiplatelet derived growth factor.

3. Antioxidants in Systemic Sclerosis

3.1. Antioxidant Defense Mechanism in SSc. Antioxidative
defense involves not only enzymatic antioxidants (super-
oxide dismutase, catalase, and glutathione peroxidase) but

also nonenzymatic molecules (glutathione, ascorbic acid,
𝛼-tocopherol, carotene, and selenium). These contribute
to the primary defense against ROS (Figure 4). Moreover,
many antioxidative mechanisms are involved in attenuating
intracellular oxidative stress. One of these is nuclear factor



6 Mediators of Inflammation

erythroid-2-related factor 2 (Nrf2)—the master regulator of
inducible antioxidant responses, which can attenuate cellular
injury from oxidative stress. Nrf2 is a mediator of the
antioxidant response element (ARE) in regulatory regions of
several antioxidant enzymes (such as glutathione peroxidase
or superoxide dismutase and catalase) [63]. The lack of Nrf2
in animal models (Nrf2−/− knock-out mice) stimulates the
expression of extracellular matrix genes such as collagens
under a hyperoxic environment [63] and causes increased
bleomycin-induced pulmonary fibrosis [64]. Nrf2 has a
critical role in protection against pulmonary fibrosis through
an enhancement of cellular antioxidant capacity and by the
influence on lung Th1/Th2 balance (increased expression of
Th2 cytokines, such as interleukin-4 and interleukin-13 in
the lungs of Nrf2-deficient mice is observed) [63, 64]. Thus,
Nrf2 should be considered a potential factor for antifibrotic
therapy in SSc.

Nrf2 influences haemoxygenase-1 (HO-1) activity. HO-
1 is the protective antioxidant enzyme induced by NO
and Nrf2/HO-1 axis is a major mechanism in antioxidative
defense and inflammation [23]. On the other hand, HO-1
is also responsible for physiological oxidative homeostasis
inside cells via induction of Nrf2 gene expression (HO-1/Nrf2
axis) [65]. HO-1 can diminish activation of the NADPH
oxidase pathway responsible for an increase in collagen
synthesis and myofibroblast differentiation in fibrosis [66].
Moreover, cells overexpressing HO-1 are more resistant to
oxidant-induced toxicity than controls [21].

Another possible mechanism responsible for reduced
production of NO is circulating ADMA—a natural inhibitor
of NOS activity [67]. ADMA in the regulatory feedback
mechanism causes decreased NO overproduction and the
increased activity of this enzyme is present in late stages of
SSc (mainly in diffuse SSc) [16, 43].

Themolecule, which prevents oxidative damage in SSc, is
N-acetyl-l-cysteine (NAC). NAC acts as a precursor for the
substrate (l-cysteine) in the synthesis of hepatic glutathione
(GSH) and replenishes GSH in deficient cells [68–70]. NAC
scavenges free radicals produced by the multicomponent
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Nox) [68], influences protein thiols, supports glu-
tathione synthesis, and generates free sulfhydryl groups [69].
Moreover, NAC not only decreases cellular O

2

∙− but also
restores PTP1B activity along with an improvement of the
PDGFR phosphorylation. In consequence, the numbers of
tyrosine-phosphorylated proteins are diminished, the level of
type I collagen is reduced, and the fibroblast proliferation is
decreased [20, 68, 70, 71].

In fibrotic skin disorders, PDGF induces enzymes from
Nox complexes, Nox1 and Nox2, while TGF𝛽 stimulates
Nox4 to mediate fibrotic effects [72, 73]. Nox enzymes are
the major producers of endogenous ROS by fibroblast and
activated leukocytes in the pathogenesis of skin fibrosis
[43, 72, 73]. Nox enzymes not only promote fibroblast
proliferation and collagen gene expression but also upregulate
TGF𝛽1, 𝛼-smooth muscle actin (𝛼-SMA, the myofibroblast
marker), chemokine ligand-2 (CCL-2, a chemoattractant for
monocytes and T lymphocytes), and PDGFR [20, 43, 74–76].
Current understanding of Nox in SSc shows the potential

possibilities of Nox-based antifibrotic therapy—a clinical
target in the management of skin fibrosis (mainly in dSSc).

3.2. Antioxidants as Therapeutic Factors in the Supportive
Treatment of SSc. Given the growing evidence of the influ-
ence of oxidative stress on the development and progress of
systemic sclerosis, antioxidant therapy has been proposed as
a supportive therapy in the pharmacological treatment of this
disease [10, 11]. The main aim of such therapy is to diminish
ROS-induced endothelial damage and vasculopathy. How-
ever, there is limited evidence of the positive antioxidative
effect of fibrotic processes in systemic sclerosis [13, 16, 26,
27, 68]. Classical antioxidants such as antioxidative vitamins
(ascorbic acid, 𝛼-tocopherol, and 𝛽-carotene) and minerals
(zinc, selenium) have been found in lower concentrations
in plasma of patients when compared to healthy controls
[10, 11, 77, 78].

3.2.1. Antioxidative Vitamins. Vitamin E, a potent chain-
breaking intracellular antioxidant and the first line of defense
against lipid peroxidation, has been studied in SSc [12,
78]. Because of its peroxyl radical-scavenging activity, vita-
min E protects the polyunsaturated fatty acids present in
membrane phospholipids and in plasma lipoproteins. 𝛼-
Tocopherol mainly inhibits the synthesis of newly synthe-
sized ROS, while 𝛾-tocopherol traps and neutralizes exist-
ing free radicals [12, 79]. Besides its positive influence in
attenuating oxidative stress processes, vitamin E stimulates
the body’s defense, enhances humoral and cell immune
responses, and increases phagocytic functions [80, 81].
The supplementation of this vitamin considerably increases
cell-mediated and humoral immune functions in humans
[81, 82].

Because Raynaud’s phenomenon is related to ROS-
induced endothelial damage, antioxidative therapy has also
been suggested in this pathology [13]. However, some clinical
trials have shown limited success in treatment with antioxi-
dants such as 𝛼-tocopherol or ascorbic acids (these vitamins
did not improve microvascular perfusion after cold exposure
and did not decrease urinary markers of oxidative stress such
as F(2)-isoprostanes) [83, 84].

More promising are the results of the use of vitamin E
in pulmonary complications. Ostojic and Damjanov assessed
the effects of 𝛼-tocopherol 400 IU/day (268mg/day) and
ascorbic acid 1,000mg/day (given through 6 months) on
skin thickening and lung function in patients with early dif-
fuse cutaneous SSc. Patients treated with cyclophosphamide
associated with antioxidant supplementation have a sig-
nificantly lower skin thickening progression rate (STPR)
when compared to patients only on cyclophosphamide
monotherapy [13]. 𝛼-Tocopherol upregulates the expres-
sion of cytosolic phospholipase-A2 and cyclooxygenase-1
and, in consequence, increases the release of prostacyclin,
a potent vasodilator and inhibitor of platelet aggregation
[85].

The dietary intake of ascorbic acid is also low in SSc
patients and this is usually caused by the malabsorption
syndrome resulting from increased collagen deposition in
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the intestines or bacterial overgrowth in SSc patients [86].
Another possible explanation is an altered renal clearance of
the aqueous phase of ascorbic acid and its increased excretion
in SSc subjects [87].

3.2.2. Antioxidative Minerals. Selenium is an essential part
of enzyme glutathione peroxidase (GSH-Px), which cat-
alyzes the breakdown of toxic hydrogen peroxide. Selenium
deficiency causes tissue fibrosis [88]. Additionally, selenium
reveals the possibility to modulate inflammatory [89] and
immune responses [90]. Early studies have shown that the
dietary intake of selenium is low in SSc patients, but this is not
dependent on a dietary deficiency, but rather malabsorption
syndrome [86].

The antioxidant properties of zinc have also been con-
firmed. Zinc is needed for the proper functioning ofMMPs—
the enzymes that reveal proteolytic activities and regulate
cell-matrix composition in systemic sclerosis [91–93].

3.2.3. Other Nutritional Antioxidants. More recently, nat-
ural antioxidants such as polyphenols, which are present
in many plant foods, have been studied as possible nutri-
tional factors in decreasing oxidative stress. One of these is
(−)-epigallocatechin-3-gallate (EGCG) present in green tea
extracts (Camellia sinensis), which is effective in eliminating
oxidative stress in SSc. EGCG reveals the ability to scavenge
free radicals, inhibits the formation of ROS (such as O

2

∙−

and ONOO−), and reduces oxidative stress [94]. EGCG has a
higher potential antioxidant capability than 𝛼-tocopherol or
vitaminC [95] and reducesROS synthesis throughdecreasing
NADPH oxidase expression [96]. In SSc, EGCG inhibits
transcription factors (Nrf2, NF-𝜅B, and AP-1), regulates
multiple signal transduction pathways such as MAP kinases,
and induces protective antioxidant enzymes such asHO-1 [15,
21, 23]. In animal models, EGCG reveals anti-inflammatory
and antifibrotic properties via regulation of PDGF-induced
𝛼1(I) collagen, fibronectin, and 𝛼-SMA [26, 27]. In SSc
patients and healthy controls, EGCG reduces oxidative stress
through inhibition of ROS stimulated by TGF𝛽 in human
dermal fibroblasts [16].

Another plant antioxidant is Ginkgo biloba extract (a
Chinese herb), which suppresses inflammatory cytokine-
stimulated endothelial adhesiveness to human monocytic
cells by attenuating intracellular ROS formation [97]. This
attenuates the TNF-𝛼-induced vascular cell surface and total
protein expression of adhesion molecules such as VCAM-
1 and ICAM-1 (in SSc patients, increased levels of TNF-𝛼
in tissue and blood correlate with disease activity) [29, 35].
This beneficial influence of Ginkgo biloba may also reduce
oxidative stress processes in systemic sclerosis [98] and seems
to be effective in reducing the number of Raynaud’s attacks
per week in patients suffering from Raynaud’s phenomenon
[99].

3.2.4. Synthetic Antioxidants. Attempts using synthetic
antioxidants (such as probucol-hypolipidemic medication)
have also been made and have revealed a reduction in
the frequency and severity of Raynaud’s attacks [100, 101].

However, in a study by Herrick et al., antioxidative therapy
was ineffective in limited cutaneous SSc, which could be
explained by the late implementation of antioxidants. The
authors suggested that the addition of antioxidants at the
onset of the disease (before irreversible tissue injury) may
give positive results [17].

Inmany studies, NAChas shown a beneficial influence on
SSc, diminishing cellular ROS in fibroblast and replenishing
free cellular thiols [6, 9, 18–20]. NAC inhibits fibroblast
proliferation and collagen synthesis [6] and reduces perox-
ynitrite (ONOO−) synthesis by activated lung macrophages
from SSc patients in vitro [68]. Moreover, it potentiates
the antiproliferative effect of 5-fluorouracil (5FU)—one of
the immunosuppressants used in lung idiopathic intersti-
tial fibrosis [68]. In consequence, fibroblast proliferation
is inhibited by 78% [9]. NAC also beneficially influences
cultured vascular smooth muscle cells, where it reduces
PDGFR phosphorylation and increases protein tyrosine
phosphatases (PTP) activity [102].This improves the vascular
symptoms of Raynaud’s phenomenon in patients with SSc
[14, 18, 19].

4. Conclusion

Undeniably, oxidative stress (local and systemic) is one of
the important mechanisms which cause intracellular changes
and stimulate skin and visceral fibrogenesis. Understanding
the molecular mechanism of the oxidative cascade in SSc
provides a new insight into this disease. Besides this, assaying
serum-induced ROS production allows for an estimation of
the clinical activity of SSc, which can be followed by appro-
priate treatment. Currently, we know that such molecules as
probucol, NAC, EGCG, polyfenols, and antioxidative vita-
mins and minerals may be useful in the supportive therapy
of SSc and Raynaud’s phenomenon (some results are already
very promising).

Although recent findings regarding oxidative stress and
supportive antioxidant therapy are very encouraging, fur-
ther studies are necessary to confirm new mechanisms of
oxidative cascades in fibroblasts and define the therapeutic
potential of analyzed antioxidants in SSc. This may provide
the background for possible antioxidative and pharmaco-
logical management, which not only could enable effec-
tive treatment but maybe also slow down the progression
of the disease. If studies confirm the efficacy of nutri-
tional antioxidants, they could provide the basis for specific
nutritional recommendations supportive to pharmacological
treatment.
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PDGFR: Platelet derived growth factor
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PRP: Protein tyrosine phosphatases
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(phenyltellanyl)-naphthoquinone
PTP1B: Protein tyrosine phosphatases 1B
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Ras proteins: A family of related proteins involved

in transmitting signals within cells
through the Ras pathway, which
belong to a class of proteins called
small GTPase

RDAs: Recommended dietary allowances
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ROS: Reactive oxygen species
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Proliferation of vascular smooth muscle cells (VSMCs) triggered by inflammatory stimuli and oxidative stress contributes
importantly to atherogenesis.The association of green tea consumptionwith cardiovascular protection has beenwell documented in
epidemiological observations, however, the underlying mechanisms remain unclear.This study aimed to elucidate the effects of the
most active green tea catechin derivative, (−)-epigallocatechin-3-gallate (EGCG), in human aortic smoothmuscle cells (HASMCs),
focusing particularly on the role of a potent anti-inflammatory and antioxidative enzyme heme oxygenase-1 (HO-1). We found
that pretreatment of EGCG dose- and time-dependently induced HO-1 protein levels in HASMCs. EGCG inhibited interleukin-
(IL-)1𝛽-induced HASMC proliferation and oxidative stress in a dose-dependent manner.The HO-1 inducer CoPPIX decreased IL-
1𝛽-induced cell proliferation, whereas the HO-1 enzyme inhibitor ZnPPIX significantly reversed EGCG-caused growth inhibition
in IL-1𝛽-treated HASMCs. At the molecular level, EGCG treatment significantly activated nuclear factor erythroid-2-related factor
(Nrf2) transcription activities. These results suggest that EGCG might serve as a complementary and alternative medicine in the
treatment of these pathologies by inducing HO-1 expression and subsequently decreasing VSMC proliferation.

1. Introduction

Atherosclerosis, the major pathological condition for most
stroke syndromes, has been the intense focus of basic, clinical,
and epidemiological studies. These studies have direct bear-
ing on the prevention of atherothrombotic brain infarction
[1–3]. Atherosclerosis is typically multifactorial, most often
dependent on oxidative stress-related risk factors such as
hypercholesterolemia, diabetes, smoking, hypertension, and
obesity. Complications of atherosclerosis remain the leading
cause of morbidity and mortality in industrialized countries
[4–6].

The migration of smooth muscle cells into the intima,
followed by their proliferation, is a central theme of
atherosclerosis and restenosis. Various studies suggest that
these events are preceded and accompanied by oxidative
stress and inflammation [7–9]. Cytokines of the interleukin-
1 (IL-1𝛽) family play a pivotal role in regulating inflamma-
tory responses, and extensive studies have been performed
to determine whether IL-1𝛽 modifies the inflammatory
response [10, 11]. IL-1𝛽 induces a substantial increase in
the expression of inflammatory factors by vascular smooth
muscle cells (VSMCs), and these factors promote leukocyte
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recruitment and infiltration into the arterial wall and stimu-
late VSMC proliferation [12, 13]. Recent studies have shown
increased levels of IL-1𝛽 in human atherosclerotic lesions
[14].

The consumption of green tea has attracted attention
because of its beneficial effects on health. The association
of green tea consumption with cardiovascular protection
has been well documented in epidemiological observations
[15]. The polyphenolic catechins found in green tea include
(−)-epigallocatechin-3-gallate (EGCG) (Figure 1), (−)-epicat-
echin-3-gallate (ECG), (−)-epigallocatechin (EGC), and epi-
catechin (EC).These phenolic compounds appear to interfere
with the molecular processes underlying the initiation, pro-
gression, and rupture of atherosclerotic plaques [16]. EGCG
is the most abundant and most active catechin derivative
and has been reported to exhibit both anti-inflammatory and
antiatherogenic properties in experimental studies associated
with its antioxidative activity [17].

Heme oxygenase-1 (HO-1) is a member of the heat
shock protein family. Its expression is triggered by diverse
stress inducing stimuli including hypoxia, heavy metals, UV
radiation, and reactive oxygen species (ROS) [18–20]. HO-1
can catalyze heme to carbon monoxide and bilirubin with a
concurrent release of iron. The physiologic functions of HO-
1 entail antioxidation, anti-inflammation, antiproliferation,
and antiapoptosis effects [21]. Recent studies suggest that
plant-derived chemical substances may act as inducers of
the response protein HO-1 and can maximize the intrinsic
antioxidant potential of compounds [22].

In this study, we analyzed the potency of EGCG as an
inducer of HO-1 expression in human aortic smooth muscle
cells (HASMCs) and explored whether this contributed to
the protective effects of this polyphenolic compound against
smooth muscle cell proliferation and oxidative stress.

2. Materials and Methods

2.1. Cell Culture. HASMCs (Cascade Biologics, OR, USA)
were grown and passaged as described previously [23, 24].
Cells were used at passages 3–8. The purity of HASMC
cultures was verified by immunostaining with a monoclonal
antibody directed against smooth-muscle-specific 𝛼-actin
(R&D Systems, MN, USA). Before treatment or stimulation
with reagents, the cells were serum starved for 24 h.

2.2. Western Blot Analysis. Total cell lysates were prepared in
lysis buffer (20mM Tris-HCl, 150mM NaCl, 1mM EDTA,
1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate,
1mM glycerophosphate, 1mM Na

3
VO
4
, 1 𝜇g/mL leupeptin,

and 1mM PMSF, pH 7.5). The protein concentration was
determined with a Bio-Rad protein assay reagent (BIO-RAD,
CA, USA) and the samples were stored at −70∘C [25].

Western blot analysis was used to determine the changes
in cell levels of HO-1 in HASMCs. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membrane, and then the membranes were blocked
with 5% milk. The PVDF membranes were probed with goat
anti-HO-1 antibody (R&D Systems, MN, USA) at 1 : 1000

and then incubated with horseradish peroxidase- (HRP-)
conjugated secondary antibodies and the proteins were
visualized with an enhanced chemiluminescence detection
kit (Amersham Biosciences, NJ, USA). Mouse anti-𝛽-actin
(Labvision/NeoMarkers, CA, USA) antibodies were used as
loading controls. Protein expression levels will be quantified
as optical densities, using ImageQuant software [26].

2.3. BrdU IncorporationAssay for Cell Proliferation. HASMCs
were seeded on 96-well plates at a density of 1 × 104 cells/well.
Cells were incubated with various concentrations of EGCG
for 24 h and then stimulated with 50 ng/mL of IL-1𝛽 for
8 h. DNA synthesis was measured using a 5-bromo-20-
deoxyuridine (BrdU) cell proliferation kit (Calbiochem,
Darmstadt, Germany). Briefly, after 4 h of incubation with
IL-1𝛽, BrdU labeling solution (BrdU concentration: 10𝜇M)
was added to the cells and incubated for another 4 h. After
removing the culture medium, the cells were fixed and
nucleases were added to partially digest cellular DNA. Anti-
BrdU antibody was then added before adding the mouse
IgG-peroxidase conjugate. The signal was developed with
tetramethylbenzidine solution in the dark. A spectrophoto-
metric plate reader to measure absorbance was used at dual
wavelengths of 450 nm/595 nm [27].

2.4. Cell Cycle Analyses with Flow Cytometry. Analysis of
the DNA content and the movement of the cells through
the mitotic cycle were performed by flow cytometry 24 h
after cell stimulation. HASMCs were harvested and fixed in
70% ethanol; then cells were washed with ice-cold PBS and
incubated with RNAase (Sigma, MO, USA) and propidium
iodide (Sigma, MO, USA). Cell cycle phase analysis was
performed by flow cytometry using a FACScan (Becton
Dickinson, NJ, USA), and the percentage of cells in different
phases of the cell cyclewas analyzed usingModFitLT software
(BD, NJ, USA) [28].

2.5. Detection of ROS Production. The effect of EGCG on
ROS production in HASMCs was determined by a fluoro-
metric assay using DCFH-DA as the probe. This method is
based on the oxidation by H

2
O
2
of nonfluorescent DCFH-

DA to fluorescent 2,7-dichlorofluorescin (DCF). Confluent
HASMCs (104 cells/well) in 48-well plates will be pretreated
with various concentrations of EGCG.The cells were washed
with HBSS, then HBSS containing 10𝜇M DCFH-DA was
added, and incubation continued for 45min at 37∘C. The
fluorescence intensity (relative fluorescence units) was mea-
sured at 485 nm excitation and 530 nm emission using a
Fluorescence Microplate Reader [29].

2.6. Measurement of Glutathione (GSH) and Thiobarbituric
Acid Reactive Substances (TBARS) Levels. Intracellular GSH
levels were measured using a colorimetric assay (Bioxytech
GSH-400; OxisResearch, Portland, OR). Briefly, cells were
washed with PBS, and metaphosphoric acid (5%) was added
to the cells, which were then scraped off. The mixture was
centrifuged at 3,000 g for 5min at 4∘C, and the supernatant
was measured at 400 nm after a chemical reaction with
reagent R1 (4-chloro-1-methyl-7-trifluromethyl-quinolinium
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Figure 1: Chemical structure of (−)-epigallocatechin-3-gallate
(EGCG), the most abundant and most active catechin derivative
from green tea.

methylsulfate) and reagent R2 (30% NaOH). A known con-
centration of GSHwas used to generate a standard curve [30].

Lipid peroxidation was quantified by measuring TBARS
by spectrophotometric assay (Beckman Coulter, DU 640
spectrophotometer, Germany) according to a previous study.
The level of lipid peroxides, expressed as nanomoles of
malondialdehyde (MDA) per milligram of protein, was cal-
culated from the absorbance at 532 nm using tetraethoxypro-
pane (TEP) as an external standard [30].

2.7. Nuclear Extract Preparation and Electrophoretic Mobility
Shift Assay (EMSA). Nuclear protein extracts were prepared
as previously described [19]. In brief, cells were scraped off
the plates in an ice-cold HEPES buffer. After centrifugation
at 300 g for 10 minutes at 4∘C, the cells were solubilized with
the above buffer with 0.1% Triton X-100 and centrifuged at
12,000 g for 10 minutes at 4∘C.The nuclear pellets were resus-
pended in a buffer (10mM HEPES, pH 7.9, 1.5mM MgCl

2
,

0.42M NaCl, 1mM DTT, 0.2mM EDTA, 1.0mM PMSF,
25% glycerol, 0.5mM PMSF, 2𝜇g/mL aprotinin, 2 𝜇g/mL
pepstatin, and 2 𝜇g/mL leupeptin), incubated for 30 minutes
at 4∘C, and centrifuged at 15,000 g for 30 minutes at 4∘C.

The probe for nuclear factor E2-related factor-2 (Nrf2)
gel shift assays was a synthetic double-stranded oligonu-
cleotide (5-AGA TTT TGC TGA GTC ACC AGT CCC-3)
containing the consensus Nrf2 binding site with antioxidant
response element (ARE) [31]. For EMSA, doubled-stranded
DNA was end-labeled with dig-dUTP using terminal trans-
ferase (Roche, Germany). The DNA-binding reaction was
performed with 5𝜇g nuclear proteins and 0.8 ng digoxin-
labeled oligonucleotide at room temperature for 15 minutes.
Nuclear extract-oligonucleotide mixtures were separated
from the unbound DNA probe by electrophoresis through

a native 6% polyacrylamide gel in 0.5× TBE (Tris-Borate-
EDTA buffer, pH 8.0). The digoxin-labeled oligonucleotide
was detected with anti-digoxin antibody conjugated with
alkaline phosphatase [32].

2.8. Statistical Analyses. Values will be expressed as means ±
standard deviation (SD). Statistical evaluationwas performed
using Student’s t-test or one-way ANOVA followed by Dun-
nett’s test. A 𝑃 value of <0.05 was considered significant.

3. Results

3.1. EGCG Increases HO-1 Expression in HASMCs. To test the
effects of EGCG on HO-1 expression in HASMCs, EGCG
(12.5, 25, 37.5, and 50 𝜇M) was added in culture medium with
HASMCs for 24 h, and Western blot was performed for HO-
1 protein expression. As shown in Figure 2(a), EGCG dose-
dependently increased HO-1 protein expression in HASMCs.
Moreover, EGCG time-dependently (6, 12, 18, and 24 h)
increased HO-1 protein expression in HASMCs.

3.2. Inhibitory Effect of EGCG on Proliferation and Oxidative
Stress in HASMCs Induced by IL-1𝛽. To investigate whether
EGCG inhibits the proliferation of HASMCs induced by
inflammatory cytokine IL-1𝛽, HASMCs cells were incubated
with IL-1𝛽 (50 ng/mL) with EGCG (10–50𝜇M) for 24 h,
and BrdU incorporation assay was performed. EGCG had a
dose-dependent effect to reduce proliferation of IL-1𝛽-treated
HASMCs. The significance was found in 30, 40, and 50 𝜇M
concentration (Figure 3(a)).

Flow cytometric analysis was then used to determine
whether the EGCG-induced cell growth inhibitionwas due to
arrest at a specific point of the cell cycle. As shown in Table 1,
flow cytometric analysis of the DNA content in HASMCs
showed that EGCG treatment caused a significant increase
in the percentage of cells in G

0
/G
1
phase and a significant

decrease in the S populations relative to IL-1𝛽-treated cells.
To directly evaluate the effect of EGCG on ROS produc-

tion, we evaluated ROS level in IL-1𝛽-treated HASMCs. As
shown in Figure 3(b), treatment with IL-1𝛽 (50 ng/mL) for
30min caused a higher increase of fluorescence compared
with control cells. However, pretreatment of HASMCs for
30minwith EGCG (10–50 𝜇M) dose-dependently and signif-
icantly inhibited IL-1𝛽-induced ROS generation.

In addition, Table 2 shows that EGCG treatment caused a
significant increase of GSH content and a significant decrease
of TBARS content relative to IL-1𝛽-treated cells.

3.3. EGCG Attenuates IL-1𝛽-Induced Proliferation via HO-
1. We assayed the effect of HO-1 expression on IL-1𝛽-
induced cell proliferation. As shown in Figure 4, we found
that the HO-1 inducer CoPPIX decreased IL-1𝛽-induced cell
proliferation, whereas the HO-1 enzyme inhibitor, ZnPPIX,
significantly reversed EGCG-caused growth inhibition in IL-
1𝛽-treated HASMCs.

3.4. EGCG Activates Nrf2 in HASMCs. Activation of Nrf2
increases Nrf2 accumulation in the nucleus. It has been sug-
gested that the regulation ofNrf2 transcriptional activation of
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Figure 2: EGCG (a) dose- and (b) time-dependently induces HO-1 protein expression in HASMCs. Data are expressed as mean ± SD of three
independent experiments. ∗𝑃 < 0.05 compared with medium alone condition.

Table 1: Effect of EGCG on the cell cycle distribution in IL-1𝛽-
treated HASMCs.

Phase IL-1𝛽 EGCG + IL-1𝛽 𝑃 value
Sub-G1 2.2% ± 1.1% 3.7% ± 1.2% 0.186
G0/G1 54.2% ± 7.9% 75.4% ± 8.3% 0.033∗

S 31.6% ± 5.3% 11.3% ± 4.3% 0.007∗

G2/M 12.0% ± 2.3% 9.6% ± 2.5% 0.288
∗
𝑃 < 0.05.

Table 2: The GSH and TBARS levels in EGCG and IL-1𝛽-treated
HASMCs.

IL-1𝛽 EGCG + IL-1𝛽 𝑃 value
GSH
(nmol/mg protein) 27.3 ± 2.4 42.5 ± 3.5 0.003∗

TBARS
(nmol/mg protein) 7.2 ± 1.4 3.4 ± 1.8 0.045∗

∗
𝑃 < 0.05.

HO-1 relies on subcellular distribution rather than induction
of this transcription factor through de novo synthesis [31,
33]. Thus, we determined nuclear activation of Nrf2 in
both control and EGCG-treated cells. As shown by EMSA
in Figure 5, EGCG treatment significantly activated Nrf2
transcription activities through binding specifically to the
ARE found in the promoters of target genes.

4. Discussion

The present study showed that, for the first time, green tea
EGCG attenuated IL-1𝛽-induced proliferation of HASMCs
via HO-1-related mechanisms. EGCG treatment induced the
arrest of cell cycle progression and increased ROS production
as results inGSHdeficiency and lipid peroxidation inVSMCs.
Our data also suggest that Nrf-2 mediated HO-1 expression
may play a pivotal role for the antiproliferative effect of EGCG
on VSMCs.

Atherosclerosis causes clinical diseases through luminal
narrowing of the brain (ischemic stroke), heart, and periph-
eral vessels. Oxidative stress contributes to the progression
of cerebrovascular disease. It can induce important processes
leading to cerebral aneurysm formation including direct
endothelial damage as well as smooth muscle cell phenotypic
switching to a proliferative and inflammatory phenotype
[34]. Epidemiological studies indicated that regular con-
sumption of green tea is associated with a reduced risk of
coronary heart disease [35, 36]. In vitro investigations have
indicated that green tea polyphenolic compounds are able
to inhibit several key events of the atherogenic process such
as proliferation and migration of VSMCs by redox-sensitive
mechanisms. EGCG-mediated HO-1 induction has been
shown to occur in endothelial cells [31, 37–39], epithelial cells
[40], neurons [41], kidney [42, 43], and pulmonary cells [44–
46]. In the present study, the antioxidant properties of EGCG
were further reported to protect against cardiovascular dis-
eases by inhibiting inflammatory cytokine-induced VSMC
proliferation via HO-1 induction.Thus, our results elucidated
the relationship with inflammation, ROS, and regulation of
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Figure 3: EGCG dose-dependently inhibits (a) cell proliferation and (b) ROS production in IL-1𝛽-treated HASMCs. Data are expressed as
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atheroprotective genes HO-1 and how the regulation of these
activities by EGCG can lead to a prevention of vascular
diseases.

During atherogenesis, chronic inflammation and oxida-
tive stress play a crucial role inVSMC activation. To eliminate
the oxidative stress, endogenous antioxidant enzymes includ-
ingHO-1 induction are evoked.The beneficial effects of HO-1
upregulation have been reported in a series of animal models
[47]. Induction HO-1 induction is mediated by various
mechanisms, including the blockade of immune response
and increased production of carbon oxide [48].HO-1 protects
VSMCs from oxidative damage and against VSMC prolifer-
ation [49, 50]. In the present study, EGCG dose- and time-
dependently induced HO-1 expression in HASMCs. Consis-
tent with our results, EGCG also increases HO-1 expression
and shows anti-inflammatory capacity in various cells such
as endothelial cells [31, 37, 39] and monocytic cells [51]. All
these findings suggest that EGCG is a strong inducer of HO-1
and such inductionmay be independent of various cell types.

Cell cycle is a major convergent point in VSMC prolif-
eration.This process is controlled bymultiple protein kinases
and regulatory cyclins [52]. Negative regulators of the protein
kinases and cyclins, therefore arresting the cell cycle at G

0
/G
1

phase [48]. In the present study, EGCG inhibited DNA
synthesis and arrested the cell cycle at G

0
/G
1
phase.Thus, the

protein levels of negative regulators of the protein kinases and
cyclins need to be further investigated.Nevertheless, based on
these findings, it is reasonable to speculate that the inhibitory
effects of EGCG on VSMC proliferation are mediated by the
induction of a cell cycle arrest.
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Oxidative stress is defined as the imbalanced redox
status in which prooxidants overwhelm antioxidant capacity,
resulting in increased production of ROS. ROS have been
implicated in the pathogenesis of virtually every stage of
atherosclerosis [7, 8, 53]. ROS, especially superoxide anion
and hydrogen peroxide, are important signaling molecules
in cardiovascular cells. ROS participate in growth, apoptosis,
andmigration of VSMCs; these events play important roles in
vascular diseases, suggesting that the sources of ROS and the
signaling pathways that theymodifymay represent important
therapeutic targets [54]. Numerous studies have shown that
ROS influence cellular processes in vascular remodeling
by turning on several intracellular signaling cascades. ROS
potently activate mitogen-activated protein kinase members
important in cell growth and differentiation, which induce
expression of proinflammatory genes that play a role in
the vascular inflammation associated with hypertension and
atherosclerosis [54]. The present study provides the direct
evidences that EGCG could maintain the concentrations of
intracellular antioxidants found in biological systems. EGCG
maintainedGSH amounts in inflammatory cytokine-stressed
HASMCs resulting in decreased TBARS.

Advances in signal transduction network indicate that a
battery of redox-sensitive transcription factors, such Nrf2,
and their upstream kinases play an important regulatory role
in HO-1 gene induction [55]. The transcription factor Nrf2
plays an essential role in the ARE-mediated expression of
phase II detoxifying and antioxidant enzymes and in the
activation of other stress inducible genes. These genes may
play a vital role in the prevention of cell dysfunction as a result
of free radical production [56]. In the present study, Nrf2 was
found to bemarkedly induced inHASMCs exposed toEGCG.

The translocation of Nrf2 into the nucleus with treatment of
EGCG was also found to be associated with increases in its
ARE transcriptional activity. Our data therefore suggest that
EGCGmay induce many ARE-associated genes via its potent
induction of Nrf2.

5. Conclusions

In summary, our results demonstrated that (1) EGCG
dose- and time-dependently induces HO-1 expression in
HASMCs; (2) EGCG dose-dependently inhibits IL-1𝛽-
inducedHASMCproliferation and cell cycle arrest; (3) EGCG
dose-dependently reduces IL-1𝛽-induced oxidative stress in
HASMC; and (4) Nrf-2 mediated HO-1 expression may
play a pivotal role for the antiproliferative effect of EGCG
on VSMCs. Thus, EGCG may likely fulfill the definition
of a pharmacological preconditioning agent for preventing
cerebrovascular and cardiovascular diseases.
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The molecular mechanisms underlying stress urinary incontinence (SUI) are unclear. We aimed to evaluate the molecular
alterations in mice urethras following vaginal trauma and ovariectomy (OVX). Twenty-four virgin female mice were equally
distributed into four groups: noninstrumented control; vaginal distension (VD) group;OVXgroup; andVD+OVXgroup. Changes
in leak point pressures (LPPs), genital tract morphology, body weight gain, plasma 17𝛽-estradiol level and expressions of neuronal
nitric oxide synthase (nNOS), induced nitric oxide synthase (iNOS), and estrogen receptors (ERs—ER𝛼 and ER𝛽) were analyzed.
Three weeks after VD, the four groups differed significantly in genital size and body weight gain. Compared with the control group,
the plasma estradiol levels were significantly decreased in the OVX and VD + OVX groups, and LPPs were significantly decreased
in all three groups. nNOS, iNOS, and ER𝛼 expressions in the urethra were significantly increased in the VD andVD+OVX groups,
whereas ER𝛽 expression was significantly increased only in the VD + OVX group. These results show that SUI following vaginal
trauma and OVX involves urethral upregulations of nNOS, iNOS, and ERs, suggesting that NO- and ER-mediated signaling might
play a role in the synergistic effect of birth trauma and OVX-related SUI pathogenesis.

1. Introduction

Modulation in the contractile response of smooth muscle
underlies important pathological conditions such as inconti-
nence and hypertension. These disorders are also frequently
encountered in the aged population [1]. Inflammation and
oxidative stress are key features in the clinical manifestations
of smooth muscle-related disorders [1, 2], including stress
urinary incontinence (SUI). SUI is a common urological
disease defined as the involuntary leakage of urine under
stress conditions such as coughing and sneezing [3]. The
effects of birth trauma [4], menopause, and aging may
contribute to the development of SUI [5].

Although the treatment of SUI has improved [6], its
underlying molecular mechanisms remain unclear. Stud-
ies on the effect of birth trauma and menopause on the

continence mechanism are lacking because of the restricted
availability of human tissue. In this study, we used virgin
female mice [7, 8] to analyze the effects of vaginal distension
(VD; simulated birth trauma) [9, 10] and hormone deficiency
(these two factors known to be important in SUI) on
the vagina and urethra. VD simulates the effects of birth
trauma [9] and ovariectomy (OVX) simulates the hormone
deficiency that occurs after menopause [7].

Birth trauma from vaginal delivery may cause ischemic
damage to the urogenital tract [11]. Ischemia induces nitric
oxide synthase (NOS) expression; this increases NO synthe-
sis, resulting in urethral relaxation [12–14]. Estrogen actions
are mediated by estrogen receptors (ERs) [15, 16], which are
encoded by two distinct genes—ER𝛼 and ER𝛽. Although
treatment with 17𝛽-estradiol results in increasing urethral
tone through the local inhibition of NOS expression, the
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mechanism by which urethral tone is increased by estradiol
through the estrogen receptor subtypes, that is, ER𝛼 and ER𝛽,
is unclear.

Our general goal was to understand the molecular mech-
anisms related to SUI following simulated birth trauma and
OVX. On the basis of the aforementioned findings [17],
we hypothesized the following: (1) simulated birth trauma
and OVX decrease leak point pressures (LPPs) and plasma
estradiol levels; (2) simulated birth trauma and OVX induce
atrophy of the urogenital tract and the expression of neuronal
nitric oxide synthase (nNOS) with induced nitric oxide
synthase (iNOS); (3) ER𝛼 and ER𝛽 expression are altered by
simulated birth trauma and OVX in a mouse model of SUI.
To test these hypotheses, we designed the present study with
the following aims: (1) to analyze LPPs, morphology of the
urogenital tract, and plasma estradiol levels in C57BL/6 mice
after VD and/or OVX; (2) to identify the induction of nNOS
and iNOS expression by simulated birth trauma and/or
OVX using immunofluorescence staining and Western blot
analysis; and (3) to characterize alterations in ER𝛼 and ER𝛽
expression by simulated birth trauma and/or OVX using
immunofluorescence staining and Western blot analysis.

2. Materials and Methods

2.1. Animals and Experimental Design. Twenty-four virgin
femalemice (aged 6–8weeks, weight 25–40 g)were randomly
assigned to 4 groups: (1) noninstrumented control; (2) VD
(8mm dilator, compatible with the diameter of a new-born
mouse head); (3) OVX group; and (4) VD + OVX group.
Sham operations or OVX was performed on the mice in
these 4 groups, 2 days after VD (Day 2). Mice underwent
suprapubic bladder tubing (SPT) placement 17 days after
the surgery (Day 19). LPPs were assessed in these mice
under urethane [1 g/kg, intraperitoneal (i.p.)] anaesthesia
2 days after SPT (Day 21). The noninstrumented control
group did not undergo VD but did undergo SPT placement
and LPP measurement. The animals were sacrificed after
examining LPPs, morphology of the urogenital tract, and
plasma estradiol levels, and the urethras were removed for
immunofluorescence staining and Western blot analysis. All
experimental protocols were approved by the Institutional
Animal Care and Use Committee of China Medical Univer-
sity.

2.2. Vaginal Distension. Mice in the 8 mm VD groups
were anesthetized with 1.5% isoflurane. To avoid rupturing
the vagina, vaginal accommodation of Hegar’s dilators was
achieved by sequentially inserting and removing Hegar’s
dilators of increasing size that were lubricated with Surgilube
(Fougera, Melville, NY). Subsequently, an 8-mm dilator was
lubricated and inserted into the vagina [18–20]. After 1 h, the
8-mm dilator was removed and the animal was allowed to
awaken from the anaesthesia spontaneously. The noninstru-
mented control group did not undergo vaginal dilation.

2.3. Ovariectomy or Sham Operation. Mice undergoing OVX
or sham operation were anesthetized with 1.5% isoflurane. In

groups 1 and 2, a midline longitudinal abdominal incision
was made and closed with 2-0 silk sutures. In groups 3 and
4, both ovaries were excised through a midline longitudinal
abdominal incision that was closed with 2-0 silk sutures.
The ovaries were rinsed in phosphate-buffered saline (PBS),
fixed in 4% formaldehyde/PBS overnight, and processed
for embedding in paraffin blocks, according to histological
methodology. Cross sections which were perpendicular to
the largest axis of the structures to be analysed were cut at
4-𝜇m thickness. Sections were stained with hematoxylin and
eosin (H&E) [21, 22]. A light microscope with a 10x ocular
and a 40x objective lens was used to analyse the slices.

2.4. Suprapubic Tube Implantation. The surgical procedure
was carried out under isoflurane anaesthesia according to
the methods previously described [18–20, 23]. An SPT (PE-
10 tubing, Clay Adams, Parsippany, NJ, USA) was implanted
in the bladder 19 days after VD (Day 19). The key points
of the operation were as follows: (1) a midline longitudinal
abdominal incision was made 0.5 cm above the urethral
meatus; (2) a small incision was made in the bladder wall,
and PE-10 tubing with a flared tip was implanted in the
bladder dome; and (3) the purse-string suture of 8-0 silk
was tightened around the catheter which was tunnelled
subcutaneously to the neck, where it exited the skin.

2.5. Leak Point Pressure Measurement. LPPs were assessed in
these mice under urethane anaesthesia, 2 days after implant-
ing the bladder catheter (3 weeks after VD, Day 21). The
bladder catheter was connected to both a syringe pump and
a pressure transducer. Pressure and force transducer signals
were amplified and digitized for computer data collection
at 10 samples per second (PowerLab, ADInstruments, Bella
Vista, Australia). The mice were placed in a supine position
at the level of 0 pressure while their bladders were filled
with room temperature saline at 1mL/h through the bladder
catheter. The bladder was emptied manually using Credé’s
maneuver if a mouse voided. The average bladder capacity
of each mouse was determined after 3–5 voiding cycles, and
the LPPs were measured as previously described [18–20, 23].
Briefly, gentle pressurewas appliedwith 1 finger to themouse’s
abdomen when half-bladder capacity was reached. Pressure
was gently increased until urine leaked, at which time the
externally applied pressure was immediately removed. The
peak bladder pressure was taken as the LPP. At least 3
LPPs were obtained for each animal, and the mean LPP was
calculated [24, 25].

2.6. Genital Size, Body Weight, and Plasma Estradiol. The
morphology and size of genital tract were examined (genital
tract length (cm) and weight (mg)). The body weight before
VD (Day 0) and 3 weeks after VD (Day 21) was assessed.
Serum samples were taken from all animals before death
(Day 21). Plasma estradiol was extracted first under diethyl
ether andwasmeasured with a commercially available ELISA
kit.
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Figure 1: (a) Morphology of the genital tract in the different groups (A and B reflect genital tract lengths in (b)). The four groups differed
significantly in (b) genital tract length, (c) genital weight, and (d) body weight gain. Data are expressed as mean ± SEM; ∗𝑃 < 0.05 compared
with control. ∗∗𝑃 < 0.01 compared with control.

2.7. Immunofluorescence Staining. The mice in all 4 groups
were sacrificed immediately after completing the LPP mea-
surements, and the urethras were harvested. The mid-
dle one-third portions of the urethras were examined
with immunofluorescence staining. Each tissue sample was
embedded in Tissue-Tek Optimal Cutting Temperature
(OCT) Compound (Torrance, CA, USA) and then frozen,
and 8-𝜇mcryostat sectionswere cut and used for immunoflu-
orescence staining of nNOS, iNOS, ER𝛼, and ER𝛽. For
immunofluorescence staining, the sections were permeabi-
lized with 0.05% Triton X-100 for 5min and blocked with
5% normal bovine serum albumin in PBS for 1 h at room
temperature [26, 27]. The sections were incubated with a
primary antibody (goat polyclonal to nNOS, 1 : 300 dilution,
Abcam (ab1376), Cambridge, UK; rabbit polyclonal to iNOS,
1 : 50 dilution, Abcam (ab3523); mouse monoclonal to ER𝛼,
1 : 300 dilution, Abcam (ab2746); or rabbit polyclonal to
ER𝛽, 1 : 180 dilution, Abcam (ab3577)) overnight at 4∘C. The
sections were washed 3 times with PBS, incubated with

fluorescein isothiocyanate-conjugated secondary antibody
(donkey anti-goat IgG conjugate, 1 : 200 dilution, Invitrogen
(A11055), USA; goat anti-rabbit IgG conjugate, 1 : 150 dilution,
ZYMED (81-6111); or goat anti-mouse IgG conjugate, 1 : 300
dilution, ZYMED (81-6511)) for 1 h at room temperature, and
viewed under fluorescence microscopy.

2.8. Western Blot Analysis. Urethral protein samples were
prepared by homogenization of cells in a tissue extraction
reagent (Invitrogen, USA). Cell lysates containing 100𝜇g
of protein were subjected to 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and were transferred to a
polyvinylidene fluoridemembrane (Millipore Corp, Bedford,
MA,USA).Themembranewas stainedwith Ponceau S to ver-
ify the integrity of the transferred proteins and tomonitor the
unbiased transfer of all protein samples. Detection of nNOS,
iNOS, ER𝛼, ER𝛽, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) on the membranes was performed with
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an electrochemiluminescence kit (Amersham Life Sciences
Inc., ArlingtonHeights, IL, USA) [28–30] using the following
antibodies: goat polyclonal to nNOS, 1 : 300 dilution, Abcam
(ab1376); rabbit polyclonal to iNOS, 1 : 200 dilution, Abcam
(ab3523); mousemonoclonal to ER𝛼, 1 : 1000 dilution, Abcam
(ab2746); or rabbit polyclonal to ER𝛽, 1 : 500 dilution, Abcam
(ab3577). The intensity of each band was quantified using a
densitometer (Molecular Dynamics, Sunnyvale, CA).

2.9. Statistical Analyses. Data are presented as mean ±
standard error of mean (SEM) for each group. Statistical
differences among groups were determined by one-way
analysis of variance (ANOVA) followed by Fisher’s least
significant difference (LSD) as a posthoc test. All statistical
tests were 2-sided. A 𝑃 value of less than 0.05 was considered
statistically significant. All calculationswere performed using
the Statistical Package for the Social Sciences (SPSS for
Windows, SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Genital Tract Length, Genital Weight, and Body Weight
Gain. The four groups differed significantly in genital tract
length, genital weight, and body weight gain. Genital size was
significantly decreased in theOVX (𝑃 < 0.05) andVD+OVX
(𝑃 < 0.01) groups (Figures 1(a)–1(c)). Body weight gain was
significantly increased in theOVX (𝑃 < 0.05) andVD+OVX
(𝑃 < 0.01) groups but decreased in the VD group (𝑃 < 0.05)
(Figure 1(d)).

3.2. Plasma Estradiol Level. Theplasma estradiol level onDay
21 was significantly decreased in the OVX and VD + OVX
groups (𝑃 < 0.05) as compared with that in control group
(Figure 2).

3.3. LPP Values. LPP values on Day 21 were significantly
decreased in the VD (𝑃 < 0.01), OVX (𝑃 < 0.05), and VD +
OVX (𝑃 < 0.01) groups as comparedwith those in the control
group (Figure 3).

3.4. Expression of nNOS, iNOS, ER𝛼, and ER𝛽. The expres-
sion levels and locations of nNOS, iNOS, ER𝛼, and ER𝛽 are
shown in Figures 4 and 5, respectively. Both nNOS and iNOS
expressions were significantly increased in the VD (𝑃 < 0.05)
and VD + OVX (𝑃 < 0.05) groups as compared with those in
the control group (Figures 4(a) and 4(b)). ER𝛼 expressionwas
significantly increased in the VD (𝑃 < 0.01) and VD + OVX
(𝑃 < 0.05) groups, whereas ER𝛽 expression was significantly
increased only in the VD + OVX (𝑃 < 0.05) group (Figures
5(a) and 5(b)).

4. Discussion

Birth trauma occurs as a direct result of a higher ratio of
the baby’s head to the birth canal in humans. The pressure
on the vaginal sidewall can reach 240 cmH

2
O during the

peak contractions if active labor is maintained for more
than 30min, which can cause microcirculatory ischemia
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Figure 3: LPP values in the different groups. Each bar represents the
mean ± SEM of six individual mice. ∗𝑃 < 0.05 compared to control
group; ∗∗𝑃 < 0.01 compared to control group.

and overstretching of the pelvic floor muscles, pubourethral
ligaments, and nerve tissue; these combined events can lead
to SUI [31–33]. Birth trauma and menopause play important
roles in the development of SUI [34]. In light of the paucity
of human urethral tissue available for analysis, our animal
models of VD- andOVX-induced SUI represent a reasonable
proxy for the study of the urethral effects of labor and
menopause.

In the present study, LPPs were significantly decreased in
the VD, OVX, and VD+OVX groups, indicating that vaginal
trauma and OVX cause injury to the urethra. These findings
agreewith those of a previous report [7]. VD andOVX,which
induce ischemia, stretch injury, and estrogen deficiency, may
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cause alterations in the composition and function of the lower
urinary tract (LUT) tissues [35].

NOS expression is activated by ischemia [12, 13], and
NOS has also been found in the urethra and NO has
been implicated as one of the neurotransmitters involved
in urethral relaxation [36]. The present study showed that
nNOS/iNOS expression in the urethra was significantly
increased in the VD and OVX groups as compared with
those in the control group. These findings suggest that
NOS can be activated by vaginal trauma and OVX. The
overexpression of iNOS reportedly increases NO synthesis,
resulting in urethral relaxation [12, 13]. Estrogen deficiency
increases NOS expression and decreases urethral trophicity
[37]. Sievert et al. had found a high number of nNOS-positive

nerves in the smooth muscle bundles of the urethra and
bladder neck of the experimental rats [38]. The significance
of their finding is unclear because the role of NO in urethral
relaxation remains controversial [39, 40]. Nevertheless, we
propose that OVX after vaginal trauma may synergistically
induce SUI, which is related to NOS upregulation.

Furthermore, estrogen deficiency causes hot flushes, sleep
disturbances, urogenital atrophy, weight gain, osteoporosis,
and increased rates of myocardial infarction [41]. Estrogen is
known to have an important role in the function of the LUT
and estrogen receptors have been demonstrated in the vagina,
urethra, bladder, and pelvic floor musculature. In addition
estrogen deficiency occurring following the menopause is
known to cause atrophic change and may be associated with
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LUT symptoms. These may also coexist with symptoms of
urogenital atrophy. Epidemiological studies have implicated
estrogen deficiency in the etiology of LUT symptoms with
70% of women relating the onset of urinary incontinence to
their final menstrual period [42]. Our findings reveal that
genital atrophy and weight gain occurred in the OVX and
VD + OVX groups, thus suggesting that OVX can induce
estrogen deficiency. ER expression levels in the urethra were
significantly increased in the VD + OVX group. Estrogen
regulates ER expression [43] and augments stress-induced
signaling and gene expression [41].Thus, these results suggest
the expression of ERs is activated by OVX after vaginal
trauma which induces stress.

Our study has certain limitations. First, the pelvic floor
structure of the mouse—quadruped with a lax abdominal

wall—differs from that of a human female. Therefore, the
results should be extrapolated to human subjects with cau-
tion. Second, the urodynamic studies were conducted under
anesthesia. Fortunately, no subjects in the present study had
bladder instability, implying no detrusor overactivity; this
gives credence to our interpretation of fluid expulsion in
the absence of increased bladder pressure as evidence of
SUI. Third, we only observed changes in the expressions
of nNOS, iNOS, and ERs. The use of gene chip and pro-
teomic analyses would facilitate a comprehensive assess-
ment of genome expression in the given tissues and would
possibly reveal other mechanisms of VD + OVX-induced
incontinence; therefore, future studies should employ these
methods. Fourth, most studies concerning the effects of
birth trauma on the animal pelvic floor have used pregnant
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rats [44]. Compared to nongravid rats, pregnancy confers a
different hormonal status with other accompanying changes
[45]. As the pelvic structures affected by pregnancy hormones
may respond differently to trauma, this study reflects vaginal
trauma, not birth trauma.

5. Conclusions

The results of the present study suggest that SUI following
vaginal trauma and OVX involves urethral upregulation of
nNOS/iNOS and ERs. Upregulation of NOS might play a
role in the synergistic effect of SUI pathogenesis following
simulated birth trauma and OVX. This information could
offer interesting clues regarding the pathogenesis of SUI and
suggest several avenues for novel research and potential new
therapies.
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Human platelets express Toll-like receptors (TLR) 4. However, the mechanism by which TLR4 directly affects platelet aggregation
and blood coagulation remains to be explored. Therefore, in this study, we evaluated the platelet TLR4 expression in patients who
underwent CABG surgery; we explored the correlation between platelet TLR4 expression and the early outcomes in hospital of
patients. Additionally, C57BL/6 and C57BL/6-Tlr𝐿𝑃𝑆−/− mice were used to explore the roles of platelet TLR4 in coagulation by
platelet aggregometry and rotation thromboelastometry. In conclusion, our results highlight the important roles of TLR4 in blood
coagulation and platelet function. Of clinical relevance, we also explored novel roles for platelet TLR4 that are associated with early
outcomes in cardiac surgery.

1. Introduction

Toll-like receptors (TLRs) are type I transmembrane recep-
tors that are expressed on the cell membrane and are
critical for the induction of downstream signals during innate
immune responses to bacterial components [1]. TLR4 is
expressed in many cells, including endothelial cells, ker-
atinocytes, epithelial cells, macrophages, neutrophils, and
dendritic cells [2–4]. Previous evidences demonstrated that
platelet TLR4 expression modulates lipopolysaccharide-
(LPS-) stimulated platelet aggregation [5] and tumor necrosis
factor-alpha (TNF-𝛼) production [6]. In addition, circulat-
ing platelet counts decrease precipitously during sepsis and
the degree of thrombocytopenia associates with the seri-
ous consequence of sepsis [7]. Furthermore, platelet counts
decreased under sepsis because of well-established migration
into the liver and lungs [7–9]. Andonegui et al. demonstrated
that platelet TLR4 is essential for platelet migration into

the lungs in mice with LPS-induced sepsis [10]. LPS acceler-
ates collagen- or thrombin-induced aggregation in platelets in
in vitro study; this acceleration is associated with expression
of TLR4 [5]. It has been reported that the function of platelet
TLR4 is to activate neutrophil extracellular traps in septic
blood [11], and histones may promote the generation of
thrombin via platelet TLR4 [12]. Thus, scientists proposed
that platelet TLR4 has important roles in platelet migration,
adhesion, destruction, and attraction. Although the evidence
indicates that TLR4 not only regulates platelet migration and
shape change but also indirectly affects their aggregation, it
remains to be explored whether TLR4 expression directly
affects platelet aggregation and blood coagulation.

Previous studies demonstrated that the level of TLR4
expression on cells is associated with the early outcome
of patients undergoing major surgery. In 2002, Dybdahl
et al. demonstrated that open heart surgery induces an
inflammatory response and the release of heat-shock protein
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70 via TLR4 signaling [13]. Recently, our group demonstrated
that the level of TLR4 expression on monocytes is associated
with early outcomes in coronary artery bypass graft (CABG)
surgery patients [9]. Previous evidence indicated that
platelets possess a biological functionwith clinical correlation
[14]. It remains unclear whether the platelets regulate both
blood coagulation and systemic inflammation in surgery and
the expression of TLR4 on platelets is affected by the type
of cardiac surgery, which may be associated with a patient’s
early outcome in hospital. CABG with conventional car-
diopulmonary bypass (CPB) is widely used in cardiovascular
surgery. Although stopping the heart and temporarily replac-
ing its function with the heart-lung machine has associated
risks, conventional CPB permits surgeons to perform coro-
nary revascularization on a still, bloodless heart. However,
evidence suggests that platelet count, aggregation, and shape
change significantly decreased after conventional CPB [15].
Platelet activation and platelet injury are well-recognized
phenomena occurring after cardiac surgery with CPB that
may contribute to pathological postoperative bleeding [16]
and systemic oxidative stress/inflammation. To control the
systemic oxidative stress and inflammatory responses as well
as decrease the occurrence of postoperative complications,
cardiac surgeons have devoted their efforts to developing
various surgical processes, such as the off-pump technique or
beating-heart CPB technique for coronary surgery. Although
the previous literatures indicated that off-pump technique
has become an established and feasible procedure and offers
a great benefit in CABG patients [12, 17–21], the other
studies also hold contrary opinion [22, 23]. Regardless of the
technique of coronary surgery, clarifying the actualmolecular
mechanisms of impact of the platelet function is the only way
to promote the patients’ outcomes.

It is well known that calpain plays important roles in
the physiological activation of platelets. Calpain activation
regulates SNAREs (proteins involved in the degranulation of
platelets) and SERCA-2 (an intracellular pump required for
Ca2+ signaling in platelets). Previous evidences demonstrated
that cardiac surgery induces oxidative stress, and oxidative
stress may inhibit calpain activity [24]. Based on our evi-
dence, the calpain-myosin 9-Rab7b axis is responsible for the
regulation of TLR4 in activated platelets, which is involved
in platelets function [25].Therefore, we evaluated the platelet
TLR4 expression in patients who underwent CABG surgery
with conventional CPB or off-pump technique and analyzed
the correlation between platelet calpain activation, TLR4
expression, and drainage loss in hospital. Additionally, in
order to confirm the critical role of TLR4 on platelets func-
tion, we analyzed the coagulation in C57BL/6 and C57BL/6-
Tlr𝐿𝑃𝑆−/− mice.

2. Materials and Methods

2.1. Clinical Observations

2.1.1. Ethics and Patient Inclusion. This studywas approved by
the ethics committee at Tri-Service General Hospital.Written
informed consent was obtained from 23 patients undergoing

elective CABG surgery.The patients were assigned to the off-
pump technique and conventional cardiopulmonary bypass
(CPB) groups. CPB and off-pump technique was used in 17
and 6 patients, respectively. Patients would not be included if
they experienced a decreased cardiac ejection fraction (low
than 50%), had undergone cardiac surgery, had a history
of cardiogenic shock, had used extracorporeal membrane
oxygenation (ECMO), received an intra-aortic balloon pump
(IABP), or placed on a ventilator before surgery. Additionally,
patients with chronic bronchitis, autoimmune diseases, can-
cer, asthma, or rheumatoid arthritis or who were receiving
anti-inflammatory drugs administration were excluded.

2.1.2. Anesthesia, Heparinization, Conventional CPB, and Off-
Pump Technique. All the techniques were described in the
previous report [26]. Patients received anesthesia, induced
with thiopental, and maintained with isoflurane in oxygen.
Heparin was administered before applying the stabilization
device or before cannulation. All patients underwent a
median sternotomy during surgery. The blood pressure was
monitored using an arterial catheter. Upon discontinuation
of the CPB circuit or completion of proximal anastomoses,
protamine sulfate was used to neutralize the heparin. No anti-
fibrinolytic drugs were used in these patients.

2.1.3. Blood Sample Collection and Biolaboratory Studies.
Blood was collected from the arterial catheter. All samples
were collected in 3.8% sodium citrate-containing tubes.
The blood samples were collected at two time points: (1)
preincision and (2) at the end of the operation.The leukocytes
and platelet counts were measured, and blood biolaboratory
studies were performed.

2.1.4. Flow Cytometry Analysis. Whole blood samples were
collected from all patients at the indicated time points and
analyzed immediately. Fluorescein isothiocyanate- (FITC-
) conjugated mouse anti-human CD41a antibodies (Becton
Dickinson, San Jose, CA, USA) and phycoerythrin- (PE-)
conjugated monoclonal mouse anti-human TLR4 antibodies
(clone: HTA125; Biolegend, SanDiego, CA, USA) were added
to 50𝜇L whole blood and incubated in the dark for 20min.
The CD41a-positive cells were separated and detected using a
BDFACSCanto II flow cytometer (BDBiosciences,Mountain
View,CA,USA)withBDFACSDiva software (BectonDickin-
son Immunocytometry Systems, San Jose, CA, USA). A total
of 3 × 104 CD41a-positive cells were gated for the analysis of
membrane TLR4 expression.

2.1.5. Preparation of Washed Human Platelets and Western
Blot Analysis. Washed platelets were isolated according to
previous report [27]. The pelleted platelets were lysed using
cell lysis buffer. Western blot analysis was performed using
50 𝜇g samples of protein to evaluate calpain-1 expression.The
cell lysateswere subjected to 7%SDS-polyacrylamide gel elec-
trophoresis. The protein was electrophoretically transferred
to polyvinylidene difluoride membrane and then blocked
with 5% milk in Tris-buffered saline solution (20mM Tris-
HCl pH 7.5, 138mMNaCl, and 0.2% NP-40) containing 0.2%
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Tween-20. The membranes were probed using monoclonal
rabbit anti-human calpain antibody (clone: HPR3319; Epito-
mics Co., Burlingame, CA,USA), incubatedwith horseradish
peroxidase-conjugated anti-rabbit IgG (Amersham, Arling-
ton Heights, IL, USA), and developed using the enzyme-
linked chemiluminescence detection reagents (Millipore,
Bedford, Mass., USA). 𝛽-actin was used as a loading control;
the monoclonal mouse anti-human 𝛽-actin antibody (clone:
ACTN05/C4) was obtained from GeneTex Co. (Irvine, CA,
USA).

2.2. Animal Study

2.2.1. C57BL/B6 and C57BL/6-Tlr𝐿𝑃𝑆−/− Mice. Six male
C57BL/B6 mice were purchased from BioLASCO Co., Ltd.,
(Yi-Lan, Taiwan). Six male C57BL/6-Tlr𝐿𝑃𝑆−/− mice (a TLR4-
knockout mouse homozygous for the defective LPS-response
deletion allele Tlr4𝑙𝑝𝑠-𝑑𝑒𝑙) were purchased from the Jackson
Laboratory (JAX, 003752, Bar Harbor, ME, USA). This study
was carried out in strict accordance with the recommenda-
tions in theGuide for theCare andUse of LaboratoryAnimals
of the National Institutes of Health (NIH Publication number
85-23, revised 1996). The protocol was approved by the
Committee on the Ethics of Animal Experiments of the
Taipei Medical University (Permit Number: LAC-100-0056).
All mice were kept in microisolator cages on a 12-h day/night
cycle and fed a commercial mouse chow diet (Scientific Diet
Services, Essex,UK)withwater ad libitum.Theblood samples
for biochemical measurements were collected without seda-
tion from themandibular artery in sodium citrate-containing
tubes and separated by centrifugation.

2.2.2. Platelet Aggregometry. Whole bloodwas collected from
the mice through cheek-pouch bleeds and anticoagulated
with 3.8% sodium citrate. Platelet-rich plasma (PRP) was
obtained from the collected blood by centrifugation at 280×g
for 8min. The PRP was gently transferred to a fresh tube,
and the centrifugation was repeated at 280×g for 4min. The
platelets were isolated by filtering the resulting PRP through
a Sepharose 2B column (Sigma-Aldrich, St. Louis, MO,
USA) equilibratedwith Ca2+-free Tyrode’s buffer.Thewashed
platelets were counted using an automated blood cell counter
KX-21N (Sysmex, Kobe, Japan). Platelet aggregation was per-
formed using the turbidimetric method with a Chrono-Log
Model 560-CaDual sample Lumi-Ionize calcium aggregome-
ter (Chrono-Log, Havertown, PA, USA). Approximately
500𝜇L of a washed platelet solution containing 3 × 105
platelets/𝜇L in Ca2+-free Tyrode’s buffer was added to a
silicon-treated glass cuvette for each experiment. The
platelets were kept warm at 37∘C and stirred at 1200 rpm.
Platelet aggregation was measured for 5 minutes following
the addition of 0.1 U/mL thrombin. The percent aggregation
was calculated using AGGRO/LINK software (Chrono-Log,
Havertown, PA,USA). All buffers were prewarmed before use
and platelets were kept warm at 37∘C all along the study.

2.2.3. Rotation Thromboelastometry (ROTEM Analyses). In
accordance with previous studies, two ROTEM analyses were

performed within minutes after the sample was collected, as
indicated by the manufacturer’s instructions (Pentapharm,
Munich, Germany). We performed both an extrinsically
activated assay using recombinant tissue factor (EXTEM)
and an extrinsically activated test using recombinant tissue
factor with cytochalasin D added (FIBTEM). The following
parameters were measured using ROTEM: clotting time (CT,
the time from the start of the assay to clot formation with
an amplitude of 2mm), clot formation time (CFT, the time
from the end of CT (amplitude of 2mm) to a clot firmness of
20mm), maximum clot firmness (MCF, the peak strength of
the clot), and maximum clot elasticity (MCE, which is com-
monly used to assess clot strength). The platelet component
of clot strength was calculated using the following equa-
tion: MCFplatelet = MCFEXTEM− MCFFIBTEM, MCEplatelet =
MCEEXTEM− MCEFIBTEM, and MCE = (MCF × 100)/100 −
MCF [28].

2.3. Statistical Analysis. The data are expressed as the mean ±
SD. Statistical comparisons between groups were computed
using Student’s 𝑡-tests and one-way ANOVA followed by the
Dunnett’s test. For all statistical evaluations, differences in
data with 𝑃 values of < 0.05 were considered statistically
significant. All analyses were performed using the SPSS 16
statistical package (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Preoperative and Perioperative Characteristics in Patients
Who Underwent Elective CABG. The clinical characteristics
of the patients before surgery are listed in Table 1. The
preoperative characteristics of the two groups were similar,
including in age, body weight, height, hypertension, hyperc-
holesterolemia, and peripheral vascular disease.The percent-
ages of EF in the conventional CPB and off-pump technique
groups were 59.7 ± 9.2% and 63.5 ± 8.3%, respectively.
None of the patients in the off-pump group had diabetes
mellitus or peripheral vascular disease. In addition, no patient
who underwent elective CABG with conventional CPB had
previously experienced stroke or myocardial infarction.

The perioperative characteristics are shown in Table 2.
For patients in the CPB group, the mean total CPB time
was 119.1 ± 12.4min, the aortic clamping (ischemia) time
was 65.6 ± 5.2min, and the minimal esophageal temperature
was maintained at 26.1 ± 0.4∘C. Additionally, the patients
in the conventional CPB group received 30476.2 ± 1708.0
units of heparin. The patients who underwent the off-pump
technique maintained a minimal esophageal temperature of
35.8 ± 0.3

∘C and were administered 28142.9 ± 4532.6 units of
heparin. There were no significant differences in the number
of grafts or amount of heparin used between the two groups.

3.2. Biochemical Analyses in Patients Who Underwent Elective
CABG. Table 3 showed the biochemical data for patients.
The percentages of circulating lymphocytes, monocytes,
basophils, and neutrophils were not significantly different
between the conventional CPB and off-pump technique
groups before surgery. The percentages of neutrophil num-
bers increased significantly in both the conventional CPB
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Table 1: Preoperative characteristics in CABG surgery patients.

CABG surgery with conventional CPB CABG surgery with off-pump technique
Total number 17 6
Age (years) 63.1 ± 10.1 61.5 ± 12.7

Body weight (kg) 69.3 ± 11.4 71.7 ± 14.5

Body height (cm) 162.3 ± 8.9 163.3 ± 9.2

Smoke (%) 23.5 50.0
Diabetes mellitus (%) 11.7 0
Hypertension (%) 64.7 66.7
Hypercholesterolemia (%) 82.4 83.3
COPD (%) 11.8 16.7
Stroke (%) 0 16.7
Peripheral vascular disease (%) 5.9 0
Prior myocardial infarction (%) 0 16.7
Ejection fraction (%) 59.7 ± 9.2 63.5 ± 8.3

COPD: chronic obstructive pulmonary disease. The values are shown as the mean ± SD.

Table 2: Perioperative characteristics in CABG surgery patients.

CABG surgery with
conventional CPB

CABG surgery with
off-pump technique

Total number 17 6
CPB time (min) 119.1 ± 12.4 —
Aortic clamping
time (min) 65.6 ± 5.2 —

Minimal
esophageal
temperature (∘C)

26.1 ± 0.4 35.8 ± 0.3
∗

Heparin (units) 30476.2 ± 1708.0 28142.9 ± 4532.6

Number of grafts 3.1 2.5
CPB time indicates duration ofCPB ischemia plus the duration of aortic cross
clamping.The values are shown as the mean ± SD. ∗𝑃 < 0.05 compared with
the group receiving CABG surgery with conventional CPB.

group (from a basal level of 60.9 ± 9.2% to 85.9 ± 3.6%) and
the off-pump technique group (from a basal level of 64.7 ±
8.0% to 86.2 ± 4.3%). The number of lymphocytes decreased
significantly after coronary surgery with conventional CPB
(from a basal level of 28.3 ± 9.2% to 7.5 ± 3.2%, resp.)
and with the off-pump technique (from a basal level of
26.1 ± 7.7% to 6.8 ± 2.7%, resp.). The eosinophils, basophils,
and monocytes did not significantly differ between the two
groups after surgery. Additionally, the number of platelets
was slightly reduced in the conventional CPB group. Bio-
chemical analyses indicated that liver function (levels of
glutamate oxaloacetate transaminase, AST, and glutamic
pyruvic transaminase, ALT), kidney function (levels of blood
urea nitrogen, BUN, and creatinine), and inflammation (level
of C-reactive protein, CRP) indices did not deteriorate after
cardiac surgery. Patients who underwent conventional CPB
exhibited higher levels of troponin I after surgery, compared
with the off-pump technique group. However, the mean
value of creatine kinase-MB isoform (CK-MB) was not
significantly different between the conventional CPB and off-
pump technique groups.

3.3. Patients in the Off-Pump Technique Group Exhibited
Higher TLR4 Expression and Calpain ActivityThan Patients in
the Conventional CPB Group. Washed platelets were isolated
from all patients. Flow cytometry was performed to analyze
the TLR4 expression, and western blot analysis was used to
analyze the calpain activity. Table 4 indicates that patients
in the conventional CPB group possessed lower TLR4
expression (CPB: 68.48 ± 5.64% of preincision versus off-
pump technique: 89.0 ± 4.8% of preincision, 𝑃 < 0.05), less
drainage loss (CPB: 68.5 ± 5.6% of preincision versus off-
pump technique: 89.0 ± 4.8% of preincision, 𝑃 < 0.001), and
higher pRBC transfusion volume (CPB: 5.5 ± 0.5 units versus
off-pump technique: 1.1 ± 1.1 units, 𝑃 = 0.001) compared
with the off-pump technique group. The platelet transfusion
volume, duration of ICU stay, and duration of fever were
not significantly different between the conventional CPB and
off-pump technique groups after CABG surgery. According
to our recent results [25], TLR4 expression on platelets is
mediated by the activity of calpain. Figure 1 shows the calpain
activity in all patients before and after the CABG surgery
was performed. In general, inactivated calpain appears as
a 80 kDa of single band; in contrast, calpain has a higher
mobility 78 kDa band resulted from autolysis under activated
situation, which is believed to be the more active form of
calpain. Before CABG surgery, all patients in both the off-
pump technique and conventional CPB groups expressed
active calpain. While undergoing CABG surgery, all patients
in the off-pump technique group continued to express active
calpain. In contrast, 76.47% of patients (patient numbers 1,
2, 3, 4, 5, 6, 7, 8, 10, 11, 13, 15, and 17) in the conventional
CPB group expressed inactive calpain after CABG surgery.
Additionally, the ratio of platelets TLR4 expression after
surgery was demonstrated in Figure 1. Combined with the
data of TR4 expression and calpain expression (Figure 1),
the information shown in Table 5 indicates that patients in
the conventional CPB group with active calpain possessed
higher levels of TLR4 on platelets, less drainage loss, lower
platelet transfusion volumes, shorter ICU stay durations, and
shorter fever duration after CABG surgery (G1 versus G2,
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Table 3: Biochemical analyses in elective CABG patients.

Parameter CABG surgery with conventional CPB (𝑛 = 17) CABG surgery with off-pump technique (𝑛 = 6)
Presurgery Postsurgery Presurgery Postsurgery

Blood (postsurgery: end of surgery)
Neutrophil (%) 60.9 ± 9.2 85.9 ± 3.6

∗
64.7 ± 8.0 86.2 ± 4.3

∗

Eosinophil (%) 4.0 ± 2.6 2.1 ± 0.1 2.0 ± 1.4 2.2 ± 0.1

Basophil (%) 0.4 ± 0.3 0.5 ± 0.1 0.4 ± 0.2 0.5 ± 0.1

Monocyte (%) 6.4 ± 1.5 6.4 ± 1.9 6.7 ± 1.3 6.8 ± 1.6

Lymphocyte (%) 28.3 ± 9.2 7.5 ± 3.2
∗

26.1 ± 7.7 6.8 ± 2.7
∗

Platelet (×109/L) 230.1 ± 91.1 111.2 ± 25.0
∗

188.8 ± 34.2 200.5 ± 22.5

Kidney function (postsurgery: after surgery for 24 h)
BUN 17.4 ± 5.2 22.2 ± 8.1 17.5 ± 3.5 16.3 ± 4.5

Creatinine (mg/dL) 1.0 ± 0.4 3.0 ± 1.4 1.1 ± 0.3 1.3 ± 0.4

Liver function (postsurgery: after surgery for 24 h)
AST 25.0 ± 10.1 39.7 ± 15.0 33.7 ± 13.2 42.0 ± 9.1

ALT 20.5 ± 13.5 22.6 ± 12.6 28.2 ± 13.7 33.2 ± 13.5

Myocardial damage (postsurgery: after surgery for 24 h)
CK-MB/CK (%) 6.0 ± 3.2 4.7 ± 2.9 7.6 ± 5.5 4.1 ± 1.6

CK-MB (mg/dL) 22.9 ± 11.2 29.8 ± 13.9 22.7 ± 11.2 28.3 ± 7.5

Troponin I (mg/L) 1.0 ± 0.9 2.9 ± 2.0
∗

1.1 ± 1.6 1.6 ± 1.6

Inflammation (postsurgery: after surgery for 24 h)
CRP (mg/L) 3.1 ± 2.7 5.5 ± 2.0 2.9 ± 2.8 5.6 ± 0.5

BUN: blood urea nitrogen; AST: glutamate oxaloacetate transaminase; ALT: glutamic pyruvic transaminase; CRP: C-reactive protein. The values are the mean
± SD. ∗𝑃 < 0.05 compared with presurgery at the same group.

Table 4: TLR4 expression, drainage, duration of ICU stay, and duration of fever in CABG surgery patients.

CABG surgery with conventional CPB CABG surgery with off-pump technique 𝑃 value
Total number 17 6
TLR4 expression (% of preincision) 68.5 ± 5.6 89.0 ± 4.8 <0.05
Drainage (mL) 786.1 ± 84.8 534.7 ± 79.9 <0.001
pRBC transfusion (unit) 5.0 ± 0.5 1.1 ± 1.1 0.001
Platelet transfusion (unit) 1.3 ± 0.4 — —
ICU stay (day) 4.4 ± 2.5 2.8 ± 2.0 0.171
ICU fever (hr) 23.5 ± 14.7 14.5 ± 7.6 0.173
ICU: intensive care unit. The values are shown as the mean ± SD. 𝑃 < 0.05 was considered statistically significant.

𝑃 < 0.05 were considered statistically significant). Although
the calpain remained in an active state, the amounts of platelet
transfusion were reduced in the off-pump technique group
compared with the conventional CPB group (G1 versus G3,
𝑃 < 0.05, considered statistically significant). Interestingly,
compared with patients who underwent the off-pump tech-
nique, the patients possessed a lower level of TLR4, higher
volumes of drainage loss, and pRBC/platelet transfusion as
well as longer ICU stay duration and shorter fever duration in
the conventional CPB group with inactive calpain (G2 versus
G3, 𝑃 < 0.05, considered statistically significant). These res-
ults indicate that in CABG surgerywith either off-pump tech-
nique or conventional CPB, patients with higher level of
TLR4may experience better early outcomes (duration of ICU
stay and fever, volume of drainage loss, and pRBC/platelet
transfusion) in hospital than the patients with lower level of

TLR4, which may be mediated by activation of calpain on
platelets.

3.4. TLR4 Is Associated with Platelet Function in Mice. A
previous study demonstrated that platelet TLR4 modulates
coagulation by recognizing extracellular histones that pro-
mote thrombin generation [12].

Additionally, Tables 1–5 indicate that calpain and TLR4
expression in platelets are associated with patients’ drainage
loss in cardiac surgery. Therefore, we further explored
whether the TLR4 on platelets is associated with coagula-
tion in mice. The wild-type C57BL/6, C57BL/6-Tlr𝐿𝑃𝑆+/−,
and C57BL/6-Tlr𝐿𝑃𝑆−/− mice were used in this study. The
endogenous level of TLR4 expression in the mouse platelets
was first measured using western blot analysis and flow
cytometry (Figure 2(a)). The C57BL/6-Tlr𝐿𝑃𝑆−/− mice did
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(a)
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Figure 1: CABG surgery with conventional CPB decreases calpain activity in platelets. (a) Total protein was isolated from washed platelets
collected from patients who underwent the off-pump technique. The western blot results demonstrate the calpain activity before and after
CABG surgery. (b) Total protein isolated from washed platelets collected from patients who underwent conventional CPB. The western blot
results demonstrate the calpain activity before and after CABG surgery.

not express TLR4 on their platelets. Incubating wild-type
C57BL/6 mouse platelets with 0.1 U/mL thrombin resulted
in approximately 47.4 ± 5.4% aggregation within 10 minutes,
whereas treating platelets with PBS did not induce aggre-
gation (Figure 2(b)). Interestingly, platelets from C57BL/6-
Tlr𝐿𝑃𝑆+/− or C57BL/6-Tlr𝐿𝑃𝑆−/− mice had reduced aggrega-
tion abilities after thrombin stimulation compared with those
from wild-type mice (28.1 ± 3.7% for C57BL/6-Tlr𝐿𝑃𝑆+/− and
18.5 ± 2.5% for C57BL/6-Tlr𝐿𝑃𝑆−/−). In recent years, ROTEM
has been used to provide a comprehensive overview of the
entire clotting process bymeasuring the coagulation function
of platelets. Figures 2(c) and 2(d) show the hemostatic curve
from the ROTEM analysis. An extrinsically activated assay
using recombinant tissue factor (EXTEM) indicated no sig-
nificant differences in the coagulation time or clot formation

time between C57BL/6, C57BL/6-Tlr𝐿𝑃𝑆+/−, and C57BL/6-
Tlr𝐿𝑃𝑆−/− mice. The amplitude at 5 to 30 minutes and MCF
were significantly lower in C57BL/6-Tlr𝐿𝑃𝑆+/− compared
with C57BL/6 (Table 6). An extrinsically activated test using
recombinant tissue factor plus cytochalasin D (FIBTEM)
demonstrated that C57BL/6-Tlr𝐿𝑃𝑆−/− mice have a lower
coagulation time, lower amplitude at 15 to 30 minutes, and
lower MCF than C57BL/6 mice (Table 7). According to a
previous report [28], MCF and MCE are commonly used to
assess the platelet component of clot strength. Table 8 demon-
strates that both C57BL/6-Tlr𝐿𝑃𝑆+/− and C57BL/6-Tlr𝐿𝑃𝑆−/−
mice have significantly lower MCFs (48.80 ± 3.27mm and
48.50 ± 3.00mm, resp.) and MCEs (190.89 ± 20.79mm and
218.37 ± 19.54mm, resp.) than C57BL/6 mice (MCF: 58.80 ±
4.67mm;MCE: 290.85±10.99mm).These results suggest that
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Figure 2: Platelet TLR4 is associated with platelet function in C57BL/6 mice. (a) TLR4 protein expression on the surface of platelets in
C57BL/6 and C57BL/6-Tlr𝐿𝑃𝑆−/− mice was analyzed by western blot analysis (upper graph) and flow cytometry (button graph). Negative
control analyses were performed in the absence of specific PE-conjugated anti-TLR4 antibody (gray outline-hollow graph). C57BL/6 mice
(black graph), but not C57BL/6-Tlr𝐿𝑃𝑆−/− mice (black outline-hollow graph), express TLR4 protein in platelets. (b) Platelet aggregation was
analyzed using aggregometry. The upper graph shows C57BL/6, C57BL/6-Tlr𝐿𝑃𝑆−/−, and C57BL/6-Tlr𝐿𝑃𝑆−/− mouse platelets with 0.1 U/mL
thrombin or PBS treatment. The data at the bottom illustrate the mean ± SD (𝑛 = 6). ∗𝑃 < 0.05 indicates a significant difference compared
with the C57BL/6 group. (c and d) ROTEM was performed. The thromboelastometry graph shows the curves of EXTEM (c) and FIBTEM
(d) in C57BL/6 (black line) and C57BL/6-Tlr𝐿𝑃𝑆−/− (red line) mice.

platelet TLR4 is associated with aggregation and clot strength
in C57BL/6 mice.

4. Discussion

TLR4 plays important role in platelet migration, adhesion,
destruction, and attraction. In 2005, Andonegui et al. first

determined that platelets express TLR4 on their surfaces and
that this phenomenon is associated with the occurrence of
thrombocytopenia [10], indicating that the TLR4-mediated
signaling pathway is involved in the cellular function of
platelets. Additionally, platelets may respond to endotoxin
and ensnare bacteria through TLR4 to activate neutrophil
extracellular traps [11, 29], promotemigration into the lung or
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Table 6: ROTEMmeasurements of EXTEM in experimental mice.

Parameters C57BL/6 (𝑛 = 6) C57BL/6-𝑇𝑙𝑟LPS +/− (𝑛 = 6) C57BL/6-𝑇𝑙𝑟LPS −/− (𝑛 = 6)
Coagulation activation and clot polymerization parameters

Coagulation time (seconds) 31.00 ± 22.16 33.50 ± 18.27 30.67 ± 10.61

Clot formation time (seconds) 38.33 ± 9.61 44.00 ± 3.16 39.67 ± 7.63

𝛼-angle (degree) 82.17 ± 2.04 78.17 ± 6.05 82.0 ± 1.55

Clot firmness parameters (mm)
Amplitude at 5min (A5) 59.33 ± 8.02 47.67 ± 7.15

∗
55.67 ± 5.28

A10 66.00 ± 6.63 56.17 ± 5.74
∗

62.67 ± 4.32

A15 69.00 ± 5.73 60.17 ± 5.23
∗

65.83 ± 4.17

A20 70.83 ± 5.34 62.17 ± 5.23
∗

67.67 ± 3.67

A25 71.83 ± 4.83 63.83 ± 5.00
∗

69.00 ± 3.52

A30 72.83 ± 4.83 64.83 ± 5.00
∗

69.67 ± 7.63

Maximum clot firmness (MCF) 74.67 ± 4.08 67.33 ± 4.97
∗

72.33 ± 2.16

ROTEM: rotation thromboelastometry; EXTEM: extrinsically activated assay using recombinant tissue factor.
The data are expressed as the median (interquartile range).∗𝑃 < 0.05 compared with the C57BL/6 group.

Table 7: ROTEMmeasurements of FIBTEM in experimental mice.

Parameters C57BL/6 (𝑛 = 6) C57BL/6- 𝑇𝑙𝑟LPS +/− (𝑛 = 6) C57BL/6-𝑇𝑙𝑟LPS −/− (𝑛 = 6)
Coagulation activation and clot polymerization parameters

Coagulation time (seconds) 19.83 ± 4.67 17.50 ± 6.89 12.83 ± 6.31
∗

𝛼-angle (degree) 76.00 ± 7.56 78.50 ± 6.92 80.17 ± 2.32

Clot firmness parameters (mm)
Amplitude at 5 min (A5) 14.33 ± 4.37 15.33 ± 4.59 17.76 ± 3.20

A10 15.33 ± 4.63 16.50 ± 5.58 19.33 ± 3.14

A15 16.50 ± 4.51 17.17 ± 5.53 20.67 ± 3.20
∗

A20 17.17 ± 4.36 17.67 ± 5.79 21.50 ± 3.33
∗

A25 17.50 ± 4.46 17.67 ± 5.79 21.83 ± 3.06
∗

A30 17.67 ± 6.11 17.83 ± 5.74 22.33 ± 3.20
∗

Maximum clot firmness (MCF) 18.33 ± 5.09 18.00 ± 6.26 23.33 ± 4.13
∗

ROTEM: rotation thromboelastometry; FIBTEM: extrinsically activated test using recombinant tissue factor with cytochalasin D. The data are expressed as
the median (interquartile range). ∗𝑃 < 0.05 compared with the C57BL/6 group.

Table 8: The platelet component of clot strength in experimental mice.

C57BL/6 (𝑛 = 6) C57BL/6-𝑇𝑙𝑟LPS +/− (𝑛 = 6) C57BL/6-𝑇𝑙𝑟LPS −/− (𝑛 = 6)
Maximum clot firmness (MCF) 58.80 ± 4.67 48.80 ± 3.27

∗
48.50 ± 3.00

∗

Maximum clot elasticity (MCE) 290.85 ± 10.99 190.89 ± 20.79
∗

218.37 ± 19.54
∗

Theplatelet component of clot strength was calculated using the following equation: MCFplatelet =MCFEXTEM −MCFFIBTEM;MCE = (MCF × 100)/100 −MCF;
MCEplatelet = MCEEXTEM −MCEFIBTEM.∗𝑃 < 0.05 compared with the C57BL/6 group.

liver [8, 10], and decrease the production of RANTES, angio-
genin, and PDGF-AB from platelets in severe septic blood
[30]. Although previous investigators demonstrated that
platelets regulate inflammation via TLR4 surface expression,
few studies investigated the relationship between platelet
TLR4 and coagulation. Explored ADP-induced heat shock
protein (HSP) 27 secretion and phosphorylation from gran-
ules in platelets [31], whichmediates platelet aggregation [32].
Moreover, the effects ofHSP27 in cellsweremediated through
the TLR4 pathway [33]. Platelet TLR4modulates coagulation
by recognizing extracellular histones that promote thrombin
generation [12].

Interestingly, LPS did not increase human platelet aggre-
gation in vitro; nevertheless, LPS accelerates the collagen/
thrombin-stimulated aggregation of platelets [5]. This
mechanism was mediated by TLR4 expression on platelets,
and the effect of LPS on platelets was indirect. In addition
to TLR4, platelets also express downstream components
of the TLR4-related signaling pathway complex, including
TLR4/MD2 and myeloid differentiation primary response
gene (MyD)88 [5]. Through the production of interleukin-
(IL-) 6, prostaglandin E2, and tumor necrosis factor
(TNF)-𝛼, LPS induces platelet aggregation mediated by
TLR4/MD2/MyD88 complex formation, mitogen-activated
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protein kinases (MAPKs), nuclear factor-kappa B (NF-𝜅B)
activation, and cGMP production [5, 7, 34]. Although many
reports speculated that TLR4 affects platelet aggregation
and regulates platelet function, we are the first group to
indicate that the calpain-myosin 9-Rab7b axis is liable to
the regulation of TLR4-containing 𝛼-granule trafficking
in thrombin-induced platelets [25]. Furthermore, we
demonstrated the differences of platelet function in C57BL/6,
C57BL/6-Tlr𝐿𝑃𝑆+/−, and C57BL/6-Tlr𝐿𝑃𝑆+/− mice in this text,
indicating the critical roles of TLR4 in platelets. We speculate
that the probable mechanisms of the impact of TLR4 on clot
strength in animal experiments may be mediated by HSP27
or others, and we are currently investigating the cellular and
molecular mechanisms involved in this phenomena.

In clinic, patients who underwent CABG surgery with
inactive calpain and lower platelet TLR4 expression experi-
encedworse early outcomes in hospital than those with active
calpain and higher platelet TLR4 expression. These results
indicate that the levels of TLR4 and calpain play pivotal roles
in platelets function. Oxidative stress-mediated cytokines
production was considered to be the main factor causing
inflammation after cardiac surgery. The expression of many
cytokines, includingTNF-𝛼, IL-6, andmonocyte chemotactic
protein- (MCP-) 1, increased during and after CPB [35].
Except for cytokine production, stimulations such as aortic-
clamping ischemia, ischemia-reperfusion injury, blood cell
attachment to the foreign surfaces of the oxygenator/CPB
tube, and artificial surgical trauma may play important roles
in postoperative inflammation; therefore, off-pump bypass
graft operation significantly reduces oxidative stress and
inflammation. Although clinicians still have differences of
opinion on the advantages/disadvantages of the off-pump
technique and conventional CPB for patients who undergo
cardiac surgery [22, 23, 36, 37], at least, the patients in
both the conventional CPB and off-pump groups had good
early outcomes (little drainage loss, short ICU stay, and fever
durations) in hospital as long as they expressed the active
form of calpain after CABG surgery rather than the inactive
form of calpain. This indeed indicates that maintaining
active calpain is an important factor in patient recovery
after cardiac surgery. In contrast, the patients with active
calpain in the conventional CPB group still required larger
blood transfusion volumes than the patients in the off-
pump technique group, which may result from the cessation
of pumping blood cells. Recently, we also undertook to
distinguish the influences of foreign surface contamination
by the CPB tube and oxygenator, surgical incisive trauma,
and cardiac ischemia by comparing cytokine production
and early outcome during conventional CPB technique and
the off-pump technique in patients [26]. However, CPB-
associated immune suppression results from the changes in
TLR4 capacity on monocytes and neutrophils [38]. It is still
remained to be elucidated that the causes result in TLR4
downregulation in platelets.

During the process of cardiac surgery with CPB,mechan-
ical force (pressure from rolling pump) is the main cause
resulting in platelet damage and hemolysis. Therefore, the
transfusion of pRBC and fresh platelet is essential for the
patients who are undergoing CPB. According to the results in

Table 5, patients with CPB really receipted more transfusion
of pRBC and platelet comparing to patients in off-pump
technique group. Interestingly, patients with activated calpain
in CPB group had similar level of early outcomes and platelet
TLR4 expression to the patients in off-pump technique group.
In contrast, even though the patients with inactivated calpain
in CPB group receipted more platelet and pRBC transfusion,
they also had worse early outcomes comparing to patients
with activated calpain. Therefore, we cannot exclude the
importance and effects of blood transfusion for patients with
cardiac surgery in this study, and we still have the opinion
that the calpain activation and TLR4 expression in platelets
are associated with early outcomes.

Hyperglycemia and diabetes mellitus really induce oxida-
tive stress which result in complex complications in many
sickle situations [39].Themajor finding of the previous study
is that diabetes mellitus is associated with the activation of
calpain [40]. Oxidative stress may upregulate calpain activity
and induces apoptosis in pheochromocytoma cells [41].
Inhibition of calpain may reduce oxidative stress and atten-
uate endothelial dysfunction in diabetes [42]. However, the
opposite evidence demonstrated that cardiac surgery induces
oxidative stress, and oxidative stressmay inhibit calpain activ-
ity [24]. In our results, mellitus patients (patient numbers 3, 5,
and 10) also have inactive formof calpain afterCPB.Although
diabetesmellitusmay be associatedwith patient’s postsurgical
outcomes, we also speculate that diabetes mellitusmay not be
a factor in regulation of platelets calpain activity in CPB.

Calpain is responsible for platelet shape change, clotting,
and aggregation, which are mediated by the activation of
cytoskeleton proteins [43]. Previous report demonstrated
calpain with the important roles in regulating cytoskeletal
signaling in vWf-activated platelets [44]. Calpain also reg-
ulates the activation of the extracellular fibrinogen-binding
function of 𝛼IIb𝛽3 and the platelet aggregation resulting in
cleavage of integrin 𝛽3 [45]. Platelet-derived growth factor
may suppress oxidative stress induced calpain activation in
neurons [46]. Presently, the causes of inactive calpain in the
majority of patients (82.35%) treated with conventional CPB
are unknown; it is also unclear why 17.64% of the patients
undergo calpain activation. There are many proteases with
critical roles in the stability and assembly of cytoskeletal
signaling complexes that may result in the phosphorylation
of proteins, association of the receptor with the cytoskeleton,
and a consequent increase in the calpain activity [47].
Whether the pressure force of pumping, aortic-clamping
ischemia, ischemia-reperfusion injury, or attachment of the
foreign CPB circuit during conventional CPB disrupts these
normal conditions in platelets remains to be elucidated.
Through further studies, we expect that patients’ early out-
comes may be improved and promoted by adjusting the
activation of calpain in platelets after cardiac surgery with
conventional CPB.

5. Conclusion

Our results highlight the important roles of TLR4 in blood
coagulation and platelet function in clinic and in C57BL/6
mouse. Of clinical relevance, we also explored novel roles
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for calpain and TLR4 in platelets, which are associated with
patients’ early outcomes in cardiac surgery. These results also
provide a basis for further controlling calpain activation and
TLR4 expression as a therapeutic strategy to avoid coagulo-
pathic and thrombocytic disorders after cardiac surgery.
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Increasing evidence has demonstrated that reactive oxygen species (ROS) induces oxidative stress and plays a crucial role in the
pathogenesis of acute pancreatitis (AP). Hydrogen-rich saline (HRS), a well-known ROS scavenger, has been shown to possess
therapeutic benefit on AP in many animal experiments. Recent findings have indicated that the NOD-like receptor family, pyrin
domain-containing 3 (NLRP3) inflammasome, an intracellular multiprotein complex required for the maturation of interleukin-
(IL-) 1𝛽, may probably be a potential target of HRS in the treatment of AP. Therefore, in this study, we evaluated the activation of
NLRP3 inflammasome andmeanwhile assessed the degree of oxidative stress and inflammatory cascades, as well as the histological
alterations in mice suffering from cerulein-induced AP after the treatment of HRS. The results showed that the activation of
NLRP3 inflammasome in AP mice was substantially inhibited following the administration of HRS, which was paralleled with the
decreasedNF-𝜅B activity and cytokines production, attenuated oxidative stress and the amelioration of pancreatic tissue damage. In
conclusion, our study has, for the first time, revealed that inhibition of the activation ofNLRP3 inflammasome probably contributed
to the therapeutic potential of HRS in AP.

1. Introduction

Acute pancreatitis (AP), a debilitating inflammation of the
pancreas, is usually triggered by inappropriate intra-acinar
activation of the trypsinogen. Although most cases of AP
aremild or self-limiting, sometimes uncontrolled subsequent
events including activation of immune cells and further
systemic progression of inflammatory response are capable
of converting AP to a severe form [1, 2]. Vigorous release
of inflammatory mediators such as cytokines, chemokines,
and reactive oxygen species (ROS) during systemic inflam-
matory responses results in a life-threatening condition with
multiple-organ dysfunction, which carries substantial mor-
bidity and mortality.

Currently, much research attention has been focused on
the involvement of ROS and resultant oxidative stress in the
inflammatory processes during the development of pancre-
atitis [3–5]. At the early stage of AP, several pathogenetic
mechanisms, such as proteolytic damage, tissue ischaemia,
and activation of polymorphonuclear leucocytes, stimulate
the production of ROS that act as the molecular trigger of

various inflammatory processes [6]. In general, the detrimen-
tal ROS can be detoxified either by endogenous antioxidants
like glutathione (GSH) and superoxide dismutase (SOD)
or when needed by exogenous dietary antioxidants like
carotenoids, flavonoids, and vitamin E. However, once the
production of ROS is excessive and overwhelms endogenous
antioxidants, oxidative stress can occur with increasing cellu-
lar injury. Therefore, the theory that attack of oxidative stress
is responsible for not only the amplification of pancreatic
damage but also the progression of the disease from a local
damage to a systemic organ failure is generally accepted as
fact [3]. Therefore, supplementation with exogenous antioxi-
dants is regarded as a beneficial therapeutic strategy, at least, a
useful adjunctive option in the treatment of AP, as evidenced
in some animal models [7–9].

Among numerous antioxidants, molecular hydrogen
(H
2
) is emerging as a promising candidate in the therapeutic

approaches of oxidative stress-implicated inflammatory dis-
eases because this simple molecule is a selective scavenger of
detrimental ROS, such as hydroxyl radical and peroxynitrite
[10, 11]. In some animal experiments, hydrogen gas can be
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given by inhalation or more conveniently administered by
injection when it dissolves in normal saline to achieve the
saturation level (called hydrogen-rich saline, HRS). Recent
studies, including our previous work, have provided evidence
that treatment of HRS relieved the severity of pancreatitis
in rats, describing the potential of HRS in the management
of AP caused by different pathogenetic mechanisms [12, 13].
Although the molecular mechanism underlying the protec-
tive effect of HRS against AP has not been fully elucidated,
it is well considered that the direct ROS elimination activity
of HRS is mostly responsible for its therapeutic benefits
due to the specific scavenging activity of cytotoxic ROS.
Interestingly, emerging evidence has been presented that the
potential of HRS to suppress the proinflammatory cascade
also contributes to the reduction of the severity of the dis-
ease. Recently, the finding that activation of an intracellular
multiprotein complex, the NOD-like receptor family, pyrin
domain-containing 3 (NLRP3) inflammasome, is involved
in the proinflammatory process in pancreas provides valu-
able insights into the pathogenesis of pancreatitis [14].
As the most well-characterized inflammasome, the NLRP3
inflammasome has been shown to possess the function of
regulating the maturation and release of proinflammatory
cytokine interleukin- (IL-) 1𝛽. In previous work, we found
that augmented secretion of IL-1𝛽 in rats suffering from
trauma-induced pancreatitis was substantially depressed by
the treatment of HRS, which implies a possibility that HRS
is able to inhibit the activation of NLRP3 inflammasome,
thereby contributing to the suppression of IL-1𝛽 production
[13].Thus, the herein study extended previous studies to eval-
uate the potential of HRS to inhibit NLRP3 inflammasome
activation, which probablymediated the protective activity of
HRS against experimental AP.

2. Materials and Methods

2.1. Materials. Cerulein was purchased from Sigma (St. Lou-
is, MO, USA). Antibodies against the p65 subunit of nuclear
factor-𝜅B (NF-𝜅B p65), I-𝜅B𝛼, phosphorylated-I-𝜅B𝛼 (p-
I-𝜅B𝛼), thioredoxin-interacting protein (TXNIP), NLRP3,
p20 subunit of caspase-1 (casp-1-p20), 𝛽-actin, and horse-
radish peroxidase conjugated goat anti-rabbit antibody were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Enzyme-linked immunosorbent assay (ELISA) kits for
IL-1𝛽 and tumor necrosis factor-𝛼 (TNF-𝛼) were obtained
from R&D system (Minneapolis, MN, USA).

HRS was prepared as described previously [15]. In brief,
H
2
gas (0.4MPa) was dissolved in normal saline (NS) for 6

hours to achieve a concentration of 0.6mmol/L, and the con-
centration of H

2
in NS was detected using a dissolved hydro-

gen analyzer (DH-35A; DKKTOA, Tokyo, Japan). The HRS
was freshly prepared every week and then stored under at-
mospheric pressure at 4∘C in an aluminum bag with no dead
volume and sterilized by gamma radiation before use.

2.2. Experimental Mouse AP Model and Treatments. Male
Balb/c mice (20–25 g) were obtained from the Experimental
Animal Center of Sichuan University (Chengdu, Sichuan,

China). Experimental AP model was induced by hourly
intraperitoneal injections of cerulein (50 𝜇g/kg) to mice for
6 hours. One hour after the final injection, animals received
an intraperitoneal injection of HRS at various doses (2, 4,
and 8mL/kg, every 20min for 3 times) or control saline (air
dissolved in NS at a pressure of 0.4MPa for 6 h), respectively.
Mice in sham group were treated with only NS. Tail vein
blood sampleswere collected 2 h after the final administration
of cerulein, and 24 h after the initiation of AP, all the animals
were sacrificed by carbon dioxide asphyxiation followed by
the collection of pancreatic tissue samples. All procedures
involving the mice were carried out in accordance with
the guidelines of the Institutional Animal Care and Use
Committee of Sichuan University.

2.3. Analysis of NLRP3 Inflammasome Activation in Pan-
creas. Pancreas tissues were collected and homogenized in
20mM phosphate buffer (pH 7.4) containing 0.5mM buty-
lated hydroxytoluene followed by a centrifugation at 4∘C
at 1,500×g for 15 minutes. Then cytoplasmic proteins in
tissue homogenate were extracted using cytoplasmic extrac-
tion reagents according to the manufacturer’s instructions
(Pierce Biotechnology, Rockford, IL, USA).The BCA protein
assay kit was employed to determine protein concentration.
Subsequently, the extracted proteins were separated by SDS-
polyacrylamide gels and then transferred to a polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA). The
membrane was incubated with blocking solution containing
5% skim milk for more than 1 h at room temperature and
probed by 1 : 1,000 dilutions of rabbit polyclonal antibodies
against TXNIP, NLRP3, and casp-1-p20, respectively. After
washing, membrane was incubated with secondary goat anti-
rabbit antibody conjugated to horseradish peroxidase for 1 h
at room temperature. Immunoreactive proteins were visual-
ized by chemiluminescence using theWestern blotting detec-
tion system (Amersham Biosciences, Piscataway, NJ, USA).

2.4. Analysis of NF-𝜅B Activation in Pancreas. The nuclear
and cytoplasmic proteins in pancreatic tissue homogenate
were extracted using a protein extraction kit (Pierce Biotech-
nology, Rockford, IL,USA).TheDNA-binding activity ofNF-
𝜅B p65 in nuclear extracts was detected using a sandwich
ELISA kit (TransAM NF-𝜅B p65, Active Motif, Carlsbad,
CA, USA). Briefly, oligonucleotide containing the NF-𝜅B
consensus-binding site (5-GGGACTTTCC-3) was preim-
mobilized onto 96-well plates. The nuclear extract (1𝜇g)
diluted in complete lysis buffer was added to each well
containing 30 𝜇L of complete binding buffer and incubated
at room temperature for 1 h with mild agitation. After
washing three times with wash buffer, the antibody against
NF-𝜅B p65 subunit was added (1 : 1,000), followed by 1 h
incubation at room temperature. After washing, the wells
were incubated with the secondary antibody conjugated to
horseradish peroxidase (1 : 1,000) for 1 h at room temperature.
Then the DNA-binding activity of NF-𝜅B p65 was quantified
by measuring the absorbance at 450 nm with a reference
wavelength of 655 nm, after the wells were incubated with
developing solution for 5min at room temperature.
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Moreover, the degradation of I-𝜅B caused by NF-𝜅B
activation was evaluated by determining the phosphorylation
of I-𝜅B𝛼 in pancreatic extracts using Western blotting assay
as described above.

2.5. Analysis of SOD Activities in Pancreas. A colorimetric
assay kit purchased from Cayman Chemical Company (Ann
Arbor, MI, USA) was used to measure the activity of SOD
in pancreas, which uses a tetrazolium salt for the detection
of superoxide radicals generated by xanthine oxidase and
hypoxanthine. Briefly, the pancreatic tissuewas homogenized
at 4∘C in 20mM HEPES buffer (containing 1mM EGTA,
210mM mannitol, and 70mM sucrose, pH 7.2) and then
centrifuged at 1,500×g for 5min at 4∘C. Then the radical
detector (tetrazolium salt) and xanthine oxidase were added.
After mixed, the sample was incubated at room temperature
for 20min and the absorbance was read at 450 nm. One unit
(U) of SOD was defined as the amount of enzyme needed
to produce 50% dismutation of superoxide radical. The total
tissue protein concentrationwas determined by a commercial
kit (Jiancheng Corp., Nanjing, China), and the activity of
SOD was expressed as U/mg of protein.

2.6. Analysis of Malondialdehyde (MDA) and GSH Levels in
Pancreas. Tissue MDA level, a marker of lipid peroxidation,
was detected using a commercial MDA-586 assay kit (Oxis-
Research, Portland, OR, USA). In brief, pancreatic tissues
were homogenized in 20mM phosphate buffer (pH 7.4)
containing 0.5mM butylated hydroxytoluene followed by a
centrifugation at 4∘C at 1,500×g for 15 minutes. After protein
concentration measurement, equal amounts of proteins were
used in triplicate to react with a chromogenic reagent N-
methyl-2-phenylindole to form a stable carbocyanine dye
with a maximum absorption at 586 nm. The level of MDA in
sample was then calculated with the standard curve obtained
from the kit according to the manufacturer’s instructions and
expressed as 𝜇mol/g of total protein.

The level of GSH in pancreas tissue wasmeasured accord-
ing to the method reported by Tietze [16]. In brief, pancreatic
homogenate was centrifuged at 1,500×g for 20min and 1mL
of the supernatant was mixed with 1mL of 5% trichloroacetic
acid for 30min. Subsequently, 0.5mL of Ellman’s reagent
(5,5-dithiobis-2-nitrobenzoic acid) and 3mL of phosphate
buffer (pH 8.0) were added. After mixed thoroughly, the
absorbance was recorded at 412 nm. The GSH level in tissue
was normalized against total protein (𝜇mol/g).

2.7. Pancreatic Enzymes Activity and Cytokines Concentrations
in Plasma. Plasma samples were obtained from harvested
blood specimens by centrifugation (1,800×g for 15min at
4∘C) and the amylase or lipase activity was analyzed through
colorimetric method using a commercial kit for amylase
or lipase (Jiancheng Co., Nanjing, China), respectively. The
activity of amylase or lipase was expressed as units per liter
(U/L). To determine the concentrations of proinflammatory
cytokines in plasma, quantitative ELISA kits for IL-1𝛽 and
TNF-𝛼 were used according to the manufacturer’s instruc-
tions.

𝛽-Actin

Casp-1-p20

TXNIP

NLRP3

Sham

AP

HRS (M)HRS (L) HRS (H) CSNo
treatment

Figure 1: Evaluation of pancreatic NLRP3 inflammasome activation
in mice by Western blot assay. The HRS at various doses or control
saline (CS) was injected intraperitoneally to AP mice 1 h after the
final injection of cerulein, respectively. Twenty-four hours later,
animals in each group (𝑛 = 6) were killed and the pancreatic
tissue samples were immediately collected and then homogenized
on ice. After the measurement of protein concentration, the NLRP3
inflammasome activation was evaluated by detecting the protein
levels of TXNIP, NLRP3, and casp-1-p20 in pancreatic homogenates.
L: low dose (2mL/kg × 3); M: middle dose (4mL/kg × 3); H: high
dose (8mL/kg × 3).

2.8. Histological Examination. Pancreatic tissues were fixed
in formaldehyde and embedded in paraffin. Then samples
were sectioned and stained with hematoxylin and eosin,
using a standard staining procedure. Histopathological eval-
uation was performed under light microscope by an experi-
enced laboratory pathologist who was blinded to the group
identity for the samples. Edema, inflammatory infiltration,
hemorrhage, and necrosis were evaluated in accordance with
the scoring scale reported by Rongione et al. [17].

2.9. Statistical Comparisons and Presentation of Data. All
experimental values are expressed as mean ± SE. Statistical
comparisons among the groups were assessed by one-way
analysis of variance (ANOVA) using SPSS 13.0 software.
Differences in values were considered significant if𝑃 values <
0.05.

3. Results

3.1. HRS Inhibited NLRP3 Inflammasome Activation in Pan-
creas during AP. TheNLRP3 inflammasome is an intracellu-
lar multiprotein complex triggering inflammatory responses.
The protein expression of NLRP3, a major component of this
inflammasome, was remarkably increased in the progression
of AP. Moreover, the development of cerulein-induced pan-
creatitis conspicuously stimulated the expression of TXNIP,
the critical regulator of NLRP3 activity. Similar elevation
was also found in the protein expression of p20 subunit of
activated caspase-1, used as one of themarkers for the NLRP3
inflammasome activation. However, treatment of HRS dose-
dependently diminished expression levels of NLRP3, TXNIP,
and casp-1-p20, exhibiting the significant inhibitory activity
on the NLRP3 inflammasome activation (Figure 1).
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Figure 2: Evaluation of pancreatic NF-𝜅B activation in mice. The HRS at various doses or control saline (CS) was injected intraperitoneally
to AP mice 1 h after the final injection of cerulein, respectively. The pancreatic tissue samples were collected from sacrificed animals in each
group (𝑛 = 6) 24 h after the initiation of AP and then homogenized on ice. After the measurement of protein concentration, NF-𝜅B activation
was evaluated by measuring the DNA-binding activity of NF-𝜅B p65 in nuclear extracts using an ELISA kit (a) and by detecting the protein
levels of I-𝜅B𝛼 and p-I-𝜅B𝛼 in pancreatic homogenates (b). L: low dose (2mL/kg × 3); M: middle dose (4mL/kg × 3); H: high dose (8mL/kg
× 3).
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Figure 3: Determination of plasma amylase and lipase activities in mice. Experimental AP model was induced by hourly intraperitoneal
injections of cerulein (50𝜇g/kg × 6) to mice. Then the HRS at various doses or control saline (CS) was injected intraperitoneally to AP
mice 1 h after the final injection of cerulein, respectively. Animals in each group (𝑛 = 6) were sacrificed by CO

2
asphyxiation 1 h after the

final administration of HRS, and immediately the blood and tissue samples were collected. The amylase and lipase activities in plasma were
determined with a colorimetric method using the commercial kits for amylase and lipase, respectively. L: low dose (2mL/kg × 3); M: middle
dose (4mL/kg × 3); H: high dose (8mL/kg × 3).

3.2. HRS Inhibited NF-𝜅B Activation in Pancreas during AP.
It was known that NF-𝜅B is ubiquitous transcription factor
that controls proinflammatory gene expression during the
development of inflammation related diseases including AP.
In present study, the DNA-binding activity of NF-𝜅B p65

in pancreas measured by the ELISA increased significantly
in response to the induction of pancreatitis, indicating the
activation of NF-𝜅B, whereas it was substantially depressed
by the administration of HRS in a dose-response manner
(Figure 2(a)). In line with the ELISA data, protein expression
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Figure 4: Histopathological examination of pancreatic tissue from mice. The HRS at various doses or control saline (CS) was injected
intraperitoneally to AP mice 1 h after the final injection of cerulein, respectively. One hour later, animals in each group (𝑛 = 6) were
killed and the pancreatic tissue samples were immediately collected. After fixed in formaldehyde and embedded in paraffin, the samples
were sectioned and stained with hematoxylin and eosin, using a standard staining procedure. Histopathological evaluation was performed
under light microscope and the scores were calculated according to histopathological changes including edema, inflammatory infiltration,
hemorrhage, and necrosis. (a) Images of histological sections; I: sham; II: AP model group; III: AP + CS; IV: AP + HRS (L); V: AP + HRS
(M); VI: AP + HRS (H); scale bars = 50𝜇m. Significant histopathological changes like cytoplasmic vacuole generation, inflammatory cells
infiltration, and parenchyma necrosis were indicated by blue arrows. (b) Histopathological scores. ∗𝑃 < 0.05, compared with AP group.

of cytoplasmic p-I-𝜅B𝛼 in pancreatic homogenates from AP
mice rose markedly, demonstrating the degradation of I-
𝜅B. Likewise, HRS showed a dose-dependent inhibition on
the degradation of I-𝜅B, which was in agreement with the
inhibitory effect on NLRP3 activity (Figure 2(b)).

3.3. HRS Ameliorated Pancreatic Damage in AP Mice. As
shown in Figures 3 and 4, experimental AP was induced
by cerulein administration in mice with significant ele-
vated plasma pancreatic enzymes activities and pathological
damage in pancreas. There were no significant changes of

plasma amylase and lipase activities in AP mice after the
treatment of HRS at various doses (Figure 3). Moreover, only
at the higher doses (4 and 8mL/kg × 3), HRS conferred
favorable histopathological changes in pancreatic tissues,
mainly characterized by reduced cytoplasmic vacuole gener-
ation, alleviated inflammatory infiltration, and parenchyma
necrosis, which was paralleled with lower histopathological
scores (Figures 4(a) and 4(b)).

3.4. HRS Decreased Plasma Cytokines Concentration in AP
Mice. The proinflammatory cytokines TNF-𝛼 and IL-1𝛽 are
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Figure 5: Measurement of plasma cytokines concentration in mice. The HRS at various doses or control saline (CS) was injected
intraperitoneally to AP mice 1 h after the final injection of cerulein, respectively. One hour later, animals in each group (𝑛 = 6) were killed
and the blood samples were immediately collected. The plasma concentrations of TNF-𝛼 and IL-1𝛽 were measured using quantitative ELISA
kits according to the manufacturer’s instructions. ∗𝑃 < 0.05, compared with the group of AP mice with no treatment; #𝑃 < 0.05, compared
in groups of AP mice treated with HRS at different doses; L: low dose (2mL/kg × 3); M: middle dose (4mL/kg × 3); H: high dose (8mL/kg ×
3).

known to mediate amplification of inflammatory process
during pancreatitis. Here it was shown that plasma concen-
trations of TNF-𝛼 and IL-1𝛽 markedly increased in mice
suffering from cerulein-inducedAP, which were substantially
abolished by the treatment of HRS (Figure 5). In addition,
a significant dose-dependent effect of HRS to decline the
plasma IL-1𝛽 level was observed; however, middle dose of
HRS (4mL/kg × 3) failed to demonstrate superiority in
reducing TNF-𝛼 release in APmice when compared with the
low dose (2mL/kg × 3).

3.5. HRS Inhibited Oxidative Stress in Pancreas during AP.
In order to verify the potential of HRS to reduce oxidative
stress during AP, we measured the changes of pancreatic
MDA level, an indicator of lipid peroxidation in oxidative
stress process, as well as the endogenous antioxidants GSH
and SOD. As expected, enhanced oxidative stress in pancreas
was observed in mice after the initiation of AP, which was
characterized by increased amount of MDA and decreased
SOD activity and GSH level. In contrast, administration of
HRS dose-dependently diminished the MDA production,
accompanied with the elevated levels of SOD and GSH
(Figure 6). Moreover, the capacity of HRS to help recruit
endogenous antioxidants was observed only at the middle
(4mL/kg × 3) or high dose (8mL/kg × 3) in our experiment.

4. Discussion

Over the past years, there has been continuing controversy
about the benefits of supplementation with exogenous anti-
oxidants for the management of oxidative stress related
inflammatory diseases largely because once it was considered
that these antioxidants only served as ROS scavengers and

thereby helped correcting the pro- or antioxidative imbalance
[18]. However, recent findings that elimination of ROS by
antioxidants suppressed activation of NLRP3 inflammasome
and the resultant maturation of IL-1𝛽 have shed new light
on understanding the roles of antioxidants in pathogenesis
of inflammation related diseases [19]. Here we found that,
although HRS failed to suppress plasma pancreatic enzymes
activity, it significantly attenuated the pancreatic damage in
mice in response to the induction of pancreatitis, together
with the impaired NLRP3 inflammasome activity, suggesting
that the potential of HRS to block the NLRP3 inflammasome
activation was probably involved in the amelioration of
pancreatic injury. Moreover, the data from this study have
demonstrated the possible mechanism by which HRS inhib-
ited the activation of NLRP3 inflammasome. Firstly, because
theNF-𝜅B activation is shown previously to be the traditional
priming signal to induce the NLRP3 expression, blockade of
NF-𝜅B activity by HRS, with the following downregulation of
expression of NLRP3, probably conferred the suppression of
NLRP3 inflammasome activation. Furthermore, treatment of
HRS promoted the elimination of ROS and thereby reduced
the expression of TXNIP, the ROS-sensing protein required
forNLRP3 activation, also resulting in the blockade ofNLRP3
inflammasome activation.

As an important component of innate immune system,
the NLRP3 inflammasome was initially found to be activated
by pathogens [20–23]. In recent years, some endogenous
molecules known as damage-associated molecular patterns
(DAMPs), such as extracellular glucose, uric acid, amyloid-𝛽,
and hyaluronan, have been demonstrated to activate NLRP3
inflammasome, playing important roles in the metabolic
disorders and sterile inflammatory responses including type
II diabetes, gout, Alzheimer’s disease, and tissue injury after
trauma [24–27]. As for AP, some known extracellular NLRP3
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Figure 6: Determination of pancreatic tissue levels of GSH, MDA, and SOD in mice. The HRS at various doses or control saline (CS) was
injected intraperitoneally to AP mice 1 h after the final injection of cerulein, respectively. One hour later, animals in each group (𝑛 = 6)
were killed and the pancreatic tissue samples were immediately collected and then homogenized on ice. After the measurement of protein
concentration, the levels of GSH (a) and MDA (b) and the activity of SOD (c) in pancreatic homogenates were determined according to the
methods reported previously. ∗𝑃 < 0.05, compared with the group of AP mice with no treatment; #𝑃 < 0.05, compared in groups of AP mice
treated with HRS at different doses; L: low dose (2mL/kg × 3); M: middle dose (4mL/kg × 3); H: high dose (8mL/kg × 3).

activators like DNA, adenosine triphosphate (ATP), high
mobility group box 1 (HMGB1), and nucleotide binding oli-
gomerization domain 2 (NOD2) are all associated with the
inflammation during the development of pancreatitis. More-
over, some researches, including our previous work, have
revealed that heparan sulfate (HS), a degradation product
of extracellular matrix known as an important member of
DAMPs, triggered intracellular proinflammatory responses,
resulting in the aggravation of pancreatitis [28–30]. There-
fore, the above-mentioned findings hint at a possible fact
that HS might act as a previously unknown agonist of
NLRP3 inflammasome and thereby promote the progression
of AP. In this context, there arises an interesting question
required to be addressed by future work, that is, whether
HRSpossesses the ability to inhibit the presumedHS-induced

activation of NLRP3 during the development of pancreatitis.
Obviously, the elucidation of this question is of considerable
significance to further understand the beneficial roles of
hydrogen molecule in AP.

In addition, although the mechanism underlying the
therapeutic potential of HRS is probably shared by other
antioxidants due to their ROS scavenging capacity, HRS still
exhibits significant advantages in the treatment of oxidative
stress-implicated diseases. At first, it was known that mam-
malian species are lacking endogenous detoxification systems
for the hydroxyl radical, which is considered as one of the
strongest oxidant species having harmful reactions to nucleic
acids, lipids, and proteins, further causing irreversible cellular
damage. Compared with other known exogenous antioxi-
dants, hydrogen molecule can selectively quench hydroxyl
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radical forming water due to the unique molecular struc-
ture and chemical property, meanwhile without excessively
interfering the physiological roles of the beneficial ROS like
superoxide anions [10]. Moreover, HRS can be easily injected
or administered orally and even used as the dissolvent
for other therapeutic agents. Therefore, the advantages of
HRS mentioned above make it a superior candidate for the
detoxification of oxidative stress in clinical application.

In summary, our work has, for the first time, revealed
that HRS can act as an antagonist of NLRP3 inflammasome
resulting in attenuation of cellular inflammatory processes
and consequently relieve the pancreatic injury during AP.
This finding allows for a further understanding of themecha-
nism underlying the protective effects of HRS against AP and
furthermore marks the NLRP3 inflammasome as a potential
target for future therapeutic approaches of this dangerous
disease.
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Hyperproliferation and oncogene expression are observed in the mucosa of Helicobacter pylori- (H. pylori-) infected patients with
gastritis or adenocarcinoma. Expression of oncogenes such as 𝛽-catenin and c-myc is related to oxidative stress. 𝛼-Lipoic acid (𝛼-
LA), a naturally occurring thiol compound, acts as an antioxidant and has an anticancer effect.The aim of this study is to investigate
the effect of 𝛼-LA on H. pylori-induced hyperproliferation and oncogene expression in gastric epithelial AGS cells by determining
cell proliferation (viable cell numbers, thymidine incorporation), levels of reactive oxygen species (ROS), NADPH oxidase
activation (enzyme activity, subcellular levels of NADPH oxidase subunits), activation of redox-sensitive transcription factors
(NF-𝜅B, AP-1), expression of oncogenes (𝛽-catenin, c-myc), and nuclear localization of 𝛽-catenin. Furthermore, we examined
whether NADPH oxidase mediates oncogene expression and hyperproliferation in H. pylori-infected AGS cells using treatment
of diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase. As a result, 𝛼-LA inhibited the activation of NADPH oxidase
and, thus, reduced ROS production, resulting in inhibition on activation of NF-𝜅B and AP-1, induction of oncogenes, nuclear
translocation of 𝛽-catenin, and hyperproliferation in H. pylori-infected AGS cells. DPI inhibited H. pylori-induced activation of
NF-𝜅B and AP-1, oncogene expression and hyperproliferation by reducing ROS levels in AGS cells. In conclusion, we propose that
inhibiting NADPH oxidase by 𝛼-LA could prevent oncogene expression and hyperproliferation occurring in H. pylori-infected
gastric epithelial cells.

1. Introduction

Epidemiologic studies showed that Helicobacter pylori (H.
pylori) infection increased the incidence of gastric cancer up
to 6-fold [1–4]. The key features of developing gastric cancer
are hyperproliferation and oncogene expression of gastric
epithelial cells. Oncogenes such as 𝛽-catenin and c-myc
stimulate cell proliferation and promote malignant changes.
H. pylori infection is associated with hyperproliferation of
gastric epithelial cells in humans and experimental animals
[5–7]. Nuclear level of 𝛽-catenin was increased by H. pylori
infection in gastric epithelial cells [6, 7]. However, the
mechanisms by whichH. pylori infection promotes epithelial
hyperproliferation remain poorly understood.

𝛽-catenin has a key role in inflammation and cancer
development [8]. Cytosolic and nuclear levels of 𝛽-catenin
are tightly regulated by signaling molecules in the cells [9].
Upon activation, 𝛽-catenin is stabilized and translocated into
the nucleus. In the nucleus, 𝛽-catenin binds to TCF family
and serves as a transcriptional regulator [10, 11]. Recent
study showed that H. pylori infection stimulates release of
𝛽-catenin which in turn is translocated into nucleus [12].
Nuclear translocation of 𝛽-catenin and cell proliferation have
been related to c-myc in H. pylori-infected cells [13]. c-myc
is one of the genes regulated by 𝛽-catenin, whose expression
is directly activated by 𝛽-catenin/TCF in colon cancers [14].
As a protooncogene, c-myc stimulates the expression of
target genes, which plays important roles in uncontrolled
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cell proliferation by binding to consensus 5-CACGTG-
3 nucleotide sequences in the region of these genes and
behaving as a transcriptional activator [15].

Previously, we found that reactive oxygen species (ROS)
were produced to induce IL-8 expression inH. pylori-infected
gastric epithelial cells, which may contribute to neutrophil
recruitment to the infected tissues [16]. Several studies
suggest that nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase is involved in ROS production of H.
pylori-infected gastric mucosa in humans and mice [17–
19]. For the activation of NADPH oxidase, the assembly
of membrane-integrated cytochrome b558 (a heterodimer
formed by gp91phox and p22phox) and cytosolic components
p47phox, p67phox, and GTPase Rac are necessary. Electron
transfer occurs from NADPH to molecular O

2

− which is
spontaneously converted toH

2
O
2
[20].Therefore, membrane

translocation of cytosolic subunits is a main switch in
NADPH oxidase activation.

Nollet et al. [21] reported that there are binding sites
for redox-sensitive transcription factors NF-𝜅B and AP-1in
the promoter region of 𝛽-catenin. NF-𝜅B, AP-1, and 𝛽-
catenin signaling contributed to survival of TNF-𝛼-treated
hepatocytes in vitro [22]. Since NF-𝜅B and AP-1 are activated
by ROS, NADPHoxidase-generated ROSmay induce expres-
sion of oncogenes (𝛽-catenin, c-myc) by activating NF-𝜅B
and AP-1 in H. pylori-infected gastric epithelial cells.
𝛼-Lipoic acid (𝛼-LA), also known as thioctic acid, is a

naturally occurring antioxidant that is synthesized in small
amounts in plants and animals including humans [23]. 𝛼-LA
is considered as an ideal antioxidant since it possesses many
beneficial characteristics, including free-radical quenching
activity, recycling other antioxidants, and suppressive effects
on redox-sensitive gene expression [24]. 𝛼-LA inhibited NF-
𝜅B activation and protected oxidative cell injury [25]. Growth
inhibitory effect of 𝛼-LA was shown in ovarian epithelial
cancer cells [26]. Wenzel et al. [27] demonstrated that 𝛼-
LA has carcinostatic effects in cancer patients by increasing
glutathione and reducing oxidative stress in cancer cells.

Thepurpose of the present study is to investigate the effect
of 𝛼-LA on hyperproliferation and oncogene expression in
H. pylori-infected gastric epithelial cells by determining cell
proliferation (viable cell numbers, thymidine incorporation),
ROS levels, NADPH oxidase activation (enzyme activity,
subcellular levels of NADPH oxidase subunits), activation of
redox-sensitive transcription factors (NF-𝜅B, AP-1), expres-
sion of oncogenes (𝛽-catenin, c-myc), and nuclear local-
ization of 𝛽-catenin. Furthermore, we examined the effect
of diphenyleneiodonium (DPI), an inhibitor of NADPH
oxidase, on oncogene expression and hyperproliferation in
H. pylori-infected AGS cells to elucidate whether NADPH
oxidase mediates H. pylori-induced proliferation.

2. Materials and Methods

2.1. Bacterial Strain. H. pylori, strain NCTC 11637, was
obtained from the American Type Culture Collection
(Rockville,MD).The genotype of this bacterium is cagA+ and
vacA+ and was inoculated on chocolate agar plates (Becton

Dickinson Microbiology Systems, Cockeysville, MD, USA)
at 37∘C under microaerophilic conditions using an anaerobic
chamber (BBL Campy Pouch System, Becton Dickinson
Microbiology Systems) [28].

2.2. Cell Line andCultureH. pylori Infection. Ahuman gastric
epithelial cell line AGS (gastric adenocarcinoma, ATCC
CRL 1739) was purchased from the American Type Culture
Collection. The cells were grown in complete medium,
consisting of RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2mM glutamine, 100U/mL penicillin,
and 100𝜇g/mL streptomycin (Sigma, St. Louis, MO, USA)
[28]. AGS cells were seeded and cultured overnight to reach
80% confluency. Before H. pylori infection, the cells were
washed with antibiotic-free culture medium.WholeH. pylori
was harvested and suspended in antibiotic-free RPMI 1640
medium supplemented with 10% fetal bovine serum and
treated to AGS cells.

2.3. Experimental Protocol. Prior to the experiment on 𝛼-LA,
the cells were cultured at bacterium/cell ratio of 10 : 1, 20 : 1,
and 50 : 1 to determine the appropriate density of H. pylori
to the cells for cell proliferation, thymidine incorporation
(at 8 h), oncogene expression (at 24 h), ROS production
(at 30min), and NADPH oxidase activity (at 30min). At
bacterium/cell ratio of 50 : 1, cells were cultured for 24 h to
determine oncogene expression at mRNA and protein levels.
For the effect of 𝛼-LA or DPI, the cells were cultured at bac-
terium/cell ratio of 50 : 1. 𝛼-LA andDPI were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 𝛼-LA was dissolved
in ethanol while DPI was dissolved in dimethylsulfoxide
(DMSO).The cells were pretreatedwith𝛼-LA (10𝜇M, 20 𝜇M)
or DPI (1 𝜇M, 2𝜇M) for 2 h before H. pylori infection. Cell
proliferation, thymidine incorporation (at 8 h), oncogene
expression (at 24 h), ROS production (at 30min), activity
and cellular localization of NADPH oxidase (at 30min), and
activation of NF-𝜅B and AP-1 (at 1 h) were determined. The
control group received ethanol or DMSO instead of 𝛼-LA or
DPI. Total volume of ethanol or DMSO treated to AGS cells
was less than 0.5%.

2.4. Cell Proliferation. Cell proliferation was determined by
viable cell numbers. Cell numbers were determined by direct
countingwith a hemocytometer using a trypan blue exclusion
test (0.2% trypan blue).

2.5. [3𝐻] Thymidine Incorporation. AGS cells (1 × 104/well)
were pretreated with 𝛼-LA for 2 h and cultured in the
presence or absence of H. pylori in a 24-well culture plate.
After 24 h-culture, 1 𝜇Ci/mL [3H] thymidine (Amersham
Biosciences) was added to the cells, and the cells were
cultured for an additional 8 h. The cells were then washed
twice with phosphate-buffered saline, incubated in 10%
trichloroacetic acid for 30min, and incubated with a solution
consisting of 0.3MNaOH and 1% SDS for 1 h. The cells
were extracted with vortexing and the radioactivity was
determined in a Packard liquid scintillation counter (Packard
Instrument Co. Inc., Grove, IL, USA). The relative amount
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of [3H] thymidine incorporation, which reflects the extent of
DNA synthesis, is expressed as a percentage of that shown
in the cells cultured in the absence of H. pylori. The amount
of [3H] thymidine incorporation of the cells cultured in the
absence of H. pylori is considered as 100% [29].

2.6. Real-Time PCR Analysis for 𝛽-Catenin and c-myc. Total
RNA was isolated by TRI reagent (RNA/DNA/Protein isola-
tion reagent, Molecular Research Center, Inc., Cincinnati,
OH, USA). Total RNA was converted into cDNA by reverse
transcription process using a random hexamer and M-
MLV reverse transcriptase (Promega, Madison, WI, USA)
with conditions at 23∘C for 10min, 37∘C for 60min, and
95∘C for 5min. The cDNA was used for real-time PCR
with specific primers for 𝛽-catenin, c-myc, and 𝛽-actin.
Sequences of 𝛽-catenin primers were 5-GTTCGTGCA-
CATCAGGATAC-3 (forward primer) and 5-CGATAG-
CTAGGATCATCCTG-3 (reverse primer), giving a 529 bp
PCR product. Sequences of c-myc primers were 5-GGA-
CGACGAGACCTTCATCAA-3 (forward primer) and 5-
CCAGCTTCTCTGAGACGAGCTT-3 (reverse primer),
giving a 92 bp PCR product. For 𝛽-actin, the forward primer
was 5-ACCAACTGGGACGACATGGAG-3 and the reverse
primer was 5-GTGAGGATCTTCATGAGGTAGTC-3, giv-
ing a 353 bp PCR product. For PCR amplification, the cDNA
was amplified by 40 cycles, denaturation at 95∘C for 15 sec,
annealing at 60∘C for 15 sec, and extension at 72∘C for 45 sec.
𝛽-Actin gene was amplified in the same reaction to serve as
the reference gene.

2.7. Western Blot Analysis. Whole cell extracts, membrane
extracts, cytosolic extracts, and nuclear extracts were pre-
pared as described previously [28]. 100–200𝜇g of protein was
loaded per lane, separated by 8–12% SDS-polyacrylamide gel
electrophoresis under reducing conditions, and transferred
onto nitrocellulose membranes (Amersham, Inc., Arlington
Heights, IL, USA) by electroblotting. The transfer of protein
was verified using reversible staining with Ponceau S. Mem-
branes which were blocked using 3% nonfat dry milk. The
proteins were detected with antibodies for 𝛽-catenin, c-myc,
p47, p67, NOX-1, aldolase A, histone H1, and actin (all from
Santa Cruz Biotechnology) dilution in TBS-T containing
3% dry milk, and incubated overnight at 4∘C, followed by
secondary antibodies (anti-goat, anti-mouse, or anti-rabbit)
conjugated to horseradish peroxidase and determination of
enhanced chemiluminescence (Amersham) using exposure
to BioMax MR film (Kodak, Rochester, NY) [30].

2.8. Measurement of ROS Levels. After 30min of H. pylori
infection, the cells were loaded with 10 𝜇M dichlorofluo-
rescein diacetate (DCF-DA; Molecular Probes, Eugene, OR,
USA) for 30min, washed, and scraped off into 1mL of
PBS. The DCF fluorescence was measured (excitation at
495 nm and emission at 535 nm) with a Vctior3 multilabel
counter (PerkinElmer Life and Analytical Sciences, Boston,
MA, USA). ROS trapped into the cells were expressed as
therelative increase [31].

2.9. Electrophoretic Mobility Shift Assay (EMSA). A NF-𝜅B
gel shift oligonucleotide (AGTTGAGGGGACTTTCCCAG-
GC) and a AP-1 gel-shift oligonucleotide (CGCTTGATA
GTCAGCCGGAA) (all from Promega, Madison, WI, USA)
were labeled with [32P] dATP (Amersham) using the T4
polynucleotide kinase (GIBCO, Grand Island, NY, USA).The
end-labeled probe was purified from an unincorporated [32P]
dATP using a Bio-Rad purification column (Bio-Rad Labo-
ratories) and recovered in Tris-EDTA buffer (TE). Nuclear
extracts (3 𝜇g) were incubated with the buffer containing
32P-labeled NF-𝜅B or AP-1 consensus oligonucleotide for
30min and subjected to electrophoretic separation on a
nondenaturing acrylamide gel. The gels were dried at 80∘C
for 2 h and exposed to a radiography film for 6–18 h at −70∘C
with intensifying screens [28].

2.10. Determination of NADPH Oxidase Activity. The assay
was performed in 50mM Tris-Mes buffer, pH 7.0, containing
2mM KCN, 10 𝜇M lucigenin and 100 𝜇M NADPH as the
substrate. The reaction was started by addition of mem-
brane extracts containing 10 𝜇g protein.The photon emission
was measured every 15 sec for 5min in a microtiterplate
luminometer (Micro-Lumat LB 96V luminometer, Berthold,
NH, USA). NADPH oxidase activity was also monitored by
addition of cytosolic extracts to the reaction mixture as a
negative control [32].

2.11. Immunofluorescence Staining for 𝛽-Catenin. The cells
were cultured in the presence or absence of H. pylori for
24 h on Lab-TeK chamber slide glasses and fixed with cold
100% methanol. The fixed cells were blocked for 30min
in a blocking solution and then incubated for 1 h with
primary antibody for 𝛽-catenin. After washing with PBS,
the cells were reacted with FITC-labeled goat anti-mouse
IgG antibody for 1 h. After removal of the secondary anti-
bodies, the cells were washed with PBS and covered with
the antifade mediumVectashield containing 4,6-diamidino-
2-phenylindole (DAPI). The preparations were stored for
1 h to allow saturation with DAPI. The cells stained with
FITC-labeled antibody for 𝛽-catenin were examined with a
laser-scanning confocalmicroscope (LSM510, Carl Zeiss Inc.,
Oberkochen, Germany) [33].

2.12. Statistical Analysis. Results are expressed as mean ±
S.E.M. of four separate experiments. Analysis of variance
(ANOVA), followed by Newman-Keul’s post hoc test was
used for statistical analysis. 𝑃 < 0.05 was considered
statistically significant.

3. Results

3.1. H. pylori Induces Hyperproliferation and Expression of
𝛽-Catenin and c-myc in AGS Cells. During 72 h-culture,
H. pylori increased cell numbers as compared to the cells
without infection (Figure 1(a)). With cell proliferation, H.
pylori elicited an increase in thymidine incorporation, an
index of DNA synthesis at 24 h-culture (Figure 1(b)). H.
pylori-induced proliferation, activation of NADPH oxidase,
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Figure 1: Cell proliferation of AGS cells infected with H. pylori. AGS cells were cultured in the presence or absence of H. pylori (at
bacterium/cell ratio of 10, 20, 50 : 1). Cell proliferation was assessed by viable cell numbers and [3H] thymidine incorporation. (a) Viable
cell numbers were determined by trypan blue exclusion assay at the indicated time period. (b) The cells were treated with [3H] thymidine at
24 h after H. pylori infection and incubated for 8 h. The amount of [3H] thymidine incorporation of AGS cells cultured in the absence of H.
pylori is considered as 100%. ∗𝑃 < 0.05 versus corresponding none (the cells cultured in the absence of H. pylori).

ROS production, and oncogene expression were highest at
bacterium/cell ratio of 50 : 1 as compared to those at 20 : 1 and
10 : 1 (Figures 1(b), 2(a), 2(b), 2(d), and 2(f)). The expression
levels of 𝛽-catenin and c-myc were increased by H. pylori
infection with culture time at bacterium/cell ratio of 50 : 1
(Figures 2(c) and 2(e)).

3.2. 𝛼-LA Suppresses H. pylori-Induced Hyperproliferation,
Increase in ROS Levels, and NADPH Oxidase Activation in
AGS Cells. 𝛼-LA inhibited H. pylori-induced cell prolifera-
tion (determined by viable cell numbers during 72 h culture)
and DNA synthesis (at 8 h culture) in AGS cells (Figures
3(a) and 3(b)). As shown in Figure 4(a), H. pylori-induced
increase in ROS levels was reduced by 𝛼-LA treatment.
Inhibitory effect of 𝛼-LA on H. pylori-induced cell prolifer-
ation and ROS production was higher at 20 𝜇M than 10 𝜇M
(Figures 3 and 4(a)).

To further ensure the effect of 𝛼-LA onH. pylori-induced
activation of NADPH oxidase, enzyme activity and subcel-
lular levels of NADPH oxidase subunits were determined
by lucigenin assay and Western blot analysis at 30min
culture (Figures 4(b) and 4(c)). H. pylori-induced increase
in NADPH oxidase activity was suppressed by 𝛼-LA. For
NADPH oxidase activation, the translocation of cytosolic
subunits p47phox and p67phox to the membrane is required.
As shown in Figure 4(c), H. pylori-induced translocation
of cytosolic subunits p47phox and p67phox to membrane was
inhibited by 𝛼-LA in AGS cells. Aldolase A and Nox1 as
indices for cytosol and membrane, were not changed by H.
pylori infection or treatment of 𝛼-LA.

3.3. 𝛼-LA Suppresses H. pylori-Induced Expression of Onco-
genes, Activation of NF-𝜅B and AP-1, and Nuclear Translo-
cation of 𝛽-Catenin in AGS Cells. 𝛼-LA inhibited H. pylori-
induced expressions of 𝛽-catenin and c-myc in AGS cells

at 24 h culture (Figures 5(a) and 5(b)). Furthermore, 𝛼-LA
showed an inhibitory effect on H. pylori-induced activation
of NF-𝜅B and AP-1 at 1 h culture (Figure 5(c)). Inhibitory
effect of 𝛼-LA onH. pylori-induced oncogene expression and
activation ofNF-𝜅B andAP-1was higher at 20𝜇Mthan 10𝜇M
of 𝛼-LA.

To determine the effect of 𝛼-LA on activation of 𝛽-
catenin, we observed both cytosolic and nuclear levels of 𝛽-
catenin in H. pylori-infected cells cultured in the presence or
absence of 𝛼-LA (Figure 6(a)). Nuclear level of 𝛽-catenin was
increased, but cytosolic level of𝛽-cateninwas decreased inH.
pylori-infected cells. Aldolase A and histoneH1, as indices for
cytosol and nucleus, were not changed byH. pylori infection.
H. pylori-induced activation of 𝛽-catenin was suppressed by
treatment of 𝛼-LA in a dose-dependent manner. To confirm
the inhibitory effect of 𝛼-LA on activation of 𝛽-catenin
in H. pylori-infected AGS cells, nuclear localization of 𝛽-
catenin was determined by immunofluorescence staining of
𝛽-catenin (Figure 6(b)). H. pylori induced translocation of
𝛽-catenin from cytosol to nucleus, which was inhibited by
treatment of 𝛼-LA in AGS cells.

3.4. DPI Inhibits H. pylori-Induced Increase in ROS Levels,
Hyperproliferation, Expression of Oncogenes, and Activation
of NF-𝜅B and AP-1 in AGS Cells. As shown in Figure 7(a),
H. pylori-induced increase in ROS levels was reduced by DPI
treatment. DPI inhibited H. pylori-induced cell proliferation
(determined by viable cell numbers) and DNA synthesis in
AGS cells (Figures 7(b) and 7(c)). DPI itself did not affect cell
viability during 72 h culture (Figure 7(b)). DPI inhibited H.
pylori-induced expressions of 𝛽-catenin and c-myc in AGS
cells at 24 h culture (Figures 8(a) and 8(b)). In addition, DPI
showed an inhibitory effect onH. pylori-induced activation of
NF-𝜅B and AP-1 at 1 h culture (Figure 8(c)). Inhibitory effect
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Figure 2: ROS levels, NADPH oxidase activity, and mRNA and protein levels of 𝛽-catenin and c-myc in AGS cells infected with H. pylori.
(a, b, d, f)The cells were cultured in the presence or absence ofH. pylori (at bacterium/cell ratio of 10, 20, 50 : 1) for 24 h. (c, e) AGS cells were
cultured in the presence or absence ofH. pylori (bacterium/cell ratio of 50 : 1) for the indicated time period. (a) ROS levels were determined by
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were determined by real-time PCR and Western blot analysis, respectively. Actin served as a loading control. ∗𝑃 < 0.05 versus 0 h or none
(the cells cultured in the absence of H. pylori).
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Figure 3: Effect of 𝛼-LA on cell proliferation of H. pylori-infected AGS cells. The cells were pretreated with 𝛼-LA for 2 h and cultured in
the presence or absence of H. pylori. Cell proliferation was assessed by viable cell numbers and [3H] thymidine incorporation. (a) Viable cell
numbers were determined by trypan blue exclusion assay for the indicated time period. (b)The cells were treated with [3H] thymidine at 24 h
afterH. pylori infection and incubated for 8 h. The amount of [3H] thymidine incorporation of AGS cells cultured in the absence ofH. pylori
is considered as 100%. ∗𝑃 < 0.05 versus corresponding none (the cells cultured in the absence of H. pylori); +𝑃 < 0.05 versus corresponding
H. pylori control (the cells cultured in the presence of H. pylori and treated without 𝛼-LA).
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Figure 5: Effect of 𝛼-LA on expression of 𝛽-catenin and c-myc as well as activation of NF-𝜅B and AP-1 in H. pylori-infected AGS cells. The
cells were pretreated with 𝛼-LA for 2 h and cultured in the presence or absence ofH. pylori for 24 h (mRNA, protein levels) or 1 h (activation
of NF-𝜅B and AP-1). (a) mRNA expression of 𝛽-catenin and c-myc was measured by real-time PCR analysis. (b) Protein levels of 𝛽-catenin
and c-myc were determined byWestern blot analysis. Actin served as a loading control. (c) EMSA was performed for DNA binding activities
of NF-𝜅B and AP-1. ∗𝑃 < 0.05 versus none (the cells cultured in the absence of H. pylori); +𝑃 < 0.05 versus control (the cells cultured in the
presence of H. pylori and treated without 𝛼-LA).

of DPI onH. pylori-inducedROS production, hyperprolifera-
tion, oncogene expression, and activation of NF-𝜅B and AP-1
was higher at 2𝜇M than 1 𝜇M of DPI.

4. Discussion

Thepresent study demonstrates thatH. pylori-induced hyper-
proliferation and expression of oncogenes (𝛽-catenin, c-
myc) are mediated with NADPH oxidase-generated ROS
and activation of redox-sensitive transcription factors (NF-
𝜅B, AP-1) in H. pylori-infected cells. Evidence for NADPH
oxidase generation of ROS during cell proliferation came

from the current findings that the cell proliferation and
oncogene expression were decreased by an NADPH oxidase
inhibitor DPI in H. pylori-infected AGS cells. Since 𝛼-LA
suppresses NADPH oxidase activation and ROS production
inH. pylori-infected gastric epithelial cells,𝛼-LAmay prevent
early gastric carcinogenesis associated with H. pylori infec-
tion, by inhibiting activation of NF-𝜅B and AP-1, expression
of 𝛽-catenin and c-myc, and hyperproliferation of gastric
epithelial cells.

Present result is supported by the previous study showing
that 𝛼-LA attenuated ROS production and NADPH oxidase
activities in the kidneys of diabetic rats [34]. Therefore,
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Figure 6: Effect of𝛼-LA on activation of𝛽-catenin inH. pylori-infectedAGS cells. AGS cells were pretreatedwith𝛼-LA for 2 h and cultured in
the presence or absence ofH. pylori for 24 h. (a) Protein levels of 𝛽-catenin in cytosolic and nuclear extracts were determined byWestern blot
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anti-mouse IgG antibody (lower panel) with DAPI counter staining (upper panel) of the same field.

inhibition of NADPH oxidase activation may contribute to
beneficial effect of 𝛼-LA for treatment of oxidative stress-
mediated diseases includingH. pylori-associated gastric can-
cer.
𝛼-LA serves as an essential cofactor for mitochondrial

enzymes involved in metabolism and energy production
[30]. 𝛼-LA is a powerful antioxidant that quenches various
intracellular ROS [35]. Thus, 𝛼-LA has been introduced to
prevent or treat oxidative stress-associated diseases, such
as diabetes [36, 37], ischemia-reperfusion injury [38, 39],
fibrosis [40, 41], and neurodegenerative processes [42, 43].

In regard to anticancer effect of 𝛼-LA, 𝛼-LA prevented
p53 degradation in colon cancer cells by inhibiting NF-
𝜅B activation [44]. Anticancer effect of 𝛼-LA on non-small
cell lung cancer cells was associated with an inhibition in
the cell-cycle transition from the G1 phase to the S phase
without inducing apoptosis [45]. In addition, 𝛼-LA inhibited
migration and invasion by downregulation of cell surface
𝛽1-integrin expression in bladder cancer cells [46]. Present
findings demonstrate that anticancer mechanism of 𝛼-LA is
inhibition ofNADPHoxidasewhich is upstream signaling for
activation of redox-sensitive transcription factors, expression
of oncogenes, nuclear translocation of 𝛽-catenin, and, finally,

hyperproliferation of H. pylori-infected gastric epithelial
cells.

Bandapalli et al. [47] reported that overexpression of 𝛽-
catenin increases nuclear level of 𝛽-catenin and carcinogene-
sis including metastasis. As mentioned previously, 𝛽-catenin
expression may be regulated by NF-𝜅B and AP-1 [21, 22].
Therefore, H. pylori infection may induce expression and
activation of 𝛽-catenin by activating NF-𝜅B and AP-1 in
gastric epithelial cells.

H. pylori strains that express the cagA and vacA genes
are associated with development of chronic gastritis and
intestinal metaplasia as well as increased risk for gastric
cancer [48, 49]. H. pylori has shown that approximately
50–60% of strains have a 40 kb DNA segment called the
cytotoxin-associated gene (cagA) pathogenecity island (PAI)
[50]. Some of the proteins encoded by cagA PAI genes
are responsible for oxidant-sensitive transcription factor
NF-𝜅B in gastric epithelial cells [51], which may con-
tribute to the development of peptic ulceration, atrophic
gastritis, and gastric carcinoma [52, 53]. Intestinal type
gastric carcinoma is associated with high expression of
c-myc through NF-𝜅B/p65 activated by H. Pylori cagA
[54] H. pylori cagA mediates mitogenic signal through
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Figure 7: Effect of DPI on ROS levels and cell proliferation of H. pylori-infected AGS cells. The cells were pretreated with DPI for 2 h and
cultured in the presence or absence ofH. pylori. (a) ROS levels were determined by DCF fluorescence after 30min ofH. pylori infection. The
levels of ROS trapped in the cells treated without DPI and cultured in the absence ofH. pylori are considered as 100%. (b) Viable cell numbers
were determined by trypan blue exclusion assay for the indicated time period. (c) The cells were treated with [3H] thymidine at 24 h after
H. pylori infection and incubated for 8 h. The amount of [3H] thymidine incorporation of AGS cells cultured in the absence of H. pylori is
considered as 100%. ∗𝑃 < 0.05 versus corresponding none (the cells cultured in the absence ofH. pylori); +𝑃 < 0.05 versus correspondingH.
pylori control (the cells cultured in the presence of H. pylori and treated without DPI).

Src homology 2 (SH2) domain-containing protein-tyrosine
phosphatase-2 (SHP-2) activation in the infected cells [55].
In addition, H. pylori vacA upregulates chemokine expres-
sion in human eosinophils via Ca2+ influx, mitochondrial
ROS, and NF-𝜅B activation [56]. H. pylori used in the
study has virulence-associated genes such as vacA and
cagA [57, 58]. There have been no studies on the direct
effect of 𝛼-LA on virulence factors cagA and vacA. The
present findings suggest that both cagA and vacA may
contribute to the activation of NADPH oxidase, hyperpro-
liferation, and oncogene expression in H. pylori- infected
cells.

In the present study, 𝛼-LA suppressed H. pylori-induced
activation of NADPH oxidase, ROS production, and redox-
sensitive transcription factors NF-𝜅B and AP-1 in AGS cells.
Since we found that expression of 𝛽-catenin and c-myc is
regulated by NF-𝜅B and AP-1, inhibitory effect of 𝛼-LA on
expression of 𝛽-catenin and c-myc and hyperproliferation

may be related to suppression of NF-𝜅B and AP-1 in the
infected cells. H. pylori-induced nuclear localization of 𝛽-
catenin may induce expression of c-myc since 𝛽-catenin
is reported to be shuttled into the nucleus and activate
the transcription of target gene c-myc. Conclusively, 𝛼-LA
inhibits H. pylori-induced hyperproliferation since c-myc
acts as an oncogenic transcription factor for target genes to
stimulate uncontrolled cell proliferation.

5. Conclusion

𝛼-LA inhibits NADPH oxidase and, thus, suppresses ROS
production which prevents oncogene expression, nuclear
translocation of 𝛽-catenin, and hyperproliferation by reg-
ulating the activation of NF-𝜅B and AP-1. 𝛼-LA may be
beneficial for prevention or therapeutic intervention for
gastric carcinogenesis associated with H. pylori infection.
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Figure 8: Effect of DPI on expression of 𝛽-catenin and c-myc as well as activation of NF-𝜅B and AP-1 in H. pylori-infected AGS cells. The
cells were pretreated with DPI for 2 h and cultured in the presence or absence ofH. pylori for 24 h (mRNA, protein levels) or 1 h (activation of
NF-𝜅B and AP-1). (a) mRNA expression of 𝛽-catenin and c-myc was measured by real-time PCR analysis. (b) Protein levels of 𝛽-catenin and
c-myc were determined by Western blot analysis. Actin served as a loading control. (c), EMSA was performed for DNA binding activities of
NF-𝜅B and AP-1. ∗𝑃 < 0.05 versus corresponding none (the cells cultured in the absence of H. pylori); +𝑃 < 0.05 versus corresponding H.
pylori control (the cells cultured in the presence of H. pylori and treated without DPI).
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Acute lung injury (ALI) is associated with an inflammation-mediated process, and the transcription factor, Krüppel-like factor 5
(KLF5), might play a crucial role in inflammatory lung disease. In this study, we evaluated KLF5, reactive oxygen species (ROS), and
inflammatory responses in a lipopolysaccharide- (LPS-) inducedALImodel to elucidate the role of KLF5 inALI. Our data indicated
that LPS upregulates proinflammatory cytokine expression in human bronchial epithelial cells in a dose-dependent manner. We
observed upregulated KLF5 protein expression in human bronchial epithelial cells exposed to LPS, with peak expression 1 h after
LPS treatment, and subsequent upregulation of p65 protein expression and p65 phosphorylation at Ser276. These results indicate
that KLF5 mediates proinflammatory cytokine expression by upregulating nuclear factor-kappaB (NF-𝜅B) phosphorylation at
p65 in response to LPS. LPS treatment also increased ROS production and simultaneously upregulated KLF5 expression and
NF-𝜅B translocation. N-acetylcysteine significantly reduced ROS levels and KLF5 and NF-𝜅B translocation in nuclear extracts.
Therefore, N-acetylcysteine pretreatment before LPS exposure reduces ROS, downregulates KLF5 expression, and subsequently
reduces inflammatory responses by scavenging ROS. Overall, our study results indicate that KLF5 mediates proinflammatory
cytokine expression through upregulation of NF-𝜅B phosphorylation at p65 in LPS-induced ALI.

1. Introduction

Acute lung injury (ALI) is a pulmonary emergency that
presents with hypoxemia resistant to oxygen therapy. ALI
and its more severe form, acute respiratory distress syndrome
(ARDS), are associated with sudden changes in the integrity
of the alveolar wall and reduced gas exchange that lead
to widespread alveolar filling or collapse, which increases
breathing effort and causes acute hypoxemic respiratory
failure [1, 2]. ALI and ARDS are associated with increased

pulmonary morbidity and mortality and increased burdens
of medical care. Treatments for ALI/ARDS patients are
primarily supportive and include lung protection strategies,
antibiotics targeting the cause of infection, and restrictive
fluid management [3–5]. No effective treatment exists for
ARDS. Therefore, preventing and treating ALI/ARDS at an
early stage is critical.

ALI and ARDS typically develop after direct (e.g., pneu-
monia and pulmonary aspiration) or indirect (e.g., acute
pancreatitis, massive blood transfusion, or septicemia) lung
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injury. The acute (or exudative) phase of ALI/ARDS is char-
acterized by pulmonary capillary leakage with interstitial and
alveolar edema and hemorrhage, surfactant dysfunction, and
subsequent hyaline membrane formation [1, 3]. Studies have
suggested that dysregulated recruitment of leukocytes, inap-
propriate expression of inflammatory cytokines, expression
of eicosanoids, generation of reactive oxygen species (ROS),
and uncontrolled platelet or coagulation activity play roles
in the acute stages of ALI/ARDS [6, 7]. Disease progression
is associated with the activation of the mitogen-activated
protein kinase signaling pathway and inflammation-related
transcription factors, including nuclear factor-kappaB (NF-
𝜅B), activator protein 1, and nuclear factor (erythroid-derived
2)-like 2, which regulate cell proinflammatory cytokine-
associated genes to attenuate the production of interleukin-
(IL-) 1𝛽, IL-6, IL-8, tumor necrosis factor-𝛼 (TNF-𝛼), and
inducible nitric oxide synthase in lipopolysaccharide- (LPS-)
induced ALI [7, 8].

The Krüppel-like transcription factor (KLF) family was
first identified in Drosophila in 1986, and its members
(KLF1-20) contribute to several aspects of cellular growth,
development, differentiation, and apoptosis. A KLF contains
3 zinc fingers at or near the C-terminus [9, 10]. KLF5 is widely
expressed in various tissues, including the intestinal epithelial
cells, skin, and skeletal muscle cells, and is dysregulated in
several cancer cell types. It might also play an essential role
in inflammatory diseases [11]. LPS induces and upregulates
KLF5 expression in intestinal epithelium cells [12] and human
umbilical vein endothelial cells [13]. However, few studies
have evaluated the role of KLF5 in human lung inflammation
associated with ALI/ARDS.

The endotoxin LPS-induced model of ALI has been
widely used to investigate the mechanisms of ALI. In this
study, we evaluated KLF5, ROS, and inflammatory responses
in an LPS-induced model of ALI using 2 normal human
bronchial epithelial cell lines, HBEC and BEAS-2B, to clarify
the role of KLF5 in ALI.

2. Materials and Methods

2.1. Reagents. Antibodies (Abs) for KLF5, IL-6, lamin
A/C, 𝛼-tubulin, and p65 were purchased from Gene-
Tex (Irvine, California, USA). Abs for TNF-𝛼, phospho-
p65 (Ser276), phospho-p65 (Ser536), and glyceraldehyde-3-
phosphate dehydrogenase were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). 2,7-Dichlorodihydro-
fluorescein diacetate (DCFH-DA), N-acetylcysteine (NAC),
and LPS were obtained from Sigma (St. Louis, MO, USA). A
KLF5 plasmid construct was purchased from GeneTex, and
a KLF5 small-interfering RNA (siRNA) construct was pur-
chased from Ambion (Austin, TX, USA). An electrophoretic
mobility shift assay (EMSA) kit for NF-𝜅B was obtained
from Roche (Indianapolis, IN, USA), and nuclear protein
extraction kits were obtained fromMillipore (Temecula, CA,
USA).

2.2. Cell Culture. The human bronchial epithelial cell lines
HBEC (ScienCell, Carlsbad, CA, USA) and BEAS-2B (ATCC
CRL-9609, Manassas, VA, USA) were cultured in F12 K

medium (Invitrogen, NY, USA) or LHC-9 (Invitrogen) sup-
plemented with 5% fetal bovine serum, 100 U/mL penicillin,
100 𝜇g/mL penicillin, and 100 pg/mL streptomycin (Invitro-
gen) in a humidified incubator with 5% CO

2
at 37∘C.

2.3. Measurement of Intracellular ROS Levels. The ROS-
sensitive fluorescent dye DCFH-DA was used to determine
LPS-upregulated intracellular ROS levels in cells from the
HBEC and BEAS-2B lines. ROS, particularly H

2
O
2
, oxidize

DCFH-DA to produce fluorescent 2,7-dichlorofluorescein
[14]. For observation of intracellular ROS production
through the oxidation of DCFH-DA, cells were pretreated
with or without NAC (10mM) for 1 h, washed with warm
Hank’s balanced salt solution (HBSS), and incubated inHBSS
or a cell medium containing 20𝜇M DCFH-DA at 37∘C
for 30min. HBSS containing DCFH-DA was removed and
replaced with fresh cell medium. The cells were then incu-
bated with or without LPS (5𝜇g/mL) for 1 h, washed 3 times
with phosphate-buffered saline (PBS), and detached with
trypsin/ethylenediaminetetraacetic acid (EDTA). The fluo-
rescence intensity of the cells was analyzed using a FACScan
flow cytometer (Becton Dickinson, San Jose, CA) at 485 nm
excitation and 530 nm emission for 2,7-dichlorofluorescein.

2.4. Cytosolic and Nuclear Protein Extraction. Cells were
lysed with lysis buffer (0.5MNaCl, 50mMTris, 1mMEDTA,
0.05% sodium dodecyl sulfate [SDS], 0.5% Triton X-100,
and 1mM phenylmethylsulfonyl fluoride [PMSF]), pH 7.4,
for 30min at 4∘C. Then the cell lysates were centrifuged at
4,000×g for 30min at 4∘C. Cytosolic protein concentrations
in the supernatants were measured using a Bio-Rad protein
determination kit (Bio-Rad, Hercules, CA). Nuclear protein
extracts were prepared as previously described. Briefly, after
washing with PBS, the cells were scraped off the plates
in 0.6mL of ice-cold buffer A consisting of 10mM N-(2-
hydroxyethyl) piperazine-N-(2-ethenesulfonic acid), pH 7.9,
10mMKCl, 1mMdithiothreitol, 1mMPMSF, 1.5mMMgCl

2
,

and 2 𝜇g/mL each of aprotinin, pepstatin, and leupeptin.
After centrifugation at 300×g for 10min at 4∘C, the cells
were resuspended in buffer B (80𝜇L of 0.1% Triton X-
100 in buffer A), left on ice for 10min, and centrifuged
at 12,000×g for 10min at 4∘C. The nuclear pellets were
resuspended in 70 𝜇L of ice-cold buffer C (20mM N-[2-
hydroxyethyl] piperazine-N-[2-ethenesulfonic acid], pH 7.9,
1.5mM MgCl

2
, 0.42M NaCl, 1mM dithiothreitol, 0.2mM

EDTA, 1mM PMSF, 25% glycerol, and 2 𝜇g/mL each of
aprotinin, pepstatin, and leupeptin) and incubated for 30min
at 4∘C, followed by centrifugation at 15,000×g for 30min
at 4∘C. The resulting supernatant was stored at –70∘C as
the nuclear extract. Protein concentrations were determined
using the Bio-Rad method.

2.5. Western Blot Analysis. Cytoplasm protein extracts or
nuclear protein extracts were separated using 12% SDS poly-
acrylamide gel electrophoresis, transferred to polyvinylidene
difluoride membranes, and kept at room temperature for
1 h. The membranes were then treated with PBS containing
0.05% Tween 20 and 2% skim milk for 1 h at room tem-
perature and incubated separately with various primary Abs
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followed by secondary Abs. The protein bands were detected
using an enhanced chemiluminescence kit (PerkinElmer,
Waltham, MA, USA) and exposure to Biomax MR film
(Kodak, Rochester, NY, USA). Data were quantified using
ImageQuant 5.2 (Healthcare Bio-Sciences, Philadelphia, PA,
USA).

2.6. KLF5 Overexpression and Silencing in Human Bronchial
Epithelial Cells. Cells from the HBEC line grown to 90%
confluence were transfected with the pKLF5 plasmid by
using Lipofectin reagent (Invitrogen). To generate cell lines
expressing the various constructs, we diluted the cells, seeded
then 24 h after transfection, and maintained them in F12K
medium (serum-free) for 48 h. A specific double-stranded
21-nucleotide RNA sequence homologous to the target gene,
siRNA, was used to silence KLF5 expression. KLF5 siRNA
primer 5-GGU GAA CAA UAU UUU CAU CTT-3 and
5-GAU GAA AAU AUU GUU CAC CTC-3.

KLF5 protein expression was analyzed using western
blotting after the transfection of cells with KLF5 siRNA.
Briefly, cells were cultured in 100mm dishes and transiently
transfected with 20 nM siRNA using 8𝜇L of siPORT Amine
(Ambion) in a total transfection volumeof 0.5mLofmedium.
After incubation at 37∘C in 5% CO

2
for 5 h, 1.5mL of normal

growth medium was added to the cells, which were then
incubated for 48 h.

2.7. Electrophoretic Mobility Shift Assay. The NF-phoretic
mobility shift assay medium was added to the cells, which
were then incubated for 48 h. 5 -ACA AGG GAC TTT
CCG CTG GGG ACT TTC CAG G-3; 3-TGT TCC CTG
AAA GGC GAC CCC TGA AAG GTC C-5) containing a
direct repeat of the 𝜅B site. The digoxigenin gel shift kit for
3-end labeling of oligonucleotides (Roche) was used during
the assay of nuclear protein-DNA binding.

2.8. Coimmunoprecipitation Assay. To determine the pro-
tein-protein interactions between KLF5 and NF-𝜅B, we
harvested cells from the HBEC line in immunoprecipita-
tion lysis buffer (GeneTex). Eight hundred micrograms of
nuclear protein was cleared via incubation with protein
A/G agarose beads (30 𝜇L/tube), rotated for 1 h at 4∘C, and
then washed. The supernatants were collected and incu-
bated with 2 𝜇g of anti-KLF5, anti-p-p65(Ser276), or control
rabbit immunoglobulin G (IgG) Ab for 4 h. Protein A/G
agarose beads (50 𝜇L/tube) were then added to each tube and
incubated overnight at 4∘C. The supernatants were removed
via centrifugation at 12,000×g for 10min and disrupted
by boiling in 1% SDS. Immune complexes were analyzed
by immunoblotting with anti-KLF5, anti-p65, anti-p-p65
(Ser276), and anti-p-p65 (Ser536) Abs.

2.9. Mouse Model. All animal experiments were approved
and supported by the Animal Center of Kaohsiung Medical
University (IACUC#102007). Eight-week-old BALB/C mice
were purchased fromLasco, Taiwan.Themicewere intraperi-
toneally injected with or without NAC (150mg/kg) for 1 h
before intraperitoneal administration of LPS (20mg/kg) for
8 h. Control animals were injected with PBS. Seven mice

were used for each treatment.Six hours after treatment, the
right lungs of the mice were excised, and cytoplasmic protein
was extracted and stored at –80∘C for further analysis. The
left lungs were isolated, placed into a tube containing 4%
paraformaldehyde/PBS, and stored at 4∘C for 12 h. After 3
washings, the tissues were embedded in paraffin and cut into
5 𝜇m sections. Hematoxylin and eosin staining was used to
examine the inflammatory status of the lung tissues.

2.10. Immunohistochemical Staining. The lung paraffin sec-
tions were deparaffinized with xylene and stained with anti-
human-KLF5 Ab. After washing with PBS, the sections
were incubated with horseradish peroxidase-conjugated sec-
ondary Ab for 1 h at room temperature. Diaminobenzidine
was used for visualization and hematoxylin was used for
counterstaining. In the negative controls, the antibody was
replaced with control IgG.

2.11. Statistical Analyses. Results are expressed as mean ±
standard error of the mean. All data were analyzed using
analysis of variance and a subsequent Dunnett’s test. All
statistical analyses were performed using SigmaStat version
3.5 (Systat Software Inc., Chicago, IL, USA), and a P value of
<0.05 was considered statistically significant.

3. Results

3.1. LPS Upregulates Proinflammatory Cytokine Expression
in Human Bronchial Epithelial Cells in a Dose-Dependent
Manner. Our western blot analysis results indicated that
protein expression was upregulated in a dose-dependent
manner in cells from the HBEC (Figure 1(a)) and BEAS-2B
(Figure 1(b)) lines treated with 0, 1.25, 2.5, 5, and 10𝜇g/mL
LPS, TNF-𝛼, IL-1𝛽, and IL-8.

3.2. LPS Upregulates KLF5 and NF-𝜅B Subunit Expression in
Human Bronchial Epithelial Cells. We observed upregulation
of KLF5 and p65 expression and p65 phosphorylation at
Ser276 or Ser536 to similar extents in the HBEC (Figure 2(a))
and BEAS-2B (Figure 2(b)) cell lines after treatment with LPS
(5 𝜇g/mL) for various durations. However, the time to the
peak intensities of expression differed slightly. We observed
peak KLF5 protein expression after 1 h of LPS stimulation in
both cell lines, whereas peak p65 protein expression occurred
after 2 h and 1.5 h of LPS stimulation in the HBEC and BEAS-
2B cell lines, respectively. We observed peak Ser276 and
Ser536 phosphorylation after 1.5–2 h of LPS treatment in the
HBEC and BEAS-2B cell lines.

3.3. LPS-Induced Oxidative Stress Upregulates KLF5 Expres-
sion and NF-𝜅B Subunit Translocation into the Nucleus. We
pretreated the cells with or without the ROS scavenger NAC
(10mM) for 1 h and then exposed them to LPS for 1 h.
Measurements of ROS with DCFH-DA assays indicated that
1 h of LPS treatment increased intracellular ROS levels in
the HBEC (Figure 3(a)) and BEAS-2B (Figure 3(b)) cell lines.
Cells pretreatedwithNACexhibited no increase inROS levels
after exposure to LPS for 1 h. Previous studies have indicated
that LPS upregulates KLF5 expression and NF-𝜅B activity by



4 Mediators of Inflammation

0

1

2

3

4

5

6

0 1.25 2.5 5 10

TNF-𝛼

IL-1𝛽

IL-6

𝛼-Tubulin

LPS (𝜇g/mL)

∗

∗

∗

∗

∗

∗

∗ ∗

∗

∗

∗

Pr
ot

ei
n 

ex
pr

es
sio

n 
(fo

ld
 o

f c
on

tro
l)

0 1.25 2.5 5 10
LPS (𝜇g/mL)

TNF-𝛼
IL-1𝛽
IL-6

(a)

0

2

4

6

8

Pr
ot

ei
n 

ex
pr

es
sio

n 
(fo

ld
 o

f c
on

tro
l)

0 1.25 2.5 5 10
LPS (𝜇g/mL)

TNF-𝛼
IL-1𝛽
IL-6

∗

∗

∗∗

∗
∗

∗

∗
∗

∗

∗

0 1.25 2.5 5 10

TNF-𝛼

IL-1𝛽

IL-6

LPS (𝜇g/mL)

𝛼-Tubulin

(b)

Figure 1: Effects of lipopolysaccharide (LPS) exposure on proinflammatory cytokine expression in human bronchial epithelial cells. Cells
from the (a, b)HBEC and (c, d) BEAS-2B lines were incubatedwith various concentrations of LPS for various durations, and proinflammatory
cytokine expression was evaluated using western blotting. Tumor necrosis factor-𝛼 (TNF-𝛼), interleukin- (IL-) 1𝛽, and IL-8 proteins
expression were upregulated in a dose-dependent manner. Data are presented as means ± standard error of the mean (SEM) from 3
independent experiments. Each bar graph shows summarized data from3 separate densitometry experiments after normalization to𝛼-tubulin
(an internal control for cytoplasm protein). ∗𝑃 < 0.05 versus LPS dose 0 or time 0.

increasing the nuclear translocation of KLF5 andNF-𝜅B. Our
western blot analysis data showed that LPS increased KLF5
andNF-𝜅B translocation in theHBEC and BEAS-2B cell lines
and that pretreatment with NAC significantly reduced LPS-
induced KLF5 and NF-𝜅B translocation in nuclear extracts of
cells from theHBEC (Figure 3(c)) andBEAS-2B (Figure 3(d))
lines (𝑃 < 0.05).

3.4. Regulatory Effects of KLF5 on p65 Phosphorylation and
NF-𝜅B Activity. According to Nihira et al. [15], phosphory-
lation of p65 at Ser276 prevents the degradation of p65 by
ubiquitin-proteasome machinery and subsequently induces
the transactivation of p65. To evaluate the effects of KLF5 on
p65 phosphorylation and NF-𝜅B activity, we transfected cells
from the HBEC and BEAS-2B lines with the pKLF5 plasmid
or KLF5-specific siRNA for 48 h to overexpress or silence
KLF5, respectively. We then treated the cells with or without

LPS for 1 h. Western blot analysis results indicated that KLF5
gene overexpression significantly increased LPS-induced p65
accumulation in the nucleus. Conversely, the silencing of
KLF5 messenger RNA (mRNA) expression reduced LPS-
induced p65 accumulation in the nucleus (Figure 4(a)). We
observed significantly increased NF-𝜅B binding activity in
response to LPS in cells transfected with the KLF5 plasmid
compared with that in the control group (medium alone),
cells treated with LPS alone, or cells transfected with KLF5-
specific siRNA (Figure 4(b)). We also observed significantly
increased levels of the proinflammatory cytokines TNF-𝛼,
IL-1𝛽, and IL-6 in cells transfected with the KLF5 plasmid
compared with that in the control group (medium alone),
cells treated with LPS alone, or cells transfected with KLF5-
specific siRNA (Figure 4(c)). Cells pretreated with the NF-𝜅B
inhibitor pyrrolidine dithiocarbamate (PDTC; 100 𝜇M) for
1 h exhibited no reduction in KLF5 protein expression after
LPS exposure (Figure 4(d)).
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Figure 2: Effects of lipopolysaccharide (LPS) exposure onKrüppel-like factor 5 (KLF5) and nuclear factor-kappaB subunit protein expression
in human bronchial epithelial cells. Cells from the (a) HBEC and (b) BEAS-2B lines were incubated with LPS (5 𝜇g/mL) for various durations,
and KLF5, p65, phospho-p65 (Ser276), and phospho-p65 (Ser536) protein expression were evaluated using western blotting.The time to peak
intensities of KLF5, p65, Ser276, and Ser536 phosphorylation differed slightly. Data were obtained from 3 independent experiments.

3.5. KLF5 Binding to NF-𝜅B Subunits and p65 at Ser276 in
LPS-Treated Human Bronchial Epithelial Cells. Subsequently,
we examined whether LPS-dependent NF-𝜅B activation is
associated with upregulated KLF5 and p65 expression and
phospho-p65 (Ser276) binding in cells from the HBEC
line after LPS exposure. We immunoprecipitated nuclear
protein lysates using anti-KLF5, anti-phospho-p65 (Ser276),
or control IgG Ab and performed immunoblotting with
anti-KLF5, anti-phospho-p65 (Ser276), anti-p65, and anti-
phospho-p65 (Ser536) Abs. Our results demonstrated that
LPS-induced KLF5 coprecipitates with KLF5 (Figure 5(a)),
p65 (Figure 5(b)), and phospho-p65 (Ser276) (Figure 5(c))
but not phospho-p65 (Ser536) (Figure 5(d)). We then per-
formed immunoprecipitation with a phospho-p65 (Ser276)
antibody and immunoblotting for phospho-p65 (Ser276)

(Figure 5(e)) and KLF5 (Figure 5(f)). Phospho-p65 (Ser276)
interacted with KLF5 proteins in cells from the HBEC
line; however, pretreatment with the ROS scavenger NAC
attenuated this interaction.These results indicated that KLF5
directly and specifically interacts with p65 and phospho-p65
(Ser276) in response to LPS exposure to prevent ubiquitin-
mediated degradation of the RelA subunit.

3.6. KLF5, NF-𝜅B Subunit, and Proinflammatory Cytokine
Expression in LPS-Induced Acute Lung Inflammation in Mice.
To evaluate KLF5 expression and histological changes in
our LPS induced-ALI animal model, we compared LPS-
challenged BALB/C mice (with or without NAC pretreat-
ment) with control animals injectedwith saline. Hematoxylin
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Figure 3: Effects of lipopolysaccharide (LPS) exposureon intracellular reactive oxygen species (ROS) levels and Krüppel-like factor 5
(KLF5) and p65 expression in human bronchial epithelial cells. Cells from the (a) HBEC and (b) BEAS-2B lines were incubated with
medium alone (control), N-acetylcysteine (NAC; 10mM), or 5 𝜇g/mL LPS for 1 h. Intracellular levels of ROS were measured using 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) assays and flow cytometric analysis. Histograms represent 3 independent experiments.
Cells from the (c) HBEC and (d) BEAS-2B lines were incubated with LPS for 1.5 h, and nuclear protein expression was measured using
western blotting. DCFH-DA assays indicated that 1 h of LPS treatment increased intracellular ROS levels in the HBEC (a) and BEAS-2B (b)
cell lines. LPS also increased KLF5 and nuclear factor-kappaB (NF-𝜅B) translocation in the HBEC and BEAS-2B cell lines. Pretreatment with
NAC significantly reduced LPS-induced KLF5 and NF-𝜅B translocation in nuclear extracts of cells from the HBEC (c) and BEAS-2B (d)
lines. Each bar graph shows summarized data (mean ± SEM) from 3 separate densitometry experiments after normalization to lamin A/C
(an internal control). ∗𝑃 < 0.05 versus control condition.
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Figure 4: Effects ofKrüppel-like factor 5 (KLF5) overexpression or silencing on p65 phosphorylation and nuclear factor-kappaB (NF-𝜅B)
activity. (a) Cells from the HBEC line were pretreated with the pKLF5 plasmid or transfected with KLF5 small interfering RNA (siRNA) for
48 h, and KLF5, p65, phospho-p65 (Ser276), and phospho-p65 (Ser536) protein expression were measured using western blotting. (b) NF-𝜅B
activity was measured using an electrophoretic mobility shift assay, and (c) the proinflammatory cytokines tumor necrosis factor-𝛼 (TNF-𝛼),
interleukin- (IL-) 1𝛽, and IL-6 were evaluated using western blotting. (d) Cells from the HBEC line were pretreated with N-acetylcysteine
(NAC; 10mM) or pyrrolidine dithiocarbamate (PDTC; 100 𝜇M) for 1 h and then treated with lipopolysaccharide (LPS; 5 𝜇g/mL) for 1 h. KLF5
protein expression was evaluated using western blotting. Silencing of KLF5 messenger RNA (mRNA) expression reduced LPS-induced p65
accumulation in the nucleus. (a) Compared with that in the control group, cells treated with LPS alone, or cells transfected with KLF5-specific
small interfering RNA (siRNA),NF-𝜅Bbinding activity in cells transfectedwith theKLF5 plasmid increased in response to LPS. (b) Compared
with those in the control group, cells treated with LPS alone, or cells transfected with KLF5-specific siRNA, levels of the proinflammatory
cytokines TNF-𝛼, IL-1𝛽, and IL-6 in cells transfected with the KLF5 plasmid were increased. (c) Cells pretreated with the NF-𝜅B inhibitor
PDTC (100 𝜇M) for 1 h exhibited no reduction in KLF5 protein expression after LPS exposure. (d) Data are presented as means ± SEM
from 3 independent experiments. Each bar graph shows summarized data (mean ± SEM) from 3 separate densitometry experiments after
normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH; an internal control for nuclear protein). ∗𝑃 < 0.05 versus medium
alone or control condition.
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Figure 5: Krüppel-like factor 5 (KLF5) interacts with nuclear factor-kappaB subunit in the nuclei of human bronchial epithelial cells. Cells
from the HBEC line were treated with lipopolysaccharide (LPS; 5 𝜇g/mL) for 1 h, with or without N-acetylcysteine (NAC) pretreatment
(10mM). The nuclear protein extracts were immunoprecipitated with KLF5 or anti-immunoglobulin G (IgG) antibodies (Abs) and then
analyzed using western blotting and Abs against (a) KLF5 (molecular weight [MW]: 50 kDa), (b) p65 (MW: 65 kDa), (c) phospho-p65
(Ser276; MW: 65 kDa), and (d) phospho-p65 (Ser536; MW: 65 kDa). Nuclear protein extracts were immunoprecipitated with Abs against
phospho-p65 (Ser276) or anti-IgG and then analyzed using western blotting and Abs against (e) phospho-p65 (Ser276) and (f) KLF5 to
confirm the interaction between KLF5 and phospho-p65 (Ser276). The target protein was marked along with a nonspecific binding site.
LPS-induced KLF5 coprecipitates with KLF5 (a), p65 (b), and phospho-p65 (Ser276) (c) but not with phospho-p65 (Ser536) (d). The results
of immunoprecipitation with a phospho-p65 (Ser276) Ab and immunoblotting for phospho-p65 (Ser276) (e) and KLF5 (f) showed that
phospho-p65 (Ser276) interacted with KLF5 proteins in cells from the HBEC line.

and eosin staining of the lung sections revealed the infiltra-
tion of inflammatory cells (Figure 6(a)), and immunohisto-
chemical analysis demonstrated upregulated KLF5 expres-
sion (Figure 6(b)) in the LPS-challenged mice. BALB/Cmice
challengedwith LPS exhibited histological changes, including
inflammatory cell infiltration, focal areas of fibrosis with
collapsed air alveoli, and thickening of the alveolar wall
(see Figure 6(a)) as well as upregulated KLF5, p65, phospho-
p65 (Ser276), and phospho-p65 (Ser536) protein expres-
sion (Figure 6(c)) and upregulated TNF-𝛼, IL-1𝛽, and IL-
6 expression (Figure 6(d)). NAC pretreatment significantly
attenuated the LPS-induced pathological changes and inflam-
matory responses.

4. Discussion

In this study, we observed upregulated KLF5 expression,
ROS levels, and inflammatory responses in human bronchial

epithelial cell lines and in an LPS-induced model of ALI. We
also observed increased KLF5-mediated proinflammatory
cytokine expression through upregulation of NF-𝜅B phos-
phorylation. LPS, a component of the outer membrane of
gram-negative bacteria, provokes strong immune reactions in
animals and it has been widely used to study the mechanisms
of ALI. LPS can induce the infiltration of inflammatory cells
and the overproduction of inflammatory mediators. Our
study results indicate that LPS upregulates the proinflam-
matory cytokines TNF-𝛼, IL-1𝛽, and IL-6 in the HBEC and
BEAS-2B cell lines in a dose-dependent manner (see Figures
1(a) and 1(b)). We observed typical histological changes in
our LPS-induced model of ALI, including increased inflam-
matory cell infiltration, focal areas of fibrosis with collapsed
air alveoli, thickening of the alveolar wall in lung tissue,
and increased expression of the proinflammatory cytokines
TNF-𝛼, IL-1𝛽, and IL-6 (see Figures 6(a) and 6(d)).
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Figure 6: Krüppel-like factor 5, nuclear factor-kappaB subunit, and proinflammatory cytokine expression in lipopolysaccharide- (LPS-)
induced acute lung inflammation in mice. BALB/Cmice were intraperitoneally injected with or without N-acetylcysteine (NAC; 150mg/kg)
for 1 h before intraperitoneal administration of LPS (20mg/kg) for 8 h. Lung tissue sections were (a) stained with hematoxylin and eosin to
observe the infiltration of cells and (b) analyzed immunohistochemically to evaluate KLF5 expression. A representative stained lung tissue
from 3 independent experiments is shown. (c) KLF5, p65, phospho-p65 (Ser276), and phospho-p65 (Ser536) protein expression and (d)
tumor necrosis factor-𝛼 (TNF-𝛼), interleukin- (IL-) 1𝛽, and IL-6 expression were evaluated using western blotting. We observed histological
changes including inflammatory cell infiltration, focal areas of fibrosis with collapsed air alveoli, and thickening of the alveolar wall (a) as
well as upregulated KLF5 (b), p65, phospho-p65 (Ser276), and phospho-p65 (Ser536) protein expression (c) and upregulated TNF-𝛼, IL-1𝛽,
and IL-6 expression (d).

The mechanisms underlying LPS induction of inflam-
matory mediator overproduction have been well described.
Previous studies have shown that LPS-induced expression
of proinflammatory genes is associated with the nuclear
transcription factor NF-𝜅B, which plays a crucial role in
mediating intracellular signaling [16–18]. The prototypical
complex of NF-𝜅B is a heterodimer of RelA/p65 and p50
subunits. Phosphorylation of Ser276 and Ser536 is essential

for p65 NF-𝜅B subunit-dependent cellular responses [19,
20]. Chanchevalap et al. [12] discovered that KLF5 plays an
essential role in mediating LPS-induced proinflammatory
responses in intestinal epithelial cells. Our study results indi-
cate that LPS treatment upregulates KLF5 protein expression
in human bronchial epithelial cells, with peak expression 1 h
after LPS treatment. Subsequently, we observed peak p65
protein expression (after 1.5 h and 2 h in the BEAS-2B and
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HBEC cell lines, resp.) and peak phosphorylation of p65 at
Ser276 and Ser536 (after 1.5–2 h in the HBEC and BEAS-2B
cell lines; see Figures 2(a) and 2(b)). These timing sequences
indicate that LPS stimulation upregulates KLF5 expression,
followed by p65 expression, and then phosphorylation of p65
at Ser276 and Ser536, suggesting that KLF5 is an upstream
mediator of p65 expression and phosphorylation.

ROS are partially reduced metabolites of oxygen pro-
duced during normal cellular metabolism, and they have
strong oxidizing capabilities. ROS are key signalingmolecules
in inflammatory disorders [21]. Oxidative stress is a harmful
process that leads to airway and lung damage and, conse-
quently, to severe respiratory diseases [22]. ROS induce the
expression of the genes of inflammatory mediators, such as
TNF-𝛼 and IL-1𝛽 [23, 24], in bronchial epithelial cells and can
eventually cause pulmonary epithelial dysfunction [8, 25].

ROS are considered mediators of ALI/ARDS pathogene-
sis. Previous studies have investigated the use of antioxidants
to reduce ROS and limit the progression of ALI/ARDS.
Several studies have evaluated the efficacy of the free radical
scavenger NAC for reducing oxidative stress [26–29]. NAC
can protect alveolar epithelial cells from H

2
O
2
-induced

apoptosis by scavenging ROS [30]. Our DCFH-DA assay
and western blot analysis data indicate that LPS stimulation
increases ROS levels and simultaneously upregulates KLF5
expression and NF-𝜅B translocation in cells from the HBEC
and BEAS-2B lines treated with LPS compared with control
cells (see Figure 3). The ROS scavenger NAC significantly
reduced LPS-induced KLF5 expression andNF-𝜅B transloca-
tion in nuclear extracts of both cells lines. NAC pretreatment
significantly attenuated LPS-induced pathological changes
in lung tissues of BALB/C mice intraperitoneally injected
with LPS. These results indicated associations among KLF5
expression, ROS levels, and inflammatory responses in our
LPS-induced model of ALI. NAC pretreatment before LPS
exposure reduced ROS levels and then downregulated KLF5
expression and subsequent inflammatory responses by scav-
enging ROS.

KLF5 directly regulates several target genes involved in
cell proliferation, the cell cycle, inflammation, and apoptosis
[11]. Previous studies have shown that TNF-𝛼 and LPS
upregulate KLF5 expression in intestinal epithelial cells and
human umbilical vein endothelial cells [12, 13]. KLF5 directly
interacts with NF-𝜅B in epidermal epithelial cells [31]. We
transfected cells with a pKLF5 plasmid or KLF5-specific
siRNA to overexpress or silence KLF5, respectively, to eval-
uate the interaction between KLF5 and NF-𝜅B. We observed
markedly increased NF-𝜅B binding activity in response to
LPS in cells transfected with the KLF5 plasmid and signif-
icantly reduced NF-𝜅B binding activity in cells transfected
with KLF5-specific siRNA (see Figure 4(b)). According to
Chanchevalap et al. [12], siRNA knockdown of KLF5 mRNA
reduces the expression of the p50 and p65 subunits of NF-𝜅B
and its downstream inflammatory genes in response to LPS.

Furthermore, we examined whether KLF5 plays a role in
LPS-induced upregulation of TNF-𝛼, IL-1𝛽, and IL-6 through
the NF-𝜅B signaling pathway. Our results revealed that the
silencing of KLF5 mRNA expression reduced LPS-induced
p65 nuclear accumulation, indicating that KLF5 expression

increases p65 nuclear localization. When we pretreated cells
with the NF-𝜅B inhibitor PDTC, nuclear KLF5 protein
expression was not reduced in LPS-treated cells, suggesting
that the transcription factor KLF5 translocates into the
nucleus in response to LPS. Our coimmunoprecipitation
assay data indicated increased nuclear KLF accumulation
after LPS treatment. We observed increased binding of KLF5
with p65 and phospho-p65 (Ser276), but not with phospho-
p65 (Ser536), in cells from the HBEC line after exposure to
LPS (see Figures 5(a)–5(d)). Therefore, LPS-dependent NF-
𝜅B activation is associated with increased p65 and KLF5
binding. NAC attenuates nuclear KLF5 accumulation by
reducing ROS in response to LPS. KLF5, p65, phospho-
p65 (Ser276), and phospho-p65 (Ser536) expression were
upregulated in BALB/C mice intraperitoneally injected with
LPS (see Figure 6(c)).

Overall, these results indicate that KLF5 is essential for
the induction of NF-𝜅B subunit expression through phos-
phorylation of p65 at Ser276 in response to LPS and that an
ROS scavenger can reduce this response.TheNF-𝜅B inhibitor
PDTC failed to inhibit KLF5 protein upregulation (see
Figure 4(d)) after LPS exposure. Therefore, KLF5 is located
upstream of NF-𝜅B in the LPS-induced signaling pathway.

Our results indicate that the pathway of ALI/ARDS
induction is influenced by ROS production in our models.
In addition, NAC pretreatment before LPS exposure reduces
ROS. These findings imply that ROS scavengers might offer
promising treatments for patients with ALI/ARDS in clinical
settings. However, several clinical trials of NAC therapy in
patients with ALI/ARDS have not shown promising out-
comes [27, 28, 32]. Another approach will be novel agents
developed from a better understanding of ALI/ARDS.

Although we have demonstrated the pathway of KLF5-
mediated proinflammatory cytokine expression throughROS
and upregulation of NF-𝜅B phosphorylation on p65 in
response to LPS in human bronchial epithelial cell lines,
there might be a pathway other than ROS production that
precedes the inflammatory reaction in response to LPS. KLF5
itself might be moved directly to nucleus without NF-𝜅B
phosphorylation on p65. Further study is necessary to clarify
the roles of KLF5 in the mediation of inflammatory reactions
other than ROS production in response to LPS.

5. Conclusion

In summary, our study results indicate that the transcription
factor KLF5 mediates proinflammatory cytokine expression
through upregulation of NF-𝜅B phosphorylation at p65 in
vitro and in vivo in an LPS-induced model of ALI (Figure 7).
Although the NF-𝜅B pathway is the major signaling pathway
for the activation of proinflammatory gene expression in
response to LPS [19, 20, 22], our results demonstrate that
KLF5 also exerts a direct effect on the transcriptional activa-
tion of proinflammatory genes.
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al., “Krüppel-like factor 5 is an important mediator for
lipopolysaccharide-induced proinflammatory response in
intestinal epithelial cells,” Nucleic Acids Research, vol. 34, no. 4,
pp. 1216–1223, 2006.

[13] M. Kumekawa, G. Fukuda, S. Shimizu, K. Konno, and M.
Odawara, “Inhibition of monocyte chemoattractant protein-1
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In bacterial bone infections, excessively formed oxidants may result in local and systemic oxidative stress. Vitamin C is
the major extracellular nonenzymatic antioxidant, also implicated in bone cells metabolism and viability. The physiological
functions of vitamin C largely depend on its redox status. We sequentially assessed oxidative stress markers, hydroperoxides and
malondialdehyde (MDA), total antioxidant activity (AOA), total vitamin C, ascorbic acid (Asc), and oxidized/reduced vitamin C
ratio in 137 patients with acute osteomyelitis (OM). Compared to 52 healthy controls, in OM group baseline serum hydroperoxides,
MDA and oxidized/reduced vitamin C ratio were higher whilst Asc and AOA were lower (𝑃 < 0.05, resp.). On the other
side, total vitamin C levels in patients and controls were similar (𝑃 > 0.05), thereby suggesting a relative rather than absolute
vitamin C deficiency in OM. During the follow-up, oxidative stress markers, AOA, and oxidizedreduced vitamin C ratio were
gradually returned to normal, while there was no apparent change of total vitamin C concentrations. Persistently high values of
oxidized/reduced vitamin C ratio and serum MDA were found in subacute OM. In conclusion, acute OM was associated with
enhanced systemic oxidative stress and the shift of vitamin C redox status towards oxidized forms.

1. Introduction

Acute bacterial osteomyelitis (OM) is bone and bonemarrow
infection that is still associated with significant disability
and poor clinical outcome [1]. In children, it is often
caused by Staphylococcus aureus spread by hematogenous
dissemination from some other site of inflammation and,
occasionally, from inflamed neighboring tissues or by direct
penetration through the open fracture wound. The disease
is accompanied by synthesis of proinflammatory cytokines,
activation and mobilization of phagocytic cells, thrombosis,
necrosis, bone sequestration, and formation of a new bone at
the site of infection.

It is well known that polymorphonuclear leukocytes
(PMN) play important roles in limitation and resolution
of bacterial bone infections. However, activated PMN syn-
thesize highly reactive oxidants, like hydrogen peroxide,

superoxide anion radical and hypochlorous acid, which may
damage the bone tissue and cartilage [2, 3]. These oxidants
were shown to increase the catabolic rate of bone matrix
proteins, induce osteoclastogenesis and bone resorption, and
suppress differentiation of osteoblastic and marrow stromal
cells [4–9]. In biological systems, the concentration of oxi-
dants is normally low and under strict control of enzymatic
and nonenzymatic antioxidants. However, when defense
mechanisms are overwhelmed, due to intrinsic deficiency,
excessive formation of oxidants, or combination of both,
oxidative stress occurs. Moreover, increased oxidative stress
was previously reported inOMand some other osteoarticular
diseases [2, 3, 10].

Vitamin C is the major nonenzymatic water-soluble
antioxidant [11] and a regulator of bone cells metabolism and
viability. In connective tissues, vitamin C serves as a cofactor
of lysine and proline hydroxylase, implicated in collagen
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synthesis. In vitro studies suggest that vitamin C can suppress
activity and reduce the survival rate of osteoclasts [7] while
enhancing the survival [8] and differentiation of osteoblasts
[9]. Besides, administration of antioxidant vitamins A, E,
and C was shown to accelerate bone healing after long-
bone fixative surgery by diminishing oxidative injury and
promoting osteogenic activity [12].

Vitamin C exists in a reduced form, as ascorbic acid
(Asc) and as oxidized vitamin consisting of partly oxi-
dized dehydroascorbic acid (DHA) and fully oxidized 2,3-
diketogulonic acid. Vitamin C participates in oxidation-
reduction (redox) reactions. Electrons from Asc are lost
stepwise with the formation of unstable radical intermediate
semidehydroascorbic acid, which subsequently dismutate
yielding Asc and DHA. The DHA must enter the cells
to be reduced back to Asc; otherwise it is degraded to
biologically inactive 2,3-diketogulonic acid and excreted into
urine. Vitamin C behaves as an electron donor; thus, its
antioxidant property actually depends on redox status. Given
that vitamin C may have protective roles in bone infection,
this study has investigated oxidative stress and vitamin C
redox status during the treatment of acute pyogenic OM.

2. Materials and Methods

2.1. Patients. This study enrolled children treated at the
Clinics for General and Orthopedic Surgery, Medical Faculty
Pristina (Kosovska Mitrovica), for acute bacterial OM.There
were 137 eligible patients with bacteriologically proven OM.
The control group consisted of 52 age- and sex-matched
healthy subjects who underwent clinical and laboratory
checkup at least 6 months after complete recovery from
uneventful fracture healing. Informed consent was provided
from the parent or guardian. Participants who developed
chronic OM, those with methicillin-resistant staphylococcal
infection as well as those receiving vitamin C or other
antioxidant supplementation therapy, were excluded. This
study was conducted in accordance with the Declaration of
Helsinki and approved by the institutional review board of
the Medical Faculty, Pristina.

Clinical diagnosis of OM was based on the presence
of one or more of the following criteria [13]: clinical signs
and symptoms suggestive for bone and/or joint infection
(local swelling, pain, tenderness, and restricted motion of
affected limb), with duration of illness for less than two
weeks; isolation of bacteria in blood or tissue culture; surgical
finding of suppuration in the bone and/or joint; radiolog-
ical finding suggestive for OM (periosteal reaction, bone
destruction). On admission, all patients received empirical
antibiotic therapy (first generation cephalosporins and van-
comycin), analgesics, and antipyretics. If indicated, antibiotic
therapywas changed after antibiogramwas obtained. Surgical
treatment consisted of incision, trepanation, curettage, and
drainage of the inflamed bone tissue. Acute OM was defined
as clinical improvement achieved to the end of the 6th week
of treatment; cases with improvement achieved between 6th
and 8th week were referred as subacute OM.

2.2. Biochemical Methods. The blood was taken into tubes
without or with EDTA as an anticoagulant. White blood cell
count (WBC) and differential red blood cell count (RBC),
erythrocyte sedimentation rate (ESR), and hemoglobin
concentration were routinely measured in anticoagulated
blood. Serum C-reactive protein (CRP) was determined
by immunoturbidimetric method on Hitachi 902 chemistry
analyzer (Roche Diagnostics GmbH, Mannheim, Germany).
Oxidative stress markers and antioxidants were assessed
sequentially, in daily fresh samples taken on admission, on
2nd and 3rd week of hospital stay, and at the end of hospital
treatment.

2.2.1. Determination of SerumMDA Concentration. Concen-
tration of serum malondialdehyde (MDA), as a relatively
stable lipid peroxidation adduct, was assessed in daily fresh
samples, using a modified thiobarbituric acid method as we
previously described [14].The absorbance readings of pinkish
colored quinoneimine were taken at 515 nm, 532 nm, and
555 nm, on anUV/VIS spectrophotometer (Safas 2,Monaco).
After Allen’s correction wasmade, the concentration ofMDA
was calculated using a molar extinction coefficient of 𝜀 = 1.56
× 105× L ×M−1× cm−1.

2.2.2. Assessment of SerumHydroperoxides. Concentration of
total serum hydroperoxides, which are unstable lipid per-
oxidation products, was measured by the ferrous-oxidation
xylenol orange method, after reduction of preexisting per-
oxides with triphenylphosphine [15]. The resulting ferric-
xylenol orange complex was measured at 560 nm and cal-
ibrated against hydrogen peroxide standard curve at the
concentration range of 0–50𝜇mol/L.

2.2.3. Measurement of Serum Total Vitamin C and Ascor-
bic Acid Concentrations. Concentration of total vitamin C
(Asc plus oxidized vitamin C forms) was measured by
2,4-dintrophenylhydrazine (DNPH) method [16]. In this
method, cooper (II) sulphate oxidizes Asc present in the
sample to DHA. Newly formed and preexisting DHA there-
after react with DNPH under acidic conditions (pH 1-
2) to give bis-2,4-dinitrophenyl hydrazone ascorbate, with
absorbance maximum at 520 nm. Total vitamin C was
measured after sample deproteinization (60 g/L metaphos-
phoric acid; 2mM disodium EDTA), using freshly pre-
pared 2,4-dintrophenylhydrazine-thiourea-copper (II) sul-
phate working reagent. Aqueous solutions of ascorbic acid
(6–120𝜇mol/L) were used to construct the calibration curve.

Preexisting oxidized vitamin C (DHA plus 2,3-diketogu-
lonic acid) was determined after sample deproteinization
using a DNPH reagent in which cooper (II) sulphate was
omitted. The concentration of Asc was calculated as the
difference between total and preexisting oxidized vitamin C.
Thepreexisting oxidized vitaminC toAsc concentration ratio
(oxidized/reduced vitamin C ratio) was calculated for each
sample.

2.2.4. Determination of Serum Total Antioxidant Activity.
Total antioxidant activity (AOA) was measured using the
benzoate-based colorimetric method [17]. This method
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Table 1: Basic demographical, clinical, and laboratory character-
istics of patients with acute bacterial osteomyelitis and healthy
controls.

Patients
(𝑛 = 137)

Controls
(𝑛 = 52)

Age (years) 7.1 (6.6–7.6) 7.3 (6.3–8.3)
Gender (males/females; f ) 85/52 32/20
Duration of illness (days) 4.6 (4.3–5.0) NA
Recent trauma (yes/no; f ) 48/89 NA
Causative agent (f ):

Staphylococcus aureus 125

NA
Streptococcus 4
Haemophilus influenzae 2
Pseudomonas spp. 2
Other 4

ESR (mm/hour) 68 ± 17 NA
CRP (mg/L) 51 (24–148) NA
WBC (cells × 109/L) 10.6 ± 2.5

∗
5.7 ± 1.4

PMN (cells × 109/L) 7.5 ± 2.2
∗

3.2 ± 0.8

RBC (cells × 1012/L) 3.3 ± 0.4
∗

3.9 ± 0.9

Hemoglobin (g/L) 119 ± 27
∗

137 ± 22

MDA (𝜇mol/L) 2.83 ± 0.82
∗
1.02 ± 0.32

Hydroperoxides (𝜇mol/L) 12.04 ± 2.66
∗
6.31 ± 1.04

Total AOA (mmol/L) 1.54 ± 0.37
∗
2.01 ± 0.19

Total vitamin C (𝜇mol/L) 73.4 ± 15.1 75.5 ± 4.3

Ascorbic acid (𝜇mol/L) 26.2 ± 6.3
∗

42.0 ± 5.1

Oxidized/reduced Vit C 2.03 ± 0.48
∗
0.74 ± 0.20

Results are presented as mean value ± SD, geometric mean, and 95%
confidence interval of the mean (in parenthesis) or frequency (f ), obtained
on admission to the hospital. NA: not applicable; ∗𝑃 < 0.05.

evaluates the nonenzymatic antioxidant protection from
hydroxyl radicals, brought by physiological levels of uric acid,
albumin, and pyruvate.The results were expressed asmmol/L
of uric acid.

2.3. Statistical Methods. Data distribution and homogeneity
of variance were tested by the Kolmogorov-Smirnov test. Dif-
ferences between groups were analyzed by one-way ANOVA.
Post hoc comparisonswere done using Student’s independent
or paired samples t-test, as appropriate. Frequency data were
tested by chi-square test. Relationship between variables was
assessed by calculating the Pearson correlation coefficient.
Statistical significance was set at 𝑃 < 0.05.

3. Results

A total of 137 patients with bacterial OM and 52 age- and
sex-matched control subjects were enrolled in the study.
Basic demographical, clinical, and laboratory findings of OM
and control group are presented in Table 1. Osteomyelitis
was most frequently localized on long bones: femur (32.8%),
tibia (16.0%), and humerus (7.3%). Staphylococcus aureuswas
isolated in the most cases (91.2%). About 40.0% patients
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Figure 1:The time-course of serum hydroperoxides andMDA, total
AOA, total vitamin C, Asc, and oxidized/reduced vitamin C ratio
(DHA/Asc) in acute bacterial OM, assessed on admission (I), on 2nd
week (II), on 3rd week (III) and at the end of hospital stay (IV). The
results are expressed relatively to control values.

(𝑛 = 55) were with positive anamnesis of previous trauma,
frequently after strenuous physical activity or blunt injury.
During 6 weeks of treatment, 110 patients (80.3%) were fully
recovered; the others (𝑛 = 27) were treated up for 8weeks and
considered to develop the subacute OM. The mean hospital
stay in acute OM was 32.4 ± 4.1 days and in subacute OM
43.2 ± 4.9 days.

Routine laboratory tests performed at the time of admis-
sion showed increased mean values of ESR, CRP, and WBC
and decreased RBC and hemoglobin levels in OM group
(Table 1). In comparison to controls, mean baseline values of
serum hydroperoxides, MDA, and oxidized/reduced vitamin
C ratio were increased, whilst Asc and AOA were decreased
in OM group; mean concentrations of total vitamin C were
fairly similar in OM and control groups (Table 1). There was
a direct correlation between serumhydroperoxides andWBC
count (𝑟 = 0.207; 𝑃 = 0.015) and serum Asc and total AOA
(𝑟 = 0.213; 𝑃 = 0.012); the correlation between MDA levels
and WBC was not significant (𝑟 = 0.105; 𝑃 = 0.221).

Of all OM patients, 112 received surgical treatment fol-
lowed by antibiotics; the others (𝑛 = 25) were conservatively
treated. There were no differences between surgically and
conservatively treated groups regarding baseline oxidative
stress markers, AOA, total vitamin C, and ascorbic acid as
well as oxidized/reduced vitamin C ratio (𝑃 > 0.05, resp.).

Table 2 and Figure 1 depict changes of oxidative stress
markers and antioxidants during the treatment of OM.
As shown, the concentration of serum hydroperoxides
decreased while total AOA increased after two weeks
of treatment. The concentration of serum MDA was
slowly decreasing during the first two weeks and was
still above control values at the end of follow-up. There
was no apparent change in total vitamin C concentra-
tion. Instead, initially low concentration of Asc reached
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Table 2: Sequential changes and analysis of oxidative stress markers and vitamin C status during clinical treatment of acute bacterial
osteomyelitis.

Time of sampling
On admission 2nd week 3rd week At discharge

MDA (𝜇mol/L) 2.83 ± 0.82 2.35 ± 0.66
∗

2.08 ± 0.60
∗¶

1.44 ± 0.67
∗¶§

Hydroperoxides (𝜇mol/L) 12.04 ± 2.66 10.32 ± 2.16
∗

7.46 ± 2.23
∗¶

7.32 ± 1.15
∗¶

Total AOA (mmol/L) 1.54 ± 0.37 1.60 ± 0.40 1.81 ± 0.23
∗¶

1.95 ± 0.32
∗¶§

Total vitamin C (𝜇mol/L) 73.4 ± 8.3 74.7 ± 10.2 74.2 ± 9.6 75.2 ± 9.7

Ascorbic acid (𝜇mol/L) 26.2 ± 6.3 23.5 ± 8.1
∗

26.4 ± 10.1
¶

32.7 ± 6.3
∗¶

Oxidized/reduced Vit C 2.03 ± 0.48 1.67 ± 0.63
∗

1.39 ± 0.54
∗

1.32 ± 0.35
∗¶

Results are presented as mean value ± SD. Differences between groups were tested by one-way ANOVA and Student’s 𝑡-test.
∗
𝑃 < 0.05 versus on admission.

¶
𝑃 < 0.05 versus 2nd week.

§
𝑃 < 0.05 versus 3rd week.

Table 3: Oxidative stress markers and vitamin C status in acute and subacute bacterial osteomyelitis.

Acute osteomyelitis Subacute osteomyelitis
On admission At discharge On admission At discharge

MDA (𝜇mol/L) 2.80 ± 0.82 1.34 ± 0.42
∗

2.93 ± 0.83 1.84 ± 0.43
∗¶

Hydroperoxides (𝜇mol/L) 11.9 ± 2.6 7.9 ± 1.1
∗

12.1 ± 2.8 8.5 ± 0.9
∗¶

Total AOA (mmol/L) 1.56 ± 0.36 1.99 ± 0.31
∗

1.47 ± 0.39 1.79 ± 0.30
∗¶

Total vitamin C (𝜇mol/L) 74.0 ± 8.2 75.7 ± 9.3 74.8 ± 10.1 75.0 ± 8.3

Ascorbic acid (𝜇mol/L) 26.2 ± 6.6 33.6 ± 3.9
∗

26.1 ± 5.1 29.0 ± 4.6
∗¶

Oxidized/reduced Vit C 2.00 ± 0.54 1.27 ± 0.36
∗

2.32 ± 0.50
¶

1.53 ± 0.37
∗¶

Differences were tested by independent or paired samples Student’s 𝑡-test.
∗
𝑃 < 0.05 on admission versus at discharge.

¶
𝑃 < 0.05 subacute versus acute OM.

its minimum on the 2nd week and thereafter gradually
increased, while oxidized/reduced vitamin C ratio was
steadily decreasing. In conservatively treated group (𝑛 = 25),
the reversal of oxidized/reduced vitamin C ratio was slower
than that in surgically treated group (𝑛 = 112), and at
discharge the difference was significant (1.43 ± 0.37 𝜇mol/L
versus 1.67 ± 0.42 𝜇mol/L; in surgically versus conservatively
treated groups; 𝑃 = 0.005).

We further evaluated differences between acute and sub-
acute OM groups (Table 3). At the baseline, serum hydroper-
oxides (𝑃 = 0.70), MDA (𝑃 = 0.48), AOA (𝑃 = 0.25),
total vitamin C (𝑃 = 0.61), and Asc (𝑃 = 0.93) showed no
differences between acute and subacute OM groups, while
oxidized/reduced vitamin C ratio was higher in the latter
group (𝑃 = 0.007). At the end of hospital stay, concentrations
of serum MDA (𝑃 < 0.001), hydroperoxides (𝑃 = 0.013),
and oxidized/reduced vitamin C ratio (𝑃 = 0.015) ratio were
lower, whilst total AOA (𝑃 = 0.003) andAsc (𝑃 < 0.001) were
higher in acute than those in subacute OM group (Table 3).

4. Discussion

The major finding of this study is that acute OM was associ-
ated with increased oxidative stress coupled with apparently
normal serum total vitamin C levels, consisting mostly of
oxidized vitamin forms.The disturbed vitaminC redox status
was not improved during clinical treatment and worsened
upon development of subacute OM. Consistently with pre-
vious reports [18, 19], the routine laboratory inflammation

markers, such as WBC, ESR, and CRP, were increased
already at the time of diagnosis, with approximately 76%
of PMN in differential. There is considerable evidence that
oxidant-mediated PMN bactericidal activity is necessary for
limitation and resolution of bone infections. For example,
subjects with chronic granulomatous disease, whose PMN
lack functional NADPH oxidase and produce less reactive
oxygen species than normal,may have high prevalence ofOM
[20]. Still, PMN-derived oxidants have low selectivity and can
damage a variety of molecules leading to inflammatory bone
destruction.

Like many other tissues, oxidants are constitutively
formed at low levels in the bone to serve different regulatory
functions and maintain the fine balance between osteoclast
and osteoblast activity [21]. However, excess of oxidants can
disrupt signaling pathways and promote differentiation and
activation of osteoclasts, impair osteoblasts function, increase
apoptosis, and depress osteogenesis, thereby resulting in bone
resorption [5, 21]. Due to high levels of IL-6 or polymorphic
bax gene expression, PMN may have prolonged lifespan in
OM [22] and can therefore become a significant source of oxi-
dants in circulation. Acting together with local factors, such
as decreased blood flow, thrombosis, hypoxia, and expression
of inducible cyclooxygenase [23], PMN may enhance the
formation of oxidants in inflamed bone tissue.

Oxidants can induce lipid peroxidation of membrane-
bound and plasma lipoprotein polyunsaturated fatty acids
yielding various organic hydroperoxides. These compounds
are chemically unstable and subsequently decompose tomore
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stable MDA and other aldehydes, which can be toxic to
osteoblasts [24]. Moreover, oxidative stress markers were
increased at the time of diagnosis of OM in previous studies
[10, 25–27], and our results confirm these reports. We also
observed that hydroperoxides levels were normalized after
2nd week of treatment, whilst MDA was still above control
values at discharge, particularly in subacute OM group,
indicating that the intensity of oxidative stress could be
related to the clinical course and complications of disease.
Likewise, the higher serum MDA was recently associated
with poorer prognosis in sepsis [28].

Systemic oxidative stress in OM was previously linked
with decreased antioxidant enzymes paraoxonase and
arylesterase [27], and total vitamin C [26]. In the current
study, the resistance to oxidants, expressed as total AOA, was
initially low in OM group and gradually returned to normal
after three weeks of treatment. Estimation of AOA was based
on ability of several antioxidants other than vitaminC,mainly
albumin and uric acid, to prevent oxidative damage of serum
biomolecules exposed to in vitro hydroxyl radical generating
system [17]. In the current study, the concentration of
serum total vitamin C in OM group was within the range
of healthy controls and opposite from findings in adult
OM patients [26]. Since we employed the same method to
measure total vitamin C, this discrepancy probably reflected
different age, dietary habits, or socioeconomic status of
participants. However, we observed severely disturbed
vitamin C redox status in OM group, with oxidized forms
prevailing during the treatment, especially in subacute OM,
pointing to imbalanced utilization/regeneration rates, rather
than vitamin C deficiency.

During antioxidant reactions, Asc is rapidly oxidized
to DHA and removed from the blood. This would sharply
decrease its serum levels, as in critically ill patients following
the onset of sepsis [29], and could underlie low baseline
serumAsc in OM group in the current study. Activated PMN
can play significant role in vitamin C recycling by reducing a
wide range of DHA back to Asc over a short period of time
[30]. However, this highly effective mechanism may lead to
accumulation of Asc within the PMN resulting in delayed
apoptosis [31], as reported in OM [22]. On the other side,
excessive formation of DHA in vascular compartment during
bacterial infection may cause the saturation of transporting
systems or intracellular vitamin C reducing enzymes with
the substrate [32], thereby contributing to the shift of serum
vitamin C to more oxidized forms.

Oral vitamin C supplementation is commonly practiced
all over the world, but its clinical relevance is still controver-
sial even in pathologies associated with increased formation
of oxidants [32, 33]. Experimental studies suggest that acting
as a sacrificial antioxidant Asc can completely prevent oxida-
tive modifications of various blood molecules [11]. However,
Asc may also act as a prooxidant and sustain the produc-
tion of oxidants, particularly during bacterial infections.
In fact, Asc is required for conversion of compound III
myeloperoxidase into biologically active compound I [34]
and activated PMN accumulate millimolar levels of vitamin
C [33] in order to maintain the synthesis of hypochlorous
acid. Besides, parenteral administration of Asc during acute

inflammation failed to protect extracellularmolecules against
myeloperoxidase- and other PMN-derived oxidants [35].

Vitamin C is thought to be highly protective to the
bone by promoting osteoblast differentiation and activity
and provide the stability of bone matrix [7–9]. Evidences
suggest that Asc can ameliorate xenobiotic-induced toxicity
at systemic levels [33] as well as the bone tissue [36].
Studies on fracture healingwere less conclusive, and although
Asc supplementation improved the mechanical resistance of
fracture callus in elderly vitamin C genetically deficient rats,
no histological or clinical improvements were seen in wild-
type animals [37, 38].

The question that arises is whether vitamin C can influ-
ence the incidence and clinical outcome of bacterial bone
infections. Blood and tissue concentrations of vitamin C
in humans depend on diet. The higher vitamin C intake
was reported to reduce the risk of bone marrow lesions
and development of osteoarthritis in middle-aged subjects
[39] and hip fracture in osteoporosis [40]. Under oxidative
stress conditions, Asc may support osteoblastogenesis [41],
implicated in bone regeneration and healing process. High
levels of Asc combined with staphylococcal enterotoxin C
may increase the differentiation rate of bonemarrow-derived
mesenchymal stem cells into osteoblasts [42]. These results,
together with the linkage between subacute OM and lower
serum Asc found in our study, point that Asc may have some
favorable effects on bacterial bone infections. Still, Asc can
act as a powerful prooxidant, and this feature may become
important in bacterial infections.

As presented in the current study, patients with OMwere
under enhanced oxidative stress, corroborated by increased
serum total hydroperoxides and MDA, and decreased total
nonenzymatic antioxidant activity. The intensity of oxidative
stress gradually returned to normal during the treatment,
in accordance with the clinical course of disease. This was
not accompanied by decreased total vitamin C levels but by
significant andpersistent shift of vitamin redox status towards
oxidized forms. These results suggest an imbalance between
oxidation and regeneration of Asc, rather than vitamin C
deficiency. Given that Asc has multiple roles in the bone
and that PMN may participate both in tissue damage and
Asc recycling, further studies are needed to evaluate the
metabolism of vitamin C during OM.
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Serine protease inhibitors reportedly attenuated airway inflammation and had antioxidant inmultiorgan.However, the effects of the
serine protease inhibitors nafamostat mesilate (FUT), gabexate mesilate (FOY), and ulinastatin (UTI) on a long-term challenged
mouse model of chronic asthma are unclear. BALB/c mice (6 mice/group) were intratracheally inoculated with five doses of
Dermatophagoides pteronyssinus (Der p; 50 𝜇L, 1mg/mL) at one-week intervals. Therapeutic doses of FUT (0.0625mg/kg), FOY
(20mg/kg), or UTI (10,000U/kg) were, respectively, injected intraperitoneally into these mice. Control mice received sterile PBS.
At 3 days after the last challenge, mice were sacrificed to assess airway hyperresponsiveness (AHR), remodeling, and inflammation;
lung histological features; and cytokine expression profiles. Compared with untreated controls, mice treated with FUT, FOY, and
UTI had decreased AHR and goblet cell hyperplasia, decreased eosinophil and neutrophil infiltration, decreased Der p-induced
IL-4 levels in serum and IL-5, IL-6, IL-13, and IL-17 levels in bronchoalveolar lavage fluid, and inhibited nuclear factor (NF)-𝜅B
activity in lung tissues. The serine protease inhibitors FUT, FOY, and UTI have potential therapeutic benefits for treating asthma
by downregulating Th2 cytokines andTh17 cell function and inhibiting NF-𝜅B activation in lung tissue.

1. Introduction

Asthma is a common chronic inflammatory disease of the
airways and is characterized by intermittent attacks of
breathlessness, airway hyperreactivity, wheezing, and cough
in response to allergen exposure. The chronic inflamma-
tion in asthma is characterized by eosinophilic recruitment,
airway hyperresponsiveness (AHR), goblet cell hyperpla-
sia/metaplasia, epithelial hypertrophy/hyperplasia, mucus
hypersecretion, collagen deposition, smooth muscle cell
hypertrophy/hyperplasia, and subepithelial fibrosis [1, 2].

Activated pulmonary epithelial cells use ROS as a com-
ponent of the intracellular signaling cascade induced sub-
sequent CD4+ T cells activation [3]. CD4+ T cells, includ-
ing Th1, Th2, Th17, and Treg cells, are active during dif-
ferent phases of bronchial asthma, and the expression of
their various cellular products play different roles in lung
inflammation [4]. Both extracellular endogenous proteases
and exogenous proteases also play major roles in asthma
pathophysiology.The serine protease tryptase, which is abun-
dant in mast cell granules, is a potent protease-activated
receptor-2 (PAR-2) activator [5]. Tryptase promotes human
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mast cell degranulation, mediates eosinophil and neutrophil
migration, amplifies histamine’s bronchoconstrictor effects
on lung tissue, and stimulates airway fibroblast and smooth
muscle cell growth [6, 7]. Furthermore, many aeroallergens
associated with asthma, such as house dust mites and fungal
allergens, are exogenous proteases. Two major dust mite
antigens, Der p 3 and Der p 9, are serine proteases that
can increase vascular permeability and detach epithelial cells
by interacting with PAR-2 [8]. Therefore, targeting prote-
olytic activity with specific inhibitors may decrease protease-
induced inflammatory processes.

Purified human urinary trypsin inhibitor (UTI), a serine
protease inhibitor, has been widely used for patients with
acute inflammatory disorders such as disseminated intravas-
cular coagulation (DIC), shock, and pancreatitis [9]. Gabex-
ate mesylate (FOY) and nafamostat mesilate (6-amidino-2-
naphthyl p-guanidinobenzoate dimethane sulfonate; FUT)
are nonantigenic synthetic serine protease inhibitors that
have been used to treat pancreatitis and DIC and as antico-
agulants for extracorporeal circulationwith hemodialysis [10,
11]. In a previous report using an acutemurine asthmamodel,
we demonstrated that FUT and FOY inhibited antigen-
induced airway eosinophilia, IgE production, and IL-4 and
TNF-𝛼 levels and augmented IL-12 levels, a critical Th1
cytokine, in bronchoalveolar lavage fluid (BALF); however,
UTI had no effect [12]. However, Yasui et al. reported that
UTI may be a biomarker of asthma exacerbation in children
[13]. Ishizaki et al. suggested that FUT inhibited airway
eosinophilic inflammation and airway epithelial remodeling
in an ovalbumin (OVA)murinemodel of allergic asthma [14].
However, the immunomodulatory effects of these synthetic
and purified serum serine protease inhibitors in a Der p-
induced chronic asthma model remain unknown.

Therefore, we investigated the potential therapeutic
effects of the potent serine protease inhibitors FUT, FOY, and
UTI on allergic airway inflammation and airway remodeling
in a Der p-challenged murine model of chronic asthma.

2. Materials and Methods

2.1. Ethics Statement. Animal experiments were conducted
in accordance with the principles outlined by the Institu-
tional Animal Care and Use Committee of China Medical
University.This study was granted an Affidavit of Approval of
Animal Use protocol by China Medical University (IACUC
no. 101-97-N). Mice were housed in microisolator cages
(Laboratory Products, Inc., Maywood, NJ, USA) and were
fed sterile food and water ad libitum in specific-pathogen
free condition at the animal facilities of the China Medical
University. Mice were sacrificed by i.p. injection of xylazine
(200𝜇g/mouse) and ketamine (2mg/mouse).

2.2. Mice and Reagents. Specific pathogen-free, male, 6- to
8-week-old BALB/c mice were purchased from the National
Laboratory Animal Center, Republic of China. Der p extract
(1 g lyophilized whole body extract in ether; Allergon, Engel-
holm, Sweden) was dissolved in pyrogen-free isotonic saline,
filtered through a 0.22mm filter, and stored at −80∘C until
further use. LPS levels in the Der p preparations were

<0.96 EU/mg of Der p (limulus amebocyte lysate test, E-
Toxate; Sigma-Aldrich, St. Louis, MO). FUT (Futhen; Torii
Pharmaceuticals Co, Chiba, Japan), FOY (Ono Pharmaceuti-
cal Co, Osaka, Japan), and UTI (Mochida Pharmaceuticals
Co, Tokyo, Japan), which have been used clinically, were
dissolved in sterile PBS before use.

2.3. Der p Challenge and Bronchoalveolar Lavage (BAL). Each
experiment included the following groups (𝑛 = 6/group)
and mice were divided randomly. BALB/c mice were intra-
tracheally inoculated with five doses of Der p (1mg/mL,
50 𝜇L) at 1-week intervals. Mice were intraperitoneally
(i.p.) injected with recommended therapeutic doses of FUT
(0.0625mg/kg), FOY (20mg/kg), or UTI (10,000U/kg) dur-
ing intratracheal Der p challenge periods. In parallel experi-
ments, näıve mice were intraperitoneally (i.p.) injected with
sterile PBS and challenged with PBS. Mice were sacrificed
3 days after the last challenge, as reported previously [15].
The trachea was exposed and cannulated, and then BAL
was performed with two 1mL aliquots of saline. A total of
1.8 to 1.9mL of BALF was consistently recovered with this
technique. BALF samples were stored at −80∘C until further
assay. Differential cell counts were made using cytospin
preparations (1 × 105 cells/100 𝜇L of BALF) stained with
Liu stain (Biotech, Taiwan) in a blinded manner after total
leukocyte counting.

2.4. Invasive Measurement of Airway Resistance. On the day
of the experiment, mice were weighed and anesthetized
with sodium pentobarbital (60mg/kg, i.p.). A mouse was
tracheostomized using an 18G metal cannula. Respiratory
system resistance (Rrs) and respiratory system elastance
(Ers) were measured using a flow-type body plethysmograph
connected via an endotracheal cannula to a flexiVent system
(SCIREQ, Inc., Montreal, Canada) according to the man-
ufacturer’s protocol. Mice treated with or without protease
inhibitors were sequentially exposed to increasing doses of
nebulizedmethacholine in PBS: 0, 0.0625, 0.125, 0.25, 0.5, 1.0,
2.0, and 4.0mg/mL (Sigma-Aldrich, St. Louis, MO).

2.5. Lung Tissue Histology. Paraffin-embedded lung tissue
was cut into 5𝜇m sections and stained with periodic acid–
Schiff (PAS) stain. Light microscopy (400× magnification)
was used for histological assessments. Goblet cell hyperplasia
in the epithelial lining was scored as the percentage of goblet
cells among epithelial cells [14]. Tominimize sampling errors,
a five-point scoring system (grades 0 to 4) was used: grade 0,
no goblet cells; grade 1, <25% goblet cells; grade 2, 25–50%
goblet cells; grade 3, 50–75%; and grade 4, ≥75%.

2.6. Collagen Analysis. Lung tissue (100mg) from each group
of mice was mechanically homogenized in liquid nitrogen
and extracted in 2mL of Hank’s Balanced Salts Solution
(HBSS). Collagen was quantified with a Sircol collagen assay
kit (Biocolor, Belfast, UK).

2.7. FlowCytometryAnalysis. Monoclonal antibodies (mAbs)
used included PE and/or FITC-conjugated anti-mouse
CD4 (BD Pharmingen), FITC-conjugated anti-mouse CD8
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(BD Pharmingen), Percp-conjugated anti-mouse CD3 (BD
Pharmingen), and FITC-conjugated anti-mouseCD25. BALF
cells (1 × 105) were stained with an mAb for 30min on ice,
washed, and quantified using FACScan (Becton-Dickinson
Immunocytometry System, San Jose, CA, USA).

2.8. Serum Der p-Specific IgG1 and IgG2a/2b and Total
IgE. Serum samples for total IgE (1 : 2 in buffer) and Der
p-specific IgG1 and IgG2a/2b (1 : 4 in buffer) were used
for ELISA. Briefly, 96-well plates were coated with Der p
(2 g/mL in 0.1M Na

2
CO
3
/NaHCO

3
, pH 8.3). After overnight

incubation at 4∘C, the plates were washed and then duplicate
serum samples were added for 2 h. After washing, biotin
anti-mouse IgE antibody (2𝜇g/mL; BD PharMingen) was
added to wells for 1 h, followed by washing and adding a
streptavidin-HRP conjugate (1 : 1000; BD PharMingen). The
plates were washed and developed with a TMB microw-
ell peroxidase substrate (Kirkegaard & Perry Laboratories,
Gaithersburg, MD). Absorbance was read at OD

450
. Total

IgE levels were determined from curves prepared using
commercial mouse IgE standards. Der p-specific IgE, IgG1,
and IgG2a/2b were detected using biotin anti-mouse IgE,
IgG1, and IgG2a/2b antibodies (2 𝜇g/mL; BD PharMingen),
with results expressed as OD

450
values.

2.9. Cytokine ELISA. IL-4, IL-5, IL-6, IL-12, and IL-17 were
measured with an ELISA Ready-SET-Go! Kit (eBioscience,
San Diego, CA). IL-13 and INF-𝛾 were measured using an
ELISA DuoSet! Kit (R&D System, Abingdon, UK). Both
assays were performed according to the manufacturers’ pro-
tocols using standards supplied with the kits.

2.10. Quantitative Real-Time Polymerase Chain Reaction
(qPCR). Total RNA was extracted from lung tissue using
Trizol reagent (Invitrogen Life Technologies) according to the
manufacturer’s protocol. Total RNA samples were reverse-
transcribed to cDNA using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA). qPCR was performed using 1𝜇L of cDNA and a
FastStart Universal SYBR Green Master kit (Roche). The
following primer sets were used: 𝛽-actin, 5-TGGAATCCT-
GTGGCATCCATGAAAC-3 and 5-TAAAACGCAGCT-
CAGTAACAGTCCG-3; TGF-𝛽1, 5-GCGGACTACTAT-
GCTAAAGATGT-3 and 5-GTTGTGTTGGTTGTAGAG-
GGGCA-3; RANTES, 5-GTACATCACCATGGCGTATG-
3 and 5-TCTTCTCTGGGTTGGCACACA-3; eotaxin, 5-
CCATCTGTCTCCCTCCACCATG-3 and 5-ATCCCA-
CATCTCCTTTCATGCC-3; GATA-3, 5-GAAGGCATC-
CAGACCCGAAAC-3 and 5-ACCCATGGCGGTGAC-
CATGC-3; IL-6, 5-CTGGTGACAACCACGGCCTTC-
CCTA-3 and 5-ATGCTTAGGCATAACGCACTAGGTA-
3; IL-13, 5-CTGCAGTCCTGGCTCTCG-3 and 5-CTT-
TTCCGCTATGGCCACTG-3; IL-17, 5-AGATCTGGA-
CGCGCAAACATGAG-3 and 5-GGGTCGTCGACG-
GGTCTCTGTTTAG-3.

2.11. Nuclear Extracts and EMSA. Nuclear extracts were
prepared from lung tissue according to the manufacturer’s

instructions (Panomics, Redwood). A LightShiftChemilumi-
nescent EMSA Kit (PIERCE, Rockford) was used to detect
NF-𝜅B expression.

2.12. Statistical Analysis. Results are expressed as means ±
standard deviations. Student’s 𝑡-test was used to compare
the results between two groups. A 𝑃 value of <0.05 was
considered statistically significant.

3. Results

3.1. Protease Inhibitor Effects onMouse Airway Resistance. We
used repetitive Der p challenges to test the effects of three
protease inhibitors (FUT, FOY, andUT1) on allergen-induced
chronic airway inflammation in a mouse model. At 72 h after
the last allergen challenge, all groups of mice were subjected
to methacholine stimulation testing. Compared with the
unchallenged näıve group, mice in the Der p-challenged
group had markedly higher Rrs and Ers values. In the groups
that received the protease inhibitors, the Rrs and Ers values
were significantly decreased relative to those in the Der p
group for methacholine doses ≥1.0mg/mL (Figure 1).

3.2. Protease Inhibitor Effects onDer p-InducedAirway Inflam-
mation. BALB/c mice were intratracheally inoculated with
five doses of Der p in PBS at 1-week intervals and sacrificed at
72 h after the last challenge. In the näıve unchallenged group,
most cells in BALF were macrophages (Figure 2). However,
the total number of cells, macrophages, neutrophils, lympho-
cytes, and eosinophils was markedly higher in mice exposed
to Der p than näıve group, and it was significantly lower in
the FUT, FOY, and UTI groups than in the Der p group.

3.3. Protease Inhibitors Attenuate Der p-Induced Lung Pathol-
ogy. The characteristic features of asthmatic airways include
inflammation, hyperplastic goblet cells, mucus secretion, and
collagen deposition. The lungs of mice were histologically
examined at 72 h after the last antigen challenge (Figure 3(a)).
Relative to the näıve group, histological lung tissue sections
from Der p-challenged mice exhibited increased airway
inflammation, matrix deposition in subepithelial regions,
and hyperplastic goblet cells (Figure 3(b)). In contrast, mice
treated with serine protease inhibitors showed significantly
decreased airway inflammation, fewer PAS-positive cells, and
less hyperplastic goblet cells compared with the Der p group.
However, there was no significant difference in collagen
deposition levels between the FUT, FOY, andUTI groups and
Der p group (Figure 3(c)).

3.4. Protease Inhibitor Effects on T-cell Subsets in BALF and
Serum Antibody Levels. Protease inhibitor effects on T-
cell subsets in BALF were determined by flow cytometry
and monoclonal antibodies for CD3+, CD4+, CD8+, and
CD25+ (Figure 4(a)). Relative to the näıve group, there
were significant increases in the percentage of CD3+/CD4+
and CD4+/CD25+ T-cells in the Der p group. However,
there were no significant differences in the percentages
of CD3+/CD4+ and CD4+/CD25+ lymphocytes between
the FUT, FOY, and UTI groups and the Der p group.
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Figure 1: Effects of protease inhibitors on Der p-induced AHR. Rrs and Ers values were determined 3 days after the last Der p challenge using
methacholine challenge tests (see Methods). Results are expressed as means ± SDs for 6 mice/group. ∗𝑃 < 0.05 versus näıve group; #𝑃 < 0.05
between Der p-treated groups.
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Figure 2: Effects of protease inhibitors on Der p-induced airway
inflammatory cell infiltrates in BALF. Total cell numbers and cell
differentials in BALF of BALB/c mice were determined at 72 h
after the last Der p challenge, as described in Methods. Results are
expressed as means ± SDs for 6 mice/group. ∗𝑃 < 0.05 versus näıve
group; #𝑃 < 0.05 between Der p-treated groups.

The percentage of CD3+/CD8+ T-cells in BALF was not
different among the five groups.

To assess the effects of protease inhibitors on humoral
immune response status of repetitively Der p-challenged
mice, serum samples were assayed forDer p-specific IgG1 and
IgG2a/2b and total IgE levels (Figure 4(b)). Compared with
näıvemice, serumDer p-specific IgG1 and IgG2a/2b and total

IgE levels were significantly increased in the Der p group.
However, there was no significant difference in the levels of
these antibodies between the FUT, FOY, and UTI groups and
Der p group.

3.5. Protease Inhibitors Decrease Proinflammatory and Th2
Cytokines in BALF and Serum. To determine if these protease
inhibitors had any effects on T-cell-mediated responses, we
assayed for T-cell cytokines in BALF and serum. As shown in
Figure 5, comparedwithDer p treatment, FUT, FOY, andUTI
treatment significantly decreased the levels of IL-4 in serum
and those of IL-5, IL-6, IL-13, and IL-17 in BALF.However, IL-
12 and IFN-𝛾 levels in BALF were not affected by FUT, FOY,
and UTI treatment.

3.6. Protease Inhibitors Regulate Der p-Induced Proinflam-
matory Cytokine and Chemokine Gene Expression in Lung
Tissue. Compared with the Der p group, FUT, FOY, and UTI
treatment resulted in significantly lower levels of IL-6 mRNA
and IL-17A mRNA expression (relative to 𝛽-actin mRNA) in
lung tissue (Figure 6(a)). The relative mRNA levels of other
genes, including those for TGF-𝛽1, RANTES, eotaxin, GATA-
3, and IL-13, were not significantly different in the FUT, FOY,
andUTI groups comparedwith those in theDer p group (data
not shown).

3.7. Protease Inhibitors Suppress NF-𝜅B Activation in Der p-
Challenged Lung Tissues. The transcription factor nuclear
factor (NF)-𝜅B plays an essential regulatory role in the
production of proinflammatory cytokines such as TNF-𝛼,
IL-6, and IL-1. There are therapeutic benefits of inhibiting
NF-𝜅B activity in inflammatory conditions [16]. Figure 6(b)
shows the results of NF-𝜅B activation in whole lungs from
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Figure 3: Effects of protease inhibitors on Der p-induced airway inflammation, goblet cell hyperplasia, mucus hypersecretion, and collagen
deposition in mouse lung tissues. (a) Goblet cells (PAS; original magnification, ×400) in airway epithelial cells and (b) goblet cell hyperplasia
was scored on a 5-point scale (0–4). (c) Collagen contents in lung tissue results are expressed as means ± SD’s for 6 mice/group. ∗𝑃 < 0.05
versus näıve group; #𝑃 < 0.05 between Der p-treated groups.

the five groups of mice using an electrophoretic mobility
shift assay (EMSA). NF-𝜅B-specific DNA-protein binding
activity was markedly increased in lung tissues in the Der
p group. In contrast, mice treated with FUT, FOY, and UTI
showed markedly inhibited NF-𝜅B activity compared with
those treated with Der p.

4. Discussion

Studies using murine experimental models have significantly
contributed to our understanding of allergic inflammatory
mechanisms that underlie asthma. However, models involv-
ing short-term, high-level exposure of sensitized animals to
antigen have severe limitations for investigating the patho-
genesis of lesions that develop in chronic asthma [1]. We
previously showed that repetitive challenges by intratracheal
exposure to house dust mites, without adjuvant therapy,
resulted in chronic pulmonary inflammation. Mice used in
this model exhibited several symptoms that were similar to
those observed in humans with chronic asthma, including

high allergen-specific IgE levels; pulmonary eosinophilia and
AHR; and increased IL-5, IL-13, IL-17, and IFN-𝛾 levels in
BALF; increased co-stimulatory B7.2 expression on BALF
cells; and features of airway remodeling, including collagen
deposition and goblet cell hyperplasia [17, 18]. In this study,
we assessed the possible protective effects of FUT, FOY, and
UTI administered during the sensitization period in amurine
model of chronic asthma.

Airway hyperresponsiveness (AHR) is a key pathophysio-
logical feature of asthma. Tracheal pressure (Ptr) has revealed
much about the mechanisms of AHR in asthma, as well
as the mechanisms of action of pharmacotherapy used to
inhibit AHR. Ptr is combined by airway flow pressure and
airway elastance pressure [19]. The Rrs and Ers are two
important coefficients for tracheal pressure (Ptr) according
to an equation of respiratory system motion: Ptr = Ers ×
𝑉(𝑡) + Rrs × 𝑉(𝑡), where 𝑡 is time, 𝑉 is lung volume
change, and 𝑉 is airflow. When allergen enter the airway
can induce airway obstruction, it increases Rrs and Ers
levels for airway resistance in asthma [20, 21]. In this



6 Mediators of Inflammation

0

1

2

0

1

2

0

1

2

3

4

5

6

7
∗

∗

T 
ly

m
ph

oc
yt

es
  (

%
) i

n 
BA

LF
T 

ly
m

ph
oc

yt
es

  (
%

) i
n 

BA
LF

T 
ly

m
ph

oc
yt

es
  (

%
) i

n 
BA

LF

CD3+CD4+ T cell

CD3+CD8+ T cell

CD4+CD25+ T cell

Naïve Der p FUT FOY UTI

Naïve Der p FUT FOY UTI

Naïve Der p FUT FOY UTI

(a)

∗

0

0.2

0.4

0.6 ∗

0

0.2

0.4

0.6

0
50

100
150
200

250
300
350
400 ∗

Der p-specific IgG1

Der p-specific IgG2a/2b

Total IgE

O
D
4
5
0

nm
O

D
4
5
0

nm

Naïve Der p FUT FOY UTI

Naïve Der p FUT FOY UTI

Naïve Der p FUT FOY UTI

(n
g/

m
L)

(b)

Figure 4: Effects of protease inhibitors onT-cell subsets in BALF and serum antibodies. (a)Thepercentage of CD3+/CD4+, CD3+/CD8+, and
CD4+/CD25+ lymphocytes was determined by flow cytometry. (b) Total IgE and Der p-specific IgG1 and IgG2a/2b levels were determined
by ELISA. Results are expressed as means ± SD’s for 6 mice/group. ∗𝑃 < 0.05 versus näıve group; #𝑃 < 0.05 between Der p-treated groups.

study, treatment with the three serine protease inhibitors
suppressed Rrs and Ers values and airway inflammation
and remodeling. These serine protease inhibitors had anti-
inflammatory effects, as reflected by the decrease in the
total number of cells and the percentage of macrophages,
neutrophils, lymphocytes, and eosinophils in BALF relative
to those in the Der p group. Moreover, these inhibitors also
decreased airway inflammation and the number of hyper-
plastic goblet cells, as shown by lung histology, although they
did not alter collagen deposition. Therefore, the suppressive
effects of FUT, FOY, and UTI on AHR may be associated
with decreased airway inflammation, eosinophil infiltration,
and goblet cell hyperplasia in airway remodeling. However,
these serine proteases had no significant effects on the
percentage of CD3+CD4+, CD3+CD8+, and CD25+CD4+
T-cell subsets in BALF or on different antibody isotypes in
serum.

Th2 cytokines such as IL-4, IL-5, and IL-13 play an
important role in the pathophysiology of asthma, including
AHR and airway wall remodeling [22]. In asthma patho-
genesis, IL-4 is an upstream cytokine that regulates allergic
inflammation by promotingTh2 cell differentiation [23]. IL-5
is specific for eosinophil terminal differentiation, growth, and
survival [24, 25]. IL-4 and IL-13 inducemucus hypersecretion
and contribute to an increase in AHR together with IL-5
and airway remodeling together with TGF-𝛽 and IL-6 [26].
In this study, we showed that serine protease inhibitors
decreased the secretion of IL-5, IL-6, and IL-13 in BALF
and IL-4 in serum. Therefore, we speculate that FUT, FOY,
and UTI decrease eosinophil infiltration, AHR, and airway
remodeling by modulating the production and/or activity of
Th2 cytokines.

Elevated IL-17 levels are found in BALF and blood of
patients with severe asthma [27, 28]. IL-17 plays a critical
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Figure 5: Effects of protease inhibitors on IL-5, IL-6, IL-13, and IL-17 levels in BALF and IL-4 levels in serum. Results are expressed as
means ± SDs for 6 mice/group. ∗𝑃 < 0.05 versus näıve group; #𝑃 < 0.05 between Der p-treated groups.

role in airway inflammatory, neutrophil recruitment, airway
hyperresponsiveness, and airway remodeling [29, 30] and
enhances Th2 cell-mediated eosinophilic airway inflamma-
tion in asthma by regulating the expression of various inflam-
matorymediators [31]. IL-6 also plays a critical role in altering

the balance between Treg andTh17 cells, and controlling IL-6
activity may be an effective approach for treating various
autoimmune and inflammatory diseases [32]. In our study,
serine protease inhibitors decreased the secretion of IL-6
and IL-17 in BALF and decreased neutrophil recruitment in
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the lungs, indicating that FUT, FOY, and UTI may inhibit
neutrophil recruitment by modulatingTh17 cell activity.

Corticosteroids and aspirin have long been used to treat
inflammatory conditions. Mild andmoderate asthmamay be
related to eosinophilic inflammation, which involvesTh2 cell
immune responses. However, severe asthma is corticosteroid
resistance associated with neutrophilic inflammation, which
is related to Th17 cell immune responses [33]. Patients
with asthma who consume corticosteroids for a long time
can develop serious side effects. Aspirin can inhibit Th17-
associated inflammation, but it enhances Th2-associated
inflammation in the airway [34]. In this study, serine pro-
tease inhibitors appeared to attenuate both Th2- and Th17-
associated inflammation,whichmay contribute to therapy for
severe asthma.

Previous studies demonstrated increased NF-𝜅B activity
in allergic sensitization, which could also be induced by
various agents such as ROS [3, 35]. NF-𝜅B, a redox-regulated
transcription factor, plays a critical role in Th2 cell differ-
entiation and regulates the production of proinflammatory
mediators required for inducing allergic airway inflammation
in pulmonary epithelial cells [36]. Therefore, the NF-𝜅B
signaling pathway has been proposed as a promising target
for therapeutic intervention in asthma [37]. In this study,
FUT, FOY, andUTI inhibitedNF-𝜅B activation in lung tissues
as antioxidants.

It is worth noting that UTI, a urine trypsin inhibitor
purified and concentrated from a human source, had a
good effect on our repetitive Der p-challenged mouse model
of chronic asthma. In our previous reports, UTI had no

effect on a short-term sensitized murine model of asthma
and may only be a biomarker of asthma exacerbation. The
difference between these two studies was that the current
study used long-term treatment in a repetitively Der p-
challenged mouse model of chronic asthma. These results
indicate that UTI may be an inflammatory biomarker asso-
ciated with acute asthma exacerbation and have a feedback
effect for improving airway inflammation in chronic allergic
asthma. Detailed mechanisms underlying the effects of UTI
on allergen-induced airway inflammation require further
investigation.

5. Conclusions

In summary, our results demonstrated that the serine pro-
tease inhibitors FUT, FOY, and UTI attenuated AHR, allergic
airway inflammation, and remodeling in a murine model of
chronic asthma.These effects were associated with downreg-
ulation ofTh2 cytokines andTh17 cell function and inhibition
of NF-𝜅B activation in lung tissue. These serine protease
inhibitors may have therapeutic benefits for treating asthma-
associated airway inflammation.
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Cigarette smoking causes persistent lung inflammation that is mainly regulated by redox-sensitive pathways. We have previously
reported that cigarette smoke (CS) activates reactive oxygen species- (ROS-) sensitive mitogen-activated protein kinases
(MAPKs)/nuclear factor-𝜅B (NF-𝜅B) signaling leading to induction of lung inflammation. Paeonol, the main phenolic compound
present in the Chinese herb Paeonia suffruticosa, has antioxidant and anti-inflammatory properties. However, whether paeonol
has similar beneficial effects against CS-induced lung inflammation remains unclear. Using a murine model, we showed that
chronic CS exposure for 4 weeks caused pulmonary inflammatory infiltration, increased lung vascular permeability, elevated lung
levels of chemokines, cytokines, and 4-hydroxynonenal (an oxidative stress biomarker), and induced lung inflammation; all of
these CS-induced events were suppressed by chronic treatment with paeonol. Using human bronchial epithelial cells (HBECs), we
demonstrated that cigarette smoke extract (CSE) sequentially increased extracellular and intracellular levels of ROS, activated the
MAPKs/NF-𝜅B signaling, and induced interleukin-8 (IL-8); all these CSE-induced events were inhibited by paeonol pretreatment.
Our findings suggest a novel role for paeonol in alleviating the oxidative stress and lung inflammation induced by chronic CS
exposure in vivo and in suppressing CSE-induced IL-8 in vitro via its antioxidant function and an inhibition of the MAPKs/NF-𝜅B
signaling.

1. Introduction

The inhalation of cigarette smoke (CS) causes chronic lung
inflammation that leads to the development of chronic
obstructive pulmonary disease (COPD) in smokers [1]. This
CS-induced lung inflammation is well-recognized as being
regulated by a complex mechanism involving various types
of cells and inflammatory mediators [1, 2]. For example,
chemokines and cytokines released from lung epithelial cells
play a vital role in the regulation of lung inflammation
because the lung epithelium is a target for direct insult by
CS [3–8]. The induction of inflammatory mediators by CS
in lung cells is mainly regulated by redox-sensitive signaling
pathways [4, 6–9]. Initially, CS may increase the intracellular

levels of reactive oxygen species (ROS) in lung epithelial cells
[4, 7, 8] or other types of lung cells [9–12]. Subsequently,
this increased intracellular ROS may activate various ROS-
sensitive signaling pathways, such as the mitogen-activated
protein kinases (MAPKs) and a number of downstream
transcriptional factors, such as nuclear factor-𝜅B (NF-𝜅B),
and ultimately promote inflammatory gene expression [4, 6–
12].The involvement of the ROS-sensitive signaling pathways
suggests that therapeutic targeting of oxidative stress with
antioxidants in order to improve lung inflammation should
be beneficial when treating COPD [13].

Paeonol (2-hydroxy-4-methoxyacetophenone), the
main phenolic compound of the radix of the Chinese herb
Paeonia suffruticosa (Cortex Moutan), has been used as a
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traditional herbal medicine for thousands of years. Paeonol
has been shown to suppress several inflammatory responses
to stimuli other than CS in a number of animal models [14–
18] and in various cell types [16, 19–23]. Furthermore, paeonol
has been reported to possess antioxidant activity when used
as ex vitro [24, 25], in vitro [21], and in vivo preparations
[26]. Thus, the anti-inflammatory and antioxidant properties
of paeonol make it a potential drug for the therapy of
CS-induced lung inflammation. However, this possibility
remains to be proven.

The aims of this study were, firstly, to investigate the
antioxidant and anti-inflammatory effects of paeonol on
CS-induced lung inflammation and, secondly, to determine
the therapeutic mechanisms underlying the beneficial effects
of paeonol. We employed an established murine model of
chronic CS exposure [7, 8, 27] to assess the inhibitory effects
of paeonol on oxidative stress and various indices of lung
inflammation. Additionally, we used an established in vitro
model of primary human bronchial epithelial cells (HBECs)
[7, 8] to determine the suppressive effects of paeonol on
increases in intracellular ROS, activation of the ROS-sensitive
inflammatory signaling pathways, and the induction of
interleukin-8 (IL-8), all of which are mediated by CS extract
(CSE).

2. Materials and Methods

2.1. Reagents. Antibodies (Abs) and ELISA kits to measure
IL-8,macrophage inflammatory protein 2 (MIP-2),monocyte
chemoattractant protein-1 (MCP-1), keratinocyte chemoat-
tractant (KC), and interleukin-1𝛽 (IL-1𝛽) were purchased
from R&D Systems (Minneapolis, MN, USA). Rabbit anti-
body against 4-hydroxynonenal (4-HNE) was purchased
from Abcam (Cambridge, MA, USA). Antibodies against
ERK, JNK, p65, and Histone H1 were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).Mouse antibody
against 𝛼-tubulin, paeonol (purity > 99%, HPLC), N-acetyl-
cysteine, and the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-
tetrazolium bromide (MTT) assay kit were purchased from
Sigma-Aldrich (St. Louis, MO, USA). PD98059, SP600125,
and BAY11-7085 were obtained fromCalbiochem (San Diego,
CA, USA). The membrane-permeable probe hydroethidine
(HE) was purchased from Molecular Probes (Eugene, OR,
USA).

2.2. Murine Model of Chronic CS Exposure and Paeonol
Treatment. All animal experiments were approved by the
Animal Care and Use Committee of the National Yang-Ming
University. The murine model of chronic CS exposure has
been described in detail previously [7, 8, 27]. Briefly, male
C57BL/6J mice at the age of 8 weeks (National Laboratory
Animal Center, Taipei, Taiwan) were randomly divided into
four groups (𝑛 = 7 mice/group) for exposure to air or CS.
These mice received daily treatment with paeonol (10mg/kg)
or saline (vehicle control) by gastric gavage during the 4-
week exposure. The mice formed four groups, namely, Air,
Air + paeonol, CS, and CS + paeonol. Animals were given
ad libitum access to food and water, and the averaged body

weights did not vary among the study groups after the 4-
week exposure. For each CS exposure, the mice were placed
in an exposure chamber and 750mL of fresh CS generated
from 1.5 cigarettes (Marlboro Red Label; 10.8mg nicotine
and 10.0mg tar per cigarette) was delivered to the chamber.
The CS passed out of the chamber via four exhaust holes
(1 cm) on the side panels. During the exposure, the mice
were conscious and breathed spontaneously in the chamber
for 10min. After exposure, the mice were transferred to a
new cage and allowed to inspire air normally. The mice
were exposed at 10:00 and 16:00 each day for 4 weeks. The
control animals underwent identical procedures in another
chamber but were only exposed to air. For each CS exposure,
the particle concentration inside the exposure chamber was
about 625mg/m3 initially but decreased overtime due to the
fact that the CS passed out of the chamber via the exhaust
holes [8]. The HbCO levels immediately after the 10-minute
exposure protocol for air-exposure and CS-exposure mice
were 0.4% and 32%, respectively [8].

2.3. Preparation of Bronchoalveolar Lavage Fluid (BALF)
and Lung Tissues. At the end of each experiment, the mice
were euthanized with CO

2
and a middle thoracotomy was

performed. The left lung was ligated and the right lung was
lavaged four times with 0.6mL of warm PBS containing
a complete protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany). The BALF samples were then cen-
trifuged at 350×g for 5min at 4∘C, and the supernatant of
the first lavage fluid was stored at −80∘C for later analysis
of total protein using a Bio-Rad protein assay reagent (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). The cell pellets
of the BALF samples were resuspended in PBS for cell
counting. Furthermore, the right lung was then stored at
−80∘C for subsequent analysis. The left lung was fixed with
4% paraformaldehyde and embedded in paraffin.

2.4. Histological Assessments. Formalin-fixed, paraffin-
embedded tissue blocks were cut into 8𝜇m sections. Sections
were deparaffinized, rehydrated, and then underwent
haematoxylin and eosin (H&E) staining and were viewed
under a microscope (Motic TYPE 102M, Xiamen, China).
The histological assessments were conducted by a pathologist
who was blinded to the treatment. Each histological
characteristic was scored on a scale of 0 (normal) to 5
(maximal). The lung inflammatory score was categorized
according to the sum of the score for infiltration cell numbers
and for damage level, including thickening of alveolar walls
and epithelium, as well as increases in peribronchial and
perivascular cuff area.

2.5. Determining the Concentrations of Chemokines and
Cytokines. The concentrations of MIP-2, MCP-1, KC, and IL-
1𝛽 in BALF and in lung tissue samples were measured using
ELISA kits according to the manufacturer’s instructions.

2.6. Measurement of an Oxidative Stress Biomarker. Level of
4-HNEmodified proteins, a product of lipid peroxidation, in
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lung tissue samples was measured to serve as a biomarker of
oxidative stress as described previously [28].

2.7. Preparation of CSE. CSE was freshly prepared on the day
of the experiment as previously described [7, 8] with some
modifications. In brief, 1000mL of the smoke generated from
two burning cigarettes (Marlboro Red Label, Philip Morris,
Richmond, VA, USA) without filters was sucked under a
constant flow rate (8mL/s) into a syringe and then bubbled
into a tube containing 20mL serum-free medium. The CSE
solution was sterilized using a 0.22𝜇m filter (Millipore,
Bedford, MA, USA) and the pH was adjusted to 7.4. The
optical density of the CSE solution was determined by
measuring the absorbance at 302 nm [29] or 320 nm [30]
which in reality showed little difference between different
preparations. This CSE solution was considered 100% CSE
and was further diluted with serum-free medium to various
desired concentrations that were then used to treat HBECs
for different duration times.

2.8. Cell Culture. HBECs (Cascade Biologics, Portland, OR,
USA) were cultured in epithelial cell growth medium
(Medium 200; Cascade Biologics) containing 10% fetal
bovine serum (FBS), 1x low serumgrowth supplement, 100U/
mL penicillin, 100 𝜇g/mL streptomycin, and 0.25 𝜇g/mL
amphotericin B (Biological Industries, Kibbutz Beit Haemek,
Israel) at 37∘C in an incubator with 5% CO

2
.

2.9. Cell Viability Assay. Cell viability was measured by the
MTT assay as described previously [31]. Briefly, cells were
incubated with or without paeonol for 24 hours and 100 𝜇L
of MTT (0.5mg/mL in medium) was then added. The cells
incubatedwith controlmediumwere considered 100% viable.

2.10. Measurement of Extracellular and Intracellular ROS
Levels. The membrane-permeable probe HE was used to
assess levels of ROS using methods that have been described
previously [31]. Oxidation of HE by ROS forms red flu-
orescent ethidium (ETH) [32]. HBECs were incubated in
culture medium containing 10 𝜇MHE at 37∘C for 30min.
After stimulation with CSE for the desired time, the culture
medium was removed for the measurement of extracellular
ROS levels. The cells were then washed and detached with
trypsin/EDTA to allow measurement of intracellular ROS
levels. Since our cells were preincubated with the ROS-
sensitive probe, the amount of ROS generated in the medium
or cells during the duration of the CSE challenge could
be reflected by the fluorescent intensities. The fluorescence
intensities of the culture medium and cells were analyzed
using a multilabel counter (PerkinElmer, Waltham, MA,
USA) at 530 nm excitation and 620 nm emission for ETH.
Images of the cells were also obtained by examining them
using a Nikon TE2000-U florescence microscope (Tokyo,
Japan).

2.11. Western Blot Analysis. The cell lysates were prepared
using cell lysis buffer (Cell Signaling, Beverly, MA, USA).
Nuclear extracts were prepared by a method that has been

reported previously [33] with modifications. Aliquots of cell
lysates, nuclear extracts, or tissue lysates were separated by
8–12% SDS-PAGE and then transblotted onto Immobilon-
P membrane (Millipore, Billerica, MA, USA). After being
blockedwith 5% skimmilk, the blotswere incubatedwith var-
ious primary antibodies and then the appropriate secondary
antibodies. The specific protein bands were detected using
an enhanced chemiluminescence kit (PerkinElmer), which
was followed by the quantification with the ImageQuant 5.2
software (Healthcare Bio-Sciences, Philadelphia, PA, USA).

2.12. Statistical Analysis. The results are presented as mean ±
SEM. Statistical evaluations involved one-way ANOVA fol-
lowed by Dunnett’s test or Fisher’s least significant difference
procedure for multiple comparisons were used as appropri-
ate. Differences were considered statistically significant at𝑃 <
0.05.

3. Results

3.1. Effect of Paeonol on Inflammatory Manifestations in Mice.
Exposure of mice to CS for four weeks resulted in the
development of lung inflammation. A histological evaluation
of the H&E stained lung sections (Figure 1(a)) revealed
extensive infiltration of inflammatory cells, thickening of the
alveolar walls, and the presence of abnormal reepithelial-
ization in the CS-exposure mice, all of which were found
to be less in the CS-exposure mice that underwent paeonol
treatment. The difference in the degree of histopathological
manifestations between the CS-exposure mice with and
without paeonol treatment was confirmed by comparisons
of the group data in terms of lung inflammatory scores
(Figure 1(b)). Furthermore, relative to the air-exposure mice,
the CS-exposure mice were found to show increases in total
protein levels (Figure 1(c)), total cell counts (Figure 1(d)),
and differential cell counts (Figure 1(e)) in BALF. All of these
inflammatory indices were significantly alleviated in the CS-
exposure mice that underwent paeonol treatment (Figure 1).
These inflammatorymanifestations were not found in the air-
exposure mice that underwent paeonol treatment (Figure 1).

3.2. Effect of Paeonol on Increases inChemokines andCytokines
in Mice. Various chemokines and cytokines are important
for the development of CS-induced lung inflammation [1,
2]. Relative to the air-exposure mice, exposure of mice to
CS resulted in increases in the levels of MIP-2, MCP-1,
KC, and IL-1𝛽 in BALF (Figure 2) and lung tissue samples
(Figure 3). These increases in the levels of these chemokines
and cytokines were found to be greatly reduced in the CS-
exposure mice that underwent paeonol treatment (Figures 2
and 3). Paeonol treatment did not produce significant
changes in levels of these chemokines and cytokines in the
air-exposure mice (Figures 2 and 3).

3.3. Effect of Paeonol on Increases in Expression of Inflam-
matory Target Proteins and on the Presence of Oxidative
Stress inMice. ICAM-1 andVCAM-1 are inflammatory target
proteins [10], whereas 4-HNE is a biomarker of oxidative
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Figure 1: Paeonol (Pae) attenuates cigarette smoke- (CS-) induced lung inflammation in mice. Four groups of mice were chronically exposed
to air or CS for 4 weeks. Two of the four study groups received daily treatment with paeonol (10mg/kg body weight) or saline (vehicle control)
by gastric gavage during the 4-week exposure. (a) Representative images of H&E stained lung sections. (b) Lung inflammatory scores were
calculated according to the sum of the levels of cell infiltration and damage levels as assessed from the lung sections. ((c)–(e)) Total protein
content, total cell count, and differential cell count in bronchoalveolar lavage fluid (BALF) were measured and served as indications of lung
inflammation. Data in each group are mean ± SEM from 7 mice. ∗𝑃 < 0.05 versus the air-exposure group; #𝑃 < 0.05 versus the CS-exposure
group with vehicle treatment.
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Figure 2: Paeonol (Pae) suppresses cigarette smoke- (CS-) induced increases in proinflammatory chemokines and cytokines in bronchoalve-
olar lavage fluid (BALF) sampled frommice. Levels of macrophage inflammatory protein 2 (MIP-2; (a)), monocyte chemoattractant protein-1
(MCP-1; (b)), keratinocyte chemoattractant (KC; (c)), and interleukin-1𝛽 (IL-1𝛽; (d)) in BALF were analyzed by ELISA. Data in each group
are mean ± SEM from 7 mice. ∗𝑃 < 0.05 versus the air-exposure group; #𝑃 < 0.05 versus the CS-exposure group with vehicle treatment. See
legend of Figure 1 for detailed information on each study group.

stress [28]. Relative to the air-exposure mice, exposure of
mice to CS resulted in increases in expression of ICAM-1
(Figure 4(a)) andVCAM-1 (Figure 4(b)) as well as an increase
in the presence of 4-HNE modified proteins (Figure 4(c)) in
lung tissues.These increases in the expression of ICAM-1 and
VCAM-1 and the presence of 4-HNE modified proteins were
found to be significantly attenuated in the CS-exposure mice
that underwent paeonol treatment (Figure 4). Paeonol treat-
ment did not produce significant changes in the expression
of ICAM-1 and VCAM-1 and presence of 4-HNE modified
proteins in the air-exposure mice (Figure 4).

3.4. Effect of Paeonol on the Induction of IL-8 in HBECs.
We additionally used HBECs as an in vitro model to study
the therapeutic mechanism of paeonol. Exposure of HBECs
to various concentrations (0, 0.75, 1.5, and 3%) of CSE for
24 hours concentration-dependently increased the protein
level of IL-8 (Figure 5(a)). In addition, exposure of HBECs

to 3% CSE for up to 24 hours time-dependently increased
the level of IL-8 protein (Figure 5(b)). The use of 3%
CSE was therefore chosen as the standard treatment for all
subsequent experiments throughout this study. Pretreatment
with paeonol dose-dependently attenuated the induction of
IL-8 by CSE, whereas pretreatment with paeonol in cells
without CSE stimulation failed to alter the expression of IL-
8 (Figure 5(c)). Results obtained from MTT assay indicated
that exposure of HBECs to paeonol (0.4mM) for 24 hours
did not alter the cell viability (100.8 ± 4.3% of control).

3.5. Effect of Paeonol on Increases in Extracellular and Intra-
cellular ROS in HBECs. ROS are an important trigger for
the induction of IL-8 by CSE in HBECs [4, 7, 8]. Relative
to control cells, exposure of HBECs to 3% CSE for 2 and
30 minutes resulted in increases in both the extracellular
(Figure 6(a)) and intracellular levels (Figure 6(b)) of ROS,
respectively. Both the CSE-induced increases in extracellular
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Figure 3: Paeonol (Pae) suppresses cigarette smoke- (CS-) induced increases in proinflammatory chemokines and cytokines in lung
tissues sampled from mice. Levels of macrophage inflammatory protein 2 (MIP-2; (a)), monocyte chemoattractant protein-1 (MCP-1; (b)),
keratinocyte chemoattractant (KC; (c)), and interleukin-1𝛽 (IL-1𝛽; (d)) in lung tissues were analyzed by ELISA. Data in each group are mean
± SEM from 7 mice. ∗𝑃 < 0.05 versus the air-exposure group; #𝑃 < 0.05 versus the CS-exposure group with vehicle treatment. See legend of
Figure 1 for detailed information on each study group.

and intracellular ROS were prevented by pretreatment with
either paeonol or N-acetyl-cysteine (a ROS scavenger that
served as a positive control) (Figure 6). Pretreatment with
paeonol orN-acetyl-cysteine in cells without CSE stimulation
failed to alter the levels of ROS (Figure 6).

3.6. Effect of Paeonol on the Activation of MAPKs/NF-𝜅B
Signaling. The activations of ERK, JNK, and NF-𝜅B are
known to be a crucial ROS-sensitive signaling pathway that
is central to the induction of IL-8 by CSE in HBECs [4, 6–
8]. We found that pretreatment of HBECs with an ERK
inhibitor (PD98059), a JNK inhibitor (SP600125), or a NF-
𝜅B inhibitor (BAY 11-7085) was able to significantly reduce
CSE-mediated IL-8 expression (Figure 7(a)). Additionally,
relative to control cells, exposure of HBECs to 3% CSE for 6
hours resulted in increases in the amount of phosphorylated
ERK (Figure 7(b)) and phosphorylated JNK (Figure 7(c)),
both of which were suppressed by pretreatment with their

inhibitors. Furthermore, exposure of HBECs to 3% CSE
for 12 hours resulted in an increase in the amount of NF-
𝜅B p65 subunit present in the nuclei of cells, which was
reduced by pretreatment with either the ERK inhibitor or
JNK inhibitor (Figure 7(d)). Such CSE-induced activation
of the MAPKs/NF-𝜅B signaling was significantly attenuated
by pretreatment with paeonol (Figure 8). Pretreatment with
paeonol in cells without CSE stimulation failed to alter the
expression of these proteins (Figure 8).

4. Discussion

Our in vitro study demonstrates that chronic CS exposure
of mice for 4 weeks caused lung inflammation as evidenced
by histopathological manifestations, several inflammatory
indices (BALF cell counts and protein levels), and increases in
presence of inflammatory chemokines and cytokines (MIP-
2, MCP-1, KC, and IL-1𝛽) in BALF and lung tissue samples.
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Figure 4: Paeonol (Pae) suppresses cigarette smoke- (CS-) induced increases in expression of inflammatory target proteins ((a), (b)) and
oxidative stress-related proteins (c) in lung tissues samples from mice. (a) Intercellular adhesion molecule 1 (ICAM-1); (b) vascular cell
adhesion molecule 1 (VCAM-1); (c) 4-hydroxynonenal (4-HNE) modified proteins (a biomarker of oxidative stress). Protein levels in the
lung tissues were analyzed by Western blotting. Data in each group are mean ± SEM from 7 mice. ∗𝑃 < 0.05 versus the air-exposure group;
#
𝑃 < 0.05 versus the CS-exposure group with vehicle treatment. See legend of Figure 1 for detailed information on each study group.

Chronic CS exposure also caused increases in expression of
inflammatory target proteins (ICAM-1 and VCAM-1) and in
oxidative stress (4-HNE) in mice. All of these CS-induced
events are similar to those described previously [2, 3, 7, 8].
Importantly, all of these CS-induced events were suppressed
by chronic treatment with paeonol, suggesting that paeonol
has anti-inflammatory and antioxidant functions against CS-
induced lung inflammation in vivo. We then used an in vitro
model to investigate the therapeutic mechanism underlying
the beneficial effects of paeonol. We employed HBECs to

study the induction of IL-8 by CSE because IL-8 produced
by lung epithelial cells is known to be important to the
induction of lung inflammation by CS [3–8].We demonstrate
that exposure of HBECs to CSE sequentially increased both
extracellular and intracellular ROS levels, activated both
MAPKs and NF-𝜅B, and induced IL-8. Previous studies
investigating the upstream and downstream relationships
among these events have revealed the importance of the ROS-
sensitive MAPKs/NF-𝜅B signaling pathway to the induction
of IL-8 by CSE in lung epithelial cells [4, 6–8], which was
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Figure 5: Paeonol (Pae) dose-dependently attenuates the induction of IL-8 by cigarette smoke extract (CSE) in human bronchial epithelial
cells. (a) Cells were exposed to 0–3% CSE for 24 hours. (b) Cells were incubated with medium alone (control) or 3% CSE for indicated
times. (c) Cells were incubated with medium alone or 3% CSE for 24 hours with pretreatment with various concentrations (0–0.4mM) of
Pae. Protein levels of IL-8 in the cell lysates were analyzed by Western blotting. Data in each group are mean ± SEM from four independent
experiments. ∗𝑃 < 0.05 versus control ((a), (c)) or zero time (b). #𝑃 < 0.05 versus CSE without Pae pretreatment (c).

confirmed by our results obtained from the experiments
using pharmacological inhibitors for ERK, JNK, and NF-
𝜅B. Importantly, all of these CSE-induced consequences were
suppressed by pretreatment with paeonol, indicating that the
beneficial effect of paeonol may be mediated through its
antioxidant activity and the inhibition of the ROS-sensitive
inflammatory signaling.

Our study appears to be the first to report that paeonol has
both antioxidant and anti-inflammatory activity against CS-
induced lung inflammation. These two beneficial activities
of paeonol have been suggested by previous studies that
have focused on stimuli other than CS insult. Using animal
models, paeonol has been shown to suppress the inflam-
mation in lipopolysaccharide- (LPS-) induced lung injury
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Figure 6: Paeonol (Pae) attenuates increases in extracellular and intracellular levels of reactive oxygen species (ROS) induced by cigarette
smoke extract (CSE) in human bronchial epithelial cells. Cells were exposed to medium alone or 3% CSE for 2 (a) and 30 minutes (b) with
pretreatment with N-acetyl-cysteine (NAC, 2mM; a ROS scavenger), Pae (0.4mM), or the vehicle of Pae. After exposure, the culture medium
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Levels of ROS were measured by HE/ETH fluorescent probe assay. Data in each group are mean ± SEM from four independent experiments.
∗
𝑃 < 0.05 versus control. #𝑃 < 0.05 versus CSE without drug pretreatment.

[14, 15], ovalbumin-induced hyperresponsive airways [16],
atherosclerosis [17], carrageenan-evoked thermal hyperalge-
sia [18], and ischemia-reperfusion brain injury [26]. Using in
vitro preparation, paeonol has been demonstrated to inhibit
the inflammatory responses to LPS in macrophages [16, 19,
20], inmicroglial cells [20, 21], in fibroblasts [22], and inTNF-
𝛼-stimulated endothelial cells [23]. Particularly, the anti-
inflammatory effect of paeonol in vitro appears to be due
to inactivation of the signaling pathways involved [14, 19–
21, 23]. In addition to its anti-inflammatory activity, paeonol
has been reported to scavenge ROS ex vitro [24, 25]. Paeonol
also possesses antioxidant activity against oxidative stress in
cortical neurons in vitro [21] and in ischemia-reperfusion
brain injury in vivo [26]. Thus, our findings are in good
agreement with the above reported observations.

In our in vitro study, the increases in extracellular (within
2minutes) and intracellular ROS (within 30minutes) are two
very early events after CSE exposure. Indeed, CS is a potent
oxidant that can directly generate ROS in extracellular fluid
[7, 34] and in BALF, which is the lining fluid of the lung
epithelium [7, 35]. Certain types of extracellular ROS, such as

H
2
O
2
, may diffuse through the cell membrane, contributing

to the increase in intracellular ROS [36]. Additionally, CS
may also increase intracellular ROS via activation of NADPH
oxidase in lung epithelial cells [7, 8] or other types of lung cells
[11, 12, 37, 38] shortly after exposure. Whatever the sources
of ROS, paeonol was able to effectively prevent increases in
both extracellular and intracellular ROS, suggesting it may
serve as a ROS scavenger, as proposed by other investigators
[24–26]. Alternatively, the antioxidant function of paeonol
has been suggested to be mediated through the prevention
of activation of NADPH oxidase and upregulation of the
antioxidant system in microglial cells [21]; while the former
mechanism may be possible, the latter is unlikely because
the time (30min) perhaps is too short for the upregulation
of an antioxidant system. In the present study, we also
demonstrate that the MAPKs/NF-𝜅B signaling is crucial for
the induction of IL-8 by CSE. Thus, once the CSE-induced
intracellular ROS were removed by paeonol, it is reasonable
to observe the CSE-induced activation of the MAPKs/NF-
𝜅B signaling was lessened because this pathway is ROS-
sensitive [4, 6–8]. However, we cannot exclude the possibility



10 Mediators of Inflammation

10

8

4

2

0
Con SP

IL
-8

 ex
pr

es
sio

n 
(fo

ld
 o

f c
on

tro
l)

6

CSE
SP PD BAY BAYPD

IL-8

𝛼-Tubulin

∗

∗
#

∗
#

∗
#

(a)

5

4

2

1

0
Con PD CSE

p-
ER

K/
t-E

RK
 (f

ol
d 

of
 co

nt
ro

l)

3

p-ERK

t-ERK

∗

∗

#

CSE + PD

(b)

6

4

2

1

0

p-
JN

K/
t-J

N
K 

(fo
ld

 o
f c

on
tro

l)

Con SP CSE

3

5

p-JNK

t-JNK

∗

∗

#

CSE + SP

(c)

p65

H1

4

3

2

0
Con

p6
5/

H
1 

(fo
ld

 o
f c

on
tro

l)

1

SP PD SP PD
CSE

∗

∗
#

∗
#

(d)

Figure 7: The ERK, JNK, and NF-𝜅B signaling is crucial for the induction of IL-8 by cigarette smoke extract (CSE) in human bronchial
epithelial cells. Cells were exposed tomedium alone or 3% CSE for 24 (a), 6 ((b), (c)), or 12 hours (d) with pretreatment with an ERK inhibitor
(PD98059; PD, 10 𝜇M), a JNK inhibitor (SP600125; SP, 10𝜇M), or a NF-𝜅B inhibitor (BAY 11-7085; BAY, 10 𝜇M). Protein expression was
analyzed by Western blotting. Activation of ERK (b) or JNK (c) was indicated by increased phosphorylation of these kinases in cell lysates,
whereas activation of NF-𝜅B (d) was indicated by increased presence of p65 subunit in the cell nucleus. ∗𝑃 < 0.05 versus control (Con).
#
𝑃 < 0.05 versus CSE without inhibitor pretreatment.

that paeonol directly interferes with the activation of this
signaling pathway because this has been suggested in LPS-
treated macrophages [14, 19, 20] and in microglial cells [20,
21], as well as in TNF-𝛼-activated endothelial cells [23].

Our in vivo studies demonstrate that the paeonol-
mediated attenuation of CS-induced lung inflammation is
associated with a reduction of lung oxidative stress, which

is consistent with our in vitro findings. The level of 4-HNE
modified protein reflects the degree of lipid peroxidation by
total ROS in lung tissues [28], which encompass the ROS
generated from CS and the ROS released from infiltrated
inflammatory cells such as macrophages and neutrophils [1].
Since the infiltration of these inflammatory cells into the
lung was alleviated in paeonol-treated mice, it is reasonable
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Figure 8: Paeonol (Pae) attenuates the activation of ERK, JNK, and NF-𝜅B signaling by cigarette smoke extract (CSE) in human bronchial
epithelial cells. Cells were exposed to medium alone or 3% CSE for 6 ((a), (b)) or 12 hours (c) with pretreatment with Pae (0.4mM) or the
vehicle of Pae. Protein expressionwas analyzed byWestern blotting. ∗𝑃 < 0.05 versus control. #𝑃 < 0.05 versus CSEwithout Pae pretreatment.

to observe a reduced lung oxidative stress in these mice. In
addition, it is still unknown whether the beneficial effects
of paeonol are limited to the induction of chemokines and
cytokines in lung epithelial cells or also apply to other cell
types such as leukocytes. If the latter is true, the target cells
for paeonol would not be confined to the lung epithelial cells
because the paeonol was given systemically to themice in this
study.

In our in vitro study, the dose of paeonol did not produce
any notable cytotoxicity as revealed by the assay for cell
viability. In our in vivo study, the dose used is only one
tenth of the dose used in previous studies in mice [16, 17]
and was chosen to avoid possible adverse effects. Paeonol

has a minimal systemic toxicity (LD
50
= 3430mg/kg) when

orally administered to mice [39]. Since the dose used in this
study is far less than the LD

50
dose, we did not measure

parameters of blood chemistry and did not evaluate the
toxicity of the drug to liver and kidney. The Chinese herb
Paeonia suffruticosa has been shown to possess therapeutic
effects such as sedation, hypnosis, antipyresis, analgesic,
anti-inflammation, and immunoregulation [39]. Although
paeonol has been extensively employed to investigate its
beneficial effects in several animal models of diseases, its
clinical use as a single compound is limited. For this reason,
future application of paeonol in the clinical settings should
consider its potential side effects and possible herb-drug
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interactions. The other limitation of this study is that we
measured the levels of MIP-2, MCP-1, KC, and IL-1𝛽 in the
in vivo study but only assessed the production of IL-8 in the
in vitro study. MIP-2, MCP-1, and KC are potent chemokines
and IL-1𝛽 is an important cytokine for the initiation and
progression of lung inflammation induced by cigarette smoke
[40]. MIP-2 and KC are the murine IL-8 homologues and,
therefore, we decided to investigate the production of IL-8 in
the in vitro study.

In summary, our findings suggest a novel role for paeonol
regarding the alleviation of oxidative stress and lung inflam-
mation induced by chronic CS exposure in vivo, and the
suppression of the CSE-induced IL-8 in vitro by inhibiting
MAPKs/NF-𝜅B signaling, possibly via its antioxidant func-
tion. Our findings support the possibility of using paeonol to
ameliorate lung inflammation in smokers and that paeonol
treatment may be a potential therapy option when treating
COPD. Future research should attempt to investigate the
therapeutic potential of the ingredients of other herbs or
dietary supplements as antioxidants for treatments of CS-
induced lung inflammation.
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Background. Inflammation is often considered to play a crucial role in epilepsy by affecting iron status andmetabolism. In this study,
we investigated the curative effect of auricular acupuncture and somatic acupuncture on kainic acid- (KA-) induced epilepsy in
rats.Methods. We established an epileptic seizure model in rats by KA (12mg, ip).The 2Hz electroacupuncture (EA) was applied at
auricular and applied at Zusanli and Shangjuxu (ST36-ST37) acupoints for 20min for 3 days/week for 6 weeks beginning on the day
following theKA injection.Results.The electrophysiological results indicated that neuron overexcitation occurred in theKA-treated
rats. This phenomenon could be reversed among either the auricular EA or ST36-ST37 EA treatment, but not in the sham-control
rats. The Western blot results revealed that TRPA1, but not TRPV4, was upregulated by injecting KA and could be attenuated
by administering auricular or ST36-ST37 EA, but not in the sham group. In addition, potentiation of TRPA1 was accompanied
by increased PKC𝛼 and reduced PKC𝜀. Furthermore, pERK1/2, which is indicated in inflammation, was also increased by KA.
Furthermore, the aforementioned mechanisms could be reversed by administering auricular EA and could be partially reversed
by ST36-ST37 EA. Conclusions. These results indicate a novel mechanism for treating inflammation-associated epilepsy and can be
translated into clinical therapy.

1. Introduction

Epilepsy is a common clinical neurological disease, with a
prevalence of approximately 1%, that is highly associated with
inflammation and oxidative stress [1–4]. Epilepsy is charac-
terized by uncontrolled discharges caused by neuronal hyper-
activity in the temporal lobe and the hippocampus. Neural
and cognitional functions are lost during a seizure. Glutamate
is a major excitatory neurotransmitter in mammalian brains
and an agonist of the KA subtype of glutamate receptors,
which is typically used to induce epilepsy in both rats and
mice [5–7]. KA-induced epilepsy symptoms are extremely

similar to temporal lobe seizures that occur in humans
[8–10]. Glutamate receptor-dependent overactivation or the
lack of 𝛾-aminobutyric acid (GABA) receptor-dependent
inhibition causes central nervous system discharge, which is
principally responsible for epilepsy [11, 12]. Several antiepilep-
tic drugs, such as topiramate [13] and gabapentin [14],
inhibit excitatory glutamate receptors and the activation of
inhibitory GABA receptors. However, more than 30% of
patients who use traditional antiepileptic drugs experience
uncontrolled seizures and side effects in clinics [15]. Accord-
ingly, developing effective antiepileptic drugs is crucial and
urgent.
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Recently, controlling body temperature, particularly by
inducing hypothermia, has been suggested to reduce seizure
activity [16, 17]. Lomber et al. reported that cooling body
temperature can effectively inhibit synaptic transmission and
reduce spontaneous epileptiform discharge [18]. Hypother-
mia is frequently used as a standard treatment for stroke,
brain injury, and uncontrolled epilepsy. However, the specific
function of cooling the brain and the underlying mecha-
nisms remain unclear. Transient receptor potential ankyrin
1 (TRPA1), which belongs to the TRPA (ankyrin) family,
has been reported to detect noxious thermal pain [19, 20].
TRPA1 is reported to mediate the inflammatory actions of
environmental irritants and proalgesic agents [21]. TRPA1
is a calcium-permeable ion channel expressed in peripheral
nociceptive neurons [22, 23] and the brain [24]. TRPA1
activity can be regulated by protein kinase A (PKA), protein
kinase C (PKC), and extracellular signal-regulated kinase
(ERK) in inflammatory and neuropathic pain models [25,
26]. TRPV4 is associated with osmotic pressure andmechan-
ical and thermal sensitivity that is expressed in heterologous
systems [27, 28]. Mice without TRPV4 receptor cannot
regulate the serum osmolarity and are insensitive to noxious
stimuli [29, 30]. TRPV4 was involved in several kinds of
painmediation including pain frommechanical hyperalgesia,
complications of vincristine chemotherapy, diabetes, alco-
holism, and acquired immune deficiency syndrome therapy
[31, 32]. TRPV4 is indicated to be participating in epilepsy
regulation [33].

Recently, several PKC isoforms (PKC𝛼, PKC𝛽, PKC𝛿,
PKC𝜀, PKC𝜂, and PKC𝜁) were reported to participate in
epilepsy [34, 35]. Liu et al. reported that, in a pilocarpine
epilepsy model, PKC𝛿, PKC𝜂, and PKC𝜁 were decreased
in epileptic hippocampi. By contrast, PKC𝛼, PKC𝛽1, and
PKC𝜀 increased in epileptic mice. In addition, Tang et
al. suggested that PKC𝛿 increased in the hippocampus in
pilocarpine-induced epilepsy. However, PKC𝛾 and PKC𝜀
were attenuated in an epileptic hippocampus. After the
epileptic time was extended, PKC𝛽1, PKC𝛿, PKC𝜂, and PKC𝜁
were potentiated at 7 and 31 days after pilocarpine injection
[26]. Extracellular signal-regulated kinase 1/2 (ERK1/2) has
been reported to be activated in neurons, particularly in
people with epilepsy. Eun et al. indicated that PKC𝛼 is
involved in microglial activation process under pathologi-
cal conditions including neuroinflammation and neurode-
generation [36]. During KA-induced epileptiform seizures,
pERK1/2 activation is highly associated with neuroprotection
[37].

Acupuncture has been used for over 3000 years and has
been based on the traditional Chinese medicine theory. The
analgesic effect of acupuncture is widely accepted already.
Recently, acupuncture is also well established for epilepsy
treatment. Liu and coauthors indicated stimulation of the
ear acupuncture for the treatment of epilepsy [38]. Auricular
vagus nerve stimulation is also reported to serve as an alterna-
tive therapy for drug-resistant epilepsy [39]. Acupuncture is
highly regarded as a crucial therapy in inhibiting KA-induced
hippocampal cell death and inflammatory events in mice
[40–42].

In this study, we investigated the crucial effects and
detailed cellularmechanisms of acupuncture by using an elec-
trophysiology technique. Epileptic discharge was increased in
the hippocampal CA1 region of KA-injected rats and further
reduced by administering auricular and somatic acupunc-
ture. TRPA1, but not TRPV4, protein levels were potentiated
in the KA-treated rats. The pPKC𝛼 and pERK1/2 protein
levels were increased; however, pPKC𝜀 proteins were reduced
in the KA group. All of the aforementioned phenomena were
reversed by administering auricular acupuncture. This novel
finding indicates that auricular EA is maybe used for clinical
epileptic therapy.

2. Materials and Methods

2.1. Animals. A total of 30 male Sprague-Dawley (SD) rats
weighing 200–300 g were used in this study. The Institute
of Animal Care and Use Committee of China Medical
University approved the use of these animals (permit No.
101-116-N). In addition, the Guide for the Use of Laboratory
Animals (National Academy Press) was followed.

2.2. Establishing an Epileptic Seizure Model. A total of 30
SD rats were used in the experiments. Four days before the
electroencephalogram (EEG) and electromyogram (EMG)
recordings were conducted, all of the rats underwent stereo-
tactic surgery. The scalp was then incised from the midline
to expose the skull. Stainless steel screw electrodes were
implanted on the dura above the bilateral sensorimotor
cortices to function as recording electrodes. A reference elec-
trode was placed in the frontal sinus. Bipolar electrical wires
were placed on the neck muscles for the EMG recordings.
Electrodes were connected to an EEG- and EMG-monitoring
machine (MPlOOWSW, BIOPAC Systems, Inc., CA, USA).
The epileptic seizures were captured using a video recording
epileptic behavioral analysis system (SeizureScan, Clever Sys.,
Inc., Virgina, USA) that occurred in the rats were confirmed
by observing behavior (e.g., wet-dog shakes, paw tremors,
and facial myoclonia under a freely moving and conscious
state) and epileptiform discharges on EEG recordings. The
rats were randomly divided into 5 experimental groups
on which electrophysiological studies (15 rats in total and
3 rats in each group) and Western blot analysis of TRPA1,
TRPV4, PKC𝛼, PKC𝜀, and pERK1/2 (15 rats in total and 3
rats per group) were performed after the rats experienced
KA-induced epileptic seizures. Each experiment was divided
into 5 groups: (1) a control group, in which the rats were
injected with phosphate buffer solution (PBS) ip only; (2) the
KA group, in which the rats were injected with 12mg/kg ip of
KA only; (3) the auricular group, in which the rats received
2Hz EA (anion placed at the ear apex and cathode placed
at the ear lobe by using a clip electrode at a frequency of
2Hz; the stimulus intensity, indicated by a visual ear twitch,
was maintained for 20min and 10min for the left and right
ears, resp.) for 3 days/week for 6weeks beginning on the
day following the KA injection; (4) the ST36-ST37 group, in
which the rats received 2Hz EA at the Zusanli and Shangjuxu
(ST36-ST37) acupoints (anode placed at ST36 and cathode
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placed at ST37 by inserting 2 stainless steel acupuncture
needles into the muscle layer) for 3 days/week for 6weeks
beginning on the day following the KA injection; and (5) the
sham group, for which the methods used were identical to
those used for the ST36-ST37 group; however, the needles
penetrated the ST36-ST37 acupoints cutaneously without
electric discharge for 3 days/week for 6weeks beginning on
the next day following the KA injection. All of the rats were
sacrificed 6weeks after the KA injection, and the hippocampi
were removed for electrophysiological and Western blot
studies.

2.3. Electrophysiology. Transverse hippocampal slices (450
𝜇m thick) were cut with a vibrating tissue slicer (Camp-
den Instruments, Loughborough, UK) and transferred to
an interface-type holding chamber at room temperature.
The slices were recovered for at least 120min and then
were transferred to an immersion-type recording chamber,
perfused at 2mL/min. We use the artificial CSF (ACSF) con-
taining the following (mM): 119NaCl, 2.5 KCl, 26.2NaHCO

3
,

1 NaH
2
PO
4
, 1.3MgSO

4
, 2.5 CaCl

2
, and 11 glucose (the pHwas

adjusted to 7.4 by gassing with 5% CO
2
-95% O

2
). Regarding

extracellular recording, a glass pipette filled with 3MNaCl
was placed in the stratum radiatum of the CAl area to record
field excitatory postsynaptic potentials (fEPSPs). Bipolar
stainless steel electrodes (Frederick Haer Company, Bow-
doinham, ME, USA) were placed in the stratum radiatum
to stimulate the Schaffer collateral input. Low Mg2+ artificial
cerebrospinal fluid solution was used to elicit epileptiform
spikes. Regarding whole-cell patch recording, a pipette was
filled with the following chemicals (in mM): 116 potassium
gluconate, 6 KCl, 2NaCl, 30HEPES, 0.5 EGTA, 4Mg-ATP,
and 0.3Na-GTP (the pH was adjusted to 7.2 by using
KOH, and the osmolarity was adjusted to 300mOsm). The
whole-cell patch recordings were performed on the CA1
pyramidal cells by using a visualized patch technique. An
Axopatch-700B amplifier (Axon Instruments, Inc., Foster
City, CA, USA) was switched to current-clamp mode once
the whole-cell recordings were obtained, and the membrane
potential was maintained at −65mV. Recording was termi-
nated and the data were discarded if the serial resistance
or input resistance varied by more than 30%. All of the
signals were filtered at 2 kHz by using a low-pass Bessel
filter included in the Axopatch-700B amplifier and digitized
at 5 kHz by using a CED Micro 1401 interface that ran
Signal software (Cambridge Electronic Design, Cambridge,
UK).

2.4. Western Blot Analysis. Bilateral hippocampal proteins
were extracted at 6weeks after the experiments. Total pro-
teinswere prepared by homogenizing neurons in a lysis buffer
containing 50mM Tris-HCl with pH 7.4, 250mM NaCl, 1%
NP-40, 5mM EDTA, 50mM NaF, 1mM Na

3
VO
4
, 0.02%

NaN
3
, and 1x protease inhibitor cocktail (Amresco, Solon,

OH, USA). The extracted proteins (30 𝜇g/sample assessed
using the BCA protein assay) were subjected to 8% SDS-
Tris glycine gel electrophoresis and transferred to a PVDF
membrane. The membrane was blocked using 5% nonfat

milk in a TBS-T buffer (10mM Tris, pH 7.5, 100mMNaCl,
and 0.1% Tween 20), incubated with anti-TRPA1 (1 : 1000,
Alomone Labs, Jerusalem, Israel), TRPV4 (1 : 1000, Alomone
Labs), PKC𝛼 (pSer657) (1 : 1000, Millipore, Billerica, MA,
USA), PKC𝜀 (1 : 500, Novus Biologicals, Littleton, CO, USA),
and pERK1/2 (pThr202, pTyr204) (1 : 500, Novus Biologicals,
Littleton, CO, USA) in TBS-T containing 1% bovine serum
albumin, and incubated for 1 hour at room temperature.
Peroxidase-conjugated anti-rabbit and anti-mouse antibod-
ies (1 : 5000, Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) were used as secondary antibodies. The
bands were visualized using an enhanced chemiluminescen-
cent substrate kit (Thermo Scientific, Waltham, MA, USA)
with LAS-3000 Fujifilm (Fuji Photo Film Co. Ltd., Minato,
Tokyo, Japan). Where applicable, the image intensities of
specific bands were quantified using NIH ImageJ software
(Bethesda, MD, USA).

2.5. Statistical Analysis. All of the statistical data are pre-
sented as the mean ± standard error. Statistical significance
between each group was tested using analysis of variance,
followed by a post hoc Tukey’s test (𝑃 < .05 was considered
statistically significant).

3. Results

3.1. KA-Induced Epileptic Seizures and EEG Changes. Epilep-
sy is a major neurological disease caused by the hyperexcita-
tion of neuronal networks inmammalian brains. In this study,
we injected rats with KA ip to induce epileptic seizures (30 SD
rats; 12mg/kg per rat).Wemonitored 3major types of seizure
by observing EEG recordings. We counted wet-dog shakes,
paw tremors, and facial myoclonia to ensure the creation
of a successfully induced seizure model. Figure 1(a) shows
the baseline recordings. Wet-dog shakes were indicated by
intermittent polyspike-like EEG activity (Figure 1(b)). Facial
myoclonia was characterized by sharp continual EEG activity
(Figure 1(c)). Paw tremors were indicated by continual spikes
in EEG activity (Figure 1(d)). Based on these parameters, we
used the rats that exhibited seizures with similar degrees of
severity for each experiment to investigate the effect of EA on
epilepsy (Figure 1(e)).

3.2. Epileptic Spikes, Synaptic Transmission, and Paired-Pulse
Facilitation in KA-Injected Rats. We subsequently verified
changes in the CA1 synaptic function in the hippocampal
slices from each group. We first used field recordings to
recognize fEPSP to measure excitatory spikes. In the hip-
pocampal CA1 areas of the rats in the PBS group, rare
spikes after fEPSP occurred (0.17 ± 0.17, 𝑛 = 6 from
3 rats) (Figure 2(a)). RegardingKA-treated rats, several spikes
appeared, suggesting hyperexcitability in the epileptic rats
(3.17 ± 0.31, 𝑃 < .05 compared with PBS group, 𝑛 = 6 from
3 rats) (Figure 2(a)).The hyperactivity was further attenuated
by administering 2Hz auricular and ST36-ST37 EA (0.67 ±
0.33 and 1.17 ± 0.31 compared with KA group, 𝑛 = 6 from
3 rats, resp.), but not in the sham-operated group (2.67 ±
0.33, 𝑛 = 6 from 3 rats) (Figure 2(a)). Similar results were
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Figure 1: Establishment of epilepsy rats was monitored by electroencephalographic (EEG) signals. Baseline EEG activity in the sensorimotor
cortex was characterized by 6–8Hz activity in rats when awake (a). KA-induced temporal lobe seizures, including wet-dog shakes (WDS)
with intermittent polyspike-like activity (b), facial myoclonia with continuous sharp waves (c), and paw tremor (PT) with continuous spike
activity (d). All signals were counted and displayed as bar chart (e). Each type of seizure had its own characteristic EEG activity. Lt Cx = EEG
recording of the left sensorimotor cortex; Rt Cx = EEG recording of the right sensorimotor cortex; EMG=EMG recording of the neckmuscle.

obtained from the whole-cell patch recordings, as shown in
Figure 2(b). The population spikes were statistically analyzed
and are illustrated in Figure 2(c). We then examined synaptic
transmission by using input-output ratio curves to identify
the relationship between fEPSP response and stimulation
strength. The fEPSP amplitudes increased as stimulation

voltage increased. No significant differences were observed
among the groups, indicating similar synaptic transmission
among the rats in each group (Figure 2(d)). We further
tested whether epileptic discharge could alter presynaptic
activity by assessing paired-pulse facilitation. The results
indicated that the presynaptic activity was similar among
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Figure 2: Electrophysiological recording from PBS, KA, EAR (auricular), ST36 (ST36-ST37), and sham-operated rats. Extracellular
recordings from PBS, KA, EAR, ST36, and sham groups (a). Whole-cell recording (b). Statistical analysis from each group (c). Input/output
ratio from each group (d). Paired-pulses facilitation from each group. ∗𝑃 < .05 compared with PBS group. #𝑃 < .05 compared with KA group.

all of the groups (Figure 2(e)). The aforementioned data
revealed that neuronal hyperexcitabilitywas altered during an
epileptic seizure without changing the basal transmission and
presynaptic properties.

3.3. TRPA1 Expression Was Altered in KA-Induced Epileptic
Seizures and Further Changed by 2Hz EA at the Auricular and
at ST36-ST37 Acupoints. According to in vitro and in vivo
epilepsy models, controlling body temperature facilitates the
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Figure 3: TRPA1 and TRPV4 protein levels. Hippocampus lysates were immunoreacted with specific TRPA1 (a) and TRPV4 (b) antibodies.
TRPA1, but not TRPV4, increased with KA injection as compared with the PBS group. TRPA1 protein levels were attenuated by
electroacupuncture (EA) at EAR (auricular) as compared with the KA-induced groups. Serious results were not observed in ST36 (ST36-
ST37) and sham groups. All statistic results were analyzed and plotted as bar chart in (c) and (d).

reduction of epileptiformdischarges.Therefore, we examined
thermal receptors in the hippocampal neurons, TRPA1 and
TRPV4. The results indicated that TRPA1 protein levels
increased after the KA injection, suggesting that upregulation
caused by epileptogenesis occurred in the hippocampus of
the rats (137.9% ± 8.8%, 𝑃 < .05 compared with PBS group,
𝑛 = 6) (Figure 3(a)). The potentiated TRPA1 was decreased
by administering auricular EA (107.7% ± 7.9%, 𝑃 > .05
compared with KA group, 𝑛 = 3) (Figure 3(a)), but not
by administering EA at the ST36-ST37 acupoints (120.8%
± 14.2%, 𝑃 > .05 compared with EAR group, 𝑛 = 6)
(Figure 3(a)) or performing shamoperation at the ST36-ST37
acupoints (116.9% ± 9.8%, 𝑃 > .05 compared with EAR
group, 𝑛 = 6) (Figure 3(a)). The TRPV4 antagonist has been
proven to reduce epilepsy [24]. Therefore, we subsequently
verified whether the TRPV4 protein levels changed after KA
injection.The data used in this study revealed that the TRPV4
protein levels were unaltered after the KA injection (97.6% ±
3.0%, 𝑃 > .05, 𝑛 = 6) (Figure 3(b)). Additionally, TRPV4
protein levels were unchanged after administering auricular
and somatic EA at the ST36-ST37 acupoints (106.4% ± 5.2%
and 98.0% ± 3.3%, resp., 𝑃 > .05 compared with PBS group,
𝑛 = 6) (Figure 3(a)). A similar result was obtained for the
sham group (99.2% ± 5.3%, 𝑃 > .05 compared with PBS
group, 𝑛 = 6) (Figure 3(a)).

3.4. pPKC𝛼 and pERK1/2 Expressions Increased in the Hip-
pocampus during an Epileptic Seizure. The significant change
in pPKC isoforms that occurs during pilocarpine-induced
epilepsy has been established [21, 22]. Therefore, we verified
whether pPKC𝛼 and pPKC𝜀 were involved in KA-induced

epileptic seizures.The results indicated that pPKC𝛼 increased
after KA injection (230.7% ± 22.9%, 𝑃 < .05 compared with
PBS group, 𝑛 = 6) (Figure 4(a)) and could be attenuated
by administering auricular EA (135.7% ± 12.6%, 𝑃 < .05
compared with KA group, 𝑛 = 6) (Figure 4(a)), but not by
administering somatic EA (251.2% ± 35.1%, 𝑃 > .05, 𝑛 =
6) (Figure 4(a)). This phenomenon was not observed in the
sham group (332.1% ± 47.2%, 𝑃 > .05, 𝑛 = 6) (Figure 4(a)).
By contrast, pPKC𝜀 decreased in the hippocampi of the KA-
induced rats (77.9% ± 6.0%, 𝑃 < .05 compared with PBS
group, 𝑛 = 6) (Figure 4(a)). Potentiation was significantly
reversed in the auricular EA group (161.6% ± 25.3%, 𝑃 < .05
compared with KA group, 𝑛 = 6), but not in the somatic or
sham groups (97.0% ± 8.1% and 106.1% ± 9.7%, resp., 𝑛 = 6)
(Figure 4(a)). In addition, we determined that the expression
of pERK1/2 was similar to that of pPKC𝛼. The pERK1/2
expression was augmented in the KA group (161.7% ± 11.8%,
𝑃 < .05 compared with PBS group, 𝑛 = 6) and was decreased
by administering auricular (117.5% ± 3.6%, 𝑃 < .05 compared
with KA group, 𝑛 = 6) and somatic EA (103.6% ± 4.9%,
𝑛 = 6) (Figure 4(a)). This phenomenon was not observed in
the sham group (135.5% ± 18.2%, 𝑛 = 6) (Figure 4(a)).

4. Discussion

We first induced an epileptic seizure animal model by using
a KA ip injection to investigate the effect of 2Hz EA at the
auricular and at ST36-ST37 acupoints. The results indicated
that administering 2Hz EA at the auricular and at ST36-ST37
can effectively reduce electrical discharge in the hippocampal
CA1 areas of KA-treated rats. We also observed that the
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Figure 4: pPKC𝛼, pPKC𝜀, and pERK protein levels. Hippocampus lysates were immunoreacted with specific pPKC𝛼, pPKC𝜀, and pERK. (a)
pPKC𝛼 and pERK, but not pPKC𝜀, increased with KA injection as compared with the PBS group. All results were analyzed and plotted as bar
chart in (b), (c), and (d).

TRPA1, but not TRPV4, protein levels increased in the KA-
treated rats. Furthermore, pPKC𝛼 and pERK1/2 increased.
By contrast, pKC𝜀 was reduced in rats during an epileptic
seizure. EA administered at the auricular, but not at the
ST36-ST37 acupoints, reversed the protein change in the
hippocampus. Thus, we obtained novel evidence suggesting
that EA administered at the ear can reduce epileptiform
discharge accompanied by changes in the TRPA1, pPKC𝛼,
pPKC𝜀, and pERK1/2 signaling pathways.

A cooling temperature of less than 24∘C is required
to decrease neuronal function [43]. In addition, inhibiting
experimental seizures requires a temperature of less than
24∘C because complete cessation occurs at a temperature
from <20∘C to 22∘C. Under this condition, several TRP
channels were activated, which can influence seizures [43].
The results indicated that TRPA1, but not TRPV4, protein
levels increased in the KA-induced epilepsy model. This
phenomenon could be reversed in the EA at auricular
group but not the ST36-ST37 or sham groups. During a
seizure, increased TRPA1 protein levels may be responsible
for cooling brain hyperactivity. In clinics, a high temperature

has frequently been reported to trigger seizures. Because
GABAA inhibitory synaptic transmission is highly sensitive
to temperature, decreasing the temperature serves as a con-
vulsant drug [44].

Several PKC isoforms have been suggested to be involved
in epileptogenesis based on a seizure model. Tang et al.
reported that PKC𝜀 decreased in the stratum granulosum
during pilocarpine-induced epilepsy. After epileptic time was
extended to 31 days, PKC𝜀 expression disappeared in the
inner molecular layer of the hippocampus during a seizure.
PKC𝜀 was suggested to participate in controlling inhibitory
synaptic transmission [35]. The result of this study indicated
that PKC𝜀 protein levels were attenuated in KA-induced
seizure rats and could be potentiated in the auricular group
but not the ST36-ST37 or sham groups. Furthermore, PKC𝛼
demonstrated a dramatically different pattern inwhich PKC𝛼
increased in the KA-treated rats and could be reversed by
administering auricular EA but not by ST36-ST37 EA or
sham control. These results are similar to those described
in previous publications, which have reported that PKC𝛼
increased in the stratum pyramidale of the CA3 area during
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pilocarpine-induced epilepsy [34]. In addition, we observed
that pERK1/2 expression was augmented in the KA-induced
seizure rats and reduced by administering auricular and
somatic EA. These phenomena indicated the possible mech-
anisms that may be involved in EA-mediated antiepileptic
curative effects.

5. Conclusion

In summary, we determined the effect of auricular and
somatic EA on KA-induced seizure rats. The results suggest
that the therapeutic effect was due to reduced hippocampal
hyperactivity accompanied by the TRPA1, PKC𝜀, PKC𝛼, and
pERK1/2 signaling pathways. The related mechanisms could
be reversed by administering auricular EA and could be
partially reversed by ST36-ST37 EA.These novel findings are
remarkable and compelling and reveal the crucial curative
effects of auricular EA.

Conflict of Interests

The authors declare no financial or commercial conflict of
interests regarding the study.

Acknowledgments

This study was supported by the National Science Council,
Taiwan (Grant no. NSC-102-2320-B-039-033-MY3), by CMU
under the Aim for Top University Plan of the Ministry of
Education, Taiwan, and in part by TaiwanMinistry of Health
andWelfare Clinical Trial and Research Center of Excellence
(MOHW103-TDU-B-212-113002).

References

[1] D. Xu, S. D. Miller, and S. Koh, “Immune mechanisms in
epileptogenesis,” Frontiers in Cellular Neuroscience, vol. 7, article
195, 2013.

[2] R. R. Zhao, X. C. Xu, F. Xu et al., “Metformin protects against
seizures, learning and memory impairments and oxidative
damage induced by pentylenetetrazole-induced kindling in
mice,” Biochemical and Biophysical Research Communications,
vol. 448, no. 4, pp. 414–417, 2014.

[3] J. Folbergrova, “Oxidative stress in immature brain following
experimentally-induced seizures,” Physiological Research, vol.
62, pp. 39–48, 2013.

[4] M. Tombini, R. Squitti, F. Cacciapaglia et al., “Inflammation
and iron metabolism in adult patients with epilepsy: does a link
exist?” Epilepsy Research, vol. 107, pp. 244–252, 2013.

[5] L. R. Shao and F. E. Dudek, “Repetitive perforant-path stim-
ulation induces epileptiform bursts in minislices of dentate
gyrus from rats with kainate-induced epilepsy,” Journal of
Neurophysiology, vol. 105, no. 2, pp. 522–527, 2011.

[6] F. E. Dudek, W. A. Pouliot, C. A. Rossi, and K. J. Staley, “The
effect of the cannabinoid-receptor antagonist, SR141716, on the
early stage of kainate-induced epileptogenesis in the adult rat,”
Epilepsia, vol. 51, no. 3, pp. 126–130, 2010.

[7] Y. B. Kim, J. K. Ryu, H. J. Lee et al., “Midkine, heparin-binding
growth factor, blocks kainic acid-induced seizure and neuronal

cell death in mouse hippocampus,” BMC Neuroscience, vol. 11,
article 42, 2010.

[8] F. Antonucci, Y. Bozzi, and M. Caleo, “Intrahippocampal infu-
sion of botulinum neurotoxin e (BoNT/E) reduces spontaneous
recurrent seizures in a mouse model of mesial temporal lobe
epilepsy,” Epilepsia, vol. 50, no. 4, pp. 963–966, 2009.

[9] M. S. Rao, B. Hattiangady, D. S. Reddy, and A. K. Shetty,
“Hippocampal neurodegeneration, spontaneous seizures, and
mossy fiber sprouting in the F344 rat model of temporal lobe
epilepsy,” Journal of Neuroscience Research, vol. 83, no. 6, pp.
1088–1105, 2006.

[10] R. Raedt, A. vanDycke, D. vanMelkebeke et al., “Seizures in the
intrahippocampal kainic acid epilepsy model: characterization
using long-term video-EEGmonitoring in the rat,” Acta Neuro-
logica Scandinavica, vol. 119, no. 5, pp. 293–303, 2009.

[11] E. Szczurowska and P. Mares, “NMDA and AMPA receptors:
development and status epilepticus,” Physiological research /
Academia Scientiarum Bohemoslovaca, vol. 62, pp. S21–S38,
2013.

[12] J. Guo, J. Liu, W. Fu et al., “The effect of electroacupuncture on
spontaneous recurrent seizure and expression of GAD

67
mRNA

in dentate gyrus in a rat model of epilepsy,” Brain Research, vol.
1188, no. 1, pp. 165–172, 2008.

[13] D. S. Gryder and M. A. Rogawski, “Selective antagonism of
GluR5 kainate-receptor-mediated synaptic currents by topira-
mate in rat basolateral amygdala neurons,” Journal of Neuro-
science, vol. 23, no. 18, pp. 7069–7074, 2003.

[14] R. B. Khan, D. L. Hunt, and S. J. Thompson, “Gabapentin
to control seizures in children undergoing cancer treatment,”
Journal of Child Neurology, vol. 19, no. 2, pp. 97–101, 2004.

[15] T. P. Sutula and F. E. Dudek, “Unmasking recurrent excitation
generated by mossy fiber sprouting in the epileptic dentate
gyrus: an emergent property of a complex system,” Progress in
Brain Research, vol. 163, pp. 541–563, 2007.

[16] X. F. Yang and S.M. Rothman, “Focal cooling rapidly terminates
experimental neocortical seizures,”Annals of Neurology, vol. 49,
no. 6, pp. 721–726, 2001.

[17] G. K. Motamedi, P. Salazar, E. L. Smith et al., “Termination
of epileptiform activity by cooling in rat hippocampal slice
epilepsy models,” Epilepsy Research, vol. 70, no. 2-3, pp. 200–
210, 2006.

[18] S. G. Lomber, B. R. Payne, and J. A. Horel, “The cryoloop: an
adaptable reversible cooling deactivationmethod for behavioral
or electrophysiological assessment of neural function,” Journal
of Neuroscience Methods, vol. 86, no. 2, pp. 179–194, 1999.

[19] M. Bandell, G. M. Story, S. W. Hwang et al., “Noxious cold
ion channel TRPA1 is activated by pungent compounds and
bradykinin,” Neuron, vol. 41, no. 6, pp. 849–857, 2004.

[20] D. M. Bautista, S. E. Jordt, T. Nikai et al., “TRPA1 mediates the
inflammatory actions of environmental irritants and proalgesic
agents,” Cell, vol. 124, no. 6, pp. 1269–1282, 2006.

[21] K. Y. Kwan, A. J. Allchorne, M. A. Vollrath et al., “TRPA1
mechanical, and nociception is not essential for hair-cell trans-
duction,” Neuron, vol. 50, pp. 277–289, 2006.

[22] S. Miura, K. Takahashi, T. Imagawa et al., “Involvement of
TRPA1 activation in acute pain induced by cadmium in mice,”
Molecular Pain, vol. 9, no. 1, article 7, 2013.

[23] G. Trevisan, S. Materazzi, C. Fusi et al., “Novel therapeutic
strategy to prevent chemotherapy-induced persistent sensory
neuropathy by TRPA1 blockade,” Cancer Research, vol. 73, no.
10, pp. 3120–3131, 2013.



Mediators of Inflammation 9

[24] K. D. Jo, K. S. Lee, W. T. Lee, M. S. Hur, and H. J. Kim,
“Expression of transient receptor potential channels in the
ependymal cells of the developing rat brain,” Anatomy & Cell
Biology, vol. 46, pp. 68–78, 2013.

[25] Y. Chen, C. Yang, and Z. J.Wang, “Proteinase-activated receptor
2 sensitizes transient receptor potential vanilloid 1, transient
receptor potential vanilloid 4, and transient receptor potential
ankyrin 1 in paclitaxel-inducedneuropathic pain,”Neuroscience,
vol. 193, pp. 440–451, 2011.

[26] K. A. B. S. da Silva, M. N. Manjavachi, A. F. Paszcuk et al.,
“Plant derived alkaloid (-)-cassine induces anti-inflammatory
and anti-hyperalgesics effects in both acute and chronic inflam-
matory and neuropathic painmodels,”Neuropharmacology, vol.
62, no. 2, pp. 967–977, 2012.

[27] S. M. Brierley, A. J. Page, P. A. Hughes et al., “Selective
role for TRPV4 ion channels in visceral sensory pathways,”
Gastroenterology, vol. 134, no. 7, pp. 2059–2069, 2008.

[28] R. Strotmann, C. Harteneck, K. Nunnenmacher, G. Schultz,
and T. D. Plant, “OTRPC4, a nonselective cation channel
that confers sensivity to extracellular osmolarity,” Nature Cell
Biology, vol. 2, no. 10, pp. 695–702, 2000.

[29] A. Mizuno, N. Matsumoto, M. Imai, and M. Suzuki, “Impaired
osmotic sensation inmice lacking TRPV4,”American Journal of
Physiology, vol. 285, no. 1, pp. C96–C101, 2003.

[30] M. Suzuki, A. Mizuno, K. Kodaira, and M. Imai, “Impaired
pressure sensation inmice lacking TRPV4,” Journal of Biological
Chemistry, vol. 278, no. 25, pp. 22664–22668, 2003.

[31] N. Alessandri-Haber, O. A. Dina, E. K. Joseph, D. B. Reichling,
and J. D. Levine, “Interaction of transient receptor potential
vanilloid 4, integrin, and Src tyrosine kinase in mechanical
hyperalgesia,” Journal of Neuroscience, vol. 28, no. 5, pp. 1046–
1057, 2008.

[32] N. Alessandri-Haber, E. Joseph, O. A. Dina, W. Liedtke, and
J. D. Levine, “TRPV4 mediates pain-related behavior induced
by mild hypertonic stimuli in the presence of inflammatory
mediator,” Pain, vol. 118, no. 1-2, pp. 70–79, 2005.

[33] R. F. Hunt, G. A. Hortopan, A. Gillespie, and S. C. Baraban,
“A novel zebrafish model of hyperthermia-induced seizures
reveals a role for TRPV4 channels and NMDA-type glutamate
receptors,” Experimental Neurology, vol. 237, no. 1, pp. 199–206,
2012.

[34] J. X. Liu, Y. Liu, and F. R. Tang, “Pilocarpine-induced status
epilepticus alters hippocampal PKC expression in mice,” Acta
Neurobiologiae Experimentalis, vol. 71, no. 2, pp. 220–232, 2011.

[35] F. Tang, W. L. Lee, H. Gao, Y. Chen, Y. T. Loh, and S. C.
Chia, “Expression of different isoforms of protein kinase C in
rat hippocampus after pilocarpine-induced status epilepticus
with special reference to CA1 area and the dentate gyrus,”
Hippocampus, vol. 14, no. 1, pp. 87–98, 2004.

[36] S. Y. Eun, E. H. Kim, and K. S. Kang, “Cell type-specific
upregulation of myristoylated alanine-rich C kinase substrate
and protein kinase C-alpha, -beta I, -beta II, and -delta in
microglia following kainic acid-induced seizures,”Experimental
and Molecular Medicine, vol. 38, no. 3, pp. 310–319, 2006.

[37] M. D. Gober, J. M. Laing, S. M. Thompson, and L. Aurelian,
“The growth compromised HSV-2 mutant ΔRR prevents kainic
acid-induced apoptosis and loss of function in organotypic
hippocampal cultures,” Brain Research, vol. 1119, no. 1, pp. 26–
39, 2006.

[38] T. T. Liu, Q. Q. Guo, K. An et al., “The optimal acupoint for
acupuncture stimulation as complementary therapy in pediatric
epilepsy,” Epilepsy & Behavior, vol. 31, pp. 387–389, 2014.

[39] P. Rong, “An alternative therapy for drug-resistant epilepsy:
transcutaneous auricular vagus nerve stimulation,” Chinese
Medical Journal, vol. 127, no. 2, pp. 300–304, 2014.

[40] S. T. Kim, S. Jeon, H. J. Park et al., “Acupuncture inhibits kainic
acid-induced hippocampal cell death in mice,” The Journal of
Physiological Sciences, vol. 58, no. 1, pp. 31–38, 2008.

[41] S. T. Kim, A. R. Doo, S. N. Kim et al., “Acupuncture suppresses
kainic acid-induced neuronal death and inflammatory events in
mouse hippocampus,”The Journal of Physiological Sciences, vol.
62, no. 5, pp. 377–383, 2012.

[42] C. H. Bae, D. S. Kim, Y. L. Jun et al., “Proteomic analysis of the
effect of acupuncture on the suppression of kainic acid-induced
neuronal destruction in mouse hippocampus,” Evidence-Based
Complementary and Alternative Medicine, vol. 2013, Article ID
436315, 8 pages, 2013.

[43] X. F. Yang, D. W. Duffy, R. E. Morley, and S. M. Rothman,
“Neocortical seizure termination by focal cooling: temperature
dependence and automated seizure detection,”Epilepsia, vol. 43,
no. 3, pp. 240–245, 2002.

[44] L. Qu and L. S. Leung, “Effects of temperature elevation on
neuronal inhibition in hippocampal neurons of immature and
mature rats,” Journal of Neuroscience Research, vol. 87, no. 12, pp.
2773–2785, 2009.



Research Article
IL-10 Counteracts Proinflammatory Mediator Evoked Oxidative
Stress in Caco-2 Cells

Eva Latorre,1 Nyurky Matheus,1,2 Elena Layunta,1

Ana Isabel Alcalde,1 and José Emilio Mesonero1

1 Department of Pharmacology and Physiology, Faculty of Veterinary Sciences, University of Zaragoza,
Miguel Servet 177, 50013 Zaragoza, Spain

2Department of Basic Sciences, Faculty of Veterinary Sciences, University of Centroccidental Lisandro Alvarado,
Núcleo Hector Ochoa Zuleta, Tarabana 3023, Lara, Venezuela

Correspondence should be addressed to José Emilio Mesonero; mesonero@unizar.es

Received 13 May 2014; Revised 11 July 2014; Accepted 12 July 2014; Published 23 July 2014

Academic Editor: Yung-Hsiang Chen

Copyright © 2014 Eva Latorre et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Oxidative stress is thought to play a key role in the development of intestinal damage in intestinal inflammatory diseases. Several
molecules are involved in the intestinal inflammation, either as pro- or anti-inflammatory factors; however, their effects on intestinal
oxidative stress seem to be controversial. This work analyzes the contribution of pro- and anti-inflammatory molecules to the
balance of oxidative damage in intestinal epithelial cells, as well as their effects on cellular antioxidant enzyme activity. With this
purpose, the lipid and protein oxidation, together with the activity of catalase, superoxide dismutase, and glutathione peroxidase,
were determined in the Caco-2 cells treated with serotonin, adenosine, melatonin, and TNF𝛼, as proinflammatory factors, and
IL-10, as an anti-inflammatory cytokine. The results have shown that all the proinflammatory factors assayed increased oxidative
damage. In addition, these factors also inhibited the activity of antioxidant enzymes in the cells, except melatonin. In contrast,
IL-10 did not alter these parameters but was able to reduce the prooxidant effects yielded by serotonin, adenosine, melatonin, or
TNF𝛼, in part by restoring the antioxidant enzymes activities. In summary, proinflammatory factors may induce oxidative damage
in intestinal epithelial cells, whereas IL-10 seems to be able to restore the altered redox equilibrium in Caco-2 cells.

1. Introduction

Intestinal inflammation is an adaptive response that is
triggered by adverse conditions such as tissue injury and
infection. Moreover, intestinal inflammation alters the effi-
ciency and the whole physiology of the intestinal tract. The
integrity of the epithelial barrier is essential for preventing
the development of inflammatory conditions in the intestine;
in fact, it is well known that the structure and the function
of intestinal barrier are compromised in inflammatory bowel
diseases (IBDs). The specific pathways leading to cellular
damage in chronic intestinal inflammation are not completely
understood; however, oxidative stress is a potential triggering
factor for IBDs [1]. In this context, several proinflammatory
mediators may generate further oxidation products, lead-
ing to a self-sustaining and autoamplifying vicious circle
that eventually impairs the gut barrier thus aggravating

inflammatory damage [2]. This kind of process has been also
described in the cardiovascular system [3].

Several gastrointestinal (GI) molecules that modulate GI
activity [4–6] have also been noted as being involved in
intestinal inflammation. Thus, some of these molecules at
high concentrationsmay act as proinflammatory factors.This
is the case for serotonin (5-HT) [7, 8], adenosine [9, 10], and
TNF𝛼 [11], whereas others, such as melatonin, may act either
as a proinflammatory factor at high concentrations or as an
anti-inflammatorymolecule depending on the cell conditions
[12]. Moreover, interleukin-10 (IL-10), a well-known anti-
inflammatory cytokine [13–15], has also been shown to
modulate intestinal physiology [16].

In the last decade, the incidence of intestinal inflamma-
tory diseases has been growing, and there is an increasing
interest in understanding the mechanisms by which physi-
ological GI molecules, present in the intestinal mucosa, may
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contribute to intestinal inflammation by affecting intestinal
epithelium. Thus, the aim of the present work has been the
analysis of the effect of 5-HT, adenosine, melatonin, and
TNF𝛼, acting as proinflammatory factors, and IL-10, acting
as an anti-inflammatory cytokine, in the intestinal epithelial
cells’ redox equilibrium.

2. Materials and Methods

2.1. Reagents. The following drugs and substances were
used (abbreviations and suppliers in parentheses): serotonin
(5-HT), melatonin, adenosine, glutathione reductase, L-
glutathione reduced, 𝛽-nicotinamide adenine dinucleotide
phosphate (NADPH), tert-butyl hydroperoxide, 1-methyl-
2-phenylindole, acetonitrile, methane sulfonic acid, 1,1,3,3-
tetramethoxypropane, 2,4-dinitrophenylhydrazine (DNPH),
trichloroacetic acid, guanidine, xanthine, xanthine oxidase
(Sigma-Aldrich, St. Louis, MO, USA), TNF𝛼, and IL-10
(Peprotech, Rocky Hill, NJ, USA). All generic reagents were
purchased from Sigma-Aldrich and Roche Applied Sciences
(Sant Cugat del Vallés, Barcelona, Spain).

2.2. Cell Culture and Cell Homogenate Preparation. Caco-
2/TC7 cells have been used in the present study since they are
an excellent human enterocyte-like model to study intestinal
epithelial physiology [17, 18]. The cells were always used
between passages 19 and 35 and were cultured at 37∘C in
an atmosphere of 5% CO

2
and maintained in high-glucose

DMEM supplemented with 2mM glutamine, 100U/mL
penicillin, 100 𝜇g/mL streptomycin, 1% nonessential amino
acids, and 20% heat-inactivated fetal bovine serum (FBS)
(Life Technologies, Carlsbad, CA). The cells were passaged
enzymatically (0.25% trypsin-1mM EDTA), subcultured in
25 cm2 plastic culture flasks (Sarstedt, Nuembrecht, Ger-
many), and seeded at a density of 104 cells/cm2. The medium
was changed 48 h after seeding and daily thereafter. The
experiments were carried out in the cells 14 days after seeding
(nine days after confluence), and the cell medium was FBS-
free for 24 h before using the cells. Cell activity through
different passages and after a postconfluence condition has
been shown to be normal [18]. For the experiments, cells
were seeded in 6-well plates at a density of 2 × 105 cells/
well. Two wells per condition (treatment) were used in
each independent experiment, which corresponded to a
different passage of Caco-2/TC7 cells. The measurement of
the different parameters was performed in triplicate for each
well cell culture condition. Serotonin 100 𝜇M, adenosine
100 𝜇M,melatonin 5mM,TNF𝛼 5 ng/mL, and/or IL-10 at two
concentrations (0.01 and 25 ng/mL) were added to the cell
medium for one day before the measurement of oxidative
parameters. Cell status under the treatments was assessed by
both microscopy and cell count, and none of the treatments
appeared to affect cell culture morphology, cell proliferation,
or cell viability (data not shown).

For cell homogenate preparation, the cells were resus-
pended and homogenized with a cold Tris-manitol buffer
(Tris 2mM,mannitol 50mM, pH 7.1, protease inhibitors, and
0.02% sodium azide). Then, the homogenate was disrupted

by sonication (15 1-s bursts, 60W). Antioxidant enzymes’
activity was measured in the cellular homogenate. For lipid
peroxidation and protein carbonyl analysis, the homogenate
was additionally centrifuged for 10min at 3,000 g, and the
supernatantwas taken for the study. Protein contentwasmea-
sured by following the Bradford method (Bio-Rad, Hercules,
CA, USA).

2.3. Measurement of Lipid and Protein Peroxidation. The
level of lipid peroxidation was determined by measur-
ing the concentration of malondialdehyde (MDA) and 4-
hydroxyalkenals (4-HDA), as described previously [19].
Briefly, MDA+4-HDA reacted with N-methyl-2-phenyl-
indole and yielded a stable chromophore that was measured
in a spectrophotometer at 586 nm, using 1,1,3,3-tetrameth-
oxypropane as standard. The results were calculated in
nmol MDA+4-HDA/mg protein and were expressed as the
percentage of the control value (100%).

Protein oxidation was analyzed by carbonyl level mea-
surement as previously described [19]. Cell homogenates
were incubated with the classical carbonyl reagent DNPH,
and protein carbonylation was measured spectrophotometri-
cally at 375 nm.The results were calculated in nmol carbonyl
groups/mg protein and were expressed as percentage of the
control value (100%).

2.4. Analysis of Antioxidant Enzymes’ Activity. The activ-
ity of the antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GPx) was
measured by adding specific substrates and measuring the
rates of disappearance of the substrates, following protocols
previously described [19]. CAT activity was calculated as
the reduction of H

2
O
2
in nmol/mg protein × min that was

measured spectrophotometrically at 240 nm.
In relation to SOD, the cytosolic superoxide dismutase

CuZnSOD form was analyzed. SOD activity was measured
by the production of superoxide radicals that was determined
with a xanthine/xanthine-oxidase system, which induces a
cytochrome C reduction. This reduction was measured at
550 nm and SOD activity calculated as U/mg prot ×min.

The GPx analyzed in our study was the GPx2 form
(GPx-GI), which is cytoplasmatic and the most abundantly
expressed in GI tract and liver. GPx activity was measured
in a cell homogenate mixed with potassium phosphate, pH
7.0, containing 10mM glutathione, 0.25 units of glutathione
reductase, and 1.5mM 𝛽-NADPH. The decrease in NADPH
during oxidation of NADPH to NADP is indicative of
GPx activity, which was measured spectrophotometrically at
340 nm and calculated as NADPH nmol/mg prot ×min. The
results were expressed as percentages of CAT, SOD, and GPx
activities of control value (100%).

2.5. Statistical Analysis. All results are expressed as means
± the standard error of the mean (SE) of five indepen-
dent experiments. Statistical comparisons were performed
using one-way ANOVA followed by the Bonferroni post-
test with a confidence interval of 95% (𝑃 < 0.05). Normal
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Figure 1: Effect of 5-HT, adenosine, melatonin, TNF𝛼, and/or IL-10 on lipid peroxidation (a) and protein oxidation (b). Caco-2 cells were
treated throughout the course of one day with either 5-HT 100 𝜇M, adenosine (Ado) 100 𝜇M, melatonin (Mel) 5mM, TNF𝛼 5 ng/mL, or
IL-10 at two concentrations, 0.01 or 25 ng/mL. Results were expressed as the percentages of the control value (100%) and were indicated as
the mean ± SE of five independent experiments. ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001, compared with control (C); #𝑃 < 0.05, ##𝑃 < 0.01, and
###
𝑃 < 0.001 compared with the corresponding condition of treatment without IL-10.

distribution was previously confirmed with the D’Agostino-
Pearson test. Statistical analysis was carried out using the
computer-assisted Prism GraphPad Program (Prism version
4.0, GraphPad Software, San Diego, CA).

3. Results

3.1. Effect of 5-HT, Adenosine, Melatonin, TNF𝛼, and IL-10 on
Lipid and Protein Oxidation in Caco-2 Cells. The results show
that Caco-2 cells treated with 5-HT, adenosine, melatonin, or
TNF𝛼 significantly increased lipid peroxidation (Figure 1(a))
and protein carbonyl (Figure 1(b)) levels. Conversely, IL-10
did not appear to modify the cell oxidative status. However,
IL-10, at the two concentrations assayed, was able to reduced
lipid and protein oxidation induced by 5-HT, melatonin and
TNF𝛼. Oxidative damage in lipids and proteins yielded by
adenosine was only reverted by IL-10 at high concentration
(25 ng/mL) (Figure 1).

3.2. Analysis of the Activity of Antioxidant Enzymes CAT,
SOD and GPx in Caco-2 Cells Treated with 5-HT, Adenosine,
Melatonin, TNF𝛼 and IL-10. The results have shown that 5-
HT, adenosine, and TNF𝛼 significantly reduced CAT activity,
which did not seem to be significantly affected by melatonin
or IL-10 at the two concentrations assayed. In combined
treatments, IL-10 at a low concentration (0.01 ng/mL) seemed
to reverse CAT inhibition yielded by TNF𝛼 and, on the
contrary, it showed to increase the inhibition of CAT activity
induced by 5-HT, adenosine, or melatonin. However, IL-
10 at a high concentration (25 ng/mL) was able to reverse
CAT inhibition induced by 5-HT and adenosine and to
increase significantly CAT activity in presence of melatonin
(Figure 2(a)).

In relation with SOD, 5-HT showed to reduce its activity,
and this effect was not only reversed by IL-10 at a high

concentration but even surpassed it (Figure 2(b)). Adeno-
sine, melatonin, TNF𝛼, and IL-10 at the two concentrations
assayed did not seem to affect SOD activity. Surprisingly,
treatment with IL-10 at a high concentration plus melatonin
yielded a significant increase of SOD activity (Figure 2(b)).

The analysis of GPx showed that only adenosine sig-
nificantly reduced GPx activity and that this effect was
also reversed by IL-10 at a high concentration (Figure 2(c)).
Curiously, the treatment withmelatonin, which alone did not
affectGPx activity, togetherwith IL-10 at a high concentration
showed an increase in antioxidant GPx activity above the
control (Figure 2(c)).

4. Discussion and Conclusions

The results obtained in this work demonstrate that the intesti-
nal proinflammatory treatments analyzed—5-HT, adeno-
sine, TNF𝛼, and melatonin at high concentrations—induced
oxidative effects in lipids and proteins of intestinal epithelial
cells. This oxidative damage did not seem to significantly
affect the survival of the cells; however, it may be added
to the prooxidant status settled in the intestinal cells under
inflammatory conditions. The prooxidant effects of these
molecules have also been noted in different tissues [11, 20, 21].
In contrast, the anti-inflammatory cytokine IL-10, which did
not appear to affect lipid and protein oxidation at any concen-
tration assayed, was shown to reverse the oxidative damage
in lipids and proteins induced by the proinflammatory
molecules tested, except IL-10 a low concentration, which did
not significantly reduce the lipid peroxidation and protein
carbonyl levels yielded by adenosine. These results suggest
that IL-10 effects may be evident in tissues that have been
exposed to inflammatory conditions, as a previous study has
concluded [22].

Antioxidant enzyme activity is the main way to restore
redox equilibrium in cells, and intestinal inflammation has
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Figure 2: Effect of 5-HT, adenosine, melatonin, TNF𝛼, and/or IL-10 on CAT (a), SOD (b), and GPx (c) activity. Caco-2 cells were treated
throughout the course of one day with 5-HT 100 𝜇M, adenosine (Ado) 100 𝜇M, melatonin (Mel) 5mM, TNF𝛼 5 ng/mL, or IL-10 at two
concentrations, 0.01 or 25 ng/mL. Results were expressed as percentages of the enzyme activity of control cells (100%) and were indicated
as the mean ± SE of five independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001, compared with control (C); #𝑃 < 0.05, and
###
𝑃 < 0.001 compared with the corresponding condition of treatment without IL-10.

been characterized by marked but differing alterations of
various enzymes involved in oxidant/antioxidant intestinal
epithelium homeostasis. In terms of intestinal inflammatory
diseases, SOD [23, 24] and CAT activities [25, 26] have
been observed to be altered in the intestinal mucosa of IBD;
however, the results of GPx activity have been shown to be
more controversial [27, 28]. In this context, CAT, SOD, and
GPx activities were measured in order to analyze whether
they were involved in both the oxidative effects yielded
by proinflammatory molecules and the cell oxidative equilib-
rium restoration carried out by IL-10.

The proinflammatory factors tested have been shown to
significantly reduce the activity of some of the antioxidant
enzymes, even though this effect did not appear to be the only
responsible for their observed prooxidant action on lipids and
proteins. Thus, our results suggest that the oxidative effect of
5-HT in Caco-2 cells may be in part due to the inhibition
of CAT and SOD activity. In agreement with these results, a
previous study made in cardiac myocytes has demonstrated
that 5-HT increased the level of H

2
O
2
[29]. In the case

of adenosine, it has been shown to reduce CAT and GPx
activity, which may contribute to its effect on the oxidative

damage of lipids and proteins. Adenosine effects on antiox-
idant enzymes have not been deeply analyzed; despite this,
the activity of adenosine deaminase and its negative corre-
lation with CAT, SOD, and GPx activities has been demon-
strated in plasma and blood cells [30]. In relation to TNF𝛼,
its prooxidant effect might be in part mediated by the
inhibition of CAT activity, as it has been recently described in
osteoblasts [31]. Finally, in contrast, melatonin did not appear
to affect any enzyme activity measured, and consequently,
these antioxidant enzymes did not seem to be involved in the
strong oxidative stress yielded by melatonin in proteins and
lipids. Melatonin is considered an antioxidant molecule, but
it may also act as a prooxidant factor. In fact, melatonin has
been shown to generate reactive oxygen species [12]. More-
over, and in agreement with our results, it has been previously
suggested that melatonin may induce an indirect prooxidant
effect that contributes to acute inflammation [32].

In relation to IL-10, this cytokine alone did not appear
to alter the antioxidant enzymes activities analyzed at any
of the two concentrations assayed, which may explain its
lack of effect on lipid and protein oxidation in Caco-2 cells.
In contrast, under co-treatment with the proinflammatory
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mediators IL-10 at a high concentration was shown to reverse
their inhibitory effect on the different antioxidant enzymes
activities. Thus, IL-10 at a high concentration reversed CAT
and SOD inhibition induced by 5-HT, and CAT and GPx
inhibition yielded by adenosine. In contrast, IL-10 at a low
concentration did not seem to reverse any effect on SOD and
GPx activity inhibition, but surprisingly it seemed to restore
CATactivity inhibited byTNF𝛼 treatment. In agreementwith
these results, recent studies have demonstrated the ability
of IL-10 to reduce H

2
O
2
production induced by IFN-𝛾 and

TNF𝛼-activated macrophages [33]. Surprisingly, IL-10 at low
concentration seemed to aggravate CAT activity inhibition
induced by 5-HT, adenosine, and melatonin.

From our results, it can be inferred that IL-10 effects
depend on its concentration, as it has been recently described
in Caco-2 cells [16], and in cardiovascular events [34].
The protective effect of IL-10 against the oxidative damage
induced by prooxidantmolecules has also been demonstrated
in cardiomyocytes [35]. Recent results in endothelium have
suggested that the antioxidant effect of IL-10 under proin-
flammatory conditions may be explained by the activation of
PI3k signaling [36]. Since this intracellular pathway has also
been recently described inCaco-2 cells [16] as triggered by IL-
10, it may be inferred that PI3k pathway might also mediate
IL-10 antioxidant effects in intestinal epithelial cells.

Interestingly, CAT, SOD, and GPx activities, which
remained unaltered under treatment with either melatonin
or with IL-10 at high concentrations, were significantly aug-
mented by the cotreatment of the cells with both molecules,
thus suggesting a synergistic antioxidant action of both fac-
tors. Our results agree with previous studies that concluded
that melatonin may exert a beneficial effect in the inflamma-
tory processes by stimulating IL-10 production (reviewed in
[37, 38]).

In brief, our study demonstrates that GI molecules
involved in intestinal inflammation may also act as prooxi-
dant factors in intestinal epithelial cells.This effectmay be due
in part to the inhibition of the activity of antioxidant enzymes.
This prooxidant effect might contribute to a worsening of
inflammation by damaging the intestinal epithelium. In addi-
tion, IL-10, mainly at high concentrations, may reverse the
prooxidative effects induced by the proinflammatory factors,
thus suggesting that IL-10may contribute to the improvement
of the inflammation not only through anti-inflammatory but
also through antioxidant effects. This antioxidant effect of
IL-10 in the intestinal epithelium reinforces the role of this
cytokine as a successful therapy to treat intestinal inflamma-
tion and IBDs.

The results of the current study may be useful for
clarifying the processes involved in intestinal inflammation
and may contribute to the design of specific therapies in the
treatment of intestinal inflammatory diseases by acting on the
redox balance.
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Mitochondrial abnormality has been shown in many kidney disease models. However, its role in the pathogenesis of chronic
kidney diseases (CKDs) is still uncertain. In present study, a mitochondrial complex I inhibitor rotenone was applied to the
mice subjected to unilateral ureteral obstruction (UUO). Following 7-days rotenone treatment, a remarkable attenuation of
tubular injury was detected by PAS staining. In line with the improvement of kidney morphology, rotenone remarkably blunted
fibrotic response as shown by downregulation of fibronectin (FN), plasminogen activator inhibitor-1 (PAI-1), collagen I, collagen
III, and 𝛼-SMA, paralleled with a substantial decrease of TGF-𝛽

1
. Meanwhile, the oxidative stress markers thiobarbituric acid-

reactive substances (TBARS) and heme oxygenase 1 (HO-1) and inflammatory markers TNF-𝛼, IL-1𝛽, and ICAM-1 were markedly
decreased.More importantly, the reduction ofmitochondrial DNA copy number andmitochondrial NADHdehydrogenase subunit
1 (mtND1) expression in obstructed kidneys was moderately but significantly restored by rotenone, suggesting an amelioration
of mitochondrial injury. Collectively, mitochondrial complex I inhibitor rotenone protected kidneys against obstructive injury
possibly via inhibition of mitochondrial oxidative stress, inflammation, and fibrosis, suggesting an important role of mitochondrial
dysfunction in the pathogenesis of obstructive kidney disease.

1. Introduction

Fibrosis is a common event of various forms of chronic kid-
ney diseases (CKDs). The progression of renal fibrosis has
been thought as a major pathological process leading to the
progressive loss of renal function in CKDs [1–3]. Among
those causative factors leading to the renal fibrosis, inflam-
mation and oxidative stress were best characterized [4–7].
In the past decades, although numerous studies have been
performed aiming to develop better strategies for treating
the CKDs [8, 9], the therapeutic outcome is still unsatisfac-
tory owing to the incomplete understanding of pathological
mechanisms.

Interestingly, recent reports indicated an abnormal
change of mitochondria in some CKD models including
UUO [10–12] and 5/6 nephrectomy [13]. Mitochondria not
only are the key source of energy production but also play
important roles in mediating the signaling transduction, cell
proliferation and the control of cell cycle, cell growth, and cell
death [14, 15]. The dysfunction of mitochondria causes ATP
depletion, reactive oxygen species (ROS) overproduction,
and release of proapoptotic factors like cytochrome C and
mitochondrial DNA, which could result in the cell injury
via oxidative damage of DNA and protein and apoptotic
response and subsequent inflammation and fibrosis [16, 17].
In agreement with these notions, our previous study gave
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the evidence showing that mitochondrial dysfunction is an
early event prior to the occurrence of renal fibrosis in mouse
model with aldosterone infusion [18] and the intervention
of mitochondrial dysfunction remarkably attenuated renal
injury induced by chronic aldosterone infusion. In obstructed
kidneys, the mitochondrial abnormality is also proven [10,
12], suggesting an involvement of mitochondrial dysfunction
in the pathogenesis of obstructive kidney disease.

UUO is a well-established and widely used model in
investigating the mechanisms and therapeutic strategies
of renal fibrosis [19]. The mitochondrial abnormality in
obstructed kidney might be a cause leading to the renal
fibrosis or merely a secondary result of renal injury. To define
the role of mitochondrial dysfunction in obstructive kidney
injury, we treated the UUO mice with a mitochondrial com-
plex I inhibitor rotenone to determine (1) whether inhibition
of mitochondrial complex I can attenuate tubular injury and
renal fibrosis in obstructive kidney disease and (2) whether
mitochondrial complex I inhibition could affect the oxidative
stress and inflammation in this particular model.

2. Methods

2.1. Animals. C57BL/6J mice were originally purchased from
Jackson lab.Thismouse colonywas propagated at theNanjing
Medical University. In all studies, 3- to 4-month-old male
mice were used. All mice were maintained under a 12 : 12 h
light-dark cycle (lights on at 6:00 a.m. and lights off at
6:00 p.m.). This study was approved by the Nanjing Medical
University Institutional Animal Care and Use Committee.

2.2. Establishment of UUOMouse Model and Rotenone Treat-
ment. Unilateral ureter obstructionwas induced as described
previously [20]. Briefly, the left ureter was exposed and
subsequently ligated with 6.0 silk through a small abdom-
inal incision under the anesthesia with 2.0% isoflurane.
The abdomen was closed in two layers. All mice received
analgesia (subcutaneous injection of 50 𝜇g/kg buprenorphine
(Temgesic, Schering-Plough)) after the surgery. Following the
surgery, the jelly diet with or without rotenone at a dose
of 500 ppm was given to the UUO mice. The sham control
mice were treated with jelly diet without rotenone. After
seven-day treatment of rotenone, mice (𝑁 = 5 per group)
were sacrificed and the kidney tissues were harvested for the
evaluation of gene and protein expressions and histological
analysis.

2.3. Tubular Injury Score. Kidney tissues were fixed by direct
immersion in 10% formalin for 16 h. Following embedding in
paraffin, 4 𝜇m sections were prepared and stained with peri-
odic acid Schiff (PAS) and analyzed with light microscope.
The percentage of tubular injury parameters of epithelial
flattening, tubular dilatation, and brush border loss was
estimated by a pathologist who was blind to the identity of
the specimen using a 4-point scale in ten randomly chosen,
nonoverlapping fields (200x magnification). Degree of injury
was graded onto a scale from 0 to 4: 0 = normal; 1 = mild,
involvement of less than 25% of the cortex; 2 = moderate,

involvement of 25 to 50% of the cortex; 3 = severe, involve-
ment of 50 to 75% of the cortex; and 4 = extensive damage
involving >75% of the cortex.

2.4. Immunohistochemistry. Kidneys were fixed with 10%
formalin and embedded in paraffin. Kidney sections (4𝜇m
thickness) were incubated in 3% H

2
O
2
for 15 minutes at

room temperature to block endogenous peroxidase activity.
After boiling in antigen retrieval solution (1mmol/L tris-HCl,
0.1mmol/L EDTA, pH = 8.0) for 15 minutes at high power
in a microwave oven, the sections were incubated overnight
at 4∘C with rabbit anti-collagen I antibody (Cat number: sc-
8784, Santa Cruz). After washing with PBS, the secondary
antibody was applied and the signal was visualized using an
ABC kit (Santa Cruz Biotechnology).

2.5. Immunoblotting. Thewhole kidneywas lysed and protein
concentration was determined by Coomassie reagent. Pro-
teins (60 𝜇g) from whole kidney lysates were denatured in
boiling water for 10min, separated by SDS-polyacrylamide
gel electrophoresis, and transferred onto nitrocellulosemem-
branes. The blots were blocked overnight with 5% nonfat dry
milk in tris-buffered saline (TBS), followed by incubation
for 1 h with rabbit anti-collagen I (Cat number: sc-8784,
Santa Cruz), anti-fibronectin (Cat number: sc-9068, Santa
Cruz), anti-𝛼-smooth muscle actin (Cat number: sc-32251,
Santa Cruz), or anti-HO-1 (Cat number: ab13248, Abcam)
at a dilution of 1 : 1000. After being washed with TBS, blots
were incubated with a goat anti-horseradish peroxidase-
conjugated secondary antibody (1 : 1000 dilution) and visu-
alized with ECL kits (Amersham, Piscataway, NJ, USA).

2.6. qRT-PCR. Total RNA isolation and reverse transcription
were performed as previously described [21]. Total DNA from
kidney was isolated using the DNeasy Tissue Kit (Invitrogen,
Carlsbad, CA). The mRNA and mtDNA copy numbers
were detected by qRT-PCR. Oligonucleotides were designed
using Primer3 software (available at http://frodo.wi.mit.edu/
primer3/) and the sequences are shown in Table 1. qRT-PCR
amplification was performed using the SYBR Green Master
Mix (Applied Biosystems, Warrington, UK) and the PRISM
7500 Real-Time PCR Detection System (Applied Biosystems,
Foster City, CA, USA). Cycling conditions were 95∘C for
10min, followed by 40 repeats of 95∘C for 15 s and 60∘C for
1min.

2.7. Measurement of Thiobarbituric Acid-Reactive Substances.
The measurement of plasma thiobarbituric acid-reactive
substances (TBARS) was based on the formation of malon-
dialdehyde by using a commercially available TBARS Assay
kit (Cat number: 10009055; Cayman Chemical) according to
the manufacturer’s instructions.

2.8. Enzyme Immunoassay. The kidney tissue was homog-
enized in phosphate-buffered saline and then centrifuged
for 5min at 10,000 r.p.m. The supernatant was diluted 1 : 50
with enzyme immunoassay buffer. Concentrations of TGF-
𝛽
1
were determined by enzyme immunoassay according to
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Figure 1: Rotenone treatment attenuated renal tubular injury. (a) Representative images of renal PAS staining in control and UUOmice with
or without rotenone treatment. (b) Score of tubular injury.𝑁 = 5 in each group. Data are means ± SE.

manufacturer’s instructions (Cat number: ab119557, Abcam).
The kidney content of TNF-𝛼 and IL-1𝛽 was measured using
the ELISA kits (TNF-𝛼: Cat number: 559732, BDOptEIA, BD
Bioscience; IL-1𝛽: Cat number: ab100704, Abcam).

2.9. Statistical Analysis. All values are presented as mean ±
SE. Statistical analysis was performed using Student’s 𝑡-test
or two-way ANOVA. Differences were considered to be
significant when 𝑃 < 0.05.

3. Results

3.1. Effect of Rotenone Treatment on Renal Structural Change
in Obstructed Kidneys. Following 7-day ureteral obstruction,
the PAS staining indicated marked tubular structure damage
as shown by the loss of brush border, epithelial cell atrophy
and flattening, and tubular lumen dilation (Figure 1(a)).
Strikingly, 7-day rotenone treatment remarkably attenuated
all these morphological abnormalities (Figure 1(a)). Tubular
injury score analysis also demonstrated a robust improve-
ment of tubular injury as shown by Figure 1(b).

3.2. Effect of Rotenone Treatment on the Oxidative Stress Level
in Obstructed Kidneys. Dysfunctional mitochondria serve
as important source of ROS production. By blockade of
mitochondrial complex I, upregulation of oxidative stress
marker HO-1 was significantly blocked in obstructed kidneys
(Figures 3(a) and 3(b)). To further validate this antioxidative
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Figure 2: Rotenone treatment blocked the increase of TBARS in
obstructed kidneys. Oxidative stress marker TBARS in kidneys was
measured using a commercial kit. 𝑁 = 5 in each group. Data are
means ± SE.

effect of rotenone in this model, we examined TBARS level
using a commercial kit. As expected, the increased TBARS
content in obstructed kidneys was strikingly reduced by
rotenone administration (Figure 2).

3.3. Effect of Rotenone Treatment on Inflammatory Response
in Obstructed Kidneys. UUO is also an inflammatory kidney
disease model with remarkably augmented inflammation
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Table 1: Sequences of primers for real-time PCR.

Gene Primer sequence

GAPDH 5-gtcttcactaccatggagaagg-3

5-tcatggatgaccttggccag-3

TNF-𝛼 5-tccccaaagggatgagaag-3

5-cacttggtggtttgctacga-3

IL-1𝛽 5-actgtgaaatgccaccttttg-3

5-tgttgatgtgctgctgtgag-3

ICAM-1 5-cgcttccgctaccatcac-3

5-ggcggctcagtatctcctc-3

PAI-1 5-cacgctacttcctcctcaag-3

5-ctctgtcttcatcagctggc-3

FN 5-cgtggagcaagaaggacaa-3

5-gtgagtctgcggttggtaaa-3

Collagen I 5-ccggctcctgctcctctt-3

5-ttgcacgtcatcgcacac-3

Collagen III 5-tggtttcttctcacccttctt-3

5-caaatgggatctctgggttg-3

TGF-𝛽
1

5-tacgcctgagtggctgtctt-3

5-cgtggagtttgttatctttgct-3

mtDNA 5-atcctcccaggatttggaat-3

5-accggtaggaattgcgataa-3

18S rRNA 5-ttcggaactgaggccatgatt-3

5-tttcgctctggtccgtcttg-3

mtND1 5-aatcgccatagccttcctaacat-3

5-ggcgtctgcaaatggttgtaa-3

from both infiltrating cells and resident cells. By qRT-PCR,
we found that the inflammatory markers TNF-𝛼, IL-1𝛽, and
ICAM-1 were markedly elevated following 7-day ureteral
obstruction, and such increments were robustly abolished
or attenuated by rotenone administration (Figure 4(a)). By
ELISA, we further confirmed the protein regulation of TNF-
𝛼 and IL-1𝛽 following rotenone treatment (Figures 4(b) and
4(c)).

3.4. Effect of Rotenone Treatment on the Fibrotic Markers
in Obstructed Kidneys. Fibrosis is the known pathological
phenomenon in UUO animal models. To evaluate the effect
of rotenone treatment on the fibrosis in this model, we
examined protein and mRNA expressions of cellular matrix
components including collagen I, collagen III, FN, PAI-
1, and the fibroblast cell marker 𝛼-SMA. Strikingly, both
protein (Figures 5(a)–5(c)) and mRNA (Figures 6(a) and
6(b)) expressions of these markers were robustly downreg-
ulated by rotenone treatment. These findings demonstrated
an antifibrotic role of rotenone in chronic obstructive kidney
disease.

3.5. Effect of Rotenone Treatment on TGF-𝛽
1
Expression in

Obstructed Kidneys. TGF-𝛽 is a known profibrotic factor in
mediating the fibrotic process in obstructive kidney disease.
To evaluate rotenone effect on this important fibrotic factor in
this UUO model, we examined mRNA and protein levels of

HO-1

𝛽-Actin
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Figure 3: Rotenone treatment blunted HO-1 induction in obstruct-
ed kidneys. (a) Oxidative stress marker HO-1 was determined by
Western blotting, and 𝛽-actin was used as loading control. (b)
Densitometry ofWestern blots.𝑁 = 5 in each group.Data aremeans
± SE.

TGF-𝛽
1
using qRT-PCR and ELISA, respectively. As shown

by the data, both mRNA and protein levels of TGF-𝛽
1
were

significantly blunted by rotenone (Figures 7(a) and 7(b)).

3.6. Effects of Rotenone Treatment on Mitochondrial DNA
Copy Number and mtND1 Expression. To evaluate the mito-
chondrial abnormality, we measured mtDNA copy number
and mtND1 expression. As shown by Figures 8(a) and
8(b), kidney obstruction remarkably reduced both indices,
indicating a severe mitochondrial abnormality. After 7-day
rotenone administration, reduction of mtDNA copy number
and mtND1 expression was moderately but significantly
restored (Figures 8(a) and 8(b)), suggesting amelioration of
mitochondrial abnormality.

4. Discussion

The prevalence of CKD is rapidly rising with the increments
of various insults leading to the kidney injury. Among
those insults, diabetes and hypertension have become the
major ones resulting in the CKD [22, 23]. In the kidneys
of CKD patients, the inflammation, oxidative stress, and
fibrosis are the common pathological manifestations and
form a positive feedback loop to promote progressive renal
injury and function loss [4–7]. In the past decades, although
the researchers and nephrologists made substantial efforts
in understanding the pathogenesis of CKDs, the current
management strategies are still ineffective at stopping disease
progression. This situation raised an urgent request to better
understand the pathogenic mechanisms of CKDs.
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Figure 4: Rotenone treatment blunted inflammatory response in obstructed kidneys. (a) qRT-PCR analysis of TNF-𝛼, IL-1𝛽, and ICAM-1
mRNA expressions. (b) ELISA analysis of renal TNF-𝛼 protein level. (c) ELISA analysis of renal IL-1𝛽 protein level. 𝑁 = 5 in each group.
Data are means ± SE.

Mitochondria are key cellular organelles in determin-
ing the cell fate. The dysfunction of mitochondria plays a
pathogenic role in chronic heart failure [24, 25] and some
central nervous diseases [26]. In kidney, recent reports indi-
cated a potential involvement of mitochondrial dysfunction
in mediating the development and progression of CKDs [10–
13]. In present study, we applied a mitochondrial complex
I inhibitor to the mice subjected to UUO and observed a
remarkable amelioration of kidney injury.

Mitochondrial damage not only results in the reduction
of ATP level but also leads to the excessive production of
ROS, which directly causes cellular injury and subsequently
promotes mitochondrial dysfunction [27, 28]. Because the
mitochondrial abnormality is a known phenomenon in
UUO kidneys [10, 12, 29], in present study, we tested
the efficacy of mitochondrial complex I inhibitor rotenone
on the oxidative stress in obstructed kidneys and found
that rotenone treatment strikingly reduced kidney TBARS
content and HO-1 expression. These results demonstrated
that inhibiting the activity of dysfunctional mitochondria
definitely inhibited ROS overproduction, suggesting a critical

role of mitochondrial dysfunction in mediating ROS over-
production in obstructed kidneys. More importantly, with
the blockade of mitochondria-originated oxidative stress,
the renal tubular injury was also significantly improved as
determined by PAS staining, which suggested that mitochon-
drial oxidative stress served as a pathogenic factor in this
pathological process.

Inflammation plays a detrimental role in the occurrence
and development of kidney injury in various kidney diseases
including CKDs. Both infiltrating inflammatory cells and
renal resident cells contribute to inflammatory response
in obstructive kidney disease [19, 30–32]. However, the
detailed mechanisms leading to the inflammation in this
model are still poorly understood. In present study, inhibition
of mitochondrial complex I by rotenone led to a marked
amelioration of inflammation as shown by significant sup-
pression of proinflammatory cytokines, such as TNF-𝛼, IL-
1𝛽, and ICAM-1. These results suggested that mitochondrial
dysfunction may play an important role in mediating the
inflammatory response in obstructed kidneys. Also, a num-
ber of evidence demonstrated that oxidative stress could
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Figure 5: Rotenone treatment reduced protein expression of fibrotic markers in obstructed kidneys. (a) Immunohistochemistry of collagen
I. (b) Fibrotic markers of collagen I, FN, and 𝛼-SMA were determined by Western blotting, and 𝛽-actin was used as loading control. (c)
Densitometry of Western blots.𝑁 = 5 in each group. Data are means ± SE.

trigger the inflammatory response in many pathological
processes [33, 34]. In present study, in line with the inhibition
of oxidative stress by rotenone, the inflammatory response
was also effectively blunted, indicating that mitochondria-
derived oxidative stressmay be a causative factor in triggering
inflammation in obstructive kidney disease.

Fibrosis is a common outcome of all forms of renal injury.
Fibrosis, as evidenced by the accumulation of extracellular
matrix (ECM) [3] and cellular phenotypic alteration, was
thought as a key player in the loss of renal function. Fibrosis

not only is a result of various insults, such as inflammation
and oxidative stress, but also contributes to the induction of
inflammation and oxidative stress, forming a positive feed-
back loop. In agreement with this notion, blockade of mito-
chondrial oxidative stress and inflammation by rotenone was
paralleled with the attenuation of fibrosis. To further inves-
tigate the potential mechanism of this antifibrotic action, we
examined TGF-𝛽

1
, a key contributor of fibrosis in UUO [35,

36] and many other CDK models [37], and found that TGF-
𝛽
1
was decreased by rotenone at both mRNA and protein
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Figure 6: Rotenone treatment reduced mRNA expression of fibrotic markers in obstructed kidneys. (a) qRT-PCR analysis of FN and PAI-1
mRNA levels. (b) qRT-PCR analysis of collagen I and collagen III mRNA levels.𝑁 = 5 in each group. Data are means ± SE.
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Figure 7: Rotenone treatment decreased renal TGF-𝛽
1
induction in obstructed kidneys. (a) qRT-PCR analysis of renal TGF-𝛽

1
mRNA

expression. (b) ELISA analysis of renal TGF-𝛽
1
protein expression.𝑁 = 5 in each group. Data are means ± SE.
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Figure 8: Rotenone treatment partially reversed the reduction of mtDNA copy number and mtND1 expression in obstructed kidneys. (a)
mtDNA copy number was determined by qRT-PCR. (b) mtND1 expression was determined by qRT-PCR. 𝑁 = 5 in each group. Data are
means ± SE.

levels. These data suggested that the antifibrotic action of
rotenone is possibly through its blockade of TGF- 𝛽

1
, at least

to some extent. Reduction of TGF- 𝛽
1
could be secondary to

the attenuation of oxidative stress and inflammation because
both ROS [38] and inflammatory cytokines [39] have been
shown to be responsible for the TGF- 𝛽

1
induction.

In summary, present study demonstrated that inhibiting
the activity of dysfunctional mitochondria in obstructed
kidney by a mitochondrial complex I inhibitor significantly
attenuated kidney injury in parallel with the blockade
of oxidative stress, inflammation, and fibrotic response.
These results suggested a causative role of mitochondrial
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dysfunction in mediating the obstructive kidney injury. And
a pathogenic loop formed by mitochondrial oxidative stress,
inflammation, and fibrosis may exist in this pathological
process. Targeting mitochondrial dysfunction may serve as
a novel therapeutic strategy for the treatment of obstructive
kidney disease and other CKDs.
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[10] I. M. Garćıa, L. Altamirano, L. Mazzei et al., “Role of mitochon-
dria in paricalcitol-mediated cytoprotection during obstructive
nephropathy,”TheAmerican Journal of Physiology—Renal Phys-
iology, vol. 302, no. 12, pp. F1595–F1605, 2012.

[11] D. M. Small, J. S. Coombes, N. Bennett, D. W. Johnson, and G.
C. Gobe, “Oxidative stress, anti-oxidant therapies and chronic
kidney disease,” Nephrology, vol. 17, no. 4, pp. 311–321, 2012.

[12] Y. Xu, S. Ruan, X.Wu,H.Chen,K. Zheng, andB. Fu, “Autophagy
and apoptosis in tubular cells following unilateral ureteral
obstruction are associated with mitochondrial oxidative stress,”
International Journal of Molecular Medicine, vol. 31, no. 3, pp.
628–636, 2013.

[13] J. F. Chen, H. Liu, H. F. Ni et al., “Improved mitochondrial
function underlies the protective effect of pirfenidone against
tubulointerstitial fibrosis in 5/6 nephrectomized rats,” PLoS
ONE, vol. 8, no. 12, Article ID e83593, 2013.

[14] R. Dhingra and L. A. Kirshenbaum, “Regulation of mitochon-
drial dynamics and cell fate,” Circulation Journal, vol. 78, pp.
803–810, 2014.

[15] A. Devin and M. Rigoulet, “Mechanisms of mitochondrial
response to variations in energy demand in eukaryotic cells,”
The American Journal of Physiology—Cell Physiology, vol. 292,
no. 1, pp. C52–C58, 2007.

[16] S. Michel, A. Wanet, A. de Pauw, G. Rommelaere, T. Arnould,
and P. Renard, “Crosstalk betweenmitochondrial (dys)function
and mitochondrial abundance,” Journal of Cellular Physiology,
vol. 227, no. 6, pp. 2297–2310, 2012.

[17] E.M.V. deCavanagh, F. Inserra,M. Ferder, and L. Ferder, “From
mitochondria to disease: role of the renin-angiotensin system,”
American Journal of Nephrology, vol. 27, no. 6, pp. 545–553, 2007.

[18] M. Su, A. Dhoopun, Y. Yuan et al., “Mitochondrial dysfunction
is an early event in aldosterone-induced podocyte injury,” The
American Journal of Physiology: Renal Physiology, vol. 305, no.
4, pp. F520–F531, 2013.

[19] R. L. Chevalier, M. S. Forbes, and B. A. Thornhill, “Ureteral
obstruction as a model of renal interstitial fibrosis and obstruc-
tive nephropathy,” Kidney International, vol. 75, no. 11, pp. 1145–
1152, 2009.

[20] K. M. A. Rouschop, M. E. Sewnath, N. Claessen et al., “CD44
deficiency increases tubular damage but reduces renal fibrosis
in obstructive nephropathy,” Journal of the American Society of
Nephrology, vol. 15, no. 3, pp. 674–686, 2004.

[21] Z. Jia, H. Wang, and T. Yang, “Microsomal prostaglandin E
synthase 1 deletion retards renal disease progression but exacer-
bates anemia in mice with renal mass reduction,”Hypertension,
vol. 59, no. 1, pp. 122–128, 2012.

[22] S. S. Badal and F. R. Danesh, “New insights into molecular
mechanisms of diabetic kidney disease,” American Journal of
Kidney Diseases, vol. 63, pp. S63–S83, 2014.

[23] M. E. Hall, J.M. doCarmo, A. A. da Silva, L. A. Juncos, Z.Wang,
and J. E. Hall, “Obesity, hypertension, and chronic kidney
disease,” International Journal of Nephrology and Renovascular
Disease, vol. 7, pp. 75–88, 2014.

[24] D. B. Zorov, C. R. Filburn, L. O. Klotz, J. L. Zweier, and
S. J. Sollott, “Reactive oxygen species (ROS)-induced ROS
release: a new phenomenon accompanying induction of the
mitochondrial permeability transition in cardiac myocytes,”
Journal of Experimental Medicine, vol. 192, no. 7, pp. 1001–1014,
2000.

[25] Y. R. Chen and J. L. Zweier, “Cardiac mitochondria and reactive
oxygen species generation,” Circulation Research, vol. 114, no. 3,
pp. 524–537, 2014.

[26] M. E. Witte, D. J. Mahad, H. Lassmann, and J. van Horssen,
“Mitochondrial dysfunction contributes to neurodegeneration
in multiple sclerosis,” Trends in Molecular Medicine, vol. 20, pp.
179–187, 2014.



Mediators of Inflammation 9

[27] D. C. Wallace, “Mitochondrial diseases in man and mouse,”
Science, vol. 283, no. 5407, pp. 1482–1488, 1999.

[28] D. C. Wallace, “A mitochondrial paradigm of metabolic and
degenerative diseases, aging, and cancer: a dawn for evolution-
ary medicine,” Annual Review of Genetics, vol. 39, pp. 359–407,
2005.

[29] M. S. Forbes, B. A. Thornhill, C. I. Galarreta, J. J. Minor, K.
A. Gordon, and R. L. Chevalier, “Chronic unilateral ureteral
obstruction in the neonatal mouse delays maturation of both
kidneys and leads to late formation of atubular glomeruli,”
American Journal of Physiology: Renal Physiology, vol. 305, pp.
F1736–F1746, 2013.

[30] G. F. Schreiner, K. P. G. Harris, M. L. Purkerson, and S. Klahr,
“Immunological aspects of acute ureteral obstruction: immune
cell infiltrate in the kidney,” Kidney International, vol. 34, no. 4,
pp. 487–493, 1988.

[31] Y. Le Meur, G. H. Tesch, P. A. Hill et al., “Macrophage
accumulation at a site of renal inflammation is dependent on
the M-CSF/c-fms pathway,” Journal of Leukocyte Biology, vol.
72, no. 3, pp. 530–537, 2002.

[32] D. M. Lenda, E. Kikawada, E. R. Stanley, and V. R. Kelley,
“Reduced macrophage recruitment, proliferation, and activa-
tion in colony-stimulating factor-1-deficient mice results in
decreased tubular apoptosis during renal inflammation,” Jour-
nal of Immunology, vol. 170, no. 6, pp. 3254–3262, 2003.

[33] J. M. Vieira Jr., E. Mantovani, L. Tavares Rodrigues et al.,
“Simvastatin attenuates renal inflammation, tubular transdiffer-
entiation and interstitial fibrosis in rats with unilateral ureteral
obstruction,”Nephrology Dialysis Transplantation, vol. 20, no. 8,
pp. 1582–1591, 2005.

[34] Y. Li, R. F. Schwabe, T. DeVries-Seimon et al., “Free cholesterol-
loaded macrophages are an abundant source of tumor necrosis
factor-𝛼 and interleukin-6: model of NF-𝜅B- and map kinase-
dependent inflammation in advanced atherosclerosis,”The Jour-
nal of Biological Chemistry, vol. 280, no. 23, pp. 21763–21772,
2005.

[35] S. Klahr and J. Morrissey, “Obstructive nephropathy and renal
fibrosis: The role of bone morphogenic protein-7 and hepato-
cyte growth factor,” Kidney International, Supplement, vol. 64,
no. 87, pp. S105–S112, 2003.

[36] M. Sato, Y. Muragaki, S. Saika, A. B. Roberts, and A. Ooshima,
“Targeted disruption of TGF-𝛽1/Smad3 signaling protects
against renal tubulointerstitial fibrosis induced by unilateral
ureteral obstruction,” Journal of Clinical Investigation, vol. 112,
no. 10, pp. 1486–1494, 2003.
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