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For decades, compounds derived from natural products have
demonstrated their eﬀectiveness as therapeutic agents in
diﬀerent areas, such as metabolic disorder, cardiovascular
diseases, inﬂammation, and neurological disorders. Natural
products, like herbal medicines, fatty acids, and probiotics,
also are implicated in the regulation of immune function.
They control the immune system in a pleiotropic manner
and participate in various processes of the adaptive/innate
immunity. Therefore, natural products have great potential
for targeted immune modulators, in the treatment of certain
types of immunologic and inﬂammatory diseases, like rheumatoid arthritis, plaque psoriasis, ankylosing spondylitis,
Crohn’s disease, and ulcerative colitis.
This special issue involves 12 original papers and 2 review
papers selected by the editors which provides our readers a
deeper understanding for using natural products as targeted
modulators of the immune system. These papers are summarized as follows.
Polyphenols are pharmacologically active natural products with well-known immunomodulatory activities. S. Ding
et al. reviewed the immune-regulating properties of polyphenols from the perspectives of molecular immunity and epigenetic inheritance. They also raised several recommendations
for the development of polyphenols as immune factors,
including improving polyphenols’ bioavailability in the host,

appropriately determining diﬀerent immunological responses
by polyphenols, and getting a comprehensive understanding
of synergistic eﬀects by the polyphenols. In this special issue,
the immune-modulating eﬀect of two typical natural polyphenols, luteolin and curcumin, has been investigated. Y.
Liao et al. studied the eﬀects of luteolin on apoptosis or
autophagy in the macrophages. They noticed that luteolin
eﬀectively improved ANA-1 macrophage apoptosis and
autophagy via regulating the p38, ERK, and Akt pathways
to inhibit the expression of antiapoptotic proteins (Bcl-2
and Beclin-1) and increase the antiapoptotic protein expressions (caspase-3 and caspase-8). T. Larussa et al. uncovered
that curcumin changed the expressions of interleukin- (IL-)
17 and indoleamine 2,3-dioxygenase (IDO) during Helicobacter pylori-infected human gastric mucosa, which provides us novel understanding into the knowledge of the
immune pathways.
Innate immunity plays key roles against pathogens invading, and pattern recognition receptor (PRR) is known as a
fundamental immune receptor for the innate immune system. In this review, H.-Y. Guo et al. summarized the functions
of two PRRs, Toll-like receptors (TLRs) and retinoic acidinducible gene I- (RIG-I-) like receptors (RLRs), in resisting
ﬂavivirus invasion. Moreover, M. Rodríguez-Valentín et al.
using a natural Coriolus versicolor-derived polysaccharide

2
peptide (PSP) demonstrated its anti-HIV properties, via
decreasing viral replication and promoting the releases of
antiviral chemokines in THP1 cells and human PBMCs.
They further noticed that these eﬀects were TLR4-dependent,
since TLR4 inhibition caused counter eﬀects in chemokine
expression and HIV-1 replication in PSP-treated cells.
In recent years, use of medicinal plants is gaining wide recognition due to their versatility, safety, and cost-eﬀectiveness.
Fagonia indica is a traditional medical plant in India which
has been studied and practiced against a broad range of diseases. F. Azam et al. studied the hepatoprotective activity of
F. indica extract using a mouse liver injury model induced
by thioacetamide. They showed that F. indica extract administration ameliorated serological and histological changes in
the mice liver. This extract also altered expression of proinﬂammatory and hepatic markers in the liver, suggesting a
promising immune regulatory role for the plant in curing
liver injury. Propolis is a natural product originally produced
by honeybees (Apis mellifera) from tree buds. L. Sun et al.
fractionalized Chinese propolis with diﬀerent solvents and
compared their antinociceptive eﬀects using rodent models.
They found that the antinociceptive activities from Chinese
propolis fractions are diﬀerent, which relate to their ﬂavonoid compositions. As the main source of Chinese propolis
in the northern China temperate zone is poplar buds, S. Peng
et al. investigated the beneﬁcial eﬀects of poplar buds in type2 diabetic mice induced by streptozotocin. They showed that
poplar bud extracts decreased blood glucose levels and insulin resistance and signiﬁcantly relieved dyslipidemia, oxidative stress, and inﬂammation in type-2 diabetes mice.
This special issue also contains work using naturally
derived products from various sources, including functional
lipids, antioxidants, and bile acid derivatives, as well as natural glucosides. Tributyrin is a structured lipid with three
butyrate molecules esteriﬁed to glycerol. B. Glueck et al.
showed the protective eﬀects of tributyrin supplementation
following chronic-binge ethanol exposure in mice, which
was linked to the modulation on the gut innate immune
responses and restored oxidative stress. They found a possible involvement of tributyrin in maintaining intestinal integrity in this experiment. Thioredoxin reductase (TrxR1) is
known as an antioxidant enzyme which helps defense against
oxidative stress. F. Chen et al. found that a miRNA-mediated
posttranscriptional mechanism is involved in H2O2-induced
TrxR1 expression in endothelial cells, suggesting an important role of miRNAs in response to oxidative stress and
immune dysfunctions. On the other hand, S. Zhao et al.
noticed that secondary bile acid deoxycholic acid (DCA),
which is considered to be associated with the development
of inﬂammatory bowel disease (IBD). Even though they
showed that DCA enema aggravated DSS-induced mice colitis, their ﬁndings suggest that trigger inﬂammasome activation
by DCA via S1PR2 may represent a novel therapeutic target for
IBD management. Inﬂammasome activation in the eyes also
has been linked to the pathogenesis of age-related macular
degeneration. X. Jin et al. investigated the protective eﬀects
of cyanidin-3-glucoside against 4-hydroxyhexenal-induced
inﬂammatory damages in human retinal pigment epithelial
cells. Cyanidin-3-glucoside showed potent inhibitive eﬀects
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on NLRP3 inﬂammasome activation hallmarks induced by
HHE, which are associated with decreased JNK activation.
Taken together, this special issue provides us novel
insights for the prevention and treatment of immune-related
diseases using natural products.
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The anti-inﬂammatory and antimicrobial properties of curcumin suggest its use as an anti-Helicobacter pylori (H. pylori) agent, but
mechanisms underlying its helpful activity are still not clear. Indoleamine 2,3-dioxygenase (IDO) promotes the eﬀector T cell
apoptosis by catalyzing the rate-limiting ﬁrst step in tryptophan catabolism, and its high expression in H. pylori-infected human
gastric mucosa attenuates Th1 and Th17 immune response. The aim of this study was to investigate the role of curcumin in
modulating the expression of IL-17 and IDO in H. pylori-infected human gastric mucosa. In an organ culture chamber,
gastric biopsies from 35 patients were treated with and without 200 μM curcumin. In H. pylori-infected patients (n = 21),
IL-17 was signiﬁcantly lower, both in gastric biopsies (p = 0 0003) and culture supernatant (p = 0 0001) while IDO
signiﬁcantly increased (p < 0 00001) in curcumin-treated sample compared with untreated samples. In a subgroup of H. pyloriinfected patients (n = 15), samples treated with curcumin in addition to IDO inhibitor 1-methyl-L-tryptophan (1-MT) showed a
higher expression of IL-17 compared with untreated samples and curcumin-treated alone (p < 0 00001). Curcumin
downregulates IL-17 production through the induction of IDO in H. pylori-infected human gastric mucosa, suggesting its role
in dampening H. pylori-induced immune-mediated inﬂammatory changes.

1. Introduction
Helicobacter pylori (H. pylori) is a ubiquitous pathogen, and
it is believed that at least 50% of the world’s population has
been infected [1]. Although the epidemiology of H. pylori
infection is undergoing changes with regard to improvements in hygienic and socioeconomic conditions and most
infections remain asymptomatic, there are few prospective
studies in the general population, despite the infection still
having a major impact on public health [2]. The colonization,
if not treated, leads to a lifelong chronic gastritis, which is
asymptomatic in the majority of subjects (85%). On the other
hand, the involvement of the bacterium has been proven in
the pathogenesis of a number of pathologies aﬀecting the
gastrointestinal tract such as peptic ulcer disease (11%) or
less frequently gastric cancer and MALT lymphoma of the
stomach (1%) [3]. The human host mounts an innate and

adaptive immune responses against the bacterium, but this
is not enough to clear the infection [4]. Indeed, H. pylori is
able to manipulate the responses of the T helper cells and
their signature cytokines, avoiding its clearance by the host
immune system [5]. Th1 polarization occurring during
H. pylori infection is well documented, but evidences
suggest its modulation by the bacterium, which in this way
allows the persistence of the infection and the development
of H. pylori-related burden of diseases [6].
Interleukin- (IL-) 17A (hereafter referred to as IL-17) is
the key cytokine which is produced by Th17 cells and acts
as a mediator in the host inﬂammatory defenses, both against
extracellular bacterial and pathogenic fungi [7]. During
human H. pylori infection, a higher amount of IL-17 has been
found in the gastric mucosa, which was able to enhance IL-8
production, and was accompanied by a more pronounced
level of gastritis [8].

2
Indoleamine 2,3-dioxygenase (IDO) is a hemecontaining enzyme that promotes the apoptosis of eﬀector
T cells by catalyzing the rate-limiting ﬁrst step in tryptophan
(Trp) catabolism via the kynurenine (Kyn) pathway [9]. On
the other hand, IDO is involved in the diﬀerentiation of naïve
T cells, promoting the switch towards T regulatory cells (Treg
cells) [10]. Moreover, a role for IDO in the regulation of
IL-17 production has been documented in several animal
models of disease [11–13]. We previously demonstrated
that a high amount of IDO in the human gastric mucosa
infected by H. pylori attenuates Th1 and Th17 immune
responses, suggesting an involvement of this enzyme in
the mechanisms by which H. pylori is able to promote
its pathogenicity and establish a condition of immunological
tolerance [14].
Curcumin belongs to the class of phenols called curcuminoids, being the most representative one, and is isolated from
the plant Curcuma longa, which is known for the common
use as a spice, food coloring, and preservative. In a mouse
model of gastritis sustained by H. pylori, curcumin was able
to downregulate the expression of inﬂammatory cytokines
and chemokines, as well as toll-like receptors, all ﬁgures
which are used by the bacterium to establish and maintain
the infection [15]. Although these anti-inﬂammatory and
antimicrobial properties suggest a potential use of curcumin
as an anti-H. pylori agent, mechanisms that underlie its
beneﬁcial activity are still not clear [16].
The aim of this study was to investigate the role of
curcumin in modulating the expression of IL-17 and IDO
in H. pylori-infected human gastric mucosa, thus providing
novel insights into the knowledge of the immune pathways
occurring during H. pylori infection.

2. Materials and Methods
2.1. Patients and Samples. Thirty-ﬁve patients (20 M, 15 F,
median age 47.5 years, range 20–75) underwent esophagogastroduodenoscopy for their dyspeptic symptoms, and
biopsy specimens were collected in the antrum, in order to
perform the urease quick test (Eurospital, Trieste, Italy, 1
biopsy), histology (1 biopsy), and organ culture (2–4
biopsies). Then, patients were classiﬁed as H. pylori-infected
(n = 21) or not (n = 14) according to the results of the urease
quick test, histology, and 13C-urea breath test (Richen
Europe, Milan, Italy); among the three tests, two positive tests
were needed to consider the patient as infected, while the
negative result of all the three tests conﬁrmed as not infected.
When only one among the three abovementioned tests
resulted positive, patient was not included in the analysis.
No previous therapy for H. pylori was allowed, neither treatment with antibiotics nor nonsteroidal anti-inﬂammatory
drugs (NSAIDs) over an 8-week period before the study.
Chronic inﬂammatory conditions (e.g., diabetes, chronic
renal failure, inﬂammatory bowel diseases, or rheumatic
diseases) were absent in all patients enrolled.
2.2. Gastric Biopsy Culture. After collection, biopsy
specimens were immediately positioned on steel grids in
the central well of an organ culture dish containing RPMI

Journal of Immunology Research
1640, 5% fetal bovine serum, 10 mmol/L L-glutamine,
0.25 μg/mL amphotericin B, 10 mg/mL vancomycin,
100 mg/mL gentamicin, and trimethoprim 5 mg/mL (all
from Invitrogen, Carlsbad, CA). Subsequently, each culture
dish was carefully situated in an organ culture chamber with
5% CO2/95% O2 at 37°C. Biopsy specimens were stimulated
or not (untreated controls) with curcumin (Sigma, St. Louis,
MO, USA) using a ﬁnal concentration of 200 μM. Due to its
poor water solubility, curcumin was dissolved in DMSO, to
obtain a 10 mM stock solution. An equal amount of DMSO
was added to the medium as vehicle control and used in the
untreated samples. From a subgroup of patients (n = 20),
further biopsy specimens were collected and treated with
200 μM curcumin in addition to the selective IDO inhibitor
1-methyl-L-tryptophane (1-MT) (Sigma, St. Louis, MO,
USA) using a concentration of 200 μM. For this purpose,
1-MT was dissolved in 1 M NaOH to obtain a concentration
of 1 M 1-MT and it was subsequently diluted to a 20 mM
stock solution. The pH of the solution was then adjusted to
7.5 with hydrochloric acid. The addition of 1-MT always
took place ab initio of each experiment while the 1 M
NaOH solution, without 1-MT, represented the vehicle
control in the untreated samples. Cultures were stopped
after 20 hours; biopsies were collected and frozen and then
set to −80°C for storage.
Preliminary experiments were performed in order to
optimize dose ranging and time course (data not shown).
To exclude direct toxicity of curcumin, DMSO, 1-MT, and
NaOH during the culture, the viability of the specimens
was assessed by examination of frozen tissue sections with
hematoxylin/eosin (H&E) staining, after 20 hours of culture.
Biopsies were considered viable when, after H&E staining,
the morphology of the tissue was intact, showing a welldeﬁned surface cuboidal epithelium of mucous cells and
deeper glands of cuboidal epithelium of mucous and
endocrine cells. Biopsy morphology has been evaluated by
qualitative analysis using an Olympus CK41 optical microscope (Olympus Microscopy Europa).
2.3. Extraction of Total Proteins. Total proteins were
extracted from biopsy specimens after 20 hours of culture, by means of a lysis buﬀer (50 mmol/L HEPES
pH 7.6, 150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L
Na3VO4, 10 mmol/L NaF, 30 mmol/L Na4P2O7, 10% glycerol, 1 mmol/L benzamidine, 1 mmol/L dithiothreitol
(DTT), 10 μg/mL leupeptin, and 1 mmol/L phenylmethylsulfonyl ﬂuoride (PMSF)) (all from Sigma, St. Louis, MO,
USA). Samples were incubated for 30 minutes on ice, then
were centrifuged for 30 minutes at 3100g at 4°C. The
supernatant was collected, and Bradford’s method was
performed to assess the protein concentration, in order to
guarantee an equal loading during Western blot analysis.
Aliquots were stored at −80°C.
2.4. Western Blotting. Levels of IL-17 and IDO were
measured in total proteins extracted from cultured biopsies
after a 20-hour culture period. An equal amount of
proteins (80 μg) was resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and electrophoretically
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2.5. Measurement of IL-17 in the Culture Supernatants. After
20 hours, the supernatant from each culture was collected
and stored at −80°C. Measurement of IL-17 levels was
performed by enzyme-linked immunosorbent assay (ELISA,
R&D Systems, Minneapolis, MN, USA) following the
manufacturer’s instructions. The amount of cytokine was
quantiﬁed within each supernatant in duplicate. Results
were expressed as pg/mL; normalization was made on protein content, and the mean value with standard deviation
was calculated.
2.6. Histology. Biopsies were ﬁxed with 4% paraformaldehyde, and after a process of dehydration and paraﬃn embedding, they were cut into thick sections (3–10 μm), for staining
with H&E and May-Grünwald Giemsa solution. Results were
blindly checked by the pathologist for H. pylori infection.
2.7. Statistics. Statistical analysis was performed using the
Mann-Whitney U test and one-way analysis of variance
(ANOVA) with the Tukey multiple comparison test, as
appropriate. p values of 0.05 or less were regarded as statistically signiﬁcant.
2.8. Ethical Considerations. The study protocol, approved
by the local Research Ethics Committee (no. 2013.31),
was in agreement with the requirements of the Declaration
of Helsinki. All patients gave their written informed consent
to the study procedures.

3. Results
3.1. Curcumin Decreases IL-17 in Both Mucosa and
Supernatant of Gastric Biopsy Cultures. To evaluate the
ability of curcumin to dampen the mucosal inﬂammation
in human gastric mucosa, we measured the expression of
the proinﬂammatory cytokine IL-17 in gastric tissue and its
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transferred onto an Immobilon-P membrane (Amersham
Life Sciences Inc., Buckinghamshire, UK). A 12% gel and
a 10% gel were used in the detection of IL-17 and IDO,
respectively. The equal loading and transfer of proteins
was conﬁrmed by Ponceau S staining. Then, the membranes
were put for 1 h in a “blocking buﬀer” (5% nonfat dry milk in
10 mmol/L Tris-HCl, 100 mmol/L NaCl, and 0.1% Tween 20,
pH 7.6) and subsequently incubated with IL-17 and IDO
rabbit anti-human mAbs, used at 1 : 500 dilution, overnight
at 4°C. After, the membranes were incubated with horseradish peroxide-conjugated goat anti-rabbit IgG mAb, at a
dilution of 1 : 2000 for 1 h. The membranes were stripped
and reprobed with an anti-β-actin antibody at a dilution of
1 : 5000 (Sigma) and then incubated with a horseradish
peroxide-conjugated goat anti-mouse IgG mAb at a dilution
of 1 : 2000. Detection was allowed by means of a chemiluminescence luminol reagent. Measurement of the bands was
performed densitometrically, and the relative density was
calculated using the density of the β-actin bands in each
sample. Values were expressed as arbitrary densitometric
units (a.u.) in agreement with signal intensity. All the
reagents were from Santa Cruz Biotechnology, Santa Cruz,
CA, USA, unless otherwise speciﬁed.

3

1.00
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0

Untreated

Curcumin

Figure 1: Levels of IL-17 by Western blotting in total protein
extracts from gastric biopsies of H. pylori-infected patients (n = 21)
treated with medium (untreated samples) or 200 μM curcumin
for 20 hours. The loading control was represented by β-actin.
Values are expressed as mean values ± SD of arbitrary units (a.u.).
A Western blot panel of one representative experiment is shown
(A is the untreated sample and B is the curcumin-treated sample,
for each patient). Statistical analysis was performed using the
Mann-Whitney U test. p values of 0.05 or less were regarded as
statistically signiﬁcant.

release in the supernatant obtained from cultured biopsy
specimens. Levels of IL-17 resulted signiﬁcantly lower in
curcumin-treated sample compared with untreated samples, both in gastric biopsies (0.56 ± 0.15 arbitrary units
(a.u.) vs. 0.80 ± 0.19 a.u., p = 0 0003, Figure 1) and culture
supernatant (25.18 ± 10.77 pg/mL vs. 40.66 ± 11.69 pg/mL,
p = 0 0001, Figure 2) from H. pylori-infected patients
(n = 21). Levels of IL-17 obtained in the untreated samples
from H. pylori-uninfected patients (n = 14) did not show
signiﬁcant changes after treatment with curcumin, both
in gastric biopsies (0.38 ± 0.23 a.u. vs. 0.41 ± 0.21 a.u., p = 0 4)
and culture supernatant (17.29 ± 12.92 pg/mL vs. 17.09 ±
10.88 pg/mL, p = 0 9).
3.2. Expression of IDO Is Enhanced in H. pylori-Infected
Biopsies Treated with Curcumin. In gastric biopsy
cultures from H. pylori-infected patients (n = 21), IDO
signiﬁcantly increased in curcumin-treated sample compared
with untreated samples (1.24 ± 0.15 a.u. vs. 0.89 ± 0.13, p <
0 00001, Figure 3). IDO expression was very low in H.
pylori-uninfected samples (n = 14) and did not signiﬁcantly
change after treatment with curcumin.
3.3. IDO Inhibition Suppresses IL-17 Downregulation Induced
by Curcumin. In order to assess whether the activity of
curcumin was aﬀected by IDO expression, further gastric
biopsies, collected from a subgroup of H. pylori-infected
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Figure 2: Levels of IL-17 by ELISA in supernatant from gastric
biopsies of H. pylori-infected patients (n = 21) treated with
medium (untreated samples) or 200 μM curcumin for 20 hours.
Values are given in pg/mL as scattered plots with mean values.
Statistical analysis was performed using the Mann-Whitney U test.
p values of 0.05 or less were regarded as statistically signiﬁcant.
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Figure 3: Expression of indoleamine 2,3-dioxygenase (IDO) by
Western blotting in total protein extracts from gastric biopsies
of H. pylori-infected patients (n = 21) treated with medium
(untreated samples) or 200 μM curcumin for 20 hours. The
loading control was represented by β-actin. Values are expressed
as mean values ± SD of arbitrary units (a.u.). A Western blot panel
of one representative experiment is shown (A is the untreated
sample and B is the curcumin-treated sample, for each patient).
Statistical analysis was performed using the Mann-Whitney U test.
p values of 0.05 or less were regarded as statistically signiﬁcant.
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Figure 4: Levels of IL-17 by Western blotting in total protein
extracts from gastric biopsies of the subgroup of H. pylori-infected
patients (n = 15) treated with medium (untreated samples) or
200 μM curcumin or 200 μM curcumin plus the indoleamine 2,3dioxygenase (IDO) inhibitor, 1-methyl-L-tryptophane (1-MT), at
a concentration of 200 μM for 20 hours. The loading control was
represented by β-actin. Values are expressed as mean values ± SD of
arbitrary units (a.u.). A Western blot panel of one representative
experiment is shown (A is the untreated sample, B is the curcumintreated sample, and C is the curcumin plus 1-MT-treated sample,
for each patient). Statistical analysis was performed using one-way
analysis of variance (ANOVA) with the Tukey multiple comparison
test. p values of 0.05 or less were regarded as statistically signiﬁcant.

and uninfected patients, were treated both with curcumin
and in the presence or absence of the IDO inhibitor, 1-MT.
We evaluated the expression of IL-17 by means of Western
blotting. In the subgroup of H. pylori-infected patients
(n = 15), samples cultured with curcumin, in addition to
IDO inhibitor 1-MT, showed a signiﬁcantly higher IL-17
expression compared with untreated samples as well as
with those treated with curcumin alone (1.01 ± 0.13 a.u.
vs. 0.76 ± 0.17 a.u. and vs. 0.53 ± 0.13 a.u., p < 0 00001,
Figure 4). In the subgroup of H. pylori-uninfected samples
(n = 5), IL-17 levels did not signiﬁcantly change after treatment with 1-MT compared with untreated samples or with
curcumin treatment alone (0.28 ± 0.08 a.u. vs. 0.27 ± 0.07 a.u.
and vs. 0.26 ± 0.04 a.u., p = 0 67).

4. Discussion
In this study, the data show that curcumin performs an
immune-mediated anti-inﬂammatory activity in human
gastric mucosa colonized by H. pylori.
At present, nutraceutical substances, including phytochemicals, bioactive peptides, and omega-3 fatty acids, are
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investigated for their beneﬁcial properties in several inﬂammatory diseases [17, 18]. Curcumin is one of the main
constituents of turmeric spice, which has been used for
centuries due to its recognized beneﬁts on human health
and its lack of harmful eﬀects. In particular, it has been
recommended as an anti-inﬂammatory agent, although its
clear mechanism of action is largely unknown [19]. Some
in vitro reports highlighted the antibacterial activity of
curcumin against H. pylori, as this compound was strongly
eﬀective in the inhibition of the bacterial growth and thereby
providing a basis for new treatment strategies in the ﬁeld of
anti-H. pylori therapies [20]. However, there were conﬂicting
results from human trials, suggesting that further studies are
needed to clarify the activity of curcumin on humans [21].
With this in mind, gastric biopsies collected from patients
with and without H. pylori infection have been challenged
with curcumin in an organ culture system, in order to evaluate its eﬀects in human gastric mucosa. In this model, the
whole inﬂammatory process is more intricate than that
acting in in vitro experiments and represents the conditions
which seem to resemble more closely to those that occur in
an in vivo setting.
The recent characterization of the Th17 cells and their
signature cytokine IL-17 provided a novel communication
network between the adaptive and innate immunities [22].
For this reason, we ﬁrst focused our attention on IL-17,
which is enhanced in the gastric mucosa during H. pylori
infection, rules out a proinﬂammatory activity, and is associated with disease severity [23]. Both in the protein extracts
and the supernatants of the curcumin-treated gastric biopsies
from H. pylori-infected patients, a signiﬁcant reduction in
IL-17 levels was found. These results are in agreement
with the documented ability of curcumin to impair
development and diﬀerentiation of Th17 cells in several
inﬂammatory diseases and, in particular, in the gastrointestinal tract [24, 25]. The mechanisms by which curcumin
mediates its anti-inﬂammatory and antioxidant properties
include the inhibition of the nuclear factor kappa-lightchain-enhancer of activated B cell- (NF-κB-) related
inﬂammatory pathway, with consequent downregulation
of TNF-α, IL-12, and IL-2 [26]. Considering that IL-17
production has been involved in the activation of NF-κB
[27], curcumin-induced inhibition of NF-κB could be
responsible for the reduced levels of IL-17 observed in
our experiments. Nevertheless, we previously reported that
an increased expression of IDO occurs in human gastric
mucosa colonized by H. pylori and that this fact is able
to downregulate mucosal Th17 immune response [14].
Ciorba et al. observed that IDO inhibition in a mouse
model of colitis worsens disease severity, suggesting that
this enzyme plays a pivotal role in limiting inﬂammation
in gastrointestinal tract [28]. Also, the expression of IDO
gene is upregulated by interferon- (IFN-) γ, which is the
predominant cytokine induced in human gastric mucosa
during H. pylori infection and acts a pivotal role in the
regulation of the Th1 response in the gastrointestinal tract
[29]. Moreover, a role for IDO in controlling the immune
responses and promoting a state of tolerance has been
established [30, 31]. Based on this background, we decided
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to evaluate the expression of IDO in ex vivo cultured gastric biopsies challenged with curcumin. Data demonstrated
that IDO expression was enhanced in H. pylori-infected
treated samples compared with the untreated ones. Probably due to the chronic active inﬂammation sustained by H.
pylori in human gastric mucosa and to the diﬀerent
experimental model, this result contrasts with that by
Jeong et al., who showed that curcumin inhibits IDO in bone
marrow-derived murine dendritic cells after stimulation by a
single amount of IFN-γ [32]. Nevertheless, the documented
anti-inﬂammatory eﬀect of curcumin by a number of reports
clearly supports our ﬁndings [33].
After noticing that curcumin aﬀected IL-17 and IDO
expression, we further investigated the relationship between
the downregulation of IL-17 and the upregulation of IDO
in H. pylori-infected samples treated with curcumin. We
previously demonstrated that, in the same organ culture
model of gastric biopsies from H. pylori-infected patients,
treatment with the selective IDO inhibitor 1-MT was able
to enhance the IL-17 production [14]. By adding 1-MT in
the cultured biopsies from a subgroup of patients, treatment
with curcumin was no longer capable to reduce IL-17
production. This result suggested that the downregulation
of IL-17 levels exerted by curcumin during H. pylori infection
is, at least in part, mediated by IDO expression. To the best of
our knowledge, results from this study represent the ﬁrst
evidence which focuses on the interplay between curcumin
and IDO in the human gastric mucosa. Although the precise
mechanism by which curcumin increases the expression of
IDO during H. pylori infection was not investigated in the
present study, our ﬁndings allow for some speculations. Since
no signiﬁcant changes in IDO and IL-17 measurement were
observed in biopsy specimens from uninfected patients, even
treated with curcumin, it is strongly conceivable that there is
an interaction between curcumin, IDO, and H. pylori in
modulating the inﬂammatory pathway in the gastric mucosa.
It is recognized that IDO limits Th1 responses towards
external pathogens, thereby driving the host immune system
towards a tolerogenic phenotype [34]. Speciﬁcally, the
enhanced IDO expression in human gastric mucosa colonized by H. pylori has been shown to impair Th1/Th2
balance through both downregulating Th1 and Th17 and
upregulating Th2 pathways, thus favouring the bacterial
persistence [14]. Likewise, curcumin has been found to
increase the presence of Treg cells, while inhibiting the
secretion of Th1 and Th17 cytokines, in a mouse model of
colitis [35]. More speciﬁcally, curcumin exerted therapeutic
eﬀects in inﬂamed colonic mucosa of mice by shifting the
immune response from Th1 to Th2 [36]. Hence, an overlapping action proﬁle between curcumin and IDO is noticeable,
which may work synergistically to reduce inﬂammation
sustained by a continuous proinﬂammatory stimuli such as
that induced by H. pylori.
Although several in vitro and animal studies supported
the anti-H. pylori activity of curcumin, it has been shown that
curcumin failed to eradicate (or to improve the rate of
eradication of) H. pylori in humans [37, 38]. Results of the
present study could suggest some mechanisms responsible
for this failure. Indeed, the novel ﬁnding that curcumin
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downregulates IL-17 by increasing IDO indicates that, while
dampening the inﬂammatory burden, this synergistic
mechanism promotes a tolerance phenotype helping bacterial evasion of the host surveillance mechanisms. Accordingly, Kao et al. suggested that an enhanced Treg induction
in H. pylori-infected hosts causes an imbalance in the
Th17/Treg axis, leading to suboptimal Th17 response which
could be responsible for the failure of eradication [39].
Furthermore, an enhanced IDO expression has been found
to impair H. pylori-induced Th1 response [14] as well as
the H. pylori-induced expression of COX-2, which has also
been showed to downregulate Th1 signalling pathway [40].
This is of particular interest, since Th1 immune response
has been recently considered to be a major factor in eradicating H. pylori [41, 42]. Taken together, data of this study and
those from the literature could explain the reason why the use
of curcumin, in spite of its potential anti-H. pylori in in vitro
and in animal studies, fails in the eradication of the bacterium in humans. The immune-mediated tolerance towards
H. pylori prevails with the concomitant use of curcumin.
In conclusion, data of our study demonstrate that
curcumin downregulates IL-17 levels by inducing the expression of IDO in the human gastric mucosa colonized by H.
pylori. The abovementioned mechanism, while dampening
the inﬂammatory burden, may facilitate the persistence of
the bacterium.
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Propolis is an important bee product which has been applied to the treatment of several diseases. The aim of this study was to
understand the material basis of Chinese propolis on pain relief; diﬀerent Chinese propolis fractions (40W, 40E, 70E, and 95E
raw propolis extracted followed by 40%, 70%, or 95% ethanol) were prepared, and their antinociceptive eﬀects were evaluated.
By analyzing using UPLC-Q-TOF-MS, we showed that 40W was rich in phenolic acids, like caﬀeic acid, while 40E, 70E, and
95E have relatively high levels in ﬂavonoids, like galangin, pinocembrin, and chrysin. Notably, chrysin amounts in 70E and 95E
are much higher than those in 40E fraction. Antinociceptive eﬀects by these propolis fractions were evaluated in mice using
acetic acid-induced writhing test, hot plate test, and tail immersion test, respectively. We noticed that only 40E fraction showed
a signiﬁcant reduction on acetic acid-induced writhing test. Importantly, in the hot plate test, all groups showed their
eﬀectiveness, except for the 70E group. We also noticed that 40W, 40E, and 95E administration caused an increase in the tail
withdrawal latency of the mice. These data suggested that the diﬀerent antinociceptive eﬀects of diﬀerent fractions from Chinese
propolis extracts are directly link to their ﬂavonoid composition.

1. Introduction
The inﬂammation displays with classical symptoms of pain,
swelling, and heat. Pains happened in the freakishness of
any part of the body, including spine joints, tendons, muscles, internal organs, and ligaments. Relief of pain is required
for the quality and normal life activities [1]. Inﬂammation is
the genesis of pains, and recent ﬁndings suggested that
inﬂammatory cytokines provide necessary evidence for
alleviating pains during inﬂammation. Despite the modern
pain relief drugs (most of them are nonsteroidal antiinﬂammatory drugs (NSAID)) that are grossly used based
on these basic concepts, signiﬁcant adverse eﬀects happened,
including addiction, gastric lesions, tolerance, and sedation
[2]. Therefore, new therapeutic strategies for the treatment/
relief for pains with less side eﬀects are warranted.
The usage of herbal medicine in the treatment for various
kinds of diseases has a long history [3]. Modern preclinical
studies have been applied for testing the eﬀectiveness of the

herbal medicines for relieving pains using various models,
including nociception test against mechanical, thermal, and
chemical stimuli, or using rodent inﬂammatory pain models
[4, 5]. The antinociceptive eﬀects of the herbal medicines
might attribute to their anti-inﬂammatory eﬀects, which
interact with the inﬂammatory-associated enzymes (like
COX-1/COX-2), or regulate the cytokine production.
Propolis is an important hive product collected by the
honeybees (Apis mellifera) from various botanic sources (like
tree buds), which has received great interest in medicine due
to its versatile pharmacological activities, including antioxidant [6], antinociceptive [7], and anti-inﬂammatory [8]. It
has been shown that the chemical compositions of propolis
from diﬀerent geographical regions of origins are dissimilar,
depending on their botanic sources. We demonstrated previously that the anti-inﬂammatory eﬀect of Chinese propolis,
which is mainly originated from poplar trees, is associated
with the polyphenolic constitutions, including ﬂavonoids
(like pinocembrin, chrysin, and quercetin) as well as phenolic
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Table 1: Total phenolic content (TPC), total ﬂavonoid content (TFC), reducing power, and DPPH free radical scavenging activities of
diﬀerent fractions of CP.

BHT
40W
40E
75E
95E
a

TPC (mg GAE/g)

TFC (mg QE/g)

Reducing power (μg BHT/ml)

DPPH-scavenging activity IC50 (μg BHT/ml)

/
175.5 ± 0.8
515.8 ± 4.0
270.5 ± 28.9
280.9 ± 0.3

/
9.3 ± 0.1
142.7 ± 0.6
125.9 ± 18.0
126.9 ± 3.4

/
118.7 ± 7.8
128.6 ± 3.9
87.1 ± 2.1
68.2 ± 4.0

82.42 ± 3.7
27.7 ± 1.2
19.5 ± 2.0
52.5 ± 3.5
78.8 ± 6.2

Values are the means ± SD (n ± 3).

acids and its esters (like caﬀeic acid and caﬀeic acid phenethyl
ester (CAPE)) [9]. Despite the mechanisms of the antiinﬂammatory action beyond these active constitutions that
are still not fully understood in CP, it is still recognized that
the this action can be attributed to its direct modulating
eﬀects on the inﬂammatory cytokine releases as well as
inﬂammatory signaling pathways, like NF-κB, and free radical scavenging properties on ROS [10].
It has been recognized as a critical issue for understanding the material basis of herbal medicine, which is necessary
for the modern medicine development as well as clinical
applications. Here, we used diﬀerent Chinese propolis
fractions and several in vivo animal models were applied to
provide systemic data for elucidating the potential antinociceptive eﬀects of Chinese propolis.

2. Results and Discussion
2.1. Phytochemical Analysis and In Vitro Antioxidant
Activities of Diﬀerent Fractions of CP. The abundant polyphenolic compounds are known as key contributors to the
therapeutic eﬀects of propolis. It has been known that
diﬀerent solvents will aﬀect the yield of these bioactive constituents. We ﬁrst performed the phytochemical analysis on
the bioactive fractions of CP (40W, 40E, 75E, and 95E). As
shown in Table 1, 40E fraction showed the highest TPC
and TFC values, while 40W is the lowest among the 4 groups.
Based on previous published studies, the total ﬂavonoid
content in CP ranged from 42.9 to 302 mg GAE/g. Accordingly, the total phenolic acid content of CP varied from 8.3
to 188 mg QE/g. Hence, the present study reported values
of CP fall into these ranges [11].
DPPH free radical scavenging activity assay and FRAP
assay are widely used in the screening of natural antioxidant
as well as plant extracts. Previous studies have been performed exhaustively on the free radical scavenging of propolis [11], while the antioxidant potential among our four CP
fractions in the present study is quite diﬀerent. The 75E
group showed the best DPPH-scavenging activity and reducing power, which correlated well with its high TPC and TFC
values. Interestingly, the 40W fraction is the second best on
the in vitro antioxidant assay, despite its relatively low values
in the TPC and TFC.
Polyphenolic constitutions, including phenolic acids
and ﬂavonoids, are regarded as major contributors to the
antioxidant activities. Generally, our results showed to be

in parallel with other studies in which all CP fractions
have potent antioxidant properties. However, we noticed
that the 40W group showed the best in vitro free radical
scavenging activities, suggested that this fraction contained
rich nonpolar phenolic contents. Those phenolic acids contain aromatic rings which have one/more hydroxyl groups
and enable quenching free radicals by forming resonancestabilized phenoxyl radicals [12]. As shown in Table 2
and Figure 1, we also analyzed 20 phenolic compounds in
CP using HPLC-DAD/Q-TOF-MS.
2.2. Eﬀects of CP Administration on Acetic Acid-Induced
Writhing Test. Rodent writhing test model induced by the
acetic acid is a typical study for antinociceptive studies.
This model has high sensibility for the screening of a
number of diseases, like nonsteroidal anti-inﬂammatory
drugs (NSAIDs), muscle relaxant, and depressant drugs
[13]. The writhing test model is also known as the abdominal constriction response, which enables the detection the
antinociceptive eﬀects and dose levels of the drugs. In our
study, we ﬁrst noticed that only the 40E fraction at 5 g/kg
p.o. showed a signiﬁcant reduction (p < 0 05), as compared
with the control group. The 40E group’s eﬀect (5 g/kg p.o.)
was also similar to that of ibuprofen (60 mg/kg, positive
control) (Figure 2). Previous studies used the black
Moroccan propolis water extract of propolis and did the
writhing test in rats, and they noticed that the maximum
percentage inhibition of constrictions of 49% was observed
at 5% for the extract [14]. It should be noticed that the
vegetation and major chemical proﬁles of Moroccan propolis are diﬀerent from the poplar-type Chinese propolis
samples we used in the present study. The major botanic
source of that propolis is Ceratonia siliqua (Fabaceae)
and Pistacia lentiscus (Anacardiaceae) [15]. These data
further support the eﬀectiveness of propolis from diﬀerent
geographic regions with varied chemical composition.
2.3. Eﬀect of CP Administration on Hindpaw Lick Latency of
the Mice under Hot Plate Test. For assessing the opioidergic
analgesic mechanisms as well as narcotic analgesia, the hot
plate test is a classical model [16]. As shown in Figure 3,
similar to the positive control drug (ibuprofen, 60 mg/kg),
we noticed that the 40W and 95E groups were able to boost
the tail withdrawal latency and these eﬀects were inﬂuenced
independently by the mice’s licking response of the pain
threshold. Nevertheless, the eﬀectiveness of propolis extracts
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Table 2: HPLC-DAD/Q-TOF-MS analysis on Chinese propolis.

Compounds

RT (min)

(M + 1)+

40E

Protocatechuic acid
Vanillic acid
Caﬀeic acid
Syringic acid
7-Hydroxycoumarin
P-Coumaric acid
Ferulic acid
Isoferulic acid
Rutin
3,4-Dimethoxycinnamic acid
Myricetin
Trans-cinnamic
Quercetin
Pinobanksin
Luteolin
Kaempferol
Apigenin
Pinocembrin
Chrysin
CAPE
Galangin
Curcumin
Artepillin C
α-Mangostin

9.525
16.445
16.996
18.13
19.751
19.929
21.063
22.003
23.85
24.337
24.839
26.135
26.865
27.043
27.529
28.501
28.793
30.43
31.11
31.305
31.661
31.823
34.675
41.854

155.0339
169.0495
181.0495
199.0601
163.0389
165.0546
195.0652
195.0652
611.1607
209.0808
319.0448
149.0597
303.0499
273.0757
287.055
287.055
271.0601
257.0808
255.0652
285.1121
271.0601
369.1333
301.1798
411.1802

/
/
7.24
/
/
7.59
3.90
7.79
/
17.20
/
/
0.09
12.87
0.76
4.77
9.18
9.30
24.37
10.65
37.77
/
/
/

Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Content (mg/g)
40W
70E
/
/
44.03
/
/
15.62
5.71
10.28
/
8.53
/
/
/
4.18
0.23
1.14
2.10
9.40
4.85
2.68
10.62
/
/
/

95E

/
/
1.84
/
/
1.77
0.76
1.43
/
4.78
/
/
0.03
6.69
0.23
2.03
2.02
34.34
37.66
5.28
39.00
/
/
/

/
/
1.66
/
/
1.41
0.53
1.97
/
3.62
/
/
0.05
2.99
0.18
1.51
1.06
27.52
55.03
2.15
31.06
/
/
/

mg/g means the content of compounds per g extract of diﬀerent fractions.
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Figure 1: Base peak chromatogram in the UV spectrum in the 280 nm of the extract of diﬀerent fractions on Chinese propolis.

against the hot plate test remains controversial. Bulgarian
propolis and Brazilian propolis were previously tested using
this model but the results were ineﬀective [17]. Diﬀerent
black Moroccan propolis (water extracts) caused a marked
analgesic eﬀect using the hot plate test. It could be suggested
that some active constitutes with analgesic eﬀect are presented in the water extract of Moroccan propolis.

2.4. Eﬀect of CP Administration on Tail Withdrawal Latency
of the Mice under Tail Immersion Test. The antinociceptive
eﬀects of CP fractions as well as ibuprofen (60 mg/kg) were
tested by the use of a thermal nociceptive stimulation (tail
immersion in a 48°C water bath). As shown in Figure 4, all
test groups, except for the 70E group, caused an increase in
the tail withdrawal latency of animals administrated with
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Figure 2: Eﬀects of oral administration of diﬀerent fractions of
Chinese propolis extracts on acetic acid-induced writhing test on
acetic acid-induced visceral nociception in mice (n = 8 per group).
∗
p < 0 05 versus the control group. The values are expressed as
means ± SD.
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Chinese propolis extracts on tail withdrawal latency of the mice
under tail immersion test in mice (n = 8 per group). ∗ p < 0 05
versus the NC group at 0.5 h; # p < 0 05 versus the NC group at
1 h. The values are expressed as means ± SD.
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results support the clinical usage of propolis as an alternative approach for painful disease treatment. Since the
antinociceptive properties are closely linked to the antiinﬂammatory eﬀects, which we have not fully understood,
the modulating eﬀect of these fractions on the inﬂammatory
cytokine releases is still needed to be explored in the future.

95E

2h
4h

Figure 3: Eﬀects of oral administration of diﬀerent fractions of
Chinese propolis extracts on hindpaw lick latency of the mice
under hot plate test (n = 8 per group). ∗ p < 0 05 versus the NC
group at 0.5 h; # p < 0 05 versus the NC group at 1 h and & p < 0 05
and && p < 0 01 versus the NC group at 3 h. The values are
expressed as means ± SD.

them. It is a variant of the tail-ﬂick pain model and is a
sensitive and particularly useful test for demonstrating
dose-related activity [16]. The eﬀectiveness of analgesics in
this model is also highly correlated with relief of human pain.
CP fractions signiﬁcantly attenuated thermal nociception in
rats in this model, though not as eﬀectively as ibuprofen.
The tail immersion test gives a response that is believed to
be a spinally mediated reﬂex but the mechanism of response
could also involve higher neural structures. It is therefore
suggested that CP exerts its antinociceptive eﬀects, at least
in part, by spinally mediated central mechanisms.

3. Discussion
In summary, our data suggested that diﬀerent fractions from
Chinese propolis extracts enriched in polyphenolic constitutions showed central and peripheral antinociceptive eﬀects
that can be linked with their antioxidant activities. These

4. Materials and Methods
4.1. Reagents. Acetic acid, DPPH, and ABTS, as well as standards for the chemical analysis, were obtained from SigmaAldrich (St. Louis, Mo., USA). Methanol was obtained from
Fisher Scientiﬁc (Pittsburgh, PA, USA). All other reagents
were obtained from Sangon Biotechnology (Shanghai,
China) or as indicated in the speciﬁed methods.
4.2. Propolis Collection, Extraction, Active Compound
Separation, and Determination. Chinese propolis (CP),
which was originated from poplar (Populus sp.) was collected
from our apiary in Shandong Province, China. A voucher
specimen was deposited at the Institute of Apicultural
Research, Chinese Academy of Agricultural Sciences, China.
As described in the previous study, the propolis were
extracted using 40% ethanol for the ﬁrst time at 30∘C, under
vacuum. Afterwards, the propolis residues were collected and
dried to get 40% ethanol upper fraction (40W) and the supernatants were dried to get 40% propolis extracts (40E). Then,
70% and 95% ethanol residues were extracted subsequently,
to obtain 70% ethanol extracted propolis (70E) and 95%
ethanol extracted propolis (95E), respectively [18]. Propolis
total phenolic contents were determined by the FolinCiocalteu method and showed as milligram (mg) gallic acid
equivalents (GAE)/g. The aluminum chloride colorimetric
method was applied to measure total ﬂavonoid contents
and showed as mg quercetin equivalents (QE)/g [19]. In vitro
free radical scavenging activity was performed by the DPPH
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assay and ferric reducing antioxidant power (FRAP), respectively [20]. Polyphenolic extracts of propolis were analyzed
using HPLC-DAD/Q-TOF-MS on an Agilent 1200 series
rapid resolution LC system coupled with Agilent 6510
ESI-Q-TOF (Agilent Technologies, CA, USA). A gradient
elution was operated using a mobile phase A, 0.05% formic
acid water, and mobile phase B, methanol. The gradient program was 1% (B) at 0–2 min, 1–20% (B) at 2–10 min, 20–45%
(B) at 10–18 min, 45–82% (B) at 18–28 min, 82–95% (B)
at 28–40 min, 95–95% (B) at 40–50 min, 95–100% (B) at
50–55 min, and 100% (B) at 55–70 min, with the ﬂow rate
of 0.25 ml/min. The injection volume was 1 μl, and the UV
spectra were detected ranging from 190–400 nm with DAD
detector; the chromatograms were recorded at 210, 254,
280, 320, and 360 nm.
4.3. Antinociceptive Tests
4.3.1. Animals. Male ICR mice (20 ± 2 g) were purchased
from the Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China). The mice were kept under controlled
standard environment conditions. All experimental protocols were approved by the Animal Ethical Committee of
Institute of Apicultural Research, CAAS.
4.3.2. Acetic Acid-Induced Writhing Test. The 0.85% acetic
acid was intraperitoneally injected to the mice to induce
peritoneal irritation, with typical symptoms of abdominal
contortions as well as hind limb extensions [13, 14]. The mice
were randomly divided into 6 groups (n = 8): vehicle control,
standard drug (ibuprofen 60 mg/kg), and 5 g/kg bioactive
fractions of CP (40W, 40E, 75E, and 95E) for 8 d. Propolis
were administrated to the mice by gavage every day. On the
8th day, the mice were injected with acetic acid (0.1 ml/
10 g). Then, the mice were moved to polyethylene boxes
and the abdominal contortions were observed and recorded.
Nociceptive behaviors were quantiﬁed 15 minutes after the
acetic acid injection.
4.3.3. Hot Plate Test. The hot plate analgesia meter (Ugo
Basil, Italy; Socrel DS-37) was used for generating a heated
surface (55 ± 0.2°C). The mice were moved to the glass cylinder with a diameter of 20 cm and put on the heated surface.
Treated mice received oral vehicle, drug standard (ibuprofen
60 mg/kg, GSK China), and 5 g/kg bioactive fractions of CP
(40W, 40E, 75E, and 95E) for 7 d. On the 7th day, the latency
to nociceptive response of the mice was recorded at 0.5, 1,
2, and 4 h after oral treatment with diﬀerent samples. Paw
licking and jumping were evaluated as the indices of the
thermal reactions.
4.3.4. Tail Immersion Test. The tail immersion test involved
immersing the extreme 4 cm of the mouse tail in a water bath
containing water at a temperature of 45 ± 0.5°C [21]. The
mice react by withdrawing the tail. The reaction time was
recorded with a stopwatch. The mice were randomly selected
to perform in one of the study groups (ﬁve per group):
control, ibuprofen (60 mg/kg), and 5 g/kg bioactive fractions
of CP (40W, 40E, 75E, and 95E). The reaction time (Ta) for
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the study groups was taken at a latency period of 30 min
and 1 h following the administration of the drugs or extract.
4.4. Statistical Analysis. Data are expressed as the means ± SD
for the indicated number of independently performed experiments. Statistical comparison of the data was performed by
using Student’s t test or one-way ANOVA using the
Student–Newman–Keules method. p values less than 0.05
were considered statistically signiﬁcant. All statistical tests
were carried out using SPSS 17.0.
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The eﬀects of propolis on blood glucose regulation and the alleviation of various complications caused by diabetes have been widely
studied. The main source of propolis in the northern temperate zone is poplar buds. However, there is limited research on the
antidiabetic activity of poplar buds. In order to evaluate the eﬀect of poplar buds on type-2 diabetes, crude extract and 50%
fraction of poplar buds were used to feed streptozotocin-induced type-2 diabetic mice. The results showed that 50% fraction
could increase insulin sensitivity and reduce insulin resistance, as well as decrease the levels of fasting blood glucose, glycated
hemoglobin, and glycosylated serum proteins in diabetic mice. Compared with the model control group, the 50% fractiontreated group showed signiﬁcant decreases of malondialdehyde (MDA) and increases of superoxide dismutase (SOD) in serum
and liver homogenate. Moreover, 50% fraction could signiﬁcantly decrease total cholesterol (TC), alleviate abnormal lipid
metabolism, and enhance antioxidant capacity in the serum. For inﬂammatory factors, feeding of 50% fraction could also reduce
the levels of interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), monocyte chemotactic protein 1 (MCP-1), and
cyclooxygenase-2 (COX-2) in liver homogenate. Taken together, our results suggest that crude extract and 50% fraction of
poplar buds, particularly the latter, can decrease blood glucose levels and insulin resistance, and 50% fraction can signiﬁcantly
relieve dyslipidemia, oxidative stress, and inﬂammation caused by type-2 diabetes.

1. Introduction
Diabetes mellitus (DM) is a syndrome characterized by
chronic hyperglycemia and disorders of fat and protein
metabolisms due to an insuﬃcient secretion or impaired
action of insulin [1]. Hyperglycemia is considered as a major
contributor to the strong oxidative stress in diabetes [2]. The
large intake of glucose and macronutrients can lead to obesity. Obesity is the main factor that induces type-2 diabetes
(T2DM), and may cause a proinﬂammatory state accompanied by the increase in oxidative stress, which may interfere
with the anti-inﬂammatory eﬀects of insulin. Besides, due
to insulin resistance, hyperglycemia, and oxidative stress
caused by T2DM, several diabetic complications may occur,

such as nephropathy, retinopathy, neuropathy, cardiovascular diseases, and nonalcoholic hepatitis (NAFLD) [3].
According to the latest Diabetes Map released by the International Diabetes Federation (IDF), there were 425 million diabetics worldwide in 2017, and with the increase in obesity,
there has been an obvious increase in the prevalence of diabetes. In addition, there are more than 350 million people with
a high risk of diabetes at present [4]. Therefore, it is highly
signiﬁcant to search for natural ingredients with the eﬀect
of relieving hyperglycemia caused by T2DM.
Propolis, a kind of gum-like solid material with aromatic
odor, is formed from the secretion of the parotid gland and
wax gland of bees using substances gathered from the spores
and trunks of plants. Generally, raw propolis contains 50%
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resin [5, 6]. Several studies have demonstrated that propolis
has antioxidant [7], antitrioxypurine [8], anti-inﬂammatory
[9], and antidiabetic eﬀects, as well as protective eﬀects to
the liver [10]. Flavonoids were shown to have antidiabetic
eﬀects through various intracellular signaling pathways
[11]. In our previous study, we examined 50% fraction of
propolis and 50% fraction of poplar buds by highperformance liquid chromatography (HPLC). It was found
that the main components of ﬂavonoids in 50% fraction of
poplar buds are quercetin, kaempferol, apigenin, isorhamnetin, chrysin, and galangin, which are similar to the components of 50% fraction of propolis [12]. However, propolis is
rare and diﬃcult to collect [9]. Therefore, poplar buds may
be an ideal alternative for relieving blood glucose increase
and inﬂammation caused by T2DM.
This study was carried out to evaluate the antidiabetic
activities and eﬀects of the crude extract and 50% fraction
of poplar buds on diabetes-induced abnormalities in lipid
metabolism, oxidative stress, and inﬂammation.

2. Materials and Methods
2.1. Materials and Reagents. Poplar buds were collected from
Henan, China and identiﬁed by Hongcheng Zhang from the
Institute of Apicultural Research, Chinese Academy of Agricultural Sciences (Beijing, China). All organic solvents used
were of analytical grade and were purchased from Sinopharm Chemical Reagent Co. Ltd. Streptozotocin (STZ)
was obtained from Sigma-Aldrich, Inc.
2.2. Preparation of Crude Extract and 50% Fraction of Poplar
Buds. The powder of poplar buds (40 g) was accurately
weighed and mixed with petroleum ether in order to remove
the wax. After ultrasonic extraction with 400 mL of 75%
ethanol for 1 h, the supernatant was ﬁltered and collected
three times. The crude extract of poplar buds (CEPB) was
obtained after evaporation and vacuum freeze-drying.
The crude extract of poplar buds was adsorbed by XAD2 macroporous resin and eluted with 30%, 50%, 80%, and
95% ethanol in turn. The 50% ethanol eluent was collected
to prepare the 50% fraction after vacuum concentration
and freeze-drying.
2.3. Animal Care and Experimental Design. Male Kunming
mice (18–20 g) were purchased from the Wuhan Institute
of Biological Products Co. Ltd. (certiﬁcate of animal quality:
SCXK (HuBei) 2012-0013), and kept under environmental
conditions of 12 : 12 h light-dark cycle and 22–24°C. Highfat diet was composed of 68.8% normal diet, 15% sugar,
10% lard, 5% egg yolk powder, 1% cholesterol, and 0.2%
sodium cholate. After one week of adaptive feeding, the mice
were fed with high-fat diet except for the normal control
group. After 4 weeks, STZ of 65 mg/kg body weight (BW)
was injected intraperitoneally for three consecutive days.
After one week, the mice were fasted for 12 h for testing of
fasting blood glucose (FBG). Mice with blood glucose levels
higher than 7.8 mmol/L in the fasting state were considered
as diabetic.
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The mice were randomly divided into 6 groups (n = 10)
as follows: Group 1 (normal control group, NC), normal
mice fed with normal chow diet; Group 2 (model group,
DM), diabetic mice fed with high-fat diet; Group 3 (metformin group, M), diabetic mice treated with 100 mg/kg
BW of metformin and fed with high-fat diet; Group 4
(CEPB group, EPB100), diabetic mice treated with 100 mg/
kg BW of CEPB and fed with high-fat diet; Group 5 (50%
fraction group, 50%FPB100), diabetic mice treated with
100 mg/kg BW of 50% fraction and fed with high-fat diet;
Group 6 (50% fraction group, 50%FPB50), diabetic mice
treated with 50 mg/kg BW of 50% fraction and fed with
high-fat diet.
The treatments were continued for 4 weeks. STZ was
dissolved by citric acid buﬀer (pH = 4.35). Metformin, CEPB,
and 50% fraction were, respectively, mixed twice with
PEG6000 and then dissolved by 0.5% CMC-Na. All animals
were handled in accordance with the standards for laboratory
animals established by the People’s Republic of China, the
Declaration of Helsinki, and the Guiding Principles in the
Care and Use of Animals.
2.4. Fasting Blood Glucose (FBG) Determination. FBG was
measured every week during the feeding period. The samples were collected from the tail veins and immediately
tested by a Roche blood glucose meter (F. Hoﬀmann-La
Roche Ltd., Germany).
2.5. Oral Glucose Tolerance Test (OGTT). One day before the
end of the experiment, an oral glucose tolerance test (OGTT)
was performed. The mice were fasted for 12 h, and were randomly selected from each group the next morning. Firstly,
one drop of blood was taken from the tail tip to determine
the fasting blood glucose, and then the mice were fed with
1.0 g/kg BW amylaceum. The blood glucose levels were then
determined at 30 min, 60 min, and 120 min after feeding of
amylaceum.
2.6. Specimen Collection. At the end of the treatments, the
mice were fasted for 12 h after the last feeding. Blood samples
were taken from the eye after the removal of the eyeball, and
then the mice were killed by cervical dislocation. Whole
blood samples were centrifuged at 4000 r/min for 10 min at
4°C, and the supernatant was taken as experimental serum.
The livers were quickly removed, washed with cold saline,
blotted with ﬁlter paper, and weighed. Serum and liver were
stored at −80°C for subsequent use.
2.7. Glycometabolism Determination. The plasma levels of
insulin and glycosylated hemoglobin (GHb) were measured
by the ELISA kits (Shanghai YuanYe Biotechnology Co.
Ltd., Shanghai, China), and the concentration of glycated
serum protein (GSP) was determined using commercial
kits (Nanjing Jiancheng Biological Engineering Research
Center, Nanjing, China) according to the manufacturer’s
instructions.
2.8. Fat Metabolism Determination. The concentrations of
total cholesterol (TC), triglyceride (TG), low density lipoprotein cholesterol (LDL-C), and high-density lipoprotein
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Table 1: Eﬀects of CEPB and 50% fraction on FBG in diabetic mice.
Group
NC
DM
M
EPB100
50%FPB100
50%FPB50

0d

7d

5.4 ± 1.0
12.4 ± 3.8a
11.7 ± 2.7a
10.4 ± 2.6a
11.3 ± 3.8a
11.9 ± 3.5a
b

FBG (mmol/L)
14 d

21 d

6.6 ± 1.3
26.4 ± 3.9a
12.8 ± 6.9b
25.5 ± 4.3ab
18.2 ± 5.3b
20.1 ± 6.2b

6.1 ± 0.9
24.7 ± 5.3a
16.1 ± 4.5b
17.3 ± 4.0b
15.3 ± 4.7b
16.9 ± 5.3b

5.4 ± 0.8
20.2 ± 5.7a
15.2 ± 6.3ab
19.2 ± 4.6ab
14.6 ± 5.2b
19.4 ± 7.7ab
c

c

28 d
6.4 ± 0.7c
21.1 ± 4.3a
19.3 ± 6.7ab
19.6 ± 6.6ab
15.7 ± 4.2b
16.2 ± 3.8b

c

cholesterol (HDL-C) were determined using commercial
kits (Nanjing Jiancheng Biological Engineering Research
Center, Nanjing, China) according to the manufacturer’s
instructions.
2.9. Oxidative Stress Determination. The concentrations of
malondialdehyde (MDA) and superoxide dismutase (SOD)
in the serum and liver homogenate were determined using
commercial kits (Nanjing Jiancheng Biological Engineering
Research Center, Nanjing, China) following the manufacturer’s instructions.

Blood glucose (mmol/L)

In each column, means with diﬀerent superscript letters diﬀer signiﬁcantly at p < 0 05.

2.10. Determination of Inﬂammatory Cytokines. ELISA kits
(Shanghai YuanYe Biotechnology Co. Ltd., Shanghai, China)
were utilized to measure the levels of interleukin 6 (IL-6),
tumor necrosis factor α (TNF-α), monocyte chemotactic
protein 1 (MCP-1), and cyclooxygenase-2 (COX-2) in the
liver homogenate.
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2.11. Analysis and Characterization of 50% Fraction by
HPLC-ESI-QTOF-MS/MS. The 50% fraction was analyzed
using an Accurate-Mass Q-TOF LC/MS 6520 equipped with
a diode array detector (Agilent Technologies, USA). For MS
detection, the sample was dissolved in methanol to 1 mg/
mL and ﬁltered through a 0.45 μm membrane ﬁlter before
injection. The column used was the Hypersil GOLD C18
(250 mm × 4.6 mm, 5 μm, Thermo Fisher Scientiﬁc Inc.,
USA). An elution with solvent A (0.3% formic acid) and solvent B (acetonitrile) in a step gradient way at the ﬂow rate of
0.5 mL/min was carried out as follows: 0 min, 15% B; 10 min,
20% B; 15 min, 30% B; 20 min, 35% B; 25 min, 35% B; 30 min,
40% B; 35 min, 45% B; 50 min, 50% B, 70 min, 60% B; 75 min,
90% B; and 80 min, 15% B. The detection wavelength was set
at 280 nm. The column temperature was kept at 30°C and
the injection volume was 10 μL. ESI conditions were set as
follows: negative ion model; dry gas (nitrogen) ﬂow at
10 L/min; dry gas temperature at 350°C; nebulizer pressure
at 35 psi; capillary voltage at 3500 V; MS full scan range,
m/z 50–1000; and MS/MS 50–1000.

Figure 1: Eﬀects of CEPB and 50% fraction on OGTT in diabetic
mice. OGTT: oral glucose tolerance test. In each column, means
with diﬀerent superscript letters diﬀer signiﬁcantly at p < 0 05.

2.12. Statistical Analysis. The results were expressed as mean
± standard deviation. The data of the experimental groups
were analyzed by SPSS 16.0 with univariate ANOVE analysis
and Duncan multiple comparison, and signiﬁcant eﬀects
were examined at a probability level of p < 0 05.

Figure 2: Eﬀects of CEPB and 50% fraction on INS in diabetic mice.
INS: insulin. In each column, means with diﬀerent superscript
letters diﬀer signiﬁcantly at p < 0 05.
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Figure 3: Eﬀects of CEPB and 50% fraction on GHb and GSP in diabetic mice. (a) Content of GHb in serum. (b) Content of GSP in
serum. GHb: glycosylated hemoglobin; GSP: glycated serum protein. In each column, means with diﬀerent superscript letters diﬀer
signiﬁcantly at p < 0 05.

Table 2: Eﬀects of CEPB and 50% fraction on TC, TG, HDL-C, and LDL-C in diabetic mice.
Group

TC (mmol/L)

TG (mmol/L)

HDL-C (mmol/L)

LDL-C (mmol/L)

NC
DM
M
EPB100
50%FPB100
50%FPB50

5.28 ± 1.17d
11.26 ± 1.14a
9.20 ± 1.16b
8.02 ± 2.06bc
7.70 ± 1.81c
8.45 ± 1.62bc

0.76 ± 0.27b
1.03 ± 0.34a
1.06 ± 0.20a
1.16 ± 0.34a
1.06 ± 0.28a
1.01 ± 0.24a

2.81 ± 0.60a
1.41 ± 0.39c
1.74 ± 0.39bc
1.74 ± 0.32bc
1.88 ± 0.57b
1.82 ± 0.52bc

1.89 ± 0.48c
5.02 ± 0.78a
4.13 ± 0.86b
4.40 ± 0.67ab
3.78 ± 0.93b
4.14 ± 0.48b

TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol. In each column, means with
diﬀerent superscript letters diﬀer signiﬁcantly at p < 0 05.

3. Results
3.1. Eﬀects of CEPB and 50% Fraction on FBG. Table 1 demonstrates the changes in FBG after the intake of CEPB and
50% fraction. During the treatment, FBG of diabetic mice
ﬁrstly increased and then decreased. After 28 days of treatment, there were signiﬁcant diﬀerences in blood glucose
levels between the 50% fraction treatment group and model
group (p < 0 05). 50%FPB100 treatment resulted in less dramatic changes in blood glucose levels compared with other
treatments, and showed the eﬀect of reducing blood glucose
levels from the ﬁrst week of administration (p < 0 05). Compared with CEPB, 50% fraction showed better eﬀects at the
same dose.
3.2. Eﬀects of CEPB and 50% Fraction on OGTT. OGTT is a
glucose load test that can reﬂect the function of islet cells in
diabetic mice and the ability of the body to regulate blood
glucose level, as well as help evaluate the occurrence of
impaired glucose tolerance and insulin resistance. After the
gavage of amylaceum to normal mice, the blood glucose level
would rapidly increase in 15–30 min, and then return to fasting level in 120 min, indicating normal glucose metabolism

in the body; however, under the same conditions, the blood
glucose level in diabetic mice could hardly be restored to
the fasting level after 120 min, implying the abnormal glucose
metabolism in these mice [13].
As shown in Figure 1, the blood glucose level in the NC
group peaked at 30 min and then returned to the normal level
at 120 min. However, diabetic mice displayed increases in
blood glucose level at 120 min after glucose administration,
especially the DM group. The 50% fraction-treated mice
showed a more rapid decrease in blood glucose level than
CEPB-treated mice, indicating that 50%FPB100 could better
alleviate the abnormalities in glucose metabolism.
3.3. Eﬀects of CEPB and 50% Fraction on INS. As can be seen
from Figure 2, the secretion of insulin was signiﬁcantly
increased in the DM group (34.83 ± 2.73 mmol/L) compared
with that in the NC group (16.93 ± 2.62 mmol/L) (p < 0 05),
but it was the opposite case for the FBG level (Figure 1), indicating that the experimental mice suﬀered from T2DM.
Compared with the DM group, other groups of diabetic
mice all showed signiﬁcant decreases in the concentrations
of insulin in the blood (p < 0 05). Based on the results of
blood glucose levels, feeding of 50% fraction could better
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Figure 4: Eﬀects of CEPB and 50% fraction on SOD and MDA in diabetic mice. (a) SOD activity in serum. (b) Content of MDA in serum. (c)
SOD activity in the liver homogenate. (d) Content of MDA in the liver homogenate. MDA: malondialdehyde; SOD: superoxide dismutase. In
each column, means with diﬀerent superscript letters diﬀer signiﬁcantly at p < 0 05.

reduce the blood glucose level in diabetic mice and could
lead to lower insulin concentration, indicating that 50%
fraction can eﬀectively relieve insulin resistance caused by
islet β cells.
3.4. Eﬀects of CEPB and 50% Fraction on GHb and GSP.
Compared with the NC group, the DM group showed significant increases in GSP and GHb levels, indicating that longterm high-fat diet and STZ could induce long-term hyperglycemia symptoms (p < 0 05, Figure 3). The gavage of
metformin, CEPB, and 50% fraction signiﬁcantly decreased
the levels of GSP and GHb (p < 0 05) when compared with
the DM group. 50% fraction showed better inhibitory eﬀects
on GHb than CEPB (p < 0 05). These results suggested that
long-term feeding of CEPB and 50% fraction could reduce
hyperglycemia in diabetic mice.
3.5. Eﬀects of CEPB and 50% Fraction on Fat Metabolism.
Elevation of TC is signiﬁcantly associated with the occurrence of cardiovascular and cerebrovascular diseases in
diabetic patients. HDL-C promotes reverse transport of

cholesterol, and has anti-inﬂammatory, antioxidant, and
endothelial protective eﬀects, which can reduce the incidence
of atherosclerosis. LDL-C is a kind of lipoprotein particle that
carry cholesterol into peripheral tissues [14]. Excessive LDLC can cause the accumulation of cholesterol in arterial walls
and increase the incidence of atherosclerosis. TG is often
adopted to determine the incidence of coronary heart disease
and metabolic syndromes [15]. These indicators are usually
measured together to evaluate the lipid metabolism in diabetic patients.
Table 2 shows the eﬀects of treatments by metformin,
CEPB, and 50% fraction for 4 weeks on TC, TG, HDL-C,
and LDL-C in the serum. The TC, TG, and LDL-C levels in
the DM group were signiﬁcantly higher (p < 0 05), and the
HDL-C level was signiﬁcantly lower (p < 0 05) compared
with the NC group. Compared with the DM group, the
50%FPB100 and 50%FPB50 groups showed signiﬁcant
decreases (p < 0 05) in TC and LDL-C values, and the
50%FPB100 group showed a signiﬁcant increase (p < 0 05)
in HDL-C value, indicating that 50% fraction could better
improve fat metabolism in diabetic mice.
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Figure 5: Eﬀects of CEPB and 50% fraction on IL-6, TNF-α, MCP-1, and COX-2 in the liver homogenate of diabetic mice. (a) IL-6; (b) TNFα; (c) MCP-1; (d) COX-2. IL-6: interleukin 6; TNF-α: tumor necrosis factor α; MCP-1: monocyte chemotactic protein 1; COX-2:
cyclooxygenase-2. In each column, means with diﬀerent superscript letters diﬀer signiﬁcantly at p < 0 05.

3.6. Eﬀects of CEPB and 50% Fraction on SOD and MDA.
Compared with that of the NC group, the SOD in serum
and liver homogenate of the DM group was signiﬁcantly
decreased (p < 0 05), while the MDA was signiﬁcantly
increased (p < 0 05), indicating the occurrence of severe oxidative stress injury in the diabetic mice (Figure 4). After the
treatments, the oxidative stress injury was relieved to varying
degrees. Compared with that of metformin-treated mice, the
SOD of the 50%FPB100 group signiﬁcantly increased and the
MDA signiﬁcantly decreased (p < 0 05). These results suggested that 50% fraction has a good alleviation eﬀect on the
oxidative stress caused by T2DM.
3.7. Eﬀects of CEPB and 50% Fraction on Inﬂammatory
Cytokines. Mice suﬀering from T2DM showed higher levels
of IL-6, TNF-α, MCP-1, and COX-2 in the liver homogenate
(Figure 5). We found that both 50% fraction and CEPB could
reduce the levels of IL-6, TNF-α, MCP-1, and COX-2 production, and a more signiﬁcant eﬀect was observed for 50%
fraction than for CEPB.

3.8. Identiﬁcation of 50% Fraction by HPLC-ESI-QTOFMS/MS. As shown in Figure 6 and Table 3, 12 kinds of ﬂavonoids were identiﬁed by MS, including 5 ﬂavonoids (luteolin,
apigenin, chrysin, pinocembrin, and galangin), 4 ﬂavonols
(isohamnetin, 3-methoxy quercetin, 5.7-dimethoxy quercetin, and 5-methoxy alpinin), 2 dihydroﬂavones (pinobanksin
and 5-methoxy pinobanksin-3-O-acetate), and 1 dihydroﬂavonol (3-acetate-pinobanksin).

4. Discussion and Conclusion
Previous studies have proposed that T2DM causes autooxidation of glucose, the production of polyalcohols and glycosylation products, dyslipidemia, and low-level inﬂammation
[16–18]. In earlier studies, Croatian propolis [19], Chinese
propolis, Brazilian propolis [20], and Egyptian propolis [21]
have been found to have ameliorative eﬀects on diabetes. In
this work, it can be concluded that poplar buds also have
positive eﬀects on diabetes. In addition, 50% fraction could
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Figure 6: HPLC chromatogram (a) and HPLC-MS total ion chromatogram (b) of 50% fraction.
Table 3: MS information and UV absorption from the identiﬁed compounds of 50% fraction.
Peak number Rt (min) UV λmax (nm) MS M − H −
1
2
3
4
5
6
7
8
9
10
11
12

23.08
24.07
26.26
26.93
29.73
33.76
35.72
38.33
39.61
40.07
41.18
42.20

253, 348
253, 364
337
280
300
311
/
267, 313
289
265, 310
294
265

285.07
315.04
269.04
271.06
329.06
315.05
329.06
253.05
255.06
269.04
313.07
283.06

MS2

Compound name

Specie

241.08, 179.04
Luteolin
Flavonoids
300.02
Isorhamnetin
Flavonols
225.05, 181.06, 151.00
Apigenin
Flavonoids
197.59,125.02
Pinobanksin
Dihydroﬂavone
268.61, 240.05, 177.01 5-Methoxy pinobanksin-3-O-acetate Dihydroﬂavone
299.82
3-Methoxy quercetin
Flavonols
314.04
5.7-Dimethoxy quercetin
Flavonols
209.06, 143.05, 107.02
Chrysin
Flavonoids
213.05, 150.99, 107.01
Pinocembrin
Flavonoids
169.06, 197.04, 212.39
Galangin
Flavonoids
253.05, 271.09
3-Acetate-pinobanksin
Dihydroﬂavonol
268.03, 239.03, 211.04
5-Methoxy alpinin
Flavonols

control the diabetes-induced abnormalities in glycometabolism, lipid metabolism, oxidative stress, and inﬂammation.
A previous study reported that propolis treatment could
signiﬁcantly alleviate the hyperglycemia in STZ-induced diabetic rats [22]. GSP and GHb are the products of long-term
nonenzymatic glycosylation of blood glucose and hemoglobin, which can reﬂect the average blood glucose level during
2–3 weeks and 8–12 weeks, respectively [23]. CEPB and 50%
fraction could alleviate the abnormality in GHb and GSP
levels to some extent, which is similar to the results of a previous study in which diabetic rats were fed with propolis,

indicating that poplar buds can also regulate the blood
glucose level of diabetic mice [24].
Dyslipidemia is believed to be a major risk factor for
the development of various diabetic complications [25].
Cardiovascular diseases, as one of the main causes of the
deterioration and death of patients with T2DM, are mainly
related to the changes in plasma lipoproteins, and are often
reﬂected by high levels of TG and LDL-C, and a low level
of HDL-C [26]. Our results showed that both 50 mg/kg BW
and 100 mg/kg BW of 50% fraction can signiﬁcantly alleviate
the dyslipidemia caused by T2DM.
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Insulin resistance is one of the characteristics of
T2DM. A previous study has proved that propolis treatment can decrease insulin resistance in obese diabetic rats
[27]. In this study, the insulin level in the 50%FPB100 group
declined signiﬁcantly (p < 0 05) after 4 weeks of feeding, and
the abnormalities in hyperglycemia and dyslipidemia were
alleviated to some extent. Currently, we still do not have a
reasonable explanation for the slight diﬀerences between
the 50%FPB50 and 50%FPB100 groups.
It has been conﬁrmed that there is a close link between
oxidative stress and insulin resistance [28]. Inhibition of oxidative stress could be a potential approach to treat T2DM
[29]. Increases in free radical level could initiate a decrease
in insulin secretion in response to hyperglycemia, which
could result in more serious hyperglycemia and diabetes
[30]. The results of MDA and SOD levels showed that 50%
fraction could signiﬁcantly reduce the oxidative injury
caused by T2DM.
In addition, a previous study has demonstrated the
relationship between diabetes and inﬂammation [31]. It is
well known that diabetes causes the occurrence of hyperglycemia, insulin resistance, and damage of β cells [32]. Dyslipidemia and oxidative stress also contribute signiﬁcantly to
the low-level inﬂammation [33, 34]. IL-6, COX-2, TNF-α,
and MCP-1 are closely related to the inﬂammatory process
[35]. IL-6 is an important proinﬂammatory cytokine that
can aggravate inﬂammation to cause tissue damage [36]. As
an important factor in a cytokine network, TNF-α could
promote the generation of other inﬂammatory cytokines,
and at the same time cause physiological and pathological
changes in the body [36, 37]. COX-2 is a rate limiting enzyme
involved in the synthesis of prostaglandin E2, and they
collectively enhance inﬂammatory responses [38]. A macrophage with high proliferative activity could produce MCP1, which would elevate the chronic inﬂammation in the
body due to the activation of hyaline leukocyte and macrophage [39]. In this study, we observed that IL-6, COX2, TNF-α, and MCP-1 in the liver homogenate of diabetic
mice signiﬁcantly decreased after the treatment of 50%
fraction, which is in agreement with the results of other
studies that reported the anti-inﬂammatory properties of
propolis [40–42].
In conclusion, this study demonstrated that poplar buds
are eﬀective in ameliorating the abnormalities in glycometabolism, dyslipidemia, and inﬂammation caused by T2DM.
However, it remains unclear what speciﬁc active ingredients
in 50% fraction are responsible for the antidiabetic activity.
Besides, more evidences are required to explain why a low
dosage of 50% fraction was better than a high dosage of
50% fraction in regulating INS and GHb. Therefore, our
future research will be focused on the speciﬁc active ingredients and appropriate dose of 50% fraction for regulating the
glucose level in T2DM.
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Plants rich in luteolin have been used as Chinese traditional medicines for inﬂammatory diseases, hypertension, and cancer.
However, little is known about the eﬀect of luteolin on the apoptosis or autophagy of the macrophages. In this study, mouse
macrophage ANA-1 cells were incubated with diﬀerent concentrations of luteolin. The viability of the cells was determined by
an MTT assay, apoptosis was determined by ﬂow cytometric analysis, the level of cell autophagy was observed by confocal
microscopy, and the expression levels of apoptotic or autophagic and antiapoptotic or antiautophagic proteins were detected by
Western blot analysis. The results showed that luteolin decreased the viability of ANA-1 cells and induced apoptosis and
autophagy. Luteolin induced apoptosis accompanied by downregulation of the expression of Bcl-2 and upregulation of the
expression of caspase 3 and caspase 8. And luteolin increased FITC-LC3 punctate ﬂuorescence accompanied by the increased
expression levels of LC3-I, ATG7, and ATG12, while it suppressed the expression level of Beclin-1. Luteolin treatment resulted
in obvious activation of the p38, JNK, and Akt signaling pathways, which is important in modulating apoptosis and autophagy.
Thus, we concluded that luteolin induced the apoptosis and autophagy of ANA-1 cells most likely by regulating the p38, JNK,
and Akt pathways, inhibiting the activity of Bcl-2 and Beclin-1 and upregulating caspase 3 and caspase 8 expression. These
results provide novel insights into a therapeutic strategy to prevent and possibly treat macrophage-related diseases through
luteolin-induced apoptosis and autophagy.

1. Introduction
Macrophages fulﬁll a broad range of functions in phagocytosis, microbial killing, host defense, tissue homeostasis and
repair, pathology and development, and their proliferation;
migration and apoptosis have been emerged as important
therapeutic targets for a variety of human diseases [1, 2].
Macrophages are critically involved in diseases that are
caused by chronic inﬂammation (e.g., arthritis, multiple
sclerosis, inﬂammatory bowel diseases, atherosclerosis, and
cardiovascular disease) [3–6]. In addition, the apoptosis

and autophagy dysfunction of the macrophage impact the
development of chronic inﬂammation (e.g., atherosclerosis,
tuberculosis, and sepsis) [7–10].
Plants rich in luteolin (3′,4′,5,7-tetrahydroxylavone), an
active polyphenolic compound, have been used as Chinese
traditional medicine to treat inﬂammatory diseases, hypertension, and cancer for a long period of time [11]. The pharmacological activities of luteolin, such as antioxidant, radical
scavenging, cytoprotective, anti-inﬂammatory, antiallergic,
and antitumor properties [12, 13], have been observed,
suggesting that luteolin might possess diverse health beneﬁts

2
for treating some diseases, such as allergies, cancer, respiratory diseases, and cardiovascular health [14]. Moreover, it
has been reported that luteolin can induce apoptosis in a
wide variety of cancer cells in vitro, including prostate cancer
cells, esophageal carcinoma cells, gastric cancer cells, and
colon cancer cells [15–17]. Despite the well-documented
antioxidant, anti-inﬂammatory, and antineoplastic potential
of luteolin, little is known about the eﬀect of luteolin on the
apoptosis or autophagy of the macrophages.
The results of this study revealed that luteolin induced
apoptosis and autophagy of the mouse macrophage ANA-1
cells via altering the cell viability and DNA fragment. Moreover, luteolin improved apoptosis and autophagy of the
macrophage presumably through the Bcl-2- and MAPKmediated signaling pathways. The results suggested that the
understanding of the molecular mechanisms underlying
luteolin-induced apoptosis and autophagy may be useful in
cancer therapeutics, chemoprevention, and treating inﬂammation and neurodegenerative diseases, such as Parkinson’s
disease and Alzheimer’s disease [18].

2. Materials and Methods
2.1. Reagents and Antibodies. Luteolin (HPLC > 95%) was
purchased from Nanjing TCM Institute of Chinese Materia
Medica and dissolved in sodium carbonate (1 mM) stock
solutions and stored at −20°C. Puriﬁed rabbit anti-Akt,
anti-phospho-Akt, anti-phospho-ERK1/2, anti-ERK1/2,
anti-phospho-p38, anti-p38, anti-β-actin, and HRP-linked
anti-rabbit IgG were purchased from Cell Signaling Technology (USA). Apoptosis/Necroptosis Antibody Sampler Kit
and Autophagy Antibody Sampler Kit were purchased from
Cell Signaling Technology (USA). Annexin V-FITC Apoptosis Detection Kit was purchased from Beyotime Institute of
Biotechnology (Shanghai, China). In Situ Cell Death Kit,
Fluorescein, was purchased from Roche Applied Science
(Mannheim, Germany).
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are described as mean ± standard deviations (SD) from at
least ﬁve independent experiments.
2.4. Analysis of Cell Apoptosis. For assays measuring the
induction of apoptosis of the ANA-1 cells by luteolin, the
ANA-1 cells were incubated with 0, 5, 10, 20, and 40 μM of
luteolin at 37°C in 6% CO2 for 24 h or 48 h and then assayed
for apoptosis using the techniques listed below as described
previously [19]. For the quantiﬁcation of the cells in the
sub-G1 stages based on DNA content, cells were ﬁxed in
ethanol (70%) at 4°C overnight and stained with PI
(50 μg/ml) and RNAse (10 μg/ml) at 37°C in the dark for
30 min and subsequently quantiﬁed with ﬂow cytometry
(BD Biosciences, San Jose, CA, USA). For detecting cell
surface phosphatidylserine, cells were dual stained with
FITC-conjugated Annexin V and PI using an Annexin
V-FITC Apoptosis Detection Kit according to the manufacturer’s instructions. Apoptosis was further conﬁrmed by
the TUNEL assay, which detects the DNA fragmentation
that is the characteristic of apoptosis, using an In Situ Cell
Death Kit, Fluorescein (Roche Applied Science, Mannheim,
Germany), following the manufacturer’s guideline. The
TUNEL-positive cells were evaluated by ﬂow cytometry. In
addition, the levels of caspase 3, Bax, and Bcl-2 were determined by Western blot analysis as described below.

2.2. Cell Culture. ANA-1 macrophages, obtained from the
Cell Bank of Shanghai Institute of Biochemistry and Cell
Biology of the Chinese Academy of Sciences (Shanghai,
China), were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin, and 100 μg/ml streptomycin and cultured at 37°C
in a humidiﬁed atmosphere of 6% CO2.

2.5. Cell Autophagy Assay. To analyze autophagic ﬂux, the
ANA-1 cells were seeded on glass cover slips in 24-well plates
with 0, 5, 10, 20, or 40 μM luteolin for 48 h. Routinely, cells
were washed with PBS, ﬁxed with ice cold 4% paraformaldehyde for 30 min at 4°C and blocked with 5% BSA in PBS for
1 h. Cells were incubated with primary antibody to LC3
(1 : 500 dilution anti-Rabit-LC3-pAb, MBL, Japan) overnight
at 4°C and then incubated with FITC-goat-anti-rabbit-IgG
(ZSJB-BIO, Beijing, China) for 30 min at 37°C in the dark;
DAPI (Beyotime Institute of Biotechnology, Shanghai,
China) counterstain was used for nuclear staining. After
extensive washing, the cover slips were then mounted on
glass slides and the ﬂuorescent images were captured with
confocal microscopy (TCS SP8 STED, Leica, German). Also,
the averaged intracellular autophagosome was counted as the
intracellular gathering FITC-LC3 spots divided the cell number dyed with DAPI in 5 random ﬁelds at a magniﬁcation of
×1000 in diﬀerent cover slips. The levels of LC3, Beclin-1,
ATG7, and ATG12 were determined by Western blot analysis as described below.

2.3. Cell Viability Assay. Cell viability was assessed by using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide) assay as described previously [19]. In brief,
200 μl of 2 × 105 cells in RPMI 1640 medium with 0, 5, 10,
20, 40, 80, or 160 μM luteolin was seeded in 96-well culture
plates and cultured at 37°C in 6% CO2 for 24 h or 48 h and
was incubated with 50 μl of MTT solution (5 mg/ml in PBS)
for another 4 h at 37°C. Subsequently, the MTT solution
was removed from the wells by aspiration and the formazan crystals were dissolved in 100 μl of DMSO. The absorbance at 570 nm was measured with a Bio-Tek MQX 680
(Bio-Tek Instruments Inc., Winooski, VT, USA). The data

2.6. Western Blot Analysis. The cells were treated as
mentioned above and lysed in cell lysis buﬀer (Beyotime
Institute of Biotechnology, Shanghai, China) containing
1 μM phenylmethylsulfonyl ﬂuoride, 1.5 μM pepstatin A,
and 0.2 μM leupeptin. The samples were separated by 10%
SDS-polyacrylamide gel electrophoresis and were then transferred to polyvinylidene ﬂuoride membranes, which were
blocked with 5% dried milk protein using the techniques
listed below as described previously [19]. After blocking,
the blots were incubated with primary antibodies. After being
washed with TBST, the membranes were incubated at 37°C
for 1 h in blocking buﬀer that contained the secondary
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Figure 1: The cell viability of ANA-1 cells treated with luteolin. (a) Cell viability was analyzed with MTT assay after exposing to
luteolin for 24 h. (b) Cell viability was analyzed with MTT assay after exposing to luteolin for 48 h. All data are expressed as the
percentage of change in comparison with that of the control group, which were assigned 100% viability. The values are given as mean ± SD
(n = 5). ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 01 versus the control.

antibodies and were visualized via a chemiluminescence ECL
Western blotting analysis system (BD, USA). The protein
levels were quantiﬁed using ImageJ software (NIH, USA)
and are expressed as percentages of the control after normalization to the housekeeping protein β-actin.
2.7. Statistical Analyses. The quantitative data are expressed
as mean ± SDs or SEM. The data were analyzed using SPSS
19.0 software. Statistical analyses were performed with
one-way analyses of variance (ANOVA) followed by Tukey’s
multiple comparison post hoc tests. p values below 0.05 were
considered statistically signiﬁcant.

3. Results
3.1. Luteolin Decreases ANA-1 Cell Viability. To examine the
eﬀects of luteolin on cell viability, the ANA-1 cells were
exposed to diﬀerent concentrations (0, 5, 10, 20, 40, 80, and
160 μM) of luteolin for 24 h or 48 h and cell viability was
measured by MTT assay. As shown in Figure 1, luteolin
signiﬁcantly suppressed the viability of ANA-1 cells in a
dose- and time-dependent manner. After 48 h of incubation
with 20 μM luteolin, the viability of the cells was reduced by
55% approximately. Moreover, 80 μM luteolin reduced cell
viability by 73% or more after 24 h or 48 h of treatment.
These results indicate that luteolin signiﬁcantly decreases
the viability of ANA-1 cells, and the half maximal inhibitory
concentration (IC50) was about 40 μM in the cell line. Thus,
we chose 5 μM to 40 μM as experimental concentrations in
further experiments to avoid severe cytotoxic side eﬀect.
3.2. Luteolin Induces ANA-1 Cell Apoptosis via Modulating
the Expression of Caspase 3 and Bcl-2. To verify whether the
observed inhibition of cell viability induced by luteolin is
the consequence of the induction of apoptosis, we evaluated

the eﬀect of luteolin on ANA-1 cell apoptosis. First, we
investigated the eﬀect of luteolin on DNA fragmentation in
ANA-1 cells after incubation for 24 h or 48 h. The rates of
macrophages at sub-G1 (Figure 2) and the TUNEL assay
(Figure 3(a)) revealed that luteolin signiﬁcantly increased
DNA fragmentation in the ANA-1 cells. DNA fragmentation
in medium containing 40 μM luteolin showed a signiﬁcantly
higher percentage than that in the control group. Speciﬁcally,
40 μM luteolin induced the rate of ANA-1 cells at sub-G1 by
15% after 48 h incubation (Figure 2). Second, we detected the
eﬀect of luteolin on cell apoptosis induction of ANA-1 cells
by measuring the rates of macrophages at early- and latestage apoptotic cells. As shown in Figures 3(b) and 3(c), the
same luteolin concentration gradient induced ANA-1 cell
early and late stages of apoptosis in a dose-dependent manner after treatment for 24 h or 48 h. Finally, the data from
Western blot analysis showed that, after incubation with
luteolin for 48 h, luteolin (40 μM) signiﬁcantly increased the
levels of caspase 3 and downregulated the expression of the
antiapoptotic molecule Bcl-2 but did not signiﬁcantly aﬀect
the level of Bax (Figures 4(a) and 4(b)). These results demonstrated that luteolin decreased the viability of ANA-1 cells
partially through the induction of apoptosis by modulating
the expression of caspase 3 and Bcl-2.
3.3. Luteolin Induces ANA-1 Cell Autophagy. Since we
observed luteolin-induced apoptosis in ANA-1 cells via
modulating the expression of caspase 3 and Bcl-2, which
is also essential for cell autophagic activity [20], we next
examined the eﬀect of luteolin on the autophagy of
ANA-1 cells using confocal microscopy and Western blot
analysis. As show in Figure 5, luteolin at the same concentration gradient signiﬁcantly increased intracellular gathering FITC-LC3 spots. The levels of LC3-I, Beclin-1, ATG7,
and ATG12 were detected by Western blot analysis after
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Figure 2: Luteolin induces the change of DNA content in the ANA-1 cells. (a) The representative image from ﬂow cytometry to analyze
cellular DNA content. (b) The statistical analysis of the data from (a) to show the cellular DNA content at 24 hours post treatment. (c)
The statistical analysis of the data from (a) to show the cellular DNA content at 48 hours post treatment. The values are shown as mean
± SEM. ∗ p < 0 05 versus the control. ANA-1 macrophages were exposed to diﬀerent concentrations of luteolin for 24 h or 48 h. The DNA
content of ANA-1 cells in sub-G1 was assayed by ﬂow cytometry.

incubation with luteolin for 48 h. As shown in Figure 6,
after ANA-1 cell incubation with 40 μM of luteolin for
48 h, the levels of Beclin-1 were signiﬁcantly decreased
by 45% and those of LC3-I, ATG7, and ATG12 were signiﬁcantly increased by 76%, 21%, and 48%, respectively,
when compared with those of the control group. In parallel, luteolin has no signiﬁcant eﬀect on the expression of
LC3-II. These results suggested that luteolin induced macrophage autophagy by regulating the balance between Bcl2 and Beclin-1 and then upregulating LC3, ATG7, and
ATG12 levels.
3.4. ERK, P38, and Akt Phosphorylation during ANA-1
Apoptosis and Autophagy. Next, we investigated the mechanisms for the apoptosis and autophagy-inducing eﬀect of
luteolin in ANA-1 cells. We examined the phosphorylation
levels of Akt, ERK, and p38 MAPK that are upstream signaling molecules of regulating cell apoptosis and autophagy
pathways and play a vital role in cellular apoptosis and
autophagy. As shown in Figure 7, luteolin treatment
increased the levels of phospho-ERK, phospho-P38, and
phospho-Akt in ANA-1 cells in a concentration-dependent
manner compared to those of the control cells. Exposure of
ANA-1 cells to 40 μM luteolin for 48 h increased the

phospho-ERK, phospho-P38, and phospho-Akt levels by
127%, 32%, and 51%, respectively. However, incubation of
ANA-1 cells with luteolin did not signiﬁcantly aﬀect the
expression of total ERK, P38, and Akt. The results suggested
that luteolin induced the apoptosis and autophagy of ANA-1
cells via the Akt and MAPK signaling pathways.

4. Discussion
Several studies have reported that luteolin induced apoptosis
in a wide variety of cancer cells in vitro, regulated the cell
cycle, exerted antiangiogenesis activity, and exhibited antiinﬂammatory eﬀects [12, 14–17]. Here, we tried to discover
the role of luteolin in the apoptosis and autophagy in macrophage. The results of this report revealed that luteolin significantly increased the ANA-1 macrophage apoptosis and
autophagy via inhibiting the expression of Bcl-2 and Beclin1 and increasing the expression of caspase 3 and caspase 8.
In the current study, the results from MTT assay showed
that luteolin could decrease the viability of the ANA-1 cell
line in a dose- and time-dependent manner in vitro. Also,
the results from ﬂow cytometry demonstrated that 40 μM
luteolin could induce the early-stage and late-stage apoptois
in the ANA-1 cells. These are consistent with the ﬁndings
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from other groups in cancer cells. In their studies, they
reported that luteolin could induce growth inhibition and
apoptosis in a dose- and time-dependent manner with estimated IC50 ranging from around 35 to around 70 μM [15,
16, 18]. The outcomes of macrophage apoptosis depend on

the balance of activities between apoptotic and antiapoptotic
factors [21]. Bcl-2, Bax, caspase 3, and caspase 8 are important proteins that participate in cell apoptosis. Bcl-2 antiapoptotic protein inactivation increases the susceptibility of
cells to apoptosis while caspase 3 and caspase 8 play a central
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role in the execution phase of cell apoptosis. Both the extrinsic and intrinsic pathways converge at caspase 3 as one of the
last steps in cell death [22, 23]. These data suggested that
luteolin induced apoptosis via upregulating caspase 3 and
caspase 8 by downregulating the rate of Bcl-2/Bax.
It is well known that Bcl-2 can aﬀect the balance between
cellular apoptosis and autophagy by binding or dissociating
its antiapoptotic and antiautophagy partner beclin-1, a central role in incipient autophagy [22, 24]. Autophagy is an
intracellular degradation system that delivers cytoplasmic
constituents into the lysosome [25]. It has been demonstrated that apoptosis and autophagy often occur in the same
cell and can interact with each other [22, 26]. The activation
of caspase-3 also can lead to the cleavage of autophagy protein Beclin-1, which results in the inactivation of the autophagic program and cell apoptosis [22]. In this study, we found
that luteolin increased LC3 assembly and the expression of
LC3-I and decreased expression of Bcl-2 and Beclin-1 in
the ANA-1 cells, suggesting that luteolin induced the ANA1 cell apoptosis via downregulating Bcl-2 and Beclin-1 and
upregulating caspase 3 and caspase 8, subsequently causing
macrophage autophagy.
The activations of Akt, p38 and ERK are involved in cell
apoptosis and autophagy and play a key role in the crosstalk
between autophagy and apoptosis [27–29]. The activation of
p38 augments apoptosis and mediates autophagy in response
to chemotherapeutic agents [29, 30].
ERK signaling is classically known as an important
regulator of cell survival [31]. ERK activity can mediate
cell apoptosis and autophagy in vitro and in vivo [32].
Luteolin can regulate the expression of phospho-ERK in
diﬀerent cells [33–35]. The PI3K/Akt signaling pathway
plays a critical regulatory role in many cellular processes
including RNA processing, translation, autophagy, and
apoptosis [36, 37].
In this study, the upregulation of phospho-p38, phosphoERK, and phospho-Akt was shown in the ANA-1 cells after
treatment with luteolin, suggesting that luteolin induces
ANA-1 cell apoptosis and autophagy presumably via the
activation of the p38, ERK, and Akt pathways.
In summary, luteolin eﬀectively improved apoptosis
and autophagy of the ANA-1 macrophage most likely by
regulating the p38, ERK, and Akt pathways to inhibit the
expression of Bcl-2 and Beclin-1 and increase the expression of caspase 3 and caspase 8. The results provide novel
insights into a therapeutic strategy to prevent and possibly
treat macrophage-related diseases through luteolin-induced
apoptosis and autophagy.
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Thioredoxin reductase (TrxR), an antioxidant enzyme dependent on nicotinamide adenine dinucleotide phosphate, plays a vital
role in defense against oxidative stress. However, the role of microRNAs targeting TrxR under oxidative stress has not yet been
determined. In this study, we tested the involvement of miRNA-mediated posttranscriptional regulation in H2O2-induced
TrxR1 expression in endothelial cells. Dual luciferase assay combined with expression analysis conﬁrmed that miR-125a
suppressed TrxR1 expression by targeting its 3′-UTR. Furthermore, H2O2 induced TrxR1 expression partly through
downregulation of miR-125a. These ﬁndings indicate that miRNA-mediated posttranscriptional mechanism is involved in
H2O2-induced TrxR1 expression in endothelial cells, suggesting an important role of miRNAs in the response to oxidative stress.

1. Introduction
Growing evidence has shown that oxidative stress may be relevant to a wide range of diseases like cardiovascular disease,
tumor, aging, and neurodegenerative disease [1–4]. Indeed,
oxidative stress is usually caused by excessive production of
reactive oxidative species (ROS) and impaired antioxidant
mechanisms [5]. In mammalian cells, the major antioxidant
system includes the superoxide dismutase (SOD), glutathione peroxidase (Gpx), catalase (CAT), and thioredoxin
system [6, 7]. Well-functioning antioxidant systems are
essential for redox homeostasis of cells.
The thioredoxin system comprises thioredoxin (Trx), Trx
reductase (TrxR), and NADPH. In this system, TrxR acts in
regulating cellular oxidation reduction and protecting cells
from oxidative damage by keeping Trx in a reduced state.
In addition, TrxRs sustain versatile cellular functions including cell growth, apoptosis, and diﬀerentiation [8, 9]. In mammals, there are three identiﬁed TrxRs: TrxR1 in the cytoplasm,
TrxR2 in mitochondria, and testis-speciﬁc isoform TrxR3.
TrxR1 is present in most tissues and is denoted as the main
and predominant TrxR of the three. Aberrant TrxR1 is found

in the development of cardiovascular diseases. TrxR1
mRNA was signiﬁcantly increased in monocytes of hypertension patients and in atherosclerotic plaques [10, 11],
and the serum TrxR activity was signiﬁcantly increased in
coronary artery disease [12]. These data provide empirical
evidence that TrxR1 is involved in the development of cardiovascular diseases. To date, the molecular mechanism
underlying the transcription regulation of TrxR1 has been
well investigated. Activation of nuclear transcription factors,
including Sp1, Sp3, Oct-1, and NrF2, has proved to be crucial to transactive TRXR1 [13]. Studies have also suggested
that AU-rich elements (AREs) and SECIS in the TRXR1 3′untranslated region (3′-UTR) regulate its mRNA stability
[14]. However, no microRNAs (miRNAs) targeting the
TRXR1 3′-UTR have been reported until now.
MicroRNAs are a family of small noncoding RNAs that
modulate gene expression by partially base pairing with 3′UTR of their targets [15]. Recent evidence showing altered
miRNA expression in the setting of oxidative stress suggests
their involvement in oxidative stress and antioxidant defense
[16]. Computational searching with TargetScan (http://www.
targetscan.org/) and PicTar (https://pictar.mdc-berlin.de/)
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displayed a putative miR-125a binding sequence within the 3
′-UTR of TrxR1 (NM_001093771). It provides the possible
involvement of miRNAs in the process of TRXR1 expression.
Studies have demonstrated that H2O2 is commonly used as
an inducer of oxidative stress. Therefore, in this study, we
identiﬁed miRNA targeting the 3′-UTR of TRXR1 and elucidated its impact on TrxR1 under H2O2 treatment in endothelial cells.
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Table 1: Primers for vector construction and quantitative PCR.
Name

Sequence

pGL3-3′UTR-forward

5′-CATTTGCAATGGAAAACACG-3′

pGL3-3′UTR-reverse

5′-TGCCTCAATTGCTCTCTCCT-3′

Mutant-forward

5′-TACATTTCTGGGCCACCTCAG
TCA ACCCATGCA T-3′

2. Materials and Methods

Mutant-reverse

5′-CAGGCAGATGCATGGGTTGAC
TGAGGTGGCCCAG-3′

2.1. Vector Constructs. The 3′-UTR of TRXR1 was ampliﬁed
by PCR and cloned into a pGL3-promotor vector (Promega)
to produce the pGL3-UTR. The vector containing mutations
in the miR-125a binding site of the pGL3-UTR is named as
pGL3-UTR-mut. The human miR-125a precursor sequence
was ampliﬁed and inserted into the pcDNA3.1(+) (Invitrogen) to generate miR-125a-expressing plasmid, pmiR125a.
The control vector pcDNA3.1(+) was named pmiR-ctrl.
DNA sequencing was performed to verify the orientation
and authenticity of all of the inserts. The PCR primers for
vector construction are listed in Table 1.

pmiR-125a-forward

5′-TCCCTCTTATTCTGGCTTTC-3′

pmiR-125a-reverse

5′-CATCCCAACAAACATCTGG-3′

miR-125a-forward

5′-ACACTCCAGCTATATCCCTGA
GACCCTTTA-3′

miR-125a-reverse

5′-GGTGTCGTGGAGTCGGC-3′

U6-forward

5′-CTCGCTTCGGCAGCACA-3′

U6-reverse

5′-AACGCTTCACGAATTTGCGT-3′

2.2. Cell Culture and Reagents. Human embryo kidney
HEK293 cells and human umbilical vein endothelial cells
(HUVECs) were maintained in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) (GIBCO), with 10% fetal bovine serum,
100 μg/ml streptomycin, and 100 IU/ml penicillin, at 37°C
in a humidiﬁed atmosphere with 5% CO2. H2O2 treatment
was carried out at concentration of 0, 0.1, 0.25, and
0.5 mmol/L for 24 h, or at 0.25 mmol/L for 0, 2, 6, 12, and
24 h, respectively. In some of the experiments, the HUVECs
were stimulated by a transcription inhibitor, actinomycin
D (5 μg/ml), before H2O2 treatment and harvested after a
certain time.
2.3. Luciferase Reporter Assay. Cells were seeded in 24-well
plates and cotransfected with 500 ng of pmiR125a or
100 nmol/L of miR-125a inhibitor (Ambion) and 200 ng of
pGL3-UTR or pGL3-UTR-mut, the pRL-TK plasmid (20 ng)
as the internal control. After 48 h of transfection, the Fireﬂy
and Renilla luciferase activities were determined using a
luminometer (Berthold).
2.4. Detection of miR-125a and TRXR1 mRNA Expression.
Total RNA extracts were prepared from treated or untreated
cells using Trizol reagent (Invitrogen). For quantitative analysis of miR-125a, 2 μg of RNA was reverse-transcribed using
the miRNA-speciﬁc stem-loop primer (Table 1). Real-time
quantitative PCR using SYBR Green (Takara) was performed
on an ABI Prism 7500 Sequence Detection System, and the
expression of miR-125a was detected using the 2−ΔΔCt
method with U6 as an internal control. For TrxR1 quantitative analysis, real-time PCR was applied, and GAPDH was
ampliﬁed as a normalization control. The comparative Ct
method was used to calculate the relative expression level.
2.5. Western Blot. Total protein was extracted from cells, and
protein concentrations were determined by Bradford assay
(Bio-Rad). Equal amounts of protein were separated in 10%

miR-125a RT primer

5′-CTCAACTGGTGTCGTGGAGTC
GGCAATTCAGTTGAGTCACTGGT-3′

SDS-PAGE and then transferred to a PVDF membrane
(Sigma-Aldrich) at 4°C. Membranes were subsequently incubated with the anti-TrxR1 antibody (1 : 2000) (Abnova) or
GAPDH antibody (1 : 5000) (Kangcheng) as the primary
antibody and followed by HRP (1 : 5000) as the secondary
antibody. The ﬁnal detection reaction was performed with
enhanced chemiluminescence detection system (Pierce,
Rockford, IL) according to the manufacturer’s instructions.
2.6. Statistics Analysis. All values were expressed as mean ±
SD from three independent experiments, and comparisons
between quantitative variables were performed using an
independent sample t-test. P < 0 05 was considered to be
statistically signiﬁcant.

3. Results
3.1. Identiﬁcation of the miR-125a Target Site in 3′-UTR of
TRXR1. To ﬁnd miRNAs that regulated TRXR1, we performed bioinformatics analysis using TargetScan and PicTar
and found a putative miR-125a target site in TRXR1 3′-UTR,
which was highly conserved across species (Figures 1(a) and
1(b)). The target site was then conﬁrmed by luciferase assay
after cotransfection with pGL3-UTR (or pGL3-UTR-mut)
and pmiR-125a (or pmiR-ctrl) in HEK293 cells. As
Figure 1(c) shows, pmiR-125a transfection resulted in a
marked descent (52%, p < 0 05), but the miR-125a inhibitor
gave rise to a marked ascent of luciferase activity of pGL3UTR (23%, p < 0 05). However, for the pGL3-UTR-mut,
either overexpression or inhibition of miR-125a did not signiﬁcantly change luciferase activity. According to these data,
miR-125a might have bound to the speciﬁc sequence in the
TRXR1 3′UTR.
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Figure 1: Identiﬁcation of the miR-125a target site in TRXR1 3′-UTR. (a) Conservative sequences of the TRXR1 3′-UTR shown in diﬀerent
species. The underlined part is the potential miR-125a binding site. (b) Schematic drawing of miR-125a binding with 3′-UTR of TRXR1
and its mutant construct. (c) Relative luciferase activities of pGL3-UTR or pGL3-UTR-mut cotransfected with pmiR-ctrl, pmiR-125a, or
miR-125a inhibitor in HEK293 cells. ∗ P < 0 05 compared with pmiR-ctrl.

3.2. miR-125a Represses TrxR1 Protein Expression. To determine the suppression of TrxR1 expression by miR-125a, we
detected both protein and mRNA levels of endogenous
TrxR1 in the HUVECs after miR-125a modulation. The
Western blot showed that the abundance of the TrxR1 protein signiﬁcantly reduced (31%, p < 0 05) when overexpressing miR-125a and increased by 47% after transfection of
miR-125a inhibitor (Figure 2(a)). Moreover, the qRT-PCR
result showed a nonsigniﬁcant increase of TRXR1 mRNA
compared with the control (Figure 2(b)), suggesting that
miR-125a did not induce TrxR1 mRNA degradation. These
results suggest that miR-125a may suppress the expression
of TrxR1 at the posttranscription level.
3.3. H2O2 Induces TrxR1 Expression but Downregulates miR125a Expression in Endothelial Cells. To evaluate the impact
of oxidative stress on TrxR1, we examined TrxR1 mRNA
and protein in HUVECs exposed to H2O2 for diﬀerent dose
and time. As shown in Figures 3(a) and 3(b), both mRNA
and protein levels were signiﬁcantly induced by H2O2 for
2–24 h or at 0.1–0.5 mmol/ml (p < 0 05). When cells were

exposed to 0.25 mmol/ml H2O2 for varying amounts of time,
a 24 h treatment was required to reach translation peak (3.0fold over control). Meanwhile, to determine the impact of
H2O2 on miR-125a, real-time PCR was performed. MiR125a expression was decreased by 80% (p < 0 01) in response
to the H2O2 stimulation (0.25 mmol/L) compared with
untreated controls (Figure 3(c)). The results obtained from
three independent experiments indicate that H2O2 upregulated TrxR1 mRNA and TrxR1 protein but downregulated
miR-125a.
3.4. Posttranscriptional Regulation of TrxR1 Expression under
Oxidative Stress. HUVECs were pretreated using actinomycin D (10 ug/ml) for 2 h and then exposed to H2O2 for an
additional 24 h. Complete inhibition of H2O2-induced TrxR1
mRNA expression was found in the group treated with actinomycin D (Figure 4(a)). However, an evident increase in
TrxR1 protein was detected in the H2O2-stimulated group
after treatment with actinomycin D (Figure 4(b)). The level
of TrxR1 protein in cells treated with actinomycin D and
H2O2 was ~70% of the TrxR1 level in cells treated with
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Figure 2: miR-125a suppresses the expression of TrxR1 in HUVECs. (a) Western blot results of TrxR1 for transfected HUVECs (blank,
pmiR-ctrl, pmiR-125a, or miR-125a inhibitor treated group, resp.). Data are presented as the ratio of TrxR1 to GAPDH. ∗ P < 0 05.
(b) qRT-PCR results of TRXR1 mRNA for transfected HUVECs (blank, pmiR-ctrl, pmiR-125a, or miR-125a inhibitor treated group, resp.).
∗
P < 0 05.
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Figure 3: H2O2 regulates TrxR1 and miR-125a expression in HUVECs. (a) Real-time and immunoblot analysis of TrxR1 in HUVECs treated
with H2O2 (0, 0.1, 0.25, and 0.5 mmol/L). ∗ P < 0 05. (b) Real-time and immunoblot analysis of TrxR1 in HUVECs treated with 0.25 mmol/L
H2O2 (0, 2, 6, 12, and 24 h). ∗ P < 0 05. (c) The expression of mature miR-125a in H2O2-treated HUVECs (0.25 mmol/L) and the control group
as determined by real-time PCR. ∗∗ P < 0 01.

H2O2. The preceding results suggest the involvement of a
posttranscriptional mechanism in H2O2-induced TrxR1
expression in HUVECs.

3.5. Downregulation of miR-125a Is Involved in H2O2Induced TrxR1 Expression. Given the previous results, we
speculated that H2O2 could relieve the miR-125a-mediated
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Figure 4: Posttranscriptional regulation occurs in the H2O2-induced TrxR1 expression. (a) Real-time of TrxR1 mRNA in HUVECs treated
with H2O2 and/or actinomycin D. ∗ P < 0 05. (b) Immunoblot analysis of TrxR1 protein in HUVECs treated with H2O2 and/or
actinomycin D. ∗ P < 0 05.

TrxR1 suppression by miR-125a inhibition. To conﬁrm this
hypothesis, HUVECs were transfected with TRXR1 3′-UTR
luciferase plasmid containing the binding site of miR-125a.
Cells simultaneously exposed to H2O2 for 24 h reversed the
decrease of TRXR1 3′UTR-associated luciferase activity compared with non-H2O2-treated control. There was no marked
change of luciferase activity in H2O2-treated cells transfected
with mutant and empty vector control (Figure 5(a)).
To determine whether relief of miR-125a-mediated
TrxR1 translational repression was involved in H2O2induced TrxR1 protein expression, we transfected cells with
an miR-125a expression vector for 48 h and then treated cells
to H2O2 for 24 h. As shown in Figures 5(b) and 5(c), overexpression of miR-125a signiﬁcantly depressed H2O2-induced
TrxR1 protein expression, but did not decrease TrxR1 transcription compared with H2O2-treated cells, which were also
transfected with the control vector. The preceding results
indicate that the relief of miR125a-mediated translational
repression of TrxR1 was involved in H2O2-induced TrxR1
protein expression in HUVECs.

4. Discussion
We conﬁrmed that targeting of the TRXR1 3′-UTR by miR125a resulted in TRXR1 translational suppression. In addition, we found that H2O2-induced oxidative stress increased
the TrxR1 expression but downregulated miR-125a expression. Moreover, H2O2-induced TrxR1 expression in HUVECs
partially involved negation of miR-125a-mediated translational suppression. These results indicate that miR-125a
was involved in the H2O2-induced expression of TRXR1,
which may be relevant to the regulation of cell responses
against oxidative stress in endothelial cells.
To date, extensive research has suggested the functions
of miRNAs on oxidative stress-related genes. Eades et al.

reported that miR-200a led to Keap1 mRNA degradation
by targeting the 3′-UTR of keap1 [17]. Dong et al. showed
that the expression of GSR and POR was suppressed by
alcohol-induced miR-214 in liver cells [18]. In addition, miRNAs may be regulated by ROS. Simone et al. revealed that a
number of miRNAs including let-7b, miR-15b, and miR-21
increased under ionizing radiation, etoposide, and H2O2 in
human ﬁbroblasts [19]. Thulasingam et al. showed that
miR-21 was upregulated while miR-27a decreased under
H2O2-induced stress in PC12 cells [20]. In this work, we
veriﬁed that miR-125 was directly bound to 3′-UTR of the
TrxR1 gene and repressed its endogenous expression, supplying another posttranscriptional regulation mechanism of
TrxR1. Moreover, miR-125a expression was signiﬁcantly
downregulated after exposure of endothelial cells to H2O2. In
addition, overexpression of miR-125a signiﬁcantly depressed
H2O2-induced TrxR1 protein expression. These ﬁndings suggest that miR-125a mediating the downregulation of TrxR1
plays an important role in H2O2-induced oxidative stress in
endothelial cells. miR-125a was ﬁrst identiﬁed in the brain
tissue of mice by Northern blot in 2002 [21]. Recently, it
has been conﬁrmed that miR-125a exerts growth regulation,
lipid uptake, and vasomotor homeostasis through targeting
p53, oxysterol binding protein-related Protein 9, and
endothelin-1 (ET-1) genes [22–24]. Our study conﬁrmed
that TRXR1 was a newly identiﬁed target of miR-125a. To
our knowledge, miRNAs are always ﬁne-tuning posttranscriptional regulators of target mRNAs in most biological
processes, including in cellular responses to redox imbalance
[25]. Therefore, we postulated that miR-125a could be a key
posttranscriptional regulator in oxidative stress-mediated
diseases. When assessing the eﬀect of miR-125a in H2O2induced oxidative stress, we found that TrxR1 was markedly
increased after H2O2 treatment, consistent with the results of
Furman et al. [11]. However, mir-125a decreased signiﬁcantly
in H2O2-treated HUVECs. ROS modulating oxidation-
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Figure 5: Downregulation of miR-125a is involved in the H2O2-induced TrxR1 expression. (a) Relative luciferase activity assay after
transfection with constructed plasmids and treatment with H2O2 for 24 h. H2O2 increased luciferase reporter activity in HUVECs
transfected with the PGL3-UTR encoding miR-125a binding site. ∗ P < 0 05 compared with pGL-ctrl. # P < 0 05 compared with pGL-UTR.
(b) Western blot results of TrxR1 in HUVECs treated with pmiR-125a in response to H2O2 treatment. ∗ P < 0 05 versus non-H2O2stimulated cells. # P < 0 05 versus non-pmiR-125a-treated cells. (c) Real-time analysis of the TrxR1 in HUVECs treated with pmiR-125a in
response to H2O2 treatment. ∗ P < 0 05 versus non-H2O2-stimulated cells.

sensitive signaling pathways and transcription factors is the
common mechanism responsible for ROS-mediated genes.
Further research should be performed to elucidate the underlying mechanism.
An imbalance between oxidative stress and the antioxidative system in endothelial cells is generally considered to be
the common mechanism causing cardiovascular diseases.
To keep redox-balanced conditions, cells always protect
themselves from oxidative injury through activation of the
antioxidant system [26, 27]. H2O2-induced TrxR1 expression
results in further scavenging of ROS. Furthermore, downregulated miR-125a in the setting of oxidative stress relieves
miR-125a-mediated translational repression of TrxR1, which
thereby functions better in antioxidant defense.
In conclusion, miR-125a targeted TRXR1 3′UTR and
resulted in downregulation of endogenous TRXR1 expression
in HUVECs. Moreover, miR-125a was involved in H2O2induced oxidative stress. These results indicate that miR125a may play a vital role in antioxidant defense via
posttranscriptional regulating TRXR1 and may be a new
target to regulate endothelial function.

Abbreviations
TrxR:
miRNA:
UTR:
H2O2:

Thioredoxin reductase
MicroRNA
Untranslated region
Hydrogen peroxide.

Data Availability
The data used to support the ﬁndings of this study are
included within the article.

Conflicts of Interest
The authors declare that there is no conﬂict of interest
regarding the publication of the article.

Acknowledgments
This research was supported by the National Natural Science
Foundation of China No. 81400709.

Supplementary Materials
Figure S: The eﬀect of pmiR-125a on mature miR-125a expression and the veriﬁed target protein P53. (Supplementary
Materials)

References
[1] A. M. Briones and R. M. Touyz, “Oxidative stress and hypertension: current concepts,” Current Hypertension Reports,
vol. 12, no. 2, pp. 135–142, 2010.
[2] M. Valko, C. J. Rhodes, J. Moncol, M. Izakovic, and M. Mazur,
“Free radicals, metals and antioxidants in oxidative stress-

Journal of Immunology Research

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

induced cancer,” Chemico-Biological Interactions, vol. 160,
no. 1, pp. 1–40, 2006.
T. Finkel and N. J. Holbrook, “Oxidants, oxidative stress and
the biology of ageing,” Nature, vol. 408, no. 6809, pp. 239–
247, 2000.
M. T. Lin and M. F. Beal, “Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases,” Nature, vol. 443,
no. 7113, pp. 787–795, 2006.
T. Fukai and M. Ushio-Fukai, “Superoxide dismutases: role in
redox signaling, vascular function, and diseases,” Antioxidants
& Redox Signaling, vol. 15, no. 6, pp. 1583–1606, 2011.
V. J. Thannickal and B. L. Fanburg, “Reactive oxygen species in
cell signaling,” American Journal of Physiology-Lung Cellular
and Molecular Physiology, vol. 279, no. 6, pp. L1005–L1028,
2000.
J. M. MatÉs, C. Pérez-Gómez, and I. N. De Castro, “Antioxidant enzymes and human diseases,” Clinical Biochemistry,
vol. 32, no. 8, pp. 595–603, 1999.
J. Nordberg and E. S. J. Arnér, “Reactive oxygen species, antioxidants, and the mammalian thioredoxin system,” Free Radical
Biology & Medicine, vol. 31, no. 11, pp. 1287–1312, 2001.
E. S. J. Arnér, “Focus on mammalian thioredoxin reductases —
important selenoproteins with versatile functions,” Biochimica
et Biophysica Acta (BBA) - General Subjects, vol. 1790, no. 6,
pp. 495–526, 2009.
M. L. Mansego, S. Blesa, V. Gonzalez-Albert et al., “Discordant
response of glutathione and thioredoxin systems in human
hypertension?,” Antioxidants & Redox Signaling, vol. 9, no. 4,
pp. 507–514, 2007.
C. Furman, A. K. Rundlöf, G. Larigauderie et al., “Thioredoxin
reductase 1 is upregulated in atherosclerotic plaques: speciﬁc
induction of the promoter in human macrophages by oxidized
low-density lipoproteins,” Free Radical Biology & Medicine,
vol. 37, no. 1, pp. 71–85, 2004.
Y. Wu, L. Yang, and L. Zhong, “Decreased serum levels of
thioredoxin in patients with coronary artery disease plus
hyperhomocysteinemia is strongly associated with the disease
severity,” Atherosclerosis, vol. 212, no. 1, pp. 351–355, 2010.
A. K. Rundlöf, M. Carlsten, and E. S. J. Arnér, “The core
promoter of human thioredoxin reductase 1: cloning, transcriptional activity, and Oct-1, Sp1, and Sp3 binding reveal a
housekeeping-type promoter for the AU-rich elementregulated gene,” Journal of Biological Chemistry, vol. 276,
no. 32, pp. 30542–30551, 2001.
J. R. Gasdaska, J. W. Harney, P. Y. Gasdaska, G. Powis, and
M. J. Berry, “Regulation of human thioredoxin reductase
expression and activity by 3′-untranslated region selenocysteine insertion sequence and mRNA instability elements,”
Journal of Biological Chemistry, vol. 274, no. 36, pp. 25379–
25385, 1999.
D. P. Bartel, “MicroRNAs: genomics, biogenesis, mechanism,
and function,” Cell, vol. 116, no. 2, pp. 281–297, 2004.
M. Hulsmans, D. De Keyzer, and P. Holvoet, “MicroRNAs
regulating oxidative stress and inﬂammation in relation to
obesity and atherosclerosis,” The FASEB Journal, vol. 25,
no. 8, pp. 2515–2527, 2011.
G. Eades, M. Yang, Y. Yao, Y. Zhang, and Q. Zhou, “miR-200a
regulates Nrf2 activation by targeting Keap1 mRNA in breast
cancer cells,” Journal of Biological Chemistry, vol. 286, no. 47,
pp. 40725–40733, 2011.

7
[18] X. Dong, H. Liu, F. Chen, D. Li, and Y. Zhao, “MiR-214
promotes the alcohol-induced oxidative stress via downregulation of glutathione reductase and cytochrome P450 oxidoreductase in liver cells,” Alcoholism: Clinical & Experimental
Research, vol. 38, no. 1, pp. 68–77, 2014.
[19] N. L. Simone, B. P. Soule, D. Ly et al., “Ionizing radiationinduced oxidative stress alters miRNA expression,” PLoS
One, vol. 4, no. 7, article e6377, 2009.
[20] S. Thulasingam, C. Massilamany, A. Gangaplara et al., “miR27b∗ , an oxidative stress-responsive microRNA modulates
nuclear factor-kB pathway in RAW 264.7 cells,” Molecular
and Cellular Biochemistry, vol. 352, no. 1-2, pp. 181–188, 2011.
[21] M. Lagos-Quintana, R. Rauhut, A. Yalcin, J. Meyer,
W. Lendeckel, and T. Tuschl, “Identiﬁcation of tissue-speciﬁc
microRNAs from mouse,” Current Biology, vol. 12, no. 9,
pp. 735–739, 2002.
[22] Y. Zhang, J.-S. Gao, X. Tang et al., “MicroRNA 125a and its
regulation of the p53 tumor suppressor gene,” FEBS Letters,
vol. 583, no. 22, pp. 3725–3730, 2009.
[23] T. Chen, Z. Huang, L. Wang et al., “MicroRNA-125a-5p partly
regulates the inﬂammatory response, lipid uptake, and ORP9
expression in oxLDL-stimulated monocyte/macrophages,”
Cardiovascular Research, vol. 83, no. 1, pp. 131–139, 2009.
[24] D. Li, P. Yang, Q. Xiong et al., “MicroRNA-125a/b-5p inhibits
endothelin-1 expression in vascular endothelial cells,” Journal
of Hypertension, vol. 28, no. 8, pp. 1646–1654, 2010.
[25] A. K. L. Leung and P. A. Sharp, “MicroRNA functions in stress
responses,” Molecular Cell, vol. 40, no. 2, pp. 205–215, 2010.
[26] Y. J. H. J. Taverne, A. J. J. C. Bogers, D. J. Duncker, and
D. Merkus, “Reactive oxygen species and the cardiovascular
system,” Oxidative Medicine and Cellular Longevity, vol. 2013,
Article ID 862423, 15 pages, 2013.
[27] Y. Taniyama and K. K. Griendling, “Reactive oxygen species in
the vasculature molecular and cellular mechanisms,” Hypertension, vol. 42, no. 6, pp. 1075–1081, 2003.

Hindawi
Journal of Immunology Research
Volume 2018, Article ID 9671919, 13 pages
https://doi.org/10.1155/2018/9671919

Research Article
Tributyrin Supplementation Protects Immune Responses and
Vasculature and Reduces Oxidative Stress in the Proximal
Colon of Mice Exposed to Chronic-Binge Ethanol Feeding
B. Glueck ,1 Y. Han ,1 and G. A. M. Cresci

1,2,3

1

Lerner Research Institute, Inﬂammation and Immunity, Cleveland Clinic, Cleveland, OH, USA
Pediatric Institute, Gastroenterology, Cleveland Clinic, Cleveland, OH, USA
3
Digestive Disease & Surgery Institute, Gastroenterology, Hepatology & Nutrition Cleveland Clinic, Cleveland, OH, USA
2

Correspondence should be addressed to G. A. M. Cresci; crescig@ccf.org
Received 7 March 2018; Revised 6 July 2018; Accepted 16 July 2018; Published 19 August 2018
Academic Editor: Tomasz Baczek
Copyright © 2018 B. Glueck 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.
Excessive ethanol consumption causes adverse eﬀects and contributes to organ dysfunction. Ethanol metabolism triggers oxidative
stress, altered immune function, and gut dysbiosis. The gut microbiome is known to contribute to the maintenance of intestinal
homeostasis, and disturbances are associated with pathology. A consequence of gut dysbiosis is also alterations in its metabolic
and fermentation byproducts. The gut microbiota ferments undigested dietary polysaccharides to yield short-chain fatty acids,
predominantly acetate, propionate, and butyrate. Butyrate has many biological mechanisms of action including antiinﬂammatory and immunoprotective eﬀects, and its depletion is associated with intestinal injury. We previously showed that
butyrate protects gut-liver injury during ethanol exposure. While the intestine is the largest immune organ in the body, little is
known regarding the eﬀects of ethanol on intestinal immune function. This work is aimed at investigating the eﬀects of
butyrate supplementation, in the form of the structured triglyceride tributyrin, on intestinal innate immune responses and
oxidative stress following chronic-binge ethanol exposure in mice. Our work suggests that tributyrin supplementation preserved
immune responses and reduced oxidative stress in the proximal colon during chronic-binge ethanol exposure. Our results also
indicate a possible involvement of tributyrin in maintaining the integrity of intestinal villi vasculature disrupted by chronic-binge
ethanol exposure.

1. Introduction
Excessive ethanol consumption causes damage to various
organs and systems. While the liver is the primary target of
ethanol’s detrimental eﬀects, the brain, pancreas, lungs,
intestine, and the immune system are also known to be
aﬀected. It is generally recognized that lipid peroxidation,
immune damage, and antioxidant defenses may play an
important role in the pathogenesis of ethanol-induced cellular injury [1]. Ethanol promotes the generation of superoxide
anion and hydrogen peroxide, and these byproducts contribute to endothelial dysfunction, vasoconstriction, and
hypertension [2].
Both acute ethanol and chronic ethanol interfere with
multiple aspects of innate immune responses resulting in

chronic alcoholics having an increased risk and severity of
infections. This association has been demonstrated with several types of infections including pulmonary [3], hepatitis C
[4], and human immunodeﬁciency virus [5]. Ethanol suppresses tissue recruitment of polymorphonuclear neutrophils
(PMNs) during infection and inﬂammation, which can
impact susceptibility to infection, decrease bacterial clearance, and increase mortality from pneumonia [6]. Ethanol
abuse alters granulopoiesis [3] and inhibits cell division and
diﬀerentiation of precursor cells into granulocytes [3]. Ethanol also compromises phagocytic activity of blood monocytes and resident macrophages [7] and their ability to
adhere to cells and to engage in intracellular microbe killing
[8]. Ethanol impairs natural killer cell activity, decreasing
their ability to destroy their target cells [9, 10].
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Recently recognized is the link between ethanol consumption and intestinal bacterial overgrowth and dysbiosis
in both animal and human studies [11–15]. The intestinal
tract, the largest immune organ in the body, is comprised
of more immunoglobulin-producing cells compared to bone
marrow, spleen, and lymph nodes and contains resident and
inﬁltrating immune cells [16]. Intestinal macrophages are
located in the lamina propria within the mucosa and therefore in close proximity to the epithelial layer [17]. The presence of immune cells varies throughout the gastrointestinal
tract, with higher predominance of macrophages localized
in the colon compared to the small intestine in rodents
and humans [18, 19]. This dynamic immune organ is on
constant surveillance to maintain intestinal homeostasis by
regulating immune responses not only to ingested pathogens
but also to the trillions of commensal microorganisms comprising the gut microbiome [20]. While the gut microbiota is
involved with digestion and metabolism, its important regulatory role in inﬂammation and immunity is also greatly
appreciated [20]. Therefore, gut microbial disruption inﬂuences intestinal homeostasis.
As a consequence to gut dysbiosis, alterations in gut
microbial metabolic and fermentation byproducts occur,
such as depletions of the short-chain fatty acids, acetate, propionate, and butyrate. Butyrate plays many well-documented
roles in the intestine including serving as the primary fuel
source for the colonocyte, regulating water and electrolyte
absorption and gene expression, providing support of the
epithelial barrier, modulating visceral sensitivity and intestinal motility, and ameliorating mucosal inﬂammation and
oxidative stress [21].
Tributyrin is a structured lipid with 3 butyrate molecules
esteriﬁed to glycerol. Upon oral ingestion, tributyrin is
hydrolyzed by pancreatic and gastric lipases, yielding glycerol
and 3 butyrate molecules. Tributyrin is safe when provided at
lower doses, but can be cytotoxic at higher doses (e.g., in vivo,
≥10.3 g/kg; in vitro, >10 mM) [22–26]. Our previous work in
animal models of antibiotic treatment [26] and ethanol exposure [27, 28] demonstrates several beneﬁcial eﬀects of tributyrin supplementation during these treatments. In these
studies, providing tributyrin orally protects against intestinal
barrier losses with preservation of the tight junction protein
complex and preserves expression of several genes and proteins involved with water and electrolyte balance, butyrate
transport, and inﬂammation [26–28]. When provided during
animal models of acute and chronic-binge ethanol exposure,
tributyrin supplementation not only preserves the intestinal
barrier but also is hepatoprotective [27, 28].
Following a physiologic insult, an immune response
needs to be adequately mounted and resolved for proper
return of organ homeostasis and function. Investigations in
the eﬀects of ethanol exposure on intestinal immune function
are limited. Due to the positive eﬀects of tributyrin we found
during chronic-binge ethanol exposure on gut-liver injury,
and the beneﬁcial eﬀects of butyrate on inﬂammation and
immunity, we aimed to determine whether tributyrin inﬂuenced intestinal immune responses in a mouse model of
chronic-binge ethanol exposure. Here, we present the eﬀects
of tributyrin supplementation on innate immune responses,
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vasculature, and oxidative stress in the proximal colon
following chronic-binge ethanol exposure in mice.

2. Materials and Methods
2.1. Materials. Glyceryl tributyrate (tributyrin) and sodium
butyrate came from Sigma-Aldrich (St. Louis, MO, USA).
Interleukin 1 beta came from Sino Biological (IL-1β; Beijing,
China). Pair-fed control diet and Lieber-DeCarli high-fat
ethanol diet came from Dyets Inc. (Bethlehem, PA, USA).
All primers for quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR) were synthesized by
Integrated DNA Technologies (Coralville, IA, USA). The following are primary antibodies: antigranulocye colonystimulating factor (G-CSF), anti-Von Willebrand factor
(vWF), and leukocyte common antigen, CD45 (Clone I3/
2.3), came from Abcam (Cambridge, MA); anti-neutrophil
(NIMP14) antibody came from Novus Biologicals (Littleton,
CO); C3b/iC3b/C3c (C3b) came from Hycult Biotechnology
(Uden, Netherlands); anticluster of diﬀerentiation, CD68,
was from AbD Serotec (Raleigh, NC); and antiplatelet endothelial cell adhesion molecule (PECA1)/CD31 was from
Genetex (Irvine, CA).
2.2. Methods. Eight- to 10-week-old female C57BL/6J mice
were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). Mice were housed in standard microisolator cages
(two animals per cage) and fed standard laboratory chow
(rodent diet #2918, Harlan-Teklad, Madison, WI, USA)
during a 1-week acclimation period prior to being fed a liquid
diet. Ten-week-old chow-fed female C3−/− mice on a C57BL/6J
background were a gift from Feng Lin, PhD (Cleveland
Clinic). The Institutional Animal Care and Use Committee
approved all animal procedures.
2.2.1. Chronic-Binge Ethanol Feeding and Tributyrin
Provision. Weight-matched animals were randomly assigned
so that each treatment group was within 0.5 gm of each other
and then adapted to a control liquid diet for 5 days. Following
adaption, mice were allowed ad libitum access to either a 5%
v/v (27% total kcal) ethanol-containing diet or a pair-fed diet
that isocalorically substituted maltose dextrin for ethanol for
10 days. Diets were made fresh every other day and supplemented with tributyrin (5 mM) or glycerol (5 mM) over the
10 days of ethanol feeding. On day 11, mice were gavaged
with a 5 g/kg dose of ethanol or isocaloric maltose. Tributyrin
(7.5 mg) or glycerol (2.3 mg) was included in the gavage at a
concentration of 2.5 mM. Mice were anesthetized and
euthanized 9 h post-gavage. The intestine was dissected and
frozen in optimal cutting temperature (Sakura Finetek USA,
Torrance, CA, USA), snap frozen in liquid nitrogen, or stored
in RNAlater (Ambion, Austin, TX, USA) for further analysis.
2.2.2. Immunohistochemistry. Proximal colon sections frozen
in optimal cutting temperature (OCT) compound were used
for immunostaining of proteins expressed by immune cells
(CD68; leukocyte common antigen, CD45), endothelial cells
(platelet endothelial cell adhesion molecule-1 (PECAM-1) or
CD31; von Willebrand factor (vWF)), and granulocyte
colony-stimulating factor (G-CSF) as previously described
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Table 1: Primer sequences for real-time reverse transcription polymerase chain reaction.
Gene
18S
Arg1
CD45
CD68
ELANE
GAPDH
HO-1
iNOS
MMP9
NOX1
PDGFb
SOD2
TGFβ
TRX1

Sequences (forward/reverse 5′-3′)
Forward

Reverse

ACG GAA GGG CAC CAC CAG GA
CTC CAA GCC AAA GTC CTT AGA G
GCA GTG CTA CGA GTG CTA TGG
CCA TCC TTC ACG ATG ACA CCT
CAG AGG CGT GGA GGT CAT TT
AGG TCG GTG TGA ACG GAT TTG
AAG CCG AGA ATG CTG AGT TCA
GTT CTC AGC CCA ACA ATA CAA GA
GCG CCA CCA CAG CCA ACT ATG
GGT TGG GGC TGA ACA TTT TTC
AAG TGT GAG ACA ATA GTG ACC CC
CAG ACC TGC CTT ACG ACT ATG G
TGA CGT CAC TGG AGT TGT ACG G
CAT GCC GAC CTT CCA GTT TTA

CAC CAC CAC CCA CGG AAT CG
AGG AGC TGT CAT TAG GGA CAT C
ACT GAC GGG TCT TTA GTT TCC TT
GGC AGG GTT ATG AGT GAC AGT T
GAA GAT CCG CTG CAC AGA GA
TGT AGA CCA TGT AGT TGA GGT CA
CGG GTG TAG ATA TGG TAC AAG GA
GTG GAC GGG TCG ATG TCA C
TGG ATG CCG TCT ATG TCG TCT TTA
TCG ACA CAC AGG AAT CAG GAT
CAT GGG TGT GCT TAA ACT TTC G
CTC GGT GGC GTT GAG ATT GTT
GGT TCA TGT CAT GGA TGG TGC
TTT CCT TGT TAG CAC CGG AGA

[29]. No speciﬁc immunostaining was seen in sections incubated with phosphate-buﬀered saline (PBS) versus the primary antibody. Slides were coded before examination, and
a single investigator blinded to treatments viewed them. All
images presented represent at least three images per tissue
section and four to six mice per experimental condition.
Semiquantiﬁcation of positive staining was performed using
Image Pro Plus software (Media Cybernetics, Silver Spring,
MD, USA). Images were taken under ﬂuorescence microscope (Leica DM2000).
2.2.3. Quantitative Real-Time Reverse Transcription PCR.
Total RNA was isolated from the proximal colon from at
least four to six mice per experimental condition, and 2 μg
of total RNA was reverse-transcribed as previously described
[29]. Real-time PCR ampliﬁcation was performed using
Power SYBR qRT-PCR kits (Applied Biosystems, Foster City,
CA) on a QuantStudio 5 analyzer (Applied Biosystems) for
the following primers: heme oxygenase 1 (HO-1), nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1
(NOX1), superoxide dismutase 2 (SOD2), thioredoxin 1
(TRX1), platelet-derived growth factor subunit b (PDGFb),
transforming growth factor beta 1 (TGFβ1), matrix metallopeptidase 9 (MMP9), arginase 1 (ARG1), lymphocyte antigen
6 complex (Ly6c), CD68, neutrophil elastase (ELANE), and
inducible nitric oxide synthase (iNOS). Glyceraldehyde 3phosphate dehydrogenase (GAPDH) or 18S was used as a
housekeeping gene (see Table 1 for sequences). A relative
amount of target messenger RNA (mRNA) was determined
using the comparative threshold (Ct) method by normalizing
target mRNA Ct values to those of 18S or GAPDH and
represented as fold change relative to pair-fed-treated mice.
2.2.4. Caco-2 Cell Culture and Treatments. The human epithelial colorectal adenocarcinoma cell line (Caco-2; ATTC,
Manassas, VA, USA) was cultured in Dulbecco’s modiﬁed
Eagle’s medium (Gibco BRL Products, Grand Island, NY,

USA) supplemented with 4.5 g/L glucose, 10% fetal bovine
serum (Invitrogen/Gibco), 1% antibiotic solution (penicillin
G, streptomycin B; Gibco BRL Products, Grand Island, NY,
USA), and 1% nonessential amino acids. Cells were grown
in 75 cm2 T-ﬂasks (Fisher, St. Louis, MO, USA) at 37°C and
5% CO2. The medium was changed thrice a week, and cells
were passaged every 5 to 7 days at 80% conﬂuency. Cells were
used at passages 30 and 31 for this experiment.
Monolayers were harvested at conﬂuency by washing the
cells with PBS followed by trypsin-EDTA solution. Caco-2
cells were seeded at 0.2 × 106/well into a 24-well plate. The
medium was changed every 3 days, and the cell monolayer
allowed diﬀerentiating for 7 days. Cells were pretreated with
serum-free medium with or without sodium butyrate (5 mM)
for 18 h followed by a challenge with 25 mM ethanol and/or
10 ng/mL IL-1β for 3 h. Butyrate remained in the appropriate
pretreated wells for the duration of the challenge. Treatments
were performed in duplicate and repeated four times.
2.2.5. IL-8 ELISA Assay. Caco-2 cells were pretreated with
sodium butyrate and challenged with ethanol and/or IL-1β
as described above. The extracellular media was collected at
the end of the experiment and analyzed for the presence of
the IL-8 cytokine by enzyme-linked immunosorbent assay
(ELISA; Eagle Biosciences, Nashua, NH, USA) as per the
manufacturer’s instructions.
2.2.6. Statistical Analysis. All data are expressed the mean ±
standard error of the mean (SEM) and n = 4–6 mice per
treatment groups and n = 4 experiments for cell culture.
The Student t-test was used for parametric analysis of 2
groups; analysis of variance was used for comparison of
multiple groups, with Tukey’s post hoc test for multiple
comparisons. Data were log-transformed to obtain a normal distribution as needed. Statistical signiﬁcance was
deﬁned as p < 0 05. The analysis was performed using the
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Prism software Version 5.02 (GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Tributyrin Maintained Ethanol-Induced Dampening of
Immune Cell Density in Proximal Colon. Mice exposed to
ethanol for 10 days followed by a single ethanol gavage and
euthanized 9 hours later exhibited less positive staining of
markers of innate immunity (CD45, CD68, C3b, and NIMPR14) (Figures 1(a), 1(b), 1(f), and 1(g)) and decreased mRNA
expression of macrophages (CD68, Ly6c) (Figures 1(c) and
1(d)) in the proximal colon. Mice supplemented with tributyrin exhibited similar immunoreactive staining intensity of
immune cells, CD45, CD68, and mRNA levels of CD68 and
Ly6c as visualized in pair-fed mice (Figures 1(a)–1(d)).
Neutrophil expression, measured by NIMP-R14, was depleted
in ethanol-only-treated animals compared to pair-fed and
tributyrin-supplemented mice (Figure 1(g)), and ELANE
mRNA was highest in the tributyrin-treated group
(Figure 1(e)). With C3b staining intensity, the expression
was similar in tributyrin-treated animals to that of pair-fed
and wild-type chow-fed mice, but negative in C3−/− mice
and diminished in ethanol-only-treated mice (Figure 1(f)).
The positive mucosal staining of markers of innate immunity is notably conﬁned to the lamina propria where
blood and lymph vessels, eosinophils, lymphocytes, and
plasma cells are localized and, except for C3b, excluded from
the epithelium.
3.2. Tributyrin Supported Intestinal Neutrophil Presence in
the Proximal Colon. Neutrophils, the ﬁrst line of innate
immune system defense, are produced in the bone marrow
by granulopoiesis, and granulocyte colony-stimulating factor
(G-CSF) is the principle cytokine which regulates this process [30]. Since we noted a variance in immune cells between
treatment groups, we investigated the presence of G-CSF in
the proximal colon. While G-CSF staining was noted
throughout the proximal colon, it was less visible in mice
exposed to ethanol (Figure 2(a)). Positive G-CSF staining
was similar between animals supplemented with tributyrin
and those pair-fed (Figure 2(b)).
Neutrophil granules contain large amounts of matrix
metalloproteinase 9 (MMP9). Matrix metalloproteinases are
the group of proteolytic enzymes which degrade the extracellular matrix. By breaking down surrounding tissue, MMPs
facilitate inﬁltration of circulating cells, such as monocytes,
into tissue. Therefore, we assessed MMP9 mRNA expression
in the proximal colon. Mice supplemented with tributyrin
and exposed to ethanol had increased mRNA expression of
MMP9 in the proximal colon compared to mice not supplemented with tributyrin, both pair-fed and ethanol-exposed
(Figure 2(c)).
Alternatively activated macrophages (M2) are involved
with phagocytosis, production of the extracellular matrix,
and chemotactic and angiogenic factors [31]. It is common
to classify macrophages into one of two subtypes, M1 or
M2, based on surface receptor expression they produce. In
the mouse, arginase 1 (Arg1) is considered a prototypic
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marker of M2 macrophages and tissue resident macrophages
constitutively express Arg1, and iNOS is a marker for M1
macrophages [32, 33]. We tested for the mRNA expression
of iNOS and Arg1 in the proximal colon as a means to identify presence of M1 and M2 macrophages, respectively. Exposure to ethanol reduced Arg1 mRNA expression in the
proximal colon (Figure 2(d)), but tributyrin supplementation
normalized that eﬀect. No diﬀerence was found in iNOS
mRNA expression between treatment groups (Figure 2(e)).
3.3. Butyrate Normalized IL-8 Expression in Caco-2 Cell
Monolayers. IL-1β, known to initiate and amplify inﬂammation, is a cytokine released by various cell types including
monocytes, macrophages, neutrophils, and endothelial cells.
In vitro, IL-1β has been shown to increase chemokine IL-8
from intestinal epithelial cells [34]. Also known as neutrophil
chemotactic factor, IL-8 is released from intestinal epithelial
cells and induces both chemotaxis in target cells as well
as phagocytosis and is also a promoter of angiogenesis
[35, 36]. In order to test butyrate’s direct eﬀect on IL-8
release from intestinal epithelial cells, we pretreated Caco-2
cells with butyrate and then exposed them to IL-1β and/or
ethanol. As expected, in response to IL-1β, there was a large
induction of IL-8 release from Caco-2 cells (Figure 3). Compared to untreated Caco-2 cells, butyrate treatment induced
and ethanol mildly reduced IL-8 release, although this
reduction did not approach signiﬁcance (Figure 3). Compared to the induction of IL-8 by IL-1β treatment, cotreatment with ethanol mildly reduced IL-8 secretion, although
this reduction did not approach signiﬁcance (Figure 3).
However, when Caco-2 cells were treated with butyrate
and stimulated with IL-1β and/or ethanol, IL-8 levels in
supernatants were signiﬁcantly reduced with butyrate compared to IL-1β and/or ethanol-stimulated Caco-2 cells without
butyrate treatment (Figure 3).
3.4. Tributyrin Modulated Ethanol-Induced Oxidative Stress
Responses in the Proximal Colon. Butyrate is known to have
antioxidant properties by modulating production of antioxidant enzymes [37]. NADPH/NOX1 is one of the major
enzymes involved with ethanol metabolism and generation
of reactive oxygen species (ROS). Thioredoxin (TRX1) and
superoxide dismutase 2 (SOD2) serve key antioxidant roles.
Upon evaluation of the eﬀect chronic-binge ethanol exposure
had on the generation and resolution of ROS, compared to
mice treated with tributyrin and those pair-fed, we found that
NOX1 mRNA expression was induced in mice only exposed
to ethanol, and SOD2 and TRX1 mRNA was reduced
(Figures 4(a), 4(c), and 4(d)). Heme oxygenase 1 induction
provides potent cytoprotective eﬀects on various models of
oxidative damages and stresses [38]. Tributyrin treatment
induced HO-1 mRNA levels in the presence of ethanol,
whereas levels were similar in groups not treated with tributyrin (Figure 4(b)).
3.5. Tributyrin Preserved Vasculature within the Proximal
Colon during Ethanol Exposure. Metabolism of ethanol can
cause hypoxia. Reactive oxygen species derived from
NADPH oxidase are involved with the development of tissue
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Figure 1: Eﬀects of tributyrin on presence of immune cells in proximal colon following chronic-binge ethanol exposure. Mice were fed an
ethanol-containing (5% v/v) liquid diet or pair-fed a diet with maltose-dextrin isocalorically substituted for ethanol for 10 days. Diets were
supplemented with glycerol or tributyrin (5 mM). Mice were then treated with a single 5 g/kg gavage of ethanol the next day containing
glycerol or tributyrin (2.5 mM). At 9 h post-gavage, the proximal colon was collected and used to prepare RNA or embedded in optimal
cutting temperature compound (OCT) for histology. (a) CD45 (green), (b) CD68 (green), (f) C3b/iC3b/C3c, and (g) NIMP-R14 were
visualized by immunohistochemistry in sections of proximal colon frozen in OCT. Images were acquired using a 10x or 20x objective. A
selected area was cropped and enlarged. (c–e) Expression of CD68, Ly6c, and ELANE mRNA was detected in the proximal colon using
quantitative real-time reverse transcription polymerase chain reaction. (f) In addition to pair-fed and ethanol-treated mice, proximal
colon frozen in OCT from age- and gender-matched C57BL/6 and C3−/− mice on a C57BL/6 background were stained for expression of
C3b/iC3b/C3c. C3b-positive staining was visualized in wild-type mice similarly to that of pair-fed mice, and, as expected, C3−/− were
negative for positive C3b staining. Images are representative of at least replicate images captured per mouse in four to six mice per
treatment group. Data are mean ± standard error of the mean (SEM). Values with diﬀerent alphabetical superscripts were signiﬁcantly
diﬀerent from each other; p < 0 05 and ∗ p < 0 05.

dysfunction induced by ethanol [39, 40]. Activity of NADPH
oxidase is involved with ethanol-induced hypertension and
ROS generation in the vasculature [2]. Ideally in order to
facilitate recovery, angiogenesis follows tissue ischemia and
hypoxia. The presence of monocytes and neutrophils enables
paracrine signaling between the endothelium and perivascular cells to create space for growing vessels [41]. Ethanol is
known to inhibit neutrophil migration [13, 42–44]. The
noted variation between ethanol treatment groups in the
presence and distribution pattern of monocytes in the proximal colon (Figures 1(a) and 1(b)), resembling that of the

vasculature of the villi, led us to investigate for markers of
endothelial cells (CD31 and vWF) by immunohistochemistry
for potential ethanol-induced derangements. Both CD31and vWF-positive staining was depleted in mice only receiving ethanol (Figures 5(a)–5(d)). Staining intensity for CD31
was robust and similar between pair-fed mice and those
supplemented with tributyrin (Figures 5(a) and 5(b)). In
mice supplemented with tributyrin, staining intensity for
vWF was higher compared to those pair-fed or only exposed
to ethanol (Figures 5(c) and 5(d)). Evaluation of mRNA
expression of TGFβ1 and PDGFb, growth factors involved
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Figure 2: Eﬀect of tributyrin on neutrophil and macrophage regulators in the proximal colon following chronic-binge ethanol exposure. Mice
were treated as described in Figure 1, and the proximal colon was excised and used to prepare RNA or embedded in OCT for histology.
(a) G-CSF (green) was visualized by immunohistochemistry in sections of proximal colon frozen in OCT. Images shown were acquired
using 20x objective and are representative of at least replicate images captured per mouse in four to six mice per treatment group. (b) Images
acquired using a 10x objective were quantiﬁed for G-CSF-positive areas using Image Pro Plus software and analyzed. (c–e) Expression of
MMP9, Arg1, and iNOS mRNA was detected in the proximal colon using quantitative real-time reverse transcription polymerase chain
reaction. Data are mean ± SEM. Values with diﬀerent alphabetical superscripts were signiﬁcantly diﬀerent from each other; p < 0 05 and
∗
p < 0 05; NS = not signiﬁcant.

with angiogenesis, found lower expression of TGFβ1 in animals only treated with ethanol (Figure 5(e)) and trended
towards increased PDGFb in mice supplemented with tributyrin (Figure 5(f)).

4. Discussion
Ethanol exposure is known to disrupt the gut microbiota
which consequentially aﬀects the production of beneﬁcial
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Figure 3: Eﬀect of butyrate on secreted IL-8 from Caco-2
monolayers stimulated with IL-1β and ethanol. Human intestinal
epithelial cells (Caco-2) were grown to conﬂuency in 24-well
plates, and monolayers were allowed to diﬀerentiate for 7 days.
Cells were pretreated ± sodium butyrate (5 mM) for 18 h and then
challenged with 25 mM ethanol and/or 10 ng/mL IL-1β for 3 h.
Extracellular media was then collected and analyzed for IL-8 by
ELISA. Treatments were performed in duplicate and repeated four
times. Data are mean ± SEM. Values with diﬀerent alphabetical
superscripts were signiﬁcantly diﬀerent from each other, p < 0 05.

fermentation byproducts, including short-chain fatty acid
butyrate [13, 45, 46]. Gut dysbiosis is associated with altered
immune responses and disruption in intestinal homeostasis.
In the present study, we ﬁnd that chronic-binge ethanol exposure negatively impacts intestinal innate immune responses,
markers of oxidative stress and vasculature in the proximal
colon. Here, for the ﬁrst time we provide evidence of a
remarkable beneﬁcial eﬀect of prophylactic tributyrin supplementation in supporting not only the presence of immune
cells but also antioxidant defenses and intestinal vasculature
in mice exposed to chronic-binge ethanol treatment.
Ethanol metabolism induces oxidative stress. As ethanol cannot be excreted, it is metabolized primarily in the
liver, as well as in extrahepatic tissues including the intestine [47]. The major enzyme pathways which metabolize
ethanol into acetaldehyde and then acetate are alcohol
dehydrogenase/aldehyde dehydrogenase and the microsomal
ethanol-oxidizing system catalyzed by cytochrome P450 2E1
(CYP2E1) [47]. The ethanol-induced CYP2E1 pathway
metabolizes ethanol while oxidizing biosynthetic reducing
power, NADPH to NADP+. Because this pathway uses
oxygen, free radicals that damage tissues are generated. Additionally, since NADPH is consumed, the potent endogenous
antioxidant glutathione cannot be regenerated, further
exacerbating oxidative stress [47].
Butyrate, known to have anti-inﬂammatory and antioxidant properties, reduces levels of reactive oxygen species in
vascular smooth muscle cells by modulating the redox state
by inducing glutathione-S-transferase [48]. Aguilar et al.
demonstrated a reduction in superoxide production and
protein nitrosylation with butyrate supplementation in a
mouse model of reduced atherosclerotic development [49].

In this model, stimulated peritoneal macrophages had a
lower free radical release when pretreated with butyrate,
which was related to a reduction in NADPH oxidase and
inducible nitric oxide synthase. Marchi et al. recently showed
that ethanol-induced hypertension is mediated by NADPH
oxidase and that NOX1 expression is related to the generation of reactive oxygen species by ethanol [2]. In our
chronic-binge ethanol exposure model, mice only receiving
ethanol had induced mRNA levels of NOX1 and reduced
mRNA levels of antioxidant genes. More importantly, tributyrin supplementation was able to mitigate the prooxidant
eﬀects of chronic-binge ethanol exposure in the proximal
colon, a region naturally physiologically hypoxic.
As the innate immune response is the ﬁrst line of
immune defense to a metabolic or physiologic insult, its dysfunction can compromise restoration of tissue homeostasis
and function. Ethanol is known to cause pathological eﬀects
to the intestine, particularly the intestinal barrier. In our
prior investigations, we found that tributyrin supplementation mitigates the negative eﬀects of acute, chronic-binge,
and chronic ethanol exposure on tight junction protein
expression in the ileum and proximal colon and associated
liver injury [27, 28]. Because macrophage number and butyrate yield are highest in the colon, we wanted to see whether
these protective eﬀects of tributyrin were linked with alterations in intestinal immune responses. Here, we present that
the depleted innate immune response in the proximal colon
following chronic-binge ethanol exposure is mitigated with
tributyrin supplementation.
The mechanisms of these observations are likely multifactorial. Intestinal epithelial cells serve as the interface
between the organism and environment and are therefore
strategically positioned to signal environmental changes. In
healthy intestinal mucosa, epithelial cells as well as mast
and stromal cells produce and release TGFβ, a potent monocyte chemokine, and IL-8, a neutrophil chemoattractant.
Release of IL-8 is further induced after stimulation with
IL-1β and lipopolysaccharide [35, 50]. Butyrate priming of
intestinal epithelial cells has also been shown to enhance
secretion of IL-8 [35]. Here, we demonstrate that ethanol
alone has a negative eﬀect in vitro on IL-8 secretion from
intestinal epithelial cells (Caco-2), with or without stimulation with IL-1β, and that butyrate mitigated these eﬀects,
thus indicating a direct protective eﬀect of butyrate. Additionally, ethanol-treated animals had reduced TGFβ mRNA
expression, but tributyrin treatment mitigated this eﬀect.
Stromal TGFβ and IL-8 have been shown to recruit blood
monocytes that express receptors for these chemokines
[51]. Once recruited to the lamina propria, monocytes take
up residence in the extracellular matrix to become resident
macrophages. Constitutive expression of these chemokines
by mucosal cells promotes ongoing recruitment of blood
monocytes to the mucosa and, in combination with resident
macrophages, makes the lamina propria in the gastrointestinal tract the body’s largest reservoir for macrophages, with
numbers highest in the colon [51]. We ﬁnd here that in the
presence of tributyrin, immune cell numbers are reﬂective
of animals not exposed to ethanol and that ethanol greatly
dampened immune cell presence in colonic lamina propria.
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Figure 4: Eﬀects of tributyrin on expression of pro- and antioxidant mediators in the proximal colon following chronic-binge ethanol
exposure. Mice were treated as described in Figure 1, and the proximal colon was excised and used to prepare RNA. (a–d) Expression of
NOX1, HO-1, SOD2, and TRX1 mRNA was detected in the mouse proximal colon using quantitative real-time reverse transcription
polymerase chain reaction. Values represent means ± SEM. n = 4–6 mice per treatment group. Values with diﬀerent alphabetical
superscripts were signiﬁcantly diﬀerent from each other, p < 0 05.

In pulmonary tissue, chronic ethanol exposure interferes with the actions of the granulocyte-macrophage
colony-stimulating factor, which is secreted by various cells
and stimulates the production of granulocytes and monocytes [52]. High levels of G-CSF are constitutively expressed
in normal mouse or human intestine, and an exogenous
commensal probiotic, Lactobacillus rhamnosus, was able
to further enhance the expression [53]. In the absence of
tributyrin, we found that ethanol-exposed mice had lower
expression of G-CSF in the proximal colon. Coinciding
with a reduction in complement factor, macrophages, and
neutrophils, this could impact the ability for the host to
clear cellular debris and potentially exacerbate ethanolinduced intestinal injury. Metalloproteinase-9 is linked
with tissue regeneration, and G-CSF stimulation of neutrophils has been shown to increase the release of vascular
endothelial growth factors and stimulate hind limb ischemic tissue regeneration [54]. Therefore, in our work, the
reduction of MMP9 and depletion of alternatively activated
macrophages in the mice only exposed to ethanol could
contribute to downregulation of angiogenesis and potentially further inhibit inﬁltration of immune cells into the
colonic villi. While high concentrations of butyrate are
known to inhibit angiogenesis in tumor tissue, low concentrations of sodium butyrate have been shown to promote
angiogenesis and tissue remodeling in tendon and bone
injury [38].

Little is known about the eﬀect of ethanol on intestinal
vasculature, particularly in the colon. Ray et al. conducted a
time study on the eﬀects of intraluminal perfusion of 6%
(wt/vol) ethanol on jejunal microvasculature and morphology in dogs [55]. They noted contraction of the villus core
and compression of the lymphatics and concluded that these
factors were the primary cause of ethanol-induced epithelial
damage [55]. In the vasculature, the generation of superoxide
anion and hydrogen peroxide induced by ethanol is associated with endothelial dysfunction, vasoconstriction, and
hypertension [56, 57]. Reactive oxidant species scavenging
attenuates the vascular dysfunction induced by ethanol
[56]. Here, we present a depletion of endothelial markers
vWF and CD31 in the proximal colon of mice only exposed
to ethanol and that tributyrin supplementation enhanced
endothelial marker expression during chronic-binge ethanol
exposure. Vasodilation is known to be induced by shortchain fatty acids [58, 59]. Butyrate induced relaxation in
small mesenteric arteries preconstricted with noradrenaline
in rats, and this eﬀect was found to be independent of intracellular pH and suspected to be linked with the cyclic AMP
second messenger system [60].

5. Conclusion
In conclusion, these ﬁndings show that tributyrin supplementation protected against blunted immune responses,
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Figure 5: Eﬀect of tributyrin on vasculature in the proximal colon following chronic-binge ethanol exposure. Mice were treated as described in
Figure 1, and the proximal colon was excised and used to prepare RNA or embedded in OCT for histology. (a) CD31 (green) and (c) vWF
(green) were visualized by immunohistochemistry in sections of proximal colon frozen in OCT. All images were acquired using a 10x
objective. A selected area was cropped and enlarged. Images are representative of at least replicate images captured per mouse in four to six
mice per treatment group. (b, d) CD31- and vWF-positive areas were quantiﬁed using Image Pro Plus software and analyzed. (e, f)
Expression of TGFβ1 and PDGFb mRNA was detected in the proximal colon using quantitative real-time reverse transcription polymerase
chain reaction. Data are mean ± SEM. Values with diﬀerent alphabetical superscripts were signiﬁcantly diﬀerent from each other, p < 0 05.
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oxidative stress, and reduced vasculature in the mouse proximal colon caused by chronic-binge ethanol exposure. These
data highlight beneﬁcial eﬀects of butyrate and suggest an
important role of this gut fermentation byproduct as a potential protective supplement to ethanol exposure, and future
studies investigating role in human models are warranted.
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Aim. Intense interest remains in the identiﬁcation of compounds to reduce human immunodeﬁciency virus type 1 (HIV-1)
replication. Coriolus versicolor’s polysaccharide peptide (PSP) has been demonstrated to possess immunomodulatory properties
with the ability to activate an innate immune response through Toll-like receptor 4 (TLR4) showing insigniﬁcant toxicity. This
study sought to determine the potential use of PSP as an anti-HIV agent and whether its antiviral immune response was
TLR4 dependent. Materials and Methods. HIV-1 p24 and anti-HIV chemokine release was assessed in HIV-positive (HIV+)
THP1 cells and validated in HIV+ peripheral blood mononuclear cells (PBMCs), to determine PSP antiviral activity. The
involvement of TLR4 activation in PSP anti-HIV activity was evaluated by inhibition. Results. PSP showed a promising
potential as an anti-HIV agent, by downregulating viral replication and promoting the upregulation of speciﬁc antiviral
chemokines (RANTES, MIP-1α/β, and SDF-1α) known to block HIV-1 coreceptors in THP1 cells and human PBMCs. PSP
produced a 61% viral inhibition after PSP treatment in HIV-1-infected THP1 cells. Additionally, PSP upregulated the
expression of TLR4 and TLR4 inhibition led to countereﬀects in chemokine expression and HIV-1 replication. Conclusion.
Taken together, these ﬁndings put forward the ﬁrst evidence that PSP exerts an anti-HIV activity mediated by TLR4 and key
antiviral chemokines. Elucidating these new molecular mediators may reveal additional drug targets and open novel
therapeutic avenues for HIV-1 infection.

1. Introduction
In the early 1980s, the human immunodeﬁciency virus type 1
(HIV-1) retrovirus was identiﬁed as the causative agent of
acquired immunodeﬁciency syndrome (AIDS), one of the
most devastating infectious diseases that have emerged in
recent history [1, 2]. Viruses have evolved a wide variety of
strategies by which they maintain long-term infection of
populations. HIV-1’s ability to establish reservoirs allows it
to maintain a persistent infection, making it diﬃcult to
eradicate [3]. Antiretroviral therapies (ART) have been
shown to extend the life of patients [4] by preservation of
HIV-1-speciﬁc CD4+ cells and by lowering the level of

HIV-1 viral replication, thereby reducing infectivity and
preventing AIDS-related diseases [5]. Although new ART
regimens show lower cytotoxicity, these medications are
expensive for underprivileged communities [6, 7] and continue to produce side eﬀects [8], leading to adherence and
treatment failure [9, 10]. Thus, new nontoxic and inexpensive therapies are needed to reduce HIV-1 infectivity.
Coriolus versicolor [11, 12] is an edible fungus of the
Basidiomycota family that grows naturally in the bark of trees
and is well known for its immune boosting capabilities. One
of its most potent alcohol-extracted natural products is polysaccharide peptide (PSP) [13] that has been considered
among non-toxic and natural treatments with apotential
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anti-HIV-1 response [11, 12]. PSP contains the main chain of
alpha and beta (1–4) glucans as well as tightly bound polypeptides (15–38% by weight). Due to their branched structures and high molecular weights, beta glucans are powerful
immune system builders [14]. PSP, composed of such
conserved signature molecules, functions as pathogenassociated molecular patterns (PAMPs).
1.1. Polysaccharide Peptide (PSP). Upon PAMP engagement,
the innate immune response is rapidly triggered [15, 16]
through the activation of microbial patterns by germlineencoded receptors named pattern recognition receptors
(PRRs) [17]. Hence, PSP exerts high potency to initiate
and support immune responses with anticancer and potential antiviral capabilities [11, 12, 18]. It has been abundantly
demonstrated that HIV-1 patients are in need of immune
boosting therapy [19]. In an eﬀort to identify novel antiHIV-1 agents, we propose to investigate the anti-HIV-1
eﬀects of Coriolus PSP and to determine if its antiviral
capabilities were Toll-like receptor 4- (TLR4) dependent.
Toll-like receptors (TLRs) are known as PRRs whose
speciﬁc level of action depends on the infecting pathogen
and have central roles in the innate immune system,
representing the ﬁrst line of defense [20–22]. The eﬀect
of activating TLRs is typically ampliﬁed, giving rise to a
signaling cascade that leads to an orchestrated defense
mechanism [23]. Previous investigations have demonstrated
that PSP stimulates the immune system through the activation of a TLR4 signaling cascade [15], resulting in cytokine
and chemokine production [24]. Antiviral chemokines, such
as regulated on activation, normal T cell expressed and
secreted (RANTES), macrophage inﬂammatory proteins 1
alpha and beta (MIP-1α/β), and stromal cell-derived factor
1 alpha (SDF-1α), are known to reduce HIV-1 viral replication by targeting viral entry [25, 26]. Past studies have also
shown the ability of TLR4 to lower HIV-1 replication [27];
thus, we hypothesized that Coriolus PSP possess antiviral
capabilities that will lower HIV-1 viral replication through
a TLR4-dependent innate immune activation.
The potential capacity of PSP to inhibit HIV-1 reverse
transcriptase activity and CD4/Gp120 interaction has been
described [12]; however, the before-mentioned study was
not performed in a cell-based model and the precise molecular mechanism behind these ﬁndings has not yet been fully
elucidated. Therefore, further investigations are required to
assess the role of PSP in HIV infection. This current study
reveals for the ﬁrst time the promising potential of PSP in
THP1 cells and human PBMCs, as an anti-HIV agent, by
downregulating viral replication and promoting the upregulation of TLR4, ultimately leading to the production of antiHIV-1 chemokines (RANTES, MIP-1α/β, and SDF-1α)
known to block HIV-1 coreceptors.

2. Materials and Methods
2.1. Ethics Statement. HIV-1-monoinfected participants
were referred by their primary care physicians to the Immunoretrovirus Research Laboratory at Universidad Central
del Caribe. All procedures involving human PBMCs were
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approved by the Universidad del Caribe Institutional Review
Board (IRB), and written informed consent was provided by
study participants prior to blood collection.
2.2. Cell Culture. THP1-Blue-CD14 (THP1) human monocytes (InvivoGen, San Diego, CA) are immortalized human
monocytes that carry an NFκβ-inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene. Cells
were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (ATCC, Manassas, VA), supplemented with
100 U/ml penicillin and 100 μg/ml streptomycin and 10%
heat-inactivated fetal bovine serum (FBS; ATCC, Manassas,
VA). Cells were maintained in T-75 culture ﬂasks in a
humidiﬁed incubator at 37°C and 5% CO2.
Human PBMCs were isolated by Histopaque (SigmaAldrich, Saint Louis, MO) gradient centrifugation and
cultured in RPMI supplemented with 10% FBS and
100 U/ml penicillin and 100 μg/ml streptomycin, as previously described in Boukli et al. [28]. HIV-negative (HIV−)
PBMCs were obtained from healthy donors and stimulated
with PHA (phytohemagglutinin, 5 μg/ml) (Sigma-Aldrich,
Saint Louis, MO) for three days, prior to HIV-1 acute infection. PBMCs were maintained in T-75 cultured ﬂasks in a
humidiﬁed incubator at 37°C and 5% CO2.
2.3. Coriolus PSP Preparation. Coriolus PSP supplement
tablets comprise a 28% polysaccharide-to-peptide ratio and
a composition of 60.23 mg/g beta-1,3/1,6-glucan (Mushroom
Science, Eugene, OR). PSP tablets were diluted (50 mg/ml) in
hot endotoxin-free water, and the obtained solution was centrifuged at 2060 ×g for 5 minutes until it was free of insoluble
residues. Ethanol 80% (v/v) was added (1 : 1 PSP-to-ethanol)
dropwise to the top of the solution. PSP was collected on top,
followed by centrifugation for collection, washed in absolute
ethanol, and collected after centrifugation. PSP was dried in a
refrigerated vapor trap at −105°C and 0.2 millibar (Thermo
Scientiﬁc, Waltham, MA) and stored as dried pellets at
−20°C. Prior to use, PSP was weighed and dissolved in culture
media to achieve a stock concentration of 20 mg/ml.
2.4. HIV-1 Infection. THP1 and healthy PBMCs were pelleted and resuspended in culture medium (RPMI 1640,
100 U/ml penicillin, 100 μg/ml streptomycin, 10% FBS)
and supplemented with 8 μg/ml hexadimethrine bromide
(Sigma-Aldrich, Saint Louis, MO) in order to enhance infection. Viral load analysis of HIV-1 stocks was carried out
through HIV-1 p24 RT-PCR using a COBAS Amplicor analyzer (Roche Molecular Diagnostics, Pleasanton, CA). Stocks
with viral loads higher than 107 p24 RNA copies/ml were
used for acute infection.
In vitro and ex vivo HIV-1 acute infection was achieved
in THP1 and PBMCs by adding 100 μl of HIV-1 stocks,
propagated from dual-tropism HIV-1ME46 (NIH AIDS
Reagent Program, Bethesda, MD), per 1 million of cells, to
achieve an approximate multiplicity of infection of 1.4.
HIV-1-infected cells were incubated in a humidiﬁed atmosphere at 37°C and 5% CO2 for 24 hours. To guarantee equal
infection between control and PSP-treated cells, infection
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was carried out in the same ﬂask and then divided into
control and treatment.
2.5. Determining the Optimal PSP Concentration. The half
maximal eﬀective concentration (EC50) of PSP to be used
was determined by measuring the activation of intracellular
signaling. This analysis was performed using the QUANTIBlue assay (InvivoGen, San Diego, CA), which allows the
quantiﬁcation of secreted embryonic alkaline phosphate
(SEAP) released into the supernatant of THP1-Blue cells
when the transcription factor nuclear factor kappa β (NFκβ)
is activated. Approximately 3 × 105 cells were seeded in a
96-well plate after being acutely infected with HIV-1.
Cells were exposed to diﬀerent concentrations of PSP
(50–1000 μg/ml), and viability was measured after being
treated twice (at day 0 and day 3) over a six-day period.
Following the manufacturer’s protocol, 20 μl of supernatant
was collected and transferred into a 96-well plate, the
QUANTI-Blue solution was added, and the sample was
incubated for three hours at 37°C. SEAP quantiﬁcation was
analyzed using SoftMax Pro software (Molecular Devices,
Sunnyvale, CA) coupled to a VersaMax Tunable microplate
reader (Molecular Devices, Sunnyvale, CA) detecting at
620 nm. EC50 was calculated using the absorbance readings
at the highest concentration and comparing it with baseline
levels (nonstimulated cells) readings.
2.6. Polysaccharide Peptide Cytotoxicity. PSP cytotoxicity in
THP1 cells was analyzed by determining cell viability using
the percent of alamarBlue (Bio-Rad, Hercules, CA) reduction, as per the manufacturer’s protocol. AlamarBlue assay
measures the cell capability to convert resazurin into resoruﬁn, providing insight of cell health and viability. This assay
was performed in acutely HIV-1-infected and uninfected
THP1 cells treated with PSP. Approximately 3 × 105 cells
per well were seeded in a 96-well plate. Cells were exposed
to diﬀerent concentrations of PSP (50–1000 μg/ml), and
absorbance was measured at zero, three, and six days of
treatment using a VersaMax Tunable microplate reader
(Molecular Devices, Sunnyvale, CA) detecting at 570 nm.
PSP cytotoxicity in both THP1 and human PBMCs was conﬁrmed using tetrazolium MTT 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (Sigma-Aldrich, Saint Louis,
MO) cell viability assay after a PSP treatment of 200 μg/ml
every three days over a 6-day period.
2.7. HIV Viral Replication. HIV viral replication was analyzed
by measuring HIV p24 core protein in cell culture supernatant by antibody ELISA (detection range of 20–0.312 ng/ml),
following the manufacturer’s protocol (MyBioSource, San
Diego, CA). Concentration of HIV p24 antigen was quantiﬁed using SoftMax Pro software (Molecular Devices, Sunnyvale, CA) coupled to a VersaMax Tunable microplate reader
(Molecular Devices, Sunnyvale, CA) detecting at 450 nm.
2.8. Gene Expression of Antiviral Chemokines. Expression of
RANTES, MIP-1β, and MIP-1α was analyzed using qRTPCR. RNA was extracted from cell pellets using TRIzol
reagent (Life Technologies, Carlsbad, CA) following the
manufacturer’s protocol. RNA quality and concentration
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were quantiﬁed spectrophotometrically with a NanoDrop
1000 spectrophotometer (Thermo Scientiﬁc, Waltham, MA).
cDNA was reverse-transcribed from 1 μg of total RNA
using the iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA). qRT-PCR was performed by means of SYBR Green
gene expression assays using 50 nM (Sigma-Aldrich, Saint
Louis, MO) primers. Ampliﬁcation was carried out in a
Bio-Rad CFX96 Touch real-time PCR detection system
(Bio-Rad, Hercules, CA) using the following program:
10 minutes at 95°C, 50 cycles of 15 seconds at 95°C,
and 1 minute at the gene-speciﬁc annealing temperature.
The gene-speciﬁc primers were as follows: MIP-1β forward,
5′-CCCTGGCCTTTCCTTTCAGT-3′ and MIP-1β reverse,
5′-AGCTTCCTCGCGGTGTAAGA-3′; RANTES forward
and 5′-ACAGGTACCATGAAGGTCTC-3′; RANTES reverse,
5′-TCCTAGCTCATCTCCAAAGA-3′ and MIP-1α forward, 5′-TTGTGATTGTTTGCTCTGAGAGTTC-3′; and
MIP-1α reverse and 5′-CGGTCGTCACCAGACACACT3′. The gene expression level was deﬁned as the threshold
cycle number (CT). Mean fold changes in expression of
the target genes were calculated using the comparative CT
method (RU, 2−ΔΔCt). All data were controlled for the quantity of RNA input by GAPDH forward 5′-CTGGGCTACAC
TGAGCACC-3′ and GAPDH reverse 5′-AAGTGGTCGTT
GAGGGCAATG-3′, serving as the endogenous control and
for normalization.
2.9. Anti-HIV-1 Chemokine Protein Expression. Protein
concentrations of antiviral chemokines such as RANTES
(detection range of 22.5–5470 pg/ml), MIP-1β (detection
range of 133.1–32,350 pg/ml), MIP-1α (detection range of
90.9–22,090 pg/ml), and SDF-1α (detection range of 151–
36,720 pg/ml) were analyzed using a Luminex Multiplex
Assay, following the manufacturer’s protocol (R&D Biosystems, Minneapolis, MN). The concentration of chemokines
was determined after incubating 50 μl of samples’ supernatant with the chemokine microparticle cocktail and analyzed
in a MAGPIX system (EMD Millipore, Billerica, MA).
2.10. TLR4 Expression Analysis. Cells were washed with cold
FACS buﬀer (10% FBS, 0.1% sodium azide in PBS) and
blocked with negative human serum for 15 minutes. Direct
staining was performed with 10 μl of human TLR4-FITC conjugated antibody per million of cells (following the manufacturer’s recommendations) (R&D Biosystems, Minneapolis,
MN) for 30 minutes and washed with excess FACS buﬀer to
remove the unbound antibody. Expression of TLR4 was analyzed by ﬂow cytometry (BD FACsCanto II) using unstained
and isotype controls. Data analysis was performed using
FlowJo data analysis software v.10 (Ashland, OR).
2.11. Toll-Like Receptor 4 Inhibition. TLR4 was inhibited in
HIV-1-treated THP1 cells using the TLR4-speciﬁc inhibitor
CLI-095 (InvivoGen, San Diego, CA), according to the
manufacturer’s instructions. Brieﬂy, 2.6 μg/ml CLI-095 was
added 5 hours prior to PSP treatment. Cells were incubated
at 37°C and 5% CO2 during inhibition. After 5 hours, PSP
was added at a concentration of 200 μg/ml, following the

4

Journal of Immunology Research

PSP treatment protocol. TLR4 inhibition was assessed by
quantifying cell activation using the QUANTI-Blue assay
(InvivoGen, San Diego, CA).

signiﬁcant diﬀerence in activation of NFκβ in THP1 cells
without producing major cytotoxic eﬀects (the half maximal
inhibitory concentration or IC50 was never reached).

2.12. Statistical Analysis. Cytotoxicity assays, ﬂow cytometry,
and protein quantiﬁcation analyses were performed in biological and technical triplicates; similar results were obtained
in at least three separate and independent experiments using
HIV-1-infected THP1 cells with or without PSP treatment.
Human PBMCs were isolated from random HIV-negative
and HIV-positive participants. Four separate and independent studies were performed using HIV− and HIV+ PBMCs.
Statistical analysis was performed through unpaired t-tests,
using GraphPad Prism version 7.01 statistical software
(GraphPad Software, La Jolla, CA). For experiments of
TLR4 expression and inhibition, statistical analysis was
performed using one-way analysis of variance (ANOVA). A
p value ≤ 0 05 was considered statistically signiﬁcant, and
all data is presented as means ± standard error (SEM).

3.2. PSP Lowers HIV-1 Replication and Upregulates Antiviral
Chemokines. To determine PSP eﬃcacy as an anti-HIV-1
agent, HIV-1-infected THP1 cells were treated twice with
200 μg/ml PSP over a six-day period. Viral replication in
THP1 cell culture supernatant was measured by determining
the concentration of the HIV-1 core protein p24. HIV-1 p24
antigen ELISA showed that PSP lowered viral replication in
THP1 from an average of 7153 ± 790 pg/ml p24 in control
to 2809 ± 85.17 pg/ml in treatments (Figure 2(a)). This result
represents an approximately 61% inhibition of viral replication. Given that THP1 cells mimic human monocytes, we
wanted to assess PSP capacity to lower viral replication in
human peripheral blood mononuclear cells (PBMCs). Four
random healthy subjects were recruited following the Institutional Review Board (IRB) protocols. PBMCs were isolated
from blood by gradient-density centrifugation, infected with
HIV-1 for 24 hours, and treated with 200 μg/ml PSP twice in
a 6-day period. PSP lowered viral replication in the four
independent studies, ranging from 44.99% to 87.03% viral
inhibition (Figure 2(b)), representing an average of 35.99%
of viral inhibition.
To further evaluate PSP’s immunomodulatory capacity
to produce an anti-HIV-1 response, the gene expression
of chemokines known to inhibit viral entry such as
CCR5’s speciﬁc chemokines RANTES, MIP-1α, and MIP1β were analyzed by quantitative RT-PCR. There was a
signiﬁcant increase of 2.26 ± 0.390 folds in RANTES expression (Figure 3(a)), 3.05 ± 0.409 folds in MIP-1α expression
(Figure 3(b)), and 2.07 ± 0.301 folds in MIP-1β expression
(Figure 3(c)) in PSP-treated, HIV-1-infected THP1 cells.
The chemokines’ anti-HIV bioactivity occurs extracellularly,
thus, protein concentration was measured in the cell culture
supernatant using a multiplex bead assay with Luminex technology. This experiment showed similar results as the one
obtained at mRNA levels, where PSP upregulated the expression of antiviral CCR5-speciﬁc chemokines. Cell culture
supernatants of PSP-treated THP1 cells showed increased
concentrations of MIP-1α and MIP-1β when compared to
control samples (Figures 3(d) and 3(e)). RANTES protein
concentration was found to be signiﬁcantly higher than the
other two proteins (Figure 3(f)).
Given that HIV-1 could use either CCR5 or CXCR4
coreceptors in its entry to the cell, we needed to assess if
PSP had a direct impact on the expression of a chemokine
CXCR4 ligand receptor, SDF-1α. Concentration of SDF-1α
in cell culture supernatant was analyzed by Luminex technology, resulting in 21.45 ± 1.707 μg/ml in control and
68.68 ± 4.918 μg/ml in PSP treated cells (Figure 3(g)).
Additionally, the protein concentration of these antiviral chemokines was analyzed in cell culture supernatants
of HIV-1-infected PBMCs obtained from healthy subjects
(infected ex vivo). CCR5-speciﬁc chemokines were signiﬁcantly increased in PSP-treated cells. The concentration
of MIP-1α in PSP-untreated cells (control) was 66.9 ±
45.97 μg/ml and 7120.4 ± 1315 μg/ml in PSP-treated cells,

3. Results
3.1. PSP Is Not Toxic and Activates THP1 Monocytes. NFκβ is
a well-recognized transcription factor involved in proinﬂammatory signaling pathways, including immunomodulatory
responses. In order to determine PSP’s half maximal eﬀective
concentration (EC50), we monitored the NF-κB signal transduction pathway by determining the activity of the secreted
embryonic alkaline phosphatase (SEAP). The levels of
NF-κB-induced SEAP in the cell culture supernatant are
readily assessed with QUANTI-Blue™, a SEAP detection
reagent. The assay was performed at diﬀerent time points
of treatment (0–6 days) and diﬀerent PSP concentrations
(0–1000 μg/ml). It demonstrated that PSP treatment at 3
and 6 days were the time points at which PSP provided maximal cell activation. Calculations of EC50 at these two time
points revealed that 200 μg/ml was PSP’s half maximal eﬀective concentration (Figure 1(a)). PSP toxicity was measured
using alamarBlue reduction, a cell-permeable, nontoxic indicator of cell viability and proliferation. The alamarBlue assay
was performed at the third and sixth days (3 or 6 days) of
treatment in both HIV-1-infected and uninfected THP1 cells.
This experiment showed that PSP has no toxic eﬀect in
HIV-1 infected or uninfected cells at either 3- or 6-day
treatment (Figures 1(b) and 1(c)). However, uninfected
cells treated with PSP during a 6-day period showed more
viability when compared to control (Figure 1(b)). PSP
noncytotoxic eﬀects were conﬁrmed after a six-day treatment
using MTT assay in HIV-1 infected and uninfected THP1
cells (Figure 1(d)), resulting in an average 80% of cell viability
after 200 μg/ml of PSP (EC50 concentration). Furthermore,
PSP-treated THP1 cells maintained a cell viability above
68% in both HIV-1-infected and uninfected cells even in
higher concentrations. To obtain a more translational result
of PSP nontoxic eﬀects, MTT assay results were validated in
human PBMCs, leading to similar results (above 73% viability at 200 μg/ml) (Figure 1(e)). These results suggest that a
PSP concentration of 200 μg/ml during a 6-day period is
the half maximal eﬀective concentration to achieve a high
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Figure 1: Polysaccharide peptide (PSP) activates human cells without signiﬁcant cytotoxicity. HIV-1-infected and uninfected THP1 cells and
freshly isolated human peripheral blood mononuclear cells (PBMC) were exposed twice (treated at day 0 and day 3) with various PSP
concentrations (0–1000 μg/ml) over a six-day period, with 0 μg/ml as negative control. (a) Half maximal eﬀective concentration (EC50)
was determined by measuring secreted embryonic alkaline phosphatase (SEAP) activity in the culture supernatant using QUANTI-Blue
assay after 6 days of treatment. Reduction of alamarBlue was used to determine the optimal time course between 3 and 6 days of
treatments in either (b) HIV-1-negative and (c) HIV-1-positive THP1 cells. Cell viability was conﬁrmed by tetrazolium MTT assay after a
six-day period in (d) HIV−/HIV+ THP1 cells and (e) HIV−/HIV+ human PBMCs. Statistical signiﬁcance was determined using one-way
ANOVA, N = 3 (∗ p ≤ 0 05, ∗∗ p ≤ 0 01, and ∗∗∗∗ p ≤ 0 0001).

representing a signiﬁcant increase of MIP-1α in PSPtreated cells with a mean diﬀerence of 7005 ± 983.2 μg/ml
(Figure 3(h)). Similar results were obtained in MIP-1β.

Control cells had a concentration of 33.72 ± 5.723 μg/ml,
while PSP-treated cells had 1741.35 ± 394.8 μg/ml (Figure 3(i)).
PSP also upregulated RANTES from 95.99 ± 4.58 μg/ml
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Figure 2: PSP decreases viral replication. HIV-1 viral replication was analyzed after 6 days of PSP treatment (200 μg/ml) by measuring HIV
p24 protein in cell supernatants. (a) HIV p24 protein concentration in THP1 cells treated with or without PSP. (b) HIV percentage of
inhibition in human PBMCs infected ex vivo and treated with or without PSP from four diﬀerent healthy subjects. Statistical signiﬁcance
was determined using an unpaired t-test, N = 3 in THP1 and N = 4 in PBMCs (∗ p ≤ 0 05 and ∗∗ p ≤ 0 01).

in control to 122.20 ± 5.633 μg/ml in PSP-treated cells
(Figure 3(j)). CXCR4-speciﬁc chemokine, SDF-1α, was also
found to be signiﬁcantly upregulated in PSP-treated PBMCs
infected ex vivo, with a mean diﬀerence of 5.98 ± 1.16 μg/ml
when compared to control (Figure 3(k)). These results suggest that PSP possess an anti-HIV response and upregulates
antiviral chemokines known to inhibit HIV viral entry.
3.3. PSP Possesses Potential Translational Capabilities: A Pilot
Study Using HIV+ Participants’ PBMCs. In order to investigate if PSP presents similar results in cells obtained from
HIV-1-infected subjects, random HIV-1-positive participants were recruited following IRB’s protocols. Four independent studies were carried out by isolating PBMCs,
dividing the cells into treatments and controls and incubating with or without PSP (200 μg/ml/6 days). PSP increased
antiviral chemokines such as MIP-1α (Figure 4(a)) and
RANTES (Figure 4(b)) in all four independent studies
trending to signiﬁcance. PSP increased the concentration of
MIP-1β in three of the four subjects (Figure 4(c)). Furthermore, PSP upregulated SDF-1α in three out of four subjects
(Figure 4(d)). However, total concentrations of SDF-1α were
much lower when compared to CCR5-speciﬁc chemokines. It
is important to emphasize that PSP lowered viral replication
in all four independent studies (Figure 4(e)), resulting in an
average of 16.54% viral inhibition. These experiments conﬁrm that PSP greatly upregulates chemokines and has
potential antiviral capabilities that could be translated into
human subjects.
3.4. TLR4 Expression Is Upregulated in the Presence of
PSP. It is well established that the immunomodulatory
eﬀects of polysaccharides are related to TLR signaling
pathways and that TLR4 plays an important role in the
activation of the innate immune response [29, 30] by
the production of chemokines [31, 32]. To analyze

whether TLR4 is involved in PSP antiviral molecular
mechanism, TLR4 expression was measured by ﬂow cytometry at baseline levels in uninfected and untreated THP1 cells,
resulting in an average of 32.1% TLR4 surface expression
(Figure 5(a)). Results obtained in control at 3 and 6 days after
PSP treatment, in HIV-infected and uninfected cells, were
questionably low. Additional experiments showed that
TLR4 surface expression was lost over time after several cells’
passaging in the THP1-Blue cells (Figure 5(c)). However,
PSP was able to reestablish baseline TLR4 levels in THP1
cells at the end of the six-day treatment when compared to
control (Figure 5(b)).
To achieve a better understanding of PSP action on
TLR4, cells were exposed to CLI-095 (also known as TAK
242), a TLR4-speciﬁc inhibitor. NFκβ activation was
analyzed by measuring the SEAP reporter released by
THP1-Blue cells (Figure 6(a)). Cells exposed to the TLR4
inhibitor showed decreased activation when compared to
cells treated with PSP and without CLI-095. LPS in the
presence or absence of CLI-095 was used as positive control
of TLR4 activation and inhibition. These ﬁndings indicate
that PSP stimulates THP1 cells by TLR4.
To conﬁrm TLR4 actions on PSP antiretroviral activity,
viral load was measured in cell culture supernatant by
HIV-1 p24 antigen ELISA after TLR4 inhibition. PSP lowered viral replication signiﬁcantly when compared to control,
resulting in a 48.5% of viral inhibition. However, TLR4inhibited cells treated with PSP maintained HIV-1 p24 levels
similarly to control cells, suggesting that TLR4 is an important receptor in PSP antiretroviral activity (Figure 6(b)). To
further conﬁrm whether TLR4 plays a role in PSP antiviral
activity, antiviral chemokines’ concentration levels were
assessed after TLR4 inhibition. LPS in the presence and
absence of CLI-095 was used as positive control. Inhibition
of TLR4 resulted in decreased expression of all anti-HIV
chemokines. MIP-1α protein concentration was reduced in
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Figure 3: PSP upregulates antiviral chemokines. Anti-HIV chemokine expression was analyzed over a six-day period after being exposed
twice with 200 μg/ml PSP. Gene expression of (a) MIP-1α, (b) MIP-1β, and (c) RANTES was determined in THP1 cells treated with or
without PSP using quantitative RT-PCR. Protein concentration of (d) MIP-1α, (e) MIP-1β, (f) RANTES, and (g) SDF-1α were analyzed in
THP1 cells’ supernatants treated with or without PSP using a Luminex bead array. Chemokine concentrations of (h) MIP-1α, (i) MIP-1β,
(j) RANTES, and (k) SDF-1 were determined in ex vivo infected PBMCs from healthy donors treated with or without PSP by Luminex.
Unpaired t-test analysis was used to determine statistical signiﬁcance; N = 3 in THP1 and N = 4 in healthy human PBMCs (∗ p ≤ 0 05,
∗∗
p ≤ 0 01, ∗∗∗ p ≤ 0 001, and ∗∗∗∗ p ≤ 0 0001).

PSP-TLR4-inhibited cells (Figure 6(c)). Similar results were
obtained after analyzing MIP-1β (Figure 6(d)), RANTES
(Figure 6(e)), and SDF-1α (Figure 6(f)) in PSP-TLR4-

inhibited cells. Ultimately, these results suggest that PSP
stimulated THP1 cells via TLR4 and that the engagement of
this receptor induced an antiviral response.
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Figure 4: PSP acts as an anti-HIV agent in HIV-infected donors. PBMCs from HIV-1-infected participants were isolated and treated with
PSP during a six-day period. Antiviral chemokines (a) MIP-1α, (b) RANTES, (c) MIP-1β, and (d) SDF-1 concentrations were determined
at the end of the treatment in cells’ supernatants using Luminex. (e) HIV-1 viral replication was measured by analyzing HIV p24
concentration in PBMCs obtained from HIV-1 participants with and without PSP treatment. PSP untreated cells were used as control.
Statistical signiﬁcance was determined using ratio paired t-test analysis, from four diﬀerent HIV-infected subjects (N = 4).

4. Discussion
Despite years of research and initiatives to develop new
antiretroviral medications, HIV-1 is still a menace to
humanity [33]. The antiviral available drugs have proven
to prolong life expectancy by reducing viral replication
[4, 5, 10] but come with serious side eﬀects resulting in
a varying degree of toxicity and symptomatology from
mild discomfort and inconvenience to permanent damage
and disability [8, 34–36]. HIV-1 pathogenesis thrives on
the failure of the immune system to control viral replication [37, 38]. Since the innate immune system constitutes
the ﬁrst line of response against invading pathogens, it is
of great importance to identify natural immunomodulators
specially associated with the innate immune system to
be used in combination with classical therapies against
HIV-1 replication.
The present study sought to determine the antiretroviral
activity of the natural and accessible supplement, Coriolus
PSP, obtained from the mushroom Coriolus versicolor. The
mushroom extract-derived, PSP, has demonstrated to possess immune-boosting capabilities and proven to successfully
modulate anticancer immunity [11, 15, 18, 39]. Furthermore,
it has been used in clinical trials as a cancer medication and
has been demonstrated to be eﬀective without having adverse
reactions [40]. Tsang et al. [40] showed that PSP increases
white blood cell count without the detrimental side eﬀects
seen in antiretroviral therapies (ART), conﬁrming the results
of other investigators that have demonstrated that PSP

increased CD4+ cells and CD4+/CD8+ ratio in esophageal
and gastric cancer [41]. This speciﬁc quality of PSP in cancer
treatment is a powerful characteristic pertaining to our investigation, given that one outcome of HIV-1 pathogenesis is
CD4+ depletion and diminished CD4+/CD8+ ratio in HIVinfected patients, suggesting immune dysfunction [42, 43].
Cytotoxicity assays performed during our investigation corroborated Tsang et al.’s results, as 200 μg/ml PSP did not
cause a signiﬁcant toxicity in human THP1 and peripheral
mononuclear cells. Moreover, Coriolus PSP concentrations
higher than 200 μg/ml did not cause toxicity enough to reach
the half-maximal inhibitory concentration (IC50), normally
used to determine in vitro optimal treatment concentrations.
The average retroviral inhibition achieved by two doses of
PSP in acute HIV-1-infected THP1 human monocytes
was 61%, with no signiﬁcant adverse eﬀects in cytotoxicity.
Previous experiments by Collins and Ng [12] reported
PSP’s ability to inhibit the interaction of HIV-1gp120
and immobilized CD4 receptor, suggesting that PSP blocks
this interaction by binding to either protein. Similarly, Fu
et al. [44] investigated compounds from rose (Rosa rugosa)
ﬂowers, including P1, a polysaccharide-peptide complex.
This peptide ability to inhibit human immunodeﬁciency
virus type-1 reverse transcriptase (HIV-1 RT) in vitro was
performed by a cell-free experimental approach, while our
study is the ﬁrst to investigate PSP’s immunomodulatory
eﬀect against HIV via TLR4 activation by cell-based experimentation. Furthermore, the present study’s data demonstrated that PSP induces the production of chemokines,
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Figure 5: PSP upregulates surface Toll-like receptor 4 (TLR4) expression in human THP1 and peripheral blood mononuclear cells. (a) TLR4
baseline expression (red curves) was determined in HIV− THP1 cells prior to infection and PSP treatment; the IgG isotype was used as
negative control (grey curves). Graph represents average of replicates. (b) After 3 and 6 days of 200 μg/ml PSP treatment, surface TLR4
expression was analyzed using direct ﬂow cytometry in either HIV−/HIV+ THP1 cells. Representative images of ﬂow cytometry
histograms. Grey curves represent IgG controls, red curves represent control samples (not treated with either PSP or LPS), blue curves
represent cells treated with PSP, and green curves represent cells treated with LPS. Bar graphs shows average of replicates, N = 3, of both
HIV-positive and HIV-negative analysis. (c) TLR4 baseline expression in diﬀerent cell passages was analyzed using ﬂow cytometry in
HIV− THP1 cells; the IgG isotype was used as negative control. LPS was used as a positive control. Statistical analysis was performed
using the t-test and one-way ANOVA, N = 3 (∗ p ≤ 0 05, ∗∗∗ p ≤ 0 001, and ∗∗∗∗ p ≤ 0 0001).

such as MIP-1α/β, RANTES, and SDF-1α, widely known as
blockers of HIV-1 coreceptors [26, 45, 46].
HIV-1 coreceptors CCR5 and CXCR4 and their ligands
constitute a chemokine/receptor axis that has attracted great
interest, partly since both CCR5 and CXCR4 are targets for
HIV binding and entry into cells [47, 48]. A signiﬁcant
increase in the expression of such chemokines upon PSP

treatment on human HIV-1-infected monocytes and peripheral mononuclear cells creates an environment with high
antiviral activity, reﬂecting the resistance of the immune
system against viral infection. Even though HIV-1 has the
capacity to adapt and switch its coreceptor tropism [49],
PSP has proven to not only promote the production of
CCR5-speciﬁc antagonists but also stimulate SDF-1α, a
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Figure 6: TLR4 is involved in PSP antiviral response. (a) TLR4 activation (through NFκβ activation) was determined by measuring the
relative expression of the secreted embryonic alkaline phosphatase (SEAP) reporter. Samples were treated with TLR4 inhibitor (CLI-095)
and exposed to either of the agonists (200 μg/ml PSP or 10 ng/ml LPS); control cells were untreated HIV-infected THP1. (b) HIV viral
replication was measured by analyzing HIV-1 p24 concentration in THP1 cells that were TLR4-inhibited or not with CLI-095 and treated
with PSP (as compared to non-TLR4-inhibited/non-PSP-treated cells). Protein concentrations of (c) MIP-1α, (d) MIP-1β, (e) RANTES,
and (f) SDF-1 were determined in THP1 cell supernatants treated with or without PSP using Luminex bead array. LPS and LPS-CLI-095
were used as positive control of TLR4 inhibition. Statistical signiﬁcance was determined using one-way ANOVA, N = 3 (∗ p ≤ 0 05,
∗∗
p ≤ 0 01, ∗∗∗ p ≤ 0 001, and ∗∗∗∗ p ≤ 0 0001).

CXCR4-speciﬁc antagonist. Collectively, these ﬁndings suggest that PSP inhibits HIVgp120/CD4 receptor, by engaging
with the overproduction of HIV coreceptor antagonists,
indirectly inﬂuencing HIV-1 entry. Ex vivo experiments were
used to validate the in vitro HIV-1-infected model. The
preliminary study performed on PBMCs obtained from
four HIV-1-infected participants points to a potential PSPinduced antiviral activity by speciﬁcally lowering HIV-1 viral
replication and upregulating antiviral proteins. This translational pilot study, while small, indicates promise that PSP
treatment leads to an antiviral activity against HIV. Beside
the in vitro validation of PSP anti-HIV activity, we believe
that the ex vivo experiments represent a good starting

point to prepare for future studies with a greater number
of subjects. These results suggest a trending signiﬁcance
due to the obtained low p values (near 0.10–0.05) in such
small number of individuals with potential compromised
immune system.
The present study not only revealed the potential use of
Coriolus PSP as an anti-HIV agent but also highlights the
novel underlying mechanism by which PSP induces a
TLR4-dependent antiretroviral signaling response. Consistent with our results, Wang et al. [15] study demonstrated
PSP’s ability to trigger TLR4, and Swaminathan et al. [27]
have shown that TLR4 was one of the two most potent
Toll-like receptors to counteract HIV infection in human
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Figure 7: PSP activates TLR4 anti-HIV chemokine production. This model summarizes the ﬁndings of this study, suggesting that PSP
triggers TLR4 leading to the activation of the transcription factor NFκβ. PSP’s immune activation induces the overproduction of antiviral
chemokines (RANTES, MIP-1β, MIP-1α, and SDF-1), which are well known to block HIV-1 coreceptors CCR5 and CXCR4 and
subsequently downregulate HIV-1 viral replication.

macrophages, strongly suggesting that TLR4 implication
against HIV-1 infection is of great importance. Additionally,
new approaches for HIV vaccines have opted to use TLR4
agonists as adjuvants to promote immune responses due to
its potent immunomodulatory activity in innate and adaptive
immunity [50–52]. Our inhibitory studies using CLI-095, a
cyclohexane derivative that inhibits TLR4 by binding to
cysteine 747 of its intracellular domain without aﬀecting
the extracellular binding domain [53–56], demonstrate for
the ﬁrst time that TLR4 is a key player in PSP’s anti-HIV
response. It is important to note that NFκβ activation and

the expressions of antiviral chemokines (RANTES, MIP-1α,
MIP-1β, and SDF-1α) in TLR4-inhibited cells were signiﬁcantly decreased when compared to PSP-treated cells without
inhibition. While other studies reported that HIV-1 infection
hijacks NFκβ to subsequently stimulate its pathogenesis [57],
our work has provided novel insights suggesting an important role of PSP’s antiviral response triggered by the TLR4NFκβ signaling axis. Importantly, HIV-1 viral load was
increased to normal or higher levels when TLR4 signaling
activation was inhibited, even when THP1-cultured cells
were exposed to equal concentrations of PSP. However,
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additional analysis of long-term exposure of HIV-infected
cells to PSP are needed to determine its capabilities as
long-term treatment and to investigate NFκβ’s roles in
PSP’s antiviral response.
Current results, therefore, conﬁrm our hypothesis and
reveal PSP potential use as an anti-HIV-1 agent, mediated
by TLR4 early immune response. These congruent data led
us to propose a mechanistic model (Figure 7) highlighting
that upon PSP exposure, the cell triggers a signaling cascade
involving TLR4-mediated NF-κB signaling and its subsequent production of antiviral chemokines (MIP-1α, MIP1β, RANTES, and SDF-1α). The antiviral environment
created by this signaling cascade would allow the immune
system to repress HIV-1 replication by blocking viral entry
through the CCR5 and CXCR4 coreceptors. The overall
implications of these ﬁndings suggest that PSP induces an
anti-HIV-1 response mediated by TLR4 activation and
antiviral chemokine response.

5. Conclusion
PSP possesses antiviral activity that contributes to HIV-1
inhibition, through the upregulation of chemokines that are
well described as anti-HIV entry proteins. A translational
pilot study consisting of PBMCs obtained from HIV-1infected and uninfected donors showed a clear trend of the
anti-HIV role of PSP, demonstrating that PSP’s capabilities
could be translated to in vivo experimentations. Such studies
with a larger population from healthy and HIV-infected
subjects should be conducted in diﬀerent stages of HIV infection, as assessed using viral load, and taking the occurrence of
antiretrovirals into consideration. Altogether, data obtained
from this study support that PSP can provide a natural
alternative to inhibit HIV-1 replication. Moreover, these
novel ﬁndings put forward the ﬁrst evidence that TLR4
contributes to PSP eﬀects on anti-HIV chemokine release
and viral downregulation. Further research will be performed
to uncover other possible mechanisms of action, including
analyzing the activating capacity of other TLRs.
5.1. Future Directions. The implications of assessing PSP’s
capacity to ﬁght HIV-1 as a long-term treatment and to
investigate its potential as an adjuvant medication against
HIV-1 infection are potentially profound. Although part of
this study was performed in a smaller sample of human
PBMCs from healthy (infected ex vivo) and HIV-1-infected
donors, a clear trend of anti-HIV’s role of PSP was observed.
Utilizing these results, such studies will be carried out with a
larger population of healthy and HIV-infected subjects.

Data Availability
The data used to support the ﬁndings of this study are
included within the article.

Additional Points
(i) Two exposures of PSP (200 μg/ml) in THP1 cells during a
6-day period is the EC50 to achieve a high signiﬁcance level
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in NFκβ activation without producing a signiﬁcant cytotoxic
eﬀect. (ii) PSP inhibited 61% of HIV-1 viral replication in
THP1 cells after only two exposures of 200 μg/ml during
a 6-day period. (iii) PSP signiﬁcantly induced the upregulation of anti-HIV entry chemokines: RANTES, MIP-1α,
MIP-1β, and SDF-1α. (iv) Experiments performed in human
PBMCs obtained from HIV-1-infected and uninfected
donors revealed 16% and 36% of viral inhibition, respectively. (v) Expression of anti-HIV chemokines was increased
in human PBMC samples exposed to PSP. (vi) PSP was
able to increase TLR4 surface expression in THP1 cells.
(vii) Inhibition of TLR4 induced countereﬀects of PSP actions
in chemokine expressions and HIV-1 viral replication. (viii)
PSP demonstrated to induce an immune response against
HIV-1, through TLR4 and anti-HIV chemokine release.
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Fagonia indica is a traditionally used phytomedicine to cure hepatic ailments. However, eﬃcient validation of its hepatoprotective
eﬀect and molecular mechanisms involved are not yet well established. Therefore, the present study was designed to evaluate the
hepatoprotective activity of Fagonia indica and to understand the molecular mechanisms involved in the reversal of hepatic
injury. The liver injury mouse model was established by thioacetamide followed by oral administration of plant extract.
Serum biochemical and histological analyses were performed to assess the level of hepatic injury. Expression analysis of
proinﬂammatory, hepatic, and immune regulatory genes was performed with RT-PCR. Results of serological and histological
analyses described the restoration of normal liver function and architecture in mice treated with plant extract. In addition,
altered expression of proinﬂammatory (IL-1β, IL-6, TNF-α, and TGF-β) and hepatic (krt-18 and albumin) markers further
strengthens the liver injury reversal eﬀects of Fagonia indica. Furthermore, a signiﬁcant expression regulation of innate
immunity components such as toll-like receptors 4 and 9 and MyD-88 was observed suggesting an immune regulatory role
of the plant in curing liver injury. In conclusion, the current study not only proposes Fagonia indica, a strong hepatoprotective
candidate, but also recommends an immune regulatory toll-like receptor pathway as an important therapeutic target in
liver diseases.

1. Introduction
The liver, being the ﬁrst ﬁlter organ for toxic chemicals and
imprudent metabolites, plays a vital role in the acquisition
of normal homeostasis. Detoxiﬁcation of toxins, therefore,
renders it highly susceptible to tissue injuries and cellular
death [1]. The liver with its remarkable immune-tolerance
mechanism [2] and regenerative capacity can eﬃciently deal
with minor hepatic insults [3, 4]. Nonetheless, improper
detoxiﬁcation of chemical hepatotoxicants is a serious issue.
It accounts for about 50% of all acute liver failure (ALF) cases
[5]. An acute or chronic hepatic injury involves recognition
of pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) by toll-like
receptors (TLRs) [6]. TLRs are an important class of pattern
recognition receptors and a component of the innate immune

system [7]. Prolonged or repeated hepatic injury results in a
complex interplay of hepatocytes, Kupﬀer cells, natural killer
cells, hepatic stellate cells (HSCs) [8, 9], dendritic cells
(DCs), and liver sinusoidal endothelial cells (LSECs). These
cells together play an overall immune-suppressive role in
the liver [10]. Kupﬀer cells and HSCs are the main hepatic
cell types that respond to PAMPs and DAMPs by TLR
expression [6]. TLR stimulation results in the activation of
proinﬂammatory pathways involving chemokines, cytokines, complement proteins, acute phase proteins, and death
ligands [11, 12]. Proinﬂammatory cytokine transcription
starts within just a few minutes after a PAMP/DAMP exposure [13]. The signiﬁcance of TLR signaling pathway activation in various hepatic diseases such as inﬂammation,
ﬁbrosis, immunity, and tumorigenesis has rendered it an
important therapeutic target [14].
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Inﬂammation and wound healing are interconnected
processes where inﬂammatory signals compel immune cells
towards the site of injury [15]. Consequently, repair and
regeneration of injured tissue occur via apoptotic and regenerative mechanisms [16]. Tissue scarring and accumulation
of extracellular matrix are hallmarks of inﬂammation. However, in chronic injury, the wound healing process becomes
maladaptive leading to the loss of functional hepatic parenchyma. This condition ends up with liver ﬁbrosis, which
might lead towards hepatic cirrhosis and carcinoma [7, 17–
22]. So far, drugs used for hepatic injury treatment are
incapable of complete reversal of cirrhosis though results of
certain clinical trials report their antiﬁbrotic therapeutic
potential [23].
Medicinal plants are gaining popularity due to their
versatility, safety, and cost-eﬀectiveness. In view of druginduced hepatotoxicities, use of phytomedicine as antiﬁbrotic agent is on the rise nowadays. Many medicinal
plants have shown antiﬁbrotic activity by targeting immunity and inﬂammation [24]. Genus Fagonia has been studied for its medicinal signiﬁcance against a broad range of
diseases. Locally, it is called by the name “Dhamasa” in
the Indian subcontinent [25]. Several members of the
genus have been reported for hepatoprotective activity
along with many other important medicinal activities.
Fagonia cretica has been described for hepatoprotective
[26], antipyretic [27], antidiabetic [28, 29], and hematological [30] properties. Fagonia arabica has been reported
for its thrombolytic [31] and antioxidant activities [32].
Few other members such as Fagonia schweinfurthii and
Fagonia bruguieri have revealed anti-inﬂammatory and
antioxidant activities against hepatic injury [28, 33].
Similarly, the protective activity of Fagonia olivieri has
been claimed against hepatic and hepatorenal injury in
rat models [34, 35].
Fagonia indica is one of the important members of genus
Fagonia. This thorny herb is known locally as “Dhaman”
and “Sacchi Booti” with an approximately 60 cm height
and 100 cm width [36] growing widely in Asian and African
deserts [37]. It is a small, green undershrub distributed
largely in Afghanistan, Egypt, and calcareous rocks of
Western India and Pakistan [38]. Traditionally, it has been
used for antipyretic and anti-inﬂammatory eﬀects [39]. An
aqueous decoction of aerial parts of this plant is used to
induce abortion [40] and as a remedy to cure cancer at early
stages [41, 42]. Previously, it has been described for its
analgesic [43] and anticancer activities [44]. A recent study
has described the protective activity of Fagonia indica
against gastric ulcer [45]. Preliminary studies have also
reported the hepatoprotective eﬀect of Fagonia indica [46].
However, mechanisms of its action and the molecular
pathways involved are still not explored. Therefore, the
aim of the present study was to investigate molecular
mechanisms involved in the hepatoprotective activity of
Fagonia indica. A thioacetamide- (TAA-) induced hepatic
injury mouse model was used. Our ﬁndings highlighted
the hepatoprotective potential of Fagonia indica through
regulation of inﬂammatory and innate immunity-related
TLR pathways.
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2. Methodology
2.1. Plant Collection and Preparation of Plant Extract.
Fagonia indica was collected fresh from Pind Dadan Khan
Tehsil, a subdivision of District Jhelum, Punjab, Pakistan.
The plant was identiﬁed by Department of Botany, University of the Punjab, Lahore, Pakistan. The collected Fagonia
indica was dried under shade, in a relatively dark area. The
dried whole plant material was powdered using a dry grinder
considering smaller particle size better for eﬃcient solvent
extraction. Ethanolic (in 70% ethanol) extract was prepared
from the plant using a standard plant extract preparation
(maceration) protocol [47]. Brieﬂy, 20 g plant material was
suspended in 200 mL solvent (in 1 : 10 w/v ratio) for three
days with constant agitation. After three days, the solution
was ﬁltered and solvents were evaporated at room temperature. The dried extract was stored at −20°C until use.
2.2. Animals. Swiss albino male mice reared in an animal
house of the School of Biological Sciences were used for
this study. During the study, animals were given free
access to water and food pellets while the room temperature was maintained between 23 and 26°C. All animals
received humane care. Animal handling guidelines devised
by the ethical society of University of the Punjab were
followed for all experiments.
2.3. Acute Toxicity Test for Plant Extract. Male mice weighing
between 26 and 34 g were divided into ﬁve groups (N = 8)
for determination of acute toxicity of Fagonia indica. LD50
of the plant extract was estimated using 50% death within
72 hr following oral PE administration at diﬀerent doses.
During this time interval, number of animal deaths was
expressed in percentile. The probit test was applied to determine LD50 by using percent deaths per group versus doses’
log [48].
2.4. Liver Injury Mouse Model. TAA is a hepatotoxicant
widely used in acute and chronic liver injury studies [49]
and to understand ﬁbrogenic mechanisms [50, 51]. In
order to develop a hepatic injury model, a 100 mg/kg body
weight dose of TAA (Fluka catalogue number 88450) was
injected intraperitoneally (IP) thrice a week for two weeks
following standard protocols [52].
2.5. Experimental Design. Normal saline (0.9% NaCl) solution was used as vehicle and for dissolving TAA and plant
extract (PE). Mice were divided into control (normal saline),
TAA group (TAA injected), PE group (plant extract), and
treatment group TAA/PE (TAA-induced liver injury
followed by oral dose of PE). The dosage plan is illustrated
in Table 1. Animals were grouped in cages three days before
starting the experiment. By the end of the study period, blood
was collected and animals were sacriﬁced for liver tissue samples of all study groups. Pictures of intact liver organs were
also taken for macroscopic analysis of liver morphology.
2.6. Liver Function Tests. Blood samples were collected using
a cardiac puncture method. A sterile 3 mL syringe was used
for blood collection from each mouse individually, and
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Table 1: Animal groups and treatment plan.

Animal group
Control
TAA
PE
TAA/PE

Dose administration plan

Method

Normal sterile saline solution (1 mL/kg body weight)
TAA in saline solution (100 mg/kg body weight) 3 times a week
Plant extract (150 mg/kg body weight) 6 days a week
TAA administration followed by PE

5 IPs, 15 ad libitum doses
5IPs
15 ad libitum doses
5IPs/15 ad libitum doses

TAA: thioacetamide; PE: plant extract; IP: intraperitoneal injections.

isolated blood was immediately transferred to nonheparinized tubes. Serum was separated from the blood by centrifugation at 4000 ×g for 10 minutes at 4°C and was used
for liver function analysis, that is, alanine amino transferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyl transferase (γ-GT), total protein, albumin, and globulin by using ready-to-use Randox
R&D kits. Serum samples were thawed and run in triplicates in 96-well reader plates according to the manufacturer’s instructions.
2.7. Histological Examination. Isolated liver tissues were
ﬁxed in 4% paraformaldehyde and further processed for
histological analysis. The 5 μm thick tissue sections were
stained with hematoxylin-eosin (H&E) and Periodic acidSchiﬀ (PAS) (Sigma-Aldrich; catalogue number 395B)
reagents to assess the pathological state of liver tissues. A
Nikon eclipse microscope (model TS100 ﬁtted with a DSL3
camera) was used to capture the images of stained sections.
In situ direct DNA fragmentation TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay staining (Abcam’s TUNEL Assay Kit catalogue number ab66108)
was also performed to visualize nicks in DNA strands
following the kit protocol. A ﬂuorescent microscope was
used to visualize the TUNEL-positive cells.
2.8. RNA Extraction and cDNA Synthesis. Total mRNA was
isolated from liver tissues of all study groups using HybridR™ RNA puriﬁcation kit (catalogue number 305-101)
following the standard kit protocol. All RNA extraction
experiments were performed at 4°C. Isolated RNA was
resuspended in 50 μL sterile water and stored at −80°C until
use. 2 μg RNA per sample was reverse transcribed into
cDNA using Thermo Scientiﬁc RevertAid First Strand
Synthesis Kit (catalogue number K1622) following the kit’s
instructions. cDNA samples were stored at −20°C.
2.9. Qualitative and Quantitative PCR Analysis. The 50 ng
cDNA was used to perform qualitative PCR analysis of speciﬁc genes using primers given in Table 2. PCR products
were run on 2% agarose gel, and PCR bands were observed
under a UV illuminator. Pictures of gels were taken for densitometric analyses of PCR bands. Quantitative RT-PCR
(PikoReal™ Real-Time PCR System catalogue number
TCR0096) was performed using 25 ng cDNA. Maxima SYBR
Green (catalogue number k0251) was used for master mix
preparation. The PCR proﬁle was set using PikoReal software 2.2 which was as follows: initial denaturation at 95°C

and 40 cycles of 95°C, 57°C, and 72°C followed by elongation
at 72°C and termination at 20°C. The expression level of
genes was normalized with the housekeeping gene, β-actin,
in the same tissue samples.
2.10. Statistical Analyses. One-way analysis of variance
(ANOVA) with Tukey’s posttest was performed to detect
the signiﬁcance between all study groups. Results were
expressed as mean ± standard error of mean (SEM) of
obtained values. For analysis, the probability value (p) <
0.005 was considered statistically signiﬁcant. All statistical
analyses were performed using GraphPad Prism version
5.00 for Windows, GraphPad Software.

3. Results
3.1. Acute Toxicity. The acute toxicity test was crucial for the
determination of plant extract test dose and safety. All the
tested doses of the plant extract proved safe showing no signs
of behavioral changes and morbidity with an LD50 value of
4 g/kg body weight of mice as reported earlier [37]. This value
was considered the maximum nonlethal dose (MNLD) as
described elsewhere [53]. Dose selection was based on the
MNLD value using a less than 1/10 of MNLD.
3.2. Fagonia indica Improves Liver Function Tests. Serum
biochemical analysis is an important indicator of liver function. Signiﬁcant increased levels of serum ALT (p < 0 01),
AST (p < 0 05), ALP (p < 0 001), total proteins (p < 0 05),
and globulin (p < 0 05) were observed in the TAA group compared to the control depicting a successful establishment of a
hepatic injury mouse model. The plant extract did not significantly alter the serum levels of ALT, AST, ALP, total protein,
and globulin compared to the control. On the other hand, the
TAA/PE group fed with the plant extract presented a signiﬁcant decrease in serum levels of ALT (58%), AST (62%), ALP
(34%), and globulin (50%) compared to the TAA group illustrating the recovery of liver function. Of note, these levels
were much similar to PE and control groups (Figure 1).
3.3. Fagonia indica Repairs Liver Tissue Injury in a Mouse
Model. Morphological analysis of the liver at macroscopic
level indicated a reversal of liver architecture towards normal in the TAA/PE group compared to the TAA group
(Figure 2(a)). In addition, histological analysis of the liver
stained with H&E further elaborated the reduction of
TAA-induced liver injury with the plant extract. The
TAA group showed massive destruction of hepatocyte
structures, increased necrosis, macrophage inﬁltration in
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Table 2: Primers used in this study.

Mouse primer
TLR4 F
TLR4 R
TLR9 F
TLR9 R
MyD-88 F
MyD-88 R
Collagen 1 F
Collagen 1 R
IL-1β F
IL-1β R
α-SMA F
α-SMA R
TNF-α F
TNF-α R
TGF-β F
TGF-β R
IL-6 F
IL-6 R
β-Actin F
β-Actin R
Krt-18F
Krt-18R
Albumin F
Albumin R

Product lengths
268 bp

310 bp

223 bp

301 bp

268 bp

418 bp

67 bp

69 bp

73 bp

62 bp

150 bp

222 bp

the perivenular zone, tissue degeneration, and mononuclear
cells in inﬂammatory collections. In contrast, regular hepatocyte structure, much reduced ballooning and tissue degeneration, and decreased necrotic activity were observed in
the TAA/PE group (Figure 2(b)). PAS staining further
strengthens our theory as results were very similar to
H&E staining (Figure 2(c)).
3.4. Fagonia indica Prevents Cell Death through Inhibition of
DNA Damage. TUNEL assay results showed a signiﬁcantly
high number of TUNEL-positive cells in the TAA group
(p value <0.001). In comparison, an almost negligible
number of TUNEL-positive cells for DNA breaks were
observed in control PE and TAA/PE groups (p value <
0 001) (Figure 3(a)). Analysis of TUNEL assay data further
showed a signiﬁcant reduction in DNA damage in the
TAA/PE group by about 17% compared to 78% observed
in the TAA group (Figure 3(b)).
3.5. Expression Regulation of Proinﬂammatory, Fibrosis,
and Hepatic Markers. Expression analysis with both

Sequence
5′-TCC CTG CAT AGA GGT AGT TC-3′
5′-ACT CTG GAT AGG GTT TCC TG-3′
5′-GCCTCCGAGACAACTACCTA-3′
5′-CTGCTGACATCCAGTTTCTG-3′
5′-GGCATCTGCATATGTGTGTT-3′
5′-CCCAGGCTGACCTTAAACTA-3′
5′-TGA GTC AGC AGA TTG AGA AC-3′
5′-TAC TCG AAC GGG AAT CCA TC-3′
5′-GTA CAT CAG CAC CTC ACA AG-3′
5′-CAC AGG CTC TCT TTG AAC AG-3′
5′-GCA TCC ACG AAA CCA CCT A-3′
5′-CAC GAG TAA CAA ATC AAA GC-3′
5′-CTC CAG GCG GTG CCT ATG T-3′
5′-GAA GAG CGT GGT GGC CC-3′
5′-CCC GAA GCG GAC TAC TAT GC-3′
5′-ATA GAT GGC GTT GTT GCG GT-3′
5′-CCA GAA ACC GCT ATG AAG TTC C-3′
5′-TCA CCA GCA TCA GTC CCA AG-3′
5′-GAA GTC CCT CAC CCT CCC AA-3′
5′-GGC ATG GAC GCG ACC AT-3′
5′-GAAGAGCCTGGAAACTGAGAAC-3′
5′-TTGTCCACAGAATTCGCAAAGA-3′
5′-GAAGTGCTCCAGTATGCAGAAG-3′
5′-GAGATAGTCGCCTGGTTTTCAC-3′

qualitative and quantitative RT-PCR results showed significant upregulation of proinﬂammatory markers IL-1β
(99.2%), IL-6 (90%), TNF-α (31%), and TGF-β (98%) in
the TAA group (p value < 0 001) compared to the control
group. However, when the TAA group was treated with
PE, the expression of these genes was signiﬁcantly reduced
in TAA/PE mice (p value < 0 001) compared to TAA mice
showing 48%, 63.9%, 27%, and 97% decrease, respectively
(Figure 4(a)).
Similarly, expression of ﬁbrosis markers collagen-1α
(col-1α) and α-smooth muscle actin (α-SMA) was high
in TAA mice compared to control mice with a probability
value < 0 001, whereas, on treatment with a Fagonia indica
extract, their expression was reduced by almost 50% in the
TAA/PE group compared to TAA (Figure 4(b)).
In contrast, expression regulation of hepatocyte markers
such as albumin and krt-18 was augmented in the TAA/PE
group compared to downregulation in the mouse group
treated with TAA. In conclusion, these results provide a
molecular basis of reversal of hepatic injury on treatment
with Fagonia indica extract (Figure 4(c)).

Journal of Immunology Research

5
1000
Serum AST (IU/L)

Serum ALT (IU/L)

1500
⁎⁎

⁎⁎
1000
500

600
400
200
0

0
Control

TAA

PE

Control

TAA/PE

⁎⁎⁎

⁎⁎⁎

300
200
100
0

TAA/PE

PE

TAA/PE

PE

TAA/PE

PE

TAA/PE

6
4
2
0

Control

TAA

PE

TAA/PE

Control

(c)

6

⁎

⁎

TAA
(d)

Serum albumin (g/dL)

4
Serum globulin (g/dL)

PE

⁎

8
Total proteins (g/dL)

Serum ALP (IU/L)

400

TAA
(b)

(a)

3
2
1

4
2
0

0
Control

TAA

PE

Control

TAA/PE

(e)

TAA
(f)

15

0.8
0.6

훾-GT (IU/L)

Bilirubin (mg/dL)

⁎

⁎⁎

800

0.4
0.2

10
5
0

0.0
Control

TAA

PE

TAA/PE

Control

(g)

TAA
(h)

Figure 1: Serum biochemistry of liver injury mouse model treated with Fagonia indica. (a) ALT, (b) AST, (c) ALP, (d) total protein,
(e) globulin, (f) albumin, (g) bilirubin, and (h) γ-GT levels showing signiﬁcantly positive eﬀects of plant extract in a liver injury mouse
model. Statistical analysis was performed using one-way ANOVA with Tukey’s posttest (∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001).

3.6. Expression Regulation of Innate Immunity Genes in
Hepatic Injury Reversal. RT-PCR analyses further exhibited
signiﬁcant alterations in expression of innate immunity
genes such as TLR-4 and TLR-9 and downstream adaptor
gene myeloid diﬀerentiation primary response 88 (MyD88) in diﬀerent experimental groups. Expression of these
genes was signiﬁcantly upregulated in TAA compared to
the control group (p < 0 001, p < 0 001, and p < 0 01, resp.).
Conversely, TAA/PE showed a signiﬁcantly reduced expression of TLR-4 (51.3%) and TLR-9 (83.5%) with p value <
0 001. Expression of MyD-88 was reduced by about 42.7%
compared to the TAA group (Figure 5).

4. Discussion
Medicinal plants with lesser side eﬀects and more compatibility to body physiology render phytomedicine a comparatively safe treatment option since ancient times [54].
However, in order to establish potentially new pharmaceutical compounds, a comprehensive knowledge of the medicinal
plants and puriﬁed components in terms of mechanism of
action, active compounds, and molecular pathways involved
is of immense importance. Many natural products have been
already investigated at genomic, proteomic, and biochemical
levels during the last decade [55, 56]. The current study
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Figure 4: Gene expression analysis of proinﬂammatory cytokines and hepatic markers with or without injury after treatment with Fagonia
indica. (a) Proinﬂammatory cytokines: (A1) gel electrophoresis of conventional PCR products performed for IL-1β, IL-6, TNF-α, and TGF-β.
qRT-PCR expression analysis to quantify the changes in mRNA expressions of (A2) IL-1β, (A3) IL-6, (A4) TNF-α, and (A5) TGF-β. (b)
Hepatic injury markers: (B1) gel electrophoresis of conventional PCR products performed for col-1α and α-SMA. qRT-PCR expression
analysis to quantify the changes in mRNA expressions of (B2) col-1α and (B3) α-SMA. (c) Normal hepatic markers: (C1) gel
electrophoresis of conventional PCR products performed for albumin and krt-18. qRT-PCR expression analysis to quantify the changes in
mRNA expressions of (C2) albumin and (C3) krt-18. Data was normalized with β-actin as housekeeping control. Graphs presented show
fold change in gene expression of candidate genes as mean ± SEM (∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001). Statistical analysis was
performed using one-way ANOVA with Tukey’s posttest.
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Figure 5: Eﬀect of Fagonia indica on expression regulation of immune regulatory genes: mRNA expression of proﬁbrotic and immune
regulatory genes was analyzed in study groups. (a) Conventional PCR-ampliﬁed products of TLR-4, TLR-9, and MyD-88 genes run on
agarose gel. qRT-PCR expression analysis to quantify the changes in mRNA expressions of (b) TLR4, (c) TLR9, and (d) MyD-88
compared with β-actin as an internal control. Statistical analysis was performed using one-way ANOVA with Tukey’s posttest and
presented as mean ± SEM (∗∗ p < 0 01 and ∗∗∗ p < 0 001).

establishes the hepatic injury reversal role of a medicinal
plant, Fagonia indica, in a TAA-induced liver injury mouse
model. The study also highlights the regulation of inﬂammatory and immune regulatory pathways in injury reversal
eﬀects of the plant.

Serum biochemistry is an important parameter for the
diagnosis of liver diseases and for the assessment of the
degree of liver damage [57]. Plasma levels of liver enzymes
such as ALT, AST, and ALP, which are known hallmarks of
TAA toxicity, are increased [58, 59]. Similar results were
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observed in the present study where the TAA group showed
considerable elevations in serum levels of ALT, AST, ALP,
total proteins, and globulin compared to the control in accordance with previous ﬁndings [60]. Noteworthily, an increase
in serum globulin results from inﬂammation, infection,
tissue necrosis, and stress. [61]. In contrast, a signiﬁcant
recovery of hepatic damage after treatment with Fagonia
indica was evident from decreased plasma levels of hepatic
enzymes and recovered hepatic architecture. These results
are in agreement with previous ﬁndings representing the
hepatoprotective activity of Fagonia indica [37]. Similarly,
many studies have suggested the hepatoprotective role of
medicinal plants in a TAA injury model [62]. Moustafa
et al. [63] also reported Coriandrum sativum to restore normal hepatic structure and function, whereas Talluri et al.
[64] proposed a restoration of hepatic physiology by Balanites roxburghii via inhibiting TAA toxicity.
DNA damage assessment further indicates that the plant
extract plays a signiﬁcant role in the retrieval of normal liver
structure and function through alleviation of DNA damage.
This might be attributed to the antioxidant activity of the
plant against oxidative DNA damage. Several previous
reports have claimed prevention of oxidative DNA breakdown by various phytomedicinal plant extracts and their
constituents owing to their antioxidant properties [65–67].
Acute exposure to a hepatotoxicant leads to an upregulation of proinﬂammatory markers within a few hours
[68]. Signiﬁcant downregulation of inﬂammatory cytokines
(IL-6, IL-1β, TNF-α, and TGF-β) and liver injury markers
along with upregulation of normal hepatic function markers
(albumin and keratin-18) further strengthens the restoration
of normal liver function by Fagonia indica. Inhibition of proinﬂammatory gene expression is an important measure in
detecting hepatic recovery from injury and insults [69].
Under pathological conditions, IL-6 synthesis and secretion
are induced during inﬂammation such as upon stimulation
of cells by interleukin-1 (IL-1) or TNF-α [70]. These inﬂammatory cytokines together with various growth factors are
released by immune cells and play an important role in the
activation of quiescent HSCs. Activated HSCs secrete an
extracellular matrix, mainly collagen I, III, and IV [71, 72].
Overall, induction of TNF-α and TGF-β in Kupﬀer cells leads
to HSC activation resulting in an upregulation of ﬁbrosis
markers α-SMA and col-1α [73]. Studies have reported reversal of liver injury via regulation of proinﬂammatory genes by
medicinal plants such as Aspalathus linearis [68] and Cynara
scolymus L. [74]. Natural products such as crocin isolated
from Crocus sativus have been proved signiﬁcantly eﬀective
in ameliorating liver injury via downregulating markers of
proinﬂammation and ﬁbrosis [75].
Decrease in serum globulin level coupled with expression regulation of components of immune system proposes
the immune-modulatory role of Fagonia indica. In this
regard, expression regulation of components of the innate
immune system, TLR-4 and TLR-9 [6], was analyzed.
Downregulation of these genes in response to plant extract
treatment was suggestive of a potential immune regulatory
activity of Fagonia indica. These results were in agreement
with previous ﬁndings [76]. TLR-4 signaling involves two
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downstream adaptor molecule pathways: an MyD-88dependent pathway and a TRIF- (TIR domain-containing
adaptor-inducing IFN-β-) dependent pathway [77]. Dual
signaling of these two pathways is therefore crucial for maximal TLR-4 activity [78, 79]. Previous studies have reported
the MyD-88 independent role of TLR-4 in alcoholic liver
disease [80]. The unaltered expression of MyD-88 after
treatment with plant extract suggests that injury reversal with
Fagonia indica occurs through an MyD-88-independent
TLR-4 signaling pathway. Previously, a study has reported
the liver injury reversal eﬀect of curcumin through regulation
of TLR-2, TLR-4, and TLR-9 [81].

5. Conclusion
Together, these ﬁndings clearly suggest that Fagonia indica
extract has a strong hepatoprotective activity through inhibition of inﬂammatory and immune regulatory pathways.
The current study proposes the use of a medicinal plant,
Fagonia indica, as a hepatoprotective agent and also highlights the TLR pathway as an important therapeutic target
in liver diseases.
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Flaviviridae family is a class of single-stranded RNA virus, which is fatal to human and animals and mainly prevalent in subtropic
and tropic countries. Even though people and animals are barraged with ﬂavivirus infection every year, we have not invented either
vaccines or antiviral for most ﬂavivirus infections yet. Innate immunity is the ﬁrst line of defense in resisting pathogen invasion,
serving an important role in a resisting virus. Toll-like receptors (TLRs) and retinoic acid-inducible gene I- (RIG-I-) like
receptors (RLRs) are crucial pattern recognition receptors (PRRs) that play essential roles in recognizing and clearing pathogens,
including resisting ﬂavivirus. In the present review, we provide a signiﬁcant reference for further research on the function of
innate immunity in resisting ﬂavivirus.

1. Introduction
Flaviviridae family is a class of positive-sense single-stranded
RNA virus, in which the virus particle size is 40~60 nm,
encoding at least three structural proteins (C, M/prM, and
E) and seven nonstructural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) [1]. There has been a noncoding
region (UTR) in the 5′ end and 3′ end of Flaviviridae, with
methylation cap structure in the 5′ end, but no poly(A)
sequence present in the 3′ end [2]. Flaviviridae is composed
of four genera: Flavivirus, Pestivirus, Pegvirus, and Hepacivirus [3], and causes several diseases and mortality in
humans and animals. Flavivirus contains over 70 viruses
including dengue virus (DENV), West Nile virus (WNV),
Zika virus (ZIKV), Japanese encephalitis virus (JEV) [4],
and avian Tembusu virus (ATMUV) [5], which are primarily
transmitted via arthropods like mosquitoes and ticks.
According to the reports, the NS protein of Flaviviridae
serves principal roles in virus replication and the interaction

between hosts and pathogens [6, 7]. From these NS proteins,
we know the function of NS3 the most. NS3 is a multifunctional enzyme which is associated with the hydrolysis process
of capsid proteins and various DNA- and RNA-related biochemical reactions such as translation, transcription, editing,
reorganization, and replication [8–10]. Furthermore, the NS3
of hepatitis C virus (HCV) and pestivirus is responsible for
hydrolyzing downstream nonstructural proteins [11], which
can be enhanced by NS4A [12]. Unlike NS3, the function of
other NS proteins of Flaviviridae has more details to explore.
The speciﬁc function of NS1 has not been illuminated; however, researchers believe it is mainly an immune factor during
virus infection and may be involved in the replication of virus
RNA and may be related to the cytopathic eﬀect (CPE) [13].
NS2 and NS4 can be further processed into two mature NS
(NS2A and NS2B and NS4A and NS4B), in which NS2 may
be a major factor that leads to CPE [14]. While NS4A can
guide viral RNA synthesis through involvement in the formation of a multiprotein replication complex, NS4 can also
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stabilize the interaction between NS3 protease and other
nonstructural proteins [15] and is critical for NS5A maturation [16]. There are studies conﬁrming that NS5 accompanied with NS3 can initiate the replication of the virus [17];
however, the function of NS5A in viral replication has not
been explored.
Innate immunity is the ﬁrst line of defense in resisting
pathogens, which plays an indispensable role against pathogens. Pattern recognition receptor (PRR) is an essential
immune receptor which can realize the conservative
sequence of viruses and then target innate immunity [18].
So far, two PRRs, toll-like receptors (TLRs) and retinoic
acid-inducible gene I- (RIG-I-) like receptors (RLRs) [18,
19], are identiﬁed to have a crucial function in resisting ﬂavivirus invasion. TLRs are type I transmembrane proteins playing vital roles in recognizing pathogen-associated molecular
patterns (PAMPs) achieved by binding leucine-rich repeats
(LRR) [20]. In response to ligand binding, the intracellular
toll-interleukin 1 (IL-1) receptor (TIR) domain activates
intracellular singling through interaction with a family of
adaptor proteins resulting in an inﬂammatory response and
release of inﬂammatory cytokines [20, 21]. So far, twelve
mice, ten humans [20], and ten avian functional TLRs [21]
were identiﬁed; most TLRs are conserved at a degree of differential gene loss between diverse species. TLRs 1–10 are
conserved between humans and mice; however, the precise
function of TLR10 in mice has not been explored [22]. The
avian TLRs diﬀer signiﬁcantly from mammals. Some avian
TLRs could duplicate into two genes like TLR1La, TLR1Lb,
TLR2a, and TLR2b [21]. From 10 avian TLRs, TLR2a, 2b,
3, 4, 5, and 7 are apparent orthologs to TLRs found in mammals, while avian TLR21 may be orthologous to TLR21
found in ﬁsh and amphibians, and TLRs 1LA, 1LB, and 15
are avian speciﬁc [21]. As another vital member of PRRs,
RLRs also have essential roles in recognizing bacterial and
virus as TLRs do. Two primary members of RLRs, RIG-I
and MDA5 (melanoma diﬀerentiation-associated gene 5)
[23], can identify RNA viruses in the cells and induce type I
interferon and immune factors [24] while another member
of RLRs, LGP2, can only regularize the signaling eﬀect of
MDA5 and RIG-I [25]. There are diﬀerences between species. MDA5 is widespread in mammals and avians. However,
RIG-I is lost in chickens [26]. Moreover, because of the lack
of RIG-I, chicken MDA5 will identify short dsRNA ﬁrst,
but duck and mammal MDA5 will recognize long dsRNA
or synthetic dsRNA in advance, while RIG-I will locate short
dsRNA like poly(I:C) [27].
The TLR pathway is critical to combat and clearing pathogens, which contains two ways based on whether it has
adaptor factor myeloid diﬀerentiation factor 88 (MyD88)
or not. Based on reports, all TLRs, except TLR3, are targeting immune reaction through the MyD88-dependent
pathway, while TLR3 targets the MyD88-independent
pathway (TRIF pathway) to promote inﬂammatory cytokine
product [20]. However, TLR4 is unique, which can target
the TRIF pathway through interacting with recombinant
translocation-associated membrane protein (TRAM) [28].
The MyD88-dependent pathway culminates in the activation
of both NF-κB and MAPK. After TLRs engage with PAMPs,
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the IL-1 receptor-associated kinases IRAK4, IRAK1, IRAK2,
and IRAK-M are recruited by MyD88 [29]. IRAK4 is activated initially and is essential for activating NF-κB and
MAPK downstream of MyD88; consequently, IRAK1 and
IRAK2 are activated which can cause robust activation of
NF-κB and MAPK when both of them are activated [29].
Another necessary factor to target NF-κB is IKK complex,
which can be polyubiquitinated by the TAK1 compound that
can be activated through TRAF6 interacting with IRAK1,
then enabled [30]. Simultaneously, TAK1 phosphorylates
MAPK kinases, then various transcription factors are
induced which include AP-1 [22]. The activation of the
MyD88-dependent pathway results in producing various
inﬂammatory factors and chemotactic eﬀects. Through the
TRIF-dependent pathway, both IRF3 and NF-κB are activated [31], which ultimately induce various inﬂammatory
factors and type I IFN. The mechanisms of TRIF-activated
NF-κB are similar to those of the MyD88-dependent pathway
[22], while the mechanisms of IRF3 activation and interferon-β (IFN-β) transcription are particular. IRF3 can be
phosphorylated and nuclear translocated by IKK, TBK1,
and IKKi (IKKε) that can be activated by TRIF requiring
TRAF3 (Figure 1) [32, 33].
The RIG-I and MDA5 pathway will ﬁnally induce type I
IFN. Commonly with RIG-I pathway, after MDA5 recognizes ssRNA or dsRNA virus, MDA5 can combine with the
vital protein of mitochondrial MAVS (mitochondrial antiviral signaling protein) [34]. Then, MAVS is positioned on the
mitochondrial outer membrane and recruits TRAF3, which
can phosphorylate IRF3/IRF7 (IFN regulatory factor) when
ubiquitin is terminated which starts the type I IFN antiviral
immune response [34]. Moreover, this reaction will not happen when MAVS is positioned on the peroxisomes [35].
However, unlike human MDA5, the CARD domain of duck
MDA5 can only target IRF7 while overexpression of CARD
or the c-terminal RD-composed domain of MDA5 can
induce the expression of IFN-β promoter [36].
Moreover, the pathway of TLR and RLR is complicated,
which not only refers to TLRs and RLRs but also involves
other molecules like microRNA (miRNA). There is abundant
research that has reported that miRNA aﬀects the process of
TLR [37] and RLR [38] pathways during pathogen invasion
through direct or indirect interaction with TLRs or RLRs.
According to the reports, one miRNA can regulate more than
one target gene [39]. On the contrary, one target gene can be
regulated by numerous miRNAs [40, 41]; this is because
miRNA does not need to combine the mRNA 3′ untranslated
region (3′ UTR) of the target gene completely [42], which
makes the regulating mechanism of TLR and RLR more complicated. Thus, ﬁguring out the mechanism of how TLRs or
RLRs combat pathogens is important.

2. The Function of TLRs in Resisting Flavivirus
2.1. TLR3 Plays Dual Functions during Flavivirus Infection.
TLR3 has been found on the endosome of cells and shares
the same function both in mammals and avians, which
recognizes double-stranded RNA (dsRNA) and induces type
I IFN [43, 44]. During ﬂavivirus infection, TLR3 plays dual
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Figure 1: Toll-like receptor signaling pathway.

functions. On the one hand, TLR3 promotes host-immune
process. Compared to other TLRs, TLR3 suppresses the replication of DENV more eﬃciently. After infecting DENV, the
expression of human TLR3 (huTLR3) [45], IFN-α, IFN-β,
and type III IFN (IL-28A/B) [46] signiﬁcantly increased
while the virus copy number decreased [47]. In further
research, Tsai et al. and Chen et al. showed the high level
of IFN-α/β produced from the TLR3-IRF3/IRF7 pathway
[47, 48], and IFN-β is the reason for inhibiting DENV replication [46]. In HUH-7 cells, huTLR3 can recognize DENV-1
and induce the expression of IFN-β, which can enhance the
expression of huTLR3 on the contrary [45]. TLR3 also
induces type I IFN during WNV [49], ATMUV [50], and
ZIKV [51] infections; however, the NS1 protein of WNV
can suppress this way by inhibiting the transcription of
IRF3 and activation of NF-κB cytokine transcription [52],
resulting in low levels of inﬂammatory factors. ATMUV is
highly pathogenic to avians especially to ducks; during
ATMUV infection of DEF cell and 293T cell, the expression
of both duck TLR3 and huTLR3, respectively, and other
inﬂammatory cytokines like IL-2, IL-6, and IL-29 are raised
[50, 53]. Moreover, huTLR3 was found to suppress ATMUV
replication through the TLR3/IRF3/IRF7 pathway in 293T
cells [53]; however, the exact process of how TLR3 combats
ZIKV has not been explored yet [51]. Also, the high level of
huTLR3 detected in epidermis cutin cells and skin ﬁbroblast
cells following WNV infection indicates that huTLR3 may
have an important function in skin immunity [54], but the
speciﬁc mechanism has not been illuminated. On the other

hand, TLR3 helps WNV invade the brain tissue and promotes WNV replication in the nervous system [55, 56].
Besides, infecting TLR3/7/8 mixed agonists or inhibiting
the expression of anti-FccγI or anti-FccγIIa antibody will
increase the expression of inﬂammatory cytokines while
reducing the proliferation of DENV [57].
2.2. TLR7 Plays Immune Roles in Somatic Cells and Skin
during Flavivirus Infection. The structure of TLR7 is similar
in both mammals and avians; however, whether the function
of TLR7 is likely between diﬀerent species has not been clear
[58]. In mammals, TLR7 expresses on endosome which can
recognize single-stranded RNA (ssRNA). Moreover, in the
immune process, TLR7 can not only recognize and combine
with GU-rich single-stranded RNA and then induce type I
IFN and cytokines [59] but it can also recognize synthetic
poly(U) RNA and certain small interfering RNAs as well
[60]. Albeit there is poor research studying avian TLR7, some
reports found avian TLR7 have the function of combat virus
[61]. During JEV and WNV infection, huTLR7 has been
explored to play an important role. Mouse TLR7 is found
to enhance the host immunity through interaction with
JEV [62]. The expression of mouse TLR7 accompanied with
CD80, CD86, and CD273 on the dendritic cell was signiﬁcantly upregulated after JEV infection [62]. Intriguingly, suppressing TLR7 in mice increases the expression of TLR8,
which indicates the high level of TLR8 making up for the loss
of immunity that TLR7 targets [62]. Like the NS of DENV,
some JEV’s NS also assists JEV to escape the immune system.
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NS5 protein of JEV can inhibit the activation of IRF3 and
NF-κB, then reduce the amount of type I IFN and promote
JEV replication process, which results from NS5 protein
interaction with KPNA3 and KPNA4 [63]. TLR7 was also
found to be necessary for skin immunity. WNV infecting
Langerhans cells promotes IFN-α, IL-1β, IL-6, and IL-12
expression, but the same result was not detected after wiping
oﬀ TLR7 [64]. Except to assume a role in skin immunity,
TLR7 can target T cell answer as well. In Xie et al.’s experiment, wiping oﬀ MyD88 or TLR7 during WNV infection in
mice could downregulate the expression of IgM and T cells,
while the antigen presentation ability of DC was suppressed
[65]. Intriguingly, infecting those mice again, the MyD88lacking mice cannot target T cell answer, while TLR7lacking mice appear to have a normal T cell answer, which
suggests TLR7-MyD88 pathway is involved in resisting
WNV process through activating T cell answer [65].
2.3. TLR2/TLR4/TLR6/TLR8 Resisting Flavivirus in Diﬀerent
Ways. TLR2, TLR4, and TLR6 can recognize both bacteria
and virus, whereas TLR8 can only recognize single-stranded
RNA (ssRNA) virus [66]. In avians, both TLR2 and TLR4
can recognize lipopolysaccharide (LPS) and then target NFκB [67, 68]. However, avians do not have TLR6 and TLR8;
even though researchers found TLR8 in ducks, the structure
of it is crushed which means it has no real function [69].
Albeit there are few pieces of research focusing on their roles
in resisting ﬂavivirus, they do serve important roles in the
immune process. NS1 of DENV-1/3/4 can upregulate the
expression of TLR2, TLR4, and TLR6 of humans [70, 71],
while DENV-2 can only increase the huTLR2 expression
[72]. The interaction of DENV-2 with a host will induce
two consequences. For one thing, DENV-2 can target innate
immunity through PI3K/NF-κB pathway; for another, it can
suppress the activation of NF-κB as well, which reduces an
amount of inﬂammatory cytokine secretion such as INF-β,
IL-10, and IL-12 [73]. Cross-presentation system plays a vital
role in recognizing the antigen and intercellular communication; however, JEV can inhibit this system to suppress TLR2MyD88 and p38 MAPK pathway inducing CD8+ T cells [74].
Although TLR2 is required for combating JEV, the lack of
TLR4 is beneﬁcial for host immunity. Wiping oﬀ TLR4
enhances the expression of RIG-I, MDA5, PKR, Oas1,
ISG49, ISG54, and ISG56 that can target IRF3 and NF-κB
pathway to induce inﬂammatory factors [75]. Otherwise,
some other innate immune factors enhance the ability of
DENV to infect the host. Cutting oﬀ the interaction between
the antigen-antibody complex and FcR can reduce the
expression of cytokines involved in TLR pathway and
weaken the defensive ability of the host through upregulating
SARM, TANK, and a negative regulation factor of the NF-κB
pathway, which results in a more eﬃcient reproduction of
DENV [57].

3. The Function of RLRs in Resisting Flavivirus
Except TLRs, RLRs are also detected to participate in resisting DENV processes, especially RIG-I and MDA5, which
can identify RNA viruses in the cells and induce type I IFN
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and immune factors [24]. DENV infection can target a strong
immune response through RIG-I/IPS-1/TBK1/IRF3 and
MDA5 pathway [76], which can be strengthened by OAS2
[77]. OAS2 is an essential protein involved in the innate
immune response to viral infection [78] and detected to
be upregulated following DENV infection in keratinocytes, which cuts DENV RNA into more smaller debris
that can be recognized by MDA5 and RIG-I and then
enhances immune ability of the host [77]. However, the
NS2A and NS4B of DENV-4 inhibit RIG-I/MDA5/TBK1/
IKKε immune pathway and phosphorylation of IRF3, in
which process the NS4B-Δ-118-260 of NS4B was identiﬁed
to be indispensable [79]. NS2B/3 and NS4A of DENV help
DENV escape RLR immunization. Among them, NS2B/3
can inhibit the phosphorylation of serine 386 and nuclear
transfer of IRF3, which result from the interaction between
NS2B/3 protein enzyme and IKKε [80], while the NS4A
of DENV-1 inhibits RIG-I and TBK1 inducing IFN-β
[80]. Some immune processes also can promote DENV
infection like antibody-dependent enhancement (ADE),
which inhibits the activation of RLR-MAVS pathway by
enhancing autophagy resulting in a more eﬃcient replication
of DENV [81]. RIG-I can recognize JEV in the diﬀerent environment, like body cells and the nervous system [82, 83],
which can secrete inﬂammatory factors like IL-6, IL-12p70,
MCP-1, IP-10, and TNF-α to combat JEV infection [63].
RIG-I and MDA5 were found to be involved in resisting
ZIKV and ATMUV infection; for the further study, Chen
et al. found that type III IFN that was produced from the
RIG-I/IRF3/IRF7 pathway can suppress ATMUV replication
[53]. However, the speciﬁc process of how RIG-I and MDA5
combat ZIKV has not been explored yet [50, 51, 53].

4. Conclusion and Future Perspectives
Since TLRs and RLRs are the essential members of innate
immunity and innate immunity is important in the early
immune process, illuminating their function and mechanism
on resisting ﬂavivirus is necessary for further studies. However, for now, we only know which TLRs or RLRs take part
in resisting ﬂavivirus; the speciﬁc mechanism is not clear;
therefore, there is more work for us to do in the future. Moreover, since the pathway of TLR and RLR is not only referring
to TLRs and RLRs but also involving other molecules like
miRNA, exploring and illuminating the function of miRNA
or other molecules in innate immunity during pathogen
invasion are also important in the future.
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We recently have proved that excessive fecal DCA caused by high-fat diet may serve as an endogenous danger-associated molecular
pattern to activate NLRP3 inﬂammasome and thus contributes to the development of inﬂammatory bowel disease (IBD).
Moreover, the eﬀect of DCA on inﬂammasome activation is mainly mediated through bile acid receptor sphingosine-1phosphate receptor 2 (S1PR2); however, the intermediate process remains unclear. Here, we sought to explore the detailed
molecular mechanism involved and examine the eﬀect of S1PR2 blockage in a colitis mouse model. In this study, we found that
DCA could dose dependently upregulate S1PR2 expression. Meanwhile, DCA-induced NLRP3 inﬂammasome activation is at
least partially achieved through stimulating extracellular regulated protein kinases (ERK) signaling pathway downstream of
S1PR2 followed by promoting of lysosomal cathepsin B release. DCA enema signiﬁcantly aggravated DSS-induced colitis in
mice and S1PR2 inhibitor as well as inﬂammasome inhibition by cathepsin B antagonist substantially reducing the mature IL-1β
production and alleviated colonic inﬂammation superimposed by DCA. Therefore, our ﬁndings suggest that S1PR2/ERK1/2/
cathepsin B signaling plays a critical role in triggering inﬂammasome activation by DCA and S1PR2 may represent a new
potential therapeutic target for the management of intestinal inﬂammation in individuals on a high-fat diet.

1. Introduction
High-fat diet (HFD) increases fecal bile acid level, especially
secondary bile acid deoxycholic acid (DCA), which is considered to be associated with the development of inﬂammatory
bowel disease (IBD) [1–5]. Prolonged high level of DCA in
the gut could disrupt epithelial integrity [6, 7] and induce
obvious intestinal inﬂammation and injury that resembles
human IBD [8, 9]; however, the molecular mechanism
underlining the triggering of inﬂammatory response by
DCA remains unelucidated. Our previous studies show that

high-level DCA could act as an endogenous damageassociated molecular pattern (DAMP) to induce NLRP3
inﬂammasome activation and proinﬂammatory cytokineIL-1β production in macrophages, thus contributing to the
HFD-related colonic inﬂammation [10].
Bile acids play their roles through speciﬁc receptors,
including nuclear receptors [farnesoid X receptor (FXR),
vitamin D receptor (VDR), and pregnane X receptor
(PXR)] as well as membrane receptors [G-protein-coupled
bile acid receptor 5 (TGR5), sphingosine-1-phosphate
receptor 2 (S1PR2), and muscarinic receptor 2] [11–18],

2
and may activate multiple signaling pathways [protein
kinase B (AKT), extracellular regulated protein kinases
(ERK1/2), and c-Jun N-terminal kinase (JNK)] [19–22].
We found that in vitro blockage of S1PR2 eﬀectively prevented DCA-induced mature IL-1β secretion, indicating
the eﬀect of DCA on inﬂammasome activation is mainly
mediated through S1PR2; however, the downstream signaling cascades involved in this process remain elusive and
whether S1PR2 inhibition could ameliorate DCA-induced
colonic inﬂammation need to be investigated.
Here, we show that DCA can dose-dependently upregulate S1PR2 expression. The activation of NLRP3 inﬂammasome by DCA is mainly achieved through stimulating
extracellular regulated protein kinases (ERK) signaling pathway downstream of S1PR2, and followed by promoting of
cathepsin B release. DCA enema strongly aggravates DSSinduced colitis in mice and S1PR2 antagonist as well as inhibition of cathepsin B substantially alleviate colonic inﬂammation imposed by DCA.

2. Materials and Methods
2.1. Reagents. Deoxycholic acid (DCA), lipopolysaccharide
(LPS), CA-074 Me, and JTE-013 were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dextran sulfate sodium
(DSS, molecular weight 36–50 kDa) was obtained from MP
Biomedicals Inc. (Irvine, CA, USA). ASC antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). IL-1β,
ERK, AKT antibodies, and U0126 were purchased from
Cell Signaling Technologies (Beverly, MA, USA). DMEM
and RPMI 1640 were obtained from Invitrogen (Carlsbad,
CA, USA). ELISA Kits were from eBioscience (San Diego,
CA, USA).
2.2. Animals. Six- to eight-week-old C57BL/6 female mice
were purchased from Experimental Animal Center of the
Chinese Academy of Sciences (Shanghai, China) and
maintained on a 12 hr light/dark cycle in the speciﬁc
pathogen-free animal facility. All the experimental procedures were approved by the Shanghai Laboratory Animal
Care and Use Committee.
2.3. Cells. The murine macrophage cell line J774A.1 was
obtained from Type Culture Collection of the Institutes
of Biomedical Sciences, Fudan University (Shanghai,
China). The cells were cultured in DMEM (Invitrogen)
supplemented with 10% heat-inactivated fetal bovine
serum (Gibico) and 1% penicillin/streptomycin (Invitrogen) at 37°C with 5% CO2. Peritoneal macrophages were
isolated by peritoneal lavage with 2 ml PBS. Cells were
collected and incubated for 3 hours at 37°C to remove
nonadherent cells. The remaining adherent macrophages
were used in experiments.
2.4. IL-1β Detection. J774A.1 cells were treated with LPS
(1 μg/ml) for 5 h before DCA (100 μM) stimulation in
the presence or absence of diﬀerent inhibitors (e.g., JTE013 and U0126), then supernatants were harvested and
the release of bioactive IL-1β was determined by Western
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blot and ELISA according to the manufacturer’s instructions (eBioscience).
2.5. ASC Speck Visualization. J774A.1 cells were ﬁxed in
paraformaldehyde (PFA, 4%) for 15 min and permeabilized
with Triton-X 100 (0.1%) for 10 min. Cells were then incubated with ASC primary antibody for 1 hour, followed by
Alexa Fluor 488-conjugated secondary antibody (Santa Cruz,
CA, USA) and DAPI staining. Visualization of endogenous
ASC was performed on a Leica ﬂuorescence microscope.
2.6. Cathepsin B Imaging. LPS-primed macrophages were
stimulated with or without DCA (100 μM, 24 h) in the presence or absence of diﬀerent inhibitors (JTE-013 and
U0126), then the cells were incubated with cathepsin B
ﬂuorogenic substrate z-Arg-Arg cresyl violet (Neuromics)
for 1 hour at 37°C, followed by Hoechst staining.
2.7. Real-Time PCR. Preparation of RNA and cDNA was performed using a Pure Yield RNA Midi-prep kit (Promega, WI,
USA) and Transcriptor First Strand cDNA Synthesis Kit
(Roche, NJ, USA). The S1PR2 mRNA expression was evaluated by real-time PCR on the PikoReal Real-Time PCR System (Thermo, Waltham, MA, USA), using the following
primers: forward 5′- ATGGGCGGCTTATACTCAGAG -3′
and reverse 5′- GCGCAGCACAAGATGATGAT -3′.
2.8. Western Blot. Macrophages were lysed by protein lysis
buﬀer (Sigma-Aldrich) supplemented with protease and
phosphatase inhibitors, and for the detection of released IL1β, the cell culture supernatant was concentrated by acetone
precipitation. Cell lysates or concentrated supernatant proteins were resolved by SDS-PAGE, transferred to 0.2 μm
polyvinylidene diﬂuoride membranes (Millipore, MA,
USA), and probed with antibodies against IL-1β and β-actin
(Sigma-Aldrich). For the detection of phosphorylated ERK
and AKT, LPS-primed macrophages were incubated with or
without DCA (100 μM) for indicated time point, and cell
lysates were prepared and immunoblots were performed
using speciﬁc antibodies against phospho-ERK (p-ERK) or
p-AKT. The detection of cytosolic cathepsin B was performed
as described previously [10]. In brief, J774A.1 cells were
permeabilized with extraction buﬀer containing 50 μg/ml
digitonin for 15 min and the cell lysates were centrifuged.
Then, the supernatants were collected and subjected to
immunoblotted for cathepsin B.
2.9. Cytosolic Cathepsin B Activity Assay. Cytosolic protein
was prepared as described above, and cathepsin B activity
was examined by a ﬂuorometric assay kit according to the
manufacturer’s instruction (ApexBio). Brieﬂy, each sample
(100 μg) was incubated with reaction buﬀer (50 μl) and substrate Ac-RR-AFC (2 μl) at 37°C for 1 h, and free AFC
(amino-4-triﬂuoromethyl coumarin) was detected by a ﬂuorescence spectrophotometer (excitation wavelength = 400 nm
and emission wavelength = 505 nm).
2.10. RNA Interference. J774A.1 cells were transfected with
S1PR2 and cathepsin B small interfering RNA or scrambled
siRNA by using TransIT-Jurkat (Mirus Bio, Madison, WI,
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Figure 1: DCA induces S1PR2 expression in macrophages. (a) J774A.1 macrophages were pretreated with or without LPS and then
stimulated with diﬀerent dosage of DCA (0, 50, 100, and 200 μM) for 4 h. Relative S1PR2 mRNA expression level was analyzed by realtime PCR. (b) J774A.1 macrophages were pretreated with or without LPS and then stimulated with DCA (100 μM) for diﬀerent time
courses. Relative S1PR2 mRNA expression level was analyzed by real-time PCR. (c) J774A.1 macrophages were pretreated with or without
LPS and then stimulated with diﬀerent dosage of DCA (0, 50, 100, and 200 μM) for 24 h. S1PR2 protein level was detected by Western
blotting. (d) Real-time PCR determinant of relative S1PR2 mRNA expression in murine peritoneal macrophages treated with diﬀerent
dosage of DCA. ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001. Error bars indicate s.e.m. Representative data from 3 independent experiments
giving similar results are shown.

USA). Cells were then used to perform further experiment
after 24 hours. RNA oligonucleotides sequences were as follows: S1PR2, forward 5′- CCU CUA CAA AGC CCA CUA
UTT-3′ and reverse 5′- AUA GUG GGC UUU GUA GAG
GTT-3′; cathepsin B, forward 5′- GCU GAA GAC CUG
CUU ACU UTT-3′ and reverse 5′- AAG UAA GCA GGU
CUU CAG CTT-3′.

respectively, for 7 consecutive days from day 1 of DSS treatment (n = 7 in each group). Body weight, stool consistency,
and rectal bleeding were monitored daily. Mice were sacriﬁced and colon length was measured on day 8. The paraﬃn
sections of colon tissues were stained with hematoxylin and
eosin. Colon homogenates were collected to detect mature
IL-1β and evaluate MPO activity.

2.11. Colitis Induction and Cathepsin B Inhibition. Colitis was
induced in C57BL/6 female mice with 2.5% DSS dissolved
in drinking water for 7 days. Animals were randomly
divided into three groups, receiving colorectal instillation of
PBS, 4 mM DCA, and 4 mM DCA plus intraperitoneal injection of cathepsin B inhibitor (Ca-074Me, 10 mg/kg/day),

2.12. In Vivo S1PR2 Suppression. To evaluate the role of S1PR2
in the colonic inﬂammation exacerbated by DCA, colitis was
induced in C57BL/6 mice as described above and animals were
randomly divided into four groups, including control group,
DSS-treated group, DSS-treated plus DCA enema group, and
DSS-treated plus DCA enema-S1PR2 inhibitor group (JTE-
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Figure 2: DCA activates ERK signaling and promotes cathepsin B release. (a) Immunoblot analysis of phospho-ERK, total ERK, phosphoAKT, and total AKT of LPS-primed J774A.1 macrophages treated with or without DCA (100 μM) for diﬀerent time courses. β-Actin was
regarded as a loading control. The relative intensity of the bands was quantitated. (b) LPS-primed J774A.1 macrophages were treated with
DCA (100 μM) in the presence or absence of JTE-013 or U0126. The cells were incubated with cathepsin B substrate which emits a red
signal upon cleavage by cathepsin B, followed by Hoechst staining (blue). (c–d) LPS-primed J774A.1 macrophages were treated with DCA
(100 μM) in the presence or absence of JTE-013 or U0126, and cytosolic protein was extracted for the immunoblot analysis of mature
cathepsin B (c) as well as ﬂuorometric assay of cathepsin B activity (d). ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001. Error bars indicate s.e.m.
The data shown are from 3 independent experiments.

013, 10 mg/kg/day for 7 consecutive days from day 1 of DSS
treatment, n = 7/each group). On day 8, mice were sacriﬁced
for sample collection and analysis as mentioned above.
2.13. Statistics. Data was compared by using two-tailed
Student’s t-test or one-way analysis of variance (ANOVA).
Results were expressed as mean ± standard error of the
mean (s.e.m.). p values below 0.05 were deemed to be
signiﬁcantly diﬀerent.

3. Results
3.1. DCA Upregulates S1PR2 Expression in Macrophages. The
NLRP3 inﬂammasome is reported to recognize multiple

endogenous danger signals and trigger the release of proinﬂammatory cytokines including active IL-1β, thus contributing to many diseases such as atherosclerosis and T2 diabetes
[23–26]. To observe the eﬀect of DCA on the expression of
sphingosine-1-phosphate receptor 2 (S1PR2), LPS-primed
macrophage cell line J774A.1 was incubated with diﬀerent
dosage of DCA, and the results showed that DCA could dose
and time dependently upregulate the mRNA level of S1PR2
compared to the LPS-treated alone group (Figures 1(a)
and 1(b)). The increase of S1PR2 protein level in response
to DCA was further conﬁrmed by Western blotting
(Figure 1(c)). Meanwhile, DCA also exerted similar eﬀects
on murine peritoneal macrophages (Figure 1(d)). These
data suggest that high-level DCA could induce S1PR2
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Figure 3: Blockage of ERK signaling prevents ASC speck formation and mature IL-1β secretion. (a) LPS-primed J774A.1 macrophages were
treated with DCA in the presence or absence of JTE-013 or U0126. The cells were then stained with ASC antibody and DAPI. Representative
immunoﬂuorescent images of ASC specks were shown. (b) LPS-primed J774A.1 macrophages were treated with DCA in the presence or
absence of JTE-013 or U0126 for 24 h. Immunoblot was performed to determine mature IL-1β (mIL-1β, 17kD) in the culture
supernatants (SN) and precursors of IL-1β (pro-IL-1β) in cell lysates, and (c) secreted IL-1β in supernatants was also analyzed by ELISA.
∗∗
p < 0 01 and ∗∗∗ p < 0 001. Error bars indicate s.e.m. The data shown are representative of 3 independent experiments.

expression in macrophages, thus initiating the activation of
related downstream signaling, which may contribute to the
cathepsin B release and inﬂammasome activation.
3.2. DCA Activates ERK Signaling and Promotes Cathepsin B
Release. We sought to ﬁgure out the molecular mechanism
underlying the induction of cathepsin B release mediated
by S1PR2 in response to DCA. ERK1/2 and AKT pathways
have been reported to be major signaling cascades downstream of S1PR2, and we found that DCA stimulation could
obviously increase the phosphorylation of ERK1/2 instead of
AKT in the LPS-primed macrophages (Figure 2(a)). As we
reported previously, DCA induces NLRP3 inﬂammasome
activation mainly through promoting cathepsin B release
[10] and therefore DCA treatment signiﬁcantly decreased
the staining of lysosomal cathepsin B, while silencing
S1PR2 expression with siRNA or S1PR2 antagonist (JTE013) as well as ERK1/2 inhibitor (U0126) could dramatically
prevent DCA-induced cathepsin B leakage from lysosome as
evidenced by the increased lysosomal cathepsin B staining
and decreased cytosolic cathepsin B level and activity
(Supplementary Figure 1 and Figures 2(c)–2(d)). These
results suggest that the induction eﬀect of DCA on cathepsin
B release in macrophages may be at least in part mediated
through S1PR2/ERK signaling pathway.

3.3. Blockage of ERK Signaling Prevents ASC Speck Formation
and Mature IL-1β Secretion. To further conﬁrm the role of
S1PR2/ERK signaling on the NLRP3 inﬂammasome activation induced by DCA, immunoﬂuorescent staining of ASC
specks was performed. Upon inﬂammasome activation,
ASC assembles into a large protein complex termed “speck,”
which serves as a platform to recruit procaspase-1 and promotes its autocatalytic activation, ﬁnally leading to the
release of proinﬂammatory cytokines, such as IL-1β. Therefore, the formation of ASC speck can be regarded as a readout
for inﬂammasome activation. Indeed, LPS-primed macrophages showed obvious ASC speck formation upon DCA
stimulation, while pretreated with ERK inhibitor (U0126)
or S1PR2 antagonist (JTE-013) as well as cathepsin B siRNA
almost completely prevented ASC speck formation
(Figure 3(a) and Supplementary Figure 2). Consistently,
ERK or S1PR2 inhibition substantially reduced mature
IL-1β production in macrophages exposed to DCA
(Figures 3(b) and 3(c)). These data illuminate that S1PR2/
ERK signaling pathway may be involved in the DCAinduced inﬂammasome activation.
3.4. DCA Administration Exacerbates DSS-Induced Colitis
and Inhibition of Cathepsin B Release Reverses the Intestinal
Inﬂammation. As we reported previously, DCA induces
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Figure 4: DCA administration exacerbates DSS-induced colitis and inhibition of cathepsin B release reverses the intestinal inﬂammation.
Colitis was induced in mice with 2.5% DSS and animals were divided into control, DSS-treated, DSS-treated plus DCA enema, DSStreated plus DCA enema, and cathepsin B inhibitor (Ca-074Me)-injection groups. (a) Loss of basal body weight, (b) colon length, (c)
hematochezia score, and (d) MPO activity in colon tissue were detected. (e) Immunoblot analysis of mature IL-1β (17kD) in colonic
homogenates. (f) HE staining of distal colon sections of diﬀerently treated mice. ∗ p < 0 05 and ∗∗ p < 0 01 compared to the DSS-treated
alone mice. ##p < 0 01 and ###p < 0 001 compared to the DSS-treated plus DCA enema mice. Error bars indicate s.e.m. The data shown are
from 3 individual experiments.

NLRP3 inﬂammasome activation mainly via promoting
cathepsin B release and colorectal instillation of DCA could
signiﬁcantly exacerbate DSS-induced colitis through activating NLRP3 inﬂammasome [10]. To investigate whether inhibition of cathepsin B release could ameliorate the eﬀect of
DCA instillation, DSS-treated mice received an enema
of PBS, DCA, or DCA plus cathepsin B inhibitor
(Ca074Me) administration. In line with our previous
ﬁndings, colorectal DCA instillation caused much more
severe inﬂammation and injury than DSS treatment
alone (Figures 4(a)–4(f)), whereas inhibition of cathepsin
B potently decreased the colonic mature IL-1β level and
signiﬁcantly restrained the aggravating role of DCA in the
DSS-induced colitis, as evidenced by much less body weight
loss and colon length shortening as well as lower MPO activity and hematochezia score compared to the DCA enema
group (Figures 4(a)–4(f)). These data oﬀer further in vivo evidence that cathepsin B contributes to the DCA-induced
inﬂammasome activation.

3.5. S1PR2 Antagonist Abrogates the Deteriorating Role of
DCA in the DSS-Induced Colitis. We observed that highlevel DCA could activate inﬂammasome via regulating the
expression of bile acid receptor-S1PR2 in macrophages,
which may be at least partially responsible for the HFDrelated intestinal inﬂammation. We sought to study whether
blockage of S1PR2 could prevent the proinﬂammatory role of
DCA instillation in DSS-induced colitis; thus, S1PR2 antagonist JTE-013 was intraperitoneally administrated. The results
showed that S1PR2 blockage signiﬁcantly reduced the body
weight loss and colon length shortening (Figures 5(a) and
5(b)), exhibiting much lower MPO activity and hematochezia score (Figures 5(c) and 5(d)), meanwhile ameliorating
mucosal inﬂammatory cell inﬁltration and mucosal epithelium disruption (Figure 5(f)). More importantly, S1PR2
blockage dramatically reduced mature cathepsin B level
and mature IL-1β production in colon tissues caused by
DCA instillation (Figure 5(e)), corroborating the in vitro
ﬁndings that DCA induces inﬂammasome activation and
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Figure 5: S1PR2 antagonist abrogates the exacerbating role of DCA in the DSS-induced colitis. (a) Loss of basal body weight, (b) colon length,
(c) hematochezia score, and (d) MPO activity in colon tissue of control, DSS-treated, DSS-CL, DSS-treated plus DCA enema, and DSStreatedplus DCA enema, and S1PR2 antagonist (JTE-013)-injection mice. (e) Immunoblot analysis of mature IL-1β (17kD) and mature
cathepsin B in colon tissue. (f) HE staining and of distal colon sections of diﬀerently treated mice as described above. ∗ p < 0 05, ∗∗ p < 0 01,
and ∗∗∗ p < 0 001 compared to the DSS-treated alone mice. #p < 0 05, ##p < 0 01, and ###p < 0 001 compared to the DSS-treated plus DCA
enema mice. Error bars indicate s.e.m. Representative data from 3 individual experiments are shown.

proinﬂammatory cytokine secretion mainly through the
S1PR2 pathway.

4. Discussion
A westernized high-fat diet is closely related to the development of inﬂammatory bowel disease (IBD). HFD could
increase fecal DCA level which subsequently contributes to
the NLRP3 inﬂammasome activation and intestinal inﬂammation. Elucidation of the detailed mechanism is beneﬁcial
to provide a new therapeutic strategy for IBD treatment. In
this study, we proved that DCA could dose dependently regulate the expression of S1PR2, the major bile acid receptor
that mediated the eﬀect of DCA on inﬂammasome activation
in macrophages. Excessive DCA-triggered NLRP3 inﬂammasome activation and bioactive IL-1β production involved in
the upregulation of ERK1/2 signaling, which resulted in the
lysosomal cathepsin B release. In vivo experiments showed
that, consistent with our previous studies, DCA colorectal
instillation at the concentration comparable to HFD obviously
induced IL-1β production and aggravated DSS-induced colitis, whereas blockage of S1PR2 signaling or inhibition of

cathepsin B eﬀectively protected mice from the exacerbated
inﬂammation superimposed by DCA, as evidenced by much
less body weight loss, signiﬁcantly ameliorated colitis severity,
and importantly, pronounced reduction of bioactive IL-1β
level in colon tissue. Thus, our results suggest a possible
molecular mechanism through which high-level DCA triggers
colonic inﬂammation.
The multiple functions of bile acids are mediated by a
variety of receptors [19]. S1PR2, as a G-protein coupled
receptor, has been reported to express in monocytes/macrophages and also be required for degranulation and cytokine
release by activated mast cells [27]; thus, its role in diverse
inﬂammatory disorders has been gradually recognized.
Zhang and colleagues characterized S1PR2 as a novel regulator of vascular inﬂammation that is critical in endothelial responses to injury during endotoxemia [28]. McMillin
et al. emphasized that conjugated bile acid taurocholic
acid- (TCA-) mediated S1PR2 signaling could promote
neuroinﬂammation during hepatic encephalopathy [29].
Additionally, S1PR2 has been also implicated in modulating
proinﬂammatory cytokine production in inﬂammatory bone
loss diseases as well as atherosclerosis [30, 31]. Together with
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our data showing that S1PR2 mediated high-level DCAinduced intestinal inﬂammation, these ﬁndings provide a
strong basis for pharmaceutical studies to verify the eﬃcacy
of S1PR2 antagonists in the treatment of inﬂammatory diseases, including IBD. Furthermore, our study indicates that
ERK1/2 signaling is critical in the S1PR2-mediated cathepsin
B release and subsequent NLRP3 inﬂammasome activation.
As an important downstream pathway of S1PR2, ERK1/2 signaling has been involved in many physiological and pathological processes induced via S1PR2. In primary rodent
hepatocytes, bile acids can activate ERK1/2 and AKT signaling pathways through S1PR2 and thereby play an important
role in the regulation of hepatic glucose and lipid metabolism
[17, 32, 33]. In another aspect, bile duct obstruction (BDO)
has been reported to promote cholangiocarcinoma (CCA)
progression, and evidence showed that elevated levels of conjugated bile acids activated ERK1/2 signaling pathway and
were partially responsible for the cholangiocarcinoma cell
growth and invasion, which could be signiﬁcantly inhibited
by S1PR2 antagonist [22]. Therefore, the function of
S1PR2/ERK1/2 signaling may vary in diﬀerent cell types
and the target genes of this pathway in macrophages should
be further investigated.
Moreover, S1PR2 activation is also found to be involved
in the disruption of endothelial barrier structure and function. Sanchez et al. reported that activation of S1PR2 in
endothelial cells could result in Rho-ROCK-PTEN pathway
dependent destruction of adherens junctions and enhancement of paracellular permeability, thus leading to the
increased vascular permeability [34]. Multiple sclerosis is an
inﬂammatory disease which is characterized by the bloodbrain barrier (BBB) dysfunction. In an in vitro BBB model
enhanced S1PR2 signaling altered adherens junction formation at least partially via activation of Rho-ROCK pathways
[35]. Furthermore, Rho-ROCK signaling activation also
participated in the ethanol-induced disruption of intestinal
epithelial tight junction integrity [36]. Considering numerous studies showing that high-level DCA is toxic to intestinal
epithelium and able to increase intestinal permeability,
together with our ﬁndings that DCA can regulate the expression of S1PR2, these data indicate that S1PR2 signaling may
be also involved in DCA-induced intestinal barrier dysfunction, whereas the detailed molecular mechanisms still need
to be conﬁrmed.

5. Conclusions
Collectively, high-level DCA induced by HFD contributes to
the development of IBD, and our data reveal a possible
molecular mechanism and highlight the critical role of
S1PR2/ERK1/2 signaling in triggering inﬂammasome activation. Therefore, targeting this pathway may represent a
promising strategy to alleviate intestinal inﬂammation especially in individuals on a high-fat diet.
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Figure 1: S1PR2 knockdown prevents DCA-dependent
cathepsin B release. S1pr2 siRNA (siS1pr2) or control siRNA
(siCTL) transfected J774A.1 macrophages were primed with
LPS and then treated with DCA (100 μM). The cells were
incubated with cathepsin B substrate which emits a red
signal upon cleavage by cathepsin B, followed by Hoechst
staining (blue). Supplementary Figure 2: cathepsin B
silencing inhibits ASC speck formation induced by DCA.
Cathepsin B siRNA (siCat B) or control siRNA (siCTL)
transfected J774A.1 macrophages were primed with LPS
and then treated with DCA (100 μM). The cells were subsequently stained with ASC antibody (green) and DAPI.
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Recently, the NLRP3 inﬂammasome activation in the eyes has been known to be associated with the pathogenesis of age-related
macular degeneration. The aim of this study was to investigate the protective eﬀects of cyanidin-3-glucoside (C3G), an
important anthocyanin with great potential for preventing eye diseases, against 4-hydroxyhexenal- (HHE-) induced
inﬂammatory damages in human retinal pigment epithelial cells, ARPE-19. We noticed that C3G pretreatment to the ARPE-19
cells rescued HHE-induced antiproliferative eﬀects. Cell apoptosis ratio induced by HHE was also decreased by C3G, measured
by ﬂow cytometry. The activation of NLRP3 inﬂammasome induced by HHE was found with increases of caspase-1 activity,
proinﬂammatory cytokine releases (IL-1β and IL-18), and NLRP3 inﬂammasome-related gene expressions (NLRP3, IL-1β,
IL-18, and caspase-1). The C3G showed potent inhibitive eﬀects on these NLRP3 inﬂammasome activation hallmarks
induced by HHE. Moreover, we noticed that the C3G’s pretreatment leads to a delayed and a decreased JNK activation in
HHE-challenged ARPE-19 cells. Finally, using a luciferase reporter gene assay system, we demonstrated that HHE-induced
activation protein- (AP-) 1 transcription activity was abolished by C3G pretreatment in a dose-dependent manner. Taken
together, these data showed that HHE leads to inﬂammatory damages to ARPE-19 cells while C3G has great protective
eﬀects, highlighting future potential applications of C3G against AMD-associated inﬂammation.

1. Introduction
Currently, age-related macular degeneration (AMD) is
becoming the leading cause of elderly legal blindness in the
world [1]. The Bruch’s membrane, choroid, photoreceptors,
and retinal pigment epithelium (RPE) are primarily aﬀected
by AMD, characterized with morphological and functional
abnormalities. During AMD, the RPE becomes progressively
dysfunctional and eventually degenerates, which leads to the
death of photoreceptors and ﬁnally causes the loss of the
visual function. The etiology and the molecular pathogenesis
of AMD remain unclear, particularly for the atrophic subtype

of this disease. Experimental and clinical studies recently
identiﬁed that the intense parainﬂammation to the RPE is a
contributing factor in the development of AMD [2, 3]. Therefore, recent studies have focused on the inﬂammasome
signaling pathway, which leads to the development of clinically relevant novel therapeutic strategies [4, 5].
Inﬂammation is involved in innate immune response
against exogenous pathogens and is considered as the ﬁrst
line of defense against pathogenic microbes as well as cellular
stress [6]. The activation of inﬂammasome is important for
transducing these “danger” signals for triggering inﬂammation. Inﬂammasomes lead to the activation of caspase-1 and
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the following cleavage of IL-1β and IL-18, the two major
proinﬂammatory cytokines. A series of inﬂammasome complexes have been clariﬁed, and each of them was identiﬁed
with a unique pattern recognition receptor (PRR) and activation triggers. Among these complexes, NLRP3 inﬂammasome is the best characterized one, which is consisted by
NLRP3, apoptosis-associated speck-like protein, serinethreonine kinase NEK7, and procaspase-1 [7]. The NLRP3
inﬂammasome is activated in a 2-step process. First, NF-κB
signaling is induced through pathogen-associated molecular
patterns (PAMPs) or danger-associated molecular pattern(DAMP-) mediated activation of TLR4 or TNFR, which
result in the increased expression of NLRP3, pro-IL-1β, and
pro-IL-18. Next, inﬂammatory microenvironmental factors
(whole pathogens, PAMPs/DAMPs, or endogenous factors)
induced an indirect activation of NLRP3 and induced the
activation of caspase-1 which eventually leads to the maturation and secretion of IL-1β and IL-18 [8]. The NLRP3
inﬂammasome has been found to be present in samples from
AMD patients [9]. Several compounds associated with AMD
have been shown to activate the NLRP3 inﬂammasome, like
the complement component C5a and AMD including drusen
components including C1q and amyloid-β [3], the lipofuscin
component N-retinylidene-N-retinyl-ethanolamine (A2E),
and the lipid peroxidation product 4-hydroxynonenal
(HNE) [10]. Previous studies also noticed that photooxidative damage to the RPE-accumulated lipofuscin will activate
the NLRP3 inﬂammasome [11].
Current thinking suggests that RPE cells are constantly
exposed to lipid peroxidation. In the retinal tissues, free
radicals can directly attack critical biomolecules including
polyunsaturated fatty acids (PUFAs) and lead to its degradation into oxidized products, including aldehydes. Among
these hazardous lipid products, 4-hydroxynonenal (4-HNE)
and 4-hydroxyhexenal (4-HHE) are the most investigated
unsaturated aldehydes. 4-HNE is derived from n-6 PUFAs,
like linoleic acid and arachidonic acid, while 4-HHE is
formed from n-3 PUFAs such as docosahexaenoic acid
(DHA), eicosapentaenoic acid (EPA), and linolenic acid
[12]. These three major unsaturated fatty acids reached about
50%, 10%, and 8% of the total fatty acids, respectively, in
human retina [13]. Due to the structure similarities of 4HNE and 4-HHE, these two aldehydes showed a number of
cytotoxic eﬀects, including inhibition on selective enzyme
activity, induction on cell cycle arrest, and cell apoptosis
[14]. Recent study also highlighted the roles of 4-HNE during
NLRP3 inﬂammasome activation in human retinal pigment
epithelium cells, ARPE-19 [11]. In this work, the potential
damages caused by daily visible light exposure on retinal
UFAs were evaluated via a simulated in vitro model [13].
Moreover, our previous study showed that the lipid peroxidation of DHA aﬀects the physiological health of the retina
cells [13, 15]. Nevertheless, as the major lipid oxidized products from DHA, whether 4-HHE has a proinﬂammatory
eﬀect is still unknown.
Anthocyanins are strong antioxidants which have been
evidenced to be beneﬁcial for vision [16]. Cyanidin-3glucoside (C3G) is an important anthocyanin found in purple fruits and rice with great beneﬁcial potentials for
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preventing eye diseases [17, 18]. It has been examined with
respect to diﬀerent steps in the visual signal transduction
process. Previous studies noticed that it inhibits the photooxidation of RPE cells via facilitating the regeneration of rhodopsin in rod photoreceptors [19, 20]. Moreover, C3G has
been reported to regulate the visual signal transduction. For
example, in rod outer segments, C3G inhibited the activation
of the G-protein induced by light exposure via metarhodopsin II [21]. Our previous studies conﬁrmed that the retinal
protective activity of C3G against light-induced retinal injury
was conﬁrmed in vivo while the underlying mechanisms
remain unclear [13, 18, 22]. In this article, we aim to know
whether 4-HHE might induce activation of inﬂammasome
signaling in ARPE-19 cells and furthermore that the polyphenol compound, C3G, is able to protect RPE cells against
inﬂammatory damage.

2. Material and Methods
2.1. Cell Culture and Treatment. Human retinal pigment epithelium cells, ARPE-19, were obtained from the ATCC and
cultured in DMEM/F12 medium (Gibco BRL, Grand Island,
NY) with 10% fetal bovine serum (FBS; Thermo Fisher Scientiﬁc, Waltham, MA) in a humidiﬁed incubator at 37°C in 5%
CO2, supplemented with 100 U/mL penicillin and 100 μg/mL
streptomycin (Sigma-Aldrich, St. Louis, MO, USA). For cell
treatment, cells were washed with prewarmed PBS then the
complete culture medium was replaced by FBS-free medium.
To induce inﬂammatory damage, 4-hydroxyhexenal (Cayman Chemical, Ann Arbor, MI, USA) which were dissolved
in ethanol were challenged to the cells for 24 h. After
determining the optimal dosage of cyanidin-3-glucoside
(Yuanye Biological Technology Co. Ltd., Shanghai, China),
which was dissolved in DMSO, cells were pretreated with
C3G for 2 h before 4-HHE stimulations as indicated in the
experiments. All studies were performed using 70–80%
conﬂuent cells before treatment.
2.2. Cell Viability Assays. To measure the cytotoxicity of HNE
and C3G treatments, cell medium samples were analyzed for
CCK-8 and lactate dehydrogenase (LDH) enzyme activity.
After designed treatments, 10 μL of CCK-8 solution
(Dojindo, Kumamoto, Japan) was added into 96-well plates
and OD 450 nm was measured using a microplate reader
(M5, MD, USA). The LDH activity was also determined by
a commercial kit (Beyotime, Haimen, China) according to
the manufacturer’s instructions.
2.3. Cell Apoptosis Measurement. ARPE-19 cell apoptosis was
assessed using an Annexin V-FITC Apoptosis Detection Kit
(BD Biosciences Pharmingen, San Diego, CA, USA). Brieﬂy,
after indicated treatments, cells were washed and harvested
then resuspended in 100 μL Annexin Binding Buﬀer. Cells
were stained with Annexin V-FITC (5 μL) and propidium
iodide (PI, 1 μL) solution. The ﬂow cytometric analysis
was performed using a FACScan ﬂow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA).
Cellular caspase-1 activity was determined using a commercial kit based on colorimetric assay according to the
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manufacturer’s instructions (Beyotime, Haimen, China).
Brieﬂy, cells were treated as designed then lysed and centrifuged at 10,000 ×g for 1 min at room temperature. Total
cytosolic protein (50 μg) was incubated with acetyl-TyrVal-Ala-Asp p-nitroaniline (Ac-YVAD-pNA, 20 nM) for
2 h at 37°C. The absorbance values were measured at
405 nm using a microplate reader (M5, MD, USA).
2.4. Enzyme-Linked Immunosorbent Assay (ELISA). Cell
culture supernatants from treated cells were collected, and
cytokines were measured by using commercial IL-1β and
IL-18 ELISA kits (R&D Systems, Minneapolis, MN, USA),
following the manufacturer’s instructions.
2.5. Quantitative Real-Time PCR. According to the instructions from the manufacturer, cellular RNA was extracted
using the RNeasy® Plus Mini Kit (Qiagen, Valencia, CA,
USA). Reverse transcription was carried out using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). Real-time
PCR was performed with the 7500c Real-time PCR Detection
System (Applied Biosystems, Carlsbad, CA, USA) with SYBR
Premix Ex Taq (TaKaRa) following the manufacturer’s
instructions. Primers were designed to ﬂank introns with the
Primer 5 software (Premier Biosoft, Palo Alto, CA, USA),
and the primers sets were as follows: GAPDH, 5′-AGGGAT
GATGTTCTGGAGAG-3′ (F) and 5′-TCAAGATCATC
AGCAATGCC-3′ (R); NLRP3, 5′-TCGGAGATTGTGGT
TGGG-3′ (F) and 5′-GGGCGTTGTCACTCAGGT-3′ (R);
IL-1β, 5′-CTAAACAGATGAAGTGCTCCTTCC-3′ (F) and
5′-CACATAAGCCTCGTTATCCCA-3′ (R); IL-18, 5′-AT
CAGGATCCTTTGGCAAGCTTGAATCTAAATTATC-3′
(F) and 5′-ATAGGTCGACTTCGTTTTGAACAGTGAAC
ATTATAG-3′ (R) [23]; and caspase-1, 5′-TGGTCTTGT
GACTTGGAGGA-3′ (F) and 5′-TGGCTTCTTATTGGC
ACGAT-3′ (R) [24]. Data were calculated using equation
2−ΔΔCt and normalized to the expression of the housekeeping gene (GAPDH) and expressed as fold change
against the control group.
2.6. Western Blot Analysis. Cellular proteins were lysed, and
equal amounts of protein (20 μg) were separated by SDSPAGE and then transferred to PVDF membranes, which
were incubated with primary antibodies, phospho-JNK1/2
(Thr183/Tyr185) and β-tubulin (Cell Signaling Technology,
Danvers, MA; Abcam, Cambridge, UK). Bound antibody
complexes were visualized using NBT/BCIP solution with
color development buﬀer.
2.7. Luciferase Reporter Assay. ARPE-19 cells were seeded in
6 cm plates and transfected with 3 μg of pGL3-AP1 vector.
After transfection, cells were separated into a 24-well plate
followed by treatment with the indicated concentrations of
C3G for 2 h before the addition of HHE for another 24 h.
Luciferase activity was measured using the dual luciferase
assay system (Promega, Madison, WI, USA) according to
the manufacturer’s instructions. A Renilla luciferaseexpressing vector (pRL-TK) was cotransfected with ﬁreﬂy
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luciferase and used as the internal control. Promoter activity
is presented as multiples of the control.
2.8. Statistical Analyses. Quantitative data are presented as
the arithmetic mean ± standard error of the mean (SEM)
for each treatment group. The eﬀect of treatments was determined by one-way analysis of variance (ANOVA), and
diﬀerences between treatments were analyzed post hoc by
Tukey’s honest signiﬁcant diﬀerence test. A P value less than
0.05 was considered statistically signiﬁcant. All statistical
tests were performed using SPSS version 17.0 (SPSS Inc.,
Chicago, IL).

3. Results
3.1. C3G Inhibited HHE-Induced Antiproliferative Eﬀect via
Suppressing RPE Cell Apoptosis. As shown in Figure 1(a),
various concentrations of HHE (10 to 200 μM) were applied
to the ARPR-19 cells and we noticed notable antiproliferative
eﬀects followed by a 24 h HHE treatment, with signiﬁcant
decreased of reduction in the viability, and dramatical LDH
enzyme releases (25, 50, 100, and 200 μM; P < 0 05 and
P < 0 01, resp.). Moreover, to explore whether C3G has
any protective eﬀects against HHE-induced antiproliferative eﬀect, we tested various concentrations of C3G and
pretreated them to the cells 2 h before the HHE challenge.
As shown in Figure 1(b), when C3Gs (25, 50, and 100 μM)
were added to the cell cultures, the compromised metabolic
activity of cells by HHE were improved. In addition, HHEinduced LDH releases were signiﬁcantly diminished by
C3G. On a molecular level, we noticed that cell apoptosis
ratio induced by HHE was decreased by C3G, measured
by ﬂow cytometry (Figure 1(c)). Furthermore, caspase-1
activity was increased by 2.03-fold in ARPE-19 cells after
24 h HHE treatment, and 50 and 100 μM C3G treatment
to the HHE-challenged cells reduced the caspase-1 activity
signiﬁcantly (Figure 1(d)).
3.2. C3G Reduced the Production of IL-1β and IL-18 Induced
by HHE in RPE Cells. We hypothesized that HHE might lead
to inﬂammatory damages in ARPE-19 cells and C3G might
exert an anti-inﬂammatory eﬀect. Therefore, we next tested
proinﬂammatory cytokine releases in HHE- and C3Gtreated ARPE-19 cells. As shown in Figure 2, 50 μM HHE
for 24 h leads to dramatical increases of IL-1β and IL-18.
Strikingly, compared with the HHE-treated control, C3G
(100 μM) pretreatment to ARPE-19 cells for 2 h leads to a
decrease of IL-1β and IL-18 for 66% and 45%, respectively.
3.3. C3G Inhibited the Activation of NLRP3 Inﬂammasome
Induced by HHE in RPE Cells. To evaluate the roles of the
NLRP3 inﬂammasome complex during C3G-induced protective eﬀects, ARPE-19 cells were pretreated with C3G and
challenged with HHE. Several key NLRP3 inﬂammasome
components, including NLRP3, IL-1β, IL-18, and caspase-1
mRNA levels, are measured by qRT-PCR. As shown in
Figure 3(a), C3G signiﬁcantly decreased the HHE-induced
mRNA level of NLRP3 in ARPE-19 cells. Activation of
NLRP3 inﬂammasome was also notiﬁed by upregulations of
IL-1β, IL-18, and caspase-1. C3G showed potent inhibitive
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Figure 1: C3G inhibited HHE-induced antiproliferative eﬀect via suppressing RPE cell apoptosis. (a) HHE showed antiproliferative eﬀects in
ARPE-19 cells. ARPE-19 cells were incubated with various dosages of HHE for 24 h in serum-free culture mediums, and then the cell viability
was measured by cell counting kit- (CCK-) 8 and LDH (lactate dehydrogenase) tests as described in Materials and Methods. (b) C3G showed
protective eﬀects against HHE-induced antiproliferative eﬀects in ARPE-19 cells. Cells are incubated with or without C3G for 2 h then
challenged with HHE for 24 h in serum-free culture mediums. The cell viability was measured by CCK-8 assay and LDH tests. (c) Cell
apoptosis induced by HHE was inhibited by C3G. C3Gs (50, 100 μM) were pretreated to the ARPE-19 cells for 2 h, and then HHE was
challenged for 24 h in serum-free culture mediums. ARPE-19 cell apoptosis was determined by Annexin V/PI staining. Data reported as
percentage of Annexin V-positive cells (early and late apoptotic cells). (d) Caspase-1 activity was measured by a colorimetric assay. Bars
with diﬀerent letters are signiﬁcantly diﬀerent from each other (P < 0 05, n = 6).
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Figure 3: C3G inhibited the activation of NLRP3 inﬂammasome induced by HHE in RPE cells. C3Gs (50, 100 μM) were pretreated to the
ARPE-19 cells for 2 h, and then HHE was challenged for 6 h in serum-free culture mediums. Total RNA was collected and relative NLRP3,
IL-1β, IL-18, and caspase-1 mRNA level are measured by qRT-PCR.

eﬀects on decreasing these gene expressions in HHE-primed
ARPE-19 cells (Figure 3(b)–3(d)).
3.4. JNK Activation Plays a Critical Role during C3G’s
Protective Eﬀects against HHE-Induced Cell Death. It was
our interest to reveal which signal pathways are involved in
the C3G’s protective eﬀects to ARPE-19 cells challenged by
HHE. ARPE-19 cells were challenged with HHE for various
time periods and found that JNK were activated after
30 min treatment of HHE (Figure 4(a)). Indeed, C3G’s pretreatment leads to a delay and a decrease on the JNK activation (Figure 4(b)).
3.5. Eﬀects of C3G on AP-1 Activity during HHE-Induced
NLRP3 Inﬂammasome Activation. Accumulating studies
suggest that the activation of the transcription factor activator protein 1 (AP-1) is essential for the transcriptional regulation of inﬂammasome-related genes. The eﬀects of AP-1
transcription activity were measured by a dual luciferase
reporter gene assay system (Figure 5). The activities of AP-1

transcription factor were signiﬁcantly increased by HHE
and C3G dose dependently abolished AP-1 transcription
activity in ARPE-19 cells.

4. Discussion
The lipid peroxidation product 4-hydroxyhexenal (HHE,
also known as trans-4-hydroxy-2-hexenal) is an important
biochemical mediator originated from n-3 PUFA [14]. Nevertheless, compared with 4-hydroxynonenal (HNE), another
major unsaturated aldehyde oxidation product of n-3 PUFA,
studies relating to its physiologic/pathological importance
are quite limited. Here, we found for the ﬁrst time that
HHE induces cytotoxicity and activates NLRP3 inﬂammasome in human retinal pigment epithelium cells. Importantly, cyanidin-3-glucoside, a major anthocyanin with
great nutritional supplement potentials for preventing retinal
degenerative diseases, was able to protect ARPE-19 cells from
HHE-induced inﬂammatory damages.
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During n-3 PUFA peroxidation, several aldehyde products were generated, and at least 15 aldehydes were identiﬁed,
including HNE, HHE, glyoxal, malondialdehyde, and 2pentenal [14]. Like HNE, comparable cytotoxicity was
investigated by researchers in assorted cell types, including
primary cells as well as immortalized cell lines. Regarding retinal cells, RPE-19 epithelial cells are more sensitive to toxicity
by HNE than HHE, which diﬀers from neuronal system [25].
In our hands, the toxic concentration of HHE (50 μM)
to RPE-19 cell viability is comparable to previous studies
[26, 27]. In addition, the proapoptotic eﬀects by HHE
have also been reported in endothelial cells [28], neuron cells
[25], and lens epithelial cells [26, 27]. Despite the activation
on caspases of HNE has been noticed by several previous
reports, its analog, HHE also showed similar induction eﬀects
on caspase-1 [11, 27].
It is agreed that caspase-1 is activated by certain inﬂammasomes, including NLRP1, NLRP3, NLR family CARDcontaining 4 (NLRC4), and absent in melanoma 2 (AIM2).

Among them, the NLRP3 inﬂammasome is the best characterized one, which is consisted by a multiprotein complex
composed of NLRP3, apoptosis-associated speck-like (ASC)
protein, which contains an adaptor for caspase recruitment
domain, and procaspase-1 [29]. Selected activators/pathogen
stimuli lead to the NLRP3 inﬂammasome activation,
which leads to the molecular modiﬁcation of procaspase1, then cleaving it into caspase-1 and thereby mediating
the proinﬂammatory cytokines, IL-1β, and IL-18 maturation and secretion from its precursors. During AMD, a
variety of substances leads to the inﬂammasome activation
in the retinal epithelium, including the drusen components
[24], the lipofuscin component N-retinylidene-N-retinylethanolamine (A2E) [3], and the lipid peroxidation product HNE [11]. In our hands, we noticed that HHE treatment also leads to substantial increases of IL-1β and IL18, which ﬁt well in the classical function of inﬂammasome pathway.
In vivo and in vitro reports have demonstrated that a dietary supplement of anthocyanin compounds can protect RPE
and photoreceptor cells from light and inﬂammatory damage
[30, 31]. Our previous studies showed the beneﬁcial properties of bilberry-derived polyphenolic compounds (quercetin,
anthocyanins, protocatechuic acid, ferulic acid, and chlorogenic acid) against ROS production and inﬂammatory
damages induced by photooxidation in the retina [18, 32].
C3G is one of the most abundant anthocyanins in the edible
parts of plants [18]. Recently, it has gained wide attention for
its versatile beneﬁcial eﬀects, like antioxidant [32], antiinﬂammatory [33], neuroprotective [34], cardiovascular
protective properties, and others [35]. In the eyes, it is a
strong anthocyanin which alleviated light-induced retinal
oxidative stress, inﬂammation, and apoptosis via activation
of Nrf2/HO-1 pathway and inactivation of NF-κB in pigmented rabbits [18]. Recently, a group of researchers noticed that
quercetin protects ARPE-19 cells from HNE-induced cytotoxicity and inﬂammation [36]. Even though there are no
direct studies using HHE-induced ARPE-19 cell inﬂammatory damage, the anti-inﬂammatory eﬀects of C3G are
consistent with these studies.
Besides the evidence that showed a drop of HHE-induced
NLRP3 inﬂammasome activation by C3G, we also studied
the signaling behind these eﬀects. It has been known that
reactive aldehydes, such as HHE and HNE, have been implicated as inducers which activate cellular stress signaling pathways and integrate with additional signals in response for
extracellular stimuli [37]. HNE is able to induce both intracellular signaling and intercellular signaling, including NFκB, Nrf-2 protein kinase C, and MAPK signals. Nevertheless,
such studies relating to HHE and cellular signaling are rare
compared with HNE. In endothelial cells, HHE was found
to induce NF-κB activation and MAPK activation, which is
associated with oxidative stress [38, 39]. In a model for nonalcoholic fatty liver disease (NAFLD), the persistent JNK
activation was noticed by HNE which links to oxidative stress
and hepatocyte cell death [40]. During HNE-induced muscle
cell apoptosis, HNE leads to the activation of JNK which
mediated the antiapoptotic protein inactivation and caspase
activation [41]. Pretreatment of well-known antioxidants,
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like resveratrol and piceatannol, suppresses JNK phosphorylation and subsequently blunts the AP-1 signaling [42, 43].
Given the electrophilic nature of α,β-unsaturated aldehydes
like HNE [14], it is not surprising that HNE activates JNK
and AP-1 signaling. Similar to resveratrol, C3G also showed
potent regulating eﬀects on these cellular signaling pathways;
however, given that inﬂammasome activation turns on the
number of other signaling cascades, the eﬀects of C3G on
these cascades need to be clariﬁed in the future.

5. Conclusion
Taken together, our study clearly showed that the cytotoxic
eﬀects by HHE in APRE-19 cells were signiﬁcantly rescued
by C3G pretreatment. We also demonstrated for the ﬁrst
time that C3G inhibited HHE-induced releases of proinﬂammatory cytokines, IL-1β, and IL-18 and blunted NLRP3
inﬂammasome activation. Moreover, we also showed that
JNK-c-Jun/AP-1 pathway activation by HHE is regulated
by C3G, which shed a light for future potential treatment
against AMD-associated inﬂammation.
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Immune dysfunction is caused by various factors, including changes in relevant immune regulators and environmental stress.
Immune system imbalance leads to a variety of diseases in humans. Nutrition may play an essential role in immunity by
interfering with proinﬂammatory cytokine synthesis, immune cell regulation, and gene expression. Polyphenols, one of many
categories of natural substances, exhibit a range of biological activities. Polyphenols promote immunity to foreign pathogens via
various pathways. Diﬀerent immune cells express multiple types of polyphenol receptors that recognise and allow cellular
uptake of polyphenols, which subsequently activate signalling pathways to initiate immune responses. Furthermore, the
polyphenols curcumin and epigallocatechin gallate can induce epigenetic changes in cells. In summary, polyphenols can be used
to regulate intestinal mucosal immune responses, allergic diseases, and antitumour immunity.

1. Introduction
Immune system function is closely related to human health.
Therefore, the pathogeneses of many human diseases involve
immune function. This link has led to extensive experimental
studies of immune mechanisms in many pathological contexts. Immune dysfunction has many unforeseen consequences. For example, immune dysfunction in the intestinal
mucosa triggers diarrhoea in the host and can negatively
inﬂuence the balance of the intestinal microﬂora [1]. Accordingly, functional foods, deﬁned as those providing speciﬁc
nutrition or targeting multiple functional components, are
considered a form of preventive medicine [2].
Polyphenols are well-known, pharmacologically active
compounds with immunomodulatory activity [3]. This category includes ﬂavonoids, phenolic acids, and stilbenoids,
which are ubiquitously produced in plants and exist either
as free aglycones or in a state of esteriﬁcation with glucose
and other carbohydrates (glycosides) [4]. Consequently, the
absorbed polyphenols interact with the intestinal immune
system, leading to both protective and harmful reactions in
the host [5]. Polyphenols vary in terms of stability, especially
in the context of intestinal digestion. For example, compounds such as anthocyanin and ﬂavonoids are relatively

unstable in the duodenum [6], whereas total polyphenols
and anthocyanins are generally very stable at simulated
in vitro gastrointestinal digestion, with approximate recovery
rates of 93% and 99%, respectively [7]. Current evidence
strongly suggests that polyphenols contribute to the prevention of several immune diseases. For example, polyphenols
in red wine can signiﬁcantly increase the level of interleukin(IL-) 21 and decrease the release of IL-1β and IL-6 [8]. Furthermore, both a polyphenol-enriched diet and Ascaris suum
infection were found to modulate porcine mucosal immune
responses and gut microbiota compositions [1]. In animal
experiments, polyphenols can be administered via the drinking water [9] or gavage into the stomach [10].
In this review, we ﬁrst introduce the classiﬁcation and
structure of polyphenols and then elucidate the diﬀerent
actions of polyphenols mainly from the perspectives of
molecular immunity and epigenetic inheritance. Additionally, we summarise the eﬀects of polyphenols on diﬀerent
types of immune responses.

2. The Structure and Function of Polyphenols
Polyphenols are among the most abundant chemicals in the
plant kingdom, which yields consumables such as vegetables,
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Figure 1: The classiﬁcation and chemical structures of polyphenols.

fruit, and tea. The polyphenol family comprises a range of
molecules with more than 8000 structural variants. These
molecules are secondary metabolites of plants and contain
many aromatic rings with one or more hydroxyl moieties
[11]. Polyphenols are mainly classiﬁed by chemical structure
and are distinguished from other chemical compounds by
the combination of one or more hydroxyl compounds with
aromatic rings (phenols). These molecules can be subclassiﬁed into ﬂavonoids, phenolic acids, tannins, and stilbenes
(Figure 1). In foods, polyphenols are present in complex mixtures and mostly exist as esters, glycosides, or polymers,
which are not absorbed in their natural forms.
Dietary polyphenol consumption involves the prohost
eﬀect, wherein some (but not all) polyphenols are absorbed
in the small intestine. The unabsorbed compounds must be
enzymatically hydrolysed by the intestine to facilitate absorption, after which released glycosides with high lipid contents
can be taken up by epithelial cells via passive diﬀusion or
active transport.
Flavonoids generally feature a benzophenone structure
with two or more aromatic rings, each of which contains
one or more phenolic hydroxyl groups connected by a carbon bridge [3]. Phenolic acids are secondary metabolites
of plants and fungi and are produced to prevent damage
from ultraviolet light, insects, viruses, and bacteria. Additionally, some plant species produce phenolic compounds
to inhibit the growth of other plant competitors [12].
Numerous studies in vivo and in vitro have demonstrated
the antioxidant [13], anti-inﬂammatory [14], and antitumour
properties of polyphenols [15]. However, it is important to
note that polyphenols diﬀer in terms of the environment in
which they are encountered and elicited responses both
in vivo and in vitro.

Phenolic acids can be subclassiﬁed as hydroxybenzoic
acid and hydroxycinnamic acid, which are, respectively,
derived from the phenolic molecules benzene and cinnamic
acid [16]. Phenolic acids are organic carboxylic acids that
each contains a phenolic ring, which is equipped with the
C6-C1 of the p-hydroxybenzoic acid or the C6-C3 of the
hydroxycinnamic acid. The maximum absorption peaks
of p-hydroxybenzoic acid or hydroxycinnamic acid are
detected at 280 and 320 nm, respectively [17, 18]. Ferulic
acid inhibits the production of tumour necrosis factor(TNF-) α in RAW264.7 cells stimulated with lipopolysaccharide (LPS) [19, 20]. Immunological studies have shown
that phenyl ethyl caﬀeate strongly and signiﬁcantly inhibits
the expression of interferon gamma-induced protein- (IP-)
10 in response to TNF, as well as the production of lymphoid
factors and activation of nuclear factor- (NF-) κB [21–23].
Stilbenes are a class of compounds characterised by a
1,2-diphenylethylene skeleton. These compounds exhibit
extraordinary potential in the biomedical ﬁeld. For example, the stilbene resveratrol is potentially very beneﬁcial
for human immunity and antioxidative mechanisms. Resveratrol has been shown to directly target central cellular
components of innate and adaptive immunity, such as macrophages, large lymphocytes, and dendritic cells (DCs). Furthermore, previous research has identiﬁed few signiﬁcant
adverse eﬀects of resveratrol [24, 25]. In animal experiments,
resveratrol exerts an immunomodulatory eﬀect by decreasing
the expression of the activating receptors CD28 and CD80
on immune cells and increasing the production of the
immunosuppressive cytokine IL-10. Tannins were originally identiﬁed in astringent plant extracts, prior to chemical structure analysis. Tannins have since been divided
into two subgroups according to the type of polyphenol
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group within the molecule: phthalic tannins and catechintype tannins [26].

3. Polyphenols Use Various
Immunomodulatory Mechanisms
Decades of research on polyphenols have led to several
insights regarding the eﬀects of polyphenols on immune
function. Each type of polyphenol targets and binds to one
or more receptors on immune cells and thus triggers intracellular signalling pathways that ultimately regulate the host
immune response. Dietary interventions that involve polyphenols may modulate immune responses by aﬀecting epigenetic mechanisms, such as regulatory DNA methylation,
histone modiﬁcation, and microRNA-mediated posttranscriptional repression that alter the expression of genes
encoding key immune factors.
Immune cells express many receptors that allow the
transmission of external stimuli to activation processes
within the cell in vivo. Currently, researchers are studying a
range of polyphenol receptors. Epigallocatechin gallate
(EGCG) targets three diﬀerent cellular receptors: the 67 kDa
laminin receptor (67LR), zeta chain-associated 70 kDa protein (ZAP-70), and retinoic acid-inducible gene (RIG-I)
[27, 28]. Of these, 67LR is expressed by neutrophils, monocytes/macrophages [29, 30], mast cells, and T cells [31, 32]
and regulates the adhesion and inﬂammatory processes of
these cells. EGCC has the ability to inhibit the activity of
ZAP-70 by inhibiting the T cell-induced pathway mediated
by CD3 in the leukemic cells [33]. The signal transduction
pathway downstream of RIG-I triggers the interferon reaction [34]. The aromatics receptor (AhR), which is also known
as the naringin and dioxin receptor, is a member of the alkaline helix-ring-helix/Per-Arnt-Sim homologous family and
the receptor of naringenin. Dietary ﬂavonoid naringin
induces regulatory T cells through AhR-mediated pathways
[35]. These receptors appear to be involved in various types
of toxicity [36, 37]. The transcription factor speciﬁc protein
1 (Sp1) is strongly expressed on many cancer cells [38]. Resveratrol eﬀectively inhibits tumor growth by inhibiting Sp1
expression and inducing apoptotic cell death, and Sp1
becomes a novel molecular target for resveratrol in human
malignant pleural mesothelioma [39]. The Toll-like receptor
(TLR) 4, T cell receptor (TCR) αβ, and IgM- (sIgM-) B-cell
receptor are receptors for baicalin (BA) on T and B cells,
and BA can regulate innate and adaptive immune regulation
by upregulating those immune receptors [40]. These receptors change under speciﬁc conditions to regulate immune
factors in the host [40].
Many studies have investigated the eﬀects of polyphenols
on various types of immune cells, such as primary macrophages, to identify potential targets [41, 42]. One research
group used healthy peripheral blood mononuclear cells
(PBMC) as a model in which to monitor NO production.
Their results demonstrated that red wine could induce NO
production by human monocytes and that the vasodilatory
actions of the subsequently released NO could prevent atherosclerosis [43]. Moreover, dihydroxyl phenolic acid, a product of microbial metabolism, exhibits anti-inﬂammatory
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properties in vitro; speciﬁcally, it reduces the secretion of
TNF-α, IL-1β, and IL-6 from the PBMCs of healthy subjects
[44]. DCs are the most eﬀective antigen-presenting cells
(APCs) in the innate immune system. These cells act as key
immune sentinels with the unique ability to integrate and
deliver large quantities of incoming signals to lymphocytes
and thereby initiate and regulate an adaptive immune
response [45]. Some studies have found that polyphenols
aﬀect various aspects of DC biology, such as diﬀerentiation
[46] and maturation [47], and the underlying mechanisms
have been partially elucidated. TLR connections induce the
activation of the mitogen-activated protein kinase (MAPK),
Akt, and nuclear factor- (NF-) κB pathways, leading to DC
activation [47, 48]. Regulatory T cells (Tregs) contribute to
the maintenance of immune tolerance and, therefore, the
inhibition of autoimmunity [49].
As noted, dietary components can selectively activate or
inactivate gene expression via epigenetics, wherein gene
expression is altered without changing the underlying DNA
sequence [50]. Diet and other environmental factors can
cause epigenetic changes with potentially important immune
eﬀects [51]. The ﬁndings of many studies emphasising the
importance of the environment in terms of epigenomics support the concept that maternal inﬂuence via dietary habits
may cause permanent epigenomic changes in the oﬀspring
[52, 53]. Polyphenols can modulate epigenetic patterns by
altering the levels of S-adenosylmethionine and S-adenine
isoforms or by directing factors involved in DNA methylation and histone modiﬁcation [54]. Curcumin (diferuloylmethane), a component of turmeric (Curcuma longa), has
recently been identiﬁed as an inducer of epigenetic change
[55]. EGCG can aﬀect the epigenome by inhibiting DNA
methyltransferase-1 (DNMT1) and gene transcription [56].
DNA methyltransferases (DNMTs) comprise a family of
enzymes that methylate DNA at the C5 sites of cytosine
residues, and the inhibition of these enzymes has been
shown to eﬀectively treat various developmental and proliferative diseases [57]. The main type of polyphenol in
green tea, EGCG, inhibits DNMT activity and reactivates
gene methylation (i.e., silencing) in cancer cells [58]. Furthermore, epigenetic regulation mediated by polyphenols
also aﬀects microRNA expression in various biological processes in multiple cell types [59, 60]. A dietary intervention
study conducted in apoE-deﬁcient mice demonstrated that
nutrient doses of polyphenols could regulate microRNA
expression in the liver. Analyses of microRNA targets and
mRNA pathways suggest that polyphenols can regulate cell
functions at both levels [61].

4. Regulatory Effects of Polyphenols on
Different Immune Responses
Polyphenols vary in terms of source and type (e.g., tea polyphenols, red wine polyphenols, the polyphenolic fraction
of Cinnamomum zeylanicum bark (PP-CZ), and E polyphenols), as well as functions. The following section mainly discusses the eﬀects of polyphenols on intestinal mucosal
immunity, allergic reactions, and antitumour responses.

4
4.1. Polyphenols Regulate the Intestinal Mucosal Immune
Response. Polyphenols are bioactive substances that promote
intestinal health via various mechanisms, such as the regulation of mucosal immunity and inﬂammation. The gut innate
immune system contains three lines of defence: the mucosal
layer, epithelium, and lamina propria. The mucosal layer is
the ﬁrst line of host intestinal defence against foreign pathogens [62]. Many studies of the regulatory eﬀects of polyphenols on intestinal immune function have yielded powerful
evidence and warranted subsequent studies. The nutritional
protection of polyphenol-induced abnormal crypt lesions
may represent a key step in the prevention of gastrointestinal
tract tumours via decreasing abnormal crypts [63]. Polyphenols derived from plums may target the Akt/mTOR pathway
and microRNA 143, both of which have been identiﬁed as
potential factors in colon cancer tumorigenesis [64]. Gastrointestinal helminths are among the most common pathogens
aﬀecting both humans and livestock worldwide. In vivo
experiments have shown that polyphenols enhance intestinal
mucosal immunity by increasing the populations of intraepithelial T cells and mucosal eosinophils, as well as the propionate concentration in the distal colons of pigs infected with
Ascaris suum [1]. Curcumin signiﬁcantly increased the
immune index of IgA in the guts of rats fed a high-fat diet
[65]. Cocoa has been shown to modulate gut immune
responses in young mice by increasing the percentage of γδ
TCR T cells and lowering the eﬀect of IgA [66, 67].
4.2. Polyphenols Regulate Allergic Diseases. Allergic disease
aﬀects humans at all stages of life (i.e., new-born to elderly)
and often has a genetic predisposition. Many factors appear
to contribute to the development of allergies [68]. Polyphenols have been identiﬁed as immune regulators with antiinﬂammatory eﬀects [69]. Quercetin, which is expressed
widely in plants, is a ﬂavonoid compound with multiple
pharmacological eﬀects [70]. Polyphenols, which possess
the well-known ability to scavenge free radicals, also exhibits
antiallergic eﬀects, including inhibition of histamine release,
reduction of proinﬂammatory cytokines, and leukocyte production [71]. Polyphenols have also been shown to regulate
the Th1/Th2 balance and inhibit antigen-speciﬁc IgE antibody formation. Two mechanisms may be involved in this
process. First, polyphenols may aﬀect the formation of the
allergen-IgE complex [72]; second, these compounds may
aﬀect the binding of this complex to its receptors (FceRI)
on mast cells and basophils [73]. The ingestion of tannins
isolated from apples has been shown to prevent the development of food allergies, and this eﬀect may be associated with
an increase in the proportion of γδ TCR T cells in intestinal
intraepithelial lymphocytes [74].
4.3. Antitumour Eﬀects of Polyphenols. Although molecular
targets of polyphenolic anticancer activity have been detected,
strong evidence also suggests that polyphenols may also exert
anticancer activities through immune-mediated mechanisms. Immunogenic cell death (ICD) is deﬁned as a pattern
of cell death that stimulates an immune response to an antigen from a dead cell, particularly a cancer cell [75]. The
strength of a response to ICD is mainly mediated by
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damage-associated molecular pattern molecules, which
include the surface-expressed molecule calreticulin and the
secreted molecules ATP and high-mobility group protein
B1 (HMGB1) [76]. Gomez-Cadena et al. [77] found that a
gallotannin-rich fraction obtained from Caesalpinia spinosa
(P2Et) induced spontaneous tumour cell apoptosis, as determined by the activation of caspases 3 and 9, mobilisation
of cytochrome C, and externalisation of annexin V on
the cell surface. In a subsequent experiment with C57BL/
6 mice, the protective eﬀects of P2Et treatment were abolished in immunodeﬁcient mice and were reduced following
the depletion of CD4+ and CD8+ T cells. These results suggest that the antitumour activity of P2Et requires the immune
system and is at least partly T cell-dependent. Moreover,
many studies have proven the antitumour activities of polyphenols. Polyphenol E inhibits the tumour growth by targeting both myeloid-derived suppressor cells (MDSC) and
CD8+ T cells. In vitro, polyphenol hinders MDSC development and migration, promotes the diﬀerentiation of these
cells into a more neutral form via signalling through 67LR,
and induces the expression of the granulocyte colonystimulating factor [77]. Dietary polyphenols induce cancer
cell apoptosis by enhancing signalling through the TNFrelated apoptosis-inducing ligand- (TRAIL-) mediated apoptotic pathway [78].

5. Conclusion
With the discovery and utilization of functional foods, studies
have increasingly investigated more suitable candidates
among natural products. Polyphenols have been shown to
enhance antitumour immune activity, as well as immunomodulatory processes and intestinal mucosal immunity.
Many studies have explored and veriﬁed the biological activities of polyphenols in vivo and in vitro and have consequently
elucidated many of the underlying regulatory mechanisms.
Regarding the future development of polyphenols as immune
factors, we propose the following recommendations:
(1) It is fruitful to investigate the suitable time, dose, and
means of polyphenols to optimise its functions in a
large number of animal models and in human subjects. Polyphenols are widely expressed in fruits and
vegetables, and many epidemiological studies have
shown that the consumption of these compounds
via fruits and vegetables can reduce the incidence of
a variety of chronic diseases. However, the actual
results from the intervention experiments have differed from the expected results. Although the reasons
for this discrepancy are not fully understood, they
include potential diﬀerences in doses, interactions
with the food matrix, and the diﬀerences in the bioavailability of polyphenols [79]. Therefore, an
improved bioavailability would likely improve the
beneﬁcial eﬀects of polyphenols in the host.
(2) Polyphenols aﬀect various mechanisms within diﬀerent immunological responses, and thus, targeted
immunotherapy requires an understanding of these
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mechanisms of action. Regarding immune protection, polyphenols can not only regulate the host
immune system but also directly target the pathogen.
To increase the eﬃcacy of polyphenols, researchers
must not only understand the immunological eﬀects
of diﬀerent types of polyphenols but also determine
the appropriate mechanism.
(3) Diﬀerent populations and age groups harbour different microbial populations, and the interactions
between these microbes and immune cells are not
negligible. Polyphenols play a vital role in the
microbial community, as they have positive eﬀects
on the microbes. Simultaneously, these microbes
promote the oxidation and degradation of polyphenols. Therefore, polyphenols may change the
immune capacity of the host by altering the microbiota. In addition, polyphenols and conventional
antimicrobial agents may exert synergistic eﬀects
on clinical multidrug-resistant microbes when
administered in combination.
(4) Notably, both the environment and polyphenol doses
vary, and these variances are further aﬀected by
diﬀerences between in vivo and in vitro settings.
Therefore, additional studies are needed to determine
the immune responses to polyphenols in animal
models, as well as the related health outcomes.
Undoubtedly, the in vivo environment is more complex and malleable, compared to the in vitro environment. Accordingly, in vitro studies can only be used
as references for in vivo experiments and cannot be
used to determine the long-term eﬀects of polyphenol
supplementation on human health.
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