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A B S T R A C T

Oxidative stress generated during inflammation is associated with a wide range of pathologies. Resveratrol
(RESV) displays anti-inflammatory and antioxidant activities, being a candidate for the development of adjuvant
therapies for several inflammatory diseases. Despite this potential, the cellular responses induced by RESV are
not well known. In this work, transcriptomic analysis was performed following lipopolysaccharide (LPS) sti-
mulation of monocyte cultures in the presence of RESV. Induction of an inflammatory response was observed
after LPS treatment and the addition of RESV led to decreases in expression of the inflammatory mediators,
tumor necrosis factor-alpha (TNF-α), interleukin-8 (IL-8), and monocyte chemoattractant protein-1 (MCP-1),
without cytotoxicity. RNA sequencing revealed 823 upregulated and 2098 downregulated genes (cutoff ≥2.0 or
≤−2.0) after RESV treatment. Gene ontology analysis showed that the upregulated genes were associated with
metabolic processes and the cell cycle, consistent with normal cell growth and differentiation under an in-
flammatory stimulus. The downregulated genes were associated with inflammatory responses, gene expression,
and protein modification. The prediction of master regulators using the iRegulon tool showed nuclear respiratory
factor 1 (NRF1) and GA-binding protein alpha subunit (GABPA) as the main regulators of the downregulated
genes. Using immunoprecipitation and protein expression assays, we observed that RESV was able to decrease
protein acetylation patterns, such as acetylated apurinic/apyrimidinic endonuclease-1/reduction-oxidation
factor 1 (APE1/Ref-1), and increase histone methylation. In addition, reductions in p65 (nuclear factor-kappa B
(NF-κB) subunit) and lysine-specific histone demethylase-1 (LSD1) expression were observed. In conclusion, our
data indicate that treatment with RESV caused significant changes in protein acetylation and methylation
patterns, suggesting the induction of deacetylase and reduction of demethylase activities that mainly affect
regulatory cascades mediated by NF-кB and Janus kinase/signal transducers and activators of transcription
(JAK/STAT) signaling. NRF1 and GABPA seem to be the main regulators of the transcriptional profile observed
after RESV treatment.
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1. Introduction

Maintaining the balance between oxidants and antioxidants is im-
portant to avoid oxidative stress. Inflammatory responses are related to
intracellular redox status, oxidative stress, and diseases, such as cancer,
neurodegeneration, and infectious diseases, which are linked to DNA
damage due to the high levels of reactive oxygen species (ROS) that can
be produced [1–5].

The base excision repair (BER) pathway is considered a major
pathway for the repair of ROS-induced damage, such as oxidized bases,
single strand breaks, and apurinic/apyrimidinic (AP) sites. Apurinic/
apyrimidinic endonuclease-1/reduction-oxidation factor 1 (APE1/Ref-
1) is a multifunctional enzyme that contributes to BER and redox ac-
tivation of transcription factors (TFs), such as nuclear factor-kappa B
(NF-ĸB), activator protein 1 (AP1), p53, and hypoxia-inducible factor
1α (HIF-1α), the last by the redox activation of its N-terminal region
[6–8]. APE1/Ref-1 was found to regulate the inflammatory response in
macrophages via NF-ĸB and AP-1. NF-ĸB is one of the transcriptional
factors that regulate c-Fos expression and AP-1 activity through the
level of ETS-like gene 1 (ELK-1) [9,10].

Both the endonuclease and transcription factor binding activities of
APE1/Ref-1 result in increased resilience of cells to proapoptotic stimuli
(reviewed in [11]). Resveratrol (RESV), a naturally occurring poly-
phenolic compound found in red wine and grapes, reportedly affects the
redox activity of APE1/Ref-1 [12–15]. RESV was shown to inhibit the
redox and endonuclease activities of APE1/Ref-1 in in vitro assays.
However, treating cells with RESV does not result in a decrease in AP
endonuclease activities, which may reflect the lack of specificity or
binding affinity of this compound to the APE1/Ref-1 protein in cells
[15]. Therefore, the effects of RESV on the AP endonuclease activity of
APE1/Ref-1 remain unclear.

RESV is a phytoalexin, cyclooxygenase (COX) suppressor, and ac-
tivator of peroxisome proliferator-activated receptor (PPAR) and sirtuin
1 (SIRT1). RESV is produced by plants in response to various environ-
mental stresses, such as pathogens and ultraviolet (UV) radiation, and it
promotes resistance to environmental stress (reviewed in [16]).
Therefore, RESV is an attractive compound for biomedical studies be-
cause it is associated with reduced risks of lifestyle-related diseases,
including cancer, diabetes, cardiovascular diseases, neurodegenerative
diseases, and metabolic disorders (reviewed in [17]).

RESV affects inflammation by downregulating the inflammatory
response, which includes the inhibition of pro-inflammatory mediators
and transcription factors [18,19]. RESV can also act by modulating
important epigenetic targets such as DNA methyltransferases (DNMTs),
histone deacetylases (HDACs), and lysine-specific histone demethylase-
1 (LSD1) (reviewed in [20]).

This natural compound is also an activator of the sirtuins, class III
deacetylases that require NAD+ as a cofactor [21] and play a role in
gene silencing, stress resistance, aging, and inflammation. There are
seven different sirtuins, with SIRT1 being the most studied in mammals
and whose effect on the acetylation of Lys9 and Lys14 of histone H3
(H3K9 and H3K14, respectively) and Lys16 of histone H4 (H4K16) has
been described previously [22–27].

In the present study, transcriptomic analysis was performed to
identify mechanisms associated with the regulation of inflammatory
responses by RESV, since a better understanding of these molecular
events may be useful in designing new therapeutic strategies. Our
findings provide a comprehensive view of the changes in the lipopo-
lysaccharide (LPS)-induced U937 monocyte transcriptome in the pre-
sence of RESV. The results suggest that RESV can change the acetylation
pattern of proteins, such as APE1/Ref-1, regulating the activation of
transcription factors during the inflammatory response.

2. Materials and methods

2.1. Cell cultures, inflammatory stimulus, and RESV treatment

U937 monocytic cells (ATCC® CRL1593.2) were grown in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco), supplemented
with 44mM sodium bicarbonate (NaHCO3) (Sigma), enriched with 10%
fetal bovine serum (Gibco) and 1% antibiotic solution (Sigma), and
maintained in an atmosphere of 5% CO2 at 37 °C (Thermo Fisher
Scientific, Loughborough, UK). Cells were seeded in 6- or 24-well plates
at 5×106 and 3 or 5×105 cells/well, respectively, and then stimu-
lated with 1 μg/ml LPS (Sigma – L2654) for 2, 4, 6, and 24 h to de-
termine the peak inflammatory response. To evaluate the effect of RESV
(Sigma – R5010) on inflammation, the cells were first stimulated with
LPS for 24 h and then co-incubated with RESV (15 μM) for 4 h. For the
analysis, the groups were classified as unstimulated (control), LPS-sti-
mulated (LPS), and LPS +15 μM RESV (LPS/RESV) cells.
Concentrations of 30 and 50 μM RESV were used in some experiments.

In order to test if the response to RESV 15 µM treatment is U937 –
specific or is common to other cells types, the U251MG lineage was
used as a control. U251MG glioblastoma cells (ATCC® HTB-17™) were
cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco), 1% L-
glutamine (200mM, Sigma), 10% fetal bovine serum (Gibco), and 1%
antibiotic solution (Sigma), maintained in an atmosphere of 5% CO2 at
37 °C and treated with LPS and RESV under the same conditions cited
above.

2.2. Cell viability assays

U937 cells (3× 105 cells/well) were cultured in triplicate following
the treatments described above. After treating first with LPS for 24 h
and then co-treating with RESV (15 μM) for 4 h, the cells were stained
with Trypan Blue (0.05% solution) [28]. The counting of live and dead
cells was performed with a hemocytometer under an inverted micro-
scope (Olympus CKX41). The viability was recorded as the ratio of the
number of viable cells to the number of total cells.

Apoptosis was detected using the Annexin V-FITC Apoptosis
Detection Kit I (BD Biosciences − 556547) with fluorescence-activated
cell sorting (FACS) in three independent experiments. After treatment
of 3×105 cells/well, the cell pellet was resuspended in 1× binding
buffer and double stained with annexin V-FITC (A5) and propidium
iodide (PI) for 15min at room temperature, protected from light. The
fluorescence was measured at 488 nm excitation and 510 nm emission
using an argon ion laser. A total of 10,000 events were captured with
the FACSCanto™ II system (Becton Dickinson - Biosciences) and the
results were analyzed using FlowJo 7.6.4 software (Treestar Ashland,
USA).

Alterations in mitochondrial function were evaluated by the in-
corporation of Rhodamine 123 (Rh123) (Sigma-Aldrich), a cationic
fluorescent dye specific to mitochondria. In summary, after treatment,
the cells were resuspended in ice-cold phosphate-buffered saline (PBS)
and incubated with 10 μg/ml Rh123 for 30min at 37 °C in the dark. For
FACS analysis, 30,000 events for each sample were analyzed using the
FACSCanto™ II (BD Biosciences) system with a wavelength of 488 nm
for excitation and 525 nm for emission, as proposed by Li et al. [29].
The analysis was performed using FlowJo 7.6.4 software (Treestar
Ashland, USA) with three independent experiments.

2.3. Cytokine analysis

U937 cells (3× 105 cells/well) were seeded in triplicate. The cy-
tokines/chemokines assessed were tumor necrosis factor-alpha (TNF-
α), interleukin (IL)− 8/C-X-C motif chemokine ligand 8 (CXCL8), IL-6,
IL-10, C-C motif chemokine ligand (CCL)2/monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein (MIP)− 1α/
CCL3, and MIP-1β/CCL4 with the Human cytokine LINCOplex™ Kit
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(HCYTO-60k, Lincoplex®, Linco Research Inc., St Charles, MA, USA) and
were analyzed using the Bio-Plex® 200 (Bio-Rad) suspension array
system. The samples were processed and measured according to the
manufacturer's instructions. All measurements were fit to a parametric
logistic curve using the Bio-Plex® manager 4.0 software and expressed
in pg/ml.

2.4. RNA extraction

Total RNA for genome-wide RNA sequencing was extracted from
U937 cells, which had been treated as described above, using the
Illustra™ RNAspin Mini RNA Isolation kit (GE Healthcare, Little
Chalfont, United Kingdom) following the manufacturer's instructions.
The mRNA was extracted using an mRNA Isolation Kit (Roche Life
Science), following the manufacturer's instructions. The mRNA quality
and quantity were evaluated using the Agilent 2100 Bioanalyzer (RNA
6000 Nano, Agilent Technologies, Waldbronn, Germany) and
NanoVue™ spectrophotometer (GE healthcare, Sweden), respectively.
cDNA was synthesized using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems Foster, CA). Total RNA extrac-
tions for transcriptome validation and qPCR were performed using the
Illustra™ TriplePrep Kit (GE Healthcare) according to the manufac-
turer's instructions.

2.5. Quantitative PCR

qPCR was performed using gene-specific primers (Supplementary
data, Table S1), aiming to validate the transcriptome data, measure the
expression of inflammatory mediators. The reactions were prepared
using Power SYBR® Green PCR Master Mix (Life Technologies) and were
run on the Applied Biosystems StepOne™ Real-Time PCR system.

For qPCR analysis, the reaction mixtures, each containing specific
primers, 1×Quantifast SYBR Green PCR master mix, and 10 ng of
template cDNA in a 10 μl reaction volume, were subjected to initial
denaturation of 95 °C for 5min followed by 45 cycles of 60 °C for 1min,
and a final melt curve analysis with 45 °C ramping. Each assay was
repeated three times and the cycle threshold (Ct) value for each target
gene was normalized to that of GAPDH (the housekeeping gene). Gene
expression was quantified using the 2-ΔΔCT method, wherein
ΔCT= average CT of target gene − average CT of endogenous control,
and ΔΔCT= ΔCT of sample (LPS/RESV) − ΔCT of sample (LPS) [30].
The specificity of the SYBR-green signal was confirmed by the presence
of a single, sharp melting peak for every PCR run.

2.6. Transcriptome analysis

cDNA libraries (5 μg each) were sequenced using the 454 GS FLX
Titanium platform (Roche 454 Life Sciences, Branford, CT, USA) ac-
cording to the manufacturer's instructions. The sequencing data were
aligned against the RefSeq database of human expressed sequences,
provided by the University of California Santa Cruz (website: hgdow-
load.soe.ucsc.edu/goldenPath/hg19/bigZips/ref Mrna.fa.gz, accessed
in January 30, 2014). The alignment was carried out using the BLAT
alignment tool [31] and the results were filtered using the pslCDna-
Filter tool (UCSC - available at http://hgdownload.cse.ucsc.edu/
admin/exe/), with a minimum identity of 98%, minimum coverage of
90%, and considering one alignment by sequence. All sequences
matching ribosomal RNA (rRNA) were excluded. Fold change analyses
were performed using normalized counts-per-million (CPM), calculated
by gene count reads (Xi) and total sample reads (N): CPM=(Xi/
N)* 10^7. Fold changes were obtained for LPS/RESV compared to those
of LPS treatment alone. Only genes that were differentially ex-
pressed> 2-fold were considered for further bioinformatic analysis.
Gene ontology analysis was carried out with the PANTHER online tool
(http://pantherdb.org/, [32]), using Fisher's exact test with false dis-
covery rate (FDR) correction for enrichment analysis.

The lists of upregulated (fold> 2) and downregulated (fold<−2)
genes were submitted to the STRING 10.5 database (http://string-db.
org/), searching for protein-protein interaction (PPI) networks. Default
parameters were used without expansion. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment was also accessed by
the STRING 10.5 tool, using FDR tests with p-values< 0.05 considered
statistically significant [33]. This tool enabled us to construct and vi-
sualize the most important networks affected by RESV treatment. The
results of PPI analyses were visualized and analyzed using Cytoscape
software (version 3.5.1; www.Cytoscape.org/) [34]. To detect subnet-
works or clusters of proteins that could represent distinct biologic
processes, the Molecular Complex Detection (MCODE) plugin for Cy-
toscape was used, with scores ≥ 2.5 considered significant [35]. The
centrality parameters of each node (Node degree and Betweenness)
were accessed through the cytoHubba plugin [36].

Gene ontology (GO) analyses of these subnetworks were performed
using the Biological Network Gene Ontology (BiNGO) plugin, in which
biological process categories were described for each cluster with sig-
nificance assessed (p value) by hypergeometric distribution. A multiple
test correction was applied using an FDR algorithm, considering a sig-
nificance level of p < 0.05 [37].

To identify the master regulators of the networks, the iRegulon
plugin for Cytoscape was used. The parameters used were a minimum
identity between orthologous genes = 0.05, maximum FDR for motif
similarity = 0.001, and normalized enrichment score ≥ 4.0 [38].

2.7. SIRT1 activity assay

SIRT1 deacetylase activity was analyzed using the fluorometric
SIRT1 Assay kit (Sigma, CS1040) according to the manufacturer's in-
structions. Briefly, U937 cells treated with LPS, LPS/RESV, or RESV
were lysed in NETN buffer (20mM Tris-HCl pH 8.0, 100mM NaCl,
1 mM EDTA, 0.5% NP- 40/IGEPAL®, 50mM β-glycerophosphate, and
protease inhibitors (Roche). The protein concentrations were measured
by the Bradford method [39], and the assays were performed by in-
cubating 30 µg of protein extract with SIRT1 substrate (S9821) at 37 °C
for 30min. After addition of the developing solution (D5068) and in-
cubation at 37 °C for 10min, the fluorescence intensity was measured at
460 nm emission (excitation at 360 nm) using a fluorescence plate
reader (GloMax®-Multi Detection System, Promega) and normalizing to
total protein content. A standard curve was created using the standard
solution (S9946) provided in the assay kit.

2.8. Co-immunoprecipitation and western blotting analysis

U937 cells (106 cells/well) were cultured in triplicate and treated
with LPS or LPS/RESV as previously mentioned. Cross-linking was
carried out with 1% formaldehyde for 10min and the reaction was
stopped by adding 0.1 M glycine for 5min on ice. The cell pellets were
then incubated in lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 0.1%
SDS, 1× protease inhibitor cocktail) for 10min at room temperature.
Each lysate was incubated for 16 h in 1× dilution buffer (50mM Tris
pH 7.5, 5 mM EDTA, 150mM NaCl, and 0.2% Triton X-100) containing
anti-acetylated lysine antibody (SC-32268) overnight. Afterward, the
lysates were incubated with Sepharose G beads (GE Healthcare) for
90min and centrifuged and washed 3 times with dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl pH 8.1,
167mM NaCl). Laemmli loading buffer was added to each im-
munoprecipitate for 10min and analyzed by western blotting [40]. For
quantification, the data were normalized using IgG heavy chain as a
loading control.

Protein extraction from U937 cells (106 cells/well) was achieved by
disrupting the cells with lysis buffer (5M NaCl, 1M Tris-HCL, 10% SDS,
0.1 μg/ml Benzonase (Sigma), and protease inhibitors (RD systems)).
Approximately 20–40 µg/sample was loaded onto SDS-PAGE gels, se-
parated by electrophoresis, and blotted onto polyvinylidene difluoride
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(PVDF) membranes. Henceforth, they were blocked for 1 h in 5% dry
milk dissolved in 1× PBS with 0.1% Tween-20 (PBST). All antibodies
were diluted in blocking solution (1% milk in PBST). The membranes
were incubated overnight at 4 °C with primary antibodies against
APE1/Ref-1 (SC − 17774, 1:1000), NF-ĸB/p65 (Millipore − 3026,
1:1000), LSD1 (Millipore – 05939, 1:1000), H3K9 (Millipore – 07441,
1:1000), or β-actin (SC − 47778, 1:1000), washed, and then incubated
for 1 h with secondary antibodies at room temperature (horseradish
peroxidase-conjugated anti-mouse (RD Systems – HAF018, 1:1000) or
anti-rabbit (RD Systems – HAF008, 1:1000) antibodies). After antibody
incubation and washing, the membranes were exposed to ECL Prime
Western Blotting Detection Reagent (Amersham) and the images were
captured using a ChemiDoc™ System (Bio-Rad) [41].

2.9. Immunofluorescence

To determine APE1/Ref-1 and NF-ĸB/p65 subcellular localization,
U937 cells (5× 105 cells/well) were treated with LPS or LPS/RESV, as
described above. After treatment, the cells were centrifuged, washed
with phosphate buffer solution (PBS), and fixed with 3% paraf-
ormaldehyde (PFA) for 15min at room temperature. Then, three ad-
ditional washes with cold PBS were performed and the cells were de-
posited on poly-L-lysine-coated cover slips for 30min at room
temperature. The cells were then incubated with PBS containing 0.5%
Triton X-100 for 15min and washed with PBST. Afterward, the cells
were incubated with anti-APE1/Ref-1 (sc-17774 - Santa Cruz
Biotechnology, USA) and anti-NF-ĸB /p65 (sc-8008 - Santa Cruz
Biotechnology, USA) antibodies for 1 h. After three washes with PBST,
the cells were incubated for 1 h in the dark with fluorescein iso-
thiocyanate (FITC)-conjugated secondary antibody, and the nuclei were
subsequently stained with 4',6-diamidino-2-phenylindole (DAPI)
(Sigma). The coverslips were analyzed under a fluorescence microscope
(Olympus, San Diego, CA, USA) at a 1000×magnification.

2.10. Determination of antioxidant enzymes

The antioxidant enzymes peroxiredoxin (PRX2), superoxide dis-
mutase 1 and 2 (SOD1 and 2), catalase (CAT), and thioredoxin (TRX1)
were measured using a Milliplex Human Oxidative Stress Magnetic
Bead Panel (Catalog no. HOXSTMAG-18K, EMD Millipore, Merck,
Darmstadt, Germany). Protein extracts from U937 cells were obtained
using the Illustra™ TriplePrep Kit (GE Healthcare) as previous described
and adjusted to 0.8mg/ml. U937 cells treated with LPS and U937 cells
treated with LPS plus an additional incubation with RESV were used.
The samples were assayed in duplicate and the plates were analyzed
using the Luminex® system, according to the manufacturer's instruc-
tions. The data were reported as mean fluorescence intensities (MFIs).
The experiment was repeated at least three times.

2.11. APE1/Ref-1 repair activity assay

The inhibitory effect of RESV on the repair activity of APE1/Ref-1
was evaluated using two different assays. The APE1/Ref-1 assay was
performed as described by Silva-Portela et al. [42]. The AP en-
donuclease activity of commercially available APE1/Ref-1 (NEB) was
assayed after treatment with RESV (15 µM). The assay is based on the
cleavage of double-stranded substrate (dsDNA) that contains an abasic
site (AP site) at position 10 (i.e., a 21-mer ds oligonucleotide formed
after annealing 5’-Cy5-CGGAATTAAAGXGCAAGACCT-3’ and 5’-AGGT
CTTGCCCTTTAATTCCG-3’). This 5'-fluorescently labeled oligonucleo-
tide was subjected to standard reactions (20 μl) containing 100 fmol
dsDNA, 10×NEBuffer 4, and RESV (15 µM), in the absence or presence
of APE1/Ref-1 (NEB) for 60min at 37 °C. The reactions were terminated
by adding 98% formamide and 0.5M EDTA, followed by heating at
95 °C for 3min. Twenty microliter samples were electrophoresed
through a 20% polyacrylamide gel containing 8M Urea in 1×TBE

buffer at 300 V for 240min. The reaction products were visualized
using the ChemiDoc™ System (Bio-Rad).

The second DNA repair activity assay was performed using de-
purinated plasmids as AP site substrates. The plasmids were incubated
in buffer (20mM NaOAc, 100mM NaCl) containing RESV and APE1/
Ref-1 protein, and the conversion from form I (FI, supercoiled DNA) to
form II (FII, open-circular DNA) was analyzed assuming a Poisson dis-
tribution and using the following equation: X= -In (1.4 x FI / (1.4 x FI
+ FII). For form I, a correction factor of 1.4 was applied to correct for
its lower fluorescence compared with that of form II [43].

2.12. Statistical analysis

The data were evaluated using Prism 5 (GraphPad Software, San
Diego, CA, USA). The normality of the data was assessed by
Kolmogorov-Smirnov tests. The data are expressed as the means± SE;
the groups were analyzed using one-way or two-way analysis of var-
iance (ANOVA) and individual groups compared with Student's t-test.
The results were considered statistically significant when p < 0.05.

3. Results

3.1. Resveratrol does not affect cell viability of U937 cells

The cytotoxic effect of RESV (15 µM) in U937 cells was evaluated by
Trypan Blue exclusion. The results show that LPS/RESV is not cytotoxic
at this concentration, since 90% of the cells remained viable, similar to
that of untreated and LPS-treated cells. We also measured apoptosis
levels and no significant variations were observed (Fig. 1). No sig-
nificant changes were observed in mitochondrial activity after treat-
ments (Supplementary data, Fig. S1).

3.2. RESV reduces the expression of inflammatory mediators

The in vitro cellular inflammation model was established after 24 h
of LPS stimulation, since upregulation of the inflammatory mediators
TNF-α and IL-6 peaked at this time point (Supplementary data, Fig. S2).
The levels of inflammatory mediators were measured in the culture
medium of U937 cells after 24 h of LPS stimulation followed by LPS/
RESV treatment for 4 h (Fig. 2). LPS treatment induced a significant
increase in the levels of cytokines (i.e., TNF-α, IL-8, and MCP-1),
whereas a reduction in the protein levels of these cytokines was ob-
served in the presence of RESV. Analysis of TNF-α, IL-8, and MCP-1
mRNA levels was assessed in the U937 and U251 cell lines. LPS/RESV-
treated cells showed a significant decrease in TNF-α, MCP-1, and IL-8
mRNA expression in U937 cells (Fig. 2). However, U251 cells did not
show any significant reduction in cytokine expression after LPS/RESV
treatment (Supplementary data, Fig. S3).

3.3. Transcriptional response in U937 cells after RESV treatment

LPS- and LPS/RESV-treated U937 cells showed differential gene
expression that yielded 823 upregulated and 2098 downregulated
genes (fold-change of at least 2) (Supplementary data, Tables S2 and
S3).

The top 30 downregulated genes are involved in positive regulation
of inflammatory responses, cell cycle arrest, and apoptosis, as well as
transcription (Fig. 3A). Among the most enriched categories identified
by PANTHER are genes related to RNA processing, DNA repair, in-
flammation, and acetylation protein modification (Fig. 3B). KEGG
analysis showed a decrease in pathways associated with neurodegen-
erative diseases, inflammatory and immune responses, cancer, the
proteasome, and RNA processing (Fig. 3C).

The top 30 upregulated genes are associated with transcriptional
control and cellular signaling (Fig. 3D). The main enriched functional
categories among the upregulated genes involved metabolic processes
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(Fig. 3E), and any KEGG pathway showed statistical significance.
The expression of five upregulated (CYB5R4, ENDOG, RPS6KC1,

PIAS4, RAD54L) and downregulated (NMI, ATM, NCOA1, NDUFV2,
EPAS1) genes was evaluated by qPCR analysis. The results show similar
expression patterns as observed with RNA sequencing, validating our
transcriptome data (Fig. 4A). To evaluate if RESV has the same effect in
the other cell line, the expression of the regulated genes was also
analyzed in U251 cells. The results show that the genes upregulated in
U937 cells were also upregulated in U251 cells. However, the down-
regulated genes did not show the same pattern, suggesting cell-specific
reponses to RESV treatment (Fig. 4B).

The up-regulated PPI network included 518 nodes and 1.242 edges
(Fig. 5A). MAPK3, PIK3C3, POLA1, UCKL1, TNF, and POLR2G, proteins
with high node degree values, also demonstrated high betweenness
values, consistent with hub-bottlenecks (Fig. 5B). These proteins were
linked primarily to transcription, cellular signaling, cell cycle control,
and DNA repair. The obtained subnetworks revealed genes related to
normal monocyte metabolism with biological processes associated with
cell division (Fig. 5C).

The master transcriptional regulators predicted by iRegulon were
ZNF143 and FLI1 in the total upregulated network. In the sub-networks,
the regulators HNF1A, ELK1, ETS1, NFYA, NRF1, and YY2 were also
observed.

The down-regulated PPI network presented a total of 1.253 nodes
and 10.184 edges (Fig. 6A). The top 12 proteins with the highest node
degrees and betweenness values presenting as hub and/or hub-bottle-
neck proteins were related to the regulation of gene expression
(POLR2F, POLR2B), DNA repair (RAD51), cell cycle control and protein
modification (IMPDH2, PPP2CA, CDK1, EHMT2, SIRT1), acetyl-CoA

Fig. 1. Analysis of cytotoxicity in U937 cells after induction of inflammatory response by LPS and treatment with LPS/RESV: (A) Analysis of cell viability by the
Trypan blue exclusion assay; (B) and (C) Results from three individual experiments assessing apoptosis through flow cytometry. Two-Way ANOVA statistical analyses
were used to assess cell viability. p < 0.05 was considered statistically significant.

Fig. 2. Expression of inflammatory mediators. (A) Protein levels of cytokines/
chemokines in U937 cells induced by LPS and after RESV (LPS/RESV) treatment
and (B) mRNA levels in U937 cells. Unpaired Student's t-tests were used to
compare inflammatory mediator levels. * p < 0.05 compared to CTRL and
#p < 0.05 compared to LPS treatment.
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metabolic process (ACACA), and cellular response to LPS and ROS
(SRC) (Fig. 6B). APE1 was not in the top 12 of genes with high node
degree values, although it is above the mean value for degree and be-
tweenness. APE1 is an important gene to be considered in our study,
since it plays important roles in DNA repair and acts as a redox factor
that activates transcription factors. In MCODE analysis, the sub-net-
works obtained with the highest score were Cluster 1 (score 18.29) with
its GO associated with cell cycle control, Cluster 2 (score 17.98) asso-
ciated with gene expression, and Cluster 3 (score 16.96) related to
nucleic acid metabolic processes, including stress response and DNA
repair genes (Fig. 6C). Analysis using the iRegulon tool highlighted
NRF1 (nuclear respiratory factor 1) and GABPA (GA-binding protein
alpha subunit or nuclear respiratory factor-2 subunit alpha) as the

master regulators in the PPI downregulated network. These regulators
are also identified in the sub-networks (Clusters 1–3). In addition, other
regulators were predicted, such as ELK1 and the E2F family.

3.4. Resveratrol decreases protein acetylation patterns

Several genes identified in the trancriptome analysis are associated
with protein modification and RESV is described as being able to in-
crease SIRT1 activity (reviewed in [16]). The SIRT1 gene is down-
regulated< 2-fold in our transcriptome and is a protein with a high
value of betweenness. Therefore, we evaluated SIRT1 activity by assay
kit and its gene expression by qPCR. Although a trend toward increased
SIRT1 activity was observed, a statistical difference was not obtained

Fig. 3. Transcriptome analyses after treatment with RESV. (A) Top 30 downregulated genes; (B) Most enriched biological processes in the downregulated gene list,
analyzed via PANTHER. p < 0.05 by Fisher's Exact test with FDR correction. (C) Enrichiment of KEGG pathways in downregulated gene list. p < 0.05 was
considered statistically significant; D) Top 30 upregulated genes; (E) Most enriched biological processes in the upregulated gene list, analyzed via PANTHER. FDR,
false discovery rate.
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among the groups evaluated. This result can be attributed to the low
dose used in our study as well as the treatment time (Fig. 7A). Re-
garding the qPCR assays, a reduction in SIRT1 expression of about 30%
was observed when compared to LPS treatment, although it was not
statistically significant. A dose-response effect on RESV treatments was
also not observed, suggesting the dose used in our study is already
sufficient for SIRT1 gene expression decrease (Supplementary data, Fig.
S4).

Using a co-immunoprecipitation assay, the protein acetylation pat-
tern was investigated. A decrease in acetylated proteins was observed in
U937 cells treated with LPS/RESV compared to that in LPS-treated cells
(p=0.0221) (Fig. 7B). Since APE1/Ref-1 is a known target of SIRT1,
we detected APE1/Ref-1 in the immunoprecipitated proteins. The cells
treated with LPS/RESV showed reduced levels of acetylated APE1/Ref-
1 compared to those in cells treated with LPS alone (p < 0.0001)
(Fig. 7C). This may indicate a role of RESV in epigenetic regulation via
post-translational modifications, with a significant role in the regula-
tion of gene expression.

3.5. Effect of RESV on expression of proteins present in the transcriptome

We also assessed the level of certain proteins by immunoblotting
(Fig. 8A–E). Regarding the APE1/Ref-1 protein level, no significant
difference was observed (Fig. 8B). However, NF-ĸB (p65) showed
higher protein expression in the LPS-stimulated cells than in the LPS/
RESV-treated cells (p=0.0265) (Fig. 8C). Considering the effect on
protein acetylation, we also evaluated histone methylation patterns,
since methyltransferases and demethylases showed expression varia-
tions in our transcriptome analysis, mainly members of the lysine de-
methylase (KDM) family. Despite an observed reduction in LSD1
(KDM1A) protein expression, statistical significance was not obtained
(Fig. 8D). However, an increase in methylated H3K9 was observed in
LPS/RESV cells compared to that in LPS-stimulated cells (p=0.0349)
(Fig. 8E).

3.6. Resveratrol affects NF-κB and APE1/Ref-1 subcellular localization

The cellular localizations of APE1/Ref-1 and the p65 subunit of NF-
κB were investigated by immunofluorescence. APE1/Ref-1 was mainly
localized in the nucleus of unstimulated U937 cells, while p65 was

located mainly in the cytoplasm. In LPS-stimulated cells, a marked in-
crease in cytoplasmic APE1/Ref-1 was observed, whereas p65 was
mainly found in the nucleus. After addition of LPS/RESV, APE1/Ref-1
seemed to translocate from the cytoplasm to the nucleus and p65 re-
mained in the nucleus (Fig. 9). Analysis of p65 gene expression at dif-
ferent doses of RESV (15, 30 and 50 μM) showed no significant differ-
ence when compared to LPS treatment, suggesting a possible post-
transcriptional regulation (Supplementary data, Fig. S5).

3.7. RESV promotes antioxidant enzyme reduction

To determine whether RESV treatment affects cellular oxidant
status, the activities of antioxidant enzymes were measured. In U937
cells, it was observed that RESV treatment significantly reduced the
levels of SOD2 (p=0.022), PRX2 (p=0.049), CAT (p=0.005), and
TRX (p=0.005) compared with levels in cells treated with LPS alone
(Fig. 10A and B). However, SOD1 was not significantly different be-
tween treatments (p=0.37) (Fig. 10B).

3.8. RESV does not inhibit APE1/Ref-1 repair activity

Since RESV inhibited the expression of several cytokines and this
may be caused by the inhibition of APE1/Ref-1 transcriptional activity,
it was important to evaluate whether RESV (15 µM) has any effect on
the DNA repair activity of APE1/Ref-1. RESV treatment did not affect
the DNA-repair AP endonuclease activity of APE1/Ref-1, since substrate
cleavage was detected by both methodologies used to measure en-
donuclease activity (Fig. 11A and B).

4. Discussion

RESV has been considered a suitable candidate for adjuvant therapy
due to its antioxidant and cell protective effects in a variety of
pathologies, such as cancer, cardiovascular diseases, and neurological
diseases [44–47]. Although the anti-inflammatory activity of RESV has
been described, the mechanisms involved are not well characterized
[48]. Our study demonstrated that RESV at 15 µM did not affect cell
viability after LPS stimulation. Cell proliferation was observed in the
presence of RESV at 10 and 20 µM, but at higher concentrations, a
decrease in cell viability was seen [49]. A previous study using HCE7,

Fig. 4. Transcriptome validation by qPCR in cells treated with LPS/RESV. (A) qPCR compared to RNA-seq of upregulated and downregulated genes in U937 cells; (B)
qPCR of upregulated and downregulated genes in U937 cells compared to those in U251 cells.
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Bic-1, Seg-1, SW480, MCF7, and HL60 cell lines showed that RESV can
cause growth inhibition in a dose-dependent manner from doses greater
than 50 µM [50].

We also observed alterations in the levels of important in-
flammatory cytokines (i.e., TNF-α, IL-8, and MCP-1) after RESV treat-
ment. These results agree with those of previous studies, in which RESV
attenuated the production of IL-8 and impaired TNF-α and IL-6 ex-
pression in RAW264.7 and THP-1 cells [51,52]. However, we also
evaluated U251 cells, a glioblastoma cell line, which did not show
changes in the expression patterns of the inflammatory mediators after
RESV treatment. Fabbri et al. observed elevated levels of cytokines in
the secretome profile of this cell line [53], which could have influenced
its transcriptional response to RESV treatment.

In our work, the upregulated genes were associated with tran-
scription, cell division, macromolecule modification, and RNA meta-
bolic processes. Comparable results were found previously in the
transcriptome of monocytes and monocyte-derived macrophages in the
presence of macrophage colony-stimulating factor (M-CSF) [54]. The
prediction of potential master regulators revealed Friend leukemia in-
tegration 1 transcription factor (FLI1) and zinc finger protein 143
(ZNF143) as the main transcription factors. FLI1 is a regulator involved
in cell growth and differentiation of hematopoietic cells [55,56]. The
protein level of FLI1 is increased in macrophages after LPS stimulation;
it is involved in IL-27 production [57] and is an activator of CXCL2
(MIP-2α) in an additive manner with the p65 (RelA) subunit of NF-κB
under LPS stimulation [58]. FLI1 is acetylated by p300/CBP-associated

Fig. 5. Analysis of the upregulated PPI network using Cytoscape. (A) PPI network obtained with the upregulated gene list, showing 518 nodes and 1242 edges; (B)
Top 12 genes highlighted by CytoHubba with the highest degree and betweenness values. (C) Sub-networks obtained by MCODE with highest score: Cluster 1 (score
6) shows GO related to microtubule-based processes, Cluster 2 (score 5.57) is associated with transcription, and Cluster 3 (score 5.18) is related to organelle
organization. The master regulators predicted by the iRegulon tool are highlighted in yellow, target genes in green, and upregulated genes without motifs for the
master regulators in blue. PPI, protein-protein interaction.
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factor (PCAF) and this decreases FLI1 protein stability and DNA-binding
activity [59]. Therefore, the deacetylation observed in our work may
increase FLI1 binding to its target promoters. ZNF143 is also associated
with cell differentiation, being an important activator of CCAAT-en-
hancer-binding protein alpha (C/EBPα) in myeloid cells [60]. Thus, our
upregulated genes seem to be associated with cell growth and differ-
entiation under the inflammatory stimulus.

Our downregulated gene list contains proteins involved in the reg-
ulation of transcription, protein modification, inflammation, and cell
cycle arrest/apoptosis. GABPA and NRF1 were identified as the main

regulators of this gene set. These proteins are transcriptional regulators
of mitochondrial function and biogenesis. During inflammatory re-
sponses, the production of pro-inflammatory cytokines and chemokines
impacts the mitochondria and their energy balance [61,62]. LPS-sti-
mulated Toll-like receptor 4 (TLR4) signaling through NF-κB can cause
upregulation of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α), NRF1, and GABPA. Thus, the increase in
mitochondrial biogenesis and antioxidant defenses mediated by NRF1
and GABPA are important to mitigate cellular inflammatory damages
[63–65]. In our study, RESV treatment significantly decreased p65

Fig. 6. Analysis of the downregulated PPI network by Cytoscape. (A) PPI network obtained with the downregulated gene list, showing 1253 nodes and 10,184 edges;
(B) Top 12 genes highlighted by CytoHubba with the highest degree and betweenness values. (C) Sub-networks obtained by MCODE with highest score: Cluster 1
(score 18.29) shows GO related to cell cycle control, Cluster 2 (score 17.98) is associated with gene expression, and Cluster 3 (score 16.96) is related to nucleic acid
metabolic processes, which includes stress response and DNA repair genes. The master regulators predicted by the iRegulon tool are highlighted in yellow, target
genes in red, and downregulated genes without motifs for the master regulators in blue. PPI, protein-protein interaction.
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expression and reduced the activities of the antioxidant enzymes SOD2,
PRX2, CAT, and TRX.

Although we did not obtain a statistical difference in the enzymatic
activity of SIRT1 between treatments, a trend of increased SIRT1 ac-
tivity in the presence of RESV was observed, which may be due to the
low dose of RESV used. Several studies have shown that RESV activates
SIRT1, which deacetylates several proteins. In fact, our data showed a
reduction in the general protein acetylation pattern of U937 cells, in-
cluding a reduction in acetylated APE1/Ref-1, a well-known target of
SIRT1. APE1/Ref-1 also stimulates the activity of SIRT1. Indeed, there
is an intrinsic crosstalk between SIRT1 and APE1/Ref-1 [66–68]. An in
silico study suggested that RESV could bind to the redox domain of
APE1/Ref-1, inhibiting its redox function [15], which had not been
experimentally confirmed until now. Thus, the effect of RESV on APE1/
Ref-1 can occur via a deacetylation mechanism.

APE1/Ref-1 is acetylated by p300, which increases its interaction
with HDAC1 and its binding capacity for gene promoters [69,70].
Sengupta et al. (2016) demonstrated the HDAC1 ability to catalyze the
deacetylation of acetylated APE1/Ref-1 in vitro. These authors gener-
ated AcAPE1 by incubation with purified recombinant wild type APE1/
Ref-1 with p300 HAT domain, and confirmed acetylation by WB

analysis using AcAPE1 specific antibody. In addition, the incubation of
AcAPE1 with affinity-purified FLAG-HDACs was carried out, which
showed the action of HDAC1 [71]. This deacetylase is also stimulated
by RESV (reviewed in [20]).

APE1/Ref-1 acetylation has been observed to occur after its binding
to abasic sites, favoring the recruitment of other BER proteins [72]. The
occurrence of 8-oxoguanine in promoter regions and recruitment of
BER proteins have been described as events associated with transcrip-
tional regulation [73–75]. In this context, the deacetylation of APE1/
Ref-1 may affect the DNA damage response and transcription of APE1/
Ref-1 target genes. NF-κB is a target of APE1/Ref-1 redox function that
is required to activate NF-κB in the cytoplasm, allowing NF-κB to
translocate to the nucleus [76–80]. In the presence of RESV, we ob-
served APE1/Ref-1 mainly in the nucleus, suggesting that RESV treat-
ment affects the subcellular localization of APE1/Ref-1.

In contrast, RESV (15 µM) treatment did not affect p65 translocation
since this NF-κB subunit was maintained in nucleus. Literature had been
shown that NF-κB can mediate the synthesis of many proinflammatory
genes, such as TNF-α, IL-1β, IL-6, and IL-8 [81], and these cytokines can
induce its translocation from the cytoplasm to the nucleus [82,83].
Here we found that although the proinflammatory cytokine levels were

Fig. 7. RESV treatment causes reduced protein acetylation. A) Enzymatic activity of SIRT1 evaluated in U937 cells after the induction of inflammatory response by
LPS (1 μg/ml) for 24 h followed by treatment with LPS/RESV (15 μM), or treatment with only RESV (15 μM); B) Immunoprecipitation of acetylated lysine in U937
cells following treatment with LPS and LPS/RESV. The general pattern of protein acetylation by immunodetection with an antibody to acetylated lysine is shown; C)
Acetylation pattern of APE1/Ref-1 by immunodetection with an antibody against APE1/Ref-1 in anti-acetylated lysine immunoprecipitates. Data are expressed as the
mean fold change ( ± SEM). T-tests were used for analyses. * p < 0.05 compared to LPS treatment was considered statistically significant.
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decreased after RESV treatment, corroborating with the lower levels of
p65 protein observed by WB analysis, this subunit of NF-κB was kept in
nucleus. Taken together, these results suggest that RESV was able to
affect the p65 protein level and maybe its cell translocation. Kiernan
et al. [84] obtained data showing that acetylation of lysines 122 and
123 within p65 by p300 and PCAF reduces its affinity to κB-DNA, which
favor its removal by IκBα and subsequent export to the cytoplasm.

These authors also observed the increase of p65 acetylated form in the
cytoplasm in an IκBα-dependent manner. In addition, other post
translational modifications such as phosphorylation seems to regulate
the localization of p65 in the cell. The phosphorylation of p65 on serine
536 is predominantly found in the cytosol, while serine 468 phos-
phorylated p65 is mainly localized in the nucleus [85]. Furthermore, it
has been shown that phosphorylation of p65 on serine 529 increases

Fig. 8. APE1/Ref-1(B), NF-ĸB (p65) (C), LSD1 (D), and H3K9 (E) protein levels in U937 cell extracts by immunoblotting. The graphs show the means from at least
three independent experiments. ANOVA was performed for statistical comparison between the LPS and LPS/RESV groups. p < 0.05 was considered statistically
significant.
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NF-κB transcriptional activity but does not affect nuclear translocation
or DNA biding activity [86].

Other SIRT1 targets are p65 and STAT3. Deacetylation of p65 in-
hibits NF-κB signaling, leading to inflammation suppression. However,
NF-κB signaling also downregulates SIRT1 activity, indicating a level of
crosstalk control [87]. The JAK/STAT pathway is significantly reduced
by RESV treatment in our transcriptome. This pathway is important to
inflammatory response activation, and the acetylation of STAT3 is
needed for several functions of this protein. STAT3 deacetylation by
SIRT1 leads to reduced cytokine production [88,89].

Several studies have shown that deacetylation of PGC-1α by SIRT1
increases the transcriptional activity of the former. This leads PGC-1α
to act as a co-activator of NRF1 and GABPA, promoting mitochondrial
biogenesis (for review see [90]). However, NRF1 and GABPA were

predicted as master regulators among the downregulated genes, and
they are both downregulated in our transcriptome (4.3- and 2.1-fold
downregulation, respectively). In fact, RESV can stimulate the activity
of several deacetylases from sirtuin and HDAC protein families (re-
viewed in [20]). SIRT7 is one of the sirtuins stimulated by RESV, which
was described as being able to reduce SIRT1 activity by preventing
SIRT1 autodeacetylation. This antagonistic effect of SIRT7 on SIRT1
was shown to be important in the signaling network required for
maintenance of adipose tissue [91]. SIRT7 interacts with NRF1 and
binds to the proximal promoters of mitochondrial ribosomal proteins
(mRPs) and mitochondrial translation factors (mTFs), but not to other
NRF1 targets, promoting gene repression and suggesting the suppres-
sion of mitochondrial proliferation. SIRT7 is highly expressed in the
hematopoietic system and its inactivation induces mitochondrial

Fig. 9. Immunofluorescence of APE1/Ref-1 and the p65 subunit of NF-ĸB. Cell nuclei were stained with DAPI and target proteins visualized with specific primary
antibodies and fluorescent secondary antibodies (green) to verify their subcellular localization. (A) Anti-APE1/Ref-1 antibody and (B) anti-p65 antibody. The white
arrows indicate nuclear colocalization. The figures are representative of three independent experiments.
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protein folding stress and compromises the regenerative capacity of
hematopoietic stem cells. In contrast, elevated levels of SIRT7 improved
the regenerative capacity of these cells [92]. In addition, SIRT7 pro-
motes deacetylation of GABPβ1, allowing the formation of the (GABPα/
GABPβ)2 heterotetrameric complex and promoting mitochondrial
homeostasis [93]. GABPα/GABPβ complexes are essential for the
maintenance and differentiation of hematopoietic stem/progenitor
cells, acting as activators or repressors of several genes [94].

NRF1 and GABPA are also potential targets of APE1/Ref-1. Li et al.
observed that NRF1 DNA-binding activity was impaired in the absence
of APE1/Ref-1 redox function, causing decreased expression of NRF1
target genes [95]. Experimental evidence has indicated that the lack of
aprataxin leads to decreased APE1/Ref-1 expression, which was related
to the reduction in NRF1 and GABPA expression and mitochondrial
dysfunction [96]. Together, these data suggest that APE1/Ref-1 reg-
ulates NRF1 and GABPA via both redox regulation and transcriptional
control.

Besides acetylation, methylation appears to be another epigenetic
modification affected by RESV. SIRT1 can repress the expression of
inflammatory genes by deacetylating and activating suppressor of
variegation 3–9 homolog 1 (SUV39H1) methyltransferase, which in
turn causes the accumulation of trimethyl H3K9 [97–99]. In addition,
RESV was able to inhibit LSD1 activity in a dose-dependent manner
[100]. LSD1 protein is important in the demethylation of H3K9 [101].
In tumor cells, RESV treatment was able to decrease the enzymatic
activities and mRNA levels of demethylases of the DNMT family (re-
viewed in [20]). Herein, higher levels of H3K9 methylation after RESV
treatment were observed, suggesting that methylation is involved in
gene expression control. After stimulation with LPS, hyperacetylation of
histones H3 and H4, and H3K9 demethylation were observed in
monocytes, which correlated with the elevated level of transcriptional
activity in these cells [102]. Conversely, the methylation of H3K9 is

related to transcriptional repression by a mechanism involving histone
deacetylation [103].

In conclusion, our data indicate that treatment with RESV causes
significant changes in the acetylation patterns of proteins, such as
APE1/Ref-1, and in histone methylation, mainly affecting regulatory
cascades mediated by NF-κB and JAK/STAT, which target genes related
to inflammatory responses and gene expression. These results indicate
that, in addition to its antioxidant activity, RESV exerts its influence
over inflammatory responses via epigenetic mechanisms. NRF1 and
GABPA seem to be the main regulators of the transcriptional profile
observed after RESV treatment, which needs to be further investigated.
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pBC, plasmid; DP, depurinated plasmid; RESV, resveratrol; FI, supercoiled
plasmid form; FII, open-circular plasmid form.

D.M.L. Pinheiro et al. Free Radical Biology and Medicine 130 (2019) 8–22

20



Competing interests

The authors declare that they have no competing interests.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.freeradbiomed.2018.10.432.

References

[1] P.A.Q. Videira, M. Castro-Caldas, Linking glycation and glycosylation with in-
flammation and mitochondrial dysfunction in Parkinson's disease, Front. Neurosci.
12 (2018) 381.

[2] A.C. Chen, L. Burr, M.A. McGuckin, Oxidative and endoplasmic reticulum stress in
respiratory disease, Clin. Transl. Immunol. 7 (2018) e1019.

[3] D. Peña-Oyarzun, R. Bravo-Sagua, A. Diaz-Vega, L. Aleman, M. Chiong, L. Garcia,
C. Bambs, R. Troncoso, M. Cifuentes, E. Morselli, C. Ferreccio, A.F.G. Quest,
A. Criollo, S. Lavandero, Autophagy and oxidative stress in non-communicable
diseases: a matter of the inflammatory state? Free Radic. Biol. Med. 124 (2018)
61–78.

[4] H. Shakeri, K. Lemmens, A.B. Gevaert, G.R.Y. De Meyer, V. Segers, Cellular se-
nescence links aging and diabetes in cardiovascular disease, Am. J. Physiol. Heart
Circ. Physiol. 315 (2018) H448–H462.

[5] F.L. Fontes, D.M.L. Pinheiro, A.H. Oliveira, R.K. Oliveira, T.B. Lajus, L.F. Agnez-
Lima, Role of DNA repair in host immune response and inflammation, Mutat. Res.
Rev. Mutat. Res. 763 (2015) 246–257.

[6] S. Xanthoudakis, G. Miao, F. Wang, Y.C. Pan, T. Curran, Redox activation of Fos-
Jun DNA binding activity is mediated by a DNA repair enzyme, EMBO J. 11 (1992)
3323–3335.

[7] G. Tell, F. Quadrifoglio, C. Tiribelli, M.R. Kelley, The many functions of APE1/Ref-
1: not only a DNA repair enzyme, Antioxid. Redox Signal. 11 (2009) 601–619.

[8] S. Thakur, M. Dhiman, G. Tell, A.K. Mantha, A review on protein-protein inter-
action network of APE1/Ref-1 and its associated biological functions, Cell
Biochem Funct. 3 (2015) 101–112.

[9] A. Jedinak, S. Dudhgaonkar, M.R. Kelley, D. Silva, Apurinic/apyrimidinic en-
donuclease 1 regulates inflammatory response in macrophages, Anticancer Res. 31
(2011) 379–386.

[10] S. Fujioka, J. Niu, C. Schmidt, G.M. Sclabas, B. Peng, T. Uwagawa, Z. Li,
D.B. Evans, J.L. Abbruzzese, P.J. Chiao, NF-kappaB and AP-1 connection: me-
chanism of NF-kappaB-dependent regulation of AP-1 activity, Mol. Cell Biol. 24
(2004) 7806–7819.

[11] M.R. Kelley, M.M. Georgiadis, M.L. Fishel, APE1/Ref-1 role in redox signaling:
translational applications of targeting the redox function of the DNA repair/redox
protein APE1/Ref-1, Curr. Mol. Pharmacol. 5 (2012) 36–53.

[12] J.Y. Jia, Z.G. Tan, M. Liu, Y.G. Jiang, Apurinic/apyrimidinic endonuclease 1
(APE1/REF-1) contributes to resveratrol-induced neuroprotection against oxygen-
glucose deprivation and re-oxygenation injury in HT22 cells: involvement in re-
ducing oxidative DNA damage, Mol. Med. Rep. 16 (2017) 9786–9794.

[13] A. Zaky, A. Bassiouny, M. Farghaly, B.M. El-Sabaa, A combination of resveratrol
and Curcumin is effective against aluminum chloride-induced neuroinflammation
in rats, J. Alzheimers Dis. 60 (2017) S221–S235.

[14] A. Zaky, B. Mohammad, M. Moftah, K.M. Kandeel, A.R. Bassiouny, Apurinic/
apyrimidinic endonuclease 1 is a key modulator of aluminum-induced neuroin-
flammation, BMC Neurosci. 14 (26) (2013) 2–12.

[15] S. Yang, K. Irani, S.E. Heffron, F. Jurnak, F.L. Meyskens Jr., Alterations in the
expression of the apurinic/apyrimidinic endonuclease-1/redox factor-1 (APE/Ref-
1) in human melanoma and identification of the therapeutic potential of resver-
atrol as an APE/Ref-1 inhibitor, Mol. Cancer Ther. 4 (2005) 1923–1935.

[16] H. Inoue, R. Nakata, Resveratrol targets in inflammation, Endocr. Metab. Immune
Disord. Drug Targets 15 (2015) 186–195.

[17] S. Weiskirchen, R. Weiskirchen, Resveratrol: how much wine do you have to drink
to stay healthy? Adv. Nutr. 7 (2016) 706–718.

[18] J. Schwager, N. Richard, C. Riegger, N. Salem Jr., omega-3 PUFAs and resveratrol
differently modulate acute and chronic inflammatory processes, BioMed. Res Int.
2015 (2015) 1–11.

[19] Z. Ren, L. Wang, J. Cui, et al., Resveratrol inhibits NF-ĸB signaling through sup-
pression of p65 and IkappaB kinase activities, Pharmazie 68 (2013) 689–694.

[20] G.F.S. Fernandes, G.D.B. Silva, A.R. Pavan, D.E. Chiba, C.M. Chin, J.L. dos Santos,
Epigenetic regulatory mechanisms induced by resveratrol, Nutrients 11
(2017) 1–9.

[21] J.A. Baur, Resveratrol, sirtuins, and the promise of a DR mimetic, Mech. Ageing
Dev. 131 (2010) 261–269.

[22] R.H. Houtkooper, E. Pirinen, J. Auwerx, Sirtuins as regulators of metabolism and
health span, Nat. Ver. Mol. Cell Biol. 13 (2012) 225–238.

[23] S. Chung, H. Yao, S. Caito, J.W. Hwang, G. Arunachalam, I. Rahman, Regulation of
SIRT-1 in cellular functions: role of polyphenols, Arch. Biochem. Biophys. 501
(2010) 79–90.

[24] I. Rahman, V.L. Kinnula, V. Gorbunova, H. Yao, SIRT-1 as a therapeutic target in
inflammaging of the pulmonary disease, Prev. Med. 54 (2012) S20–S28.

[25] H. Yao, I. Rahman, Perspectives on translational and therapeutic aspects of SIRT-1
in inflammaging and senescence, Biochem. Pharmacol. 84 (2012) 1332–1339.

[26] A. Vaquero, M. Scher, D. Lee, H. Erdjument-Bromage, P. Tempst, D. Reinberg,
Human Sirt-1 interacts with histone H1 and promotes formation of facultative
heterochromatin, Mol. Cell 16 (2004) 93–105.

[27] S. Imai, C.M. Armstrong, M. Kaeberlein, L. Guarente, Transcriptional silencing and
longevity protein Sir2 is an NAD-dependent histone deacetylase, Nature 403
(2000) 795–800.

[28] J.R. Tennant, Evaluation of the trypan blue technique for determination of cell
viability, Transplantation 2 (1964) 685–694.

[29] J.J. Li, Q. Tang, Y. Li, B.R. Hu, Z.Y. Ming, Q. Fu, et al., Role of oxidative stress in
the apoptosis of hepatocellular carcinoma induced by combination of arsenic tri-
oxide and ascorbic acid, Acta Pharmacol. Sin. 27 (2006) 1078–1084.

[30] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using re-
altime quantitative PCR and the 2ΔΔC(T) method, Methods 25 (2001) 402–408.

[31] W.J. Kent, BLAT—The BLAST-like alignment tool, Genome Res. 12 (2002)
656–664.

[32] P.D. Thomas, M.J. Campbell, A. Kejariwal, H. Mi, B. Karlak, R. Daverman, et al.,
PANTHER: a library of protein families and subfamilies indexed by function,
Genome Res. 13 (2003) 2129–2141.

[33] D. Szklarczyk, A. Franceschini, M. Kuhn, et al., The STRING database in 2011:
functional interaction networks of proteins, globally integrated and scored,
Nucleic Acids Res. 39 (2011) D561–D568.

[34] P. Shannon, A. Markiel, O. Ozier, et al., Cytoscape: a software environment for
integrated models of biomolecular interaction networks, Genome Res. 13 (2003)
2498–2504.

[35] G.D. Bader, C.W. Hogue, An automated method for finding molecular complexes
in large protein interaction networks, BMC Bioinform. 4 (2003) 2.

[36] C.H. Chin, S.H. Chen, H.H. Wu, C.W. Ho, M.T. Ko, C.Y. Lin, cytoHubba: identifying
hub objects and sub-networks from complex interactome, BMC Syst. Biol. 4 (2014)
S11.

[37] I. Rivals, L. Personnaz, L. Taing, M.C. Potier, Enrichment or depletion of a GO
category within a class of genes: which test? Bioinformatics 23 (2007) 401–407.

[38] R. Janky, A. Verfaillie, H. Imrichova, et al., iRegulon: from a gene list to a gene
regulatory network using large motif and track collections, PLoS Comput. Biol. 10
(2014) 1003731.

[39] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248–254.

[40] U. Laemmli, Cleavage of structural proteins during the assembly of the head of
bacteriophage T4, Nature 227 (1970) 680–685.

[41] H. Towbin, T. Staehelin, J. Gordon, Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications,
Proc. Natl. Acad. Sci. USA 76 (1979) 4350–4354.

[42] R.C.B. Silva-Portela, F.M. Carvalho, C.P.M. Pereira, et al., ExoMeg1: a new exo-
nuclease from metagenomic library, Sci. Rep. 6 (2016) 19712.

[43] R.S. Lloyd, C.W. Haidle, D.L. Robberson, Bleomycin-specific fragmentation of
double stranded, DNA, Biochem. 17 (1978) 1890–1896.

[44] D. Bonnefont-Rousselot, Resveratrol and cardiovascular diseases, Nutrients 8
(2016) 250.

[45] S. Bastianetto, C. Ménard, R. Quirion, Neuroprotective action of resveratrol,
Biochim. Biophys. 1852 (2015) 1195–1201.

[46] B.B. Aggarwal, A. Bhardwaj, R.S. Aggarwal, N.P. Seeram, S. Shishodia, Y. Takada,
Role of resveratrol in prevention and therapy of cancer: preclinical and clinical
studies, Anticancer Res. 24 (2004) 2783–2840.

[47] X. Feng, N. Liang, D. Zhu, Q. Gao, L. Peng, H. Dong, Q. Yue, H. Liu, L. Bao,
J. Zhang, et al., Resveratrol inhibits β-amyloid-induced neuronal apoptosis
through regulation of SIRT-1-ROCK1 signaling pathway, PLoS One 8 (2003)
e59888.

[48] N.C. Whitlock, S.J. Baek, The anticancer effects of resveratrol - modulation of
transcription factors, Nutr. Cancer 64 (2012) 493–502.

[49] V. Kumar, A. Pandey, S. Jahan, R.K. Shukla, D. Kumar, A. Srivastava, S. Singh,
C.S. Rajpurohit, S. Yadav, V.K. Khanna, A.B. Pant, Differential responses of Trans-
Resveratrol on proliferation of neural progenitor cells and aged rat hippocampal
neurogenesis, Sci. Rep. 6 (2016) 28142.

[50] K.J. Andrew, L. Hui, S. Masumi, E.V. Muhammet, X. Danhua, I.W. Bernard,
Resveratrol induces growth inhibition, S-phase arrest, apoptosis, and changes in
biomarker expression in several human cancer cell lines, Clin. Cancer Res. 8
(2002) 893–903.

[51] J. Schwager, et al., Resveratrol distinctively modulates the inflammatory profiles
of immune and endothelial cells, BMC Complement. Altern. Med. 17 (309) (2017)
1–12.

[52] J. Schwager, N. Richard, C. Riegger, N. Salem Jr., ω-3 PUFAs and resveratrol
differently modulate acute and chronic inflammatory processes, BioMed. Res. Int.
2015 (2015) 1–11.

[53] E. Fabbri, E. Brognara, G. Montagner, C. Ghimenton, A. Eccher, C. Cantù, S. Khalil,
et al., Regulation of IL-8 gene expression in gliomas by microRNA miR-93, BMC
Cancer 15 (661) (2015) 1–15.

[54] D. Chunsheng, Z. Guoping, Z. Mei, Y. Yan, W. Li, X. Sidong, RNA sequencing and
transcriptomal analysis of human monocyte to macrophage differentiation, Gene
519 (2013) 279–287.

[55] E. Suzuki, S. Williams, S. Sato, G. Gilkeson, D.K. Watson, X.K. Zhang, The tran-
scription factor Fli-1 regulates monocyte, macrophage and dendritic cell devel-
opment in mice, Immunology 139 (2013) 318–327.

[56] X. Tekpli, A. Urbanucci, A. Hashim, C.B. Vågbø, R. Lyle, M.K. Kringen, A.C. Staff,
I. Dybedal, I.G. Mills, A. Klungland, J. Staerk, Changes of 5-hydro-
xymethylcytosine distribution during myeloid and lymphoid differentiation of
CD34+ cells, Epigenet. Chromatin. 9 (2016) 21.

D.M.L. Pinheiro et al. Free Radical Biology and Medicine 130 (2019) 8–22

21

https://doi.org/10.1016/j.freeradbiomed.2018.10.432
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref1
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref1
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref1
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref2
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref2
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref3
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref3
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref3
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref3
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref3
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref4
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref4
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref4
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref5
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref5
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref5
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref6
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref6
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref6
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref7
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref7
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref8
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref8
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref8
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref9
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref9
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref9
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref10
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref10
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref10
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref10
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref11
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref11
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref11
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref12
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref12
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref12
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref12
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref13
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref13
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref13
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref14
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref14
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref14
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref15
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref15
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref15
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref15
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref16
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref16
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref17
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref17
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref18
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref18
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref18
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref19
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref19
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref20
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref20
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref20
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref21
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref21
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref22
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref22
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref23
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref23
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref23
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref24
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref24
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref25
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref25
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref26
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref26
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref26
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref27
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref27
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref27
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref28
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref28
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref29
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref29
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref29
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref30
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref30
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref31
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref31
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref32
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref32
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref32
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref33
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref33
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref33
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref34
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref34
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref34
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref35
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref35
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref36
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref36
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref36
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref37
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref37
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref38
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref38
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref38
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref39
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref39
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref39
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref40
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref40
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref41
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref41
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref41
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref42
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref42
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref43
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref43
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref44
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref44
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref45
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref45
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref46
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref46
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref46
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref47
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref47
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref47
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref47
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref48
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref48
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref49
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref49
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref49
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref49
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref50
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref50
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref50
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref50
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref51
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref51
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref51
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref52
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref52
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref52
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref53
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref53
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref53
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref54
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref54
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref54
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref55
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref55
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref55
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref56
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref56
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref56
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref56


[57] P. Gao, M. Yuan, X. Ma, W. Jiang, L. Zhu, M. Wen, J. Xu, Q. Liu, H. An,
Transcription factor Fli-1 positively regulates lipopolysaccharide-induced inter-
leukin-27 production in macrophages, Mol. Immunol. 71 (2016) 184–191.

[58] N. Lou, M.L. Lennard Richard, J. Yu, M. Kindy, X.K. Zhang, The Fli-1 transcription
factor is a critical regulator for controlling the expression of chemokine C-X-C
motif ligand 2 (CXCL2), Mol. Immunol. 81 (2017) 59–66.

[59] Y. Asano, J. Czuwara, M. Trojanowska, Transforming growth factor-beta regulates
DNA binding activity of transcription factor Fli1 by p300/CREB-binding protein-
associated factor-dependent acetylation, J. Biol. Chem. 282 (2007) 34672–34683.

[60] D. Gonzalez, A. Luyten, B. Bartholdy, Q. Zhou, M. Kardosova, A. Ebralidze,
K.D. Swanson, H.S. Radomska, P. Zhang, S.S. Kobayashi, R.S. Welner, E. Levantini,
U. Steidl, G. Chong, S. Collombet, M.H. Choi, A.D. Friedman, L.M. Scott,
M. Alberich-Jorda, D.G. Tenen, ZNF143 protein is an important regulator of the
myeloid transcription factorC/EBPα, J. Biol. Chem. 292 (2017) 18924–18936.

[61] I. Valle, A. Alvarez-Barrientos, E. Arza, S. Lamas, M. Monsalve, PGC-1alpha reg-
ulates the mitochondrial antioxidant defense system in vascular endothelial cells,
Cardiovasc. Res. 66 (2005) 562–573.

[62] Z. Wu, P. Puigserver, U. Andersson, C. Zhang, G. Adelmant, V. Mootha, A. Troy,
S. Cinti, B. Lowell, R.C. Scarpulla, B.M. Spiegelman, Mechanisms controlling mi-
tochondrial biogenesis and respiration through the thermogenic coactivator PGC-
1, Cell 98 (1999) 115–124.

[63] H.B. Suliman, T.E. Sweeney, C.M. Withers, C.A. Piantadosi, Co-regulation of nu-
clear respiratory factor-1 by NFkappaB and CREB links LPS-induced inflammation
to mitochondrial biogenesis, J. Cell Sci. 123 (2010) 2565–2575.

[64] T.E. Sweeney, H.B. Suliman, J.W. Hollingsworth, C.A. Piantadosi, Differential
regulation of the PGC family of genes in a mouse model of Staphylococcus aureus
sepsis, PLoS One 5 (2010) e11606.

[65] A.D. Cherry, C.A. Piantadosi, Regulation of mitochondrial biogenesis and its in-
tersection with inflammatory responses, Antioxid. Redox Signal. 22 (2015)
965–976.

[66] T. Yoshizaki, S. Schenk, T. Imamura, J.L. Banbendure, N. Sonoda, E.J. Bae,
Da.Y. Oh, M. Lu, J.C. Milne, C. Westphal, G. Bandyopadhyay, J.M. Olefsky, SIRT-1
inhibits inflammatory pathways in macrophages and modulates insulin sensitivity,
Am. J. Physiol. Endocrinol. Metab. 298 (2010) 419–428.

[67] H. Yang, W. Zhang, H. Pan, H.G. Feldser, E. Lainez, et al., SIRT-1 Activators
Suppress Inflammatory Responses through Promotion of p65 Deacetylation and
Inhibition of NF-κB Activity, PLoS One 7 (2012) 1–11.

[68] T. Yamamori, J. DeRicco, A. Naqvi, T.A. Hoffman, I. Mattagajasingh, K. Kasuno,
S.B. Jung, C.S. Kim, K. Irani, SIRT-1 deacetylates APE1/REF-1 and regulates cel-
lular base excision repair, Nucleic Acids Res. 38 (2010) 832–845.

[69] K.K. Bhakat, T. Izumi, S.H. Yang, T.K. Hazra, S. Mitra, Role of acetylated human
AP-endonuclease (APE1/REF-1/Ref-1) in regulation of the parathyroid hormone
gene, EMBO J. 22 (2003) 6299–6309.

[70] S. Sengupta, A.K. Mantha, S. Mitra, K.K. Bhakat, Human AP endonuclease (APE1/
REF-1/Ref-1) and its acetylation regulate YB-1-p300 recruitment and RNA poly-
merase II loading in the drug-induced activation of multidrug resistance gene
MDR1, Oncogene 30 (2011) 482–493.

[71] S. Sengupta, A.K. Mantha, H. Song, S. Roychoudhury, S. Nath, S. Ray, K.K. Bhakat,
Elevated level of acetylation of APE1 in tumor cells modulates DNA damage re-
pair, Oncotarget 7 (2016) 75197–75209.

[72] S. Roychoudhury, S. Nath, H. Song, et al., Human apurinic/apyrimidinic en-
donuclease (APE1) is acetylated at DNA damage sites in chromatin, and acetyla-
tion modulates its DNA repair activity, Mol. Cell Biol. 37 (2017) e00401–e00416.

[73] S. Amente, A. Bertoni, A. Morano, et al., LSD1-mediated demethylation of histone
H3 lysine 4 triggers Myc-induced transcription, Oncogene 29 (2010) 3691–3702.

[74] X. Ba, A. Bacsi, J. Luo, et al., 8-oxoguanine DNA glycosylase-1 augments proin-
flammatory gene expression by facilitating the recruitment of site-specific tran-
scription factors, J. Immunol. 192 (2014) 2384–2394.

[75] A.M. Fleming, C.J. Burrows, 8-Oxo-7,8-dihydroguanine, friend and foe: epige-
netic-like regulator versus initiator of mutagenesis, DNA Repair. 56 (2017) 75–83.

[76] A. Oeckinghaus, S. Ghosh, The NFKB family of transcription factors and its reg-
ulation, Cold Spring Harb. Perspect. Biol. (2009).

[77] A.M. O'Hara, A. Bhattacharyya, J. Bai, R.C. Mifflin, P.B. Ernst, S. Mitra,
S.E. Crowe, Tumor necrosis factor (TNF)-alpha-induced IL-8 expression in gastric
epithelial cells: role of reactive oxygen species and AP endonuclease-1/redox
factor (Ref)-1, Cytokine 46 (2009) 359–369.

[78] H.M. Lee, J.M. Yuk, D.M. Shin, C.S. Yang, K.K. Kim, D.K. Choi, Z.L. Liang,
J.M. Kim, B.H. Jean, C.D. Kim, J.H. Lee, E.K. Jo, Apurinic/apyrimidinic en-
donuclease 1 is a key modulator of keratinocyte inflammatory responses, J.
Immunol. 183 (2009) 6839–6848.

[79] J.D. Song, S.K. Lee, K.M. Kim, J.W. Kim, J.M. Kim, Y.H. Yoo, Y.C. Park, Redox
factor-1 mediates NF-kappaB nuclear translocation for LPS-induced iNOS expres-
sion in murine macrophage cell line RAW 264.7, Immunology 124 (2008) 58–67.

[80] H.H. Wu, Y.W. Cheng, J.T. Chang, T.C. Wu, W.S. Liu, C.Y. Chen, H. Lee,
Subcellular localization of apurinic endonuclease 1 promotes lung tumor aggres-
siveness via NF-kappaB activation, Oncogene 29 (2010) 4330–4340.

[81] P.P. Tak, G.S. Firestein, NF-κB: a key role in inflammatory diseases, J. Clin. 107
(2001) 7–11.

[82] Jr.A.S. Baldwin, TheNF-kappa B and I kappa B proteins: new discoveries and in-
sights, Annu. Rev. Immunol. 14 (1996) 649–683.

[83] J. Caamaño, C.A. Hunter, NF-κB family of transcription factors: central regulators
of innate and adaptive immune functions, Clin. Microbiol. Rev. 15 (2002)
414–429.

[84] R. Kiernan, V. Brès, R.W. Ng, M.P. Coudart, S. El Messaoudi, C. Sardet, D.Y. Jin,
S. Emiliani, M. Benkirane, Post-activation turn-off of NF-kappa B-dependent
transcription is regulated by acetylation ofp65, J. Biol. Chem. 278 (2003)
2758–2766.

[85] R. Moreno, J.M. Sobotzik, C. Schultz, M.L. Schmitz, Specification of the NF-κB
transcriptional response by p65 phosphorylation and TNF-induced nuclear trans-
location of IKKε, Nucleic Acids Res. 38 (2010) 6029–6044.

[86] D. Wang Jr., A.S. Baldwin, Activation of nuclear factor-κB-dependent transcription
by tumor necrosis factor-α is mediatedthrough phosphorylation of RelA/p65 on
serine 529, J. Bio Chem. 273 (1998) 29411–29416.

[87] A. Kauppinen, T. Suuronen, J. Ojala, K. Kaarniranta, A. Salminen, Antagonistic
crosstalk between NF-κB and SIRT1 in the regulation of inflammation and meta-
bolic disorders, Cell Signal. 25 (2013) 1939–1948.

[88] R. Sestito, S. Madonna, C. Scarponi, F. Cianfarani, C.M. Failla, A. Cavani,
G. Girolomoni, C. Albanesi, STAT3-dependent effects of IL-22 in human kerati-
nocytes are counterregulated by sirtuin 1 through a direct inhibition of STAT3
acetylation, FASEB J. 25 (2011) 916–927.

[89] E. Limagne, M. Thibaudin, R. Euvrard, H. Berger, P. Chalons, F. Végan,
E. Humblin, R. Boidot, C. Rébé, V. Derangère, S. Ladoire, L. Apetoh, D. Delmas,
F. Ghiringhelli, Sirtuin-1 activation controls tumor growth by impeding Th17
differentiation via STAT3 deacetylation, Cell Rep. 19 (2017) 746–759.

[90] B.L. Tang, Sirt1 and the mitochondria, Mol. Cells 39 (2016) 87–95.
[91] J. Fang, A. Ianni, C. Smolka, O. Vakhrusheva, H. Nolte, M. Krüger, A. Wietelmann,

N.G. Simonet, J.M. Adrian-Segarra, A. Vaquero, T. Braun, E. Bober, Sirt7 promotes
adipogenesis in the mouse by inhibiting autocatalytic activation of Sirt1, Proc.
Natl. Acad. Sci. USA 114 (2017) E8352–E8361.

[92] M. Mohrin, J. Shin, Y. Liu, K. Brown, H. Luo, Y. Xi, C.M. Haynes, D. Chen, Stem
cell aging. A mitochondrial UPR-mediated metabolic checkpoint regulates hema-
topoietic stem cell aging, Science 347 (2015) 1374–1377.

[93] D. Ryu, Y.S. Jo, G. Lo Sasso, S. Stein, H. Zhang, A. Perino, J.U. Lee, M. Zeviani,
R. Romand, M.O. Hottiger, K. Schoonjans, J. Auwerx, A. SIRT7-dependent, acet-
ylation switch of GABPβ1 controls mitochondrial function, Cell Metab. 20 (2014)
856–869.

[94] S. Yu, K. Cui, R. Jothi, D.M. Zhao, X. Jing, K. Zhao, H.H. Xue, GABP controls a
critical transcription regulatory module that is essential for maintenance and
differentiation of hematopoietic stem/progenitor cells, Blood 117 (2011)
2166–2178.

[95] M. Li, C. Vascotto, S. Xu, et al., Human AP endonuclease/redox factor APE1/ref-1
modulates mitochondrial function after oxidative stress by regulating the tran-
scriptional activity of NRF1, Free Radic. Biol. Med. 53 (2012) 237–248.

[96] B. Garcia-Diaz, E. Barca, A. Balreira, et al., Lack of aprataxin impairs mitochon-
drial functions via downregulation of the APE1/NRF1/NRF2 pathway, Hum. Mol.
Genet. 24 (2015) 4516–4529.

[97] A. Vaquero, M. Scher, H. Erdjument-Bromage, P. Tempst, L. Serrano, D. Reinberg,
SIRT-1 regulates the histone methyl-transferase SUV39H1 during heterochromatin
formation, Nature 450 (2007) 440–444.

[98] Z. Hailong, Y. liqun, C. Hongjuan, SIRT-1 regulates autophagy and diploidization
in parthenogenetic haploid embryonic stem cells, Biochem. Biophys. Res.
Commun. 464 (2015) 1163–1170.

[99] M.E. Kotas, C.G. Michelle, M.P. Gillum, Sirtuin-1 is a nutrient-dependent mod-
ulator of inflammation, Adipocyte 2 (2013) 113–118.

[100] A. Abdulla, X. Zhao, F. Yang, Natural polyphenols inhibit lysine-specific de-
methylase-1 in vitro, J. Biochem. Pharmacol. Res. 1 (2013) 56–63.

[101] F.E.E. Mansouri, S.S. Nebbaki, M. Kapoor, H. Aif, J. Martel-Pelletier, J.P. Pelletier,
M. Benderdour, H. Fahmi, Lysine-specific demethylase 1-mediated demethylation
of histone H3 lysine 9 contributes to interleukin 1β-induced microsomal pros-
taglandin E synthase 1 expression in human osteoarthritic chondrocytes, Arthritis
Res. Ther. 16 (2014) 1–15.

[102] S. Saccani, G. Natoli, Dynamic changes in histone H3 Lys 9 methylation occurring
at tightly regulated inducible inflammatory genes, Genes Dev. 16 (2002)
2219–2224.

[103] M.D. Stewart, Li Jjwen, W. Jjemin, Relationship between Histone H3 Lysine 9
Methylation, transcription repression, and heterochromatin protein 1 recruitment,
MCB 25 (2005) 2525–2538.

[104] M.P. Mori, R.A. Costa, D.T. Soltys, T.S. Freire, F.A. Rossato, I. Amigo,
A.J. Kowaltowski, A.E. Vercesi, N.C. de Souza-Pinto, Lack of XPC leads to a shift
between respiratory complexes I and II but sensitizes cells to mitochondrial stress,
Sci. Rep. 7 (2017) 155.

D.M.L. Pinheiro et al. Free Radical Biology and Medicine 130 (2019) 8–22

22

http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref57
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref57
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref57
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref58
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref58
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref58
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref59
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref59
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref59
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref60
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref60
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref60
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref60
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref60
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref61
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref61
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref61
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref62
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref62
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref62
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref62
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref63
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref63
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref63
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref64
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref64
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref64
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref65
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref65
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref65
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref66
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref66
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref66
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref66
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref67
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref67
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref67
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref68
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref68
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref68
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref69
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref69
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref69
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref70
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref70
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref70
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref70
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref71
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref71
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref71
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref72
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref72
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref72
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref73
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref73
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref74
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref74
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref74
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref75
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref75
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref76
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref76
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref77
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref77
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref77
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref77
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref78
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref78
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref78
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref78
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref79
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref79
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref79
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref80
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref80
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref80
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref81
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref81
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref82
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref82
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref83
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref83
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref83
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref84
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref84
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref84
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref84
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref85
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref85
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref85
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref86
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref86
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref86
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref87
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref87
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref87
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref88
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref88
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref88
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref88
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref89
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref89
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref89
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref89
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref90
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref91
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref91
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref91
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref91
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref92
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref92
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref92
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref93
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref93
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref93
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref93
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref94
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref94
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref94
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref94
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref95
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref95
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref95
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref96
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref96
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref96
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref97
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref97
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref97
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref98
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref98
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref98
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref99
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref99
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref100
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref100
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref101
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref101
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref101
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref101
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref101
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref102
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref102
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref102
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref103
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref103
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref103
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref104
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref104
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref104
http://refhub.elsevier.com/S0891-5849(18)31488-6/sbref104

	Resveratrol decreases the expression of genes involved in inflammation through transcriptional regulation
	Introduction
	Materials and methods
	Cell cultures, inflammatory stimulus, and RESV treatment
	Cell viability assays
	Cytokine analysis
	RNA extraction
	Quantitative PCR
	Transcriptome analysis
	SIRT1 activity assay
	Co-immunoprecipitation and western blotting analysis
	Immunofluorescence
	Determination of antioxidant enzymes
	APE1/Ref-1 repair activity assay
	Statistical analysis

	Results
	Resveratrol does not affect cell viability of U937 cells
	RESV reduces the expression of inflammatory mediators
	Transcriptional response in U937 cells after RESV treatment
	Resveratrol decreases protein acetylation patterns
	Effect of RESV on expression of proteins present in the transcriptome
	Resveratrol affects NF-κB and APE1/Ref-1 subcellular localization
	RESV promotes antioxidant enzyme reduction
	RESV does not inhibit APE1/Ref-1 repair activity

	Discussion
	Acknowledgements
	Competing interests
	Supporting information
	References




