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Resveratrol inhibits the production of reactive
oxygen species in phorbol ester- and toll-like
receptor-stimulated granulocytes from diabetic

patients

Abstract

Hyperglycemia of diabetes is associated with increase in the generation of reactive
oxygen species (ROS) and vascular complications. Resveratrol (RSV) has been proposed
as a therapeutic resource for human diseases such as type 2 diabetes mellitus (T2DM).
However, the role of hyperglycemia on resveratrol action in cells from innate immunity is
poorly studied. The aim of the present study was, to evaluate the effects of RSV on ROS
production by granulocytes from T2DM patients “primed” by chronic hyperglycemia “in
vivo”. The effects of RSV on ROS production in granulocytes were quantified using a
luminol assay. The granulocyte activators were phorbol 12,13-dibutyrate (PDB;), and LPS
or zymosan (TRL4- and TRL2-activators, respectively). In some experiments, calphostin C
were compared with those of RSV. RSV suppressed ROS generation in granulocytes from
T2DM patients and non- diabetic (ND) controls in a similar manner (p>0.05). Percentage
inhibition values was 85% and 64% in resting cells, 69 and 77% in PDB-stimulated cells,
69 and 67% in TRL4-activated cells, and 76 and 59% in TRL2-activated cells in T2DM
patients and ND controls, respectively. The profile of inhibition of ROS production by
calphostin C was similar to that obtained with RSV. The effect of RSV is not affected by
hyperglycemia. ROS production in granulocytes from T2DM patients and ND controls was
inhibited by the polyphenol in a similar manner (p>0.05). The inhibition of ROS generation
by RSV was comparable with that observed with calphostin C. PKC and/or NADPH-
oxidase are targets of RSV action. RSV could be considered a therapeutic option to control
innate immune oxidizing response and inflammation in diabetic complications.
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Introduction

Diabetes mellitus is a metabolic, immunological and inflammatory
disease,' the prevalence of which continues to rise globally despite
integrated prevention efforts and significant advances in treatment.
The pathogenesis of diabetes is known to be associated with
activation of the innate immune system and the overproduction
of reactive oxygen species (ROS). Leukocytes are the effectors of
innate immunity, although polymorphonuclear granulocytes typically
arrive at the sites of inflammation or infection prior to the infiltration
of mononuclear cells. Infiltrated leukocytes can effectuate the
formation of ROS, vascular endothelial growth factor (VEGF) and
other mediators of vascular remodeling,> while mononuclear cells
also produce cytokines and matrix metalloproteases (MMPs). With

regard to the latter, MMP2 and MMP9 degrade type IV collagen while
ROS induces the expression of MMP2 in the vasculature.** Thus, the
reactivity of granulocytes, monocytes and T lymphocytes may reflect
the inflammatory cellular responses in an inflammatory process.
Pahwa & lJialal® associated oxidative stress hyperglycemia-induced
and inflammation with the genesis of diabetic vascular complications.
The authors suggest that hyperglycemia activates Toll-like receptors
(TLRs) to increase oxidative stress promoting inflammatory responses
in diabetic patients. Complications in diabetes, including vascular
damage and ocular angiogenesis leading to diabetic retinopathy, are
associated with increased ROS production induced by hyperglycemia
and/or the activation of toll-like receptors (TLRs).*® Hyperglycemia
promotes the formation of diacylglycerol (DAG) and the activation
of protein kinase C (PKC) and NADPH-oxidase systems leading
to the generation of ROS. Much evidence suggests that TLR
activation is involved in the pathogenesis of type 2 diabetes mellitus
(T2DM).*!1? Although the expression of TLRs is increased in diabetes,
it can be suppressed by insulin.''* In contrast, zymosan (ZY) and
lipopolysaccharide (LPS) activate TLR2 and TLR4, respectively, and
mimic fungal and bacterial infections.'!?

Although the inflammatory basis of vascular complications in
T2DM has been the focus of considerable research, and distinct
advances have been made in the development new therapies, the
medications currently available are unable to control the serious health
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issues associated with diabetes. Proposals for novel therapeutic targets
and alternative medications must take into account the hyperglycemia-
induced signaling pathways that give rise to the inflammatory profile
of the disease. In this context, studies have shown that resveratrol
(RSV; 3,5,4’-trihydroxystilbene), a natural polyphenol phytoalexin
found in wine, has the potential to impact on human diseases,
including diabetes.'* While numerous plant-derived polyphenolics
exhibit antioxidant and anti-inflammatory properties,'> RSV has the
capacity to modulate oxidative stress by up-regulating the production
of nitric oxide and endogenous antioxidants, thereby suppressing
the proliferation of vascular smooth muscle cells, and attenuating
the activity of angiotensin I The effect hyperglycemia in
diabetes could be modulated by the control of ROS/NADPH-oxidase
signaling pathways to reduce oxidative stress and TLR activation.®
In consideration of the above, an understanding of the mechanism
involved in the modulation by RSV of ROS production in stimulated-
granulocytes could be important in managing the inflammatory
process in diabetes and other pathologies. The objective of the present
study was, therefore, to evaluate the effects of RSV on resting, PKC-
activated and TLR2,4,-stimulated granulocytes derived from patients
diagnosed with T2DM and from non-diabetic (ND) controls.

Material and methods

Details of the project were submitted to and approved by the Ethics
Committee of the Santa Casa Hospital of Belo Horizonte, MG, Brazil.
Written informed consent was obtained from all participants prior to
the commencement of the study.

Study population

Volunteers aged between 30 and 60years were recruited at the
Endocrinology Department of the Santa Casa Hospital of Belo
Horizonte. The study population comprised patients with T2DM,
diagnosed according to the criteria of the American Diabetes
Association, and normoglycemic ND subjects. Potential participants
were submitted to detailed physical examination, and their medical
histories and laboratory data were evaluated prior to entering the study.
Subjects were excluded if they presented one or more of the following
conditions or pathologies: pregnancy, dementia, inflammation,
malignant disease, infection or tobacco/alcohol dependence.

Preparation of granulocytes

A modified version of the Ficoll-Hypaque gradient method
described by Bicalho et al.'”” was employed in the simultaneous
separation of granulocytes and peripheral blood mononuclear cells.
Briefly, samples of heparinized venous blood (10 mL) were applied
to double Ficoll-Hypaque gradients of different densities in order

Table | Characteristics of the studied population
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to generate three interfaces after centrifugation. The fraction at the
first interface from the top was rich in peripheral blood mononuclear
cells while that at the second interface comprised granulocytes. The
cellular viability of each sample was determined using the trypan blue
exclusion test and was found to be >90% in all cases.

Oxidative responses

A luminol-based chemiluminescence method was employed to
assess the oxidative responses of granulocytes. In each assay, 200uL
of luminol dissolved in 0.4 M dimethyl sulfoxide was mixed with
a 100uL aliquot of granulocyte suspension (I x 10°cells/100uL) in
phosphate buffered saline (PBS). Assays to establish the basal level
of ROS production in granulocytes were carried out over a 40min
period and reactions were monitored using a Turner Biosystems
(Promega, Madison, WI, USA) model 20/20n luminometer. The
effects of modulators on ROS production in granulocytes were
assessed in sequential reactions whereby the basal granulocyte level
was maintained for 15min, following which the modulator was
added and the assay continued for a further 30 min. The modulators
employed were RSV (10uM, 100ul), the PKC-activator phorbol
12,13-dibutyrate (PDB; 10* M, 100uL), the PKC-inhibitor calphostin
C (0.1uM, 100uL), the TLR4-activator LPS (5pg, SOuL), and the
TLR2-activator ZY (13mg/mL, 30uL). In order to test the effects of
RSV and calphostin C on ROS production in PKC-activated and TLR-
stimulated granulocytes, the associations PDB+ SV, PDB+ calphostin
C, LPS+RSV, and ZY+RSV were investigated. In these experiments,
RSV or calphostin C was added to the corresponding assay mixture
and the reaction was monitored for an additional 30min.

Statistical analyses

The Kolmogorov-Smirnov test was used to assess the normal
distribution of the continuous variables, and values were expressed as
meanzstandard error or median as appropriate. Comparisons between
groups were performed using unpaired Student ¢ or Mann Whitney
tests and, in some cases, the X? test. All tests were performed with the
aid of Origin 6.0 (Microcal Software Inc., Northampton, MA, USA)
with the level of significance set at p<0.05.

Results

Profile of the study population

The demographic, clinical and biochemical profiles of the study
population of patients diagnosed with T2DM and ND controls (Table
1) were similar except for the elevated levels of fasting glucose and
glycated hemoglobin that are characteristic of diabetes. All of the
T2DM patients were receiving treatment with statins, beta-blockers
and hypoglycemic drugs.

Parameter T2DM patients ND controls Statistical significance
N 40 40

Age 54.23+8 45.55+4.5 NS

Fasting glucose (mg/dL) 180£10.4 91.17+£3.7 p<0.05

Glycated hemoglobin (%) 7.3104 5.4+0.2 p<0.05

Total cholesterol (mg/dL) 196.1£10.1 184.35 £10.58 NS

High-density lipid cholesterol (mg/dL) 50.13+£3.78 57+3.69 NS

Low-density lipid cholesterol (mg/dL) 117.18x11.5 115.17x11.2 NS

Triglycerides (mg/dL) 130.713.5 117.44+15.0 NS

Values shown represent means#standard error where applicable. T2DM=type 2 diabetes mellitus; ND=non-diabetic; NS=no significant difference (p>0.05)
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Inhibition of ROS production by RSV depends on PKC

In order to investigate the signaling pathway involved in the
inhibition of ROS generation by RSV, the effects of the polyphenol
were assessed in the presence of the diacylglycerol-like PKC-activator
PDB and of the selective PKC-inhibitor calphostin C (Table 2). Resting
granulocytes derived from T2DM patients generated significantly
(P<0.05) higher levels of ROS than those from ND controls, while
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the activation of ROS production by PDB was significantly more
enhanced (P<0.05 by the X* test) in cells from T2DM patients than
in those from ND controls. On the other hand, calphostin C and RSV
down-regulated the production of ROS in granulocytes from T2DM
patients and ND controls in a comparable manner (P>0.05 by the X*
test). These findings suggest a role for PKC in the inhibitory effect
of RSV.

Table 2 Resveratrol inhibited ROS generation in granulocytes from type 2 diabetic patients by down-regulation of protein kinase C

Experiments ROS in RLU/min

T2DM patients Activation 1 ND control Activation 1
Inhibition |a(%) Inhibition |a(%)

I.G + PBS 489 _ 261 _

2.G + PDB I 164* 138 (1) 436* 67 (1)
3.G + Calphostin C 140%* 72 (1) 77% 71 (1)
4.G + RSV 76* 85 (|) 95%* 64 (1)
5.G + PDB + RSV 393% 69 (1) 101# 77 (1)
6.G + PDB + Calphostin C 6917 41 (1) 215% 51 (1)

Percentage activation (1) and inhibition () values were calculated from the expressions [(R2/R1) — 1] x 100 and [I — (R2/RI)] x 100, respectively. In lines 2,
3 and 4, R1 represents ROS levels in resting granulocytes and R2 represents ROS levels in the presence of PDB, Calphostin C and Resveratrol, respectively. In
lines 5 and 6, R1 represents ROS levels in PDB-stimulated granulocytes and R2 ROS levels in the presence of inhibitor.Values are expressed as median; n=20

for each group

ROS=reactive oxygen species; RLU = relative light units; G=granulocytes; PBS=phosphate buffered saline; PDB=Phorbol Dibutyrate; RSV = Resveratrol.

*p<0.05 vs G + PBS
# p<0.05 vs G + PDB

RSV inhibited ROS production in TLR- activated
granulocytes

The results shown in Table 3 confirm that, in the absence of TLR
activators, ROS production was higher in granulocytes from T2DM
patients than in those from ND controls while the addition of RSV
inhibited ROS generation in resting cells from both sources. The
production of ROS increased significantly (p<0.05) when granulocytes
from T2DM patients or ND controls were stimulated with LPS or

zymosan, but this effect was rapidly reversed following the addition
of RSV to the assay mixture. Typical curves obtained in kinetic
studies of the effects of RSV on ROS generation in granulocytes from
patients with T2DM and from ND controls are presented in Figure 1.
The basal level of ROS generation in resting granulocytes (Figure 1a)
was rapidly down-regulated following the addition of RSV (Figure
1b), and the polyphenol elicited similar reductions in ROS production
in cells that had been stimulated with the TLR-activators LPS (Figure
Ic) or ZY (Figure 1d).
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Figure | Typical curves of kinetics studies on reactive oxygen species (ROS) generation Oby granulocytes from Type 2 diabetic (T2DM) patients and non-diabetic
(ND) controls. Panel A and B represent the effects of vehicle and resveratrol in resting granulocytes, respectively. Panel ¢ and d show the effects of RSV on ROS

production in LPS or ZY-stimulated granulocytes, respectively
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Table 3 Effect of Resveratrol on ROS production by TLR-stimulated in granulocytes fromT2DM patients
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Experiments

ROS in RLU/min

T2DM patients Activation 1 ND control Activation 1
Inhibition | a(%) Inhibition | a(%)

I.G + PBS 182.3 _ 102 _

2.G+LPS 297.8* 63 (1) 176.0% 72 (1)
3.G+ZY 271.8*% 50 (1) 137.0% 34 (1)
4.G + RSV 62.0* 66 (1) 60.0* 41 (1)
5.G + LPS + RSV 92.9% 69 (1) 58.5% 67 (1)
6.G + ZY + RSV 64.5° 76 (1) 56.0° 59 (1)

150

ROS = reactive oxygen species; RLU=relative light units; G=granulocytes; PBS=phosphate buffered saline; LPS: lipopolysaccharide; ZY=zymozan; RSV=Resveratrol.

*p<0.05 vs G + PBS
#p<0.05 vs G + LPS
®p<0.05 vs G + ZY

®Percentage activation (1) and inhibition (|) values were calculated from the expressions [(R2/R1) — 1] x 100 and [I — (R2/R1)] % 100, respectively. In lines 2,
3 and 4, R1 represents ROS levels in resting granulocytes and R2 represents ROS levels in the presence of LPS, ZY and Resveratrol, respectively. In line 5 and
6,R1 represents ROS levels in LPS and ZY-stimulated granulocytes, respectively, and R2 ROS levels in the presence of inhibitorValues are expressed as median;

n=20 for each group

Discussion

The results presented herein (Tables 1-3) (Figure 1) demonstrate
that RSV has the capacity to inhibit ROS generation in resting, PKC-
activated and TLR-stimulated granulocytes from T2DM patients
and ND controls when assayed in vitro. Inflammation is a protective
immune response that can also cause tissular damage. Leukocytes are
active in the resolution of inflammation or infection, but it is known
that infiltrated leukocytes can produce inflammatory cytokines, MMPs,
VEGF, ROS and several other mediators that are able to remodel the
vasculature. High levels of ROS are associated with inflammation in
several ways since ROS signaling not only promotes the expression
of MMP2 in the vasculature, it also activates the formation of multi-
protein oligomer inflammasome platforms that induce inflammatory
cascades involving the activation of caspase-1 and the secretion of
the proinflammatory cytokines interleukin (IL)-1p and IL-18.24%
Considering that granulocytes derived from T2DM patients produce
higher levels of ROS than those from ND controls (Table 2) (Table
3), medications that are able to modulate ROS production could be
considered as therapeutic options for the treatment of inflammation.
The naturally occurring polyphenol RSV inhibited ROS production
in resting granulocytes. Hyperglycemia activate similar metabolic
signaling pathways involving DAG, PKC, NADPH-oxidase and
ROS generation.” > However, ROS production by TLR4,9 depends
on NADPH-oxidase and MAPK signaling pathways. In contrast, the
activation of TLR2 leads to ROS production by a mechanism that
is dependent on NADPH oxidase but independent of the MAPK.’
Furthermore, the higher levels of ROS production observed in vitro
in primed cells from T2DM patients are associated with the in vivo
activation of the DAG-PKC signaling pathway in hyperglycemia.’
It may be concluded, therefore, that hyperglycemia in diabetes does
not interfere with the inhibitory effects of RSV on granulocytes.
RSV and calphostin C (a selective PKC inhibitor) down-regulated
extracellular ROS generation in granulocytes from T2DM patients
and ND controls in a comparable manner (p>0.05) (Table 2). ROS
production in granulocytes derived from both sources increased

significantly following the addition of PDB (a DAG-like selective
activator of PKC), but activation of ROS generation was promptly
suppressed by the addition of RSV or calphostin C. These results
suggest that RSV acts on the PKC signaling pathways or, indirectly,
on the NADPH-oxidase complex. Considerable research attention has
been focused on the inflammatory basis of complications associated
with T2DM, and it is widely accepted that the effect of PKC activation
in vascular tissue is both undesirable and a contributory factor in
diabetic complications. On this basis, PKC has emerged as a new
therapeutic target for controlling diabetic complications, and the
oral administration of PKC inhibitors constitutes a novel therapy for
diabetic retinopathy.?** The results of the present study demonstrate
that RSV down-regulates ROS generation in human leukocytes most
likely through the inhibition of PKC. However, signaling is not simply
a linear cascade of metabolic reactions but an integrated network of
signaling pathways. Thus, RSV may act on diverse signaling points
relating to various metabolic responses. Since PKC plays a pivotal role
in the phosphorylation of NADPH-oxidase subunits, the inhibition of
PKC will reflect on NADPH-oxidase activity and on ROS generation.
Moreover, it has been shown that all cell types in the vascular wall
generate ROS via superoxide-producing protein-complexes that are
similar to NADPH-oxidase present in leukocytes.?*?” It is suggested;
therefore, that down-regulation of ROS by RSV could improve local
oxidative stress in diverse vascular diseases. Various mechanisms are
involved in innate immunity including activation of pattern recognition
receptors (PRR) belonging to the TLR family. When granulocytes
derived from T2DM patients or ND controls were stimulated with the
TLR2-activator ZY or the TLR4-activator LPS, the generation of ROS
increased to levels that were significantly higher (p<0.05) than those
observed in the respective resting granulocytes (Table 3). However,
since ROS generation in TLR-stimulated granulocytes depends on
NADPH-oxidase, the addition of RSV to stimulated cells produced a
rapid decrease in the levels of ROS.”

It is worth noting that pathogen-associated molecular pattern
(PAMP) molecules, such as LPS from bacteria or zymosan from fungi,
as well as damage associated molecule pattern (DAMP) molecules,
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such as advanced glycation end products (AGEs) and other activators,
may enhance ROS production through TLR activation. Inflammatory
cells (neutrophils, macrophages and lymphocytes) are responsible
for the phagocytosis of necrotic cells in the myocardium, while the
intracellular contents of dead cells (i.e. DAMPs) stimulate the innate
immune system presumably via TLR activation. Indeed, activation
of TLR2 and TLR4, and the presence of cytokines such as IL-6, IL-
1B and tumor necrosis factor-alpha (TNF-a), have been detected in
ischemic heart remodeling.?** Chen et al.** recently demonstrated
that RSV improved kidney function in LPS-induced acute kidney
injury (AKI) by reducing the levels of inflammatory cytokines and
the infiltration of inflammatory cells into the renal interstitium.
These authors suggest that RSV could be a novel therapeutic agent
to prevent LPS-induced AKI in sepsis. In addition, Zhen et al.,’!
have shown that RSV exerts a beneficial effect on experimental
periodontitis in diabetic mice by down-regulating the activation of
TLR4. Regarding T2DM, it has been suggested that the high levels
of ROS production associated with diabetic complications, such as
cardiovascular lesions and infarction cause by myocardial ischemia,
are related to the presence of low-grade inflammation, inflammatory
cell infiltration and collagen synthesis. On this basis, an association
between diabetic complications and innate immunity linked to TLR
activation can be envisaged. Pathologies with increase in ROS and
TLR activity can be modulates with antioxidant therapeutic strategies.®
In general, drugs or medications that are able to down-regulate ROS
generation could have a beneficial role in the treatment of diabetic
complications by virtue of their capacity to modulate oxidative stress
and control localized endothelial inflammation. The results presented
herein clearly demonstrate that RSV is effective as an ROS inhibitor
in various in vitro models, including those involving resting, PKC-
activated and TLR-stimulated granulocytes. Considering that diabetic
hyperglycemia did not interfere with the action of RSV on leukocytes,
we suggest that the polyphenol could be considered as an auxiliary
option for the treatment of complications in diabetes.
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