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RELAZIONE:  
 
BACKGROUND AND RATIONALE: 
Medical plants active components have always represented important source in clinics due their chemical 
properties and reported multi-pharmacological activity. Since ancient times, indeed, phytochemicals have 
been used in traditional medicine for their properties and health benefits (Nilius and Appendino, 2013), that 
can be exploited in pharmaceutical drug discovery and drug design. Thanks to a collaboration with the 
University of Bologna, a set of new compounds has been synthetized by combining a hydroxycinnamoyl 
function from curcumin and diallyl sulfides from garlic. Many natural polyphenols presenting these particular 
functions have shown to modulate several pathways related to oxidative stress and inflammation, acting 
through the modulation of many protective enzymes involving the Nuclear factor (erythroid-derived 2)-like 
2 (Nrf2) pathway (Perron and Brumaghim, 2009; Cory et al., 2018). Nrf2 is a redox-sensitive transcription 
factor regulating and coordinating the expression of a wide range of genes encoding phase II and detoxifying 
enzymes.   
In our previous papers, we tested and demonstrated the ability of these new hybrid compounds to 
counteract Ab-aggregation and oxidative stress through the activation of Nrf2 pathway (Simoni et al., 2016; 
Simoni et al., 2017).  
Several studies demonstrate that Nrf2 plays also a key role in the inflammatory processes. Genetic or 
pharmacological activation of Nrf2 strongly suppresses the production of pro-inflammatory cytokines 
(Knatko et al., 2015; Kobayashi et al., 2016; Quinti et al., 2017; Innamorato et al., 2008) and Nrf2-deficiency 
induces an exacerbation of inflammation in a variety of murine models such as sepsis, pleurisy, and 
emphysema (Ishii et al., 2005; Iizuka T et al., 2005; Thimmulappa et al., 2006). However, this anti-
inflammatory activity is not completely clarified and has been related to several mechanisms, including the 
crosstalk with the transcription factor Nuclear Factor-kB (NF-kB), the modulation of redox balance, and the 
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direct down-regulation of some ARE-dependent expression of pro-inflammatory cytokines (Kobayashi et al., 
2016). 
In this context, during my research experience abroad, the aim was to evaluate the anti-inflammatory 
potential of the newly synthetized Nrf2-activators in human monocytic cell line (THP-1) and in human primary 
peripheral blood mononuclear cells (PBMCs), mainly focusing on their modulatory effect on Nrf2 and NF-kB 
pathways. 
 
METHODS: 
Cellular model and pharmacological treatments: THP-1 cells were purchased from the European Collection 
of Authenticated Cell Cultures (ECACC) and cultured in a RPMI-1640 medium supplemented with 10% heat-
inactivated Foetal Bovine Serum (FBS), 2 mM glutamine, 0.1 mg/mL streptomycin and 100 IU·mL penicillin at 
37 °C in 5% CO2-containing and 95% air atmosphere. All compounds were solubilized in DMSO (at stock 
concentrations) and frozen (−20°C) in aliquots that were diluted immediately prior to use, avoiding freeze 
and thaw cycles. All culture media, supplements, FBS and DMSO were purchased from Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany). 
Cell Viability: The mitochondrial dehydrogenase activity that reduces 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT, Sigma Aldrich, Merck KGaA, Darmstadt, Germany) was used to 
determine cell viability using a quantitative colorimetric assay. At day 0, THP-1 were plated in 96-well plates 
at a density of 70 x 103 viable cells per well, respectively. After treatment, according to the experimental 
setting, cells were exposed to an MTT solution (1 mg/mL) in complete medium. After 4h of incubation with 
MTT, cells were lysed with sodium dodecyl sulfate (SDS, Sigma Aldrich) for 24h and cell viability was 
quantified by reading absorbance at 570 nm, using a microplate reader (Bio-Tek). 
Subcellular fractionation for Nrf2 and NF-kB nuclear translocation. After treatments, suspended cells were 
collected, centrifugated, and washed twice with ice-cold PBS, and subsequently homogenized 20 times using 
a glass-glass homogenizer in ice-cold fractionation buffer (20 mM Tris/HCl pH 7.4, 2 mM EDTA, 0.5 mM EGTA, 
0.32 M sucrose, 50 mM β-mercaptoethanol). The homogenate was centrifuged at 300g for 5 min to obtain 
the nuclear fraction, then lysed by the addition of ice-cold homogenization buffer (50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100 and protease-phosphatase inhibitors mix). An aliquot of this 
nuclear extract was used for protein quantification by Bradford method, whereas the remaining was boiled 
at 95°C for 5 min after dilution with sample buffer. Nuclear extracted proteins were subjected to 
polyacrylamide gel electrophoresis and immunoblotting as described below. 
Immunodetection of Nrf2, HO-1 and NF-kB. The expression of Nrf2, HO-1, and NF-kB in whole cell lysates or 
nuclear extracts was assessed by Western Blot analysis. After treatment, suspended cells were collected, 
centrifugated, and washed twice with ice-cold PBS and lysed by the addition of ice-cold homogenization 
buffer. Samples were sonicated, quantified by Bradford method, and boiled at 95°C for 5 min after dilution 
with sample buffer. For Western blot analysis, equivalent amounts of both total and nuclear extracts (30 μg) 
were electrophoresed in 10% acrylamide gel, under reducing conditions, then, electroblotted into PVDF 
membranes (Sigma Aldrich), blocked for 1h with 5% w/v bovine serum albumin (BSA) in TBS-T (0.1 M Tris-
HCl, pH 7.4, 0.15 M NaCl, and 0.1% Tween 20) and incubated overnight at 4°C with primary antibodies diluted 
in 5% w/v BSA in TBS-T. The day after, detection was carried out by incubation with secondary HRP antibodies 
diluted in 5% w/v BSA in TBS-T for 1h at room temperature. Membranes were subsequently washed three 
times with TBS-T and proteins of interest were visualized using an ECL reagent. 
Real Time Quantitative PCR (RT-qPCR). After treatments, total RNA was extracted from THP-1 by using a 
Direct-zolTM RNA MiniPrep (Zymo Research, Irvine, USA) following the manufacturer’s instructions. 
QuantiTect reversion transcription kit and QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA, USA) were 
used for cDNA synthesis and gene expression analysis, following the manufacturer’s specifications. TNFα and 
GAPDH primers were provided by Qiagen. GAPDH will be used as endogenous reference and the transcripts 
quantification was performed using the ΔΔCt method. 
Attenuation of the Nrf2 Gene Expression by RNA Interference. A commercially available siRNA for the 
human Nrf2 gene were purchased from Sigma Aldrich. THP-1 cells were transfected with the siRNA using 
Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) 
following manufacturer’s protocol. 
Enzyme-linked immunosorbent assay (ELISA) determination of cytokines. After treatments, the levels of 
cytokines in the incubation medium were quantified using a commercial kit to measure TNFα (Invitrogen).  
PBMCs purification and culture. Human peripheral blood mononuclear cells (PBMCs) were obtained from 
the blood of five (5) healthy individuals satisfying the SENIEUR standard protocol for immuno-gerontological 
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studies (Pawelec et al., 2001). All subjects gave written informed consent in accordance with the Declaration 
of Helsinki. Heparinized blood was subjected to density gradient centrifugation over Ficoll-Paque Plus 
medium (GE Healthcare Life Sciences, Marlborough, MA, USA). Briefly, PBS-diluted blood was carefully 
layered onto the Ficoll-Paque density gradient and centrifuged for 20 min at 400 x g at slow acceleration and 
with the brake off at room temperature. After centrifugation, the PBMCs layer, consisting of monocytes, T 
and B lymphocytes, was collected and washed three times with fresh PBS. Cell viability, assessed by Trypan 
blue exclusion, was more than 95%. For experiments, PBMCs were resuspended at a density of 1x106 cells/mL 
in complete culture medium consisting of RPMI 1640 supplemented with 10% heat-inactivated FBS, 2 mM 
glutamine, 0.1 mg/mL streptomycin and 100 IU·mL penicillin and maintained at 37 °C in 5% CO2 and 95% air 
atmosphere. 
Luminex X-MAP® assay 
Human cytokine MILLIPLEX® MAP Kit (customized for IFNγ, IL-1β, IL-4, IL-6, IL-8, IL-12 (p40), IL-12 (p70), IL-13, 
IL-27, MCP-1, MCP-3, TNFα) was purchased from Millipore-Sigma (Merck KGaA). The assay was performed in 
a 96-well plate and all reagents were prepared according to the manufacturer’s instructions. Each well was 
cleaned and pre-wet with 200 μL of wash buffer on plate at 450 rpm during 10 min at RT. Wash buffer was 
removed by inverting the plate. Assay buffer, matrix solution or culture medium was used as a blank, each 
standard from a range of concentrations (different for each analyte), quality controls and samples were 
added to the appropriate wells. The mixed magnetic microbead solution was sonicated and vortexed prior 
to adding 25 μL into each well. The plates were sealed and incubated with agitation on a plate shaker at 750 
rpm overnight at 4°C in a darkroom. Plates were put on the magnetic support to retain microbeads, then 
fluid was removed by inverting the plate to avoid touching the beads. Each well was washed three times with 
200 μL of wash buffer with a plate shaker at 450 rpm for 30 sec at RT. 25 μL of biotinylated detection 
antibodies were added per well, and plates were incubated in dark room at RT on a plate shaker at 750 rpm 
for one hour. Then, 25 μL of streptavidin–phycoerythrin solution was added to each well, and plates were 
incubated on a plate shaker at 750 rpm for 30 min at RT and protected from light. Plates were washed three 
times with 200 μL of wash buffer. Microbeads were resuspended in 150 μL/well of sheath fluid on a plate 
shaker at 450 rpm for 5 min at RT. Data were acquired on a Luminex® 200TM System using the Luminex 
xPonent® software. An acquisition gate of between 8,000 and 15,000 was set to discriminate against any 
doublet events and ensure that only single microbeads were measured. 50 beads/assay were collected and 
median fluorescence intensities (MFIs) were measured. Sensitivity limits (in pg/mL) were 0.86 for IFNγ; 0.52 
for IL-1β; 0.2 for IL-4; 0.14 for IL-6; 0.52 for IL-8; 2.24 for IL-12 (p40); 0.88 for IL-12 (p70); 2.58 for IL-13; 50.78 
for IL-27; 3.05 for MCP-1; 8.61 for MCP-3 and 5.39 for TNFα. MFIs were converted to concentrations using 
the equation of standard range of the appropriate cytokine using Milliplex® Analyst 5.1 Software. 
Densitometry and statistics  
Data are expressed as mean ± SEM. The relative densities of the acquired images of Western blotting bands 
were analyzed with ImageJ software. Statistical analyses were performed using Prism software (GraphPad 
software, San Diego, CA, USA; version 8.0). Statistical differences were determined by analysis of variance 
(ANOVA) followed, when significant, by an appropriate post hoc test, as indicated in the figure legends.  
 
RESULTS AND DISCUSSION: 
The compounds used in this study and synthetized with our collaborators of University of Bologna 
coordinated by Dr. Michela Rosini, combined molecular fragments deriving from garlic to the 
pharmacophoric portion of curcumin into new hybrid chemical entities. 
The five hybrids investigated in this study differ from each other by the presence or absence of two key 
functional groups deemed necessary for the activation of Nrf2 pathway, the catechol moiety and the Michael 
acceptor group, an α,β-unsaturated carbonyl function. In particular, GS29 have both the catechol moiety as 
well as the Michael acceptor group. MEC23 and ST5 lack each for only one of these groups whereas GMU17 
and FB43 were synthetized as negative controls, lacking for both functions. Moreover, the effects of CURC as 
positive controls have also been tested. 
The aim of the present study was to investigate the antinflammatory effect of these hybrids particularly 
focusing on their ability to activate the Nrf2 pathway and on their potential modulatory effect on NF-kB 
pathway. 
THP-1 cell line has been chosen as in vitro model to study the antinflammatory effect. THP-1 is a human 
monocytic cell line derived from the peripheral blood of a 1-year-old human male with acute monocytic 
leukemia, which has been extensively used to study immune functions and relative signaling pathways 
(Chanput et al., 2014). This cell line has become a common in vitro model to study the monocyte-macrophage 
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differentiation process (Daigneault et al., 2010), and as a model to examine some monocyte/macrophage-
related physiological processes such as inflammation (Yang et al., 2016; Tucureanu et al., 2017; Jin et al., 
2018). 
First of all, the cytotoxicity of the hybrids has been evaluated in THP-1 cell line by MTT assay, in comparison 
with curcumin (CURC), the main polyphenolic compound of turmeric, representing the starting point for the 
design of the hybrids. Cells were exposed to compounds (GS29, MEC23, ST5, GMU17, and FB43) or CURC at 
concentrations ranging from 1 to 10 μM for 24h. As shown in Figure 1, all the tested compounds were well-
tolerated, with a reduction of cell viability of about 10-15%, consistently with our previous data (Simoni et 
al., 2016). 
 

 
 
FIGURE 1: Cell viability in THP-1 cells exposed to hybrid compounds or CURC. THP-1 cells were cultured for 
24h with GS29, ST5, MEC23, GMU17, FB43 or CURC at the indicated concentrations. Cell viability was 
assessed using an MTT assay. Data are expressed as percentage of cell viability (% of CTR) ± SEM, *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001 versus CTR; Dunnett’s multiple comparison test (n=5). 
 
Nrf2 is a redox-sensitive transcription factor regulating and coordinating the expression of a wide battery of 
genes encoding phase II and detoxifying enzymes. In basal conditions, Nrf2 is retained in the cytoplasm by its 
negative repressor Keap1 (Kelch-like ECH-associated protein 1) that rapidly induce the ubiquitination and the 
proteosomal degradation of this transcription factor (Niture et al., 2014). After exposure to oxidative and/or 
electrophilic stress, Nrf2 is released by Keap1, translocates into the nucleus, and activates the ARE-mediated 
expression of cytoprotective genes. Since Nrf2 nuclear translocation is an essential step for the complete 
activation of its pathway, the ability of the compounds to induce the nuclear translocation of Nrf2 in THP-1 
cells, by comparing their effects with CURC, has been investigated. Cells were treated with compounds or 
CURC at the concentration of 5 μM for 3h and the nuclear protein amount of Nrf2 was determined by 
Western Blot. This concentration has been chosen basing on our previous publications in which we 
investigated the capability of these compound to induce the Nrf2 pathway in a different cellular model 
(Simoni et al., 2016). 
As indicated in Figure 2A, with the exception of GMU17 and FB43, all hybrids and CURC significantly induced 
the localization of Nrf2 into the nucleus. Such result suggests that Nrf2 nuclear translocation may depend on 
the presence/absence of some electrophilic features, the α,β-unsaturated carbonyl function and the catechol 
group. Accordingly, GMU17 and FB43, lacking for both electrophilic features, were not capable to induce Nrf2 
nuclear translocation. Furthermore, the expression of HO-1, one of the main Nrf2 target, has also been 
assessed. THP-1 cells were treated with 5 μM compounds or CURC for 24h and HO-1 protein amount was 
evaluated by Western Blot. As shown in Figure 2B, all compounds and CURC, except GMU17 and FB43, 
positively modulated HO-1 protein levels, thus demonstrating the complete activation of Nrf2 pathway. 
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A       B 

 
 
FIGURE 2: Nrf2 pathway activation in THP-1 cells by compounds and CURC: nuclear translocation and HO-
1 induction. (A) Nuclear cellular extracts were obtained from THP-1 cells treated for 3h with 5 µM of 
compounds or CURC. Nrf2 protein amount was determined by Western Blot. Anti-lamin A/C was used as 
protein loading control. Results are shown as ratio Nrf2/lamin A/C ± SEM; ***p < 0.001 and ****p < 0.0001 
versus CTR; Dunnett’s multiple comparison test (n=3). (B) Cellular extracts of THP-1 cells treated for 24h with 
compounds or CURC at 5 μM were analyzed for HO-1 protein levels by Western Blot. Anti-tubulin was used 
as protein loading control. Results are shown as ratio HO-1/Tub ± SEM; *p < 0.05, ***p < 0.001 and ****p < 
0.0001 versus CTR; Dunnett’s multiple comparison test (n=4). 
 
To test the antinflammatory effect of the molecules, the modulation of TNFα, the main cytokine involved in 
systemic inflammation and in acute phase reaction, has been first evaluated.THP-1 cells have been treated 
with compounds or CURC at the concentration of 5 μM for 24h and then exposed to LPS (10 ng/mL) for 3h to 
promote the inflammatory response (Figure 3). TNFα modulation was assessed by RT-qPCR and ELISA, to 
evaluate both TNFα mRNA expression (Figure 3A) and its relative extracellular protein release (Figure 3B). 
The compounds, with the exception of FB43, significantly reduced the expression of TNFα mRNA (Figure 3A), 
whereas all the molecules have been found to decrease its release into culture medium (Figure 3B). Such 
results demonstrate the ability of our compounds to prevent LPS-induced inflammation process by 
suppressing TNFα expression and its relative extracellular release.  
 
A B 

 
 
FIGURE 3: Modulation of TNFα mRNA expression and release by compounds and CURC in LPS-stimulated 
THP-1 cells. (A) RNA from total cellular extracts of THP-1 cells treated for 24h with 5 μM compounds or CURC 
and stimulated with LPS 10 ng/mL for 3h, were analyzed for TNFα mRNA expression by RT-PCR. GAPDH was 
used as housekeeping gene. Results are shown as average ± SEM; *p < 0.05 and **p < 0.01 versus LPS; 
Dunnett’s multiple comparison test (n=4). (B) THP-1 cells were treated for 24h with 5 μM compounds or 
CURC and stimulated with LPS 10 ng/mL for 3h. After that the amount of TNFα in the culture medium were 
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measured by ELISA. Data are presented as stimulation index ± SEM; **** p < 0.0001 versus LPS; Dunnett’s 
multiple comparison test (n=5). 
 
Although GMU17 and FB43 have not shown any ability to activate Nrf2 pathway, however they were able to 
reduce the expression and the release of TNFα. To better understand this phenomenon, we decided to knock 
down Nrf2 gene by siRNA to deeper investigate whether the antinflammatory effect of such molecules relies 
with their ability to induce Nrf2 pathway. THP-1 cells have been silenced for 24h and, then, treated for 
additional 24h with some structurally-selected compounds (GS29, GMU17, FB43) at the concentration of 5 
μM. Once silenced, cells were exposed for 3h to LPS 10 ng/mL to induce the inflammatory response and to 
evaluate the release of TNFα by ELISA assay. As shown in Figure 4, all the selected compounds were 
demonstrated able to significantly reduce the LPS-induced release of TNFα after Nrf2 silencing, thus 
indicating that the antinflammatory effect exerted by the compounds is not ascribed to the activation Nrf2 
intracellular pathway. 
 
 

 
FIGURE 4: Modulation of TNFα extracellular release in Nrf2-silenced THP-1 cells. THP-1 cells were silenced 
for 24h using lipofectamine transfection reagent and a siRNA for the human Nrf2 gene. After silencing, cells 
were treated with GS29, GMU17, or FB43 at the concentration of 5 μM for 24h and stimulated for 3h with 
LPS 10 ng/mL. The amount of TNFα in the culture medium were measured by ELISA. Data are presented as 
stimulation index ± SEM; *** p < 0.001 and **** p < 0.0001 versus LPS siRNACTR; #### p < 0.0001 versus LPS 
siRNANrf2; Dunnett’s multiple comparison test (n=3). 
 
To deeper understand the mechanism of action underlying the antinflammatory effect of our compounds, 
the involvement of NF-kB has been investigated. NF-kB is a key transcription factor governing the expression 
of several genes involved in diverse biological processes, including immune and inflammatory responses 
(Perkins et al., 2007; Häcker and Karin, 2006). In the absence of a stimulant, NF-kB remains inactive in the 
cytoplasm bound to its inhibitory protein, IkB. The exposure to pro-inflammatory stimuli, such as LPS, triggers 
the phosphorylation and the degradation of IkB allowing NF-kB nuclear translocation and activation (Perkins 
et a., 2007).  
To evaluate whether these molecules exert their antinflammatory effect by interacting with NF-kB signaling 
pathway, THP-1 cells were treated with hybrid compounds or CURC at the concentration of 5 μM and, then, 
stimulated for 1,5h with 10 ng/mL LPS as inflammatory stimulus (the timing was chosen basing on some 
preliminary experiment).  As shown in figure 5, both our compound and CURC were capable to decrease NF-
kB nuclear translocation compared to LPS only, thus suggesting that the reduction in TNFα production and 
release may be ascribed to the inhibition of NF-kB signaling pathway. 
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FIGURE 5: Nuclear translocation of NF-kB in THP-1 cells treated with compounds or CURC. Nuclear cellular 
extracts were obtained from THP-1 cells treated for 1,5h with 5 µM of compounds or CURC. NF-kB expression 
was determined by Western Blot. Anti-lamin A/C was used as protein loading control. Results are shown as 
ratio NF-kB/lamin A/C ± SEM; *p < 0.05, **p < 0.01 versus LPS; Dunnett’s multiple comparison test (n=3). 
 
Although our compounds are well recognized Nrf2-activators, altogether, these results suggest that their 
ability to suppress the TNFα mediated inflammatory response induced by LPS is due to their inhibitory 
effect on NF-kB pathway.  
 
To further investigate the differential capability of compounds in modulating cytokine and chemokine 
release, we moved from THP-1 cells to human primary PBMCs from healthy donors. Human PBMCs were 
treated with hybrid compounds or CURC at the concentration of 5 μM for 24 hours and then stimulated with 
10 ng/mL LPS for 3 hours. The release of a panel of the most common cytokines and chemokines (e.g. IFNγ, 
IL-1β, IL-4, IL-6, IL-8, IL-12 (p40), IL-12 (p70), IL-13, IL-27, MCP-1, MCP-3, TNFα) was measured in cell 
supernatants by using Luminex X-MAP® technology. While exposure of human PBMCs to LPS significantly 
increased protein release of IL-6, IL-8, IL-12 (p40), MCP-1 and TNFα compared to unstimulated controls, 
secreted IFNγ, IL-4, IL-12 (p70), IL-13 and IL-27 were undetectable both in untreated and LPS-stimulated 
PBMCs (Table 1). No differences in IL-1β and MCP-3 release were observed between PBMCs that were 
stimulated by LPS, untreated, or treated with compounds or CURC PBMCs. 
A differential regulation of cytokine and chemokine release by compounds was observed during immune 
stimulation (Table 1). In particular, GS29 and CURC, significantly reduced the release of the pro-inflammatory 
cytokine IL-6 in LPS-stimulated human PBMCs. No effect on IL-8 release was observed for both hybrid 
compounds and CURC. In addition, GS29 and MEC23 significantly decreased IL-12 (p40) release in human 
PBMCs upon LPS stimulation. Interestingly, compounds GS29, MEC23 and CURC were capable to significantly 
attenuate the release of the chemokine MCP-1 in LPS-stimulated PBMCs from healthy patients. In contrast, 
GMU17 and FB43 did not affect MCP-1 release, revealing the same activity trend observed for Nrf2 induction. 
Notably, such results are consistent with evidence from literature reporting that, after innate immune 
stimulation, treatment of human PBMCs with Nrf2 activators, such as the Nrf2 agonist CDDO-Me 
(bardoxolone methyl), markedly reduced LPS-evoked MCP-1/CCL2 production and that this effect was not 
specific to LPS-induced immune responses, as Nrf2 activation also reduced MCP-1/CCL2 production after 
stimulation with IL-6 (Eitas et al., 2017). Furthermore, FB43 and CURC confirmed their capability to 
significantly reduce TNFα release in LPS-stimulated PBMCs, as previously observed in the THP-1 cell line.  
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TABLE 1: Differential regulation of innate immune cytokine release in human PBMCs from healthy donors. 
 
Overall, these results confirm the ability to reduce the inflammatory response also in a primary cellular 
model. However, further experiments are needed to better characterize the molecular pathway through 
which these hybrids exert their remarkable antinflammatory activity and to evaluate possible Keap1/Nrf2-
NF-kB pathways crosstalk. 
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