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Abstract 19 

 20 

Metabolic syndrome is a cluster of medical conditions that increases the risk of developing 21 

cardiovascular disease and type 2 diabetes. Numerous studies have shown that inflammation is 22 

directly involved in the onset of metabolic syndrome. In this study in silico techniques were applied 23 

to a natural products database containing molecules isolated from mushrooms from the Catalan 24 

forests to predict molecules that can act as human nuclear-factor kB kinase 2 (IKK-2) inhibitors. 25 

IKK-2 is the main component responsible for activating the nuclear-factor kB transcription factor 26 

(NF-kB). One of these predicted molecules was o-orsellinaldehyde, a molecule present in the 27 

mushroom Grifola frondosa. This study shows that o-orsellinaldehyde presents anti-inflammatory 28 

and pro-apoptotic properties by acting as IKK-2 inhibitor. Additionally, we suggest that the anti-29 

inflammatory properties of Grifola frondosa mushroom could partially be explained by the presence 30 

of o-orsellinaldehyde on its composition.  31 

 32 

Keywords:   33 

Inflammation, apoptosis,  IKK-2,  NF-kB, o-Orsellinaldehyde, Grifola frondosa. 34 

 35 
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 38 
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1. Introduction 45 

Metabolic syndrome is a cluster of medical conditions that increase the risk of developing 46 

cardiovascular disease and type 2 diabetes. Considerable attention has been paid to this syndrome 47 

since it affects one in five people and it is a leading cause of death in developed countries. 1 48 

In the last few years, numerous studies have shown that the inflammation process is directly 49 

involved in the onset of metabolic syndrome 2,3. Furthermore, nowadays it is accepted that chronic 50 

subclinical inflammation is a part of the insulin resistance syndrome 4,5. That would explain why 51 

targeting inflammation mediators has become a new challenge for preventing or decreasing 52 

metabolic syndrome 6. 53 

In recent years, natural products and their active metabolites have become increasingly important on 54 

pharmaceutical research 7. Unfortunately, bioactivity screening in extracts exclusively by in vitro or 55 

in vivo approaches is a complex and expensive process that is difficult to afford 8. However, virtual 56 

screening (VS) workflows have been successfully used to screen large natural products databases in 57 

order to identify new bioactive molecules for specific targets 9,10. In particular, our group has wide 58 

experience on VS and has published several research projects which aimed to identify new natural 59 

compounds with undescribed bioactivity and with great interest in medicinal chemistry 11,12
. 60 

Concretely, one interesting target that has become very attractive for anti-inflammatory drugs 61 

development is the human inhibitor nuclear-factor kB kinase 2 (IKK-2) 7,13. IKK-2 is a serine-62 

threonine protein kinase belonging to the IKK complex and is the main component responsible for 63 

activating the nuclear-factor kB transcription factor (NF-kB) in response to inflammatory stimuli. 64 

NF-kB is an important transcription factor involved in propagating the cellular response to 65 

inflammation 14. This universal transcription factor regulates the expression of several components 66 

of the immune system including pro-inflammatory cytokines, chemokines, adhesion molecules and 67 

inducible enzymes such as cycloxygenase-2 and inducible nitric oxide synthase 15
. 68 
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Inflammatory mediators stimulate the inflammation pathway by activating the IKK-2 that 69 

phosphorylates IKβα and leads to its degradation; As a consequence, free NF-kB translocates to the 70 

nucleus and induces the transcription of all the elements that controls the inflammatory response. 16.  71 

In this study, firstly, we applied previously validated VS workflow developed by our group 17 to a 72 

natural products database containing a total of 5134 molecules isolated from mushrooms from the 73 

Catalan forests in order to identify potential IKK-2 inhibitors. One of this predicted IKK-2 74 

inhibitors was 2,4-dihydroxy-6-methylbenzaldehyde, most commonly known as o-orsellinaldehyde. 75 

It has been described that this molecule is present in some natural sources such as Agrocybe 76 

praecox, Aspergillus rugulosus, and Grifola frondosa 
18–20. Interestingly the last one, Grifola 77 

frondosa, has been traditionally used as a medicinal mushroom for treating pain and some 78 

inflammatory states in Asia 21, where it is commonly known as Maitake. 79 

Secondly, we aimed to investigate and validate the anti-inflammatory properties of o-80 

orsellinaldehyde by applying in vitro and in vivo techniques. Finally, Maitake mushrooms were 81 

analyzed by liquid chromatography/quadrupole time-of-flight mass spectrometry (LC-QTOF-MS) 82 

in order to identify and quantify the amount of this compound and evaluate the feasibility of 83 

preparing extracts from this natural source that were enriched on o-orsellinaldehyde.  84 

85 

Page 4 of 35

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



5 

 

2. Materials and methods 86 

2.1 In silico virtual screening 87 

2.1.1 Building the initial database of molecules to be screened and virtual screening 88 

The scientific name of all the mushrooms that are present at the Catalan forest were obtained from 89 

the webpage of the Catalan Society of Micology (http://www.micocat.org/). We chose the 90 

mushrooms present in the Catalan forest as source to find bioactive molecules mainly due to the 91 

easy obtention of the samples in this region. A total of 5134 molecules isolated from any mushroom 92 

that share the same genus than those found at that webpage where downloaded from the Reaxys 93 

Medicinal Chemistry database (http://www.reaxys.com). These molecules were then filtered with 94 

FaF-Drug2 22
 to keep only those that show good ADMET properties (i.e., 3582 molecules) and 95 

submitted to a previously published VS workflow that has been shown to be effective to predict 96 

new IKK-2 inhibitors 11. Details about the filters of this VS can be also found at the original 97 

publication 11. 98 

2.2 In vitro experiments with RAW 264.7 cells 99 

2.2.1 Cell culture and viability 100 

RAW264.7 macrophages obtained from ECACC (Sigma-Aldrich Chemical, Madrid, Spain) were 101 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with  10 % fetal bovine 102 

serum (FBS), L-Glutamine (2 mM), HEPES (25 mM) and Penicillin-Streptomycin (P/S) (100 U/mL 103 

of) at 37°C in a 5% CO2 humidified atmosphere. DMEM, FBS, P/S and L-Glutamine were bought 104 

from Lonza, Cultek, (Barcelona, Spain). HEPES buffer solution was obtained from Gibco by Fisher 105 

(Madrid, Spain). For the analysis of cell viability, an MTT assay was performed. RAW264.7 cells 106 

(250.000 cells/well) were treated with different concentrations of o-orsellinaldehyde ranging from 1 107 

to 50 µg/mL (ref: 657603 Sigma-Aldrich Chemical, Madrid, Spain) for 8 hours. After this 108 

incubation period, medium was replaced by 200 µl of fresh DMEM with 50 µl of 5mg/mL of MTT 109 

Page 5 of 35

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



6 

 

solution and the plate was incubated at 37°C for 4 hours in darkness. The colored formazan product 110 

was then dissolved in DMSO and quantified using a scanning multi-well spectrophotometer 111 

(BioTek EON, Izasa, Barcelona, Spain) at a wavelength of 570 nm.  112 

2.2.2 Cell treatment  113 

RAW264.7 cells were seeded into a 12-well plate at a density of 250.000 cells/well. 24 hours after 114 

platting, cells were pre-incubated with o-orsellinaldehyde at the selected concentrations for 30 115 

minutes and then the inflammatory stimuli was then added (LPS 1 µg/mL). As a positive control of 116 

anti-inflammatory agent we used a commercial inhibitor (IKK-2 Inhibitor IV Calbiochem, USA) 117 

which target is IKK-2. As a negative control, cells were left untreated. 8 hours after the LPS 118 

addition the culture medium was collected for IL-6 and nitrite determination. Cells were then 119 

washed with PBS and lysed in RIPA buffer (25mM Tris–HCl; pH 7.4, 150mM NaCl, 1% NP-40, 120 

1% sodium deoxycholate, 0.1% SDS) containing a protease and phosphatase inhibitor mixture 121 

(Phenymethanesulfonyl fluoride solution), Protease inhibitor cocktail, Phosphatase inhibitor 122 

cocktail-2,  and Phosphatase inhibitor cocktail-3,  all from Sigma-Aldrich Chemical, Madrid, 123 

Spain). The resulting solution was collected into microcentrifuge tubes for future protein 124 

determination and Western Blot assay.  125 

2.2.3 Nitrite and IL-6 Determination  126 

Nitrite concentration was measured by use of Griess reaction 23. Briefly, 50 µL of medium was 127 

added in a 96-well plate and mixed with 100 µL of 1% sulfanilamide in 0.5 M HCl. The plate was 128 

incubated at 4ºC for 10 minutes and 50 µL of NED (N-1-naftiletilendiamine) solution was then 129 

added to each well. After 30 minutes at 4°C the optical density at 540 nm was measured. The values 130 

were interpolated with a standard curve with known concentrations of nitrite oxide (NO).   131 

Il-6 concentration in the supernatants and serum was determined by a commercial ELISA assay (IL-132 

6 ELISA-MAXTMfromBiolegend) according to the manufacturer’s instructions.  133 
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2.2.4 Western Blot analysis 134 

After protein quantification using BCA assay (Thermo/Pierce, Rockford,IL, USA)  proteins were 135 

separated on sodium dodecyl sulfate (SDS)–polyacrylamide 10% gels and transferred to 136 

polyvinylidene difluoride (PVDF) membranes using a Trans-Blot Turbo Blotting system (Bio-Rad, 137 

Barcelona, Spain). Membranes were blocked with 5% nonfat milk in PBS–Tween (0.1%) for one 138 

hour. Then, membranes were incubated overnight at 4ºC with the following antibodies (dilution 139 

1.1000): polyclonal antibody for iNOS (Santa Cruz Biochemicals), polyclonal antibody for 140 

Phospho-Ikβ-α (Ser32) (Cell Signaling Technology) or polyclonal antibody for β-actin (Sigma-141 

Aldrich Chemical, Madrid, Spain). After washing three times with PBS–Tween, membranes were 142 

incubated with the secondary antibody anti-rabbit (Merck, Barcelona, Spain) (dilution 1.10000) 143 

conjugated with horseradish peroxidase for 1 h and then washed three more times with PBS-Tween.  144 

The immunoreactive proteins were visualized using an enhanced chemiluminescence substrate kit 145 

(ECL plus; Amersham Biosciences, GE Healthcare) according to the manufacturer’s instructions. 146 

Digital images were obtained with a GBOX Chemi XL 1.4 system (Syngene, UK), which allows 147 

quantification of the band intensity. The protein load was monitored via the immuno-detection of β-148 

actin. 149 

2.2.5 IKK-2 kinase assay  150 

The effect of o-orsellinaldehyde on IKK-2 kinase activity was determined using the ELISA assay 151 

Cyclex IKKα and IKKβ Inhibitor Screening Kit (MBL International, Woburn, MA, USA). Briefly, 152 

plates were pre-coated with a substrate corresponding to recombinant IKβα, which contains two 153 

serines (Ser32 and Ser36) that are phosphorylated by IKKα and IKKβ. In order to develop the 154 

assay, both test compounds and the enzyme was diluted in assay buffer and pipetted into the wells 155 

allowing substrate phosphorylation. The amount of phosphorylated substrate was detected using a 156 

specific anti-phospho-Ikβα (Ser32) antibody HRP-conjugate and blue color development with TMB 157 

substrate. The ELISA stop solution was then used to stop the color development, and the 158 
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absorbance was read at 450 nm (with a reference wavelength of 540–600 nm) using an ELISA 159 

reader (BioTek EON, Izasa, Barcelona, Spain). The absorbance is directly related to the IKK-2 160 

activity level. In addition, one positive and one negative control were included on the test. As a 161 

positive control we used the commercial inhibitor (1µM), mentioned before (IKK-2 Inhibitor IV, 162 

401481 Millipore, Madrid), as a negative control, DMSO (vehicle) was added to the wells. Three 163 

repetitions were made for all the activity assay. 164 

2.2.6 In vitro IKK-2 phosphorylation Assay  165 

RAW264.7 cells were seeded into a 12-well plate at a density of 250.000 cells/well. After 24 hours 166 

of platting, cells were pre-incubated with o-orsellinaldehyde at the selected concentrations for 30 167 

minutes and then the inflammatory stimuli was added (LPS 1µg/mL) for 45 additional minutes. As 168 

a positive control of IKK-2 inhibitor agent we used the same commercial drug mentioned before. 169 

Some cells were also treated just with the vehicle used to dissolve the test compound. Once the 170 

experiment finished, the medium was discarded and cells were then washed with PBS and lysed in 171 

RIPA buffer containing a protease and phosphatase inhibitor mixture. The mix result was 172 

recollected into microcentrifuge tubes for future protein determination and Western Blot assay.  173 

 174 

2.3 In vivo experiments 175 

2.3.1 Animals 176 

Male Balb/c mice (5–6 weeks of age) were obtained from Charles River (Barcelona, Spain). 177 

Animals were housed under standard conditions with a 12-h light/dark cycle. The animals were 178 

acclimatized to the environment for ten days before starting the experiments. All procedures were 179 

performed in accordance with the European Communities Council Directive regarding the 180 

protection of experimental animals (86/609/EEC) and the procedure established by the Departament 181 

d’Agricultura, Ramaderia i Pesca of the Generalitat de Catalunya.  182 

 183 
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2.3.2 Intraperitoneal administration of o-orsellinaldehyde 184 

For the in vivo assays, an LPS endotoxic shock was induced in order to evaluate the anti-185 

inflammatory activity of o-orsellinaldehyde. Mice were divided into 8 groups (n=6):  groups 1 to 4 186 

received an intraperitoneal injection of o-orsellinaldehyde at different concentrations (10, 40, 60 187 

100 mg/kg body weight (b.w.)). Group 5 received dexamethasone (12 mg/kg b.w.) as an anti-188 

inflammatory agent control. 1 hour after the molecule administration, an intraperitoneal injection of 189 

LPS at a concentration of 1 mg/kg b.w. was administered. The positive and negative groups (named 190 

group 6 and group 7) received just LPS or PBS, respectively. Finally group 8 received only o-191 

orsellinaldehyde at the maximum concentration (100 mg/kg b.w) in order to discard any side effects 192 

produced by this molecule. 2 h after LPS injection, mice were anesthetized and 1ml of blood was 193 

obtained by cardiac puncture in order to measure IL-6 concentration in plasma. 194 

 195 

2.3.3 Oral administration of o-orsellinaldehyde 196 

Mice were divided into 6 groups (n=6) depending on the treatment. Thus, o-orsellinaldehyde (100 197 

mg/kg b.w) was orally administrated 30 minutes (group 1), one hour (group 2), or two hours (group 198 

3), before LPS stimulation.  199 

As anti-inflammatory control, one group (group 4) received dexamethasone. The positive and 200 

negative groups (group 5 and 6 respectively) received just LPS or PBS, respectively. Finally, 2 h 201 

after LPS injection, mice were anesthetized and 1 ml of blood was obtained by cardiac puncture in 202 

order to measure IL-6 concentration in plasma. 203 

 204 

2.4 Cytotoxic Effect against HepG2 205 

2.4.1 Cell culture and viability 206 

The human hepatoblastoma HepG2 cells (obtained from ECACC, Sigma-Aldrich Chemical, 207 

Madrid, Spain) were cultured in DMEM supplemented with 10% FBS, 2% P/S, 1% L-glutamine, 208 
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and 1% NEAA (non-essential amino acids) at 37°C in a 5% CO2 humidified atmosphere. In order 209 

to measure the reduction of cell viability an MTT assay was performed. For this assay cells were 210 

seeded at a density of 5×104 cells/well on a 96-well culture plate and were incubated overnight. 211 

Once confluence was reached, cells were treated with increasing concentrations of o-212 

orsellinaldehyde and incubated for 48 hours. After this incubation period, the MTT assay was 213 

performed following the protocol mentioned above.  214 

2.4.2 Cell treatment and analysis for cleaved caspase-3 detection 215 

Caspases, a group of cysteine proteases, are the key mediators of apoptosis 24. Therefore, in order to 216 

elucidate if o-orsellinaldehyde shows a cytotoxic effect on HepG2 cells through an apoptotic 217 

process, we treated these cells with o-orsellinaldehyde at increasing concentrations and we then 218 

quantified the cleaved caspase-3 protein expression.  219 

For this purpose, HepG2 cells were seeded at a density of 3×105 cells/well on a 12-well culture plate 220 

and incubated overnight. Once cells reached confluence, they were treated with o-orsellinaldehyde 221 

at increasing concentrations for 48 hours. After this incubation period the medium was discarded 222 

and cells were washed with PBS and lysed in RIPA buffer containing a protease and phosphatase 223 

inhibitor mixture. The resulting solution was recollected into microcentrifuge tubes for future 224 

protein determination and Western Blot assay as previously explained.  225 

After cell treatment and protein extraction and quantification, the expression of cleaved caspase-3 226 

was determined by immunoblot following the same protocol mentioned above and using the 227 

polyclonal antibody for cleaved caspase-3 ( Cell Signaling Technology. dilution 1.1000). 228 

2.5. Extraction and quantification of o-orsellinaldehyde into Maitake mushrooms 229 

Finally, once evaluated the bioactivity of the pure molecule, we decided to quantify the amount of 230 

o-orsellinaldehyde in Maitake mushrooms in order to evaluate its potential as natural source of this 231 
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compound. To do this, firstly we extracted the compound from the Maitake mushroom and after 232 

that we analyzed it by LC-QTOF-MS. 233 

To perform the extractions, acetonitrile (HPLC grade), acetone, ethanol, ethyl acetate and acetic 234 

acid (all provided by ScharlauChemie; Barcelona, Spain) were used. Ortho-phosphoric acid (85%) 235 

was purchased from Panreac (Barcelona, Spain) and water was of Milli-Q quality (Millipore Corp, 236 

Bedford, MA, USA). A stock solution of o-orsellinaldehyde at 1000 mg/L was dissolved in Milli-Q 237 

water and stored in a dark flask at -18 ºC. 238 

2.5.1 Preparation of the extract 239 

To prepare an extract containing o-orsellinaldehyde from Maitake mushroom we followed the 240 

method described by Lee et al. (2012) with some modifications. Briefly, 3 grams of lyophilized 241 

Maitake mushrooms were mixed with 80 mL of pure ethanol and were continuously agitated during 242 

5 hours at 65 ºC. Then, it was centrifuged at 3,000 rpm for 10 min at 4ºC. The supernatant was 243 

rotavaporated to dryness, setting the temperature at 30 ºC and was further dissolved in 80 mL of 244 

Milli-Qwater. Then, it was purified using 50 mL of ethyl acetate. To allow complete separation of 245 

the 2 phases it was kept overnight in darkness into the hood. Aqueous phase was separated, 246 

rotavaporated at 30 ºC to remove organic solvent and finally lyophilized. The lyophilized extract 247 

was dissolved in 10 mL of Milli-Qwater and stored at -18 ºC until analysis. 248 

The day of analysis, extracts were further purified in order to remove components that could 249 

interfere with the quantification by using microelution plates (Waters, Milford, USA) packed with 2 250 

mg of OASIS HLB sorbent (Waters, Milford, USA) following the method previously described 251 

with some modifications 25. Firstly, the wells were sequentially conditioned by using 250 µL of 252 

methanol and 250 µL of Milli-Qwater:acetic acid (99.2:0.2, v/v). Then, 300 µL of extract mixed 253 

with 300 µL of phosphoric acid 4% were loaded onto the plate. After that, the clean-up of the plates 254 

was sequentially done with 200 µL of Milli-Qwater and 200 µL of Milli-Qwater:acetic acid 255 

(99.8:0.2, v/v) to eliminate any interference that the sample might contain. Finally the elution of the 256 
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retained compounds was done with 2x50 µL of acetone:Milli-Qwater:acetic acid (70:29.5:0.5, 257 

v/v/v).  5 µL of the eluted was directly injected into the LC-QTOF-MS.  258 

2.5.2 LC-QTOF-MS analysis of extracted samples 259 

The LC-QTOF-MS system consisted of an Agilent 1260 Series (Agilent Technologies, Palo Alto, 260 

U.S.A.) coupled to a 6540 ESI-QTOF (Agilent Technologies) operated in positive electrospray 261 

ionization mode (ESI+). Separation was carried out in a using a XBridge™ Shield RP18 column 262 

(3.5 µm, 150 mm x 2.1 mm i.d.) from Waters equipped with a Pre-Column Zorbax SB-C18 (3.5 263 

µm, 15 mm x 2.1 mm i.d.) from Agilent. The software used was Masshunter. Drying gas 264 

temperature was 350 ºC and its flow rate was held at 12 L/min. On the other hand pressure of the 265 

gas nebulizer was 45 psi and the capillary voltage was set at 4000 V.  Fragmentor was set at 120V, 266 

skimmer at 65V and OCT 1RF Vpp was set at 750V.  267 

During the analysis, the column was kept at 25º C and the flow rate was 0.4 mL/min. The solvent 268 

composition was solvent A: Milli-Qwater/acetic acid (99.8:0.2 v/v) and solvent B: acetonitrile. 269 

Solvent B was initially 10% and was gradually increased reaching 50% at 20 minutes and 100% at 270 

22 min. Then it was maintained isocratically 5 min and after that it was reduced to 10% in 1 minute 271 

and was held at initial conditions during 7 minutes to re-equilibrate the column. 272 
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3. Results 273 

3.1 In silico virtual screening 274 

The VS identified 20 molecules as possible IKK-2 inhibitors; one of them was o-orsellinaldehyde 275 

(see Figure 1A). Figure 1B shows how the docked pose of o-orsellinaldehyde fits at the structure-276 

based pharmacophore that is located at the ATP binding site. This pharmacophore is formed by two 277 

hydrogen-bond donors (in blue), one hydrogen-bond acceptor (in red) and one hydrophobic region 278 

(in green), with tolerances (i.e., radii) of 1.5, 1.5 and 3.0 Å, respectively. o-orsellinaldehyde 279 

matches three out of the four sites (i.e., A1, D3 and H4) with one of the two hydroxyls 280 

simultaneously matching A1 and D3 by accepting the proton from the nitrogen main chain of Cys99 281 

and acting as a hydrogen bond donor with the main chain carbonyl oxygen of Glu97.  282 

3.2 Anti-inflammatory effects of o-orsellinaldehyde in in vitro experiments with RAW 264.7 283 

cells  284 

3.2.1 Effect o-orsellinaldehyde on cell viability of RAW264.7 macrophage cells 285 

To determine whether o-orsellinaldehyde influences the viability of RAW264.7 cells an MTT assay 286 

was performed. As shown in figure 2, after 8 hours of treatment, o-orsellinaldehyde did not affect 287 

cell viability at concentrations ranging from 1-50 µg/mL. These data indicates that o-288 

orsellinaldehyde is not cytotoxic to RAW 264.7 cells at the tested concentrations.  289 

3.2.2 o-Orsellinaldehyde inhibits nitrite production in LPS-activated macrophages 290 

To evaluate the effect of o-orsellinaldehyde on NO production in RAW 264.7 cells we pretreated 291 

macrophages with or without o-orsellinaldehyde (20, 30, 40 or 50 µg/mL) for 30 minutes before 292 

stimulation with 1 µg/mL of LPS for 8 hours. The nitrite concentration in the medium was 293 

measured by use of Griess reaction. As it can be elucidated from figure 3A when RAW264.7 cells 294 
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were stimulated with LPS (1 µg/mL) the concentration of nitrite increased in the culture medium 295 

compared to the basal levels. However 1 hour pre-treatment of the cells with o-orsellinaldehyde at 296 

the assayed concentrations caused a reduction of NO production in a dose-dependent manner (see 297 

figure 3A). 298 

 299 

3.2.3 o-Orsellinaldehyde decreases iNOS protein expression in LPS-activated macrophages 300 

In order to elucidate if the cause of NO reduction was due to decreased iNOS protein levels, the 301 

effect on iNOS protein expression was determined by immunoblot. As reflected in figure 3B, 302 

treatment with LPS increased iNOS protein expression in RAW264.7 cells, however the 303 

preincubation with o-orsellinaldehyde caused a significantly dose-dependent reduction of LPS-304 

stimulated iNOS protein expression.  305 

3.2.4 o-Orsellinaldehyde inhibits de release of IL-6 proinflammatory cytokine in murine 306 

macrophages 307 

RAW 264.7 cells were pre-treated with or without o-orsellinaldehyde (20, 30, 40 or 50 µg/mL) for 308 

30 minutes and then stimulated with LPS (1 µg/mL) for 8 h. In order to validate whether o-309 

orsellinaldehyde was able to reduce IL-6 production an ELISA assay was performed. As figure 3C 310 

shows, the release of IL-6 was increased in the LPS-treated group and this effect was markedly 311 

decreased by o-orsellinaldehyde in a dose-dependent manner, reaching an 87% of inhibition with 312 

the higher concentration tested (50 µg/mL) which suggest that o-orsellinaldehyde seems to be even  313 

more effective than the commercial inhibitor. 314 

3.2.5 o-Orsellinaldehyde binds IKK-2 and inhibits its kinase activity 315 

To determine whether o-orsellinaldehyde directly targets IKK, the Cyclex IKKα and IKKβ Inhibitor 316 

Screening Kit was performed. With this assay we aimed to study the effects of o-orsellinaldehyde 317 

on IKK-2 kinase activity by directly applying this molecule to recombinant IKKβ protein in a cell-318 
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free system. As figure 4A shows, o-orsellinaldehyde was able to reduce IKK kinase activity in a 319 

dose-response manner.  320 

3.2.6 o-Orsellinaldehyde inhibits IKβα phosphorylation in LPS-activated macrophages 321 

In order to validate that o-orsellinaldehyde was capable of inhibiting IKβα phosphorylation in an in 322 

vitro system, RAW264.7 cells were pretreated with o-orsellinaldehyde for 30 minutes and then, the 323 

inflammatory stimuli (LPS 1 µg/mL) was added for 45 additional minutes. As depicted in figures 324 

4B and 4C, LPS drastically increased the phosphorylation of IKβα by IKK-2, however this 325 

phosphorylation is significantly decreased when cells are previously treated with o-326 

orsellinaldehyde. Thus confirming that this molecule is interacting with IKK-2 enzyme preventing 327 

its kinase activity  328 

3.3 In vivo experiments 329 

3.3.1 o-Orsellinaldehyde reduced the serum IL-6 concentration in LPS-stimulated animals 330 

To assay whether anti-inflammatory effects of o-orsellinaldehyde occurred in vivo, mice received 331 

and intraperitoneal injection of the compound at different concentrations one hour prior LPS 332 

stimulation. As depicted in figure 5A, injecting mice with LPS highly increased the concentration of 333 

IL-6 in serum compared to untreated mice. Interestingly, o-orsellinaldehyde significantly reduced 334 

the serum IL-6 production by 21% in the LPS-stimulated animals at the higher concentration tested. 335 

This figure also shows that pretreatment with the anti-inflammatory steroid dexamethasone caused a 336 

33% reduction in serum IL-6 in LPS-stimulated mice. It was also evidenced that o-orsellinaldehyde 337 

did not produced any pro-inflammatory effect by itself.  338 

3.3.2 Oral administration of o-orsellinaldehyde reduced the serum IL-6 concentration 339 

 in LPS-stimulated animals. 340 

We next examined if this reduction of the inflammation was also achieved when the o- 341 

orsellinaldehyde was orally administrated. In this case, 300 µl of o-orsellinaldehyde at 100 mg/kg 342 

b.w. was orally administrated 30 minutes, one hour or two hours depending on the treated group 343 
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and then the LPS stimuli was injected intraperitoneally. As can be seen in figure 5B serum IL-6 344 

production markedly increased when mice were treated with LPS. However the IL-6 decreased 345 

when animals were also orally treated with the compound (100 mg/kg b.w), reaching a reduction of 346 

20.5% when the tested molecule was administrated one hour previous to the LPS injection.  347 

3.4 Cytotoxic effect against HepG2 cell 348 

3.4.1 Cell culture and viability 349 

As previously reported 20
 o-orsellinaldehyde has been isolated from different strains of Aspergillus 350 

rugulosus as a cytotoxic compound toward Hep3B human hepatoma cells through apoptosis. In our 351 

assays, HepG2 cells were used to evaluate the tumoricidal activity of the compound.  In order to 352 

evaluate this, cells were treated with o-orsellinaldehyde for 48 hours and then an MTT assay was 353 

carried out. As depicted in figure 6A, o-orsellinaldehyde exhibits a cytotoxic effect on HepG2 cells 354 

in a dose-response manner. 355 

3.4.2 o-Orsellinaldehyde increased cleaved caspase-3 expression in HepG2 cells 356 

After 48 hours treatment with o-orsellinaldehyde, cleaved caspase-3 expression was quantified with 357 

a western blot assay in order to elucidate if the cytotoxic effect of o-orsellinaldehyde shown on 358 

HepG2 cells were mediated through an apoptotic process. As shown in figures 6C and 6D, o-359 

orsellinaldehyde markedly increased cleaved caspase-3 expression in a dose response manner, 360 

confirming the apoptotic process.  361 

3.5 Quantification and detection of o-orsellinaldehyde in extracted samples by LC-QTOF-MS. 362 

Quantification of o-orsellinaldehyde in the Maitake extract obtained following the procedure above 363 

described was carried out by using a 6-points calibration curve of the standard compound. Figure 7 364 

confirms that o-orsellinaldehyde can be isolated from Maitake extracts. However the amount of this 365 

molecule contained in Maitake mushroom is very low (3.41 µg o-orsellinaldehyde /g lyophilized 366 
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Maitake). In that sense, larger infrastructures would be necessary in order to isolate enough amount 367 

of the anti-inflammatory molecule for treating cells directly with the enriched Maitake extracts. 368 

4. Discussion 369 

Natural products have attracted considerable attention on pharmaceutical research field since they 370 

are a very important source when looking for novel molecules that could be used as lead 371 

compounds during the development of new drugs.  More concretely, natural products and their 372 

principles have played a very important role on the discovery of new molecules with anti-373 

inflammatory properties 26. However, the identification process by using exclusively in vitro and in 374 

vivo approaches is very long and expensive. In that sense, using  VS workflows help to improve this 375 

identification process as it can be used to easily screen large natural product databases 9–11. 376 

The present research project aimed to identify and validate novel molecules from natural origin that 377 

can act as IKK-2 inhibitors by using in silico techniques.  In order to achieve this goal we first 378 

applied virtual screening workflows to a natural molecules database in order to look for natural 379 

extracts that contain IKK-2 inhibitors and then we validated the anti-inflammatory properties of the 380 

selected compound in an in vitro and in vivo context.  381 

The VS experiments successfully identified a molecule, o-orsellinaldehyde, with high chance of 382 

acting as IKK-2 inhibitor. It has been described that this molecule is present in the Grifola frondosa 383 

mushroom specie 20. In that sense, in order to validate the in silico predictions we performed a 384 

kinase assay that confirmed that o-orsellinaldehyde directly targets IKK-2 and reduces its IKK-2 385 

kinase activity in a dose-response manner (Figure 4A). Additionally, we validate that o-386 

orsellinaldehyde significantly inhibited IKβα phosphorylation in LPS-stimulated RAW 264.7 387 

macrophage cells (Figures 4C and 4D). These results confirmed that o-orsellinaldehyde exerts its 388 

anti-inflammatory effects by modulating NF-kB activity.  389 
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Moreover, the anti-inflammatory properties of the studied molecule have also been demonstrated by 390 

the obtained results referred to the reduction of nitrites, IL-6 and iNOS expression in the in vitro 391 

model used as it can be shown in figure 3. 392 

To study if this compound is also effective in vivo we induced an LPS endotoxic shock model in 393 

Balb/c mice. This model can greatly increase the production of serum inflammatory mediators 27. In 394 

both accomplished studies (intraperitoneal administration and oral administration of o-395 

orsellinaldehyde) the molecule significantly reduced the serum IL-6 concentration (Figure 5) 396 

All this findings provide strong evidences that o-orsellinaldehyde possesses anti-inflammatory 397 

properties and that it exerts its activity by influencing NF-kB activity, more concretely, acting as 398 

IKK-2 inhibitor. 399 

Furthermore, previous studies have shown that o-orsellinaldehyde is also able to inhibit growth as 400 

well as induce apoptosis in various types of cancer cell lines cases (Hep3B human hepatocellular 401 

carcinoma cells and MRC-5 human lung fibroblast cells). It is also been described that in some 402 

particular cases this molecule has cytotoxic effect 19,20. We have also observed this apoptotic 403 

activity from o-orsellinaldehyde in our experiments with HepG2 cells. Figure 6 confirmed that the 404 

o-orsellinaldehyde exhibits a cytotoxic effect on these cells and that this effect was mediated 405 

through an apoptotic process. 406 

At this point, it is interesting to mention that NF-kB is not only related with inflammation process, 407 

this enzyme complex is also involved in propagating the cellular response to apoptosis and 408 

carcinogenesis. The functions of NF-kB gene targets span diverse cellular processes, including 409 

adhesion, immune regulation, apoptosis, proliferation and angiogenesis 28,29.  Consequently, the NF-410 

kB transcription factor plays an important role in cancer and related diseases.  411 

In that sense,  numerous studies have been published reporting that inhibition of NF-kB -regulated 412 

genes potentiates apoptosis and has anti-proliferative effects 30–33.  413 
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So, it is feasible that some of the cytotoxic and apoptotic effects of o-orsellinaldehyde observed 414 

against the cancer cells could be due to NF-kB inhibition. In agreement with our results, previous 415 

interesting studies have also described this induction of apoptosis in cancer cell lines when using 416 

IKK-2 inhibitors 34–36.  417 

Related to the natural source Grifola frondosa, this mushroom is known by its Japanese name 418 

Maitake. The fungus is native to the northeastern part of Japan and North America, and it has been 419 

traditionally used as a medicinal mushroom. This mushroom has been used for treating pain and 420 

some inflammation states in Asia; however, in the past few years some groups have reported that 421 

this specie has also other properties. Briefly, in the same way that o-orsellinaldehyde, Grifola 422 

frondosa is also able to induce apoptosis in cancer cell lines and also inhibit the growth of various 423 

types of cancer cells 37–39. Other studies revealed that Maitake have anti-cancer and anti-metastatic 424 

properties 40,41. Grifola frondosa has also hypoglycemic effect, and so it is beneficial for the 425 

management and treatment of diabetes 42,43.  Finally, Grifola frondosa extracts also contain 426 

antioxidants and cyclooxygenase 2 inhibitors 44.  As o-orsellinaldehyde is one of the compounds of 427 

Maitake, it is feasible to state that at least, a part of the beneficial effects observed in the Grifola 428 

frondosa extracts could be explained by the IKK-2 inhibition triggered by o-orsellinaldehyde. 429 

The results with the LC-QTOF-MS (Figure 7) show that o-orsellinaldehyde can be isolated from 430 

Maitake extracts, however the amount of this molecule contained in Maitake mushroom is very low, 431 

suggesting that further studies would be necessary in order to isolate enough amount of the anti-432 

inflammatory molecule from the mushroom specie.  433 

Taken together, our findings show that the molecule o-orsellinaldehyde was effective in suppressing 434 

the production of inflammatory mediators in in vitro and in vivo studies. The anti-inflammatory and 435 

pro-apoptotic activity of this molecules is mediated by its interaction with NF-kB complex, more 436 

concretely, we demonstrate that o-orsellinaldehyde is able to act as IKK-2 inhibitor, confirming the 437 

worth and importance of using bioinformatics tools when searching for new active principles. 438 

Page 19 of 35

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



20 

 

Moreover, the anti-inflammatory properties of Grifola frondosa would partially be explained by the 439 

presence of o-orsellinaldehyde on its composition. In summary this study presents the potential anti-440 

inflammatory activity of o-orsellinaldehyde, suggesting that it may be a potential preventive or 441 

therapeutic candidate for the treatment of inflammatory disorders such as metabolic syndrome.  442 
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 579 

 580 

Figure captions 581 

Figure 1. Virtual Screening of o-orsellinaldehyde. (A) Chemical structure of o-orsellinaldehyde. 582 

(B) Predicted binding pose for o-orsellinaldehyde at the binding site of human IKK-2. 583 

 584 

Figure 2. Effect of o-orsellinaldehyde on the viability of RAW264.7 macrophage cells. Cells 585 

were incubated with the indicated concentrations of o-orsellinaldehyde for 8 hours. Cell viability 586 

was determined by the MTT assay. Results are shown as the mean ± SD of three independent 587 

experiments. 588 
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 589 

Figure 3. Effect of o-orsellinaldehyde on LPS-induced NO and IL-6 production and iNOS 590 

expression in RAW264.7 macrophage cells. Cells were incubated with the indicated 591 

concentrations of o-orsellinaldehyde for 30 minutes before treatment with LPS (1µg/ml) for 8 592 

hours. (A) Concentration of NO were determined using Griess reaction. Results are shown as the 593 

mean of the nitrite production ± SD of four independent experiments. (B) Whole protein was 594 

extracted and then analyzed for iNOS by western blotting. One of the three experiments is shown. 595 

(C) Concentration of IL-6 in the media were detected using a specific enzyme immunoassay. 596 

Results are expressed as the mean ± SD of four independent experiments. Significant differences 597 

relative to the control (vehicle) were analyzed by one-way ANOVA followed by the Bonferroni 598 

post hoc test: ***p<0.001. 599 

 600 

Figure 4. Effect of o-orsellinaldehyde on IKK-2 kinase activity. Inhibition of recombinant 601 

human IKK-2 was assayed in the presence of 10 different concentrations of o-orsellinaldehyde 602 

by an in vitro kinase assay. (A) The percentage of inhibition of IKK-2 activity is shown where 603 

each column represents the mean ± SD from three independent experiments. Significant differences 604 

relative to the control (vehicle) were analyzed by one-way ANOVA followed by the Bonferroni 605 

post hoc test: ****p<0.0001, ***p<0.001. (B) RAW264.7 Cells were pretreated with the indicated 606 

concentrations of o-orsellinaldehyde for 30 minutes, and then stimulated with LPS (1µg/ml) for 30 607 

minutes. Whole protein was extracted and then analyzed for Phospho-Ikβα (Ser32) by western 608 

blotting. One of the three experiments is shown. (C) Plots representing the protein levels of 609 

Phospho-Ikβα normalized to the level of β-Actin. Results are expressed as the mean ± SD of  three 610 

independent experiments. Significant differences relative to the control (vehicle) were analyzed by 611 

one-way ANOVA followed by the Bonferroni post hoc test: *** p<0.001, ** p<0.01.  612 

 613 
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Figure 5. Effect of intraperitoneal and oral administration of o-orsellinaldehyde on IL-6 614 

concentration in the serum of LPS injected mice. (A) Mice received and intraperitoneal injection 615 

of the compound at different concentrations one hour prior LPS stimulation (1 mg/kg b.w.). Serum 616 

was collected 2 hours after LPS injection and the level of IL-6 was determined. (B) 100 mg/kg b.w.  617 

of o-orsellinaldehyde was orally administrated for half, one or two hours before LPS intraperitoneal 618 

injection. Serum was collected at the indicated times and the production of IL-6 was determined 619 

.The data are represented as the mean±SD (n=6) Significant differences relative to the control 620 

(vehicle) were analyzed by one-way ANOVA followed by the Bonferroni post hoc test: *** 621 

p<0.001, ** p<0.01, * p<0.1. 622 

 623 

Figure 6. Cytotoxic Effect of o-orsellinaldehyde on HepG2 cells. (A) HepG2 cells were 624 

incubated with the indicated concentrations of o-orsellinaldehyde for 48 hours. Cell viability was 625 

determined by the MTT assay. Results are shown as the mean ± SD of three independent 626 

experiments. Significant differences relative to the control (vehicle) were analyzed by one-way 627 

ANOVA followed by the Bonferroni post hoc test: ***p<0.001. (B) Cells were pretreated with the 628 

indicated concentrations of o-orsellinaldehyde for 48 hours. Whole protein was extracted and then 629 

analyzed for cleaved caspase-3 by western blotting. One of the three experiments is shown. (C) 630 

Plots representing the protein levels of cleaved caspase-3 normalized to the level of β-Actin. Results 631 

are expressed as the mean ± SD of three independent experiments. Significant differences relative 632 

to the control (vehicle) were analyzed by one-way ANOVA followed by the Bonferroni post hoc 633 

test: **** p<0.0001. 634 

 635 

Figure 7. Extraction and quantification of o-orsellinaldehyde into Maitake mushrooms 636 

Extraction and quantification of o-orsellinaldehyde into Maitake mushrooms. ESI extracted ion 637 

chromatograms acquired by LC-QTOF-MS of (A) the Maitake extract and (B) a pure standard 638 
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solution of o-orsellinaldehyde. The mass spectra scan obtained in the 10.3-10.4 interval is also 639 

shown. 640 

 641 

 642 

 643 
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Figure  1. Virtual Screening of o-orsellinaldehyde   
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Figure 3. Effect of o-orsellinaldehyde on LPS-induced NO and IL-6 production and  
iNOS expression in RAW264.7 macrophage cells. 
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Figure 4. Effect of o-orsellinaldehyde on hIKK-2 kinase activity. g y y
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Figure 5. Effect of intraperitoneal and oral administration of o-orsellinaldehyde on IL-6 
expression in the serum of LPS injected  mice
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Figure 6. Effect of o-orsellinaldehyde on the Cleaved caspase-3 expression and toxicity in g y p p y
HepG2 cells. 
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Figure 7. Extraction and quantification of o-orsellinaldehyde into maitake mushrooms 
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