University of Groningen

In vitro studies on the cytoprotective properties of Carbon monoxide releasing molecules and
N-acyl dopamine derivatives
Stamellou, Eleni

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Stamellou, E. (2016). In vitro studies on the cytoprotective properties of Carbon monoxide releasing
molecules and N-acyl dopamine derivatives. [Thesis fully internal (DIV), University of Groningen]. University
of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-01-2023

CHAPTER 9
Analyses of different synthetic N-acyl dopamine derivatives reveal
different structural requirements for their anti-inflammatory effect and
TRPV1 activation

Prama Pallavi*, Eleni Stamellou*, Julio Caballero, Marc Pretze, Sarah Klotz, Björn Wängler,
Ralf Loesel, Steffen Roth, Bastian Theisinger, Uta Binzen, Wolfgang Greffrath, Rolf-Detlef
Treede, Martin C. Harmsen, Bernhard K. Krämer, Mathias Hafner, Benito A. Yard

*: Equally contributed authors

Manuscript in preparation

163

Chapter 9

Abstract
N-octanoyl dopamine (NOD) activates transient receptor potential channels of the vanilloid receptor
subtype 1 (TRPV1) and down-regulates inflammatory mediators. We sought to delineate the chemical
entities within NOD that are responsible for these effects by synthesizing compounds that slightly
differ from NOD at the aromatic- , amide linker- and fatty acid moieties.
While the EC50 for TRPV1 activation by NOD was 12.7µM, the absence of one hydroxyl group at the
aromatic ring (N-octanoyl tyramine (NOT) or the use of a bulky fatty acid as ester functionality (Npivaloyl dopamine (NPiD) significantly impaired TRPV1 activation. In contrast, acetylation of the
ortho-dihydoxy groups (acetylated (A-) NOD) or shortening of the amide linker (ΔNOD) slightly
decreased the efficacy for TRPV1 activation. For the latter compound efficacy further decreased by
interchanging the position of the carbonyl and amide groups (ΔNODR). Docking studies and sitedirected mutagenesis revealed similar anchor residues for interaction of capsaicin and NOD with
TRPV1. However, mutagenesis of R491 to A in TRPV1, only affected TRPV1 activation by NOD.
With exception of ΔNODR the presence of an intact catechol structure was obligatory for inhibition
of VCAM-1 and induction of HO-1 expression. NPiD and A-NOD both displayed similar antiinflammatory properties as NOD.
We demonstrate that structural requirements for TRPV1 activation and inhibition of inflammation are
different in NOD, and possibly also in other N-Acyl dopamines. Hence our findings may provide a
framework for the rational design of TRPV1 agonists with improved anti-inflammatory properties for
the treatment of neuropathic pain caused by inflammation.
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Introduction
N-acyl dopamines (NADDs), first synthesized by Tseng et al. to inhibit the leukotriene biosynthesis
in-vitro [182], are condensation products of fatty acids linked to dopamine at the amino group.
Although the existence of endogenous NADDs in mammals was hypothesized [331], it was with the
discovery of N-arachidonoyl-dopamine (NADA) in bovine and rat nervous tissue that the presence of
endogenous NADDs could be substantiated [167]. Since then a number of endogenous NADDs have
been reported [332] and a variety of synthetic NADDs have been introduced in in vitro and in vivo
studies [166, 178]. In analogy to capsaicin, their structure can be divided into three parts, i.e. the
aromatic moiety (A-region), the linker region containing the amide bond (B-region) and the
hydrophobic aliphatic side chain (C-region) [333-335]. They show agonistic properties at the TRPV1
channel, are capable of activating the cannabinoid receptors CB1 and CB2 and show anti-inflammatory
and immune modulatory effects [189, 192].
TRPV1 is mainly expressed in the unmyelinated C-fibers and thinly myelinated Aδ-afferent nerve
[336, 337] and significantly contributes to the generation of pain signals, i.e. nociception, in patients
with neuropathic - or chronic neuropathic–inflammatory pain. The treatments that currently exist for
these patients are only moderately effective and are based on a plethora of targets and their postulated
mechanistic pathways, e.g. inhibition of inflammation [338, 339] TRPV1 modulation [340-342],
inhibition of microglial activation [343] or inhibition of spinal synaptic transmission[344]. For topical
application lidocaine[345], nitrate [346] and capsaicin [347] have been extensively studied for their
efficacy in the treatment of diabetic peripheral neuropathy. Most of these studies have reported a
significant reduction of pain intensity, albeit that the routine use of capsaicin is not recommended as
it is associated with complete or near complete epidermal denervation and subsequent impaired nerve
regeneration [348].
There is growing evidence that supports a prominent role of inflammation in the development and
maintenance of neuropathic pain. TRPV1 activation by NADDs has been reported to modulate
nociceptive signaling in inflammatory pain [349-351]. Independent hereof, NADDs also exhibit antiinflammatory properties on their own, by virtue of their ability to inhibit signaling pathways involved
in inflammation, e.g. NFκB, NFAT and activator protein 1 signaling [10, 11, 21]. We have recently
demonstrated that N-octanoyl dopamine (NOD) shows profound cyto-protective properties in terms of
reducing cold inflicted injury [162, 308, 309], down-regulation of inflammatory mediators [194] and
inhibition of platelet function [309]. In vivo NOD has a salutatory effect on ischemia induced acute
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kidney injury (AKI) in rats [178]. NOD differs from capsaicin in that it contains a catechol moiety (the
A-region), it is a CH2 shorter (the B-region) and it contains a completely saturated aliphatic chain (the
C-region). To assess if these differences would explain the lower TRPV1 agonistic, but superior antiinflammatory properties of NOD relative to that of capsaicin, in the present study we used NOD as a
lead compound and subsequently made changes in the A-,B- and C-region to delineate to what extent
this affects TRPV1 activation and the anti-inflammatory properties.
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Materials and methods
Chemicals
All chemical reagents were purchased from Sigma Aldrich (Sigma-Aldrich Chemie GmbH, Munich,
Germany) unless otherwise indicated.

N-acyl dopamine synthesis
N-acyl dopamines viz. N-octanoyl dopamine (NOD), N-pivloyl dopamine (NPiD) and N-octanoyl
tyramine (NOT) were prepared from commercially available precursors as described previously[162]
and were purified by two fold recrystallization from dichloromethane as demonstrated by thin layer
chromatography (TLC). Briefly, octanoic acid was converted to its mixed anhydride derivative by
reaction with ethyl chloroformate in the presence of N-ethyl diisopropylamine. The crude mixed
anhydride was incubated with dopamine hydrochloride in N,N-dimethylformamide and N-ethyl
diisopropylamine to form NOD. After aqueous preparation and evaporation of the organic solvent
NOD in an overall yield of approximately 60% is obtained. The sample investigated by NMR (Bruker
AC250) yielded spectra in accordance with the expected structure. Acetylation of NOD (A-NOD) was
performed by suspending 2g of NOD in 5 ml acetic anhydride under magnetic stirring. When two
drops of sulphuric acid were added, the suspension turned clear and stirring was continued for one
hour. Diluted hydrochloric acid (5 mL) was added and 30 min later the reaction mixture was poured
into 200 ml ice water. The precipitated product was collected by vacuum filtration and dried under
vacuum to yield A-NOD, pure as judged by thin layer chromatography (TLC).
Synthesis of ΔNOD: The general procedure [162] was followed. Briefly, 2.3 mmoles (0.506 g) 3,4Dihydroxybenzylamine hydro bromide salt were dissolved under nitrogen in 7.5 mL
Dimethylformamide and the twofold stoichiometric amount of octanoic acid mixed anhydride (see
above) in ethyl acetate was added, followed by 2.5 mmoles triethyl amine (0.35 mL). After stirring
overnight in the dark and aqueous workup, the crude product was recrystallized from 12 mL 60%
aqueous ethanol to yield 71% (0.435 g) of product as fine white crystals (m.p. 108-110 °C). The
product purity was confirmed by TLC (silica 60, eluent cyclohexane/ethyl acetate 3:2).
Synthesis of ΔNODR: 0.5 g (3 mmoles) of 3, 4 dihydroxyphenyl acetic acid was dissolved in 7.5 mL
tetrahydrofuran (THF) under nitrogen. Triethyl amine (0.415 mL, 3 mmoles) and ethyl chloroformate
(0.275 mL, 3 mmoles) were added and the mixture was stirred in the dark for 3 hours. Then, 0.270 mL
(3 mmoles) N-octyl amine was added and stirring continued. After 4 hours, another 5 mL THF and 0.2
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mL triethyl amine were added and stirred for another 10 hours. After aqueous workup, the product
dissolved in ethyl acetate was purified by dry column flash chromatography with elution by a step
gradient of cyclohexane and ethyl acetate. The product was obtained as white powder, pure as judged
by TLC.
Synthesis of dihydroxy capsaicin: Solution of capsaicin (50 mg, 0.16 mmol) in CH2Cl2 (10 mL) was
slowly added to a solution of BBr3 (0.5 mL, 0.5 mmol) in CH2Cl2 at -12°C in 5 min. The mixture was
stirred for 135 min at -10°C and was allowed to reach room temperature for 60 min. 3 mL water was
added for quenching the reaction and the mixture was extracted with CH2Cl2 (1x) and EE (2x). The
combined organic phases were dried with MgSO4, concentrated under reduced pressure and the crude
product was purified by column chromatography (PE  PE: EE 1:1) to obtain compound MP249 as
pale yellow oil (16 mg, 34%). Rf = 0.46 (PE:EE 1:3).

Cell culture
HEK 293 cells (obtained from ATCC, LGC Standards, Teddington, UK) were cultured in T25cm2
flask with Dulbecco’s modified Eagle’s medium (DMEM; PAA, Pasching, Austria) supplemented
with 10% fetal calf serum (FCS Gold, ;PAA), 100 U/l penicillin and 100 µg/ml streptomycin (PAA)1%
Penicillin Streptomycin at 37°C with 5% CO2 humidified atmosphere. 24 h prior to transfection, 4.0 x
105 cells per well were plated on poly-D-lysine (10 µg/ml) coated round (Ø 15 mm) coverslips and
transfected with 1 µg pcDNA3-rTRPV1 and 3 µl Metafectene (metafectene® pro - Biontex
Laboratories GmbH).
Human umbilical vein endothelial cells (HUVECs) were received in collaboration with the Institute of
Transfusion Medicine and Immunology, Medical Faculty Mannheim, Heidelberg University.
Permission for isolation and propagation of endothelial cell from umbilical cords for research purposes
was granted by the local ethic committee of the Clinical Faculty Mannheim, University of Heidelberg
with informed consent in writing.
Human umbilical vein endothelial cells (HUVECs) were isolated from the freshly available umbilical
cord. Cells were grown in basal endothelial cell growth medium (Provitro GmbH, Berlin Germany),
supplemented with 2% fetal bovine serum, without antibiotics at 37º C in a 5% CO2 humidified
atmosphere and experiments were conducted on cells at approximately at 80-90% confluence.
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Site directed mutagenesis
A pcDNA3-rTRPV1 construct was used to generate rTRPV1-R491A (5'-GCA GGA AAT ATT GAA
TCC CTG CGA AGA AGA AGT AGA CTC CTC-3'; 5'-GAG GAG TCT ACT TCT TCT TCG CAG
GGA TTC AAT ATT TCC TGC-3); T511A (5'-GTA CAA AGA AAA GTA TCT CAC TGG CGC
TGT CCA CAA ACA AAC TCT TGA-3', 5'-TCA AGA GTT TGT TTG TGG ACA GCG CCA GTG
AGA TAC TTT TCT TTG TAC-3');S512A (5'CTG TAC AAA GAA AAG TAT CTC ATA GGC
GCT GTC CAC AAA CAA ACT-3', 5'-GAG TTT GTT TGT GGA CAG CGC CTA TGA GAT ACT
TTT CTT TGT ACA-3'); T550A (5'-GTA GAG CAT GTT GGC CCA GCC CAT GGC CA-3', 5'TGG CCA TGG GCT GGG CCA ACA TGC TCT AC-3'); and E570A (5'-CTG TAC AAA GAA
AAG TAT CTC AGC GTA GCT GTC CAC AAA CAA ACT C-3', 5'-GAG TTT GTT TGT GGA
CAG CTA CGC TGA GAT ACT TTT CTT TGT ACA G-3') mutations using QuikChange SiteDirected Mutagenesis Kit (Agilent Technologies) as per manufactures’ protocol. Sequence of all the
clones was verified by using BigDye® Terminator v3.1 Cycle Sequencing Kit at Department of
Pathology by Dr. Christian Saur.

Calcium Imaging
48 hours post transfection cells were transferred into extracellular solution containing NaCl 137.6 mM,
KCl 5.4 mM, MgCl 0.5 mM, CaCl2 1.8 mM, glucose 5 mM and HEPES 10 mM (Roth, Karlsruhe,
Germany), loaded with the fluorescent dye FURA-2AM (3µM; Biotrend, Köln, Germany) with
Pluronics F-127 3µM or 45 mins at RT in dark. Followed by 20 min washout in extracellular solution,
fluorescence was measured using an inverted microscope (IX-81 with Cell^R, Olympus, Hamburg,
Germany) and an ORCA-R2 CCD camera (Hamamatsu Corp., Bridgewater, NJ, USA). After
alternating excitation with light of 340 nm and 380 nm wavelength, the ratio of the fluorescence
emission intensities at 510 nm (340nm/380nm [510nm]) was calculated and digitized at 0.5 Hertz.
This fluorescence ratio is a relative measure of intracellular calcium concentration [352]. Analysis was
done using cell^R software (Olympus). All capsaicin responding cells constituted region of interest
and each coverslip was considered as an independent experiment. Absolute change in ratio was
determined by subtracting baseline value from the peak.

Protein isolation and Western Blotting
HUVEC lysates were generated by using a buffer containing 10mM Tris-HCl, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 1 µM dithiothreitol (DTT), proteinase inhibitor
cocktail and phosphatase inhibitor (. Protein concentration was measured using Coomassie-Reagent
(Pierce, Rockford, USA). Samples (15 μg protein extract) were heated to 95 °C for 5 minutes, loaded
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and separated on 10% SDS-polyacrylamide gel followed by semi-dry blotting onto PVDF membranes
(Roche, Mannheim, Germany). The membranes were incubated with 5% w/v non-fat dry milk in
TBS/Tween20 0.5% to block unspecific background staining and hereafter incubated overnight at 4°C
with anti-VCAM-1 (1:1000, R&D Systems, Wiesbaden, Germany) or HO-1 (1:2000, Enzo, Biochem
Inc.). Subsequently, the membranes were thoroughly washed with TBS-Tween 0.1% and incubated
with the appropriate horseradish peroxidase conjugated secondary antibody, followed by five times
wash in TBS/Tween20 0.1%. Proteins were visualized using enhanced chemiluminescence
technology, according to the manufacturer’s instructions (Pierce, Rockford, IL). To confirm equal
protein loading, membranes were stripped and re-probed with monoclonal anti-β-actin antibody
(1:10,000, Abcam plc, UK).

Luminol Assay
The redox activity of the compounds was measured using luminol assay. Serial dilutions of the
compounds were prepared in distilled water and were added to Luminol reaction mix (luminol 2.5mM,
p-Coumaric acid 0.9mM and 0.3% H2O2). HRP (0.1µg/µl) was added to the reaction mix and
quenching of chemiluminescence was measured immediately using infinite® 200 PRO – Tecan
microplate reader. The measurements were performed in triplicates.

Molecular modeling
Because of structural similarity between the NOD and capsaicin the structure of TRPV1 PDB 3J5R
[353], in which TRPV1 forming complex with capsaicin was taken. This structure is a reconstruction
of the above mentioned complex by single particle cryo-microscopy [354] ICM software was used for
performing docking [355]. The structures of the different NADDs were sketched by using the
Molecular Editor of ICM software. Protein and inhibitor structures were converted into ICM objects.
During protein conversion process, hydrogens were added and the full structure was optimized.
Meanwhile, during ligand conversions, two-dimensional representations were converted into threedimensional ones, partial charges were assigned, and rotatable bonds were identified.
ICMPocketFinder [356] program was used to identify the main cavity in the structure 3j5r; the default
tolerance value of 4.6 was used for the definition of the limits of the pocket. Box position and size,
were kept according to the values suggested by the program. The best docked position for each
complex was determined by considering the total energy value after ten runs.
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Statistical analysis
All data are expressed as the means ± SEM from at least three independent experiments. Statistical
significance of results was assessed by one- or two-way ANOVA (main effects: substance or receptor
variant and concentration) followed by LSD post-hoc tests (STATISTICA for Windows 4.5, StatSoft
Inc., Tulsa Oklahoma, USA), p<0.05 was considered to be significant. EC50 calculations were done
using graphpad prism 5.0.
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Results
Structural characteristics of NADDs essential for TRPV1 Activation
In order to assess the molecular entities within NOD that are required for TRPV1 activation NOD was
used as a lead structure and subsequently compounds were synthesized that slightly differ from NOD
at the aromatic moiety (A-region), the linker region (B-region) or the aliphatic chain (C-region).

Figure 1: Chemical Structures of NADDs. (a) Chemical structure of NOD and Capsaicin and Similartity in their
chemical structures along with the functional groups. (b) Chemical structures of NADDs and NOD analogs.
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These changes included acetylation of the catechol structure, (A-NOD), omitting one hydroxyl
functional group from the benzene nucleus (N-octanoyl tyramine (NOT)), exchanging octanoyl for the
branched pivaloyl as ester functionality (N-pivaloyl dopamine (NPiD)) and shortening of the linker
region by one CH2. The later was made in two variants in which the positions of the carbonyl group
were interchanged relative to the position of the amide group (ΔNOD and ΔNODR). In addition the
vanilloid moiety of capsaicin was changed to a catechol structure (CAP-OH) (Figure 1).

TRPV1 Activation
TRPV1 activation capability of the synthetic NADDs was assessed using the calcium imaging
technique on rTRPV1 transfected HEK cells. Neither one of the synthetic NADDs nor capsaicin
induced a significant change of intracellular calcium in the untransfected HEK cells (data not shown).
Calcium imaging was performed in single dishes of rTRPV1 transfected HEK cells in a step-increase
manner to estimate the concentration range at which calcium transients appeared upon stimulation with
each of the compounds. Capsaicin induced concentration-dependent increases of intracellular calcium
with an EC50 of about 300 nM (log 10 EC50 -6.5 ± 0.46; Fig. 2a, B, Table 1). The same was true when
applying NOD (Fig. 2a-c) but NOD was significantly less potent and effective at TRPV1 as compared
to capsaicin (log 10 EC

50

of -4.91 ± 0.15; main effect of substance: F (1,40) = 98.34; p < 0.001;

ANOVA).
NOD mediated calcium transients displayed marked tachyphylaxis from stimulus to stimulus and were
completely abrogated when the cells were stimulated with NOD in the presence of the TRPV1
antagonist capsazepine (CPZ) (Figure 3). Interestingly, NOD responses were persistently reduced after
wash-out of CPZ, while the response to capsaicin did occur after thoroughly washes-out of CPZ.
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Table 1: Activation of TRPV1

Table 1: EC50 of the compounds. The EC-50 value defined as the concentration of the compound needed to
evoke the response corresponding to the 50% of the maximum produced by that compound. The increase in
(𝑇𝑜𝑝−𝑏𝑜𝑡𝑡𝑜𝑚)

ratio was fitted in 𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (1+10(𝐿𝑜𝑔𝐸𝐶50−𝑋)×𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒 equation to obtain LogEC50 values. Bottom was
constrained to 0 since the baseline was subtracted from the response as per recommendation of the software.

EC50 values of the compounds for TRPV1 were assessed in dose-response experiments, in which
rTRPV1 transfected HEK cells were only once stimulated in multiple dishes for each concentration
(Table 1). Several of synthetic NADDs were also capable to activate TRPV1 in a concentrationdependent manner (F (4, 59) = 34.21; p < 0.001; ANOVA), NOD was most and A-NOD least efficacious
at TRPV1 (main effect of variant F (3, 59) = 5.89; p < 0.01; ANOVA). Capsaicin was significantly more
potent in activation of TRPV1 as compared to NOD (Figure 2d, EC50 300nM vs 12.21µM), while the
potencies of NOD EC50 12.21 µM and ΔNOD EC50 20.8 µM to activate TRPV1 were approximately
similar but significantly higher as compared to ΔNODR 187.7 µM (Figure 2e). The efficacy of CAPOH EC50 736 µM was slightly lower as compared to capsaicin 304.6 nM, but still significantly higher
than NOD (Table 1).
Because in step-increase experiments for NOT and NPiD these compounds precipitated at high
concentrations (1 mM) at which calcium transients were only 38 and 51% of the capsaicin response,
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EC50 values could not be determined. It should be mentioned however that a slight calcium transients
for NOT and NPiD were observed at 100 and 500 µM respectively (data not shown).

Legend to Figure 2: rTRPV1 activation (a) Representative example of a calcium imaging experiment using
rTRPV1 transfected HEK cells. The ratio 340/380 at 510 nm – a measure proportional to free intracellular
calcium – is false color coded where warmer colors indicate increasing calcium values. (b) A single dish of
rTRPV1 transfected HEK cells which were stimulated with increasing concentrations (100pm, 1nM, 10nM,
100nM, 1µM, 10 µM) of capsaicin. At the end of the experiment cells were stimulated with 10µM of Ionomycin.
The results are expressed as average ratio 340/380 at 510 nm using at least 100 regions of interest (ROI) with
each ROI containing approximately 4 or more cells. The result of a representative experiment from a total of
three is depicted. (c) rTRPV1 transfected HEK cells were stimulated with increasing concentrations of NOD
(0.5µM, 5µM , 10µM, 100µM, 178µM, 562µM and 1mM) At the end of the experiment cells were stimulated
with 10µM of Ionomycin. The results are expressed as average ratio 340/380 at 510 nm least 100 regions of
interest (ROI) with each ROI containing approximately 4 or more cells. The result of a representative experiment
from a total of three is depicted. (d) Dose response curves of NOD and capsaicin; *** p < 0.001, LSD post-hoc
test. (e) Dose response curves obtained with different NADDs; n.s. p > 0.3, * p < 0.05, ** p <0.01, *** p < 0.001,
LSD post-hoc test for main variable. The results are expressed as average ratio 340/380 at 510 nm ± SEM of all
measurements.
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Figure 3: A representative experiment showing increases in free intracellular calcium in rTRPV1 transfected
cells in response to repetitive application of 30µM NOD. The response displayed marked tachyphylaxis from
stimulus to stimulus (grey trace). Application of equimolar concentration of competitive TRPV1 antagonist
capsazepine before and during the 2nd stimulus (CPZ; black trace) abolished the NOD response. Bar graph shows
the maximum increase in the in free intracellular calcium upon response to repetitive application of 30µM NOD
with or without equimolar concentration of capsazepine (Figure to the right).

Interaction of NOD with TRPV1
Based on the electron cryo-microscopy structure of the rTRPV1 ion channel [353] docking studies
with NOD and capsaicin were done to understand the interaction between the agonist and the channel.
Docking studies revealed potential interactions for capsaicin with three amino acids Y511, T550 and
E570 in the TRPV1 binding pocket. For NOD two of these interactions were the same, i.e. T550 and
E570, while no interaction with Y511 was suggested (Figure 4). To further evaluate the interactions
revealed by the docking model and previously published data for S512 and R491 [357] interacting
amino acids in rTRPV1 were changed to alanine by site-directed mutagenesis. No difference in
expression level for the rTRPV1 variants was observed two days post transfection, as confirmed by
immunofluorescence. The effect of these mutations on TRPV1 activation was studied at three different
concentrations of NOD (15µM, 50µM and 200µM) and capsaicin (300nM, 1µM, and 10µM)
corresponding to approximately 1, 3 and 13 (for NOD) or 30 (for capsaicin) times the EC50 value
(Figure 5).
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Figure 4: Docking of capsaicin and NOD in TRPV1 channel. (a) A zoomed in view of the capsaicin binding
pocket (filled object) as defined by the docking calculation done using ICMPocketFinder is shown. (b) A
representative configuration of the interactions of capsaicin (pink color) within the binding pocket of TRPV1 is
shown. Capsaicin interacts with three amino acids Y511, T550 and E570 in the TRPV1 binding pocket. This
occurs by making hydrogen bridges between the hydroxyl group attached to aromatic ring of capsaicin and
amino acid residue E570, with the hydrogen of the amine group of capsaicin and T550 and with the carbonyl
group of capsaicin and Y511. (c) A representative configuration of the interactions of NOD (cyan color) within
the binding pocket of TRPV1 is shown. Both hydroxyl groups on the catechol moiety of NOD interact with E570
via hydrogen bridges. Similar as for capsaicin the hydrogen of the amine group interacts with T550.
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Figure 5: Point mutation of the identified binding sites dramatically changes the TRPV1 channels sensitivity
to capsaicin and NOD. HEK cells were transfected with different mutants of TRPV1 and allowed an expression
time of two days. Hereafter, cells were challenged (n=3) with different concentration of either capsaicin
(300 nM, 1 µM, 10 µM; upper graph) or NOD (15 µM, 50 µm, 200 µM; lower). n.s. p > 0.01, (+) p < 0.1, ** p <
0.01, *** p < 0.001, Anova with LSD post-hoc test versus wild-type tested at the same concentration.

At the EC50 - and three times EC50 concentrations TRPV1 activation was completely abrogated for the
Y511A and E570A mutations upon capsaicin and NOD stimulation and remained significantly
diminished even when using excessively high concentration. Also the T550A significantly diminished
TRPV1 activation, which seemed to be more pronounced in the case of NOD stimulation at EC50 and
three times EC50 concentrations. TRPV1 activation for the R491A variant was only diminished by
NOD when using EC50 concentrations. Changing of S512A completely abolished TRPV1 activation
by capsaicin, NOD or resiniferatoxin (RTX) when tested over a range of concentration (data not
shown).
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Anti-inflammatory property of NADDs
To assess if the structural changes in the synthetic compounds would also affect their antiinflammatory properties, we screened all compounds for down-regulation of TNF-α mediated VCAM1 expression and induction of HO-1 in HUVECs (Figure 6a). Except for ΔNODR all catechol
containing structures were able to inhibit TNF-α mediated VCAM-1 expression, while this was neither
observed for capsaicin nor for NOT. Inhibition of VCAM-1 expression was paralleled by a
concomitant induction of HO-1 expression. Dose-response experiments for direct comparison of NOD
vs NOT, capsaicin vs CAP-OH and ΔNOD vs. ΔNODR are depicted in Figure 6b-c. In considering
that catechols contain a high redox activity which may contribute to the anti-inflammatory effects of
NADDs [194], we assessed for each compound the quenching properties in a peroxidase mediated
luminol chemiluminescence reaction (Figure 7). When tested at 125 µM the redox activities of NOT
and ΔNOD were low as compared to that of the other compounds (Figure 7a). CAP-OH was slightly
but significantly better in its quenching properties compared to capsaicin. Since ΔNOD and ΔNODR
both contain a catechol moiety and the latter neither inhibited VCAM-1 expression nor induced HO1, we performed a dose response of ΔNOD and ΔNODR for direct comparison of their redox activity
(Figure 7b). The quenching properties of ΔNODR were approximately 100 times higher as compared
to ΔNOD.

Figure 6: VCAM-1 inhibition and induction of HO-1 by the test compounds (A) HUVECs were stimulated
overnight with 10 ng/ml of TNF alpha in the presence of 100µM of the various compounds. The expression of
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VCAM-1 and HO-1 was assessed by western blotting. (B-D) Dose-response experiments for direct comparison
of NOD vs NOT (B), Capsaicin vs. CAP-OH (C) and ΔNOD vs. ΔNODR (D). For all the blots equal loading of protein
was ensured with ß-actin. The results of representative experiments are shown, a total of at least 4
independent experiments were performed.

a.

b.

Figure 7: Redox activity of test compounds. (a) The ability to quench peroxidase mediated luminol
chemiluminescence was tested. To this end, 125µM was added to 100µl of reaction mixture containing 0.005
U of horseradish peroxidase (HRP) and 10 µM of luminol.t. (b) Serial dilutions of ΔNOD vs. ΔNODR were added
to 100µl of reaction mixture containing 0.005U of horseradish peroxidase (HRP) and 10 µM of luminol. In A and
B chemiluminescence was measured directly after addition of 0.01% H2O2.
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Discussion
We have previously demonstrated that apart from TRPV1 activation NOD shows profound cytoprotective properties in terms of reducing cold inflicted injury [162, 308, 309], down-regulation of
inflammatory mediators [194] and inhibition of platelet function. In the present study we sought to
dissect the molecular entities within NOD that govern TRPV1 activation and are responsible for the
anti-inflammatory effect as defined by down-regulation of TNF-α mediated VACM-1 expression and
induction of HO-1. The major findings of this study are as follows, Firstly, alterations in the A-, Band C-regions of NOD may all affect the potency to stimulate TRPV1. While this was most profound
when a short branched fatty acid was used as ester functionality in the C-region (NPiD) or when a
hydroxyl group was omitted in the A region (NOT), shortening of the linker region by one CH2 (ΔNOD
and ΔNODR) or acetylation of both hydroxyl groups in the A-region (A-NOD) impaired TRPV1
activation to a much lesser extent. Secondly, docking studies suggested that amino acids (aa) Y511,
E570 and T550 in TRPV1 may interact with capsaicin, while only E570 and T550 are interacting with
NOD. In addition to these putative interacting aa, site directed mutagenesis also revealed the
importance of S512 for TRPV1 activation by capsaicin or NOD and of R491 for activation by NOD.
Thirdly, the anti-inflammatory effects of the compounds were not significantly affected by changes in
the A-, B- and C-regions of NOD as long as the catechol moiety in the A-region was maintained.
Acetylation of the ortho-dihydroxy groups (A-NOD) was equally effective as compared to NOD. The
only exception found in this study was ΔNODR which was not able to inhibit VCAM-1 expression
despite the fact that carries an intact catechol structure.
The capsaicin-bound TRPV1 structure was previously resolved by making use of cryo-EM [353, 354])
and iterative computation in conjunction to systematic site-specific functional tests [358]. From these
data it has been postulated that capsaicin takes a ‘tail-up, head-down’ configuration in which the
vanillyl and amide groups form specific interactions with residues T570 and T550 by hydrogen bonds
to anchor its bound position. The aliphatic chain interacts with the channel through nonspecific Van
der Waals (VDW) forces and contributes to the binding affinity. This is followed by a series of
structural rearrangements to stabilize the activated conformation mainly by ‘pulling’ at E570 through
hydrogen bonding and VDW forces. The Y511 residue seems not to play a role in hydrogen bounding
but closes the mouth of the binding pocket and thereby cradling the capsaicin molecule inside [358].
This model thus explains why the Y511A mutation leads to impaired TRPV1 activation, but neither
addresses the importance of S512 for TRPV1 activation by capsaicin [357] and NOD, nor does it
explains the role of R491 for TRPV1 activation by NOD.
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Our docking studies suggest similar interactions for NOD and TRPV1 as described for capsaicin, i.e.
the catechol group interacts with E570 while the amide interacts with T550. We did not see an
interactions with M547 as proposed by Gavva et al [359] nor did we observe Pi-stacking between the
aromatic rings of the Y511 and the TRPV1 ligands [357].
Amongst the different NADDs, NOD proved to be the most potent in TRPV1 activation. A-NOD
slightly differed in this respect from NOD and might interact with TRPV1 either in its acetylated form
or after conversion to NOD by esterase activity. Strikingly, the EC50 values for ΔNOD and ΔNODR
were significantly different although the docking study suggested that both compounds do not differ
in the number of interactions with TRPV1. This can be explained on the basis of a lower cellular uptake
of ΔNODR as compared to ΔNOD. Both NPiD and NOT were extremely poor TRPV1 agonists. In
comparison to NOD, NPiD contains a short bulky fatty acid tail which may not provide sufficient
VDW forces in the interaction with the hydrophobic core of the channel [358]. Similarly NOT would
only allow one hydrogen bond with E570, as opposed to two bonds for NOD, resulting in a relative
loss of binding affinity and thus impaired TRPV1 activation.
The anti-inflammatory effect of NADDs, i.e. the ability to inhibit VCAM1 expression and to induce
HO-1, seems to depend on the presence of the catechol structure which acts as an anti-oxidant able to
inhibit NFĸB [194] and to activate the Nrf2-keap1 pathway [360]. This also explains why CAP-OH is
more superior as compared to capsaicin in this regard. However, a direct comparison between ΔNOD
and ΔNODR reveal a significant higher redox activity of the latter despite the fact that it was neither
able to inhibit VCAM1 expression nor to induce HO-1. One explanation for this paradoxical finding
could be the ease of undergoing enolization under basic and acidic conditions as a consequence of a
keto-enol tautomerism (Figure 8). The formation of an enol structure allows conjugation of electron
lone pairs of nitrogen and oxygen with the aromatic system and thus considerably increases the
electron density at the aromatic head. Therefore, the redox potential, i.e. the affinity for electrons,
becomes lower and is more easily oxidized. Although both NOD and ΔNOD may display keto-enol
tautomerism, the newly formed enol double bonds are not in conjugation with the aromatic pi-system
and thermodynamically less favorable (Figure 8).
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Figure 8: Keto-enol tautomerism of ΔNODR and NOD. (a)Keto-enol-tautomeric structures of ΔNODR. For
NODR, there is formation of conjugated double bond in the enol form. A negative charge at the hydroxyl group
would therefore be stabilized over the whole ring and to the oxygen of the amide, which accounts for high
potential of oxidation of the ΔNODR. (b) Keto-enol-tautomeric structures of NOD. For the enol form of NOD
there is no possibility of conjugation of double bond.

This is in contrast to ΔNODR in which the enol double bond is in conjugation with the aromatic pisystem. Hence ΔNODR might have a higher electron density at the aromatic head and thus more easily
oxidized as compared to NOD or ΔNOD. The higher electron density however may also impair its
ability to cross the negatively charged phospholipid membrane, supporting our finding that the EC50
value for TRPV1 activation was significantly higher for ΔNODR as compared to ΔNOD even though
the docking studies did not reveal a difference between both for interacting with TRPV1.
In conclusion, we demonstrate that the molecular entities that govern TRPV1 activation by NOD, and
presumably NADDs in general, are different from the ones that provide NADDs their antiinflammatory properties. In keeping with the close relation between inflammation and pain,
compounds that can desensitize TRPV1 and have anti-inflammatory properties, may offer new
therapeutic avenues for the treatment of inflammatory pain. Topical application of capsaicin has long
been clinically used to treat persistent pain, such as osteoarthritic pain, post-herpetic neuralgia of the
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trigeminal nerve, migraine prophylaxis, diabetic neuropathy, HIV-associated distal sensory
neuropathy, and intractable pain in cancer patients [340, 361-364],. Nonetheless its use is associated
with complete denervation and impaired nerve regeneration [348] as a consequence of strong TRPV1
activating properties. Moreover, it may not, or only indirectly, address the inflammatory component
of pain. Our findings may thus provide a framework for the rational design of moderate TRPV1
agonists with improved anti-inflammatory properties for the treatment of neuropathic pain caused by
inflammation.
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