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BACKGROUND AND PURPOSE

In the search for safer and effective anti-inflammatory agents, we investigated the effect of methyl indoline-3-propionate and
indoline-3-(3-aminopropyl) carbamates on LPS-induced lung injury and pro-inflammatory cytokines in mice. Their mechanism
of action was determined in murine peritoneal macrophages.

EXPERIMENTAL APPROACH

Lung injury was induced by intratracheal infusion of LPS and assessed by the change in lung weight and structure by light
microscopy after staining by haematoxylin and eosin. In LPS-activated macrophages, MAPK proteins and IkBa. were measured
by Western blotting and the transcription factors, AP-1 and NF-xB by electromobility shift assay. Cytokines in the plasma and
spleen of mice injected with LPS were measured by tLisa-based assay.

KEY RESULTS

AN917 and AN680 (1-10 pM) decreased TNF-a protein in macrophages by inhibiting phosphorylation of p38 MAPK, IxBa.
degradation and activation of AP-1 and NF-kB without affecting cell viability. In vivo, these compounds (10 umol-kg™)
markedly decreased lung injury induced by LPS and the elevation of TNF-a. and IL-6 in lung, plasma and spleen. Activation of
o-7nACh receptors contributed to the reduction of TNF-a. by AN917, which inhibited AChE in the spleen by 35%.

CONCLUSION AND IMPLICATIONS

Indoline carbamates are potent inhibitors of pro-inflammatory mediators in murine macrophages and in mice injected with
LPS, acting via the p38 MAPK, AP-1 and NF-kB cascades. Indirect a-7nACh receptor activation by AN917, through inhibition
of AChE, contributes to its anti-inflammatory effect. Indoline carbamates may have therapeutic potential for lung injury and
other diseases associated with chronic inflammation without causing immunosuppression.

Abbreviations
AP-1, activator protein 1; BALF, broncho-alveolar lavage fluid; iNOS, inducible NOS; IkBa, inhibitor of NF-xB; MPO,
myeloperoxidase; o-7nACh receptor, a-7 nicotinic ACh receptor
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Tables of Links

Ligand-gated ion channel’
a-7nAChR, nicotinic cholinergic receptor
Enzymes®

AChE, acetyl cholinesterase

BuChE, butyryl cholinesterase

iNOS, inducible NOS

Budesonide
Dexamethasone
IL-6
Mecamylamine
Rivastigmine
TNF-o

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“>Alexander et al., 2013a,b,c).

Introduction

Inflammation is an adaptive response to infection and tissue
injury (Medzhitov, 2008) that involves activation of induc-
ible NOS (iNOS), release of reactive nitrogen and oxygen
species and of pro-inflammatory cytokines for example
TNF-q, IL-6, IL-1f (Watters et al., 2002). Chronic or excessive
activation of the immune system may increase susceptibility
to infections and cause ulcerative colitis (Podolsky, 2002),
rheumatoid arthritis (McInnes and Schett, 2007), diabetes
(DeFuria et al., 2013) and cancer (Reuter et al., 2010). Pro-
inflammatory cytokines also play a critical role in the aeti-
ology of the acute respiratory distress syndrome, which can
be caused by Gram-negative bacteria (Ulich etal.,, 1994).
This syndrome comprises pulmonary oedema, low lung
compliance and widespread capillary leakage and fibrosis
(Levitt and Matthay, 2006). Mortality rates are 40-70%
(Rubenfeld et al., 2005), and therapeutic options are limited.
Although drugs that block the action of TNF-o are very
effective in the treatment of several types of chronic
inflammatory conditions (Magro and Portela, 2010;
Gonzalez-Juanatey et al., 2012; Sorrentino, 2013), their long-
term use can increase the risk of serious adverse effects
(Bongartz et al.,, 2006; Adler etal., 2013; van Dartel et al.,
2013; Raaschou et al., 2013; Seror et al., 2013). Therefore,
there is a need for safer drugs that can reduce the excessive
release of pro-inflammatory cytokines without preventing
any essential activity of these cytokines.

The afferent and efferent limbs of the vagus nerve consti-
tute the cholinergic anti-inflammatory pathway (Tracey,
2002; Pavlov etal.,, 2003), which acts as an interface
between the immune system and the CNS. Most immune
cells contain AChE and o-7 nicotinic ACh receptors
(0-7nAChR) (Kawashima et al., 2007), the activation of which
can reduce the release of pro-inflammatory cytokines
(Gallowitsch-Puerta and Pavlov, 2007). By preserving concen-
trations of ACh in immune cells and at vagal nerve endings
the AChE inhibitor, physostigmine, lowered TNF-o in plasma
and reduce the circulatory disturbance caused in rats by injec-
tion of LPS, a component of the outer membrane of Gram-
negative bacteria. Another AChE inhibitor, rivastigmine,
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decreased cytokines in the colon and macrophages in a
mouse model of colitis (Shifrin et al., 2013).

LPS interacts with Toll-like receptor 4 (TLR4) in immune
cells initiating a cascade that includes activation of MAPKSs,
ERK, p38 or JNK (Watters et al., 2002). This in turn, leads to
the activation of transcription factors activator protein 1
(AP-1) and NF-xB resulting in the expression of predomi-
nantly pro-inflammatory cytokines such as TNF-o. and IL-6.
Also, via activation of TLR4, LPS promotes serine phosphor-
ylation thereby dissociating NF-xB from its binding protein
IxB and facilitating its binding to DNA (Moynagh, 2005). This
is believed to be part of the mechanism employed by LPS to
activate iNOS and the production cytokines.

We have previously reported that carbamate derivatives of
methyl indoline-3-propionate inhibit AChE and decrease
cytotoxicity induced by oxidative stress at much lower con-
centrations than their indole analogues or melatonin
(Yanovsky et al., 2012). They also decrease NO, TNF-o and
IL-6 in LPS-activated macrophages (Furman et al., 2014). In
the current study, we examined in more detail the mecha-
nism of anti-inflammatory activity of the most active com-
pounds of this series. When injected into mice, LPS activates
macrophages primarily in the spleen and liver, inducing the
formation and release of cytokines (Ge efal., 1997). There-
fore, we also assessed the effect of the indoline derivatives on
the levels of pro-inflammatory cytokines in the spleen and
circulation of mice after injection of LPS. As some, but not
all the carbamates, inhibit AChE at concentrations that
reduce TNF-o, we assessed the contribution of indirect
o-7nACh receptor activation via AChE inhibition on their
anti-inflammatory effect. Lastly, we examined the effect of
two compounds on lung injury induced by intratracheal
administration of LPS.

We found that indoline carbamates reduced pro-
inflammatory mediators in LPS-activated murine mac-
rophages by inhibiting p38 MAPK, reducing the degradation
of IxkBo and the nuclear translocation of NF-xB and AP-1. In
mice, AN680 and AN917 (10 umoles-kg™') almost completely
abolished LPS-induced lung injury and significantly
decreased the levels of TNF-o and IL-6 in the lung, spleen and
plasma elevated by the endotoxin. These compounds may
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have therapeutic potential in diseases associated with chronic
inflammation.

Methods

Animals
All animal care and experimental procedures complied with
the Principles of Laboratory Animal Care (NIH publication
#85-23, revised 1985) and were performed according to pro-
tocols approved by the Ethics Committee of the Hebrew
University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al.,, 2010; McGrath
et al., 2010). A total of 355 animals were used in the experi-
ments described here.

Male Bagg albino (Balb)/c mice and female C57BL/6 mice
(8 weeks old), provided by Harlan (Jerusalem, Israel), were
used for these experiments. The mice were housed in groups
of five per cage in a pathogen-free unit under controlled 12 h
light/12 h dark cycle (lights on at 0700 h and lights off at
1900 h) ambient temperature 21 + 1°C humidity 40-50%
with free access to standard rodent chow (Harlan) and water.
The mice were acclimatized to the Animal House for at least
7 days before the experiment.

Measurement of cytokines in cultures of
murine peritoneal macrophages

Peritoneal macrophages were elicited from C57BL/6 mice by
i.p. injection of 1.5 mL aged sterile thioglycolate solution (3%
w/v: Becton Dickinson, Franklin Lakes, NJ, USA) as described
by Quntar etfal.,, (2007). Responses of macrophages from
female C57BL/6 were found to be more reproducible than
those of males of the same strain or from Balb/C mice. The
cells were seeded in 96-well culture plates (NUNC, Thermo
Scientific, Roskilde, Denmark) at a density of 1.5 x 10° cells
per well in DMEM. Budesonide (as positive control) and all
the compounds mentioned earlier or their metabolites
(Figure 1) were added to the cells at concentrations ranging
from 0.01 pM-1.0 nM. After 2h, the macrophages were
treated with complete DMEM or DMEM containing 1 ug-mL™
of LPS with or without the compounds at the concentrations
mentioned earlier. Supernatants were collected after 6 h for
TNF-o and after 24 h for IL-6. Cytokine detection was per-
formed using an ELisa kit (Biolegend, San Diego, CA, USA)
according to the manufacturer’s instructions. All tissue
culture reagents were purchased from Biological Industries
(Beit HaEmek, Israel).

Measurement of nitrite production in RAW
264.7 cell cultures

RAW 264.7 macrophages purchased from the American Type
Culture Collection (Manassas, VA, USA) were used for these
experiments because we were unable to detect NO in perito-
neal macrophages activated by LPS. RAW 264.7 macrophages
were cultured in complete DMEM at a density of 0.5 x
10° cells per well in 96-well culture plates (NUNC). The
experiment was performed as described in the preceding
section, but LPS was added at a concentration of 5 ug-mL™".
Supernatants were collected after 24 h and NO released into
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Figure 1
Chemical structures of indoline carbamates and some of their
metabolites.

the medium was measured in the form of NaNO, using Griess
reagent reaction (Horvath et al., 2008).

Cell viability

RAW 264.7 cells and peritoneal macrophages were treated as
described in the preceding sections. After 24 h, with complete
DMEM or DMEM containing LPS (1 or 5 pg-mL™ for perito-
neal macrophages or RAW 264.7, respectively) together with
the compounds at concentrations ranging from 1pM to
1 uM, MTT solution was added to each well to a final con-
centration of 0.5 mg-mL™" diluted in complete medium. Cell
viability was measured as described by Mosmann (1983).

Isolation of proteins and

immunoblotting detection

The experiments were performed on peritoneal macrophages
to see whether the compounds AN917 and AN680 acted in a
similar or different manner to that of AN827 (Furman et al.,
2014). Macrophages were seeded in six-well culture plates
[5 x 10° cells per well (NUNC)], and incubated in complete
DMEM for 2-3 h. The medium was aspirated and the cells
were rinsed twice with 2 mL of PBS to remove non-adherent
cells. PBS was replaced with medium containing AN917 or
ANG680 (10 pM). After 2 h, the cells were treated with com-
plete DMEM or DMEM containing LPS (1 ug-mL™") with or
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without the compounds for 15 min for the determination of
IxBo degradation and for 30 min for phosphorylation of p38,
JNK and ERK. Cells were harvested and centrifuged at
17 000 g at 4°C for 5 min. Cell pellets were incubated for
30 min with shaking on ice in radioimmuno-precipitation
assay lysis buffer (Beit HaEmek, Israel) containing phos-
phatase inhibitor and protease inhibitor cocktails (1%) pur-
chased from Sigma. After centrifugation at 13 000x g at 4°C
for 5 min, the supernatants were collected and stored at
(-=80°C) until use. Protein samples (20 pg) were separated on
10% SDS polyacrylamide gels with 4.5% SDS stacking gel.
Samples were electro-transferred onto nitrocellulose mem-
branes (0.45 um; Schleicher, Dassel, Germany) and blocked
with 4% non-fat dry milk (Bio-Rad, Hercules, CA, USA). Blots
were probed with antibodies against IxBa (1:500), ERK
(1:500), phosphorylated ERK (p-ERK) (1:650), p38 (1:1000),
phosphorylated p38 (p-p38) (1:600) and tubulin (1:1000),
JNK (1:700) and phosphorylated JNK (p-JNK) (1:700) (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA). The membranes
were incubated overnight at 4°C with appropriate primary
antibodies and then incubated (1 h at room temperature)
with appropriate IRDye conjugated fluorescent secondary
antibodies: donkey anti-mouse 800 (1:8000, Rockland Immu-
nochemicals, Limerick, PA, USA) and alexa-Fluor goat anti-
rabbit 680 (1:8000, Molecular Probes, Grand Island, NY, USA).
IRDye conjugates, all optimized for the Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE, USA).
Blots were quantified using TINA software (version 2.07d;
Raytest, Straubenhardt, Germany) and results were presented
as OD of IkBa relative to that of tubulin for the same band.
For all other proteins, the OD of the phosphorylated form
was expressed relative to that of the non-phosphorylated
form for the same band.

Electromobility shift assay (EMSA)

Murine peritoneal macrophages were seeded in 40-50 mL
culture flasks (NUNC) at a density of 1 x 107 cells per well. The
experiment was performed as described for immunoblot
detection except that activation of NF-xB was measured after
30 min and that of AP-1 after 60 min. Nuclear proteins were
isolated from peritoneal macrophages using Cayman Nuclear
Extraction Kit (Ann Arbor, MI, USA) and total protein con-
centration was determined as described earlier. Double-
stranded NF-xB IRDye 700 and AP-1 IRDye 700 labelled
oligonucleotide corresponding to NF-xB and AP-1 specific
consensus sequence were used for the binding reaction at a
concentration of 50 nM per reaction (LI-COR Biosciences).
Oligonucleotides corresponding to the downstream
NF-xB  (5-GTTGAGGGGACTTTCCCAGGC-3’), AP-1 (5-
GCTGATGACTCAGCCGG AA-3’) binding sequences were
synthesized, annealed and end-labelled with Biotin 3’ End
DNA Labelling Kit. The unlabelled oligonucleotide with the
similar sequence (cold probe) was used as control for speci-
ficity of the binding reaction. The binding reaction was
performed using an Odyssey EMSA buffer kit (LI-COR Bio-
sciences) with 50 ug of total nuclear protein per each reac-
tion. The reaction took place during the 30 min in the dark at
25°C, and 2 puL of orange loading dye X10 was added to each
vial before loading to the gel. A 4% polyacrylamide Tris/
Borate/EDTA gel was prepared and pre-run at 70 mV for
30 min before the samples were loaded. Protein-DNA com-
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plexes (20 uL) were resolved by electrophoresis for 1 h at
70 mV in the dark. The gels were scanned at 700 nm using
LI-COR Odyssey Imaging system. Blots were quantified using
TINA software.

Cholinesterase (ChE) inhibition

The source of AChE in mouse spleen is T lymphocytes as
there are no parasympathetic nerve terminals in this organ
(Nieto-Ceron et al., 2004). In mouse plasma about 90% of the
enzyme is butyrylcholinesterase (BuChE). For measurement
of total ChE activity, compounds or saline were injected into
groups of six male mice, which were killed by decapitation
60 min later when ChE inhibition was shown to reach its
peak (Finkin-Groner, 2013). Blood was collected into heparin-
ized Eppendorf tubes and centrifuged at 17 000x g to obtain
plasma. The spleen was rapidly removed, 100 mg-mL™" cold
phosphate buffer pH 7 containing 0.1% Triton was added and
the tissue was homogenized in Ultra-TURRAX® homogenizer
(IKA®, Staufen, Germany) at a speed of 24 000 r.p.m. and
centrifuged at 17 000x g at 25°C for 4 min. ChE activity in
the supernatants was determined as previously described
(Yanovsky et al., 2012), and the effect of the compounds was
expressed as a percentage reduction of the enzyme activity in
control mice injected with saline. Protein concentration was
determined by means of a bicinchoninic acid protein assay
kit (Thermo Scientific, Rockford, IL, USA).

A 50-fold higher dose of AN827 was needed to cause
significant ChE inhibition in plasma and spleen of mice than
was predicted from its enzyme inhibitory activity in vitro and
compared with that of other indoline carbamates (Table 1). It
was considered that the loss in enzyme inhibitory activity
was due to binding of AN827 to a constituent of plasma.
Using BuChE as an indicator of enzyme inhibitory activity,
the compounds, were incubated with BuChE for 120 min in
the absence or presence of 40 mg-mL™ human serum
albumin (Sigma) or human plasma. The latter was obtained
from the hospital blood bank and, like mouse plasma, con-

Table 1

Inhibition of cholinesterase in plasma and spleen after administration
of compounds to mice

Dose
Compound (umol kg™) Plasma Spleen
AN680 100 11£5 73
200 30£1* 16 £6
400 90 £ 2** 25+ 3*
AN827 200 167 1.2+6.6
400 57 £ 7** 24 + 2*
AN917 10 37 £ 9* 35+ 5*
Rivastigmine 3.3 42 + 4** 46 + 3**

AN compounds were injected i.p.; rivastigmine was given by
gavage. Values represent % inhibition £ SEM of total ChE,
60 min after drug administration. Most of ChE in plasma is
BuChE and in spleen, it is AChE. *P < 0.05, **P < 0.01, significant
inhibition.



tains mainly BuChE. For separation of serum protein by ultra-
filtration we used the ‘Centristart® I’ column (MW 5, 10 and
100 KD cut-off; Sartorius Stedim Biotech, Goettingen,
Germany).

Measurement of LPS-induced cytokine
elevation in mouse spleen

Balb/c mice were injected s.c. with saline (10 mL-kg™"), dex-
amethasone (6 umoles-kg™ as a reference drug) or different
doses of the compounds, followed 15 min or 2 h later by LPS
(10 mg-kg™") injected i.p. The mice were anaesthetized with
CO,, and decapitated 4 h later (optimal time for difference
between levels of cytokines in control and LPS-treated mice
(Finkin-Groner, 2013). In other mice, mecamylamine was
injected s.c. (eight per group) followed 10 min later by riv-
astigmine (3.3 umoles-kg™'), by gavage or saline (10 mL-kg™),
AN917 or AN680 (10 umoles-kg™) s.c. and LPS were given as
indicated earlier. Blood and spleen were collected for cytokine
measurements. Blood was centrifuged at 14 000x g, spleens
were rapidly removed, snap frozen in liquid nitrogen and
stored at (-80°C) until use. Spleen tissue was diluted with PBS
solution (100 mg-mL™) containing NaCl, (0.8%), NaHPO,
(0.144%), KH,PO, (0.024%) and protease inhibitor cocktail
(1%), homogenized in an Ultra-TURRAX® homogenizer
(IKA®) at a speed of 24000 rp.m. and centrifuged at
14 000x g at 4°C for 15 min. Cytokine detection was per-
formed by ELisA kits, (Biolegend) and protein concentrations
were determined as described earlier.

Induction of acute lung injury in mice

AN680 and AN917 (10 umoles-kg™) or 10 mL-kg™ of saline
was injected s.c. into groups of seven Balb/c mice. One hour
later, the mice were anaesthetized with xylazine (0.7 g per
mouse) and ketamine (29.75 mg per mouse). LPS (10 mg-kg™)
or saline was instilled into the trachea as described by
Rayamajhi et al. (2011) and Yu et al. (2008). A second dose of
the compounds or saline was injected 9 h later. Twenty-four
hours after administration of LPS, the mice were killed by
injection of pentobarbitone sodium (50 mg-kg™). The lungs
were carefully removed and the right side weighed and used
for measurement of oedema that was depicted as the ratio of
wet to dry weight after it was dried in an oven at 75°C for
24 h. The left lung was used for microscopic analysis of
pathological changes. It was fixed in 4% buffered formalin
for 24 h, dehydrated, embedded in paraffin, sectioned and
stained with haematoxylin and eosin for analysis by means of
an Olympus BX53 microscope (Olympus, Tokyo, Japan).
From each slide, five fields containing 400 alveoli (x200 mag-
nification) were chosen, and the degree of lung injury was
evaluated by an investigator unaware of the treatments. The
severity of microscopic injury was graded from O (normal) to
3 (severe) as described in Matute-Bello et al., (2001) based on
the degree or amount of (i) congestion of alveolar septae; (ii)
alveolar haemorrhage; (iii) intra-alveolar fibrin; and (iv) intra-
alveolar infiltrates. The total injury score made up of four
components was computed for each mouse. In other groups
of six to eight mice treated with the AN compounds, saline
and LPS as described earlier, broncho-alveolar lavage fluid
(BALF) was collected by injection and withdrawal of three
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aliquots of 1 mL of saline at the end of the experiment via a
polyethylene cannula placed into the trachea as previously
described (Berkman et al., 2001). The BALF was centrifuged
(10 min, 120x g, 4°C) and supernatant was collected for
cytokine and total protein evaluation. The left lung was
homogenized in 0.02 M phosphate buffer (pH 7.4) and neu-
trophil infiltration was monitored by measuring myeloper-
oxidase (MPO) activity according to the protocol described by
Bradley et al. (1982). In the BALE, TNF-a and IL-6 and proteins
were measured as described in the preceding section.

Data analysis

All doses and concentrations of compounds are expressed in
terms of their respective salts. The results are presented as the
mean + SEM unless otherwise stated. Differences between
data from cells treated with LPS alone and those with LPS plus
compounds, and from mice treated with LPS with and
without compounds were analysed by aNnova using IBM SPSS
Statistics Version 19 followed by Duncan’s post hoc test. A P
value of <0.05 was considered to be significant. All experi-
ments on cells were repeated 2-3 times and contained at least
6 measures.

Materials

Dexamethasone phosphate was from Mylan, Inc., (Canons-
burg, PA, USA); rivastigmine hemitartarate from Novartis
(Basle, Switzerland) and mecamylamine hydrochloride from
Waterstone Pharmaceuticals, Inc., (Indianapolis, IN, USA),
ANS827 mesylate, AN680 tosylate, AN917 dihydrochloride,
and AN921 dihydrochloride, AN681, AN850, AN832, and
ANG682 all as hydrochlorides (Furman et al., 2014). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), LPS (from Escherichia coli, serotype 0111:B4) and bude-
sonide all purchased from Sigma (St. Louis, MO, USA).

Results

Inhibition by indoline derivatives of LPS
induced production of NO and cytokines in
macrophages

All the concentrations of budesonide and AN compounds
that are shown in Figure 2A-C significantly reduced TNF-o
(P < 0.01) and, with the exception of AN680 (0.001 pM), also
reduced IL-6 (P < 0.01). For TNF-o, none of the compounds
reached the same magnitude of reduction of 70% as budeso-
nide (1 nM). A peak reduction of 50-55% was achieved with
AN827 0.01 pM; AN680, AN917 and AN921 1 pM. For IL-6,
budesonide, AN827 and AN917 (10 nM) produced similar
maximal reductions of 70-75% (Figure 2B). The peak reduc-
tion in NO of 48% produced by AN827 (10 pM) was greater
than that of budesonide (10 nM) and of any concentration of
the other AN compounds (Figure 2C).

The metabolites of the ester derivatives reduced both
cytokines significantly (P < 0.01) at concentrations rang-
ing from 0.1 to 100 pM (Figure 3A and B). The maximum
reduction was achieved at a concentration of 10 pM. Both
decarbamoylated metabolites with an ester group were
more effective inhibitors of TNF-a than their respective
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Figure 2

Reduction of LPS-induced cytokines in peritoneal macrophages and NO in RAW 264.7 cells by budesonide and indoline carbamates. (A) TNF-o.
Compounds were administered 2 h prior to exposure to LPS (1 ug-mL™") and measurements made after 6 h. Each bar represents the mean + SEM
from six measurements per compound in three independent experiments. Medium for these experiments and those in Figure 3 was DMEM. anova
of the effect of all concentrations of budesonide and four compounds on TNF-a. levels in peritoneal macrophages was (F37,684 = 22.5 P < 0.0001).
All concentrations shown caused a significant (P < 0.01) reduction of TNF-c.. For specific data sets: a, P < 0.05; b, P < 0.01, significantly different
from the 10-fold lower concentration; c, P < 0.05, significantly different from the lowest concentration. (B) IL-6. Compounds were administered
2 h prior to exposure to LPS (1 ug-mL™") and measurements made after 24 h. anova for budesonide and compounds was (Fs7688 = 29.14, P <
0.0001). For specific data sets: b, P < 0.01, significantly different from the 10-fold lower concentration; c, P < 0.05, significantly different from the
lowest concentration; *P < 0.05, significantly different from value for the same concentration of AN827; ** P < 0.01, significantly different from
value for the same concentration of AN917. (C) NO. Compounds were administered 2 h prior to exposure of RAW 264.7 cells to LPS (5 ug-mL™)
and measurements of NO (as NaNO;) were made after 24 h. anova for budesonide and compounds was (F4612 = 45.14, P < 0.0001). All
concentrations shown except budesonide (1 pM) and AN680 (0.1 pM) caused a significant (P < 0.01) reduction of NO, For specific data sets: a,
P<0.05; b, P<0.01; significantly different from the 10-fold lower concentration; ¢, P < 0.05; significantly different from the lowest concentration..
*P < 0.05; **P < 0.01, significantly different from value for same concentration of AN827.
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Figure 3

Reduction of LPS-induced cytokines in peritoneal macrophages and
NO in RAW 264.7 cells by budesonide and metabolites of AN680 and
AN827. (A) TNF-o. (B) IL-6. (C) NO. LPS and compounds were
administered as described for parent compounds. anova for budeso-
nide and metabolites AN681, AN850, AN682 and AN832 for meas-
ures of TNF-o. was (Fz0,333 = 21.19 P < 0.0001) P < 0.0001); IL-6,
(F0,250 = 50.63 P < 0.0001); NO. (Fz0,325 = 31.25, P < 0.0001). For
TNF-o. and IL-6, all concentrations shown caused a significant reduc-
tion P<0.01. For NO, all concentrations except 1 nM of AN 850 and
ANG681 caused a significant reduction, P < 0.05. For specific data sets,
a, P<0.05; b, P<0.01; significantly different from the 10-fold lower
concentration. *P < 0.05, significantly different from value for same
concentration of the respective acid.

carbamoylated acids. All the compounds significantly
reduced NO (P < 0.01) at concentrations ranging from 0.1 to
100 pM, with the greatest effect seen at a concentration of
100 pM (Figure 3C).

Anti-inflammatory effect of indoline carbamates

Effect of indoline derivatives on cell viability
and NO production

None of the compounds or the metabolites tested for anti-
inflammatory activity had any significant effect on cell viabil-
ity in RAW 264.7 cells or peritoneal macrophages at
concentrations ranging from 0.1 pM to 1.0 uM as measured
by the MTT assay (data not shown).

Effect of AN680 and AN917 on MAPKs,
IkBo, NF-xB and AP-1

As previously shown for AN827 (Furman et al., 2014), AN680
and AN917 (10 pM) decreased the phosphorylation of p38
(Figure 4B), but not that of ERK or JNK (Figure 4A and B). The
compounds (10 pM) also decreased the degradation of IxBo
in comparison with that in cells treated with LPS alone
(Figure 4A). In the EMSA analysis, AN680 and AN917 reduced
the levels of NF-xB (Figure 4C) and AP-1 (Figure 4D) at a
concentration of 10 pM.

ChE inhibitory activity of indolines after
administration to mice

In addition to AN827, AN680 and AN917 were selected for
these experiments because they showed the largest differences
in their ability to inhibit AChE in vitro (Furman et al., 2014).
ANO917 (ICso of 1.8 uM), reduced ChE activity significantly at a
dose of 10 pumol-kg™ both in plasma and spleen. AN680, which
has 1/30th of the AChE inhibitory activity of AN917, reduced
enzyme activity only ata dose of 400 umol-kg'. Unexpectedly,
although 7.5 times more potent as an AChE inhibitor than
ANG680, AN827 also reduced ChE activity in the spleen only at
a dose of 400 umol-kg™ (Table 1). AN827 and AN680 are
rapidly hydrolysed in plasma to their respective acids, AN850
and AN681, which are two to three times less potent as AChE
inhibitors than the esters, but show similar potency against
BuChE (Yanovsky et al., 2012). Although this could explain
the somewhat lower AChE inhibition in vivo of AN680 than
predicted from its activity in vitro it does not account for the
more than 50-fold reduction in the inhibitory activity of
ANB827.

Effect of plasma or serum albumin on BuChE
inhibitory activity

In the presence of human plasma, BuChE inhibitory activity
of AN827 was reduced more than 50-fold, but that of AN680
and AN917 was unaffected (Table 2). This reduction remained
after dialysis of the plasma, indicating that it was due to the
presence of a protein. This was not albumin as very little
decrease in activity occurred in its presence. Ultrafiltration of
plasma showed that the fraction that inhibited the activity of
ANS827 contained proteins that are larger than 100 KD.

Reduction of cytokines by indoline derivatives
in LPS-injected mice

AN680 and AN917 (1 and 10 umol-kg™") significantly reduced
TNF-a in the spleen of mice, but AN827 was only effective at
concentrations of 50 and 100 umol-kg™"' (Figure 5A). The loss
of activity of AN827 can be explained by binding to a protein
constituent of plasma, as shown in the preceding section. All
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Table 2

Effect of human plasma or human serum albumin on BuChE inhibitory activity of indoline derivatives

Incubated with Ratios
Compound Human plasma High HSA Human plasma/buffer High HSA/buffer
AN680 3.91+£0.20 4.30+0.12 6.0+0.2 1.1 1.5
AN827 0.30 +£0.04 18.6 £0.6 0.40 +£0.01 62 1.3
AN917 1.20 £0.04 1.00 £ 0.1 1.20£0.03 0.8 1

Values shown are ICso (UM) + SEM (obtained after 120 min pre-incubation). HSA, human serum albumin (40 mg-mL™).

the compounds, except AN827 (10 umol-kg™), also reduced
IL-6 (P < 0.01) (Figure 5B).

AN680 and AN917 (10 umol-kg™") reduced TNF-o (P <
0.01) in plasma when given 2 h before LPS, but were less
effective, or ineffective (AN917) when given 15 min before
LPS (Figure 6A). On the other hand, the compounds only
reduced IL-6 significantly when given 15 min before LPS
(Figure 6B). Dexamethasone reduced both cytokines when
given 0.5 h before LPS (P < 0.01).
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Contribution of activation of the o-7nAChR
to the anti-inflammatory effect

The contribution of activated o-7nAChRs to the anti-
inflammatory effect of AN680 and AN917 in LPS-injected
mice was only assessed on cytokine levels in the spleen
because their reduction in plasma was too small to detect a
significant effect of mecamylamine. In isolated macrophages,
unlike the indoline derivatives, rivastigmine only shows anti-
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Reduction by compounds of TNF-o. and IL-6 in spleen of mice
injected with LPS. Measurements of cytokines in the spleen were
made after s.c. injection of the drugs and i.p. injection of LPS. All
doses are in umoles-kg™". (A) TNF-a.. Each bar represents the mean +
SEM from measurements in six to 12 mice per dose per compound.
ANova of the measure of TNF-o in the spleen was (Fo0s = 71.6, P <
0.0001). For specific data sets: **P < 0.01, significantly different from
LPS alone; #P < 0.05, significantly different from lower dose. (B) IL-6.
Each bar represents the mean + SEM from measurements in six to 10
mice per compound. ANOVA, (Foss = 59.8, P < 0.0001). For specific
data sets: **P < 0.01, significantly different from LPS alone; #P < 0.05,
significantly different from lower dose.

inflammatory activity if given together with a choline ester
(Shifrin et al., 2013). In mice, rivastigmine (3.3 umol-kg™)
inhibited AChE by 46% (Table 1) and reduced TNF-a in the
spleen by 23%. Mecamylamine (10 mg-kg') completely
blocked the reduction in TNF-o induced by rivastigmine,
partly reduced that of AN917 (10 umol-kg™), but had no
effect on that of AN680 (10 umol-kg™"), which did not inhibit
AChE at this dose (Figure 7).

Reduction by AN680 and AN917 in lung
injury induced by intratracheal injection of
LPS in mice

Intratracheal injection of LPS (10 mg-kg™) did not induce the
symptoms of endotoxaemia that are seen after i.p. adminis-
tration in mice, but increased alveolar wall thickness, neutro-
phil infiltration and alveolar congestion (Figure 8A). LPS also
increased the MPO activity in lung tissue, together with
protein content and the levels of TNF-o. and IL-6 in the
BALF (Figure 8D-G). The change in lung weight wet/dry ratio

Anti-inflammatory effect of indoline carbamates
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Figure 6

Effect of compounds on cytokines in plasma after their elevation by
LPS in mice. Compounds were injected either 15 min or 2 h before
LPS. Each bar represents the mean + SEM from measurements in
groups of five to nine mice of: A TNF-o; B IL-6. aNova for measures of
TNF-o (Fs,51 = 43.9, P < 0.0001), IL-6, (fs51 = 22.7, P < 0.0001). For
specific data sets: *P < 0.05; **P < 0.01, significantly different from
LPS alone.

induced by LPS 24 h after its injection was relatively small
and was only significantly reduced by AN680 (Figure 8B). The
degree of the lung tissue damage, cell infiltration, protein
content and MPO activity were all significantly attenuated
(P <0.01) by AN680 and AN917 (Figure 8C-F). The reduction
by AN680 in TNF-o and IL-6 in BALF was greater than that
produced by AN917.

Discussion

The findings in this study confirm and extend those in our
previous report (Furman et al., 2014). They show that con-
centrations of 0.01 pM (or lower) of indoline-3-propionate
ester and indoline-3-(3-aminopropyl) compounds with an
N-ethyl, N-methyl-carbamate substituent can reduce TNF-o
and IL-6 in murine peritoneal macrophages and NO in RAW
264.7 cells activated by LPS. The reduction in TNF-o. peaked
at 1 pM and that of NO at 1-100 pM then lessened with
increasing concentration or remained unchanged. However,
the reduction in IL-6 increased with increasing concentration
for all compounds except AN921. These differences arise from
the timing and magnitude of the interactions of the indi-
vidual compounds with proteins and enzymes in the cascade
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Effect of mecamylamine on reduction by rivastigmine, AN680 and
AN917 in levels of TNF-o in spleen of mice injected with LPS. Mec,
mecamylamine. Doses of rivastigmine and compounds (umol-kg™);
mecamylamine (10 mg-kg™"). Cytokines in the spleen were measured
4 h after injection of mecamylamine, rivastigmine, AN680 and
AN917, with and without mecamylamine, in groups of six to eight
mice per treatment. anova for the different drug treatment groups
was (fo,76 = 37.6, P < 0.0001). Mecamylamine completely blocked
the reduction in TNF-o, caused by rivastigmine, partly antagonized
that caused by AN917 and had no effect on that of AN680. *P < 0.05;
**P < 0.01, significantly different from LPS alone. #P < 0.05, signifi-
cant effect of mecamylamine treatment.

leading to cytokine release. In general, the indolines with a
carbamate in position 4 produced greater reductions in IL-6
and NO than their 6- N-methyl, N-ethyl analogues. The
maximal reduction in cytokines by all the compounds was
greater, and the concentrations were 10-100-fold lower, than
we found previously when we allowed a longer incubation
time between the compounds and the macrophages before
adding LPS. Like AN827, AN680 and AN917 produce their
anti-inflammatory activity by decreasing the phosphoryla-
tion of p38 and the activation of AP-1. In addition, they
prevent the degradation of IxBo and the nuclear transloca-
tion of NF-«kB.

Although the indoline-3-propionates are hydrolysed by
enzymes in plasma, the resulting acids, and the hydroxy
derivatives formed by hydrolysis of the carbamate moiety by
AChE, retain the anti-inflammatory activity of the parent
molecules. Although ANS827 consistently showed greater
anti-inflammatory activity than the other compounds in
vitro, its activity in vivo was strongly restricted by binding to
a protein constituent of plasma. Thus, AN827 only inhibited
AChE and reduced cytokines in LPS-injected mice at doses
more than 50 times larger than would be predicted from its
activity in vitro. Substitution of the carbamate moiety in posi-
tion 6 (AN680) or exchange of the propionic ester for propy-
lamine (AN917) prevented the protein binding.

In response to endotoxaemia induced by LPS, TNF-a is
synthesized in the spleen and liver and released into the
circulation (Ge et al., 1997). The reduction by AN680 and
AN917 (10 pmoles-kg™) in splenic TNF-o and IL-6 induced by
LPS was similar to that of dexamethasone (6 umoles-kg™),
which in previous studies, gave an optimal effect on this
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Reduction by AN680 and AN917 of pathological changes in lungs of
mice, induced by intratracheal injection of LPS. (A) Lung sections
stained with haematoxylin-eosin 24 h after LPS administration
revealed pulmonary pathological changes. Magnification x200. (a)
Control group: normal structure. (b) LPS + saline showing alveolar wall
thickening, haemorrhage, alveolar collapse and inflammatory cell
infiltration. (c) LPS + AN680, (d) LPS + AN917. Pathological changes
in the treated groups are virtually indistinguishable from those in
control mice. (B) Ratio of wet to dry weight of the right lung as a
measure of lung oedema. ANOVA (F524 = 7.00, P < 0.005). Only AN680
showed a significant difference from LPS injected controls. **P < 0.01,
significantly different from LPS alone. (C) Score of alveolar damage in
left lung. anova for the injury score was (F; 24 =30.1, P<0.0001). Both
compounds significantly reduced lung damage induced by LPS, **P <
0.01, significantly different from LPS alone.. (D) MPO activity in lung
tissue. ANOVA (F326 = 127.3 P<0.0001). Both compounds significantly
reduced MPO activity, **P < 0.01, significantly different from LPS
alone.. (E) Protein content in BALF. aNovA (F5 26 =14.9 P<0.001). Both
compounds significantly reduced MPO activity, **P < 0.01, signifi-
cantly different from LPS alone.. (F) TNF-o.in BALF. ANOvA (F326 = 10.9
P < 0.00T1). Both compounds significantly reduced TNF-o. . *P < 0.05;
**P < 0.01, significantly different from LPS alone.. (G) IL-6 in BALF.
ANOVA (F324 =30.4 P < 0.001). Only AN680 significantly reduced IL-6,
**P < 0.01, significantly different from LPS alone.

measure (Wang et al., 2008). The reduction in plasma levels of
each cytokine 4 h after drug injection was lower than in the
spleen and depended on the amount of time before LPS the
compound was injected.



The formation of TNF-o in the spleen is reduced by stimu-
lation of the vagus nerve and enhanced by vagotomy
(Huston et al., 2006). This is accomplished by neurotransmit-
ters from peripheral autonomic nerves that promote the
release of ACh from CD4 positive T-cells. ACh interacts with
o-7nAChRs on macrophages to inhibit the production of
cytokines and other inflammatory proteins (Tracey, 2007;
Rosas-Ballina et al., 2011). In the current study, the ChE
inhibitor rivastigmine, was used to demonstrate the effect of
indirect stimulation of o-7nAChRs. Rivastigmine signifi-
cantly reduced the levels of TNF-o in the spleen and its effect
was completely blocked by the nicotinic receptor antagonist
mecamylamine (10 mg-kg™'). Mecamylamine is not a selec-
tive antagonist of a7nAChR, nevertheless, like vagotomy, it
has the opposite effect to that of the selective a7nAChR
agonist GTS-21 on pancreatitis in mice (van Westerloo et al.,
2006). In LPS-activated RAW 264.7 macrophages, the reduc-
tion in NO by rivastigmine was antagonized by the selective
o7nAChR antagonist o-bungarotoxin (Shifrin et al., 2013).
Therefore, it may be concluded that the reduction in TNF-o
by rivastigmine in mouse spleen was also mediated by indi-
rect activation of 07nAChR.

Although AN680 and AN917 (10 pmol-kg™') caused a
similar reduction in TNF-o in mouse spleen, mecamylamine
had no effect on that of AN680, but partly antagonized the
reduction produced by AN917, in keeping with the 35% ChE
inhibition induced in the spleen by this dose. These data
support the suggestion that the anti-inflammatory effect of
ANO917 results from a combination of a direct action through
p38, AP-1 and NF-kB on splenic lymphocytes and an indirect
action via preservation of ACh released from vagal nerve
endings. Activation of o7nAChR reduces cytokine production
in LPS-activated macrophages by preventing STAT3 tyrosine
phosphorylation and inhibiting NF-«xB signalling (Filippini
etal., 2012). Reduction of STAT3 tyrosine phosphorylation
does not increase the overall anti-inflammatory effect of
ANO917 in comparison with that of AN680, which does not
activate 07nAChR indirectly but acts only by reducing phos-
phorylation of p38, NF-kB and AP-1 signalling.

Endotoxin or LPS is an important cause of acute respira-
tory distress syndrome in which there is recruitment of
inflammatory cells into the lung, an increase in capillary
permeability and alveolar oedema (Worthen etal., 1987).
Experimental lung injury caused by intratracheal injection
of LPS is mediated by pro-inflammatory cytokines, such as
TNF-0, which are expressed in lung tissue (Park et al., 2001;
Goodman et al., 2003). Treatment of mice with AN680 and
AN917 (10 umol-kg™) almost normalized the histological
signs of lung injury, including infiltration of inflammatory
cells and alveolar oedema. AN680 and AN917 also reduced
protein content and MPO activity indicating a reduction in
neutrophil infiltration in the lung (Bradley et al., 1982). They
also reduced TNF-a in the BALF, but only AN680 significantly
decreased IL-6.

In conclusion, four novel indoline carbamate derivatives
reduced NO, TNF-o and IL-6 proteins in macrophages acti-
vated by LPS at concentrations of 0.001-1.0 nM, which are at
least 10*-fold lower than those inhibiting AChE. The anti-
inflammatory effect was mediated by reduction of the phos-
phorylation of p38, IkBa degradation and a decrease in the
activation of both transcription factors, AP-1 and NF-xB.

Anti-inflammatory effect of indoline carbamates

Compounds AN680 and AN917, which unlike AN827, did
not bind to plasma protein, reduced pro-inflammatory
cytokines elevated in the spleen of mice by the injection
of LPS. They also markedly reduced microscopic evidence
of lung injury, together with cellular infiltration and
pro-inflammatory cytokines in BALFE. The potent anti-
inflammatory activity of indoline carbamate esters and
amines support a role for their use in the treatment of chronic
inflammatory conditions.
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