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Abstract

Lipoic acid (LA) is a naturally occurring fatty acid that exhibits anti-oxidant and anti-inflammatory properties and is being pursued as a therapeutic for many
diseases including multiple sclerosis, diabetic polyneuropathy and Alzheimer's disease. We previously reported on the novel finding that racemic LA (50:50
mixture of R-LA and S-LA) stimulates cAMP production, activates prostanoid EP2 and EP4 receptors and adenylyl cyclases (AC), and suppresses activation and
cytotoxicity in NK cells. In this study, we present evidence that furthers our understanding of the mechanisms of action of LA. Using various LA derivatives, such
as dihydrolipoic acid (DHLA), S,S-dimethyl lipoic acid (DMLA) and lipoamide (LPM), we discovered that only LA is capable of stimulating cAMP production in NK
cells. Furthermore, there is no difference in cAMP production after stimulation with either R-LA, S-LA or racemic LA. Competition and synergistic studies indicate
that LA may also activate AC independent of the EP2 and EP4 receptors. Pretreatment of PBMCs with KH7 (a specific peptide inhibitor of soluble AC) and the
calcium inhibitor (Bapta) prior to LA treatment resulted in reduced cAMP levels, suggesting that soluble AC and calcium signaling mediate LA stimulation of
cAMP production. In addition, pharmacological inhibitor studies demonstrate that LA also activates other G protein-coupled receptors, including histamine and
adenosine but not the B-adrenergic receptors. These novel findings provide information to better understand the mechanisms of action of LA, which can help

facilitate the use of LA as a therapeutic for various diseases.
Published by Elsevier Inc.
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1. Introduction

Lipoic acid (LA) is an eight-carbon sulfur-containing small
molecule that is produced in most prokaryotic and eukaryotic
organisms, including plants and animals. It is synthesized de novo
from octanoic acid by LA synthase [1]. It is important as a biological
co-factor for the pyruvate dehydrogenase (PDH) complex, which is
involved in transforming pyruvate into acetyl-CoA that is then
utilized in metabolism. Exogenous sources of LA are obtained
through the diet from ingestion of natural food products and
supplements. Commercially available LA comes as a racemic
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mixture of R- and S-enantiomers (50:50 ratio). R-LA is produced
naturally while S-LA is a byproduct of biosynthesis. Numerous
studies are available demonstrating the beneficial effects of LA. As
an antioxidant, LA and its reduced form, dihydrolipoic acid (DHLA),
have been shown to protect against peroxynitrite-induced tissue
damage [2] by acting as a scavenger of reactive oxygen and
nitrogen species. LA also acts as a chelator of transition and heavy
metals and is able to help replenish endogenous antioxidants such
as glutathione, ascorbate and vitamin E [3]. More recently, LA has
been shown to have anti-inflammatory properties. LA inhibits the
expression of adhesion molecules such as VCAM-1 and ICAM-1
needed for immune cell migration [4,5] and down-regulates surface
CD4 expression on blood mononuclear cells [6]. We first reported
on the novel finding that LA stimulates the production of the
immunomodulator cAMP in peripheral mononuclear cells, purified
T lymphocytes and natural killer cells [7,8]. In addition, we
discovered that LA inhibits NK cell activation and cytolytic function
[7]. However, the biochemical mechanisms that mediate the effects
of LA have not yet been fully elucidated.

cAMP is a ubiquitous small molecule second messenger that is
involved in the transduction of signals from the extracellular
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environment into the cell. Activation of the cAMP-dependent
signaling pathway regulates many aspects of biology and physiol-
ogy, including proliferation, migration, apoptosis and gene expres-
sion [9-11]. In addition, cAMP is a key modulator of the
inflammatory process [11]. Utilization of cAMP-elevating agents in
numerous studies have demonstrated reduction in monocyte and
neutrophil mobility; reduction in the release of histamine, leuko-
trienes, reactive oxygen species, cytokines and chemokines; and
inhibition of lymphocyte proliferation, activation and function
[7,12-15]. Thus, cAMP and other members of the signaling pathway
have been therapeutic targets in many diseases with an inflamma-
tory component, such as cardiovascular disease, rheumatoid
arthritis and Alzheimer's disease [16,17].

Changes in cAMP levels are transient and are regulated by
adenylyl cyclases (ACs) and phosphodiesterases (PDEs). ACs
generate cAMP from ATP while PDEs degrade cAMP into AMP and
Pi. There are two pools of ACs responsible for cAMP synthesis,
transmembrane ACs (tmACs) and soluble ACs (sACs) [18,19]. tmACs
are tethered to the plasma membrane and are regulated by
heterotrimeric G-proteins coupled to transmembrane receptors
(GPCR), including the prostanoid EP2 and EP4 receptors, histamine,
adenosine and P-adrenergic receptors. Upon receptor binding by
ligands such as hormones, neurotransmitters, chemokines and
growth factors, the G-protein subunits dissociate and activate
tmACs to produce cAMP (reviewed by Neves et al. [19]). sACs are
widely expressed in mammalian cells, lack transmembrane span-
ning domains, are not sensitive to G-proteins and are regulated by
bicarbonate and calcium [18,20-24].

In this article, we present novel evidence that LA, not DHLA or
other synthetic derivatives, stimulates cAMP production and that
there are no significant differences between R-LA and S-LA in their
ability to stimulate cAMP. In addition, we demonstrate that LA
stimulates a second pool of ACs (soluble ACs) and also identify the
histamine and adenosine receptors as new mediators of LA-
stimulated cAMP production.

2. Methods and materials
2.1. Materials and reagents

RPMI, high-glucose DMEM, Lipofectamine 2000, fetal calf serum and all other
tissue culture reagents were purchased from Invitrogen (Carlsbad, CA, USA). The
EasySep NK cell negative purification kit was purchased from Stem Cell Technologies,
Inc. (Vancouver, British Columbia, Canada). The cAMP kits were purchased from
BioAssay Designs (Ann Arbor, MI, USA). Lipoic acid, Bapta-am, PGE,, histamine,
isoproterenol, 5’-(N-ethylcarboxamido) adenosine (NECA), famotidine, propranolol
and alloxazine were obtained from Sigma (St. Louis, MO, USA). The bicinchoninic acid
(BCA) protein assay kit was obtained from Pierce Biotechnology (Rockford, IL, USA).
HEK 293 EBNA cell line was purchased from ATCC (Manassas, VA, USA). KH7 was
purchased from ChemDiv, Inc. (San Diego, CA, USA).

2.2. Cell culture

Human peripheral blood mononuclear cells (PBMCs) were obtained from source
leukocytes (buffy coat) from the Red Cross in Portland, OR, USA (approval
#VACARR) or from apheresis products purchased from Keybiologics (Memphis, TN,
USA). For buffy coats, enriched leukocytes were subjected to Ficoll purification
(Amersham) and centrifugation at 1400 rpm with the brake turned off for 30 min
to remove contaminating red blood cells and platelets. The interface was collected,
washed with RPMI 1640 and centrifuged at 1300 rpm for 10 min. The supernatant
was decanted and the cells were subjected to two more wash steps. Cells were
resuspended in freezing medium (RPMI+25% FCS+12% DMSO) and stored in liquid
nitrogen for future use. For apheresis products, blood mononuclear cells were split
into conical tubes, diluted with 4x volume with 1x PBS (no Ca’" or Mg?*) and
centrifuged at 200xg for 15 min at room temperature (RT). Supernatants were
decanted, cells were resuspended in a small volume by flicking the tube and fresh
PBS (50 ml) were added. Cells were centrifuged at 200xg for 15 min at RT. This
wash step was repeated once more. Cells were then subjected to Ficoll gradient
purification as described previously for buffy coats.

Previously frozen PBMCs were thawed and NK cells purified using the EasySep
negative purification kit following the manufacturer's protocol. Briefly, human NK

cell enrichment cocktail (50 pl/ml cells) was added to PBMCs (2x107 cells/ml) in
PBS+2% fetal bovine serum (FBS) and 1 mM EDTA and incubated at RT for 10 min.
EasySep magnetic microparticles (100 pl/ml cells) were added to the cell mixture
and incubated at RT for 5 min. The total suspension was brought up to 2.5 ml with
buffer and placed into a magnet for 2.5 min. The supernatant containing the purified
NK cells was then collected.

HEK 293 EBNA cells were maintained in a humidified 5% CO, atmosphere chamber
at 37°C in high-glucose DMEM supplemented with 10% FBS. Media was changed every
3 days. Cells were used for receptor transfection and competition assays.

2.3. Cyclic AMP assay

2.3.1. LA and derivative studies

1-2x10° NK cells in 500 ul RPMI were treated with 0, 25, 50, 75 and 100 pg/ml
LA for 1 min at RT. Samples were centrifuged at 1300 rpm for 1 min and
supernatants were then decanted. Cells were lysed with the addition of 400 pl 0.1 M
HCl and boiling for 10 min. Samples were centrifuged at 1300 rpm and 100 pl was
used for cAMP assays following the manufacturer's protocol. The absorbance was
measured at 405 nm using a colorimetric 96-well plate reader (SpectraMax). Results
in picomole per milliliter (pmol/ml) were then divided by the protein concentration
to obtain picomoles of cAMP per milligram of protein. Raw values were then
normalized to the value obtained for the 100 pg/ml LA sample to obtain relative
cAMP values in percentages.

2.3.2. Enantiomer studies

2x10° PBMCs were treated for 1 min at RT with racemic (50:50 mixture of R-LA
and S-LA), R, S or a homemade concoction of 50:50 R-LA and S-LA. Samples were
centrifuged for 5 min, supernatants were decanted and pellets were resuspended and
lysed in 0.1 M HCl and boiling for 10 min. Samples were used in cAMP assays as
previously described.

2.3.3. Synergistic studies

1x10° NK cells or 2x10° PBMCs were either not treated or treated with 100 pg/ml
LA, 10 uM PGE; or a combination of LA and PGE; for 1 min at RT. Samples were then
treated as previously described.

2.3.4. Inhibitor studies

2x10° PBMCs were pre-incubated with DMSO vehicle control, 10 or 25 uM KH7, 10
UM Bapta-am or 25-100 puM 2,5’ dideoxyadenosine (ddAdo) for 30 min at 37°C and
then stimulated with 100 pg/ml LA or 25 puM forskolin for 1 min. Samples were
centrifuged and prepared as described above. KH7 is a small molecule-specific inhibitor
of sAC and is inert towards tmACs in vitro and in whole cells at concentrations up to
300 puM [25]. Bapta-am is a membrane permeable calcium chelator and ddAdo is a
p-site inhibitor of tmAC.

Separately, cells were pre-incubated with vehicle control (DMSO for propranolol
and alloxazine, methanol for famotidine), 25 uM famotidine, 25 pM propranolol or 100
UM alloxazine for 30 min at 37°C, then stimulated with either 100 pg/ml LA or 100 uM
each of histamine, isoproterenol or NECA for 1 min at RT. Cells were centrifuged, lysed
and treated as described previously. Famotidine, propranolol and alloxazine block the
histamine H2, 3-adrenergic and adenosine A2 receptors, respectively, while histamine,
isoproterenol and NECA are agonists of the receptors.

2.4. Bicinchoninic acid assay

Depending on the experiment, varying volumes of supernatants (10-60 pl) from
cAMP assays were used to determine total protein concentrations using the BCA assay
kit (Pierce Biotechnology) following the manufacturer's protocol. Absorbance readings
were measured at 562 nm. Bovine serum albumin (BSA) standards were prepared in
0.1 M HCI at concentrations ranging from 0 to 1 mg/ml. Protein concentrations for
unknown samples were extrapolated from the standard curve using Softmax Pro
software (Molecular Devices, Sunnyvale, CA, USA).

2.5. Receptor transfection

HEK293 EBNA cells were seeded into a T75 flask and transfected at approximately
40% confluence 24 h later using Lipofectamine 2000. Briefly, 20 pug pcDNA3 EP2 or
pcDNA3 EP4 receptor DNA was combined with 1.5 ml Opti-mem and incubated at RT
for 5 min (DNA mixture). Simultaneously, 90 pl lipofectamine and 3 ml Opti-mem were
mixed and incubated for 5 min at RT (lipofectamine mixture). The DNA and
lipofectamine mixtures were combined, incubated at RT for 30 min and added to the
flask in a dropwise fashion. High-glucose DMEM supplemented with 10% FBS was
added to each flask. Cells were incubated at 37°C, 5% CO, for 72 h prior to
experimentation.

2.6. Competition assay
Competition binding using HPGE, was performed using a modified protocol

published by Fujino et al. [26] and Sugimoto et al. [27]. Previously transfected cells
were trypsinized and resuspended in MES buffer [10 mM MES (pH 6), 0.4 mM
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EDTA and 10 mM MnCl,]. Cells (100 pl) were transferred to 96-well plates and
treated with 50 pl of varying concentrations of LA or PGE,. 2.5 nM *HPGE, (50 pl)
was then added to each well. The reaction (total volume is 200 ul) was incubated
at 37°C for 1 h. Samples were filtered through Whatman GF/C glass filters to
terminate the incubation and then washed five times with ice-cold MES buffer.
Radioactivity was measured by liquid scintillation counting. Relative *HPGE, binding
was determined by normalizing all values to maximum *HPGE, radioactivity. Curves
were fitted using one-site competition curve in Prism using the equation Y=Bot-
tom-+(Top—Bottom)/1+10%"185%0, The equation describes the competition of a
ligand for receptor binding, which is identical to the sigmoid dose-response curve
with HILLSLOPE=—1.0.

2.7. Statistical analysis

The data were analyzed using EXCEL 2007. Statistical analyses were performed
using Student's t test and were considered significant at a P value of <.05. All
treatments were performed independently at least three times.
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3. Results
3.1. Stimulation of cAMP production by LA and its derivatives

LA has been shown to exhibit anti-inflammatory properties in
animal models of experimental autoimmune encephalomyelitis
(EAE) and in human cells in vitro [4,6-8,28-31]. In an effort to
determine the biochemical mechanisms that mediate the anti-
inflammatory effects of LA, we discovered that LA stimulates cAMP
production in immune cells [7,8]. CAMP is a signaling molecule that
has immunomodulatory effects. It is not known, however, whether
DHLA and other LA derivatives, such as dimethyl lipoic acid (DMLA)
or o lipoamide (LPM), can also stimulate cAMP production in NK cells.
DHLA is the reduced form of LA whereby the disulfide bond is broken
to form a pair of thiol groups (Fig. 1). DMLA contains two methyl
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Fig. 1. LA, but not its derivatives, stimulates cAMP production. Purified human NK cells were treated with 25, 50 or 100 ug/ml LA (A), DHLA (B), DMLA (C) or LPM (D) for 1 min. Samples
were pelleted by centrifugation at 13,000 rpm for 1 min at RT. The supernatants were decanted and the cells were lysed in 0.1 M HCl with boiling for 10 min. Samples were centrifuged
and supernatants were used to measure cAMP levels via ELISAs from Assay Designs (Ann Arbor, MI, USA). n=3 independent experiments, three donors in duplicate. * indicates

statistical significance using t test compared to untreated control, P<.05.
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groups in the opened pentane ring, while the carboxy group was
exchanged with an amine group to generate LPM. DMLA and LPM
were used to elucidate the relative contributions of the ring structure
and the carboxyl group, respectively, to cAMP production. To test this,
purified human NK cells were either not treated or treated with 25, 50
or 100 pg/ml LA, DHLA, DMLA or LPM for 1 min at RT and cAMP level
was assayed as described in Methods and Materials. In Fig. 1, we
present the average data of three independent experiments. Due to
donor variability (raw baseline cAMP values ranged from 1 to 72
pmol/mg protein, while the maximal values were 42-230 pmol/mg
protein depending on the donors being used). Consistent with our
previous report, LA was effective at stimulating cAMP production
(Fig. 1A). The average cAMP values compared to unstimulated control
demonstrate that 25, 50 and 100 pg/ml LA induced 1.7-, 4.5- and 8-
fold increases in cAMP production, respectively. In contrast, the same
concentrations of DHLA, DMLA and LPM failed to stimulate cAMP
production (Fig. 1B, C, and D). These data demonstrate that the
disulfide pentane ring and carboxy group are necessary for LA to
stimulate cCAMP production.

3.2. Stimulation of cAMP production by R-LA and S-LA

Two LA enantiomers exist (R and S) as a result of a chiral center at
the C6 position (Fig. 2A). R-LA is found in nature, while S-LA is a
byproduct of synthesis. Several reports have demonstrated differ-
ences in absorbance and activity of R-LA and S-LA in cells, animals and
humans [32-38]. However, evidence is also available showing no
differences in the function of R-LA and S-LA [39]. Thus, we determined
whether there is a difference between R-LA and S-LA in their ability to
stimulate cCAMP. PBMCs were treated with either 100 pg/ml racemic
LA, R-LA, S-LA or a homemade mixture of R-LA and S-LA for 1 min at
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Fig. 2. Stimulation of cAMP production by R-LA and S-LA. (A) Schematic of the
chemical structure of LA indicating a chiral center at the C6 position (*). (B) Human
PBMCs were either not treated or treated with 100 pg/ml racemic LA, R-LA, S-LA or a
mixture of R-LA+S-LA for 1 min. Samples were pelleted by centrifugation at 13,000
rpm for 1 min at RT. The supernatants were decanted and the cells were lysed in 0.1
M HCl with boiling for 10 min. Samples were centrifuged and supernatants were
used to measure cAMP levels via ELISAs from Assay Designs. n=3 independent
experiments, three donors in duplicate. * indicates statistical significance using t test
compared to untreated control, P<.05.

RT. Cells were centrifuged and processed for cAMP analysis. As
illustrated in Fig. 2B, treatment with racemic LA, R-LA, S-LA and R-LA+
S-LA all resulted in increased cAMP production (n=7 independent
experiments, five donors, P<.05). The average fold-change increases
in cAMP compared to untreated controls were 2.28, 2.86, 2.05 and
3.03 folds. Thus there were no significant differences in the ability of
racemic LA, R-LA and R-LA+S-LA to stimulate cAMP production.
Although there was a decreasing trend in cAMP levels in S-LA-treated
samples compared to R-LA, the result was not statistically significant
(P=.232). This may be attributed to donor differences since R-LA and
S-LA behaved similarly in some donors, while R-LA was more efficient
than S-LA and vice versa in other donors. Similar observations were
made in NK cells (data not shown). Collectively, the data suggest that
racemic LA, R-LA and S-LA behave similarly in their ability to
stimulate cAMP production. As such, we used only racemic LA for
subsequent experiments.

3.3. LA is less effective at binding of the prostanoid EP2 and
EP4 receptors than PGE,

LA has a lipid-like backbone and is rapidly absorbed, suggesting
that passive diffusion is the mechanism by which LA crosses the cell
membrane [40]. However, there is evidence demonstrating the ability
of LA to stimulate various signal transduction pathways and activate
transcription factors [7,8,41,42]. We first reported on the novel
observation that LA activates the transmembrane G protein-coupled
prostanoid EP2 and EP4 receptors. Here, we determined whether LA is
a competitor of PGE, for receptor binding. EP2 and EP4 receptor DNA
were transfected into HEK 293 EBNA cells for 72 h, incubated with
PGE, or LA and *HPGE, for 1 h, washed and transferred to Whatman
filters to separate free from bound radioactivity. Untransfected cells
do not produce cAMP in response to PGE; or LA [7,26], suggesting that
the receptors are not expressed. As such, we did not observe any
3HPGE, binding activity (data not shown). In Fig. 3, we present the
average data for three independent experiments where percent
3HPGE, binding was calculated by dividing counts per minute (CPM)
values for each data point by maximum 3HPGE, CPM. Sigmoidal
binding curves were then generated using the one-site competition
equation in GraphPad Prism. The top of the curve is a plateau at a
value equal to radioligand binding in the absence of the competing
unlabeled drug. The bottom of the curve is a plateau equal to
nonspecific binding. As illustrated, PGE, and LA were both able to
compete for binding of the EP2 and EP4 receptors with >HPGE,;
however, the LA curve is further to the right, indicating that LA binds
with less affinity. The ECs of PGE, is 0.062 and 0.07 uM for EP2 and
EP4, respectively. The ECsq for LA is dramatically higher at 0.282 and
1.57 M, respectively. The data indicate that LA is a much weaker
competitor of 3HPGE, for EP2 and EP4 binding than PGE,. This is
consistent with our previous report showing greater amounts of
cAMP in HEK 293 EBNA cells treated with PGE, than with LA [7].

3.4. LA and PGE, synergistically elevated cAMP levels

Competition and cAMP data obtained in transfected HEK 293
EBNA cells indicate that LA is less effective at activating the EP2/EP4
receptors than PGE,. This led to the hypothesis that LA is using
additional pathways to stimulate cAMP production in immune cells.
In Fig. 4A through Fig. 6, we present data in support of this hypothesis.
First, we conducted studies to determine whether LA and PGE, have a
synergistic effect on cAMP production. We conducted preliminary
studies to determine the optimum concentrations of LA and PGE, to
use and found that 100 pg/ml LA and 10 uM PGE, were sufficient to
elicit maximal cAMP production (data not shown). Subsequently,
PBMCs and NK cells were either not treated or treated with 100 pg/ml
LA, 10 uM PGE; or a combination of LA and PGE,. Fig. 4A represents
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Fig. 3. LA is less effective at binding of the prostanoid EP2 and EP4 receptors compared
to PGE,. HEK 293 EBNA cells were transfected in a T75 flask at ~40% confluence with 20
ug EP2 (A) or EP4 (B) DNA using Lipofectamine 2000 (Invitrogen). Cells were incubated
at 37°C, 5% CO,, for 72 h. Cells were harvested with trypsinization and rinsed in MES
buffer. Cells were then incubated with HPGE, and with either LA or PGE, for 1 h at
37°C. Radioactivity was measured by liquid scintillation counting. Relative *HPGE,
binding was determined by normalizing all values to maximum *HPGE, radioactivity.
n=3 independent experiments in duplicate.

cAMP data (percent of maximum, LA+PGE;) obtained for PBMCs. The
average basal level was 4.5% of maximum. Treatment with LA, PGE; or
LA+PGE; resulted in 5.53-, 10.77- and 22-fold increases, respectively,
in CAMP compared to untreated controls. Treatment with LA+PGE;
resulted in significantly more cAMP than in either LA or PGE,
treatment alone. We next examined the effects of combined LA and
PGE, treatment in NK cells (Fig. 4B). Basal cAMP levels were at 2% of
maximum, while treatment resulted in 40-, 7.4- and 48.7-fold
increases in CAMP with LA, PGE; or LA+PGE, treatment, respectively.
Interestingly, incubation with LA produced more cAMP in NK cells
than in PBMCs and, conversely, PGE, produced less cAMP in NK cells
than in PBMCs. However, in agreement with data obtained for PBMCs,
NK cells treated with the combination of LA and PGE, resulted in more
cAMP produced than with either LA or PGE, alone. Taken together,
these data suggest that NK cells have different amounts/types/levels
of receptors than PBMCs and confirm that LA is utilizing mechanisms
in addition to the EP2/EP4 receptors to stimulate cAMP production.

3.5. Soluble AC mediates LA-stimulated cAMP production

Two distinct types of ACs exist within the cell, tmACs and the more
recently discovered soluble ACs (SACs) [25,43,44]. Our data indicate

that LA activates tmACs upon binding to the EP2/4 receptors. Here, we
examined whether LA also activates sACs to generate cAMP via
mechanisms independent of the EP receptors. PBMCs were pretreated
with vehicle control (DMSO), 10 or 25 puM KH7 for 30 min prior to
treatment with 100 pg/ml LA for 1 min. cAMP levels were measured as
described in Methods and materials. KH7 is an inhibitor specific to
sAC and is inert to tmACs at concentrations up to 300 pM [25]. As
illustrated in Fig. 5A, pretreatment with 10 and 25 pM KH7 resulted in
an average reduction of 44% and 80%, respectively, compared to
DMSO control. PBMCs were also treated with 10 or 25 uM KH7 in the
absence of LA to determine the effects of KH7 on basal cAMP levels
(Fig. 5A). KH7, at both concentrations, resulted in modest decreases in
basal cAMP levels compared to untreated control; however, the
difference is not statistically significant.

Since sACs are activated by calcium, we determined whether
calcium mediates LA activation of sAC to generate cAMP. PBMCs were
pretreated with 10 pM of the membrane permeable calcium chelator,
Bapta, for 30 min prior to treatment with 100 ug/ml LA for 1 min.
Bapta has a 105-fold greater affinity for Ca?>™ than for Mg?* [45,46].
Pretreatment with Bapta resulted in approximately 44% reduction in
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Fig. 4. LA and PGE, synergistically elevated cAMP levels. Human PBMC (A) and purified
NK cells (B) were either not treated or treated with 100 pg/ml racemic LA, 10 uM PGE; or
LA+PGE; for 1 min. Samples were pelleted by centrifugation at 13,000 rpm for 1 min at
RT. The supernatants were decanted and the cells were lysed in 0.1 M HCl with boiling
for 10 min. Samples were centrifuged and supernatants were used to measure CAMP
levels via ELISAs from Assay Designs. n=3 independent experiments, three donors in
duplicate. * indicates statistical significance using t test compared to LA+PGE,-treated
samples, P<.05. Data presented here are averages of normalized cAMP values in percent
of maximal stimulation. The following are actual values in picomoles per milligrams of
protein starting with untreated: PBMC — 32.1, 144.4, 286.2, 608.2; NK cells — 23.7,
1033.4, 239.5, 1395.8.
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Fig. 5. Both soluble and transmembrane ACs mediate LA-stimulated cAMP production. (A) 2x10° PBMCs were pretreated with vehicle control (DMSO) or KH7 for 30 min prior to
stimulation with 100 pg/ml LA for 1 min. Data presented here are averages of normalized cAMP values in percent of maximal stimulation. (B) Cells were pretreated with 10 uM Bapta
for 30 min prior to stimulation with LA for 1 min. (C) Cells were pretreated with different concentrations of ddAdo for 30 min and stimulated with LA for 1 min. (D) Cells were
pretreated with KH7 for 30 min and stimulated with 25 uM forskolin for 1 min. After treatment, samples were pelleted by centrifugation at 13,000 rpm for 1 min at RT. The
supernatants were decanted and the cells were lysed in 0.1 M HCl with boiling for 10 min. Samples were centrifuged and supernatants were used to measure cAMP levels via ELISAs
from Assay Designs. n=4 independent experiments, four donors in duplicate. * indicates statistical significance using t test compared to LA- or forskolin-stimulated control, P<.05.
Data presented here are averages of normalized cAMP values in percent of maximal stimulation. The following are actual values in pmol/mg protein starting with untreated: (A) 11.76,
34.2,16.7,6.57,6.2, 5.4; (B) 11.25, 34, 21.1, 6.5; (C) 14.5, 115.2, 62.2, 43.5, 32.1; (D) 8.58, 120.52, 124.19, 83.19.
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cAMP level compared to DMSO control (Fig. 5B). Bapta treatment
slightly inhibited the production of basal cAMP levels; however, the
difference is not statistically significant (P=.225).

We previously published data showing that 100 uM ddAdo, a p-
site inhibitor of tmAC, reduced cAMP levels by approximately 75%,
and cAMP production was completely inhibited with 250 uM ddAdo.
The data indicated that tmAC mediates LA-stimulated cAMP levels [7].
However, the data presented here show complete inhibition of cAMP
production in PBMCs treated with 25 uM KH7, suggesting that cAMP
response to LA is exclusively due to sAC. To reconcile these
contrasting data, we treated PBMCs with lower concentrations of
ddAdo. It is reported that ddAdo concentrations higher than 50 pM
become less specific towards tmACs [25]. We treated cells with 25, 50
and 100 pM ddAdo for 30 min prior to stimulation with LA. Fig. 5C
shows that pretreatment with 25, 50 or 100 uM ddAdo resulted in
reduction in cAMP levels by 42%, 52% and 62%, respectively. This data
suggests that tmACs also mediate cAMP production in PBMCs after
treatment with LA and that it is not exclusively due to sAC.

Even though Stessin et al. [25] reported that KH7 is selective for
sAC at concentrations up to 300 pM, our data (Fig. 5A and C) suggest
that KH7 is less specific in PBMCs at 25 UM. To test this, we pretreated
PBMCs with 10 or 25 pM KH7 for 30 min prior to stimulation with 25
UM forskolin, which activates tmACs to stimulate cAMP production.
sAC does not respond to forskolin stimulation [18,20]; therefore KH7
should not have an effect on forskolin-stimulated cAMP production.
Fig. 5D shows that 10 pM KH7 had no effect on cAMP synthesis, while
pretreatment with 25 pM KH7 reduced forskolin-induced cAMP levels
by approximately 40%. This indicates that 25 uM KH7 is less specific to
SAC in PBMCs leading to inhibition of both sAC and tmACs, thus
explaining the complete inhibition of LA-stimulated cAMP production
observed in Fig. 5A. Since 10 uM KH7 had no effect on tmACs, the
partial reduction in cAMP levels (Fig. 5A) in response to LA
stimulation is due to inhibition of sAC. This, taken together with the
partial inhibition in cAMP levels observed with pretreatment with 25
and 50 uM ddAdo (Fig. 5C), indicates that LA activates both sAC and
tmACs in PBMCs.

3.6. Identification of other GPCRs that are activated by LA

It is estimated that approximately 1% of the mammalian genome
codes for GPCRs, and hundreds are predicted to exist [47]. Aside from
the prostanoid EP receptors, some of the most studied are the
histamine, adenosine and 3-adrenergic receptors. Together, these
receptors are responsible for regulating many physiological functions,
including muscle contraction/relaxation, mast cell chemotaxis,
immune cell proliferation and cytokine production, neurotransmitter
release and calcium mobilization. Here we identified other GPCRs that
are activated by LA and narrowed our focus by concentrating on these
receptors. PBMCs were pre-incubated with vehicle control or
antagonists of the histamine, 3-adrenergic or adenosine receptors
(25 pM famotidine, 25 pM propranolol or 100 uM alloxazine,
respectively) for 30 min at 37°C. Cells were then treated with 100
pg/ml LA, or as positive controls, with 100 uM histamine, isoproter-
enol or NECA, which are agonists for the histamine, 3-adrenergic and
adenosine receptors, respectively. As shown in Fig. 6A, pretreatment
with 25 pM famotidine reduced LA-stimulated cAMP levels by
approximately 38% (n=4 independent experiments). Famotidine
treatment inhibited histamine-stimulated cAMP levels by almost 81%.
Pre-incubation with propranolol decreased cAMP levels by ~78% in
isoproterenol-stimulated controls, but had no effect on LA treatment
(Fig. 6B, n=3 independent experiments). In Fig. 6C, alloxazine
reduced LA- and NECA-stimulated cAMP level by approximately
22% and 32%, respectively (n=>5 independent experiments). The data
suggest that LA activates the histamine and adenosine but not the [3-
adrenergic receptors. Taken together with Figs. 4 and 5, these data

provide evidence that LA stimulates cCAMP synthesis using mechan-
isms in addition to stimulation of the EP receptors.

4. Discussion

Commercially available LA supplements are being used as
alternative and/or complementary therapeutics for diseases such as
Alzheimer's disease, diabetic polyneuropathy and atherosclerosis. The
therapeutic benefit of LA is assumed to be related to its antioxidant
properties, when, in fact, little is known about the biochemical and
cellular mechanisms that mediate the effects of LA in vivo. Toward
this end, we first reported the novel finding that LA stimulates the
production of cAMP [7,8], a signaling molecule with potent anti-
inflammatory properties. In this study, we expand our initial findings.
We discovered that only LA, not its reduced form, DHLA or the
derivative DMLA or LPM, is able to stimulate cAMP production in NK
cells (Fig. 1). This is consistent with our data in T cells suggesting that
this is not a cell type-specific event [8]. The inability of DHLA to
stimulate cAMP supports the hypothesis that stimulation of cAMP
production is occurring independent of the conversion of LA to DHLA.
Furthermore, this notion is strengthened by data obtained from
DMLA, whereby the molecule cannot be reduced due to the presence
of two methyl groups attached to the sulfur molecule. Taken together
with data showing no elevation in cAMP levels after LPM treatment,
the results indicate that the closed disulfide pentane ring and carboxy
group are necessary for LA to stimulate cAMP production. Given the
importance of cAMP as a second messenger involved in the regulation
of a large number of genes, we believe that the ability of LA to
stimulate CAMP may be critical to its therapeutic effects.

We also discovered that there is no significant difference between
the R and S isomers of LA or between R-LA and racemic LA in
increasing cAMP levels (Fig. 2). There is no consensus on whether or
not R-LA is biologically more active than S-LA. A study on the
stereoselectivity and specificity of LA for the PDH complex and its
component enzymes demonstrated more selectivity for R-LA than for
S-LA, with R-LA reacting 24 times faster in binding reactions while S-
LA exhibited inhibitory effects on R-LA, reducing its biological activity
[48]. Similarly, treatment of adipocytes in culture showed higher
glucose uptake with R-LA than with either S-LA or the racemic
mixture [49]. R-LA was more effective at enhancement of aortic flow
in rat heart during hypoxia than S-LA [37]. Smith et al. [50] reported
that racemic and S-LA were less effective than R-LA in protecting
against tertiary butyl hydroperoxide-damaged C6 glioma cells.
However, the authors reported that all forms of LA protected against
hydrogen peroxide toxicity. Investigating lipid peroxidation in both
nerve and brain, Nickander et al. [51] found that R-LA and S-LA both
reduced peroxidation, and that there was no difference between the
two enantiomers. Both R-LA and S-LA protected brain tissue against
ischemic damage with similar potency [39]. Other investigators have
also reported similar potencies between R-LA and S-LA [52,53]. As
discussed here, the evidence for different or similar functional
behavior for R-LA and S-LA are equally compelling. It is unclear
what the reason is for these differences, but studies by Smith et al.
[50] suggest that whether or not R-LA and S-LA behave in a similar
fashion may be dependent on the cell type and/or treatment variables
under investigation.

The generation of cAMP is historically believed to be due to
activation of ACs by ligand-receptor binding of GPCRs, subsequent
dissociation of G proteins and activation of tmACs. Our previous data
indicate that LA activates tmACs after binding to the prostanoid EP2/
EP4 receptors [7,8]. Here, we determined that LA is a weak competitor
of 3HPGE, for binding of these receptors in transfected HEK 293 EBNA
cells (Fig. 3). Although LA and PGE,; are both hydrophobic and can
exist in multiple conformers, which likely allow them to bind the
same receptors, they are structurally very different. These differences
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Fig. 6. Identification of other GPCRs that are activated by LA. PBMCs were pretreated with vehicle control, 25 uM famotidine (A), 25 uM propranolol (B) or 100 uM alloxazine (C) for 30
min, then stimulated with either 100 ug/ml LA or 100 uM each of histamine, isoproterenol or NECA for 1 or 5 min depending on the agonist. Samples were pelleted by centrifugation at
13,000 rpm for 1 min at RT. The supernatants were decanted and the cells were lysed in 0.1 M HCl with boiling for 10 min. Samples were centrifuged and supernatants were used to
measure cAMP levels via ELISAs from Assay Designs. n=minimum of three independent experiments, three donors in duplicate. * indicates statistical significance using ¢ test
compared to stimulated control, P<.05. Data presented here are averages of normalized cAMP values in percent of maximal stimulation. The following are actual values in pmol/mg
protein starting with untreated: (A) 3.9, 28.8, 17.8, 3.9, 10.1, 1.0; (B) 4.1, 20.3, 22.5, 4.13, 12.14, 1.49; (C) 15.17, 76.7, 58.9, 37.6, 56.4, 46.1.

may explain the different binding affinities observed. As discussed by
Gether et al. [54], the inactive conformation of GPCRs is stabilized by
constraining intramolecular interactions that have been evolution-
arily conserved to maintain the receptor preferentially in an inactive
conformation in the absence of agonists. Receptor activation requires
disruption of these intramolecular interactions by ligands. Ligand-

receptor binding occurs by intermolecular forces, such as ionic bonds,
hydrogen bonds and Van der Waals forces, which lead to conforma-
tional changes in the tertiary structure of the receptor, allowing the
receptor to more readily convert from the inactive to active state. The
type of interaction is determined by the specific amino acid residues
involved in binding [55]. PGE; has two hydroxyl groups in addition to
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the carboxylic tail. LA, on the other hand, only has a carboxylic tail.
Thus, PGE; is able to form more interactions with the residues located
inside the binding pockets of the EP2/EP4 receptors than LA, which
may contribute to more efficient disruption of the native intramolec-
ular interactions.

While LA binds with lower affinity to the EP receptors, LA routinely
induces greater cAMP production than PGE,. We also determined that
LA and PGE; have synergistic effects on cAMP production in PBMCs
and NK cells. These data suggest two possibilities: (1) LA and PGE, in
combination exhibit cooperative binding behaviors to enhance cAMP
production, or (2) LA stimulates other pathways in addition to
activation of the EP receptors. We will first address the former
possibility. Cooperative interactions could occur through binding of
identical sites or between multiple independent sites. Binding studies
and information obtained from the crystallized structures of rhodop-
sin, B-adrenergic and adenosine receptors indicate that GPCRs
contain a single binding pocket for endogenous ligands [54,56-59].
However, these studies do not exclude the possibility that other
allosteric sites exist on these receptors. While our binding data did
not fit to a two-binding site competition model, further studies would
be necessary to confirm whether LA is allosterically binding to a site
unique from the PGE; binding site on the EP receptors. Alternatively,
LA may be stimulating additional pathways. The synergistic effects of
LA and PGE, are likely attributable to LA activating other pathways in
addition to the EP receptors. The following paragraphs will discuss the
evidence to support this theory.

Recent identification of a second pool of ACs (sACs) presented a
possible explanation for the effects of LA on cAMP production in
vivo. By blocking sAC activation using the specific inhibitor KH7, we
discovered that sACs mediate LA stimulation of cAMP production
(Fig. 5). This is the first data showing that sAC mediates cAMP
production in PBMCs and NK cells (data not shown) and that sAC is
activated by LA. Our data is consistent with reports by Stessin et al.
[25] showing a reduction in cAMP synthesis in PC12 cells treated
with nerve growth factor. Similar results were found in human
neutrophils treated with ionomycin [60]. SAC was initially charac-
terized in mammalian sperm, but is now known to be expressed in
a variety of tissues including the brain, liver, heart, spleen, epithelial
cells and neutrophils [21,60]. In addition to regulating sperm
function, sAC is implicated in mediating neuronal differentiation
and fast migration [25,61], tumor necrosis factor (TNF) signal
transduction to inhibit TNF-induced hydrogen peroxide release [60],
and regulation of ciliary beat frequency in the airway [62]. sAC is
localized at multiple, subcellular compartments throughout the cell
[22], suggesting that there may be independently modulated cAMP
signaling microdomains, which contribute to the specificity of cAMP
signaling [63]. It will be interesting to see whether the cAMP
signaling microdomains determine the specificity of cellular
responses to LA treatment.

We next identified other GPCRs that may be activated by LA. We
narrowed our research by focusing on some of the most studied
receptors, including histamine, adenosine and p-adrenergic recep-
tors, specifically the subtypes that are coupled to stimulatory G-
proteins and cAMP signaling. Using pharmacological inhibitors to
prevent receptor binding, we discovered that LA activates histamine
and adenosine but not 3-adrenergic receptors (Fig. 6). The histamine
receptors play important roles in regulating inflammation. Activation
of H2 receptors on peripheral monocytes potently suppresses
interleukin (IL)-12 and stimulates IL-10 production [64], which may
shift from Th1 to Th2 immune response. In autoimmune disorders
such as arthritis and multiple sclerosis (MS), activation of Th1 is
thought to be pathogenic while Th2 response is protective. This may
explain why LA treatment is effective in the animal model of arthritis
and MS. However, the shift to a Th2 response is implicated in
promoting allergic reactions and tumorigenesis [64-66]. Whether LA

promotes a shift to Th2 immune response and whether or not this has
detrimental consequences remain to be elucidated.

Activation of the adenosine receptors has also been shown to be
important in inflammation. Takahashi et al. [67] showed that
treatment with adenosine resulted in inhibition of IL-18-induced
intercellular adhesion molecule (ICAM)-1 expression in monocytes
and production of the proinflammatory cytokines IL-12, TNF-av and
interferon (IFN)-y by PBMC. Adenosine has also been shown to inhibit
cytotoxic activity and cytokine production in NK cells [68,69].
Similarly, LA treatment has been shown to reduce ICAM-1 and
vascular cell adhesion molecule (VCAM)-1 expression in spinal cords
and stimulated murine brain endothelial cells [4], inhibit VCAM-1 and
endothelial adhesion of human monocytes [5], down-modulate CD4
expression from human T cells [6] and inhibit IFN-y production and
cytotoxic activity in human NK cells [7]. Our data suggest that
activation of the adenosine receptors may mediate the anti-
inflammatory effects of LA. It will be exciting to test this hypothesis
in the future.

In summary, we provide novel evidence that LA, not its
derivatives, is responsible for stimulating cAMP production, weakly
competes for EP2/EP4 binding and activates sAC, histamine and
adenosine receptors. These data indicate that LA utilizes many
mechanisms to generate cAMP. Activation of the histamine receptor
suggests that LA supplementation may not be completely without
long-term side effects and that some cautionary approaches may be
necessary to prevent potential problems such as the development of
allergies and tumors. These data provide a foundation for future
studies to determine the mechanisms by which LA can be beneficial in
human health and identify any potential long-term issues.
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