Smith et al. Journal of Neuroinflammation 2014, 11:99 JOURNAL OF
http://www.jneuroinflammation.com/content/11/1/99 JN NEUROINFLAMMATION

RESEARCH Open Access

Acetate supplementation modulates brain
adenosine metabolizing enzymes and adenosine
A, receptor levels in rats subjected to
neuroinflammation
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Abstract

Background: Acetate supplementation reduces neuroglia activation and pro-inflammatory cytokine expression in
rat models of neuroinflammation and Lyme neuroborreliosis. Because single-dose glyceryl triacetate (GTA) treatment
increases brain phosphocreatine and reduces brain AMP levels, we postulate that GTA modulates adenosine
metabolizing enzymes and receptors, which may be a possible mechanism to reduce neuroinflammation.

Methods: To test this hypothesis, we quantified the ability of GTA to alter brain levels of ecto-5-nucleotidase
(CD73), adenosine kinase (AK), and adenosine A, receptor using western blot analysis and CD73 activity by
measuring the rate of AMP hydrolysis. Neuroinflammation was induced by continuous bacterial lipopolysaccharide
(LPS) infusion in the fourth ventricle of the brain for 14 and 28 days. Three treatment strategies were employed,
one and two where rats received prophylactic GTA through oral gavage with LPS infusion for 14 or 28 days. In
the third treatment regimen, an interventional strategy was used where rats were subjected to 28 days of
neuroinflammation, and GTA treatment was started on day 14 following the start of the LPS infusion.

Results: We found that rats subjected to neuroinflammation for 28 days had a 28% reduction in CD73 levels and a
43% increase in AK levels that was reversed with prophylactic acetate supplementation. CD73 activity in these rats
was increased by 46% with the 28-day GTA treatment compared to the water-treated rats. Rats subjected to
neuroinflammation for 14 days showed a 50% increase in levels of the adenosine A, receptor, which was
prevented with prophylactic acetate supplementation. Interventional GTA therapy, beginning on day 14 following
the induction of neuroinflammation, resulted in a 67% increase in CD73 levels and a 155% increase in adenosine
A, receptor levels.

Conclusion: These results support the hypothesis that acetate supplementation can modulate brain CD73, AK and
adenosine A, receptor levels, and possibly influence purinergic signaling.
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Background

In the central nervous system (CNS), adenosine is a po-
tent neuromodulator that regulates sleep, arousal, neur-
onal excitability, cerebral blood flow and inflammation
[1,2]. Under pathological events or increased metabolic
demand, adenosine triphosphate (ATP) metabolism and
adenosine levels increase with a decrease in the energy
charge ratio ((ATP + 0.5*ADP)/(ATP + ADP + AMP)) [3].
Adenosine is described as a ‘retaliatory metabolite’ [4]
since it inhibits high energy utilizing processes, reduces
the cellular metabolic demand, and restores cellular
energy levels. Both adenosine and ATP are ubiquitously
present in most organs and tissues and have an important
signaling role in inflammation [2,5,6]. Thus, adenosine
serves as a link between cellular metabolism and inflam-
matory signaling.

Adenosine modulates brain activity by binding to
G-protein coupled purinergic P1 or adenosine (A;, Aja,
Ayp, and Aj) receptors [7]. The CNS effects of adenosine
are primarily mediated by inhibitory A; and stimulatory
A,ya receptors [8]. Activation of A; receptors inhibits
neuronal excitability by reducing excitatory neurotrans-
mitter release and offers neuroprotection [1]. While acti-
vation of peripheral A,, receptors reduces inflammation,
central A,, receptor activation increases glutamate out-
flow and neuroinflammation [9-11]. Adenosine can be
formed both inside as well as outside the cell and distinct
cell-specific mechanisms for the elevation of extracellular
adenosine levels exist [12]. Under conditions of hypoxia,
ischemia, inflammation, nerve stimulation or stress, astro-
cytes release ATP, which is enzymatically metabolized to
adenosine [13]. The rate limiting enzyme in this process is
ecto-5’-nucleotidase (CD73) [14]. Adenosine catabolism,
on the other hand, is controlled by two enzymes: adeno-
sine deaminase and adenosine kinase (AK). Adenosine de-
aminase converts adenosine to inosine, which is typically
negligible in the central nervous system, although this
may change under pathological conditions [2]. Adenosine
kinase converts adenosine to AMP following its uptake
into the cell via nucleoside transporters [15]. Because
adenosine can influence neuronal activity and mediate
neuroinflammation, being able to modulate adenosine
levels or the receptors involved in purinergic signaling has
broad therapeutic potential [16].

A reproducible model of neuroinflammation is gene-
rated in rats by the infusion of the bacterial endotoxin
lipopolysaccharide (LPS) directly into the fourth ventricle
of the brain [17]. In brain, LPS binds to the TLR4/CD14/
MD-2 receptor complex [18] that activates neuroglia,
reduces cholinergic cell immunoreactivity [19], and in-
creases the expression of the pro-inflammatory cytokine
interleukin (IL)-1p [20]. Acetate supplementation, induced
with glyceryl triacetate (GTA, 6 g/kg, by oral gavage) re-
duces LPS-induced neuroglial activation [19,21], IL-1p
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levels [20], and loss of cholinergic immunoreactivity [19].
Glyceryl triacetate is an effective treatment in rat models
of Canavan’s disease [22] and traumatic brain injury [23],
possesses growth-arresting properties [24] and is shown to
be safe and well tolerated in human trials for Canavan’s
disease [25]. Oral administration of GTA increase rat
plasma acetate by 100-fold and brain acetyl-CoA levels by
2.2-fold compared to water treated rats [19]. Increase in
acetyl-CoA metabolism further increases brain energy
stores, reduces AMP levels [26] and increases acetylation
of nuclear histones [20,27], which is associated with
attenuation of pro-inflammatory cytokine release [20].
In microglia and astrocyte cell cultures, acetate reverses
LPS-induced hypoacetylation of histones, attenuates
pro-inflammatory cytokines, increases anti-inflamma-
tory cytokine expression, reduces nuclear factor-kB and
mitogen-activated protein kinase mediated signaling,
and reduces prostaglandin E2 and cyclooxygenase 1 and
2 levels [28-30].

Based on this data, we postulated that acetate supple-
mentation modulates the levels of adenosine metabolizing
enzymes and adenosine receptors, which may be a
possible mechanism by which GTA exerts its anti-inflam-
matory and neuroprotective effects. To begin to test this
hypothesis, we quantified the ability of GTA to alter brain
levels and activity of CD73, and the levels of AK and
adenosine A,, receptors. We also examined how protein
levels and activity differed using both prophylactic and
interventional GTA treatment strategies. Prophylactic
acetate supplementation prevented the LPS-induced re-
duction of brain CD73, increased CD73 activity, and pre-
vented the LPS-induced increase of AK and A, receptor
levels. Interventional GTA treatment increased CD73
similar to the prophylactic treatment, but reduced CD73
activity. Furthermore, in contrast to the prophylactic treat-
ment, interventional GTA increased A,5 receptor levels
compared to the water-treated controls. These data
support the hypothesis that acetate supplementation can
modulate adenosine metabolizing enzymes and A,, re-
ceptor expression levels in the brain and possibly enhance
the effects of endogenous adenosine.

Methods

Reagents

Glyceryl triacetate, buffer reagents, -glycerophosphate,
erythro-9-(2-hydroxy-3-nonyl) adenine, o, p-methylenea-
denosine 5’-diphosphate, and 2-mercaptoethanol were
purchased from Sigma (Sigma, St. Louis, MO, USA). A
mouse anti-human CD73 antibody and a horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG anti-
body were obtained from AbD Serotec (AbD Serotec,
Raleigh, NC, USA). A HRP-conjugated goat anti-mouse IgG
antibody was purchased from Jackson ImmunoResearch
(Jackson ImmunoResearch, Westgrove, PA, USA). A mouse
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anti-adenosine receptor A,, antibody was obtained from
Upstate (Upstate, Billerica, MA, USA). A goat anti-adeno-
sine kinase antibody, mouse anti-a tubulin antibody,
HRP-conjugated donkey anti-goat IgG antibody, and
HRP-conjugated goat anti-mouse IgM antibody were
obtained from Santa Cruz Biotechnology (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Absolute ethanol
was from Pharmco (Pharmco, Brookfield, CT, USA).

Animal studies

This study was conducted in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals
(NIH Publication No. 80-23) under an approved University
protocol using male Sprague-Dawley rats (Charles River,
Wilmington, MA, USA). All rats were allowed to acclimate
in our facility for at least seven days prior to inclusion in
the study. The surgical implantation of cannulas and
the induction of neuroinflammation were performed as
described previously [19]. A solution of artificial cerebro-
spinal fluid (aCSF) or LPS (20.0 ng/pL, E coli, 055:B5,
Sigma, St. Louis, MO, USA) dissolved in aCSF (Harvard
Apparatus, Holliston, MA, USA) was infused continually
at a rate of 0.25 pL/hr via the osmotic mini-pump for a
period of 14 or 28 days [31,32]. The rats were divided into
three separate experiments: a 14- and 28-day prophylactic
treatment study, and a 28-day interventional treatment
study. During the 14- and 28-day prophylactic treatment
studies, rats were treated daily with water or glyceryl
triacetate (GTA) at a dose of 6 g/kg by oral gavage. In the
28-day interventional study, rats did not begin receiving
daily doses of either water or GTA until 14 days after the
start of the LPS infusion. Interventional treatment was
started on day 14 due to neuroglia activation being signifi-
cantly elevated above controls at this time [17].

Extraction of rat brain tissue

Rats were anesthetized with isoflurane, euthanized by
decapitation, and then the brains were removed and dis-
sected anterior to the middle carotid artery in the cor-
onal plane [32]. The postmortem interval for the sample
extraction did not exceed 1.5 min. The dissected brains
were placed in a tube containing 3 mL of ice cold ex-
traction buffer (50 mM Tris buffer (pH 7.4) containing
150 mM sodium chloride, 1 mM EGTA, 1 mM sodium
orthovanadate, 5 mM zinc chloride, 100 mM sodium
fluoride, 1 mM PMSF, one complete, EDTA-free tablet
(Roche Applied Science, Indianapolis, IN, USA) per
50 mL, and 0.1% Igepal CA-630). The sample was
allowed to sit on ice for 10 min, then homogenized using
probe sonication. Homogenized samples were centri-
fuged at 4°C for 20 min at 4,500 x g and the cytosolic
portion was aliquotted into small volumes and stored
at -80°C until use.
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Western blot analysis

Samples were prepared by boiling in loading buffer
composed of 95% Laemmli sample buffer containing
5% 2-mercaptoethanol. The separation was performed
on 50 pg of protein using a 15% Tris-HCl gel with an
electrophoresis separation of 100 volts for 135 min.
The protein was transferred onto a 0.45 pm nitrocel-
lulose membrane at 100 volts for 90 min in ice. Pri-
mary antibodies against CD73 (1:1,000 dilution), AR
(1:1000 dilution), adenosine kinase (1:200 dilution),
and oa-tubulin (1:1,500 dilution) were prepared in
20 mM Tris buffer, pH 7.4, containing 150 mM NacCl,
0.05% Tween 20 (TTBS), and 5% nonfat dried milk.
The nitrocellulose membranes were incubated with pri-
mary antibody overnight at 4°C, then incubated with
HRP-linked secondary antibody for 90 min at room
temperature. Secondary antibodies goat anti-mouse
IgG (1:20,000 dilution), goat anti-mouse IgG (1:10,000
dilution), donkey anti-goat IgG (1:10,000 dilution), and
goat anti-mouse IgM (1:10,000 dilution) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) were prepared in
TTBS buffer. Protein bands were detected using either
SuperSignal™ West Pico or West Femto Chemilumines-
cent Substrates (Pierce, Rockford, IL, USA) and ana-
lyzed in a UVP Bioimaging System equipped with
VisionWorks™ imaging software (version 4.5, Upland,
CA, USA, www.UVP.com). Protein concentration was
measured using the Bradford assay [33]. Optical dens-
ities of the proteins of interest are normalized to the
optical density of the loading control a-tubulin and all
the western blot data are expressed as percentage over
controls.

Ecto-5'-nucleotidase activity

Sample brain extracts were diluted in ice cold assay buf-
fer (50 mM Tris buffer (pH 7.4 at 37°C) containing
20 mM [-glycerophosphate and 20 uM erythro-9-(2-hy-
droxy-3-nonyl) adenine) to a protein concentration of
3.33 pg/pL. Each sample (500 pg protein) was assayed
in duplicate, with one assay containing 400 pM a,
B-methylene adenosine 5’-diphosphate (AMPCP) in the
buffer, as a control to inhibit the activity of CD73, and
the other without AMPCP. Samples were pre-incubated
at 37°C for 10 min, and the assay was started by adding
1 mM AMP and incubating for 30 min at 37°C. The re-
action was stopped with 3 M perchloric acid and placed
on ice before being centrifuged at 18,100 x g for 5 min
at 4°C. The adenosine formed as a result of AMP break-
down by CD73 was then converted into its fluorescent
derivative and quantified using HPLC with fluorescence
detection as described [34]. Adenosine levels from the
control reaction were subtracted from the experimental
reaction to calculate CD73 activity in units of nmol
adenosine/mg protein/min.
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Statistical analysis

When comparing two groups, an unpaired t-test with a
two-tailed P value was used to calculate statistical differ-
ences using GraphPad InStat statistical software (Version
3.10, Graph Pad Software, Inc., San Diego, CA, USA,
www.graphpad.com). When comparing more than two
groups, a One Way ANOVA with a Tukey’s post-hoc test
was performed using the same statistical software. All re-
sults are expressed as means + SD with significance set at
P <0.05.

Results

To test the hypothesis that acetate supplementation
modulates brain adenosine metabolizing enzymes (CD73
and AK) and adenosine A,, receptor levels, we mea-
sured the levels of these proteins and the activity of
CD73 in three parallel studies. In studies one and two,
rats were subject to neuroinflammation for either 14 or
28 days and received prophylactic acetate supplementa-
tion throughout the duration of the experiment. A third
study was performed in which a group of rats were sub-
jected to 28 days of neuroinflammation, and acetate
supplementation was started interventionally on day 14
following the start of the LPS infusion.

Fourteen day prophylactic acetate supplementation

We measured the levels of CD73, AK, and A,, receptor
and the activity of CD73 in rats after a 14-day study
period. In this study, there were three groups of rats.
Group one received sham surgery with aCSF infusion and
oral water which served as the control group (n=6),
group two received a LPS infusion dissolved in aCSF with
oral water (n=12), and group three received LPS and
were treated with daily oral doses of GTA (6 g/kg body
weight) (n = 6). Protein bands for CD73, AK, A,4R, and a-
tubulin corresponding to molecular weights 68, 48, 45,
and 55 kDa respectively, were quantified using western
blot analysis (Figures 1A, 2A, and 3A). We found that LPS
significantly reduced CD73 levels by 38%, while rats that
received LPS plus GTA did not differ from controls
(95% + 11) (Figure 1B). Since CD73 is the rate-limiting
enzyme for adenosine formation [14] and changes in its
activity are observed in inflammatory conditions [35], we
measured CD73 activity in these samples. The activity of
CD?73 did not significantly differ between control and rats
subjected to neuroinflammation. However, rats receiving
LPS plus GTA had a significant increase in activity by
31% compared to controls and rats subjected to LPS
(Figure 1C). Further, no significant differences in AK levels
were observed between the groups (Figure 1D). Based on
these data, we measured A,, receptor levels and found
that LPS infusion causes a significant increase by 50%
compared to controls, while acetate supplementation pre-
vented the LPS-induced increase leaving A,, receptor at
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control levels (Figure 1E). These results demonstrate that
prophylactic acetate supplementation has the capacity to
prevent LPS-induced changes in CD73 and Aj4 receptor
levels, and is also able to increase CD73 activity. Although
it is not clear whether acetate supplementation achieves
an increase in CD73 activity through changes in gene ex-
pression or enzyme modification, both may be involved.
These data do, however, suggest that acetate supplementa-
tion can modulate adenosine metabolizing enzymes and
A, A receptor levels.

Twenty-eight day prophylactic acetate supplementation
A 28-day study was performed to examine the long-term
effect of acetate supplementation on brain adenosine
metabolizing enzymes (CD73 and AK) and A,, receptor
levels. The infusion and treatment groups were identical
to those described above except that the GTA treatment
and LPS infusion were continued for a total of 28 days. In
this study, we found that LPS significantly reduced CD73
levels by 28% of controls, which was not evident in rats
that received acetate supplementation (Figure 2B). There
was no difference in CD73 activity between controls and
rats subjected to neuroinflammation, but LPS-treated rats
receiving acetate supplementation showed a significant
increase in activity (46%) compared to controls and rats
subjected to neuroinflammation (Figure 2C). Twenty
eight-day LPS infusion resulted in a significant increase in
AK levels (43%) compared to control rats. We found no
change in AK levels in rats subjected to neuroinflam-
mation and treated with prophylactic acetate supplemen-
tation (Figure 2D). No difference in A,, receptor levels
was observed between groups (Figure 2E). These results
demonstrate that long-term prophylactic acetate supple-
mentation is able to prevent LPS-induced changes in
CD73 and AK levels, and increase CD73 activity using a
28-day prophylactic treatment strategy. Collectively, these
studies suggest that neuroinflammation modulates adeno-
sine metabolizing enzymes, which can be prevented with
prophylactic acetate supplementation.

Interventional acetate supplementation

The effect of interventional acetate supplementation
(starting at 14 days post-LPS infusion until the 28th day of
LPS infusion) on adenosine metabolizing enzymes (CD73
and AK) and A,, receptor levels was examined. Treat-
ment with GTA was begun on day 14 because this is the
earliest time when neuroglia activation, based on signifi-
cant morphological changes in astrocytes and microglia,
has been documented [17] in this model. However, the in-
flammatory signaling starts as early as 6 days following
LPS infusion [31]. LPS-treated rats that received an inter-
ventional acetate treatment showed a significant increase
in CD73 levels (by 67%) when compared to rats that re-
ceived water (Figure 3B) but demonstrated a significantly
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Figure 1 Fourteen day prophylactic acetate supplementation alters CD73 levels, CD73 activity, and A,a receptor levels. Panel A shows
representative images of the western blot analysis for CD73, adenosine kinase (AK), A, receptor (A2AR), and a-tubulin. Panel B and C show CD73
levels and CD73 activity, while Panel D and E show AK levels and A2AR levels, respectively. All values represent the means +SD, n=6, 12, 6 for
artificial cerebrospinal fluid (aCSF), lipopolysaccharide (LPS) and LPS + glyceryl triacetate (GTA) groups, respectively. Statistical significance set at
P <0.05 and the symbol ‘a’ represents a difference compared to the aCSF group and ‘b’ represents a difference compared to the LPS group.

lower CD73 activity (by 12%, Figure 3C). There was no
significant difference in AK levels between rats recei-
ving water and rats receiving acetate supplementation
(Figure 3D). Interventional acetate supplementation re-
sulted in a significant increase in A,, receptor levels
(155%) compared to controls (Figure 3E). These results
demonstrate that acetate supplementation is able to mo-
dulate CD73 and A,4 receptor following an interventional
treatment strategy. While an increase in CD73 activity
was not correlated to an increase in CD73 protein levels
as seen with prophylactic treatment, it may be that the
mechanism by which acetate exerts its effects takes longer
to alter the activity of the enzyme.

Discussion

Acetate supplementation elevates plasma acetate (appro-
ximately 19 mM) [19], brain acetate (approximately
11 mM) [36], and acetyl Co-A (approximately 9 uM)
levels [19]. This increase in brain acetyl-CoA metabolism
increases brain phosphocreatine levels and reduces AMP
levels, suggesting a potential role in altering brain purine
metabolism [26]. In order to integrate GTA-induced
changes in energy levels [26] with the potential to alter
purinergic metabolism, we investigated the effect that
acetate supplementation had on purinergic enzymes and
receptors in a rat model of neuroinflammation. These
studies suggest that acetate supplementation was able to
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Figure 2 Twenty-eight day prophylactic acetate supplementation alters CD73 levels, CD73 activity, and adenosine kinase (AK) levels.
Panel A shows representative images of the western blot analysis for CD73, AK, A, receptor (A2AR), and a-tubulin. Panel B and C show CD73
levels and CD73 activity, while Panel D and E show AK levels and A2AR levels, respectively. All values represent the means = SD, n=6, 12, 6 for
artificial cerebrospinal fluid (aCSF), lipopolysaccharide (LPS) and LPS + glyceryl triacetate (GTA) groups, respectively. Statistical significance is set at
P <0.05 and the symbol ‘a’ represents a difference compared to the aCSF group and ‘b’ represents a difference compared to the LPS group.

modulate brain ecto-5-nucleotidase (CD73) and adenosine
kinase (AK), as well as the levels of the adenosine A, re-
ceptor, which may describe a mechanism by which acetate
exerts its observed anti-inflammatory and potentially
neuroprotective effects. The premise that bioenergetic
stimulation can influence neuroinflammation has been
demonstrated in various animal models of Alzheimer’s
disease and Parkinson’s disease, as well as in Parkinson’s
disease patients [37]. Acetyl- -carnitine, like acetate, bol-
sters mitochondrial metabolism in astrocytes and is neuro-
protective in a rat model of traumatic brain injury [38].
Similarly, the closest metabolic correlate of acetate sup-
plementation the ketogenic diet, also modulates brain
mitochondrial metabolism and is neuroprotective [39,40]

through a mechanism involving adenosine [41]. With
14- and 28-day prophylactic acetate supplementation we
found that GTA was able to prevent LPS-induced reduc-
tion in CD73 levels in addition to increasing CD73 activity
(Figures 1 and 2). This suggests that GTA can increase
brain adenine nucleotide metabolism and potentially ele-
vate extracellular levels of adenosine. In this regard,
interferon- used for treatment of multiple sclerosis also
increases the expression of CD73 [42,43]. Interventional
acetate supplementation increased CD73 levels however
lower CD73 activity was observed with GTA as compared
to the LPS group (Figure 3). Cortical stab wound and focal
cerebral ischemia models of brain injury have demon-
strated a biphasic alteration in CD73 expression and
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Figure 3 Interventional acetate supplementation alters CD73 levels, CD73 activity, and Aa receptor levels. Rats were infused with
lipopolysaccharide (LPS) and were divided into two groups; beginning treatment with water or glyceryl triacetate (GTA) beginning on day 14.
Panel A shows representative images of the western blot analysis for CD73, AK, A, receptor (A2AR), and a-tubulin. Panel B and C show CD73
levels and CD73 activity, while Panel D and E show adenosine kinase (AK) and A2AR levels, respectively. Data represent mean + SD, n=38, 6 for
LPS + H,0 and LPS + GTA groups, respectively. The asterisk (*) represents statistical difference compared to LPS + H,O group (P <0.05).

activity, where an initial decrease is followed by a distinct
increase in expression and activity of CD73 during the
post-injury period [44-46]. Thus, this suggests that the
14 days of interventional GTA treatment may not be suffi-
cient to elevate CD73 activity. Although during CD73 ac-
tivity measurements, the non-specific phosphatase activity
was inhibited by B-glycerophosphate and the non-CD73
related nucleotidase activity was subtracted from samples
by AMCEP, involvement of other alkaline phosphatases and
intracellular cellular nucleotidases that are not completely
inhibited by AMCP cannot be ruled out [47]. Furthermore,
different CD73 isoforms in distinct brain regions [47] have
been reported which may differentially contribute and
interfere with the whole brain CD73 activity analysis in the
current study.

Another key enzyme that regulates extracellular levels of
adenosine is AK. Although intracellular, the low K, of AK
for adenosine (1.5-2.4 uM) [48] combined with the bidirec-
tional and equilibrative nature of adenosine transporters,
allows AK to control adenosine uptake. We found that
28 days of LPS-infusion increased AK levels as seen during
traumatic brain injury and epilepsy [15,49] (Figure 2). This
increase was prevented by the long-term prophylactic
treatment, which suggests that GTA in presence of LPS is
able to enhance extracellular adenosine availability by pre-
venting the increase in its uptake and conversion to AMP.
However, this may lead to a scenario where, elevated ad-
enosine levels become more susceptible to adenosine
deaminase mediated degradation to inosine. Since these al-
terations may be cell-type specific, an in depth in vitro



Smith et al. Journal of Neuroinflammation 2014, 11:99
http://www.jneuroinflammation.com/content/11/1/99

analysis of all purinergic enzymes is required to develop a
comprehensive view of how acetate alters brain adenosine
metabolism.

Extracellular adenosine is an endogenous agonist for
four different G protein-coupled (A;, Ay, Asp, and Ajz)
receptors, of which the A; and A, receptors have the
greatest relevance in the central nervous system [50,51].
The A; receptor signal cascade generally suppresses neur-
onal activity, inhibits synaptic transmission, and reduces
the activation and response of microglia [52,53]. Adeno-
sine A,s receptors, on the other hand are known to
mediate LPS-induced neuroinflammation and neuronal
dysfunction [9,10,54]. Antagonists of the A,, receptors
have been shown to be anti-inflammatory in a number of
CNS disorders [52,54-56], mainly secondary to their in-
hibitory effects on the glutamate outflow and resulting
excitotoxicity [9,10]. In specific regard to our model, it
was found that the A,5 receptor inhibitor caffeine atte-
nuates LPS-induced neuroinflammation [55]. We found
that at 14 days, LPS-induced neuroinflammation caused a
significant increase in A,s receptor levels compared to
controls (Figure 1), in line with our previous findings that
show an increase in IL-1f expression [20], which is known
to increase A,5 receptor levels [57]. Fourteen-day pro-
phylactic acetate supplementation prevented this LPS-
induced increase (Figure 1) in Ay, receptors, which is in
agreement with results demonstrating that GTA atte-
nuates LPS-induced pro-inflammatory cytokine release
[20]. Since blockade of A, receptor prevents IL-1f in-
duced exacerbation of neuronal toxicity [58], acetate sup-
plementation has a combined effect of reducing IL-1p
levels and A, A receptors that can offer robust neuropro-
tection by attenuating neuroinflammation. However, inter-
ventional acetate supplementation unlike the prophylactic
treatment increased A, receptor levels (Figure 3). The
reason for this difference is not yet clear, but a bidirec-
tional effect of Aps receptors in neuroinflammation has
been described [59]. It is possible that 14 days of interven-
tional acetate supplementation started after significant in-
creases in neuroglia activation have already occurred may
not be sufficient to counteract the LPS-induced elevation
in Apa receptor levels. However, the ability of the A,
receptors to control neuroinflammation is dependent on
local glutamate levels and is critical in determining whe-
ther their stimulation results in anti-inflammatory or pro-
inflammatory effects [59]. Distinct pathological stages
after injury respond to different A,, receptor modulators.
For example, during early spinal cord injury A,, receptor
agonists offer neuroprotection, while A, receptor knock-
out was neuroprotective only during later injury stages
[60]. Thus, an alternative reasoning may be that the in-
crease in A,, receptors observed with interventional
GTA may be beneficial in enhancing the effects of
endogenous adenosine that may contribute towards
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the anti-inflammatory effect of acetate supplementation.
However, to make this determination a thorough investi-
gation of temporal changes in inflammatory markers, A,
receptors, and local glutamate levels with LPS and GTA is
required. Further, the protective effects of adenosine Ajx
receptor agonists and antagonists against spinal cord in-
jury are mediated through their effects in the periphery
and the CNS, respectively [11], hence it will be interesting
to study how GTA alters peripheral purinergic signaling.
A limitation of the interventional study was the lack of the
aCSF control group, which would have allowed us to de-
termine whether the increase in A,4 receptors was indeed
an elevation from control levels. Thus, future studies that
examine the effect of interventional GTA strategy for
longer treatment duration with adequate controls are
necessary. Regardless, this study demonstrates that pro-
phylactic acetate supplementation does prevent the LPS-
induced increase in A, receptor levels, which may help
to explain the mechanism by which GTA confers its anti-
inflammatory effects.

We previously reported that, acetate supplementation
increases histone acetylation [27] and reverses LPS-in-
duced histone H3 at lysine 9 (H3K9) hypoacetylation in a
model of neuroinflammation [20]. Histone hyperace-
tylation alters gene expression and also induces anti-
inflammatory effects [61,62]. Therefore, it is reasonable to
speculate that acetate induced histone acetylation may be
a potential underlying mechanism involved in the modula-
tion of adenosine metabolizing enzymes CD73 and AK as
well as the levels of the adenosine A,, receptors, espe-
cially at the level of gene transcription. Future studies will
determine the link between acetate-induced histone
acetylation changes and alteration in the levels of these
proteins. Using specific histone acetyltransferase inhibitors
to block the effect of acetate on histone acetylation will
allow us to determine its role in altering levels of adeno-
sine metabolizing enzymes and receptors. Further, by
studying if acetylated H3K9 is associated with the gene
promoters of adenosine metabolizing enzyme and recep-
tor will determine if acetate-induced alteration in their
expression is controlled by chromatin remodeling.

Conclusion

Since adenosine is a potent endogenous modulator of
neuronal activity and inflammation, development of thera-
peutic strategies that modulate adenosine metabolism may
offer treatment alternatives for neuroinflammation and
neurodegenerative disorders. This study attempts to iden-
tify the underlying mechanism of action and a treatment
regimen for glyceryl triacetate that has been shown to be
anti-inflammatory in rat models of neuroinflammation
and Lyme neuroborreliosis. In conclusion, both prophylac-
tic and interventional acetate supplementation can modu-
late adenosine metabolizing enzymes and A,, receptor
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levels supporting our hypothesis. Future experimentation
is needed to determine the specific brain regions, cell
types, and mechanisms involved in altering brain adeno-
sine metabolism with acetate supplementation.

Abbreviations

aCSF: artificial cerebrospinal fluid; ADP: adenosine 5'-diphosphate; AK: adenosine
kinase; AMP: adenosine 5'-monophosphate; AMPCP: a,3-methylene adenosine
5'-diphosphate; ANOVA: analysis of variance; ATP: adenosine 5'-triphosphate; A,
receptor: adenosine A,a receptor; A2AR: adenosine A, receptor; CD73: ecto-5'-
nucleotidase; CNS: central nervous system; EDTA: ethylenediaminetetraacetic
acid; EGTA: ethylene glycol bis (2-aminoethyl ether)-N, N, N', N-tetraacetic acid;
GTA: glyceryl triacetate; HPLC: high performance liquid chromatography;

IL-1B: interleukin 1(3; LPS: lipopolysaccharide; NaCl: sodium chloride;

PMSF: phenylmethylsulfony! fluoride; TTBS: Tris-buffered saline containing
Tween 20.

Competing interests
The authors declare that they do not have competing interests associated
with the publication of this manuscript.

Authors’ contributions

DPB, MDS, JDG, and TAR participated in the research design and wrote or
contributed to the writing of the manuscript. The experiments and data
analysis were performed by DPB, and MDS. All authors read and approved
the final version of the manuscript.

Acknowledgements

This publication was made possible by Grants from the National Institutes of
Health (NIH) (P20RR17699 and P30GM103329) and the North Dakota EPSCoR
through the NSF (EPS-0447679).

Received: 12 November 2013 Accepted: 19 May 2014
Published: 4 June 2014

References

1. Cunha RA: Neuroprotection by adenosine in the brain: From A (1)
receptor activation to A (2A) receptor blockade. Purinergic Signal 2005,
1:111-134.

2. Dunwiddie TV, Masino SA: The role and regulation of adenosine in the
central nervous system. Annu Rev Neurosci 2001, 24:31-55.

3. Shepel PN, Ramonet D, Stevens P, Geiger JD: Purine level regulation
during energy depletion associated with graded excitatory stimulation
in brain. Neurol Res 2005, 27:139-148.

4. Newby AC: Adenosine and the concept of retaliatory metabolites.
Trends Biochem Sci 1984, 9:42-44.

5. DiVirgilio F, Ceruti S, Bramanti P, Abbracchio MP: Purinergic signalling in
inflammation of the central nervous system. Trends Neurosci 2009,
32:79-87.

6. Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H: Purinergic
signalling in the nervous system: an overview. Trends Neurosci 2009,
32:19-29.

7. Masino SA, Kawamura M, Wasser CA, Pomeroy LT, Ruskin DN: Adenosine,
ketogenic diet and epilepsy: the emerging therapeutic relationship
between metabolism and brain activity. Curr Neuropharmacol 2009,
7:257-268.

8. Boison D, Chen JF, Fredholm BB: Adenosine signaling and function in glial
cells. Cell Death Differ 2010, 17:1071-1082.

9. Chen JF, Pedata F: Modulation of ischemic brain injury and
neuroinflammation by adenosine A2A receptors. Curr Pharm Des 2008,
14:1490-1499.

10.  Chen JF, Sonsalla PK, Pedata F, Melani A, Domenici MR, Popoli P, Geiger J,
Lopes LV, de Mendonca A: Adenosine A2A receptors and brain injury:
broad spectrum of neuroprotection, multifaceted actions and
“fine tuning” modulation. Prog Neurobiol 2007, 83:310-331.

11, Paterniti |, Melani A, Cipriani S, Corti F, Mello T, Mazzon E, Esposito E,
Bramanti P, Cuzzocrea S, Pedata F: Selective adenosine A2A receptor
agonists and antagonists protect against spinal cord injury through
peripheral and central effects. J Neuroinflammation 2011, 8:31.

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

Page 9 of 10

Parkinson FE, Xiong W, Zamzow CR: Astrocytes and neurons: different
roles in regulating adenosine levels. Neurol Res 2005, 27:153-160.
Fredholm BB: Adenosine, an endogenous distress signal, modulates
tissue damage and repair. Cell Death Differ 2007, 14:1315-1323.
Thompson LF, Eltzschig HK; Ibla JC, Van De Wiele CJ, Resta R, Morote-Garcia
JC, Colgan SP: Crucial role for ecto-5"-nucleotidase (CD73) in vascular
leakage during hypoxia. J Exp Med 2004, 200:1395-1405.

Boison D: Adenosine kinase, epilepsy and stroke: mechanisms and
therapies. Trends Pharmacol Sci 2006, 27:652-658.

Fredholm BB, Chen JF, Cunha RA, Svenningsson P, Vaugeois JM: Adenosine
and brain function. Int Rev Neurobiol 2005, 63:191-270.

Hauss-Wegrzyniak B, Dobrzanski P, Stoehr JD, Wenk GL: Chronic
neuroinflammation in rats reproduces components of the neurobiology
of Alzheimer’s disease. Brain Res 1998, 780:294-303.

Fujihara M, Muroi M, Tanamoto K, Suzuki T, Azuma H, lkeda H: Molecular
mechanisms of macrophage activation and deactivation by
lipopolysaccharide: roles of the receptor complex. Pharmacol Ther 2003,
100:171-194.

Reisenauer CJ, Bhatt DP, Mitteness DJ, Slanczka ER, Gienger HM, Watt JA,
Rosenberger TA: Acetate supplementation attenuates lipopolysaccharide-
induced neuroinflammation. J Neurochem 2011, 117:264-274.

Soliman ML, Smith MD, Houdek HM, Rosenberger TA: Acetate
supplementation modulates brain histone acetylation and decreases
interleukin-1beta expression in a rat model of neuroinflammation.

J Neuroinflammation 2012, 9:51.

Brissette CA, Houdek HM, Floden AM, Rosenberger TA: Acetate
supplementation reduces microglia activation and brain interleukin-
1beta levels in a rat model of Lyme neuroborreliosis. J Neuroinflammation
2012, 9:249.

Arun P, Madhavarao CN, Moffett JR, Hamilton K, Grunberg NE, Ariyannur PS,
Gahl WA, Anikster Y, Mog S, Hallows WC, Denu JM, Namboodiri AM:
Metabolic acetate therapy improves phenotype in the tremor rat model
of Canavan disease. J Inherit Metab Dis 2010, 33:195-210.

Arun P, Ariyannur PS, Moffett JR, Xing G, Hamilton K, Grunberg NE, Ives JA,
Namboodiri AM: Metabolic acetate therapy for the treatment of
traumatic brain injury. J Neurotrauma 2010, 27:293-298.

Tsen AR, Long PM, Driscoll HE, Davies MT, Teasdale BA, Penar PL,
Pendlebury WW, Spees JL, Lawler SE, Viapiano MS, Jaworski DM: Triacetin-
based acetate supplementation as a chemotherapeutic adjuvant therapy
in glioma. Int J Cancer 2014, 134:1300-1310.

Segel R, Anikster Y, Zevin S, Steinberg A, Gahl WA, Fisher D, Staretz-
Chacham O, Zimran A, Altarescu G: A safety trial of high dose glyceryl
triacetate for Canavan disease. Mol Genet Metab 2011, 103:203-206.

Bhatt DP, Houdek HM, Watt JA, Rosenberger TA: Acetate supplementation
increases brain phosphocreatine and reduces AMP levels with no effect
on mitochondrial biogenesis. Neurochem Int 2013, 62:296-305.

Soliman ML, Rosenberger TA: Acetate supplementation increases brain
histone acetylation and inhibits histone deacetylase activity and
expression. Mol Cell Biochem 2011, 352:173-180.

Soliman ML, Combs CK, Rosenberger TA: Modulation of inflammatory
cytokines and mitogen-activated protein kinases by acetate in primary
astrocytes. J Neuroimmune Pharmacol 2013, 8:287-300.

Soliman ML, Ohm JE, Rosenberger TA: Acetate reduces PGE2 release and
modulates phospholipase and cyclooxygenase levels in neuroglia
stimulated with lipopolysaccharide. Lipids 2013, 48:651-662.

Soliman ML, Puig KL, Combs CK, Rosenberger TA: Acetate reduces
microglia inflammatory signaling in vitro. J Neurochem 2012, 123:555-567.
Lee H, Villacreses NE, Rapoport SI, Rosenberger TA: In vivo imaging detects
a transient increase in brain arachidonic acid metabolism: a potential
marker of neuroinflammation. J Neurochem 2004, 91:936-945.
Rosenberger TA, Villacreses NE, Hovda JT, Bosetti F, Weerasinghe G, Wine
RN, Harry GJ, Rapoport SI: Rat brain arachidonic acid metabolism is
increased by a 6-day intracerebral ventricular infusion of bacterial
lipopolysaccharide. J Neurochem 2004, 88:1168-1178.

Bradford MM: A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976, 72:248-254.

Bhatt DP, Chen X, Geiger JD, Rosenberger TA: A sensitive HPLC-based
method to quantify adenine nucleotides in primary astrocyte cell
cultures. J Chromatogr B Analyt Technol Biomed Life Sci 2012,
889-890:110-115.



Smith et al. Journal of Neuroinflammation 2014, 11:99
http://www.jneuroinflammation.com/content/11/1/99

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

Brisevac D, Bjelobaba |, Bajic A, Clarner T, Stojiljkovic M, Beyer C, Andjus P,
Kipp M, Nedeljkovic N: Regulation of ecto-5-nucleotidase (CD73) in
cultured cortical astrocytes by different inflammatory factors. Neurochem
Int 2012, 61:681-688.

Mathew R, Arun P, Madhavarao CN, Moffett JR, Namboodiri MA: Progress
toward acetate supplementation therapy for Canavan disease: glyceryl
triacetate administration increases acetate, but not N-acetylaspartate,
levels in brain. J Pharmacol Exp Ther 2005, 315:297-303.

Beal MF: Mitochondrial dysfunction and oxidative damage in Alzheimer’s
and Parkinson’s diseases and coenzyme Q10 as a potential treatment.

J Bioenerg Biomembr 2004, 36:381-386.

Scafidi S, Racz J, Hazelton J, McKenna MC, Fiskum G: Neuroprotection by
acetyl-L-carnitine after traumatic injury to the immature rat brain.

Dev Neurosci 2010, 32:480-487.

Bough KJ, Wetherington J, Hassel B, Pare JF, Gawryluk JW, Greene JG,

Shaw R, Smith Y, Geiger JD, Dingledine RJ: Mitochondrial biogenesis in the
anticonvulsant mechanism of the ketogenic diet. Ann Neurol 2006,
60:223-235.

Ruskin DN, Masino SA: The nervous system and metabolic dysregulation:
emerging evidence converges on ketogenic diet therapy. Front Neurosci
2012, 6:33.

Masino SA, Kawamura M Jr, Ruskin DN, Gawryluk J, Chen X, Geiger JD:
Purines and the Anti-Epileptic Actions of Ketogenic Diets. Open Neurosci J
2010, 4:58-63.

Airas L, Niemela J, Yegutkin G, Jalkanen S: Mechanism of action of IFN-
beta in the treatment of multiple sclerosis: a special reference to CD73
and adenosine. Ann N Y Acad Sci 2007, 1110:641-648.

Niemela J, Ifergan |, Yegutkin GG, Jalkanen S, Prat A, Airas L: IFN-beta
regulates CD73 and adenosine expression at the blood-brain barrier.
Eur J Immunol 2008, 38:2718-2726.

Bjelobaba |, Parabucki A, Lavrnja |, Stojkov D, Dacic S, Pekovic S, Rakic L,
Stojilikovic M, Nedeljkovic N: Dynamic changes in the expression pattern
of ecto-5"-nucleotidase in the rat model of cortical stab injury. J Neurosci
Res 2011, 89:862-873.

Braun N, Lenz C, Gillardon F, Zimmermann M, Zimmermann H: Focal
cerebral ischemia enhances glial expression of ecto-5"-nucleotidase.
Brain Res 1997, 766:213-226.

Nedeljkovic N, Bjelobaba I, Subasic S, Lavrnja |, Pekovic S, Stojkov D, Vjestica
A, Rakic L, Stojiljkovic M: Up-regulation of ectonucleotidase activity after
cortical stab injury in rats. Cell Biol Int 2006, 30:541-546.

Cunha RA, Brendel P, Zimmermann H, Ribeiro JA: Immunologically distinct
isoforms of ecto-5"-nucleotidase in nerve terminals of different areas of
the rat hippocampus. J Neurochem 2000, 74:334-338.

Arch JR, Newsholme EA: Activities and some properties of 5-nucleotidase,
adenosine kinase and adenosine deaminase in tissues from vertebrates
and invertebrates in relation to the control of the concentration and the
physiological role of adenosine. Biochem J 1978, 174:965-977.

Aronica E, Zurolo E, lyer A, de Groot M, Anink J, Carbonell C, van Vliet EA,
Baayen JC, Boison D, Gorter JA: Upregulation of adenosine kinase in
astrocytes in experimental and human temporal lobe epilepsy. Epilepsia
2011, 52:1645-1655.

Fredholm BB, lJzerman AP, Jacobson KA, Klotz KN, Linden J: International
union of pharmacology. XXV. Nomenclature and classification of
adenosine receptors. Pharmacol Rev 2001, 53:527-552.

Klotz KN: Adenosine receptors and their ligands. Naunyn Schmiedebergs
Arch Pharmacol 2000, 362:382-391.

Fredholm BB, Chen JF, Masino SA, Vaugeois JM: Actions of adenosine at its
receptors in the CNS: insights from knockouts and drugs. Annu Rev
Pharmacol Toxicol 2005, 45:385-412.

Haselkorn ML, Shellington DK, Jackson EK, Vagni VA, Janesko-Feldman K,
Dubey RK, Gillespie DG, Cheng D, Bell MJ, Jenkins LW, Homanics GE,
Schnermann J, Kockanek PM: Adenosine A1 receptor activation as a brake
on the microglial response after experimental traumatic brain injury in
mice. J Neurotrauma 2010, 27:901-910.

Rebola N, Simoes AP, Canas PM, Tome AR, Andrade GM, Barry CE,
Agostinho PM, Lynch MA, Cunha RA: Adenosine A2A receptors control
neuroinflammation and consequent hippocampal neuronal dysfunction.
J Neurochem 2011, 117:100-111.

Brothers HM, Marchalant Y, Wenk GL: Caffeine attenuates
lipopolysaccharide-induced neuroinflammation. Neurosci Lett 2010,
480:97-100.

56.

57.

58.

59.

60.

61.

62.

Page 10 of 10

Wei CJ, Li W, Chen JF: Normal and abnormal functions of adenosine
receptors in the central nervous system revealed by genetic knockout
studies. Biochim Biophys Acta 2011, 1808:1358-1379.

Trincavelli ML, Costa B, Tuscano D, Lucacchini A, Martini C: Up-regulation of
A (2A) adenosine receptors by proinflammatory cytokines in rat PC12
cells. Biochem Pharmacol 2002, 64:625-631.

Simoes AP, Duarte JA, Agasse F, Canas PM, Tome AR, Agostinho P, Cunha RA:
Blockade of adenosine A2A receptors prevents interleukin-1beta-induced
exacerbation of neuronal toxicity through a p38 mitogen-activated protein
kinase pathway. J Neuroinflammation 2012, 9:204.

Dai SS, Zhou YG: Adenosine 2A receptor: a crucial neuromodulator with
bidirectional effect in neuroinflammation and brain injury. Rev Neurosci
2011, 22:231-239.

Li Y, Oskouian RJ, Day YJ, Rieger JM, Liu L, Kern JA, Linden J: Mouse spinal
cord compression injury is reduced by either activation of the adenosine
A2A receptor on bone marrow-derived cells or deletion of the A2A
receptor on non-bone marrow-derived cells. Neuroscience 2006,
141:2029-2039.

Adcock IM: HDAC inhibitors as anti-inflammatory agents. Br J Pharmacol
2007, 150:829-831.

Strahl BD, Allis CD: The language of covalent histone modifications.
Nature 2000, 403:41-45.

doi:10.1186/1742-2094-11-99

Cite this article as: Smith et al: Acetate supplementation modulates
brain adenosine metabolizing enzymes and adenosine Ax receptor
levels in rats subjected to neuroinflammation. Journal of
Neuroinflammation 2014 11:99.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
¢ Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Reagents
	Animal studies
	Extraction of rat brain tissue
	Western blot analysis
	Ecto-5’-nucleotidase activity
	Statistical analysis

	Results
	Fourteen day prophylactic acetate supplementation
	Twenty-eight day prophylactic acetate supplementation
	Interventional acetate supplementation

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

