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Abstract
Impairment in two blood-brain barrier (BBB) efflux transporters, p-glycoprotein (Pgp) and low-
density lipoprotein receptor-related protein-1 (LRP-1) are thought to contribute to the progression
of Alzheimer’s disease (AD) by resulting in the brain accumulation of their substrate amyloid beta
peptide (Aβ). The initial cause of impaired efflux, however, is unknown. We have shown that
induction of systemic inflammation by intraperitoneal administration of lipopolysaccharide
impairs the efflux of Aβ from the brain, suggesting that systemic inflammation could be one such
initiator. In this study, we determined whether pre-administration of the antioxidant N-
aceytlcysteine (Nac) has a protective effect against LPS-induced Aβ transporter dysfunction. Our
findings were that Nac protected against LPS-induced Aβ transport dysfunction at the BBB
through an LRP-1-dependent and Pgp-independent mechanism. This was associated with Nac
exerting antioxidant effects in the periphery but not the brain, despite an increased rate of entry of
Nac into the brain following LPS. We also found that Nac pre-administration resulted in lower
blood levels of the cytokines and chemokines interferon-γ, interleukin-10, CCL2, CCL4, and
CL5, but only lowered CCL4 in the cerebral cortex and hippocampus. Finally, we observed that
hippocampal cytokine responses to LPS were decreased compared to cortex. These findings
demonstrate a novel mechanism by which antioxidants prevent Aβ accumulation in the brain
caused by inflammation, and therefore protect against AD.
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Introduction
Accumulation of the amyloid beta peptide (Aβ) in the central nervous system (CNS) is
thought to play a causative role in Alzheimer’s disease (AD) (Hardy and Selkoe, 2002). The
events leading to pathological Aβ accumulation in the brain in the majority of AD cases are,
however, unknown. One potential mechanism that would contribute to Aβ accumulation in
the brain is defective clearance across the blood-brain barrier (BBB) (Deane et al., 2009).
Two predominant efflux transporters have been implicated in this process: low-density
lipoprotein receptor-related protein-1 (LRP-1) and p-glycoprotein (Pgp) (Brenn et al., 2011;
Cirrito et al., 2005; Donahue et al., 2006; Hartz et al., 2010; Jaeger et al., 2009; Pflanzner et
al., 2011; Shibata et al., 2000; van Assema et al., 2012). LRP-1 is predominantly expressed
at the abluminal (brain-facing) surface of the brain endothelial cell, whereas Pgp is
predominantly expressed at the luminal (blood-facing) membrane. Therefore, a working
model has been proposed where Aβ in the brain interstitial fluid (ISF) is first internalized by
LRP-1, and then is exported out of the endothelial cell by Pgp (Hartz et al., 2010). Both
transporters become deficient in AD (Donahue et al., 2006; Hartz et al., 2010; Shibata et al.,
2000; van Assema et al., 2012), and for this reason represent likely players in AD
progression.

Inflammation and oxidative stress are associated with AD as well as many of its risk factors,
including aging, obesity, traumatic brain injury, hypertension, high cholesterol, and diabetes
(Akiyama et al., 2000; Alzheimer's Association, 2012; Sultana and Butterfield, 2010). Aβ
itself can cause oxidative stress and inflammation in the brain (Butterfield, 2002; Salminen
et al., 2009), however it is also possible that oxidative stress and inflammation could act
upstream of Aβ to exert neurotoxic effects (Lee et al., 2008; Tamagno et al., 2011).
Although mechanistic links between inflammation, oxidative stress, and Aβ accumulation in
AD have been extensively studied in the CNS, less is understood about how inflammation
and oxidative stress in the periphery contribute to AD. Clinical studies have shown that
elevated inflammatory markers in the blood confer increased AD risk and can accelerate
cognitive decline, suggesting that systemic inflammation plays a role in the onset and
progression of AD (Holmes et al., 2009; Tan et al., 2007).

The BBB is simultaneously exposed to both CNS and peripheral compartments, and thus is
affected by signals from either compartment. Both inflammation and oxidative stress have
been shown to alter BBB function (Abbott, 2000; Banks and Erickson, 2010; Freeman and
Keller, 2012; Haorah et al., 2007). Therefore, inflammation and oxidative stress in the brain
or periphery could induce BBB changes that contribute to AD, such as Aβ transporter
dysfunction. This is supported by the finding that systemic inflammation induced by
intraperitoneal injection of lipopolysaccharide in young mice is sufficient to impair Aβ
efflux from the brain (Jaeger et al., 2009). The Aβ transporter Pgp also becomes impaired
following LPS (Jin et al., 2011; Salkeni et al., 2009). Furthermore, increased oxidative
damage to LRP-1 has been observed in AD hippocampus compared to age-matched
controls, suggesting that LRP-1 is functionally impaired in AD (Owen et al., 2010).

Oxidative stress is an important mediator of CNS damage during systemic inflammation
(Berg et al., 2011), and antioxidants may protect the CNS during this process. This is
supported by the finding that the antioxidant N-acetylcysteine protects against memory
impairment in rats that survived sepsis (Barichello et al., 2007). The antioxidant Nac also
has protective effects in rodent models of AD (Farr et al., 2003; Huang et al., 2010), and is
associated with improved cognitive performance in a preliminary human AD trial (Adair et
al., 2001). Following intraperitoneal administration, Nac rapidly accumulates in peripheral
organs (McLellan et al., 1995). More sensitive methods show, however, that Nac crosses the
BBB and therefore can act locally in the CNS (Farr et al., 2003). ROS produced in response
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to inflammatory stimuli can exacerbate inflammation by activating a number of signaling
molecules, including NFk-B, AP-1 MAPK (Hsu and Wen, 2002; Lo et al., 1996; Morgan
and Liu, 2011), and promoting inflammasome activation (Martinon, 2010). For this reason,
antioxidants such as Nac have anti-inflammatory effects by limiting the ability of ROS to
potentiate inflammatory cytokine production (Palacio et al., 2011).Therefore, Nac could
protect against damage to the CNS by limiting inflammation and oxidative stress in both the
CNS and peripheral compartments. Due to the anatomical location of the BBB, signals from
either the peripheral tissue or central nervous system compartment could alter its function.
This suggests that the neuroprotective effects of Nac may be through suppression of
inflammatory and oxidative stress signals to the BBB. In this study, we determined whether
administering Nac prior to inducing systemic inflammation with LPS protected against
impairment in Aβ transport across the BBB, and through which transporters this effect was
mediated. We also measured markers of oxidative stress and cytokine profiles in serum, as
well as the cortex and hippocampus as these are brain regions susceptible to damage in both
inflammation and AD. Our findings were that Nac protected against LRP-1 but not Pgp
dysfunction at the BBB, and this was associated with reduced oxidative stress and
inflammation predominantly in serum. We also observed significantly different cytokine
responses in cortex vs. hippocampus. These results demonstrate a novel mechanism by
which Nac protects against BBB dysfunction under conditions of systemic inflammation,
and provide insight on the relationships between systemic inflammation and AD.

Methods
Animal use and treatment regimens

All animal protocols were performed in an AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care) accredited facility and approved by the animal
committee of the VA and St Louis University Medical Centers. Male CD-1 mice were
purchased from Charles River and kept on a 12/12 hour light/dark cycle with food and water
freely available. Mice at 6–8 weeks of age were treated with three intraperitoneal (IP)
injections of 3mg/kg LPS from Salmonella typhimurium (Sigma, St. Louis, MO) dissolved
in sterile normal saline over a 24-hour period as previously described (Jaeger et al., 2009).
The first injection was given in the morning, and the second and third injections were given
at 6 and 24 hours following the first injection, respectively. Some groups of mice were also
pretreated with 100 mg/kg Nac in sterile normal saline 30 minutes prior to each saline or
LPS injection. All mice were studied at 28 hours following the first injection of LPS. Mice
given LPS displayed overt sickness behavior and weight loss, however no mice died as a
result of treatment. A total of 281 mice were used in this study: 68 for measurement of Aβ
efflux, 28 for measurement of Nac influx, 65 for alpha-2 macroglobulin (a2M) efflux, 47 for
verapamil brain perfusion studies, 36 for oxidative stress measures, and 37 for measurement
of cytokines.

Iodination of Aβ, albumin, and α2M
Murine Aβ1-42 was purchased from Bachem (Torrance, CA) and bovine serum albumin
(BSA) and human α2M from Sigma (St. Louis, MO). Lyophilized Aβ peptide was
resuspended at a concentration of 1mg/ml in 0.1M ammonium hydroxide to prevent
aggregation, aliquotted, and stored frozen at −80°C for up to three months. To enable LRP-1
binding, human α2M was activated with methylamine according to methods described
previously (Imber and Pizzo, 1981), and stored at −20°C. 5 µg of Aβ, activated a2M (a2m*),
or albumin was labeled with 0.5 mCi 125I or 2mCi 131I (Perkin Elmer) using the chloramine-
T method (Greenwood et al., 1963), and purified on a Sephadex G-10 column (Sigma). To
assess the purity of iodinated proteins, an aliquot of the labeled protein fraction was
precipitated in 15% trichloroacetic acid. All iodinated compounds consistently showed
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greater than 95% activity in the precipitate, and iodinated Aβ and α2M* were always used
within 24 hours of radioactive labeling. The iodinated versions are referred to as I-Aβ, I-
α2M*, and Ialbumin.

Measurement of I-Aβ and I-α2M efflux from brain
To measure I-Aβ and I-α2M* efflux, labeled protein solutions were diluted to a
concentration of 20,000 counts per minute (CPM)/µl in BSA/lactated Ringer’s solution.
LPS/Nac-treated mice were anesthetized with 40% urethane, and 1 µl of labeled protein was
injected into the lateral ventricle of the brain (ICV) by reflecting the scalp and drilling a hole
1mm lateral and 0.5mm posterior to the bregma, followed by injection at a depth of 2.5 mm
using a 26g Hamilton syringe. Brains were collected 10 minutes post-injection (t10). To
account for CNS distribution, an identical treatment group was overdosed with urethane, and
protein was injected ICV 10 min post-mortem (t0). Brains were collected from this group 10
min post-injection. To accurately determine the activity injected, three 1µl aliquots of
sample were injected into blank tubes using a Hamilton syringe (injection checks).
Radioactivity in brain and injection checks was measured using a Wizard2 automatic
gamma counter (Perkin Elmer, Waltham MA). Brain efflux was calculated by first
determining the percent of injected material remaining in brain in t10 and t0 groups:

%Inj/brain = 100(CPM in brain/CPM injection check)

Delta values were calculated by subtracting individual values of %Inj/brain from each t10
group from the average %Inj/brain of each t0 group:

Delta %Inj/brain = (Average %Inj/brain t0)-(%Inj/brain t10)

Measurement of Nac uptake by brain
1×106 CPM of 14C-Nac (American Radiolabeled Chemicals, St. Louis, MO) and I-albumin
were prepared in BSA/lactated Ringer’s solution and co-injected in the jugular vein of mice
treated with LPS or saline. Whole brains and blood from the carotid artery were collected at
1, 2, 5, 10, 15, 20, and 30 minutes. Blood was allowed to clot, spun at 5000g to separate
serum from blood cells, and 50 µl serum was analyzed by gamma counting or LSC. Brains
from both groups were analyzed by gamma counting for 125I-albumin, then solubilized and
suspended in liquid scintillation cocktail for counting 14C-Nac activity. To exclude signal
from I-albumin, counts were gated between 60 and 156 keV. Triplicate counts from an
injection volume (injection check) of 14C-Nac were measured in brain or serum matrix to
account for differences in quenching. Brain and serum values were then expressed as a
percent of the average injection check (%Inj). The rate of I-albumin and 14C-Nac brain
uptake was determined using multiple-time regression analysis (Patlak et al., 1983). This
analysis method determines the influx rate of a substance by plotting the brain/serum ratio
vs. a corrected time parameter called exposure time. This correction is necessary to negate
the influence of peripheral clearance of a substance from blood that would otherwise
overestimate the influx rate. Exposure time was calculated from the formula:

where t equals experimental clock time, Cp represents the level of radioactivity in the serum
over time and Cpt is the level of radioactivity in the serum at time t. Brain/serum ratios were
then calculated from the following formula:

Tissue/serum ratio = (%Inj/g brain)/(%Inj/µl serum)
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To correct for alterations in vascular space and/or vascular permeability which occur with
LPS administration, tissue/serum ratios for I-albumin were subtracted from those for 14C-
Nac. The corrected tissue/serum ratios were plotted against exposure time calculated
for 14C-Nac, and the unidirectional influx rate (Ki) determined from the slope of the linear
portion of the curve. %Inj/g brain was calculated for 14C-Nac from the corrected tissue/
serum ratio:

%Inj/g brain = (corrected tissue/serum ratio)(%Inj/ µl serum)

Measurement of verapamil influx
Mice were anesthetized with an intraperitoneal injection of 40% urethane solution, and
influx of the Pgp ligand verapamil was measured using the cardiac perfusion method (Smith
and Allen, 2003). In brief, the heart was exposed via thoracotomy, the descending aorta
clamped, and the jugulars cut bilaterally to prevent infused solution from returning to the
heart. The left ventricle of the heart was then infused with Zlokovic’s buffer (7.19 g/l NaCl,
0.3 g/l KCl, 0.28 g/l CaCl2, 2.1 g/l NaHCO3, 0.16 g/l KH2PO4, 0.17 g/l anhydrous MgCl2,
0.99 g/l D-glucose, and 10 g/l bovine serum albumin added the day of perfusion) at a rate of
2 ml/min for 2 min. The perfusion contained 100,000 disintigrations per minute (dpm)/ml of
3H-verapamil and 100,000 dpm/ml of 14C-sucrose as a marker of vascular space/BBB
permeability. Periodic sampling of perfusion fluid from the tip of the catheter was
performed to determine the exact concentration of radioactivity being perfused (injection
checks). The mouse was immediately decapitated at the end of the perfusion time, and the
brain harvested, weighed, and then placed in a glass vial. Brains were solubilized, and then
brains and injection checks were counted for 3H and 14C isotopes using a dual counting
program in a liquid scintillation counter (Packard). The brain/perfusion ratio (µl/g) was
calculated using the equation:

Brain/perfusion ratio: (DPM/g brain)/(DPM/µl perfusate)

This equation was used to calculate the ratios for both 3H-verapamil and 14C-sucrose.
The 14C-sucrose values were subtracted from the values for 3H-verapamil to yield the
amount of 3H-verapamil which had entered the brain. As verapamil is a substrate of the
efflux pump P-gp, the activity of P-gp is inversely related to the brain/perfusion ratio.

Dot blot measurements of protein carbonyl, HNE-protein adducts, and 3-NT
Protein was extracted from hemibrains by homogenizing in 5 volumes of ice-cold lysis
buffer (PBS plus 1% Triton X-100, 5mM EDTA, 1mM PMSF, and protease inhibitor
cocktail) followed by shaking vigorously for 30 minutes at 4° C. Extracts were then
centrifuged at 20,000g for 10 minutes at 4° C, and supernatants were used for protein
analysis. Protein was quantified in all extracts by BCA assay (Thermo Scientific).
Measurement of protein carbonyl was conducted according to oxyblot kit instructions
(Millipore, Temecula, CA). 32 ng of derivitized protein per sample was loaded on a
nitrocellulose membrane in duplicate using a dot blot apparatus (Biorad, Hercules CA), then
blocked and probed with primary and secondary antibodies according to kit instructions.
HNE-adducts and 3-NT were measured by loading 1µg of protein on a nitrocellulose
membrane, blocking with 5% milk, and probing with an anti-HNE antibody (alpha-
diagnostics 2µg/ml in 5% milk) or anti 3-NT (Millipore; 2µg/ml in 5% milk) overnight at
4°C. The membranes were then washed and probed with anti-rabbit secondary (Santa Cruz,
1:5000) for 1 hour at room temperature. Immunoreactive spots on both membranes were
visualized using West Pico chemiluminescent substrate (Thermo Scientific) and all images
were captured using an ImageQuant LAS4000 CCD imaging system (GE Life Sciences,
Piscataway, NJ). Densitometric analysis was done using IQTL software (GE Life Sciences).
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Measurement of oxidized and reduced glutathione in brain
Total and oxidized glutathione was measured in hemibrains using a colorimetric glutathione
assay kit from Cayman chemicals. Brains were extracted in MES buffer and deproteinated
according to kit instructions, then stored at −20 c until the assays were performed. On the
day of assay, the deproteinated extracts were thawed, and diluted in MES buffer prior to
assay with or without derivitization 2-vinylpyridine to measure oxidized and total
glutathione, respectively. Glutathione signal was measured using a kinetic method of
absorbance detection, and the levels of reduced glutathione were calculated by subtracting
oxidized glutathione from total levels.

Cytokine and chemokine measurements in brain and serum
Serum, cortex, and hippocampus were collected from mice treated with LPS/Nac, and stored
frozen until assay/extraction. To prevent contamination of blood cytokines in brain
measurements, the upper circulatory system of each mouse was perfused with ice-cold PBS
prior to removing the brain. Brain tissues were extracted for soluble protein by
homogenizing in a 5× volume of extraction buffer (TBS plus 0.2% Triton X-100, 2mM
EDTA, 1mM PMSF, and protease inhibitor cocktail). Homogenates were then processed and
total protein quantified by BCA assay. A panel of 23 cytokines (IL-1α, IL-1β, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17, Eotaxin (CCL11), G-
CSF, GM-CSF, IFN-γ, KC (CXCL1), MCP-1 (CCL2), MIP-1α (CCL3), MIP-1β (CCL4),
RANTES (CCL5), and TNF-α) were measured in brain and serum samples using a murine
Bioplex assay kit from Biorad. All samples were diluted 1:3 in sample diluent provided in
the kit, and processed according to assay directions. Plates were read on a Bioplex 200
(Biorad). Cytokines which were undetected for a sample were assigned a value of zero, and
only cytokines which were greater than 50% detectable in any group were considered for
analysis.

Statistical analysis
All statistical analyses were done using Prism 5 software (GraphPad Inc, San Diego, CA).
Data on Nac influx were analyzed by linear regression, and the remaining data were
analyzed by two-tailed Student’s t-tests (two groups), one-sample t-test (for cytokines which
were not detected in the absence of LPS stimulation), one way ANOVA and Newman-Keuls
multiple comparisons test (more than two groups, one tissue), or two-way ANOVA with
Bonferroni post-test for multiple comparisons (cortex vs. hippocampus comparisons). Bar
graphs are expressed as mean +/− SEM.

Results
Effects of Nac on LPS-induced deficits in Aβ efflux and efflux transporter function

Previously, we have observed a decreased efflux of ICV-injected I-Aβ from the brain
following repeated injections of IP LPS. Using the same regimen, we determined whether
pre-administration of Nac prior to each LPS injection protected against the LPS-induce
efflux deficit. Figure 1a shows that Nac protects against the efflux deficit in Aβ induced by
LPS. We next determined whether LPS impaired the Aβ efflux transporters LRP-1 and Pgp,
and whether Nac protected against LPS effects. Figure 1b shows that LPS significantly
inhibited brain efflux of ICV-injected I- α2M*, an LRP-1 ligand, and that Nac protected
against this inhibition. To test whether this effect was also observed for Pgp, a brain
perfusion method was used which prevents interaction of the drug with serum binding
proteins that limit its BBB influx. Included in the perfusate were the Pgp ligand 3H
verapamil, and 14C sucrose that was used to correct for changes in vascular space and BBB
permeability. Because Pgp limits the brain influx of verapamil, increased brain levels are
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representative of decreased Pgp function. Our findings, shown in Figure 1c demonstrate that
LPS causes Pgp dysfunction that is not blocked by Nac. Although Nac was protective
against LPS-induced decreases in Aβ efflux, we did observe a slight, but statistically
significant decrease in Aβ efflux in the Nac control group. This treatment did not alter
LRP-1 or Pgp function, and therefore indicates that inhibition of Aβ efflux by Nac alone is
through a process independent of LRP-1 or Pgp. Together, these data demonstrate that the
protective effects of Nac against LPS-induced decreases in Aβ transport are mediated
through LRP-1 but not Pgp.

Effects of Nac on LPS-induced oxidative stress in brain and serum
Systemic inflammation induced by LPS causes increased oxidative stress in peripheral
tissues as well as in the brain. Oxidative stress in the brain or periphery could influence BBB
function due to its anatomical location in both compartments. Therefore, we determined
whether Nac had protective effects against LPS-induced oxidative stress in both brain and
serum. We used three protein markers of oxidative/nitrative stress in our study: carbonyl,
HNE, and 3-NT. We also measured the ratio of oxidized to reduced glutathione in brains
only, as serum levels of oxidized glutathione are too low to be measured by this method.
Figure 2 shows the results of our measurements of protein markers of oxidative stress. Only
carbonyl and HNE are shown, as 3-NT was not detectable by this method even though we
did detect signal from peroxynitrite-treated BSA. In brain, LPS did not increase levels of
protein carbonyl (Figure 2a), but significantly increased levels of HNE-modified protein
(Figure 2b). Nac did not protect against the LPS-induced increase in HNE in the brain. We
saw no significant differences in the CNS ratios of oxidized to reduced glutathione in any of
our treatments (data not shown). In serum, LPS caused a significant increase in protein
carbonyl (Figure 2c), and Nac blocked this effect. Although trends were similar for HNE,
these did not reach statistical significance (Figure 2d). Together, these results indicate that
Nac is primarily acting in the periphery to limit oxidative stress in our model.

LPS effects on Nac uptake into brain
Because Nac crosses the BBB (Farr et al., 2003), it is possible that the inability of Nac to
lower HNE-modified proteins in brain following LPS is due to LPS effects on BBB
transport of Nac. To test this, we compared the influx of 14C-Nac in mice treated with saline
or LPS. To correct for changes in vascular space and BBB permeability, we included I-
albumin as a tracer in the injection. Figure 3a shows that the y-intercept of the I-albumin
time curve is significantly elevated with LPS, reflecting an increase in vascular space and
BBB permeability. Tissue/Serum ratios for 14C-Nac were corrected for these changes by
subtracting I-albumin values, and the differences are shown in Figure 3b. The unidirectional
influx constant (slope of the line) for Nac following LPS treatment (1.833 ± 0.1970 µl/g-
min, r2=0.9154) was significantly increased compared to that of saline (0.6954 ± 0.1663 µl/
g-min, r2=0.6601). Figure 3c shows brain uptake data represented as %Injection/g of brain
vs. time. Values peaked at approximately 0.25 and 0.40 %Inj/g for saline and LPS,
respectively. These data show that LPS increases the BBB permeability of Nac, and
therefore does not explain the inability of Nac to protect against oxidative stress in the brain
in our LPS model.

Effects of Nac on LPS-induced cytokine levels in cortex, hippocampus, and serum
In addition to its antioxidant properties, Nac is also anti-inflammatory. This could have
important effects on cytokine interactions with the BBB. Therefore, we determined whether
Nac alters cytokine responses in serum or in two of the brain regions that are implicated in
both AD and sepsis: the cortex and hippocampus. Of 23 cytokines measured in these tissues,
LPS significantly increased the expression of 13 in serum, 12 in cortex, and 11 in
hippocampus (Supplementary figures 1–3 and Table I, see table entries with one, two, or
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three asterisks). Nac pre-administration significantly suppressed the cytokines and
chemokines IL-10, IFN-γ, MIP-1β, MCP-1, and RANTES in serum, but only the cytokine
MIP-1β in cortex and hippocampus (Supplementary figures 1–3 and Table I, see table
entries with two asterisks). KC levels were significantly potentiated in hippocampus when
Nac was given prior to LPS (Supplementary figure 3 and Table I, see table entries with three
asterisks). Detectable cytokines which were not increased with LPS at the time point studied
included IL-2, IL-3, IL-5, IL-12(p70), IL-13, IL-17, GM-CSF, and TNF-α in serum, and
TNF-α in cortex and hippocampus. In each treatment group, we also compared cytokine
responses in cortex compared to hippocampus. We found no significant differences in
cytokine levels between regions without LPS stimulation with the exception of eotaxin,
which was not detected in hippocampus in any of our treatments. The hippocampus
expressed significantly lower levels of the cytokines and chemokines IL-12(p40), MIP-1α,
GCSF, KC, RANTES, and TNF-α compared to cortex under LPS-stimulated conditions
(Figure 4). For all analytes except IL-12 (p40), and TNF-α, these differences remained
significant when mice were also pre-treated with Nac. These results show that Nac exerts its
anti-inflammatory properties predominantly in the serum compartment, and that cortical
cytokine responses are increased compared to hippocampus in our model.

Discussion
In this study, we have shown that Nac protects against the LPS-induced inhibition of Aβ
brain-to-blood efflux through an LRP-1-dependent and Pgp-independent mechanism. This
was associated with reductions in oxidative stress markers in serum but not brain, and
altered cytokine profiles in serum, cortex, and hippocampus. We also found that the
magnitude of increase for many cytokines following LPS was higher in cortex than
hippocampus. These results highlight important mechanistic considerations for the
regulation of Aβ transport across the BBB during inflammation, and accumulation of Aβ in
the brain in AD.

Deficits in both LRP-1 and Pgp at the BBB have been proposed to cause Aβ accumulation
in the brain (Cirrito et al., 2005; Hartz et al., 2010; Jaeger et al., 2009; Shibata et al., 2000).
Decreased efflux has also been reported for Aβ during systemic inflammation (Jaeger et al.,
2009). We have recently shown that LPS does not significantly alter the expression of
LRP-1 or Pgp in isolated brain microvessels (Erickson et al., 2012). Our findings here and
elsewhere show, however, that both LRP-1 and Pgp are functionally inhibited by LPS
(Erickson et al., 2012; Jin et al., 2011; Salkeni et al., 2009). Because Pgp is highly expressed
in brain endothelial cells, decreased function of Pgp is most likely explained by post-
translational effects. LRP-1, however, was found to be downregulated and mislocalized in
cultured brain endothelial cells and upregulated in cultured pericytes, indicating that LRP-1
deficits at the brain endothelial cell are masked by pericyte overexpression in isolated
microvessels (Erickson et al., 2012; Kovac et al., 2011). In this study, we found that LRP-1
and Pgp at the BBB are regulated by different mechanisms during inflammation. LRP-1
dysfunction was inhibited by Nac pretreatment, whereas Nac did not protect against Pgp
dysfunction. Furthermore, despite our observations that LPS inhibited Pgp function by about
50%, Nac pretreatment resulted in Aβ efflux comparable to that of the Nac control group.
This shows that in our model of systemic inflammation, inhibition of Aβ transport that is
blocked by Nac is mediated through LRP-1 rather than Pgp. Recently, it has been reported
that the LRP-1 ligand APOE protects against BBB disruption by inhibiting the
overexpression of cyclophilin A in the pericyte (Bell et al., 2012). Cyclophilin A is also
upregulated by ROS, and participates in the vascular inflammatory process by activating
NF-kB signaling (Bell et al., 2012; Satoh et al., 2010). Therefore, cyclophillin A may be a
potentially important mediator of inflammatory processes which regulate BBB transport.
Despite our finding that Nac protects LRP-1 dysfunction during inflammation, Nac
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treatment alone (i.e., in the absence of LPS treatment) had a slight, but significant inhibitory
effect on Aβ efflux. This effect was not observed for α2M or verapamil, indicating that this
effect is LRP-1 and Pgp independent. Furthermore, our delta value for Aβ efflux was
approximately 36% higher than that of α2M, raising the possibility that there is an
undiscovered, Nac-sensitive Aβ transporter at the BBB. Recently, additional transporters
have been identified at the BBB which participate in Aβ efflux including the cellular prion
protein (Pflanzner et al., 2012) and multidrug transporters ABCG2 and ABCG4 (Do et al.,
2012). Whether Nac inhibits these transporters at the BBB is unknown, but would be an
important question to address in future studies.

Characterization of the protective effects of Nac against LPS revealed that oxidative stress
was inhibited in the serum but not the brain, despite our observations of increased BBB
transport of Nac. This finding has multiple explanations. First, Nac is a hydrophilic
molecule, and has a tendency to concentrate in the cytoplasm. Therefore, its inability to
lower HNE formation in the brain could be explained by a lack of proximity to cell
membranes where HNE is generated. A second possibility is that although Nac can cross the
BBB, it may not reach sufficient levels in brain to exert protective effects under the
conditions studied. We observed that the peak brain uptake of Nac ranged between 0.25%
and 0.4% of the total injection per gram of brain tissue, depending on whether mice were
treated with saline or LPS. For a mouse brain weighing 0.5g, the percent of Nac taken up
into brain would therefore be 0.1% for saline and 0.2% for LPS of the total injection. Less
sensitive autoradiography-based methods have shown that Nac concentrates in peripheral
organs, with no detectable uptake in the CNS (McLellan et al., 1995). Therefore, the low
level of CNS uptake of Nac observed in this study and elsewhere could explain the inability
of an acute regimen of Nac to block oxidative damage in the CNS. Despite this, Nac has
protective effects in the brains of rodents with AD (Farr et al., 2003; Fu et al., 2006; Huang
et al., 2010), and its ability to increase CNS glutathione levels indicates that its action is
local (Pocernich et al., 2000). These models, however, used chronic pretreatment regimens
of Nac which occurred over the duration of weeks. This raises a third possibility: that the
effectiveness of Nac to limit oxidative stress in the brain requires chronic treatment. Despite
the inability of Nac to lower oxidative stress in the brain after LPS in our model, limiting
oxidative stress in the periphery during inflammation was sufficient to protect LRP-1
function. This highlights a novel mechanism by which Nac could protect against AD.

In light of these findings, an interesting question is whether peripheral oxidative stress could
mediate LRP-1 dysfunction in other diseases that increase AD risk. LRP-1 dysfunction at
the BBB is also observed in a rodent model of streptozotozin-induced diabetes (Hong et al.,
2009), which has increased serum markers of oxidative stress (Sen et al., 2011). Increased
serum markers of oxidative stress have been observed in individuals with AD and mild
cognitive impairment (MCI) (Padurariu et al., 2010), as well as metabolic syndrome
(Furukawa et al., 2004; Hansel et al., 2004) which is a risk factor for AD (Alzheimer's
Association, 2012). A recent study revealed an important mechanistic link by which
oxidative stress contributes to AD pathology in a mouse model of hypertension by activating
the receptor for advanced glycation endproducts at the BBB (Carnevale et al., 2012). It was
not determined whether Aβ efflux is also impaired in this model, but could be a likely
consequence of RAGE activation due to downstream inflammatory signaling. Importantly,
AD pathology following hypertension was blocked by enteral antioxidant treatment
(Carnevale et al., 2012). The peripheral actions of Nac may therefore be important
parameters to consider for individuals with risk factors for AD such as systemic
inflammation and metabolic syndrome (Cunningham, 2011; Tan et al., 2007; Yaffe et al.,
2004), due to the association with decreased BBB efflux of Aβ.
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Nac also showed protective effects through its anti-inflammatory properties in our model.
These findings are consistent with reports of anti-inflammatory effects of Nac in vitro
(Palacio et al., 2011), and were expected due to the participation of oxidative stress in the
inflammatory response. In serum, Nac pretreatment reduced the LPS-induced expression of
IL-10, IFN-γ, MIP-1β, MCP-1, and RANTES, whereas in cortex and hippocampus, only
MIP-1β was reduced. Therefore, the majority of anti-inflammatory effects of Nac were also
restricted to the serum compartment, supporting that Nac actions in the periphery protect
against LRP-1 dysfunction. The chemokines MIP-1β, MCP-1, and RANTES and the
cytokine IFN-γ have all been implicated in immune cell interactions with the brain
endothelium (Banks and Kastin, 1996; Dzenko et al., 2005; Huynh and Dorovini-Zis, 1993;
Louboutin et al., 2011; McCarron et al., 1993; Shukaliak and Dorovini-Zis, 2000).
Furthermore, Nac can inhibit cytokine-induced adhesion of immune cells to the brain
endothelium (Faruqi et al., 1997). This supports the possibility that immune cell interactions
with the luminal membrane of the BBB can contribute to LRP-1 dysfunction. Although Nac
also reduced serum levels of the anti-inflammatory cytokine IL-10, this may reflect effects
of Nac that occurred prior to the time point studied. The proinflammatory cytokine TNF-α
can induce the latent production of IL-10 (Wanidworanun and Strober, 1993). TNF-α levels
in serum rise rapidly following LPS treatment, and within hours return to baseline (Kakizaki
et al., 1999). Therefore, we cannot rule out the possibility that reduction of IL-10 levels by
Nac pretreatment were actually in reaction to decreases in TNF-α in an earlier phase of the
immune response. Future studies are necessary to determine whether the effects of Nac on
IL-10 are helpful or harmful to BBB function. In both cortex and hippocampus, only
elevations in MIP-1β were inhibited by Nac, whereas KC was potentiated by Nac. Although
elevated levels of KC would suggest neutrophil chemoattraction, this may be countered by
the ability of Nac to reduce adhesion molecule expression at the BBB. Furthermore,
increased IL-8 (the human cytokine analog of KC) was shown to protect against neuronal
apoptosis induced by inflammation or Aβ treatment (Ashutosh et al., 2011). Therefore,
hippocampal increases in KC by Nac could be neuroprotective. MIP-1β is released by brain
endothelial cells following ischemia and stimulates microglial proliferation (Wang et al.,
2012; Wang et al., 2011). This could therefore be an important BBB-derived cytokine which
modulates CNS inflammation. Whether MIP-1β mediates any effects of LPS on BBB
transport of Aβ remains to be tested, but may provide insight on the mechanism by which
Nac protects against LRP-1 dysfunction in our model.

The cortex and hippocampus are two brain regions which are highly affected in both AD and
systemic inflammation (Barichello et al., 2007; Braak et al., 2006; Comim et al., 2011;
Sultana and Butterfield, 2010; Thal et al., 2002). In AD, however, neuropathological
hallmarks of Aβ and tau show different temporal and spatial patterns of accumulation in
these regions. Tau neurofibrillary tangles begin to accumulate in the hippocampus and
surrounding areas, and extend throughout the neocortex as neuropathological severity
increases (Braak et al., 2006). Aβ plaque, however, begins to accumulate in the neocortex
first, and hippocampal pathology occurs later as the disease advances (Thal et al., 2002).
This suggests that these two regions have different responses and/or susceptibilities to
pathological stimuli associated with AD. Inflammation is such a stimulus, and therefore we
compared LPS-induced cytokine responses in cortex to those in hippocampus. We found
that basal cytokine levels in these two regions did not significantly differ from each other
with the exception of eotaxin, which was undetectable in hippocampus for all treatment
regimens. The elevations in levels induced by LPS administration for the cytokines IL-1β,
IL-6, IL-12(p40), MIP-1α, G-CSF, KC, RANTES, and TNF-α were all significantly lower
in the hippocampus than in the cortex. The statistical differences between cortex and
hippocampus were lost for IL-1β, IL-12(p40), and TNF-α in groups with Nac pretreatment.
These findings show that the inflammatory response to LPS is greater in the cortex than the
hippocampus, a finding which may have important implications for conditions such as septic
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encephalopathy and AD. Furthermore, inflammation can both increase Aβ production and
decrease Aβ clearance (Jaeger et al., 2009; Lee et al., 2008), raising the possibility that early
neocortical Aβ accumulation in AD could be caused by inflammation in this region.
Whether Aβ or tau pathologies are also present in the brains of septic encephalopathy
patients is unknown, but may reveal important clues as to what could cause these
pathologies in AD.

In conclusion, we have shown that Nac protects against Aβ transport dysfunction at the BBB
caused by systemic inflammation. This was associated with reduction of oxidative stress in
the periphery but not the brain, and these reductions in oxidative stress corresponded with
cytokine reductions primarily in serum. These results are therefore suggestive of Nac
mediating its protective effects prior to entering the CNS. Many predominant risk factors for
AD are associated with elevated systemic inflammation and peripheral oxidative stress.
Future studies are therefore necessary to determine whether antioxidants could be
neuroprotective in individuals with risk factors for AD by blocking peripheral oxidative
stress, lowering serum cytokine levels, and preventing LRP-1 dysfunction at the BBB. Our
findings highlight the importance of considering BBB changes in response to peripheral
signals as well as those in the CNS when studying etiological mechanisms of AD.
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Refer to Web version on PubMed Central for supplementary material.
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Research Highlight

N-acetylcysteine protects against LPS-induced inhibition of amyloid beta efflux across
the blood-brain barrier
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Figure 1. Effects of Nac pre-administration on LPS-induced dysfunction of Aβ transport across
the BBB
Disappearance of ICV-injected I-Aβ (A) or I-a2M* (B), an LRP-1 ligand, from brain was
measured at 10 minutes and subtracted from the average activity remaining at time 0. The
difference is shown, and reflects brain efflux; n= 7–11 per group. Influx of 3H verapamil, a
Pgp ligand, was measured using the in situ brain perfusion method (C). Uptake into brain
was expressed as the brain/perfusion ratio, and corrected for changes in vascular
permeability by subtracting uptake values for 14C sucrose. Increased brain/perfusion ratios
indicate decreased Pgp function; n=11–13 per group. All data were analyzed by one way
ANOVA and Newman-Keuls multiple comparisons tests; *p < 0.05, **p < 0.05, ***p <
0.001 vs. Sal/Sal; ##p < 0.01, ###p < 0.001 vs. Nac/Sal; &p < 0.05, &&&p < 0.001 vs.
group indicated.
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Figure 2. Effects of LPS and Nac on oxidative stress markers in brain and serum
Protein carbonyl (A and C) and HNE adducts (B and D) in brain (A and B) and serum (C
and D) were measured by slot blot, n=6–9. Nac reduced oxidative stress in serum but not
brain. Data analyzed by one way ANOVA and Newman-Keuls Multiple Comparisons test;
*p < 0.05, ***p < 0.001 vs. Sal/Sal, #p < 0.05, ###p < 0.001 vs. Nac/Sal, &p < 0.05 vs.
group indicated.
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Figure 3. Brain influx of I-albumin and 14C-Nac following LPS treatment
A) Albumin showed no significant difference in its influx rate (0.01218 ± 0.02102 µl/g-min
Sal vs. 0.06413 ± 0.05179 µl/g-min LPS). A significant difference in the Y-intercept was
observed (p < 0.001). B) Nac showed a significant difference in its influx rate (0.6954 ±
0.1663 µl/g-min Sal vs. 1.833 ± 0.1970 µl/g-min LPS; p < 0.001). Data analyzed by linear
regression. C) Data represented as %Inj/g vs. clock time. A peak uptake of approximately
0.25 and 0.4 %Inj/g was observed for saline and LPS groups, respectively.
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Figure 4. Comparison of cytokine levels in cortex vs. hippocampus
Cytokines found to be significantly elevated at the protein level in both cortex and
hippocampus by LPS were compared to determine whether there was a significant
difference in cytokine expression between brain regions in any of the treatment groups. Data
were analyzed by two-way ANOVA followed by Bonferroni multiple-comparisons tests,
n=8–10 per group; *p < 0.05, **p < 0.05, ***p < 0.001 vs. group indicated.
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Table I
Summary of cytokine responses to LPS and Nac in cortex, hippocampus, and serum

Cytokines that were significantly elevated following LPS treatment and unaffected by Nac are marked with a
single asterisk, two asterisks indicate that elevations induced by LPS were significantly inhibited by Nac, and
three asterisks indicate that LPS-induced elevations were significantly potentiated by Nac. An absence of
asterisk indicates baseline levels were either undetectable (brain IL-10, INF-gamma, eotaxin) or detectable but
that LPS had no effect (serum IL-13). All data were analyzed by one way ANOVA with Newman-Keuls
multiple comparisons test, n=8–10 per group, p-value cutoff was 0.05.

Cytokine/Chemokine Serum Cortex Hippocampus

IL-1α * * *

IL-1β * * *

IL-6 * * *

IL-10 **

IL-12 (p40) * * *

IL-13 * *

Eotaxin (CCL11) * *

IFN-γ **

MIP-1α * * *

MIP-1β ** ** **

G-CSF * * *

KC (CXCL1) * * ***

MCP-1 (CCL2) ** * *

RANTES (CCL-5) ** * *
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