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Abstract

Soluble circulating low density lipoprotein receptor-related protein-1 (sLRP) provides key plasma

binding activity for Alzheimer’s disease (AD) amyloid β-peptide (Aβ). sLRP normally binds 70–

90% of plasma Aβ preventing free Aβ access to the brain. In AD, Aβ binding to sLRP is

compromised by increased levels of oxidized sLRP which does not bind Aβ. Here, we determined

plasma oxidized sLRP and Aβ40/42 sLRP-bound, other proteins-bound and free plasma fractions,

cerebrospinal fluid (CSF) tau/Aβ42 ratios and mini-mental state examination (MMSE) scores in

patients with mild cognitive impairment (MCI) who progressed to AD (MCI-AD, n=14), AD

(n=14) and neurologically healthy controls (n=14) recruited from the Göteborg MCI study. In

MCI-AD patients prior to conversion to AD and AD patients, the respective increases in oxidized

sLRP and free plasma Aβ40 and Aβ42 levels were 4.9 and 3.7-fold, 1.8 and 1.7-fold and 4.3 and

3.3-fold (P < 0.05, ANOVA with Tuckey post-hoc test). In MCI-AD and AD patients increases in

oxidized sLRP and free plasma Aβ40 and Aβ42 correlated with increases in CSF tau/Aβ42 ratios

and reductions in MMSE scores (P < 0.05, Pearson analysis). A heterogenous group of ‘stable’

MCI patients that was followed over 2–4 years (n=24) had normal CSF tau/Aβ42 ratios but

increased oxidized sLRP levels (P < 0.05, Student’s t test). Data suggests that a deficient sLRP-Aβ

binding might precede and correlate later in disease with an increase in the tau/Aβ42 CSF ratio

and global cognitive decline in MCI individuals converting into AD, and therefore is an early

biomarker for AD-type dementia.
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INTRODUCTION

Low-density lipoprotein receptor-related protein-1 (LRP) is a multifunctional scavenger

receptor of the LDL receptor family [1]. LRP plays a major role in cellular transport of

cholesterol associated with apolipoprotein E (apoE) containing lipoproteins. LRP has a 515

kDa extracellular α chain that contains four ligand binding domains that bind a diverse array

of ∼ 40 structurally and functionally unrelated ligands [1] including Alzheimer’s disease

neurotoxin, amyloid-β-peptide (Aβ) [2]. The 85 kDa transmembrane cytoplasmic β chain of

LRP is responsible for cell signaling regulating endocytosis and interactions with several

intracellular adaptor proteins [1]. Although LRP has been regarded mainly as an endocytotic

cargo transporter, recent studies have shown that LRP transports several ligands

transcellularly across the blood-brain barrier (BBB) including Aβ [2,3], tissue plasminogen

activator [4], apoE2 and apoE3 [5] and a family of Kunitz domain-derived peptides [6]. It

has been also shown that the cell surface LRP in brain vascular cells provides a major

clearance route for Aβ by promoting its efflux from brain to blood [2,3,7–9], whereas LRP

in the liver mediates systemic Aβ clearance [10].

β-secretase cleaves the N-terminal extracellular domain of LRP releasing soluble LRP

(sLRP) [11] which circulates in plasma [12,13]. Recently, we have demonstrated that

circulating plasma sLRP provides a key endogenous peripheral plasma ‘sink’ activity for Aβ

by promoting a continuous removal of Aβ from brain [13]. In neurologically healthy humans

and mice, sLRP normally binds 70–90% of circulating Aβ preventing free Aβ access to the

brain [13]. In AD patients and AD transgenic mice, however, Aβ binding to sLRP is

compromised by increased levels of oxidized sLRP, a form of sLRP which does not bind Aβ

[13]. An increase in oxidized sLRP levels results in elevated levels of free Aβ40 and Aβ42

that can re-enter the brain as shown in different animal models [13–16]. Recombinant LRP

fragments can effectively replace oxidized sLRP and sequester free Aβ in plasma in AD

patients and AD transgenic mice which reduces Aβ-related pathology [13].

A long asymptomatic period precedes cognitive decline in AD [17–19]. Therefore, defining

early events and biomarkers of dementia is critical for therapeutic interventions. Here, we

studied the relationship between sLRP-mediated peripheral plasma binding activity of Aβ

and the cerebrospinal fluid (CSF) tau/Aβ42 ratio as a predictor of neuronal injury and

cognitive decline [17–19] and global cognitive outcome in patients with mild cognitive

impairment (MCI) and AD.

MATERIALS AND METHODS

Patients

We studied a total of 66 patients and controls recruited from the Göteborg MCI study

[20,21] including patients with MCI that progressed to AD (MCI-AD group, n = 14), AD

patients (n = 14) and neurologically healthy age-matched controls (n = 14). In addition, we

studied a heterogenous group of ‘stable’ MCI patients (n = 24) who did not develop

dementia during a follow-up period of 2–4 years (mean 3.5 years; MCI group). The MCI-

AD patients had a diagnosis of MCI at baseline and converted later into AD during a follow-

up period of more than 2 years (mean 2.3 years). Details about inclusion and exclusion

Sagare et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2014 July 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



criteria for the Göteborg MCI study have been reported in previous publications [20,21].

Subjects with major depressive and other severe psychiatric disorders were excluded,

whereas subjects with minor depressive symptoms and mild anxiety were not [21].

A summary of demographic data for patients included in the present study is given in Table

1. Briefly, controls, MCI-AD, AD and MCI patients were in average 68, 65, 69 and 64 year

old. As expected, both MCI-AD and AD groups had a high frequency of apolipoprotein E4

(APOE4) allele (i.e., 64%) compared to a heterogenous MCI group (21%) and controls

(29%).

At baseline and at biannual follow-ups, patients and controls underwent neurological and

psychiatric examinations, cognitive assessment and neuropsychological tests, and sampling

of blood and cerebrospinal fluid (CSF), as described in detail in previous publications [20–

22]. The diagnoses of MCI and AD type dementia were based on criteria as described below

and were made by a clinician blinded to the results of the patients exams, as we described

previously [20–22]. The inclusion criterion of a progressive cognitive impairment for more

than six months had to be anamnestically verified.

The criteria of MCI were those described by Petersen [23] which consist of: (i) memory

complaint, preferably corroborated by an informant, (ii) objective memory impairment

adjusted for age and education, (iii) preservation of general cognitive functioning, (iv) no or

minimal impairment of daily life activities, and (v) not fulfilling the DSM-IIIR (Diagnostic

and Statistical Manual of Mental Disorders, 3rd edition, revised) criteria of dementia. The

patients who received a diagnosis of AD were required to meet the DSM-IIIR criteria of

dementia and the criteria of probable AD defined by National Institute of Neurological and

Communicative Disorders-Stroke/Alzheimer’s disease and Related Disorders Association

(NINCDS-ADRDA) [24].

Healthy controls were recruited mainly from senior citizens organizations, while a few were

spouses of the study patients. Controls were not included if they had subjective or objective

signs of cognitive disorder as assessed from the above procedure. All controls were followed

clinically for 2 years. Patients and controls gave their informed consent to participate in the

study, which was conducted according to the provisions of the Helsinki Declaration and

approved by the ethics committees of Göteborg University, Sweden.

Non-fasting plasma samples were collected in the morning by venipuncture in tubes

containing ethylenediaminetetracetic acid (EDTA) as anticoagulant. CSF was obtained at

baseline by lumbar puncture through the L3/L4 or L4/L5 interspace. The lumbar punctures

were performed in the morning to avoid any influence on the result from diurnal fluctuations

in biomarker levels. The CSF, collected in polypropylene tubes, was submitted to

centrifugation at 2,000 x g at 4°C for 10 min. The ensuing supernatant was aliquoted in

screw-cap polypropylene tubes and stored at −80°C to await biochemical analyses.

Procedures

sLRP purification from human plasma—sLRP was isolated from human plasma as

described [12] and used to generate the standard curve in human sLRP specific enzyme-
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linked immunosorbent (ELISA) assay. Briefly, protease inhibitors (1 mM

phenylmethylsulfonyl fluoride, Cat. No. P7626, 2 mM benzamidine, Cat. No. B6506, 2 mM

bacitracin, Cat. No. 11702, 1 µM leupeptin, Cat. No. L2884, Sigma, St. Louis, MO) were

added to plasma, the pH adjusted by adding 1:10 volume of 0.1 M 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N’-(2-

ethanesulfonic acid (HEPES, Cat. No. H4034, Sigma), pH 7.4, 10 IU/ml heparin (Cat. No.

H3149, Sigma), 5 mM Ca2+, followed by centrifugation (4°C, 20,000g, 30 min) and

filtration through a 0.2 µm filter. Plasma was next passed through a α2-macroglobulin (Cat.

No. M6159, Sigma) affinity column, washed with HBSC (HEPES, 20 mM, calcium, 2mM,

and 0.1% Tween 20) pH 7.4, and eluted with 25 mM EDTA, 20 mM 2-(N-Morpholino)

ethanesulfonic acid (MES, Cat. No. M3671, Sigma), pH 6.0. The eluted fraction was

dialyzed against PBS overnight at 4 °C and concentrated using a 30 kDa molecular cut-off

Microcon® centrifugal filter unit (Cat. No. 42409, Millipore Corp., Billerica, MA). The

protein concentration was determined using the BCA protein assay kit (Cat. No. 23225,

Thermo Fisher Scientific, Rockford, IL) and the purity by SilverStain (Cat. No. 24597,

Thermo Fisher Scientific).

Human sLRP specific ELISA—Plasma sLRP levels were determined by humanspecific

sLRP ELISA, as described [12]. Briefly, 96 well LockWell™, MaxiSorp plates (Cat. No.

446469, Nunc, Thermo Fisher Scientific) (were coated overnight with receptor associated

protein (RAP) (Cat. No. RA02, Oxford Biomedical Research, Oxford, MI) (1 µg/well) in

bicarbonate buffer and blocked with HBSC buffer (HEPES, 20 mM, calcium, 2 mM, 1%

BSA and 0.1% Tween 20), for 30 min at 37°C. Plasma samples and/or purified human

plasma-derived sLRP standards, diluted 100-fold in blocking buffer, were added to each

well, incubated for 1 h at room temperature, washed extensively with HBSC, and then

incubated with the N-terminus human specific LRP 8G1 antibody (Cat. No. 438190, 1:500,

EMD Biosciences), followed by horseradish peroxidase (HRP) conjugated goat anti-mouse

secondary antibody (Cat. No. A4789, Sigma) (1:5000) for 1 h at room temperature. We

added 3,3',5,5'-tetramethylbenzidine substrate (Cat. No. 53-00–01, KPL, Haithersburg, MD)

and stopped the reaction with 1 N HCl. Absorbance was determined at 450 nm, and plasma

sLRP concentrations were calculated from the standard curve.

Oxidized sLRP—We determined oxidized plasma sLRP levels from the sLRP carbonyl

content by first forming hydrazone derivatives with 2, 4-dinitrophenylhydrazide (DNPH), as

described [13]. Plasma sLRP (2 µg) was immunoprecipitated with 8G1 human specific LRP

antibody (EMD Biosciences) using a protein G immnoprecipitation kit (Cat. No.

11719386001, Roche Diagnostics GmbH, Mannheim, Germany). sLRP was retrieved by

boiling for 10 min in 18 µL 10% SDS followed by centrifugation at 6,000 g for 1 min. The

supernatant containing sLRP was incubated at a room temperature for 15 min with DNPH

(Cat. No. S7150; OxyBlot™ Protein Oxidation Detection Kit, Millipore). The supernatant

was removed, and the derivatized sLRP precipitated in 10% trichloroacetic acid (TCA) (Cat.

No. T6399, Sigma), and separated by centrifugation at 10,000 g for 2 min. The pellet was

washed 5 times with a cold ethanol/acetone mixture (1:1), dried at 37°C for 15 min and

resuspended in 6 M guanidine hydrochloride (Cat. No. 24110, Thermo Fisher Scientific).

The guanidine-protein blank was prepared by following the above procedure in the absence
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of DNPH-protein derivatization. The absorption maximum of the derivatized protein was

about 375 nm. We obtained the difference in absorption between the DNPH-derivatized

sLRP and the blank, and determined the concentration of sLRP hydrazone derivatives using

the reference absorbtivity of 21 mM−1cm−1, as described [13].

Human Aβ40 and Aβ42 ELISAs—The levels of human endogenous Aβ40 and Aβ42 in

different plasma fractions were determined with human specific ELISA kits (Cat. No.

KHB3481 and KHB3544, Invitrogen), respectively, according to the manufacturer’s

instructions, as we reported [13].

sLRP-bound human Aβ in plasma—Plasma was IgG-depleted by incubation with with

protein G beads (Cat. No. 11719408001, Roche) and incubated with human specific LRP

antibody (8G1, EMD Biosciences) overnight at 4°C in the presence of protein G agarose

(Protein G immnoprecipitation kit, Roche Diagnostics). The agarose was recovered by

centrifugation and washed according to instructions in the protein G immunoprecipitation

kit. The washed agarose beads containing the sLRP associated Aβ were resuspended in 10 µl

of 5 M guanidine hydrochloride/50 mM Tris.Cl, pH 8.0 and mixed for 4 h at room

temperature. sLRP-bound Aβ40 and Aβ42 levels were determined with human specific

ELISAs (see above) using 25-fold diluted samples.

Free unbound Aβ in plasma—sLRP-depleted plasma supernatants were subjected to

ultrafiltration with Microcon® 30 kDa molecular weight cutoff (Cat. No. 42409, Millipore

Corp., Bedford, MA). The filtrate was further purified and concentrated using PepClean™

C-18 spin columns (Cat. No. 89870, Thermo Scientific) according to manufacturer’s

instructions. The proteins were eluted from the column with 60 µl of 70% acetonitrile (Cat.

No. 27,071-7, Aldrich, Milwaukee, WI), vacuum dried and reconstituted in 5 µl of 5 M

guanidine hydrochloride/50 mM Tris.Cl, pH 8.0. Human Aβ40 and Aβ42 levels in the

filtrate fractions were determined by ELISAs, as described earlier [13].

Aβ bound to other proteins in plasma—After ultrafiltration with Microcon® 30 kDa

molecular weight cutoff, human Aβ40 and Aβ42 levels in the retentate fractions were

determined by ELISAs, as described earlier [13].

Intrassay %CV for Aβ40, Aβ42 and sLRP ELISA’s were 2.5, 8.5 and 5.5, respectively.

Aβ42 and tau in CSF—CSF total tau (T-tau) concentration was determined using a

sandwich ELISA (Innotest hTAU-Ag, Innogenetics, Gent, Belgium) specifically constructed

to measure all tau isoforms irrespectively of phosphorylation status, as previously described

[25]. Aβ1–42 levels were determined using a sandwich ELISA (INNOTEST® β-

AMYLOID(1–42), Innogenetics, Gent, Belgium), specifically constructed to measure Aβ

containing both the first and 42nd amino acid, as previously described [26]. Please note that

we did not have CSF samples for two MCI-AD and four AD patients.

Statistical analysis—To test the differences between controls and MCI-AD and AD we

used one-way analysis of variance (one way ANOVA) followed by Tuckey’s post hoc test.

The differences were considered to be significant at P < 0.05. All values were mean ± SEM.
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To test the difference between controls and MCI, we used Student’s t test. Pearson

correlation coefficient (r) was used for determining correlations. Graphpad Prism 5.0

statistical program was used for analysis.

RESULTS

Individuals with MCI who progressed to AD (MCI-AD) and AD patients compared to

controls had 4.9 and 3.7-fold increase in oxidized sLRP levels (p < 0.01; Fig. 1A), a form of

sLRP which does not bind Aβ [13], respectively. Consistent with these findings, MCI-AD

and AD patients had 28–34% and 35–38% significant reductions in sLRP-bound plasma

Aβ40 and Aβ42 (p < 0.05) (Fig. 1B and 1D), and 80% and 72% and 4.3 and 3.3-fold

increases in free plasma Aβ40 and Aβ42 levels (Fig. 1C and 1E), respectively. Fractions of

Aβ40 and Aβ42 bound to other proteins did not change significantly in MCI-AD and AD

groups compared to controls (Fig. 1F–G).

As reported [13], in terms of total Aβ levels data in Fig. 1 indicates that in neurologically

healthy controls the majority of Aβ40 (i.e., 71%) and Aβ42 (i.e., 91%) binds to sLRP, and a

minor portion, i.e., 14% of Aβ40 and 8% of Aβ42, binds to other proteins; the remaining

fractions represent free Aβ40 ( i.e., 15% of total Aβ40) and free Aβ42 (i.e., 1% of total

Aβ42). In MCI-AD and AD groups, there was a significant reduction in sLRP-bound Aβ40

and Aβ42 fractions to 50–55% and 80% of total Aβ40 and Aβ42, respectively, compared to

71% for sLRP-bound Aβ40 and 91% for sLRP-bound Aβ42 in controls. The changes in Aβ

redistribution in MCI-AD and AD patients were associated with the corresponding increases

in free Aβ40 and Aβ42 fractions to 28% and 8% of their respective total Aβ levels.

Compared to controls who did not show a correlation between the CSF tau/Aβ42 ratios and

oxidized sLRP plasma levels (Fig. 2A), both MCI-AD and AD patients exhibited a

significant positive correlation between the CSF tau/Aβ42 ratios and oxidized sLRP levels (r

= 0.52; p < 0.05; r = 0.69; p < 0.05) (Fig. 2B–C). The analysis of MMSE scores and

oxidized sLRP levels indicated no correlation in controls (Fig. 3A). In contrast, there was a

significant negative correlation in MCI-AD patients and AD patients (Fig. 3B–C; r = −0.52;

p < 0.05; r = −0.49; p < 0.05).

The analysis of the MMSE scores and free plasma Aβ40 levels (Fig. 4A; r = −0.59; p < 0.01;

r = −0.71; p < 0.001 ) and Aβ42 levels (Fig. 4B; r = −0.41; p < 0.05; r = −0.51; p < 0.01)

indicated a significant negative correlation in MCI-AD and AD groups compared to

controls. In contrast, there was no correlation between free plasma Aβ levels and MMSE

scores in controls.

The analysis of CSF tau/Aβ42 ratios and free plasma Aβ40 levels (Fig. 4C; r = 0.76; p <

0.0001; r = 0.64; p < 0.001) showed a significant positive correlation in the MCI-AD and

AD groups, and no correlation in controls. A similar analysis of CSF tau/Aβ42 ratios and

free plasma Aβ42 levels showed a significant positive correlation only in MCI-AD group

(Fig. 4D; r = 0.53; p < 0.01); there was no correlation in AD group or controls.

We also studied a heterogenous group of so-called ‘stable’ MCI individuals who did not

develop any type of dementia within the 3.5 years of follow-up and did not show changes in
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the CSF tau/Aβ42 ratios. These MCI patients exhibited a large variation in oxidized sLRP

levels. One half of these MCI patients (12/24) had oxidized sLRP levels within a range

found in normal healthy controls, whereas another half (12/24) had significantly higher

levels which contributed to a significant 4.2-fold increase compared to neurologically

healthy controls (p < 0.01; Fig. 1A). Therefore, our finding of an increase in oxidized sLRP

in ‘stable’ MCI group should be interpreted cautiously as it likely reflects sLRP oxidation in

a subgroup of patients.

Consistent with an increase in oxidized sLRP, MCI patients had reductions in sLRP-bound

Aβ40 and Aβ42 plasma fractions by 28% and 32%, respectively (Fig. 1B and 1D). A more

detailed analysis indicated that these differences could be attributed to a subgroup of 12/24

patients who had pronounced reductions in sLRP-bound Aβ, while 50% of the MCI patients

(12/24) had normal values of sLRP-bound Aβ. Finally, corresponding to these findings, the

MCI group showed a modest 27% increase in free plasma Aβ40 levels and somewhat more

robust increase in free Aβ42 plasma levels compared to controls (Fig. 1C and 1E).

Compared to controls, the MCI group did not show changes in Aβ40 and Aβ42 fractions

bound to other proteins (Fig. 1F and 1G).

DISCUSSION

This study shows that disruption in sLRP-mediated peripheral ‘sink’ activity for Aβ is

already present in patients diagnosed with MCI at baseline who progressed later to AD, i.e.,

in the so-called MCI-AD group. In both MCI-AD and AD patients there was a significant

and comparable increase in oxidized plasma sLRP as indicated by increased sLRP

carbonylation. Protein carbonylation is an established marker of oxidative stress [27] and

oxidative damage to proteins is one of the earliest events in AD [19,28,29]. Importantly,

oxidation of plasma sLRP results in a form of sLRP that does not bind plasma Aβ [13].

Consistent with these findings both MCI-AD and AD patients had elevated levels of free

plasma Aβ40 and Aβ42. In MCI-AD patients, sLRP oxidation and the resulting increases in

free plasma Aβ40 and Aβ42 levels that were found at an early MCI stage correlated at the

time of AD conversion with increases in the CSF tau/Aβ42 ratios and reductions in the

MMSE scores comparable to those seen in AD patients. This data suggests that an impaired

sLRP-mediated peripheral binding of plasma Aβ during an early MCI stage is highly

predictive of progression into AD dementia.

A heterogeneous group of so-called ‘stable’ MCI patients did not have changes in the CSF

tau/Aβ42 ratios and MMSE scores and did not develop dementia during the studied 3.5

years of follow-up. However, as emphasized in the Results, about 50% of ‘stable’ MCI

patients had elevated oxidized sLRP levels, whereas the remaining 50% had normal

oxidized sLRP levels. At this point we do not have longitudinal data to determine whether

changes in a subgroup of 50% MCI patients with elevated oxidized sLRP are predictive of

conversion into AD, as shown for the MCI-AD group. Given that conversion from MCI to

dementia occurs at a rate of 10–15% per year with ∼ 80% conversion by the sixth year of

follow-up [30], it is tempting to speculate that about 50% of currently ‘stable’ MCI patients

with elevated oxidized sLRP levels at baseline will eventually convert into AD over the next

3 years. The future longitudinal studies in MCI patients should address whether a disrupted
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sLRP-Aβ binding activity is specific for MCI conversion into AD, or it can be also found in

other types of dementia, as for example in individuals with vascular dementia. These future

studies should also address for how long a disrupted sLRP peripheral Aβ binding can co-

exist with a diagnosis of ‘stable’ MCI.

The capillary beds of peripheral organs allow free exchanges of solutes between blood and

the interstitial fluid [31]. In contrast, the BBB is sealed by the tight junctions precluding free

and/or rapid entry of polar molecules into the brain such as small peptides [32,33] unless

there is a carrier-mediated and/or receptor-mediated transport mechanism for these

molecules at the BBB, as for example for rapid transport of amino acids [34] or slow

transport of neuroactive peptides [35]. In rodent and primate models of AD, free circulating

Aβ40 and Aβ42 can cross the BBB via a concentration-dependent specialized mechanism

[36–42] and/or across a disrupted BBB [15]. In primates and rodents, free plasma Aβ

entering the brain typically deposits onto the pre-existing amyloid on blood vessels [38,41]

and brain parenchyma [42] and can bind to neurons inducing an oxidant injury [14,15]. The

receptor for advanced glycation end products (RAGE) mediates Aβ transport from blood to

brain, oxidant stress and neuroinflammatory response at the BBB [14,28]. Brain vasculature

in AD expresses increased levels of RAGE [14,43,44] and reduced LRP levels [2,16]

associated with Aβ cerebrovascular and/or brain accumulation. Some forms of Aβ are not

cleared efficiently from brain as for example the Dutch isoform [45]. The rising plasma free

Aβ concentrations that we show in the present study and the progressively increasing BBB

RAGE expression (to transport the Aβ substrate from plasma into brain) throughout various

neuropathologic stages from MCI to AD [46] can combine to exacerbate the AD evolution

in the CNS.

Earlier studies in AD showed unchanged levels of plasma Aβ (as reviewed by Blennow et al.

[19]). However, elevated levels of plasma Aβ42 and/or Aβ40 have been also reported in AD

[47,48] raising a possibility that plasma Aβ may contribute to brain Aβ accumulation [28].

Studies in preclinical AD have been inconclusive, some suggesting plasma Aβ42 does not

predict a subsequent development of AD (see in Blennow et al. [19]), others showing

elevated plasma Aβ42 precedes AD [47,49]. The population-based Rotterdam study revealed

that increased plasma Aβ40, but not Aβ42, was associated with a risk of developing AD

and/or vascular dementia [50].

Reproducible and accurate measurements of Aβ in plasma are challenging because of the

hydrophobic nature of the full length peptide and the heterogeneity of truncated Aβ

fragments [22], and because most of plasma Aβ,i.e., 70–90%, is normally bound to sLRP

[13]. Earlier studies did not distinguish between sLRP-bound Aβ that does not cross the

BBB [13] and free circulating Aβ that can re-enter the brain [13–15,36–42]. Based on

studies with free Aβ in rodents and primates one would expect that humans with chronically

elevated levels of free circulating Aβ, as for example patients with MCI who converted into

AD and AD patients, will have a continuous influx of free plasma Aβ into the brain

contributing to the formation of amyloid plaques [28,38,41,42] and oxidant stress [14,15].

Most studies agree that an elevated CSF tau/Aβ42 ratio is predictive of AD [17–

19,21,51,52], and that an increase in tau/Aβ42 CSF ratio reflects tau release from injured or
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dead neurons and/or reduced Aβ42 CSF levels due to enhanced Aβ aggregation in the brain.

A positive correlation between the CSF tau/Aβ42 ratio and oxidized sLRP in MCI-AD and

AD individuals, and a negative correlation between MMSE scores and oxidized sLRP

indicates that faulty sLRP ‘sink’ activity precedes a typical AD CSF tau/Aβ42 profile and

global cognitive decline.

In summary, our data suggests that impairments in sLRP-mediated Aβ peripheral binding

also known as peripheral plasma ‘sink’ activity for Aβ is a useful early biomarker in MCI

patients progressing to AD, and is an early event in the disease process preceding AD. The

future longitudinal studies on a larger cohort of MCI patients and healthy individuals should

determine the sensitivity and specificity of oxidized sLRP plasma test for AD, i.e., the

percent of MCI patients who develop AD but do not have increased levels of oxidized sLRP,

and the percent of MCI patients who have elevated levels of oxidized sLRP but do not

develop AD and subsequently convert into other types of dementia (e.g., vascular) or remain

diagnosed as ‘stable’ MCI.
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Fig. 1. Changes in oxidized plasma sLRP levels and plasma sLRP bound, free and other proteins
bound Aβ fractions
Oxidized plasma sLRP (carbonyl content) (A), sLRP-bound plasma Aβ40 levels (B), free

plasma Aβ40 levels (C), sLRP-bound plasma Aβ42 levels (D), free plasma Aβ42 levels (E),

other proteins bound Aβ40 levels (F) and other proteins bound Aβ42 levels (G) in

neurologically normal healthy controls (green circles), MCI-AD (black circles), AD (red

circles) and stable MCI (gray circles) patients. Points represent individual values from n =

14–24 individuals per group.
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Fig. 2. The relationship between the CSF tau/Aβ42 ratio and oxidized plasma sLRP
The CSF tau/Aβ42 ratio plotted against oxidized plasma sLRP (carbonyl content) levels in

control subjects (A) and MCI-AD (B) and AD (C) patients. Pearson correlation coefficient

(r) was used to determine the correlation between the two studied parameters. Points

represent individual values from n = 10–14 individuals per group.

Sagare et al. Page 14

J Alzheimers Dis. Author manuscript; available in PMC 2014 July 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. The relationship between MMSE scores and oxidized plasma sLRP levels
The relationship between MMSE scores and oxidized plasma sLRP (carbonyl content) levels

in controls (A) and MCI-AD (B) and AD (C) patients. Pearson correlation coefficient (r)

was used to determine the correlation between the two studied parameters. Points represent

individual values from n = 14 individuals per group.
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Fig. 4. The relationship between the MMSE scores, the CSF tau/Aβ42 ratio and plasma free
Aβ40 and 42 levels
The relationship between the MMSE scores and plasma free Aβ40 (A) and free Aβ42 (B)

levels in controls and MCI-AD ( ) and AD ( ) patients. The number of individuals in

all groups was n = 14. The relationship between the CSF tau/Aβ42 ratio and plasma free

Aβ40 (C) and free Aβ42 (D) levels in controls and MCI-AD ( ) and AD ( ) patients.

The number of individuals per group ranged from 10 to 14. Pearson correlation coefficient

(r) was used to determine the correlation between the two studied parameters.
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Table 1

Demographic data

Control MCI-AD AD MCI

Age (± s.d.) 67.64 ± 5.41 65 ± 7.66 69.14 ± 7.09 63.79 ± 7.0

Gender (male/female) 6/8 (42/58%) 4/10 (28/72%) 6/8 (42/58%) 12/12 (50/50%)

APOE4 carriers (%) 29% 64% 64% 21%
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