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Abstract

BACKGROUND—Increased β-secretase (BACE1) activity has consistently been detected in the 

brain tissue and cerebrospinal fluid (CSF) of subjects with mild cognitive impairment (MCI) and 

probable Alzheimer’s disease (AD) compared to controls. The collection of CSF by lumbar 

puncture is invasive. We sought to identify the presence of plasma BACE1 activity and determine 

potential alterations in MCI subjects with clinical follow-ups for 3 years using patients with 

diagnosed probable AD dementia compared to healthy controls (HC).

METHODS—75 probable AD patients, 96 MCI individuals and 53 age- and sex-matched HC 

were recruited from three independent international academic memory clinics and AD research 

expert centers. Plasma BACE1 activity was measured by a synthetic fluorescence substrate 

enzyme-linked immunosorbent assay. BACE1 protein expression was assessed by Western blotting 

using three different antibodies that recognize the epitopes of the N-, C-, and full-length BACE1.

RESULTS—Compared to HC, plasma BACE1 activity (Vmax) significantly increased by 53.2% 

in MCI subjects and by 68.9% in probable AD patients. Interestingly, MCI subjects who converted 

to probable AD dementia at follow-ups exhibited significantly higher BACE1 activity compared to 

cognitively stable MCI non-converters and also showed higher levels of BACE1 activity than AD 

patients.

CONCLUSIONS—The plasma BACE1 activity is significantly increased in MCI converters and 

probable AD patients. The sensitivities of BACE1 activity for the patients were 84% and the 

specificities were 88%. Our results indicate that plasma BACE1 activity may be a biomarker for 

AD risk and could predict progression from prodromal to probable AD dementia.

Keywords

β-secretase; BACE1; mild cognitive impairment; Alzheimer’s disease dementia; biomarker 
diagnosis; prediction

Alzheimer’s disease (AD) is the most common cause of dementia in populations older than 

60 years (1–3). The progressive formation of amyloid plaques and vascular deposits 

consisting of the amyloid beta peptide (Aβ) is a pathological hallmark of AD (4–6). In 

particular, the accumulation of Aβ in the brain is an early pathophysiological event that 

occurs a decade or more before symptom onset (7,8). Aβ is generated from amyloid 

precursor protein (APP) by enzymatic digestion involving β- and γ-secretase activities 

(9,10). The β-site APP-cleaving enzyme 1 (BACE1) is a 501 amino acid-long glycosylated 

type I transmembrane endoprotease (11–13). We have demonstrated that BACE1 activity 

significantly increased in brains of patients with sporadic AD (sAD) and mild cognitive 

impairment (MCI) (14–18). More elevated BACE1-cleaved APP products were found by 

examining the Swedish mutation compared to wild-type substrate (11,12,17,19). The 

familial AD was caused by the APP Swedish mutation that enhances APP cleavage by 

BACE1 (19,20) and suggests that elevated BACE1 activity in the brain can induce AD (14–

17). Moreover, a rare mutation close to the BACE1 cleavage site in the APP gene that 

protects against cognitive decline and the risk of developing AD substantially supports the 

hypothesis that BACE1 plays a key role in AD pathogenesis (21).
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BACE1 is the rate-limiting enzyme in amyloidogenesis (22). Measurements of its 

concentration and activity have been proposed as surrogate biomarkers for AD (23). In 

previous studies, we have found a significant increase of both BACE1 enzymatic activity 

and protein concentrations in the cerebrospinal fluid (CSF) of individuals with MCI (24). 

BACE1 inhibitors have been shown to have therapeutic effects in AD animal models (25–

28) and their potential role in lowering risk in developing AD has been investigated in 

clinical trials (29,30). Early initiation of treatment requires the early detection of disease, 

including accurate prediction at the asymptomatic or presymptomatic stages. We have also 

shown (24) that early detection of elevated BACE1 concentrations in CSF may be indicative 

of AD pathology in prodromal individuals with a higher risk of developing AD (31–33). The 

increased BACE1 enzymatic activity and protein concentrations in CSF provide biological 

evidence of identifying preclinical stages of AD versus age- and sex-matched healthy 

controls (HC) (24). The interaction of CSF BACE1 activity with established core CSF 

biomarkers, Aβ1-42, Aβ1-40, total tau (t-tau), and tau phosphorylated at threonine 181 (p-

tau181), has been previously investigated.34 Moreover, BACE1 activity was significantly 

elevated in APOE ε4 carriers compared with APOE ε4 non-carriers and correlated with CSF 

concentrations of Aβ1-40, t-tau, and p-tau181, thus indicating that greater BACE1 activity in 

CSF is dynamically linked to underlying AD brain pathology and disease severity.24,34,35 

Furthermore, CSF BACE1 activity is one of the strongest predictors of AD risk compared 

with other biomarker candidates such as brain atrophy (revealed via magnetic resonance 

imaging (MRI)-based hippocampal volume reduction), CSF concentrations of t-tau, p-tau, 

Aβ1-42, as well as APOE status or age (36).

In addition to CSF biomarkers, which necessitate invasive lumbar puncture procedures, 

(37,38) potential biomarkers for AD risk that can be obtained from more accessible sources 

such as blood (plasma/serum) are eagerly required. An ideal biomarker will need to be 

directly related to the disease pathogenesis in the brain. From this viewpoint, BACE1 is 

supposed to be a relevant biomarker. To our knowledge, no data has been published on 

peripheral BACE1 expression and activity in cognitively HC, MCI individuals, and AD 

patients. Therefore, in the present study, we sought to investigate BACE1 activity and 

protein expression in plasma samples of HC, MCI individuals (converters versus non-

converters), and probable AD dementia patients.

We found that plasma concentrations of BACE1 are able to stratify the clinically relevant 

diagnostic subgroups mentioned above at baseline and predict the progression and 

conversion of MCI to overt AD dementia.

MATERIALS AND METHODS

Participants

A total of 224 individuals were recruited from three independent international academic AD 

research centers and memory clinics: (n=131) individuals from the Department of Psychiatry 

and Psychotherapy, Alzheimer Memorial Center, Ludwig-Maximilian University, Munich, 

Germany; (n=68) individuals from the Department of Neuroscience and Physiology, 

University of Gothenburg, Sahlgrenska University Hospital, Sweden; (n=25) individuals 

from the Memory Center, Roskamp Institute, USA). Three age-matched multi-site study 
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cohorts were assembled: 75 probable AD patients, 96 MCI individuals and 53 age- and sex-

matched HC. No age differences were found among the three groups using a generalized 

linear model. In accordance with previously published BACE1 studies (24,35), the diagnosis 

of probable AD was made according to the National Institute of Neurological and 

Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders 

Association (NINCDS-ADRDA) criteria, including the MMSE score (39,40) MCI was 

diagnosed according to the Petersen criteria (33). MCI individuals performed 1.5 standard 

deviation below the age-adjusted reference average in memory scales using the Consortium 

to Establish a Registry for Alzheimer’s Disease (CERAD) cognitive battery (41) HC 

individuals were represented by age-matched cognitively and physically healthy individuals. 

Patients with psychiatric comorbidity were excluded by means of history, clinical 

examination, and Composite International Diagnostic Interview (CIDI) (42). We obtained 

the clinical data from three independent centers where individuals with probable AD and 

MCI, including cognitively stable MCI and MCI who converted to AD, were enrolled. In all 

clinical centers, the stable MCI group was followed clinically for 2–3 years, while follow-up 

of MCI converters continued until conversion to AD dementia.

BACE1 Enzymatic Activity Assay

All blood samples were handled in an identical fashion, including coding, centrifugation, 

plasma extraction, and storage conditions. The maximum delay between blood drawing and 

centrifugation was one hour; each plasma sample was stored in a −80°C freezer until 

assayed in duplicate for BACE1 activity. All measures were performed blinded to the 

clinical status of the study participants.

BACE1 activity assays were performed as previously described with minor modifications 

(24). In brief, synthetic peptide substrates containing the β-cleavage site (Calbiochem, 

EMD, Gibbstown, NJ, USA) at a 10mM concentration in reaction buffer (50mM acetic acid 

buffer, pH 4.5, 100mM NaCl) were used for BACE1 activity assay. Ten microliters of 

plasma were mixed with 100 microliters of buffer with the final pH of ~4.5, which is optimal 

for the BACE1 activity assay. The fluorescence was measured at 430 nm (excitation 

wavelength) and 520 nm (emission wavelength). BACE1 activity was corrected by plasma 

total protein content and calculated through Vmax and Vmean as previously described (24) 

and expressed in fluorescence units (FU)/time. Plasma BACE1 activity was tested in the 

presence of the β-Secretase Inhibitor IV (Calbiochem, EMD, Gibbstown, NJ, USA), while 

recombinant BACE1 peptide (Sigma, St Louis, MO, USA) was used as positive control 

during the assay. The inhibition ratio was obtained by the following equation: Inhibition 

(%)= (1-S/C) ×100, where C indicates the plasma BACE1 activity in the absence of β-

Secretase Inhibitor IV, and S indicates the plasma BACE1 activity in the presence of 

different concentration of β-Secretase Inhibitor IV. The IC50 value was calculated using the 

GraphPad Prism 5 software (GraphPad Inc., San Diego, CA, USA). To confirm the 

specificity of plasma BACE1 activity, we coated a 96-well plate with the BACE1 specific 

antibody MAB5308 (1:4000, EMD Millipore, Billerica, MA, USA) to capture the BACE1 

protein and, then, we measured BACE1 activity.
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BACE1 Western Blot Assay

For Western blot analysis, plasma samples were mixed with an equal volume of sodium 

dodecyl sulphate (SDS) sample buffer and separated using a 10% SDS polyacrylamide gel. 

The protein was then transferred to the nitrocellulose membrane. The membrane was stained 

with 1% Ponceau S staining solution as loading control and AD patients’ brain lysates were 

utilized as positive controls. The membrane was then probed with anti-BACE1 N-terminus 

(B0681, Sigma-Aldrich, St Louis, MO, USA), C-terminus (B0806, Sigma-Aldrich, St Louis, 

MO, USA) or ectodomain monoclonal antibody (Mab931, R&D Systems, Minneapolis, MN, 

USA). Ponceau S staining solution (Sigma, St Louis, MO, USA) was used as loading 

control. Intensities of protein bands were determined using Quality One 1-D Analysis 

Software (Bio-Rad Life Science, Hercules, CA, USA).

Statistical Analysis

Appropriate descriptive statistics including mean, standard deviation, median, and range 

were computed in presenting the overall data. Generalized linear models were fitted with 

multiple comparison tests to compare diagnostic groups and other categorical predictors for 

each of the outcome measures including BACE1 protein expression, BACE1 activities, total 

protein concentrations, and BACE1 activity/MMSE values. These models allowed us to 

account for age effects without inflating the type I error level while simultaneously adjusting 

for key factors. The data, including correlation in each diagnostic group, was analyzed using 

the statistical package SPSS (version 11.5.1; SPSS Inc, Chicago, IL, USA).

RESULTS

Detection of BACE1 protein expression and enzymatic activity in human plasma

To investigate whether BACE1 protein could be detected in plasma, a specific anti-BACE1 

N-terminus antibody was utilized. We found that plasma samples contained BACE1 protein 

at the expected size, approximately 70kD (Figure 1A), similar to that found in the human 

brain and CSF (16,17,24). A fluorogenic APP-derived peptide was employed as a BACE1 

substrate to examine BACE1 specific activity, with BACE1 APP-derived peptide substrate 

used as a positive control. Plasma BACE1 enzymatic activity was inhibited by a specific 

BACE1 inhibitor (IC50 dose at ~14nM) (Figure 1B &1C). In our study, the IC50 dose of 

14nM necessary for inhibiting BACE1 is significantly different from the IC50 of both 

BACE2 and cathepsin D (43). These findings indicate that BACE1 protein is detectable via 

ELISA methods and its enzymatic activity is abundant in human plasma.

Investigation of plasma BACE1 activity in MCI individuals and AD patients at different 
stages

MCI converters (n=71) and AD patients (n=75) showed significantly higher BACE1 activity 

compared to HC (n=53) and MCI non-converters, which increased Vmax by 62.8% 

(p=0.001) and 68.9% (p<0.001) in MCI converters and AD patients, respectively (Figure 

2A). Compared to HC, the Vmean of BACE1 activity in MCI non-converters, MCI 

converters, and AD patients increased by 45.0% (p<0.05), 85.4% (p=0.001), and 97.3% 

(p<0.001), respectively (Figure 2A). The results of the generalized linear model supported 

Shen et al. Page 5

Biol Psychiatry. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the fact that the association of increased peripheral BACE1 activity with both AD and MCI 

converters is valid. There was no significant difference in BACE1 activity between MCI 

individuals and AD patients for Vmax (p=0.756) and for Vmean (p=0.8). To validate the 

increased plasma BACE1 activity in MCI converters and AD patients (Figure 2A) compared 

to HC, we used an anti-BACE1 antibody to precipitate the protein and measured the 

enzymatic activity of the antibody-captured protein. Again, there was elevated enzymatic 

activity of the antibody-captured BACE1 in plasma of MCI individuals (p=0.0004) and AD 

patients (p=0.0001) compared to that of HC (Supplementary Figures 1&2).

In addition to measuring plasma BACE1 activity in HC, MCI non-converters and converters, 

and AD patients (Figure 2A), we also detected a significantly increased BACE1 protein 

expression in both AD patients and MCI converters compared to those detected in HC and 

MCI non-converters (Figure 2B). There was also a significant correlation between activity 

and protein expression of BACE1 in HC and MCI non-converters versus MCI converters and 

AD (Figure 2C) detected. Elevated BACE1 activities in both MCI converters and AD 

patients are also highly associated with disease-specific proteins Tau and Aβ1-42 

concentrations in CSF (Figure 3A–3C). Moreover, BACE1 activities were associated with 

disease progression as measured by MMSE (Figure 4A).

Effects of sex on plasma BACE1 activity in MCI individuals and AD patients

Based on the generalized linear model for Vmax, we found that BACE1 activity belonging to 

MCI non-converters, MCI converters, and AD increased in females by 67.2% (P>0.05), 

105.7% (P=0.012) and 100.2% (P<0.001), respectively, compared with females of the HC 

group (Supplementary Figure 3A). In males, plasma BACE1 Vmax activity in MCI non-

converters, MCI converters, and AD patients was increased by 10.8% (P>0.05), 40.8% 

(P=0.033), and 59.3% (P=0.012), respectively, compared with males of the HC group 

(Supplementary Figure 3A). The Vmean values of plasma BACE1 activity showed similar 

sex differences; in females, Vmean BACE1 activity in MCI non-converters, MCI converters, 

and AD patients increased by 67.2 (P>0.05), 105.7 (P=0.021), and 100.24% (P=0.001), 

respectively, versus females of the HC group. When considering the males, BACE1 activity 

in the MCI non-converters, MCI converters, and AD subgroups was increased by 26.2% 

(P>0.05), 59.5% (P=0.007), and 85.5% (P=0.013), respectively, by setting the enzymatic 

activity as a reference in the corresponding male HC group (Supplementary Figure 3B). No 

significant sex differences were found in terms of BACE1 activity between HC, MCI, and 

AD (Supplementary Figure 3C). The generalized linear model showed an association of 

plasma BACE1 activity with the clinical diagnosis, after adjusting for sex (p=0.0002) (Table 

1). No statistically significant associations were observed between BACE1 activity and age 

(p=0.6258) or sex (p=0.1582) (Table 1), as well as centers, (p=0.7670).

Validation of plasma BACE1 activity in comparison with the established core CSF AD 
biomarkers and cognition

As plasma activity of BACE1 increased in MCI individuals and AD patients versus HC, 

MCI non-converters, MCI converters, and AD (Figure 2A), we validated BACE1 activity as 

a plasma biomarker candidate by comparing the established CSF predictors for progression 

or conversion to dementia, tau protein and Aβ1-42 peptide (54, 55), with plasma BACE1 
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activity, and found a significant correlation (Figure 3A). In the MCI group, correlational 

analysis further revealed a significant positive correlation between BACE1 activity and CSF 

Tau concentrations (Figure 3B: rs= 0.45; P<0.05) and an inverse correlation between BACE1 

activity and CSF Aβ1-42 concentrations (Figure 3C: rs= −0.29; P<0.05). Similarly, in the AD 

group, we observed a significant correlation between BACE1 activity and CSF Tau 

concentrations (Figure 3C: rs= 0.50; P<0.05) and an inverse correlation between BACE1 

activity and CSF Aβ1-42 concentrations (Figure 3C: rs= −0.70; P<0.01). In contrast, in the 

HC group, there was no significant correlation found between BACE1 activity and CSF Tau 

concentrations (Figure 3B: rs= 0.18) as well as CSF Aβ1-42 concentrations (Figure 3C: rs= 

−0.17).

We also examined the association between BACE1 activity and cognition. Mini-Mental state 

examination (MMSE) scores were significantly lower in MCI converters and AD patients 

compared to those found in healthy age-matched controls and MCI non-converters (Figure 

4A; p<0.001). In order to assess the link between BACE1 activity and MMSE, we 

performed correlation analysis between BACE1 activity and MMSE across diagnoses 

(Figure 4B). In particular, we discovered a high overlap BACE1 activity between values 2–6 

mFu/min/μg Vmean between HC and MCI non-converters, as shown in Figure 4B (green and 

yellow lines). Moreover, MCI converters (red line) and AD patients (blue line) exhibited a 

substantial overlap in BACE1 activity in the same range as shown in Figure 4B. We further 

found that all AD patients and MCI converters had values of BACE1 activity (Vmean) ≥ 2.6; 

while those with values 2–6 mFu/min/μg of BACE1 activity were HC (Vmean <2) and MCI 

(Vmean <6) non-converters. These findings demonstrate that plasma BACE1 enzymatic 

activity is highly correlated with cognitive functions.

To our knowledge, this is the first study that measures BACE1 enzymatic activity and 

protein expression in plasma samples of HC, MCI converters to AD, MCI non-converters, 

and probable AD. First, we demonstrated that BACE1 exists as a functional enzyme in 

human plasma. Second, we found that BACE1 activity significantly increased in the plasma 

of patients with probable AD and MCI (including both MCI converters and MCI non-

converters) compared to HC individuals after adjusting for sex, age, and recruiting center. 

Third, MCI individuals who converted to probable AD at clinical follow-ups exhibited 

significantly higher BACE1 activity than MCI non-converters. Moreover, we found that both 

MCI-AD converters and probable AD patients exhibit significantly elevated BACE1 activity 

relative to that of HC and MCI non-converter groups. These findings suggest that plasma 

BACE1 activity may not only be associated with AD risk and disease activity, but may also 

help predict progression from prodromal AD to probable AD dementia. Increased BACE1 

activity presents a novel, pathophysiologically relevant and easily accessible candidate 

biomarker (currently entering Phase III of diagnostic development and validation) to support 

the detection of underlying AD pathophysiology and to predict conversion to AD. Such a 

novel dynamic plasma biomarker may represent a reliable indicator that improves early 

detection of the disease and facilitates the early initiation of disease-modifying treatments. 

We also identified cut-point values for BACE1 activity distinguishing HC individuals (Vmean 

< 2 mFu/min/μg) from MCI converters as well as AD patients (Vmean > 2.6 mFu/min/μg). 

Finally, we observed a correlation between plasma BACE1 enzymatic activity and cognitive 

function. This association has not been reported for other biomarker candidates previously 
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tested and may be a potential target for the development of a surrogate biomarker (indicating 

clinical outcome in trials and early treatment).

Our data suggests a potential role for plasma BACE1 activity as a useful peripheral 

diagnostic and mechanistic biomarker in the prodromal cognitive decline to syndromal AD 

dementia continuum. Plasma BACE1 activity might be employed in disease-modifying 

clinical trials for subject screening, selection, and stratification, as well as for validating 

target engagement and mechanism of actions.

DISCUSSION

AD is characterized by a decade(s)-long asymptomatic stage and an initial prodromal 

symptomatic phase preceding the manifestation of overt AD dementia syndrome (3,44,45). 

Due to the disappointing results of Phase III trials of anti-amyloid compounds tested in 

mild-to-moderately impaired AD dementia patients (44,46,47), the asymptomatic to 

prodromal stages are increasingly recognized as the most promising therapeutic window for 

interventions aimed at effectively modulating the underlying pathophysiological and early 

symptomatic progression of AD (3,44,46). Although no disease-modifying treatment for AD 

is currently available, searching for disease-related biomarkers reflecting key molecular 

mechanisms and predicting the progression and conversion to AD dementia becomes urgent 

as new therapeutic interventions are being developed and tested earlier in target-populations 

(44,48).

Despite enormous efforts performed at an international level to standardize methods, CSF 

biomarkers have not yet accomplished the widespread approval and availability necessary 

for diagnostic use in clinical practice. However, advanced blood (plasma/serum)-based 

technologies and biomarkers promise to provide a new class of non-invasive and easy-to-use 

tests suitable for global application, such as acting as a screening tool in large numbers of 

asymptomatic or prodromal individuals at risk for developing AD (39). In this respect, 

BACE1 is emerging as one of the most encouraging biomarker candidates owing to its 

crucial enzymatic activity involved in processing APP to produce Aβ peptides; in addition, 

BACE1 appears to be associated with synaptic function (49,50).

We developed and optimized a plasma-based assay to detect BACE1 enzymatic activity in 

human plasma samples characterized by high sensitivity and specificity (Figure 1). 

Moreover, we used both logistics and ROC analyses for the BACE1 activity for AD, MCI 

converters, MCI non-converter compared to HC. Data showed that the sensitivities of 

BACE1 activity for AD, MCI converters and MCI converters are 64–84%, 66–70%, 64–

84%, respectively. For the specificities, there are 86–88%, 86–88%, 64–88% for AD, MCI-

converters, and MCI non-converters, respectively. Besides our tests, several other BACE1 

activity-based methods utilizing the combination of ELISA assays with substrate cleavage 

analysis have been established for CSF. However, some of these methodological approaches 

may not be suitable for plasma BACE1 activity assays due to the existence of high-

abundance proteins in plasma that might interfere with the antibodies used to recognize 

BACE1, thus limiting the assay sensitivity. Here, we optimized the enzymatic assay 

conditions not only to detect human plasma BACE1 activity, but also to quantify BACE1 
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protein expression. We were able to “capture” plasma BACE1 protein by using a specific 

BACE1 antibody and confirmed the increase in captured BACE1 enzymatic activity both in 

MCI and AD cases (Supplementary Figure 1). Moreover, we investigated the combination of 

enzymatic activity and clinical psychometric data (MMSE) to attain a better understanding 

of the role of BACE1 activity in plasma. Our method is relatively simple, rapid and shows 

little loss or interference with enzymatic activities. In addition, there were no significant 

differences in the activity of plasma BACE1 measured across the three academic memory 

clinics. As a result, the assay reported in the present study is highly sensitive, reliable, 

robust, and the findings are validated across multiple sites. There are also some overlaps in 

BACE1 activity among different groups, suggesting that we might need to further epitomize 

the conditions for plasma BACE1 activity assays. Nonetheless, our results need to be 

replicated and independently validated.

The potential roles of peripheral BACE1 protein expression and activity as candidate 

biomarkers of AD have not yet been investigated. To date, several studies examined the 

potential significance of BACE1 in AD brain and in CSF. In particular, such analyses 

reported the association between CSF BACE1 activity and hippocampus atrophy in AD (36), 

between elevated BACE1 activity in sAD and the intensity of axonal degeneration (51) as 

well as between significantly elevated BACE1 concentrations and activity in CSF of MCI 

individuals.52 Compared with a recent study using human protein microarrays identifying a 

panel of 50 multi-antibodies as biomarkers in blood for detecting MCI (53), our study 

showed BACE1 as a single target biomarker with promising significance and specificity as a 

biomarker for early diagnosis of AD. Our previous studies have established BACE1 activity 

assay in brain tissue and CSF and have also been replicated and reported by many other 

independent laboratories (16, 17, 24). However, in this study we used human plasma 

samples (not recombinant protein) to study the dose-dependent reaction of β-Secretase 

Inhibitor IV on BACE1 enzymatic activity and showed the concentration at which the curve 

passes through the 50% inhibition level as IC50 (~14nM), not the maximum inhibition of 

BACE1. Our maximum inhibition of BACE1 activity in the human plasma is ~80% instead 

of 100% as seen in the recombinant protein, suggesting a small portion of nonspecific 

proteins in human plasma may interfere with the BACE1 activity assay.

In summary, our findings provide intriguing evidence that plasma BACE1 activity is 

significantly increased in individuals with MC. The use of peripheral plasma-based BACE1 

as a biomarker in MCI and AD cases has numerous advantages: (1) is minimally invasive, 

(2) is widely accessible, available and generalizable, (3) reflects a disease-relevant 

pathophysiology biomarker involved in amyloid production, (4) low costs, (5) is amenable to 

repeated sampling for time-course analyses, and (6) may be combined with other biomarker 

candidates for optimization of sensitivity and specificity. Measurement of plasma BACE1 

activity also has promising potential as a clinical diagnostic test for wide screenings of 

subjects at risk for AD. Future clinical development and validation in additional independent 

clinical populations to define appropriate cut-off points and relationships to other core 

pathophysiological and topographical AD biomarkers is warranted. Plasma and CSF 

BACE1, as mechanism of action biomarker, also has great promise to potentially identify 

responders in trials with BACE-inhibitors and other anti-amyloid targeted therapies.
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Figure 1. 
Plasma β-site amyloid precursor protein-cleaving enzyme1 (BACE1) protein and activity. 

This figure shows the presence of BACE1 activity in human plasma samples as assessed by 

Western blot analysis. An ectodomain monoclonal antibody (R&D Systems) was utilized, 

about 70-kD BACE1 proteins were detected in human brain lysates and plasma samples (A). 

The results indicated that plasma samples express BACE1 with functional enzymatic activity 

as reported in the brain. (B). When recombinant BACE1 (Sigma) was used as a positive 

control, the BACE1 enzymatic activity in plasma was specifically inhibited nearly in half at 

15 nM (IC50) of the inhibitor concentration, and the error bars stand for S.D. (C) Dose-

dependent reaction of β-Secretase Inhibitor IV on plasma BACE1 enzymatic activity. The 

IC50 value was calculated (n = 3) using software GraphPad Prism 5. The results are 

expressed as mean ± SD.
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Figure 2. 
BACE1 enzymatic activity and protein expression in plasma samples from healthy control 

(HC) individuals, mild cognitive impaired (MCI) individuals and Alzheimer’s disease (AD) 

patients. The activity of BACE1 was measured by using synthetic peptide substrates 

containing the BACE1 cleavage site as we reported 17 with modifications. (A) BACE1 

activity as percentage of HC group. The BACE1 activity of plasma samples (both expressed 

as Vmax or Vmean) exhibited an increase from cognitively HC to MCI non-converters, MCI 

converters and finally to AD. *P< 0.05, **P< 0.01 and ***P< 0.001 compared to HC, 

respectively. (B) Density scanning Western blot analysis of BACE1 protein expression in 

human plasma samples, and bars represent the relative protein expression as percentages of 

HC (arbitrary unit of BACE1/Ponceau S). (C) Association between plasma BACE1 activity 

(Vmax, mFU/min) and BACE1 protein expression (Ratio of BACE1/Ponceau S).
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Figure 3. 
Plasma BACE1 activity comparisons among different diagnostic groups: aged-matched HC 

and MCI non-converters, MCI converters and AD patients and validation of plasma BACE1 

activity with core AD biomarkers.

To validate BACE1 activity association with AD diagnosis, we compared with the core AD 

biomarkers, CSF tau and CSF Aβ1-42 (A). There are significant correlations between 

BACE1 activity and CSF tau (**P<0.01) or CSF Aβ(*P<0.05) in MCI individuals and AD 

patients (***P< 0.001, BACE1 vs CSF tau or CSF Aβ1-42). After medial correlation 

analyses, we have found a significant correlation between BACE1 activities and CSF Tau 

concentrations (B): rs = 0.45; P<0.05 and a significant inverse correlation between BACE1 

activities and CSF Aβ1-42 concentrations (C): rs = −0.29; P<0.05 in the MCI group. In the 

AD group, we also found a significant correlation between BACE1 activities and CSF Tau 

concentrations (B): rs = 0.50; P<0.05 and a inverse significant correlation between BACE1 

activities and CSF Aβ1-42 concentrations (C): rs = −0.70; P<0.01 whereas, in the HC group, 

there was no significant correlation either between BACE1 activities and CSF Tau 

concentrations (B): rs = 0.18 or between BACE1 activities and CSF Aβ1-42 concentrations 

(C): rs = −0.17.
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Figure 4. 
Correlations of clinical MMSE scores with plasma BACE1 activity in HC, MCI non-

converters, MCI converters, and AD subgroups. (A) The MMSE score alone in HC, MCI 

non-converters, MCI converters, and AD resulted in a significant difference between HC and 

MCI (***P<0.001). (B) Distributions of BACE1 activity and correlations with MMSE 

scores in different diagnostic groups. The distributions of BACE1 activity among HC, MCI 

non-converters, MCI converters, and AD patients were plotted with MMSE scores. The 

green line shows the area of HC BACE1 activity; the yellow line shows the area of MCI 

non-converter BACE1 activity. HC and MCI non-converters areas were significantly 

overlapped. The red line shows MCI converter BACE1 activity and the blue line shows the 

area of AD patient BACE1 activity. Both MCI converters and AD patients share highly 

overlapped BACE1 activity and MMSE scores.
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Table 1
General Demographics of Subject and Multivariate Regression Analysis

The general demographics of subject populations and multivariate regression analysis of association between 

plasma BACE1 activity (MaxV_Prot) and the clinical diagnosis from three independent clinical centers. While 

BACE1 activity is highly different between diagnoses, the generalized linear model showed no statistically 

significant associations between BACE1 activity and age or sex, as well as centers.

Variable HC n = 53 MCI n = 96 AD n = 75

Subjects by Site (DEU/USA/SWE), n 30/7/16 49/9/38 50/10/15

Sex, Male/Female, n 25/28 45/51 25/50

Age, years, Mean + S.E. 68+0.1 69.5+0.1 73.84+0.12

MMSE (0–30): Mean + S.E.
Range

29.65+0.03
28–30

27.14+0.03
17–30

22.80+0.05
13–29

Parameter Estimate Standard Error p-value

Clinical Center

 DEU (versus SWE) −0.0063 0.0324 0.8463

 USA (versus SWE) 0.0161 0.0544 0.7670

Diagnosis

 AD (versus MCI) −0.0405 0.0270 0.1337

 HC (versus MCI) 0.2294 0.0621 0.0002

Sex, Female (versus Male) −0.0424 0.0300 0.1582

Age, All Groups −0.0008 0.0016 0.6258

Abbreviations:

HC = Age- and sex-matched healthy controls; MCI = mild cognitive impairment;

AD = Alzheimer’s disease; MMSE = Mini-Mental State

Examination DEU = Germany; USA = United State; SWE = Sweden
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