
 

 

Introduction 
 
Alzheimer's disease (AD) is a chronic neurode-
generative disorder characterized clinically by 
progressive loss of memory and cognitive func-
tion and pathologically by the progressive accu-
mulation of insoluble amyloid-β (Aβ) and hyper-
phosphorylated tau protein in the brain.  
 
The accumulation of Aβ reflects an imbalance 
between its production and removal. Aβ is elimi-
nated from the brain by a range of processes 
including microglial phagocytosis [1-3], receptor
-mediated transport across the blood–brain 
barrier [4-5], enzymatic degradation [6-8], and 
drainage along perivascular basement mem-
branes to the cervical lymphatics and possibly 
CSF [9-11].  
 
The role of the immune system in clearing Aβ 
from the brain has been the subject of a num-
ber of recent studies. Multiple cytokines are 
produced in response to Aβ activation of micro-
glia and can be detected at increased levels in 
the serum, CSF and brain in AD [12-14]. Al-

though neurons were generally believed to be 
passive bystanders in neuroinflammation, there 
is now evidence that neurons contribute to the 
production of cytokines such as IL-1β, IL-6 and 
TNF-α [15, 16] which may aggravate local in-
flammation and neurodegeneration in AD brains 
[13]. 
 
TNF-α is an important pro-inflammatory cyto-
kine, which is elevated in the serum and CSF in 
AD [17, 18] and has been implicated in the de-
velopment of the disease [19]. One way which 
TNF-α might influence the development of AD is 
through its effects on the production of Aβ-
degrading enzymes, including neprilysin (NEP), 
endothelin-converting enzymes (ECEs), insulin-
degrading enzyme (IDE) and angiotensin-
converting enzyme (ACE). TNF-α was shown to 
increase the expression of NEP in granulocytes 
[20] and ECE-1 in endothelial cells [21] and to 
down-regulate IDE in murine microglial cells 
[22] and ACE in both human endothelial cells 
[23] and macrophages [24]. However, little is 
known of the effects of TNF-α on Aβ-degrading 
enzymes in neurons. 
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Abstract: Pro-inflammatory cytokines, such as tumour necrosis factor-α (TNF-α), are increased in serum and CSF in 
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after 3 hours. Basal NEP gene expression levels were higher in control DCs compared to NDCs but TNF-α treatment 
did not significantly alter the levels of expression of any of the Aβ degrading enzymes. In conclusion, apart from a 
transient reduction in ECE-2 protein levels, TNF-α had no impact in our in vitro experimental system on transcription 
or translation of any of our selected mediators of Aβ degradation.  
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This study investigated the effect of TNF-α on Aβ 
degrading enzymes NEP, IDE, ECE-1, ECE-2 and 
ACE in differentiated (DC) and non-
differentiated neuroblastoma cells (NDC) (SH-
SY5Y).  
 
Materials and methods 
 
Cell culture and TNF-α exposure 
 
SH-SY5Y human neuroblastoma cells were cul-
tured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Sigma) (2 mM glutamine (Sigma), 1% 
essential amino acids (Sigma), 15% fetal bovine 
calf serum (FCS) (Autogene Bioclear). Cells were 
differentiated by addition of 10 µM retinoic acid 
(RA) (Sigma-Aldrich, Dorset, UK) for 5 days and 
50 ng/ml BDNF for 2 days in DMEM. Non-
differentiated (NDC) and differentiated (DC) 
cells were incubated in serum-free medium for 
12-14 h before exposure to 1 ng/ml, 10 ng/ml 
or 50 ng/ml TNF-α (R&D systems, Abingdon, 
UK) for 15 min and 3 h. All cells were discarded 
after 15 passages as the sensitivity of SH-SY5Y 
cells to TNF-α was shown to decrease with in-
creased passages [25]. All experiments were 
repeated 3 times.  
 
Real-time PCR (RT-PCR) 
 
RT-PCR was performed as previously described 
[26] and according to manufacturer’s instruc-
tions, by use of the ABI 7000 sequencing detec-
tion system (ABI Prism) with the following Assay-
on-Demand Gene Expression Products 
(detectors) (TaqMan MGB probes, FAM dye-
labeled) :  NEP (Hs00153510),  IDE 
(Hs00610438), ECE-1 (Hs00154837), ECE-2 
(Hs00206701), ACE (Hs01104605), TRAF-2 
(Hs00184186), GAPDH (Hs99999905) and 
TaqMan Universal PCR Master Mix. All samples 
were analysed in triplicate. Gene expression for 
all targets was calibrated according to the level 
of GAPDH mRNA by the 2-DDCt method, and the 
fold difference in gene expression relative to 
that in untreated control cells calculated [27]. 
The mRNA levels were therefore expressed as 
exponential functions (the fold-change relative 
to untreated controls) and the values from re-
peat analyses were presented as the geometric 
means (with 95% confidence intervals).  
 
Western blotting 
 
Gel electrophoresis and western blotting were 
performed as previously described [26]. Blotted 

membranes were incubated for 1 h (ECE-1 for 3 
h) with primary antibodies diluted as follows: 
NEP/ CD10 (polyclonal anti-rabbit, H-321: sc-
9149, Santa Cruz Biotechnology, Inc, 1:250), 
IDE (monoclonal anti-mouse, AB2496, R&D sys-
tems, 1:1500) ECE-1 (biotinylated anti-goat, 
BAF1784, R&D Systems, 1:1000), ACE 
(monoclonal anti-mouse, MAB9291, R&D sys-
tems, 1:250), TRAF-2 (polyclonal anti-rabbit, 
sc876, Santa Cruz Biotechnology, Inc, 1:250) 
This was followed by incubation with peroxidase
-conjugated anti-rabbit, anti-mouse or anti-goat 
IgG (1:10000) for 1 h. Specific labeling was de-
tected by enhanced chemiluminescence (ECL, 
Amersham Biosciences, Little Chalfont, UK). The 
membranes were exposed to film (Kodak), de-
veloped, and the integrated band densities ana-
lyzed using Image J software (US National Insti-
tutes of Health, Bethesda, Maryland, USA, 
http://imagej.nih.gov/ij/, 1997-2011). Values 
in TNF-α-treated cells were expressed as the 
fold change relative to untreated control cells ± 
the standard error of the mean (SEM). 
 
ECE-2 sandwich ELISA 
 
ECE-2 sandwich ELISA was performed as previ-
ously described [28]. Maxisorp ELISA plates 
(Nunc Maxisorp, Fisher Scientific, Loughbor-
ough, UK) were coated with ECE-2 antibody 
(goat anti-human, AF 1645, R&D Systems, 
1:20) overnight at 4°C. Serial dilutions of re-
combinant human ECE-2 (R&D Systems) were 
used to produce a standard curve (final concen-
trations 27 to 432 µg/ml). Standards and sam-
ple homogenates (1 mg/ml) were incubated for 
2 h, then incubated with rat-anti-human ECE-2 
(1 µg/ml, R&S Systems) for 90 min. Peroxidase 
anti-rat conjugate (1:500dil, Cell Signaling Tech-
nology, Massachusetts, USA) was added for 1 h 
at room temperature, peroxidase substrate 
(R&D Systems) added for 20 min in the dark 
before adding stop solution (R&D Systems). The 
absorbance was read at 450 nm and concentra-
tions were determined by interpolation against 
the standard curve. ECE-2 concentrations were 
expressed as the mean value (in ng/ml) ± the 
SEM.  
 
Statistical analysis 
 
Statistical tests were performed using Graph-
Pad Prism v5 for Windows. Kruskal-Wallis test 
with Dunn's multiple comparison post test was 
used for analysis among groups. Mann-Whitney 
test was used for the comparison of protein and 
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gene expression levels between treated and 
untreated cells. Differences with a p-value less 
than 0.05 were considered significant. 
 
Results 
 
Gene expression (RT-PCR) 
 
All gene transcripts studied were detected in all 
cell samples. The results are summarized in 

Tables 1-3. Exposure of NDCs and DCs to TNF-α 
had no significant effect on ACE, IDE, NEP, ECE-
1 and ECE-2 gene expression levels. TNF-
receptor-associated-factor 2 (TRAF-2) gene ex-
pression, which we included as a control for the 
activation by TNF-α exposure of the TNF-α/TNF-
R signaling pathway [29], was significantly in-
creased in DCs (p = 0.018) but not in NDCs (p = 
0.085) (Table 2). The increase was significant 
after 3 h exposure. We also noticed that gene 

Table 1. Gene expression of Aβ degrading enzymes in NDC and DC SH-SY5Y cells treated with TNF-α 
IDE ACE NEP ECE-1 

NDC DC NDC DC NDC DC NDC DC 

Control *1 
(0.78-1.29) 

1 
(0.76-1.31) 

1 
(0.71 -0.41) 

1 
(0.89-1.12) 

1 
(0.74-1.36) 

1 
(0.63-1.58) 

1 
(0.77-1.3) 

1 
(0.77-1.3) 

1 ng, 
15 min 

1.12 
(0.89-1.41) 

1.13 
(0.9-1.43) 

0.83 
(0.55-1.26) 

1.16 
(0.97-1.37) 

1.13 
(0.88-1.46) 

1.03 
(0.51-2.1) 

1.07 
(0.74-1.54) 

1.34 
(0.98-1.84) 

10 ng, 
15 min 

1.25 
(1.1-1.43) 

0.97 
(0.97-1.08) 

0.88 
(0.68-1.14) 

1.26 
(0.96-1.65) 

1.04 
(0.78-1.38) 

1.08 
(0.51-2.3) 

1.12 
(0.96-1.3) 

1.24 
(0.95-1.62) 

50 ng, 
15 min 

1.39 
(1.12-1.71) 

0.92 
(0.72-1.17) 

0.94 
(0.61-1.45) 

0.82 
(0.63-1.07) 

1.19 
(0.79-1.8) 

0.92 
(0.39-2.18) 

1.13 
(0.96-1.34) 

1.12 
(0.76-1.64) 

1 ng, 
3 h 

1.14 
(1.04-1.24) 

1.28 
(0.99-1.66) 

0.94 
(0.61-1.45) 

1.31 
(1.01-1.7) 

1.36 
(1.11-1.67) 

1.44 
(0.79-2.6) 

1.06 
(0.87-1.28) 

1.31 
(1.09-1.57) 

10 ng, 
3 h 

1.28 
(1.13-1.44) 

1.02 
(0.7-1.49) 

0.80 
(0.6-1.06) 

1.49 
(1.29-1.72) 

1.49 
(1.22-1.82) 

1.58 
(0.87-2.84) 

1.21 
(0.93-1.57) 

1.44 
(1.11-1.87) 

50 ng, 
3 h 

1.15 
(0.98-1.34) 

0.95 
(0.65-1.41) 

0.98 
(0.82-1.18) 

1.56 
(1.15-2.12) 

1.54 
(1.15-2.07) 

1.64 
(0.85-3.15) 

1.40 
(1.14-1.72) 

1.53 
(1.16-2.03) 

*Numbers are the geometric means (with 95% confidence intervals) of the fold change in gene expression in each set of experi-
ments. 

 
TNF-α   

Table 2. TRAF-2 gene and protein expression in NDC and Dc SH-SY5Y cells after TNF-α treatment 
TRAF-2 

NDC DC 

  Gene protein gene protein 

  (fold change) Mean % of total 
(SEM) 

(fold change) Mean % of total 
(SEM) 

Control ‡1 
(0.75-1.34) 

⁺12.39 
(0.09) 

1 
(0.82-1.22) 

13.48 
(0.06) 

1 ng, 
15 min 

1.03 
(0.66-1.61) 

13.39 
(0.13) 

1.11 
(0.79-1.55) 

12.44 
(0.14) 

10 ng, 
15 min 

1.01 
(0.72-1.42) 

14.31 
(0.08) 

1.09 
(0.75-1.57) 

13.33 
(0.14) 

50 ng, 
15 min 

1.08 
(0.74-1.57) 

14.57 
(0.15) 

0.88 
(0.78-0.98) 

13.70 
(0.08) 

1 ng, 3h 1.15 
(0.71-1.87) 

13.51 
(0.09) 

1.33 
(0.74-2.39) 

13.48 
(0.09) 

10 ng, 3h 1.49 
(1.06-2.08) 

14.44 
(0.10) 

1.71* 
(1.08-2.72) 

15.86 
(0.15) 

50 ng, 3h 1.59 
(1.03-2.46) 

16.30 
(0.04) 

1.91** 
(1.22-2.98) 

17.72 
(0.11) 

‡Numbers are the geometric means (with 95% confidence intervals) of the fold change in gene expression and the + 
mean % of total protein as measured by Image J software with standard error of the mean (SEM) in each set of ex-
periments. *p=0.032 (Mann-Whintney), **p=0.008 (Mann-Whitney) 
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expression of NEP and TRAF-2 was significantly 
higher in DCs than untreated NDCs that had not 
been exposed to TNF-α (p = 0.0003 and 0.032 
respectively). 
 
Protein expression (western blotting and ECE-2 
ELISA) 
 
All proteins studied were readily detected in 
homogenates of non-differentiated and differen-
tiated SH-SY5Ys by western blotting except for 
ECE-2, for which ELISA was used. Western blot-
ting of ECE-1 showed 2 specific bands with the 
expected molecular weights (MW) of 110 kDA 
and 75 kDa representing the membrane-bound 
version ECE-1 and its smaller soluble splice vari-
ant. Only single bands of the expected MW were 
detected on probing for NEP, ACE and IDE. We 
observed no significant effect of time or dose of 
TNF-α on NEP, ACE, ECE-1 or IDE protein level.  
 
Although we were able to detect recombinant 
ECE-2 by western blotting, we were unable to 
detect ECE-2 in our cell homogenates and 
therefore determined its concentration by a 

more sensitive validated ELISA method [28]. We 
observed a significant effect of TNF-α on ECE-2 
protein level in NDCs (p < 0.001) but not in DCs 
(p = 0.10) (Table 3). The increase in ECE-2 in 
NDCs was seen after 15 min and the concentra-
tion had returned to basal levels by 3 h (Table 
3). In the absence of TNF-α, ECE-2 protein level 
was significantly lower in DCs than NDCs (p = 
0.01, Mann-Whitney test) (Figure 1) but TRAF-2 
protein expression was not significant increased 
in either cell line (Table 2). 
 
Discussion 
 
Although the immune system may play a protec-
tive role in the early stages of AD, by mediating 
clearance of Aβ, uptake of glutamate and pro-
duction of cytokines such as transforming 
growth factor-β1 [30, 31], but with disease pro-
gression inflammation seems to promotes neu-
rodegeneration, partly as a result of excessive 
secretion of cytokines such as interleukin-1β 
and TNF-α [14, 3]. TNF-α production may con-
tribute to Aβ accumulation through reduced 
microglial expression of SRA (scavenger recep-

Table 3. ECE-2 gene and protein expression in NDC and DC SHSY5Y cells treated with TNF-α 

ECE-2 
NDC DC 

gene protein gene protein 
  (fold change) mean 

(ng/ml) 
(SEM) 

(fold change) mean 
(ng/ml) 
(SEM) 

Control ‡1 
(0.74-1.34) 

166.85 
(12.05) 

1 
(0.47-2.12) 

54.25 
(7.19) 

1 ng, 
15 min 

0.93 
(0.63-1.38) 

116.70* 
(9.21) 

1.00 
(0.41-2.48) 

73.73 
(9.9) 

10 ng, 
15 min 

0.95 
(0.72-1.23) 

104.91** 
(8.9) 

1.04 
(0.43-2.51) 

98.21 
(11.41) 

50 ng, 
15 min 

0.94 
(0.68-1.29) 

80.16*** 
(8.9) 

1.13 
(0.6-2.1) 

86.54 
(7.55) 

1 ng, 3h 0.75 
(0.55-1.02) 

175.2 
(10.02) 

1.06 
(0.52-2.17) 

80.81 
(8.0) 

10 ng, 3h 0.88 
(0.62-1.26) 

181.2 
(13.79) 

1.16 
(0.55-2.44) 

78.31 
(6.12) 

50 ng, 3h 0.94 
(0.63-1.4) 

201.0 
(10.9) 

1.47 
(0.73-2.95) 

66.75 
(12.11) 

‡Numbers showing gene expression are geometric means (with 95% confidence intervals) and those showing pro-
tein concentration are arithmetic means and the standard error of the mean (SEM). *p = 0.016, **p = 0.002, ***p 
= 0.002 (Mann-Whitney test) 

 
 

TNF-α     

 



TNF-α and Aβ-degrading enzymes in vitro 

 
 
413                                                                                             Int J Mol Epidemiol Genet 2011:2(4):409-415 

tor A) and CD36 (scavenger receptor B) both of 
which participate in Aβ phagocytosis [3], and up
-regulation of BACE expression, demonstrated 
by Yamamoto et al (2007) [32] in Swedish mu-
tant APP transgenic mice. In vitro, Liao et al, 
2004 [33] reported that TNF-α stimulated γ-
secretase activity, increasing the production of 
Aβ and the intracellular domain of APP (AICD). 
 
We have now shown that TNF-α also causes a 
short-lived decline in ECE-2 in SY-SY5Y human 
neuroblastoma cells. The decrease has poten-
tial implications for AD. ECE-2 is capable of de-
grading Aβ; ECE-2 homozygous knock-out mice 
have significantly elevated levels of Aβ1–40 and 
Aβ1–42 in the brain and show impairment of 
learning and memory [34, 35]. However, ECE-2 
is present in elevated concentration in the brain 
in AD and may contribute to the reduction in 
cerebral blood flow in this disease [28, 36] 
through increased production of the potent 
vasoconstrictor endothelin-1 [37, 28, 36]. We 
previously showed that exposure of SH-SY5Y 
cells to Aβ caused a marked rise in ECE-2 ex-
pression [28]. TNF-α may moderate this in-
crease, although at the possible expense of 
reducing ECE-2-mediated degradation of Aβ. 
 
At low concentrations, TNF-α was previously 
shown to promote SH-SY5Y cell survival by acti-
vating multiple survival pathways through 
upregulation of c-junc N-terminal kinase (JNK) 
and nuclear factor kappa-B (NF-κB) [38]. At 
higher concentrations it inhibited growth by acti-

vating apoptotic pathways [39]. A study on 
mouse embryonic fibroblasts found that the 
duration and dose of TNF-α activation had little 
effect on the duration of the initial NF-κB re-
sponse: some NF-κB-regulated genes were ex-
pressed after only a very brief TNF-α stimulus, 
NF-κB itself responding very sensitively to a 
wide range of TNF-α concentrations [40]. We 
observed a significant decrease in ECE-2 pro-
tein levels in NDCs after 15 min exposure to 
TNF-α but the effect was transient and levels 
returned to normal levels after longer incuba-
tion. Our results suggest that the increased lev-
els of ECE-2 seen in AD are not mediated 
through a TNF-α mechanism.  
 
TRAF-2, an important protein of the TNF-α/TNF-
R signaling pathway, was included in this study 
as a positive control for the activation of the 
TNF-α/TNF-R signaling pathway. We previously 
reported that TRAF-2 is present in neuritic 
plaques and neurofibrillary tangles in AD [26]. In 
this study TRAF-2 gene expression was signifi-
cantly increased after 3 h exposure to TNF-α but 
only in differentiated SH-SY5Y cells. The differ-
entiation process on its own activates various 
intracellular pathways mediating cellular stress 
and inhibiting cell growth. These activated path-
ways could enhance or counteract the effect of 
exogenous TNF-α and this could explain why 
gene expression levels of TRAF-2 vary between 
differentiated and non-differentiated cell sam-
ples with the same TNF-α treatment.  
 
Surprisingly TNF-α had no effect on TRAF-2 pro-
tein levels. Previously TRAF-2 protein levels 
were shown to increase significantly in HUVECs 
within the first and third hour of TNF-α exposure 
[29]. TRAF-2 protein levels in that study were 
measured at 15-minute intervals and its expres-
sion was shown to oscillate within and over sev-
eral hours. We only used 2 time points in our 
experiments and it is possible that we missed 
an intervening increase in the protein.  
 
Differentiation of SH-SY5Y cells significantly 
increased NEP and TRAF-2 gene expression and 
significantly decreased ECE-2 protein level. The 
influence of retinoic acid on NEP expression 
was previously shown to be cell-line dependent 
[41]. There was no correlation between either 
TRAF-2 or ECE-2 mRNA and the corresponding 
protein level. Several other studies have found 
little or no correlation between the level of 
mRNA and that of its encoded protein [42]. This 

Figure 1. ECE-2 protein levels in NDCs and DCs in the 
absence of TNF-α p = 0.01 (Mann-Whitney test) . 
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is thought to be due, at least partly, to post-
transcriptional regulation by non-coding RNAs, 
such as miRNAs, small nucleolarRNAs 
(snoRNAs) and small nuclear RNAs (snRNAs) 
[42]. The significant impact of post-
transcriptional mechanisms in regulating pro-
tein translation highlights the need to study 
both mRNA and protein levels to understand the 
impact of extracellular stimuli on individual pro-
tein production.  
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