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Pulsatile stretch as a novel 
modulator of amyloid precursor 
protein processing and associated 
inflammatory markers in human 
cerebral endothelial cells
Sumudu V. S. Gangoda1, Bhargava Avadhanam1, Nurul F. Jufri2, Eun Hwa Sohn3, Mark Butlin  1, 
Vivek Gupta4, Roger Chung1 & Alberto P. Avolio1

Amyloid β (Aβ) deposition is a hallmark of Alzheimer’s disease (AD). Vascular modifications, including 
altered brain endothelial cell function and structural viability of the blood-brain barrier due to vascular 
pulsatility, are implicated in AD pathology. Pulsatility of phenomena in the cerebral vasculature are 
often not considered in in vitro models of the blood-brain barrier. We demonstrate, for the first time, 
that pulsatile stretch of brain vascular endothelial cells modulates amyloid precursor protein (APP) 
expression and the APP processing enzyme, β-secretase 1, eventuating increased-Aβ generation and 
secretion. Concurrent modulation of intercellular adhesion molecule 1 and endothelial nitric oxide 
synthase (eNOS) signaling (expression and phosphorylation of eNOS) in response to pulsatile stretch 
indicates parallel activation of endothelial inflammatory pathways. These findings mechanistically 
support vascular pulsatility contributing towards cerebral Aβ levels.

Alzheimer’s disease (AD) is the most common form of dementia. Post-mortem brain tissue examination reveals 
amyloid plaques, which are considered to play an important role in the pathophysiology of AD1. The main con-
stituent of amyloid plaques, amyloid β (Aβ) peptides, are derived from amyloid precursor protein (APP), a trans-
membrane protein expressed in various cell types including endothelial cells (ECs)1.

Although AD is conventionally classified as a neurodegenerative disease, emerging evidence indicates that 
dysregulation of vascular factors is a common feature of disease progression2–4. Of the multitude of vascular fac-
tors implicated in AD, involvement of vascular pulsatility, endothelial dysfunction and inflammatory changes in 
ECs are far from clear2,3,5. However, there is evidence in the literature indicating that these factors are concomitant 
with AD2–4.

Higher pulsatility index and pulse pressure, indicative of increased large artery stiffness and reduced ves-
sel compliance, are associated with AD, lower memory scores, increased amyloid burden and cerebral 
microvascular damage3,4. Vascular stiffness is also related to endothelial dysfunction where nitric oxide 
(NO)-mediated-endothelium-dependent vasodilation, which is facilitated by the enzyme, endothelial NO syn-
thase (eNOS), is diminished. Inhibition or deficiency of eNOS was found to be associated with higher APP 
protein expression and secretion of Aβ, while Aβ was found to mediate vascular dysfunction by hampering 
eNOS-mediated NO release6–8.

Additionally, vascular stiffness could lead to increased vascular inflammation, which is also known to be asso-
ciated with AD5,9. Elevated expression and localisation of inflammatory markers such as intercellular cell adhe-
sion molecule-1 (ICAM-1) surrounding AD-plaques have been demonstrated5. Together, these data corroborate 
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the findings that high pulsatility, endothelial dysfunction and vascular inflammation are independently associated 
with AD5,6,8.

These factors are also present in the milieu of hypertension, which is a major risk factor for AD4. Although 
direct correlations of antihypertensive therapy and dementia remains to be clarified, there is compelling evidence 
indicating that hypertension poses additive effects on cognitive impairment and that anti-hypertensive therapy 
could alleviate the deleterious cognitive effects10,11. Increased systolic pressure and decreased diastolic pressure 
have been shown to be positively correlated with increased amyloid burden, risk of AD incidence, reduced cog-
nitive function and increased gray matter atrophy4,11,12. Notably, increased pulse pressure, vascular stiffness and 
hypertension could impose increased mechanical stretch on microvessel walls. The consequence of this chronic 
stress placed upon cerebral microvascular ECs is currently unknown.

The present study investigated whether increasing pulsatile stretch magnitude as a mechanistic stimulus in a 
cerebral microvascular EC culture model, could modulate processes such as expression and processing of APP, Aβ 
secretion, endothelial dysfunction and inflammation, all of which are contributors to AD-pathology.

Results
Pulsatile stretch modulates cerebral endothelial expression of APP. After HCMECs were stretched 
for 18 hours at 0%, 5%, 10% or 15% stretch magnitudes, the qPCR analysis of APP mRNA expression was signif-
icantly higher than the static control (105 ± 17%) at 10% (184 ± 19%, P < 0.05) and 15% (243 ± 17%, P < 0.001; 
Fig. 1a) stretch. Linear regression analysis showed a significant linear relationship between stretch and APP 
mRNA expression (Table 1).

Consistent with the overall increase in mRNA expression in response to stretch, the western blot results of 
protein expression of APP also showed the same trend (Fig. 1b, Table 1) under the same stretch conditions. APP 
expression was also significantly higher at 10% (240 ± 52%, P < 0.05) and 15% (265 ± 34%, P < 0.05) of pulsatile 
stretch magnitudes compared to the static control (100%; Fig. 1b).

Pulsatile stretch results in amyloidogenic processing of APP and Aβ42 secretion in cerebral 
ECs. As for the APP expression, the protein expression of APP processing enzyme, β-secretase 1 (BACE-1), 
was measured in response to 18 hours of stretch at 0%, 5%, 10% or 15% stretch magnitudes using western blot-
ting. BACE-1 was also increased at 10% (239 ± 32%, P < 0.05) and 15% (242 ± 52%, P < 0.05) stretch magnitudes 
(Fig. 1c), consistent with the expression of APP with linear regression showing significant increase with stretch 
magnitude (Fig. 1c, Table 1).

The secreted Aβ42 levels in the supernatants from ECs that were stretched at 0, 5, 10 or 15% stretch, showed 
a significant positive linear relationship with increasing magnitude of pulsatile stretch (Fig. 2a, Table 1). Aβ40 
levels did not change with stretch (Fig. 2b, Table 1) resulting in an increase in the Aβ42/Aβ40 ratio with stretch 
magnitude (Fig. 2c, Table 1).

Pulsatile stretch modifies the expression of eNOS in cerebral ECs. The mRNA and protein expres-
sion of eNOS was also quantified after HCMECs had been subjected to 0%, 5%, 10% or 15% stretch for 18 hours 

Figure 1. The effect of pulsatile stretch on APP and β-secretase 1 (BACE-1) in HCMECs. % control mRNA 
expression (a) and densitometric analysis of % control band intensity relative to GAPDH and the representative 
western blots of protein expression of (b) APP and (c) BACE-1 expression indicating amyloidogenic processing 
of APP at different magnitudes of pulsatile (1 Hz) stretch of HCMECs over 18 hours. ***P < 0.001, *P < 0.05. 
n = 5–10, analyzed using One-way ANOVA with post-hoc Tukey-corrected multiple comparison tests. Solid 
line shows the linear regression for the data and the shaded region the 95% confidence interval of the regression 
(regression statistics in Table 1).
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using qPCR and western blotting respectively. There were no differences in eNOS mRNA expression at individ-
ual levels of stretch magnitude (Fig. 3a). Although the mRNA expression of eNOS was unchanged, the protein 
expression of eNOS showed an increasing trend with increasing stretch magnitude (Fig. 3b, Table 1). Protein 
expression of eNOS was significantly higher at 15% stretch magnitude (248 ± 66%) relative to the 0% (100%; 
P < 0.05) static control (Fig. 3b).

Pulsatile stretch downregulates phosphorylation of eNOS at S1177 in cerebral 
ECs. Phosphorylation of eNOS at serine-1177, a common activation site of eNOS, was quantified using 
western blotting under the same stretch conditions as for eNOS. In contrast to the upregulated eNOS protein 
expression levels in response to stretch, the phospho-eNOS at serine-1177 was downregulated at 5% (70 ± 11%; 
P < 0.05), 10% (46 ± 8%; P < 0.0001) and 15% (23 ± 3%; P < 0.0001) stretch magnitudes relative to the 0% static 
control (100%; Fig. 3c). The phospho-eNOS (peNOS) level at the 5% stretch magnitude (70 ± 11%; P < 0.001) was 
significantly higher than that at the 15% stretch magnitude (23 ± 3%; Fig. 3c). Linear regression analysis revealed 
an inversely proportional relationship between peNOS and stretch magnitude (Fig. 2c, Table 1).

Pulsatile stretch modifies the expression of the inflammatory marker, ICAM-1, in cerebral 
ECs. ICAM-1 is an inflammatory marker that is regulated by eNOS mediated-NO13. ICAM-1 mRNA expres-
sion significantly increased at 10% stretch magnitude (163 ± 13%, P < 0.05; Fig. 4a) relative to the static control 
(108 ± 16%) after 18 hours. Protein expression of ICAM-1 was upregulated at pulsatile stretch magnitudes of 10% 
(125 ± 10%, P < 0.05) and 15% (128 ± 15%, P < 0.05) compared to the 5% pulsatile stretch condition (87 ± 9%; 
Fig. 4b). Linear regression of ICAM-1 protein expression showed a similar linear trend to that of APP and eNOS, 
increasing with increased stretch magnitude (Fig. 4b, Table 1).

Long-term pulsatile stretch does not significantly affect cell death in cerebral ECs. Since upreg-
ulation of APP, eNOS and ICAM-1 protein levels and Aβ42 secretion in response to 18 hours of stretch at 0%, 
5%, 10% or 15% stretch magnitudes could collectively indicate a stress response, lactose dehydrogenase (LDH) 
activity, as a marker for stressed and dying cells, was measured after EC’s had been subjected to the same stretch 
conditions (Fig. 5a). The range of LDH activity measured in the stretching experiments was 296 to 1620 units/ml. 
There was no increase in LDH activity with increased stretch magnitude (Fig. 5a, Table 1). The highest singular 
sample dead cell count was approximately 62,000 cells/ml (Fig. 5a,b) calculated based on the linear equation of the 
standard curve. Accordingly, the maximum overall dead cell count approximated to 8% of the initial cell seeding 
density in the stretching experiments, with the average cell death being much less than 8% (Fig. 5a,b).

Discussion
Amyloid deposits, a hallmark of AD, are mainly composed of Aβ aggregates1. One of the proposed risk factors 
for AD is hypertension, which could imply increased pulsatile stretch on microvascular vessel walls, particularly, 
since pulse pressure and large vessel stiffness increases with age10,11,14. Based on this knowledge, the current study 
firstly evaluated the possible effect of increasing pulsatile stretch magnitude as a mechanistic stimulus on the 
expression and processing of APP, the precursor for Aβ, and secreted Aβ levels in a cell culture model of cerebral 
microvascular ECs. Notably, 5% stretch is considered physiological while 15–20% stretch quoted as patholog-
ical15. In this study, 20% stretch magnitude was omitted due to substantial cell detachment after 18 hours of 
stretch, so that a maximal possible magnitude of 15%, which yielded a sufficient protein yield with minimal cell 
detachment was utilised.

Aβ peptides are cleaved fragments of APP, of which in the normal brain, the accumulation is prevented 
through adequate regulation of APP processing and clearance1. However, in AD, Aβ is accumulated and depos-
ited as Aβ plaques, which is considered to occur via several mechanisms including over-expression of APP, 
enhanced cleavage of APP to Aβ, and reduced clearance of Aβ1,16. APP is cleaved and processed by a number 
of proteolytic enzymes1. The formation of Aβ peptides such as Aβ40 and Aβ42, results predominantly from the 
cleaving of APP by BACE-1 via the amyloidogenic pathway1. Current study showed that increasing the magnitude 

slope intercept R2 p

APP mRNA (%) 9.04 102 0.67 <0.0001

APP/GAPDH (%) 11.08 116 0.30 0.0022

BACE1/GAPDH (%) 9.70 117 0.29 0.0023

Aβ40 (pg/ml) −0.024 6.9 0.05 0.1998

Aβ42 (pg/ml) 0.028 0.6 0.21 0.0041

Aβ42/Aβ40 ratio 0.0043 0.08 0.21 0.0038

eNOS mRNA (%) 1.09 102 0.04 0.4542

eNOS/GAPDH (%) 9.11 108 0.21 0.0055

peNOS/GAPDH (%) −4.96 98 0.72 <0.0001

ICAM/GAPDH (%) 2.42 92 0.17 0.0109

LDH activity (units/ml) 11.79 739 0.04 0.2458

Table 1. Regression statistics (linear model) showing changes with respect to increasing cyclic (1 Hz) stretch 
magnitude from 0 to 15%, as displayed in Figs 1–5.
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of pulsatile stretch could lead to upregulation of APP expression and amyloidogenic processing enzyme, BACE-
1, and Aβ42 secretion (Figs 1 and 2). The expression of APP was regulated at both mRNA and protein levels 
(Fig. 1a,b), which coincided with increased BACE-1 protein expression levels. The upregulation or activation 
of BACE-1 was indicative of amyloidogenic processing of APP that leads to increased Aβ levels. The amyloid 
plaques in AD consist of two major isoforms of Aβ, Aβ42 and Aβ4017. The interaction between Aβ42 and Aβ40 
has been considered to play a critical role in Aβ deposition17. Assessment of Aβ42/Aβ40 ratio has been suggested 
to be one of the important diagnostic markers for AD pathogenesis18,19. To address this, the secreted Aβ40 and 42 
levels were investigated. The secretion of Aβ40 did not change significantly although the secretion of Aβ42, which 
is considered to exhibit higher cellular toxicity compared to other Aβ fragments, proportionally increased with 
increasing pulsatile stretch (Fig. 2a,b), indicating that Aβ42/Aβ40 ratio was shifted towards Aβ42 (Fig. 2c). Many 
studies suggested that Aβ42 is the major component of amyloid plaques in AD brains, while Aβ40 is detected only 
in a subset of plaques17,20–22. They explained that the Aβ42 deposition precedes Aβ40 deposition and the initial 

Figure 2. Amyloid β (a) 40 and (b) 42 secretion and (c) the ratio of the two for increasing magnitude of 
pulsatile (1 Hz) stretch of HCMECs over 18 hours. *P < 0.05. n = 5–10, analyzed using One-way ANOVA with 
post-hoc Tukey-corrected multiple comparison tests. Solid line shows the linear regression for the data and the 
shaded region the 95% confidence interval of the regression (regression statistics in Table 1).

Figure 3. Pulsatile stretch modulates eNOS expression and phosphorylation in HCMECs. % Control mRNA 
expression (a) densitometric analysis of % control band intensity relative to GAPDH and the representative 
western blots of protein expression (b) and phosphorylation at S1177 (c) of eNOS in response to pulsatile (1 Hz) 
stretch of HCMECs over 18 hours. ****P < 0.0001, ***P < 0.001 *P < 0.05. n = 5–10, analyzed using One-way 
ANOVA with post-hoc Tukey-corrected multiple comparison tests. Solid line shows the linear regression for the 
data and the shaded region the 95% confidence interval of the regression (regression statistics in Table 1).
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Aβ42 aggregation does not involve Aβ40 while preferential binding of Aβ42 to extracellular matrix or cell mem-
brane may lead to a high local Aβ42 concentration in the amyloid plaques17,20–23. Together, findings of the current 
study emphasise that increased pulsatile stretch could modulate the expression and processing of APP towards 
the amyloidogenic pathway, favouring formation of Aβ42.

To the best of our knowledge, the direct effect of pulsatile stretch on the expression and processing of APP, 
and Aβ secretion in cerebral ECs has not been studied before. However, there is considerable evidence supporting 
the hypothesis that pulsatile stretch modifies the expression and/or processing of APP24. Traumatic brain injury, 
in a non-transgenic mouse model, where sudden mechanical stress induces axonal damage, has led to upreg-
ulated cerebral APP expression and BACE-124. A recent study demonstrated a significant correlation between 
amplitude of retinal vascular pulsatility and neocortical Aβ scores in an elderly cohort including clinical and 
pre-clinical AD patients25. Additionally, hypertension or increased pulse pressure, both of which could lead to ele-
vated microvascular pulsatility, are associated with increased risk of pre-symptomatic AD in cognitively normal 
elderly subjects4,11. Angiotensin-II induced hypertension in Tg2576 mice, an AD model in which both circulating 
and cerebral Aβ is elevated due to a mutation in APP, has resulted in increased microvascular amyloid deposition 
and enhanced BACE-1 mediated-amyloidogenic APP cleavage12. Thus, our study substantiates previous obser-
vations and suggests that mechanical stretch alters the expression and processing of APP. This adds weight to the 
hypothesis that increased microvascular pulsatile stretch magnitude, which could be a result of hypertension, or 
high pulse pressure as is the case in isolated systolic hypertension, may have consequences in terms of cerebral 
Aβ load. That is, the high pulse pressures generated within the larger vessels in the milieu of hypertension, if 

Figure 4. Pulsatile stretch modulates inflammatory marker ICAM-1 expression. % control mRNA expression 
(a) and densitometric analysis of % control band intensity relative to GAPDH and the representative western 
blots of protein expression (b) of ICAM-1 in HCMECs subjected to 18-hour-cyclic (1 Hz) stretch between 
0% and 15% magnitude. *P < 0.05. Regression in (a), R2 = 0.07, P = 0.33. n = 5–10, analyzed using One-way 
ANOVA with post-hoc Tukey-corrected multiple comparison tests. Solid line shows the regression fit for the 
data and the shaded region the 95% confidence interval of the regression (regression statistics in Table 1).
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transmitted to the microvascular beds as increased microvascular stretch, could act as a mechanical switch for 
the endothelium to overexpress APP and favour APP cleavage into Aβ. Although the present study showed the 
direct effect of pulsatile stretch on the expression of APP and the secretion of Aβ, it was not possible to inves-
tigate the clearance of Aβ once released into the supernatant. Of note, the assumption here is that the kinetics 
of physiological Aβ clearance remain unchanged such that Aβ would accumulate over time. The physiological 
and pathophysiological levels of Aβ42 in human circulation are stated to be 50 pM and 4.3 nM respectively26. 
The range of Aβ42 in this study was 0.1–0.4 pM. Although this concentration fell below the physiological level 
of circulating Aβ42, it would still substantially account for the overall Aβ42 considering that the physiological 
endothelial milieu would be much larger in scale to the experimental conditions and if it would accumulate over 
time. Given that the present study was performed over 18 hours in a small number of cells, and that Aβ accumu-
lates over decades in the pathophysiology of AD across a large vascular bed, the amounts reported in this study 
would be remarkable if it were to accumulate over time. Moreover, physiologically, there are other sources of 
Aβ42 that contribute to the circulating Aβ42 pool such as neurons. Notably, Aβ40 and Aβ25–35 at nanomolar to 
micromolar ranges showed a concentration-dependent effect on EC proliferation, thus even lower concentrations 
of Aβ may have profound effects on EC function, which are key regulators of the blood-brain barrier that is also 
important in Aβ clearance27.

The expression of APP is altered at different magnitudes of pulsatile stretch (Fig. 1a,b). An inverse corre-
lation between APP expression and eNOS activity has been reported2,6,8. Over-expression of APP in Tg2576 
mice has been demonstrated to lead to endothelial dysfunction, thereby mitigating endothelial vasorelaxation 
with a concomitant decrease in bioavailable NO2. Austin et al.6,8 further elaborated a significant role of NO 
in modulating the expression of APP. In human brain microvascular ECs treated with the NOS inhibitor, N 
(G)-Nitro-L-Arginine Methyl Ester, and in eNOS−/− mice, it was shown that the expression of APP and BACE-1, 
and Aβ levels were up-regulated6. These effects in eNOS−/− mice were reversed by supplementation with NO by 
treating the animals with nitroglycerine, which resulted in a marked increase in cyclic guanosine monophosphate 
(cGMP) levels8. An intriguing feedback mechanism between NO bioavailability and Aβ can be illustrated by these 
studies along with the study of Rajadas et al.28, which showed that Aβ1–42 treatment caused an upregulation 
of eNOS expression28. This is consistent with a compensatory mechanism dependent on NO bioavailability as 
increased Aβ may trigger eNOS expression to compensate for the reduced bioavailable NO levels28.

The present study substantiates the existing evidence that APP and BACE-1 expression and Aβ secretion 
proportionally increased with stretch and showed similar effects on eNOS expression and phosphorylated eNOS 
at serine-1177, a common activation site of eNOS that is upstream of endothelial-dependent NO production. 
Although the overall protein expression of eNOS (Fig. 3a,b) was increased, the peNOS levels (Fig. 3c) were 
decreased in response to pulsatile stretch. Previous studies have elaborated that pulsatile stretch could induce 
peNOS at S117729,30. However, these studies were done within 1 hour of stretch in contrast to 18 hours in the 
current study. Therefore, the results show that, regardless of the overall increase in eNOS expression, the phos-
phorylation of eNOS at S1177 is downregulated by long-term pulsatile stretch that could in turn lead to a decrease 
in endothelial-dependent NO production, indicative of a dysfunctional endothelium. Consistently, Singh et al.31 
also reported that C-reactive protein, a cardiovascular risk marker leading to endothelial dysfunction, causes 
decreased eNOS activity and NO production by downregulating eNOS phosphorylation in ECs without changing 
the total eNOS abundance. Of note, the presence of additional bands on total eNOS blots under stretched versus 
not-stretched conditions further confirmed that pulsatile stretch could also modulate the processing of eNOS 
(Fig. 3b). However, the mRNA expression of eNOS appeared to be unchanged in response to stretch (Fig. 3a), 
in contrast to the protein expression (Fig. 3b). Many stimuli such as hypoxia could decrease-eNOS stability, and 
thus the unchanged-eNOS mRNA levels in our study could be explained by the stability of mRNA being com-
promised due to stretch32. Nonetheless, the overall results suggested that eNOS may be pivotal in regulating the 

Figure 5. LDH activity relative to the stretch magnitude and corresponding cell death. The dashed line 
indicates maximum LDH activity observed in experiment conditions (a) and the corresponding dead cell count 
(b), a maximum cell death of 8% of the initial cell seeding density in the stretching experiments with the average 
cell death being much less than that. n = 5–10, analyzed using One-way ANOVA with post-hoc Tukey-corrected 
multiple comparison tests. Solid line shows the linear regression for the data and the shaded region the 95% 
confidence interval of the regression (regression statistics in Table 1).
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expression and processing of APP, since concomitant fluctuations of APP, Aβ and eNOS protein expression and 
phosphorylation levels at different levels of stretch indicated a possible compensatory mechanism, consistent with 
previous findings.

Fluctuations in eNOS expression and phosphorylation due to stretch suggest parallel activation of endothelial 
inflammatory pathways. ICAM-1 is an inflammatory marker, which can be regulated by NO levels and is also 
associated with AD-plaques, hence it was also investigated5,33. ICAM-1 mRNA was significantly increased at 10% 
compared to the static control (Fig. 5a), of which the protein levels were upregulated at both 10% and 15% stretch 
magnitudes compared to the 5% (Fig. 5b). This finding is supported by previous studies that have shown that 
ICAM-1 expression was upregulated with pulsatile stretch34. Increased ICAM-1 expression has been associated 
with AD-plaques5. Thus, concomitant ICAM-1 and APP increase after 18 hours of cyclic stretching in the present 
study suggests that increased APP is associated with increased ICAM-1 expression.

A recent proteomics study that utilised the same approach as the present study, where human cerebral endothe-
lial cells (HCMECs) were stretched for 18 hours at 1 Hz at 5% or 20% stretch magnitudes, revealed that proteins 
that are related to inflammation and APP were regulated by stretch35. Phospholipase-A2-activating-protein that 
could mediate Aβ-driven-inflammatory responses was downregulated at 5% stretch relative to 0%, implicating 
the involvement of physiological stretch as a possible inflammatory suppressor36. In contrast, at 20% stretch, 
upregulation of apolipoprotein B-100 (APOB), junctional-adhesion-molecule-A and ELKS/Rab6-interacting/
CAST family member-1, a regulator in activating nuclear-factor-kappa-B (NFκB) that elevate ICAM-1 levels, 
indicated that prolonged-stretch could induce a pro-inflammatory state in ECs9,37. Of note, APOB is known to 
modulate APP metabolism38. At 20% stretch, integrin β-3 (ITGB3), which positively regulates eNOS, increased 
relative to 0%27. ITGB3 is also known to interact with low-density-lipoprotein-related-receptor-1 that facil-
itates Aβ clearance39. cAMP-dependent-protein-kinase-catalytic-subunit-β that regulates cAMP-dependent 
protein kinase activity, which is known to regulate non-amyloidogenic processing of APP, was significantly 
down-regulated at 20% stretch compared to 5%40. Although the present study did not investigate the underlying 
molecular mechanisms in detail, this proteomic study substantiates possible mechanisms such as aberrant Aβ 
clearance and cAMP-dependent APP processing, and integrin- and/or NFκB-mediated-eNOS and ICAM-1 sig-
naling, which could be implicated in eventuating deregulation of APP expression, processing and/or clearance 
and inflammatory responses as seen in the current study. Additionally, decreased eNOS phosphorylation at serine 
1177 further corroborates the inflammatory state of the stretched cells.

It is important to note that there are factors inherent to the mechanical stretch system that are unavoidable, 
which may account for the variability seen in some of the data, and is a limitation of the current study. As this is a 
mechanical (pneumatic) system, the stretch chambers may not have been stretched to the exact set magnitudes at 
all times accounting for some level of error. Additionally, one representative control sample that matched the cell 
passage number closest to all stretch levels out of the 5%, 10% or 15% stretch magnitudes was randomly selected 
to represent the static control for each 5%, 10% and 15% set that was run on a gel at a time. This was to be able to 
compare between the stretch magnitudes, in which case, all samples had to be run simultaneously on the same gel 
next to each other. This could introduce a some level of variability as there are variations between controls from 
batch to batch. Thus, the above factors could introduce variability within the data. However, importantly, despite the 
variability introduced by these factors, the recorded effects are statistically significant, and tighter control of these 
variables or longer time periods of stretching would likely increase the confidence in these significant differences.

Future studies are warranted to further investigate whether the associations between APP, eNOS and ICAM-1 
in response to pulsatile stretch were directly interdependent. Taken together, the results can be implicated in 
expanding the existing knowledge on the effect of microvascular pulsatility as a mechanical stimulus that mod-
ulates endothelial APP, eNOS and ICAM-1 in the context of AD. Modulation of pulsatility of blood microvessels 
may pose beneficial effects in alleviating the potential deleterious effects on AD progression.

Materials and Methods
Cell culture and maintenance. Immortalized human cerebral microvascular endothelial cells-SV40 
(HCMEC-SV40) were purchased from Applied Biological Materials Inc. and maintained in M199 media (Sigma-
Aldrich) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C with an atmospheric 
humidity of 5% CO2.

Cells were seeded on fibronectin-coated (375 μg/ml) silicon chambers 24-hours prior to stretching at a seed-
ing density of 8 × 105 cells/ml. Cells were stained with trypan blue and counted using the Countess automated cell 
counter (Life Technologies) according to the manufacturer’s protocol. Passages 17–19 were used for all experiments.

Cyclic stretching of ECs. Cells were subjected to uni-axial pulsatile stretch as previously described41, using 
the ShellPa stretch system (B-Bridge International) under culture conditions mentioned above. The silicon cham-
bers have 200 μm thick transparent bottoms with side-wall thickness of 400 μm to support uniform stretching 
across the cell substrate. The chambers were mounted in the stretching apparatus where one end of the cham-
ber is fixed and the other connected to an actuator operated by compressed air. The actuated arm stretched the 
chambers at a rate of 1 Hz for 18 hours in all experiments at a maximum extension of either 5, 10 or 15%. Control 
condition consisted of the same placement of the chambers, but with no cyclic extension applied for the 18-hour 
period.1 Hz was chosen based on previous stretch studies41–43 and is in the range of resting human heart rate. The 
degree of stretch (%) is defined the as relative elongation of the chamber.

Gene expression quantification using real-time quantitative reverse transcription polymerase 
chain reaction (RT-qPCR). Total RNA was extracted using TRIZOL (Invitrogen) according to the manufac-
turer’s instructions after the 18-hour period and was normalized to 100 ng/μL using the Nano-Drop spectropho-
tometer. A 260/280 ratio of approximately 1.8–2.0 was used to ensure the RNA quality. Total RNA of 0.4 μg was 
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then reverse transcribed using the SuperScript VILO complementary deoxyribonucleic acid (cDNA) synthesis 
kit (Life Technologies) according to the manufacturer’s protocol. Negative control samples (RT-) were prepared 
by substituting the reverse transcriptase with dH2O as a control for genomic contamination. This was followed 
by real-time qPCR using TaqMan® gene expression assays and TaqMan® gene expression master mix (Applied 
Biosystems) according to the manufacturer’s protocol. The qPCR program comprised 120 s at 50 °C (incubation 
for optimal activity of uracil-DNA glycosylase), 600 s at 95 °C (optimal AmpliTaq Gold, Ultra-Pure enzyme activ-
ity), 15 s at 95 °C (denaturation) followed by 60 s at 60 °C (annealing and extension) repeated for 40 cycles.

The following pre-designed primer-probe TaqMan® assays by Life Technologies: APP (Hs00169098_m1); 
eNOS (Hs01574659_m1); and β2 microglobulin (Hs00984230_m1). Relative changes in mRNA levels were deter-
mined by the comparative ΔΔCT method normalised with human β2 microglobulin44.

Protein expression quantification using Western blotting. After 18 hours of stretching, the media 
was aspirated and the cells were briefly washed twice with cold phosphate-buffered-saline followed by addition of 
RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 10 mM sodium pyrophosphate, 
1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) with protease inhibitor 
(Sigma-Aldrich) added immediately prior to lysis. Cells were then harvested by scraping and the lysates were 
centrifuged at 14,000 × g for 15 minutes at 4 °C after sonication. The protein content was quantified using BCA 
assay (Pierce) according to the manufacturer’s protocol.

40 µg of cell lysates were mixed with 4 × NuPAGE sample buffer (Life Technologies) and were heated at 44 °C 
for 10 minutes before loading on 10% or 4–12% NuPAGE® Novex® Bis-Tris gels. The polyvinylidene difluoride 
(PVDF) or nitrocellulose membranes were blocked in 5% skim milk buffer in TBS-T (Tris buffered saline-Tween; 
20 mM Tris-HCl, pH 7.4, 0.5 M NaCl, 0.1% Tween 20) to be probed with anti-APP (1:1000; Covance), anti-eNOS 
(1: 250; Cell Signaling Technologies), anti-peNOS at S1177 (1:1000; Cell Signaling Technologies), anti-BACE-1 
(1:500; Cell Signaling Technologies), anti-ICAM-1 (1:1000; R&D) or anti-GAPDH (1:1000) antibodies followed 
by secondary antibody incubations (1:2000; R&D) as previously described45. The blots were developed using 
Clarity™ Western ECL Substrate Kit (Bio-Rad) according to the manufacturers’ protocol. The protein bands were 
quantified using the Image Lab 5.1 software within the linear range of detection as relative % control normalized 
to GAPDH (Bio-Rad Labs. Inc). Cropped blots are presented in Figures with the uncropped blot provided in the 
Supplementary material.

Measuring secreted Aβ42 using ELISA. The supernatants were collected after 18 hours of stretch 
and were analysed for secreted Aβ42 according to the manufacturer’s protocol using a commercial ELISA kit 
(KHB3544, Life Technologies). The absorbance was read at 450 nm and the Aβ42 levels were calculated using a 
standard curve in pg/ml.

Measurement of lactose dehydrogenase (LDH) Activity. HCMECs were seeded on a 96-well plate at 
seeding densities of 2, 1, 0.5, 0.25 and 0.125 × 105 cells/ml. Cells were then treated with 2 mM H2O2 (tested toxic 
to HCMECs) for 24 hours and the supernatants were collected for LDH assay (MAK066, Sigma). According to 
the manufacturers’ protocol, a standard curve of [NADH] versus absorbance read at 450 nm was generated to cal-
culate the LDH activity in units/ml. A standard curve of number of H2O2-treated cells (taken as dead cell count) 
versus the corresponding LDH activity was generated to determine the correlation of dying cells with measured 
LDH activity at different pulsatile stretch magnitudes.

Statistical data analysis. Data was collected in 5–10 replicates from individual experiments for each con-
dition. Results were analyzed using One-way ANOVA with post-hoc Tukey-corrected multiple comparison tests, 
or linear regression analysis, using GraphPad PRISM version 6.05.
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