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Introduction
It is well known that a diabetic vasculature differs from a normal 

vasculature and it promotes cardiovascular disease progression through 
the actions of advanced glycation end products (AGEs) on endothelial 
cells and platelets [1-5]. The role of glycation extent on these functions 
remains unclear. Some claim that conversion to a Schiff base (reversible 
glycation, 1-2 weeks of glycation) is sufficient to promote disease 
conditions, whereas others argue that the glycation products must pass 
through the Amadori rearrangement (irreversible glycation, 6-8 weeks 
of glycation) to exert an effect [6,7]. Here we aimed to determine the role 
of glycation extent on endothelial cells exposed to varying magnitudes 
of shear stress. However, regardless of the extent of glycation, it is clear 
that AGEs are present during diabetes mellitus, alter cellular functions 
and may promote cardiovascular disease conditions.

Altered shear stress is a hallmark of many cardiovascular diseases, 
including high magnitude short duration shear stresses, low magnitude 
oscillatory shear stresses and low magnitude unidirectional shear 
stresses [8,9], which has been reviewed extensively [10]. Altered shear 
has many effects on endothelial cells, including differential expression 
of eNOS [11], cytoskeletal re-organization [11], enhanced hemostatic 
potential [12], inflammatory responses [13] and gap junction channel 
formation [14] and promotion of angiogenesis [15]. Interestingly, 
nearly all of these effects can lead to pathologies similar to those seen 
in cardiovascular diseases, if the shear stress stimulus is sufficient. 

For instance, the normal mean wall shear stress in the cardiovascular 
system can be as low as 0.5 Pa, but during cardiovascular diseases, this 
generally increases to 1-2 Pa, depending on the severity of the disease. 
Here we stimulate endothelial cells with nominal and pathologically 
high shear stresses to instigate a cellular response that may mimic 
disturbed flow due to the short exposure duration.

As we have previously discussed, there has been a significant 
amount of work on the effects of shear stress or advanced glycation end 
products on endothelial cell responses which lead to cardiovascular 
diseases. The major limitation of these studies is that the combined 
effects of shear stress and glycated albumin may accelerate 
cardiovascular disease progression through synergistic actions. Our 
goal in this report was to determine how shear stress, the presence of 
glycated albumin, the extent of glycation and duration of endothelial 
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Abstract
Background: Diabetes mellitus is a disease that is characterized by a high blood glucose concentration, which 

leads to advanced glycation end product (AGE) formation. AGEs have various effects on the vasculature and this may 
be dependent on the extent and reversibility of glycation. AGEs present in the vasculature can promote cardiovascular 
diseases through modifications to circulating proteins and endothelial cells. Furthermore, cardiovascular diseases are 
characterized by altered shear stress, including both high magnitude short duration shear and low oscillatory shear. 
However, the combined role of high magnitude shear stress and the presence of AGEs on endothelial cell functions 
have not been elucidated. Our objective was to evaluate changes to endothelial cell responses under these conditions.

Methods: To accomplish this, albumin was glycated for up to 8 weeks and endothelial cells were subjected to 
glycated albumin for up to 5 days. Endothelial cells were then exposed to shear stress in a cone-and-plate shearing 
device. Endothelial cell metabolic activity, surface expression of intracellular adhesion molecule-1, thrombomodulin, 
tissue factor, connexin-43, and caveolin-1, cytoskeletal organization and morphology were investigated.

Results: In general, the combination of pathological shear stress and irreversibly glycated albumin deteriorated 
endothelial cell culture conditions and cytoskeletal organization, while enhancing pro-inflammatory and pro-thrombotic 
markers. The expression of connexin-43 and caveolin-1, was independent of shear stress, but was markedly enhanced 
after exposure to irreversibly glycated albumin.

Conclusions: Our data suggests that the presence of irreversible glycated albumin diminishes endothelial cell 
culture conditions and that this is exacerbated by the application of high magnitude shear stress. It is therefore possible 
that the combination of altered shear stress and glycated albumin may accelerate the pathologies seen during diabetes 
mellitus to promote cardiovascular diseases.
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cell exposure to glycated albumin alters endothelial cells functions 
promoting cardiovascular diseases. We hypothesized that endothelial 
cells would be more pro-coagulant, have a heightened inflammatory 
response and would be less likely to re-organize the cytoskeleton when 
subjected to pathological shear stresses, after incubation with AGEs 
glycated for longer durations.

Methods

Advanced glycation end product formation

Bovine serum albumin (BSA) was glycated as previously reported 
[1,16]. Briefly, 50 mg/mL BSA (≥ 98% pure, Sigma-Aldrich, St. Louis, 
MO; all materials were purchased from Sigma-Aldrich unless otherwise 
noted) was incubated with 250 mM D-(+)-glucose in phosphate 
buffered saline (pH 7.4) at 37°C for 8 weeks. Some albumin samples 
were incubated without the addition of glucose as a glycation control. 
Timed samples were removed at 2 weeks (reversible glycation), 6 weeks 
(irreversible glycation) or 8 weeks (irreversible glycation) and stored at 
-4°C until use, as described previously [1] (glycation extent was verified 
as reported prior and these samples matched our previous batches). 
All samples were insured to be endotoxin free. Samples incubated with 
glucose are denoted as AGE followed by the week that it was removed 
and stored. Samples incubated without glucose are denoted as BSA.

Endothelial cell culture conditions

Human umbilical vein endothelial cells (HUVECs) were purchased 
from ScienCell Research Laboratories (Carlsbad, CA) as passage one 
cells and were used between passages two and six. Cells were maintained 
in standard endothelial cell growth media with supplemental fetal 
bovine serum (5%), endothelial cell growth supplement (1X), penicillin 
(10 U/mL) and streptomycin (10 μg/mL, all from ScienCell). HUVECs 
were passaged at confluence with trypsin, at which time, either non-
glycated albumin or glycated albumin was added to the samples for up 
to 5 days (3 days was defined as “Early” culture, which indicates that 
cells were in the growth phase; 5 days was defined as “Late” culture, 
which indicates that cells were in the resting phase (e.g. confluent), for 
our particular conditions), at a final concentration of 2 mg/mL [17]. 
Some samples had no added albumin, and this was used as an additive 
control. Fresh culture media (with the appropriate additions) was 
added on days 1 and 3. For statistical purposes, endothelial cell seeding 
density was kept constant at ~1000 cells/cm2 for each passage. Note 
that endothelial cells were not grown on any substrate (e.g. gelatin, 
collagen, etc.).

Shear stress application

A hemodynamic cell shearing device was used to subject HUVECs 
to various shear stress conditions. The details of the shearing device 
components have been described elsewhere [13,18]. Briefly, an 
ultrahigh molecular weight polyethylene cone, connected to a 
microstepper motor, is used to apply shear stress to cells in culture. 
After 3 or 5 days of culture with AGEs, HUVECS were placed in the 
shearing device, which was maintained at a temperature of 37°C during 
all experiments. To monitor the effects of physiological and pathological 
shear magnitudes, HUVECs were exposed to a constant shear stress of 
0.4 Pa (pathologically low), 1 Pa (physiological in the adult coronary 
arteries) or 4 Pa (pathologically high in a stenosed coronary artery) 
for 60 minutes, which is within the early shear adaptation stages. Each 
additive was paired during each shear stress exposure and we tried to 
pair shear stresses during each experiment (e.g. a 0.4Pa and a 1Pa).

Metabolic activity measurements

A standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide (MTT) assay was conducted to document that metabolic 
activity via mitochondrial dehydrogenase of endothelial cells [16,19]. 
After shear stress application, endothelial cells were incubated with 
reconstituted MTT reagent for 3 hours. Formazan crystals were 
dissolved in 10% Triton-X and 0.1 M HCl in anhydrous isopropanol. 
The resulting solution was gently mixed and absorbance at 630nm was 
quantified using a microplate reader (BioTekElx 800). For statistical 
analysis, all metabolic activity data was normalized by the metabolic 
activity of cell exposed to no added albumin at the same shear stress 
levels.

Enzyme-linked immunosorbent assay/immunofluorescence 
microscopy

Enzyme-linked immunosorbent assay (ELISA) was used to quantify 
the surface expression of intracellular adhesion molecule-1 (ICAM-
1), thrombomodulin, and tissue factor. HUVECs were washed with 
PBS and fixed in 0.5% glutaraldehyde for 15 min. Glutaraldehyde was 
removed with two washes. 100 mM glycine +1% BSA (30 min, room 
temperature) was used for blocking/neutralizing. Cells were washed 
and then incubated with 5 μg/ml of the specific primary antibodies 
(Ancell Corporation, Bayport, MN) for 60 min. Cells were washed and 
then incubated with 10 μg/ml of an alkaline phosphatase conjugated 
secondary antibody for 60 min. Binding was detected with pNPP(p-
Nitrophenyl Phosphate) treatment, which detects alkaline phosphatase 
activity. Color development was read at 405 nm in a microplate reader.

Immunofluorescence microscopy was used to quantify the 
expression and localization of connexin-43 and caveolin-1 and to 
document the cytoskeletal morphology (F-actin) with phalloidin. 
For connexin-43 and caveolin-1 dual staining, after shear conditions 
HUVECs were washed in PBS and fixed in 1.5% glutaraldehyde 
for 15 min. After washing, PBS + 1% BSA was added for blocking/
neutralizing for 30 min. Cells were washed and incubated with 0.6 μg/
mL anti-human connexin-43 (Abcam, Cambridge, MA) and 2 μg/mL 
anti-human caveolin-1 (Invitrogen, Carlsbad, CA) for 60 min (room 
temperature). Cells were washed and incubated with two fluorescent 
secondary antibodies, each at a concentration of 5 μg/mL for 60 min 
(room temperature). Finally, cells were stored in PBS + 1% BSA for 
imaging.

To quantify changes in cytoskeletal organization, HUVECs were 
tri-stained with FITC-phalloidin, PE-wheat germ agglutinin and DAPI 
(all from Invitrogen). After shearing, HUVECs were washed in PBS 
and fixed in 1.5% glutaraldehyde. 100 mM glycine +0.1% BSA was 
used for blocking and neutralization. 5 μg/mL wheat germ agglutinin 
was incubated with cells for 10 min (room temperature, in the dark), 
followed by a PBS wash. Cells were then permeabilized with 0.2% 
Triton-X for 5 minutes, which was followed by a PBS wash. 5 U/mL 
phalloidin was then incubated with cells for 20 min (room temperature, 
in the dark). Finally, 300 nM DAPI was incubated with cells for 5 min 
(room temperature, in the dark). After these procedures, cells were 
washed and stored in PBS for imaging.

All ELISA and immunofluorescent microscopy images were 
normalized by the paired samples that had no added albumin to the 
samples. Connexin-43 and caveolin-1 expression was quantified as 
previously described [16]. Briefly, the intensity of individual color 
channels was used as a relative measurement of the quantity of proteins 
expressed on the cell membrane (reported as intensity). Localization of 
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connexin-43 and caveolin-1 was manually counted and documented 
as a measurement of cardiovascular disease potential (reported as 
localized). Three measurements were taken to quantify cytoskeletal 
organization; actin structure, actin alignment, and cellular connectivity. 
Actin structure was defined as the percentage of cells that maintained 
actin in a fibrous structure versus the total number of cells in the image; 
thus providing a measurement of cytoskeletal disintegration. Actin 
alignment was defined as the total number of cells aligned with the 
shear direction (assumed based on the image) versus the total number 
of cells in the image; thus providing a measurement of cytoskeletal 
adaptability towards a shear loading condition. Cellular connectivity 
was determine based on the number of inter-cellular connections made 
that involved cytoskeletal reorganization (most likely gap-junctions or 
adhesion junctions). A value of 5 was assigned to images with 80-100% 
of cells forming connections; 4 was assigned to images with 60-80% of 
cells forming connections; 3 was assigned to images with 40-60% cell 
connections; 2 was assigned to images with 20-40% cell connections; 
1 was assigned to images with 5-20% cell connections and 0 was 
assigned to images with less than 5% of cells forming connections. 
Representative images of actin data are shown in (Figure 1).

Scanning electron microscopy

Endothelial cell morphology and cytoskeletal structure was verified 
with scanning electron microscopy. HUVECs were washed in PBS and 
fixed in 0.5% glutaraldehyde for 15 min at 37°C. Cells were washed and 
then counter-stained with osmium tetraoxide (Electron Microscopy 
Sciences, Hatfield, PA) for 60 min at room temperature. Cells were 
then dried in pure ethanol (Electron Microscopy Sciences) for 15 
minutes with three exchanges followed by hexamethyldisilazane (10 
min, 2 exchanges). Dried cells were coated with gold (Balzers Union 
MED 010 Au/Pt Sputter Coater) for 30 seconds (providing a coating of 
1nm) and then imaged [16].

Statistics

The means of normalized data from independent experiments 
were pooled. Pooled data for all experiments was tested for significance 
using a three-way analysis of variance (ANOVA) approach, with 
replication. Data was grouped by additive (type of albumin), shear 
stress (magnitude) and culture duration. Differences in treatments are 
reported on figures for the applicable pre-determined comparison as 
calculated with the pairwise differences methods. Data was analyzed 
with SAS (v 9.2), which also calculates all probabilities for single-, 
double- and triple-interactions.

Results
All data points were normalized to the cells with no added albumin 

exposed to the same shear stress and grown for the same duration (this 
was done for statistical purposes, because not all conditions could 
be paired; however trends are discussed). During statistical analysis, 
we looked at the one-way, two-way and three-way interactions to 
determine if there are some factors that do not affect our response 
variables. These are discussed in the following sections, as necessary.

Metabolic activity

HUVEC metabolic activity was quantified as a means to determine 
the culture conditions of cells after incubation with various glycated 
albumin samples and exposure to varying levels of shear stress (Figure 
2). In general, the metabolic activity was not a function of shear 
exposure for this short duration, remember that the data is normalized 
in a manner that is dependent on shear stress magnitude so direct 

comparisons on the figure between different shear stress exposures 
cannot be made. However, there is a general increase in metabolic 
activity with late culture durations as compared with early culture 
conditions (~40% difference based on raw values, note that this cannot 
be shown on the figure). Also, the presence of glycated albumin as 
compared with non-glycated albumin or the no added albumin sample 
also increased the metabolic activity of HUVECs by 20-40% under 
most conditions. Furthermore, this appears to be a function of the 
extent of glycation wherein the endothelial cells that were subjected 
to irreversibly glycated albumin had an enhanced metabolic activity 
as compared with reversibly glycate albumin. Three-way ANOVA 
procedures revealed that the presence of glycated albumin exerted 
the most effect on metabolic activity as compared with shear stress or 
extent of glycation.

Expression of inflammatory and thrombotic markers

The surface expression of ICAM-1, tissue factor and 
thrombomodulin were measured as a means to determine if the 
expression of endothelial cell inflammatory and/or thrombotic markers 
were altered after exposure to glycated albumin and shear stress. The 

Figure 1: Representative images of endothelial cells after exposure to shear 
stress and imaged for cytoskeletal organization. (A) 25% Actin Structure, (B) 
100% Actin Structure, (C) 50% Actin Alignment, (D) 100% Actin Alignment, (E) 
Connectivity Score of 1, (F) Connectivity Score of 3, (G) Connectivity Score of 
4, and (H) Connectivity Score of 5. All scale bars are 100μm.
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expression of these markers was independent of time in culture (three-
way ANOVA, P = 0.67, early vs. late, single interaction); therefore, 
all data has been pooled by culture duration and is shown only as a 
function of shear stress and additive (Figure 3). ICAM-1 is a known 
mediator of endothelial cell inflammatory responses and we show that 
there is a significant increase in ICAM-1 expression for cells that were 
incubated with any glycated albumin as compared with the paired non-
glycated albumin sample and the no added albumin sample (>100% 
increase). Generally, there was also an increase in ICAM-1 expression 
with exposure to increased magnitude shear stress (~15-20%, this is 
not shown on the figure from 0.4 to 4Pa), although it seems that the 
presence of glycated albumin mediates these changes stronger than 
shear stress.

The expression of tissue factor was enhanced (>100%) and the 
expression of thrombomodulin was reduced (~25%) in the presence of 
glycated albumin as compared with the non-glycated control or the no 
added albumin samples (Figure 3). It also appears that the expression 
of tissue factor increase with shear stress magnitude (~35% from 0.4 to 
4 Pa) and the expression of thrombomodulin decreased with increased 
shear stress (~25% from 0.4 to 4Pa). Interestingly, it appears that for 
thrombotic markers, the presence of reversibly glycated albumin (AGE 
– 2 week) did not alter the cell surface expression until the shear stress 
surpassed 1Pa, but the presence of irreversibly glycated albumin altered 
cell surface expression at all shear stresses. The statistics did show that 
there is an interaction between shear stress and additive (three-way 
ANOVA, P< 0.01, shear stress vs. additive, two-way interaction).

Expression of connexin-43 and caveolin-1

As in the previous section, the expression of connexin-43 and 
caveolin-1 was independent of the culture duration; therefore we plot 
the pooled data as a function of shear stress and additive only (Figure 
4 A-D). The intensity and localization of connexin-43 was enhanced 
for HUVECs that were exposed to higher magnitude shear stress 
and irreversibly glycated albumin, only (~10-20%). At low, possibly 
pathological, levels of shear stress the expression of connexin-43 was 
independent of the additive and there were no differences between 
any of the treatment groups. Caveloin-1 intensity decreased, while 
the localization of caveolin-1 increased with increased shear stress 
and the presence of irreversibly glycated albumin. It also appears 

that at lower magnitude shear stress levels, caveolin-1 expression was 
independent of the additive. Quantified data can be visualized from 
immunofluorescence images of connexin-43 and caveolin-1 (Figure 
4 E-H). There is a higher expression (measured by intensity since the 
exposure time was the same for all conditions) of the proteins after 
exposure to irreversibly glycated albumin as compared with the no 
added albumin control. Also, there are more discrete protein clusters 
(quantified with localization) that can be seen between cells after 
exposure to irreversibly glycated albumin.

Cytoskeletal organization

Cytoskeletal organization was quantified as a means to determine 
the adaptability of the endothelial cells to altered loading conditions, 
after incubation with advanced glycation end products. Interestingly, 
the actin structure was dependent on the time in culture (early vs. late), 
the shear stress and the albumin additive (Figure 5 A/B); with longer 
culture durations, low shear stress magnitudes and non-glycated 
samples induced actin to remain in a fibrillar type of structure after 
exposure to shear stress. However, the disintegration of actin was 
enhanced at high shear stress magnitudes and with glycated albumin 
samples. Interestingly, the actin alignment followed a similar trend, 
where high shear magnitudes, with glycated albumin (especially the 
irreversible glycated albumin) at the early culture duration induced 
cells to not align along the primary shear direction (Figure 5 C/D). 
As for cellular connectivity, mediated by the cytoskeleton, there was 
a general increasing trend with increased shear stress, a decreasing 
trend with added glycated albumin and an increasing trend with longer 
culture durations (Figure 5 E/F), although this was not as consistent as 
the percent structure and percent alignment data.

Endothelial cell morphology

Scanning electron micrographs of endothelial cells were taken as 
a means to qualitatively verify the quantitative data obtained from 
previous measurement techniques. Micrographs for endothelial cells 
that were exposed to 1Pa after exposure to particular additives for 
three days (early culture duration) are presented (Figure 6). We can 
see that there is a lower density of cells, the cells are not aligned in a 
particular direction, the cells tend to be more circular (lower actin fiber 
structure) and overall tend to look like the culture conditions are more 
deleterious for endothelial cells that are exposed to glycated albumin 

Figure 2: Endothelial cell (HUVEC) metabolic activity as a function of shear exposure magnitude, albumin additive and culture duration (A, early; B, late). All data are 
reported as the mean ± SEM of independent experiments. * Significantly different from no added albumin and paired BSA (paired by shear stress and culture duration, 
three-way ANOVA, P< 0.05), # Significantly different than early (paired by shear stress and additive, three-way ANOVA, P< 0.05).
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samples. Micrographs for all other conditions showed similar results to 
the ones presented here.

Discussion
Metabolic activity

HUVEC metabolic activity was measured after exposure to glycated 
albumin, for various durations, and shear stress as a means to determine 
if the culture conditions are altered during diabetic cardiovascular 
disease conditions (Figure 2). In general, our data suggests that the 
metabolic activity of cells that are exposed to pathological shear stress 
and irreversibly, but not reversibly, glycated albumin is significantly 
enhanced. This is not in agreement with our previously published 
work, which showed that HUVECs incubated with irreversibly 
glycated albumin without shear loading reduced metabolic activity 
[16]. However, other groups have shown that with high magnitude 
shear stress, endothelial cell metabolic activity (as measured by the 
MTT assay or by the production of metabolites) increases as well 
[20,21]. Therefore, it appears that the shear effect on metabolic activity 
overpowers the glycation effect. It is interesting to note that the 
combination of irreversibly glycated albumin and pathological shear 
stress alters metabolic activity the greatest, suggesting that there is 
some additive interaction between these two conditions. It is important 
to recall that reduced or enhanced metabolic activity would both be 
detrimental to endothelial cell function possibly leading to dysfunction 
[22,23], but that metabolism changes are expected after exposure to 
shear.

Expression of inflammatory and thrombotic markers

The surface expression of ICAM-1 was measured as a function 
of glycated albumin additive, culture duration and shear exposure 
magnitude. We saw that the expression of ICAM-1 was not a function 
of culture duration but was significantly enhanced for endothelial 
cells exposed to glycated albumin, suggesting that inflammatory 
processes may be enhanced under these conditions (Figure 3A). This 
is in agreement with our previous work [16]. Interestingly, there was a 
general increasing trend of ICAM-1 expression with shear stress, which 
was especially prevalent for samples exposed to irreversibly glycated 
albumin. Others have shown that during atherosclerosis progression, 
where shear stress is enhanced, the expression of ICAM-1 increases in 
both soluble and membrane-bound form [24]. Our data agrees with 
this and suggests that there is an additive effect for ICAM-1 expression 
for cells exposed to both diabetic cardiovascular conditions and shear 
stress which may perpetuate cardiovascular inflammatory responses 
during diabetes. Additionally, it is well known that shear stress can 
promote endothelial dysfunction through activation of endothelial 
nitric oxide synthase [10,25] and to a lesser extent that some glycated 
proteins can activate eNOS [11]. The authors are unaware of any group 
that has combined shear stress and glycated albumin, while monitoring 
endothelial cell signaling pathways.

Furthermore, we measured the thrombotic response of endothelial 
cells through the expression of thrombomodulin and tissue factor 
(Figure 3 B/C). In general, there was an increased tissue factor 
expression and a decreased thrombomodulin expression with exposure 
to increased shear stress and glycated albumin. Both of these changes 
would lead to an enhancement of the thrombotic response. Our 
previous work, under static conditions, followed this same trend [16]. 
Altered shear stress is known to induces tissue factor expression [26] 
and either decrease or have no effect on thrombomodulin expression 
depending on the magnitude and time-scale of the exposure [27,28]. 

Figure 3: Endothelial cell (HUVEC) expression of (A) ICAM-1, (B) tissue 
factor and (C) thrombomodulin as a function of shear exposure magnitude 
and albumin additive, as measured by ELISA. All data are reported as the 
mean ± SEM of independent experiments. * Significantly different from no 
added albumin and paired BSA (paired by shear stress, three-way ANOVA, 
P< 0.05), + Significantly different than 0.4Pa (paired by additive, three-way 
ANOVA, P< 0.05).
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Figure 4: Endothelial cell (HUVEC) expression of connexin-43 and caveolin-1 as a function of shear exposure magnitude and albumin additive, as measured by 
immunofluorescence microscopy. All data are reported as the mean ± SEM of independent experiments for intensity (A,C) and localization (B,D). Representative 
immunofluorescence images (connexin-43, green; caveolin-1, red; co-localization, yellow; all exposed to 4Pa) are shown for no added albumin (E), AGE – 6 week (F), 
BSA – 8 week (G) and AGE – 8 week (H). Scale bars are 100μm.* Significantly different from no added albumin and paired BSA (paired by shear stress, three-way 
ANOVA, P< 0.05), + Significantly different than 0.4Pa (paired by additive, three-way ANOVA, P< 0.05).
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of these markers when HUVECs are exposed to irreversibly glycated 
albumin [16]. In general, our data from this report agrees with the 
previous findings and we also found a heightened potential for discrete 
protein clusters to form after exposure to shear stress and diabetic 
cardiovascular conditions. There is currently no consensus on the 
expression of either of these molecules under diabetic conditions and 
it seems to be highly dependent on the conditions used in the study 
[29-33]. Interestingly, the effects of shear stress on these molecules are 
clearer. Others have seen an up-regulation of connexin-43 in the site of 
altered flow [34,35]; agreeing with our findings. Caveolin-1 appears to 

Figure 5: Endothelial cell (HUVEC) cytoskeletal organization as a function of culture duration, shear exposure magnitude and albumin additive, as 
measured by immunofluorescence microscopy. All data are reported as the mean ± SEM of independent experiments for (A,B) actin structure, (C,D) actin 
alignment and (E,F) connectivity. * Significantly different from no added albumin and paired BSA (paired by shear stress and culture duration, three-way 
ANOVA, P< 0.05), + Significantly different than 0.4Pa (paired by additive and culture duration, three-way ANOVA, P< 0.05), # Significantly different than 
early (paired by shear stress and additive, three-way ANOVA, P< 0.05).

It appears from our data that the shear stress and glycated albumin 
synergistically alter tissue factor and thrombomodulin expression 
to promote the thrombotic response possibly leading to disease 
progression.

Expression of connexin-43 and caveolin-1

Connexin-43 and caveolin-1 expression were measured as a means 
to monitor cardiovascular disease progression through enhanced 
mature network formation and angiogenesis potential (Figure 4). 
Previously, we showed that there was a general increase in expression 
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pathological shear stress will alter cytoskeletal dynamics and that this 
may be a function of the cell density.

Endothelial cell morphology

To qualitatively verify our response variables, we imaged the 
endothelial cells with scanning electron microscopy after shear loading 
(Figure 6). In general, we can see that in the presence of glycated 
albumin the morphology of cells is altered and that the cytoskeletal 
structure dose not mimic the no added albumin conditions well. 
This agrees with our previous findings [16] and the results of others 
previously discussed.

Conclusions and Limitations
Our goal was to determine the effects of glycated albumin and 

shear stress on endothelial cell metabolic activity, inflammatory 
and thrombotic responses, cardiovascular disease mediators and 
cytoskeletal dynamics. We showed a general increase in metabolic 
activity, inflammatory response, and thrombotic response under these 
conditions. The cardiovascular mediators were differentially expressed 
but in general increased in response to shear stress and glycated 
albumin. Interestingly, cytoskeletal dynamics deteriorated under these 
conditions. Combined, our data suggests that there is a synergistic 
relationship between shear stress and glycated albumin which may 
lead to cardiovascular pathologies. However, it is important to keep in 
mind that in our studies we use a discrete glycated albumin population, 
whereas in the body there would be a combination of reversibly and 
irreversibly glycated proteins and that our shear stress waveforms 
are constant over 60 minutes. The value of shear stress that we use is 
physiologically relevant but we are ignoring the temporal variations in 
shear here.
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