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ABSTRACT
Objectives Patients with morbid obesity have impaired 
responses to resuscitation following severe injury, 
which may contribute to adverse outcomes. Obesity is 
associated with microvascular dysfunction and metabolic 
changes associated with altered hemorheological 
profiles. These include decreased red blood cell (RBC) 
deformity associated with increased aggregation and 
adhesion. These RBC changes may be impacted by the 
glycocalyx layer of the endothelial cell (EC) and RBC. 
Degradation of either or both glycocalyx layers may 
impair microvascular perfusion. This was studied from 
blood obtained from patients with obesity and in an 
in vitro microfluidic device to mimic the microvascular 
environment.
Methods RBCs were obtained from fresh whole 
blood from normal controls and patients with obesity 
(body mass index 37.6–60.0). RBC glycocalyx was 
indexed by fluorescent intensity and shedding of EC 
glycocalyx components into the serum was determined 
by measurement of syndecan-1 and hyaluronic acid. 
In a second set of experiments, human umbilical vein 
endothelial cell monolayers (HUVEC) were perfused with 
RBC suspensions from control and patients with obesity 
using a microfluidic device and RBC adherence under 
normoxic or shock conditions (hypoxia+epinephrine) was 
determined using confocal microscopy. HUVEC glycocalyx 
thickness and shedding were also measured.
Results Microfluidic studies demonstrated that RBC 
obtained from subjects with obesity had increased 
adhesion to the endothelial layer, which was more 
profound under shock conditions versus normal subjects. 
This appeared to be related to increased shedding of 
the endothelial glycocalyx following shock as well as a 
diminished RBC glycocalyx layer in the obese population.
Conclusion Blood from patients with obesity have 
decreased RBC glycocalyx thickness accompanied by 
evidence of increased EC glycocalyx shedding. In vitro 
adhesion to the endothelium was more pronounced with 
RBC from patients with obesity and was significantly 
greater under ’shock conditions’. Hemorheological 
properties of RBC from patients with obesity may 
account for failure of standard resuscitation procedures 
in the trauma patient.

LEVEL OF EVIDENCE

INTRODUCTION
The impact of the increasing number of individuals 
suffering from obesity on healthcare in the USA 
and other industrial countries is well described. As 
the incidence of obesity in the trauma population 

mirrors that of the general public, it is apparent that 
it is of significant interest to trauma care providers. 
Numerous studies have described the effect of 
obesity on management and subsequent outcomes 
in trauma patients.1 These studies have strongly 
suggested that obesity is associated with increased 
morbidity and mortality following trauma. Both 
altered responses to traumatic stress as well as 
existing comorbidities likely contribute to poorer 
outcomes in these patients. In particular, impaired 
response to hemorrhagic shock and resuscitation 
have been shown both clinically and in animal 
studies.2 3

The microcirculation is a key player in obesity- 
related cardiovascular disease.4 In addition, 
hemorheological abnormalities with red blood 
cells (RBCs) in the patient with obesity have been 
described.5–7 Notably, the importance of the glyco-
calyx layer of both the endothelium and the RBC is 
increasingly being recognized. However, the inter-
action of RBC dynamics and the endothelium in 
obesity have not been well described, particularly 
in shock conditions.

We have previously used microfluidic technology 
to study RBC- endothelial cellular interaction under 
‘normal’ and ‘shock’ biomimetic conditions.8 In the 
current study, we hypothesize that perturbation of 
the glycocalyx layers of the RBC and the endothe-
lium would impair microvascular perfusion and 
have a synergistic effect. This was studied in our in 
vitro microfluidic- based model.

METHODS
Human umbilical vein endothelial cells culture
Human umbilical vein endothelial cells (HUVEC) 
were purchased from Lonza Walkersville (Walkers-
ville, Maryland, USA). Cells were grown in a 75 
cm2 flask using complete media (EGM-2 BulletKit, 
Lonza). Time to subculture is 5–9 days with media 
changes every 2 days. Cells are subcultured at 85% 
confluence using 2 mL of 0.5% trypsin- EDTA (Life 
Technologies, Carlsbad, California, USA). A new 
culture flask is prepared and the remaining cells 
are used to seed the microfluidic channels of a 
BioFlux 48 well plate (Fluxion Bio, San Francisco, 
California, USA) that has been primed and coated 
with 100 µg/mL fibronectin (Fisher Scientific) for 
1 hour at room temperature. Monolayers were 
formed within the microfluidic channels after over-
night perfusion of the cells with complete media at 
a shear force of 1 dyne/cm2. HUVEC at passage 4–7 
were used for all experiments.
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Well plate microfluidic device system
The main components of the microfluidic device system (MDS) 
include BioFlux 48 well plates (4–20 dyn/cm2), a pressure 
interface device, a controller instrument and software for the 
instrument control and image analysis (figure 1). The BioFlux 
plates contain an array of microfluidic flow channels on a well 
plate format which are connected to inlet and outlet wells. The 
pressure interface device covers the top of the well plate and 
applies a controlled pneumatic pressure from the control instru-
ment. This serves to drive the fluid or perfusate through the 
microfluidic channels at a user- defined flow rate. An observa-
tion window in the bottom of the microfluidic channels allows 
imaging by microscopy. The MDS software allows control of 
the flow settings as well as other parameters including image 
analysis. Thus, the microfluidic device allows study of the glyco-
calyx barrier function under flow- induced shear stress under 
controlled experimental conditions.

Preparation of red blood cell concentrate
Whole blood was collected from 6 healthy volunteers (aged 
35–55 years) and 11 patients with obesity (aged 33–69 years). 
Most of the blood samples were obtained from females (81%). 
The body mass index in the healthy volunteer group ranged from 
19 to 25 kg/m2 and in the obese group 37.6 to 60 kg/m2. Patients 
in the obese group were being evaluated for bariatric surgery in 
the outpatient setting and all had metabolic syndrome including 
diabetes and hypertension requiring medication. Blood obtained 
was centrifuged for 10 min at 1400× g. The plasma was collected 
and stored and the buffy coat discarded. The remaining RBCs 
were saved and centrifuged two more times to yield isolated 
RBC. RBC samples were diluted in phosphate- buffered saline 
(PBS) at 1.5% for the RBC adhesion assay. This concentration 
was chosen based on a study by Anniss and Sparrow.9

Experimental design
Once confluent HUVEC monolayers are formed, RBC obtained 
from volunteers (fresh) or from patients with obesity were added 

to the perfusate at different flow rates. In some experiments, 
HUVECs are exposed to 10–3 µM epinephrine (epi) and/or 
hypoxia for 90 min at 37°C (1% O2 balance nitrogen). Following 
this, standard culture conditions are reinstated (37°C with 5% 
CO2; reoxygenation). RBC adhesion to the endothelial cell 
monolayer under the microfluidic device under constant flow 
conditions was determined by light microscopy (figure 1). RBC 
adherence strength was determined by progressively increasing 
the shear rate from 0.5 to 5 dyne/cm2. Glycocalyx shedding in 
the endothelial monolayer and in normal or obese RBCs was 
assessed by measuring syndecan-1 and hyaluronic acid (HLA) 
present in cell supernatants. Glycocalyx injury was also assessed 
in HUVEC and RBC by staining with fluorescein isothiocyanate- 
conjugated wheat germ agglutinin (FITC- WGA, Sigma Aldrich, 
St. Louis, Missouri, USA) antibody which binds to N- acetyl neur-
aminic acid and N- acetyl glucosamine residues of proteoglycans 
and glycoproteins present in the glycocalyx and visualizing the 
glycocalyx using a fluorescent microscope. Image analysis for 
quantification of glycocalyx thickness was accomplished using 
Volocity software. Glycocalyx shedding of the endothelial cell 
monolayer was also indexed by measuring syndecan-1 and HLA 
present in cell supernatants.

Syndecan-1 and hyaluronic acid analysis
Quantitative measurement of syndecan-1 protein and HLA shed 
by RBC and the endothelial cell monolayer into the superna-
tants was accomplished using the Syndecan-1 Human ELISA 
kit (Abcam, Cambridge, Massachusetts, USA) and the Hyal-
uronic Acid Immunoassay kit from R & D Systems, Minne-
apolis, Minnesota, USA, respectively. Standards and unknown 
samples are added to the microplate wells and assay procedures 
followed. The optical density is determined using a microplate 
reader set to 450 nm and the concentration of syndecan-1 and 
HLA in the supernatants is calculated using a standard curve. 
The sensitivity of the syndecan-1 and HLA ELISAs are 5 and 
10 pg/mL, respectively.

Figure 1 Experimental overview. epi, epinephrine; HUVEC, human umbilical vein endothelial cell; RBC, red blood cell.
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Red blood cell adhesion
RBCs from subjects with and without obesity were added to the 
perfusate and allowed to flow through the microfluidic device 
at sequentially increasing shear rates of 0.5–5 dyne/cm2. Flow of 
the RBC through the microfluidic device at each increasing shear 
rate was stopped after 5 min and adherent cells photographed 
and counted using the Zeiss Observer Spinning Disk Confocal 
Microscope (Microscopy, Imaging and Cytometry core facility at 
Wayne State University, Detroit, Michigan, USA). Non- adherent 
RBCs were removed by washing the monolayer with PBS 2 times 
(shear rate of 0.5 dyne/cm2 for 1 min to wash).

Fluorescent imaging and thickness of glycocalyx
HUVEC were cultured in endothelial cell growth medium supple-
mented by growth factors (EGM-2 BulletKit) Lonza. Before cell 
seeding, microchannels were coated with human fibronectin 
(100 µg/mL, Fisher Scientific) for 1 hour at room temperature. 
HUVEC suspensions were seeded into the outlet wells of a 48 
well BioFlux plate and infused into the microchannel network 
using the BioFlux 200 system (Fluxion Biosciences). Cells were 
cultured for 24 hours with complete media under flow condi-
tions (shear force of 1 dyne/cm2) or static conditions. Live cell 
staining was performed inside the microfluidic channels using 
WGA conjugated with FITC. Briefly, endothelial cell cultures 
treated with epi+hypoxia/reoxygenation (HR) or standard 
media had FITC- WGA infused into the microchannel network 
using the BioFlux 200 system and cells were allowed to incubate 
for 30 min. The cells were washed 2 times with PBS and fresh 
culture medium was subsequently added and cells were exam-
ined under a fluorescent microscope. Further image analysis was 
performed using Volocity software at the Microscopy, Imaging 
and Cytometry core facility at Wayne State University. Measure-
ment of glycocalyx thickness was achieved by XYZ image stacks 
of the endothelial cell layer using a Leica TCS SP5 microscope 
and a 20× objective. In a separate series of experiments, normal 
and obese RBC glycocalyx thickness and fluorescence intensity 
measurements of the glycocalyx were also determined. Briefly, 
RBC were resuspended and incubated in PBS/1% bovine serum 
albumin containing FITC- WGA for 30 min at 37°C. The RBCs 
were subsequently centrifuged (1400× g for 10 min) and the 
supernatant removed. RBCs were resuspended in PBS and centri-
fuged two more times to remove excess FITC- WGA antibody. 
RBCs were subsequently mounted on a slide with coverslip and 
imaged using a Leica TCS SP5 inverted fluorescent microscope 

with a 63× oil objective. Further image analysis was performed 
using Volocity software at the Microscopy, Imaging and Cytom-
etry core facility at Wayne State University. Measurement of 
glycocalyx thickness was achieved by XYZ image stacks of the 
endothelial cell layer using a Leica TCS SP5 microscope and a 
20× objective.

Statistical analysis
An analysis of variance with a post hoc Tukey’s test was used to 
analyze the data. Statistical significance was inferred at p values 
of <0.05. All data are expressed as mean±SD.

RESULTS
RBC obtained from normal patients or patients with obesity were 
stained with FITC- WGA. Figure 2A demonstrates significant 
differences in the fluorescence intensity of RBC in these groups, 
with an almost 50% decrease in the obese group. Shedding of 
RBC glycocalyx components is shown in figure 2B. There was a 
2.6- fold increase in syndecan-1 and a 3.2- fold increase in HLA 
shedding noted in RBC supernatants obtained from subjects with 
obesity versus subjects without obesity. This corresponds to the 
difference in RBC glycocalyx thickness.

We then studied the effects of our biomimetic shock condi-
tions on endothelial glycocalyx integrity (thickness) and relative 
shedding of its glycocalyx components (figure 3A,B). Shock 
conditions decreased glycocalyx thickness by approximately 
50%, the average glycocalyx thickness was one- third of control 
values. Endothelial glycocalyx shedding was increased 3.6× 
for syndecan-1 and 6.6× for HLA following shock conditions 
versus control.

Finally, the interaction between RBC and endothelial cells was 
studied under microfluidic flow conditions (figure 4). There was 
a 3.2- fold increase in RBC adhesion with RBC obtained from 
patients with obesity versus patients without obesity. After expo-
sure of endothelial monolayers to shock conditions, there was 
no increase in RBC vascular adherence in the non- obese popu-
lation. However, there was a 1.5- fold increase in vascular adhe-
sion with RBC obtained from patients with obesity following 
exposure to HR and epi.

DISCUSSION
Obesity is associated with structural and functional changes in 
the microvasculature, which leads to impaired organ perfusion 

Figure 2 (A) Red blood cell (RBC) glycocalyx staining and fluorescence intensity measurement. RBC glycocalyx from patients with and without 
obesity was stained with fluorescein isothiocyanate- conjugated wheat germ agglutinin antibody after exposure to hypoxia/reoxygenation and 
epinephrine. Pictures were taken with a Leica TCS SP5 inverted fluorescent microscope and fluorescent intensity measurements were taken. (B) 
Shedding of RBC glycocalyx components. ELISA kits were used to quantitate syndecan-1 and hyaluronic acid levels present in RBC from patients with 
and without obesity exposed to hypoxia (1% O2) and epinephrine perfusion for 90 min.
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and resultant dysfunction.10 Hemorrhagic shock is associated 
with impaired tissue perfusion; it is likely therefore that obesity 
exacerbates perfusion abnormalities associated with shock. A 
previous study by our group has indeed demonstrated this in 
an in vitro model of the microcirculation using microfluidic 
technology.11

A key component of the vascular endothelial barrier is the 
glycocalyx layer. Its functions include mechanotransduction 
and regulation of the endothelial cell signaling pathway related 
to angiogenesis, vasoregulation and inflammation. Endothe-
lial glycocalyx degradation has been noted to occur following 
shock states, including sepsis and trauma.12 Lee et al13 have also 
demonstrated that obesity- related impairment in microvascular 

perfusion is associated with glycocalyx damage in a large epide-
miological study.

RBCs are the most abundant cell type in blood and there-
fore have significant impact on the fluidity of blood under 
both normal and pathological conditions.5–7 Disturbances in 
RBC flow properties have been described in the obese patient 
population. These include increased aggregation and impaired 
deformation as well as increased adhesion to other blood cell 
types and to the vascular endothelium which all may impede 
blood flow.14 The etiology of the microrheological distribution 
of RBC in obesity is uncertain. RBCs have an under- recognized 
glycocalyx on their surface. During their 120- day life span in 
circulation, human RBC undergoes several physiochemical 

Figure 3 (A) Glycocalyx shedding in human umbilical vein endothelial cell (HUVEC) monolayers. ELISA kits were used to quantitate syndecan-1 
and hyaluronic acid (HLA) levels present in the perfusate collected from HUVEC exposed to hypoxia (Hyp) (1% O2) and epinephrine (epi) perfusion for 
90 min. (B) HUVEC glycocalyx thickness measurement. Three- dimensional XYZ image stacks were acquired and processed and analyzed using Volocity 
cellular imaging and analysis software to assess glycocalyx thickness.

Figure 4 Red blood cell (RBC) adhesion to human umbilical vein endothelial cell (HUVEC) from subjects with and without obesity. RBCs from 
patients without obesity and RBCs from patients with obesity were added to the perfusate and allowed to flow through the microfluidic device. 
Adherent cells were photographed and counted using the Zeiss Observer Spinning Disk Confocal Microscope (Microscopy, Imaging and Cytometry 
core facility at Wayne State University, Detroit, Michigan, USA). *P<0.05 vs non- obese RBC, #p<0.05 vs same group no hypoxia (Hyp)+epinephrine 
(epi)).
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changes including a progressive loss of its glycocalyx layer.15 We 
have previously shown the importance of the RBC glycocalyx 
in cellular adhesion to the vascular endothelium in an in vitro 
study.8 We found that loss of the RBC glycocalyx increased with 
duration of time of RBC blood bank storage in this study. As it 
relates to the current study, the laboratory of Schmid- Schobein 
has demonstrated that proteolytic cleavage of the RBC glyco-
calyx is a complication of obesity- related metabolic syndrome 
and may contribute to abnormal microvascular flow proper-
ties.16 These data suggest that the RBC glycocalyx is important 
in the rheological properties of blood especially in conditions 
with altered physiology.

To date, the effect of shared loss of the glycocalyx layer in both 
RBC and microvascular endothelial cells has not been studied. In 
our model, we demonstrate a significant increase of RBC adhe-
sion to vascular endothelial cells in studies of blood obtained 
from patients with obesity. Biomimetic shock conditions in our 
model led to endothelial glycocalyx degradation and endothe-
lial injury and resultant greater vascular adhesion in only the 
RBC obtained from subjects with obesity. The biomimetic shock 
conditions used in our study have been used by us in previous 
studies.10 These include hypoxia- reoxygenation and catechol-
amine excess, both of which may contribute to endothelial and 
glycocalyx damage in vivo.17 18

Although a number of disturbances in RBC rheology has 
been demonstrated in obesity, probably the most important one 
is vascular adhesion as it has been linked to various vascular 
disorders including sickle- cell anemia, diabetes and hyperten-
sion. Notably, these rheological abnormalities are likely co- con-
tributors to perfusion abnormalities in the obese population. 
In addition, it has been shown when damage occurs in either 
the glycocalyx of RBC or the EC, the resultant defect further 
enhances itself through the interaction of these cells.19 Nonethe-
less, our study demonstrates the importance of the glycocalyx 
layer at the surface of both RBC and the endothelium in the 
microvasculature under normal and shock conditions. Collec-
tively, the results of the current study and our previous work 
suggests a need to develop point- of- care technology to assess the 
integrity of the glycocalyx layer in the clinical arena.

The mechanism(s) responsible for the diminished RBC glyco-
calyx in samples obtained from subjects with obesity is uncer-
tain. Previous work by us and as well others has shown that 
oxidative stress and blood storage diminishes the RBC glyco-
calyx. Increased oxidative stress and a pro- inflammatory state 
described in obesity are therefore likely important contributors. 
This information suggests a need to study the effect of blood 
storage duration on RBC transfusions in the patient with obesity 
with significant blood loss. Perhaps blood stored <14 days or 
alternative transfusion strategies may be preferable in the crit-
ically ill or injured patient with obesity.20 Furthermore, as it 
relates to the RBC storage lesion, a variable that has not been 
investigated is specific blood donor variability such as age, and 
comorbidities such as hypertension, diabetes and obesity that 
may affect RBC component quality from these donors.21–23

There are a number of limitations of our study. First, our study 
involved a small sample size of patients with obesity scheduled 
for bariatric surgery. We did not control for demographics 
including age, biological gender or associated comorbidities. 
Second, we used HUVEC to model the microcirculation in our 
microfluidic platform, which may not represent other important 
regional beds including the lungs and viscera. The HUVEC cell 
line was used to study glycocalyx properties in our study. This 
cell line was chosen as it has a well- defined thickness under in 
vitro flow conditions and ex vivo.24 Previous studies have shown 

variable thickness of the glycocalyx layer of established micro-
vascular endothelial cells.25 However, these studies were not 
performed under flow conditions, a prerequisite for the devel-
opment of a hydrodynamically relevant glycocalyx layer. There 
is also a growing interest in the interaction of RBC with other 
cell types including endothelial cells in the bloodstream.26 In this 
regard, there are data that physical interaction between blood 
and the endothelium may affect the relative properties of the 
glycocalyx on both RBC and the endothelium.19 In a previous 
study, we demonstrated a pro- inflammatory phenotype in plasma 
from subjects with obesity that increased endothelial glycocalyx 
degradation using our microfluidic platform. Additional studies 
with RBC and plasma or whole blood studies may further delin-
eate the adverse effects of obesity on the microvasculature in 
our model.

Finally, we also used a simplistic design for our microchan-
nels and our perfusate consisted of a low hemorheological solu-
tion, which may likely underestimate viscosity- related issues in 
the microvasculature in vivo. The endothelial glycocalyx is now 
recognized as a critical factor in shock outcome and a target for 
protecting the microvasculature in trauma. The microfluidic 
platform may be useful for future studies.27 28
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