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Abstract

Myocardial infarction (M) or heart attack is a leading cause of death in the United States. MI occurs when a coronary
artery becomes occluded, leading to localized ischemia, which results in heart muscle cell death and propels the heart
into an arrhythmic state. In this state, the heart cannot adequately deliver oxygen to tissues within the body. This can
lead to death and/or longer-term congestive heart failure (CHF). Unfortunately, individuals that survive Ml are plagued
by problems associated with CHF due to damage sustained to the heart muscle caused by the original Ml injury —
which never fully heals. Regenerative medicine research focuses on improving long-term outcomes of Ml survivors
through several avenues of research 1) by providing healthy cells to the damaged region of the heart for regeneration
and repair and 2) by rescuing pre-apoptotic cells from death. To this end, studies have shown that a biomaterial made
from human hair, keratin, can be used as a carrier for cell delivery, but may also play a dual role in promoting cardiac
regeneration after MI. In the current study, the feasibility of using keratin to attenuate in vitro-modeled MI cell death
was investigated. Three objectives were completed. 1) An in vitro model of MI was developed to expose human
umbilical vein endothelial cells (HUVECs) to low oxygen (hypoxia) using Anaerobic Gas Pouches. 2) HUVEC
toxicity to hypoxia was measured to identify the duration of low oxygen exposure required to kill ~50% of cells. 3)
The ability of keratin to rescue HUVECs from hypoxia-mediated cell toxicity was measured. The results showed that
low oxygen conditions that mimic MI-induced hypoxia could be achieved using the method developed (1.43%
dissolved oxygen). Cell toxicity to low oxygen was observed as a function of hypoxic exposure. Finally, HUVECs
treated with keratin and exposed to long-term hypoxia (72hrs) proliferated in response, indicating that keratin provides
a protective effect to cells in hypoxia. These data provide preliminary evidence to support the further study of keratin
as a biomaterial treatment for cells exposed to hypoxia.
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1. Introduction

Naturally-derived biomaterials are increasingly utilized in regenerative medicine and tissue engineering (RM/TE)
studies as therapeutics due to their biocompatibility’. Therapeutic biomaterials can be used alone or in combination
with cells and provide a promising avenue of research for tissue regeneration and replacement. Although cell-based
therapeutics are commonly researched in RM/TE studies, the clinical application of cells is limited by cell source,
viability, ex vivo expansion potential, and the use of non-FDA approved cell growth supplements®. Therefore, studies
aimed at using biomaterials alone to promote tissue regeneration may be easier to translate to the clinic than those that
require cells®. Characteristics of an effective biomaterial include biocompatibility, nontoxic degradation products,
degradation rates that allow for tissue repair while maintaining structural support, and a structure that physically
supports the tissue prior to and after repair'®. Critically important is that the introduced material should not induce a



host immune response®. To this end, naturally derived biomaterials that lack cellular material, but contain protein(s)
commonly found in the human body are less likely to instigate an immune response?. Keratin is one such material
that is found in abundance in human tissues. Specifically, cytokeratins are proteins found in nearly every cell in the
body and provide structural support to individual cells'®. Although cytokeratins are abundant, isolation of these
proteins for biomaterial use would be tedious and difficult to perform without also isolating cellular material. Hair and
fingernail Kkeratin, however, is similar structurally and much more readily available and easily obtainable than
cytokeratin.

Hair-derived keratin is particularly appealing as a biomaterial due to its abundance, noninvasive methods used to
obtain the material (hair trimmings are commonly used), and biocompatibility®>#1%. Keratin from hair contains proteins
that when processed can be used to form a 3D structural framework*37. Present in human-hair derived keratin are
various protein residues and motifs that provide a substrate for cell attachment*. This framework of proteins and
various motifs provides structural and functional support to cells. In fact, recent evidence suggests that human-hair
derived keratin may be capable of attenuating cell death related to injury**5¢, Of particular interest is that keratin
has been shown to mitigate damage to cardiac tissue and promote regrowth after myocardial infarction in vivo'®. This
work suggests that keratin biomaterials may have the potential to be used as a treatment that could be applied directly
to damaged heart tissue initiating repair, without the need for cells.

Occlusion of an artery within the heart leads to cardiac cell exposure to hypoxia, which is responsible for localized
cell death that leads to arrhythmia and subsequent myocardial infarction (heart attack)'?. Hypoxia or oxygen
deprivation inhibits physiological function and initiates programmed cell death pathways (apoptosis)!°. Apoptosis is
initiated in cardiomyocytes by the binding of one of the two death ligands to receptors on the cell’s surface®. These
death ligands, Fas ligand and tumor necrosis factor-alpha, activate membrane receptors and initiate the caspase cascade
by activating caspase-8 and other downstream caspases®. Caspase activation leads to a cascade of protein and cell
structure breakdown within the cell, ultimately leading to death and degradation of the cardiomyocyte.

The study performed by Shen et al.® suggests that keratin biomaterials can promote cardiac repair following
myocardial infarction in an in vivo rodent model. However, the complexity of in vivo models makes it hard to discern
keratin’s exact effect on cell viability. To this end, we aimed to test whether the introduction of keratin -- as a liquid
supplement to cells in culture -- prevents cells from undergoing programmed cell death when exposed to a hypoxic
environment. We completed three objectives to test this aim. 1) An in vitro model of MI was developed to expose
human umbilical vein endothelial cells (HUVECS) to hypoxia using Anaerobic Gas Pouches. 2) HUVEC toxicity to
hypoxia was measured to identify the duration of low oxygen exposure required to kill ~50% of cells. 3) The ability
of keratin to rescue HUVECs from hypoxia-mediated cell death was measured. Cell toxicity to hypoxia with and
without keratin was measured using a WST-1 cell toxicity assay. Based on previous studies suggesting that keratin
provides protective effects to cells in hypoxia and in high heat conditions''®, we hypothesized that keratin treated
cells exposed to hypoxia would exhibit decreased cell death versus untreated cells. Confirmation of this hypothesis is
the first step towards further investigation of keratin as a natural biomaterial that provides protection from programmed
cell death —thereby attenuating apoptosis and aiding in tissue regeneration and repair following myocardial injury.

2. Methods & Materials

2.1 Cell Culture

HUVECs were purchased from the American Type Culture Collection (ATCC) and were used in all experiments
presented here. This cell type (HUVECSs) was selected due to its ability to respond and proliferate in low oxygen
conditions —providing a cell type that could be used to develop/test extreme model conditions for our studies.
Subsequent studies will utilize more physiologically relevant cell types such as cardiomyocytes and cardiac stem cells.
The cells were maintained in culture at 37°C, in 5% carbon dioxide, within a humidified atmosphere. The cells were
cultured in Vascular Cell Basal Medium supplemented with an Endothelial Cell Growth Kit (ATCC). Medium was
changed every 2-3 days to maintain cell viability. Cells at passage 4 were used for all experiments.

2.2 Creation of Hypoxic Growth Conditions Using Anaerobic Bags

The first objective of this study was to create an in vitro hypoxia model system that could be used to expose cells to
conditions similar to myocardial infarction. To this end, we identified a low cost alternative to expensive hypoxia cell
culture chambers —-BD’s Anaerobic GasPaks. To ensure that cells were exposed to low oxygen conditions, we
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determined the rate of oxygen depletion in the medium as a function of time within the bags. Briefly, we placed 5mL
of prewarmed medium into culture dishes that were placed in the GasPaks (per manufacturer’s instructions) for
varying lengths of time (3 replicates per time point, ranging from the initial ambient air 0 min to 48 hrs). Samples
were placed in the cell culture incubator to replicate cell growth conditions. The dissolved oxygen content of samples
at various time points was measured in parts per million (ppm) using CHEMetrics Dissolved Oxygen Kits following
the manufacturer’s instructions (Indigo Carmine 1-12ppm/ Rhodazine D 0-1ppm). Data were averaged and plotted vs.
time to determine the rate of oxygen sequestration as well as the extent of hypoxia achieved by the bags.

2.3 Cell Viability in Response to Hypoxia

The second objective of this study was to determine the effect of hypoxia on cell viability in order to select the
appropriate duration of exposure to hypoxia that elicited measurable toxicity, but not to the extent that all of cells
underwent programmed cell death. Briefly, cells were seeded at 30,000 cells/cm? into 96-well dishes. We seeded three
hypoxia time points (placed in Anaerobic GasPaks after seeding) and corresponding normoxia controls (allowed to
remain at ambient air within the incubator) (time points: 24 hrs, 48 hrs, & 72 hrs; 12 wells per time point). All dishes
were placed back in the incubator for the designated time. Cell toxicity was measured by WST-1 assay (G-BioSciences
according to their instructions) after the designated incubation period. Absorbance of the assay product for each
replicate was measured as the area under the curve between 420-480nm on a SpectraMax 190 microplate reader. Cell
number was determined as a function of cellular dehydrogenase activity. Numbers were compared as a percentage of
the same time point normoxia control.

2.4 Keratin Treatment of Hypoxia-Exposed Cells

The final objective of this study was to determine whether hypoxia-mediated cell toxicity could be attenuated by
introduction of hair-derived liquid keratin into the medium. To this end, cells were seeded at 30,000 cells/cm? into 96-
well dishes and either placed in normoxia or hypoxia. In addition to hypoxia-exposed cells, another group was exposed
to hypoxia and treated with 0.5mg/mL of liquid keratin (lyophilized keratin provided as a gift from Dr. Mark Van
Dyke at Virginia Tech). All hypoxia samples were placed in anaerobic bags for 72 hours. Cell toxicity was measured
using the WST-1 assay as described above.

2.5 Statistical Analyses

All replicate data were averaged and presented as means +/- standard deviations. Student’s T Tests were used to
compare individual means and analyses of variance (ANOV A’s) with post hoc analyses were used to compare multiple
means. A p<0.05 was considered statistically significant.

3. Results

3.1 Dissolved Oxygen Content

Dissolved oxygen in the medium showed rapid decline as a function of time in the bags (Figure 1). Ambient dissolved
oxygen was approximately 10 ppm, but showed an almost immediate decline upon placement within the Anaerobic
GasPak. A rapid decline in oxygen was observed between 10-20 minutes of exposure to the bags, reaching a minimum
oxygen content by 2 hours exposure (~0.2 ppm). The average dissolved oxygen content of the medium between 6
hours and 72 hours was 0.43 ppm (long-term data not shown).
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Figure 1. Dissolved oxygen decreases rapidly within the medium upon placement in
Anaerobic GasPaks. A minimum is reached after ~2 hours of placement within the bags.

3.2 Cell Toxicity to Hypoxia and Response to Keratin

Cell toxicity was determined by WST-1 assay. This particular assay measures toxicity as a function of cell numbers —
determined by cellular dehydrogenase activity. Cells exposed to 24, 48, and 72 hours of hypoxia (via Anaerobic
GasPaks) displayed varying levels of toxicity (Figure 2). Exposure of HUVECs to increasing amounts of hypoxia
suggested that the cells initially proliferate (24 hour exposure) prior to declining in numbers at 48 and 72 hrs (compared
to normoxia same time point controls). Specifically, after 24 hours of exposure to hypoxia, cells increased by 132%
compared to the normoxia control (p<0.001). Cells then began to decrease in number at later time points. At 48 hours
of exposure, cells were decreased to 70% of the normoxia control (p=0.04) and at 72 hours of exposure, cells decreased
by 66% (p<0.001). Based on these results, we selected 72 hours as our exposure time point to test the effect of keratin
treatment on hypoxia-mediated cell toxicity.
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Figure 2. Cell numbers (expressed as a percentage of the normoxia control) indicate that hypoxia duration has
altering effects on cell proliferation.

The 24-hour hypoxia-exposed group showed a 132% increase in cell numbers versus the same time point normoxia
group. The 48-hour hypoxia-exposed group contained 70% of the cells observed in the same time point normoxia
control. The 72 hour hypoxia-exposed group further decreased in cell numbers to 66% of the normoxia same time
point control. Cell numbers were determined as a direct correlation to absorbance reading of the WST-1 assay product,
measured as the area under the curve between 420-480nm.
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Keratin treatment of cells was tested at 72 hours of hypoxia exposure. Cells proliferated and displayed reduced
toxicity in response to Kkeratin treatment (compared to the hypoxia-exposed cells). However, the difference in
treatments was not shown to be statistically significant, possibly due to the large standard deviation (p=0.06).
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Figure 3. Keratin treated cells (0.5mg/mL) exposed to 72hrs of hypoxia display high
proliferation compared to the normoxia and hypoxia groups.

*Reduced absorbance values = area under the curve for absorbance measurements taken between 420-480nm.

4. Discussion

Our results indicate that dissolved oxygen within the medium can be reduced to a low of 0.2 ppm, with an average
long-term low of 0.43 ppm. Input of these measurements into PreSen’s Precision Sensing Oxygen Unit Calculation
tool at a temperature of 37°C and atmospheric pressure of 942.1 hPa (corresponding to the altitude at which
measurements were recorded) revealed that these measurements correlate to an oxygen concentration of 0.67% and
1.4%, respectively. These values are consistent with hypoxic states within the heart that are sufficient to induce
apoptosis during myocardial infarction?. We were able to move forward into testing the cells for toxicity from the
hypoxia model to determine cellular death

There was also a significant reduction in the amount of cells following prolonged hypoxia exposure as compared to
the normoxia controls determined by the results. A cell toxicity model was successfully achieved by exposing
HUVECs to the hypoxic atmosphere created using Anaerobic GasPaks. However, the observed toxicity differed
slightly from what we expected to see. Specifically, an initial, significant rise in cell numbers (132%, p<0.001) was
observed in the 24-hour group compared to the same time point normoxia control. This result suggests that shorter
durations of hypoxia may increase HUVEC proliferation. This observation is potentially supported by the cell’s
physiological function as embryonic sensors/responders to oxygen conditions'*. HUVECs may proliferate in response
to low oxygen in order to generate blood vessel cells in the developing embryo/infant to establish and maintain
appropriate oxygen levels4,

After the observed initial spike in proliferation, HUVECs then responded to prolonged hypoxia (48 & 72 hrs) with
significantly increased toxicity (48 hrs= 70% decrease in cell numbers, p=0.04; 72 hrs = 66% decrease in cell numbers,
p<0.001). The HUVECs did display a significant reduction in cell numbers after the trial, this displayed a result was
not what was expected. The expectancy was a very pronounced reduction at the 72 hr time point than what was
observed. A possible reason for this discrepancy may again be attributed to the native function of HUVECs. This
particular type of cell reside naturally in human umbilical veins and respond to low oxygen conditions by initiating
the formation of blood vessels!4. Therefore, the cells chosen for the model system naturally proliferate in deprived
oxygen conditions — more so than would be expected of cardiac cells. A recent study found that HUVECs can be
successfully cultured at oxygen levels as low as 1%?, indicating that our experiments may not lower the oxygen to the
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extent required to induce significant cell death. However, our results do suggest that the hypoxic environment created
still results in cell toxicity, significantly different than that of cells exposed to normoxia for the same time period --
particularly at the 72-hour time point. For this reason, we selected this time point for determination of keratin’s effect
on hypoxia-mediated cell toxicity.

Keratin treatment of cells exposed to 72 hours of hypoxia resulted in increased cell proliferation compared to those
not treated with keratin but exposed to hypoxia. Although not achieving statistical significance, this corresponds with
previous studies that suggest that keratin may enhance cell survival under apoptosis-inducing conditionst15,
Determined by the observation of experimental method, the significance value is likely explained by technique error,
rather than experimental variation. by the introduction of bubbles into the WST-1 assay plate while pipetting —a factor
that the manufacturer suggests can obscure the data and which was observed and noted during the experiment. This
could alter the data in such a way as to give a more accurate standard deviation when statistically analyzed.

Keratin is a naturally occurring biomaterial that may be used as an effective scaffolding due to its durable and
flexible structure®. Applying the material to a damaged heart after a myocardial infarction may provide a means of
support to the wounded tissue to assist the essential repair mechanisms in functioning more easily*®. In summary, we
created a method of exposing cells in vitro to hypoxic conditions and confirmed that these conditions are toxic to cells.
We also tentatively showed that keratin may attenuate hypoxia-mediated cell toxicity. However, due to variation
observed in our experimental results, future experiments will first confirm keratin’s effect on cell proliferation. More
importantly, future studies will utilize the method developed here to test keratin’s effect on cells that are more
applicable to myocardial infarction. These studies will provide support for the use of keratin as a naturally-derived
biomaterial to treat myocardial infarction.
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