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ABSTRACT

Blood banking, a meticulously regulated process endorsed by both the Food and Drug
Administration (FDA) and the World Health Organization (WHO), plays a pivotal role in
collecting and preserving red blood cells (RBCs) for transfusion medicine. Each day, the United
States alone administers around 29,000 units of RBCs, addressing the diverse medical needs
occurred from surgeries, diseases, traumas, and cancer treatments. However, conventional blood
storage solutions employed, while serving as anticoagulants and preservatives, contain glucose
levels that substantially exceed the typical "healthy” blood glucose range (4-6 mM). These
solutions induce hyperglycemia, which is linked to significant negative alterations in RBCs.
Vulnerable populations, such as people with diabetes, face severe consequences with chronic
hyperglycemia. Transfusion medicine is undeniably lifesaving, but it is not without its drawbacks.
It is theorized that adverse storage-related changes, referred to as storage lesions, are responsible
for a multitude of post-transfusion complications. These storage lesion markers encompass
metabolic and physical transformations that RBCs undergo during storage, with notable examples
including advanced glycation end products (AGESs) and oxidative stress.

High glucose concentration storage solutions adversely affect stored RBCs used for
transfusion medicine. The Spence group proposed a potential alternative to the hyperglycemia
issue: develop a normoglycemic blood storage solution. This novel RBC additive storage solution
has already demonstrated improvements in key RBC function, such as adenosine triphosphate
(ATP) levels and deformability. This dissertation reveals additional advantages through the
evaluation of other storage lesion markers. Key components of this work include novel methods
to detect and quantify AGEs and explore connections with oxidative stress, involving measuring

free reduced glutathione (GSH).



The core focus of this dissertation lies in investigating the ramifications of using a
normoglycemic storage solution to reduce AGEs, particularly Ne-carboxymethyl-lysine (CML)
and Ne-carboxyethyl-lysine (CEL), mitigate oxidative stress (as evidenced by GSH levels), and
promote ongoing research involving normoglycemic storage conditions. This research is of
paramount importance because it holds the potential to enhance the quality of RBCs for
transfusion. Thus, directly impacting patient outcomes and quality of life, as well as offering
insights into aging via in vivo patient samples. The methodologies employed in this study
encompass the development of a pioneering approach utilizing ultra-performance liquid
chromatography with tandem mass spectrometry (UPLC-MS/MS) for the detection and
quantification of CML, CEL, and lysine on the RBC membrane. A comparative analysis was
performed between hyperglycemic (AS-1) and normoglycemic (AS-1N) storage solutions over 43
days. These findings played a critical role in determining AGE and GSH levels through weekly
sample testing and involving innovative "feeding" techniques to ensure sterile normoglycemic
glucose concentrations. In addition to comparing the two storage solutions, samples from type |
diabetic (T1D) patients were utilized to explore the correlation between elevated blood glucose,
glycated hemoglobin Alc (HbAlc%), and storage lesion markers. The methodologies and
potential biomarkers presented in this study hold the promise of enhancing patient screenings and
refining future C-peptide drug therapy clinical trials.

In summation, this dissertation strives to pioneer novel methodologies and quantify storage
lesion markers to advance transfusion medicine interventions. Ultimately, this research has the
potential to improve the lives of countless individuals who depend on life-saving transfusions and

future clinical trial drug discoveries.
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Chapter 1: Blood Banking, Glycolysis, and Advanced Glycation End Products
1.1 History of Blood, Blood Banking, and Transfusion

Approximately 13.6 million units of whole blood (WB) were transfused in the United States
in 2019.1 Recently, 5 million people in the U.S. require blood transfusions each year, equating to
29,000 units of red blood cells (RBCs) each day.? Blood transfusions are often only thought of as
the treatment for traumatic blood loss and hemorrhage; however, blood banking and storage of
RBCs are also used during various cardiovascular procedures, surgeries, extreme cases of anemia,
cancer, and for patients with sickle cell disease to improve hemoglobin (Hb) levels.>= Due to the
traumatic nature in which a person requires a blood transfusion, it is important to ensure the
viability, safety, and efficacy of the blood used in the transfer. Therefore, the Food and Drug
Administration (FDA) regulates this transfusion process. Currently, a Hb count less than 7 g/dL is
the threshold for a blood transfusion, since healthy Hb levels are approximately 12 g/dL for women
and 14 g/dL for men.®’

A blood transfusion is used to transfer blood donated from one person (donor) to another
(patient) and is typically required due to extreme circumstances or known medical conditions.?°
The first known mention of a blood transfusion occurred in 1615 by chemist Andreas Libavius,
but the first major advancements in “cross-circulation experiments” did not occur until the late
eighteenth century. In the late nineteenth century, knowledge of certain constituents, such as
sodium bicarbonate, sodium phosphate, and oxalic acid, became available and could be used to
prevent blood coagulation.*® The interest in anticoagulants for blood draw prompted the discovery
of sodium citrate in 1915, which became the first major transfusion development.®! Other major
blood related advancements included the first blood storage solution invented by Rous and Tuner

in 1915, and the first blood bank during World War | setup by Robertson.*2*3 Prior to World War



I, transfusions were accomplished by having a donor “hooked-up” to a patient via a venipuncture
tube connection system utilizing gravity. The advancements in transfusion medicine were
prompted by the war, when the issue of viable direct transfusions forced scientists to develop new
methodology.!* The concept of storing blood and transporting it across battlefields or larger areas
of Europe paved the way for anticoagulants and storage containers. In military settings, the donor
is considered an emergency “walking blood bank” because blood transfusions are often needed in
larger quantities due to traumatic blood loss and hemorrhages.*® Glass vacuum bottles were used
to transport WB until 1952 when polyvinyl chloride (PVC) bags were invented, which provided a
more sanitary and safer mode of transportation.’>*” The first recorded use of sodium citrate and
glucose in blood storage was in 1914 when they were used as anticoagulation components added
to blood for transfusions.®

By the start of the twentieth century, there was greater understanding of specific blood types
and the adverse interactions that could cause acute hemolytic transfusion reaction, which is a
reaction from the human body fighting incompatible RBCs, a reaction which can be lethal if left
untreated.'® The discovery of blood types and groups by Landsteiner, the 1930 Nobel Prize winner
in Physiology or Medicine, trailblazed blood transfusion safety practices.'® The four major blood
types (A, B, AB, and O) known today were accepted internationally by 1927.1°

It would take another 60 years before the first RBC additive solution, saline-adenine-glucose
(SAG) was developed and used to create saline-adenine-glucose-mannitol (SAG-M) in 1981,
which was the precursor to the FDA licensed solutions used today.'® The FDA approved additive
solutions (AS) today are AS-1 (Adsol, Baxter Healthcare Corp., Deerfield, IL), AS-3 (Nutricel,
System Pall Corp., Port Washington, NY), and AS-5 (Optisol, Terumo Corp., Somerset, NJ).20-22

AS-7 (SOLX, Haemonetics Corporation, Boston, MA) was not incorporated until 2013, and was



developed as a more effective solution in preventing the storage lesion; however, there is limited
research utilizing AS-7, as opposed to the three previously mentioned solutions.?® The current
blood collection protocol and subsequent storage are governed by World Health Organization

(WHO) and FDA protocol (Figure 1.1).242¢
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Figure 1.1. FDA approved blood storage protocol. Whole blood is drawn from a healthy,
consenting donor via venipuncture and collected into a 500 mL sterile PVC collection bag that
contains an anticoagulant solution. The blood bag is centrifuged for 10 minutes, and the blood
components separate into three layers (plasma, buffy coat, and packed RBCs). The packed
RBCs are drained into a secondary collection bag which contains an additive solution. The
blood is then stored at 4°C for up to 6 weeks. 3

1.2 Current Blood Storage Anticoagulants and Additive Solution Constituents

According to the 2019 National Blood Collection and Utilization Survey, there were almost 12
million units of RBCs collected that year, which was a significant decrease in comparison to 2017
at 13.6 million RBC units.?’~2° However, there was a 2.5% increase in RBC units transfused in
2019.%8 This survey suggests there is a significant decline in the blood supply, but the demand is
increasing. During the start of COVID-19, there was a 10% decrease in blood donations, which
was deemed the worst in 10 years by the American Red Cross.*%3! Thus, it is more important than

years prior to ensure the safety and longevity of collected and subsequently stored blood.



There is no specific timeframe before 42 days that stored blood must be transfused into a
patient, but there are numerous reports that show there are increased adverse reactions after 35
days or more in storage, which will be discussed further.2*As previously mentioned, the blood
storage protocol is upheld by the FDA in the United States, and there are currently four
anticoagulants (CPD, CPDA-1, CPD-2, ACD-A), and four additive solutions (AS-1, AS-3, AS-5,
AS-7) approved (Table 1.1 and Table 1.2) Although SAG-M was the first additive solution, and
most widely used today in other countries, the FDA has not approved it for official use in

transfusion medicine.?! The solutions highlighted in this dissertation research are CPD and AS-

1 32-36

Table 1.1. Anticoagulant Constituents
Constituent CPD (mM) CPDA-1 (mM) CP2D (mM) ACD-A (mM)
Sodium Citrate 89.4 89.4 89.4 85
Citric Acid 15.6 17 15.6 40
Glucose 129 177 258 136
Monobasic Sodium Phosphate (Monohydrate) 16.1 5.8 16.1 -
Adenine - 2 - -




Table 1.2. Additive Solution Constituents

Constituent SAG-M (mM) AS-1 (mM) AS-3 (mM) AS-5(mM) AS-7 (mM)
Dextrose (Glucose) 454 111 555 454 80.0
Adenine 1.26 2.0 222 222 2.0
Monobasic Sodium Phosphate (Monohydrate) - - 23.0

Dibasic Sodium Phosphate (Heptahydrate) - - - - 12.0
Mannitol 29.0 412 - 454 55.0
Sodium Chloride 150 154 70 150

Citric Acid (Monohydrate) - - 2.0 - -
Sodium Citrate (Dihydrate) - - 23.0

Sodium Bicarbonate - - - - 26.0

Each constituent of the anticoagulant and additive solution serves a specific purpose to
ensure the longevity and safety of blood storage.®*%3" An anticoagulant prevents the formation of
blood clots with naturally occurring fibrinogen in plasma contained in the WB. This anticoagulant
in blood collection tubes is to keep blood in a fluid-type state for in vitro diagnostics or clinical
chemistry testing.33% The FDA has approved sodium citrate based anticoagulants.®® Sodium
citrate inhibits calcium ions, which are naturally occurring in blood, from participating in the blood
clotting process. Blood collection tubes contain either 3.2% or 3.8% citrate and it chelates ionized
calcium, which creates a citrate-calcium complex.***! Monobasic sodium phosphate is added to
the CPD solution to reduce the phosphate concentration gradient difference between cytosol and
WB supernatant.® Also, monobasic sodium phosphate inhibits phosphate leakage from stored
RBCs.'® Citric acid, a well-known constituent in CPD, is primary used for maintaining the pH
balance at 5.6 due to the ability to be heat-stable at this lower pH.4%3

Another type of anticoagulant used in blood draw is potassium ethylenediaminetetraacetic

acid (EDTA).* Similar to sodium citrate-based anticoagulants, there is a minimum volume and



concentration of the anticoagulant required to properly prevent clots without changing the structure
of the RBCs. EDTA is a type of chelating agent that binds to metal ions in whole blood (calcium,
magnesium, lead, and iron).3** It is used to prevent blood clotting by binding to the calcium ions
and which prevents the activation of coagulation, which inhibits the ability of the blood from
clotting.*®#” Heparin is the most used clinical anticoagulant, although it has been associated with
contamination issues.*® This type of anticoagulant is a sulfated polysaccharide and inhibits
thrombin to prevent coagulation in blood draw tubes.*®4° However, it is not used in blood storage
due to the adverse effects to RBC morphology and osmotic fragility over time.**

An additive solution preserves sterilely stored packed RBCs (pRBCs) by adding a sterile
isotonic solution that contains some of the necessary constituents to extend storage life of blood
for transfusion.®°°5! The current additive solutions are adjusted to pH 5.6-5.8, which is well-
below the physiological pH of 7.4.2 It is frequently reported that a glucose-containing solution pH
of 5.8 or above can be autoclaved and does not modify the sugars, although this theory will be
evaluated in chapter 3.527°° Once the pRBCs at physiological pH are added to the additive solution,
the pH will significantly increase to approximately 6.5 during 42 days of storage, one of the reasons
being lactic acid formation.>® Remaining in this acidic environment impacts the overall health and
function of the RBCs, specifically intracellular biochemical pathways: adenosine 5°-triphosphate
(ATP) and 2,3-diphosphoglycerate (2,3-DPG).X® Maintaining significant levels of ATP and 2,3-
DPG are crucial for the survival of RBCs, and a decrease in both molecules adversely affects stored
blood, which will be critically evaluated in this work.?* One of the major concerns of storing
PRBCs is the loss of important cell functions. Adenine is used to extend the storage life of pRBCs

by promoting ATP synthesis.?>®’



To maintain an isotonic solution, sodium chloride (NaCl) must be included in the additive
solutions. An isotonic solution is critical to maintain a low level (<1%) of hemolysis by minimizing
RBC membrane damage.'>?® Typically, the amount of intravenous NaCl is 0.9%, forming an
isotonic solution to maintain proper fluid and electrolyte balance.>® Thus, this dissertation research
will utilize 0.9% NaCl as a basis for all blood banking protocols.

Hemolysis, the rupture or death of RBCs and subsequent release of Hb, usually occurs
when pRBCs are added to artificial solutions, such as buffers and additive solutions, or exposed to
high-stress environments (freezing and homogenizing).*® For FDA protocols, hemolysis must be
below 1% of total RBCs quantity for a sample to be considered acceptable for human subjects.?®
This rigid criteria is to limit complications of free Hb, which can include injury to the endothelium,
tissues, and kidney proximal tubule due to free Hb redox effects.>®%

Mannitol prevents hemolysis by preventing osmotic swelling that leads to rupture.®
Osmotic lysis has been reported to be further decreased (50%) by the addition of mannitol to
additive solutions containing NaCl.>® Together, NaCl and mannitol prevent pRBCs from
immediate hemolysis, maintain pH, and provide the ability to easily adjust when transfused into
humans with an isotonic solution.

Dextrose, or D-glucose, is considered one of the most important and controversial
constituents of blood storage solutions. Glucose is a known energy supplier for RBCs, and
approximately 90% of glucose is converted to pyruvate and lactate by being anaerobically
catabolized in vivo.®? CPD contains 129 mM glucose and AS-1 contains 111 mM glucose, and
both were initially shown to extend the life of stored RBCs and increase levels of 2,3-DPG, even
as a hyperglycemic solution.'>3¢* After the pRBCs are added to additive solution AS-1, the final

glucose concentration is 40 mM, which is 8-10x more concentrated than normal healthy glucose



levels (4-6 mM).?! However, it has been reported that stored blood requires higher glucose levels
to survive the 42 day storage period.>!° Recent studies have shown the adverse effects of storing
blood in a hyperglycemic storage solution for 6 weeks and the importance of further investigation
into blood transfusion health, which will be discussed in more detail throughout this dissertation.®
There are several studies highlighting the decline in RBC health throughout storage, and
the FDA has approved a “rejuvenating” solution, Rejuvesol. This solution can be prescribed by a
physician and added to a blood bag 24 hours before transfusion.?’ The purpose of Rejuvesol is to
reduce the metabolic and physicochemical storage lesions that occur during typical blood storage
and to eliminate possible transfusion related reactions.?’ Storage lesion is a term coined to describe
the physical and chemical adverse effects RBCs experience during blood storage.*>%® The storage
lesion affects metabolism, physiology, and function of RBC energy production, which will be
discussed further in this chapter.®®®” Thus, this “rejuvenation” solution can be added to stored
blood, incubated up to 24 hours, washed to remove cell debris, and then transfused to a patient.®
Rejuvesol is not regularly added to stored blood in current blood banking practices. The existence
of this solution does provide insight into the damaging effects of the current FDA blood storage
protocols and studies that could improve transfusion health.
1.3 Normoglycemic Storage Solution Innovation
As previously mentioned, the FDA-approved storage solution is hyperglycemic, and is still
above the average blood glucose level of a person with diabetes of ~7-9 mM."® The Spence group
has compared ATP release from RBCs obtained from people with diabetes and healthy control
donors and discovered that healthy control RBCs released twice the amount of ATP.”7? Also,
RBCs obtained from people with type 2 diabetes (T2D) have shown similarities to the storage

lesion formation in stored RBCs, including changes in reduced glutathione (GSH) production and



sorbitol accumulation.”>"® The research does not suggest that transfusing a person with the
hyperglycemic storage solution would result in the patient developing diabetes, but it does suggest
that hyperglycemic environments, similar to the bloodstream of a person with diabetes, contribute
to lesion formation. Thus, the Spence group has proposed a new anti-coagulant and additive

solution that contains 5.5 mM glucose to mimic in vivo blood glucose levels (Table 1.3).7

Table 1.3. Proposed Normoglycemic Storage Solution Constituents Compared to
FDA Approved Solutions

Constituent CPD (mM) CPD-N (mM) AS-1 ((imM) AS-1IN (mM)
Dextrose (Glucose) 129 5.5 111 55
Sodium Citrate (Dihydrate) 89.4 894 - -
Monobasic Sodium Phosphate (Monohydrate) 16.1 16.1 - -

Citric Acid (Monohydrate) 15.6 15.6 - -
Sodium Chloride (Dihydrate) - - 154 154
Adenine - - 20 2.0
Mannitol - - 41 41

pH 5.6 5.6 5.8 5.8

The AS-1N solution (normoglycemic version of AS-1 solution) has been used in previous
experiments, and the Spence group has reported lower glucose levels has reduced the storage
lesion, specifically, lowering intracellular sorbitol changes, increased RBC deformability,
increased RBC-derived ATP release, and increased endothelium-derived NO release.”"*'® These

reports focused on understanding more about the 4-6-week storage time and the importance of



glucose control to reduce the total accumulation of storage lesions and other common transfusion
related issues, which will be covered later on in chapter 1. Glucose control in AS-1N was achieved
by various techniques to manually monitor and control glucose levels by adding a sterile glucose
solution to maintain a 4-6 mM glucose concentration.” Studies to determine the effect of
normoglycemic storage were completed in vitro utilizing both static systems and dynamic systems
involving a 3D printed transfusion device to mimic RBC circulation.” The normoglycemic storage
solution was reported to have a 25% increase in downstream nitric oxide (NO) production, and
the hyperglycemic solution had 20% decrease in deformability with pRBCs and a 50% decrease
in ATP release from the stored RBCs.""

Most studies involving the storage lesion, including advanced glycation end products (AGES),
focus primarily on fresh RBCs, day 1 of storage, or the last day of storage.’®’® By examining the
pPRBCs in shorter time intervals during the entirety of the storage period, it provides greater insight
into reversibility or recovery and the commonly cited two-week period of storage as a turning point
for the viability of the pRBCs.”8%8! |n 2013, the mean storage time for blood transfused to
intensive care unit (ICU) patients was 16-21 days, which has been associated with adverse effects
such as increased infections, organ and renal failure, and patient time spent in ICU.% It has also
been observed at the end of 14 days in storage, there have been recorded increased levels of
potassium and lactate, and decreased levels of sodium and glucose in RBC storage bags.®® To
further investigate the role of glucose and storage lesion marker accumulation, the normoglycemic
and hyperglycemic storage solutions will be utilized and studied throughout the entirety of this

dissertation.
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1.4 Background on Human Blood

Blood storage cannot be fully understood without a thorough comprehension of blood and
blood components in vivo. Blood, a major fluid in the body, is essential for human and animal
life.8* Hematopoietic stem cells, located in the bone marrow, produce blood cells through the
process of hematopoiesis.® This process generates RBCs, white blood cells (WBCs), and platelets,
which account for approximately 46% of WB volume.®* As shown in Figure 1.2, 55% of WB is
plasma (water, ions, proteins, nutrients, and hormones), <1% are platelets and WBCs (neutrophils,

lymphocytes, monocytes, eosinophils, and basophils), and the remaining 45% are RBCs.884

Whole Blood Blood Components

<— Plasma and Platelets (55% v/v)
. “—White Blood Cells (1% v/v)

<—Red Blood Cells (45% v/v)

Figure 1.2. WB components after centrifugation. Blood consists of 3 main parts including
plasma, white blood cells and platelets, and pRBCs. Most of the volume (55%) includes plasma
and platelets and it is typically a yellow-ish color. White blood cells (<1%) are usually a white
color and change depending on an influx of white blood cells produced due to illness. RBCs
(45%) are a bright red color at the bottom of the tube and are usually viscous.&5%84

There are five major functions of blood, including (1) the transportation of oxygen to lungs
and tissues, (2) carrying other cells and antibodies, (3) preventing excess blood loss or thrombosis
by clotting, (4) transporting waste products, and (5) regulating body temperature.'®84& The

average male has about 12 pints of WB and the average female has about 9 pints. Plasma contains
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essential clotting factors (fibrinogen) for hemostasis and has a mixture of salts, water, fat, sugar,
and proteins. Some hormones are transported by the plasma blood cells by binding to proteins in
the plasma, along with essential antibodies.'88’

RBCs are a unique and abundant cell that carry oxygen to tissues following inhalation and
carbon dioxide to the lungs for exhalation.'® These types of cells do not contain a nucleus and
account for about 45% of the volume of WB. RBCs transport 98% of total oxygen from the lungs
to the tissues using Hb, a metalloprotein that carries oxygen.'® Hb contains iron, which can bind
up to four oxygen molecules, and oxygenation gives RBCs the well-known red coloring.'®® The
iron heme group of Hb is attached to a globin (group of heme globular proteins) polypeptide chain,
giving it the name hemoglobin. Therefore, each oxygen molecule binds to an iron atom of the
heme group, so it can transport a maximum of four oxygen molecules.*®8 The disc type shape of
the RBC allows for increased oxygen saturation, deformability, and survival, allowing the cells to
move through small blood vessels maintaining a flexible shape for the least amount of flow
resistance.®%% Erythropoietin is a hormone in the kidneys that controls the production of RBCs,
which have a lifespan of ~120 days in circulation.?#°* The old or damaged RBCs are removed by
macrophages located in the spleen and liver and are broken down into components that are later
metabolized.®

WABCs, also called leukocytes, protect the body from illness and infections. The major
types of WBCs are neutrophils and lymphocytes, which both fight infections and regulate other
immune cells to attack infected cells, such as tumors.®> WBCs account for <1% volume of WB
and are produced in the bone marrow.84%

Platelets, also called thrombocytes, account for <1% of cells suspended in WB. The

platelets are fragments of cells that assist in blood clotting (or coagulation) when fibrin is present.®

12



Understanding blood coagulation is important, as too much fibrin can form clots, which can
increase in size to form blood clots that cause strokes and heart attacks.®*% Alternatively, not
enough fibrin produced can lead to “thin” blood, which does not clot easily and can increase blood
loss.%

Serum, or a blood fluid with the clotting components and cells removed, is commonly used
in research to study WB.% It contains less protein than plasma and has a higher amount of
potassium.8” Serum is separated after blood is drawn into a blood collection tube with no
anticoagulants present.®” There is a difference between serum and plasma, since serum is the fluid
remaining post blood clotting, and plasma is the fluid remaining in a tube with anticoagulant and
post centrifuging.®®
1.5 Glycolysis and Blood Flow

RBCs do not have a nucleus, nor mitochondria'®®”*® and there are three main pathways that
are important to RBC metabolism: glycolysis, the hexose monophosphate shunt (Luebering-
Rapoport shunt), and base salvage pathway for purine synthesis.’® The anaerobic glycolysis
pathway main function is to generate ATP, which is the source of energy for cells.®® Glycolysis is
the energy mechanism using glucose, and the starting point of the pathway converts glucose to
glucose-6-phosphate by hexokinase phosphorylation, then utilizes phosphoglucomutase to
regulate glucose-6-phosphate formation, and in later steps the Na*, K* ATPase activation produces
ATP.100101 The glycolysis pathway continues until producing protons and an end product,
pyruvate, which by anaerobic glycolysis with lactate dehydrogenase is converted to lactic acid.'®
The first half of the mechanism process requires two ATP molecules per one glucose molecule.®
The second half of the mechanism, the generation of pyruvate, results in two ATP molecules

produced for each one glyceraldehyde phosphate molecule, making a total of four ATP
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molecules.®® Thus, resulting in RBCs that produce two molecules of ATP from one glucose
molecule.®® ATP is needed to phosphorylate RBC membrane proteins, and if ATP is not
consistently produced, cells can experience hemolysis. A lack of ATP in stored blood has been
reported and is believed to be due to storage solution decreases in pH and changes in glycolytic
metabolism.”#102103 ATP s stable between 6.8-7.4 pH ranges, but otherwise it hydrolyzes to
adenosine diphosphate (ADP) and phosphate, which can be measured in stored blood above 6.8
pH, 104105

The Luebering-Rapoport shunt is important to the production of 2,3-diphosphoglycerate (2,3-
DPG).1%:197 This glycolytic intermediate is used to indirectly support Hb affinity for oxygen and
RBC survival.® Thus, enough 2,3-DPG is critical to oxygen transport, as the oxygen would bind
too tightly to Hb and would not release from the RBCs if 2,3-DPG is too low.%8% 2 3-DPG is
highly dependent on pH, so a decrease in pH effects the amount of 2,3-DPG bound to RBCs.1®
Specifically, if the pH decreases to <7.0, there is a significant decline in production of 2,3-DPG
mutase.'® It is hypothesized that the cause of significant pH decrease (especially between days 14
to 35 in stored blood) can be attributed to the increased amount of protons in solution from an
increased amount of lactate generated.'®® Studying pH for stored blood solutions is important as
the storage environment becomes acidic (6.5-6.8) over the 6 weeks of storage, which indicates
increased lactic acid formation.>*1%%110 The adenylate pool, or the total amount of adenosine
monophosphate phosphate (AMP), ADP, and ATP, is an important component to RBCs. 1113

Another pathway that is important for stored blood is the well-studied polyol pathway, where
glucose is reduced to sorbitol and then converted to fructose.!*® This pathway is an important
aspect to blood banking because it is a mechanism often increasing in hyperglycemic

environments, such as in people with diabetes or stored blood.!*® The cellular toxicity of a high
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glucose environment for extended periods of time has shown to increase common diabetic
complications, such as retinopathy, nephropathy, neuropathy, and cardiovascular disease.''®
Typically, glycolysis is the main pathway for converting glucose to ATP in normoglycemic
environments.’® However, in the presence of elevated glucose, the glycolysis pathway cannot
regulate this concentration increase, so other pathways are utilized.*'” The two-step metabolic
polyol pathway utilizes the enzyme aldose reductase to reduce glucose to sorbitol and sorbitol
dehydrogenase to convert sorbitol to fructose (Figure 1.3).1'7 Sorbitol dehydrogenase, another
enzyme, utilizes nicotinamide adenine dinucleotide (NAD") to produce nicotinamide adenine

dinucleotide hydrogen (NADH), and subsequently produces fructose.**®1° This process highlights

the importance of the redox reaction in conjunction with the metabolization of glucose.!*®

0 OH OH
H——0H H——0H —0
Sorbitol
Aldose Reductase
HO H HO H Dehydrogenase HO H
H———+——O0H 1 ; H————O0H ( : H————O0H
NADPH NADP* NAD* NADH
H T OH H T OH H T OH
OH OH OH
Glucose Sorbitol Fructose

Figure 1.3. Two-step glucose to fructose mechanism. The aldolase reductase enzyme uses the
donated hydrogen group from NADPH to NADP™, and this mechanism produces sorbitol for the
second step of this process. Sorbitol dehydrogenase, another enzyme, donates hydrogen to NAD™
to create NADH, and subsequently produces fructose. This process highlights the importance of
the redox reaction in conjunction with the metabolization of glucose.'!8119
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Blood storage lesions include increased cell membrane rigidity and lysis, pH changes and
decreased levels of potassium, lactate, sorbitol, and ATP.% Clinical studies report decreased
deformability and aggregation of RBCs after two-weeks of storage and significantly increased
morbidity of the cells.?®%120 The Spence group has shown the adverse effects of hyperglycemic
conditions and a decrease in flow-induced ATP release from RBCs stored in AS-1 when compared
to AS-1N stored cells.”*"® ATP release stimulates the production of NO in endothelial cells, which
relaxes smooth muscle cells and, in turn, results in vessel dilation (Figure 1.4).5” Robert Furchgott,
Louis Ignarro, and Ferid Murad were awarded the Nobel Prize in Physiology or Medicine for their
discoveries identifying NO as the gaseous signaling molecule that was previously known as the
endothelium-derived relaxing factor.'? When stimulated by mechanical deformation or flow-
induced shear stress, RBCs release ATP which stimulates production and subsequent release of
NO from endothelial cells, known as endothelial NO synthesis.'??%6 NO is synthesized

endogenously from L-arginine and oxygen, via an enzyme, NO synthase (eNOS).12:128

Smooth Muscle Cells

Red Blood Cells - -

Endothelial Cells ®®®®®®®®

Figure 1.4. ATP and NO release in the bloodstream. Red blood cells release ATP that induces
subsequent NO release from endothelial cells. The NO induces vasodilation in the smooth
muscle cells and therefore increases blood flow,104122127.132
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The endothelium derived relaxing factor, NO, diffuses into smooth muscle cells next to the
endothelium and subsequently binds to a prosthetic heme group of guanylyl cyclase (GC).2%1%
When NO binds to GC, it increases cyclic guanosine monophosphate (cCGMP) levels, which in turn
initiates relaxation of smooth muscle cells.*?>!3 This mechanism results in vasodilation and
increased blood flow that are essential to stimulate vessel dilation and prevent high blood pressure
(hypertension). 131133

In the process of oxidizing L-arginine to L-citrulline to produce NO, endogenously made NO
can undergo different reactions in which the mechanism results in the formation of free
radicals.**13% L-arginine contributes indirectly to the increased blood flow and necessary
vasodilation. A vital component of this cellular messenger is the free radical signal-transducing
agent effect.!3313* These secondary free radicals increase oxidative stress (a common storage
lesion) to the cells.®*® The signaling process associated with free radicals, or reactive oxygen
species (ROS), known as redox signaling, is important in regulating homeostasis for cell
functions.*®” However, large amount of ROS can result in various adverse effects to the cells,
including protein damage, lipids, DNA, cell processes, and incurring various diseases associated
with cancer. ¥" Antioxidants are utilized to control the amount of free radicals and are used as
important defense mechanisms against oxidative stress and subsequent damage.

Glutathione or y-l-glutamyl-I-cysteinyl-glycine is an important antioxidant and is ATP-
dependent. Therefore, the production of ATP directly relates to glutathione, which is critical to
cell signaling and overall homeostasis.**® Also, glutathione stimulates total L-arginine, and
therefore correlates to the nitric oxide synthase (NOS) activity and subsequent vasodilation
process.'?"128133 Cel| metabolism and functionality can be altered if homeostasis is not maintained

properly, as the role of an antioxidant is vital to decrease ROS and oxidative stress.!3*-14? Typical
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mammalian tissues contain 1-10 mM glutathione, and this non-protein thiol defends against
oxidative stress, which will be discussed further in chapter 3.1 Significantly altered levels of
glutathione can contribute to various conditions such as neurogenerative diseases, cancers,
increase inflammation, and other pathologies associated with premature aging.l39144-146
Glutathione can exist in two different intracellular forms, GSH, which accounts for over 98% of
thiol in cytosolic compartments (including intracellular fluid of RBCs), and oxidized glutathione
(GSSH).133143 Therefore, an important biomarker for oxidative stress and impaired vasodilation

via ATP and NO production is measuring the GSH/GSSH ratio and the effect of the glycation

mechanism in hyperglycemic environments as shown in Figure 1.5.14

Glutathione Pathways

Free Glutathione Glutathione Reduction
Radicals Peroxidase Reductase

GSSH
Oxidized NADPH
W o K ? e ddized w

Figure 1.5. The glutathione pathway. Glutathione exists in the thiol-reduced (GSH) and
disulfide-oxidized (GSSH) forms. Aerobic metabolism generates hydrogen peroxide (H203)
and, therefore, free radicals. Glutathione peroxidase utilizes H,O> to be metabolized and then
is used by GSH/GSSH cycle. GSSH can be reduced to GSH via Glutathione Reductase utilizing
NADPH.143’147’148

GSH
Reduced
Glutathione
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The GSH/GSSH ratio determines intracellular redox potential and is used to indicate extreme
oxidative stress.*>® In increased oxidative stress, GSSH cannot be reduced to GSH as efficiently,
which increases disulfides and depletes intracellular GSH.'*® Elevated GSH levels typically
indicate an increase in resistance to oxidative stress and antioxidant capacity.#>'4® A decrease in
the GSH/GSSG ratio is often linked to various diseases associated with oxidative stress, such as
cancer, Parkinson’s disease, and Alzheimer’s disease.*® There is a key relationship between NAD
NADH formation and sorbitol, which highlights the indirect relationship between the glutathione
ratio and sorbitol accumulation. 119149
1.6 Advanced Glycation End Products

Oxidative stress induces oxidative damage, which is associated with increased inflammation
and the formation of AGEs. These AGEs are a common storage lesion and are used as a biomarker
of the glycation mechanism and inflammatory conditions. AGEs are typically formed by two
routes: exogenously by diet and endogenously by hyperglycemia.*>® There are three common ways
that increased glycation results in heterogenous AGEs: fluorescent cross-linking, non-fluorescent
cross-linking, and non-fluorescent non-crosslinking.>:15

Glycation (Figure 1.6) is the chemical reaction of a carbonyl group of a reducing sugar binding
to an amino group of proteins, lipids, or peptides.’>*!> The glucose, fructose, or trioses bind to the
amino groups of proteins without the presence of enzymatic control.?®*'% The glycolysis
mechanism produces a Schiff base intermediate, and because these are unstable and reversible, the
more stable and irreversible Amadori product formed via rearrangement is the precursor for the
irreversible AGEs. 15156

There are several pathways to produce various types of AGEs, but the most common are the

autoxidation of glucose and lipid peroxidation (discussed further in chapter 2).1501551% The most
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common AGEs are Ne-carboxymethyl-lysine (CML) and Ne-carboxyethyl-lysine (CEL), which
are formed from the glyoxal or methylglyoxal reaction (respectively) with free lysine groups of
proteins.>" 1% These AGEs are associated with common adverse effects, such as oxidative stress,
protein cross-linking, increased free radical production, lower ATP release, and less cell
deformability.1>01571%8Also, AGEs in general are commonly associated with various conditions

164

such as diabetes,™ %1 kidney disease,'®2%® cardiovascular disease,’®* neurodegenerative

165 150,166

disorders,~*>and cancer.

Hyperglycemic conditions, such as the FDA approved additive solutions, promote the
glycation process and Maillard reaction. CML and CEL can be used as indicators of RBC
membrane glycation and increased oxidative stress, which will be discussed more in the following
chapters.t6°

Even though the in vivo formation of these two AGEs have been studied, the extent of CML
and CEL formation during typical 42-day blood storage has not been reported. There have been
previous reports of utilizing liquid chromatography with tandem mass spectrometry (LC-MS/MS)
and enzyme-linked immunosorbent assay (ELISA) kits for fresh RBCs and 42-day RBCs but

examining the rate in weekly increments over 42 days using several types of biomarkers to

determine oxidative stress has yet to be investigated.'®’
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1.7 Previously Reported Techniques to Study AGEs

AGEs have been a point of research since 1985 when Dr. Mahtab Ahmed first reported CML
in processed foods while studying the Maillard reaction.'®® He also discovered the presence of
CML in various biological samples, such as human skin collagen, lens proteins, crystalline, and
various intracellular proteins.'%16° The pathophysiologic significance of CML was present in
discovering the linkage between aging and increased concentrations of CML. Also, CML
accumulation was present in people with diabetes, atherosclerosis, renal disease, and
cardiovascular disease.*817°

Dr. Ahmed also discovered the second most abundant AGE years later, CEL.'®® There was
evidence of increased CEL concentrations in tissues linked to increased signs of aging, and
therefore CEL is also considered a biomarker for increased oxidative stress.'®®’t A major
measurement obstacle with past and current AGE research is the limited number of modified
proteins, as only 1% of lysine in proteins are involved in the glycation process to form CML and
CEL.%8 Even though CML has been detected in several tissue sites in vivo (liver, muscles, RBCs,
mitochondrial proteins, skin collagen, and fetal tissues), it has been complicated to identify these
specific target proteins that exist in such low quantities.'®1"* There have been advances in research
further linking plasma AGE accumulation and increase severity in diabetic complications, such as
retinopathy, neuropathy, nephropathy, and cardiomyopathy.?**%8172 Clinical studies have
explored inhibiting AGE formation to lead to less severe diabetic complication with aging.l’
However, diabetic complication research has been mostly focused on limiting exogenous AGEs
through food and diet rather than studying in vivo AGE prevention. 150174175

There have been several types of analytical techniques to measure AGEs in food, tissues,

plasma, and RBCs. Competitive ELISA kits for CML have been utilized for cells such as skin,'"®
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adipocytes,'’” lipoproteins,'’® blood, " and various proteins.'8%18! Semba reported that ELISA Kits
did not show cross-reactivity with other compounds to study CML in blood samples by preparing
plasma from patients 65 years or older.'®? This report correlated elevated plasma CML levels to
increased chronic kidney disease patients, and thus, further suggesting diet intervention could
assist in lowering serum or plasma CML.%%? The researchers also suggested pharmacological
intervention with pyridoxamine, which is an AGE inhibitor, to help reduce circulating AGEs and
improve renal function in people with diabetes and chronic kidney disease.'®* CML and CEL levels
were also reported in multiple sclerosis (MS) patients using ELISA Kits.*8? This report evaluated
the AGE accumulation and linked it to increased serum CML levels in MS disease in comparison
to healthy controls.*®? There have been reports that neurodegeneration, specifically in Alzheimer’s
and MS, is linked to increased AGEs, and these mechanisms are another clinical route that can be
explored further.’®283 Other techniques to study AGE formation and accumulation in clinical
studies include immunocytochemical staining, Western Blot Analysis, and surface plasmon
resonance (SPR).184-186

One of the routine clinical research methods that eliminates common sample matrix and
specificity issues that are common in ELISAs is by utilizing LC-MS/MS.167:187-18 Common areas
of clinical research detecting and quantifying AGEs using LC-MS/MS include using human
plasma from subjects with renal failure and T2D. Other research includes studying genetic
polymorphisms and other pathophysiological related diseases in human plasma from healthy
volunteers and subjects with renal failure and T2D.7%1671%0.191  However, using LC-MS/MS to
detect and quantify CML and CEL in different stored blood solutions needs further method
development and long-term experiments. In the Spence lab, the group has focused on comparing

different storage solutions (normoglycemic and hyperglycemic), and there is good evidence to
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move forward studying AGE formation and develop a method to compare CML and CEL over 42
days.” Often hemoglobin Alc (HbA1c) is associated with a diagnosis of diabetes, as well as long-
term glucose management, but the relationship between other glycated proteins on the RBC
membrane and HbA1c levels is unclear. Other commonly used biomarkers to detect the extent of
hyperglycemic conditions include glutathione (GSH and GSSH) and sorbitol accumulation, but
these are indirectly related to the AGE formation. Therefore, studying AGE formation with these
two-storage solutions overtime using a well-developed analytical method such as LC-MS/MS is
an important aspect of this dissertation.
1.8 Transfusions and Clinical Outcomes

While it is important to consider blood storage for these trauma events, there are also patients
with pre-existing conditions that require massive transfusions.'®® Another area of research yet to
be fully explored involves multiple blood transfusion to people with anemia. Blood transfusions
are one of the most common medical applications for trauma patients and people with anemia.® A
typical transfusion is 1.5 L of blood, or % of total blood volume in a human.®? Anemia, affecting
almost a quarter of the population, is a condition with an extremely low level of Hb in the body
(due to low levels of healthy RBCs).1%*1% This condition is also referred to as iron deficiency;
with low levels of Hb (<8 g/dL), there are low levels of iron, since Hb carries the iron necessary
for the body.31941% Also, there are reports both supporting and contradicting the premise of lower
oxygen delivery to important organs associated with anemia.'®” Too low levels of oxygen can
induce hypoxia and lead to systematic deterioration of vascular blood flow, the ability of peripheral
tissues to adequately regulate oxygen, and lack of oxygen delivery to the heart that can cause

coronary flow issues to the myocardium (myocardial ischemia).>*%
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One of the clinical approaches assisting in increasing Hb count for a person with anemia is
prescribed blood transfusions. In current practice, there is no set limit of how many blood
transfusions a person can have. However, there are associated risks with each blood transfusion,
which can increase morbidity and mortality. Some transfusion related risks include transmission
of diseases, errors associated with administration of blood components, immune suppression, and
acute respiratory distress syndrome.® Hendrickson reported that 15% of all hospitalized patients
require blood transfusions.!®® This statistic does not include pre-existing conditions that require
transfusions. The benefits-to-risk ratio for transfusing a patient is always considered prior to
clinical application. Therefore, it is important to prioritize the health of the pRBCs and decrease
the approximate 1% cell lysis associated with damaged blood due to transfusion-related-storage.'%°

There are studies that consider other drawbacks of current storage solutions, such as the known
decrease in 2,3-DPG and ATP/NO production.1%2%0:201 A natient who has known pre-existing
conditions due to a trauma related event or anemia could have other associated risks of the
treatment due to the declined metabolic, physical, and chemical properties of current pRBCs in
storage. Some of the important physical and chemical properties are determinants of current
reported studies that reappraise pRBC storage. The storage lesion markers are known to increase
in the presence of compromised RBC membranes.®” These damaged membranes and proteins are
linked to adverse clinical outcomes. A study involving cardiac patients (over 6,000 subjects)
compared incidence of adverse outcomes for transfusions with RBCs that were stored for 14 days
or less to RBCs stored more than 14 days, and researchers found that RBCs stored for longer
periods of time were associated with a significant increase in number of adverse outcomes to the
patients.?%2 Therefore, even though RBC transfusions can be a life-saving clinical treatment, it can

be associated with severe post-transfusion complications.?%
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According to recent FDA claims, blood transfusions have improved dramatically with
donor screening and automated data systems.?** According to the FDA fiscal year 2014 and 2018
reports, in combined years, transfusion-associated circulatory overload (TACO) cases had the
highest reported number of fatalities (32%), and second (26%) was associated with transfusion-
related acute lung injury (TRALI).2% It is imperative that studies report increased storage lesion
markers and subsequent possible adverse post-transfusion related outcomes for future
considerations in conducting a reappraisal of the current FDA blood storage protocols.
1.9 Storage Lesion

The storage lesion is often associated with the various transfusion-related complications as
previously described.®” There are different types of storage lesion markers, each affecting various

aspects of the RBC (Table 1.4).
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Table 1.4. Types of Adverse Effects Related to the Storage of RBCs

Type Adverse Effect

Oxidative Damage to RBC Structure and Band 3 Anion

Damage to Proteins Transport Protein

Increased RBC Adhesion Adhesion to Endothelial Cells Promotes Inflammation

Decreased Hemoglobin Flexibility, Shorter RBC

Cell Rigidity/Deformability Circulation Lifespan, Cause of Vaso-Occlusion

Oxidative Stress and

: Formation of AGEs
Inflammation
Slowed Metabolism Less ATP Formed, Less NO Released
Acidosis Less 2,3-Diphosphoglycerate (2,3-DGP)

Healthy RBCs have limited RBC-endothelial cell (RBC-EC) interactions.?®2?% |n
comparison, RBCs associated with various vascular disorders or adverse effects of storage
solutions have increased RBC-EC adherence due to biochemical changes to the outer membrane
and plasma protein concentration (Figure 1.7).150205207208 |ncreased adherence to endothelium is
linked to various vascular disorders and closely associated with diabetes mellitus, polycythemia
vera (thrombotic complications), and retinal vascular disorders.?%® Sickle cell disease, with RBC
morphology changes and deformation of the membrane, is also associated with increased
adhesiveness to the endothelial cells.2%526298 QOne of the newer avenues of adhesion research is

focusing on the correlation between diabetes/aging and modified RBC membranes.?’® An example
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of this modification that could be linked to increased adherence to endothelium is the addition of

the receptor for advanced glycation end products (RAGE).?%

T I I ]
A A A A

e

Reactive Oxygen Species (ROS)
/ Advanced Glycated End-Product (AGE)

-

Figure 1.7. Red blood cell AGE and endothelial cell receptors. RBC membranes contain
various proteins, some of them glycated by exposure to hyperglycemic environments and
oxidative stress. The modified proteins can increase cross-linking and cellular dysfunction.
These AGEs have a receptor (RAGE) located on the endothelial cells, and the adverse effects
from AGEs can be transmitted via the RAGE. The generation of ROS production occurs mainly
through the NADPH oxidases by RAGE stimulation. The increasing ROS has been linked to
increased oxidative stress and diabetic complications.?23-22

)\ Receptor for Advanced Glycated End-Products
(RAGE)
(5 Endothelial Cell

@ Red Blood Cell (RBC)

There are several biochemical and morphological changes to pRBCs reported in storage
solutions. The shape of the cell changes from a biconcave disk to crenated, known as echinocytes,
and the cells are less deformable, smaller in size, and have increased cell rigidity after 14 days of
storage.?%%?11 Additionally, the increased cell lysis and decreased asymmetry of the membrane
phospholipids lead to an overall cell membrane protein loss and modifications.>®2!2213 The
irreversible morphological changes could begin as early as day 12 in storage, and these changes
have been reported to shorten the overall lifespan of the RBC in vivo.?**

One of the possible explanations of these adverse physiochemical changes is due to the
metabolism, acidosis, oxidation, and overall protein modification/arrangements.?** It is well
known that ATP and 2,3-DPG levels change during pRBC storage. ATP is essential for
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intracellular activity, and studies have shown a significant decrease in ATP activity after 5 weeks
of storage.®® However, once stored blood is transfused, the ATP levels increase dramatically along
with associated reversible morphological changes.?** Low levels of ATP can lead to less efficient
activity of Na*, K* pump mechanism, thus leading to increased potassium leakage and higher

chances of high potassium related transfusion complications.?*>2%/

Ideally, instead of introducing
a rejuvenation solution or waiting until transfusion, the ATP concentration could be maintained at
healthy levels to promote healthy pRBCs. Another concern for stored blood transfusions that is
not well investigated in vivo is the altered metabolism from increased glycolysis in a
hyperglycemic environment.?!® In hyperglycemic environments, the inflammatory response
switches to accommodate glycolysis to meet the demands of more energy and effects ATP
utilization.?*®21° Moreover, less stress on the cells in a normoglycemic environment that maintains
ATP concentration would result in more viable RBCs which can help increase positive patient
outcomes, 209214

Blood transfusion has been utilized for over 100 years, but the solutions to store blood are
currently the topic of discussion for improving transfusion medicine.?'® The extensive research
behind adverse effects to RBCs shows a need for storage improvement, and one avenue to explore
is the amount of glucose concentration.®!3°%220 By examining known biomarkers of AGEs,
oxidative stress, and protein glycation, more information can be obtained to fully evaluate the use
of a normoglycemic blood storage solution alternative. The clinical applications for this solution
include transforming transfusion medicine for people with diabetes, sickle cell, anemia, and other
at-risk patients (neonates).

There are a few different hypotheses for this dissertation work. The first is there will be a

difference in biomarkers between the two solution types (hyperglycemic and normoglycemic). The
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second, there will be a need for method development to evaluate the sample preparation,
bioanalytical guidelines, and LC-MS/MS usage for blood samples. Finally, the biomarkers
evaluated for stored solutions can be used for additional testing utilizing screening T1D patients

for a C-peptide related clinical drug trial.
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Chapter 2: Method Development to Detect and Quantify Advanced Glycation End
Products (AGEs) Using UPLC/MS-MS

2.1 Introduction

2.1.1 Background

Transfusion medicine is a critical component of modern healthcare, evident by the millions
of units of red blood cells (RBCs) transfused annually to patients. The collection of whole blood
and subsequent storage of various blood components (such as the RBCs or plasma) into units ready
for transfusion is relatively simple. Briefly, the process involves collection of ~ 450 mL of whole
blood from donors, centrifugation to separate the RBCs from the plasma and leukocytes, followed
by storage in separate bags at 4°C for various lengths of time depending on the component (plasma
or RBC) and country regulations.?

A key feature of current protocols for RBC storage is the collection solution into which the
whole blood (WB) is drawn, and the solution into which the separated RBCs are stored (the latter
also known as additive solution).* The most popular collection solution is citrate-phosphate-
dextrose (CPD), which contains citrate, phosphate, and dextrose (glucose).>® Following
centrifugation, the RBCs are then stored in one of multiple available additive solutions (e.g., AS-
1, AS-3, AS-5, or AS-7).>"® While the current blood storage procedure has been in place since the
1970s, there are many reports showing adverse effects of storage over time on the RBC’s chemical
and physical properties.®*® These adverse effects, collectively known as the RBC storage lesion,
involve chemical, physical, and metabolic changes, as well as functional changes, to the RBC
while in storage.!** Unfortunately, the exact origins of the storage lesion are not known, nor is

the mechanism leading to the various changes to the stored RBC well understood.
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An interesting feature of the collection and additive solutions used in RBC storage is the
high level of glucose in the CPD and the AS-1. Specifically, typical blood glucose concentration
ranges from 4-6 mM in a healthy person, while a person with diabetes often has a fasting blood
glucose level ranging from 7-9 mM.® Currently, approved versions of CPD and AS-1 have glucose
concentrations that exceed 110 mM; even after the RBCs are added, and the AS-1 is diluted due
to mixing of the RBCs with the AS-1, the concentration of the glucose in the RBC/AS-1 solution
is still in excess of 40 mM, a value much higher than that of healthy humans and humans with
diabetes.!® It is noteworthy that after transfusion of the ~ 280 mL of pRBCs into a human, the
glucose concentration in the storage bag will not affect the glucose levels in the human transfusion
recipient (due to dilution of the 280 mL pRBCs into a human who typically has a total blood
volume of ~ 5 L); rather, the concerning feature of the high glucose is the effect on the RBC
properties during storage.

In continuance, people with high blood glucose levels, such as people with diabetes, have
RBCs with increased levels of advanced glycation end products (AGESs), which are thought to be
a negative determinant in overall cell health.*®!° Past work involving AGEs on the RBCs in the
hyperglycemic bloodstream of people with diabetes provided the rationale to investigate the
possible formation of AGEs on the RBCs in AS-1. A previous report?’ suggests the formation of
AGEs later in storage and provides motivation to (1) quantitatively determine the concentrations
of the AGEs being formed and (2) evaluate these concentrations of RBC-bound AGEs from the
beginning (day 1) to the end of storage duration (42 days).'>2%?! Such time-based studies of AGE
formation on stored RBCs are without precedent. Here, we describe novel mass spectrometric
determination of two AGEs, Ne-carboxymethyl-lysine (CML) and Ne-carboxyethyl-lysine

(CEL).? The glyoxal mechanism produces CML, the first AGE discovered and the most widely
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studied AGE.?® Another important AGE, CEL, is associated with diabetes-related complications
and derived from the methylglyoxal pathway.?* Measurement of the formation of these two AGEs
(CML and CEL) on the stored RBC is the focus of this study.

Current interest in studying the physiochemical effects on long term blood storage involves
measuring CML and CEL simultaneously, while examining protein-bound lysine (not glycated)
changes. The aims of the present study were to develop a method to quantify and compare CML,
CEL, and lysine from blood samples stored in hyperglycemic and normoglycemic storage
conditions, expand upon previous Spence lab storage lesion studies, and provide a well-
characterized validation method for future blood sample studies. Future studies can use CML and
CEL as biomarkers for clinical use in transfusion medicine and to understand more about the link

between AGEs and diabetes.
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Figure 2.1. RBC glycation mechanism to produce AGEs through the Maillard reaction and chronic
hyperglycemia exposure. The RBC membrane proteins become glycated with increased glucose
concentration in the blood stream due to chronic hyperglycemia. The reducing sugar interaction
with the protein produces a Schiff base a few hours after exposure, which is a reversible reaction.
The irreversible reaction occurs days after chronic hyperglycemia and results in the Amadori
product of the Maillard reaction of glycation. Weeks/months of chronic hyperglycemia results in
the formation of AGEs due to increased reactive dicarbonyls from oxidative stress. Through the
lipid peroxidation or glycolytic intermediate, various AGEs are formed, including CML and CEL,
respectively. 2
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2.1.2 CML and CEL Mechanism

These two AGEs are the focus of this study as a biomarker for increased oxidative stress
and other effects of storage lesions due to hyperglycemic conditions during a 6-week storage
period, as previously described in chapter 1. Current methods of detecting and quantifying AGEs
include non-selective enzyme linked immunosorbent assay (ELISAS), which use antibodies and
are often limited to reliable types of antibodies and decreased sensitivity.?? Specifically,
commercial Kits often cannot reliably distinguish between similar byproducts in the CML and CEL
mechanism. Other types of analytical methods include time-consuming immunohistochemical
detection, fluorescence spectroscopy and size exclusion chromatography with fluorescence
detection.?>2" None of the current research includes comparing AGEs in hyperglycemic and
normoglycemic blood storage solutions on a weekly basis for 6-weeks using liquid
chromatography with tandem mass spectrometry (LC-MS/MS). Due to the major differences in
sample conditions when RBCs are stored in blood bags as compared to freshly drawn whole blood
in blood collection tubes, there is not a cohesive methodology for studying both CML and CEL
for pre-clinical applications.

As previously discussed, glycation is considered a non-enzymatic reaction between the
reducing sugar (glucose) and proteins.?® This reversible reaction produces a Schiff base, and the
Amadori Rearrangement produces irreversible products such as the oxidation of fructosyl-lysine
and the subsequent product CML.% This product is directly from the reaction of glyoxal and
lysine.3® CML is a specific type of AGE formed through the non-enzymatic reaction between
reducing sugars, particularly glucose, lysine, glyoxal, or methylglyoxal.3! This reaction, known as
glycation or the Maillard reaction, leads to the modification of lysine residues in proteins, resulting

in the formation of CML.32 CML is one of the most well-studied and commonly studied AGEs due
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to its abundance in various tissues and its potential role in age-related and chronic diseases.** CML
is known to accumulate with age, particularly in tissues with slow turnover, such as the
extracellular matrix of blood vessels, skin, and cartilage.?>3*% The presence of CML in tissues
and organs is associated with several adverse effects including cross-linking, inflammation and
oxidative stress, tissue damage, and elevated CML levels have been associated with various
chronic diseases and may be used as a potential marker of disease risk or progression.®**® CEL is
another specific type of AGE formed through the non-enzymatic reaction between reducing sugars,
particularly glucose, and lysine residues in proteins.?**” Like other AGEs, the formation of CEL
occurs through glycation or the Maillard reaction.3”-3 CEL is structurally similar to another AGE,
CML, but they differ in the side chain structure attached to the lysine residue.3°*° Its abundance in
tissues has been associated with age-related changes and chronic diseases.*®

Overall, CML and CEL are important markers of glycation and AGEs formation, providing
insight into the impact of glycation reactions on protein modifications and their potential role in
age-related and chronic diseases.*'*® Research on CML and other AGEs continues to shed light
on their involvement in disease pathogenesis and potential therapeutic interventions to mitigate
their adverse effects®4041,

There are current hypotheses for measuring CML, CEL, and protein-bound lysine on the
RBC membrane for the two types of storage solutions. Due to the different mechanisms of AGE
formation, most likely there will be overall differences in concentrations of CML and CEL.
Protein-bound lysine, even though some will become glycated into AGEs, is not expected tp
change significantly. AS-1 is a hyperglycemic storage solution, it is anticipated that more CML

and CEL will form over the course of 6-weeks, and more than in the AS-1N solution.
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2.1.3 Method Development Using FDA, EMA, ICH Guidelines

The bioanalytical method validation by the European Medicines Agency (EMA) provides
guidance and recommendations for bioanalytical assays.** By using the FDA approved guideline
M10 by the International Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH), this study will use sample analysis recommended
chemical, biological, and metabolite drug guidelines to explore various analytical parameters, such
as limit of detection (LOD), limit of quantification (LOQ), matrix effects, intra- and inter-assay
accuracy and precision, and interferences.*3
2.1.4 Limitations For Using Biological Samples and LC-MS/MS

There are several challenges when developing a robust method for detection and
quantification of AGEs, including the ten-thousand-fold difference between the concentrations of
protein-lysine on RBC membranes versus modified lysine adducts (CML and CEL); only 1% of
RBC proteins that contain lysine are glycated and form AGEs.*** Acid hydrolysis is a well-known
technique that can be used to extract proteins on the RBC membrane to adequately prepare various
biological samples (urine, pRBCs, plasma) for high throughput analysis such as ultra-performance
liquid chromatography with tandem mass spectrometry (UPLC-MS/MS).*>% There are many
drawbacks with the previous methodology, such as biological interferences and matrix effects
enhancing or suppressing chromatographic signal.*4°

A custom-made glass pipettor was created out of a need to extract the samples from the
acid hydrolysis tubing (Figure 2.2). The samples were at the bottom of a 6 mL vacuum tube and
the shape of the tubing did not allow for commonly purchased laboratory equipment, such as 9”
Pasteur pipettes, syringes, and serological pipettes. After further investigation, there was no

straightforward way to remove the sample without contamination or loss. There are no approved
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or suggested materials to extract the samples without “free pouring” out into sample collection
tubes. Using the design of smaller pipettes and rubber pipette bulbs, the chemistry glass shop used
the measurements of the vacuum tubing and collaborated to design simple, effective, and reusable
glass pipettes that could easily reach the bottom of the tubing and extract the sample. It was

important to include glass to limit corrosion over time with weekly 6 M HCI exposure.

237 mm

10 mm @2 mm
)

Figure 2.2. Engineering sketch of glass pipettor. The device was customized to fit inside a 6 mL
Thermo Fisher Scientific vacuum tube to reach the hydrolyzed sample at the bottom. It is made
from glass and is 237 mm in length, the interior diameter is 2 mm and the top diameter to attach
a rubber pipette bulb is 10 mm.

The HClI needed to be dried off before the samples could be separated and analyzed via UPLC-
MS/MS (Figure 2.3). It is important to note that the samples could not contain HCI because the
acidic vapors can damage the UPLC separation column. The samples needed to be dried using a
SpeedVac with an acid trap, which is specific to removing acid solvents to maintain sufficient
instrument integrity. Initially, the samples were immediately taken to the SpeedVac and dried at

75°C and 0.1 bar, for 8 hours. The samples were frozen overnight at -80°C and dried the following
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day. The introduction of freezing the samples overnight before drying and using a more efficient
instrument assisted in lowering the dry down time from 8 hours to 4 hours. The remaining sample

consisted of dried down pRBCs and was stored at -80°C until ready for separation and analysis.

Mobile Phase
A =10 mM PFHA in H,0
B =45:45:10 ESI
Acetonitrile/Methanol/10
mM Formic Acid in H,0 Source
: , MS/MS in MRM Mode
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Figure 2.3. Method development parameters and instrument setup for the Waters Agilent UPLC-
MS/MS instrument workflow. The unknown sample, mixed with internal standard, is injected via
automated sample injector. The initial ramp begins with the mobile phases A and B, and continues
until the sample is ready to be flowed through the C18 reverse phase column. The initial solvent
conditions were 90 % mobile phase A and 10% mobile phase B for 5 minutes and then changed to
35% mobile phase A and 65% mobile phase B before switching to 1% mobile phase A and 99%
mobile phase B between 5.01 and 6 minutes. Finally, at 6.01 minutes, mobile phase A was 90%
and mobile phase B was 10%, the sample was injected, and these conditions were held until the 8-
minute run was complete. The column was maintained at 40°C and the flow rate was 0.3 mL/min.
Prior to sample injection, a needle wash was utilized containing 80/20 isopropyl alcohol
(IPA)/water with 10 mM ammonium formate to maximize the sample delivery from the needle to
the column. The sample was ionized by electrospray operating in positive ion mode (ES+), with
capillary voltage of 1.00 kV. The source temperature was 150°C, desolvation temperature was
350°C, desolvation gas flow was 800 L/hr, and cone gas flow was 40 L/hr. Once the collision
energy was applied to create fragment ions, the analyte masses was detected for mass spectrometry
analysis.
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2.2 Methods
2.2.1 RBC Collection and Purification

The blood draw followed a protocol approved by the Institutional Review Board of
Michigan State University. Blood was obtained from healthy humans and informed consent was
obtained from all donors. All record keeping complied with Health Insurance Portability and
Accountability Act regulations. Whole blood was collected via venipuncture (140 mL total whole
blood) into multiple 10 mL uncoated collection tubes (Thermo Fisher Scientific, Waltham, MA)
that were previously prepared to contain either 1 mL of CPD or 1 mL of a normoglycemic version
(CPD-N). Each blood draw was divided into CPD or CPD-N solution tubes to maintain consistency
between storage solution results; that is, each donor had 5 tubes of blood collected in CPD and 5
tubes collected in CPD-N. All whole blood tubes were centrifuged at 2000g for 10 minutes, the
plasma and buffy coat (containing the white cells or leukocytes) were removed by aspiration, and
packed RBCs (pRBCs) were kept in the tubes.
2.2.2 Storage Solution Preparation

Each storage solution was prepared in total volumes of 50 mL with the concentrations in
Table 2.1. Each constituent (except for glucose) was added to a beaker containing 40 mL of H20
and dissolved. The pH was checked and adjusted with either 1 M HCI or 1 M NaOH. The beakers
were covered with aluminum foil and placed in the autoclave for 30 minutes at 120°C and pressure
of 20 bar. The solutions were allowed to cool in an ice bath before transferring to the biosafety
cabinet to ensure continual sterile procedures. The glucose solutions were prepared separately with
filter sterilization to limit glucose degradation (more detail is provided in chapter 3). The glucose
solutions were prepared in 10x concentrated glucose in 20 mL H2O, and the glucose was added

slowly, to ensure it dissolved, to a stirring solution of H>O as to not saturate the solution too
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quickly. These solutions were added to a 250 mL, 0.22 um PVDF filter membrane stericup filter
system (Fisher Scientific, Hampton, NH) and moved to the biosafety cabinet before capping the
bottles to limit contamination. To each additive solution, 5 mL of the 10x glucose solutions were
added and diluted up to 50 mL to achieve the correct concentrations. Once the solutions were
diluted correctly and mixed thoroughly, they were added to their respective containers until ready
for use.
2.2.3 Glucose Concentration and Hematocrit Percentage

The pRBCs were added to either AS-1 or AS-1N in a 2:1 volume ratio and mixed and
stored at 4°C for one hour before initial glucose concentration and percent hematocrit (the
percentage of volume occupied by the RBCs) readings. The glucose concentration was determined
with an Aimstrip Plus Blood Glucose Meter (VWR, Radnor, PA) using a 22-gauge needle and 1
mL syringe to collect and transfer a drop of RBC sample onto an Aimstrip Plus Blood Glucose
Test Strip (VWR). The glucose reading was repeated, and the average glucose concentration
(mg/dL) was converted to a mM value. The glucose was adjusted to 5.5 mM after one hour for the
AS-1N sample by adding an appropriate volume (typically between 50-400 pL) of a 100 mM
glucose solution in 0.9% saline. The same volume of 0.9% saline was added to the AS-1 sample
to maintain similarity in handling between the AS-1 and AS-1N. The RBC sample hematocrit was
determined using a StatSpin MP microhematocrit centrifuge (Beckman Coulter, Brea, CA) and a
hematocrit reader (StatSpin CritSpin). The remaining pRBCs were used for analysis either the
same day or stored at 4°C. Periodic feeding of the RBCs stored in AS-1N was achieved using a
closed and automated feeding system. Stored samples were removed from bags on day 1, 8, 15,
22, 29, 36, and 43 for LC-MS/MS analysis following sample preparation techniques described

below.
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2.2.4 Protein Precipitation for Free Lysine Quantification

To promote cell lysis, packed RBCs (100 uL) were frozen at -20°C for one hour and then
thawed for 10 minutes at room temperature before mixing with 300 uL of HPLC grade acetonitrile.
The sample was centrifuged at 12,0009 for 10 minutes at room temperature, and the supernatant
was removed and stored at -80°C until dried using a SpeedVac (Savant SpeedVac Concentrator,
Thermo Fisher Scientific) with an acid vapor trap (Savant Refrigerated VVapor Trap, Thermo Fisher
Scientific). The dried sample pellet was stored at -80°C until prepared for measurement.
2.2.5 Acid Hydrolysis Sample Preparation

RBC samples (100 L) for acid hydrolysis were frozen for one hour at -20°C and thawed
for 10 minutes at room temperature before centrifugation at 10,000g for 10 minutes at 4°C. The
supernatant was removed, and pRBCs were collected for acid hydrolysis. The pRBCs were diluted
to make a 1% RBC solution in constant boiling sequencing grade 6 M HCI (Thermo Fisher
Scientific) in glass tubes and transferred to 10 mm, 6 mL vacuum hydrolysis tubes (Thermo Fisher
Scientific). The samples were hydrolyzed at 110°C for 16 hours using a 120 V Digital Dry
Bath/Block Heater and Dry Bath Block Insert (Thermo Fisher Scientific). The samples were then
removed using customized glassware (MSU Chemistry glass shop) designed to attach a 2 mL
Pasteur rubber pipette bulb (Sigma Aldrich, St. Louis, MO) and extract the sample (Figure 2.1).
Using the glassware, the sample was placed into 1.7 mL tubes and frozen overnight at -80°C. The
following day, the samples were dried to completion using a SpeedVac at 75°C for 4-5 hours and
then kept at -80°C until ready for measurement.
2.2.6 Reagent Materials and Preparation

Immediately prior to measurement, the dried RBC sample used to detect free lysine sample

pellet was reconstituted in 300 pL of 10 mM perfluorheptanoic acid (PFHA) in water, and
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centrifuged at 13,0009 for 10 minutes. The dried, hydrolyzed additive solution RBC samples were
reconstituted in 500 puL of 10 mM PFHA in water, and centrifuged at 13,0009 for 10 minutes. All
supernatant samples were removed and used for measurement or stored at -80°C. The free lysine
sample was diluted 1:100 using 10 mM PFHA in water. Each additive sample supernatant was
divided into two categories: CML/CEL detection and lysine detection. The lysine detection
samples were diluted 1:40,000 in 10 mM PFHA, and the CML/CEL detection samples were diluted
1:40 in 10 mM PFHA. The sample supernatants were mixed 1:1 (v/v) with an internal standard
(IS) mixture containing: 0.1 uM Neg-(1-carboxymethyl)-L-lysine-dz (Cayman Chemical, Ann
Arbor, Ml), 0.1 uM carboxyethyl-L-lysine-ds (Toronto Research Chemicals, Toronto, ON), and
0.1 pM 3Cs, N, labeled L-Lysine (Sigma Aldrich). The standards include Ne-(1-
carboxymethyl)-L-lysine (Cayman Chemical), Ne-(1-carboxyethyl)-L-lysine (Cayman Chemical),
and 3Cs, ®Np-lysine (Sigma Aldrich) and these constituents were used to prepare calibrator
samples by dissolving the lyophilized samples in water, diluting with 10 mM PFHA for a ten-point
calibration curve, and mixing with the same internal standard mixture as above. The ten-point
calibration curve (0, 4, 8, 16, 64, 128, 512, 1500, 2048, 5000 nM) was used to quantify CML,
CEL, and lysine by adjusting analyte peak area relative to associated internal standards to illicit an
overall response. During initial sample preparation, AS-1 and AS-1N solutions were also
hydrolyzed to determine if diluting the samples in reconstituted sample solution would decrease
matrix effects. Quality control (QC) samples were prepared using a stock of RBCs in AS-1 or AS-
1N following the procedure above, preparing aliquots of the hydrolyzed sample stock into 1.7 mL

vials, drying, and freezing at -80°C until they were reconstituted for measurement.
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2.2.7 Chromatography and MRM Mass Spectrometry

To determine if CML, CEL, and lysine were present, the reconstituted hydrolyzed RBC
samples were analyzed by LC-MS/MS using a Waters TQ-S Micro UPLC system interfaced with
a Waters Acquity UPLC. A 10 uL aliquot was injected onto a reverse phase column (High Strength
Silica (HSS) T3 2.1 x 100 mm) and the compounds were separated using ion-pair chromatography.
For multiple reaction monitoring mass spectrometry (MRM MS) of 9 channels (Table 2.1), the
sample was ionized by electrospray operating in positive ion mode (ES+). CML, CEL, and lysine
concentrations were calculated based on the integrated areas relative to the internal standard peak
areas. The total protein-bound lysine helps evaluate total protein concentration over time, and thus

the number of lysine that can be glycated.

Table 2.1. Mass Spectrometry for Analyte and Internal Standard Compounds

Analyte Precursor Ion Product Ion Cone Voltage Collision Energy
Compound Mass Mass V) (eV)
B, 15

Ce, "N 147.1 84.0 19.0 14.0
Lysine
N-CML 205.0 84.0 15.0 22.0
N-CEL 219.0 84.0 15.0 28.0
13C,. 15N,
labeled L- 155.1 90.1 19.0 14.0
Lysine
CML-d, 208.0 87.0 15.0 28.0
CEL-d, 223.0 134.0 15.0 15.0

2.2.8 Linearity, Detection Limit, and Quantification Limit

To assess linearity of the developed method, nine calibration standards and a zero
standard were measured for each analyte in three experiments; specifically, each standard was
diluted using either 10 mM PFHA in water, AS-1, or AS-1N reconstituted supernatant. To test
the effect of acid hydrolysis on the reconstitution solution, AS-1 and AS-1N solution containing

no sample were hydrolyzed and dried under vacuum. After initial analysis, it was determined that
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the hydrolyzed sample solutions did not statistically alter the peak shape, retention time, or
matrix effects. Therefore, to simplify sample processing, all standards were simply diluted in 10
mM PFHA in water. The correlation coefficient for standard curves using 10 mM PFHA in water
(R?) are reported in Table 2.2. The limit of detection (LOD) and limit of quantification (LOQ)
were calculated based on the signal-to-noise ratio of the blank signal and the sample signal as
reported in Table 2.2 for each analyte.
2.2.9 Intra- and Inter- Assay Variation

Intra- and inter-assay variations were assessed utilizing quality control (QC) reconstituted
hydrolyzed RBC samples spiked with known concentrations of CML, CEL, or lysine for each
batch analysis. The assay variation was determined by reading the plate samples (n=6) for over 20
hours kept at 4°C in the sample manager of the autoinjector. Inter-assay variation was determined
by measuring the analytes on 4 different samples (n=4) over a 2-day period at 4°C in the sample
manager. Both intra- and inter- assay variations were prepared for the analytes and the results are
reported in Table 2.4. As seen in equation (1), the stock QC sample expected concentration (spike
concentration) was determined and either diluted 1:40 for CML/CEL or 1:40,000 for lysine. The
two spiked concentrations (concentration of spiking solution) relate to a low (10 times the
exogenous concentration), and high (40 times the exogenous concentration) concentration of the
analytes. Percent recovery (% of target) in equation (2) was used to determine the accuracy and

subsequent percent relative standard deviation (RSD %) in equation (3) for precision.

Y . Spike Concentration x Volume of Sample
Volume of Spiking Solution = ( Concentration of Spiking Solution ) (1)
Coepi ed] - C ;
Percent Recovery = ( spkea [measured] ”"”sp*ed) < 100 (2)
Csphked
Percent Relative Standard Deviation = ( Std Dev) % 100 (3)
Average
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2.2.10 Matrix Effects

There are no commercially available RBC samples in AS-1/AS-1N that are free of the three
analytes, so it is impossible to obtain analyte-free biological samples for method validation.
However, to adhere to the bioanalytical method guidelines, the hydrolyzed RBC samples were
prepared and analyzed to determine the overall extent of suppression or enhancement of signal.
The matrix effects were determined using only the IS mix in either sample or blank (water). The

matrix effects were calculated using equation (4).

Matrix Effects % = (IS Peak Area[Analyte] — 1) 100 (4)

IS Peak Area|Water]

The matrix effects were calculated and reported in Table 2.3. According to bioanalytical method
validation, less than 13% matrix effects are acceptable criteria.
2.2.11 Carry-over
For each analyte, there was significant carry-over of analyte signal (>20%), but less than

5% of IS signal. Therefore, after each standard curve, at least 5 blanks (water only) were run before
continuing sample analysis. After analysis, 5 blanks were sufficient to remove any remaining
analyte eluting. Also, a minimum of two blank samples were run in between each analyte sample.
2.2.12 Data Analysis

Calibration plots of analyte/IS peak area ratio versus CML, CEL, and lysine concentrations
were constructed, and a linear regression was used for all analytes. The peak area ratio of sample
versus associated IS was used to produce a response to determine the concentrations from the
calibration line. SigmaPlot (Systat Software Inc.) was used to plot results and R software (Rstudio
version 4.2.2) was used to perform statistical testing in the “rstatix” package (Ov.7.2; Kassambara,

A. 2023). One-way ANOVA tests for each analyte were conducted to examine differences between
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storage solution types. Prior to conducting the ANOVA test, the assumptions of normality and
homogeneity of variances were assessed using Shapiro-Wilk and Levene's tests, respectively. If
these assumptions were met, the ANOVA test was performed. In the case of a significant ANOVA
result, post hoc Bonferroni tests were conducted to determine which specific solution types
exhibited statistically significant differences on the 4 analytes.
2.3 Results
2.3.1 Free Lysine Interferences

The free lysine samples were used to identify the amount of lysine not bound to the RBC
membrane to ensure the lysine quantified in the samples were RBC membrane protein-bound
lysine groups. Data analysis revealed that <1% of lysine was considered “free,” and therefore, the
data collected for quantifying lysine can be considered lysine that was attached to the RBC
membrane prior to acid hydrolysis.
2.3.2 Matrix Effects

According to bioanalytical method validation, less than 13% matrix effects are acceptable
criteria. Due to presence of endogenous concentrations of the three analytes tested, the matrix
effects were evaluated using IS peak areas. Matrix effects were found to be in all analytes tested
(Table 2.2.). All matrix effects were below 13%, which shows there is no significant enhancement
or suppression of chromatogram signal due to the blood component matrix. Therefore, the

chromatograms can be used to quantify analytes during further analysis.
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2.3.3 Linearity, LOD, LOQ

The calibration curve of all three analytes using stable IS was measured and indicated good
linearity within the concentration range selected (see Table 2.2). The relative peak area versus
injected relative concentration to 1S was found to be linear with a regression coefficient R?=0.999
for all three analytes. The LOD and LOQ were determined using standard deviation of the blank
response divided by the slope of the calibration curve multiplied by 3 or 10, respectively.

2.3.4 Accuracy and Precision

Table 2.2. Linearity, LOD, LOQ, and Matrix Effects Percentage?

Analyte Linearity (R?) LOD (nM) LOQ (nM) Matrix Effects (%)
CML 0.999 1.07 3.58 7.48
CEL 0.999 0.494 1.65 8.99
Lysine 0.999 0.345 1.15 6.33

 Validated method utilized (n=6).

CML: Ne-carboxymethyl-lysine (CML); CEL: Ne-carboxyethyl-lysine (CEL).

LOQ: Limit of quantification (10*Standard Deviation piank response/Slope); LOD: Limit of
detection (3*Standard Deviation biank response/ SlOpe).

Matrix effects calculated from ratio of ((IS area in matrix/IS area in blank sample)-
1)*100.

IS: Internal standard.

The sample accuracy and precision were evaluated at two different concentrations of
spiked analyte (low and high) as reported in Table 2.3. Intra-assay accuracy ranged between 113%
and 116% for CML, 93.7% and 97.4% for CEL, and 94.2% and 102% for lysine. All analyte intra-
assay accuracy results are in the 80-120% range, which is acceptable for EMA and US FDA
bioanalytical guidelines. Each analyte precision was below the EMA and US FDA threshold of
15%. Inter-assay accuracy ranged between 92.8% and 102% for CML, 93.5% and 94.4% for CEL,
and 93.4% and 98.8% for lysine. These intra-assay accuracy results are also in the acceptable range

for EMA and US FDA bioanalytical guidelines, as is the inter-assay precision.
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Table 2.3. Intra- and Inter-assay Method Validation

Analyte Intra-Assay (n=6)? Inter-Assay (n=4)°
ACCﬂzgtg% of Precm(;g (RSD Acciszg:ztg% of Precision (RSD %)
Low High Low High Low High Low High
CML 113 116 4.26 4.47 92.8 102 12.69 12.2
CEL 97.4 93.7 14.3 1.87 93.5 94.4 5.25 3.58
Lysine 94.2 102 3.36 1.27 93.4 98.8 8.14 7.06

 Intra-assay (six repeated analyses within one experiment during 20 h with samples stored in
sample manager).

b Inter-assay (three independent experiments within 2 days) validation results. Concentration
Low: ten-times endogenous levels, High: forty-times endogenous levels for all analytes.

2.3.5 Selectivity

All three analytes were successfully detectable in all blood samples from five healthy
controls assayed in biological duplicate, (Figure 2.4). Lysine retention time eluted at 8.83 minutes
(Figure 2.4A), CML eluted at 6.79 minutes (Figure 2.4B) and CEL eluted at 8.82 minutes (Figure

2.4C), all with their respective IS.
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A) Lysine Standard and Internal Standard B) CML Standard and Internal Standard
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Figure 2.4. Chromatograms for analyte standards and internal standards showing excellent
selectivity of LC-MS/MS method. A) Lysine chromatogram for 515 nM calibration curve. Above
standard lysine eluting at 6.83 minutes with good peak shape and limited tailing. Below labeled
lysine internal standard eluting at the same time of 6.83 minutes with good peak shape and limited
tailing. B) CML chromatogram for 515 nM calibration curve. Above standard CML eluting at 6.79
minutes with good peak shape and limited tailing. Below labeled CML eluting at the same time of
6.79 minutes with good peak shape and limited tailing. C) CEL chromatogram for 515 nM
calibration curve. Above standard CEL eluting at 6.82 minutes with good peak shape and limited
tailing. Below labeled CEL eluting at the same time of 6.82 minutes with good peak shape and
limited tailing.
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2.3.6 Absolute Quantification of CML, CEL, and Lysine

CML, CEL, and lysine levels were identified and quantified in each unknown blood sample
(Figures 2.5-2.7). Each figure represents two solutions, AS-1 (blue) on the left and AS-1N (gray)
on the right.

For CML, there were no significant differences found between AS-1 and AS-1N, p=0.466

(Figure 2.5).

1000 - n=5-6
] error=SEM

800 4

600 4

CML [nM]

400 -

200 4

AS-1 AS-1N

Figure 2.5. CML (nM) quantification for both AS-1 and AS-1N storage solutions for day 1 of
storage. There was no statistically significant difference between AS-1 (779.9 nM % 31.2) and AS-
1N (748.8 nM % 27.6) p= 0.466. n=5-6, error=SEM.

For CEL, there were no significant differences found between AS-1 and AS-1N, p=0.369

(Figure 2.6).
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Figure 2.6. CEL (nM) quantification for both AS-1 and AS-1N storage solutions for day 1 of
storage. There was no statistically significant difference between AS-1 (1212.6 nM £ 56.1) and
AS-1N (1139.7 nM £ 54.3) p=0.369. n=5-6, error=SEM.

For lysine, there was no significant differences found between AS-1 and AS-1N, p=0.451

(Figure 2.7).
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Figure 2.7. Lysine (nM) quantification for both AS-1 and AS-1N storage solutions for day 1 of
storage. There was no statistically significant difference between AS-1 (1328734.8 nM =
136593.5) and AS-1N (1189683.9 £+ 118062.7) p= 0.598. n=5-6, error=SEM.

2.4 Discussion

This study includes a new protocol with high accuracy and precision for the quantification of
two types of AGEs using UPLC-MS/MS. In the present study, UPLC-MS/MS with MRM was
highly useful for the measurement of AGEs in blood samples. Specifically, this method was used
to report the concentrations of CML, CEL, and lysine in two different blood samples on day 1 of
storage. This study focused on CML and CEL without the addition of common byproducts because
these are the most abundant and widely studied AGEs related to complications associated with
diabetes. Due to the hyperglycemic storage conditions used in RBC storage for transfusion

medicine, it was anticipated that the stored RBCs would also exhibit AGE formation. There is
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limited research for detecting and quantifying both CML and CEL, and almost no present research
involving stored blood. Current methods of detecting and quantifying AGEs include ELISAS,
which use antibodies and are often limited to reliable types of antibodies and decreased
sensitivity.?? Current ELISA kit assays are not selective enough for only CML or CEL without
other glycation mechanism byproducts. Other types of analytical methods include time-consuming
immunohistochemical detection, fluorescence spectroscopy and size exclusion chromatography
with fluorescence detection.?>2" Thus, this work showed a reliable, sensitive, specific, and
reproducible method to detect CML, CEL and lysine in human blood samples.

The bioanalytical method validation by the EMA provides guidance and recommendations for
bioanalytical assays, which can be seen as the “gold standard” in other types of method
development.®® By using the FDA approved guideline M10 by the ICH, this study used sample
analysis recommended chemical, biological, and metabolite drug guidelines to explore various
analytical parameters, such as LOD, LOQ, matrix effects, intra- and inter-assay accuracy and
precision, and matrix interferences. The EMA bioanalytical method validation guidance provides
clear acceptance and reliability for biological assays and analytical results.

To date, most reports reporting AGE formation have primarily focused on AGEs in food,
biological plasma or serum, or human tissues (retina, kidney, endothelial and smooth muscle
cells).?42729.3L53-%8 |ncreased protein glycation has been reported in clinical studies involving
people with diabetes, and it is linked to various complications associated with increased AGEs and
oxidative stress.!®%%-61 Although glycation occurs on most cell types, AGE detection of
bloodstream components may provide insight into increased pathologic conditions.*4®? For

example, glycated albumin (gHSA) has been shown to influence delivery of biologically active

73



peptides to healthy RBCs, while that same delivery was reduced in RBCs from people with
diabetes.%%64

Through this process, our results showed acceptable linearity, LOD, and LOQ. The matrix
effects did not contribute to chromatographic signals, which is a major concern for biological
samples. There was clear specificity, peak separation, and distinguishable IS correlation to the
analyte detected. The intra- and inter-assay results showed EMA and US FDA bioanalytical
guideline acceptable accuracy and precision. Overall, the results showed this methodology to
detect and quantify CML, CEL, and lysine in stored blood solutions can be used in other analyses
involving suspected AGE formation on blood components.

Here, there were no statistically significant differences in the two blood storage solutions on
day 1 of storage. Even though there were no statistically significant differences in the two blood
storage solutions at day 1 (freshly drawn blood), the novel method confirms the potential for more
studies involving longer storage times and diabetic patients to closely study AGE formation. AGEs
are typically formed over longer periods of time than 4 hours of storage, but a comprehensive
analysis can be a future project using this novel methodology. Also, it is unclear if other AGEs,
such as CML/CEL byproducts, could increase oxidative stress and associated adverse effects to
RBCs as seen in storage lesions. Storage lesions are a known issue in blood storage, the extent of
AGEs causing adverse post-transfusion related complications and how longer storage time can
change the amount of CML and CEL on RBCs is without precedent. A future direction utilizing
this novel methodology can explore the 6-week blood storage time and the overall change in AGEs.

AGEs are known to be related to the pathomechanism of diabetes and other degenerative
disorders.3®426! This study involved utilizing blood from healthy donors to explore methodology

that can reliably and accurately detect and measure AGEs, while maintaining sensitivity and
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bioanalytical merits to other reports using different instruments or assays. In this chapter, the
detection and quantification of CML, CEL, and lysine present on stored RBCs, without significant
issues of matrix effects and with analyte recovery, was successfully confirmed. The purpose of
this small initial study was to validate the robustness of the biomarkers and provide a pilot study
for future blood banking AGE research. The data encourages further investigation of the
accumulation of AGEs. Specifically, using this method to expand freshly drawn blood to stored
blood over 42 days and evaluate the change of AGEs on a weekly basis (chapter 3). This method
will be key in future blood banking studies in this dissertation to evaluate the difference in
hyperglycemic and normoglycemic blood storage conditions and the overall glycation process of

RBCs.
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Chapter 3: Weekly Blood Storage Evaluation for 43 Days
3.1 Introduction
3.1.1 Background

In times of war, natural disasters, and worldwide pandemics, there is typically a blood shortage
because donation rates drop as much as 40%, yet the demand for transfusions remains constant or
even increases.™? It is imperative that donors are screened to prevent transfusion complications
such as disease transmissions, alloimmunization, and other possible fatal occurrences.®* However,
screening donor blood for such issues was not always a priority before the early twentieth century,
when little was known about blood typing and blood borne pathogens.>® The lack of knowledge
concerning blood types, Rh factor (a protein on red blood cells to determine positive or negative
blood type), and blood diseases lead to mismatched transfusions and transfusion-related reactions
and transferring of significant diseases.>® Advancements in blood component separation
techniques allowed for the preparation of specific blood products, such as red blood cells (RBCs),
platelets, and plasma, allowing for safer and more personalized patient care.” The human
immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) epidemic in the
1980s led to a heightened focus on blood safety and the implementation of strict screening and
testing protocols for blood donors.81°

The development of blood substitutes and artificial blood has been an ongoing area of research
to address blood shortages and increase blood availability.'*** Today, blood donation and storage
are crucial focal points of modern healthcare systems worldwide. Blood banks and donation
centers play a pivotal role in ensuring a safe and sufficient blood supply for medical treatments,

surgeries, and emergency situations.'*14%> Research and advancements in blood collection,
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storage, and transfusion practices continue to improve patient outcomes and reduce mortality
rates,16-18

The Food and Drug Administration (FDA) has approved four additive storage solutions to
extend the shelf-life and improve stored RBCs.'%2° However, all current FDA approved additive
solutions exhibit glucose concentrations that are at least 5 times greater than concentrations found
in vivo (5-6 mM).?1?2 Reports in the literature suggest that storage of RBCs for more than 14 days
could be linked to incidents of adverse outcomes after cardiac related surgery, and it is common
practice to only transfuse blood before 5-8 days of storage for neonate patients to limit the onset
of adverse reactions.?>%

There is also evidence that supports blood storage causes irreversible metabolic and
physiological damages to the RBCs known as the red cell storage lesion.?®?” As previously
discussed in chapter 1, these physical and metabolic changes that occur to blood components
during the typical 42 day storage period compromise the health of the RBC, and can lead to adverse
effects when transfused.*?"-3! Storage lesion markers call into question the overall safety and
efficacy of stored RBCs transfused into a patient.*> Blood banks and healthcare facilities follow
strict guidelines for blood storage and use blood components with optimal storage conditions to
minimize storage lesions and preserve RBC quality.”3*** Monitoring the quality and functionality
of stored RBCs, including hemolysis, and adenosine triphosphate (ATP) and 2,3-
diphosphoglycerate (DPG) concentrations, is crucial to ensure safe and effective transfusions for
patient recipients.t” 343

Previously, the Spence group reported that normoglycemic storage increases stored RBC
ATP release, reduces oxidative stress, osmotic fragility, while increasing deformability, as

discussed in chapter 1.337 Normoglycemic storage has been shown to improve these adverse
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effects, but the storage conditions were performed via manual “feeding” techniques while RBCs
were stored in Eppendorf tubes. As shown in Figure 3.1, RBCs stored in normoglycemic
conditions maintained initial ATP release levels throughout the storage duration, while RBCs
stored in hyperglycemic conditions exhibited significantly decreased ATP release, typical of the
storage lesion.3” Perhaps not surprisingly, deformability measurements displayed a similar trend,
with normoglycemic stored RBCs maintaining their initial relative deformability throughout
storage, while hyperglycemic stored RBCs became more rigid overtime, a known inhibition of
ATP release.®8 Overall, these results highlighted a key relationship between time of storage and
damage permanence, specifically the importance of days 8, 12, and 15 for ATP release and
deformability, indicating irreversible damages occurring to stored RBCs in hyperglycemic
conditions during this time frame. It is expected that both time and type of storage will affect the
results, so it will be important to examine the statistical relationship to determine the total
interaction effects as well as individual variable effects.
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Figure 3.1. RBC release of ATP and relative deformability. A. Flow-induced release of ATP
from ERYSs stored in various additive solutions and transferred to various buffer systems prior
to introduction to the fluidic device. This data suggests that the FDA-approved AS-1 storage
solution may be damaging to the stored RBCs and that the damage is non-reversible after two
weeks of storage. Error bars are £SEM, n = 6 for all, *p <0.05 to AS-1N-PSSN day 1. B. AS-
IN-PSSN samples possessed the highest deformability and maintained a stable level
throughout 36 days of storage. Deformability of RBCs in AS-1-PSSN samples were able to
completely recover (day 8) to a normal level of deformability or were no longer able to recover
(beyond day 12) upon transfer to PSSN. Error bars are =+ SEM, n > 3, *p < 0.05 to AS-1IN—
PSSN day 1. Borrowed from Liu, Y. et. al.*’

84



A major limitation of previous normoglycemic storage methods resides in the glucose
utilization by the RBCs throughout storage. Without the addition of glucose throughout storage,
normoglycemic stored RBCs become hypoglycemic after only 24 hours. This required a manual
“feeding” of glucose to normoglycemic stored RBCs to maintain physiologically relevant glucose
levels throughout storage. The stored RBC samples made up in 2 mL Eppendorf tubes were
transferred to cut polyvinyl chloride (PVC) bags (ULINE, Pleasant Prairie WI) and sealed for
storage with a heat sealer. The AS-1N samples were “fed” using 20 pL of 400 mM glucose in
saline every 3 days. The AS-1 samples were not “fed” and were only opened to remove sample
volumes. These conditions, however, were not equivalent and thus introduced a potentially
confounding variable that could cause differences in the results.

3.1.2 Innovations

Although this initial normoglycemic storage approach was successful in alleviating storage
lesion markers, it was not ideal for future application. The manual feeding involved opening the
stored RBC bag, removing a small volume to measure the glucose, determining how much volume
of a concentrated glucose solution was required to maintain physiological levels, and then injecting

the stored RBC bag with said amount of glucose solution (Equation 5).

(G X ‘-r) + (G'S X “—]) = (D(' X (""1 + ",)) (5)

G = Initial Glucose Concentration [mM]

V; = Initial Volume [uL]

GS = Concentration of Glucose Solution [mM]
V; = Initial Volume [pL]

DC = Desired Glucose Concentration [mM]
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This breach of sterility did not pose an issue for the initial studies because no transfusion
was being performed; rather, the studies were to generate preliminary data providing evidence that
normoglycemic storage with feeding reduced storage lesion markers. However, it cannot be
reasonably translated to current practices, as it breaches sterility and requires unreasonable labor
efforts. Additionally, the small-scale storage (less than 5 mL) with in-house fabricated PVC bags
may not illicit similar results in comparison to commercially available blood storage bags (380-
400 mL of RBCs and additive solution). Thus, for the importance of translational clinical practices,
it was critical to utilize a feeding system that not only maintained sterility but one that could be
applied to more realistic blood banking laboratory practices, which would include full autonomy
in its feeding method. Therefore, an autonomous feeding device was designed and utilized to

maintain normoglycemic levels in an autonomous system (Figure 3.2).
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Figure 3.2. CAD drawing of automated glucose feeding system for hyperglycemic and
normoglycemic stored RBCs. The pressure difference created between the saline/100 mm glucose
bag and the stored RBC bag is driven by gravity, due to the 90 cm difference in height between
the two. When the valve is closed, there is no fluid flow since the valve’s inability to expand exerts
an equal pressure on the fluid. However, when it is opened, the pressure differential is realized
since the stored RBC bag is expandable. This drives fluid flow into the stored RBCs, thus allowing
feeding volume and frequency to be controlled by the opening and closing of the solenoid valve.
Borrowed from Soule, L. et. al., (in review).

Previous Spence lab members had developed the AS-1N additive solution by modification
of the FDA approved solution AS-1, changing only the glucose concentration to 5.5 mM for
normoglycemic conditions. However, the method used to sterilize the additive solutions was
problematic. Previously, the d-glucose was added to the CPD/CPD-N and AS-1/AS-1N before

autoclaving, which would turn the solutions a slight yellow color after sterilization was complete.
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The heat to sterilize the solutions is important for practical applications regarding FDA protocols
for in vivo infusion solutions limit bacteria and cell lysis. When the previous solutions were heated,
the color change, even slight, indicates degradation, which led to a burnt sugar or caramel smell
often associated with the Maillard reaction. This process is hypothesized to increase the likelihood
of the formation of early and late AGEs, which would be problematic for the study of AGEs during
storage.®® In one report, the authors tested different autoclaving temperatures and varying glucose
concentrations from different manufacturers and used liquid chromatography with tandem mass
spectrometry (LC-MS/MS) to detect and quantify different glucose degradation products
(GPDs).* Leitzen, S. et. al found there are significant differences associated with increased
glucose concentration and autoclave temperature and increased GPDs, including glyoxal (GO) and
methylglyoxal (MGO).%°

Both GO and MGO are intermediates that form AGEs.*° Based on the standard European
Pharmacopoeia steam-sterilization method solutions, must be heated to at least 121°C for 15
minutes.* It is possible that increased GDP products in a glucose solution administered through
intravenous application can increase the formation of AGEs on the blood vessel walls.*! The extent
of increased parenteral GPD solution administration research needs to be further investigated, but
it is important to understand the risks of autoclaving glucose solutions for transfusion practices.
So, in the interest of studying the AGEs formed from only the ERY s stored in high and low glucose
storage solutions overtime, it was necessary to develop a new solution preparation protocol. That
method change was discussed in chapter 2 section 2.2.2, with the addition of glucose after the
solutions were autoclaved. The glucose was instead filtered via stericups and added in a sterile

environment to the solutions.
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3.1.3 Glutathione

Once the feeding system was developed and validated, it could be used to store
normoglycemic RBCs for additional in vitro testing of storage lesion markers. Specifically, ones
related to oxidation and AGE formation, which was measuring glutathione. Glutathione is a crucial
antioxidant and plays an essential role in cellular defense against oxidative stress, as previously
discussed in chapter 1.%? Glutathione is a tripeptide composed of three amino acids: cysteine,
glutamic acid, and glycine (Figure 3.3).3 The cysteine amino acid contains a thiol (-SH) group,
which is crucial for the biological activity of glutathione.** This thiol compound is present in
almost all cells and is involved in various physiological processes, including detoxification,
immune function, and cellular protection against reactive oxygen species (ROS) accumulation.**4°
Its thiol group is particularly important because it can donate electrons to neutralize harmful free
radicals and help maintain the cell's redox balance.** The thiol group in cysteine is crucial for its
ability to participate in these biochemical reactions and maintain cellular homeostasis.** The most
prominent thiol in blood is glutathione, with the majority of glutathione residing in the cytoplasm
of RBCs (0.4-3 mM).*547 Glutathione is present in relatively high concentrations in RBCs, where
it serves as an important antioxidant and plays a vital role in protecting the cells from oxidative
damage.*’ Due to its prominent role in antioxidant defense, glutathione level is often used as a key
indicator of oxidative stress within cell types and was chosen for this study as an indirect

measurement of oxidation in stored RBCs in various storage conditions.
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Figure 3.3. Glutathione molecule. Glutathione consists of a (A) cysteine, (B) glutamic acid,
and (C) glycine. Within the cysteine, there is a thiol group, which is crucial for biological
activity (D). A thiol is a type of organic functional group that consists of a sulfur atom bonded
to a hydrogen atom. The sulfur atom in a thiol is also bonded to a carbon atom, making it part
of an organic molecule. The general chemical structure of a thiol is R-SH, where R represents
an organic group, which can vary and affect the specific functional properties of the thiol.
Non-protein thiols are thiol-containing compounds that are not part of a protein's structure but
are found in various biological and chemical contexts. These compounds contain a sulfur atom
bonded to a hydrogen atom and are often involved in redox reactions, detoxification, and other
cellular processes. 44752

The glycolytic pathway, also known as glycolysis, is a central metabolic pathway that
occurs in the cytoplasm of cells.*® It is a series of biochemical reactions that break down one
molecule of glucose (a six-carbon sugar) into two molecules of pyruvate (a three-carbon
compound).*®°® These reactions are anaerobic, meaning they do not require oxygen.*® Glycolysis
is a universal pathway found in nearly all living organisms, from bacteria to humans.*® It serves as

a fundamental mechanism for glucose utilization and energy production.*® Depending on the

availability of oxygen, the fate of the pyruvate produced in glycolysis can vary.*® In the absence
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of oxygen, pyruvate can be converted into lactate or ethanol (fermentation) to regenerate
nicotinamide adenine dinucleotide (NAD™) for continued glycolytic activity.*°

The polyol pathway, also known as the sorbitol-aldose reductase pathway or polyol-
oxidative pathway, is a metabolic pathway in which glucose is converted into sorbitol and then
into fructose through a series of enzymatic reactions.***-°3 The polyol pathway is of interest in
medical research and clinical medicine because it is implicated in the complications of diabetes
mellitus.>® Elevated levels of glucose in the blood, as reported in diabetes, can lead to increased
flux through the polyol pathway.>® Specifically, hyperglycemia causes the increase activity for the
sorbitol production.> The most important aspect of the polyol pathway is its association with
reactive oxygen species (ROS) and oxidative stress.*® Increased activity through the polyol
pathway increases production of ROS that must be removed through antioxidant pathways such as
the glutathione pathway.*%>

In the glutathione pathway, the conversion of glucose to sorbitol within cells can result in
osmotic stress and damage due to the accumulation of sorbitol.%22 The osmotic stress and cellular
damage associated with the polyol pathway are thought to contribute to various diabetic
complications, such as cataracts (in the lens of the eye), neuropathy (damage to peripheral nerves),
and nephropathy (kidney damage).*>°2%5%% As a result, research efforts have focused on
developing drugs that inhibit enzymes in the polyol pathway as a potential therapeutic approach
to mitigate these complications in diabetic patients.>!

By means of a selenium-dependent enzyme catalyzed process, glutathione peroxidase
(GPx) facilitates the transfer of hydrogen from GSH to extremely reactive ROS, leading to their
transformation into less reactive substances.>®%° During these reactions, two GSH molecules come

together through a disulfide linkage to produce oxidized glutathione (GSSG).%8° GSH is the active
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and antioxidant form of glutathione, while GSSG is produced as GSH neutralizes ROS.%?%° GSH
is synthesized from cysteine and glutamate, by y-glutamylcysteine synthase (GCS), which forms
v-glutamylcysteine.>? This reaction is catalyzed by glutathione synthase (GS) and the addition of
glycine.® This conversion of GSH to GSSG is an essential part of the antioxidant process.5%? To
maintain an effective antioxidant defense, GSSG must be recycled back to GSH.5! This
regeneration process is catalyzed by glutathione reductase, which uses nicotinamide adenine
dinucleotide phosphate (NADPH) as a cofactor.>>°3 The balance between GSH and GSSG plays a
crucial role in maintaining cellular redox balance and protecting cells from oxidative damage.*?
Measuring the GSH/GSSG ratio in cells and tissues is of clinical importance in assessing oxidative
stress and certain diseases, including cancer, neurodegenerative disorders, and cardiovascular
diseases.*>5>%" The ratio of GSH to GSSG is an important indicator of the cell’s redox state.>>3
An elevated GSH/GSSG ratio is a sign of a reducing, healthy cellular environment, while a
decreased ratio may indicate oxidative stress.%®%36* However, each of these components can be
measured and evaluated separately, as seen in this chapter. There are no studies directly connecting
normoglycemic blood storage, AGE formation, and changes in GSH levels, so these will be the

subject of this chapter.
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Figure 3.4. Glycolysis pathways. The favorable glycolysis pathway converts glucose to glucose-
6-phosphate (Glucose-6-P), then to glyceraldehyde-3-phosphate (Glyceraldehyde-3-P), then 1, 3-
bisphosphoglycerate (1,3 BPG), and finally pyruvate. In hyperglycemic environments, the
glycolytic pathway will become saturated with excess glucose and the polyol pathway will increase
to supplement the glycolysis. The initial step of the polyol pathway involves the reduction of
glucose to sorbitol. This reaction is catalyzed by the enzyme aldose reductase. Sorbitol is then
oxidized and converted into fructose by the enzyme sorbitol dehydrogenase. The conversion to
fructose increases the NADP+/NADPH and thus is used for the conversion of Glyceraldehyde-3-P
to 1,3 BPG and finally pyruvate. 48495253

There are current methods for measuring free GSH, which can be used on the RBC
membrane for the two types of storage solutions, including using commercially available
fluorometric detection kits (Cayman Chemical, Ann Arbor, MI). AS-1 is a hyperglycemic storage
solution, therefore it is anticipated that RBCs stored in AS-1 will exhibit low levels of free GSH
over the course of 6-weeks and remain lower than RBCs stored in AS-1N. It is expected that both
time and storage condition will affect the results, so it will be important to examine both variables

to determine the interaction between the two.
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3.1.4 Troubleshooting: Tubes Versus Bags

Initial blood storage methods involved storing the RBCs in 50 mL conical tubes with a septum
cap (Figure 3.5). This sample vessel was chosen due to the limited supply of commercial blood
storage bags due to a COVID-19 supply shortage and because the septum cap allowed sample
removal and glucose addition without opening the entire system. For experimental purposes, it was
important to keep the samples in a closed environment to mimic clinical blood bag storage sterility
requirements, so the idea of utilizing septa caps was implemented. The septa caps were appealing
because a small needle and syringe could be used to both “feed” and extract the sample without
completely opening the tube caps. After further investigation and analysis, it was determined that
the tube caps were faulty and therefore led to many leaks, increased cell lysis and possible bacterial
contamination. Although this design was unsuccessful, it led to necessary optimization and
experimental knowledge that was useful for the implementation of commercial animal veterinary
blood bags with an automated “feeding” regime. Both methods and results will be described and

differences in methodology will be highlighted.
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Figure 3.5. Blood banking troubleshooting using tubes and animal blood bags. A. 50 mL conical
tubes with septa inserted screw top caps. Saline or 100 mM glucose solution could be “fed” using
a syringe and needle by piercing the septum and depositing the solution. Samples were removed
using the same system. B. Automated closed “feeding” system using 150 mL animal blood bags
and tubing to distribute saline or 100 mM glucose solution directly into the bag when the valves
were open. The bag system was kept sterile and completely closed and samples were removed via
the septum at the bottom of the external tubing sampling port using a syringe and needle.

3.2 Methods
3.2.1 Sample Preparation
All storage solutions and RBC collection were prepared in a manner identical to those reported in

2.2.1.and 2.2.2.
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3.2.2 RBC Storage for Blood Bags

The plasma and buffy coat were removed via aspiration, and the pRBCs were placed into
a 15 mL tube. The total volume of pRBCs was added to a 50 mL conical tube containing additive
solution ina 1:2 ratio (e.g., 7 mL AS-1 and 14 mL RBCs). The 50 mL conical tubes were inverted
and mixed thoroughly before being placed in either the prepared and sterilized blood storage tubes
or bags. The samples were placed in the refrigerator at 2-6°C for 1-2 hours before analysis of the
blood glucose concentration to ensure it was 5.5 mM concentration. If the blood glucose
concentration was below 5.5 mM, a 1 mL syringe and 22-gauge needle were used to deliver the
appropriate amount of 100- or 400-mM glucose (Equation 5).
3.2.3 Glucose Concentration and Hematocrit Percentage
All glucose concentrations and hematocrit % were collected in a manner identical to those reported
in2.2.3.
3.2.4 Preparation of Stored Blood Using 50 mL Conical Tubes with Septa Caps

The 50 mL conical tubes with septum screw caps (Syringa Lab Supplies, Boise, ID) were
UV sterilized in the biosafety cabinet for 24 hours before use. The stored blood with additive
solution was placed into the tube by removing the cap and pouring in the blood solution (12-23
mL). The tubes were kept with the caps on and stored at 4°C until use. The glucose was checked
every 3 days using a 1 mL syringe and 22-gauge needle and removing approximately 10 pL of
sample by piercing the septum. The sample glucose was analyzed by using a glucometer and strips
as per manufacturer instructions. The sample was placed on the glucometer strips using the 1 mL
syringe and 22-gauge needle, instead of using the conventional lancet approach by sticking a finger
and using the blood drop to apply to the glucometer strip. The AS-1N sample was “fed” manually

by calculating the necessary addition of 400 mM glucose solution to bring the sample glucose
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concentration to 5.5 mM (Equation 5). The AS-1N sample was placed into the biosafety cabinet
and the calculated volume was dispensed using the sterilized 400 mM glucose in 0.9% saline
solution. The same amount of 0.9% saline solution was “fed” to the AS-1 sample for volume and
sample preparation continuity. The hematocrit % was checked each week and utilized for acid
hydrolysis using HematoSpin. The caps of the tubes were parafilmed to help with the leaking and
contamination issue, although it was unsuccessful. The sample was removed from the tubes on
day 1, 5, 8, 12, 15, 18, 22, 29, and 36 for the subsequent assays and sample preparation.
3.2.5 Acid Hydrolysis and SpeedVac Preparation
All acid hydrolysis and speedvac sample preparation were prepared in a manner identical to those
reported in 2.2.5.
3.2.6 Glutathione Assay Preparation and Optimization

The Thiol Detection Assay kit (Cayman Chemical, Ann Arbor, MI) was used as per the
directions of the kit for cell lysate sample type. On the day of the scheduled blood experiments (as
described above), 350 pL was allocated for the thiol assay. Aliquoted samples were stored at 4°C
for one hour and then centrifuged at 2000g for 10 minutes. The supernatant was removed and 1
mL of cold diluted buffer (from thiol kit) was added. To ensure pRBCs were fully lysed, the RBCs
were homogenized using a pestle (Fisher Scientific, Hampton, NH) and disposable mortar (VWR,
Radnor, PA) for approximately 30 seconds, and the remaining samples were centrifuged at
10,000g for 10 minutes at 4°C. To promote maximum thiol retention from the samples, the
supernatant was removed and placed into a 10 kDa MWCO Spin Filters device (Sigma Aldrich,
St. Louis, MO) and centrifuged at 14,000g for 30 minutes at room temperature. The filtrate was
collected and stored at -80°C until used. For the thiol assay Kit, both types of standards

(Glutathione and Cysteine) were assessed, and sample concentration was optimized to determine
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the best dilutions. The Glutathione standards were used, and all results were analyzed as free
reduced glutathione (GSH) concentration.
3.2.7 LC-MS/MS Sample Preparation and Usage
All LC-MS/MS preparation and instrument usage were prepared in a manner identical to those
reported in 2.2.6. and 2.2.7.
3.2.8 Cell Lysis

A cell lysis assay was utilized to determine the level of hemolysis in both storage
conditions, AS-1 and AS-1N, and in both vessels of storage (tubes and blood bags). A 400 pL
volume of sample was removed from the tubes/bags. The sample was divided into 300 uL for cell
lysis separation and 100 pL for hematocrit measurement and glucose determination. Hematocrit
and glucose were determined using methods described (methods 3.2.3). The 300 uL aliquot was
centrifuged at 500g for 10 minutes at room temperature and the supernatant was removed and
stored at -20°C until analysis. The remaining pRBC sample was spun down at 2000g for 15
minutes at room temperature and 80 pL of pRBCs was removed and stored at -20 °C until analysis.
On the day of the experiment, 72 mg of human hemoglobin (Sigma Aldrich) were added to a 15
mL tube. A 10 mL volume of Drabkin’s reagent solution (Sigma Aldrich) was added to the
hemoglobin tube and thoroughly mixed. This solution was used to make hemoglobin standards in
the range of 0-0.8 g/L. The sample supernatant was diluted 1:10 in Drabkin’s solution and the
pRBCs were diluted 1:1000 in Drabkin’s solution to fall within the range of the standards. Then,
200 pL of each standard or sample was added to a clear 96-well plate, gently mixed and then
covered for 15 minutes. The absorbance was measured at 540 nm. Total cell lysis could then be
determined using total hemoglobin levels in the supernatant and cell pellets. The cell lysis was

determined using Equation 6.
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[HbSN] x [100 — Hematocrit] (6)

Cell Lysis % =
ell Lysis 7 [HbSN] + [HbRBC's)

HbSN = Hemoglobin in Supernatant [g/L]
HbRBCs = Hemoglobin in packed red blood cells [g/L]

3.2.9 Blood Agar Plate

Blood agar plate steaking was used to determine the amount of bacterial contamination,
specifically hemolytic bacterial contamination. The 5% sheep blood in tryptic soy agar plates
(VWR) were removed from cold storage (4°C) and placed into an incubator (Troemner, Thorofare,
New Jersey) to warm up. The work area was prepared by spraying with 70% ethanol/water and
obtaining a Bunsen burner and match. Once the agar plate had equilibrated to approximately 37°C,
it was removed from the incubator and placed in the prepared work area. The 22-gauge needle and
1 mL syringe were sterilized by holding near the flame of the burner for a few seconds, and then
used to extract approximately 10 pL of blood sample through the septum of the conical tube cap.
The agar plate was uncovered near the flame and the blood was injected onto the edge of the petri
dish. The inoculating loop was sterilized using the flame and it was cooled before carefully
streaking the sample in a zig-zag pattern, changing the directions for 4 zones on the plate. The agar
plate was covered and placed upside down in a 37°C incubator and monitored culture growth each
day for a week. By visual inspection, the bacterial growth was monitored (Figure 3.7).
3.2.10 Optimization of Valve System and Preparation of Sterilized “Feeding” Solutions

The valves were set up (Figure 3.2) and the 100-150 mL blood collection bags were filled
with water and attached to the “feeding” system. An Arduino Uno microcontroller was used to

control the valves and set up for automatic dispensing by Spence group member Logan Soule.
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Empty Eppendorf tubes were weighed, and then water was dispensed from the valve system using
various valve opening times (25-2000 milliseconds), and then weighed again. The mass difference
was used to determine the volume dispensed at each valve opening period and then used to create
a standard curve (Figure 3.8).

For proper function, the automated feeding system needed calibration to determine the
appropriate amount of time to open the valve to deliver the necessary volumes of concentrated
glucose to the stored RBCs. To do this, a simple mass subtraction method was utilized, dispensing
the feeding solution into pre-massed sample tubes, and subtracting the mass before dispensing
from the mass after dispensing to determine the volume of solution dispensed. Water was utilized
as a surrogate to the 200 mM — 400 mM glucose solution since its density is 1 g/mL and easier to
for calculation purposes. This calibration procedure also allowed for the determination of the lower
limit of dispensing for the valve system, which dictated the glucose concentration. For example,
the lower limit of dispensing for this system was determined to be 150 pL but using a 400 mM
glucose feeding solution with a 150 pL dispensing volume would lead to significant glucose
increases and hyperglycemia. To combat this, a lower glucose concentration feeding solution was
required with greater dispensing volumes. However, dispensing greater volumes periodically
throughout storage decreases the hematocrit, which would hinder the benefit of the transfusion.

So, based on maintaining a hematocrit range between 50-60% throughout the 43 days in
storage while remaining above the lower limit of dispensing, the 100 mM glucose “feeding”
solution was the best choice to implement into the system. Based on predicted hematocrit decreases
over 42 days of feeding, the 100 mM glucose solution in 0.9% saline solution was chosen to be
implemented into the automated feeding system (Figure 3.9). To make the 100 mM glucose

“feeding” solution”, 250 mL of a 0.9% NaCl solution (9g of NaCl diluted up to 1000 mL) was
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added to a beaker with 4.504 g of dextrose and fully dissolved. The solution was then filter
sterilized and placed into the biosafety cabinet. The remaining 0.9% NaCl solution was filter
sterilized and placed into the biosafety cabinet. The solutions were added to previously prepared
(methods 3.2.1), empty, and sterile (by UV light overnight) blood bags and closed and kept in
sterile conditions until ready for “feeding” day. On the day of the experiment, a 10% bleach
solution was attached to the valve system. Approximately 25 mL of 10% bleach was flowed
through, allowed to sit in the system for 5 minutes, and another 25 mL of bleach was flowed.
Immediately afterwards, 75 mL of sterilized water (0.22 um stericup filtration system) was flowed
through to ensure no bleach remained.

Finally, either the 100 mM glucose in 0.9% saline or 0.9% saline was attached and
approximately 10 mL was delivered by opening the valve and utilizing the height and subsequent
pressure difference to ensure all water was purged. This setup was then closed by attaching a luer
lock cap to the end of the sterilized valve system and kept in the cold storage room until the RBC
bags were ready.

3.2.11 Preparation of the Feeding Solution Regimen

Based on the total volume of the blood storage sample, the amount of glucose/saline to be
periodically dispensed into the stored RBCs was determined. By utilizing the calibration curve
generated previously and average glucose utilization rates calculated in preliminary experiments,
the Arduino Uno was programmed to dispense an average of 300 uL every 3 days (Figure 3.8).
The Arduino and breadboard were set up in the cold storage room and plugged in for continuous
automated feeding. The blood bags were opened via the capped luer lock adapter and quickly

attached to the luer lock adapter at the end of the valve system. This blood sample was considered
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“Day 1” and kept in the cold storage room (4°C) attached to the automated feeding valve for 43
days.
3.2.12 Preparation of stored blood using 50-150 mL veterinarian small animal blood bags

Prior to the day of the experiment, the butterfly needle and line were removed from the PVC
50-150 mL small animal blood storage bags (Animal Blood Resources International, Stockbridge,
MI) and the “feeding” line was cut and a luer lock was added with vacuum grease. The prepared
empty storage bags were sterilized by UV light for 24 hours prior to adding the RBC sample. The
cut “feeding” line was attached to the end of the valve system and a luer lock adapter was added
to the cut end using vacuum grease, as in the sterilized valve system in the cold storage room.
Blood samples from consenting donors were collected and prepared as described in methods 3.2.2.
After the AS-1/AS-1N blood samples were prepared in the 50 mL conical tube, the blood was
poured into the appropriate empty blood storage bag using the luer lock opening created and then
capped with a luer lock adapter. The blood was mixed using gentle movements of the hands and
placed into 4°C storage for 1 hour. The sample was then mixed again and an aliquot was removed
via a 22-gauge needle and 1 mL syringe to assess the blood glucose amount. If the blood was not
between 5-5.5 mM, then the appropriate amount of 100 mM glucose in 0.9% saline was added via
1 mL syringe and 22-gauge needle in the biosafety cabinet and thoroughly mixed. An 800 uL RBC
solution sample was removed from the blood bags on day 1, 8, 15, 22, 29, 36, 43.
3.2.13 Data Analysis

Calibration plots of analyte/IS peak area ratio versus CML, CEL, and lysine concentrations

were constructed, and a linear regression was used for all analytes. The peak area ratio of sample
versus associated IS was used to produce a response to determine the concentrations from the

calibration line. Free GSH results were collected from the Thiol Assay kit results and a linear
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regression was used for standards and analyte quantification. SigmaPlot (Systat Software Inc) was
used to plot all results and R software (version 4.2.2) was used to perform statistical testing in the
“rstatix” package (v0.7.2; Kassambara, A. 2023).

A repeated measures two-way ANOVA test for each analyte (CML, CEL, Total AGEs,
Lysine, Total AGEs/Lysine, Free GSH) were conducted to examine for differences between
storage solution types over 43 days. The storage solutions were treated as a between-subjects
dependent variable. Prior to conducting the ANOVA test, the assumptions of normality and
homogeneity of variances were assessed using Shapiro-Wilk and Levene's tests, respectively. If
these assumptions were met, the ANOVA test was performed to determine which specific solution
types in storage exhibited statistically significant differences on the analytes studied. In the case
of a significant ANOVA result, post hoc Bonferroni tests were conducted to determine which
specific solution types and/or days in storage exhibited statistically significant differences on the
analytes.

3.3 Results
3.3.1 RBC Solution in Tubes: Cell Lysis

According to FDA regulations, appropriate cell lysis should be below 1% to be used for
transfusion applications. In two tube samples (AS-1 and AS-1N), the starting cell lysis was 0.56%
and 1.14% on day 14, respectively. By day 17, the cell lysis increased to 4.53% and 5.65% for AS-
1 and AS-1N, respectively. By days 33 and 36, AS-1 had 8.48% and then 21.66%, and AS-1N had
7.20% and then 16.8%, respectively. Overall, there was a clear increase in cell lysis in the tubes,
well beyond the 1% threshold (Figure 3.6). Thus, the tubes were considered an unusable blood

storage vessel for future experiments.
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Figure 3.6. Cell Lysis from RBCs in two storage solutions, AS-1 and AS-1N, in tubes stored over
14-36 days. There was significant cell lysis present for both solutions and the lysis increased over
time, resulting in extreme cell lysis (2-24%), n=2.

3.3.2 RBC Solution in Tubes: Blood Agar Streaking

The blood agar streaking test was used to determine if there was bacterial contamination
in the tubes that could explain the increase in cell lysis. The stored blood samples were removed
and streaked on the agar plates and stored in an incubator for at least a week. The plates were
monitored, and bacterial contamination was not present in any of the samples. There was no visible
color change, small areas of bacteria in media, or any cultures growing in the petri dish lids (Figure
3.7). This result does not indicate there was no bacteria at any point, but it does not lead to the
assumption that the cell lysis was caused by the excess growth in bacteria due to the septa or caps

leaking and an unsterile environment.
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Figure 3.7. Agar streaking plates for bacterial growth in RBC solutions from tube storage. Several
samples were examined for bacterial growth over various time points. None of the samples showed
distinguishable bacterial growth, n=4.

3.3.3 IV Drip Calibration Curve for Automated Feeding

Since the septa tubes were no longer a viable option for storing blood, the next experiment
was to utilize blood storage bags and set up a sterile, automatic feeding device. The valve IV drip
system first needed to be calibrated to deliver the appropriate volume of solution to “feed” the
samples, without compromising the necessary glucose range or hematocrit. The calibration curve
for 0-2500 milliseconds was linear and showed good reproducibility, as seen in Figure 3.8. Thus,
the calibration curve can be used to determine the amount of time needed to “feed” the RBC
solution to achieve 4-6 mM glucose levels every 3 days without opening or invading the sterile

environment.
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Figure 3.8. Calibration curve for dispensing volume via the opening of the solenoid valve. The
volume dispensed from the automated feeding system with various valve opening intervals
(50- 2000 msec) was determined by utilizing water (density = 1 g/mL) and a mass subtraction
technique. The calibration curve is linear and can be used to determine the appropriate valve
opening time that corresponds to the desired volume to dispense when feeding the concentrated
glucose solution (n =10, error = standard deviation). Borrowed from Soule, L. et. al., (in review).

3.3.4 Glucose and Hematocrit Changes over 43 Days

Samples were removed on a weekly basis, which accounts for lower hematocrit % than in
the original experiment design (Figure 3.9). The glucose concentration was manually tested each
week during sample removal from the bags to ensure the “feeding” solution kept the AS-1 and
AS-1N samples in appropriate ranges (Figure 3.10). The glucometer saturates above 33 mM,;
therefore, it was assumed that AS-1 was at least 33 mM for the first 7 days. After day 8, glucose
concentrations continually lowered until day 43 with the minimum glucose concentration of 23.3
mM. Although the AS-1 glucose concentration decreased significantly, it was consistently above
AS-1N samples on both day 36 (6.85 mM) and 43 (8.30 mM), which for the purposes of this

experiment, was considered sufficient and therefore not “fed” with a solution containing glucose.
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The AS-1N samples maintained a glucose concentration between 4-6 mM, until day 36. This
increase above 6 mM on day 36 and 8 mM on day 43 could be due to the decrease in hematocrit
% with the same amount of solution “fed” every 3 days, and the RBCs possibly using less glucose
to maintain metabolic function. Even though the AS-1N samples did exceed the desired glucose
concentration range, the samples were still significantly lower than the AS-1 samples on both days

36 and 43.
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Figure 3.9. Hematocrit % of RBC solution in blood storage bags. There is no statistically
significant difference between AS-1 and AS-1N storage solutions over 43 days. There is a
distinguishable decline in the hematocrit due to removing samples and adding “feeding” solution.
n=4-5, error=SEM.
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Figure 3.10. Glucose concentration [mM] of RBC solution in blood storage bags via glucometer.
There is a statistically significant difference between AS-1 and AS-1N glucose concentration in
storage solutions over 43 days. There is a distinguishable decline in the concentration of glucose
in AS-1 due to removing samples and adding “feeding” solution (0.9% saline). The dashed lines
indicate the desired range for the normoglycemic storage solution (4-6 mM) and AS-1N glucose
concentration is within these bounds until days 36 and 43. n=4-5, error=SEM.

3.3.5 CML Over 43 Days
For CML, there were no significant differences found between samples stored in AS-1 and
AS-1N (p=0.399). There were also no significant interaction effects between solutions and days in

storage as seen in Figure 3.11. These results indicate that CML formation on RBC membrane was

not affected by the lower glucose additive solution.
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Figure 3.11. Carboxymethyl lysine (CML) concentration [nM] on RBC membranes after storage
in AS-1 or AS-1N over 43 days. There is no statistically significant difference between AS-1 and
AS-1N CML concentration in storage solutions over 43 days. p=0.399, n=4=5, error=SEM.

There was a significant effect of time on CML for AS-1, F(6,18)=9.161, p<0.001. For AS-
1, Bonferroni tests revealed significant differences between days, visualized results are displayed
below in Figure 3.12. There was a significant effect of time on CML level for AS-1N stored RBCs,
F(6,18)=2.882, p<0.05. For AS-1N, Bonferroni tests revealed significant differences between
days, visualized results are displayed below in Figure 3.12. These results indicate that CML
formation was directly proportional with the progression of time for both AS-1 and AS-1N stored

RBCs.
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Figure 3.12. CML [nM] for both storage solutions over 43 days showed statically significant
differences. A. The AS-1 solution had differences between day 1 and day 36, day 1 and day 43,
day 8 and day 36, day 8 and day 43, day 15 and day 36, day 15 and day 43, day 22 and day 36,
and day 22 and day 43. B. AS-1N solution had differences between day 8 and day 36, and day 8
and day 43. *p<0.05, **p<0.01, ***p<0.001, n=4-5, error=SEM.
3.3.6 CEL Over 43 Days

CEL was successfully detectable, and there was marginal significant differences found
between samples in AS-1 and AS-1N (p=0.052). These differences, although not below p<0.05,
showed the possibility of significance, if more samples were tested. There were also no significant

interaction effects between solutions and days in storage as seen in Figure 3.13. These results

indicate that CEL formation on RBC membrane was marginally altered with variance in solution.
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Figure 3.13. Carboxyethyl lysine (CEL) concentration [nM] of RBC solutions in blood storage
bags over 43 days. There are marginal statistically significant differences between AS-1 and AS-
1N glucose concentration in storage solutions over 43 days. p=0.052, n=4-5, error=SEM.

A repeated measures two-way ANOVA testing revealed that storage time was a significant
factor in CEL formation for AS-1 stored RBCs, F(6,18)=3.717, p<0.05. For AS-1, Bonferroni tests
revealed significant differences between days, visualized results are displayed below in Figure
3.14. There was a not significant effect of time on CEL for AS-1N, F(6,18)=2.292, p=0.081. These
results indicate that CEL formation was altered with progression of time for AS-1 on storage days

1, 15, and 43.

111



A) As-1 B) AS-1N

1600 - 1600 -
*
1400 - 1400 -
1200 1200
5 1000 4 5 1000 4
=5 =5
= 800 4 = 800 4
8 600 8 600 4
400 - 400
200 A 200 A
0 0
1 8 15 22 29 36 43 1 8 15 22 29 36 43
Days in Storage Days in Storage

Figure 3.14. CEL [nM] for both storage solutions over 43 days. A. AS-1 solution had differences
between day 1 and day 15, and day 1 and day 43. B. AS-1N solution had no differences between
any days in storage. *p<0.05, n=4-5, error=SEM.
3.3.7 Lysine Over 43 Days

The data in Figure 3.15 represented the total lysine on the RBC membranes. For membrane
proteins that contained lysine, there were no significant differences found between samples in AS-
1 and AS-1N (p=0.250). There were also no significant interaction effects between solutions and

days in storage as seen in Figure 3.15. These results indicate that non-glycated lysine formation

on RBC membrane was not altered with variance in solution.
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Figure 3.15. Total protein-bound lysine concentration [nM] of RBC solutions in blood storage
bags over 43 days. There is no statistically significant difference between AS-1 and AS-1N glucose
concentration in storage solutions over 43 days (p=0.250). n=4-5, error=SEM.

Overall, there was limited to no change in total lysine concentration over 43 days. This result
can be seen as there was no significant effect of time on lysine for AS-1 F(6,6)=2.625, p=0.133.
Also, there was no significant effect of time for AS-1 F(6,12)=1.117, p=0.408. Both visualized
results are displayed below in Figure 3.16. These results indicate that lysine formation was not

altered with progression of time for AS-1 and AS-1N on various storage days.
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Figure 3.16. Lysine [nM] for both storage solutions over 43 days showed no statically significant
differences. A) AS-1 solution had no differences between any of the days. B) AS-1N solution had
no differences between any of the days. n=4-5, error=SEM.

3.3.8 Total AGEs Over 43 Days

For total AGEs (CML and CEL combined), there were no significant differences found
between samples in AS-1 and AS-1N (p=0.107). Furthermore, although the total AGEs clearly
increased as a function of storage duration, there was not a large difference in AGE formation from
day 1 to day 43. There were also no significant interaction effects between solutions and days in
storage as seen in Figure 3.17. These results indicate that total AGEs formation on RBC membrane
was not altered with variance in solution. However, an increase in AGEs (relative to day 1 of

storage) were measured after 3 weeks of storage
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Figure 3.17. Total AGEs (CML + CEL) [nM] of RBC solutions in blood storage bags over 43
days. There is no statistically significant difference between AS-1 and AS-1N glucose
concentration in storage solutions over 43 days. p=0.107, n=4-5, error=SEM.

There was a significant effect of time on total AGEs for AS-1, F(6,12)=4.741, p<0.05. For
AS-1, Bonferroni tests revealed significant differences between days, visualized results are
displayed below in Figure 3.18. There was a not significant effect of time on total AGEs for AS-
1N, F(6,18)=1.475, p=0.242. These results indicate that total AGE formation was altered with

progression of time for AS-1 days 8, 15, 29, and 43.
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Figure 3.18. Total AGEs [nM] (CML and CEL combined) for both storage solutions over 43 days.
A. AS-1 solution had differences between day 1 and day 43, and day 8 and day 15, day 8 and day
36, and day 8 and day 43. B. AS-1N solution had no differences between any days in storage.
*p<0.05, **p<0.01, n=4-5, error=SEM.

3.3.9 Free Reduced Glutathione AS-1 vs AS-1N Over 43 Days

For free reduced glutathione (GSH), there were significant differences found between
samples in AS-1 and samples in AS-1N for both solution types and days in storage as seen in
Figure 3.19. Solution types as a category in the two-way repeated measures ANOVA had
significant differences as follows: F(6,18)=94.406, p<0.001. Days in storage had significant
differences as follows: F(6,18)=14.236, p<0.001. There was no significant interaction between
solutions and days in storage F(6,18)=2.149, p=0.133. These results indicate that free GSH

formation was altered with variance in solution.
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Figure 3.19. Free Glutathione (GSH) [nM] of RBC solutions in blood storage bags over 43 days.
There is a statistically significant difference between AS-1 and AS-1N glucose concentration in
storage solutions over 43 days. *p<0.05, **p<0.01, n=4-5, error=SEM.

There was a significant effect of time on free GSH for AS-1, F(6,18)=12.681, p<0.05. For
AS-1, Bonferroni tests revealed significant differences between days, visualized results are
displayed below in Figure 3.20. There was a significant effect of time on GSH for AS-1N,
F(6,18)=8.507, p<0.001. R=0.8286. For AS-1N, Bonferroni tests revealed significant differences

between days, visualized results are displayed below in Figure 3.20. These results indicate that

free GSH formation was altered with progression of time.
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Figure 3.20. Free Reduced Glutathione (GSH) [nM] of RBC solutions in blood storage bags over
43 days. There is a statistically significant difference between AS-1 and AS-1N glucose
concentration in storage solutions over 43 days. *p<0.05, **p<0.01, ***p<0.001, n=4-5,
error=SEM.

3.4 Discussion

In blood transfusion practices, there is limited knowledge concerning the effects of the high
glucose storage solution on RBCs, specifically referring to RBC lesions, deformability, and other
adverse effects. AGEs have been reported in various samples, but most reports concerning the
glycation in food resulting in higher CML and CEL. There are limited reports of detecting and
quantifying CML, CEL, and Lysine in human stored ERY samples. Furthermore, following the
method development in chapter 2 in two different storage conditions (hyperglycemic and
normoglycemic), AGEs were quantified each week. The sample preparation that enabled adequate
separation and quantification of these AGEs over 43 days allows for a closer examination of
glycation trends on the RBC membrane. These features, along with comparing other blood banking

studies from previous Spence group members, such as metabolic and physical adverse effects

118



(adhesion, sorbitol, GSH, deformability) give a larger picture of the effect of a high glucose blood
storage condition and a possible alternative in future in vivo applications.

The automatic “feeding” application allows for customizability and glucose regulation. Even
though the septum cap tubes were not successful due to faulty manufacturing and high cell lysis,
the idea of continuous feeding in a normoglycemic environment was scaled up from the previous
smaller tubes that were successful in determining ATP release and deformability. The novel use
of utilizing smaller veterinarian blood bags for storage with an automated system to deliver a
glucose solution was successful. Therefore, it is possible to implement this system for larger
transfusion bags with confidence before moving to implementing it in vivo.

Previously in chapter 2, the change in AGEs and lysine were measured for method validation
on freshly drawn blood. Results indicated that there was no statistical difference in the types of
storage solutions. However, it was expanded to 43 days and explored to determine how time can
contribute to AGE and glutathione formation. There was a spike for both solutions on day 15 which
correlates to literature reports of 2-week AGE formation importance.®%6-% Furthermore, the data
showed that the RBCs stored in AS-1 experience more changes than AS-1N in CML, CEL and
total AGEs over the course of 43 days in storage. This finding is important because when
examining the two different types of solutions, only AS-1 shows overall changes over time, which
confirms the hypothesis mentioned in chapter 2. There was no relationship between increasing
time and lysine concentration for both AS-1 and AS-1N. Furthermore, the data showed that the
RBCs stored in AS-1 did not experience more changes than AS-1N in lysine concentration over
the course of 43 days in storage. This finding is important because it signifies the overall RBC

membrane non-glycated proteins did not change.
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When further analyzing the CML and CEL data from day 1 to day 43, there are statistically
significant increases in the AGEs from day 1 to day 43 (p<0.01). However, there are no differences
between the solutions on either day (Figure 3.21). Interestingly, for CML, AS-1 had a 56.5%
increase while AS-1N had a 21.1% increase, which is approximately half of AS-1 percent increase.
Similarly, for CEL, AS-1 had a 68.7% increase while AS-IN had a 39.9% increase, again
approximately half. Although the two solutions are not statistically different to each other, the
surprising percentage differences, and statistical increase from day 1 to 43 show AGE formation

is time-dependent and increasing.
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Figure 3.21. CML and CEL day 1 versus 43 for AS-1 and AS-1N. A. CML Day 1 AS-1 (773.7
nM + 112.9) and day 43 (1210.9 nM £ 119.7) and AS-1N day 1 (869.2 nM * 61.5) and day 43
(1052.8 nM + 149.0). B. CEL day 1 AS-1 (565.2 nM % 53.2) and day 43 (953.7 nM % 65.3)
and AS-1N day 1 (643.9 nM % 49.5) and day 43 (901.0 nM % 160.8). **p<0.01, n=4-5,
error=SEM. Image borrowed from Skrajewski-Schuler, L. et. al.

Additionally, to individual AGEs interpreted data, the total AGEs/lysine results show a

clear increasing trend over the 43-day blood storage period (Figure 3.22). The results are
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statistically significant between categories F(6,18)=17.591, p<0.05. Also, there were statistically
significant results between day 43 relative to days 1, 8, 15, and 22 (p<0.05). The data specifically
shows after day 15 a shift in total AGE/lysine formation, which is indicative of the current
literature surround 2-week irreversible AGE formation.®® Again, there is a 53.7% percent
increase in total AGE/lysine for AS-1 (day 1 1.11x10° + 2.58x10* and day 43 1.71x103 +
6.45x107°). In comparison, AS-1N had a 48.7% percent increase (day 1 1.02x102 + 3.06x10* and
day 43 1.52x10° + 7.65x10°). Finally, both AS-1 (F(6,20)=3.911, p<0.01)) and AS-1N
(F(6,8)=7.139, p<0.001)) categories had a significant effect on days in storage. Thus, proving the

hypothesis that storage solutions would alter total AGEs/lysine concentration over 43 days.
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Figure 3.22. Total AGEs/Lysine over 43 days for AS-1 and AS-1N. There was a
significant effect of category on results which resulted in determining that AS-1 had a
significant effect on specific days in storage (p<0.05). AS-1N did have a significant effect
on specific days in storage (p<0.05) Overall, the solutions did influence the total
AGEs/lysine concentration over time. *p<0.05 relative to day 1, #p<0.01 relative to day
22, n=4-5, error=SEM. Image borrowed from Skrajewski-Schuler, L. et. al. (in review).
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Few studies and reports have shown the adverse complications that exist after transfusion,
often around the 2-week mark of blood storage.®%¢-% Specifically, from the Spence group with
published ATP and deformability data, such as in Liu, Y. et al.®” It is hypothesized that at day 8,
adverse effects to RBCs start to become irreversible and the damage to the cells is permanent by
day 15.%” These findings could be due to the increased AGEs forming around this time marker and
thus the quality of the RBCs dramatically changes with the increased glycation. It is still unknown
whether the RBCs irreversible AGEs formed would be unable to recover after transfusion, but the
time frame that the RBCs are in storage relative to when transfusion occurs is important to note.
The weekly blood storage studies that involved normoglycemic conditions with lower glucose
feeding and sample removal are novel. Thus, it will require more time, donors, samples, and studies
to understand more about the blood storage timepoints and important timeframes for AGEs and
RBCs.

These results provide a platform for new blood transfusion research, in discovering how
normoglycemic storage solutions as well as storage time can alleviate microvascular complications
attributed with increased AGEs and oxidative stress.®®"® While AGEs can form relatively quickly
under certain experimental conditions or in specific tissues with short-lived proteins, it is not
common in the literature for significant AGE formation to occur within just 2 weeks RBCs under
normal physiological conditions. AGE accumulation is more often a gradual and chronic process
linked to long-term exposure to high blood glucose levels. So, by examining the trend over 43
days, it is clear there is an increase in overall AGE formation after 2 weeks up to 43 days. This
study can be expanded on in future efforts with longer storage time, more sample types, and

different biomarkers to determine the overall effectiveness of a normoglycemic blood storage.

122



GSH levels were measured as an indirect example of cellular toxicity due to the changing
levels of oxidative stress. Previous reports indicate that a reduction in glutathione peroxidase
activity and thus free GSH refers to increased levels of oxidation.*>®! In this study, there is a
statistically significant increase in GSH in AS-1 compared to AS-1N. Also, there is a clear increase
in free GSH levels over time for both solutions. Therefore, the amount of GSH quantified from the
stored blood bags were affected by both time and solution time in the opposite trend that was
hypothesized. The data shows that the RBCs stored in AS-1 at statistically increased levels of GSH
to suggests there are an opposite correlation between increased oxidative stress and GSH
production than expected, especially after 15 days of storage.

It may seem counterintuitive that GSH, an antioxidant molecule, can be present at high
levels while still being associated with oxidative stress. One theory is in response to oxidative
stress, cells can upregulate the synthesis of GSH to counteract the increased levels of reactive
oxygen species (ROS) and free radicals.®>"* This is a protective mechanism, and it leads to higher
intracellular GSH concentrations.”* Even though GSH production may be elevated, the rate of
GSH consumption due to the excessive presence of ROS can exceed its synthesis.® In other words,
the cellular antioxidant defense system may be overwhelmed, leading to a net decrease in the active
reduced form of GSH.%4 In cases of chronic or severe oxidative stress, GSSG levels may rise
significantly, even as GSH is produced in response to the ongoing stress.*>>® Therefore, in the
presence of oxidative stress, the balance between GSH and GSSG may shift toward a more

oxidized state, despite the overall high levels of GSH (Figure 3.21.).%3
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Figure 3.21. Possible hypothesis for increased in GSH production. Hyperglycemia induces the
glycolytic pathway to become saturated, which results in the maximum amount of NADPH
production possible. Therefore, increasing the NADPH utilization to convert GSSG to GSH,
increasing GSH levels. Increased glucose levels can also trigger the activation of the polyol
pathway, leading to increased sorbitol production. The conversion of glucose to sorbitol in the
polyol pathway consumes NADPH, resulting in its depletion. But NAD+ is also converted to
NADH, which increases the production of this cofactor, and thus cancels out the NADPH used to
make sorbitol.

Another hypothesis is in certain pathological conditions or environmental exposures (such
as in vitro experiments), the rate of ROS generation can outpace the cell's ability to neutralize
them, even with increased GSH production.>®®” This results in a situation where GSH is present
but unable to completely counteract the oxidative stress.5%5"63

In summary, the presence of high GSH levels in the context of oxidative stress does not
necessarily mean that GSH is fully effective at neutralizing the stress. Instead, high GSH could
reflect an adaptive response by the cell to the increased oxidative challenge.%®%3¢* To assess the
actual impact of oxidative stress and the effectiveness of GSH, it is important to consider the
GSH/GSSG ratio and the balance between antioxidants and pro-oxidants within the cellular

environment.®*-63 Thus, another assay kit with the ability to measure either the ratio in its entirety
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or compare the results from the reduced and oxidized components would be a clear next step. Or
an alternative theory could be as simple as this phenomenon is due to matrix effects.*’ The
biological matrix in the sample and the assay Kit constituents could alter the results. If the matrix
theory is the case, then instead of pRBCs, another blood component, such as serum or plasma or
separating the pRBCs from the additive solution mix in the bag could be another option to examine.
These theories of explaining high GSH levels in hypothesized increased oxidative stress
environments (i.e., hyperglycemic blood storage) will also be used to explain T1D and control
results in chapter 4. The study of AGEs in transfusion medicine is an evolving field with potential
implications for the quality and safety of blood products and their impact on recipient health. These
studies can be used to show the biomarkers in this chapter are important and can be used in future

clinical applications to learn more about in vivo samples.

125



1)

()

(3)

(4)

(5)
(6)
(")

(8)

(9)

(10)

(11)

(12)

(13)

(14)

BIBLIOGRAPHY

Riley, W.; Schwei, M.; McCullough, J. The United States’ Potential Blood Donor Pool:
Estimating the Prevalence of Donor-Exclusion Factors on the Pool of Potential Donors.
Transfusion (Paris) 2007, 47 (7), 1180-1188. https://doi.org/10.1111/j.1537-
2995.2007.01252.x.

American Red Cross. Red Cross Needs Extra 10,000 Donations Weekly through October to
Alleviate National Blood Shortage; Salt Lake City, 2023.

Harris, J.; Crookston, K. Blood Product Safety.; StatPearls Publishing: Treasure Island (FL),
2023.

Khan, A.; Gupta, G. Noninfectious Complications of Blood Transfusion; StatPearls
Publishing: Treasure Island (FL), 2022.

American Red Cross. What Is The Rh Factor? Why Is It Important?
AABB. Highlights of Transfusion Medicine History. 2023.

Basu, D.; Kulkarni, R. Overview of Blood Components and Their Preparation. Indian J
Anaesth 2014, 58 (5), 529. https://doi.org/10.4103/0019-5049.144647.

Mavenyengwa, R. T.; Mukesi, M.; Chipare, I.; Shoombe, E. Prevalence of Human
Immunodeficiency Virus, Syphilis, Hepatitis B and C in Blood Donations in Namibia. BMC
Public Health 2014, 14 (1), 424. https://doi.org/10.1186/1471-2458-14-424.

Karamitros, G. A.; Nikolaos, K.; Karamitrou, I. The Ban on Blood Donation on Men Who
Have Sex with Men: Time to Rethink and Reassess an Outdated Policy. Pan African
Medical Journal 2017, 27. https://doi.org/10.11604/pam;j.2017.27.99.12891.

World Health Organization Department of Essential Health Technologies. Universal Access
to Safe Blood Transfusions; Ottawa, Canada, 2008.

Riess, J. G. Oxygen Carriers (“Blood Substitutes”) Raison d’Etre, Chemistry, and Some
Physiology Chem Rev 2001, 101 (9), 2797-2920. https://doi.org/10.1021/cr970143c.

Tao, Z.; Ghoroghchian, P. P. Microparticle, Nanoparticle, and Stem Cell-Based Oxygen
Carriers as Advanced Blood Substitutes. Trends Biotechnol 2014, 32 (9), 466-473.
https://doi.org/10.1016/j.tibtech.2014.05.001.

Mani, S. Blood Substitutes An Overview. 2016.
https://www.researchgate.net/publication/318877827.

D’Alessandro, A.; Liumbruno, G.; Grazzini, G.; Zolla, L. Red Blood Cell Storage: The
Story so Far. Blood Transfusion. 2010, pp 82-88. https://doi.org/10.2450/2009.0122-09.

126



(15)

(16)

A7)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

Greening, D. W.; Glenister, K. M.; Sparrow, R. L.; Simpson, R. J. International Blood
Collection and Storage: Clinical Use of Blood Products. Journal of Proteomics. January 3,
2010, pp 386-395. https://doi.org/10.1016/j.jprot.2009.07.011.

Manner, P. A.; Rubash, H. E.; Herndon, J. H. Prospectus. Future Trends in Transfusion.
Clin Orthop Relat Res 1998, No. 357, 101-115.

Shah, A.; Brunskill, S. J.; Desborough, M. J.; Doree, C.; Trivella, M.; Stanworth, S. J.
Transfusion of Red Blood Cells Stored for Shorter versus Longer Duration for All
Conditions. Cochrane Database of Systematic Reviews 2018, 2018 (12).
https://doi.org/10.1002/14651858.CD010801.pub3.

Ellingson, K. D.; Sapiano, M. R. P.; Haass, K. A.; Savinkina, A. A.; Baker, M. L.; Chung,
K.-W.; Henry, R. A.; Berger, J. J.; Kuehnert, M. J.; Basavaraju, S. V. Continued Decline in
Blood Collection and Transfusion in the United States-2015. Transfusion (Paris) 2017, 57,
1588-1598. https://doi.org/10.1111/trf.14165.

Moore, G. L.; Batsakis, J. G. Additive Solutions for Better Blood Preservation. Crit Rev
Clin Lab Sci 1987, 25 (3), 211-229. https://doi.org/10.3109/10408368709105883.

Cancelas, J. A.; Dumont, L. J.; Maes, L. A.;; Rugg, N.; Herschel, L.; Whitley, P. H.;
Szczepiokowski, Z. M.; Siegel, A. H.; Hess, J. R.; Zia, M. Additive Solution-7 Reduces the
Red Blood Cell Cold Storage Lesion. Transfusion (Paris) 2015, 55 (3), 491-498.
https://doi.org/10.1111/trf.12867.

Sparrow, R. L. Time to Revisit Red Blood Cell Additive Solutions and Storage Conditions:
A Role for “Omics” Analyses. Blood Transfusion. 2012.
https://doi.org/10.2450/2012.003S.

D’Amici, G. M.; Mirasole, C.; D’Alessandro, A.; Yoshida, T.; Dumont, L. J.; Zolla, L. Red
Blood Cell Storage in SAGM and AS3: A Comparison through the Membrane Two-
Dimensional Electrophoresis Proteome. Blood Transfusion 2012, 10 (SUPPL. 2).
https://doi.org/10.2450/2012.008S.

Koch, C. G,; Li, L.; Sessler, D. I.; Figueroa, P.; Hoeltge, G. A.; Mihaljevic, T.; Blackstone,
E. H. Duration of Red-Cell Storage and Complications after Cardiac Surgery. New England
Journal of Medicine 2008, 358 (12), 1229-1239. https://doi.org/10.1056/NEJM0a070403.

Strauss, R. G. Red Blood Cell Storage and Avoiding Hyperkalemia from Transfusions to
Neonates and Infants. Transfusion (Paris) 2010, 50 (9), 1862-1865.
https://doi.org/10.1111/j.1537-2995.2010.02789.x.

Karam, O.; Tucci, M.; Bateman, S. T.; Ducruet, T.; Spinella, P. C.; Randolph, A. G.;
Lacroix, J. Association between Length of Storage of Red Blood Cell Units and Outcome
of Critically Il Children: A Prospective Observational Study. Crit Care 2010, 14 (2), R57.
https://doi.org/10.1186/cc8953.

127



(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Hess, J. R. An Update on Solutions for Red Cell Storage. Vox Sanguinis. July 2006, pp 13-
19. https://doi.org/10.1111/}.1423-0410.2006.00778.X.

Steiner, M. E.; Ness, P. M.; Assmann, S. F.; Triulzi, D. J.; Sloan, S. R.; Delaney, M.;
Granger, S.; Bennett-Guerrero, E.; Blajchman, M. A.; Scavo, V.; Carson, J. L.; Levy, J. H.;
Whitman, G.; D’Andrea, P.; Pulkrabek, S.; Ortel, T. L.; Bornikova, L.; Raife, T.; Puca, K.
E.; Kaufman, R. M.; Nuttall, G. A.; Young, P. P.; Youssef, S.; Engelman, R.; Greilich, P.
E.; Miles, R.; Josephson, C. D.; Bracey, A.; Cooke, R.; McCullough, J.; Hunsaker, R.; Uhl,
L.; McFarland, J. G.; Park, Y.; Cushing, M. M.; Klodell, C. T.; Karanam, R.; Roberts, P.
R.; Dyke, C.; Hod, E. A.; Stowell, C. P. Effects of Red-Cell Storage Duration on Patients
Undergoing Cardiac Surgery. New England Journal of Medicine 2015, 372 (15), 1419
1429. https://doi.org/10.1056/nejmoal414219.

Hess, J. R. Red Cell Changes during Storage. Transfusion and Apheresis Science 2010, 43
(1), 51-59. https://doi.org/10.1016/j.transci.2010.05.009.

Yoshida, T.; Prudent, M.; D’Alessandro, A. Red Blood Cell Storage Lesion: Causes and
Potential Clinical Consequences. Blood Transfusion. Edizioni SIMTI January 1, 2019, pp
27-52. https://doi.org/10.2450/2019.0217-18.

Gutierrez, M.; Shamoun, M.; Tanski, T.; Eniola-Adefeso, L. Characterization of Bulk
Rigidity of Rigid Red Blood Cell Populations in Sickle Cell Patients Using a
Parameterization Model of Ektacytometry. Blood 2019, 134 (Supplement_1), 3572-3572.
https://doi.org/10.1182/blood-2019-131638.

Burger, P.; Korsten, H.; De Korte, D.; Rombout, E.; Van Bruggen, R.; Verhoeven, A. J. An
Improved Red Blood Cell Additive Solution Maintains 2,3- Diphosphoglycerate and
Adenosine Triphosphate Levels by an Enhancing Effect on Phosphofructokinase Activity
during Cold Storage. Transfusion (Paris) 2010, 50 (11), 2386-2392.
https://doi.org/10.1111/j.1537-2995.2010.02700.x.

Klein, H. G.; Spahn, D. R.; Carson, J. L. Red Blood Cell Transfusion in Clinical Practice.
The Lancet 2007, 370 (9585), 415-426. https://doi.org/10.1016/S0140-6736(07)61197-0.

Arif, S. H.; Yadav, N.; Rehman, S.; Mehdi, G. Study of Hemolysis During Storage of Blood
in the Blood Bank of a Tertiary Health Care Centre. Indian Journal of Hematology and
Blood Transfusion 2017, 33 (4), 598-602. https://doi.org/10.1007/s12288-016-0769-5.

Garcia-Roa, M.; Del Carmen Vicente-Ayuso, M.; Bobes, A. M.; Pedraza, A. C.; Gonzélez-
Fernandez, A.; Martin, M. P.; Saez, |.; Seghatchian, J.; Gutiérrez, L. Red Blood Cell Storage
Time & Transfusion: Current Practice, Concerns & Future Perspectives. Blood Transfusion.
SIMTI Servizi Sri May 1, 2017, pp 222-231. https://doi.org/10.2450/2017.0345-16.

Hess, J. R. Measures of Stored Red Blood Cell Quality. Vox Sang 2014, 107 (1), 1-9.
https://doi.org/10.1111/vox.12130.

Chen, C.; Wang, Y.; Lockwood, S. Y.; Spence, D. M. 3D-Printed Fluidic Devices Enable
Quantitative Evaluation of Blood Components in Modified Storage Solutions for Use in

128



(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Transfusion Medicine. Analyst 2014, 139 (13), 3219-3226.
https://doi.org/10.1039/c3an02357e.

Liu, Y.; Hesse, L. E.; Geiger, M. K.; Zinn, K. R.; McMahon, T. J.; Chen, C.; Spence, D. M.
A 3D-Printed Transfusion Platform Reveals Beneficial Effects of Normoglycemic
Erythrocyte Storage Solutions and a Novel Rejuvenating Solution. Lab Chip 2022, 22 (7),
1310-1320. https://doi.org/10.1039/d21c00030;j.

McMahon, T. J. Red Blood Cell Deformability, Vasoactive Mediators, and Adhesion.
Frontiers in  Physiology. Frontiers Media S.A. November 15, 20109.
https://doi.org/10.3389/fphys.2019.01417.

Wang, X.-J.; Hsiao, K.-C. Sugar Degradation during Autoclaving: Effects of Duration and
Solution Volume on Breakdown of Glucose. Physiol Plant 1995, 94 (3), 415-418.
https://doi.org/10.1111/j.1399-3054.1995.tb00947.X.

Leitzen, S.; Vogel, M.; Steffens, M.; Zapf, T.; Miller, C. E.; Brandl, M. Quantification of
Degradation Products Formed during Heat Sterilization of Glucose Solutions by LC-
MS/MS: Impact of Autoclaving Temperature and Duration on Degradation.
Pharmaceuticals 2021, 14 (11), 1121. https://doi.org/10.3390/ph14111121.

Yoneyama, N.; Hara-Kudo, Y.; Kumagai, A. S. Effects of Heat-Degraded Sugars on
Survival and Growth of Vibrio Parahaemolyticus and Other Bacteria; 2007; Vol. 70.

Waggiallah, H.; Alzohairy, M. The Effect of Oxidative Stress on Human Red Cells
Glutathione Peroxidase, Glutathione Reductase Level, and Prevalence of Anemia among
Diabetics. N Am J Med Sci 2011, 344-347. https://doi.org/10.4297/najms.2011.3344.

Lu, S. C. Glutathione Synthesis. Biochimica et Biophysica Acta (BBA) - General Subjects
2013, 1830 (5), 3143-3153. https://doi.org/10.1016/j.bbagen.2012.09.008.

Ulrich, K.; Jakob, U. The Role of Thiols in Antioxidant Systems. Free Radic Biol Med
2019, 140, 14-27. https://doi.org/10.1016/j.freeradbiomed.2019.05.035.

Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.;
Altavilla, D.; Bitto, A. Oxidative Stress: Harms and Benefits for Human Health. Oxid Med
Cell Longev 2017, 2017, 1-13. https://doi.org/10.1155/2017/8416763.

van ‘t Erve, T. J.; Wagner, B. A.; Ryckman, K. K.; Raife, T. J.; Buettner, G. R. The
Concentration of Glutathione in Human Erythrocytes Is a Heritable Trait. Free Radic Biol
Med 2013, 65, 742—749. https://doi.org/10.1016/j.freeradbiomed.2013.08.002.

Forman, H. J.; Zhang, H.; Rinna, A. Glutathione: Overview of Its Protective Roles,
Measurement, and Biosynthesis. Mol Aspects Med 2009, 30 (1-2), 1-12.
https://doi.org/10.1016/j.mam.2008.08.006.

Chaudhry, R.; Varacallo, M. Biochemistry, Glycolysis; StatPearls Publishing: Treasure
Island, FL, 2022.

129



(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

Srikanth, K. K.; Orrick, J. A. Biochemistry, Polyol Or Sorbitol Pathways; StatPearls
Publishing: Treasure Island, FL, 2022.

Venugopal, S. K.; Mowery, M. L.; Jialal, I. Biochemistry, C Peptide. StatPearls Publishing.

Chalk, C.; Benstead, T. J.; Moore, F. Aldose Reductase Inhibitors for the Treatment of
Diabetic Polyneuropathy. Cochrane Database of Systematic Reviews 2007, 2010 (1).
https://doi.org/10.1002/14651858.CD004572.pub?2.

McBean, G. Cysteine, Glutathione, and Thiol Redox Balance in Astrocytes. Antioxidants
2017, 6 (3), 62. https://doi.org/10.3390/antiox6030062.

Dunlop, M. Direct Effects of High Glucose. Aldose Reductase and the Role of the Polyol
Pathway in Diabetic Nephropathy; 2000; Vol. 58.

Yan, L. jun. Redox Imbalance Stress in Diabetes Mellitus: Role of the Polyol Pathway.
Animal Models and Experimental Medicine. John Wiley and Sons Inc March 1, 2018, pp
7-13. https://doi.org/10.1002/ame2.12001.

Ballatori, N.; Krance, S. M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C. L. Glutathione
Dysregulation and the Etiology and Progression of Human Diseases. bchm 2009, 390 (3),
191-214. https://doi.org/10.1515/BC.2009.033.

Pisoschi, A. M.; Pop, A.; lordache, F.; Stanca, L.; Predoi, G.; Serban, A. I. Oxidative Stress
Mitigation by Antioxidants - An Overview on Their Chemistry and Influences on Health
Status. Eur J Med Chem 2021, 209, 112891. https://doi.org/10.1016/j.ejmech.2020.112891.

Vona, R.; Pallotta, L.; Cappelletti, M.; Severi, C.; Matarrese, P. The Impact of Oxidative
Stress in Human Pathology: Focus on Gastrointestinal Disorders. Antioxidants 2021, 10 (2),
201. https://doi.org/10.3390/antiox10020201.

Alkazemi, D.; Rahman, A.; Habra, B. Alterations in Glutathione Redox Homeostasis among
Adolescents with Obesity and Anemia. Sci Rep 2021, 11 (1), 3034.
https://doi.org/10.1038/s41598-021-82579-5.

Gilbert Verna, H. F.; McLean, M. Catalysis of Thiol/Disulfide Exchange: Single-Turnover
Reduction of Protein Disulfide-Isomerase by Glutathione and Catalysis of Peptide Disulfide
Reduction1™; 1989; Vol. 28. https://pubs.acs.org/sharingguidelines.

Kim, C.-S.; Park, S.; Kim, J. The Role of Glycation in the Pathogenesis of Aging and Its
Prevention through Herbal Products and Physical Exercise. J Exerc Nutrition Biochem
2017, 21 (3), 55-61. https://doi.org/10.20463/jenb.2017.0027.

Zitka, O.; Skalickova, S.; Gumulec, J.; Masarik, M.; Adam, V.; Hunalek, J.; Trnkova, L.;
Kruseova, J.; Eskschlager, T. Kizek, R. Redox Status Expressed as GSH:GSSG Ratio as a
Marker for Oxidative Stress in Paediatric Tumour Patients. Oncol Lett 2012, 4 (6), 1247—
1253. https://doi.org/10.3892/01.2012.931.

130



(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

Lushchak, V. I. Free Radicals, Reactive Oxygen Species, Oxidative Stress and Its
Classification. Chem Biol Interact 2014, 224, 164-175.
https://doi.org/10.1016/j.cbi.2014.10.016.

Rebrin, I.; Sohal, R. S. Pro-Oxidant Shift in Glutathione Redox State during Aging. Adv
Drug Deliv Rev 2008, 60 (13-14), 1545-1552. https://doi.org/10.1016/j.addr.2008.06.001.

Birben, E.; Sahiner, U. M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative Stress and
Antioxidant Defense. World Allergy Organization Journal 2012, 5 (1), 9-19.
https://doi.org/10.1097/WOX.0b013e3182439613.

Mu, R. Quantitative Investigation of the Benefits From Storing Red Blood Cells Under
Normoglycemic Conditions. PhD Thesis, Michigan State University, East Lansing, MI.
2017.

Chen, J.-H.; Lin, X.; Bu, C.; Zhang, X. Role of Advanced Glycation End Products in
Mobility and Considerations in Possible Dietary and Nutritional Intervention Strategies.
Nutr Metab (Lond) 2018, 15 (1), 72. https://doi.org/10.1186/s12986-018-0306-7.

Sut, C.; Tariket, S.; Chou, M. L.; Garraud, O.; Laradi, S.; Hamzeh-Cognasse, H.;
Seghatchian, J.; Burnouf, T.; Cognasse, F. Duration of Red Blood Cell Storage and
Inflammatory Marker Generation. Blood Transfus 2017, 15 (2), 145-152.
https://doi.org/10.2450/2017.0343-16.

Aubron, C.; Nichol, A.; Cooper, D. J.; Bellomo, R. Age of Red Blood Cells and Transfusion
in Critically 11l Patients. Ann Intensive Care 2013, 3 (1), 2. https://doi.org/10.1186/2110-
5820-3-2.

Du, C.; Whiddett, R. O.; Buckle, I.; Chen, C.; Forbes, J. M.; Fotheringham, A. K. Advanced
Glycation End Products and Inflammation in Type 1 Diabetes Development. Cells 2022, 11
(21), 3503. https://doi.org/10.3390/cells11213503.

Vlassara, H.; Uribarri, J. Advanced Glycation End Products (AGE) and Diabetes: Cause,
Effect, or Both? Curr Diab Rep 2014, 14 (1), 453. https://doi.org/10.1007/s11892-013-
0453-1.

Kwon, D.; Cha, H.-J.; Lee, H.; Hong, S.-H.; Park, C.; Park, S.-H.; Kim, G.-Y.; Kim, S.;
Kim, H.-S.; Hwang, H.-J.; Choi, Y. Protective Effect of Glutathione against Oxidative
Stress-Induced Cytotoxicity in RAW 264.7 Macrophages through Activating the Nuclear
Factor Erythroid 2-Related Factor-2/Heme Oxygenase-1 Pathway. Antioxidants 2019, 8 (4),
82. https://doi.org/10.3390/antiox8040082.

131



Chapter 4: Potential Biomarkers for T1D Patient Screening in C-peptide Therapy
4.1 Introduction
4.1.1 Background

According to the 2022 Center for Disease Control and Prevention (CDC) National Diabetes
Statistics Report, 28.7 million Americans have been diagnosed with diabetes.! The two main forms
of diabetes are type 1 diabetes (T1D) and type 2 diabetes (T2D).%3 Approximately 1.4 million
Americans are diagnosed with diabetes every year, with about 5% of these diagnoses being T1D.??
T1D is a chronic autoimmune disorder characterized by the destruction of insulin-producing
B-cells in the pancreas, leading to an absolute deficiency of insulin.* Insulin is a hormone that
plays a crucial role in regulating blood glucose levels by facilitating the uptake of glucose into
certain cells for energy production or storage.>® Without sufficient insulin, glucose accumulates
in the bloodstream, leading to hyperglycemia and downstream severe health consequences.® T1D
is often treated with exogenous insulin taken several times a day to control blood glucose levels.’
In T2D, the body becomes resistant to the effects of insulin, leading to a relative deficiency of
insulin.2 Although the pancreas may still produce insulin, the body's cells are less responsive to its
action, resulting in elevated blood glucose levels.® T2D is often managed through lifestyle changes,
oral medications, and, in some cases, insulin therapy.®

Even when well controlled, and especially when not, diabetes can have major long-term
health ramifications. Many of these complications can be attributed to poor blood flow and
decreased oxygen delivery to various parts of the body, resulting in localized hypoxia.® Diabetic
retinopathy is defined as hypoxia that can contribute to the development and progression of
complications affecting the eyes, leading to extreme vision impairment or blindness in

approximately 11% of people with T1D.1®!* Hypoxia in the kidneys may play a role in the
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development and progression of diabetic nephropathy, a condition characterized by kidney damage
in diabetes.'® Another complication is neuropathy, which is nerve damage leading to sensory and
motor deficits in individuals with diabetes.'° Cardiovascular disease (CVD) causes more deaths in
people with diabetes than any other complication, with a 1 — 3 fold increase inmenanda 2 — 5
fold increase in women for risk of CVD morbidity and mortality compared to healthy adults.?

4.1.2 B-Cells, Insulin, and Glucose Transporters

The exact cause of T1D is not fully understood, but it is believed to result from a complex
interplay of certain genetic markers, autoantibodies, and environmental triggers.* This endocrine
disorder is an autoimmune attack that results in a significant reduction in or complete loss of insulin
secretion.*13 With the loss of insulin-secreting p-cells, there is a lack of insulin to facilitate glucose
uptake by insulin-dependent cells, resulting in hyperglycemia.* Hyperglycemia can lead to a range
of acute and chronic complications, including diabetic ketoacidosis in the short term and
microvascular and macrovascular complications in the long term.314 Blood glucose, also known
as blood sugar, refers to the concentration of glucose present in the bloodstream.® Glucose is the
primary source of energy for the body's cells and is essential for various physiological processes,

as previously discussed in chapter 1.14

Insulin is a hormone®® that plays a crucial role in regulating blood glucose levels.>® As
blood glucose levels rise, the entering glucose changes ratios of adenosine triphosphate to
adenosine diphosphate (ATP/ADP). This changing ratio stimulates specific mechanisms that result
in the vesicles docking at the cell membrane and releasing its contents, which is insulin into the
bloodstream.® Insulin acts as a "key" that unlocks the body's cells, allowing glucose to enter and

be used as energy.*® Insulin binds to receptors on the cell surface, triggering a series of intracellular
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processes that facilitate the transport of glucose from the bloodstream into the insulin-dependent

cells via the glucose transporter (Figure 4.1).81516
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Figure 4.1. The mechanism for insulin-responding glucose transporter, GLUT4. On the membrane
surface, insulin binds to the insulin receptor and triggers an intracellular response to facilitate the
GLUT4- containing vesicle to move to the cell surface. The GLUT4 vesicle fuses with the plasma
membrane and allows glucose to enter the cell. 16192

Glucose transporter 4 (GLUT4) is a member of the glucose transporter family.%® It is a
protein responsible for transporting glucose into cells and is predominantly found in
insulin-sensitive tissues, such as muscle cells and adipose (fat) tissue.!’"'° The main feature that
distinguishes GLUT4 from other glucose transporters, like GLUTL, is its regulation by insulin.*®
Under normal physiological conditions, GLUT4 is mostly sequestered inside specialized vesicles
within the cell, and only a small portion is present on the cell surface.'® However, when insulin
levels rise in response to increased blood glucose levels after a meal, GLUT4 is translocated to the
cell membrane, allowing more glucose to enter the cell.?%?! This insulin-mediated translocation of
GLUT4 to the cell surface is a crucial step in glucose uptake and utilization by insulin-sensitive

tissues.”?%2! Impairments in GLUTA4 function or insulin signaling can lead to insulin resistance, a
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condition where insulin's ability to promote glucose uptake is diminished.'®?%2% Once the excess
glucose moves into the cell, it needs to be processed for energy and storage. Glucagon helps
promote the conversion of glucose into glycogen, a storage form of glucose, in the liver and
muscles.!®

Glucose transporter 1 (GLUTL1) is a protein that plays a critical role in facilitating the
transport of glucose across insulin-independent cell membranes.?*? GLUT1 is another member of
the glucose transporter family, which includes several other transporters responsible for glucose
uptake in different tissues and cell types throughout the body, as previously discussed.?>? The
GLUTL1 protein is primarily expressed in red blood cells (RBCs), the blood-brain barrier, and
tissues with a high demand for glucose, such as the brain and placenta.?2242¢ Its primary function
is to transport glucose molecules from the extracellular fluid into the cells, where glucose is utilized
for energy production or other metabolic processes.?> The RBC membrane has many different
proteins, 5-10% of which are GLUT1, making this hydrophobic protein essential for providing
glucose for energy production and protects against insulin-resistant glucose uptake from oxidative
stress.?*

During fasting, the liver produces glucose by synthesizing glucose from lactate and amino
acids (gluconeogenesis).?” Post-meal, insulin is released from the pancreas and works with
glucagon to maintain normal glucose concentration in the bloodstream.?” Glucose gets deposited
into the liver, which becomes glycogen to be stored in the liver and muscles while blood glucose
levels rise.?” When blood glucose levels decrease, the stored glycogen is broken down back into
glucose (glycogenolysis) to maintain blood glucose levels within a normal range (euglycemia).?’
Insulin helps to suppress the liver's production of glucose.?® By reducing glucose production,

insulin helps maintain stable blood glucose levels.?’
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When insulin is released from the B-cells, equimolar concentrations of C-peptide are also
released in addition to high levels of zinc (Zn?*) (Figure 4.2).2° C-peptide is an important by-
product of insulin production, being cleaved from proinsulin before the formation of insulin
hexamers.%® The production and function of C-peptide will be discussed later in this introduction.
Insulin, Zn?*, and C-peptide are stored within the B-cell granule until release, which allows for

blood glucose regulation.?®3°

Glucose

\ C-peptide ‘\ . 1 pH
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Figure 4.2. Pancreatic B-cell. The islets of Langerhans are clusters of cells (B-cells) in the pancreas
that produce and subsequently release insulin to regulate glucose levels in the bloodstream. The
pH inside the B-cell granule is approximately 5.5, which forces insulin to remain a crystalline
hexamer unit with two Zn?* ions because it is insoluble below pH 7.0. The slightly acidic pH inside
of B-cell granule maintains the packing and storage of insulin and Zn?* Also, at 5.5 pH, C-peptide
is protonated and therefore does not bind to Zn?*, 293057

In individuals with T1D, the immune system mistakenly attacks and destroys the
insulin-producing B-cells in the pancreas.***3! As a result, the production of insulin is significantly
reduced or absent, leading to an absolute deficiency of insulin.*® Without sufficient insulin,

glucose cannot enter the insulin-dependent cells effectively, and blood glucose levels rise.>® This
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condition requires lifelong insulin therapy to provide the body with the necessary insulin for

glucose regulation. #1213

4.1.3 Therapeutics for Diabetes

The mainstay of T1D management is insulin therapy, which involves the administration of
replacement of endogenous insulin to maintain blood glucose levels within a target range.®? It has
a half-life of 2-3 minutes, so it must be administered throughout the day.® Insulin can be
administered through injections or insulin pumps, mimicking the physiological insulin secretion
pattern.®3%* Insulin pump therapy is an alternative to multiple daily injections, providing
continuous subcutaneous insulin infusion.” The pump delivers a basal rate of insulin to maintain
steady glucose levels and allows for bolus doses to correct spikes in high blood sugar, such as
those that may occur after a meal.®

Various types of insulin are available, categorized based on their onset, peak, and duration
of action. The four major types of insulin include rapid-acting, short-acting, intermediate-acting,
and long-acting.®>% Rapid-acting insulin starts working within 15 minutes, efficacy peaks within
1 to 2 hours, and lasts for 3 to 4 hours.” Short-acting insulin begins working within 30 minutes,
peaks in 2 to 3 hours, and lasts for 4 to 6 hours.”* Intermediate-acting insulin takes effect in 2 to
4 hours, peaks in 4 to 12 hours, and lasts for up to 18 hours.”® Long-acting insulin has a gradual
onset, has no pronounced peak, and lasts for approximately 24 hours.”* Insulin therapy allows
individuals to mimic the natural insulin secretion pattern to effectively regulate blood glucose
levels.®® However, despite significant advancements in insulin formulations and delivery methods,
achieving optimal glycemic control remains a challenge.

Various innovative therapeutic methods are being explored to improve T1D management

and potentially offer a cure. Some of these include p-cell replacement therapies, such as islet cell
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transplantation and stem cell-derived B-cells, with the aim of restoring endogenous insulin
production.®”* Immunotherapies and immune modulation strategies are also being investigated to
prevent or halt the autoimmune destruction of p-cells.

Pramlintide is an injectable medication that can be used in addition to insulin therapy to
help control post-meal blood sugar spikes.*° It slows the movement of food through the stomach
and can help reduce after-meal glucose fluctuations.*® Some medications, such as metformin, have
been explored as adjunctive therapies in T2D.** While they are not a substitute for insulin, they
may provide additional benefits in certain cases, such as improving insulin sensitivity and reducing
insulin requirements.®

While not a medication, continuous glucose monitoring (CGM) systems are essential tools
for individuals with T1D.*> CGMs uses a small sensor inserted under the skin to measure
interstitial fluid glucose levels continuously.*? Real-time data is sent to a receiver or smartphone,
enabling users to monitor glucose trends and make informed decisions about insulin dosing and
lifestyle adjustments.*? It is essential for individuals with T1D to work closely with their healthcare
team to tailor their treatment plan, which may include a combination of insulin therapy, CGM, and
other medications to achieve optimal glycemic control and minimize the risk of complications.
The specific treatment plan will vary based on individual needs, lifestyle, and overall health.

4.1.4 Biomarkers: HbAlc, C-peptide, and Glutathione

Various methods are used to monitor blood glucose levels and assess the overall glycemic
control in individuals with T1D. Additionally, several biomarkers have been explored for the early
diagnosis of T1D and to predict the risk of developing the condition.

Glycated hemoglobin (HbALc) is a valuable biomarker used to assess long-term glycemic
control and is considered a standard of care for people with diabetes.**** The HbA1c test result is
expressed as a percentage of glycated hemoglobin and reflects the average blood glucose levels
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over the past 2-3 months.*® Higher HbA1c levels indicate poor glycemic control and an increased
risk of developing diabetes-related complications.** For instance, HbAlc below 5.7% is
considered normal range, between 5.7% and 6.4% indicates prediabetes, and above 6.4% is
considered diabetes.***> As RBCs have a lifespan of approximately 120 days, the HbAlc test is
described as a better, long term representation of the glucose environment.*® However, it does not
reflect short-term glucose variability or daily fluctuation in blood sugar;*® both aspects are also
important for diabetes management.

For individuals with diabetes, the HbAlc test is routinely used to monitor the effectiveness of
diabetes management strategies, including lifestyle changes, medication, and insulin therapy.*® It
helps healthcare providers adjust treatment plans to achieve optimal glycemic control. Maintaining
HbA1c levels within target range is associated with a reduced risk of developing diabetes-related
complications, especially for the onset of T2D.% The process of glycation can occur throughout
the body and can affect a wide range of proteins, impacting their structure and function.*® This
process has been identified as a major cause of metabolic diseases and increases the rate of the
aging process.*® Over time, the accumulation of advanced glycation end products (AGES) can lead
to tissue damage and contribute to the complications associated with chronic conditions like
diabetes, macular degeneration, heart disease, chronic inflammation, and tissue damage.*®*
Managing blood glucose levels effectively can help reduce the formation of AGEs and minimize
their detrimental effects for people with T1D.484%5!

Another biomarker that is used in the diagnosis and treatment of diabetes is C-peptide, a
byproduct of insulin production used to measure levels of endogenous insulin secretion.%?53
C-peptide measurement can help evaluate pancreas function in individuals with diabetes or other

pancreatic disorders.>® Low C-peptide levels may indicate impaired B-cell function or insulin
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deficiency (normal fasting range 0.9-1.8 ng/mL).>*% In T1D, fasting plasma C-peptide levels are
greatly reduced due to the destruction of B-cells (less than 0.2 nM).>3>* Measuring C-peptide levels
can help distinguish between T1D and T2D and assess residual p-cell function.>*% C-peptide, also
known as connecting peptide, is a 31 amino-acid peptide that plays a crucial role in the production
of insulin in the body.5>% It is formed in the p-cells of the pancreas®*®® during the process of
insulin synthesis when proinsulin is cleaved into insulin and C-peptide.?®25°%" Proinsulin consists
of three parts: an A-chain, a B-chain, and C-peptide.>>>” Proinsulin folds into mature insulin and
C-peptide is cleaved off all during the secretory vesicle packaging stage. Upon secretion into the
bloodstream, the insulin hexametric crystal with Zn?* breaks apart into insulin monomers.

C-peptide is also secreted to the bloodstream during this process (Figure 4.3).305355
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Figure 4.3. Proinsulin cleaved to produce insulin and C-peptide. Proinsulin is an 86 amino acid
molecule consisting of an A and B chain containing insulin, with 3 disulfide bridges, and C-
peptide. During cleavage and subsequent release, proinsulin is cleaved into insulin, a 51 amino
acid hormone, and C-peptide, which is a peptide with 31 amino acids. This process is catalyzed in
response to high levels of glucose in the bloodstream.?%°
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These endoproteases consist of type | proprotein convertase 1 and 3 (PC1/PC3) that cleave
the B-chain and C-peptide and type Il proprotein convertase 2 (PC2) that cleaves the C-peptide
and the A-chain.%®° The measurement of C-peptide in the blood provides valuable information
about the amount of insulin being produced by the pancreas. Unlike insulin, C-peptide has a longer
half-life (30 minutes) in the bloodstream when compared to insulin (6 minutes).®° This
characteristic makes C-peptide a useful marker for assessing endogenous insulin secretion,® and
thus, C-peptide levels are used to differentiate between T1D and T2D.25%%

For individuals with diabetes receiving exogenous insulin therapy, measuring C-peptide
levels facilitates the determination of the cause of hypoglycemia (low blood sugar) in certain
situations.®®>* For instance, elevated C-peptide levels during hypoglycemia may indicate an
insulinoma, a rare tumor of the pancreas that produces excessive insulin.5 Overall, C-peptide
measurement is a valuable tool in diabetes management, helping to assess pancreatic function and
differentiate between types of diabetes.>?>* It provides insight into the body's endogenous insulin
production and enables informed decisions regarding diabetes treatment and care.

Glutathione is a crucial antioxidant and plays an essential role in cellular defense against
oxidative stress, as discussed in chapter 3. In the context of T1D, oxidative stress is considered a
contributing factor in the pathogenesis and progression of the disease.®>% Oxidative stress occurs
when there is an imbalance between the production of reactive oxygen species (ROS) and the
body's ability to neutralize them with antioxidants.82646° This imbalance can lead to damage of
cellular components including proteins, lipids, and deoxyribonucleic acid (DNA), ultimately
contributing to the development of various T1D complications.366-6

Several studies have explored the role of glutathione in T1D, focusing on its potential

impact on B-cell function, immune regulation, and oxidative stress management.”®’# Glutathione
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has been shown to modulate immune responses and regulate the activity of immune cells involved
in the pathogenesis of T1D.”>"" As an essential antioxidant, glutathione plays a crucial role in
neutralizing ROS and preventing oxidative damage to cells, including B-cells.”®’® Maintaining
sufficient levels of glutathione may help reduce oxidative stress and its detrimental effects on -
cell function and overall pancreatic health.” Given its antioxidant and immune-modulating
properties, glutathione has been investigated as a potential therapeutic target for T1D.® Strategies
to study glutathione levels or its antioxidant capacity may offer more in-depth knowledge
concerning therapeutic benefits for T1D and its complications. However, it is essential to note that
while glutathione shows promise as a potential biomarker for studying T1D, research in this area
is still ongoing. The complexities of the pathogenesis of T1D and the interplay of oxidative stress
and hyperglycemic environments warrants further investigation to fully understand the role of
glutathione and its potential implications for T1D complication progression and management.

4.1.5 Previous Studies, Increased Glycation, and T1D AGEs

In diabetes, elevated blood glucose levels contribute to increased glycation reactions,
which can be seen in studies involving increased glycated aloumin (gHSA) in diabetic plasma. The
Spence group has studied the amount of glycation through glycated albumin levels (Figure 4.4)
as well as the associated albumin (HSA) binding to T1D RBCs, hypothesizing the increased

glycation could be the cause of lower downstream C-peptide binding to the cells.
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Figure 4.4. Differences in glycation percent for control and diabetic HSA isolated from
plasma. Control HSA isolated from healthy control plasma had an average glycation percentage
of 13 + 0.5%. HSA isolated from plasma of people with diabetes had an average glycation
percentage of 27 + 3.0% (n=3 control, n=5 diabetic, *p<0.05, error =SEM). Borrowed from
Jacobs, M. et al 1?2

Previous T1D and T2D studies by the Spence group have primarily focused on the
importance of RBC-derived ATP release, C-peptide binding to RBCs, and glycation percentages
of the C-peptide carrier, albumin. These studies motivate our current and ongoing research areas
relating to connecting increased protein glycation and various downstream vascular issues
associated with less C-peptide/albumin/zn?*.8%81 Also, prior work determined GLUT1 RBC
membrane levels of control and T1D patients to examine the role of hyperglycemic conditions on
glucose regulation.® It is important to note that AGEs have been linked to increased diabetic
retinopathy, diabetic nephropathy, diabetic neuropathy, and cardiovascular complications in
diabetes.®2®3 While AGEs have been measured in T1D subjects, a direct correlation between RBC,
AGEs, HbA1c%, glycated albumin levels, and overall RBC function, including the RBCs ability

to bind C-peptide, is without precedent.
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Managing blood glucose levels and reducing the formation of AGEs may help mitigate the
risk of diabetes-related complications.>®® Individuals with T1D have higher levels of overall
AGEs compared to control subjects, as previously discussed.®>% AGEs can undergo further
reactions, leading to the formation of more complex structures, cross-linking proteins, and causing
tissue damage.®? These AGEs play a significant role in the development of microvascular and
macrovascular complications in T1D.%% For example, AGEs contribute to endothelial
dysfunction, oxidative stress, and inflammation.”>®°! In the ongoing research for the
pathogenesis of diabetes-associated complications, AGEs have been implicated through their
interaction with cell receptors. Specifically, the receptor for AGEs (RAGE), which activates
various pro-inflammatory and pro-fibrotic signaling pathways.5:87:89.91.92

Given the detrimental effects of AGEs in T1D, various therapeutic strategies targeting
AGE formation and accumulation have been explored. These include the use of anti-AGE agents,
such as aminoguanidine and pyridoxamine, which inhibit AGE formation.®*°* Additionally,
dietary interventions aimed at reducing sugar intake and the use of antioxidants have been
investigated to mitigate AGE-induced oxidative stress in T1D and T2D.89-% Circulating AGEs
and their specific metabolites have emerged as potential biomarkers for assessing the risk of
diabetes complications and disease progression in individuals with T1D and T2D.8788:9 Neg-
carboxymethyl-lysine (CML) and Ne-carboxyethyl-lysine (CEL) have been lightly studied as
potential biomarkers to predict the onset and severity of diabetic complications, but there is no
cohesive method or in-depth understanding of how it can be related to HbAlc levels or other
known biomarkers.®”1%-1% Thys, this gap in the literature is a potential avenue to explore utilizing
the previous method developed in chapter 2, explored with various in vitro glycation in chapter 3,

and future study ideas that will be discussed in chapter 5.
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Understanding the mechanisms of AGE formation and overall changes in protein glycation
can aid in understanding C-peptide binding to RBCs in T1D. C-peptide has been known to be a
viable link in diabetic drug therapy, and the clinical trial in 2011 with Cebix explored this
possibility.2%%1%7 In this trial, 250 participants were injected with mono-pegylated C-peptide
therapy, Ersatta, or a saline-solution placebo.'%%1%" The study lasted 12 months to determine the
effects of C-peptide drug therapy on people with T1D, specifically targeting neuropathy
complications.!®1% The trial unfortunately failed in phase IIb, as the results concluded that the
C-peptide drug therapy did not significantly improve the sensory nerve conduction in people with
T1D when compared to the control group.:®-1% Even though the clinical trial failure was never
publicly discussed, there are several factors that can be attributed to why this drug failed.1°":108

One of the major theories involves the hyperglycemic conditions caused by excess
glycation of RBCs and proteins. Glycation is known to alter the transport, binding, and function
of RBCs and albumin,'®®!1% which can contribute to why adding C-peptide to patients was not
successful. If the overall glycation of proteins and cells were too high due to prolonged
hyperglycemia, the people with T1D would not have significant improvement. It is theorized that
C-peptide binds to albumin and albumin carries the C-peptide to the RBCs and albumin binds to
the cell 29119 |f albumin was too glycated and/or the RBCs had too many AGESs on the membrane,
it could inhibit C-peptide, aloumin, and RBC binding. Therefore, additional research involving the
levels of protein and RBC glycation is important to understand more about C-peptide drug
therapies.

One avenue of furthering the C-peptide drug trial research is implementing a biomarker
screening process. Hypothetically, if a T1D patient has high HbAlc%, gHSA, AGEs, and

exhibiting oxidative stress (GSH), this person would not be a good candidate for a C-peptide drug
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trial. This is because theoretically the subjects would have too much glycated proteins to fully
benefit from adding C-peptide exogenously, and C-peptide might not be delivered to the RBCs,
and therefore not work properly. Therefore, the Spence group proposes using the methods in
chapter 2 to explore RBC samples from people with T1D and controls to determine if HbA1c%,
AGEs, and GSH could be useful for future patient screenings for a C-peptide drug trial. Further
research is warranted to identify novel therapeutic targets and validate AGEs as reliable
biomarkers for diabetic complications, which will be explored in the methodology of this chapter.
4.2 Methods
4.2.1 RBC collection and purification

Whole blood was collected via venipuncture from healthy consenting adults into 3 mL
3.2% sodium citrate blood collection tubes (Fisher Scientific, Hampton, NH). For each blood draw,
10 pL was removed to complete HbAlc and glucose analysis. Whole blood tubes were then
centrifuged at 2000g for 10 minutes, the plasma and buffy coat were removed by aspiration, and
packed RBCs (pRBCs) were kept in the tubes. The hematocrit was determined based on the pRBCs
remaining for acid hydrolysis and thiol assay preparation. The drawing of blood followed a
protocol approved by the Institutional Review Board of Michigan State University. Blood was
obtained from healthy humans and informed consent was obtained from all volunteers. All record
keeping complied with Health Insurance Portability and Accountability Act regulations.
4.2.2 Sample Preparation

All sample preparation and detection of the prepared RBCs was prepared in a manner

identical to those reported in 2.2.5, 2.2.6, 2.2.7, and 3.2.6.
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4.2.3 Data Analysis

Calibration plots of analyte/IS (internal standard) peak area ratio versus CML, CEL, and lysine
concentrations were constructed, and a linear regression was used for all analytes. The peak area
ratio of sample versus associated IS was used to produce a response to determine the
concentrations from the calibration line. Free GSH results were collected from the Thiol Assay kit
results and a linear regression was used for standard and analyte quantification. SigmaPlot (Systat
Software Inc) was used to plot all results, GraphPad (Dotmatics) T-test Calculator (Unpaired T-
Test) was used to perform statistical testing for free GSH, and R software (version 4.2.2) was used
to perform statistical testing with the “rstatix” package (v0.7.2; Kassambara, A. 2023) for CML,
CEL, total AGEs, lysine, and total AGEs/lysine.

ANOVA tests for each analyte (CML, CEL, Total AGEs, Lysine, Total AGEs/Lysine) were
conducted to examine for differences between sample types. The T1D and control samples were
treated as a between-subjects dependent variable. Prior to conducting the ANOVA test, the
assumptions of normality and homogeneity of variances were assessed using Shapiro-Wilk and
Levene's tests, respectively. If these assumptions were met, the ANOVA test was performed to
determine which specific samples exhibited statistically significant differences on the analytes
studied.

4.3 Results
4.3.1 Blood Glucose

There was a statistically significant difference of sample type on blood glucose
concentration, and visualized results are displayed below in Figure 4.5. The unpaired T-test
revealed T1D samples to have significantly higher blood glucose (mM) levels than the control

samples (p<0.01). These results indicate that blood glucose concentration was altered with T1D
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samples (8.03 mM £ 0.09) versus control samples (4.54 nM £ 0.23). T1D group resulted in

approximately 28% higher blood glucose concentration than controls.

10 - n=2-3
1 error=SEM

oo
M B

Blood Glucose [mM]

T1D Control

Figure 4.5. Blood Glucose (mM) quantification for both T1D and control samples. There were
statistically significant differences between T1D (8.03 mM % 0.09) and control (4.54 nM +
0.23) **p<0.01, n=2-3, error=SEM.
4.3.2 HbAlc%

There was no statistically significant difference of sample type on HbA1c% concentration
(Figure 4.6). The unpaired T-test revealed T1D samples do not have significantly higher HbA1c%
levels than the control samples (p=0.796). These results indicate that HbA1c% was not altered

with T1D samples (6.10% = 0.30) versus control samples (5.27% + 0.18). There was only a 13.6%

increase in HbA1c% for T1D compared to control samples.
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Figure 4.6. HbAlc% quantification for both T1D and control samples. There were no statistically
significant differences between T1D (6.10% + 0.30) and control (5.27% = 0.18) p=0.0796, n=2-3,
error=SEM.

433 CML

There was a statistically significant difference of sample type on CML, (Figure 4.7). The
ANOVA revealed T1D samples to have significantly higher CML (nM) levels than the control
samples (F(1,6)=7.729, p<0.05). These results indicate that CML formation was altered with T1D

samples (101.8 nM + 2.2) versus control samples (60.8 nM = 14.6). There was an increase in CML

concentration that resulted in a 25% higher concentration in T1D versus controls.
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Figure 4.7. CML (nM) quantification for both T1D and control samples. There were statistically
significant differences between T1D (101.8 nM % 2.2) and control (60.8 nM * 14.6) *p<0.05, n=2,
error=SEM.
434 CEL

There was not a statistically significant difference of sample type on CEL, (Figure 4.8)

(F(1,6)=0.765, p=0.415). These results indicate that CEL formation was not altered with T1D

samples versus control samples.
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Figure 4.8. CEL (nM) guantification for both T1D and control samples. There were no statistically
significant differences between T1D (716.6 nM + 147.7) and control (885.2 nM + 123.8) p=0.415,
n=2, error=SEM.
4.3.5 Total AGEs

There was not a statistically significant difference of sample type on total AGEs, (Figure

4.9) (F(1,6)=0.407, p=0.547). These results indicate that total AGE formation was not altered with

T1D samples versus control samples.
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Figure 4.9. Total AGEs (nM) quantification for both T1D and control samples. There were no
statistically significant differences between T1D (818.4 nM + 145.5) and control (946.0 nM +
137.4) p=0.415, n=2, error=SEM.

4.3.6 Lysine

There was a statistically significant difference of sample type on lysine, showing a 17.6%
increase in lysine concentration in T1D samples versus control samples (Figure 4.10). The
ANOVA revealed T1D samples to have significantly higher lysine (nM) levels than the control
samples (F(1,6)=15.025, p<0.01). These results indicate that lysine formation was altered with

T1D samples versus control samples.
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Figure 4.10. Lysine (nM) quantification for both T1D and control samples. There were statistically
significant differences between T1D (35070.6 + 721.2) and control (28888.6 nM * 1422.5)
**p<0.01, n=2, error=SEM.
4.3.7 Free Glutathione Assay

There was not a statistically significant difference of sample type on free GSH, and
visualized results are displayed below in Figure 4.11. However, it is trending toward significance
as there is an 18.1% increase in GSH concentration than control samples. The unpaired T-test
revealed T1D samples do not have significantly higher free GSH (nM) levels (24211.8 nM +
2544.8) than the control samples (19831.3 nM + 2698.2) (p=0.3696). These results indicate that

free GSH was not altered with T1D samples versus control samples.
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Figure 4.11. Free GSH (nM) quantification for both T1D and control samples. There were no
statistically significant differences between T1D (24211.8 nM + 2544.8) and control (19831.3 nM
+ 2698.2) p=0.3696, n=2-3, error=SEM.
4.3.8 Relationship Between HbA1c% and Potential Biomarkers

To further understand the relationship between HbA1c% and potential biomarkers, the results
are visualized in Figure 4.12 and Figure 4.13 showing total AGEs and Free GSH both have a
positive linear relationship with HbA1c%. Total AGEs have a strong positive linear relationship
with HbA1c%, R?=0.902 and free GSH has a moderately strong linear relationship with HbA1c%,

R?=0.6779.
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Figure 4.12. Correlation between HbA1c% and total AGEs. HbA1c% has a strong positive
linear relationship with total AGEs, R?=0.902, n=4.
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Figure 4.13. Correlation between HbA1c% and free GSH. HbAlc% has a moderately strong
positive linear relationship with free GSH, R?>=0.6779, n=4.
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4.4 Discussion

Further assessment of blood storage solutions and associated adverse effects related to
RBCs promote questions about the effectiveness of these hyperglycemic blood storage solutions.
The methods explored in chapters 2 and 3 were used to evaluate T1D samples to explore the
connection between C-peptide binding and the adverse effects to RBCs from chronic
hyperglycemia. Although there is research showing increased AGEs, decreased GSH, and changes
in oxidative stress in T1D patients compared to people without diabetes, it is unclear how HbA1c%
relates to these biomarkers.>*! Specifically, how AGEs, CML and CEL, as compared to total
protein-bound lysine concentration, has yet to be evaluated in RBCs of T1D patients versus
controls. Also, it is unclear in the literature whether elevated HbA1c% levels can be attributed to
increased AGEs and changes in GSH.*>112113 Based on previous Spence group projects®-109.110.114
and the potential to expand into C-peptide therapy applications, measuring glycation could be an
additional biomarker screening process for future drug candidates.

The novel methods described in chapter 2 and 3 were utilized for T1D patients and controls
while accounting for blood glucose and HbA1c% levels. The method development in chapter 2
provided a platform for the T1D blood sample research discussed in this chapter. Also, chapter 3
methods and results provide more information about hyperglycemic conditions over 6-weeks,
which is a starting point for T1D subjects that often experience hyperglycemic blood glucose for
much longer time frames. Overall, these results promote the discovery of how normoglycemic
storage solutions as well as reduced storage time could be attributed to research to alleviate
microvascular complications in T1D attributed to increased AGEs and oxidative stress.

Blood glucose quantification in Figure 4.5 shows the varying range of T1D and control

donors. There were significant differences between the sample groups as expected, with the T1D
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group resulting in approximately 28% higher blood glucose concentration. Unexpectedly, the
HbA1c% (Figure 4.6) showed less variation in range which did not make the type of sample
groups statistically significant. One reason is that the two T1D donors had well controlled blood
glucose (lower than 7 mM blood glucose) which resulted in ranges between the prediabetes and
diabetes for HbA1c%. Thus, the results attributing the HbA1c% hypothesis could be skewed and
therefore will need more participants to fully investigate any relationship between HbA1c% and
the biomarkers measured in this chapter. Since HbA1c% reflects 120 days of glycated hemoglobin
in circulation,*? it was important to consider how a donor with elevated levels of glycation would
compare to the noted T1D donors for the biomarkers studied. As previously discussed, studying
glycated proteins is important to future studies, specifically for the C-peptide binding study. An
area of interest is exploring how glycated proteins can affect the binding on C-peptide to RBCs,
and the research involving gHSA, HbA1c%, and AGEs can be used to further drug related trials.
Specifically, how C-peptide could be administered exogenously with insulin as an alternative
therapeutic to help with vascular complications. If there are extensive glycated proteins, the
binding could be inhibited due to the hyperglycemic environment and alterations to albumin and/or
the RBCs. So, implementing a screening process utilizing the biomarkers previously discussed can
aid in clinical trial management.

To better understand the physiological relationship between T1D patients and AGEs, blood
was isolated and LC-MS/MS methods were utilized to measure CML, CEL, total AGEs, and
protein-bound lysine. There were statistically significant differences between T1D and control
CML concentration that resulted in a 25% increase in AGEs in T1D seen in Figure 4.7. This result
is notable, as it is well known that CML is the most prominent AGE associated with oxidative

stress complications. As shown in Figure 4.8, there were no significant differences in CEL
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concentration between the T1D and control samples. Additionally, in Figure 4.9, due to the
6-10-fold increase in concentration of CEL in comparison to CML, there were no statistically
significant differences in total AGEs between T1D and control. The results in Figure 4.10 indicate
there was a significant difference in amount of lysine concentration, and there was approximately
10% increase in T1D lysine than in control samples.

To further investigate the effect of diabetic glycation and oxidative stress conditions on
free GSH levels, glutathione levels were measured using a commercially available thiol assay kit.
The results in Figure 4.11 did not show statistically significant differences in free GSH
concentration between T1D and controls. This increase indicates there could be more to investigate
for people with elevated, or close to prediabetic, HbA1c% levels.

The HbA1c% has a similar effect on both total AGEs and free GSH, as the results show
different levels of a positive relationship. The results show as HbA1c% increases, and there is
strong positive correlation in increasing total AGEs in Figure 4.12. Increasing free GSH
concentration showed moderately strong correlation with increasing HbA1c% in Figure 4.13.
Overall, these findings showed good correlation, but the sample size was small. In the interest of
exploring more about the relationship between HbA1c% and total AGEs and HbA1c% and GSH,
there will need to be more patients and sample testing.

Rising HbA1c% is a known biomarker for type Il diabetes,**? but these results typically
are not attributed to indicators of other increased adverse effects to the RBCs. Lower GSH
concentration is normally regarded as increased oxidative stress, but as discussed in chapter 3, the
typical glycation mechanism could be saturated and forcing the polyol pathway to increase
activity.1*>1® Thus, increasing sorbitol production and therefore increased GSH due to the increase

in H* ions available.**®'7 It is not known through this assay if the GSSG/GSH ratio would change
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between the sample types, and this ratio is the key to understanding more about oxidative stress
and the effect of increased HbA1c% and hyperglycemic conditions. Hence, obtaining an assay Kit
that would either test GSSH alone or the GSSG/GSH ratio would be recommended steps to
investigate further.

Numerous diseases are associated with elevated blood glucose and HbA1c%, including
Alzheimer's Disease (AD).?? AD is now commonly referred to as type 3 diabetes because of the
similarities to increased glycation levels of various proteins, including AGEs.?? There could be a
link to increased glycated proteins and common complications associated with diabetes that could
also be found with people with AD.'*® Thus, more experiments involving glycated proteins and
T1D patients are necessary to learn more about these connections. Overall, these findings may
help explain the pathophysiological role of hyperglycemic environments, oxidative stress, and the
progression of T1D, AD, and other diseases associated with increased protein glycation.

The current link between HbA1c% and AGEs is not well understood, but the results shown
in this work provide a basis for future applications. It is theorized that utilizing these potential
biomarkers to improve patient screening process for future C-peptide drug trials will aid in the
overall success of the clinical applications. By understanding more about glycation, the adverse
effects of hyperglycemia on proteins and RBCs, and C-peptide binding, future drug trials for
people with T1D can be more robust in choosing the best patients.

The research surrounding HbA1c% linking to AGEs, glutathione levels, and other
biomarkers for autoimmune or other diseases is scarce, and the understanding medicine with
hyperglycemic RBCs can aid in furthering the clinical drug discovery.!'®?! Thus, the research

behind understanding more about the link between current hyperglycemic stored RBCs and T1D
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RBCs can show how detrimental chronic high glucose can be over time including increasing

oxidative stress,119.120.121
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Chapter 5: Conclusions and Future Directions
5.1 Blood Banking and Transfusion Medicine Conclusions

Blood transfusions serve as a critical medical intervention for individuals experiencing blood
loss resulting from trauma or surgical procedures and those with inadequate red blood cells
(RBCs), such as patients with sickle cell disease or anemia.*™* The conventional blood storage
procedures approved by the Food and Drug Administration (FDA) employ glucose levels
approximately six times the healthy range (4-6 mM) to preserve the vitality of RBCs during
storage.>® Despite more than six decades of usage, the Spence group has questioned the suitability
of high glucose as a preservative due to the accumulation of storage-related abnormalities, referred
to as storage lesions.”® These abnormalities have raised questions about their potential contribution
to transfusion-related adverse effects, such as transfusion-related acute lung injury (TRALI) and
transfusion-associated circulatory overload (TACO), which collectively accounted for a notable
percentage of morbidity and mortality between 2014 and 2018, as reported by the FDA.°

Furthermore, it is established that neonates and infants are typically administered RBC units
that have been in storage for less than seven days, as reports suggest that storage exceeding ~14
days leads to irreversible adverse effects on RBCs.1®12 These effects encompass reduced
adenosine-triphosphate (ATP) and nitric oxide (NO) release, decreased deformability, increased
oxidative stress, and other alterations observable after the 14-day mark.'® It is worth noting that
these post-14-day adverse effects account for a significant proportion of transfusion-related
complications, surpassing those attributable to RBCs stored for less than 14 days.™

Advanced glycation end products (AGEs) have been extensively studied in the context of

diet and nutrition but have not received enough attention in relation to RBCs and blood

transfusion.?**® AGEs form due to elevated glucose levels and have been linked to aging and
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metabolic disorders, such as diabetes.'”® These storage lesion markers, which include oxidative
stress, are associated with increased AGEs and diminished levels of reduced glutathione (GSH).*°
Notably, research investigating blood transfusions and RBC storage in hyperglycemic solutions
compared to normoglycemic storage is limited. In this work, the specific AGEs studied were
Ne-carboxymethyl-lysine (CML) and Ne-carboxyethyl-lysine (CEL).

Some former members of the Spence laboratory explored normoglycemic storage
conditions, which revealed higher ATP levels in solutions with lower glucose content compared
to hyperglycemic blood storage.?®?! These findings underscore the importance of the two-week
storage time frame, a period that is theorized to mark the onset of irreversible byproduct formation,
including AGEs.?%?! The potential implications of transitioning from current high-glucose blood
storage practices extend to individuals already at risk for transfusion-related complications. For
those with diabetes, sickle cell disease, and anemia, the glucose levels in transfused blood may
exacerbate vascular complications due to elevated glucose concentrations.?2%2

The primary objective of this dissertation is to investigate the feasibility of utilizing
normoglycemic blood storage conditions and assess RBCs using various biomarkers and assays to
evaluate the overall effectiveness of a lower glucose storage solution.

5.2 Future Studies for AGE Development and Quantification

In chapter 2, the experiments primarily centered on method development for the detection and
quantification of CML, CEL, and lysine on RBCs. These experiments were conducted following
the guidelines provided by the International Council for Harmonization (ICH) and the European
Medicines Agency (EMA).?® Initial findings demonstrated strong adherence to these guidelines,
especially in terms of matrix effects, limits of detection and quantification (LOD/LOQ), linearity,

carryover, and accuracy/precision for both intra- and inter-assay evaluations.
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The ultra-high performance liquid chromatography with tandem mass spectrometry (UPLC-
MS/MS) method's selectivity exhibited effective peak separation, and clear retention time
correlation was observed with the respective analyte internal standards (1S). However, on day 1 of
storage, no statistically significant differences were identified in the AGE analytes between the
two solution types. These results signify the success of the novel method, prompting the need for
further analysis.

Chapter 3 extended the investigation by exploring the impact of storage time and solution type
on AGE formation. The results conclusively demonstrated that both time and solution type
contribute to AGE formation. While the data concerning GSH and heightened oxidative stress did
not provide absolute clarity, a noticeable trend emerged, emphasizing the importance of
considering the potential influence of hyperglycemia on free GSH.

To delve deeper into this phenomenon, a rigorous examination of the oxidized glutathione
(GSSG) to reduced glutathione (GSSG:GSH) ratio will be conducted on RBCs stored. Ideally, this
analysis will incorporate an automated feeding system to maintain glucose levels within the range
of 4-6 mM, even on days 36 and 43, as discussed in chapter 3. Adjusting the glucose solution
content on these days is suggested, as it is hypothesized that RBCs may alter the rate of glucose
metabolism and uptake during storage. This interconnected relationship among increasing AGEs,
GSH levels, and blood glucose concentrations underscores the need for additional samples to
further enrich our understanding of this intriguing research field.

To further this research and obtain a more comprehensive understanding of the connection
between different levels of hyperglycemia, AGEs, and their impact on RBCs, an experiment could
be undertaken by using a range of glucose solutions with varying, incrementally increasing

concentrations. This experiment would mimic more closely type | diabetes (T1D) patients with
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varying blood glucose levels, some well controlled and others with extreme fluctuations. This
could also help with the further understanding of people with prediabetes and how quickly GSH
and AGEs can form. The overall object of this experiment would be to assess how variations in
glucose concentrations within the storage solution affect AGE formation and GSH in RBCs.

A glucose concentration gradient will be set up and a set of storage solutions with varying
glucose concentrations will be prepared. Solutions will include several glucose levels higher than
6 mM (representing hyperglycemia) and a solution with glucose levels within the healthy range
(4-6 mM). Sample collection will be performed by obtaining a consistent volume of RBC samples
from the same donor source and dividing it between the different glucose gradient bags for
automated feeding. The RBC samples will be stored in separate bags, each filled with AS-1N, and
kept under controlled storage conditions at 4°C for 42 days. There will be sampling at pre-
determined intervals (e.g., daily, weekly, or bi-weekly), to collect RBC samples from each storage
solution bag. To determine significance, there will be a comprehensive analysis of AGE formation
for each RBC sample type using the previously described sample preparation technique (2.2.1-
2.2.5) and LC-MS/MS method established in the previous experiments (2.2.6-2.2.7). This analysis
should include the quantification of CML, CEL, lysine, and other relevant AGEs. Beyond the
AGEs determination, additional parameters would include blood glucose and glutathione (both
reduced and oxidized) in each RBC sample. Statistical analysis will be important to identify any
significant differences in AGE formation, glucose levels, GSH ratios, and oxidative stress markers
among the different glucose concentration groups over time.

This experiment will likely reveal how altering glucose concentrations within the storage
solutions affects the formation of AGEs in RBCs. It will provide insights into the specific impact

of hyperglycemia on AGE accumulation for T1D and fluctuations in blood glucose. It has the
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potential to provide connections with variations in reduced and oxidized glutathione levels, as well
as oxidative stress. The results may further elucidate the mechanisms underlying these phenomena
and contribute to the development of more effective blood storage protocols for various medical
conditions.
5.3 Future Studies for SPR Binding Studies

Previous research conducted by some members of the Spence group has explored binding
patterns of RBCs from both "healthy" individuals and those with T1D to C-peptide, as depicted in
Figure 5.1.2” The divergence in binding behaviors raises an intriguing question: how does
glycation and hyperglycemia influence RBC binding? It is established that C-peptide uptake is

influenced by two critical factors: the presence of zinc ions (Zn?*) and the presence of albumin.

RBC C-peptide Binding
E 8 &8 & B8 &

Figure 5.1. RBC C-peptide binding to control and T1D samples. There is a significant
increase in C-peptide binding uptake in control RBCs than in T1D. Additionally, the samples
in control plasma have more binding than those in T1D plasma (*p<0.05, **p<0.05, n>7,
error=SEM). Borrowed from Janes, T.%’

176



Notably, the albumin employed in these binding experiments is non-glycated. However, the
results derived from investigations involving increased levels of glycated albumin reveal distinct
trends, specifically decreased ATP release and a higher equilibrium dissociation constant (Kd), as

visually represented in Figure 5.2.28
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Figure 5.2. RBC C-peptide binding to control and T1D samples. A. Glycation percentages
ranged from 15% to 56% and there was an overall decreasing trend of ATP release. There were
significant differences between with and without C-peptide at 15% glycation (*p<0.05) and
18% (p**<0.05) (n=3-6, error=SEM). B. There was significantly higher Kd from gHSA sample
than the nHSA sample which resulted in a 2.3x increase (n=5-6, error=SD, *p<0.05). Borrowed
from Jacobs, M.28

It is worth noting that the extent of albumin glycation in plasma has been recorded to range
between (12-16%) for individuals without diabetes and 2-5x higher for those with T1D.2%2° While
various binding experiments have been conducted using different quantities of glycated albumin,
direct measurements for C-peptide and Zn?* binding to determine overall binding strength
differences have not been performed.?

To delve deeper into this notion of binding strength, an instrumental approach that can be
employed is surface plasmon resonance (SPR).3! Preliminary experiments were conducted to

investigate the binding of C-peptide to albumin, both with and without the presence of zinc ions,
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and under varying degrees of glycation. These experiments measured the response units (RU) of
biotinylated albumin (EZ-link Sulfo-NHS-LC Biotinylation Kit, Thermo Fisher Scientific,
Waltham, MA), which was immobilized on the Octet streptavidin in dextran hydrogel (SADH)
chip (Sartorius, Bohemia, New York). A solution containing varying concentrations of C-peptide
was then flowed over the chip.

In an ideal scenario, the C-peptide RU would reach a level that signifies strong binding,
utilizing refractive index changes as an indicator of C-peptide binding to albumin and not the chip
surface. In Figure 5.3, there was some evidence of binding to albumin, and this evidence
intensified with increasing concentrations of C-peptide. However, the RU levels remained low,

making it uncertain whether the binding was significant enough to determine a notable Kd.
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Figure 5.3. SPR data from biotinylated albumin and C-peptide analyte. There were increasing
concentrations of C-peptide (10-60 uM) flowed over the biotinylated albumin on the SADH
chip. The PBS had low RU (1-3), but the highest C-peptide also showed relatively low RY (20-
23). The overall difference between the blank and analyte should be much greater than 20 RU
in order to determine significant specific binding.
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The low RU values could be attributed to the substantial size disparity between albumin (a
much larger protein) and C-peptide (a considerably smaller peptide). Considering these challenges,
the experiment was repeated with commercially available biotinylated C-peptide and varying
concentrations of normally glycated albumin flowed over the chip. Unfortunately, the experiment
yielded high non-specific binding, and the RU values were remarkably similar to high
concentrations of albumin, rendering it unsuccessful. To reduce non-specific interactions, 0.05%
(v/v) Tween-20 was added to PBS, but this resulted in an exceedingly high blank PBS RU,
signifying no notable binding between C-peptide and albumin, rendering the experiment once
again unsuccessful.

In scientific literature, experiments often employ low quantities of albumin to mitigate non-
specific binding in protein studies.>*? However, since the analyte in this case is albumin itself,
this approach is not viable. Additionally, altering the biotinylated peptide and flowing it over a
larger protein did not yield an increased RU level. Consequently, these experiments demand
further investigation and refinement to gain a more comprehensive understanding of C-peptide
and glycated albumin binding across varying concentrations.

Insights derived from these binding studies hold significant potential for advancing blood
banking practices, particularly the development of a new "rejuvenation™ solution by introducing
C-peptide to current blood storage bags, as discussed in section 5.5.

5.4 Future Studies for Glycation Binding and T1D Samples

In Chapter 4, samples from individuals with T1D were compared to "healthy" controls in terms
of AGEs, GSH, hemoglobin Alc (HbAlc%), and blood glucose levels. While no statistically
significant differences were observed in HbA1c%, CEL, total AGEs, and GSH, the limited sample

size hindered a comprehensive evaluation of the results. Consequently, further research requires
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an expanded donor pool, with at least six donors, to draw more conclusive insights into the
relationship between T1D and the associated AGEs and GSH levels.

Given the established knowledge that hyperglycemia induces increased protein glycation, the
next step involves conducting an experiment that builds upon previous binding studies while
simultaneously measuring AGEs, GSH, HbA1c%, and blood glucose levels.**** Since HbA1c%
cannot be relied on for diagnosing diabetes in patients with recent blood transfusions, it is
important to evaluate why this is the case based on the process of transfusion.®® This initiative aims
to ensure the accurate assessment of glycation levels for potential use in a screening process for a
C-peptide therapy drug.

An intriguing avenue for research lies in comparing albumin glycation data for individuals
with T1D and assessing the rate of formation relative to AGEs, GSH, and HbA1c%. To perform
this experiment, T1D and control donors would provide a blood sample, it would be processed
similar to methods described in 4.2.1, and the sample will be aliquoted to study the biomarkers
previous discussed (HbA1c%, blood glucose, AGEs, and GSH) and C-peptide binding to RBCs.
Then, linear regression will be used to explore relationship strength of HbA1c% and C-peptide
binding. Therefore, creating a robust screening process for T1D patients for use in the future C-
peptide clinical drug trial.

5.5 Future Studies for Blood Storage Studies

A novel experimental concept involves the addition of C-peptide to blood storage bags, with a
focus on studying the binding and AGE qualities. Several questions must be addressed to inform
the execution of this experiment. These include determining the appropriate C-peptide
concentration (in solution, with albumin and zinc), deciding whether it will be administered at the

beginning, continuously fed throughout the trial, or introduced at the end. Additionally,
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understanding how RBCs change over time in comparison to control samples without C-peptide
(AS-1and AS-1N) is crucial. The purpose of this proposed experiment is to explore healthier ways
to store the blood, not to prolong shelf-life, although that could be another avenue of research in
the future.

To systematically address these inquiries, the following approach is proposed. Firstly, it is
advisable to conduct binding experiments involving the progressive glycation of aloumin, utilizing
SPR methods as detailed in section 5.3. The aim here is to determine the rate of aloumin glycation
over the 42-day storage period. It is already known that albumin is glycated quicker than RBCs,
which produces about 4.5 times more gHSA than HbA1c% when blood glucose concentrations
increase dramatically.® In this experiment, aloumin will be added to both AS-1 and AS-1N stored
blood samples and removed weekly for the evaluation of non-glycated bovine serum albumin
(nBSA) and glycated bovine serum albumin (gBSA) levels. The same techniques employed in
chapter 2, specifically acid hydrolysis, and LC-MS/MS, will be utilized to analyze the samples.

Once the average glycation level of albumin is established, the binding studies can be expanded
upon by conducting SPR experiments to identify the optimal C-peptide concentration for
preliminary studies. In one scenario, C-peptide, along with equal-molar concentration of Zn?* and
commercially available bovine serum albumin (BSA), can be introduced into a blood storage bag
containing AS-1, with a parallel control bag devoid of the C-peptide solution. This process should
be repeated at multiple time points: at the beginning, halfway through the storage period, and at
the final time point.

After the initial assessment determines the ideal timing for adding the C-peptide solution based

on albumin glycation, a comprehensive evaluation of RBCs can be conducted. This assessment
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will encompass the analysis of AGEs, sorbitol changes, C-peptide binding, GSH, ATP levels,
deformability, and various other assays to investigate potential adverse effects on RBCs.

The goal of these experiments is to not only demonstrate the benefits of normoglycemic storage
conditions but also to underscore the advantages of introducing C-peptide/BSA/Zn?* to rejuvenate
stored blood for improved transfusion medicine. This multifaceted approach holds the potential to
enhance our understanding of blood storage dynamics and its impact on RBC quality.

5.6 Future In Vitro Experiments to Clinical Trials Advancement

Clinical trial experiments involving blood banking hold a paramount significance for
individuals affected by diabetes and sickle cell anemia.??-2>3% These medical conditions pose
unique challenges and complications that necessitate tailored solutions for effective management
and treatment. People with sickle cell anemia often require frequent blood transfusions to alleviate
anemia, manage complications, and reduce the risk of stroke.??3” Blood banking and clinical trial
experiments are indispensable for this patient group, as the quality and compatibility of blood are
of paramount importance.

The availability of a safe and reliable blood supply is crucial for individuals with diabetes, as
they may require frequent blood transfusions for various reasons, such as surgical interventions,
acute episodes, or chronic complications.?>% Clinical trial experiments within the realm of blood
banking are instrumental in optimizing the transfusion process for patients with diabetes. These
experiments can help determine the ideal storage conditions for blood, ensuring that it remains
safe and effective for transfusion, even when it needs to be stored for extended periods.

One of the primary concerns for individuals with diabetes or sickle cell disease is the potential
impact of hyperglycemia and AGEs in stored blood, as previously discussed. Through clinical

trials and experiments, it becomes possible to investigate how different storage conditions,
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additives, and interventions affect the quality and safety of blood intended for transfusion.
Understanding the intricate relationship between blood storage and glycation can lead to the
development of tailored solutions that minimize the risks associated with transfusions in
individuals with diabetes. This knowledge also paves the way for innovations like "rejuvenation™
solutions, incorporating substances like C-peptide to enhance the therapeutic benefits of transfused
blood.

Furthermore, advancements in blood banking can lead to the development of novel therapies,
offering the potential for a cure or long-term disease management.®3° Clinical trials in this field
are pivotal in testing these innovative treatments, which hold the promise of transforming the lives
of individuals at-risk.

Clinical trial experiments within the domain of blood banking are pivotal to enhancing the
safety, efficacy, and quality of blood transfusions, addressing unique challenges, and ultimately
improving the outcomes and quality of life for patients grappling with various medical conditions.
As medical research continues to advance, these trials are indispensable steps toward providing
tailored solutions and improving the overall healthcare landscape for various patient populations.

When designing a clinical trial for testing the effectiveness of blood transfusions, there would
need to be willing patients to be studied over several weeks to evaluate the new RBCs circulating.
Recruiting participants to get blood transfusion and divided into two cohorts: AS-1 and AS-1N
subjects. First, the individuals will be below 60 years old and they will be transfused with 3 units
(equal to about 3 pints) of blood from the stored blood bags prior to 14 days in storage.*®*! The
second set of experiments would include participants who receive blood transfusion after 14 days
of blood being stored. Each participant would have their blood glucose levels recorded at hourly

intervals on days 1, 2, 3, and then weekly testing post-transfusion, until 120 days. Also, samples
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will be removed from each patient during these glucose checks for an overall panel of tests,
including HbA1c%, ATP release, and C-peptide binding.

In conclusion, blood banking and in vitro research is integral to the success of transfusion
medicine clinical trials. They provide the necessary infrastructure for collecting and preserving
blood samples, conducting preliminary safety and efficacy assessments, and developing essential
assays for patient monitoring. These practices ultimately contribute to the safe and effective
development of new treatments and therapies for various medical conditions.

Blood banking has been a cornerstone of modern medicine for decades, providing a vital
lifeline to countless patients in need of transfusions. However, it is striking how few significant
advancements have been made in this critical field during this time. In a world that has seen
remarkable progress in medical science, it is time to turn the attention to enhancing the methods
of blood storage and preservation. One promising avenue for improvement lies in the monitoring
of AGEs and other storage lesions. Detecting and managing AGEs in blood banked units could
have a profound impact on the health of patients receiving transfusions, and a critical screening
technique for future diabetic drug discoveries. Additionally, addressing the storage lesion markers,
which can occur during prolonged storage and lead to decreased blood cell viability, is equally
crucial. By developing better methods to store blood, such as utilizing automatic and sterile feeding
techniques for innovative storage solutions, as discussed in this dissertation, it can ensure the
preservation of blood components is optimized. These advancements would not only benefit
patients in dire need of transfusions but would also enhance the overall quality and availability of

blood for diverse patient populations, marking a new era in the history of blood banking.
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