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Abstract

With a global prevalence of 9%, diabetes is the direct cause of millions of deaths each year and is
quickly becoming a health crisis. Major long-term complications of diabetes arise from persistent
oxidative stress and dysfunction in multiple metabolic pathways. The most serious complications
involve vascular damage and include cardiovascular disease as well as microvascular disorders
such as nephropathy, neuropathy, and retinopathy. Current clinical analyses like glycated
hemoglobin and plasma glucose measurements hold some value as prognostic indicators of the
severity of complications, but investigations into the underlying pathophysiology are still lacking.
Advancements in biotechnology hold the key to uncovering new pathways and establishing
therapeutic targets. Metabolomics, the study of small endogenous molecules, is a powerful toolset
for studying pathophysiological processes and has been used to elucidate metabolic signatures of
diabetes in various biological systems. Current challenges in the field involve correlating these
biomarkers to specific complications to provide a better prediction of future risk and disease
progression. This review will highlight the progress that has been made in the field of
metabolomics including technological advancements, the identification of potential biomarkers,
and metabolic pathways relevant to macro- and microvascular diabetic complications.

Introduction

Diabetes, a metabolic disease defined by chronic hyperglycemia, is subcategorized as Type 1
(T1DM), characterized by youth onset and insulin dependence, and Type 2 (T2DM),
characterized generally by adult onset, dyslipidemia, and insulin resistance.! In the short
term, extreme hyperglycemia may lead to severe complications such as ketoacidosis. More
commonly, long-term hyperglycemia damages the vasculature and nervous system. The
major cell types affected by hyperglycemia are endothelial cells and sensory neurons, which
are unresponsive to insulin, as well as insulin-responsive cells like podocytes, macrophages,
and Schwann cells. The long-term complications of diabetes affect renal function
(nephropathy), sensory neurons (neuropathy), vision (retinopathy) and macrovascular events
such as heart attack and stroke. Chronic elevation of glucose inherently leads to downstream
metabolic dysfunction. The establishment of sensitive biomarkers for early complication
onset, discovery of novel therapeutic targets, and characterization of aberrant metabolic
pathways involved in diabetic complications remains an urgent undertaking as diabetes is
projected to be the 7th leading cause of death worldwide by 2030.2
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Metabolomics is the analysis of small endogenous molecules from cells, tissue or biofluids.
The analytical approaches for metabolomics are generally subdivided into either untargeted
(global profiling) or targeted (the analysis of a defined set of compounds). Both global and
targeted metabolite analyses use universal detectors such as mass spectrometry (MS) or
nuclear magnetic resonance (NMR). Global profiling aims to capture as many metabolite
features as possible. These extremely large data sets are used to compare normal and disease
states, followed by identification of metabolite features of interest. A strong advantage of
untargeted metabolomics is the ability to uncover novel and potentially relevant metabolites
which can be the basis of therapeutic approaches or prognostic indicators. However, this
approach often suffers from diminished quantitation as internal standards are not available
for the vast majority of metabolites detected. Large replicates are needed to overcome this
limitation. Another caveat of global profiling is difficult identification of novel features. In
the case of MS, even when the molecular formula is determined, database searches often
yield multiple hits or no hits at all. Targeted metabolomics aims at analyzing a distinct set of
compounds, often those within the same metabolic pathway or which have structural
similarities. The advantage of targeted metabolomics is that commercially available
standards can be used as calibrants or isotope labeling can be utilized to establish
quantitation. While limited in scope, targeted metabolomics offers a deep understanding of a
portion of the metabolome.

This review will focus on the application of metabolomics technologies in the analysis of
diabetic complications (DCs). It will cover a general basis of the biochemical understanding
of DCs before 2005, the analytical techniques most commonly used, and the implementation
of these methods to gain a deeper understanding of metabolic dysfunction that leads to the
pathology of DCs. The majority of this review will be confined to publications between
2005 and 2015, when metabolomics was beyond its infancy. All studies addressed here are
summarized in the table. For a detailed discussion of the role of metabolomics in general
diabetes, not confined to DCs, the reader is advised to seek out the reviews by Sas et a/3 and
Bain et al*

Biochemistry of diabetic complications prior to 2005

Prior to 2005, the primary theory in the field of diabetic pathophysiology was focused on
five distinct pathways which are activated and exacerbated by hyperglycemia-induced
oxidative and nitrosative stress: the polyol, poly(ADP-ribose) polymerase (PARP) advanced
glycation end product (AGE), hexosamine and protein kinase C (PKC) pathways (Fig. 1).
These salient pathways are relevant to both vascular and neuronal complications. Despite the
prominence of these pathways, therapeutics which target them have proven largely
ineffective in clinical studies and a deeper understanding of their biological effects is
required.

Oxidative stress is generated in the mitochondria from the electron transport chain. Under
normoglycemic conditions, a small fraction of the electrons used to generate the proton
gradient and generate ATP are absorbed by oxygen to form the damaging radical superoxide.
Superoxide is detoxified in the cell by glutathione and the enzymes superoxide dismutase,
which converts superoxide to hydrogen peroxide, and catalase, which converts hydrogen
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peroxide to water. Reduced glutathione (GSH) is an endogenous scavenger of reactive
oxygen species (ROS) and is converted to glutathione disulfide (GSSG) upon oxidation.
GSSG is recycled back to GSH using NADPH as the cofactor. Under hyperglycemic
conditions, excess electrons are generated in the electron transport chain owing to increased
generation of superoxide and ROS. These ROS saturate the endogenous antioxidant response
system and proceed to damage both mitochondrial and cytoplasmic environment. Oxidative
stress has also been shown to inhibit the release of nitric oxide-stimulating ATP from
erythrocytes, further contributing to vascular dysfunction.>8

Oxidative stress has a profound influence on metabolism through alterations of the
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase. Under oxidative stress,
damage to DNA occurs and PARP is activated to repair the DNA. Glyceraldehyde-3-
phosphate dehydrogenase is translocated to the nucleus, where PARP deactivates it through
poly(ADP-ribosyl)ation. The inhibition of glyceraldehyde-3-phosphate dehydrogenase leads
to a buildup of upstream glycolytic metabolites.

Under hyperglycemic conditions, instead of being oxidized and released as CO,, glucose is
converted to sorbitol v7athe polyol pathway or forms AGEs. Aldose reductase converts
glucose to sorbitol using NADPH as a cofactor. The use of NADPH here depletes the
available pool to recycle GSH and therefore increases oxidative stress. The accumulation of
sorbitol is thought to damage cells by increasing osmotic stress.” Aldose reductase inhibitors
have had only a tepid effect in preventing complications.® The combination of glucose with
free amino groups of proteins, lipids, and nucleic acids create a heterogenous group of
deleterious molecules, known as AGEs. Protein glycosylation in the form of AGEs can lead
to protein crosslinking and modifications to the extracellular matrix. Extracellular AGEs can
bind to the pro-inflammatory receptor for AGEs.? Inflammation leading to irreversible
vascular damage can persist long after normal glycemic conditions have been restored — a
phenomenon known as “metabolic memory.”10

The hexosamine pathway is an offshoot of glycolysis by way of fructose-6-phosphate. The
end product of the hexosamine pathway is UDP-A-acetyl glucosamine, which competes for
phosphorylation post translation modification sites on transcription factors. These
transcription factors regulate inflammatory responses through transcription growth factor-p.

Protein kinase C (PKC) is a serine/threonine kinase which is activated by diacyl glycerol.
Diabetic patients have increases in both diacyl glycerol and PKC. PKC has multiple roles
which include modulating vascular endothelial growth factors, smooth muscle contraction,
haemodynamics and endothelial cell permeability and proliferation.

While vascular and neuronal complications all share common root metabolic dysfunctions,
therapeutic approaches to alleviate stress on each of these pathways have generally been
successful in laboratory experiments but only moderately effective in human clinical trials.
Despite the overwhelming evidence implicating oxidative stress as the underlying lynchpin
of DCs, multiple antioxidant therapy regimes have proven ineffective, and in some cases
diabetic patients on therapy fared worse than placebo.1! Aldose reductase inhibitors'2 have
been unsuccessful in treating complications, though recently epalrestat has shown significant
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benefit to nephropathy and retinopathy.13 Alleviating stress on the hexosamine pathway has
been attempted using the nutraceutical benfotiamine, though clinical trials for nephropathy
failed.14 Inhibitors of AGEs action have also fallen short in both cardiovascular
complications!® and nephropathy.1® Current treatments for DCs include glycemic control,
pain management for neuropathy, ACE inhibitors for preventing/treating nephropathy
through blood pressure control, and photocoagulation or anti-vascular endothelial growth
factor treatments for retinopathy.1” While these treatments provide relief from the pathology,
they do not address the underlying metabolic defects inherent to DCs.

Because metabolic dysfunction may persist for several years before manifesting as clinical
diabetes,® an urgent need exists for new biomarkers and risk predictors for early diagnosis as
well as a more complete understanding of the ways in which metabolic pathways contribute
to diabetic pathophysiology. Metabolomics has emerged as a useful complement to
genomics and proteomics for providing insight into a variety of cellular processes and
disease states because the metabolome is directly representative of phenotype as well as
environmental factors.

Analytical platforms for metabolomics

The sample preparation steps required for metabolomics analyses largely depend on the type
of sample matrix (cells, tissues, or biofluid) and the chemical functionality of the analytes of
interest. Urine is generally treated by solid phase extraction before analysis. Mammalian
tissue samples are prepared for extraction by lyophilization and pulverization. For cell
cultures, a scraping step is required to detach adherent cells. Sonication/lysis of cells,
plasma, and homogenized tissue is performed in an organic solvent such as acetonitrile or
methanol.1819 Proteins and large lipids are precipitated v7a centrifugation, and the remaining
supernatant is evaporated to dryness and reconstituted in an appropriate buffer for analysis.
Variations in the composition of lysing solvent have been developed for the preferential
extraction of particular classes of metabolites. For example, polar lipids are often isolated
using a methanol/chloroform mixture.20 In all cases, metabolite extraction should take place
as quickly as possible and should proceed at low temperatures in order to effectively quench
metabolism.3 This is accomplished by chilling samples and solvents with dry ice; techniques
which utilize liquid nitrogen to rapidly freeze cell cultures have also been described.1®

Because metabolite structures range from highly polar to hydrophobic and their molecular
weights can vary by hundreds of Daltons, finding a single analytical method by which to
study the wide variety of analytes involved in a particular metabolic pathway presents a
challenge.?! Furthermore, metabolite concentrations can span from picomolar to millimolar
levels, so detection systems capable of quantifying analytes present in extremely low
abundance are necessary.?2 NMR is a common analytical method used in metabolomics and
is ideal for performing rapid analyses as it requires minimal sample preparation and does not
require a prior chromatographic separation. However, this method suffers from relatively
poor sensitivity (millimolar to high micromolar).23 Such a disadvantage means that less
abundant species may not be detected, leading to an incomplete picture of the metabolic
system of interest.
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Gas chromatography coupled to mass spectrometry (GC-MS) is a well-established technique
in metabolic research; it is used in many clinical laboratories to diagnose metabolic diseases
due to high chromatographic resolution and low detection limits.24 However, many
metabolites are not sufficiently volatile to be introduced directly into the GC and extensive
derivatization and sample preparation are often required. This limits the analysis times
achievable with this technique to ~30 minute range.23

Many of the drawbacks associated with NMR and GC-MS can be overcome by using liquid
chromatography to separate the metabolites prior to analysis with mass spectrometry (LC-
MS). Although the resolution achievable in LC is typically lower than that of GC, LC-MS
allows a wide range of metabolites including polar species to be analyzed without the need
for prior derivatization, which is a significant advantage that is capable of providing a more
complete picture of the both the lower and higher molecular weight metabolites. MS is
operated in either positive mode for analysis of basic species or in negative mode for
measuring acidic metabolites; the polarity can be rapidly changed as the separation
proceeds. The chromatographic separation minimizes the number of analytes that enter the
ESI at any given time, preventing them from outcompeting each other for ionization so that a
high degree of sensitivity (pg mL™1) is maintained.23 Both reverse phase (RP) LC, which
separates based on hydrophobicity, and hydrophilic interaction LC (HILIC), which separates
based on polarity, are common in metabolomics. When coupled with high resolution mass
analyzers, the molecular formula of metabolites can be determined and subsequent
fragmentation can lead to identification. The downside to direct infusion LC-MS is
competing ionization which diminishes quantitative ability and often requires the use of
isotope labeling or tagging to overcome these challenges.

Metabolomics and diabetes biomarkers

First proposed as a tool for monitoring blood glucose control in 1976, the most widely used
biomarker of long-term glycemic control in diabetes is glycosylated hemoglobin (HbA1c).25
During exposure to plasma glucose, the hemoglobin component of red blood cells undergoes
irreversible glycosylation to form a non-enzymatic AGE. Because the glycated hemoglobin
persists in the red blood cell for the duration of its life cycle, HbAlc levels are directly
proportional to the average blood glucose concentration during the previous 8 weeks.2
HbA1c levels of 26.5% and 5.7-6.4% are used to diagnose diabetes and prediabetes,
respectively.2” Because HbA1c measures prolonged glucose exposure, it is considered more
accurate than short-term blood glucose measurements in predicting DC onset. Furthermore,
HbA1c has been shown to be a reliable marker of insulin resistance in prediabetic
individuals.28

While HbAlc provides some prognostic information regarding diabetes progression and risk
of developing vascular complications, HbAlc itself is not considered a causal agent of
vascular damage and suffers from certain limitations including ethnic and age variability.2°
The emergence of new metabolomics technologies has seen a push to identify new
biomarkers that not only hold diagnostic value, but also contribute to our understanding of
diabetes pathology. For example, GC-MS and LC-MS/MS studies have identified
significantly elevated glyoxylate, another AGE, in human serum up to 3 years prior to
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diabetes diagnosis.3? Other popular research avenues in the field of diabetes metabolomics
include a focus on identifying metabolic “signatures” consisting of a group of molecules
which have improved predictive capability over traditional measures of diabetes risk. Still
other approaches aim to move away from circulating biomarkers in favor of studying
metabolites in cells and tissues most affected by diabetic complications.

Biomarkers of insulin resistance

Insulin resistance is defined by an increase in the amount of insulin released by pancreatic 3
cells required to maintain glucose homeostasis.3! Insulin resistance and various degrees of
glucose intolerance typically precede the development of T2DM for several years with no
clinically apparent symptoms. Although early metabolomics studies have shown a link
between dyslipidemia and insulin resistance,32 the exact mechanism of progression from
insulin resistance to diabetes appears to involve a much more complex interplay between
lipolysis, inflammatory mediators, and a host of other intermediates involved in
carbohydrate and amino acid metabolism. Elucidating these metabolic associations may
enable the development of improved biomarkers for earlier T2DM risk assessment and
prevention.

Current methods for measuring insulin resistance rely on estimates of combined hepatic and
muscle insulin sensitivity obtained from an oral glucose tolerance test. While an insulin
sensitivity threshold to discriminate diabetic from nondiabetic patients exists,33 an index for
identifying prediabetic and insulin resistant subjects has yet to be proposed. Recent studies
have correlated circulating metabolite levels with degree of insulin sensitivity in an effort to
better distinguish between the metabolic phenotypes of glucose intolerance progression.
Lucio and colleagues used Fourier transform ion cyclotron resonance MS to discover
metabolic fingerprints in plasma of non-diabetic individuals with a range of insulin
sensitivities.34 This work detected the greatest number of metabolic differences in
arachidonic acid, steroid hormone, bile acid, and linoleic acid pathways. The study was able
to differentiate between insulin sensitive and insulin resistant profiles and identified a
distinct metabolic transition state. Another investigation involving 231 participants with
normal glucose tolerance, impaired glucose regulation, and T2DM used IH-IH correlation
spectroscopy 2D NMR to analyze metabolites in serum samples.3® Fig. 2 shows metabolites
identified in the NMR spectra for each of the three conditions. The most prominent
metabolic dysfunction in impaired glucose regulation and T2DM samples was observed in
pathways related to choline, glucose, lipid, TCA, and amino acid metabolism. A global
analysis of human plasma using UHPLC-MS/MS and GC-MS found levels of a-
hydroxybutyrate were inversely associated with insulin resistance and impaired glucose
regulation; this biomarker was capable of separating insulin resistant, median, and insulin
sensitive subjects with 76% accuracy.3® a-Hydroxybutyrate is involved in both elevated
GSH synthesis in the liver and in the propanoate pathway, which showed significant
dysregulation in diabetic mouse aorta.3” These studies demonstrate the utility of
metabolomics in uncovering the underlying biochemical processes involved in progression
of insulin resistance to T2DM and are expected to be applied to DCs.
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Metabolic signatures of diabetes

Metabolite profiling has become a particularly useful tool for observing outcomes in
prospective and longitudinal clinical trials. In the Framingham Heart Study, an ongoing
experiment which aims at identifying risk factors for cardiovascular disease, LC-MS was
used to evaluate plasma samples from individuals who developed new-onset diabetes within
the follow-up period.38 Fasting levels of branched-chain and aromatic amino acids
isoleucine, leucine, valing, tyrosine, and phenylalanine showed significant elevation up to 12
years before the development of clinical diabetes, representing a fivefold greater risk for the
top quartile of study participants. MS-based signatures in human serum have also implicated
elevated low carbon number lipids in the pathogenesis of diabetes.3240 Our recent work on
metabolic pathway dysfunction using global and isotope tagging strategies reported
elevations in all three branched-chain amino acids and an 18.8% alteration in glycerolipid
metabolism in diabetic mouse aorta.3” While the relationship between elevated amino acids
and insulin resistance was first postulated over 40 years ago,*! longitudinal metabolomics
investigations have provided further insight into the mechanism of this process. Current
hypotheses suggest a joint effect of both lipids and amino acids in promoting mitochondrial
deficiency and disruption of insulin signaling in skeletal muscle,39:42:43 but further studies
are needed to determine whether these compounds are only biomarkers or are causal agents
of metabolic dysfunction.

Vascular complications in diabetes

Vascular complications represent the major contributor to diminished quality of life and
increased mortality rate in patients with both TLDM and T2DM. While rigorous glycemic
control has been shown to reduce the risk of these disorders, a recent study reported that the
microvascular complications neuropathy and retinopathy were present in 50% and 31%,
respectively, of newly-diagnosed T2DM patients with tight glycemic control.#* The Diabetes
Control and Complications Trial/Cohort found a prevalence of 47%, 17%, and 14% for
retinopathy, nephropathy, and cardiovascular disease, respectively, in TLDM individuals
with conventional clinical management.1’ Clearly, traditional glycemic control strategies and
vascular therapeutic measures are necessary but insufficient to improve the clinical outcomes
of diabetes.

The current scope of the field of diabetes metabolomics has shifted from an all-
encompassing view of the diabetic “metabolic syndrome” toward a complication-specific
approach which attempts to study the relationships between biochemistry and pathology of
diabetic vascular complications. For example, a self-organizing map constructed from
biochemical measurements of urine and serum obtained from T1DM patients in the
FinnDiane cohort elucidated five distinct metabolic phenotypes, each associated with a
particular clinical outcome and risk of premature death.4> The greatest risk of death (>10
fold) was correlated with a metabolic profile that shared features with diabetic kidney
disease and metabolic syndrome, including high triglycerides, low HDL cholesterol, and
high urine albumin. Although this study focused on known biomarkers using classical
biochemical techniques, important statistical patterns relating adverse metabolic phenotype
to increased risk of DCs and mortality were elucidated.
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Macrovascular complications

Cardiovascular disorders (CVD), the most common cause of death worldwide, are closely
related to diabetes both in terms of risk factors and metabolic phenotype. The prevalence of
diabetes in some CVD such as heart failure is as high as 40%, and individuals with diabetes
have a 2-6 fold higher risk of developing CVD as the nondiabetic population.*® The major
types of CVD seen in diabetes are accelerated atherosclerosis, myocardial infarction, stroke,
and cardiac dysfunction. Underlying risk factors of both CVD and diabetes include obesity,
high blood pressure, and elevated cholesterol and triglyceride levels; these elements are
closely linked to hyperglycemia and hyperlipidemia, a combination which promotes
inflammation and oxidative stress.

Atherosclerosis and coronary artery disease

Atherosclerosis is a chronic condition in which inflammatory processes in endothelial cells
cause binding of macrophages and T cells to the blood vessel wall. The compromised
endothelium is more prone to absorbing small low-density lipoprotein (LDL) particles from
the blood stream, which subsequently become oxidized in the sub-endothelial space.l’
When macrophages take in oxidized LDL (oxLDL), they become foam cells and accumulate
at the site of the damaged endothelium. Aggregations of foam cells and monocytes
combined with calcified smooth muscle cells are known as atherosclerotic plaques and
appear as fatty streaks in the arterial lumen. Foam cells are unstable and eventually rupture,
releasing extracellular matrix material, cholesterol, and other components into the blood. If
this material obstructs blood flow to the heart or brain, a myocardial infarction or stroke
event, respectively, occurs.

Current techniques for assessing vascular wall integrity and diagnosing atherosclerosis rely
on radiation and invasive procedures such as angiography.#’ Atherosclerosis can remain
asymptomatic for decades before the onset of a sudden vascular occlusion. Metabolomic
fingerprinting experiments have recently yielded new insights into the pathophysiology of
atherosclerotic lesion formation as well as biomarkers which may afford physicians with
better diagnostic and prognostic indicators of clinical outcome. The Framingham Heart
Study first exposed the relationship between major coronary events and a decreased ratio of
high-density lipoprotein (HDL) to LDL,*8 and over the years other investigations have
further characterized the role of lipoprotein abnormalities in atherosclerosis. A proton NMR
technique first demonstrated the simultaneous determination of multiple lipoprotein
subclasses in plasma, taking advantage of the fact that methyl lipids on the lipoparticle core
and surface are subject to different magnetic environments.*® This technique was
subsequently utilized in the Insulin Resistance Atherosclerosis Study, which found that
compositional and size changes in HDL, LDL, and very low-density lipoprotein (VLDL)
particles preceded the onset of diabetes in nondiabetic individuals over a 5.2 year follow-up
period.>% IH NMR was also utilized in the discovery of morphological abnormalities and
abnormal lipid distribution in small HDL in diabetic patients, which was not responsive to
pharmacological therapy.>! However, another 1lH NMR study indicated modest
improvements in total HDL levels resulted after 16 weeks of treatment with rosiglitazone, an
insulin sensitizer, in patients with both coronary heart disease and diabetes.>2
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Lipolysis and oxidative stress

In addition to elevated LDL and oxLDL cholesterol content, enhanced lipolysis of
triglyceride-rich lipoprotein has also been implicated in vascular inflammation and
atherosclerosis. Partially lipolyzed fatty acid particles are capable of more easily entering the
subendothelial space of blood vessels and being phagocytosed by macrophages without prior
oxidation, leading to accelerated foam cell formation.>3 Lipotoxicity, the build-up of
unoxidized fatty acids and reactive lipid species in sites other than adipose tissue, results in
cell dysfunction and can lead to apoptosis of heart cells.>* Furthermore, fatty acid oxidation
is known to inhibit glucose metabolism and B-cell insulin release. During fatty acid
oxidation, mitochondrial respiration rate increases and consequently a larger proportion of
electrons are transferred to complex 2 of the electron transport chain during oxidative
phosphorylation.®® This disruption in redox balance contributes to the production of ROS
and oxidative stress. Analysis of endothelial cells exposed to high glucose showed
significant changes to thiol containing metabolites and a perturbation of the cysteine-GSH
pathway, which detoxifies ROS.%8 Additional work examining carbonyl metabolites by
isotope labeling and LC-MS showed a general elevation in oxidized metabolites.5’

The fields of metabolomics and lipidomics have recently taken a considerable interest in the
contribution of lipid metabolism to diabetic cardiomyopathy and macrovascular oxidative
damage.58 Metabolic profiles have been utilized to distinguish between serum samples of
diabetic individuals with high blood pressure, coronary heart disease, nonalcoholic fatty
liver disease, or some combination of these three complications.>® Two of the metabolites
most strongly correlated with these complications, dodecanoic and decanoic acid, are
involved in fatty acid metabolism, and the ketogenic amino acid leucine (further discussed
below) was found at higher concentrations in the high blood pressure and nonalcoholic fatty
liver disease samples, which were associated with more abnormal lipid metabolism than
coronary heart disease. Abnormalities in short-chain fatty acid metabolism, including the
propanoate and butanoate pathways, have also been observed in diabetic vascular tissue.36
Short-chain fatty acids are known to prevent diet-induced obesity in free fatty acid receptor
deficient mice®9 and alter glucose and lipid metabolism.61 The exact relationship between
these pathways and macrovascular dysfunction remains unknown.

Amino acid and carbohydrate biomarkers of macrovascular dysfunction

Amino acids play critical roles in cellular function including protein and lipid synthesis,
cellular signaling, and insulin regulation; disruptions in amino acid metabolism, particularly
of the branched-chain amino acids, have been associated with diabetes.52 However, only
recently has a link between altered amino acid levels and future risk of cardiovascular
disease been investigated.53 Using the diabetes mellitus-amino acid score derived from data
from the Framingham Heart Study, which includes tyrosine, phenylalanine, isoleucine,
valine, and leucine, a targeted LC-triple quadrupole-MS investigation revealed that
individuals with plasma amino acid levels in the top quartile of the score 12 years before
follow-up were associated with a nearly five-fold greater risk for inducible myocardial
ischemia and atherosclerosis.53 Elevations in the branched-chain amino acids in aortic tissue
in a mouse model of T2DM have been reported as well, including significant changes in
12.5% of the compounds involved in valine, leucine, and isoleucine degradation.3’
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Compounds involved in the metabolism of pyridoxal phosphate, the biologically active form
of Vitamin B6, showed significant downregulation. Pyridoxal phosphate is an important
cofactor in transamination reactions, and its deficiency may exacerbate insulin resistance by
preventing effective amino acid catabolism. This study employed a deuterium isobaric amine
reactive tag to enhance MS sensitivity and increase multiplexing of amine metabolites. This
tag was also used to investigate changes to amine metabolism in human aortic endothelial
cells under high and low glucose conditions.%* Of 31 targeted amines, the levels of 21 were
significantly increased after 7 days exposure to high glucose. Notably, the elevation of the
ROS scavengers proline, hypotaurine, and cystathionine indicated a potential antioxidant
response as early as 3 hours after treatment with high glucose. As amino acids often show
poor ionization efficiency and chromatographic resolution, amine labelling was essential for
improving sensitivity and enabling the detection of these metabolites.

The myocardium is an insulin-responsive tissue which uses glucose, lactate, and fatty acids
as primary energy sources.>2 Circulating levels of compounds involved in oxidative
metabolism of these substrates therefore indicates the efficiency of myocardial extraction
and utilization of fuel. In response to stress, the heart increases anaerobic respiration by
extracting more glucose from blood, which produces more lactate. Extracellular lactate is
associated with insulin resistance and was found to inhibit glucose metabolism in ischemic
rat myocardium.%5:66 An NMR-based metabolomics profiling method was used to measure
circulating metabolites in patients with T2DM and coronary heart disease following
administration of rosiglitazone; positron emission tomography was also employed to assess
myocardial glucose uptake.>2 Lactate concentration was found to be inversely associated
with glucose extraction, but was decreased 16% by rosiglitazone treatment. Glutamine,
which improves plasma insulin secretion in diabetes,®7 was increased by rosiglitazone.
Although these findings indicate modest improvements in insulin sensitivity, other analytes
investigated in the study, including LDL particles, showed no significant changes following
rosiglitazone administration. Further investigation of myocardial fatty acid oxidation during
diabetes is warranted and could potentially yield therapeutic insight.

Microvascular complications

Although macrovascular complications are responsible for the greatest number of deaths
from diabetes, the microvascular complications nephropathy, neuropathy, and retinopathy
significantly contribute to the morbidity of the disease. Because endothelial cells of the
microvasculature are insulin independent (in contrast to muscle cells), hyperglycemia leads
to an unregulated influx of glucose into tissues supplied by microvessels.®8:69 As such,
microvascular damage arises from some biochemical mechanisms distinct from those
involved in macrovascular dysfunction. Hyperglycemia is directly responsible for many of
the physiological changes seen in diabetes such as alterations to microvascular contractility
and blood flow, as well as underlying biochemical changes that contribute to its
pathogenesis.”® Metabolomics has identified unique biomarkers of each of the major
microvascular complications to establish a better understanding of the process by which
hyperglycemia leads to microvascular disorders.
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Nephropathy

Diabetic nephropathy, or diabetic kidney disease, is defined as a progressive decline in
glomerular filtration rate and increase in urinary albumin excretion, often accompanied by
high blood pressure.” Hypertrophy of the proximal tubule component of the diabetic kidney
eventually results in mesangial expansion and glomerular basement membrane thickening,
which lead to reabsorption of urinary filtrate and fibrosis. Diabetic nephropathy culminates
in end-stage renal disease if left untreated, a condition affecting approximately one-third to
one-fifth of all diabetic patients.”? The most dangerous consequence of diabetic nephropathy
is its associated risk of cardiovascular mortality, which was found to be 8 to 10 times higher
than that of individuals with normal renal function.’3

Diabetic nephropathy is currently diagnosed based on the rate of urinary excretion of the
low-molecular-weight protein, aloumin.”* Microalbuminuria, an excretion rate of 30-300
mg per day, has been shown to be an early clinical marker of progression to nephropathy in
both TIDM and T2DM patients. Metabolomic investigations of nephropathy were
conducted quite recently, and results of long-term follow-up studies are only now beginning
to emerge. Already, these metabolomics approaches have yielded important information
including the role of uremic solutes, mitochondrial dysfunction, and carbonyl and oxidative
stress in the pathophysiology of diabetic nephropathy.

Uremic solutes

Uremic solutes are metabolic end products normally removed by the kidneys, but which are
present in excess in the blood during impaired kidney function. Uremic solutes include
compounds from a variety of different chemical classes including amino acids, nucleotides,
carbonyls, and phenols. It is unclear whether these metabolites are responsible for or are a
result of renal impairment. Additionally, because many uremic solutes are bound to serum
proteins and are poorly hemodialyzed, their accumulation is difficult to control. Toxic effects
of uremic salts include metabolic acidosis, insulin resistance, and altered protein function.’#

Plasma metabolomics has been utilized to assess the effect of uremic solute concentrations
on progression to end-stage renal disease in diabetic patients. In data from the Joslin Kidney
Study cohort, sixteen known uremic solutes were found to be elevated in baseline plasma of
individuals who progressed to end-stage renal disease over an 8-12 year follow-up period
(Fig. 3).”> Two of these metabolites, pseudouridine and myoinositol, were also identified by
Dunn and colleagues as novel metabolic markers of heart failure.”® Pseudouridine is a
modified nucleoside which is associated with cell turnover and may be involved in cardiac
remodeling. Myoinositol/glucose imbalance contributes to kidney fibrosis, altered cellular
potassium and sodium flux, and abnormal phospholipid metabolism.”® The identification of
these metabolites in both end-stage renal disease and heart failure patients is unsurprising
given the role of diminished renal function in the pathophysiology in cardiac dysfunction—
often called the “cardiorenal syndrome.”76

Other uremic solutes which have gained considerable attention as markers of renal function
are the phenyl compounds indoxyl sulfate and p-cresol sulfate, end products of gut microbial
degradation of tryptophan and tyrosine, respectively.”” These and other amino acid-derived
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microbial metabolites inhibit endothelial wound repair and exacerbate cardiovascular
complications in diabetic nephropathy.”® A study using triple quadrupole-MS/MS indicated
that a >2-fold elevation of urinary indoxyl sulfate in streptozotocin-induced diabetic mice
was returned to baseline concentrations following administration of rosiglitazone.”® A
preliminary report found that treatment with synbiotics, a combination of pre- and
probiotics, reduced serum levels of p-cresol sulfate in hemodialysis patients, suggesting that
microbial therapy may be of benefit in removing protein-bound serum toxins.”®

MS-based metabolomics in both the FinnDiane and in the Joslin Kidney Study cohorts has
revealed a link between acylcarnitines and progression to kidney disease or end-stage renal
disease in diabetic patients (Fig. 3).”>80 Acylcarnitines are derived from either amino acids
or lipids and are involved in transporting these metabolites into mitochondria for f3-
oxidation.81 Normally excreted in urine, elevation of acylcarnitines in serum is a marker of
impaired kidney function. Furthermore, both branched-chain amino acid-derived and fatty
acid-derived carnitines have been implicated in obesity and insulin resistance.8 The
elevation of acylcarnitines in renal impairment may suggest a role of organic ion transport
and mitochondrial metabolic dysfunction.

Reactive carbonyl species are a special type of uremic toxin which leads to carbonyl stress
viathe generation of advanced lipoxidation end products (ALES) and AGEs. Carbony!| stress
contributes to a variety of pathological and inflammatory processes including macrophage
recruitment, nitric oxide inhibition, and alterations in protein structure and function.82 In
cases of renal failure, AGEs and ALEs have been shown to crosslink collagen residues in the
glomerular mesangium, leading to changes in cell-matrix interactions and tissue stiffness.83
Plasma from the Natural History of Diabetic Nephropathy Study analyzed by LC-QQQ-MS
showed that the methylglyoxal-derived AGEs carboxyethyl lysine, carboxymethyl lysine,
and methylglyoxal hydroimidazolone increased prediction of glomerular basement
membrane thickening in fast-progressing TIDM patients.84 Reactive intermediates/
carbonyls malonate, imidazolone, malondialdehyde, methylglyoxal, and glyoxylic acid all
showed increases in urine in a streptozotocin-induced diabetic mouse model, but only
glyoxylic acid was reversed by rosiglitazone.”8 Global metabolic profiling in the FinnDiane
study using GC-MS and LC-FT-MS also reported elevations in deoxyfructose, a product of
deoxyglucosone detoxification resulting from diabetic stress, in individuals with diabetic
kidney disease.8% Increases in the AGE precursor fructoselysine as well as malondialdehyde
and imidazolone (fold changes 7.11, 1.51, and 2.81, respectively) were seen in aortic tissue
from a d&/dbo mouse model, suggesting that carbonyl stress may have a role in the
cardiorenal syndrome.3’

Oxidative stress and mitochondrial dysfunction

Mitochondria are essential to the development and progression of hyperglycemia-induced
oxidative stress. Relative abundances of serum and urine TCA metabolites have been
proposed as a means to assess mitochondrial function in diabetic nephropathy. Recent work
investigating the evolution of nephropathy in d&/db mice over 16 weeks found significantly
higher levels of citrate, malate, and a-ketoglutarate in serum at week 6 which showed a
sharp decline 2 weeks later, suggesting downregulation of glycolysis and development of
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insulin resistance.’? In contrast, the portion of the TCA metabolites excreted in the urine
increased after week 8. Citrate and malate levels in urine relative to serum were shown to be
the strongest indicator of kidney function. Elevations in urinary TCA metabolites were also
reported in a GC-MS study using diabetic mice.8> Of note, only fumarate levels were
restored by NADPH oxidase inhibition in this experiment; fumarate is involved in the
regulation of transcription growth factor-f§ production in renal cells, and its accumulation
may be linked to poor clinical outcomes in patients with diabetic nephropathy.86 In clinical
studies of TADM and T2DM patients with chronic kidney disease, GC-MS was used to
quantify urine and serum metabolites. 12 of the 13 differentially expressed compounds have
a role in mitochondrial metabolism, and most of the species detectable in both biofluids
were decreased in the urine samples.8” The same work found that mitochondrial protein and
DNA were markedly reduced in the kidney sections and urine, respectively, of diabetic
patients, suggesting a decrease in overall mitochondrial mass.

Another mechanism by which hyperglycemia induces oxidative damage in renal cells is the
activation of the purine oxidoreductase enzyme xanthine oxidase, which catalyzes the
conversion of hypoxanthine to xanthine and xanthine to uric acid; both reactions produce the
ROS hydrogen peroxide. IH NMR-based analysis of serum, urine, and renal extracts from
streptozotocin-induced diabetic rats revealed dramatic increases in uric acid and its oxidized
form allantoin, whose production is driven by ROS.88 Both metabolites are involved in the
development of microalbuminuria and inflammation. Dysregulated purine metabolism and
excessive generation of allantoin was also recently implicated in the pathogenesis of
ischemic retinopathy (see Retinopathy section), and may hold potential as a therapeutic
route for multiple diabetic complications.

Neuropathy

Diabetic neuropathy, the most common complication of diabetes, is characterized by damage
to any of the body’s pain and nerve fibers, most often peripheral sensory nerves. Resulting
complications of diabetic neuropathy include numbness, burning, a “pins and needles”
sensation, vision impairment, loss of balance, atrophy, and cardiac diseases.8% Numbness
and loss of reflexes typically first manifest in the feet and hands, as longer nerve fibers
exhibit an earlier loss of conduction velocity.}” Individuals with diabetic neuropathy are
therefore especially prone to developing ulcers and foot injuries.

The pathophysiology of diabetic neuropathy involves both dysfunction in the blood vessels
which supply neurons as well as hyperglycemia-induced injury to nerve cells themselves.
Excessive glucose metabolism promotes capillary basement membrane thickening and
changes in vascular tone which lead to hypoxia and subsequent neuronal ischemia.l’
Glucose is the primary fuel source for peripheral nervous tissue, which is insulin-
independent.?0 Increased glucose metabolism viathe five standard biochemical pathways of
DCs has been implicated in neuronal dysfunction.8® For an in-depth discussion on the other
biochemical mechanisms of diabetic neuropathic progression, the reader is directed to the
2008 Feldman review.8?
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Mitochondrial dysfunction

The generation of ROS by the mitochondrial electron transport chain was once thought to be
the main process responsible for vascular damage in diabetes.® However, recent work
suggests that in certain tissues with downregulated glycolytic and TCA cycle metabolism,
mitochondrial production of ROS may be diminished and other pathogenic biochemical
processes may predominate.®? Metabolomics investigations have recently made important
contributions to the understanding of neuropathy, which appears to involve a complex
combination of reactive nitrogen species (RNS) and ROS generation, aberrant mitochondrial
metabolism, and inflammation. An LC/MS/MS study using a d&/db mouse model of T2DM
demonstrated significant decreases in four of the five measured glycolytic metabolites in
sural and sciatic nerves, including a 75% decrease in phosphoenolpyruvate, but no change
was observed in dorsal root ganglia glycolytic content.%? The same work also reported
diminished citrate and isocitrate levels in all three nerve types, but found no change in other
TCA intermediates. Aconitase, the TCA cycle enzyme which catalyzes the conversion of
citrate to isocitrate, was associated with a nearly 2-fold decrease in activity in the sciatic
nerve of diabetic vs. control mice, indicating ROS inhibition. Aconitase activity in the dorsal
root ganglia of diabetic mice was downregulated to a lesser extent. These findings were
corroborated by Freeman, et al., who described a neuronal proximal-to-distal increase in
oxidative phosphorylation, polyol pathway upregulation, and mitochondrial dysfunction in
three types of nervous tissue in diabetic rats using GC- and LC-MS.%1 However, a recent
investigation of a triple antioxidant therapy regimen on cardiovascular autonomic
neuropathy showed no benefit on disease progression and other therapeutic avenues should
be explored.11

Lipoxidation

Dyslipidemia is an early risk factor for diabetic neuropathy. Oxidized lipoproteins, altered
dihydroxy/epoxygenated fatty acid ratio, and elevated triglyceride levels have been
correlated with inflammation, allodynia, and accelerated disease course.92:93 The
mechanisms of neuronal lipotoxicity appear to be closely related to oxidative stress. For
example, plasma lipids measured by immunocytochemical methods were significantly
oxidized in mice which were fed a high-fat diet and subsequently developed neuropathy.2
Oxidized LDLs were found to increase mitochondrial superoxide production in dorsal root
ganglia viaNADPH oxidase activation, and oxidative stress generated by hyperglycemia and
dyslipidemia was shown to be additive. In an LC-MS/MS investigation of bioactive lipids in
plasma and spinal cord of TIDM rats, levels of epoxygenated fatty acids produced from
linoleic, arachidonic, eicosapentaenoic, and docosahexaenoic acids by cytochrome P450
enzymes were decreased.93 Epoxygenated fatty acids play important roles in modulating
vascular tone and downregulating cyclooxygenase-2 (COX-2), which is responsible for
nociceptive and inflammatory processes.?* COX-2 is also associated with insulin resistance
and increased oxidative stress in high-fat fed rats.%> Elevation of epoxygenated fatty acid
levels by soluble epoxide hydrolase inhibition resulted in attenuation of pain in the rodent
model and may be a therapeutic strategy for improving lipid metabolism in human patients.
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Nitrosative stress

The generation of the reactive nitrogen species peroxynitrite from nitric oxide and
superoxide contributes to biochemical damage in diabetes by depleting stores of nitric oxide,
which is an important vasodilator, as well as by altering the function of lipids and proteins
through oxidation.%8 One of the major products of protein nitration is 3-nitrotyrosine
residues. Isotope dilution GC-MS showed that 3-nitrotyrosine content of HDL in aortic
atherosclerotic lesions is 6-fold higher than in circulating HDL in patients with coronary
artery disease (Fig. 4).96 Research has indicated that nitrosative stress may also be relevant
to diabetic neuropathy through activation of the PARP pathway. In the dyslipidemia-induced
mouse model of neuropathy, 3-nitrotyrosine was elevated 75%, 60%, and 5.6-fold in plasma,
LDL cholesterol, and sciatic nerve, respectively.92 Another study found 32% and 54%
increases of 3-nitrotyrosine in sciatic nerve and spinal cord, respectively, of streptozotocin-
induced diabetic rats.%’ 3-nitrotyrosine accumulation was inversely correlated with motor
and sensory nerve conduction velocities and myelin thickness. These results implicate
peroxynitrite formation via PARP activation as a convincing pathological mechanism for
diabetic neuropathy.

Retinopathy

Diabetic retinopathy, which consists of changes in the retinal microvasculature resulting in
some degree of retinal lesions and vision impairment, is the leading cause of blindness
among adults worldwide and affects the majority of diabetic patients after 20 years of
disease.1” Early diabetic retinopathy, known as nonproliferative retinopathy, is characterized
by weakening of the blood-retinal barrier, thickening of the vascular basement membrane,
and the death of pericytes, the contractile cells which surround retinal endothelial cells.1’
Prolonged hypoxic conditions due to changes in vascular tone and permeability can lead to
proliferative retinopathy, during which fragile new blood vessels grow and eventually begin
to hemorrhage into the part of the retina known as the macula. The combination of fibrous
neovascularization and macular swelling caused by fluid accumulation results in vision loss
and may even lead to retinal detachment.%

The pathophysiology of diabetic retinopathy appears to be closely linked to that of
neuropathy, and immunocytochemical studies have shown that diabetic retinopathy is
initiated by damage to nonvascular retinal nerve cells before the development of vascular
dysfunction.% Like neuropathy, many of the biochemical mechanisms with proposed
involvement in retinopathy are directly related to chronic hyperglycemia. Alterations in
polyol metabolism and the production of AGEs, inflammatory compounds, and ROS have
been identified as pathogenic agents, but therapies including aldose reductase inhibitors,
antioxidants, and anti-inflammatory drugs have shown limited efficacy in clinical trials.

Glycolysis and oxidative stress

Changes in glucose utilization and redox status in diabetic eyes contribute to the progression
of retinopathy by affecting osmolarity, promoting oxidative damage, and altering
neurotransmission. Very early research using gravimetric and fluorimetric microassays
implicated osmotic stress due to the production of sorbitol from glucose via aldose reductase
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(the polyol pathway) in retinopathy.190 1H NMR-based metabolomics of vitreous fluid from
patients with proliferative diabetic retinopathy uncovered further evidence supporting the
role of activated polyol metabolism in this complication.191 Depletions in galactitol, the
reduction product of galactose via aldose reductase, were reported in diabetic samples.
Because aldose reductase normally has a higher affinity for galactose than for glucose, a
decrease in galactitol production could be attributed to favored generation of sorbitol during
hyperglycemia.102 Sorbitol is impermeable to the cell membrane, and studies have shown a
compensatory decline in intracellular taurine and myo-inositol in retinal epithelial cells in
response to its accumulation.193 Depletion of these metabolites is linked to other metabolic
consequences including abnormal sodium and potassium fluxes. 104105

The significance of glycolytic dysfunction and a weakened antioxidant defense system in
diabetic retinopathy pathogenesis has also been substantiated by both biochemical and
metabolomic methods. Large abundances in lactate production in human diabetic vitreous
fluid were found by NMR, 191 and spectrofluorometric measurements of streptozotocin-
induced diabetic rat lenses revealed elevations in glycolytic intermediates up to
dihydroxyacetone phosphate.196 Such symptoms of anaerobic respiration point to hypoxia
and microvascular dysfunction as pathogenic agents. Lactate generation may be further
stimulated by increased tissue acidosis and inflammation. Other results from these
experiments include depletions in the key antioxidants ascorbic acid and free cytosolic
NADPH in diabetic vitreous and lens, respectively. A mass spectrometry-based experiment
using diabetic vitreous samples identified compromised purine metabolism resulting from
xanthine oxidase overactivity, yielding high levels of the oxidative stress biomarker allantoin
(Fig. 5, see also Nephropathy section).107 These current metabolomics findings combined
with conventional biochemical studies support a mechanism for retinopathy which involves
diabetes-induced inhibition of glycolysis, increased polyol pathway flux, and oxidative
stress.

Neurotransmission and amino acid metabolism

More recently, investigations of diabetic retinopathy pathogenesis have shifted to the
influence of retinal amino acid neurotransmitters on neuronal cell death and ischemia.
Reduced amplitudes in oscillatory potentials of electroretinograms have been shown to
precede the onset of diabetic retinopathy, suggesting that neuronal injury due to altered
retinal metabolism may be an early consequence of diabetes.108 In particular, a study using
RP-LC and a Pico-Tag amino acid analyzer found elevations in GABA (26-51%) and
glycine (33%) in the retinas of streptozotocin-induced diabetic rats, and corresponding
oscillatory potential attenuations. Possible explanations for altered electrophysiological
responses in retinopathy include excess releases or decreased uptake of these
neurotransmitters by retinal neurons.198 Neural excitotoxicity of glutamate has been
implicated in the pathogenesis of several disorders related to the central nervous system. The
influence of diabetes on glutamatergic neurotransmission, synthesis, and cataplerosis in rat
retinas was recently investigated using radioactive labeling.1%9 The glutamate anaplerotic/
cataplerotic cycle between neurons and Miiller cells, which remove glutamate from synaptic
spaces, was studied by incubating diabetic rat retinas with either 14C CO, (anaplerosis)

or 14C glutamine (cataplerosis). The 14C-labeled metabolites were extracted and separated
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by ion-exchange chromatography; fractions were quantified by scintillation counting. The
rate of glutamate anaplerosis was found to be 42% lower in diabetic retinas vs. controls,
whereas that of cataplerosis was 90% lower. High elevations in glutamate (fold change 3.2)
and other amino acids were also reported in a recent metabolomics global profiling
investigation using RPLC- and HILIC-MS to identify altered metabolites in retinopathy
vitreous samples.107 These findings implicate an uncoupling of the glutamate cataplerosis/
anaplerosis cycle in diabetes which may be mediated by competition between glutamate and
branched-chain amino acids for binding sites on mitochondrial branched-chain amino
transferase.110 Other forms of amino acid toxicity in diabetic retinopathy include altered
arginine metabolism, which was shown to result in increased urea cycle activity and an
uncoupling of the nitric oxide synthase pathway, leading to impaired vasodilation and
endothelial damage.107

Tear metabolomics

Somewhat surprisingly, a literature search revealed a number of publications comparing tear
proteins in healthy individuals and in diabetic retinopathy patients, but none involving the
diabetic retinopathic tear metabolome. Tears are a noninvasive, low cost, easily accessible
biofluid and may hold particular value in population screening assays. Although tear
metabolite extraction procedures have been described, tear metabolomics remains hindered
by low sample volumes and metabolite concentrations as compared to other biofluids.111
However, a global LC-MS/MS approach was recently used to identify 60 tear
metabolites,112 including 19 amino acid derivatives, several carnitine species, and other
metabolites relevant to diabetic complications. Further improvements in sample collection
and analysis methods may someday enable the characterization of the diabetic tear
metabolome.

Conclusion and perspective

In the past 15 years, the field of metabolomics has expanded the current understanding of the
pathophysiology of diabetic complications far beyond the five standard biochemical
pathways which contribute to oxidative stress and inflammation. Branched-chain amino
acids, phospholipid metabolism, and the glutamine/glutamate cycle are just a few of the
previously unknown pathways and biomarkers of diabetes which have come to light due to
advancements in sensitivity, sample preparation, and data processing. Metabolic
irregularities in vitamin B6 metabolism and in the propanoate and butanoate pathways were
also recently reported for the first time in diabetic vascular tissue.3 Fig. 6 summarizes the
pathways involved in DCs which have been elucidated since the advent of metabolomics.
Clearly, metabolic abnormalities in diabetes include compounds which play a wide variety
of biochemical roles, from insulin signaling to neurotransmission. The evidence for
oxidative stress as a key component of DCs remains strong. Despite this, previous clinical
failures in antioxidant therapy suggest that deeper examination of how metabolic changes
interact with ROS will be critical in developing treatments to DCs. Improving current risk
predictors and therapies by correlating these metabolic signatures to specific complications
poses the next major challenge in the field.
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As metabolomics technologies continue to increase in sensitivity and throughput, biomarker
discovery for predicting the onset and severity is expected to provide critical tools for
clinicians. Previous clinical data show that (1) inadequate glycemic control is strongly
correlated with macrovascular complications and moderately correlated with microvascular
complications and (2) that maintaining that control is very difficult to sustain over long
periods of time. Biomarkers which could predict severity of onset will designate which
patients are in need of additional support to sustain and maintain tight glycemic control.

One metabolic aspect that is critically needed but not fully utilized is a catalog of the various
pathways which experience increased flux during hyperglycemia. Under normoglycemic
conditions, glucose is burned off as CO, or converted to lactate. Under hyperglycemic
conditions, elevated levels of glucose metabolites will undoubtedly rise above the Km of
different enzymes and be diverted to new pathways. Metabolic flux analysis, where U-13C
glucose is pulsed into the system, would allow for tracking of new pathways (Fig. 7).113
This will prove useful in evaluating the total effects of novel therapeutics.
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Fig. 1.
Schematic of hyperglycemic effects on biochemical pathways in diabetic neuropathy.

Excessive glucose metabolism generates excess NADH and leads to overload of the electron
transport chain causing oxidative stress, damage to mitochondria, and activation of PARP.
PARP activation by ROS acts in conjunction with the hexosamine and PKC pathway to
induce inflammation and neuronal dysfunction. A combination of oxidative stress and
hyperglycemia activates the detrimental pathways of AGE, polyol, hexosamine and PKC
pathways which lead to redox imbalance and further oxidative stress. These pathways also
induce inflammation and neuronal dysfunction. Abbreviations: NF-xB: nuclear factor kappa
B; PARP: poly(ADP-ribose) polymerase; PKC: protein kinase C; AGE: advanced glycation
endproducts; RNS: reactive nitrogen species; ROS: reactive oxygen species, GSH:
glutathione; GSSG: oxidized glutathione; UDPGIcNAc: UDP-A+acetylglucosamine; VEGF:
vascular endothelial growth factor. From Edwards, ef al., Diabetic Neuropathy: Mechanisms
to Management, Pharmacol. Ther., 2008, 120(1), 1-34. Used with permission.
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Fig. 2.

1I—?NMR spectra of human serum samples with (A) normal glucose tolerance, (B) impaired
glucose regulation and (C) T2DM (the region at 56.5-8.0 was expanded for 32 times). The
area labeled “region 1” in spectra C contains signals from glucose, lipid and amino acids.
Keys: 1, leucine/isolucine; 2, valine; 3, lysine; 4, alanine; 5, arginine, leucine, lysine; 6,
proline; 7, methionine; 8, glutamate; 9, glutamine; 10, threonine; 11, tyrosine; 12,
methylhistidine; 13, phenylalanine; 14, 3-methylhistidine; 15, histidine; 16, lactate; 17,
citrate; 18, creatinine; 19, B-glucose; 20, a-glucose; 21, HDL; 22, LDL; 23, VLDL; 24,
glycoprotein; 25, lipid; 26, lipid; 27, choline; 28, glyceryl of lipid; 29, water; 30, unsaturated
lipid. From Zhang, ef al., Human Serum Metabonomic Analysis Reveals Progression Axes
for Glucose Intolerance and Insulin Resistance Statuses, J. Proteome Res., 2009, 8(11),
5188-5195. Used with permission.
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Fig. 3.
Volcano plot of common metabolites measured in plasma from T2DM patients with end-

stage renal disease. Association with progression to end-stage renal disease is demonstrated
as a fold difference (x-axis) and significance is presented as g-value ()~axis). Uremic solutes
comprise metabolites of interest in (a) and amino acids are metabolites of interest in (b).
Uremic solutes are not displayed in (b). Common and stable metabolites of interest are
represented as red circles ( ®), common metabolites that are not stable over time are
represented as red empty circles ( ©), and all other common metabolites are represented as
gray circles ( ®). Blue circles represent essential amino acids ( ). Adapted from Niewczas,
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et al., Uremic solutes and risk of end-stage renal disease in type 2 diabetes: metabolomic
study, Kidney Int., 2014, 85(5), 1214-1224. Used with permission.
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Fig. 4.

Dgtection by mass spectrometry of 3-nitrotyrosine in HDL isolated from plasma and
atherosclerotic human aortic tissue harvested at surgery. (A) Amino acids derived from HDL
were isolated on a C18 solid phase column, derivatized, and analyzed by isotope dilution
negative ion electron capture GC/MS with selected monitoring of ions of m/2518 (for 3-
nitrotyrosine), /712524 (for 3-nitro[13Cg]tyrosine), or m/z528 (for 3-

nitro[13Cg, 15N]tyrosine derived from I-[13Cg, 15N]tyrosine). (B) Full scan mass spectrum of
the £butyl dimethylsilyl derivative of authentic 3-nitrotyrosine. Note that the major fragment
ion has an m/z of 518. From Pennathur, ef a/, Human Atherosclerotic Intima and Blood of
Patients with Established Coronary Artery Disease Contain High Density Lipoprotein
Damaged by Reactive Nitrogen Species, J. Biol. Chem., 2004, 279(41), 42977-42983. Used
with permission.
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Fig. 5.
Global liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QTOF-MS)

metabolomics. Cloud plots generated by XCMS online showing dysregulated features
between control and diabetic samples (two-tailed Mann-Whitney test) for (a) RPLC-MS
analysis, control (n= 11), proliferative diabetic retinopathy (7= 9) top plot and (b) HILIC-
MS analysis, control (n7= 11), proliferative diabetic retinopathy (/7= 7), lower plot. Total ion
chromatograms for each sample can be seen on the plot; features whose intensity are
increased in diabetic retinopathy vitreous are shown on the upper part of the plot as blue
circles and features whose intensity decreases are shown on the bottom part of the plot as
green circles. Larger and brighter circles (features) correspond to larger fold changes and
lower p-values respectively. Adapted from L. P. Paris, et al., Metabolomics, 2016, 12, 15.
Used with permission.
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Fig. 6.

Sugmmary of the metabolic pathways dysregulated in diabetic complications. Pathways
which were unknown or understudied prior to the development of metabolomics
technologies are outlined in red. Abbreviations: G-6-P, glucose-6-phosphate; Gly-3-P,
glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; DAG, diacylglycerol; 3-
HB, 3-hydroxybutyrate. Adapted from L. A. Filla, et al., J. Proteome Res., 2014, 13, 6121-
6134. Used with permission.
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Schematic of the effect of hyperglycemia on pathway activation in human retinal pigment
epithelium cells. Cells were cultured in either unlabeled D-glucose (5.5 mM) or D-[U-13C]-
glucose (25 mM), and metabolite labeling was assessed using the automated untargeted
isotope analysis program geoRge. Adapted from J. Capellades, M. Navarro, S. Samino, M.
Garcia-Ramirez, C. Hernandez, R. Simo, M. Vinaixa and O. Yanes, Anal. Chem., 2016, 88,

621-628. Used with permission.
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