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Medicine has largely utilized a reductionist approach in which disease states are generally reduced to a single
organ or defect. Consequently, this approach often overlooks potential interactions between both intrinsic and
extrinsic modulators and environmental risk factors. Alternatively, an integrative systems medicine approach is
becoming increasingly favored. Redoxomics is a branch of systems medicine focusing on oxidative stress, reactive
oxygen species, and antioxidants. Systems medicine, also referred to as precision or “P4” medicine, captures the
power of omics technologies, such as genomics, epigenomics, proteomics, and metabolomics, and their interaction

with environmental factors like nutrition and the gut microbiome.

redoxomics diabetes systems medicine oxidative stress

| 1. Introduction

Systems medicine, also referred to as precision or “P4” medicine, captures the power of omics technologies, such
as genomics, epigenomics, proteomics, and metabolomics, and their interaction with environmental factors like
nutrition and the gut microbiome RRBIAIL The goal of P4 medicine is to provide an integrated healthcare
approach that is “predictive, preventive, personalized and participatory” BZ. In short, systems medicine is
interdisciplinary and utilizes omics data to reveal pathophysiological processes useful for predicting the inherent
risk of an individual patient developing a disease such as diabetes and to assess the success likelihood of specific
treatments W24 Redoxomics is a branch of systems medicine focusing on “omics” data related to redox status.
Systems medicine with a complementary emphasis on redoxomics can potentially optimize future healthcare

strategies for adults and children with type 2 diabetes (T2D).

Considerable evidence supports the role of oxidative stress as an initial etiological factor for pediatric T2D. It
follows that redoxomics would be of optimal clinical benefit while simultaneously providing detailed molecular
insights into pathophysiology. A comprehensive application of redoxomics to either adult or youth-onset T2D is
currently lacking. An early childhood study with multiple follow-up periods would be ideal since it might identify very
early redoxomics biomarkers providing precision guidance for preventing or slowing future T2D development
before irreversible pathology occurs. The potential of a generalized systems medicine approach to T2D will be
reviewed and detail the ongoing contributions of omics technology to risk assessment, patient stratification, and
predicting drug responsiveness. It was noted that existing omics data relevant to oxidative stress and T2D since
this would help guide future redoxomic studies. These omics studies have mostly been limited to adults of Western

European origin, with some newer additions from East Asian populations B[220 Genomic technology is quite
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advanced, very comprehensive, cost-effective, and has overcome many regulatory hurdles for providing data

analysis reports directly to adult consumers.

| 2. Genomics and T2D

T2D has a strong genetic predisposition and published genome-wide association studies (GWAS) have identified
over 500 single nucleotide polymorphisms (SNPs) associated with susceptibility [&. Nevertheless, these genetic
variants have accounted for only about 10-20% of the heritability of T2D and some of these variants are also
associated with obesity 29, The relevant genetic risk factors can be combined into a polygenic T2D risk score with
the potential to inform healthcare decisions, e.g., responding to an oral diabetic medication L1, Very cost-effective
commercial genotyping can currently provide an estimate of T2D risk development for adults. The 23andme
company provides a T2D polygenic sore based on over 1000 genetic variants. About 20% of their research
population has a T2D genetic risk equal to that of being overweight. Nevertheless, 23andme did not obtain Food
and Drug Agency (FDA) clearance for the genetic risk score as it was characterized as a wellness product that
does not make a diagnosis or provide medical advice. A genetic risk score for youth onset T2D has not been

published but could potentially provide a sign to initiate early and robust lifestyle interventions.

2.1. Genomics and Stratification of Adult T2D Patients

A second major contribution of genomics to T2D lies in its potential to help categorize diabetes types and thereby
provide more individualized healthcare. A controversial Swedish study recently proposed that adult diabetes be
subdivided into five groups rather than the current two 12, Six measures were utilized to assign a patient to a
group: body BMI, age at diabetes diagnosis, HbAL1C level, beta-cell functionality, insulin resistance, and the
presence of diabetes-related autoantibodies. Significantly, the five types of DM categorized by these parameters
were genetically distinct. These are very promising results and extending these studies to additional ethnic

populations as well as the pediatric population could have enormous healthcare-related significance.

2.2. Genomics May Help Stratify Youth Onset T2D Patients

The possibility of using genomics to help stratify youth onset T2D is a high-priority future goal. In a consensus
report, Nadeau et al. 13 reviewed the clinical evidence suggesting that youth-onset T2D is unique and distinct from
T2D in adults. Youth-onset T2D is characterized by both a rapid beta-cell decline and an accelerated progression.
The underlying pathophysiological mechanisms for these unique alterations are not well understood. The
consensus report asserts that new and comprehensive strategies for treating youth-onset T2D “are urgently
needed” 13, A systems medicine approach will most likely contribute to future efforts at developing targeted

treatments.

2.3. Genomics and Oxidative Stress
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GWAS studies on oxidative stress in humans are still “a work in progress,” although studies in other organisms
have provided a useful framework 14l Variants in CAT, GPX4, and GSR (glutathione reductase) and the
transcription factor nuclear factor-erythroid factor 2-related factor 2 (Nrf2) have been found to modulate human
oxidative stress [£2l. Despite their potential importance, biomarkers for oxidative stress in T2D are not clinically
used to categorize DM or guide healthcare. Tabatabaei-Malazy et al. have reviewed the potential relevance of
polymorphisms in antioxidant genes to T2D or its clinical complications 8. These authors stress the need for
additional studies focusing on epigenetic mechanisms regulating the expression of antioxidant enzymes. Future
GWAS studies in the pediatric population could benefit from looking at the genetic variants contributing to POS, the
development of pediatric insulin resistance, prediabetes, and T2D. Given the potential importance of mitochondria
in T2D, it may prove useful to place more emphasis on mitochondrial DNA variants, as suggested by Wang et al.
(171, Mitochondrial DNA is particularly susceptible to oxidative stress-induced mutations and DNA damage 7.

Circulating mitochondrial DNA, thought to arise from stressed cells, may be a non-invasive biomarker for T2D 18,

| 3. Metabolomics, Oxidative Stress, and T2D

The potential clinical applications of metabolomics to oxidative stress-induced alterations in cytosolic,
mitochondrial, and redox metabolites hold great promise 2. It has been well documented, for example, that
branched-chain amino acids (BCAAs) are elevated in T2D 29, BCAAs include leucine, isoleucine and valine. In
vitro and ex vivo experiments demonstrate that BCAAs promote endothelial dysfunction via increased
mitochondrial ROS generation and increased formation of peroxynitrite and 3-nitro-tyrosine 21, The induction of
oxidative stress in endothelial cells is thought to be caused by activation of the mTORC1 pathway 21,
GWAS/metabolomic studies have confirmed a causal role between the level of insulin resistance and levels of
circulating BCAAs 22,

In 2011, Wang et al. utilized a targeted metabolomic approach to evaluate the risk of developing T2D in adults 22!,
In this study, a metabolic profile (over 60 metabolites) was measured in the fasting plasma of 2422 healthy, non-
diabetic subjects. After a 12-year follow-up period, 201 individuals developed T2D. Quite significantly, plasma
BCAAs levels (and that of two aromatic amino acids) had a significant association with future T2D development

that was superior to BMI, dietary pattern, and fasting glucose [23],

Lipidomics is a subset of metabolomics looking only at lipid metabolites in a given biofluid/biosample. When fasting
plasma is used, the lipids sampled will primarily represent lipids associated with lipoproteins and not cellular
biomembranes. Recent research in a Swedish population shows that a “lipidomic risk,” based on a single mass
spectrometric measurement in a plasma sample, can identify a subset of adult individuals at high risk for

developing T2D. Moreover, the lipidomic risk score was largely independent of the polygenic risk score [24],

| 4. Proteomics and T2D
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Chen and Gerszten have reviewed the potential of proteomics for advancing T2D healthcare 23, These authors
suggest that integrating circulating metabolomics and proteomics (i.e., multiomics) would be an optimum strategy.
For large-scale population studies and future pediatric studies, the emphasis on plasma is realistic. Skeletal muscle
mitochondrial alterations are likely to be of etiological significance for T2D [16], and plasma (or RBC) would not be
as mechanistically informative as a skeletal muscle biopsy. Future mechanistic multiomic studies with skeletal
muscle biopsies remain critical for advancing an in-depth understanding of T2D. For children, skeletal muscle
biopsies are bioethically justified only with specific medical justification. Following tissue damage, tissue-specific
proteins can leak into plasma but are usually present only in low abundance making their detection and

guantification technologically challenging (more on this below).

4.1. Protein Glycation and Oxidation in T2D

Plasma and RBC samples can provide quantitative information on proteins that have been modified by glycation,
AGE formation, or oxidative stress. A comprehensive list of glycated proteins from the plasma and RBCs of control
and T2D subjects has been published, with several proteins being significantly more glycated in T2D subjects 28],
Interestingly, GPX3 (plasma glutathione peroxidase) was found to be glycated at four distinct peptide sequences.
Carbonylated plasma proteins can be formed directly from ROS modifications of susceptible amino acid residues
or by the covalent addition of adducts with carbonyl groups as they arise from glycation 2428 Carbonylated
proteins are not, therefore, a good measure of ROS-mediated protein oxidation alone. Although lacking
quantification, Bollineni et al. 28] |ooked at the presence of carbonylated plasma proteins in a small population of
lean subjects and obese subjects with or without T2D. A unique set of carbonylated proteins were found only in the
obese T2D subjects. These unique proteins need to be confirmed by additional studies (including pediatric
subjects) but strongly suggest that carbonylated plasma proteins could provide biomarkers for obesity-induced
T2D.

4.2. The Proximity Ligation Assay, T2D, and Metformin Response Stratification

Traditional proteomics utilizing highly specialized modern spectrometry equipment is well suited for basic research,
exploratory clinical research, and proteome discovery. Fu et al. 22l have detailed the potential power of label-free
guantitation for biomarker discovery in diabetes. The utility of the proximity ligation assay (PIA) for T2D precision

medicine and biomarker discovery has recently been demonstrated in a modest cohort of healthy and T2D subjects
130]

PIA can be used for the detection of proteins, post-translational modifications (e.g., glycation) and protein-protein
interactions B2, |n this assay, two complementary DNA-tagged antibodies bind to epitopes in close proximity to
each other on the same target protein. DNA in the matched pair of tagged antibodies hybridize, is extended by
DNA polymerase, and amplified by the quantitative polymerase chain reaction (QPCR) or next-generation
sequencing (NGS). The amplified DNA is essentially a unique double-stranded “barcode” for a specific target
protein and the number of readouts of that unique barcode is a quantitative measure of the target protein’s level in

the sample. This assay can be multiplexed to quantify many proteins in a given sample.
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Utilizing microliter amounts of fasting plasma, Zhong et al. could quantify about 1500 proteins (with NGS readout)
in an adult Swedish population, including low abundance proteins B9, They found that the plasma proteome
significantly varied from one healthy individual to the next, but each had a unique profile that was stable over time.
Two populations of T2D subjects were studied, i.e., obese and non-obese. Four proteins were found to have
significantly altered expression between these two groups (one was leptin). They then examined the protein
profiles of non-obese T2D patients with non-obese healthy patients and found 32 proteins with altered expression.
The authors suggest these 32 proteins might serve to identify subjects at increased T2D risk despite not being
obese. They next attempted to stratify T2D patients based on their responses to metformin treatment. A total of 40
T2D subjects were treated with metformin for three months and these were stratified into responders, non-
responders, and an intermediate group. Significantly, 30 proteins in the plasma proteome measured at baseline
(before the start of metformin intervention) could distinguish the responders from the non-responders. This result
suggests that the panel of 30 proteins could be used to predict whether a Swedish adult T2D patient would

respond well to metformin therapy.

In contrast to the overall positive responses of T2D adults to metformin alone or insulin treatment followed by
metformin, youth-onset T2D shows no improvement in progressive beta-cell deterioration 231, This again points to
the uniqueness of youth-onset T2D and the speculation that redoxomics could help define relevant factors for

preserving beta-cell function and preventing T2D progression.

Once a subset of proteins has been established to have clinical relevance, proteomics can shift from a discovery
mode to a targeted mode in which only this subset is quantified. To be of practical use in systems medicine,
targeted proteomic analyses need to be highly sensitive and specific with high throughput and long-term
reproducibility. The PEA assay is very promising in this regard and could easily be expanded to look at relevant

plasma-proteins covalently modified by glycation, AGE formation, and oxidative stress.

| 5. System Medicine, Nutrigenomics and T2D

Obesity, excess dietary calories, lack of exercise, and poor diet all contribute to T2D risk and progression [4,12].
Interventions aimed at correcting these lifestyle issues are central to individual care and relevant public health
policies and programs. The American Diabetes Association supports “evidence-based nutrition standards for
school meals and snacks, and other child nutrition programs” 24l In addition to total calories, fat levels and type,
fiber content, and glycemic index, it would also be useful to consider the levels of various dietary antioxidants and
dietary AGEs [38l, Nutrients and dietary patterns are also known to influence gene expression in ways potentially

relevant to the causes and development of T2D [28],

Nutrigenomics is emerging as an area possibly important in T2D prevention and treatment 7. Nutrigenomics is a
branch of systems medicine studying the interactions between genes and nutrients B8, Many polyphenols, in
addition to having intrinsic antioxidant properties, are also bioactive compounds that can potentially alter the
expression of genes important to T2D [BZ. Resveratrol, quercetin, genistein, catechins, and curcumin are bioactive

dietary polyphenols that may play a role in T2D prevention/management [BZ3340 Both GSH and ascorbate are
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water-soluble antioxidants that may also play protective roles in T2D. Dietary ascorbate supplementation may
improve glycemic control, but further clinical trials are necessary 21, Similarly, a short-term pilot study with glycine
and N-acetylcysteine supplementation (precursors of GSH) improves mitochondrial dysfunction and insulin
resistance in adult T2D patients 42][43],

| 6. Conclusions

Adopting a systems medicine approach to T2D may require significant clinical and educational changes. It is
important to note that much of the preliminary research into the systems medicine of diabetes has been done with
adult populations of mostly Western European descent. There is a critical need to extend these studies to pediatric
populations and ethnically diverse populations. Youth onset T2D may prove to have a genetic risk score with a
unique set of gene variants compared to adult-onset T2D. Dietary-induced oxidative stress is likely an early
initiating event for T2D progression and, therefore, of etiological significance to pediatric T2D. The comprehensive
characterization of redox status provided by redoxomics holds great future promise in helping to evaluate the
efficacy of lifestyle and nutritional interventions for T2D as well as the application of precision medicine. A
multiomics approach that would utilize a targeted panel of genomic, metabolomic, and proteomic biomarkers is
likely to be optimal.
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