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m Red blood cells (RBCs) are the most abundant cell in the human body. During their ~120-day
life span in the circulatory system, RBCs release oxygen to all human tissues while being
* The red blood cell met-

abolic signature of
Down syndrome is

exposed to tissue metabolic activity. Owing to the relative simplicity of their intrinsic
metabolism and the abundance of metabolite transporters in RBC membranes, the
metabolism of mature erythrocytes indirectly mirrors systemic metabolic homeostasis and

identified . . . . . . .
its alterations as a function of physiological factors, such as aging. Trisomy 21 (T21), the
* Trisomy 21 impacts red etiological factor of Down syndrome (DS), has been shown to cause chronic autoinflamma-
blood cell redox, amino tion, promoting alterations in RBC life span, size (macrocytosis), and redox homeostasis. Here,

acid, purine, and bile
acid metabolism in an
age- and sex-
dependent fashion.

we provide the first mass spectrometry-based relative and absolute quantitative metabolomic
description of human RBCs from volunteer disomic and trisomic donors (n = 97). The results
indicate a widespread deregulation of T21 RBC metabolism, including significant
intracellular accumulation of lactate, amino acids (except methionine), purine catabolites,
glutathione metabolites, carboxylic acids, bile acids (especially conjugated ones), and
acyl-conjugated carnitines. These changes may underlie some of the well-established
comorbidities in DS. Finally, we identify sex- and/or T21-specific metabolic signatures of aging.

Introduction

Red blood cells (RBCs) are the most abundant host cell in the human body, accounting for ~83% of the 30
trillion total host cells in an adult individual." Despite the lack of nuclei and organelles, the RBC proteome is
complex enough (~2800 proteins)? to include a variety of receptors and transporters, which allow RBCs to
uptake exogenous (eg, drugs)® or endogenous metabolites* as they circulate for ~120 days in the
bloodstream. RBC metabolism thus mirrors systemic metabolic homeostasis and its pathological
derangements beyond traditional RBC-specific pathologies, such as sickle cell disease® (eg, HoA1c and
diabetes). More recently, it has been suggested that RBC metabolism might mirror acute (eg, hemorrhagic
shock® or physical activity”) and/or chronic metabolic aberrations, such as in aging* and inflammation.”
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Trisomy 21 (T21) is the etiological factor of Down syndrome (DS), the most common chromosomal
abnormality in the human population, occurring in 1 in ~700 live births in the United States.? Individuals with
DS display an altered disease spectrum, whereby they are protected from some medical conditions, but are
highly predisposed to others. For example, rates of most solid malignancies are lower among people with DS,
yet they are highly predisposed to develop Alzheimer's disease (AD), several autoimmune disorders, leukemia,
pulmonary hypertension, and various hearing and vision problems®'® Some of the more prevalent
comorbidities could be explained by the altered dosage of expression of genes encoded on chromosome 21,
such as amyloid protein or interferon receptors, factors likely contributing to the early onset of AD and
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Figure 1. Metabolomics analyses of T21 vs D21 RBCs. (A) UHPLC-MS metabolomic analyses were performed on RBCs from male or female disomic and trisomic

volunteers. (B) Metabolite levels were correlated to each other and to age to identify variations (A|r] > 30%) in metabolite levels secondary to metabolic rewiring in DS, sex, or

aging. The rationale behind this analysis is that, even though correlation does not necessarily imply causation, metabolites in the same pathway will show significant correlations

to each other owing to biochemical constraints governing the kinetics of the rate-limiting enzymes from that pathway, a concept we previously referred to as the metabolic

linkage.?* Phenotypic alterations that disrupted this fine tuning of the kinetics of specific metabolic pathways would be highlighted by a differential analysis of correlation of

metabolites across conditions (ie, in this case D21 and T21). (C) Shown from left to right is an overview of correlations across metabolites in D21 and T21 subjects (blue to

red = —1 < r < +1) as well as a highlight of correlations varying >30% between these 2 conditions (highlighted in green).

autoimmune disorders.'* Of note, T21 has been associated with RBC
alterations, such as increased cell size (macrocytosis),15 increased
micronutrient levels (eg, copper and zinc),'® altered adenine'” and fatty
acid/phospholipid levels,'®'® as well as impaired redox homeostasis,
especially with respect to superoxide dismutase (coded by a gene on
chromosome 21, 21g22.1), glutathione peroxidase, and lipid perox-
idation activity.'®2° Of note, children with DS presented higher levels of
plasma and RBC monounsaturated fatty acids and altered proportions
of n-6 choline phosphoacylglycerol species in comparison with disomic
siblings.'® Despite the common presence of the extra copy of
chromosome 21 among people with DS, the clinical manifestations of
comorbidities in DS (eg, cognitive impairment®') vary widely among
individuals, which complicates cooccurring diagnoses and intervention.
Factors such as sex would, for example, contribute at least to redox
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homeostasis by influencing dosage and activity of key antioxidant
enzymes coded by genes on chromosome X, such as glucose
6-phosphate dehydrogenase.?> Within this framework, we investi-
gated the RBC metabolome in disomic (D21) and T21 subjects as a
function of sex and age.

Materials and methods
Extensive details are provided in supplemental Methods.
Sample collection and hematology

Blood was collected from D21 (n = 67; 23 male and 44 female; age
range, 12-76.5 years) and T21 (n = 30; 13 male and 17 female;
0.5- 53.6 years old) study participants in accordance with the
Declaration of Helsinki and stored at the Linda Crnic Institute for
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Figure 2. DS promotes a significant metabolic reprogramming of RBCs. Levels of metabolites involved in glycolysis, glutathione homeostasis, carboxylic acids,

and purine metabolism are significantly increased in RBCs from individuals with T21 (dark blue) when compared with age-matched disomic individuals (red) (y-axis = arbitrary

units). *P < .01; **P < ,001; ****P < .0001, Student t test.

Down Syndrome within the framework of the Human Trisome
Project Biobank (Colorado Multiple Institutional Review Board
protocol #15-2170). Hematological parameters were measured
through standard clinical hemochromocytometric assays at the
University of Colorado Hospital (Aurora, CO).

UHPLC-MS metabolomics.

RBCs were processed via ultra high-performance liquid chromatography—
mass spectrometry (UHPLC-MS)?® as extensively reported in supple-
mental Methods.

Statistics

Statistical analysis, including Student ¢ test (disomic vs trisomic) or
two-way analysis of variance (D21 vs T21, either male or female) as
well as multivariate analysis were performed with GraphPad Prism
version 5.0 and MetaboAnalyst version 3.0. Metabolic linkage
analyses®* are extensively described in supplemental Methods.

Results

Consistent with the literature,’® RBCs from T21 individuals
displayed larger mean cell volumes in comparison with D21 RBCs
(mean * standard deviation: 92.5 + 5.5 fL and 92.7 = 5.5 fL for
D21 males and females, respectively; 97.1 = 7.3 fL and 97.3 = 5.1
fL for T21 males and females, respectively; P < .001, analysis of
variance; supplemental Figure 1). The mean corpuscular hemoglo-
bin was significantly higher in female T21 subjects than D21
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counterparts, whereas other parameters showed sex and age
dependency, but no significant association with T21. A total of 225
named metabolites (>20 000 features monitored) were quantified
in RBCs from D21 and T21 samples (Figure 1A; supplemental
Table 1). Multivariate analyses of the results were performed to
determine significant differences between D21 and T21 subjects
(Figure 1B). In addition, metabolic linkage analyses®* (supplemental
Methods) revealed a widespread derangement of metabolic
homeostasis (Figure 1B-C). Focusing on a subset of the total
cohort only including age-matched subjects (n = 72, 43 D21 and
29 T21 from age 12-54 years; supplemental Figure 2), we show
that metabolites significantly (P < .05, Student ¢ test) affected by
T21 were involved in glycolysis (pyruvate and lactate), purine
catabolism (hypoxanthine), glutaminolysis and glutathione homeo-
stasis (glutamine, glutamate, 5-oxoproline, and reduced glutathione
[GSH] and oxidized glutathione [GSSGI), transamination products
(alanine, a-ketoglutarate, and oxaloacetate) and other carboxylic
acids (citrate, succinate, fumarate, and malate; Figure 2). Some of
these changes (especially purines and carboxylic acids) were
specific to female T21 donors (supplemental Figure 3). Additional
significant increases were observed in T21 RBCs in the levels of
amino acids and amino acid catabolites (supplemental Figures 4A
and 5A), with the notable exception of methionine (supplemental
Figure 4A and absolute quantification in supplemental Figure 4B).
Some of the amino acid metabolic changes occurred in a sex-
specific fashion (supplemental Figures 4B and 5C). Increases in
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acyl-conjugated fatty acids as well as conjugated and deconjugated
bile acids were observed in T21 RBCs compared with D21,
especially in women (supplemental Figures 2, 6, and 7).

Candidate metabolic markers of aging were identified in the total
population and T21 subjects in a sex-specific fashion (supplemental
Figure 7).

Discussion

The present study represents the first report of global RBC metabolic
alterations in D21 and T21 as a function of sex or age. Age-related
signatures were exacerbated in individuals with DS, indicative of
accelerated aging. T21 RBCs had increased levels of redox markers
(eg, glutathione homeostasis), consistent with previous reports on
antioxidant enzyme activity.'®'® Increases in purine oxidation expand
on previous reports of deranged adenine nucleoside/energy metab-
olismin T21 RBCs'” and may relate to the herein observed signature
in carboxylates accumulating in T21 RBCs, potentially explained
by compensatory hyperactivation of NADPH-generating isoforms of
Krebs cycle enzymes (eg, malate and isocitrate dehydrogenase 1,
which are both identified and active in mature erythrocytes)>® or
purine salvage reactions (eg, fumarate, to the extent that these
reactions are still active in mature erythrocytes). Increases in RBC
levels of pyruvate and lactate as well as acyl-conjugated fatty acids
may relate to diabetes and obesity, which are recurring comorbid-
ities in the T21 population,'® complementing previous lipidomics
reports on n-6 fatty acid dysregulation in RBCs from children with
T21."® RBC metabolic markers of T21 included purine catabolites
like hypoxanthine as well as immunomodulatory/inflammation-
related metabolites like (1) conjugated bile acids (markers of
alteration to the microbiome),?® (2) the carboxylic acids fumarate
and succinate,”?® and (3) the tryptophan oxidation product
kynurenine,?” linking the present observations with the autoimmune
and inflammatory comorbidities of DS.'®'* Increases in plasma
purines, specifically adenosine and its deaminated byproducts,
have been previously reported in individuals with DS, where
increased adenosine deaminase activity and hyperuricemia result
from excessive purine synthesis secondary to the overexpression of
genes in the purine de novo synthesis pathway GARS-AIRS-GART
located on chromosome 21.28:2°

Although merely speculative at this stage, it is fascinating to highlight
the observed decreases in methionine levels of T21 RBCs and
previous reports on the role of this metabolite in cognitive impairment,
such as AD.% Of note, in D21 individuals, excess plasma methionine
or methionine supplementation are noted to promote the onset
of AD,3%®" an observation that may not hold true in T21 subjects.
Because cystathionine-B-synthase is coded by a gene on
chromosome 21,32 increased expression of this enzyme impacts
homocysteine metabolism by impairing folate-dependent methionine
resynthesis and availability of active folate (folate trap),3? an etiological
factor of macrocytosis and shorter survival of RBCs,'® the
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