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Macro- and microvascular complications of type 2 dia-
betes (T2D), obesity, and dyslipidemia share common
metabolic pathways. In this study, using a total of 1,300
metabolites from 996 Qatari adults (57% with T2D) and
1,159 metabolites from an independent cohort of 2,618
individuals from the Qatar BioBank (11% with T2D), we
identified 373 metabolites associated with T2D, obesity,
retinopathy, dyslipidemia, and lipoprotein levels, 161 of
which were novel. Novel metabolites included phospho-
lipids, sphingolipids, lysolipids, fatty acids, dipeptides,
and metabolites of the urea cycle and xanthine, steroid,
and glutathione metabolism. The identified metabolites
enrich pathways of oxidative stress, lipotoxicity, gluco-
toxicity, and proteolysis. Second, we identified 15 pat-
terns we defined as “metabo-clinical signatures.” These
are clusters of patients with T2D who group together
based on metabolite levels and reveal the same cluster-
ing in two or more clinical variables (obesity, LDL, HDL,
triglycerides, and retinopathy). These signatures rev-
ealed metabolic pathways associated with different
clinical patterns and identified patients with extreme
(very high/low) clinical variables associated with
extreme metabolite levels in specific pathways. Among
our novel findings are the role of N-acetylmethionine in
retinopathy in conjunction with dyslipidemia and the
possible roles of N-acetylvaline and pyroglutamine in
association with high cholesterol levels and kidney
function.

Metabolic association studies have successfully identified
pathways perturbed in type 2 diabetes (T2D), a disease

with complex etiology that is associated with diverse com-
plications. In our previous study of subjects from the
Middle East, an area with a high prevalence of T2D, we
analyzed the plasma, saliva, and urine metabolic profiles
of >350 individuals and revealed 94 metabolites signifi-
cantly associated with T2D that were involved in meta-
bolic pathways and different levels of glycemic control
(1). We identified pathways involved in kidney function,
glycosuria, lipolysis, proteolysis, brain function, and bile
acids, among others.

Macro- and microvascular complications resulting from
diabetes include cardiovascular conditions—the primary
cause of diabetes-related mortality—and diabetic retinop-
athy. Both have various pathological mechanisms associ-
ated with dyslipidemia and abnormal lipoprotein levels.
Other diabetes complications are associated with various
risk factors, including hyperglycemia, hypertension, and
dyslipidemia. Dyslipidemia is considered an independent
risk factor for T2D (2): patients with T2D tend to have
abnormal plasma lipid and lipoprotein levels, including
decreased HDL cholesterol, a predominance of small
dense LDL particles, and increased triglycerides (TRI) (3),
despite having normal LDL-cholesterol levels. Further-
more, perturbed lipid metabolism and high glucose and
insulin levels contribute to the development of atheroscle-
rosis in patients with T2D (4,5). Impaired glucose toler-
ance and elevated free fatty acid levels in some patients
suggest that insulin resistance occurs in those individuals
before the onset of hyperglycemia (3,6). Insulin resistance
is also associated with smaller and denser LDL particles
and decreased HDL levels resulting from the hydrolysis of
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phospholipids in LDL and HDL particles (3,7-9). Several
studies have investigated the levels of serum lipids (LDL,
HDL, and TRI) in diabetic retinopathy (10), and increased
TRI, total cholesterol, and LDL levels were found in
patients with diabetic macular edema.

Most metabolomics studies on T2D have used T2D as
an end point, and no studies have investigated correla-
tions between the metabolic pathways involved with T2D
and related complications. In this study, we used a
recently developed metabolomics platform, the Metabolon
DiscoveryHD4, to identify the metabolites in serum sam-
ples from 996 Qatari individuals. These high-resolution
metabolomics data were combined with clinical data for
each individual to investigate the relationships between
metabolite levels and T2D, obesity, retinopathy, and dysli-
pidemia, including independent profiles of LDL, HDL, and
TRI. Firstly, we aimed to identify metabolites associated
with T2D and its complications and to replicate the find-
ings in an independent set of 2,618 samples from the
Qatar Biobank (QBB). Secondly, we clustered patients
with T2D to identify groups of metabolites with similar
correlations to two or more clinical variables, defining
these as “metabo-clinical signatures.”

RESEARCH DESIGN AND METHODS

Study Cohort

A total of 996 Qatari individuals were enrolled with writ-
ten informed consent at Hamad Medical Corporation
(HMC) and HMC Primary Health Care Centers in Doha,
Qatar, and the study was approved by the Institutional
Review Boards of HMC and Weill Cornell Medicine-Qatar.
Of these patients, 574 (57%) had T2D. Individuals were
included in the cohort if they were third-generation Qata-
ris (four grandparents born in Qatar). Additional sample
demographic characteristics are given in Supplementary
Table 1A. The replication cohort (described in Supp-
lementary Table 1A) consisted of 2,618 QBB Qatari sub-
jects, 282 (11%) of whom had T2D (11). These were col-
lected from the QBB and enrolled by written informed
consent and were included with the approval of the HMC
Institutional Review Board committee.

Metabolomics Data
Metabolomics data were obtained as previously described
(12). Briefly, 200 L of serum was analyzed on the Metab-
olon DiscoveryHD4 platform, and a total of 1,303 metabo-
lites (including unknowns) were identified. Plasma samples
from the QBB replication cohort were collected in BD SST
Gel Separator Tubes and stored at —80°C, then aliquoted
into 200-pL tubes and sent to the Anti-Doping Lab in
Qatar for Metabolon untargeted metabolomic analysis. A
total of 1,159 metabolites were profiled for the replication
cohort.

Quality control included removal of outlier metabolite
measurements (=3 SDs from the mean) and metabolites
missing >20% of the measurements. A total of 826 and
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936 metabolites remained for analysis in the discovery
and replication cohorts, respectively. A total of 547
metabolites overlapped between the discovery and replica-
tion metabolite sets. Metabolite measurements were log-
scaled and z-score normalized prior to association analysis.

Metabolomics Association Analysis

To find associations between metabolites and T2D or its
complications, metabolite levels were regressed against
age, sex, hemolysis, batch effect, cotinine, BMI, T2D, and
population stratification estimates using the Im function
in the R statistical package (R Bioconductor). Population
stratification by ethnicity was estimated by computing
principal components (PC1, PC2, and PC3) from genotype
data (as described below). A Bonferroni P value threshold
was used to report significant associations with pheno-
types (P = 0.05/826). LDL, HDL, and TRI levels were ana-
lyzed for patients treated with and without statins as an
additional covariate. Dyslipidemia was considered present
if any of the following criteria were met: LDL >3.4
mmol/L (130 mg/dL), HDL <50 mg/dL (1.3 mmol/L) for
women or <40 mg/dL (1.0 mmol/L) for men, TRI >1.7
mmol/L, or taking statins. In the replication cohort, statin
information was not available at the time of the study,
and dyslipidemia was based on TRI, LDL, and HDL values
only.

Metabo-Clinical Signatures Analysis

A flow diagram in Fig. 4 illustrates the steps of signature
identification, which are explained in different phases
below.

Phase 1: Identification of 140 Discriminatory Metabolites
We ran K-means clustering on patients with T2D and 373
metabolites with 50 random seeds, with the number of
clusters (k = 6) chosen as an intermediate number based
on visual inspection of the PC analysis (PCA) to avoid
overclustering of patients. In each of those 50 clustering
results, we identified 10 metabolites that most signifi-
cantly discriminated samples of each cluster from all the
other samples (using P value from a t test to compare
metabolite levels in clusters). Collectively, from all 50
runs, we identified 140 metabolites that discriminate the
clusters from one another.

Phase 2: Identification of Clinical Variables Correlated
With Metabolites Based on Clustering

Patients with T2D were clustered for each of the 140
metabolites using K-means (k = 6) (equivalent to sorting
of samples based on the metabolite level). The mean val-
ues of metabolite levels and clinical variables (BMI, LDL,
HDL, and TRI) and the ratio of patients with retinopathy
(the number of retinopathy patients divided by the total
number of patients in the cluster) were computed for
each cluster. Correlation of the mean values of the metab-
olite levels with the clinical variables/retinopathy was
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then computed over the six clusters, and correlations
=0.8 were selected to identify metabo-clinical signatures.

Phase 3: Heat Maps of Metabo-Clinical Signatures
Metabolites were grouped together based on the similar-
ity of their correlations with clinical variables/retinopathy
(Supplementary Tables 11 and 12A). The heat maps that
show those similarities were then constructed.

PCA Computation

Genotyping consisted of 996 samples obtained by merging
614 imputed whole-exome sequences with 382 imputed
genotype arrays (Illumina 2.5M array), as described in
Yousri et al. (12). A total of 1,650,892 single nucleotide
polymorphisms remained after removing those with impu-
tation quality R*< 0.5, minor allele frequency <0.05,
genotype call rate <98%, and Hardy-Weinberg P value
<107 °. PCA was computed using Plink software (version
1.9).

Gaussian Graphical Models

Partial correlations between two metabolites were calcu-
lated using the R package GeneNet, and significant partial
correlations were identified as those that achieved a Bon-
ferroni P value =0.05 (826 x 825/2).

Data and Resource Availability

Comprehensive data and statistical results that show
associations with all metabolites are available in the
Supplementary Tables.

RESULTS

Population Characteristics

The 996 Qatari samples were used in the discovery analy-
sis (see Supplementary Table 1A for cohort characteris-
tics) and profiled for 1,300 metabolites (Supplementary
Table 1B) (826 metabolites after quality control). Clinical
chemistry and medication data (detailed in Research
Design and Methods) were available for the majority of
this cohort. Another independent set of 2,618 Qatari indi-
viduals from the QBB (11) was used to replicate the find-
ings and profiled for 1,159 metabolites (936 after quality
control).

Metabolites Associated With T2D

Regression Analysis

Associations between 826 metabolites and T2D were iden-
tified after correcting for age, sex, BMI, population stratifi-
cation (genotype PCA), and batch effect. A total of 229
metabolites were found to be significantly associated with
T2D (Bonferroni P < 0.05/826 = 6.05 x 10™°) (see Table 1
for the top most significant metabolites and Supple-
mentary Tables 7 and 2 for all 229 metabolites and all 826
metabolites, respectively). These associations included 84
lipids, 42 amino acids, 11 carbohydrates, 11 peptides, 10
nucleotides, 6 xenobiotics, 4 cofactors and vitamins, 1
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energy metabolite, and 60 unknown metabolites. Fig. 1
shows the pathway distributions of the significant metabo-
lites and their ratios to each pathway size (total number of
metabolites detected per pathway). Of the 229 metabolites,
123 had been previously reported in the literature, leaving
106 novel metabolites, of which 50 were replicated in the
independent QBB cohort (Supplementary Table 7). Among
the novel metabolites were thioproline, 3-methylglutaco-
nate, and the dipeptides leucylalanine, phenylalanylglycine,
and threonylphenylalanine. Also included were N-methyl-
proline and N-acetylarginine from the urea cycle; theobro-
mine from xanthine metabolism; and N-acetyltaurine,
N-acetylmethionine, and S-methylcysteine from the methi-
onine-taurine-S-adenosylmethionine (SAM) metabolism
pathway.

To determine the accuracy of using a metabolic profile
to classify patients into those with T2D and control sub-
jects, we used an orthogonal partial least square-discrimi-
nant analysis method. The accuracy of dassification reached
95.6% (specificity 97.6% and sensitivity 94.4%) with a
cross-validation Fisher test P value of 4.4 x 10 ° (Supp-
lementary Fig. 1). Loadings (weights) of each metabolite had
80% correlation with their corresponding regression signifi-
cance values and 82% correlation with their corresponding
B-coefficients from the regression analysis. Box plots of the
80 most significant metabolites are shown in Supp-
lementary Fig. 2A. A sensitivity analysis with medication
and dinical chemistry was also performed (see Supp-
lementary Material).

Metabolites Associated With Obesity/BMI

We investigated associations of the 826 metabolites with
BMI after correcting for T2D, age, sex, population stratifi-
cation (genotype PCA), and batch effect. We identified 62
significantly associated metabolites (Table 2 and Supp-
lementary Table 2). Of these, 18 were also associated with
T2D (i.e., were among the 229 metabolites obtained in
the regression analysis) and 39 were replicated in the
QBB cohort. Among the 62 metabolites were 5 steroids/
sterols, 6 fatty acids, 4 phospholipids, 4 sphingolipids, 3
branched-chain amino acids (BCAAs), 3 lysolipids, 3 phe-
nylalanine and tyrosine metabolites, and 18 unknown
metabolites. Out of the 62 total, 34 were reported in pre-
vious literature and 28 were considered novel (Supple-
mentary Table 7). Interesting novel metabolites include
hydantoin-5-propionic acid from histidine metabolism
and several steroids: pregnanediol-3-glucuronide, Sa-
androstan-33, 17a-diol disulfate, etiocholanolone glu-
curonide, 4-androsten-3B, 17B-diol disulfate (1), and
4-cholesten-3-one.

Metabolites Associated With Diabetic Retinopathy

Consistent with the high prevalence of retinopathy in
Qatar, 123 patients with T2D had retinopathy, while 116
did not, and no information was available for the remain-
ing 335 patients. We identified 28 significantly associated
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Table 1—Continued

Replication
P value

P value
9.26E-13

B (SE)
-0.53 (0.07)
-0.59 (0.06)
-0.61 (0.07)
~0.51 (0.07)
0.85 (0.06)

Subpathway

Superpathway

Biochemical

943
922
914

Pyrimidine metabolism, thymine containing

Nucleotide

3-Aminoisobutyrate

1.49E-04
5.14E-11

1.80E-19
8.44E-17

Pyrimidine metabolism, uracil containing

Nucleotide

2'-Deoxyuridine

Dipeptide

Peptide

Leucylalanine

4.44E-13

2.57E-13

926
944

Fibrinogen cleavage peptide

Peptide

DSGEGDFXAEGGGVR*

Gluconate

4.43E-08

1.57E-36

Food component/plant

Xenobiotics

See Supplementary Table 7 for additional information. NA, not available; TCA, tricarboxylic acid. Boldface text indicates a significant replication P value. * indicates compounds that

have not been officially confirmed based on a standard, but Metabolon is confident in its identity.
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metabolites (Table 3 and Supplementary Table 4), of
which 13 were reported in previous studies and 15 were
considered novel (Supplementary Table 7). Notably, eight
were only associated with retinopathy (did not associate
with T2D), namely: xanthine, 1-palmitoyl-GPA (16:0),
tryptophan, glycoursodeoxycholate, phenylacetylglutamine,
X-23997, X-13729, and 5-methylthioadenosine (MTA). The
identified metabolites are from purine, (hypo)xanthine/ino-
sine, phenylalanine and tyrosine, glutathione and sphingo-
lipid metabolism, as well as other pathways, and included
11 unknown metabolites. Interesting novel metabolites
associated with retinopathy incuded 1-palmitoyl-GPA
(16:0), glycylvaline, and N-acetylmethionine and oxidized
cys-gly and cysteine-glutathione disulfide from glutathione
metabolism.

Metabolites Associated With Dyslipidemia and Lipid
Traits

Among the 621 individuals with dyslipidemia, 458 (74%)
had T2D (i.e., 79% of patients with T2D had dyslipide-
mia). Twenty-four metabolites were associated with dysli-
pidemia (Bonferroni P < 0.05/826 = 6.05 x 10™°) (Table
4 and Supplementary Tables 5 and 6 report all associa-
tions), of which 15 were reported in previous studies and
9 were novel. Nine of the 24 metabolites were replicated
in the QBB cohort (Supplementary Table 7). Next, to
understand the detailed mechanism of cholesterol metab-
olism and its relation to each of the studied clinical varia-
bles, we identified the metabolites associated with TRI
and lipoproteins. The results showed that 143, 52, 27,
and 22 metabolites were significantly associated with TRI,
LDL, HDL, and LDL/HDL, respectively. Of these, 44, 33,
12, and 14 metabolites, respectively, were considered
novel (Table 4 and Supplementary Tables 5, 6, and
8 show replicated, previously reported, and novel metabo-
lites, respectively). These were mostly lysolipids, sphingo-
lipids, phospholipids, fatty acids, and, interestingly,
BCAAs. The 24 metabolites associated with dyslipidemia
were also associated with either TRI or HDL. Excluding
the identified metabolites associated with T2D and BMI,
64 of 143 metabolites were only associated with TRI, 11
of 52 with LDL, and 2 of 27 with HDL (Table 4 and
Supplementary Table 5). Of the 44 metabolites associated
with BMI but not T2D, 19 were associated with lipopro-
teins, including 16 with TRI, 6 with HDL, 3 with both
HDL and TRI, 1 with the LDL/HDL ratio, and 1 with LDL
(both were also associated with TRI) (Supplementary
Table 9). The results were similar after adjustment for
statins.

Metabolic Associations Shared Among Clinical
Variables

In total, 373 metabolites were significant to any studied
clinical variable. Of these, 161 were novel (86 known
metabolites and 75 unknowns, out of which 50 were rep-
licated in QBB), while 212 were previously reported (T2D,
obesity, their complications, or dyslipidemia) in 78 unique


https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382
https://doi.org/10.2337/figshare.16896382

190 Metabolic Signatures of T2D and Complications

A

Diabetes Volume 71, February 2022

Subpathway distribution of T2D significant metabolites
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Figure 1—Subpathway distribution of T2D significant metabolites. A: The number of T2D metabolites in each pathway. B: Percentage of
T2D metabolites in each pathway compared with the total number of metabolites in the pathway.

references (Supplementary Table 10), including our previ-
ous study (1) and other studies (13-17).

Metabolites were either only significant to one clinical
variable (n = 231 metabolites, including 122 to T2D, 25
to BMI, 8 to retinopathy, 3 to HDL, 6 to LDL, and 67 to
TRI) or shared by two or more phenotypes (n = 142
metabolites) (Supplementary Table 9). Fig. 2A compares
the significance of metabolites for the eight clinical varia-
bles in each of the superpathways. T2D has the highest
significance of associations in most of the pathways, while
both T2D and TRI show the highest significance with lip-
ids. Fig. 2B shows the heat map of associations of the
clinical variables with 373 metabolites. Supplementary
Fig. 3 shows the pairwise correlations of clinical variables
based on their metabolic associations, while Supple-
mentary Fig. 4 shows box plots of metabolites shared
between clinical variables (Supplementary Fig. 4A and B)
and associated with a single clinical variable (Supp-
lementary Fig. 4C-H).

Interestingly, only two metabolites were shared among
retinopathy and clinical outcomes other than T2D: gluta-
mate, which was associated with T2D, BMI, retinopathy,
and TRI; and N-acetylmethionine, associated with the
LDL/HDL ratio. Among the many novel shared metabo-
lites identified in our study were the following interesting
findings: T2D and retinopathy shared associations with

oxidized cys-gly and cysteine-glutathione disulfide from
glutathione metabolism and with N-acetylmethionine
(also shared with LDL/HDL) and glycylvaline. BMI, LDL,
and TRI shared associations with the novel metabolite 4-
cholesten-3-one. Novel metabolites that only associated
with a single clinical variable included 1-palmitoyl-GPA
(16:0), associated with retinopathy, and hydantoin-5-pro-
pionic acid, which was associated with BMI. Interestingly,
three BCAAs—N-acetylvaline, B-hydroxyisovalerate, and
N-acetylisoleucine—among other metabolites in fatty acid
and lipid metabolism, were novel and associated only
with TRI.

Metabolic Interactions and Gaussian Graphical Models
To investigate potential metabolic pathways associated
with the
(GGMs) were constructed based on significant partial cor-
relations among all 826 metabolites and by selecting only
edges (i.e., significant partial correlations) connecting the
373 clinically significant metabolites. A total of 27 subnet-
works were identified with =3 metabolites. The largest 11
subnetworks (=6 metabolites) are split between Fig. 3 and
Supplementary Fig. 5. Metabolites significant with T2D
only or with TRI only are highlighted, showing several sub-
networks linking those metabolites together. The largest
(the lipid subnetwork) connected 65 metabolites,

clinical variables, Gaussian graphical models
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Figure 2—A: Pathway associations with clinical variables. The y-axis shows the —logo P value for all metabolites in each pathway, and
the x-axis represents the metabolites in this pathway. The peaks present the —logqg P values, while the areas under the peaks are only
used for a better visualization of the P values. B: Pathway associations with eight clinical variables. Clustered heat map of (Sign[B] *
—log10 [P value]) of metabolite associations with the clinical variables displaying 17 subpathways that have >5 metabolites from the 373
identified metabolites. Deep blue indicates the highest positive association, and deep red indicates the lowest negative association.

mostly palmitoyls/stearoyl/arachidonoyl/oleoyl/lino-
leoyl-glycerophosphorylcholine (GPC)/glycerophospha-
tidylethanolamine (GPE)/glycerophosphatidylinositol
(GPI) lipids (Supplementary Fig. 5A), including 25
phospholipids, 19 lysolipids, and 5 plasmalogens. Fif-
teen metabolites of this subnetwork were only associ-
ated with TRI, 6 were only associated with T2D, and
37 were common between two or more phenotypes.

Metabo-Clinical Signatures of Patients With T2D
We clustered patients with T2D using each of 140 metab-
olites separately (see Research Design and Methods and Fig.
4A) to: 1) identify metabolites that correlate — based on
their cluster means, with two or more clinical variables,
and 2) identify groups of metabolites that have similar
correlations to those variables and present them together
with their correlated clinical variables in what we defined
as a “metabo-clinical signature.”

Out of the 140 metabolites, 51 correlated with the
mean levels of two or more clinical variables across the

clusters at >80% (see RESEARCH DESIGN AND METHODs and Fig.
4). Supplementary Table 11 shows the correlations.
Accordingly, we identified six metabo-clinical signatures
when considering obesity (BMI), LDL, HDL, and TRI and
identified nine metabo-clinical signatures after adding ret-
inopathy to those variables. Fig. 4 (detailed in Supp-
lementary Table 12A and B) shows the flow diagram of
identifying the signatures and the resulting heat maps of
the identified metabo-clinical signatures.

Among the observed signatures for cholesterols is a
group of patients with simultaneous highest HDL levels
and highest LDL levels (Fig. 4C, top left corner) having
the lowest values of BCAA metabolism (N-acetylvaline, N-
acetylleucine, and 2-methylbutyrylcarnitine), pyroglut-
amine, and N6-carbamoylthreonyladenosine or vice versa
(lowest HDL and LDL levels and highest metabolite lev-
els). Another signature (Fig. 4C, bottom left corner)
showed patients with the highest LDL and TRI, associated
with extreme levels of aspartate, phospholipids, and
mono- and diacylglycerols.
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Metabo-clinical signatures that included retinopathy
(Fig. 4E and F) showed that clusters with the highest
number of patients with retinopathy are the least obese
patients and associated mostly with sphingolipids and cre-
atinine. Interestingly, retinopathy and LDL had two signa-
tures (Fig. 4E, bottom left corner): showing the largest
portion of patients with retinopathy with the lowest LDL
levels associated with the highest levels of BCAAs and
with the lowest levels of sphingolipids. The largest por-
tion of patients with retinopathy with the lowest TRI lev-
els (Fig. 4E, top right corner) associated with 3-methyl-2-
oxovalerate and phenylalanine, among other lipids. In
contrast, another signature (Fig. 4F, third panel from top)

showed their association with the lowest HDL and LDL
levels and the highest values of N-acetylleucine and 2-
methylbutyrylcarnitine.

DISCUSSION

T2D affects half a billion people and is a leading cause
of morbidity and mortality worldwide (18). In Qatar,
>15% of the population has T2D and >20% are obese,
leading to chronic health conditions that require pub-
lic health intervention and better predictive and prog-
nostic biomarkers. Macro- and microvascular com-
plications resulting from diabetes are associated with
hyperglycemia, hypertension, dyslipidemia, and other
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Figure 3—A selected set of subnetworks from the largest 11 GGM subnetworks constructed from significant partial correlation of 373
metabolites associated with any of the 8 clinical variables. The larger the node, the more phenotypes are associated with the metabolite
(up to six phenotypes can be associated with metabolites). If four or more metabolites are associated only with a single clinical variable,
the border of the node is colored: a red border indicates association with TRI only, and a blue border indicates association with T2D only.
Monoacylglycerol/phospholipid/PUFAs (17 metabolites) (A), monohydroxy fatty acids (B), carbohydrates/sugars (C), fungal/xenobiotic/
unknowns (D), fatty acid subnetwork (LCFA/PUFAs) (13 metabolites) (E), and dipeptides and unknowns (F).

risk factors. Thus, studying the underlying metabolic
mechanisms can reveal shared metabolic pathways
that better explain the pathogenesis of T2D and its
complications.

Major Perturbed Metabolic Pathways

Analysis of seven major metabolic pathways (Fig. 2A)
showed that compared with the other clinical variables,
T2D and TRI contributed to the highest significant per-
turbations. The most significant perturbations in the
amino acids, carbohydrates, nucleotides, peptides, and
xenobiotics pathways were observed in T2D, and the
most significant perturbations in lipid pathways were
observed in TRI. Based on associations with the 373
metabolites, T2D was positively correlated with BMI and
TRI and negatively correlated with HDL, reflecting the
interplay between dyslipidemia and T2D. Moreover, the
phospholipid and lysolipid pathways contained the largest
number of metabolites affected in T2D, BMI, LDL, and
TRI (Fig. 2B). Sphingolipids were also perturbed in T2D,

BMI, and LDL. Lipid metabolic pathways that were highly
correlated with TRI in comparison with other clinical vari-
ables include phospholipids, fatty acids, long-chain fatty
acids (LCFAs), polyunsaturated fatty acids (PUFAs), and
monoacylglycerols, except for sphingolipids, which were
not as highly correlated with TRI as with other clinical
outcomes. The GGM subnetworks linked together metab-
olites only associated with TRI with those only associated
with T2D, further confirming interactions between their
pathways (Fig. 3A and O).

Perturbations in Lipid Pathways and Links to Oxidative
Stress

As expected, the largest set of perturbed metabolites
shared among the complications and HDL, LDL, and TRI
are in the lipid pathways, including phospholipids, sphingo-
lipids, lysolipids, fatty acids, PUFAs, and LCFAs. Notably,
36 metabolites, including 15 phospholipids, 12 lysolipids,
and 3 lysoplasmalogens, were also nominally significant in
a previous study that compared the metabolic profiles of
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obesity with and without metabolic syndrome and nonobe-
sity (13). One of the three largest GGM subnetworks
reflected pathways showing correlations with phospholi-
pids, lysolipids, and plasmalogens, some of which were
only associated with T2D or TRI. Another subnetwork con-
tained a set of correlated sphingomyelins associated with
more than one clinical variable, and a third correlated
metabolites only associated with T2D or TRI with monoa-
cylglycerol/phospholipid/PUFA pathways.

Sphingomyelins were previously associated with insulin
resistance (19) and with diabetic nephropathy pathogene-
sis (20). Lysolipids were decreased with T2D in our
cohort, in agreement with previous studies (21,22), but
increased with high TRI levels. However, phospholipids,
which are central to the pathogenesis of metabolic dis-
eases (19) and associated with insulin resistance and sen-
sitivity (13), are significantly increased with TRI and T2D.
Plasmalogen and lysoplasmalogen, which are enriched in
PUFA (arachidonate), were decreased in T2D, consistent

with a decrease in PUFAs. Decreased concentrations of
plasmalogens indicate higher oxidative stress (23). The
large number of perturbed lipids and fatty acids identified
in our study highlights pathways involved in oxidative
stress and lipotoxicity. Oxidative stress is a major cause
of insulin resistance, B-cell dysfunction, glucose intoler-
ance, and T2D micro- and macrovascular dysfunction (24)
(see Supplementary Material for extended discussion).

Perturbations in Amino Acid Pathways and Links to
Oxidative Stress and Lipotoxicity

Many amino acids from BCAAs, phenylalanine, tyrosine,
methionine, cysteine, and the urea cycle pathways were
perturbed in T2D, and BCAAs were increased in T2D,
TRI, and BMI. Perturbed levels of circulating BCAAs, leu-
cine, isoleucine, valine, 3-hydroxyisobutyric acid (3-HIB),
and the aromatic amino acids tryptophan, phenylalanine,
and tyrosine have been repeatedly associated with T2D
(1). Elevated BCAA levels indicate proteolysis in insulin
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51 metabolites showed correlation >80% with any of the clinical
variables based on clustering. Metaholites with similar correlations to
clinical variables were grouped and heat mapswere created to show the
clustered metabolite levels with the corresponding increasing/
decreasing clinical variable levels.

X-16132

Figure 4—Flow diagram illustrating the identification of metabo-clinical signatures is shown in A. A magnified example metabo-clinical sig-
nature shown in B. C—F show all metabo-clinical signatures of patients with T2D for the clinical variables BMI, TRI, LDL, HDL, and retinopa-
thy (see Supplementary Table 12B for magnified detailed views of all signatures). In each heat map, the metabolite block (M) shows the
levels of each metabolite in six clusters (metabolites are color coded by their subpathway), followed by a block for each clinical variable to
show the signature of that variable as per the clusters of each metabolite in the first block. In each heat map block, clusters are sorted on
the means of the metabolite, and the deeper green indicates a higher value, while a lighter yellow is the opposite. Clinical variable names
are displayed on the top side of the heat map, where M indicates the metabolites block and Ret indicates retinopathy. Signatures combin-
ing BMI, LDL, HDL, and TRI: four identified metabo-clinical signatures of two combined variables (C) and two identified metabo-clinical sig-
natures of three combined clinical variables (D). Signatures combining retinopathy with BMI, LDL, HDL, and TRI: five identified
metabo-clinical signatures combining two clinical variables (E) and four identified metabo-clinical signatures of three or more combined
clinical variables (F). Rows with empty cells indicate that the correlation of the metabolite with the clinical variable is <80%.

resistance (25), which promotes oxidative stress (26). T2D (27). 3-HIB mechanistic links explain how increased
Increased 3-HIB levels are associated with obesity-related BCAA catabolic flux causes diabetes (28). Glutathione and
insulin resistance and with the future development of taurine perturbations observed in this study are also
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Metabolites block (M): each row
shows the mean levels of a
metabolite in the six patient clusters
(six columns) obtained from the
clustering of patients based on this
metabolite level. Metabolites are
colored by their subpathways as
given in the legend below. The
deeper green indicates a higher
value while a lighter yellow is a
lower value.

Columns represent patient clusters
obtained from a single metabolite
clustering. In each block, columns are
ordered exactly the same as in the
metabolite block.

Retinopathy block (Ret): each row shows ratios of
retinopathy counts to the total count of samples in
each cluster of the six patient clusters (six columns)
obtained from the clustering of patients based on
the metabolite mentioned on the left side.

linked to oxidative stress (29,30) (see Supplementary
Material).

T2D Metabolites and Links to Oxidative Stress
Metabolites associated only with T2D are involved in kid-
ney function (1,5-anhydroglucitol), creatine metabolism
(creatinine and guanidinoacetate) (31), and glutamate
metabolism (N-acetylglutamine and pyroglutamine). Pseu-
douridine, tartronate (novel to T2D), and 4-hydroxychlor-
othalonil were also associated only with T2D (32,33).
Proline is known to protect mammalian cells against oxi-
dative stress (34), and the novel associations of thiopro-
line, an antioxidant that protects the body from oxidative
stress (35), and N-methylproline are only associated with
T2D. N-acetylarginine, which affects oxidative stress in
rats (36), and dopamine sulfate were also novel and only
associated with T2D. Similarly, N6-carboxymethyl-lysine
has been associated with an increased risk for cardiovas-
cular disease and other diabetic complications (37,38),
renal function (39), and diabetic retinopathy (40). It is an
advanced glycation end product metabolite and has roles
in reactive oxygen species generation, oxidative stress,
increased inflammation, and increased vascular smooth
muscle apoptosis, leading to atherosclerosis (37,41) (Sup-
plementary Material).

Diabetic Retinopathy

Xanthine, inosine, and adenosine were reported to be
higher in patients with diabetic retinopathy compared
with those with diabetes in a small cohort (42). We found
lower xanthine levels and higher inosine and 5-MTA

levels in diabetic retinopathy compared with T2D. Metab-
olites in the retinopathy cluster that showed altered
metabolite levels compared with the other patients with
T2D included X-17166, DSGEGDFXAEGGGVR, inosine,
N-acetylmethionine, oxidized cys-gly, cysteine-glutathione
disulfide, aspartate, glutamate, X-14364, and sphingosine.
Inosine is known to affect sucrose and has a role in diabe-
tes prevention; it was decreased in those with T2D versus
control subjects, and its increased levels in retinopathy
compared with nonretinopathy may indicate that it has
been controlled for the patients with retinopathy. Nota-
bly, pyroglutamate promotes the survival of retinal gan-
glion cells (43), consistent with the observed decrease in
glutamate in retinopathy. The aspartate and glutamate
metabolic pathways have been previously implicated in
retinopathy (44,45). Importantly, glutamate and N-acetyl-
methionine were also perturbed in association with TRI
and the LDL/HDL ratio and thus might be involved in a
common pathological mechanism in retinopathy and dys-
lipidemia. The perturbation of N-acetylmethionine with
retinopathy, a novel finding in our study, may be indica-
tive of the role of an imbalance between HDL and LDL in
diabetic retinal damage. N-acetylmethionine targets rho-
dopsin, a photoreceptor required for image-forming vision
at low light intensities (46).

Metabo-Clinical Signatures

Metabo-clinical signatures enabled the identification of
diverse clinical patterns in patients with T2D that
strongly correlate with specific metabolites and also iden-
tified groups that show multiple extreme clinical variables
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at extreme metabolite levels. Such metabolites that gradu-
ally change in tandem with clinical variables may help in
identifying possible treatment pathways. One of the
observed signatures had the highest LDL and HDL levels
associated with the lowest values of N-acetylvaline, N-ace-
tylleucine, 2-methylbutyrylcarnitine, pyroglutamine, and

N6-carbamoylthreonyladenosine. N-acetylleucine and 2-
methylbutyrylcarnitine are both associated with renal
function (47,48). The association between the lowest lev-
els of those metabolites and the highest LDL and HDL
levels possibly hints on their involvement in the pathway
linking high cholesterol with renal failure. It also reveals
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Figure 4—Continued.
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|

the possible roles of N-acetylvaline and pyroglutamine in
association with high cholesterol and kidney function,
which have not been previously reported. It is important

to note in this study that correlations of creatinine to N-
acetylvaline and pyroglutamine based on the metabo-clini-
cal signature clusters are 0.81 and 0.85, respectively,
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again hinting on their link to kidney function. The
involvement of N-acetylleucine in renal function may
highlight some common pathways between retinopathy
and nephropathy that are associated with dyslipidemia.
Similarly, the association of 3-hydroxy-2-ethylpropionate
with muscle mass (49) and its association with the largest
portion of patients with retinopathy with the lowest LDL
levels may indicate the role of LDL in muscle mass loss in
people with diabetes and possible involvement in vision
impairment. The highest aspartate levels were observed
in patients exhibiting the highest TRI and LDL and lowest
HDL levels and were also inversely associated with reti-
nopathy in the regression results. This highlights the
involvement of aspartate with cholesterols and TRI and
their link to retinopathy. As previously indicated in this
study, N-acetylmethionine is also found at its highest lev-
els in patients with retinopathy with the highest HDL
and lowest LDL levels, confirming our previous claim
above on its possible role in linking retinopathy with dys-
lipidemia. See the Supplementary Material for further
interpretation of results.

Metabolic Interactions and Interplay Between Different
Pathways

Metabolites are interdependent, making the identification
of metabolic networks important for our understanding
of biomarker interactions. Interestingly, the identified
GGMs show the strongest correlations between metabo-
lites from one or more subpathways of the same super
pathway or of different superpathways. Figure 3A links
together phospholipids, PUFAs, and monoacylglycerols,
while Fig. 3E shows LCFAs and PUFAs connected
together. More remarkable are metabolites that could
possibly indicate the metabolic flux as a result of a meta-
bolic reaction. This is seen in metabolites of the same
subnetwork in which one is positively correlated with a
clinical variable and another is negatively correlated with
it. For example, Fig. 3A links the PUFA metabolite docosa-
trienoate (22:3n-3), which is increased in those with T2D
compared with control subjects, and dihomo-linolenoyl-
choline, which is decreased. Such investigations are beyond
the scope of this study but could lead to many interesting
findings on the interactions of different biomarkers of T2D
and its complications. Metabolites involved in lipotoxicity
and glucotoxicity were also mapped onto Kyoto Encyclope-
dia of Genes and Genomes pathways and found in six
interlinked pathways (Supplementary Fig. 6).

Limitations of the Study

Limitations of the study include factors (e.g., sample han-
dling) affecting the samples that could impact metabolite
levels. We have included hemolysis as a covariate to cor-
rect for one of the major factors affecting sample quality.
The number of overlapping metabolites between the dis-
covery and replication cohort was 547 metabolites, so we
could not replicate some of the metabolites. However, we
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could also confirm many findings from literature. We
could not replicate the retinopathy findings in the replica-
tion cohort as that information was not available, yet
some of the metabolites confirmed previous findings in
other studies. Although association studies are observa-
tional and could not be used to explain causality, the
identification of shared metabolic pathways between T2D
and complications paves the way to understanding the
common underlying mechanisms of those clinical end
points.

Conclusions

We performed high-resolution metabolomics profiling of
996 Qataris, of whom 57% had T2D, and obtained repli-
cation data from 2,618 individuals, of whom 11% had
T2D. A total of 373 metabolites associated with T2D and
its clinical variables were identified. Of these, 161 were
novel and highlighted several pathways linked to oxida-
tive stress and lipotoxicity, among other mechanisms. We
identified metabo-clinical signatures of clusters of patients
with T2D that highlighted patients with extreme values in
more than two clinical variables aligned with extreme val-
ues in a group of metabolites. This highlighted metabolites
that may mark the progression of complications in pat-
ents. Among our findings are the role of N-acetylmethio-
nine in retinopathy in conjunction with dyslipidemia and
the possible roles of N-acetylvaline and pyroglutamine in
association with high cholesterol levels linked to kidney
function.

To our knowledge, this is the first large-scale study to
look at shared metabolic signatures of T2D and complica-
tions in an untargeted manner using >3,500 individuals
from a population with a high prevalence of diabetes and
metabolic disorders. We believe that the results provide
the research community with a comprehensive reference
of metabolic perturbations in T2D and complications,
which may help further studies investigating personalized
therapies and drug pathways affected by metabolic
mechanisms.
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