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Diminished retinal complex lipid synthesis
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BACKGROUND. This study systematically investigated circulating and retinal tissue lipid
determinants of human diabetic retinopathy (DR) to identify underlying lipid alterations associated
with severity of DR.

METHODS. Retinal tissues were retrieved from postmortem human eyes, including 19 individuals
without diabetes, 20 with diabetes but without DR, and 20 with diabetes and DR, for lipidomic
study. In a parallel study, serum samples from 28 American Indians with type 2 diabetes from the
Gila River Indian Community, including 12 without DR, 7 with mild nonproliferative DR (NPDR), and
9 with moderate NPDR, were selected. A mass-spectrometry-based lipidomic platform was used to
measure serum and tissue lipids.

RESULTS. In the postmortem retinas, we found a graded decrease of long-chain acylcarnitines

and longer-chain fatty acid ester of hydroxyl fatty acids, diacylglycerols, triacylglycerols,
phosphatidylcholines, and ceramide(NS) in central retina from individuals with no diabetes to
those with diabetes with DR. The American Indians’ sera also exhibited a graded decrease in
circulating long-chain acylcarnitines and a graded increase in the intermediate-length saturated and
monounsaturated triacylglycerols from no DR to moderate NPDR.

CONCLUSION. These findings suggest diminished synthesis of complex lipids and impaired
mitochondrial -oxidation of fatty acids in retinal DR, with parallel changes in circulating lipids.

TRIAL REGISTRATION. ClinicalTrials.gov NCT00340678.

FUNDING. This work was supported by NIH grants R24 DK082841, K08DK106523, R03DK121941,
P30DK089503, P30DK081943, P30DK020572, P30 EY007003; The Thomas Beatson Foundation; and
JDRF Center for Excellence (5-COE-2019-861-S-B).

Introduction

Diabetic retinopathy (DR) is one the most common and most devastating diabetes complications, with an
estimated global prevalence of over 380 million individuals affected (1, 2). During the first 2 decades of dis-
ease, nearly all patients with type 1 diabetes and > 60% of patients with type 2 diabetes develop retinopathy.
In the United States, approximately one-third of the patients aged 40 years or older with diabetes have DR,
with 1 in 6 at risk of vision loss (3). The Diabetes Control and Complications Trial (DCCT) and Epidemi-
ology of Diabetes Interventions and Complications (EDIC) trials have clearly demonstrated the need for
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intensive glycemic control as a key parameter to prevent or reduce the progression of complications (4). How-
ever, more recent studies have unveiled the important role of a variety of factors — including hypertension,
inflammation, insulin resistance, and disordered lipid metabolism — in the generation and progression of
multiple diabetes complications (5-7).

While these studies have shed some light on the pathogenesis of diabetic kidney disease and diabetic
neuropathy, the metabolic basis of DR remains poorly understood. As for other diabetes complications,
hyperglycemia is widely accepted as an important driver of DR in diabetes (8), but recent studies suggest a
prominent role of altered lipid metabolism in DR pathology (9-15). In diabetic animal models, remodeling
of fatty acids (15), alterations in 12/15-lipoxygenase (10), and a significant decrease in glycerophospholipids
(12) have been reported in retina. Human studies also report alterations of erythrocyte phosphatidylcho-
lines (PCs) (11) and circulating fatty acids and triglycerides (9) in association with DR; however, specific
human retinal tissue analyses are still lacking. Lipidomic analysis of human kidney and peripheral nerve
tissue have indeed revealed defective lipid metabolism (6, 7, 12, 16); however, lipidomic study of human
retina remained limited exclusively to its surrogate assessment in the vitreous fluid of patients with advanced
nonproliferative DR (NPDR) and proliferative DR, when those can be more easily collected (13). While
interrogation of circulating lipids as surrogates of retinal metabolism may generate insight to retinal lipid
metabolism, a more in-depth understanding of the retinal lipid metabolic alterations only comes from direct
measurement of retinal lipids across various disease stages.

In this study, we take advantage of availability of serum biosamples from a very well phenotyped human
cohort of patients with type 2 diabetes to identify the lipidomic signature associated with various stages of
DR, in a similar fashion as we previously reported for diabetic kidney disease (6). This analysis at a systemic
level was complemented by examination of the retina-specific lipidomic signature associated with DR post-
mortem eyes, allowing us to identify the lipidomic changes associated with NPDR in retinal tissues. Togeth-
er, the results of this study demonstrate that markers of fatty acid B-oxidation and content in complex lipids
are downregulated in retinal tissues, and that a specific panel of circulating lipids can discriminate patients
without DR from those with various stages of DR.

Results

Baseline characteristics of Pima patients. Details of the American Indian study population and participant
recruitment are published elsewhere (6, 17). Pima Indians are a highly homogeneous population among
American Indians, with minimal interracial mix, who are in central Arizona (USA). High racial homoge-
neity minimizes the effect of other confounders on phenotypes of interest and, hence, make Pima Indians a
unique opportunity to investigate biological processes. For these reasons, this population had been a target
of highly granular observations over many years by NIH investigators, which led to collection of granular,
well phenotyped, comprehensive clinical and outcome data, making it a very valuable population to investi-
gate. The Pima study flow is shown in Figure 1A. From 169 Pima Indians from the Gila River Indian Com-
munity who were recruited for a randomized clinical trial (NCT00340678; ClinicalTrials.gov) between 1996
and 2001, 28 patients with available fasting serum samples at the end of the trial and eye examination within
2.5 years from the date of fasting serum sample collection were selected. The rest of the patients had eye
examination on dates that were much farther from the index date of sample collection; therefore, they were
not selected for the analysis. The individuals selected included 12 patients without DR, 7 with very mild
(microaneurysms only) or mild NPDR, and 9 patients with moderate NPDR. Overall, the baseline charac-
teristics of the patients in the 3 groups were similar except for a significantly higher level of urine albumin/
creatinine ratio, a higher rate of insulin use, and no use of metformin in patients with moderate NPDR as
compared with the other 2 groups (P < 0.011; Table 1).

Circulating lipids in Pima patients. In serum samples, we measured 435 lipids from 18 classes includ-
ing triacylglycerols (TAGs), diacylglycerols (DAGs), monoacylglycerols (MAGs), PCs, phosphatidyleth-
anolamines (PEs), plasmenyl-PCs (pPCs), plasmenyl-PEs (pPEs), lyso-PCs (LPCs), lyso-PEs (LPEs), free
fatty acids (FFAs), cholesteryl esters (CEs), phosphatidic acids (PAs), phosphatidylinositols (PIs),
phosphatidylglycerols (PGs), phosphatidylserines (PSs), sphingomyelin (SM), ceramide-phosphates, and
acylcarnitines (ACs) in positive and negative ionization modes (Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.152109DS1). After com-
bining the different adducts of the same feature and eliminating duplicates, and the classes consisting of 2
or fewer lipid molecules (PA, PG, PS, pPC, ceramide phosphate, and MAG), 262 unique lipids including
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Figure 1. Flow diagram. (A-C) Flow diagram of Pima lipidomics (A), postmortem retinal tissue lipidomics (B), and postmortem retinal tissue transcriptomics studies (C).

16 FFAs (6.1%), 76 glycerolipids (29.0%), 109 phospholipids (41.6%), 12 CEs (4.6%), 20 SM (7.6%), and
29 ACs (11.1%) were included in the analysis.

To reduce the data, minimize false discovery, and expand the variance coverage, components of lipid
classes were reduced to class level of principal components representing the corresponding lipid classes.
Accordingly, abundance of long-chain ACs (carbon number [C] = 14) was significantly lower in patients with
mild or moderate NPDR as compared with no retinopathy (P < 0.029; Table 2). On the other hand, patients
with moderate NPDR had the highest abundance of intermediate-length saturated and monounsaturated
TAGs as compared with other groups, although only the comparison with mild NPDR reached statistical
significance (P = 0.009; Table 2). Comparing the within-group components of the ACs and TAGs revealed a
significantly higher abundance of long-chain ACs in patients without retinopathy versus shorter-chain ACs
(P =0.001, Figure 2A). Conversely, there was a lower abundance of long-chain ACs in both NPDR groups,
this difference being highly significant in the mild NPDR group (P = 0.002; Figure 2A). Long-chain ACs were
significantly lower in patients with DR compared with those without DR (P < 0.0001). A similar comparison
of components of TAGs by study groups revealed a significantly higher abundance of longer-chain TAGs
with higher number of double bonds in mild NPDR (P = 0.001), with reversal in abundance in patients with
moderate NPDR (P = 0.002; Figure 2A). These associations were independent of urine albumin/creatinine
ratio, use of metformin, or insulin. Critically, canonical discriminant analysis revealed that the components
of long-chain ACs and intermediate-chain saturated and monounsaturated TAGs accurately classified all
patients without retinopathy and mild NPDR, and 8 of 9 (88.9%) patients with moderate NPDR, with an
overall model accuracy of 96.4% (P < 0.001, Figure 2B).

Postmortem eye cohort. The postmortem study flow for retinal tissue lipidomics is shown in Figure 1B.
To study retinal lipid alterations by diabetes with and without retinopathy, we recovered ocular tissues from
human cadavers within 9 hours of death in a postmortem cohort consisting of 19 nondiabetic donors, 20
participants with diabetes without retinopathy, and 20 diabetic donors with NPDR. All 3 groups were consis-
tent regarding sex, age, and race (Table 3). As expected, hemoglobin Alc (HbAlc) was slightly higher in the
DR group compared with the diabetic without DR (6.3% versus 8.1%, respectively) while diabetes duration
was comparable in both groups (15.9 versus 13.4 years, respectively). Tissue from both the perimacular and
peripheral retina was obtained for tissue lipidomic analysis.

Postmortem retinal tissue lipids. In postmortem retinas, we identified 1122 lipids from 25 classes including CE,
bis-monoacylglycero phosphate (BMP), ceramide class consisting of o-hydroxy fatty acids and 4-sphingenines
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Table 1. Comparing baseline characteristics of the diabetic Pima Indians by retinopathy status

Retinopathy

Variables Pvalue
None Mild NPDR Moderate NPDR

n 12 7 9
Age (years) 5010 50+7 45+ 6 0.403
Sex (%) 0.854

Male (%) 4(33.3) 3 (42.9) 4 (44.4)

Female (%) 8 (66.7) 4 (57.1) 5 (55.6)
Body mass index (kg/m?) 35.5+8.2 34.7+9.0 32.0+5.7 0.582
Fasting plasma glucose (mg/dL) 224 + 85 215 + 98 220 £ 115 0.981
HbA1c (%) 8.8+25 95+2.3 104 +1.9 0.351
Total protein (g/dL) 6.9+0.5 6.6+0.2 6.6 +0.6 0.438
Serum albumin (g/dL) 33+03 3.7+0.5 3.2+0.7 0.222
Total cholesterol (mg/dL) 171+ 34 145 + 24 196 + 33 0.059
Triglyceride (mg/dL) 194 + 158 157 + 113 182 +129 0.894
Total bilirubin (mg/dL) 048 £+ 0.18 0.53+0.13 044 +0.16 0.123
SAP (mg/dL) 126 + 35 133 £45 124 + 33 0.748
AST (mg/dL) 21+9 22+12 34 +47 0.582
WABC (/1000) 72+1.8 8.6+2.0 73+19 0.291
Hemoglobin (g) 12.8+1.8 13.3+11 122+14 0.497
Baseline GFR (mL/min) 141+52 160 + 67 123 + 51 0.446
Urine albumin/creatinine ratio (mg/g)* 24 [9-138] 18 [10-49] 401 [54-4990] 0.008
Intervention arm (%) 7 (58.3) 4 (571) 5 (55.6) 0.992
Medications

Antihypertensive (%) 7 (58.3) 4 (57.1) 4 (44.4)

Metformin (%) 5 (41.7) 5(71.4) 0(0) 0.800

Insulin (%) 5(4.17) 0 (0) 7(77.8) 0.011

Oral hypoglycemic (%) 9 (75.0) 6(85.7) 6(66.7) 0.002

Statins (%) 3(25.0) 1(14.3) 1(11.1) 0.683

Other lipid lowering (%) 3 (25.0) 1(14.3) 1(11.1) 0.685

AMedian [IQR]; NPDR, nonproliferative diabetic retinopathy; SAP, serum alkaline phosphatase; AST, aspartate
aminotransferase; GFR, glomerular filtration rate.

(Cer[AS]), Ceramides with dihydrosphingosine base (Cer[EODS]), w-acylceramide (Cer[EOS]), ceramide con-
sisting of nonhydroxy fatty acids and sphinganines (Cer[NDS]), ceramide consisting of nonhydroxy fatty acids
(Cer[NP]), ceramides consisting of nonhydroxy fatty acids and 4-sphingenines (Cer[NS]), DAG, GlcCer[NS],
LPC, LPE, PA, PC, PE, PG, PI, pPC, pPE, PS, SM, TAG, FFA, fatty acid ester of hydroxyl fatty acid (FAH-
FA), and ACs in both positive and negative mode (Supplemental Table 2). After combining the same adducts of
different features, 632 unique lipids consisting of 10 CEs (1.6%), 16 BMPs (2.5%), 49 ceramides (7.8%), 47 fatty
acids (7.4%), 336 phospholipids (53.2%), 38 SMs (6.0%), 107 glycerolipids (16.9%), and 29 ACs (4.6%) were
included for the downstream analysis.

The identified tissue lipids are listed in Supplemental Table 2. After data reduction, similar to the
above-mentioned procedure for serum samples, the lipids were reduced to 24 lipid classes as shown in Supple-
mental Table 3. Overall, FFAs, FAHFAs, DAGs, pPEs, PCs, ACs, and BMPs were more abundant in central
retina, but PEs, LPCs, and Cer[NDS] were less abundant in the central retina (Supplemental Figure 1). The
overall abundance of other lipids was not significantly different between central and peripheral retina in the
nondiabetic or diabetic groups (Supplemental Figure 1). In central retina, the abundance of long-chain ACs
(C = 14), longer-chain FAHFAs, DAGs, TAGs, PCs, and Cer[NS] in the group with diabetes and retinopathy
was significantly lower than the other 2 groups (participants with diabetes but without retinopathy, and partic-
ipants without diabetes; P < 0.0035; Supplemental Table 3). Tissues without diabetes had a significantly high-
er abundance of unsaturated FFAs (P = 0.0022) and PGs (P = 0.009) compared with the group with diabetes
and retinopathy (Supplemental Table 3). Mean of CE was also lower in participants with diabetes with ret-
inopathy, but the difference reached statistical significance only with the diabetic group without retinopathy
(P = 0.008; Supplemental Table 3). In the peripheral retina, participants with diabetes and retinopathy had a
higher mean of unsaturated FFAs and FAHFA compared with participants with diabetes without retinopathy
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Table 2. Comparing mean relative abundance of various lipids by study groups

Lipids Groups Mean SEM Pvalue
Long AC No DR 0.559 0.213 Ref
Very mild or Mild NPDR -0.510 0.452 0.019

Mod NPDR -0.349 0.283 0.029

Sat. MonoUnsat. Intm TAG No DR -0.036 0.313 0.115
Very mild or Mild NPDR -0.689 0.303 0.009

Mod NPDR 0.583 0.230 Ref

PolyUnsat. TAG No DR 0.107 0.280 Ref
Very mild or Mild NPDR 0.232 0.395 0.779

Mod NPDR -0.323 0.347 0.283

PolyUnsat. DAG No DR 0.129 0.281 Ref
Very mild or Mild NPDR 0.101 0.347 0.662

Mod NPDR -0.251 0.385 0.328

Sat. MonoUnsat. DAG No DR -0.097 0.339 Ref
Very mild or Mild NPDR -0.230 0.376 0.569

Mod NPDR 0.308 0.252 0.931

CE No DR 0.398 0.316 Ref
Very mild or Mild NPDR -0.076 0.331 0.257

Mod NPDR -0.472 0.269 0.046

LPC No DR 0.185 0.335 Ref
Very mild or Mild NPDR -0.126 0.374 0.411

Mod NPDR -0.149 0.279 0.369

LPE No DR -0.156 0.330 Ref
Very mild or Mild NPDR 0.394 0.272 0.959

Mod NPDR -0.099 0.334 0.734

PC No DR 0.273 0.265 Ref
Very mild or Mild NPDR 0.01 0.388 0.448

Mod NPDR -0.373 0.359 0.135

PE No DR 0.179 0.270 Ref
Very mild or Mild NPDR -0.025 0.579 0.507

Mod NPDR -0.218 0.186 0.313

pPE No DR 0.323 0.331 Ref
Very mild or Mild NPDR -0.310 0.308 0.167

Mod NPDR -0.190 0.296 0.214

SM No DR -0.129 0.287 Ref
Very mild or Mild NPDR -0.052 0.516 0.744

Mod NPDR 0.212 0.245 0.905

Z score standardized mean levels of lipid factors by study groups shows significantly lower long-chain ACs in presence
of retinopathy, as well as significantly higher saturated and monounsaturated intermediate-length TAGs in moderate
NPDR. Based on ANOVA with Dunnett post hoc analysis to adjust for multiple comparisons. AC, acylcarnitine; CE,
cholesteryl ester; DAG, diacylglycerol; TAG, triacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
LPC, lyso-PC; LPE, lyso-PE; pPE, plasmenyl-PE; SM, sphingomyelin; sFFA, saturated free fatty acid; uFFA, unsaturated
FFA; Sat Monounsat, saturated and monounsaturated; Polyunsat, polyunsaturated; Intm, intermediate; NPDR,
nonproliferative diabetic retinopathy.

(P < 0.0001), a lower TAG level when compared with no diabetes (P < 0.0001), and lower mean PC when
compared with the other 2 groups (P < 0.0011; Supplemental Table 3). There were no other significant differ-
ences in mean level of other lipids between the 3 groups in central or peripheral retina.

Comparing the constituents of fatty acids and ACs of central retina among the 3 study groups revealed
a significantly higher abundance of long-chain ACs (C = 14) as compared with shorter-chain ACs (C <
14) in patients without diabetes or with diabetes without retinopathy (P < 0.001; Figure 3A), but the dom-
inant abundance of long-chain AC disappeared in the groups with retinopathy. Participants without dia-
betes had a higher abundance of unsaturated FFAs compared with saturated FFAs (P < 0.001), but the
difference disappeared in the other 2 groups with diabetes (Figure 3A). The abundance of longer polyun-
saturated FAHFA was higher than the number of double bonds, and carbon numbers increased in par-
ticipants without diabetes (P = 0.001), was not significantly different in participants with diabetes with-
out retinopathy, and was significantly lower in participants with diabetes with retinopathy (P < 0.0001;
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Figure 3A). Comparing the abundance of complex lipids constituents by carbon number and number of
double bonds showed a significantly higher abundance of unsaturated DAGs in patients without diabe-
tes or without retinopathy, but it showed a significantly lower abundance in participants with diabetes
with retinopathy (Figure 3B). The nondiabetic group and the group with diabetes but without retinopathy
exhibited a significantly higher abundance of TAGs and PCs by increase in carbon number and number
of double bonds, while the group with diabetes and retinopathy showed a significant decrease in their abun-
dance by increase of carbon number and number of double bonds (P < 0.0001; Figure 3B). Similarly, the
diabetes group with retinopathy exhibited a significantly lower abundance of PG by an increase in carbon
number and number of double bonds (P = 0.015; Figure 3B), but the differences in various PGs were not
significant in the other 2 groups. These associations were independent of comorbid conditions. Canonical dis-
criminant analysis using the top differentially regulated lipid classes including TAGs, PCs, and ACs in central
retina (Figure 4A), and TAGs and PCs in peripheral retina (Figure 4B), discriminated the 3 groups with 100%
(Figure 4A) and 98.3% (Figure 4B) accuracy.

Retinal tissue RNA deep sequencing. The postmortem study flow for retinal tissue RNA deep sequencing and
quantitative PCR (qPCR) of retinal lipid transcripts is shown in Figure 1C. Analysis of RNA deep sequencing
in a group of human retinal samples showed significantly higher expression of LPCAT?3 in association with DR
both in central and peripheral retina (Figure 5, top panel). To validate the fold change alterations in a larger and
independent set of donor samples obtained from 22 postmortem donors without diabetes, 22 with diabetes but
without retinopathy, and 20 with diabetes and retinopathy (Table 4), qPCR analysis was performed for multiple
genes, including LPCAT3, which showed the same direction alterations in both the central and peripheral retina,
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Table 3. Baseline characteristics of postmortem donors for lipidomics

Variables No DM DM, no DR DM, with DR Pvalue
n 19 20 20
Age (years) 60 + 8.6 69+44 63+10 0.031
Sex (%) 0.8117
Male (%) 11(58.0) 12 (57.1) 13 (65.0)
Female (%) 8 (42.0) 8(42.9) 7 (35.0)
Race/ethnicity 01222
White (%) 19 (100) 16 (80) 18 (90)
African American (%) 0(0) 4 (20) 1(5)
Hispanic (%) 0 (0) 0(0) 1(5)
HbA1c (%) N/A 6.3+13 8.3+2.0 0.0176
Diabetes duration (years) N/A 13.7+1.3 177 £11.6 0.6073
Death-enucleation interval (hours) 8.0+1.2 8.2+17 7.8 +2.0 0.722
Comorbidities
Hypertension (%) 8(421) 13 (65.0) 13 (65.0) 0.251
Hyperlipidemia (%) 1(5.3) 4(20.0) 6(30.0) 0.138
Coronary artery disease (%) 2(10.5) 4(20.0) 6(30.0) 0.319
Cancer (%) 10 (52.6) 4 (20.0) 2 (10.0) 0.008
Kidney failure (%) 2(10.5) 5(25.0) 10 (50.0) 0.022

Values are mean + SD, or count and relative frequency. DM, diabetes mellitus; DR, diabetic retinopathy. P values are
from 1-way ANOVA except for HbA1c and diabetes duration, for which it is 2-tailed Student’s t test.

although statistical significance of LPCATS3 fold change in peripheral retina mitigated to borderline after mul-
tivariate adjustment for other covariates (Figure 5, bottom panel). Comparing the Z score standardized relative
expression of the genes involved in lipid metabolism in central retina (Table 4) reveals differential expression of
genes involved in de novo biosynthesis of fatty acids (PLA2G4A), their elongation (HADHA), their f-oxidation
(ACOX2), metabolism of complex lipids (44SDHPPT, AGPAT1, CYP11A1, DGKI, FDFTI, GBA, LPL, NSDHL,
PEMT, PIK3R1, SMPDI, LPCAT3, PLPPR5), and others/housekeeping genes (other central retina genes from
Table 5). Particularly striking is the downregulation of PLA2G4A (fatty acid biosynthesis), HADHA (elongation),
and AASDHPPT, DGKI, FDFTI, LPL, NSDHL, and PLPPR5 (complex lipid metabolism) and the upregulation
of ACOX2 (B-oxidation) and CYPI1A1, GBA, MAPK3, SMPDI, and LPCAT3 (specific lipid species metabolic
genes). Corresponding changes in lipid transcripts in peripheral retina are shown in Table 6. These data demon-
strate that diabetes affects lipid metabolism in a regional manner, a phenomenon highlighted by the heatmap
representation of the relative expression and changes of these genes in the RNA deep sequencing (Z score; Fig-
ure 6), providing important information on the potential mechanistic role of these perturbations in the onset and
progression of DR. Indeed, DR has profound early effects on the peripheral retina (18, 19).

Independent correlates of FFAs. The partial correlation coefficients of the ACs, FFAs, and complex glycero-
lipids with significant alteration in central and peripheral retina are shown in Supplemental Table 4. Saturated
FFAs are inversely correlated with unsaturated FFAs. Unsaturated FFAs are also directly correlated with
longer-chain DAGs, longer-chain TAGs, and PC; however, they are inversely correlated with shorter chain
TAGs in central retina. Similarly, unsaturated FFAs are directly correlated with shorter-chain DAGs and
PCs, but inversely correlated with shorter TAGs in peripheral retina. In peripheral retina, saturated FFAs are
directly correlated with shorter TAGs, and they are inversely correlated with DAGs, unsaturated FFAs, and
longer-chain PCs (Figure 4, C and D).

Discussion

In this study, we found a significantly lower abundance of long-chain ACs (C = 14), longer-chain FAHFAs,
DAGs, TAGs, PCs, and Cer[NS] at lipid class level in central retinal tissue obtained postmortem from patients
with DR than from those without diabetes or from those with diabetes who did not have DR. These differ-
ences in abundance accurately discriminated the 3 study groups. In an independent cohort of Pima Indians
with type 2 diabetes, a similar graded decrease in abundance of circulating ACs and polyunsaturated TAGs
was observed by worsening status of DR, from no DR to moderate NPDR. The panel also discriminated
the 3 subgroups with high accuracy. Our findings suggest diminished synthesis of retinal lipids and impaired
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Figure 3. Z score-standardized mean relative abundance of FFAs, ACs, and complex lipids by carbon numbers and double bond numbers among
postmortem groups. (A) Significantly higher abundant long chain ACs (C > 14) in participants without diabetes and diabetics without retinopathy, higher
unsaturated FFAs in participants without diabetes, and higher polyunsaturated longer-chain FAHFA in participants without diabetes, and their lower
levels among diabetics with retinopathy. P values refer to significance of change in relative abundance of the corresponding lipid by increase in carbon
number in ACs, by increase in unsaturated FFAs as compared with saturated FFAs in FFAs, and by increase in carbon number and number of double bonds
(interaction term) in FAHFAs. (B) Significantly higher abundance of unsaturated DAGs, polyunsaturated TAGs, and PCs with higher carbon numbers in
groups without diabetes and diabetics without retinopathy; however, a significantly lower abundance of unsaturated DAGs, polyunsaturated TAGs, PGs,
and PCs is shown with higher carbon numbers in diabetes with retinopathy. Within each diagram, the x axis shows the number of carbons, and the y axis
shows the number of double bonds. Statistical tests are based on mixed models tested the effect of study group, carbon number, and number of double
bonds as the main effects and their interaction, adjusted for hypertension, hyperlipidemia, coronary artery disease, cancer, and kidney failure. P values
refer to significance of change in relative abundance of the corresponding lipid by increase in number of double bonds in DAGs, and by increase in carbon
number and number of double bonds (their interaction term) in TAGs, PGs, and PCs. n for both A and B is 19, 20, and 20 for participants without diabetes,
diabetes with no DR, and diabetes with DR, respectively. AC, acylcarnitine; FAHFA, fatty acid ester of hydroxyl fatty acid; FFA, free fatty acid; DAG, diacyl-
glycerol; TAG, triacylglycerol; PG, phosphatidylglycerol; PC, phosphatidylcholine; DM; diabetes mellitus; NPDR, nonproliferative diabetic retinopathy.

mitochondrial B-oxidation of retinal fatty acids in the retina in DR. Changes in a similar panel of circulating
lipids mirror the lipid alterations occurring in the retina (Figure 7). The clinical implication of these findings
includes lipid metabolic alterations as potentially novel risk factors for worsening of DR, optimization of
systemic or retinal lipid metabolic derangements as potentially novel therapeutic targets, and availability of
circulating biomarkers as surrogates of similar changes in retina.

In diabetic rat models, Tikhonenko et al. (15) reported a decrease in retinal long-chain-to-short-chain
polyunsaturated fatty acids (PUFA) ratio; decreased abundance of glycerophospholipids containing DHA in
PE, PC, and PS lipid classes; and significant reduction in Elovi4 and Elovi2 retinal elongase gene expression.
They also reported a tendency toward higher total plasma fatty acid level in diabetic versus control groups, as
well as a significant decrease in arachidonic acid and DHA abundance the 2 major end products of the PUFA
synthesis pathway. In another study of the db/db mouse model, Sas et al. (12) showed a significant reduction
in retinal complex lipids in the diabetic mice after systemic infusion of labeled palmitate. In a lipidomic study
of human erythrocytes’ phospholipids, Koehrer et al. (11) reported a higher level of PC and plasmenyl-cho-
line in diabetic patients without retinopathy. In a study of 648 individuals with type 1 diabetes, 2,4-dihydroxy-
butyric acid (DHBA); 3,4-DHBA; ribonic acid; and ribitol were positively — and the triglycerides 50:1 and
50:2 were negatively — correlated with DR stage (9). Overall, our findings are aligned with these other studies
that report a lower abundance of complex retinal lipids accompanying DR.
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Figure 4. Group discrimination by retinal lipids in a postmortem cohort. (A and B) Top differentially regulated lipids, triglycerides, phosphatidylcho-

line, and ACs in central retinal (A), and triglycerides and phosphatidylcholines in peripheral retina (B) discriminated 3 study groups. Analyses are based

on canonical discriminant analysis with 100% accurate discrimination in central retina, and 98.3% in peripheral retina. (C and D) Statistically significant
correlates of saturated and unsaturated fatty acids in the central and peripheral retina of postmortem cohort. Lipids in red indicate elevated levels; lipids
in blue indicate suppressed levels; arrows in red indicate statistically significant direct correlation; arrows in blue indicate statistically significant inverse
correlation. Overall saturated FFAs are inversely correlated with unsaturated FFAs. A higher abundance of unsaturated FFAs suggest shift of sFFAs toward
uFFAs via action of desaturases. Direct correlation of uFFAs with complex glycerolipids suggests their higher incorporation in the construct of glycerolipids,
while inverse correlation of sFFAs with complex lipids suggest their relatively lower incorporation in the construct of complex lipids. The net effect would
be a relatively higher abundance of complex lipids in association with a higher abundance of uFFAs under normal physiological conditions. With progres-
sion toward diabetic retinopathy, diminished levels of uFFAs leads to diminished tissue levels of glycerophospholipids. n for all panels is 19, 20, and 20 for
participants without diabetes, diabetes with no DR, and diabetes with DR, respectively. AC, acylcarnitine; sFFA, saturated free fatty acids; uFFA, unsatu-
rated free fatty acids; DAG, diacylglycerols; PC, phosphatidylcholines; TAG, triacylglycerols.

In this study, we found a higher abundance of FFAs, FAHFAs, DAGs, pPEs, PCs, ACs, and BMPs, but we
found a lower abundance of PEs, LPC, and Cer[NDS] in the central retina. In mammalian cells, PCs are made
by 2 biosynthetic pathways, including the Kennedy pathway and by conversion from PE (20). In the Kennedy
pathway, phosphocholine transfers from CDP-choline to DAG by endoplasmic reticulum membrane proteins
to produce PCs. In the other PC biosynthetic pathway, PE is converted to PC by 3 successive methylation
reactions catalyzed by phosphatidylethanolamine N-methyltransferase (PEMT) using S-adenosylmethionine
as the methyl-group donor (20). PCs may further convert to LPCs via action of phospholipase al and a2
(PLAL1,2) (21). These findings suggest that, compared with peripheral retina, a relatively higher abundance of
FFAs and FAHFAs promotes their incorporation in construction of regional DAGs and PCs, leading to their
higher abundance in the central retina. On the other hand, lower PEs and LPCs in the central retina may reflect
lower conversion of PE to PC and PC to LPC, respectively, compared with peripheral retina. Differential lipid
metabolism by retinal regions may be due to differences in cell mitochondrial contents, vascularization ratio,
and density of ganglion cells, leading to a lower lipid metabolic rate in peripheral retina.
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Figure 5. RNA deep sequencing and qPCR. Relative expression of the lipid metabolism gene LPCAT3 in the central (left; CR)
and peripheral (right; PR) retina, analyzed by RNA deep sequencing (top) or gPCR (bottom). Similar changes were observed
by both methods. In the top panels, nis 6, 6, and 4 for participants without diabetes, diabetes without DR, and diabetes
with DR, respectively. In the bottom panel nis, 22, 22, and 20 for participants without diabetes, diabetes without DR, and

diabetes with DR, respectively. gPCR P values are adjusted by sex, hypertension, hyperlipidemia, coronary artery disease,
nephropathy, and cancer. The statistical test was ANOVA. Data are shown as mean + SD (*P < 0.05 in DR versus ND).

In the parallel transcriptomic analysis, we found that, in the central retina of patients with DR, genes
involved in de novo biosynthesis of fatty acids (PLA2G4A), fatty acid elongation (HADHA), cholesterol, and
glycerophospholipid metabolism were downregulated — except for SMPDI and LPCAT3, which were upreg-
ulated. On the other hand, in the peripheral retina, only GALNTI6 involved in sphingolipid metabolism was
downregulated, while other genes involved in lipid metabolism were upregulated. The transcriptomic gene
expressions suggest decreased systemic and retinal de novo biosynthesis of fatty acids and their elongation,
along with diminished incorporation into complex lipids. In a mouse model experiment, Rajagopal et al.,
showed that deletion of the de novo lipogenic enzyme fatty acid synthase from neural retina resulted in
progressive neurodegeneration and blindness, a phenomenon that was associated with decreased membrane
cholesterol content, as well as loss of discrete n-3 polyunsaturated fatty acid— and saturated fatty acid—con-
taining phospholipid species within specialized membrane microdomains (22). The gene expression findings
are aligned with differential abundance of fatty acids and complex lipids observed as a function of DR. This
suggests that the underlying mechanisms for retinal differential lipid alterations may involve general reduction
in central retinal lipid synthesis and downregulation of retinal elongases, leading to diminished synthesis of
longer fatty acids and their decreased incorporation in longer polyunsaturated complex lipids (5), along with
compensatory upregulation of SMPD1 and LPCAT3. In parallel, diminished cytosolic long-chain ACs con-
tribute to inefficient mitochondrial transfer of long-chain fatty acids, resulting in their incomplete mitochon-
drial B-oxidation (5). In this context, the upregulation of ACOX2 in the central retina is likely a compensatory
mechanism aimed at overcoming this inefficient f-oxidation. Incomplete B-oxidation of fatty acids, when
coupled with diminished synthesis of complex lipids, may further promote progressive degenerative processes
(5). Alternatively, our data point to other potential disease mechanisms, including PA-mediated reduction in
mTOR signaling promoting increased cell death (23), and glucosylceramide- and glycosphingolipid-mediated
worsening of local insulin resistance and cell death (24). Decreased retinal long- and very long—chain polyun-
saturated fatty acids can also compromise integrity of photoreceptor outer segments (25).

This study has several strengths. The approach to tissue lipid identification and quantification in a post-
mortem tissue is potentially novel and provides valuable insights into the pathophysiology of disease. The
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Table 4. Baseline characteristics of postmortem donors for transcriptomics

Variables No DM DM, no DR DM, with DR P value
n 22 22 20
Age (years) 68 +5.5 69 +4.8 66+ 7.6 0.2572
Sex (%) 0.0332
Male (%) 8 (36.4) 10 (45.5) 15 (75.0)
Female (%) 14 (63.6) 12 (54.5) 5(25.0)
Race/ethnicity 0.1059
White (%) 22 (100) 22 (100) 18 (90)
African American (%) 0(0) 0(0) 1(5)
Hispanic (%) 0 (0) 0 (0) 1(5)
HbA1c (%) N/A 73+2.0 76 +17 0.6899
Diabetes duration (years) N/A 13.6 +10.4 14.3 £13.5 0.8736
Death-enucleation interval (hours) 73+14 75+1.8 79+1.6 0.393
Comorbidities
Hypertension (%) 12 (54.4) 10 (45.5) 17 (85.0) 0.024
Hyperlipidemia (%) 3(13.6) 4(18.2) 8 (40.0) 0.102
Coronary artery disease (%) 4(18.2) 6(30.0) 10 (45.5) 0.147
Cancer (%) 13 (59.1) 6(30.0) 7(31.8) 0.093
Kidney Failure (%) 4(18.2) 7(35.0) 5(22.7) 0.433
COPD (%) 3(13.6) 4(20.0) 5(22.7) 0.731

Values are mean + SD or count and relative frequency. DM, diabetes mellitus; DR, diabetic retinopathy. P values are
from 1-way ANOVA, except for HbAlc and diabetes duration, for which it is 2-tailed Student’s t test.

Pima cohort is also a very well phenotyped cohort of patients with type 2 diabetes with high-quality clinical
data and biosamples that provided the opportunity for parallel investigation of circulatory lipids. A major
strength of this study is alignment of circulatory lipid alterations with the retinal lipids, suggesting that a simi-
lar change in circulatory lipids may be used as a surrogate of retinal tissue lipid metabolic derangements. The
lipidomic platform provides high-quality data, with low coefficients of variation and minimal or no batch-
to-batch variability. The platform also enabled us to identify a large array of lipids from various classes with
various chain lengths and saturation status, and this contributes to a highly granular data structure.

This study also has limitations. The observational nature of the study does not allow inferring causality.
However, when these observational data are coupled with existing established lipid biology knowledge,
important insight into pathophysiology is gained. The cross-sectional nature of data collection precludes a
flux analysis and, therefore, relative contribution of de novo lipogenesis and its products percentage cannot
be determined. The sample size in Pima Indians is relatively small, and 3 different cohorts contributed to
various samples. However, convergence of the findings by 3 different cohorts toward common lipid path-
ways points to a consilience that argues for validity of the findings, as opposed to chance findings. Like
other omics-type studies, our lipidomic platform generated a large array of lipids. Statistical approaches
relying on individual lipid alterations suffer from high FDR. However, we applied several data-reduction
strategies, including principal component analysis and mixed models, to reduce the large number of lipids
to a smaller number of lipid classes. These strategies reduced the risk of false discovery and increased the
covered variance by the lipid factors; hence, they optimized alignments with the study phenotypes. Sim-
ilarly, the integrative analysis applied the partial correlation-based sparsing technique with potential to
minimize false discovery. Fasting was not applicable to postmortem cohorts; however, unlike circulating
levels, retinal tissue lipids are unlikely to undergo rapid alteration in lipid content attributed to fasting. In
the postmortem study, there is potential for lipid and transcript alteration attributed to body degradation.
However, every single sample was quality controlled by TapeStation and gel analysis, and each showed a
similar profile when compared with samples obtained from the operating room. This is consistent with
prior studies that reported stability of postmortem lipids and transcripts with negligible changes attributed
to autolysis within 24 hours following death (26, 27). The retinal tissues were retrieved within 9 hours after
death, according to a research protocol that was applied uniformly to all 3 study groups, besides the highly
significant effect size attributed to study groups; therefore, the potential for biased lipid estimates in the
postmortem cohort is quite low. Although mRNA alterations are informative, they may not necessarily
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Table 5. Gene expression in central retina by study groups

Central retina

Pathway Gene name Nondiabetic :::;:;;’t:; re:lil::::tchy
Glycerophospholipid metabolism AASDHPPT 8.75 8.575 6.5334
B-Oxidation ACOX2 0.62 1 1.033*
Glycerophospholipid metabolism AGPAT1 16.38 21.03* 19.58
Serine/threonine kinase 1 AKT1 6.2 8.575% 7.7
N-Glycan biosynthesis ALG2 6.8 5.24* 5.3674
Steroid hormone biosynthesis CYP11A1 0.5 0.86 0.8333*
Glycerophospholipid metabolism DGKI 12.04 8.85 8.467%
Steroid biosynthesis FDFT1 21.93 2242 17.538
Sphingolipid metabolism GBA 7417 9.34 9.4754
Fatty acid elongation HADHA 2116 20.34 17174
Glycerophospholipid metabolism LPL 14 9.46 8.aA
P.rotm.n kinase, phospholipase D MAPK3 24.02 33.93 34.584
signaling pathway

Cholesterol metabolism NSDHL 8.82 9.2 78
Serine-threonine kinase PAK3 6.34 5.9 4.233A
Glycerophospholipid metabolism PEMT 444 4.625 5.75%
3-Phosphoinositide biosynthesis PIK3R1 2313 22.96 27.33
De novo fatty acid biosynthesis PLA2G4A 0.66 042 0.3%
Metabolic pathways PMVK 13.5 12.6 10.37%
Ras homolog family member D RHOD 0.92 1.644 1.233
Glycosphingolipid metabolism SMPD1 12.56 1745 17.37%
Triacylglycerol biosynthesis LPCAT3 1433 1.68 2.367%
Glycerophospholipid metabolism PLPPR5 1.583 1.25 0.875%

Relative abundance of lipid metabolism-related genes significantly affected by diabetes and or DR by RNA deep sequencing
of the central (perimacular). P < 0.05 compared with nondiabetic; 8P < 0.05 compared with nondiabetic samples.

correlate with enzyme activity; therefore, along with replication of the lipidomic findings in more diverse
ethnic groups, further mechanistic studies will be required to assess alterations in enzyme activity. Howev-
er, findings in the Pima cohort have characteristically been confirmed in other populations.

These findings have important clinical implications. In a systematic review of randomized controlled
clinical trials, the effect of statins on DR was uncertain, but fibrates reduced the incidence of macular ede-
ma by 45% (28). Our results illustrate widespread retinal lipid alterations that span a wide array of lipids
representative of metabolic pathways above and beyond the cholesterol synthesis pathway. Furthermore,
while DR is known to be driven by hyperglycemia, marked lipid alterations associated with DR — includ-
ing downregulation of complex lipid contents in retina, along with impaired p-oxidation of fatty acids —
highlight a significant derangement in retinal lipid metabolism. These findings suggest that altered retinal
and systemic lipid metabolism might be a novel risk factor for development or worsening of DR, and that
novel targeted interventions aimed at optimizing systemic or retinal lipid metabolism might have additive
clinical outcome benefits above and beyond optimal glycemic control. Further research is required to deter-
mine if such targeted interventions might mitigate or prevent risk of DR in diabetes.

In conclusion, our findings suggest diminished elongation and desaturation of fatty acids associated
with a worsening stage of DR. Associated low abundance of complex lipids and long-chain ACs also
suggest diminished incorporation of longer and polyunsaturated fatty acids in newly synthesized complex
lipids, and their diminished mitochondrial B-oxidation, respectively.

Methods

Cohort selection. Details of the American Indian study population and participant recruitment are published else-
where (6, 17). In brief, Pima Indians from the Gila River Indian Community participated in a longitudinal study
of diabetes and its complications. In total, 169 of the study participants were recruited between 1996 and 2001
for a randomized, double-blind, placebo-controlled clinical trial to assess the efficacy of the angiotensin receptor
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Table 6. Gene expression in peripheral retina by study groups

Peripheral retina

Gene name Nondiabetic Diabetic I:l_iabetic
retinopathy

Regulation of RACT1 and CDC42 activity ARHCAP17 1 112 2h
Apoptosis CASP1 0.12 0.15 0.4*
Sphingolipid metabolism CERS4 19.32 24.03A 22.98%
Sphingolipid metabolism DEGS1T 10.5 1.5 1415~
Glycerophospholipid metabolism DGKG 0.68 0.7 1.48%
Protein phosphatase DUSPM 2.84 2.575 3.9258
Type O-glycan biosynthesis GALNT1 10.78 12.46 12.38%
Sphingolipid metabolism GALNT16 0.68 0.74 0.475*
Sphingolipid metabolism GBA 7.52 8.1 9.24
G protein signaling GNA12 4.98 6.74% 7R
Phosphatidylinositol signaling PIK3C2A 9.24 10.9 12.22%
Glycerophospholipid metabolism PLA2G12A 7.2 7.55 8.96"
Glycerophospholipid metabolism PLD2 1.5 2.284 2.32%
Biosynthesis of unsaturated fatty acids SCD 12.88 17.28 21.94
Fatty acid degradation ACAT2 2.933 315 4.06%
Triacylglycerol biosynthesis LPCAT3 13 1.66 2.924

Relative abundance of lipid metabolism-related genes significantly affected by diabetes and or DR by RNA deep
sequencing of the peripheral retina. *P < 0.05 compared with nondiabetic samples; 8P < 0.05 compared with
nondiabetic samples.

blocker losartan on onset and progression of diabetic nephropathy in type 2 diabetes (NCT00340678). The Pima
study flow is shown in Figure 1A. Of 169 participants in the clinical trial, 28 patients who provided serum sam-
ples at the end of the trial and had a retinal examination within 2.5 years of that sample collection were selected
for lipidomic analysis. Retinal photographs were taken using the Joslin Vision Network—Indian Health Service
(JVN-IHS) protocol described in detail elsewhere (29). In brief, the JVN-IHS program uses a 45° field of view
low-illumination nonmydriatic digital imaging system to obtain retinal images. Five photographs are taken per
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Figure 6. Comparing lipid-related gene expression in central and peripheral retina by study groups. (A and B) Relative
expression (Z score) of the lipid metabolism-related genes significantly affected by diabetes and DR in the central (left;

CR) and peripheral (right; PR) retina, analyzed by RNA deep sequencing. n for both panels is 6, 6, and 4 for participants
without diabetes, diabetes without DR, and diabetes with DR, respectively.
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Figure 7. Similar lipid alterations in serum and retinal suggesting parallel changes in the 2 compartments. Left panel shows the serum lipidomics in
moderate nonproliferative diabetic retinopathy (n = 9), and right panel shows central retinal lipidomics in diabetes with retinopathy (n = 20). The x axis in
all panels represents carbon number, and the y axis represents the number of double bonds.

eye (three 45° images and two 30° images) with grading undertaken at the JVN-IHS reading center in Phoenix
(Arizona, USA). Retinopathy grades are based upon the gold-standard Early Treatment Diabetic Retinopathy
Study (ETDRS) grading (30) into the categories of no retinopathy; NPDR was graded as minimal, mild, mod-
erate, severe, or very severe; and proliferative DR was graded as quiescent, less than high-risk, and high-risk. For
this study, the retinopathy grade was based on the finding in the worst eye at the retinal examination closest to
the date of serum collection for the lipid analysis. Sex was self-reported in all participants.

Postmortem eye selection and ascertainment of retinopathy. Ocular tissues were recovered from human cadav-
ers within 9 hours of death and immediately frozen until processing from Eversight (Ann Arbor, Michigan,
USA). Fragments of central (perimacular) and peripheral retina were isolated as done previously (31). Cen-
tral retina is defined as the approximate equivalent of the standard 7-field photography region based on the
optic nerve head, macula, and retinal vasculature architecture. Retinal punches were subsequently processed
for untargeted lipidomic analysis by mass spectrometry (MS; see below for details of methods), RNA deep
sequencing, or JPCR. At reception of the samples, retinopathy grading was confirmed by fundus photographs
and optical coherence tomography performed in the laboratory. None of the donors had proliferative retinop-
athy, vitreous hemorrhage, or diabetic macular edema. For the lipidomic analysis, tissues were obtained from
19 nondiabetic donors, 20 participants with diabetes without retinopathy, and 20 diabetic donors with NPDR.
For the RNA deep sequencing analysis, tissues were obtained from 6 nondiabetic donors, 6 participants with
diabetes without retinopathy, and 4 diabetic donors with NPDR, and the results were validated by gPCR on
tissues from 22 nondiabetic donors, 22 participants with diabetes without retinopathy, and 20 diabetic donors
with NPDR. The groups were balanced as best as possible by race, sex, and age. Diabetes duration was com-
parable with no statistically significant difference between the diabetic donors with and without retinopathy,
but HbAlc was higher in donors with DR as compared with donors without DR for the lipidomics study (P
= 0.0176; Table 3). Males were slightly overrepresented for the transcriptomic analysis (P = 0.0332; Table 4).
Sex and race were self-reported in all participants.
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Sample preparation and MS. The details of sample preparation and MS are presented elsewhere (6, 32, 33).
In brief, 10 uL of serum sample or 5 mg of sonicated retinal tissue were added to water/methanol/dichloro-
methane at room temperature with 2:2:2 volume ratio, followed by spiking internal standards PC17:0/17:0,
LPC 17:0, PG 17:0/17:0, PE 17:0/17:0, TAG 17:0/17:0/17:0, SM 18:1/17:0, MAG 17:0, DAG 16:0/18:1,
CE 17:0, ceramide d18:1/17:0, PA 17:0, PI 17:0/20:4, and PS 17:0/17:0. After collecting the organic layer,
the extracts were dried under nitrogen and reconstituted by adding 100 pL of acetonitrile/water/isopro-
pyl alcohol (10:5:85) followed by 10 mM ammonium acetate (NH,OAc). Then, the extracts were exam-
ined by liquid chromatography—-MS (LC/MS), utilizing ABSciex quadrupole TOF-5600 mass spectrometer
equipped with a Turbo VTM ion source (AB Sciex) and Shimadzu CTO-20A Nexera X2 UHPLC with
water acquity UPLC HSS T3 1.8 um column (Waters). ACs were quantified by LC/MS using an Agilent
6410 triple-quadrupole tandem mass spectrometer (Agilent) with a targeted method described previously (7).

Quality control. We injected a pool of study samples at the beginning and after every 20 runs in the lipid-
omics study and after every 10—15 runs in the AC study. The low coefficients of variations and minimal batch-
to-batch variation are shown in Supplemental Figures 2-5.

Expression analysis. Total RNA was purified with an RNA preparation kit (RNeasy Plus Mini Kit; Qiagen)
and a homogenizer (QIAshredder; Qiagen). Paired-end RNA deep sequencing analysis was performed by
the University of Michigan DNA genomic core following quality assessment using the TapeStation system
(Agilent). gPCR and duplex qPCRs were performed as previously described (34) using gene-specific primers
and fluorescent dye—labeled probes (Applied Biosystems Life Technologies). Reactions were performed and
monitored using a real-time PCR system (CFX384; Bio-Rad). Relative normalized mRNA levels were calcu-
lated using the AACt method.

Statistics. Mean * SD and count (%) were used for description of normally distributed continuous and cat-
egorical variables, respectively. Median + IQR was applied for description of skewed variables. We used 1-way
ANOVA with Bonferroni post hoc analysis to correct for multiplicity to compare mean values of normally
distributed continuous variables and the Kruskal-Wallis test to compare distribution of skewed continuous
variables across the 3 groups. We used 2-tailed ¢ tests to compare duration of diabetes in participants with and
without diabetes or mild and moderate NPDR. We applied y? to test the association of categorical variables
with study groups. The lipidomic data were intraclass lipid sum normalized, logit transformed, and Z score
standardized for the downstream analysis. We used mixed models corrected for acyl chain carbon content and
number of double bonds to compare intraclass lipid mean values across study groups. To explore the effect of
potential confounders, the models were also adjusted by the imbalanced background covariates, followed by
stepwise deletion of nonsignificant variables from the models. To reduce the intraclass lipids into subclasses,
we further applied principal component analysis with varimax orthogonal rotation. To identify the topology
of lipid classes, we generated a group-adjusted partial correlation matrix. We applied canonical discriminant
analysis to separate study groups by proposed lipid markers. As the findings are stemmed on lipids as class
rather than individual lipids, the power analysis was performed for discriminant analysis using the canonical
discriminant functions separating the study groups. Accordingly, the discriminant analysis with 2 canonical
discriminant functions in 12 participants without retinopathy, 7 with mild NPDR, and 9 with moderate NPDR
in the Pima cohort with 96.4% model accuracy achieved over 95% power to discriminate study groups with 4
degrees of freedom using a y? test at o of 0.01. Similarly, the discriminant analysis with 2 canonical discrim-
inant functions in 19 participants without diabetes, 20 with diabetes but without DR, and 20 with DR in a
postmortem cohort with 100% model accuracy achieved over 95% power to discriminate study groups with 4
degrees of freedom using a y* test at o of 0.01.

Study approval. The study was approved by the IRB 0000006 at the NIDDK. All participants gave signed
informed consent prior to their participation in the study.
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