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Association of serum adiponectin
and leptin levels with inner retinal
thickness among individuals with
or without elevated HbAlc
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& Mira M. Sachdeva’***

Inner retinal thinning precedes clinical evidence of retinopathy in prediabetes and diabetes mellitus
(DM), and may contribute to retinopathy development and progression. Serum levels of the adipokines
leptin and adiponectin are inversely related in the setting of impaired glucose homeostasis, but their
potential association with inner retinal thickness is unknown. In this prospective study, both eyes from
24 individuals with prediabetes or type 2 DM (glycated hemoglobin [HbA1c]=5.7) and 16 controls
(HbA1c<5.7) underwent spectral-domain optical coherence tomography imaging of the macula, and
thickness of the nerve fiber layer (NFL) and ganglion cell layer-inner plexiform layer (GCL-IPL) was
analyzed in each subfield of the Early Treatment Diabetic Retinopathy Study grid. Serum samples
were collected and metabolic factors, including adiponectin and leptin, were measured. Adjusted
regression analyses revealed inverse associations of these adipokines with NFL thickness that did not
differ between prediabetes/DM and controls, but differential positive associations of adiponectin with
GCL-IPL thickness only in the prediabetes/DM group. The results of our pilot study suggest opposing
roles for adiponectin and leptin in the retina, similar to their relationship in systemic disease, and
suggest that serum adiponectin may represent a potential clinical biomarker for inner retinal thickness
in patients with elevated HbAlc.

Abbreviations

HbAlc  Glycated hemoglobin

RAGE Receptor for advanced glycation end products
NEFA Non-esterifed fatty acids

SBP Systolic blood pressure
BUN Blood urea nitrogen
Cr Creatinine

Diabetic retinopathy (DR) is one of the most common microvascular complications of diabetes mellitus (DM) and
the leading cause of preventable blindness in the working age population despite currently-available treatments,
suggesting a need for improved risk stratification and earlier intervention'. Recent estimates indicate that
approximately 462 million individuals are affected by type 2 DM worldwide, and that the prevalence continues
to increase’.

The link between elevated serum glucose levels or glycated hemoglobin (HbAlc) and DR has been well-
established by several studies including the UK prospective diabetes study (UKPDS)*. Prediabetes, defined as
HbAIc of 5.7-6.4%, represents an early stage of glucose dysregulation not reaching the diagnostic threshold for

DM (HbA1lc>6.4%), that increases risk of type 2 DM and itself can be associated with retinopathy>®.
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In addition to chronic hyperglycemia, as indicated by HbAlc levels, several other modifiable metabolic
measures including systolic blood pressure (SBP), body mass index (BMI), and dyslipidemia, have been
recognized as risk factors for retinopathy”®. Obesity, defined as BMI of >30 kg/m? is associated with altered
secretion of adipokines from adipose tissue, significantly influencing the development of DM complications>!°.
Serum levels of adiponectin, an adipokine with insulin sensitizing, anti-oxidative, and anti-inflammatory
properties, are lower in individuals with obesity, prediabetes, and type 2 DM!1-13, Conversely, leptin increases
with adiposity and possesses pro-inflammatory characteristics'®!4.

While DR remains defined and staged based on its retinal microvascular findings, increasing evidence
indicates that neurodegenerative changes including thinning of the inner retina precede clinically evident DR, and
may even contribute to DR development and progression'>-2. Although there are several studies reporting the
relationship with adipokines and DR, their potential association with early diabetic retinal neurodegeneration is
unknown?'~?. In this study, we performed a topographical quantitative assessment of the inner retinal thickness
of the macula in individuals with prediabetes or type 2 DM and age/sex-matched controls, and assessed the
association of inner retinal thickness with clinically relevant metabolic factors, including adiponectin and leptin.

Results

A total of 24 individuals with prediabetes or type 2 DM (HbA1lc>5.7%) and 16 controls (HbAlc<5.7%) were
included in this study. Age, sex, and metabolic parameters were similar between groups, with the exception of
HbA1lc and cholesterol (Table 1). Mean nerve fiber layer (NFL) and ganglion cell layer-inner plexiform layer
(GCL-IPL) thickness in each Early Treatment Diabetic Retinopathy Study (ETDRS) subfield of the macula was
also not different between the groups, potentially due to the small sample size (Table 2). None of the study
participants had clinical evidence of DR. Medications taken by participants are described in Supplementary
Table 1.

When evaluating the eyes of all participants together after adjusting for age, sex, and axial length, we observed
significant positive associations between serum adiponectin levels and NFL thickness in the nasal inner (NI)
(0.206 [CI: 0.074, 0.338], q=0.018), nasal outer (NO) (0.380 [CI: 0.153, 0.606], q=0.018), and temporal inner
(TT) subfields (0.086 [CI: 0.030, 0.143, q=0.018), but no statistically significant associations between leptin levels
and NFL thickness (Table 3). For GCL-IPL thickness, we observed mostly positive associations with adiponectin
and negative associations with leptin across all ETDRS subfields, but none that reached statistical significance
after multiple comparison adjustment (Table 4).

Interestingly, regression analyses for the groups separately revealed overall similar positive associations with
adiponectin for both NFL and GCL-IPL thickness. Regarding NFL thickness, significant positive associations
with adiponectin levels were observed in the prediabetes/type 2DM group in the NI (0.292 [CI: 0.119, 0.466],
q=0.014), NO (0.533 [CI: 0.233, 0.833], =0.014), and inferior inner (II) (0.268 [CI: 0.093, 0.443], q=0.027)
ETDRS subfields, whereas no significant associations of adiponectin levels and NFL thickness were noted
for the control group (Fig. 1A, B). There were no significant differential positive associations of adiponectin
with NFL thickness in the prediabetes/type2DM group compared with controls (Fig. 1C). Conversely, leptin
primarily showed negative associations with NFL in the control and prediabetes/type2DM groups, but none
were statistically significant after multiple comparison adjustment (Fig. 1D, E). Overall, these associations were
not significantly different between groups (Fig. 1F).

Regarding GCL-IPL thickness, adiponectin levels demonstrated positive associations nearly exclusively in
the prediabetes/type 2DM group, specifically in the central subfield (CSF), superior inner (SI), superior outer
(SO), NI, TI and temporal outer (TO) subfields (0.559 [CIL: 0.121, 0.996], q=0.046, 0.425 [CL: 0.071, 0.780],
q=0.047,0.316 [CI: 0.084, 0.548], q=0.046, 0.450 [CI: 0.085, 0.814], q=0.046, 0.549 [CI: 0.153, 0.946], q =0.046,

Control

(n=16) Prediabetes/type2 DM (n=24; 12 preDM, 12 type 2DM) | p-value
Age (years)” 70.7 (6.3) 71.9 (6.2) 0.56
Sex® Female | 9 (56%) 13 (54%) 0.90

Male 7 (44%) 11 (46%)

HbAlc (%) 5.3(0.3) 6.9 (1.3) <0.001
Adiponectin (pug/mL) 11.6 (8.6) 11.0 (9.2) 0.85
Leptin (ng/mL)" 26.8(21.9) |24.0(11.2) 0.59
RAGE (ng/mL)" 11.5(3.0) 13.4(7.1) 0.34
NEFA (mM) * 0.9 (0.2) 1.0 (0.3) 0.39
SBP (mmHg)" 151.6 (25.4) | 142.9 (20.1) 0.23
Cholesterol (mg/dL)" 224.9 (40.5) | 195.6 (26.7) 0.009
Ketone (mM)" 0.2 (0.4) 0.1(0.1) 0.11
BUN/Cr' 15.8 (3.8) 17.9 (4.2) 0.13

Table 1. Baseline characteristics of participants in control and prediabetes/type 2 DM groups. "For continuous
variables, means are presented with standard deviations in parentheses, and compared with t-tests. SFor
categorical variables, means are presented with percentage in parentheses, and compared with chi-squared
tests.
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Control Prediabetes/type 2DM | Total
EDTRS subfield | (n=32 eyes) | (n=48 eyes) (n=80 eyes) | p-value
NFL thickness (um)
CSF 13.3(2.3) 12.6 (3.9) 12.9 (3.4) 0.40
SI 24.1 (3.6) 23.2(2.8) 23.5(3.1) 0.21
SO 38.4 (6.9) 37.2 (4.0) 37.6 (5.3) 0.38
NI 21.4 (3.5) 20.8 (4.8) 21.0 (4.3) 0.50
NO 49.0 (7.1) 48.1(8.3) 48.5(7.8) 0.56
II 24.1(3.8) 23.9 (4.4) 24.0 (4.2) 0.68
10 38.1(6.8) 38.0 (6.8) 38.1 (6.8) 0.86
TI 172 (2.1) 17.5 (2.1) 174 (2.1) 0.60
TO 19.2 (2.0) 19.5(2.3) 19.4 (2.1) 0.75
GCL-IPL thickness (um)
CSF 39.4(9.5) 35.8 (10.9) 37.2(10.4) 0.13
SI 87.0 (8.4) 88.0 (7.9) 87.6 (8.0) 0.98
SO 56.5 (5.4) 59.2 (5.6) 58.1 (5.6) 0.15
NI 88.3(9.2) 87.2 (8.5) 87.6 (8.7) 0.49
NO 59.8 (7.1) 60.8 (5.8) 60.4 (6.3) 0.69
II 86.8 (9.7) 86.0 (8.3) 86.3 (8.8) 0.57
10 57.6 (6.0) 57.1 (6.1) 57.3 (6.0) 0.72
TI 84.1(10.2) 81.9 (8.8) 82.8 (9.4) 0.22
TO 62.8 (5.2) 64.2 (6.4) 63.7 (6.0) 0.48

Table 2. Comparison of mean NFL and GCL-IPL thickness values between prediabetes/type 2DM and control
groups. Data are presented as mean thickness with standard deviation in parentheses. Abbreviations: NFL,
nerve fiber layer; GCL-IPL, ganglion cell layer-inner plexiform layer; CSE, central subfield; SI, superior inner;
SO, superior outer; NI, nasal inner; NO, nasal outer; II, inferior inner; IO, inferior outer; T, temporal inner;
TO, temporal outer.

ETDRS subfield | Adiponectin qvalue | Leptin q value
CSF 0.102 (0.007, 0.196) | 0.093 0.006 (-0.050, 0.062) 0.877
SI 0.109 (0.023,0.194) | 0.059 -0.057 (-0.104, -0.009) | 0.068
SO 0.072 (-0.092, 0.235) | 0.50 -0.093 (-0.182, -0.003) | 0.095
NI 0.206 (0.074, 0.338) | 0.018* | -0.030 (-0.107, 0.046) | 0.521
NO 0.380 (0.153, 0.606) | 0.018* | -0.120 (-0.251,0.010) | 0.118
1I 0.133 (-0.002, 0.267) | 0.108 -0.059 (-0.137,0.019) | 0.194
10 0.191(-0.017,0.398) | 0.12 -0.105 (-0.223,0.014) | 0.126
TI 0.086 (0.030, 0.143) | 0.018* | 0.003 (-0.032, 0.038) 0.877
TO 0.069 (0.006, 0.131) | 0.093 -0.004 (-0.041, 0.033) | 0.877

Table 3. Adjusted regression analyses of associations of serum adiponectin and leptin levels with NFL
thickness across all ETDRS regions among all participants. Values reported as regression coefficient (95%
confidence interval). Asterisk indicates statistical significance. Abbreviations: NFL, nerve fiber layer; CSF,
central subfield; SI, superior inner; SO, superior outer; NI, nasal inner; NO, nasal outer; II, inferior inner; 10,
inferior outer; T, temporal inner; TO, temporal outer.

and 0.375 [CI: 0.136, 0.614], q=0.027, respectively) (Fig. 2A, B). Interestingly, there was a differential association
of adiponectin with GCL-IPL thickness in the prediabetes/type 2DM versus control groups in the SI (q=0.046),
NI (q=0.027), II (p=q.046), and TI (q=0.046) subfields, suggesting that serum adiponectin levels may represent
a biomarker for parafoveal GCL-IPL thickness specifically in the setting of prediabetes/type 2DM (Fig. 2C).
Leptin showed no significant associations with GCL-IPL in either the control or prediabetes/type 2DM group,
and no differential association between prediabetes/type2 DM and control groups in any subfield (Fig. 2D-F).
The associations of the other metabolic factors with NFL and GCL-IPL thickness are shown in Supplementary
Tables 2 and 3. Notably, serum receptor for advanced glycation end products (RAGE) and non-esterified fatty
acid (NEFA) levels exhibited statistically significant associations only with GCL-IPL thickness. For RAGE,
there was a negative association with GCL-IPL thickness in the NO (-1.207 [CI: -2.196, -0.218]) subfield within
the control group only (p=0.017), and a differential association between control and prediabetes/type 2DM
groups in the NO subfield (1.124 [CI: 0.099, 2.149], p=0.032). NEFA showed negative associations with NI,
NO, IT and TO regions in the control group (-18.084 [CI: -35.375, -0.792] p=0.04, -15.695 [CI: -29.671, -1.720]
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ETDRS subfield | Adiponectin qvalue | Leptin q value
CSF 0.295 (-0.041, 0.631) | 0.191 -0.064 (-0.259, 0.132) | 0.656
SI 0.102 (-0.172,0.377) | 0.644 -0.181 (-0.327, -0.035) | 0.152
SO 0.134 (-0.048, 0.316) | 0.265 -0.100 (-0.201, 0.002) | 0.152
NI 0.034 (-0.265, 0.333) | 0.825 -0.125(-0.277,0.027) | 0.212
NO -0.047 (-0.289, 0.195) | 0.792 -0.116 (-0.237,0.005) | 0.152
1I 0.043 (-0.252, 0.337) | 0.823 -0.158 (-0.317,0.002) | 0.152
10 0.130 (-0.065, 0.326) | 0.287 -0.035 (-0.148, 0.078) | 0.656
TI 0.219 (-0.088, 0.527) | 0.265 -0.176 (-0.346, -0.006) | 0.152
TO 0.205 (0.023, 0.387) 0.152 -0.111 (-0.215, -0.007) | 0.152

Table 4. Adjusted regression analyses of associations of serum adiponectin and leptin levels with GCL-IPL
thickness across all ETDRS regions among all participants. Values reported as regression coefficient (95%
confidence interval). Abbreviations: GCL-IPL, ganglion cell layer-inner plexiform layer; CSE central subfield;
SI, superior inner; SO, superior outer; NI, nasal inner; NO, nasal outer; II, inferior inner; IO, inferior outer; T1I,
temporal inner; TO, temporal outer.

p=0.028, -22.794 [CI: -41.014, -4.575] p=0.014 and - 12.634 [CI: -24.879, -0.389] p=0.043, respectively), with
no differential association between control and prediabetes/type 2DM in any subfield.

Other metabolic variables, such as SBP, cholesterol, BUN/Cr and ketones displayed sporadic associations with
inner retinal thickness measurements across the ETDRS regions for both groups (see Supplementary Tables 2
and 3). While mean serum cholesterol was significantly different between the control and prediabetes/type2 DM
groups (Table 1), it only showed a significant association with NFL thickness in the SO subfield (Supplementary
Table 2). In order to assess for a potential contribution of the difference in serum cholesterol between groups
to our primary findings, we carried out a sensitivity analysis by additionally adjusting for cholesterol when
determining the association of adiponectin and leptin with NFL thickness in the SO region. This did not change
our results as shown in Figs. 1 and 2, suggesting that our findings are not likely affected by the difference in mean
cholesterol levels between our comparison groups.

Discussion

Inner retinal thinning, specifically of the GCL-IPL complex and in some reports the NFL, precedes overt D
In this pilot study, our aim was to evaluate associations between metabolic factors related to prediabetes/type
2 DM and topographical thickness of these retinal layers, as assessed by OCT. Adiponectin and leptin, two of
the major adipokines, have inverse levels in obesity and diabetes, and opposing roles in systemic inflammation
and insulin sensitivity?®. Overall, our observations revealed statistically-significant positive associations between
adiponectin and inner retinal thickness, while associations with leptin were mostly negative though did not
reach statistical significance after adjusting for multiple comparisons.

Adiponectin is the most abundant hormone secreted by adipocytes (i.e. an adipokine), and has potent insulin
sensitizing, anti-inflammatory and anti-oxidative actions!*. Serum adiponectin levels correlate inversely with
obesity and adiposity and exert a protective role in the pathophysiology of DM!%. Adiponectin has also been
implicated in neurodegeneration and dementia?®. However, the role of adiponectin in diabetic eye disease is
unclear. Yang et al. found elevated serum and aqueous humor (AH) adiponectin levels in individuals with DR
compared with nondiabetic controls, and correlated adiponectin levels with progression of DR?2. In a subsequent
study, they further observed a significant association between DR severity and total central foveal thickness
with concentrations of adiponectin in the AH*. Other reports have presented evidence contradicting a role of
adiponectin in DR*-%3. To our knowledge, despite multiple studies investigating the association of adiponectin
with microvascular complications in the retina, and one study that assessed peripapillary NFL thickness, ours
is the first to evaluate its association with inner neuroretinal thickness in the macula®!. We observed a positive
association of adiponectin with NFL thickness primarily in the nasal and temporal quadrants of the macula
among all participants. Similarly, overall positive associations were also observed between adiponectin and
GCL-IPL in most subfields but these associations did not reach statistical significance. When stratified into
prediabetes/type2DM and control groups, we observed that these associations remained mostly positive for both
NFL and GCL-IPL thickness. Notably, adiponectin levels were significantly associated with GCL-IPL thickness
only in the prediabetes/type 2DM group, with a significant difference in these associations between groups
for GCL-IPL specifically in the inner parafoveal ETDRS subfields (SI, NI, II, TI). These results suggest that
adiponectin may represent a candidate serum biomarker for the early diabetic retinal neurodegeneration that
precedes DR.

Leptin is an adipokine known for its role in obesity and regulation of feeding®. Leptin also regulates the
neuroendocrine axis and glucose metabolism and has pro-inflammatory actions'*%. Obesity is characterized
by hyperleptinemia, leptin resistance, insulin resistance, chronic inflammation, and increased risk of type 2
DM and cardiovascular disease®>?’. Increased leptin levels may contribute to the development and progression
of retinopathy?*2438-40_ Overall, inflammation associated with increased levels of leptin has been implicated in
promoting angiogenesis and oxidative stress exacerbating DR***>%°. However, some reports have not found a
relationship between leptin and DR?>3%. In our study, associations between leptin and NFL and GCL-IPL were
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Fig. 1. Adjusted regression analyses of associations of serum adiponectin (A, B) and leptin (D, E) with

NFL thickness across all ETDRS regions within control and prediabetes/ type 2DM groups, and differential
associations of adiponectin (C) and leptin (F) with NFL thickness between groups. For each EDTRS subfield,
the mean regression coefficient is graphed with the 95% confidence interval. Significant q-values (<0.05) are
noted in the manuscript text, and graphically represented by Cls that do not cross zero as indicated by the
dotted vertical line.

mainly negative but not statistically significant after multiple comparison adjustment, and with no significant
difference between control and prediabetes/type2DM groups.

Various other clinical or metabolic factors can also influence the risk of DR development. Increased anaerobic
glycolysis, lipid peroxidation, and generation of advanced glycation end-products (AGE) in response to increased
glucose levels have been associated with progression of DR*!. AGEs are formed through Maillard reaction of a
carbonyl group of glucose, lipid or amino acids. Accumulation of AGEs in diabetic patients induces oxidative
stress in the retina by interacting with the RAGE receptors on cell membranes. This continuous oxidative damage
may contribute to progression of DR through activation of proinflammatory factors and increased expression
of vascular endothelial growth factor (VEGF)***. In DM, reduced insulin action promotes lipolysis and an
increase in plasma NEFA levels. The rise in serum NEFA impairs normal lipid metabolism further and results
in accumulation of NEFA in insulin-sensitive tissues causing adipose tissue inflammation and contributing to
insulin resistance*#*. To date, potential associations between serum RAGE and NEFA levels with inner retinal
thickness have not been reported. Our study found a negative association between serum RAGE levels and GCL-
IPL thickness in the NO region of the macula in the control group, and this association was significantly different
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Fig. 2. Adjusted regression analyses of associations of serum adiponectin (A, B) and leptin (D, E) with GCL-
IPL thickness across all ETDRS regions within control and prediabetes/ type 2DM groups, and differential
associations of adiponectin (C) and leptin (F) with GCL-IPL thickness between groups. For each EDTRS
subfield, the mean regression coeflicient is graphed with the 95% confidence interval. Significant q-values
(<0.05) are noted in the manuscript text, and graphically represented by CIs that do not cross zero as indicated
by the dotted vertical line.

than the prediabetes/type 2DM group. We observed that serum NEFA levels were also negatively associated with
NI, NO, I and TO regions only in the control group.

While our study identified associations of serum adipokines with inner retinal thickness, there are
limitations. First, this pilot study included a small sample size. Second, we intentionally included a large number
of variables (retinal layers, ETDRS subfields, metabolic parameters) due to the exploratory nature of this study,
increasing the possibility of an inflated Type 1 error in our regression analyses. However, to correct for this,
multiple comparison adjustments were performed and the resulting q-values for associations of retinal thickness
with adiponectin and leptin are reported here. Third, the study population consisted primarily of older patients
(age range 59-91 years for the control group and 57-79 years for the prediabetes/type2 DM group), potentially
limiting the generalizability of our findings, although our retinal thickness analyses were adjusted for age.
Finally, due to the small sample size, we considered participants with prediabetes and type 2 DM together rather
than separating those with prediabetes from type 2 DM into different groups. While we prospectively measured
HbAlc as part of our study protocol, unfortunately prior values were not available for all subjects or, in some
cases, only limited data were available. With those limitations, all individuals with DM only had previous HbAlc
values within the diabetes range (>6.4%), documented anywhere from 2 to 20 years prior to the study inclusion,
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indicating longstanding impairments in glucose homeostasis. For the subjects with prediabetes, 8 out of 12
had no prior HbAlc available in the electronic medical record, nor carried a diagnosis of prediabetes at the
time of inclusion suggesting that these individuals may represent a very early stage of disease pathology. The
wide spectrum of disease duration in our prediabetes/DM group suggests that the observed association between
serum adiponectin and GCL-IPL thickness may have good generalizability among those with impaired glucose
homeostasis. However, we postulate that comparing these associations between normoglycemic, prediabetes,
and type 2 DM groups separately could offer additional insights into potential serum indicators of neuroretinal
thickness changes that precede overt diabetes.

Overall, in the prediabetes/type 2DM group, serum adiponectin levels demonstrated positive associations
with inner retinal thickness, whereas regression coefficients for associations with leptin were mostly negative in
control participants, indicating an opposing relationship with neuroretinal thickness similar to their opposing
roles in systemic disease. Interestingly, we observed a differential association between adiponectin and GCL-IPL
thickness in the prediabetes/type 2DM group compared with controls. The findings of this pilot study suggest
that in the setting of impaired glucose homeostasis (elevated HbAlc), serum adiponectin may be a biomarker
for inner retinal structural changes relevant to diabetic eye disease.

Methods

Subject recruitment

Adults (> 18 years of age) with and without type 2 DM were prospectively recruited from the Wilmer Eye Clinics
at Johns Hopkins University School of Medicine. Potentially-eligible participants with type 2 DM were identified
prior to their clinic visit by review of the electronic medical record (EMR), with the diagnosis of diabetes
determined by the American Diabetes Association (ADA) laboratory criteria of fasting serum glucose > 126 mg/
dL or glycated hemoglobin (HbAlc)>6.4% documented within the prior 12 months. Individuals with no
documented history of DM in their EMR were considered as potentially-eligible controls. Spectral domain
optical coherence tomography (OCT) of the macula was obtained on each participant, and individuals with
macular findings such as drusen, epiretinal membrane, and macular edema were excluded. Additional exclusion
criteria included history of uveitis, glaucoma, optic neuropathy, high myopia (>5 diopters by refraction),
other retinal pathology, neurodegenerative disease, and history of prior intraocular treatment (including laser
or intravitreal injection) or surgery. This study adhered to the tenets of the Declaration of Helsinki and was
approved by the Institutional Review Board at Johns Hopkins University School of Medicine. Written informed
consent was obtained from each participant.

Retinal thickness measurement

Spectral-domain OCT images of the macula of each eye were obtained for each participant on the Spectralis
instrument (Heidelberg Engineering, Heidelberg, Germany) using the following scan acquisition parameters:
dense volume scan (20° x 20°, roughly 6 x6 mm), 49 B-scans each spaced 120 pm apart, automatic real-time
mean of 16, high speed (512 A-scans/B-scan). All images were acquired by the same operator after pupillary
dilation with 2.5% phenylephrine and 1% tropicamide. Images were evaluated using the Heidelberg Eye Explorer
(Heyex) platform. The automated segmentation tool was used to identify the boundaries of the retinal layers,
and scan quality and segmentation accuracy were verified for each individual B scan by two masked graders
(NDK, EC). Minor manual adjustments to the segmentation were made if needed. Retinal thickness values were
obtained for the NFL and GCL-IPL complex in each of the 9 ETDRS subfields, i.e. the central fovea (1 mm
diameter) and the superior, inferior, nasal, and temporal inner (ring centered on fovea with diameter of 3 mm)
and outer (ring centered on fovea with diameter of 6 mm) subfields. These subfields were indicated as follows:
central subfield (CSF), superior inner (SI), superior outer (SO), nasal inner (NI), nasal outer (NO), inferior inner
(II), inferior outer (I0), temporal inner (TI) and temporal outer (TO).

Analysis of metabolic parameters and serum samples

Serum samples were collected, aliquoted, and immediately stored at -80 degrees for further analyses of
quantifiable markers associated with metabolic dysfunction. Adiponectin (Crystal Chem, Catalog #80571),
leptin (Crystal Chem, Catalog #80968), and RAGE (Fisher, Catalog #DRG00) were quantitatively analyzed by
ELISA, and beta-hydroxybutyric acid (Stanbio, Catalog # 2440-058) and NEFA (Wako NEFA-HR(2), Wako
Pure Chemical Industries Ltd., Osaka, Japan) levels assessed by enzymatic colorimetric assay according to
manufacturers’ protocols. Values for SBP, HbAlc, BUN, creatinine, and cholesterol on the day of serum collection
were extracted from the EMR. As several participants without type 2 DM were noted to have an elevated HbAlc
in the prediabetes range, we considered individuals with HbAlc>5.7% as the prediabetes/type 2DM group and
those <5.7% were considered as controls. All individuals in the control group were confirmed to not be taking
anti-hyperglycemic medications.

Statistical analyses

Patient demographics and clinical parameters were compared between the control and the prediabetes/type
2 DM groups. Chi-squared tests were used to compare the categorical variables, and the student’s t-tests were
used for the continuous variables. To compare the retinal thickness in different ETDRS subfields between the
two groups, the linear mixed effects models with a random intercept were used to account for the correlation
between measurements from two eyes from the same participant. To investigate the associations between the
retinal thickness outcomes and the metabolic parameters, and how they differed between the two groups, similar
linear mixed effects models with a random intercept were utilized, including interaction terms between the
indicator variable of prediabetes/type 2DM group and the metabolic variables, adjusting for age, sex, and axial
length. The metabolic variables were centered around their sample means. Multiple comparison adjustment
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was performed using the multiple-test procedures that control the False Discovery Rate (FDR) with the Simes
method. All the analyses were carried out using the statistical software, Stata version 17.0. A q value less than or
equal to 0.05 was considered as statistical significance.

Data availability

All

data generated or analyzed during this study are included in this manuscript and its supplementary infor-

mation files.
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