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Abstract

Purpose. To establish the diagnostic value of lactate versus
hypoxia-inducible factor (HIF)-1a concentration in the aque-
ous humor (AH) for determining the severity of diabetic reti-
nopathy DR.

Material and Methods. Totally, 110 type 2 diabetics with
DR (110 eyes) were involved in the study and divided into five
groups from no apparent retinopathy (DR0) to proliferative
DR (PDR) based on the 2003 international classification. The
control group included 25 non-diabetics. Lactate concentra-
tions (mg/mL) were determined in AH samples obtained dur-
ing cataract surgery, and HIF-10. concentrations (pg/mL) were
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determined in this cohort of patients in our previous study.

Results. AH lactate level increased with disease progres-
sion (p < 0.001), with a median level ranging from 0.32 mg/
mL in controls to 6.49 mg/mL in group 5 (PDR). A total accu-
racy was moderate (~60%) for both markers for the discrimi-
nation between all grades of the disease, but a high AH lactate
concentration (>8.56 mg/mL) was found to be highly specific
(98.9%) for confirming PDR. To assess the risk of DR pro-
gression, a total study sample was divided into two categories
(mild-to-moderate DR vs severe DR) on the basis of AH HIF-
Lo concentration, and a threshold of >377 pg/mL provided for
a total prediction accuracy of 71.9% and specificity 95.2%.

Conclusion. AH lactate and HIF-10o concentrations reflect
a gradient of hypoxic load in DR. Determining AH lactate
concentrations (a rule-in marker) is effective for severe condi-
tions, whereas determining AH HIF-1o concentrations should
be used for stratifying patients into risk groups to guide plan-
ning the intensity of supervision and treatment.

Keywords: diabetic retinopathy, type 2 diabetes mellitus, ret-
ina, lactate, hypoxia-inducible factor lo, biomarkers, aqueous
humor, disease progression.

Pestiome

Mema. Oyinumu OiaeHOCMUYHY YIHHICMb 8MICMY 1AK-
mamy y 6HympiuHb00UHIll PIOUHI Y CRIBCMABIEHH 3 THULUM
Maprepom 2INOKcii — 2inoKCis-iHOYyubenrbHUM dakmopom-
lo (HIF-1a), ons susnauennss msdickocmi diabemuunoi pe-
munonamii.

Mamepian ma memoou. Ob6cmedxceno 110 nayicumis
(110 ouet) i3 yykposum diabemom 2-20 muny, po3noOileHux
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Ha n'ame epyn i0nogioHo 0o msxckocmi JIP 3a miscHapoo-
Hoto kracugixayiero (2003): 6i0 eidcymuocmi pemunonamii
(P0) 0o nponighepamueroi cmadii (II/[P). Konmponvhy epy-
ny ckaanu 25 nayienmie 6e3 yykposoeo oiabemy. V enympiw-
Hboouril piouni (BOP), ompumaniii nio yac gaxoemynsbcu-
Qikayii kamapaxmu, suznauaiyu emicm aaxmamy (Me/mi), a
pisni HIF-1a (ne/mn) 6ynu eusHaueni y Hauiomy nonepeonbo-
MY QOCHIOHCEHHT YIET camoi Koeopmu NayicHmis.
Pesynomamu. Pisni nakmamy y BOP cmamucmuuno 3ua-
YYWo 3poCcmany NApaneibHo 3 MANCKICMIO 3aX80PI08AHHS
(p<0,001). Meoiana naxmamy niosuwunacs 6io 0,32 me/mn
y Kowmponi 00 6,49 me/mn npu ITJP. Tounicme diacnocmuku
KOHKpemHux n’amu cmaditi oyna nomiproio (~60% oas 060x
mapkepig). [lpome sucoki konyewmpayii raakmamy (>8,56 me/
Mn) suseunucs eucoxocneyugpiunum incmpymernmom (98,9%)
0L niomeepoxcenis nponighepamusnoi cmadii. [{ns oyinku

Introduction

Diabetic retinopathy (DR) remains a major cause of
global vision loss and substantially affects the working-
age population. It was a leading global cause of blindness
in those aged 50 years and older in 2020 [1]. Despite ad-
vances in ophthalmology, the global burden of eye disease
and visual disability is still high and has been steadily in-
creasing in recent decades [1]. In type 2 diabetes treated
with or without insulin, the incidence with 5 years of evo-
lution is 20% while with 15 years of evolution it reaches
80% [2].

Around 537 million people were living with diabetes in
2021 and these figures are constantly growing, with a pro-
jection of 783 million in 2045, and with a further increase
in the number of patients with DR [3]. It is technological
progress (autonomous screening for the disease, optical
coherence tomography angiography [OCTA] and novel
biomarkers) and personalized management of patients that
have been identified in prognostic reviews as key contribu-
tors to the efficacy of vision loss prevention due to DR
until 2030 [4].

The International Clinical Diabetic Retinopathy Dis-
ease Severity Scale (ICDR) includes no apparent retinopa-
thy, mild, moderate and severe non-proliferative diabetic
retinopathy (NPDR) and proliferative diabetic retinopa-
thy (PDR), whereas diabetic macular edema (DME) is
assessed separately from the grade of DR [5]. However,
structural fundus changes observed during dilated ophthal-
moscopy insufficiently reflect the ischemic component of
DR which manifests before the appearance of severe mi-
crovascular changes [6]. OCTA evidence of deep capillary
non-perfusion at baseline in eyes with clinically referable
NPDR can predict short-term DR complications with high
accuracy [7], and low macular vessel area density signifi-
cantly correlated with visual function in treatment-naive
diabetic eyes with edema [8]. Therefore, there is a rise in
the need for identifying the biochemical markers capable
of reflecting the degree of retinal hypoxia in DR.

Hypoxia-inducible factor (HIF)-1a is a key component
of ocular tissue response to hypoxia; it is a transcription

PUBUKY npocpecy8ants 0YN0 3aCMOCo8AHO NOOiN HA 08I epynu
(neexa/nomipra npomu msickoi JJP) na ocnosi HIF-1a: nopie
>377 ne/mn 3abe3neuus 3a2anbHy moyHicms npoeHosy 71,9%
npu cneyugiunocmi 95,2%.

Bucnosox. Buicm nakmamy ma HIF-1o. y BOP gido-
bpadicae epadicum 2inoxcuyno2o Hagammavicenns npu JIP.
Busnauenns naxmamy € epexmuerum 018 niomeepO#CeHHs
msxckux cmanig («rule-iny mapxep), mooi sik HIF-1o 0o-
yinvHiwe sukopucmosysamu 0isi cmpamuixayii nayicumis
YV epynu pusuxy 3a07s NAAHYEAHHS THMEHCUGHOCI Ha2asidy/
JIKY8AHHA.

Knwuosi cnosa: diabemuuna pemunonamis, yyKposut
diabem 2-20 muny; cimkieka, 1aKmam, 2inoKcis-inoyyubensb-
Hutl axmop-lo, 6iomaprepu, GHYMPIUHbOOYHA DpIOUHA,
npoepecysanist 3ax60PI0GANHSL.

factor that activates the expression of proangiogenic genes
and metabolism-regulating genes (e.g., vascular endothe-
lial growth factor [VEGF]) and shifts the metabolism of
glucose from oxidative phodphorylation to glycolysis to
reduce oxygen consumption by cells [9, 10]. In DR, this is
reflected by increased vascular permeability, formation of
microaneurysms, progressive capillary non-perfusion and
neoangiogenesis. Endothelial dysfunction and inflamma-
tion also play a major role and increase hypoxic distress
[11]. Taken in total, these mechanisms substantiated the
use of biomarkers of ocular tissue hypoxia for stratifying
the severity of DR and predicting DR complications.
Lactate, along with HIF 1o, has attracted the attention
of researchers of DR; it is a metabolite that reflects the
intensity of glycolysis and cell/tissue redox status, and can
be quantitatively measured [12]. Today, it is considered
not only a marker of hypoxia, but also a signaling mole-
cule with wide-ranging effects [12]. Metabolomic analysis
of aqueous humor (AH) in patients with DR demonstrated
a shift in the energy profile with an increase in the levels
of intermediary products of glycolysis (e.g., L-lactate) [13,
14]. Additionally, concentrations of lactate in the AH are
higher than those in the serum, which confirms the local
origin of this metabolite and, consequently, that it is advis-
able to measure it in the AH as a marker of ocular tissue
hypoxia [15]. Therefore, this provided preconditions for
assessing the two complementary markers of hypoxia, HIF
la (as a regulatory marker of hypoxia) and lactate (as a
metabolic fingerprint of hypoxia) directly in the AH.
Terminal effectors of angiogenesis, VEGF and pig-
ment epithelium-derived factor (PEDF) are still the most
clinically validated biomarkers for DR [16-18]; however,
a marker of early hypoxia (HIF-1a) and a marker of met-
abolic changes in hypoxia (lactate) may reflect the early
pathogenetic components of DR. It is these characteristics
that may potentially provide an early signal on the transi-
tion to severe phenotypes of the disease, which is critically
important for screening tools. We have previously estab-
lished the diagnostic value of HIF-1a [19]; however, the
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search for more readily available metabolic indicators of
hypoxia (like lactate) is still ongoing, and these indicators
have not yet been directly compared with HIF-1a.

The purpose of this study was to establish the diagnos-
tic value of lactate versus HIF-1a concentration in the AH
for determining the severity of DR.

Material and Methods

This study followed ethical standards as outlined in the
1964 Helsinki declaration and its later amendments, the
European Convention on Human Rights and Biomedicine,
and relevant laws of Ukraine. The study was approved
by the local bioethics committee of the Bogomolets Na-
tional Medical University. This was a randomized cross-
sectional prospective cohort study. Informed consent was
obtained from all subjects.

The study included 110 type 2 diabetics with DR (110
eyes) who received surgery for age-related cataract. The
worse eye was used to classify the severity of DR [19]. Pa-
tients were divided into groups based on the ICDR severity
scale [5]: group 1, no apparent retinopathy (DRO; 15 eyes);
group 2, mild NPDR (NPDRI1, 40 eyes); group 3, mod-
erate NPDR (NPDR2, 25 eyes); group 4, severe NPDR
(NPDR3, 12 eyes); and group 5, PDR (18 eyes).

Patient age ranged from 50 to 76 years (median, 62.5;
interquartile range [IQR], 51.3-69). The patient sample
consisted of 92 males (83.6%) and 18 females (16.4%),
and there was no difference between males and females
in DR stage (p = 0.970). DME was present in 12 patients
(10.9%). Of these 12 patients, 10 (83.3%) were patients of
groups 4 and 5. The control group included 25 age- and
gender-matched non-diabetics who were treated surgically
for senile cataract.

Patients received visual acuity assessment with a pre-
mium-quality chart projector (CSO srl, Florence, Italy)
and Takagi VT-5 View Tester (Takagi Seiko, Nagano, Ja-
pan); autorefractometry (Topcon KR-7000P, Topcon Eu-
rope BV, Capelle a/d [Jssel, Netherlands); tonometry with
a Non-Contact Air-Puff Tonometer (Huvitz HNT 7000,

Huvitz, Dongan-gu, Anyang-si, Gyeonggi-do, South Ko-
rea); corneal pachymetry with the HNT-1P apparatus (Hu-
vitz); slit-lamp biomicroscopy with the SL-9900 LED 5X
slit lamp (CSO srl) and an indirect ophthalmoscope (Heine
Omega 600, Optotechnik GmbH, Gilching, Germany); go-
nioscopy with a three-mirror Goldmann lens; ophthalmos-
copy with a Volk Digital Wide Field Lens (Volk Optical,
Mentor, OH, USA) and a three-mirror Goldmann lens; and
OCT imaging with a HOCT-1F apparatus (Huvitz).

A 0.2-ml aqueous humor sample was obtained via an
anterior chamber paracentesis during cataract surgery. En-
zyme-linked immunosorbent assays from Invitrogen (Ther-
mo Fisher Scientific, Inc., Waltham, MA, USA) were used
to determine HIF-1a levels (pg/mL) in the same cohort of
patients in our previous study [19]. Aqueous humor lactate
levels (mg/mL) were determined enzymatically [20].

EZR v.1.54 (graphical user interface for R statistical
software version 4.0.3, R Foundation for Statistical Com-
puting, Vienna, Austria) [21] was used for statistical analy-
sis. Medians and IQR were calculated due to the skewness
of the data. The Kruskal-Wallis test was used for group
comparisons, followed by Dunn’s test for post hoc pair-
wise comparisons. Statistical significance was set at P <
0.05 for all analyses [22].

An open-source package for R and S+ was used to ana-
lyze and compare receiver operating characteristic (ROC)
curves and determine diagnostic ranges for lactate and
HIF-1a levels [23].

Results

Groups were comparable for age (p = 0.108). Median
age was 56 years for controls and ranged from 55 to 67
years for groups of patients (Table 1). Diabetes duration
increased with the severity of DR, from 5 years in group 1
(no apparent retinopathy) to 16.5 years in group 4 (severe
NPDR) (p < 0.001).

AH lactate level increased with disease progression (p
<0.001), with a median level ranging from 0.32 mg/mL in
controls and 0.64 mg/mL in group 1 (no apparent retinopa-

Table 1. Age, diabetes duration, and aqueous humor lactate concentrations (median, interquartile range) in the study groups

and controls

Groups
Characteristic Controls Group 1 Group 2 Group 3 Group 4 Group 5 P
(no apparent DR)| (NPDR1) (NPDR2) (NPDR3) (PDR)

Age. vears 56 55 59.5 66 67 65.5 0.108

ge.y (52.1-65) (51.3-64.8) (46.5-69.5) (51.5-73) (58-74.5) (61-69) ’
Diabetes ) Bode 10¢ 142 16.5° 15.5% <0.001
duration, years (3.3-7.5) (5-14.5) (10-18.5) (10-21) (15-25) '
Lactate, (0.32abcde 0.640bcde 1.610acde 3.40abe 5.7508b 6.490abe <0001
mg/mL (0.25-0.4) (0.58-0.76) (1.19-2.37) (2.61-4.60) (5.3-7.3) (5.81-7.2) ’

Note: The Kruskal-Wallis test was used for group comparisons, followed by Dunn’s test for post hoc pairwise comparisons. °,
significant difference (p < 0.05) from controls; 2, significant difference (p < 0.05) from group 1; 2, significant difference (p < 0.05)

from group 1; ®, significant difference (p < 0.05) from group 2;

¢, significant difference (p < 0.05) from group 3; ¢, significant

difference (p < 0.05) from group 4; ¢, significant difference (p < 0.05) from group 5
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thy) to 6.49 mg/mL in group 5 (PDR). Statistical analysis
confirmed significant differences between controls and all
clinical groups and between most intermediate stages.

We have determined previously [19] that AH HIF 1a
level (pg/mL; median [IQR]) increased more substan-
tially with disease progression compared with increases
in AH lactate level, from 43.65 (26.8-57) in controls and
65.3 (53.3-83.3) in DRO to 165.40 (111-229.5) in NPDRI,
285.50 (203.9-327) in NPDR2, 405.10 (316-443.1) in
NPDR3 and 461.20 (399.5-517) in PDR, p < 0.001.

Taking in account the relationship established previ-
ously between the AH lactate level and DR progression,
we used a “one-vs-all” classification (a multiclass classi-
fication technique) and generated ROC curves separately
for each stage of DR [22, 23] (Figs. 1) to select the best
threshold.

The curves reflect a noticeable but incomplete distinc-
tion among classes, with the clearest distinction for the
outermost phenotypes (DRO and PDR) and some intersec-
tion of ranges between adjacent non-proliferative stages,
which was previously reported [19] for AH HIF-1a levels.

Further interpretation was based on determining cut-
off ranges for each class (Fig. 2; Table 2).

The following AH lactate ranges (mg/mL) were estab-
lished: < 0.86 for DRO; 0.86—2.92 for NPDR1; 2.93-5.35
for NPDR2; 5.36-8.56 for NPDR3; > 8.56 for PDR. Cor-
responding sensitivity and specificity percentage values
reflected different accuracy levels for recognizing sepa-
rate DR stages: the sensitivity and specificity of 100% and
92.6, respectively, for DRO; 67.5% and 61.4%, respec-
tively, for NPDR1; 52.0% and 87.1%, respectively, for
NPDR2; 75.0% and 83.7%, respectively, for NPDR3; and
11.1% and 98.9%, respectively, for PDR. Additionally, a
total accuracy of 60% (52-69%) was established for the
multiclass classification. The following AH HIF 1o ranges

(pg/mL) have been established previously [19]: <113.8 for
DRO; 113.8-247.8 for NPDR1, 247.9-408.4 for NPDR2,
408.5-509.3 for NPDR3, and >509.3 for PDR. Addition-
ally, corresponding sensitivity and specificity percentage
for recognizing separate DR stages were 100% and 52.6%;
57.5% and 60.0%; 60.0% and 58.8%; 50.0% and 60.2%;
and 33.3% and 64.1%, respectively. Moreover, a total ac-
curacy of 59% (49-68%) was established for the multiclass
classification.

Because our attempt to divide the total sample of pa-
tients into five narrow groups resulted in a moderate recog-
nition accuracy due to natural continuity of the pathologi-
cal process, we decided to use a more clinically advisable
approach, binary stratification with separation of mild-to-
moderate DR groups (NPDR1+NPDR?2) and severe DR
groups (NPDR3+PDR). HIF-1a was selected as a key bio-
marker for this model because it is key regulating factor of
hypoxia response which initiates pathological changes be-
fore the development of massive metabolic consequences
reflected by lactate [9]. Consequently, HIF-1a-based strat-
ification is more pathogenetically justified for predicting a
transition to severe DR (Fig. 3).

The following HIF-1a thresholds (pg/mL) were ob-
tained: <94.60 for controls, 94.70-113.85 for DRO, 113.85-
377.05 for mild-to-moderate DR, and >377.05 for severe
DR. Additionally, corresponding sensitivity and specificity
percentage for recognizing mild/moderate DR were 73.8%
and 87.1%, respectively; and for recognizing severe DR,
70.0% and 95.2%, respectively. Additionally, the integral
accuracy was 71.9% (CI 63.5-79.2%) (Table 3). Therefore,
the extension of classes improved the appropriateness of
using HIF la for practical patient stratification for the risk
of DR progression.

Hence, our findings indicated that lactate and HIF-1a
had comparable predictive values for the risk of DR pro-

Fig. 1. Receiver operating characteristic
(ROC) curves for multiclass classification
models generated separately for each
class on the basis of aqueous humor lac-
tate concentrations.
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Fig. 2. Cut-off ranges of aqueous humor lactate
concentrations.

Note. * - a significant difference (p < 0.05) from
the DRO group. The plot presents cut-off values
of agueous humor lactate concentrations (mg/mL)
for predicting the stage of DR.

Table 2. Analytical characteristics of prediction depending on the aqueous humor lactate concentration

DR stages
Characteristic
DRO NPDR1 NPDR2 NPDR3 PDR
Lactate concentration threshold, mg/mL <0.86 0.86-2.92 2.93-5.35 5.36-8.56 >8.56
Sensitivity, % 100 67.5 52.0 75.0 11.1
Specificity, % 92.6 61.4 87.1 83.7 98.9
Accuracy, 60% (52%-69%)

Fig. 3. Cut-off ranges of aqueous humor HIF-1a
concentrations.

Note. * - a significant difference (p < 0.05) from
the DRO group. The plot presents cut-off values
of aqueous humor HIF-1a concentrations (pg/
mL) for predicting mild-to-moderate DR (NPDR1+
NPDR2) versus severe DR (NPDR3+PDR)

Table 3. Analytical characteristics of prediction depending on the aqueous humor HIF-1a concentration

DR categories

Characteristic

Controls DRO Mild-to-moderate DR Severe DR
HIF-1a concentration threshold, pg/mL <94.6 94.7-113.9 114-377 >377
Sensitivity, % 100 20.0 73.8 70.0
Specificity, % 82.7 97.5 87.1 95.2

Accuracy, 71.9% (63.5%-79.2%)
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gression: they increased synchronously with an increase
in the severity of DR and had comparable accuracy met-
rics. Due to a high statistical similarity of the results, it has
been considered futile to duplicate binary stratification for
both characteristics. The final model for predicting the risk
of mild to moderate DR vs severe DR was built on the ba-
sis of HIF-1a as a primary component of the pathogenesis
of DR. Additionally, AH lactate concentration can be more
easily measured than HIF-1a, and its primary advantage
was high- specificity verification of PDR.

Discussion

In this study, we compared the diagnostic value of AH
lactate measurements versus previously established AH
HIF-1a measurements [19]. We found that, similarly to
the AH HIF-1a concentration, the AH lactate concentra-
tion increases with an increase in the severity of DR from
no apparent DR (DRO) to PDR, with statistically signifi-
cant differences among the groups. The accuracy of the
markers was moderate (~59-60%) after an attempt to dis-
criminate among all five clinical stages of DR: the clearest
distinction was observed for the outermost phenotypes of
DR, and there was some intersection of ranges between
adjacent non-proliferative stages of DR. However, a tran-
sition to the distribution of patients into two risk groups
(mild-to-moderate DR vs severe DR) enabled substantial-
ly improved prediction accuracy (to 71.9% on the basis of
HIF-1a) to meet the clinical needs for separating patients
requiring more intensive observation (Tables 1 to 3; Figs.
1 to 3).

Our findings are in agreement with current understand-
ing of the hypoxia/HIF la/angiogenesis axis and meta-
bolic re-arrangement in the retina: HIF 1o activates VEGF
pathways, induces a shift in energy metabolism towards
anaerobic glycolysis, increases vascular permeability and
promotes neoangiogenesis, which characterizes the essen-
tial features of DR progression [9, 10, 24-26].

Our findings are also in agreement with (1) those of
studies noting the role of HIF 1o VEGF/VEGFR?2 signal-
ing in neoangiogenesis under conditions of hyperglycemia
and retinal ischemia [25, 26] and (2) clinical observations
of high levels of hypoxia-associated factors and proangio-
genic factors in ocular tissues affected by ischemic injury
[27-29].

OCTA studues demonstrated deep capillary nonperfu-
sion at the level of the deep capillary plexus, which is as-
sociated with the risk of DR complications even in moder-
ate NPDR and severe DR complications in ICDR [7, 8,
30, 31]. Our findings complemented these data, proposing
biochemical thresholds of AH lactate/ HIF la concentra-
tions as indicators of hypoxic stress in the clinical setting.

The increase in the AH lactate concentration with an
increase in the grade of DR is pathophysiologically justi-
fied: HIF la induces an anaerobic glycolytic shift and de-
creased cellular oxygen metabolism, which is reflected in
the accumulation of glycolysis metabolites e.g. L-lactate
[9, 10, 32, 33]. Metabolomic studies in patients with DR

and/or DME confirmed a shift in the energy profile with
an increase in the AH levels of intermediary products of
glycolysis [13, 15, 34, 35], and technical easiness of enzy-
matic determination of lactate makes it a promising candi-
date marker for routine examination [20].

A type of classification errors in multiclass analysis
is a substantial practical aspect. The outermost pheno-
types had a high specificity (e.g., an AH lactate range >
8.56 mg/mL for PDR) but a low sensitivity (~11.1%). A
more balanced reduction in both characteristics was seen
in intermediate DR grades (Table 2). Such a distribution
was natural because ocular biomarkers reflect gradual
pathological changes, whereas the ICDR severity scale
provides for subdivision of this continuous process into
separate categories. The transition to the extended binary
approach (mild-to-moderate DR vs severe DR) provided a
better balance between sensitivity and specificity for both
AG HIF-1a concentration thresholds, which improved the
practical value of the method for stratification of the risk
of DR progression.

The clinical value of HIF-1a as an early indicator of
hypoxic stress has been confirmed by numerous in vivo
and ex vivo studies, which demonstrated that the activa-
tion of the HIF-10/VEGF axis regulates vascular perme-
ability and promotes neoangiogenesis, whereas the inhibi-
tion of this axis reduces pathological vascular growth and
retinal edema, the mechanisms underlying the efficacy of
current anti-VEGF therapy for DR and DME [9, 10, 36].
Therefore, findings of this study have a practical value,
pointing to the possibility of using HIF-1a as a molecular
reference point in personalized management of patients
with DR. Recent clinical reviews and real data have con-
firmed a key role of anti-VEGF medications in therapy for
DME and PDR and highlight the advantages of early inter-
ventions in severe NPDR [17, 37-39].

In this context, our finding of threshold levels of AH
HIF-1a for integrated DR severity groups (mild-to-mod-
erate DR, 114-377 pg/mL; severe DR, >377 pg/mL) has
a significant clinical potential for managing patients with
DR. These characteristics may be used for operative risk
stratification to identify patients requiring frequent eye ex-
aminations, early referral to subspecialties and timely ther-
apy escalation (e.g., administration of anti-VEGF medica-
tions or laser treatment in patients with OCTA evidence
of ischemic changes). Such an approach enables personal-
izing patient management, focusing on the groups of pa-
tients with increased risk of disease progression, and may
be integrated into clinical algorithms of early intervention
to prevent the development of PDR [17, 37].

However, such a stratification strategy should be con-
sidered along with systemic predictors of DR progression.
It has been demonstrated that diabetes duration, average
HbAlc level, longitudinal variation of the latter and even
the rate of glycemia reduction over time have a substan-
tial impact on the risk of retinopathy and its complications
[40-44]. Therefore, the integration of ocular biomarkers
of hypoxia (HIF-la and lactate) with systemic metabolic
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control characteristics provides a framework for complex
prediction of the risk of DR progression which combines
local pathogenetic mechanisms with systemic metabolic
determinants of the disease.

Our findings regarding AH lactate concentration con-
firmed that it is a promising additional marker of DR
severity. A high specificity of maximum values of this
characteristic in PDR indicated its potential usefulness
as a rule-in marker (which is helpful for confirming the
presence of a severe disease in suspects for fast disease
progression or in cases when comprehensive fundus ex-
amination is not possible). In this context, lactate may be
considered a metabolic fingerprint of hypoxia which com-
plements HIF-1a that is more appropriate for binary risk
stratification in the clinical setting.

Our observations are in agreement with findings of
recent studies that demonstrated high AH lactate concen-
trations in patients with PDR [45] and studies using me-
tabolomic analysis of AH and vitreous [13, 15, 34, 35, 46].
These works demonstrated steady increases in the concen-
trations of glycolytic metabolites (e.g., lactate), with an
increase in the severity of DR, which confirms the role of
lactate as a reliable indicator of local hypoxic and meta-
bolic stress.

Therefore, HIF-1a and lactate reflect two interrelated
layers of the pathogenesis of DR, the former as a transcrip-
tional regulator of the hypoxic response, and the latter as
metabolic marker of glycolysis intensity. Their use in com-
bination with each other may improve the accurateness of
patient stratification for the risk of DR progression and
provide new opportunities for personalized monitoring
and early interventions.

Advantages and limitations: The advantage is parallel
assessment of two hypoxia markers in AH with rearrange-
ment of class-specific thresholds and check of practical
binarization to improve clinical appropriateness of the ap-
proach. Limitations of this study include a single-center
and cross-sectional design, the use of cataract patients as
controls (although this is a common practice, the presence
of cataract may affect the composition of aqueous humor
[47]), possible effects of pre-analytical factors on measure-
ments (time to freezing, storage conditions, and variability
between assay kits), effects of co-founders (concomitant
hypertension, nephropathy, diabetes duration, and glyce-
mic metrics) and small subgroups of the mildest and most
severe grades of DR. The last limitation could have caused
increased confidence intervals for metrics, which will re-
sult in the need for validation of thresholds in independent
cohorts from various laboratories.

Conclusion

We found that, in eyes of type 2 diabetics, the AH lac-
tate concentration steadily increased with an increase in
the grade of DR (p < 0.001) in a way similar to that for the
AH HIF-1a concentration reported by us previously. This
confirms a close relationship between the accumulation
of glycolytic metabolites and clinical disease progression.

The following diagnostic thresholds for AH lactate con-
centrations (mg/mL) were established for the differentia-
tion between the grades of the disease: <0.86 (no apparent
retinopathy), 0.86-2.92 (mild NPDR), 2.93-5.35 (moder-
ate NPDR), 5.36-8.56 (severe NPDR) and > 8.56 (PDR).
These values correlated with corresponding thresholds for
AH HIF-1a concentrations determined for this cohort of
patients. A total accuracy was moderate (~60%) for the
attempt to use thresholds of AH concentrations of both
markers for the discrimination between all grades of the
disease. No apparent retinopathy and PDR were most reli-
ably identified, but there was some intersection of ranges
between adjacent non-proliferative grades of DR. Divid-
ing patients into two risk groups (mild-to-moderate DR
and severe DR) is most effective for practical predictions.
The use of threshold values of AH HIF-1a concentrations
(114-377 pg/mL for mild-to-moderate and >377 pg/mL
for severe DR) enabled improving the accuracy of prog-
nosis to 71.9%, which is sufficient for selecting a clinical
strategy. Determining AH HIF-1a and lactate concentra-
tions may have different clinical applications: a high AH
lactate concentration (>8.56 mg/mL) is a specific test
(98.9%) for confirming PDR, whereas determining AH
HIF-1a concentrations should be used for early screening,
stratifying patients into risk groups and to guide planning
the intensity of supervision and treatment. The thresholds
and approaches proposed require external validation in
multicenter longitudinal studies taking into account pre-
analytical factors and potential confounders. The integra-
tion of ocular biomarkers of hypoxia (HIF-1a and lactate)
with systemic metabolic control characteristics and OCTA
metrics of retinal ischemia may improve the prognostic ac-
curacy and clinical usefulness of models for predicting the
course of DR.
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