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Abstract: Background: Persistently hyperglycemic condition in type 2 diabetic mellitus disrupts the
controlled coordinated system of glucose metabolism by glycolysis and this is aggravated by lipid
peroxidation end products (ALEs). Purpose of this study is to determine the role of advanced
lipoxidation end products on the activities of hexokinase, the gatekeeper enzyme and lactate
dehydrogenase, the survival enzyme of glycolysis in different stages of diabetic retinopathy.
Methods: In the present study, we enrolled a total of 236 consecutively selected subjects comprising
of 57 healthy control (HC), 59 diabetics with no retinopathy (DNR), 55 mild non-proliferative
diabetic retinopathy (MNPDR or just NPDR), and 65 high-risk proliferative diabetic retinopathy
(HRPDR). Erythrocyte Hexokinase (HK) activity was assessed by specific methods. The activity of
hexokinase was expressed as pmol of glucose phosphorylated/min/g Hb. Lactase Dehydrogenase
(LDH) activity in plasma was estimated utilizing an LDH-P kit (Cat. No. D94651, DIALAB, Neudorf,
Austria). Hexanoyl Lysine (HLY) was measured by competitive enzyme immune assay technique
using commercial kits. Results: Hexokinase activity is significantly dependent on advanced lipid
peroxidation products, HLY. Conclusion: At the progression of DR (MNPDR->HRPDR) from DNR
group, dysregulation of glycolytic pathway by lipid peroxidation is responsible.

Keywords: DR; HK; LDH; HLY

1. Introduction

It is clearly established that prolonged glycemia may not be the sole factor for the development
of microangiopathy in diabetes mellitus. It is also perceived that continuity of glycolysis, the principal
route of metabolism of glucose at the coordinated method may prevent or delay the microvascular
complication.

Glucose enters into the principal metabolic pathway of glucose utilization, for example,
glycolytic pathway by phosphorylation to glucose 6-phosphate and this reaction is catalyzed by
hexokinase. ATP is verry much essential as phosphate donor and this phosphorylation reaction
requires Mg-ATP complex where terminal high-energy phosphate of ATP is used and ADP is
produced. Under pathological conditions, the phosphorylation reaction is associated with
considerable loss of free energy as heat and is regarded as irreversible. Though glucose 6-phosphate
is an important product or compound at the junction of several metabolic pathway, for example,
glycolysis, pentose phosphate pathway, glycogenesis and glycogenolysis; hexokinase is inhibited in
an allosteric manner by glucose 6-phosphate. In glycolysis, glucose 6-phosphate undergoes another
phosphorylation with ATP catalyzed by phosphofructokinase to form fructose 1,6-biphosphate. This
reaction is also considered as functionally irreversible and rate-limiting in glycolysis because
generation of glyceraldehyde 3-phosphate is totally NAD+ dependent. Adequately continuous
supply of NAD+ in longstanding hyperglycemia is interrupted and is considered as the most basic
or root biochemical anomaly leading to various metabolic derangements owing to non-utilization of
significant portion of intracellular glucose in glycolysis. [1,2] To run the glycolysis pathway under
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the pseudo-hypoxic condition, lactate dehydrogenase enzyme embrace the remarkable responsibility
to reduce pyruvate, the end product of glycolysis, to lactate in order to re-oxidize NADH and
therefore regenerate sufficient NAD+ for continuity of glycolysis.

Due to increased lactate production from anaerobic glycolysis, lowering pH of neuronal
environment inhibits glutamate uptake from synaptic space. Increased extracellular glutamate
activates NMDA receptors of adjacent neurons leading to increased intracellular Ca++ and activation
of phospholipase causing degradation of membrane phospholipid and generation of eicosanoids and
platelet activating factors. Ultimately, vasoconstriction-ischemia and oxygen derived free radicals
promote lipid peroxidation. [3,4] Reactive lipid peroxidation product interact with amino acid
residues of membrane protein resulting in adduct formation which finally led to formation of
electrophilic lipoxidation end product. These ALEs alter the conformational integrity of protein
including enzymes of glycolysis and inhibit the binding of substrates with the catalytic sites of
enzymes. [5,6] So, one thread of glycolysis is controlled by ALEs and avoidance of ALEs formation
may shower new therapeutic light in diabetic related complications.

2. Methodology
2.1. Study Subjects

This study included 236 subjects from the Retina Clinic of Regional Institute of Ophthalmology
(RIO), Kolkata, categorized as follows: 57 healthy controls (HC), 59 with diabetic non-retinopathy
(DNR), 55 with mild/moderate non-proliferative diabetic retinopathy (MNPDR), and 65 with high-
risk proliferative diabetic retinopathy (HRPDR). The subjects age ranged from 45 to 65 years.
Exclusion criteria included coronary artery disease, hypertension (systolic BP > 140 mm Hg, diastolic
BP > 90 mm Hg, or on antihypertensive treatment), neuropathy, nephropathy (serum creatinine > 1.5
mg/dl or urine albumin-to-creatinine ratio > 300 ug/mg), and other ocular diseases (e.g., glaucoma,
cataracts, branch retinal vein occlusion, optic neuropathy, or Eales disease). Ethical approval was
obtained from the Institutional Ethics Committee of the RIO, Medical College, Kolkata (Ref. No:
MC/KOL/IEC/NON-SPON/181/12-2018). Informed consent was secured from all participants per the
Declaration of Helsinki. Participants diagnosed with Type 2 diabetes mellitus (T2DM) followed the
American Diabetes Association (2010) guidelines. Glycemic status was assessed via fasting plasma
glucose (FPG), postprandial plasma glucose (PPG), and glycated hemoglobin (HbAlc %). None were
on insulin or lipid-lowering medications during the study.

2.2. Ophthalmological Examinations

All study subjects underwent comprehensive ophthalmological evaluations, which included
slit-lamp biomicroscopy (using a 90-diopter lens and a Goldman 3-mirror lens), digital fundus
photography with fluorescein angiography (to confirm diabetic retinopathy in T2DM subjects), and
spectral-domain optical coherence tomography (SD-OCT) to detect macular edema. Visual function
was also assessed by measuring visual acuity (VA). Diabetic retinopathy (DR) was diagnosed
following the modified Early Treatment Diabetic Retinopathy Study (ETDRS) guidelines (1991).

2.3. Collection and Processing of Blood Samples

Following overnight fasting, 5 ml of venous blood was collected from each subject in
ethylenediaminetetraacetic acid (EDTA) vacutainers. The levels of HbA1C (%) and the enzymatic
activities of hexokinase (HK) was assessed from hemolysate samples. Plasma samples were used to
evaluate glucose levels, lactate dehydrogenase (LDH) activity, and various lipid components,
including free fatty acids (FFA), malondialdehyde (MDA), 4-hydroxynonenal (HNE), and
hydroxylysine (HLY).

2.4. Evaluation of Glycemic Status

Fasting and postprandial plasma glucose levels were determined using the colorimetric
endpoint method (Trinder, 1969) with a commercially available kit (Labcare Diagnostics (India) Pvt.
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Ltd., Mumbai, India). Glycated hemoglobin (HbA1C) was measured by direct enzymatic assay using
a Diazyme Laboratories kit (Poway, CA), as previously discussed in our earlier publication (Mondal
et al., 2019).

2.5. Measurement of Hexanoyl Lysine (HLY)

Human plasma HLY was measured using a competitive enzyme immunoassay technique with
commercial kits (MyBioSource, Catalog no: MBS753480) according to the manufacturer's protocol.

2.6. Assessment of Erythrocyte Hexokinase Activity

Packed erythrocytes were lysed using cold hypotonic phosphate-buffered saline (pH 7.4).
Hemolysate was separated by centrifugation at 2000 rpm for 10 minutes, and the supernatant was
used to assess hexokinase activity, as reported by Ramalingam et al. (2020) [7]. A reaction mixture
(5.3 ml total volume) was prepared using 1 ml glucose (0.005 M), 0.5 ml adenosine triphosphate (0.072
M), 0.1 ml magnesium chloride (0.05 M), 0.4 ml potassium dihydrogen phosphate (0.0125 M), 0.4 ml
potassium chloride (0.1 M), 0.4 ml sodium fluoride (0.5 M), and 2.5 ml Tris-HCI buffer (0.01 M, pH
8.0). After 5 minutes of pre-incubation at 37°C, 1 ml of supernatant was added to initiate the reaction.
A zero-time sample was collected, and after a 30-minute incubation at 37°C, the reaction was stopped,
and the residual glucose was quantified using the O-toluidine method. The activity of hexokinase
was expressed as pmol of glucose phosphorylated/min/g Hb.

2.7. Assessment of Plasma LDH Activity

Plasma LDH activity was determined using the DGKC method as described by Javaraiah et al.
(2020) [8], utilizing an LDH-P kit (Cat. No. D94651, DIALAB, Neudorf, Austria) asper manufacturer’s
instructed protocol.

2.8. Statistical Analysis Approach

The aim of the analysis was to explore relationships between the enzyme levels, advanced
lipoxidation end-product and the progression of diabetic retinopathy. The following steps were taken
for the statistical analysis:

1. Descriptive Statistics: Means and standard deviations for each enzyme were calculated
within each patient group to understand the central tendencies and variability of the data [9].

2. One-Way Analysis of Variance (ANOVA): The one-way ANOVA is used to compare the
means of three or more groups to determine if there is a statistically significant difference between
them. In this study, it was applied to evaluate the mean levels of enzymes (e.g., Hexokinase, LDH)
and HLY across different diabetic retinopathy categories (DNR, HC, HRPDR, NPDR). The F-value in
an ANOVA test measures the ratio of variance between group means to the variance within the
groups [9]. It is calculated as:

MSB
F=—0
MSW

where:

MSB (Mean Square Between) measures the variance between group means,

MSW (Mean Square Within) measures the variance within groups.

The p-value indicates the probability that the observed F-value occurred by chance under the
null hypothesis (i.e., all group means are equal). It is used to determine the statistical significance of
the F-value. A high F-value and a p-value < 0.05 indicate that at least one group mean is significantly
different from the others, suggesting that enzyme or HLY levels vary across DR categories.

3. Covariance and Precision Matrices: To investigate the interdependence between the three
enzymes, covariance and precision matrices were calculated. The covariance matrix provided
insights into the strength and direction of linear relationships between the enzyme levels. The
precision matrix, the inverse of the covariance matrix, helped reveal direct interactions between the
enzymes while controlling for the effects of others [10].
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(a) Covariance Matrix:
The covariance matrix shows the pairwise covariance between different variables (e.g., HLY,
Hexokinase, and LDH). It measures how much two variables change together:

Cov(X, V) = —= > (X~ )t~ )
i=1

Positive values indicate that as one variable increases, the other tends to increase.

Negative values suggest an inverse relationship. In this study, the covariance matrix helps us
understand how the enzymes (Hexokinase, LDH) and HLY interact with each other across different
categories of diabetic retinopathy.

(b) Precision Matrix:

The precision matrix is the inverse of the covariance matrix and provides insight into the
conditional dependencies between variables:

Precision = £71

Each non-zero off-diagonal element in the precision matrix indicates a direct relationship
between the corresponding variables, after controlling for the effects of the other variables.

In our context, the precision matrix helps identify direct interactions between enzymes and HLY,
offering insights into their role in disease mechanisms without the influence of other enzymes.

4. Linear Regression: Linear regression is a statistical method used to model the relationship
between a dependent variable (outcome) and one or more independent variables (predictors) [11]. In
this study, it was applied to examine the relationship between enzyme levels (i.e., Hexokinase, LDH),
advanced lipoxidation end product (HLY) and their impact on specific categories of diabetic
retinopathy (DNR, HC, HRPDR, NPDR). Two linear regression models were fitted to explore the
relationships between pairs of enzymes:

Model 1: HLY as the predictor and Hexokinase as the outcome.

Model 2: HLY as the predictor and LDH as the outcome.

The aim is to find the best-fit line that gives the least residual error as given by the formula:

Y=BF+5X+e

where:

Y is the dependent variable (e.g., Hexokinase or LDH),

X is the independent variable (e.g., HLY),

Bo is the intercept (value of Ywhen X = 0),

P is the slope (change in Yfor a one-unit change in X),

€ is the error term (residuals).

The method commonly used to find the best-fit line is Ordinary Least Squares (OLS), which
minimizes the sum of the squared residuals (the errors) to find the optimal values for fyand f;.

In this study, linear regression helps to quantify the relationship between the biochemical
markers (e.g., HLY) and enzyme activities (Hexokinase, LDH). This helps to predict enzyme levels
based on the values of other variables (e.g., how changes in HLY levels affect LDH) and to understand
how strongly each enzyme or marker is associated with different stages of diabetic retinopathy,
providing insights into their potential as biomarkers for disease progression. The analysis yields
important coefficients, the R-squared (which explains how much of the variance in the dependent
variable is explained by the independent variable), and p-values for testing the statistical significance
of these relationships.

3. Results

3.1. Descriptive Statistics

The means and standard deviations of enzyme levels were calculated for each group to provide
an overview of the enzyme activity distribution. The results (Table 1) showed distinct patterns:

Hexokinase levels were highest in the HC group (mean = 153 puM of glucose
phosphorylated/min/gm Hb) and decreased progressively across the DNR, MNPDR, and HRPDR
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groups, with the lowest levels observed in the HRPDR group (mean = 0.345 uM of glucose
phosphorylated/min/gm Hb).
LDH levels, in contrast, increased progressively from HC (mean = 160.4 U/L) to HRPDR (mean
=394.5 U/L), indicating a positive association between LDH and the severity of diabetic retinopathy.
HLY levels varied similarly to LDH, showing an increase as the condition progressed.

Table 1. Results from Descriptive Statistics Analysis.

Parameters HC (n=57) DNR (n=57) MNPDR (n=65) HRPDR (n=55) p value
HLY (nmol/L) 89.93+17.82 191.7+£24.23**** 274 9+43.04™"¥¥¥¥ 359 5+37 85" ¥8555 <(0.0001
HK activity (uM of
BIUCOSE 53,000 0.783 20,147 0,62420.142°4¥Y 0,345:0, 141 <0.0001
phosphorylated/min/g
m Hb)
Sk YYY
NAD+NADH 221 fg; 1446 £ 1966 125241957 vv 797 g g0

Data are presented as Mean + SD. A one-way analysis of variance (ANOVA) followed by Tukey’s
HSD test was applied, and p <0.05 considered statistically significant. HC vs DNR, MNPDR, HRPDR
is denoted by *; DNR vs MNPDR, HRPDR is denoted by ¥; and MNPDR vs HRPDR is dented by §.
** ¥¥, §§ =p <0.01; ***, ¥¥¥ §8§§ = p < 0.001; ***, ¥¥¥¥ §8§§§ = p < 0.0001.

3.2. One-Way ANOVA and Post-Hoc Analysis

The one-way ANOVA indicated significant differences in enzyme levels across the four groups
for all three enzymes. The conclusions that can be drawn are as follows:

Hexokinase: The HRPDR group had significantly lower Hexokinase activity compared to all
other groups. Similarly, MNPDR and DNR groups showed reduced Hexokinase activity compared
to HC.

LDH: LDH levels were significantly higher in the HRPDR group compared to the other groups,
with the most substantial increase seen between HRPDR and HC.

HLY: HLY levels followed the same trend, with significant increases from HC to HRPDR.

These results suggest a clear trend in enzyme activity changes as diabetic retinopathy
progresses, with Hexokinase levels decreasing and LDH and HLY levels increasing.

3.3. Covariance and Precision Matrices

Covariance Matrix Analysis

Table 2 presents the covariance matrix for the variables HLY (hydroxylysine), Hexokinase, LDH
(lactate dehydrogenase), and the NAD+/NADH ratio. The results indicate the following significant

relationships:
Table 2. The covariance matrix.
HLY Hexokinase LDH NAD+/NADH
HLY 11496.34 -45.28 9450.35 -508.16
Hexokinase -45.28 0.23 -39.86 2.25
LDH 9450.35 -39.86 14156.88 -451.16
NAD+/NADH -508.16 2.25 -451.16 29.16

HLY exhibited a strong positive covariance with LDH (9450.35), suggesting that increases in
HLY levels are associated with increased LDH levels. In contrast, HLY displayed a moderate negative
covariance with both Hexokinase (-45.28) and the NAD+/NADH ratio (-508.16), indicating that higher
HLY levels correspond to lower levels of these variables.
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Hexokinase had a negative covariance with LDH (-39.86), suggesting an inverse relationship,
while it demonstrated a slight positive covariance with NAD+/NADH (2.25), indicating a minimal
association.

LDH showed a strong positive covariance with HLY (9450.35) and a moderate negative
covariance with NAD+/NADH (-451.16), reinforcing the notion that elevated LDH levels may
coincide with reduced NAD+/NADH levels.

The NAD+/NADH ratio displayed a moderate negative covariance with both HLY (-508.16) and
LDH (-451.16), indicating an inverse relationship, while it had a weak positive covariance with
Hexokinase (2.25).

Precision Matrix Analysis

The precision matrix, shown in Table 3, elucidates the direct relationships among the variables
after controlling for the influence of others:

Table 3. The precision matrix.

HLY Hexokinase LDH NAD+/NADH
HLY 0.000554 0.053879 -0.000085 0.004190
Hexokinase 0.053879 24.813951 0.005571 -0.888642
LDH -0.000085 0.005571 0.000162 0.000603
NAD+/NADH 0.004190 -0.888642 0.000603 0.185196

The partial correlation between HLY and Hexokinase (0.0539) suggests a moderate positive
association, indicating that HLY influences Hexokinase when accounting for LDH and
NAD+/NADH.

Hexokinase exhibited a high precision value (24.814), reflecting strong internal regulation and
suggesting a high degree of independence from the other variables.

A strong inverse relationship (-0.8886) was observed between Hexokinase and NAD+/NADH,
indicating that changes in Hexokinase activity are closely linked to shifts in redox balance.

The relationship between LDH and NAD+/NADH was negligible (0.0006), suggesting that any
association between these variables is likely indirect, influenced more by HLY and Hexokinase.

These results underscore the intricate interactions among metabolic and oxidative stress
markers, emphasizing the potential biological implications of these relationships in the context of
conditions such as diabetic retinopathy.

4. Linear Regression Analysis

Three linear regression models were fitted to explore relationships between pairs of enzymes:

Model 1 (HLY vs. Hexokinase): The model is shown in Figure 1. The R-squared value was 0.782,
indicating that 78.2% of the variation in Hexokinase levels could be explained by changes in HLY
levels. The relationship was significant, with a negative coefficient for HLY, suggesting that higher
HLY levels correspond to lower Hexokinase activity.

It shows a clear negative slope, indicating an inverse relationship. As HLY levels increase,
Hexokinase levels decrease.

Equation: Hexokinase=1.7449-0.0039xHLY

R-squared: 0.782 (78.2% of variability explained)

The strong negative correlation suggests that higher HLY levels significantly inhibit Hexokinase,
contributing to metabolic disruption in diabetic conditions.
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Linear Regression: HLY vs Hexokinase
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Figure 1. The linear regression graph between HLY and Hexokinase.

Model 2 (HLY vs. LDH): This model is shown in Figure 2. This model showed a moderate
positive correlation, with an R-squared value of 0.549. HLY had a positive effect on LDH levels,
meaning that an increase in HLY was associated with an increase in LDH activity.

It shows an upward trend, with a positive slope, meaning that LDH activity increases as HLY
levels rise.

Equation: LDH=88.4583+0.8220xHLY

R-squared: 0.549 (54.9% of variability explained)

A moderate positive relationship indicates that HLY may be linked with the increase in LDH,
potentially reflecting a shift towards anaerobic metabolism.

Linear Regression: HLY vs LDH
<

500 4

400
pu o
g 300

200 -

100 A

e o
50 100 150 200 250 300 350 400 450
HLY

Figure 2. The linear regression graph between HLY and LDH.

Model 3 (HLY vs. NAD+/NADH): This model is shown in figure 3. The analysis showed a strong
negative correlation between HLY levels and the NAD+/NADH ratio, with an R-squared value of
0.770, indicating that 77.0% of the variability in HLY levels could be explained by changes in the
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NAD+/NADH ratio. The relationship is significant, with a negative coefficient for NAD+/NADH,
suggesting that higher NAD+/NADH levels correspond to lower HLY levels.

The model displays a clear downward trend, with a negative slope, indicating that HLY levels
decrease as the NAD+/NADH ratio increases.

Equation: HLY = 472.6467 - 17.4286 x (NAD+/NADH)

R-squared: 0.770 (77.0% of variability explained)

This strong negative relationship suggests that higher NAD+/NADH levels significantly reduce
HLY levels, possibly pointing towards metabolic shifts associated with diabetic conditions.

Linear Regression: HLY vs NAD+/NADH

25 A

201

NAD+/NADH

10 4

50 100 150 200 250 300 350 400 450
HLY

Figure 3. The linear regression graph between HLY and NAD+/NADH ratio.

4. Discussion

Despite prolonged hyperglycemia, some patients remain visually asymptomatic and evade the
microvascular complication for a considerable period, while other group develop retinopathy within
five years after the diagnosis of diabetes mellitus. [12] Our previous work suggested that not only
hyperglycemia, hyperlipidemia induced lipid peroxidation and advanced lipoxidation end product
accelerate the process of microvascular complication in type 2 diabetic mellitus. [5] ALEs have been
implicated in stimulation and aggregation of platelets and reduced bioavailability of nitric oxide
resulting in tissue hypoxia and create the background for development of microvascular
complications. [13]

Glycolysis is the principal pathway for the metabolism of glucose and provide ATP in presence
or absence of oxygen. In diabetes, persistent hyperglycemia dismantle the coordinated system of this
pathway. Hexokinase, the gate-keeper enzyme of glycolysis, is inhibited by its product glucose-6
phosphate in allosteric manner, i.e., binding of glucose-6 phosphate to a separate site turning the
enzyme off by changing the shape of the enzyme active site. In the early period of diabetes, the
continuous huge flux of glucose in insulin independent tissue, like retina, is metabolized by the next
enzyme acting sequentially to maintain the homeostasis of the system but gradually the accumulated
glucose-6 phosphate enters into an alternative route for its further metabolism. Non-enzymatic
glycation end product formation and anaerobic glycolysis induced glutamate cascade-mediated lipid
peroxidation run after some years of diabetes. The precursor of advanced glycoxidation and
lipoxidation end products are generally lipophilic in nature. Our previous study, demonstrated that
ALEs exert their detrimental bioactivity through covalent modification of proteins and enzymes, and
crosslinks of ALEs with the catalytic or binding side of the enzyme result in loss of their biological
function and conformational integrity. [5] The electrophile HLY react with the nucleophilic amino
acids in proteins and enzymes including HK and LDH. Reactions include Michael addition and Schiff
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based formation leading to covalent modification. [6,14,15] These modification can inactivate LDH,
and HK disrupting their metabolic roles and contributing to pathological condition associated with
oxidative stress. These contributes to cellular disfunction, inflammation and disease progression in
condition like diabetes. Under hypoxic condition, hypoxia inducible factor (HIF) increases the
expression of critical genes that promote survival of tissue in low oxygen condition. HIF up-regulates
glycolytic enzymes like HK and LDH, which allow ATP synthesis in an oxygen-independent manner.
[16] So, after some months and years of diabetes, activities of hexokinase in glycolysis pathway slow
down, whereas LDH under the background of lactic acidosis takes enhanced up-regulation by HIF
and tries its best to continue glycolysis which provide ATP for survival of tissue and VEGF secretion.
The extent of VEGF secretion and its phosphorylation at the time of reaction with its receptor 2 dictate
the initiation of background diabetic retinopathy and further progression to proliferative stage in an
attempt to revascularize the ischaemic tissue. [17-19]

Anaerobic glycolysis is the centrifugal point in glucose metabolism which directs the pathways
related to neurodegeneration and neovascularization in retinal tissue in diabetic mellitus. In early
part of diabetes, enzyme systems of glycolysis maintain their activities to cope with huge influx of
glucose in insulin independent tissue. As time goes, gradual exhaustion of NAD+, the principal
oxidized co-factor in glycolysis invites anaerobic glycolysis mediated by LDH. NAD+NADH and
pyruvate:lactate ratio change. Gradual accumulation of lactate makes the tissue environment acidic,
which inhibit glutamate aspartate transporter from synaptic space. Increased extracellular glutamate
stimulate NMDA receptors and metabotropic receptors in adjacent neurons. This receptor activation
leads to abnormally large influx of Ca+ ion and increased level of intracellular Ca+ ion activates
proteases and phospholipase which cause degradation of phospholipid leading to the formation of
platelet activating factor and eicosanoids. These two factors induce vasoconstriction. Now
pseudohypoxia and ischemia produce hypoxia inducible factor (HIF-a)) which stimulates secretion
of glycolytic enzymes like lactate dehydrogenase (LDH) and vascular endothelial growth factor
(VEGF). Metabolism of eicosanoids generates oxygen free radicals, which bring about peroxidative
damage of phospholipid of neuronal membrane that create lipid peroxidation product. These reactive
lipid peroxidation product interacts with the amino acid residue of the protein, especially the basic
side chains, the sulphur containing side chain and aromatic groups. Consequently, protein
peroxidation occurs following Michael addition and Schiff’s base formation, which undergo
secondary reaction with an additional electrophile leading to the formation of advanced lipoxidation
end-product (ALEs). [20] These are reactive electrophile and attack active side of enzymes and make
them inactive by covalent modification. The electrophilic ALEs inhibit enzymes of glycolysis but
LDH surprisingly demonstrate their increased activities due to up-regulation in another pathway
mediated by HIF-a. The interesting relation between hexokinase, LDH and ALE in diabetes mellitus
probably plays a hidden link between anaerobic glycolysis, lipid peroxidation and diabetic
complication.

A study by Kumar et al (2018) demonstrated that LDH activity rapidly increases when cells
undergo apoptosis, necrosis and other forms of cellular damage. [21] Shamansurova et al reported a
decreased Hexokinase activity in erythrocytes and increase in blood serum in patients with diabetic
mellitus. [22] In a study, Jovanovic et al showed that LDH activity increases when the cell membrane
integrity is disrupted. [23]

From the descriptive statistical analysis, it is evident that hexokinase levels are highest in HC
(healthy control) and decrease progressively across DNR, MNPDR, and HRPDR stages of Diabetic
Retinopathy. Conversely, LDH levels increase progressively from HC towards HRPDR. Similarly,
HLY levels show a gradual rise from HC to HRPDR. The ANOVA test indicates that LDH has the
highest statistical significance in distinguishing HRPDR from HC, followed by HLY, suggesting their
effectiveness as biomarkers for DR progression. Hexokinase levels, while moderately lower in
HRPDR compared to HC, highlight their decreased presence as DR progresses. The covariance and
precision matrix reveal a positive partial correlation between Hexokinase and HLY, indicating that
HLY directly influences hexokinase levels. Hexokinase exhibits the highest internal precision,
suggesting strong internal regulation. In contrast, the relationship between LDH and HLY is
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negligible, implying that their connection is indirect. The linear regression analysis for the two
models shows distinct trends in enzyme behavior in the presence of HLY. The Hexokinase vs HLY
model demonstrates a negative correlation, suggesting that HLY inhibits hexokinase levels. On the
other hand, the LDH vs HLY model shows a moderate positive correlation, indicating a shift towards
anaerobic metabolism as HLY levels rise.

The integration of ANOVA, covariance/precision matrices, and linear regression in this study
provides comprehensive insights into the metabolic shifts occurring in DR progression. Specifically,
the results highlight:

The increasing reliance on anaerobic metabolism (LDH) and decreasing aerobic glucose
metabolism (Hexokinase) in advanced DR.

HLY as a key driver of these metabolic shifts, reflecting the hypoxic conditions that characterize
advanced stages of DR.

4.1. Metabolic Shifts and Disease Progression

The reduction in Hexokinase activity, particularly in patients with MNPDR and HRPDR, points
to a potential inhibition of glycolysis as diabetic retinopathy worsens. Hexokinase, being an essential
enzyme for glucose metabolism, appears to be downregulated, possibly due to increased glucose-6-
phosphate levels and increased HLY which inhibit Hexokinase in a feedback mechanism and
covalent modification of catalytic sites of the enzyme. Lactate, the end product of glycolysis changes
the metabolic paradigm and acts as a multifunctional signaling molecule through receptors expressed
in various cells. Accelerated lactate production contributes to epigenetic gene regulation by
lactylating lysine residues of histone. Excessive lactate production continually activates HIF-a and c-
MYC, resulting in increased expression of pyruvate dehydrogenase kinase and lactate
dehydrogenase-A. [22,23]

In summary, insulin-independent tissues, in order to maintain utilization of huge influx of
glucose, typically undergo metabolic reprogramming with the direction towards enhanced glycolysis
to provide sufficient energy for cells in low oxygen environments. In hypoxic microenvironment,
retinal cells are particularly active to continue glycolysis following the shift from aerobic to anaerobic
pathway. Excessive production of lactate makes the cellular medium acidic and inhibit glutamate-
aspartate transporter. Increased extracellular glutamate activate glutamate cascade resulting in
increased lipid peroxidation which ultimately generates advanced lipoxidation end products. The
interplay between lactate and ALEs dictates the fate of glycolysis and development of microvascular
complications. ALEs inhibit the activities of Hexokinase and LDH but lactate-mediated epigenetic
changes of LDHA upregulates LDH secretion. However, the limitations of this research include the
relatively small sample size and the fact that only two enzymes involved in glycolysis were assessed,
which may restrict the broader applicability of the findings.
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